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Summary

1. Summary

The present thesis deals with structural features of layered compounds, resulting prop-
erties and their use for the systematic design of functional materials with regard to
potential industrial applications. The focus is set on two main classes of layered struc-
tures. In particular, in the first part of the thesis, the structure and properties of 2:1
layered silicates are discussed (e.g., Na-hectorite, Na*os[Mg?*2:5Li*0.5]<Si**>010F2),
while the layered zeolite llerite, also known as NaRUB-18 or octosilicate
(Nas[Si32064(0OH)s] 32 H20), was used for the design of functional materials in the sec-

ond part.

For negatively charged layered compounds like Na-hectorite or llerite, ion exchange of
interlayer cations represents an easy approach to functionalize the interlayer space.
For example, simple Ni-exchange of synthetic Na-hectorite could be used to obtain Ni-
hectorites, which show significant crystalline swelling upon exposure to high pressures
of COz2. This leads to high volumetric CCS (Carbon Capture and Storage) capacities,
making Ni-hectorites attractive for the capture of anthropogenic CO2. While the swell-
ing of 2:1 layered silicates in response to water is well understood, the swelling mech-
anism with CO: still lacks explanations. To explain the swelling capability and optimize
the adsorption properties concerning a potential industrial feasibility, the structure of
the intercalation compound was analyzed in detail. In some cases of intercalation, or-
dered or random interstratified structures may be formed. Therefore, the focus was set
on the identification of such potential structures. Due to the high tendency of Ni to
condensate to oligocations, an ordered interstratified structure was formed during ion
exchange in Ni-hectorite, consisting of interlayers of uncondensed, smectite-like, hy-
drated [Ni(H20)s]2*, and condensed, chlorite-ike NiOH, gH,O 1 157 3 ihterlayers.
Despite the presence of such an ordered interstratification, electron densities of the
two interlayer species are too similar, and no typical superstructure reflection could be
observed. Therefore, the electron contrast of both interlayers was improved by ion ex-
change with an alkylammonium cation and by thermal annealing, increasing the inten-

sity of the superstructure reflection and helping to identify the ordered interstratification.

In the next step, the obtained structure of Ni-hectorite was used to identify the under-
lying swelling mechanism with CO2. Combining a combination of analytical tools, the

interactions of CO2 and thus the swelling could be entirely attributed to the intercalated



Summary

NiOH, gH,0 ; i 3ihterlayer species. The mechanism was ascribed to the re-
versible formation of a carbonate species at the edges of the chlorite-like interlayer
species, binding COz2 in the interlayers and leading to the observed swelling. DFT cal-
culations supported this mechanism. Consequently, the CCS capacity of Ni-hectorite
can be optimized by increasing the amount of condensed chlorite-like interlayers, ren-
dering Ni-hectorite competitive to other adsorption materials.

The second part of the thesis deals with the systematic design of functional materials,
applying established mechanisms to the layered zeolite llerite. The production of dis-
persions consisting of single-layer nanosheets via repulsive osmotic swelling repre-
sents an established procedure for selected classes of layered compounds, like 2:1
layered silicates, layered titanates, or niobates. Despite the potential of their porous
and catalytically active layers, nanosheet production of layered zeolites is still difficult
and limited to certain examples. Contrary to 2:1 layered silicates, where the layer
charge is independent of the pH, exposed OH groups at the basal surfaces of layered
zeolites lead to a variation of the layer charge with pH and complicate delamination.
However, the conditions to trigger osmotic swelling for 2:1 layered silicates were re-
cently identified. Applying the appropriate conditions for osmotic swelling, the mecha-
nism could be adapted to the layered zeolite llerite. llerite can be crystallized in a scal-
able and mild sol-gel process in appealing, large, square-shaped platelets. By ion ex-
change of interlayer sodium with the sterically demanding, hydrophilic amino sugar
N-methyl-D-glucamonium, functional, large aspect ratio nanosheets were obtained in
a scalable and environmentally friendly process. The functionality of the zeolite
nanosheets was demonstrated by doctor blading of a nematic suspension into thin,
inorganic films. Due to the high aspect ratio, these films showed excellent gas barrier

properties, relevant for industrial application.

Moreover, the layered, square-shaped morphology makes llerite attractive for the ap-
plication as a pearlescent pigment. Extending the color range of pearlescent pigments
is still a challenge and may be achieved by using colored substrates. Therefore, llerite
was used as starting material to synthesize one of the first synthetic blue pigments, the
layered compound Egyptian blue (CaCuSisO10), to maintain the appealing morphology
of llerite. This pseudomorphosis was achieved in a two-step procedure, by cation ex-
change of llerite with Cu, followed by the addition of missing stoichiometric amounts of

Ca and Cu, allowing the synthesis of Egyptian blue at relatively low temperatures of
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1000°C. Being technically benign and allowing control of the morphology, this process
is advantageous over existing hydrothermal, solid-state or melt flux synthesis routes.

This work is a cumulative thesis. A detailed description of the results can be found in

the attached manuscripts.






Zusammenfassung

2. Zusammenfassung

Die vorliegende Arbeit beschéaftigt sich mit den strukturellen Merkmalen von
Schichtverbindungen, den daraus resultierenden Eigenschaften und der Nutzung
dieser fur das systematische Design von Funktionsmaterialien im Hinblick auf
potentielle industrielle Anwendungen. Der Fokus liegt hierbei auf zwei prominenten
Vertretern von Schichtstrukturen. Wahrend im ersten Teil die Struktur und
Eigenschaften von 2:1-Schichtsilikaten (wie z.B. Na-Hectorit,
Nat*o.s[Mg?*2:5Li%0.5]<Si**>010F2) behandelt werden, wird im zweiten Teil der Arbeit der
schichtartige Zeolith llerit, auch bekannt als NaRUB-18 oder Oktosilikat
(Nas[Siz2064(OH)s] 32 H20) verwendet.

Fur negativ geladene Schichtverbindungen wie Na-Hectorit oder llerit stellt der
lonenaustausch von Zwischenschichtkationen eine einfache Moglichkeit dar den
Zwischenschichtraum zu funktionalisieren. Durch einfachen Ni-Austausch von
synthetischem Na-Hectorit wurden beispielsweise Ni-Hectorite erhalten, die bei hohem
CO2-Drucken kristalline Quellung zeigen. Dies fuhrt zu hohen volumetrischen CCS
Kapazitaten (CO2-Abscheidung und Speicherung, engl. Carbon Capture and Storage)
und macht Ni-Hectorite daher attraktiv fir die Entfernung von anthropogenem CO..
Wahrend die Quellung von 2:1-Schichtsilikaten mit Wasser weitgehend verstanden ist,
gibt es fur den Quellungsmechanismus mit CO2 noch keine Erklarung. Um die
Quellfahigkeit zu erklaren und schlief3lich die Adsorptionseigenschaften im Hinblick auf
eine mdogliche industrielle Nutzung zu optimieren, wurde die Struktur der
Interkalationsverbindung im Detail analysiert. In einigen Fallen der Interkalation
kénnen geordnete oder statistische Wechsellagerungen gebildet werden, daher wurde
der Schwerpunkt auf die Identifizierung solch, potenziell vorliegender Strukturen
gelegt. Aufgrund der hohen Kondensationsneigung von Ni zur Bildung von
Oligokationen, kommt es wahrend des lonenaustausches zur Ausbildung einer
geordneten Wechsellagerung, bestehend aus alternierend besetzten Smectit-artigen,
hydratisierten [Ni(H20)6]>* Zwischenschichten und kondensierten, Chlorit-artigen
NiOHy gH,0 1 17 3 “Zwischenschichten. Trotz des Vorliegens einer solchen
Heterostruktur sind die Elektronendichten der beiden Zwischenschichtspezies zu
ahnlich, sodass die fur geordnete Wechsellagerungen ublichen Uberstrukturreflexe
nicht beobachtet werden konnten. Der Elektronenkontrast beider Zwischenschichten

konnte dennoch durch selektiven lonenaustausch der smectischen Zwischenschichten
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mit einem Alkylammoniumkation oder alternativ durch Tempern verbessert werden.
Dadurch konnte die Intensitat der Uberstrukturreflexe erhoht und die geordnete
Wechsellagerung identifiziert werden.

Im n&chsten Schritt wurde die erhaltene Struktur von Ni-Hectorit verwendet um den
zugrunde liegenden Quellungsmechanismus mit CO2 zu identifizieren. Durch eine
Kombination verschiedener Charakterisierungsmethoden konnten die
Wechselwirkungen von CO2 und damit die Quellung vollstandig auf die interkalierte
NiOHy gH,0 1 i 3-ZWischenschichtspezies zuriickgefiihrt werden. Der
Mechanismus wurde als reversible Bildung einer Carbonatspezies an den Kanten der
Chlorit-artigen  Zwischenschichtspezies beschrieben, wodurch CO2 in den
Zwischenschichten gebunden wird und folglich eine kristalline Quellung beobachtet
werden kann. DFT-Berechnungen bestétigten zudem diesen Mechanismus. Folglich
kann die CCS-Kapazitat von Ni-Hectorit durch Erh6hung der Menge an kondensierten
Chlorit-artigen Zwischenschichten optimiert werden, wodurch Ni-Hectorit gegentuber
anderen Adsorptionsmaterialien wettbewerbsfahig wird.

Der zweite Teil der Arbeit befasst sich mit dem systematischen Design von
Funktionsmaterialien, wobei etablierte Mechanismen wie die osmotischen Quellung
auf den schichtartigen Zeolith llerit angewendet werden. Die Herstellung von
Dispersionen bestehend aus einzelnen Nanoschichten durch repulsive osmotische
Quellung ist ein etabliertes Verfahren fir ausgewéhlte Klassen von
Schichtverbindungen, wie 2:1 Schichtsilikate, schichtartige Titanate oder Niobate.
Trotz des Potenzials schichtartiger Zeolithe, mit ihren porésen und katalytisch aktiven
Schichten, ist die Herstellung von Nanoschichten immer noch schwierig und auf
ausgewahlte Beispiele beschrankt. Im Gegensatz zu 2:1 Schichtsilikaten, bei denen
die Schichtladung unabhangig vom pH-Wert ist, flihren OH-Gruppen an den basalen
Oberflachen der Schichten zu einer Variation der Schichtladung mit dem pH-Wert und
erschweren dadurch die Delaminierung. Die Vorraussetzungen fir das Einsetzen
osmotischer Quellung wurden jedoch kurzlich fur 2:1 Schichtsilikate identifiziert. Bei
Anwendung geeigneter Bedingungen konnte so der Mechanismus auf den
schichtartigen Zeolith llerit Gbertragen werden. llerit kann in einem skalierbaren, milden
Sol-Gel Prozess in Form von ansprechenden, grol3en, quadratischen Plattchen
kristallisiert werden. Durch lonenaustausch der Zwischenschichtkationen mit einem
sterisch anspruchsvollen, hydrophilen Aminozucker N-Methyl-D-glucammonium

wurden  funktionelle  Zeolith-Nanoschichten ~ mit  aul3erordentlich  grol3en
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Aspektverhaltnis in einem skalierbaren und umweltfreundlichen Prozess hergestellit.
Die Funktionalitat der erhaltenen Nanoschichten wurde durch Rakeln einer
nematischen Suspension in dunne Filme demonstriert. Aufgrund des hohen
Aspektverhaltnisses der Nanoschichten zeigten diese ausgezeichnete Gas-

Barriereeigenschaften, die dariiber hinaus von industrieller Relevanz sind.

Die schichtartige und quadratische Morphologie macht llerit auf3erdem interessant fur
die Anwendung als Perlglanzpigment. Die Erweiterung des Farbspektrums von
Perlglanzpigmenten ist nach wie vor eine Herausforderung und kann durch die
Verwendung farbiger Substrate erreicht werden. Daher wurde llerit als
Ausgangsmaterial fur die Synthese eines der ersten synthetischen Blaupigmente
verwendet, der Schichtverbindung Agyptisch Blau (CaCuSisO10), mit dem Ziel die
attraktive Morphologie des llerits zu erhalten. Diese Pseudomorphose wurde in einem
zweistufigen Verfahren erreicht, das technisch glnstig ist, die Kontrolle der
Morphologie erméglicht und somit Vorteile gegentiber bestehenden Hydrothermal-,
Festkorper- und Schmelzfluss-Synthesen aufweist. Der lonenaustausch von llerit mit
Cu, gefolgt von der Zugabe fehlender stochiometrischer Mengen von Cu und Ca,
ermdglichte die Synthese von Agyptisch Blau bei relativ niedrigen Temperaturen von

1000°C, wobei die quadratische Morphologie von llerit erhalten blieb.

Diese Arbeit ist eine kumulative Dissertation. Eine detailierte Beschreibung der

Ergebnisse befindet sich in den angehangten Manuskripten.






Introduction

3. Introduction

3.1. Challenges in material science

Climate change, growing global industry, and an increasing energy demand possess
new challenges to material science. In this term, research and development of new
materials and technologies is necessary to increase energy production while reducing
greenhouse gas emissions.! However, limitations of available resources restrict this
development. For example, increasing electro-mobility will lead to an increasing de-
mand of lithium for battery technologies, reducing its availability.: 2 Consequently, a
sustainable production of materials is desired, overcoming energetic issues and giving
opportunity for the development of materials for innovative applications and technolo-

gies.

Despite the growing significance of renewable energies, the number of non-carbon-
emitting energy sources is still limited.® More than 85 % of the global energy consump-
tion are still obtained from non-renewable origin, whereas CO: is responsible for more
than 60 % of the greenhouse gas emissions.* ° Therefore, it is a major challenge to
achieve a significant reduction of anthropogenic COz2. To reduce the long-run risks of
climate change, it is necessary to utilize or store CO2.% 7 Utilization can be achieved,
for example, in the synthesis of functional polymers and products.? Alternatively, cap-
ture and storage of CO2 (CCS) gives new opportunities for the permanent or temporary

removal of CO2 with the opportunity for a subsequent usage.®

Besides a reduction of ongoing CO2 emissions, the search for alternative carbon-free
energy sources is essential. To overcome the increasing energy demand, development
of green technologies and alternative energy sources are necessary. Regenerative
energy sources such as wind, solar, geothermal, and hydrothermal are gaining in sig-
nificance and becoming more competitive with fossil fuels.'® Hydrogen, which can be
produced by using renewable energies, may be considered as one of the most prom-
ising candidates for a future high efficiency and zero-emission fuel.1!: 12 However, pro-
duction of hydrogen still lacks broad application and often requires purification steps
for its final use as fuel.'® Therefore, development of efficient permselective hydrogen

membranes is of high interest.
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3.2. Fundamentals of layered materials

Depending on the potential application, materials with individual and adjusted proper-
ties are required. Due to the variety of different compositions, structures, and proper-
ties, layered materials are a versatile toolbox for the design of functional materials.*>
18 Contrary to 3-dimensional (3D) materials, layered or 2-dimensional (2D) materials
are characterized by anisotropic bonding conditions.® This is reflected in a structure,
where individual layers show strong in-plane interactions, which are stacked to crystals
with weaker interactions in a third dimension. Due to crystallographic reasons, stacks
of these layers cannot be referred as a crystal anymore and are called tactoids.!® The
height of the individual layers is typically in the range of nanometers, while the lateral
extension of the layers can exceed micrometer to centimeter. Consequently, a single

layer can be referred as a nanosheet.?°

The characteristic structure of 2D materials allows the transformation of tactoids
through exfoliation into thinner stacks and ultimately through delamination into single
nanosheets.?! Upon delamination, the physical properties of 2D materials change dras-
tically compared to the bulk material, which results in differences in e.g., electronic,
magnetic, or mechanical properties.?> Moreover, the surface area and the aspect ratio
(ratio between lateral size and height) increases, which is maximized in the case of a

single nanosheet.1?

Due to the variety of 2D materials and the different properties, a subdivision into groups
is necessary and can be conducted, for example, depending on the chemical compo-
sition, the crystal structure, or physical properties. The layer charge of the 2D material
represents the most common method for a subdivision into groups. A single layer can
be neutral, carry a negative or a positive charge.*® Introduction of a layer charge re-
guires a charge balance mechanism. This can be ensured by incorporating counter
ions of opposite charges into the interlayer space of the nanosheets.?® Whereas in the
case of neutral layers, adjacent layers are held together by relatively weak interactions,
like van der Waals or hydrogen bonds, stronger coulomb interactions are present in

charged layered materials.1?

One of the most famous examples of neutral 2D materials is graphite. As a material
consisting only of carbon atoms, graphite is built from stacked atomically thin single
carbon layers, known as graphene. Differences in the physical behavior of 2D materi-

als are clearly observable in the case of graphite and graphene. While the bulk material

10
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is a semi-metal,>* a single graphene layer is a 2D topological insulator,?® showing a

remarkably high in-plane thermal conductivity?® and mechanical stability?’.

Layer charges can be introduced with isomorphic substitution,?® chemical modification
of the layers?® or redox reaction®°. For example, oxidation of graphite was used to ob-
tain graphene oxide, having a negative layer charge.®® The direct synthesis of charged
layered materials using isomorphic substitution is an established procedure to obtain
materials with either positive or negative layer charges. Typically, layered double hy-
droxides (LDHSs) possess a positive layer charge,3' 32 while layered silicates3® 34 are
negatively charged. Contrary to the permanent layer charge due to isomorphic substi-

tution, chemical modification or redox reactions may be reversible.

Focus of the present thesis is set on selected examples of layered materials, taking
advantage of the characteristic properties. Therefore, the structure of layered silicates
will be discussed on the example of Na-hectorite in Chapter 3.2.1, while more complex
layered materials with variable layer charges, are specified in Chapter 3.2.2 on the
example of the layered zeolite llerite.

3.2.1. Structure of Na-Hectorite

Layered silicates are widely known and typically used for ceramics,3® in rheology3® or
as filler in polymers to improve flame retardancy,®’: 38 mechanical® or gas barrier prop-
erties*® 41, Layered silicates, also referred to as clay minerals, are part of the phyllosil-
icate group having a layered structure.*? Depending on several characteristics like link-
age, type, or charge of the silicate layers, classification into groups is possible, leading
to significant differences in the chemical properties.*® In the following, the focus is set
on 2:1-layered silicates, particularly on Na-hectorite, which was used in the present
thesis.

In general, 2:1-layered silicates consist of tetrahedral and octahedral sheets, con-
nected to layers. The tetrahedral sheets are built from <M¢#*O4> tetrahedra, which are
connected through the basal oxygen atoms to form a 2D hexagonal network. Typical
tetrahedral coordinated cations can be Si**, Al**, Fe3* or Ge**. The octahedral layer is
formed by condensed, edge-shared [Mo¥*O4X2] octahedra (X = e.g. OH", F"), which can
be occupied by a variety of different Mo cations like Mg?*, Fe?*, Fe3*, Mn?*, AI** or Li*.
Two tetrahedral layers are connected via the apical oxygen atoms of the tetrahedra to
one octahedral layer, forming a sandwich-like structure with a thickness of approxi-

mately 0.96 nm. A permanent negative layer charge can be generated by isomorphic
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substitution of higher valent cations with lower charged cations in the octahedral, the
tetrahedral, or both layers. The generated layer charge is compensated by incorpora-
tion of interlayer cations like Li*, Na*, Cs* or Ba?*. This leads to a general composition
of Z¥*[Mo¥*a]<M#*b>010X2 for 2:1-layered silicates. The resulting layer charge is typi-

cally given by charges x per formula unit (p.f.u.) O10X2.42

The structure of layered silicates is illustrated on the example of Na-hectorite with a
layer charge of 0.5 p.f.u. and a composition of Na*os [Mg?*2.5Li*0.5]<Si**>O10(OH/F)2
(Figure 1). Na-Hectorite is a member of the smectite group, whereas all octahedral
cations are occupied, which is typical for trioctahedral layered silicates. Starting from
the non-charged talc, with an ideal composition of [Mg?*3]<Si**>010(OH/F)2,** Na-hec-
torite can be obtained upon partial isomorphous substitution of octahedral Mg?* with
lower charged Li*. Charge balance is ensured by the additional incorporation of Na* in

the interlayer space. 45 46

Figure 1: Schematic representation of the crystal structure of Na-hectorite: Two layers of SiOs-tetrahedra are con-
nected to a hexagonal network, forming 2:1-layers with one octahedral layer, in which Mg?* is partially substituted
by Li*. The permanent layer charge resulting from this substitution is compensated by incorporation of interlayer
Na* ions.*6: 47

Isomorphic substitution has a significant impact on the properties of the layered sili-
cate. For example, substitution with transition metals like Fe2*3* can increase the elec-
trical conductivity, leading to semiconductive materials.*® 4° Moreover, the type of in-
terlayer cation, the layer charge and the charge homogeneity have a crucial influence
on the swelling behavior (Chapter 3.3.1). A statistical isomorphic substitution is nec-
essary to obtain charge homogenous materials, which are capable to swell osmotically

in water. For Na* as interlayer cation, osmotic swelling in water can be observed if

12
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charge homogeneity is sufficiently high and the layer charge low enough (< 0.55
p.f.u.).33

Even though the usage of naturally occurring layered silicates is possible, undefined
compositions, impurities, layer charge inhomogeneities, low lateral extensions, and
limited aspect ratios cannot fulfill the requirements for an efficient design for a wide
range of applications.*!: 46 Furthermore, the presence of OH- limits the thermal stability
in natural layered silicates to 300 °C.5° Synthetic layered silicates offer the opportunity
to solve these problems, giving phase pure, charge homogenous materials with large
laterals extensions and a high thermal stability. Several synthesis protocols were de-
veloped to achieve these goals, using for example solid-state 5! or hydrothermal syn-
thesis®?. However, simulations proved that temperatures above 1000 K are necessary
to achieve a statistical isomorphic substitution.>® Melt synthesis can overcome these
disadvantages and charge homogenous, high aspect ratio material with a uniform in-
tracrystalline reactivity can be obtained. Using this procedure, the synthesis of a phase
pure Na-hectorite with a composition of Na*o.s[Mg?*2.sLi*0.5]<Si**>010F2 is possible.33
46 F- substitution of OH" increases the thermal stability contrary to natural silicates from
300 to 750 °C.%° The high charge homogeneity results in a uniform intracrystalline re-
activity, allowing the spontaneous delamination into single nanosheets via repulsive
osmotic swelling (Chapter 3.3.1). The large lateral extensions of the particles (approx.
20 um) result in nanosheets with exceptional aspect ratio of more than 20000, making
Na-hectorite a promising candidate for applications, e.g. as polymer filler, where a high

aspect ratio is crucial.*°

3.2.2. Structure of llerite

While layered silicates like Na-hectorite are famous 2D materials used in variousappli-
cations, layered zeolites are far less common. Conventional 3D zeolites are estab-
lished materials in industry with variable compositions and structures, which are used,
for example, as cracking catalysts.>* Despite being per definition a 3D crystalline ma-
terial, % 56 under certain circumstances, zeolite structures with anisotropic bonding con-
ditions forming layers, can be accessed.>” Layered zeolites can either be synthesized
directly, e.g. by using a suitable structure-directing agent (SDA)%8-€° or via a top-down
approach upon decomposition of 3D zeolites®®: 62, An overview of current accessible
layered zeolites and their potential applications is presented in several recent re-

views, 1556, 57
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In general, zeolites are formed from primary building units of <M#*O4> tetrahedra,
which are connected via their corners to more complex secondary building units, form-
ing crystalline structures. Typical tetrahedral coordinated cations are Si**, Al**, Ge** or
Fe3*.55 56 Due to the variety of possible structures, zeolites are classified according to
their framework by the International Zeolite Association (1ZA). This variety makes a
detailed discussion of all zeolite structures nearly impossible. Therefore, the focus is
set in the following on a specific layered zeolite precursor llerite, which was used in the

present thesis.63-65

llerite, also known as NaRUB-18 or Octosilicate, is besides Kanemite and Magadiite a
member of the group of layered sodium silicates.®® The layered structure is built from
corner-sharing SiO4 tetrahedra, forming [5%] cages similar to MFI and MOR type zeo-
lites, which are connected to crystallographic polar layers with a thickness of 0.74
nm.%3 66 The single-layer exhibits a pore system of 4 and 6 membered rings (4 and
6 MRs) across the layers. The negative layer charge, originating from the half proto-
nated terminal Si-O-bonds, is balanced by chains of edge sharing [Na(H20)s]-octahe-
dra in the interlayer space, resulting in a composition of Nasg[Siz20s4(OH)s] 32 H20
(Figure 2).53

While for clay minerals like Na-hectorite, the layer charge is permanent and independ-
ent of pH, acidic OH-groups are exposed at the basal surfaces of layered zeolites® 5’
and thus, the layer charge will consequently alter with pH. The layers are stacked in a
centrosymmetric fashion along c-direction, forming crystals with a characteristic
square-shaped morphology. Unlike typical layered zeolites (e. g. MFI,%® MCM-56,%° or
MCM-2257), the synthesis of llerite requires no SDA and can be performed under mild
conditions applying a water-based sol-gel route.®®-7° This easy, scalable, and environ-
mentally friendly process combined with unique properties like the intrinsic porosity
and the appealing square-shaped morphology make llerite a promising material for

different applications like for the fabrication of permselective hydrogen membranes.
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Figure 2: Schematic representation of the crystal structure of llerite: SiOa tetrahedra are connected to [5*] cages,
forming layers, where half of the Si-O bonds are unsaturated. Chains of hydrated interlayer Na+ ions compensate
the resulting layer charge. The layers are themselves are stacked in a centrosymmetric fashion in stacking direction

along the c-axis.®?
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3.3. Properties of layered materials

The unique layered structure of layered materials can be exploited, applying several
approaches, to influence their features. One possibility represents changes in the
chemical composition and/or the crystal structure of the layers. By simply modifying
the composition and the structure of transition metal dichalcogenides, for example,
physical properties can be tuned and materials with metallic, semimetallic, or semicon-
ductive properties can be obtained.’* Alternatively, exfoliation and delamination?! can
be used to adjust the properties, interlayer ions can be exchanged against another
species (intercalation),’? interlayer ions can be complexed by suitable ligands (com-
plexation)’® or non-charged molecules can be additionally incorporated into the inter-
layer space (swelling)'®. Even though, some of these reactions are also possible for

neutral layered materials, focus is hereinafter on charged layered compounds.

3.3.1. Swelling and delamination

Swelling is an often-observed phenomenon for charged layered compounds, leading
to an expansion of the interlayer space and thus affecting the attractive interactions
between the nanosheets. This results in a lowered attraction of adjacent layers and to
different physical and chemical properties of the materials.'® In order to swelling occur,
the incorporation of molecules, and in consequence the swelling itself must be thermo-
dynamically favored.!® The process depends on several factors: the type of interlayer
species,’*’® its enthalpy of hydration,”” the layer charge,’® 78 temperature,’ pres-
sure,®% jonic background in solvents,®! and humidity®? 83. For isolating layered materials
such as Na-hectorite, where electron reshuffling is limited, contrary to electrical con-
ductive materials like graphite, layer charge homogeneity is crucial.®* Due to the high
charge homogeneity and the capability to swell spontaneously in water and humid air,
synthetic Na-hectorite can be used as an example for other charged layered materials
to explain the swelling process in detail.33 8 The swelling process can be subdivided

into two main regimes (Figure 3):

In the first stage, known as crystalline swelling, swelling occurs in discrete steps. For
synthetic Na-hectorite for example, this depends on the relative humidity (defined as
the relative amount of water in air, r.h.). Starting from the fully dried material containing
no interlayer water (0 WL), Na-hectorite swells at 22 % r.h. and 64 % r.h. to a swollen
structure containing one water layer (1 WL) and two water layers (2 WL) following a

hysteresis behavior. In the course of the swelling process, the layers are separated by
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the size of atoms or molecules. For water, this leads to an increasing basal spacing
from 9.6 to 12.2 A and 15.1 A, respectively.33 4785 |f charge homogeneity is limited like
in the case of natural layered silicates, a continuous increase of the basal spacing
might be observed, which is an artefact of random interstratifications (see Chapter
3.3.2).85 Crystalline swelling is not only limited to water but can also occur in organic
solvents,?7-8% mixtures of solvents and water®® ° or under exposure to gases®4. The
swelling process depends on several factors like, for example, the interlayer species
due to different sizes and/or hydration enthalpies. This can be used to tune the prop-
erties of the material. For example, at 40 % r.h., Na* intercalated hectorite swells to its
1 WL state, while K* intercalated hectorite shows no crystalline swelling.”” In this line,
specific materials can be developed, which swell in response to CO2 and can be used
for CCS (Chapter 3.4.1).

Crystalline Swelling Osmotic Swelling
A
L\ AAAAAAL
AbAbAbA
YYVYYVYY YYVYVvYyy
FVVVVVYY AdAdid A
YYVYYVYYY 1+
4 FYY VY VYN !
\ 2 WL Ao

basal-spacing

Humid air Water

Figure 3: Swelling process of melt synthesized Na-hectorite, starting from the completely dried state (0 WL) with
increasing humidity crystalline swelling can be observed with a step-wise increase of the basal-spacing upon hy-
dration of interlayer cations from 0 WL to 2 WL (solid line), while dehydration occurs at slightly lower relative hu-
midities within a hysteresis. At sufficiently high water activities further incorporation of water takes place, ending in
a complete disintegration of the tactoids (osmotic swelling).8®
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In some cases, repulsive osmotic swelling follows crystalline swelling.8> 999 This pro-
cess is characterized by a progressive incorporation of solvent molecules, leading to a
continuous separation of the layers and ultimately to a disintegration of the tactoids
into single nanosheets, comparable to a dissolution of an ionic crystal limited to one
dimension. Thermodynamically allowed delamination by repulsive osmotic swelling
represents the most gentle way to quantitatively produce nanosheets with uniform
thickness. Contrary to mechanical exfoliation,'°° no mechanical impact is required and
the lateral extension, as well as the structure of the parent crystal, are preserved, while

the aspect ratio is maximized.

Melt synthesized Na-hectorite is one example of a charged compound, which swells
spontaneously in water into nanosheets of approximately 1 nm thickness.? In a first
stage at highly concentrated suspensions (more than 2.5 vol.%), called the Gouy-
Chapman regime, Na-hectorite forms a Wigner crystal. Due to the strong repulsive
forces, the nanosheets try to maximize their distance, and therefore, every additional
solvent molecule is used to maximize the distance between the nanosheets. Due to
the large lateral extensions of Na-hectorite, the nanosheets align parallel towards each
other.8 101 This behavior can be used to confirm the completeness of osmotic swelling,
as the basal spacing scales to the volume fraction @ with G-1. For higher dilutions and
larger distances of the nanosheets towards each other, partial screening of the repul-
sive forces leads to a slightly lower scaling of the basal spacing with the volume fraction
of (i-966, However, the negatively charged nanosheets still adopt a co-facial arrange-
ment, forming a nematic liquid crystalline phase, as the rotation of the nanosheets is
still hindered, due to the large diameter of the nanosheets.® 191 Further dilution to suf-

ficiently small concentrations leads to isotropic suspensions.

In general, the occurrence of osmotic swelling depends on certain main criteria, which
were evaluated for synthetic 2:1 layered silicates in detail.”® 02 To trigger osmotic
swelling, adjacent charged layers need to be separated by incorporation of solvent to
a certain threshold value. If the separation can be achieved, the translational entropy
of the interlayer species is dominating over the electrostatic attraction between inter-
layer cations and adjacent layers. Adjacent layers in the ionic crystal will consequently
repel each other. The threshold separation can be obtained by a sufficiently high solv-
ation enthalpy of the interlayer ion, supported by a steric pressure arising from the
interlayer species. Therefore, the charge equivalent area of the interlayer cation needs

to exceed the charge equivalent area of the underlying anionic layer.’® For Na-hectorite
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with a layer charge of 0.5 p.f.u., the hydration enthalpy of the Na™* interlayer cations is
sufficient to reach the threshold separation.3® At higher charge densities, osmotic swell-
ing can be still achieved by supplementing hydration forces of bulky interlayer organo
cations.”® 99 A typical example for such a hydrophilic and sterically demanding organo

cation is the cationic amino sugar N-methyl-D-glucamonium (meglumine).10?

Osmotic swelling is not only limited to clay minerals®® % like Na-hectorite but was also
observed for other charged layered compounds like layered titanates®: % or layered
niobates®’: %8, However, delamination of layered zeolites via repulsive osmotic swelling
to produce functional high-quality nanosheets is still a major challenge. First efforts on
selected zeolite structures showed only minor success.'9% 104 Therefore, the layered
zeolite llerite was successfully delaminated into single nanosheets to open new oppor-
tunities for material science, making layered zeolite nanosheets easily accessible
(Chapter 6.3).

3.3.2. Heterostructures

Moreover, the layered structure of 2D materials allows the stacking of two or more
different types of nanosheets into heterostructures. In that way, the properties of lay-
ered compounds can be changed drastically compared to the bulk material and the
single layer case, taking advantage of synergistic effects of chemical and physical

properties of different layered materials.1%®

These heterostructures can be produced in various ways, for example by bottom up
approaches via direct growth of nanosheets by using vapor-phase deposition. Alterna-
tively, a combined top-down and bottom-up approach using exfoliation or delamination,
followed by re-assembly into alternating stacked structures, can be used.'® For neutral
layered materials, stepwise mechanical exfoliation and subsequent transfer onto sub-
strates is an established procedure for high-quality van der Waals heterostructures.®
Charged layered compounds, which can be delaminated or exfoliated into single
nanosheets, can be easily assembled into heterostructures using flocculation, layer-
by-layer assembly or Langmuir-Blodgett assembly and offer a wide range of possibili-
ties.196 Using the Langmuir-Blodgett technique for example, heterostructures consist-
ing from alternating delaminated perovskite-type LaNb207- and Ca2Nb3Oio0-
nanosheets were produced and the physical properties of the material could be tuned.
While both nanosheets are paraelectric, the heterostructure of both shows a ferroelec-

tric behavior.197
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Even though the assembly of delaminated or exfoliated nanosheets into respective
heterostructures is an attractive approach for the production of materials with unique
properties, large-scale industrial production is a challenge. The big advantage of
charged layered compounds is the possibility of delamination and the capability of in-
tercalation. Therefore, ion exchange, for example of layered silicates, can be used as
an easy and scalable top-down approach to form heterostructures, while the interlayer
space is concomitantly functionalized. Starting from the bulk material, upon partial ion
exchange, ordered interstratified structures are thermodynamically favored under cer-
tain conditions.8% 198110 |n such an ordered interstratification two different interlayer
species alternating occupy the interlayer space along the stacking direction (Figure 4).
These heterostructures can be seen as two types of nanoreactors separated by a sin-

gle nanosheet.
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Figure 4: Formation of ordered interstratified heterostructures by partial ion exchange:of Na* interlayer cations of
Na-hectorite (blue) with dye cations (yellow). Starting from pure Na-hectorite and a relative weighting of dye inter-
layers ¥ daye = 0, first dye exchanged interlayers tend to segregate ( ¥e < ¥ dye) influencing the CEC in adjacent
layers. At a certain equilibrium stage an ordered interstratified structure of alternating dye and Na* interlayers is
f or meagdt =€ a%), which results in the formation of a superstructure reflection in the powder X-ray diffraction
pattern with a basal spacing d®'. The basal spacing corresponds to the sum of the basal spacing of Na* intercalated
interlayers and the basal spacing of dye-intercalated interlayers. Further ion exchange would lead to complete ion
exchanged Na-hectorite.®® (Reprinted with permission from reference®3. Copyright (2014) American Chemical So-
ciety)
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In contrast to ordered heterostructures, random interstratified intercalation compounds
may be formed, where two or more interlayer species occupy the interlayer space in a
statistical fashion. Both types of heterostructures might lead to basal spacings in the
powder X-ray diffraction pattern, which do not simply correspond to the size of atoms
or molecules. Contrary to random interstratifications, the formation of such an ordered
interstratification results often in the occurrence of a superstructure reflection in the
powder X-ray diffraction (PXRD) pattern, which corresponds to sum of the basal spac-
ing of the two interlayer species (d®'). However, the intensity of the superstructure re-
flection might be low or is not clearly visible and can be easily overseen. This is espe-
cially the case if the electron contrast of the different interlayer species and/or the basal
spacing is similar. However, a distinction between a random and an ordered interstrat-
ification is often possible applying PXRD. Contrary to an ordered interstratification, ran-
dom interstratifications show an irrational 00l series of low intensity and broad reflec-

tions with a varying full with of half maximum.!

Formation of such heterostructures is mainly driven by attractive coulomb interactions.
This leads to the minimization of the basal spacing in the ionic crystal and to a segre-
gation of the different types of interlayer species into separate interlayer spaces. The
segregation results in a different occupation of the different interlayer spaces and con-
sequently in a local charge modulation. As a result, the cation exchange capacity
(CEC) of adjacent interlayer spaces is alternating, ensuring charge neutrality in the
ionic crystal with a CEC higher and lower than average CEC in adjacent interlayer

spaces.83

For instance, by using a synthetic Na-hectorite, heterostructures of functional organic
dyes and Na* interlayers were accessible, which could be converted into coatings with
anisotropic optical properties.'? The production of such heterostructures is not only
limited to organic molecules, but is a general mechanism and can also be applied to
nanoparticles,'*® complexes!'* or other inorganic cations%®, In some cases, the for-
mation of ordered interstratifications is a spontaneous effect like in the case of Ni-ex-

changed Na-hectorites, as used for CCS (Chapter 6.1).
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3.4. Selected applications of layered materials

3.4.1. Carbon capture and storage (CCS)

Temporary or permanent removal of CO2 from the atmosphere is a major challenge to
achieve a significant reduction of the anthropogenic CO2. Materials and techniques for
CCS are highly demanding but need to be cheap, environmentally friendly, stable, non-
toxic, show a low energy consumption and a high CCS capacity at the same time.
Several materials and techniques have been studied and were developed to design
materials with a high CCS capacity in the last years. Up to now, the most applicable
technology is proposed to use amine solutions, also known as amine scrubbing.*®
Nevertheless, amine scrubbing is highly energy consuming and needs up to 40 % of
the energy output for its regeneration.*® Alternative materials like zeolites,'”- 118 metal
organic frameworks (MOFs),'1° functionalized porous polymers,1?% 121 activated car-
bon,*?? and hybrid solutions 123 have also been discussed in literature. However, chal-
lenging synthesis, high costs, environmental friendliness and scalability limit large-

scale application.

As natural occurring and cheap materials with the capability to swell, layered silicates
are promising candidates for CCS. Depending on the type of layered silicate, its layer
charge, type of interlayer species and its hydration state, differences in the swelling
behavior were observed in response to CO2.9% 124131 One of the highest volumetric
CCS capacities was found for Ni-intercalated hectorites.®® 12’ However, the reason for
the superior behavior compared to other smectites is still unclear and is subject to be
studied in Chapter 6.1 and Chapter 6.2.

3.4.2. Permselective hydrogen membranes

CCS represents one possibility to reduce atmospheric CO2. Alternatively low carbon
emission fuels are required to reduce significantly greenhouse gas emissions. Hydro-
gen, as near-zero emission source with a high-energy conversion efficiency might be
a promising alternative energy carrier.132 A critical issue that still needs to be solved is
the purification of hydrogen from gas mixtures.® Using steam reforming, for example,
separation of hydrogen from CO2, CHa4, and CO is necessary. Purification based on
membranes is one of the most promising routes for the production of high purity hy-
drogen, as they can remove hydrogen selectively from the production cycle, while shift-
ing the thermodynamic equilibrium to the product side for a higher conversion, allowing

a continuous production of hydrogen.133
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Currently used polymeric membranes are admittedly cheap and can be produced in a
large scale but suffer from chemical and thermal stability, durability, and most im-
portant, selectivity. However, the versatile structure and the characteristic anisotropic
built-up of layered materials, consisting of nanosheets, opens new opportunities for the
fabrication of membranes and overcome existing issues. Assembly of nanosheets with
appropriate pore size, allowing the selective permeation of hydrogen, represents one
possibility of membrane fabrication.*3* The high thermal and chemical stability of zeo-
lites will allow the use even under harsh conditions and thus overcome the drawbacks
of polymer-based membranes.'3>139 For membranes built from exfoliated and assem-
bled RUB-15 nanosheets, consisting of hydrogen-permeable 6-MRs of SiOs-tetrahedra
in the layers, H2/COz2 selectivities up to 100 could be already achieved.4°

Production of high-quality and high-aspect-ratio zeolite nanosheets is still limited, hin-
dering a low-cost and highly scalable fabrication of perm-selective zeolite membranes.
In Chapter 6.3 a process for the production of such zeolite nanosheets of llerite, based
on delamination by repulsive osmotic swelling is presented, preserving the zeolitic
structure and addressing one of the main issues in the preparation of zeolite mem-

branes.

3.4.3. Pearlescent pigments

Layered materials can be moreover used to design materials with exceptional optical
properties like, for example, pearlescent pigments. Contrary to pigments in general,
which are simply defined as colored materials, insoluble in the medium for application,
pearlescent pigments show an appealing interplay of iridescent colors, gloss, and
brilliance, similar to natural pearls. This makes pearlescent pigments attractive for
widespread of applications ranging from automotive paints to cosmetics.

To obtain this effect, reflection and interference from multiple thin layers with high and
low refraction indexes are required. Therefore, sheets or layers with atomically flat
surfaces perfectly parallel to the applied surface are necessary to prevent any diffuse
reflection.?4! For natural pearls, this is achieved by combining alternating layers of
CaCOsz and proteins.'¥> To obtain the perfect texture and the high reflectivity for
synthetic pearlescent pigments, layered materials need to have an appreciable aspect
ratio to ensure a parallel alignment parallel to the surface and giving the desired
lustrous effect (Figure 5). 14!
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Figure 5: Schematic representation of synthetic pearlescent pigments coated on a flat surface, which are oriented
parallel to the applied surface due to the high aspect ratio of the pigment. The pigment consist of a substrate with
low refractive index and a coating with high refractive index, leading to reflection at the interfaces of substrate and
coating, which then is responsible for the observed interference colors.4

Colors typically arise due to interference of reflected light at the interface between
layers with different refractive indices and depend on the thickness of the layers.14!
Common used pearlescent pigments are low refractive layered silicates (mica) coated
with a highly refracting metal oxide.'*3 The accessible color range by interference is
limited and can be extended by coating absorption colors (e.g., iron oxide) or applying
colorants on the surface of the pigment. However, such surface modification with
colorant reduces the pearlescent effect. Additionally, the distribution of the colorant
might be uneven over the surface resulting in insufficient color saturation. Using
colored layered substrates represents a gentle and technically attractive way to obtain
combined interference and absorption pigments. Such colored substrates were
recently developed and can be produced by ion exchange of layered silicates with dye
molecules.'* In Chapter 6.4, an alternative approach is presented, based on the syn-
thesis of colored layered substrates containing transition metal ions. Taking advantage
of the appealing morphology of llerite, square-like blue pigments of Egyptian blue can
be produced following a topomorphological synthesis route.
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3.5. Scope of this thesis

Layered materials offer various physical and chemical properties, which can be used
for the development of functional materials. However, the design of materials for spe-
cific applications requires the comprehension of the structure and the resulting proper-
ties. Therefore, the relationship between the properties of a material and its structural
features should be evaluated exemplary on Ni-exchanged layered silicates, which
show a high volumetric CCS capacity due to crystalline swelling when being exposed
to CO2 (Chapter 3.4.1).

Fundamental knowledge of one material class can then be transferred to other mate-
rials, tailoring their properties. Focus is set in this part on the layered zeolite llerite,
which should be used to design functional compounds. Here, the delamination via re-
pulsive osmotic swelling, which is well understood for layered silicates, should be trans-
ferred to layered zeolites, to produce zeolite nanosheets. These nanosheets allow the
production of thin zeolite films, which can be used, for example, for gas barrier appli-
cations or as permselective hydrogen membranes. Moreover, the use of intercalation
compounds to synthesize functional materials should be discussed exemplarily for col-
ored effect pigments, like Egyptian blue. The concept of this work is based on the
following steps:

9 Structure-property relationship of Ni-hectorites
U Synthesis of Ni-hectorite by using charge homogeneous, melt synthesized
Na-hectorite and successive ion exchange
U Structural analysis applying spectroscopic, diffraction and thermal analysis
U Mechanistic study of the swelling process upon exposure to CO2
1 Systematic synthesis of functional materials based on llerite
U Synthesis of large aspect ratio layered zeolite particles of llerite
U Delamination into llerite nanosheets
U Structural characterization of llerite nanosheets and processing into thin films
U Topomorphological conversion of llerite into the blue pigment Egyptian blue by

ion exchange
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4. Synopsis

The presented cumulative thesis consists of four manuscripts, dealing with the inves-
tigation of layered compounds, their properties and their use for the design of materials
for specific applications (graphical synopsis in Figure 6). Comprehension of the struc-
ture and the resulting properties of a material are the focus of the first part of this thesis,

while the second part deals with the directed design of functional materials.

Chapter 6.1: Structural
investigation of Ni-hectorites
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Chapter 6.2: Insights into the
CO, swelling mechanism of
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Chapter 6.3: Delamination of
layered zeolites into aqueous
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Sci. Adv. 2022, 8, eabn9084.
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Chapter 6.4: Egyptian blue
as colored substrate for
pearlescent pigments

Z. anorg. allg. Chem. 2020,
643, 1661-1667.

Figure 6: Graphical synopsis of this thesis, representing the main topics.
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The first two manuscripts deal with Ni-hectorites as promising CCS materials and their

structural features to understand the rather uninvestigated swelling mechanism under
COzpressure. In Chapter41and the publication ASpontaneo
dered interstratification upon Ni-exchange of Na-f | u o r o h ehapterr6.l)t teede- (

sulting structure of Ni-hectorite upon Ni-exchange of synthetic Na-hectorite was ana-

lyzed in respect to the potential formation of an ordered interstratifications that might

have been overseen so far, considering the high condensation tendency of nickel,

forming nickel hydroxides during the ion exchange.

In Chapter4.2and t he pubiCaptur byiNckel Hiid@®Kde Interstratified in
t he Nanol ayered Space of Chaptef.3),the swelingpracc!l ay Mi
cess of Ni-hectorite with CO2 was investigated in detail and could be explained with
the help of the previously solved structure from Chapter 6.1. Combining spectroscopic
and diffraction methods, the interaction of CO2 during swelling could be traced back to

the intercalated nickel hydroxide species, which was formed during the Ni-exchange.

The last two manuscripts transfer known reactivities and properties of layered com-
pounds to the layered zeolite llerite to design functional materials for potential later
applications with regard to industrial scalability. In Chapter 4.3 and the publication
fNematic suspension of a microporous layered silicate obtained by forceless sponta-
neous delamination via repulsive osmotic swelling for casting high-barrier all Inorganic
Filmso(Chapter 6.3), for the first time high aspect ratio, layered zeolite nanosheets of
llerite were produced. Contrary to existing routes of zeolite nanosheet production, ap-
plying delamination via repulsive osmotic swelling, the sheet diameter of the parent
compound llerite was preserved and nanosheets with exceptional aspect ratio could
be obtained. The nanosheets were characterized and could be processed into thin

inorganic zeolite films with excellent gas barrier properties to prove their functionality.

In Chapter44and the publication ASynthesis of Lar
Pseudomorphosis after NaRUBZ. 8 &€hafpter 6.4), llerite was used as a starting ma-
terial for the transformation into Egyptian blue. Advantageous, the morphology of llerite
and consequently the high aspect ratio could be maintained in an industrially feasible
process. Thus, the obtained Egyptian blue can act as absorption pigment and sub-

strate for pearlescent pigments in one.
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4.1. Structural investigation of Ni-hectorites

Intercalation chemistry is a widely observed phenomenon for charged layered com-
pounds like smectite clay minerals and can be used to functionalize their interlayer
space (Chapter 3.3). For example, Ni-exchange of interlayer cations of Na-hectorite
was used to obtain materials, which are capable to swell in response to CO2 at near
ambient conditions.®® This behavior makes these smectites highly attractive as CCS
materials with a high volumetric CCS capacity for temporary or permanent removal of
CO2 (Chapter 3.4.1). However, the reason of this phenomenon remains unclear. In
order to explain the high swelling tendency in response to CO2 and maximize the CCS
capacity regarding potential industrial application, the knowledge of the structure of Ni-

hectorite is essential.

A first hint of Ni-hectorite not being a simple intercalation compound, only consisting
from isolated ion-exchanged Ni?* ions is given in the drying and hydration behavior, as
swelling and drying follows a continuous behavior typical for random or ordered inter-
stratified compounds.'®> Therefore, Ni-hectorite was prepared by Ni-exchange of
charge homogeneous, melt synthesized Na-hectorite with a layer charge of 0.5 p.f.u.
and was compared with structural characterized Ca-exchanged Na-hectorite (Ca-hec-
torite) and Na-hectorite itself. For these charge homogeneous hectorites, hydration
and drying occur in discrete steps with the size of molecules or atoms (Chapter 3.3.1).
This leads at 43 % r.h. to the formation of a 1 WL structure (12.3 A) in the case of Na-
hectorite and a 2 WL structure (15.2 A) for the higher charged interlayer cation Ca?*.
After careful drying at conditions used for CO2 swelling, the basal spacing decreases
to < 10 A, corresponding to the thickness of the silicate layer due to the release of 1 or
2 WL water. Even after drying, Ni-hectorite remains at an atypical high basal spacing
of 11.4 A and an interlayer height of 1.8 A, which is even smaller than the typical size
of a water molecule. Consequently, the basal spacing is too high for the 0 WL structure
and too low for a 2 WL hydrate. Moreover, the determined Ni/Si-ratio of Ni-hectorite,
applying ICP-OES, exceeds the theoretical expected Ni-content required for charge
balance significantly, indicating that the conducted Ni-exchange is not only a simple
ion exchange reaction. Consequently, the structure can be only explained by an or-
dered or random interstratification (Chapter 3.3.2). These structures can be easily

overseen, especially if superstructure reflections are not clearly visible.

29



Synopsis

Earlier published EXAFS studies already revealed the presence of a brucite-like
Ni(OH)2-species, which was proposed by the authors to be located at the external sur-
faces of the hectorite surfaces.'#¢ In this publication, we considered the high conden-
sation tendency of [Ni(H20)s]?* cations above a pH of 4 to form brucite-type Ni(OH)2.
At the pH of Ni-exchange of 6.9 and in the presence of negatively charged hectorite
nanosheets, oligocations consisting of small positively charged Ni(OH)2-structures are
formed and may finally be intercalated into the interlayer space of hectorite. In this
term, chlorite structures consisting of positively charged metal hydroxide layers in the
interlayer space of smectites may form instead of an isolated [Ni(H20)s]** interlayer
species. Alternatively, intermediate structures of chlorite type interlayers and isolated
Ni-cations in the form of ordered interstratifications can be formed, also known as cor-

rensites.

The formation of such an intercalated positively charged Ni(OH)2-structure was con-
firmed by UV/Vis-spectroscopy and XPS, clearly indicating the presence of a b-Ni(OH)2
species. According to XPS, an accessory Ni(OH)2 side phase on external surfaces
could be ruled out and indicated a positivated Ni-species in the interlayer space of
Ni-hectorite. Chrono amperometric measurements proved that a major amount of the
Ni-species is present as Ni?*. This indicates a charge compensation mechanism by
protonation of the Ni(OH)z-islands rather than oxidation of Ni?* to Ni®*, forming chlorite-

like [ NOH,., H,O y]i interlayers. As the basal spacing of a fully condensed chlorite

structure, even after careful drying is expected to be in the range of 14 to 15 A, the
observed basal spacing of dried Ni-hectorite of 11.4 A is significantly lower. Conse-
guently, the present structure consist of both, isolated Ni-interlayer species and con-
densed Ni(OH): interlayers. Thermal analyses was used to analyze the drying behavior
of Ni-hectorite in detail and confirmed the presence of both species. It turned out that
at the temperature of 150°C used for drying, coordinated water of a potentially uncon-

densed [Ni(H20)¢]** interlayer species and interlayer water is removed, while the

[ NOH,y, H,O y]i interlayers remain unaffected. Using inelastic neutron scattering

(INS) confirmed their presence, only showing vibrations, which could be assigned to
the Ni(OH)2 species.
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The structure of Ni-hectorite can be explained either by an ordered or a random inter-

stratification of condensed [ N® H,., H,O y]i ‘and uncondensed [Ni(H20)6]?* interlay-

ers. As the electron density of both species and the basal spacing of the hydrated
phase is quite similar, distinction is difficult. However, changing the hydration state of
the uncondensed smectite Ni-interlayers to the 1 WL structure, changed the electron
density and the basal spacing so far, that a slightly visible superstructure reflection was
already visible, indicating the presence of an ordered interstratified structure of both
species. To confirm the postulated ordered interstratification, two approaches were
conducted to change the basal spacing of the smectite interlayers and concomitantly

the electron contrast (Figure 7).
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Figure 7: Two approaches to identify the proposed ordered interstratified structure of Ni-hectorite, starting from the
as prepared material (B) either cation exchange with a long chain alkylammonium cation (A) or thermal annealing
(C) can be used in the case of Ni-hectorite.'4” (Reprinted with permission from reference#?, Copyright (2020) with
permission from Elsevier)

Selective cation exchange of the uncondensed Ni?* interlayers of Ni-hectorite with a
long-chained and bulky n-alkylammonium cation (C16, C16H33sNH3Cl) led to clearly vis-

ible, highly crystalline superstructure of alternating arrangement of paraffin-like C16

interlayers and condensed [ NO H,, H,0O y]i interlayers (Figure 7A). ICP-OES and

CHN-analysis was used to determine the composition of the resulting structure, giving

a composition of NiOH,., H,O ;’ l C1 (f nz2nt Mgl iKS §>0, &, per unit

317nt .
cell. Comparison with the total Ni-content of the as-synthesized Ni-hectorite allows the

determination of the structural formula of Ni-hectorite. With a composition of
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nt .

NiOHy gH,0 1 157 %;* N{,50) §+ » MgL S §>0, &4, Ni-hectorite

. nt . 2
forms spontaneously a corrensite-like structure, built from the alternation of
NiOHg gH,0 1 157 3anid NiH,O ¢ 3 * Jnterlayers (Figure 7B). The driving force
of the formation of such an ordered structure was assumed to be the higher selectivity

of[ NOH,y H,0 y]:(’ “oligocations, present in the exchange solution for the interlayer

space compared to isolated Ni-ions. Alternatively, thermal annealing at 600°C, fol-
lowed by rehydration at 43 % r.h. improved the visibility of the superstructure, leading
to a collapsed smectite interlayer (Figure 7C). The collapsed talc-like interlayer re-
mained collapsed even after rehydration, while the chlorite interlayers were partially

rehydrated.

Simple ion exchange of charged layered compounds consequently produced complex
structures consisting of different interlayer types. These structures can be easily over-
seen by simple analytical methods. However, such random or ordered interstratified
structures might be the reason of the unique behavior of a material like Ni-hectorite.
Only with the knowledge of these complex structural features of Ni-hectorite, which
exceed the simple intercalation of isolated Ni?* ions, comprehension of the CO2 swell-

ing mechanism is possible.
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4.2. Insights into the CO2 swelling mechanism of Ni-hectorites

The evaluated structure of Ni-hectorite in Chapter 4.1, consisting of a corrensite-like
structure, formed by alternation of NiOH, gH,O ; 37 5aid NiH,0 ¢ 3" Jigter-
layers, was used to explain the swelling mechanism in response to CO2. Therefore, Ni-
hectorite was prepared analogous to Chapter 4.1 and was analyzed under exposure
to CO2 in dried and at 43 % r.h. hydrated state, applying powder X-ray diffraction, Ra-

man spectroscopy, and INS.

The swelling process of Ni-hectorite at 300 K with COz can be traced by changes of
the basal spacing in the PXRD pattern. For dried Ni-hectorite, with a collapsed smectite
interlayer and chlorite type interlayers, the corresponding 002 reflection of the super-
structure shifts from 11.40 A to 12.29 A upon increasing CO2 pressure. Within this pro-
cess, the number of swollen interlayers increases until the swelling process is com-
plete. Gravimetric adsorption data demonstrate that the swelling is mainly caused by
COg2, as the changes in the PXRD patter correlate closely with the gravimetric uptake
of COz2. Hydrated Ni-hectorite showed a minor swelling from 14.82 A to 15.06 A com-
pared to dry Ni-hectorite.

Interaction of Ni-hectorite with CO2 was analyzed in detail with in situ Raman spectros-
copy. However, the high fluorescence of Ni?* did not allow the measurement of dried
Ni-hectorite. For fully hydrated Ni-hectorite only expected modes for hectorite, the two
interlayer species and water were observed. After exposure to 40 bar COz, interactions
of CO2 with interlayer water result in a local modification of the water population in the
interlayers, changing the shape of the spectra in the H20/OH-region. Moreover,
changes of vibrations corresponding to the NiOH, gH,0 ; .37 3 Interlayer spe-
cies and vibrations of a potentially formed CO3? species could be observed, already

indicating interactions of CO2 with the intercalated NiOH, gH,0 1 137 3 $pecies.

INS was then used to understand these interactions in detail. Dry Ni-hectorite showed,
as mentioned earlier in Chapter 4.1, only vibrations associated with the intercalated
NiOHy gH,0 1 137 3ihterlayer species. Exposing dry Ni-hectorite to CO2leads to
significant changes in the INS spectrum. Most prominent changes correspond to vibra-
tions associated with the intercalated NiOH, gH,O ; 5 3 $pecies, which are
losing significantly intensity. Contrary to dried Ni-hectorite, Na-hectorite and other
smectites, which contain only isolated, uncondensed interlayer cations, show no sign

of swelling after being exposed to CO2. This indicated that the smectite interlayers of
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Ni-hectorite play no role for the CO2 swelling in the dried state and only the condensed
species is of relevance. In this term, the smectite interlayer remains unaffected and
stays collapsed at a basal spacing of 9.6 A, while the NiOH, gH,0 ; 57 3 inter-
layer swell crystalline from 13-14 A to 15-16 A (Figure 8). The swelling process, as
traced by PXRD, is reversible. After the release of COz2, the 002 reflection returns to
the initial position. Moreover, changes in the INS spectrum return mostly to the initial
state. Permanent structural changes in the NiOH, gH,O ; 37 3 $pecies could
not be completely ruled out due to differences in the INS spectrum after CO2 release
compared to the initial spectrum but might be an artefact of a transient state during the

return to the initial structure.

YYVYVYVVYVVYVVYVY ]
> ““““M““.13_14A [ F15-16 A
IV A -
280 AAAAAAALALALAA, 2#46A1 AAAAAAALALALAA .
® ® ® ® [ ] ® ® ® ® ®
YYVYVYVVVVYVYVY | osA YYVYVYVVYVVYVYVY }osa
| AMAAAAAAALALAA | AAAAALAALALALAA

Figure 8: Schematic representation of the swelling mechanism in dried Ni-hectorite under exposure to COz, repre-
senting the proposed interactions of CO2 with the intercalated NiOHy gH,0 1 1%7; % ﬁﬁerlayer species.®* (Re-
printed from reference®)

In the case of hydrated Ni-hectorite, besides vibrations of the intercalated
NiOHgg3H,0 1. 137 3 $pecies, modes corresponding to different types of inter-
layer water were observed. Due to various hydrogenous species, changes upon expo-
sure to CO: are less obvious than in the case of dried Ni-hectorite. However, observed
changes in the Raman spectra and the INS spectrum, indicated a similar interaction of
CO2 with the Ni-hectorite structure as for the dried case. Thus, swelling occurs solely

in the chlorite-like interlayers.
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From Raman spectroscopy, the formation of a potential COs?> species was already
observed. Considering the formation of such a species combined with the observed
changes in the INS spectra, a mechanism based on the reaction of goethite with CO2
under anhydrous conditions was proposed.'*® Following the reaction mechanism of
Ni-OH + CO2Y Ni-O-(HCO2), hydroxide groups at the edges of the
NiOH, gH,O 1 7 i interlayer species, are converted into bicarbonates and CO2
is chemisorbed as a bicarbonate leading to the macroscopically observed swelling.
Although the formation of such a structure could not be verified directly by spectros-
copy, the role of the NiOH, gH,O ; 7 1 irterlayer species is crucial for the
swelling. Moreover, DFT simulations reinforce this proposed mechanism, as calculated

basal spacings are in agreement with the observed experimental data.

Consequently, due to the formation of a COs? species, spontaneously formed
NiOHy gH,O 1 17 3 Interlayers by Ni-exchange of Na-hectorite are responsible
for the superior CCS behavior of Ni-hectorites. This can be used in future to optimize
the volumetric CCS capacity of Ni-hectorites by simply increasing the amount of con-
densed chlorite-like interlayers. By adjusting the pH of the exchange solution, chlorites
may be formed consisting only of condensed Ni(OH): interlayers, leading to a doubling
of the CCS capacity and making Ni-hectorites to technologically competitive CCS ma-

terials.
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4.3. Delamination of layered zeolites into aqueous dispersions of
nanosheets
Comprehension of the properties of one material can be used to adapt specific mech-
anisms to a new class of material. For example, the swelling behavior of clay minerals
in water like Na-hectorite, was analyzed in detail and is widely understood. Repulsive
osmotic swelling of these layered silicates is the most gentle way to obtain nanosheets
from the parent compound, which are potentially useful for a broad range of applica-
tions such as polymer filler for gas barrier films (Chapter 3.3.1). This delamination pro-
cess is still limited to selected classes of charged layered materials. Despite the broad
features of layered zeolites like intrinsic porosity or catalytic activity, examples of the
delamination are limited and large-scale production is still challenging. Nanosheets of
layered zeolites with pores of 6 MRs across the layers for instance, would allow the
production of permselective hydrogen membranes (Chapter 3.4.2). To overcome
these issues, nanosheets of llerite were produced in a scalable, economically friendly

delamination process applying repulsive osmotic swelling.

llerite can be synthesized without any SDA under mild conditions and in large quanti-
ties applying a water-based sol-gel process, starting from NaOH, H20, and a colloidal
SiO2 dispersion, making llerite an attractive compound for industrial applications.870
Following this simple synthesis route, phase pure llerite in the form of large-square like
platelets with an average diameter of 6.7 um were obtained. Phase purity was checked
with PXRD and the PXRD pattern could be completely indexed according to literature
data. Contrary to the permanent layer charge of layered silicates, the layer charge of
llerite originates from only half protonated Si-O- groups at the basal surfaces and thus
depends on the pH. The layer charge itself is compensated by interlayer Na* (Chapter
3.2.2). For triggering osmotic swelling, the layers of the crystal need to be separated
to a certain threshold value by incorporation of solvent molecules (for details see Chap-
ter 3.3.1). Cation exchange of interlayer Na* with a suitable hydrophilic and sterically
demanding cationic amino sugar N-methyl-D-glucamonium (meglumine), followed by
a reduction of the ionic background was used to trigger osmotic swelling, resulting in

zeolite nanosheets (Figure 9).
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Figure 9: Delamination process of llerite, starting with cation exchange of interlayer Na*, followed by reduction of
the ionic strength to trigger osmotic swelling into dispersions of single nanosheets.'*° (Adapted from reference!4%)

As the layer charge is highly dependent on the pH, the pH of the meglumine solution
was adjusted to a pH of 9, where llerite is stable and a permanent layer charge is
ensured, while meglumine is still protonated. Completeness of the meglumine ex-
change of the obtained meglu-llerite was checked with PXRD and EDX. With PXRD of
a textured sample, an increase of the basal spacing from 11.0 A to 14.9 A was ob-
served, while with EDX any residual interlayer Na* could be excluded. CHN-Analysis
was used to confirm meglumine intercalation and was used to calculate the amount of
intercalated meglumine as well as the charge equivalent area of meglu-llerite. The cal-
culated meglumine content of 2.16 mmol/g was slightly lower than the initial Na* con-
tent of 2.83 mmol/g, indicating a partial reduction of the layer charge due to protonation
of the Si-O groups. However, the remaining layer charge and the corresponding
charge equivalent area of 77 AZ/charge was still high enough to enable osmotic swell-

ing with intercalated meglumine in water.

Reduction of the ion background was then used to trigger delamination of meglu-llerite
into the respective hanosheets and nematic suspensions were obtained. SAXS con-
firmed the uniform separation to large distances with a co-facial arrangement of the
single nanosheets, leading to a rational 00l series with a basal spacing of 10.6 nm.
Reflections of the basal spacing of restacked meglu-llerite were not observed, confirm-
ing the complete delamination. As osmotic swelling is characterized by a progressive
incorporation of solvent molecules, the obtained highly concentrated gel was further
diluted with water. The continuous separation of the layers and ultimately the disinte-

gration into single nanosheets could be also traced with SAXS.
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Complete conversion of meglu-llerite into single nanosheets was furthermore con-
firmed with AFM. For highly diluted dispersions, only nanosheets of 1.5 nm thickness
were found, in agreement with PXRD. During the delamination, the structure of the
nanosheets was maintained. The integrity of the structure and the completeness of
delamination could be verified by electron diffraction, comparing the experimental dif-
fraction pattern with the simulated pattern of a single nanosheet and the one of the
bulk material. During delamination, centrosymmetry is lost and absent reflections are
observed. Moreover, the diffraction pattern of turbostratic restacked nanosheets
showed significant differences, consisting of misoriented patterns of multiple single

layers.

Due to the gentle delamination by thermodynamically allowed repulsive osmotic swell-
ing, the lateral extensions of the parent compound are maintained and can be con-
verted into the respective nanosheets. Thus, an aspect ratio of more than 9000 can be
achieved for llerite nanosheets. This renders these nanosheets appropriate for gas
barrier applications, where the performance significantly depends on the aspect ratio.
Nematic suspensions of the zeolite nanosheets are easily processable. The processa-
bility was shown by casting functional films. Using doctor blading for example, thin
functional zeolite films were produced. Permeation tests confirmed the excellent barrier

properties of these films, showing their functionality.

In summary, simple ion exchange of layered zeolites with a bulky, cheap, hydrophilic
organic cation like meglumine allows for the first time the quantitative delamination of
layered zeolites like llerite into nanosheets via repulsive osmotic swelling. The ob-
tained llerite nanosheets show an exceptional aspect ratio and are easy to process
into functional thin films. Moreover, in the present work used llerite consists of layers
with hydrogen permeable pores of 6 MRs across the layers, making the obtained

nanosheets potentially suitable for the production of hydrogen membranes.
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4.4. Egyptian blue as colored substrate for pearlescent pigments

Cation exchange of charged layered compounds is not limited to functionalize layered
compounds directly, as shown specifically for Ni-hectorites. Moreover, intercalation
compounds can be used as starting materials for further synthesis. The uniform
square-shaped, platy morphology of llerite is particularly attractive for applications as
a pearlescent pigment (Chapter 3.4.3). To expand the accessible color range of
pearlescent pigments and prevent the use of colorants, llerite, also known as
NaRUB-18, was used to synthesize the blue pigment Egyptian blue, preserving the
attractive morphology and the aspect ratio of the starting compound (pseudomorpho-
Sis).

As one of the oldest synthetic blue pigments, Egyptian blue with a chemical composi-
tion of CaCuSisO10 possesses a layered structure like llerite, which consists of con-
densed SiOa4 tetrahedra forming corrugated layers. The color originates from Cu?*, co-
ordinated by the non-bridging oxygen atoms of the SiOa4 tetrahedra, while the layer
charge is compensated by interlayer Ca?* (Figure 10). With atomically flat surfaces
and the layered structure, blue pearlescent pigments like Egyptian blue are sought

after in industry and are therefore highly interesting for the use as a colored substrate.

G Ca
¢ cu?
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a

Figure 10: Crystal structure of Egyptian blue, solved by Pabst 1959%C and later refined using neutron scattering®..
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High costs or insufficient morphologies hinder the use of established synthesis routes
like solid-state or hydrothermal synthesis in industry. Moreover, Cu?* will be reduced
at ambient oxygen fugacity at temperatures above 1150°C, preventing the use of melt
synthesis, which would otherwise allow the growth of high aspect ratio crystals, nec-
essary for the use as substrates for pearlescent pigments. The synthesis temperature
can be reduced by using llerite as starting compound for the pseudomorphosis into
Egyptian blue.

NaRUB-18 or llerite can be obtained phase pure as large, square platelets in a mild
sol-gel synthesis in large quantities (Chapter 3.2.2), making it a cheap and environ-
mentally friendly starting compound. Despite the structural differences, NaRUB-18 can
be already converted at relatively low temperatures of 1000°C to Egyptian blue. There-
fore, interlayer Na* of NaRUB-18 was exchanged in the first step by Cu?*, using Cu-
acetate to obtain CuRUB-18. Completeness of this ion exchange was checked with
EDX, excluding any remaining interlayer Na*, while SEM images exclude any morpho-
logical changes as expected. As the Cu-content of CuRUB-18 is sub-stoichiometric
compared to Egyptian blue, additional Ca?* and Cu?* were added in the form of CaCOs3
and CuSOg4 to obtain a Ca:Cu:Si-ratio of 1:1:4 as required for Egyptian blue. Therefore,
ground CaCOs and powder of CuRUB-18 were mixed with the desired volume of
CuSO:s solution and evaporated, to obtain a gel. Egyptian blue was obtained after an-
nealing the gel at 1000°C. However, CuO was formed as a side phase during the syn-
thesis. The formation of CuO could not be prevented but could easily removed by

washing with concentrated HCI.

Rietveld refinement was conducted to confirm the formation of Egyptian blue after pu-
rification and was in good agreement with literature data. The determined Cu-content
according to AAS of 1.69 mmol/g was lower than commercial available Egyptian blue
(2.26 mmol/g), synthesized with a melt-flux procedure, which in turn was again lower
compared to the theoretically expected Cu-content of the ideal Egyptian blue compo-
sition (2.66 mmol/g). The absorption spectrum of the synthesized and purified Egyptian
blue, as well as the commercial available one, showed all expected transitions for the
square-planar ligand field of Cu?* in the crystal structure. Most likely, the lower Cu-
content results most likely in a lower absorbance and consequently in a less intense
blue color compared to the commercially available product. Despite the reconstruction
during the synthesis, the morphology of NaRUB-18 could be conserved, as indicated

by SEM and SLS, resulting in the desired square-shaped platelets of Egyptian blue.
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Conversion of NaRUB-18 led to the fabrication of blue pigments of Egyptian blue, pre-
serving the initial morphology of the starting material. Being technical benign, environ-
mentally friendly, and allowing the control of the morphology this process is advanta-
geous over existing hydrothermal, solid-state, or melt flux synthesis routes. Especially
if the synthesis of compounds with desired particle sizes or morphologies applying
classical synthetic methods is not possible or temperatures are limited, like in the case

of Egyptian blue, alternative synthetic approaches may be used.
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Corrensite

Interstratified structures are a common phenomenon in layered silicates and the differentiation between random
and ordered interstratifications might be in some cases difficult. Atypical basal spacings observed for Ni-ex-
changed fluorohectorites could be related to such an ordered interstratified structure. Applying powder X-ray
diffraction, thermal gravimetric analysis, and various spectroscopic techniques, an ordered interstratification of
smectite-like [Ni(H,0),]*>* and condensed, chlorite-like [Ni(OH)z,),(l-lzo)y],)H interlayers, where x refers to the
degree of condensation, was observed. By simple ion exchange a corrensite-like structure was obtained with a

structural formula of {[Ni(OH)o.s3(H20)1.17J0.37""7 * }rae. 1{[Ni(H20)6J0.26% “ nt. 2[MgsLil < Sig > OnoFa.
Improving the contrast between the two distinct d-spacings and between the electron densities of the interlayers
by partial ion exchange with a long chain alkylammonium cation or thermal annealing, helped to increase the
intensity of superstructure reflections rendering the ordered interstratified structures more clearly visible.

1. Introduction

A transcription of Dalton's law of multiple proportions into the
world of intercalation chemistry restricts changes of interlayer heights
in the course of swelling or ion exchange to multiple values of the real
size of atoms or molecules. In this line, the basal spacing increases in
discrete steps when going from 0 to 1 to 2 layer hydrates of Na-fluor-
ohectorite (9.6 A, 12.2 A and 15.1 A, respectively) (Kalo et al., 2012;
Rosenfeldt et al., 2016; Stoter et al., 2013). The non-incremental in-
crease of the basal spacing is slightly smaller than the van der Waals
radius of oxygen since in a close-packed interlayer water molecules are
partially penetrating the corrugated silicate surface.

For natural clays, these expectations frequently appear not to apply
as water adsorption isotherms and the corresponding basal spacings
seem to vary quasi-continuously (Devineau et al., 2006). This ob-
servation, however, is an artefact of random interstratification of dif-
ferent hydration states within a length scale corresponding to the

* Corresponding authors.

coherence length of the radiation used (Ferrage et al., 2005, 2010). In
most cases such random interstratifications are easily identified by an
irrational 00l series of low intensity and broad reflections and varying
full widths of half maximum (FWHM) (Moore and Reynolds, 1997).
In recent years, smectites have been shown by several groups to swell
with carbon dioxide (CO,) (Busch et al., 2016). In particular, their vo-
lumetric adsorption capacity renders them potentially interesting for
capture and storage of CO, (Cavalcanti et al., 2018; Giesting et al., 2012a,
2012b; Hemmen et al., 2012; Kadoura et al., 2016; Michels et al., 2015;
Rother et al., 2013). Among the various smectites probed, Ni-fluor-
ohectorites (Ni-Hec) showed the highest capacity (Cavalcanti et al., 2018;
Michels et al., 2015). Crystalline swelling of dried Ni-Hec with CO, allows
hereby the reversible and fast capture of CO, under nearly ambient
conditions (typically, 25 °C, 10 bar CO,). While the reason for the su-
perior behavior of interlayer Ni remains unclear, the drying and hydration
behavior of Ni-Hec indicated an unusual behavior (Altoé et al., 2016).
Even careful drying (5 days, Ar flow at 150 °C), that for other interlayer

** Corresponding author at: Niels Bohr Institute-University of Copenhagen, Universitetsparken 5, 2100 Copenhagen, Denmark.
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cations results in a fully dehydrated state with a basal spacing < 10 A a
basal spacing of 11.4 A is observed. Subtracting the thickness of a 2:1
silicate layer (9.6 A) a gallery height of 1.8 A, significantly smaller than
the van der Waals radius of a water molecule, is observed.

A first hint regarding the singular structure of Ni-Hec came from
EXAFS studies that suggested a brucite-like Ni(OH), species, which was
hypothesized to be an accessory phase adsorbed on the external sur-
faces of the layered silicate particles (Michels et al., 2014). Applying
similar ion exchange routines, several other authors have synthesized
chlorites by ion exchanging Ni?* at appropriate pH into natural and
synthetic smectites (Ohtsuka et al., 1990; Uehara et al., 1999;
Yamanaka and Brindley, 1978). Chlorites are so-called 2:1 layered si-
licates where the negative charge of smectites is compensated by con-
densed, positively charged metal hydroxide layers of CdI,-type, rather
than by isolated hydrated interlayer cations.

Besides the two end-members smectite and chlorite, ordered inter-
stratifications of the two are known, the natural mineral being named
corrensite. For corrensites, basal spacings in the range of 22.8 A, de-
pending on particular composition, have been reported (Vivaldi and
MacEwan, 1960). This happens to be approximately double the value of
the basal spacing of 11.4 A reported for dried Ni-Hec, which might
indicate that the latter is actually the 002 of a so far overlooked ordered
interstratification. Applying a melt synthesized Na-fluorohectorites
(Na-Hec) we here verify the hypothesis of Ni-exchanged Na-Hec actu-
ally being a corrensite type ordered interstratification.

2. Materials and methods
2.1. Synthesis of fluorohectorites and cation-exchange

Na-fluorohectorite (Na-Hec) with a nominal layer charge of 1 per
unit cell and a compositions of Na[MgsLi] < Sig > O,F4 was prepared
via melt synthesis according to a published procedure (Daab et al.,
2018), followed by annealing (6 weeks, 1045 °C) to improve charge
homogeneity and phase purity (Stoter et al., 2013). The cation ex-
change capacity (CEC) has been determined with BaCl, according to
DIN ISO 11260.

Ca-fluorohectorite (Ca-Hec) and Ni-fluorohectorite (Ni-Hec) were
obtained by cation exchange with CaCl, (1 M) and Ni-Acetate (0.2 M),
respectively. Typically, 500 mg of the synthesized Na-Hec were ex-
changed with 40 mL CaCl, and Ni-Acetate solution (> 10-fold excess of
the CEC, 5 times), respectively. The ion-exchanged Ca- and Ni-Hec were
washed 5 times with Millipore-water, equilibrated at 43% relative hu-
midity (r. h.) over a saturated K,COgz-solution. This r. h. corresponds to
plateaus in the adsorption isotherms (Moller et al., 2010a, 2010b;
Rosenfeldt et al., 2016) and defined hydration states were obtained.
Additionally, Na-Hec, Ni-Hec and Ca-Hec were dried at 150 °C under Ar
flow for 5 days to completely remove interlayer water.

Cation exchange of Ni-Hec with a long-chain n-alkylammonium
solution (C16, C;¢H33NH3Cl) was performed at 10-fold excess of CEC
(80 °C, 3 times) to ensure complete exchange. The obtained C16 ex-
changed Ni-Hec was washed 5 times with ethanol:water (1:1), once
with ethanol (p. a.) and then dried at 80 °C.

Finally, Ni-Hec was annealed at 600 °C in air to enable ion migra-
tion followed by equilibration at 43% r. h..

2.2. Powder X-ray diffraction (PXRD)

PXRD patterns of Na-, Ca- and Ni-Hec in transmission mode were
recorded in sealed glass capillaries on a STOE Stadi P powder dif-
fractometer using Cu K, radiation (. = 1.5406 A).

Synchrotron PXRD patterns of the partially dried Ni-Hec was re-
corded at the MSPD beamline at ALBA (Barcelona, Spain) using a mi-
crostrip MYTHEN-II detector (A = 0.61978 A), sealed in glass capil-
laries in a custom-made high-pressure sample cell, rotated + 10 degrees
per acquisition of 20 s. Prior to loading, the sample was prepared at 0%
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r. h. in a desiccator over silica gel for 2 weeks. The obtained PXRD
pattern of the beamline was finally converted to °26 corresponding to
Cu K radiation (A = 1.5406 A).

Textured samples were measured in Bragg-Brentano geometry on a
PANalytical Empyrean diffractometer with Cu K,; radiation
(A = 1.5406 A) equipped with a PixCel1D-Medipix3 detector.

2.3. Energy dispersive X-ray spectroscopy (EDX)

Completeness of the ion exchange was checked with EDX on a Zeiss
1530 equipped with an EDX INCA 400 unit (Oxford).

2.4. Inductive-coupled plasma atomic emission spectroscopy (ICP-OES)

The Ni-content of the Ni-Hec was determined by ICP-OES. About
20 mg equilibrated at 43% were weighed into clean Teflon flasks of
15 mL volume. After addition of 1.5 mL of 30 wt% HCI (Merck), 0.5 mL
of 85 wt% H3PO,4 (Merck), 0.5 mL of 65 wt% HNO3 (Merck), and 1 mL
of 48 wt% HBF,4 (Merck), the sample was digested in a MLS 1200 Mega
microwave digestion apparatus for 6.5 min and heated at 600 W (MLS
GmbH, Mikrowellen-Labor-Systeme, Leutkirch, Germany). The closed
sample container was cooled to room temperature and the clear solu-
tion was diluted to 100 mL in a volumetric flask and analyzed on Perkin
Elmer Avio 200 spectrometer.

2.5. UV/Vis-spectroscopy

The diffuse reflectance UV/Vis spectra were measured using a
Varian Cary 5000 UV-Vis-NIR-Spectrophotometer (Agilent) with at-
tached Diffuse Reflectance Accessory between 250 and 1300 nm. The
obtained reflectance spectra were transformed into an absorption
spectrum with the Kubelka-Munk function (Yang and Kruse, 2004).
Teflon has been used as a white standard. B-Ni(OH), (Sigma-Aldrich)
was chosen as reference material.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a SES2002 spectrometer (Scienta)
in conjunction with a monochromatized Al K, source (Scienta). An
energy resolution of about 1 eV was obtained at 500 eV pass energy. A
flood gun (Prevac FS 40A1) was used for charge neutralization during
the photoemission measurements. The sample powder was distributed
on a conductive carbon tape. The spectrum was charge corrected by
assuming the position of C 1 s at 284.8 eV for adventitious carbon. For
Ni-Hec, annealed at 600 °C, adventitious carbon did not provide to be a
good metric for charge correction and the Si 2p core level was used to
charge correct.

2.7. Thermogravimetric analysis (TGA)

TGA was recorded on a Netzsch STA F3 448 Jupiter from 25 to
900 °C at a heating rate of 10 K/min under N, flow after equilibration at
43% r. h. of Ni- and Na-Hec.

2.8. Inelastic neutron scattering spectroscopy (INS spectroscopy)

INS spectra were recorded at the TOSCA spectrometer (Parker et al.,
2014) at the ISIS facility (Rutherford Appleton Laboratory, UK), de-
tecting the neutron energy loss up to a range of 4000 cm ~*. In order to
minimize thermal effects, spectra were recorded at T < 20 K. Powder
samples, homogeneously distributed in a sachet prepared with alu-
minum foil, were placed in stainless steel cylinders and heated under
vacuum (10 ® mbar) at 145 + 15°C overnight prior to measurements.
Data were reduced using the software package Mantid (Arnold et al.,
2014). After subtracting the signal of the empty cell, the spectra were
normalized by the sample mass.
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Fig. 1. PXRD pattern recorded in transmission mode of Na-Hec (black), Ni-Hec
(red) and Ca-Hec (blue) at 43% r. h. and dried under Ar flow at 150 °C (B). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

2.9. CHN-analysis

A Elementar Unicode equipped with a combustion tube filled with
tungsten(VI)-oxide-granules was used at a combustion temperature of
1050 °C. Prior to the measurement, the sample was dried at 80 °C.

3. Results and discussion
3.1. Cation exchange

Phase pure and charge homogeneous Na-Hec with a nominal com-
position of Na[MgsLi] < Sig > O,oF4 was obtained via melt synthesis
followed by long-term annealing (Breu et al., 2001; Stoter et al., 2013).
The material showed a homogeneous charge density and consequently
a uniform intracrystalline reactivity as indicated by water vapor ad-
sorption isotherms showing decisive steps separated by plateaus
(Rosenfeldt et al., 2016). In line with published results, the PXRD
pattern recorded in transmission mode of Na-Hec (Fig. 1A), equilibrated
at 43% r. h., showed a crystalline swollen one water layer hydrate
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(1WL) with a rational 00l-series and a dgg;-spacing of 12.3 A (Stoter
etal., 2013). Appearance of A-shaped 02/11- and 20/13-bands (Fig. S1)
in PXRD patterns recorded in transmission mode indicate a high con-
centration of planar defects (turbostratic stacking) (Breu et al., 2003).
The determined CEC of 129 meq/100 g is in good agreement with the
value of 130 meq/100 g expected from the composition. In the 1 WL
hydrate of the Na-Hec, Na™ is coordinated by three water molecules on
the one side and six basal oxygen atoms of the silicate layer on the other
side (Kalo et al., 2012). Upon drying (150 °C, Ar flow, 5 days) the basal
spacing decreases uniformly to 9.6 A, which is in agreement with the
loss of the one water layer (=3 A). With a coefficient of variation (CV)
(Bailey, 1982) of 0.12 and 0.15% for the 1 WL and 0 WL, respectively,
both states show a nearly perfect rational 00l-series with well-defined
interlayer distance.

Exchanging Na™ by divalent cations like Ca®* (Ca-Hec) and equi-
libration at 43% r. h. lead to a 2 WL structure with a basal spacing of
15.2 A (CV = 0.32) because of the much higher hydration enthalpy as
compared to monovalent cations (Méller et al., 2010a, 2010b). The Ni-
exchanged fluorohectorite (Ni-Acetate, pH 6.9) showed a basal spacing
of 14.5 A (CV = 0.16), significantly different from Ca-Hec, which is a
first indication of interlayer species in Ca-Hec and Ni-Hec being dif-
ferent.

Completeness of ion exchange with Ca-Hec and Ni-Hec was checked
with EDX. For Ni-Hec additionally the Ni/Si ratio was determined by
ICP analysis and the Ni-content per unit cell was derived to be 0.65 Ni
atoms per unit cell. This significantly exceeded the CEC (0.496 for di-
valent cations), which was the second indication that Ni-exchange
might not be a simple cation exchange reaction. The interlayer Ni**
might not be a hexaqua complex as for instance in the 2 WL of Na-Hec
(Kalo et al., 2012).

This was further corroborated when drying the different hectorites
(Fig. 1B). While for Na-Hec and Ca-Hec basal spacings collapsed to <
10 A (Na-Hec: 9.6 A and Ca-Hec: 9.7 A, CV = 0.29) as expected upon
complete removal of interlayer water. The basal spacing of Ni-Hec de-
creased only to 11.4 A upon drying as previously reported for various
Ni-exchanged fluorohectorites (Michels et al., 2014, 2015). With the
thickness of a 2:1 layer being 9.6 A, the interlayer height amounts to
only 1.8 A, which clearly is too small to accommodate a water molecule
with a van der Waals radius of > 3 A and thus this basal spacing makes
chemically no sense, stressing again the uniqueness of the Ni-Hec. The
basal spacing of the dried Ni-Hec is too high for a fully dehydrated
material and too low for the 1 WL hydrate (Mdller et al., 2010a, 2010b;
Stoter et al., 2013) and can only be explained with a random or ordered
interstratified structure.

3.2. Structural characterization of Ni-fluorohectorite

At pH values above 4, [Ni(H,0)6]>* shows a high condensation
tendency, which is increasing with pH and reaches a maximum at 8.5 to
10 (Nam et al., 2015). Initially, oligocations are formed with Ni(OH),
being the end product of condensation. For instance, at a pH of 6.9 as
defined with Ni-Acetate, precipitation of a poorly crystalline Ni(OH),
material was observed (Sato et al., 1975). Therefore, several authors
have previously suggested that instead of a molecular [Ni(H,0)e]**
moiety oligocationic domains or continuous -cationic layers of
CdI,-type structure are formed upon cation exchange with Ni** pro-
ducing a 2:1 structure (synthetic chlorite) (Ohtsuka et al., 1990; Uehara
et al., 1999; Yamanaka and Brindley, 1978). Since upon condensation
protons are released the pH of the supernatant indeed continuously
dropped with reaction time and progressing condensation (Fig. S2)
(Purnell and Yun, 1993). Ni(OH) is a solid pH buffer with a point of
zero charge (PZC) for the bulk compound of around 11 (Kosmulski,
2016). At the pH of the supernatant during Ni exchange, condensed
species will therefore carry a positive charge. At the given concentra-
tions of Ni?* and (OH) ™ in the exchange solution, Ni(OH), is expected
to be fully condensed according to Nam et al. (Nam et al., 2015). The
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Fig. 2. Absorption spectrum of Ni-Hec equilibrated at 43% r. h. (black) in
comparison with commercial available B-Ni(OH), (blue) and annealed Ni-Hec
at 600 °C after reequilibration at 43% r. h. (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

pH of interlayer OH and H,O groups however, might be significantly
lower than of the surrounding bulk solution. MAS-NMR experiments
have been suggesting the internal pH to be 4-5.5 pH units more acidic
than the surrounding bulk (Touillaux et al., 1968). Therefore, smaller
oligocations or Ni(OH), islands appear more likely to be the interlayer
species. Even partial condensation with some uncondensed [Ni
(H20)6)%* remaining cannot be safely excluded in the light of these
NMR results.

(Partial) condensation was confirmed with UV/Vis-spectroscopy
(Fig. 2). The absorption spectrum was obtained after transformation of
the diffuse reflectance spectrum using the Kubelka-Munk-function
(Yang and Kruse, 2004). As reference, commercially available B-Ni
(OH), was chosen. The spectrum of the Ni-Hec and the commercial 3-Ni
(OH), were in agreement and confirmed the formation of condensed
nickel hydroxide species during the cation-exchange process. The bands
observed for B-Ni(OH), have been assigned to Ni*' ina crystal field of
edge sharing octahedra (Table 1).

Additionally, X-ray photon spectroscopy (XPS) was used to analyze
for the Ni-species present in dried Ni-Hec. In the survey spectrum, all
expected core levels of the fluorohectorite were observed without any
sign of side phases (Fig. S3). The respective peak positions observed for
the Ni 2p3,, core level (Fig. 3A and Table 2) do not correspond to pure
NiO, Ni(OH), or NiOOH with reported binding energies for Ni 2p3,, of
853.7, 854.9 eV and 854.6 eV, respectively (Carley et al., 1999;
Grosvenor et al., 2006; Matienzo et al., 1973). This indicates that the
presence of an accessory phase adsorbed on the external surfaces as
suggested previously (Michels et al., 2014) can be ruled out. The sig-
nificant shift observed towards higher binding energies compared to the
above cited values have previously been attributed to an electron poor

Table 1
Position of the UV/Vis-bands with the corresponding
assigned transitions (lkeda and Vedanand, 1999; Yu

et al.,, 2011).
Wavelength [nm] Transition
395 Agg-"T1g(P)
660 3Aay-"T1,(F)
750 Az "Ey(D)
1150 3Azg->T2g(F)
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Fig. 3. XPS spectrum of Ni 2p peak of (A) Ni-Hec and annealed Ni-Hec at
600 °C, including the deconvolution of the spectrum and the comparison of the
O 1s peak of Ni-Hec (black) and after annealing at 600 °C (red) as inset. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2

Photoelectron binding energies of Ni-Hec determined with XPS.
Peak assignment As prepared 600 °C
Fluorine-satellite 849.2 849.6
Fluorine-satellite 853.8 853.5
Ni 2ps,2 857.4 856.7
Ni 2pg,,-satellite 861.9 861.4
Ni 2py,2 875.8 874.2
Ni 2p, ,-satellite 881.4 879.0

and positivated Ni-species (Davison et al., 1991; Stocker et al., 1988).
Unfortunately, the resolution of the spectrum does not allow to
assign all the different intercalated Ni-species, nor can the valence state
of Ni be determined reliably. However, chrono amperometric mea-
surements yield qualitative evidence that most of the Ni-species are
present as Ni>" (Supporting information Figs. $4-57).
These experimental observations therefore consistently indicated
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that charge compensation in Ni-Hec was assured by partial protonation
of OH-groups of intercalated oligocations or extended Ni(OH); islands.
We postulate an interlayer species with a composition of [Ni(OH),_
(H0)y]**, where x refers to the degree of condensation. This species
will be stable at temperatures usually applied for drying smectites like
applied here (150 °C, Ar flow). Consequently, if all interlayer spaces
would be uniformly occupied by the same interlayer species [Ni
(OH)z~y(H29)y]xy+» a basal spacing typically corl;esponding to chlor-
ites (14-15 A) would be expected but not the 11.4 A phase observed for
the dried state of Ni-Hec.

To probe the already mentioned hypothesis that this value would be
related to interstratification of two types of interlayer species the samples
equilibrated at 43% r. h. were analyzed by TGA. Non-bound interlayer
water and water coordinated to interlayer cations like [Ni(H20)6]?" is
expected to be released at significantly lower temperatures than water
originating from condensed [Ni(OH), —y(H»0)y]s" * species.

Dehydration of interlayer water of Na-Hec commenced above 90 °C
and is completed at 120 °C (Fig. 4A). The related weight loss of 9.9%
corresponds to what is expected for the 1 WL (9.4%) (Kalo et al., 2012).
Above the dehydration temperature, no significant weight loss is ob-
served up to 700 °C reflecting the high thermal stability of fluor-
ohectorites.

The thermal behavior of the Ni-Hec is complex compared to Na-Hec
(Fig. 4B) and similar to what has been observed in literature (Altoé
et al., 2016). Besides two peaks in the heat flow, related to the dehy-
dration of the interlayer water at 100 °C and coordinated water at
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Fig. 4. TGA (black) and DSC curve (red) of (A) Na-Hec and (B) Ni-Hec after

equilibration at 43% r. h. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 5. INS spectra of Ni-Hec (red) and Na-Hec (black) dried at 150 °C in va-
cuum. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

161 °C, another prominent signal was observed at 267 °C. The latter has
been assigned to the dehydroxylation of B-Ni(OH), to NiO, for which a
temperature range of 200 ‘C - 300 °C was reported, depending on
crystallinity, crystal size and pH during the synthesis (Ioranyi, 1989;
Sato et al., 1975; Song et al., 2002). The weight loss related to the
interlayer and coordinated water (13.8%) is in the same range as re-
ported for 2WL (15.4%) of Na-Hec (Kalo et al., 2012). Dehydroxylation
of the nickel hydroxide species was, however, more sluggish and ac-
cumulated in an additional weight loss of around 3% up to 600 °C.

When drying Ni-Hec at 150 °C (Fig. 4B) in vacuum over night as
done for preparing samples for Inelastic Neutron Scattering (INS), in-
terlayer water and water coordinated to uncondensed interlayer cations
is expected to be completely removed while [Ni(OH), _ ,(H,0),],” Y will
not yet be dehydroxylated. This was confirmed by the vibrational
spectrum recorded applying INS spectroscopy (Fig. 5). Due to the 20
times larger incoherent scattering cross section of hydrogen as com-
pared to other elements, the signal in INS is dominated by hydrogen
species. The position of vibrations in the spectrum allows for conclu-
sions on the hydrogen containing moieties, and changes in the intensity
of the elastic INS line of the spectrum can be directly correlated to the
quantity of the hydrogen species (Parker et al., 2011). As expected for a
dehydrated, collapsed Na-Hec a spectrum with very small intensity
(Fig. 5, black curve) was observed. Contrary to Na-Hec, the Ni-Hec
sample showed a significant signal in the INS spectrum with a complex
structure (Fig. 5, red curve). As indicated by TGA, interlayer and co-
ordinated water had been completely removed during drying, so it can
be assumed that the observed spectra is related to [Ni(OH),  y(H20)y]”
*. Indeed, distinct vibrations at 109, 165, 300, 336 cm ™! and broad
distributions, centered around 400 and 670 cm™ ' with a shoulder
around 810 cm ™! were all previously assigned to Ni(OH), (Baddour-
Hadjean et al., 1995; Bantignies et al., 2008). The sharp vibrations at 70
and 215 cm ™! are corresponding to coordinated H,0 of the [Ni(OH),_y
(H,0), . * species (Persson et al., 2017).

3.3. Identification of the ordered interstratification

Since both TGA and INS suggested two types of interlayer species in
Ni-Hec, which according to the charged type of the 2:1 layer are ex-
pected to be segregated in separated interlayers (Moller et al., 2010a,
2010b; Stoter et al., 2014), an interstratified structure may be postu-
lated. This interstratification might be random or ordered. For the first,
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an irrational 00l-series would be characteristic while the latter would
require the observation of a superstructure reflection. This differentia-
tion is, however, difficult:

By chance, both, the basal spacings for chlorites (14 A 15 A)
(Brindley and de Souza, 1975; De Waal, 1970; Ohtsuka et al., 1987,
1990; Uehara et al., 1999; Yamanaka and Brindley, 1978) and of the 2
WL structure of a hectorite (15.1 A) and the electron density in the
interlayer space of the two are very similar. Both structures are built by
distorted octahedral polyehedra of oxygen atoms surrounding the Ni?*
with condensation, leading to edge sharing and slightly flattened oc-
tahedra. Consequently, random or ordered interstratification will be
hard to spot because Mering's rules will have little impact on FWHM
and rationality of 00l series of PXRD patterns (Moore and Reynolds,
1997). In the same line, the intensity of superstructure reflections of a
potential ordered interstratification is expected to be weak, in parti-
cular if defects occur in the perfect R1 (Reichweite 1) ordering
(Jagodzinski, 1949). Since the ordered interstratification involves one
hydrated type of interlayer, the level of hydration of all these inter-
layers has to be the same. It turned out that this better realized with
water activity levels where the 1WL structure rather than the 2 WL is
thermodynamically preferred. At room temperature, for fluorohector-
ites exchanged with divalent cations the 1 WL regime extends all the
way down to 0% r. h. When drying Ni-Hec over silica in a desiccator the
smectite-like interlayers adopted uniformly the 1 WL state improving
the order of the interstratification. At the same, the difference in the d-
values of the two types of interlayer was enlarged. Both effects con-
tributed to a much-increased intensity of the superstructure reflections
(Fig. 6). The basal spacing of the superstructure of 26.2 A was attrib-
uted to the sum of a 1 WL basal spacing (12.3 f\) and a chlorite-type
interlayer with a basal spacing of 13.9 A.

This might indicate, that the basal spacing of 11.4 A observed for
more harshly dried Ni-Hec is actually the 002 reflection of an ordered
interstratification of dry, collapsed smectite-type interlayers and
chorite-type interlayers. In this line, a corrensite-type structure of
chlorite and dried vermiculite was indeed found to have a basal spacing
of 22.8 A (Vivaldi and MacEwan, 1960).

Admittedly, intensity, rationality (CV = 0.89%) and FWHM of the
00l-series of the ordered interstratification might not be fully convin-
cing. This might be related to the control of hydration state of smectite-
type interlayers. Two approaches were taken to gain better control of
the d-spacing of these smectite-type interlayers.

Ton exchange with bulky organo cations will concomitantly change

13.1A

relative Intensity [a.u.]

26.2 A

2 4 6 8 10 12 14
20[7]

Fig. 6. Synchrotron PXRD pattern Ni-Hec, dried at 0% r. h. with marked re-
flections corresponding to a superstructure.
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the d-spacing and the electron density distribution and thus enhance the
contrast in an interstratified structure. After cation exchange with an
excess of long chained and thus highly selective (Mermut and Lagaly,
2001) n-alkylammonium (C16, C;¢H33NH5Cl) at 80 °C a clearly visible
superstructure was observed by PXRD (Fig. 7A, bottom). The 00l-series
with a CV of 0.81% and a dgg;-spacing of 40.4 A was rational and the
highest clearly observable odd [ value was 11, indicating a highly
crystalline order of this superstructure. The basal spacing can be ex-
plained with the formation of an ordered interstratification formed by
two strictly alternating Dinterlayer species: [Ni(OH); - y(H,0)y] Jtwith a
basal spacing of 14.5 A and paraffin like arrangement of C16 cations
with a basal spacing of 25.9 A (Fig. 6A). The formation of such ordered
interstratified heterostructures of organic or inorganic cations, using
charge homogenous synthetic fluorohectorites, has been observed be-
fore (Moller et al., 2010a, 2010b; Stéter et al., 2014, 2015, 2016). The
chemical composition after Cl6-exchange was determined with ICP-
OES and CHN-analysis, giving a composition of {[Ni(OH),
(H20)y]0.37” " Hne. 1{C160.72}me. 2[MgsLil < Sig > Ox0F4 per unit cell.
The high C16 content is in agreement with the paraffin like structure,
forming an ordered interstratification with the non-exchangeable [Ni
(OH)z - (H20),]o.37" " interlayers.

When assuming that alkylammonium exchange was selective for [Ni
(H,0)6]*™ interlayers, comparing the Ni-content of the organophilized
ordered interstratification with the total Ni-content of the parent Ni-
Hec allowed to calculate the amount of exchangeable molecular [Ni
(H20)6]*". Combining it with the charge density of the fluorohectorite,
a structural formula of {[Ni(OH)gg3(Hs0)1171057" " *Hme. 1{[Ni
(H20)6)0.26>  }ne. 2[MgsLil < Sig > OF4 with a corrensite like
structure is obtained (Fig. 7B). Since significantly more C16 had entered
the interlayer space than [Ni(H,0)s]?" had left, we have to postulate
that the degree of protonation of [Ni(OH)ogs3(H20)1.17l037" "7 was
concomitantly lowered with alkylammonium exchange to assure charge
neutrality. This makes sense, since the pH of the C16—CI solution was
7.5, slightly higher than 6.9 during the Ni-exchange.

The Ni-content of the condensed [Ni(OH)o.s3(H20)1.171037 " "
species was, however, significantly lower than required for a con-
tinuous and defect free condensed nickel hydroxide interlayer as ex-
pected for a corrensite structure (4.88 Ni atoms per unit cell).
Therefore, smaller islands of [Ni(OH) g3(H20), ,17](,4371'17*appear to be
the actual interlayer species of the condensed interlayer.

The driving force for the segregation might be a higher selectivity of
[Ni(OH), y(HZO)y]xy ' oligocations for the interlayer space. Because of
the larger equivalent area of the oligocations as compared to [Ni
(H,0)6]*" the exchange is lower than required by the average CEC. To
assure a local charge balance the adjacent interlayer consequently have
to accommodate [Ni(H,0)]?" in excess of the average CEC. This re-
sembles the mechanism suggested by Moller et al. for the spontaneous
formation of rectorite type structures upon partial K* exchange of Na-
Hec (Méller et al., 2010a, 2010b).

Alternatively to ion exchange with alkylammonium cations, or-
dering of interstratified structures based on Ni-Hec could be greatly
improved by annealing at 600 °C, followed by rehydration at 43% r. h.
for 2 weeks at room temperature. Similar to alkylammonium exchange
a clearly visible superstructure with a basal spacing of 22.5 A
(CV = 2.19%) appeared indicating a well ordered interstratification
(Fig. 7C). The UV/VIS spectrum indicates that upon equilibration at
43% r. h. on one hand what was the condensed interlayer type was at
least partially rehydrated (Fig. 2). On the other hand, the second type of
interlayer, the not condensed individual Ni?* cations, was not rehy-
drated as the PXRD pattern observed for pristine Ni-Hec equilibrated at
43% r. h., was not restored (Fig. 7B). This second type of interlayer
rather remained collapsed.

The basal spacing of 22.5 A of the ordered interstratification was
interpreted to be composed of a 9.6 A collapsed talc-like layer and a
12.9 A layer of the rehydrated condensed [Ni(OH)2,y(HzO)y]x”+
(Fig. 7C).
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Fig. 7. Structural model (first row) and corresponding PXRD of textured samples of Ni-Hec (lower row): (A) C16 exchanged Ni-Hec, (B) initial structure from Ni-
exchange at 43% r. h. and (C) annealed Ni-Hec at 600 °C after reequilibration at 43% r. h..

According to TGA, annealing at 600 °C will trigger complete de-
hydroxylation of [Ni(OH)z_y(H;,O)y],{y+ resulting in some form of 2-
dimensional Ni-oxide that for charge compensation needs to carry a
positive charge and which can be rehydrated at 43% r. h..

Comparing the XPS spectra of this material (Fig. 3B) with pristine
Ni-Hec (Fig. 3A) reveal distinct differences resembling changes in the
chemical environment. The Ni 2p;,» core-level showed a significant
shift of 0.7 eV towards lower binding energies (Table 2). Moreover,
narrowing of the O 1 s peak (Fig. 3B, inset) might be related to a re-
duction of the number of oxygen species after 600 °C treatment. As Ni is
a complicated core level with a multiplet splitting, a reliable decon-
volution and peak assignment, was unfortunately not possible.

As to the reason for the irreversible collapse of the second type, the
[Ni(H,0)61%", interlayer, we can only speculate. Similar to what has
been reported by Purnell and Yun for Ni-montmorillonite at 600 °C the
mobility of Ni?" interlayer cations was apparently sufficient to allow
for a redistribution by a Hofman-Klemen-effect (Purnell and Yun,
1993). In the same line, a significant charge reduction was observed by
annealing Mg-fluorohectorite commencing at 250 °C (Keenan et al.,
2013). This reshuffling of Ni>* could then have led to a collapse of
alternating interlayers as Meier and Niiesch have shown for Li/Na-
montmorillonites below a minimum CEC spontaneous segregation of
collapsed and expanded interlayers occur leading to regularly inter-
stratificated structures (Meier and Niiesch, 1999). In line with this
model of a irreversibly collapsed talc-type interlayer, the basal spacing
of 22.5 A observed for Ni-Hec annealed at 600 °C was slightly lower
than the basal spacing of an ordered, corrensite-type interstratification
of chlorite and dried vermiculite for which 22.8 A was reported (Vivaldi
and MacEwan, 1960).

4. Conclusion

Observed basal spacings of intercalation compounds, which cannot
be related to the real sizes of atoms or molecules are artefacts and need

alternative explanations like random and ordered interstratifications of
chemically meaningful real interlayer structures. To distinguish be-
tween both possibilities, the rationality of the 00l-series and the ex-
istence of superstructure reflections needs careful inspection. Since
superstructure reflections in many cases will be weak, recording the
00l-series for textured samples in reflection mode might help. When
hydrated interlayers are involved, uniform swelling is prerequisite for
realizing a defined hydration state. Partial ion exchange may be con-
sidered as workaround as it concomitantly amplifies the contrast in
alternating basal spacings and electron density variations of the two
end-member types of interlayers. Ni-Hec is one particular problematic
example for which ordered interstratification is easily overlooked be-
cause of similar d-spacings (at ambient r. h.) and electron densities of
the two different interlayer types. Lerf et al. have presented evidence
for [Fe(H20)s]** residing in the interlayer space of Fe>* exchanged
vermiculite based on MéRbauer spectra recorded at 4.2 K (Lerf et al.,
2011). In the light of the presented results on Ni®" exchanged hector-
ites and since Fe®* has a similarly high condensation tendency, the Fe-
compounds should be reinvestigated and probed for interstratified
structures.

Declaration of Competing Interest

The authors declare that they have no competing financial interest
or personal relationship that could appeared to influence the work re-
ported in this paper.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 840). The authors appreciate the support of the Keylab for Optical
and Electron Microscopy of the Bavarian Polymer Institute. We thank
Lena Geiling for collecting EDX spectra and Marco Schwarzmann for
the ICP-OES measurements. K.W.B-H, P.M.R, H.N'B, SRa, K.D.K. J.OF

59



Results

P. Loch, et al

acknowledges the support by the Norwegian Research Council under
the Frinatek Program, project number 250728. Experiments at the ISIS
Pulsed Neutron and Muon Source were supported by a beamtime al-
location from the Science and Technology Facilities Council (Fossum
et al., 2019). The authors acknowledge the beamtime at the MSPD
beamline at the ALBA Synchrotron. We acknowledge the support from
Aleksandr Missiul. P.L. thanks Elite Network Bavaria in the framework
of the Elite Study Program “Macromolecular Science” for support.

ppendix A. Suppl ry data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2020.105831.

References

Altoé, M.A.S., Michels, L., Santos, E.C.d., Droppa, R., Grassi, G., Ribeiro, L., Knudsen,
K.D., Bordallo, H.N., Fossum, J.0., da Silva, G.J., 2016. Continuous water adsorption
states promoted by Ni** confined in a synthetic smectite. Appl. Clay Sci. 123, 83-91.

Amold, O., Bilheux, J.C., Borreguero, J.M., Buts, A., Campbell, S.1., Chapon, L., Doucet,
M., Draper, N., Ferraz Leal, R., Gigg, M.A., Lynch, V.E., Markvardsen, A., Mikkelson,
D.J., Mikkelson, R.L., Miller, R., Palmen, K., Parker, P., Passos, G., Perring, T.G.,
Peterson, P.F., Ren, S., Reuter, M.A,, Savici, A.T., Taylor, J.W., Taylor, R.J.,
Tolchenov, R., Zhou, W., Zikovsky, J., 2014. Mantid-Data analysis and visualization
package for neutron scattering and p SR experiments. Nucl. Instrum. Meth. A 764,
156-166.

Baddour-Hadjean, R., Fillaux, F., Tomkinson, J., 1995. Proton dynamics in BNi(OH)2 and
BNiOOH. Physica B 213, 637-639.

Bailey, S.W., 1982. Nomenclature for regular interstratifications. Am. Mineral. 67,
394-398.

Bantignies, J.L., Deabate, S., Righi, A., Rols, S., Hermet, P., Sauvajol, J.L., Henn, F., 2008.
New insight into the vibrational behavior of nickel hydroxide and oxyhyxdroxide
using inelastic neutron scattering, Far/Mid-infrared and Raman spectroscopies. J.
Phys. Chem. C 112, 2193-2201.

Breu, J., Seidl, W., Stoll, A.J., Lange, K.G., Probst, T.U., 2001. Charge homogeneity in
synthetic fluorohectorite. Chem. Mater. 13, 4213-4220.

Breu, J., Seidl, W., Stoll, A., 2003. Fehlordnung bei Smectiten in Abhiingigkeit vom
Zwischenschichtkation. Z. Anorg. Allg. Chem. 629, 503-515.

Brindley, G.W., de Souza, J.V., 1975. Nickel-containing montmorillonites and chlorites
from Brazil, with remarks on schuchardtite. Mineral. Mag. 40, 141-152.

Busch, A., Bertier, P., Gensterblum, Y., Rother, G., Spiers, C.J., Zhang, M., Wentinck,
H.M., 2016. On sorption and swelling of CO; in clays. Geochem. Geophys. Geosyst. 2,
111-130.

Carley, A.F., Jackson, S.D., O'Shea, J.N., Roberts, M.W., 1999. The formation and char-
acterization of Ni** — An X-ray photoelectron spectroscopic investigation of pot-
tassium-doped Ni(110)-O. Surf. Sci. 440, L868-L874.

Cavalcanti, L.P., Kalantzopoulos, G.N., Eckert, J., Knudsen, K.D., Fossum, J.O., 2018. A
nano-silicate material with exceptional capacity for CO, capture and storage at room
temperature. Sci. Rep. 8, 11827.

Daab, M., Eichstaedt, N.J., Habel, C., Rosenfeldt, S., Kalo, H., SchieBling, H., Forster, S.,
Breu, J., 2018. Onset of osmotic swelling in highly charged clay minerals. Langmuir
ACS J. Surf, Colloids 34, 8215-8222.

Davison, N., McWhinnie, W.R., Hooper, A., 1991. X-ray photoelectron spectroscopic
study of cobalt(II) and nickel(II) sorbed on hectorite and montmorillonite, Clay Clay
Miner. 39, 22-27.

De Waal, S.A., 1970. Nickel minerals from Barberton, South Africa: II. Nimite, a nickel-
rich chlorite. Am. Mineral. 55, 18-30.

Devineau, K., Bihannic, 1., Michot, L., Villiéras, F., Masrouri, F., Cuisinier, O., Fragneto,
G., Michau, N., 2006. In situ neutron diffraction analysis of the influence of geometric
confinement on crystalline swelling of montmorillonite. Appl. Clay Sci. 31, 76-84.

Ferrage, E., Lanson, B., Sakharow, B.A., Drits, V.A., 2005. Investigation of smectite hy-
dration by modeling experimental X-ray diffraction patterns: part I. Montmorillonite
hydration properties. Am. Mineral. 90, 1358-1374.

Ferrage, E., Lanson, B., Michot, L.J., Robert, J.-L., 2010. Hydration properties and in-
terlayer organization of water and ions in synthetic na-smectites with tetrahedral
layer charge. Part 1. results from X-ray diffraction profile modelling. J. Phys. Chem. C
114, 4515-4526.

Fossum, J.O., Knudsen, K., Rudic, S., Hunvik, K.W., Bordallo, H.N., Reren, P., 2019.
Determining the interaction between water and carbon dioxide in smectite clay. STFC
ISIS Neutron Muon Source.

Giesting, P., Guggenheim, S., Koster van Groos, A.F., Busch, A., 2012a. Interaction of
carbon dioxide with Na-exchanged montmorillonite at pressures to 640bars: im-
plications for CO, sequestration. Int. J. Greenh. Gas. Con. 8, 73-81.

Giesting, P., Guggenheim, S., Koster van Groos, A.F., Busch, A., 2012b. X-ray diffraction
study of K- and Ca-exchanged montmorillonites in CO, atmospheres. Environ. Sci.
Technol. 46, 5623-5630.

Grosvenor, A.P., Biesinger, M.C., Smart, R.S.C., McIntyre, N.S., 2006. New interpretations
of XPS spectra of nickel metal and oxides. Surf. Sci. 600, 1771-1779.

Hemmen, H., Rolseth, E.G., Fonseca, D.M., Hansen, E.L., Fossum, J.0., Plivelic, T.S.,
2012. X-ray studies of carbon dioxide intercalation in Na-fluorohectorite clay at near-
ambient conditions. Langmuir 28, 1678-1682.

60

Applied Clay Science 198 (2020) 105831

Horanyi, T.S., 1989. The thermal stability of the beta-Ni(OH)2-beta-NiOOH system.
Thermochim. Acta 137, 247-253.

Ikeda, K., Vedanand, S., 1999. Optical spectrum of synthetic theophrastite, Ni(OH)..
Neues Jb. Mineral. Abh. 1, 21-26.

Jagodzinski, H., 1949. Eindimensionale Fehlordnung in Kristallen und ihr Einfluss auf die
R& i ferenz. 1. Berech des Fehlord des aus den
Rontgenintensitdten. Acta Cryst 2, 201-207.

Kadoura, A., Narayanan Nair, A.K., Sun, S., 2016. Adsorption of carbon dioxide, methane,
and their mixture by montmorillonite in the presence of water. Microporous
Mesoporous Mater. 225, 331-341.

Kalo, H., Milius, W., Breu, J., 2012. Single crystal structure refinement of one- and two-
layer hydrates of sodium fluorohectorite. RSC Adv. 2, 8452.

Keenan, C.D., Herling, M.M., Siegel, R., Petzold, N., Bowers, C.R., Rossler, E.A., Breu, J.,
Senker, J., 2013. Porosity of Pillared Clays Studied by Hyperpolarized 129Xe NMR
Spectroscopy and Xe Adsorption Isotherms. Langmuir 29, 643-652.

Kosmulski, M., 2016. Isoelectric points and points of zero charge of metal (hydr)oxides:
50years after Parks' review. Adv. Colloid Interf. Sci. 238, 1-61.

Lerf, A., Wagner, F.E., Poyato, J., Pérez-Rodriguez, J.L., 2011. Intercalation and dynamics
of hydrated Fe?* in the vermiculites from Santa Olalla and Ojén. J. Solid State
Electrochem. 15, 223-229.

Matienzo, L.J., Yin, L.L., Swartz, W.E.J., 1973. X-ray photoelectron spectroscopy of Ni
compounds. Inorg. Chem. 12, 2762-2769.

Meier, L.P., Niiesch, R., 1999. The lower cation exchange capacity limit of montmor-
illonite. J. Colloid Interface Sci. 217, 77-85.

Mermut, A.R., Lagaly, G., 2001. Baseline studies of the clay mineral society source clays:
layer-charge determination and characteristics of those minerals containing 2:1-
layers. Clay Clay Miner. 49, 393-397.

Michels, L., Ribeiro, L., Mundim, M.S.P., Sousa, M.H., Droppa, R., Fossum, J.0., da Silva,
G.J., Mundim, K.C., 2014. EXAFS and XRD studies in synthetic Ni-fluorohectorite.
Appl. Clay Sci. 96, 60-66.

Michels, L., Fossum, J.O., Rozynek, Z., Hemmen, H., Rustenberg, K., Sobas, P.A.,
Kalantzopoulos, G.N., Knudsen, K.D., Janek, M., Plivelic, T.S., da Silva, G.J., 2015.
Intercalation and retention of carbon dioxide in a smectite clay promoted by inter-
layer cations. Sci. Rep. 5, 8775.

Maller, M.W., Handge, U.A., Kunz, D.A., Lunkenbein, T., Altstidt, V., Breu, J., 2010a.
Tailoring shear-stiff, mica-like nanoplatelets. ACS Nano 4, 717-724.

Maller, M.W., Hirsemann, D., Haarmann, F., Senker, J.R., Breu, J., 2010b. Facile scalable
synthesis of rectorites. Chem. Mater. 22, 186-196.

Moore, D.M., Reynolds, R.C.J., 1997. X-ray Diffraction and the Identification and Analysis
of Clay Minerals, second ed. Oxford University Press, New York.

Nam, K.-M., Kim, H.-J., Kang, D.-H., Kim, Y.-S., Song, S.-W., 2015. Ammonia-free co-
precipitation synthesis of a Ni-Co-Mn hydroxide precursor for high-performance
battery cathode materials. Green Chem. 17, 1127-1135.

Ohtsuka, K., Suda, M., Ono, M., Takahashi, M., Sato, M., Ishio, S., 1987. Preparation of
nickel(I)-hydroxide-(sodium fluoride tetrasilic mica) intercalation complexes and
formation of ultra fine nickel particles by H2 reduction. Bull. Chem. Soc. Jpn. 60,
871-876.

Ohtsuka, K., Suda, M., Tsunoda, M., Ono, M., 1990. Synthesis of metal hydroxide-layer
silicate intercalation compounds (Metal = Mg(II), Ca(II), Mn(II), Fe(II), Co(II), Ni(II),
Zn(II), and Cd(II)). Chem. Mater. 2, 511-517.

Parker, S.F., Lennon, D., Albers, P.W., 2011. Vibrational spectroscopy with neutrons: a
review of new directions. Appl. Spectrosc. 65, 1325-1341.

Parker, S.F., Fernandez-Alonso, F., Ramirez-Cuesta, A.J., Tomkinson, J., Rudic, S., Pinna,
R.S., Gorini, G., Fernandez Castaiion, J., 2014. Recent and future developments on
TOSCA at ISIS. J. Phys. Conf. Ser. 554.

Persson, R.A.X., Pattni, V., Singh, A., Kast, S.M., Heyden, M., 2017. Signatures of solva-
tion thermodynamics in spectra of intermolecular vibrations. J. Chem. Theory
Comput. 13, 4467-4481.

Purnell, J.H., Yun, L., 1993. Ionic migration and charge reduction in Ni**-, Co?*- and
Zn** -exchanged Texas montmorillonite. Catal. Lett. 18, 235-241.

Rosenfeldt, S., Stéter, M., Schlenk, M., Martin, T., Albuquerque, R.Q., Forster, S., Breu, J.,
2016. In-depth insights into the key steps of delamination of charged 2D nanoma-
terials. Langmuir ACS J. Surf. Colloids 32, 10582-10588.

Rother, G., Ilton, E.S., Wallacher, D., Haubeta, T., Schaef, H.T., Qafoku, O., Rosso, K.M.,
Felmy, A.R., Krukowski, E.G., Stack, A.G., Grimm, N., Bodnar, R.J., 2013. CO,
sorption to subsingle hydration layer montmorillonite clay studied by excess sorption
and neutron diffraction measurements. Environ. Sci. Technol. 47, 205-211.

Sato, T., Nakamura, T., Ozawa, F., 1975. Thermal decomposition of nickel hydroxide. J.
Appl. Chem. Biotechn. 25, 583-590.

Song, Q., Tang, Z., Guo, H., Chan, S.L.I, 2002. Structural characteristics of nickel hy-
droxide synthesized by a chemical precipitation route under different pH values. J.
Power Sources 112, 428-434.

Stécker, M., Jens, K.-J., Riis, T., Grepstad, J.K., 1988. Ch: ization of Ni-
montmorillonites by X-ray photoelectron spectroscopy. J. Chem. Soc. Faraday Trans.
84, 1863-1870.

Stoter, M., Kunz, D.A., Schmidt, M., Hirsemann, D., Kalo, H., Putz, B., Senker, J., Breu, J.,
2013. Nanoplatelets of sodium hectorite showing aspect ratios of approximately
20,000 and superior purity. Langmuir ACS J. Surf. Colloids 29, 1280-1285.

Stéter, M., Biersack, B., Reimer, N., Herling, M., Stock, N., Schobert, R., Breu, J., 2014.
Ordered heterostructures of two strictly alternating types of nanoreactors. Chem.
Mater. 26, 5412-5419,

Stoter, M., Biersack, B., Rosenfeldt, S., Leitl, M.J., Kalo, H., Schobert, R., Yersin, H., Ozin,
G.A., Forster, S., Breu, J., 2015. Encapsulation of functional organic compounds in
nanoglass for optically anisotropic coatings. Angew. Chem. Int. Ed. 54, 4963-4967.

Stoter, M., Godrich, S., Feicht, P., Rosenfeldt, S., Thurn, H., Neubauer, J.W., Seuss, M.,
Lindner, P., Kalo, H., Moller, M., Fery, A., Forster, S., Papastavrou, G., Breu, J., 2016.

h 5




P. Loch, et al

Controlled exfoliation of layered silicate heterostructures into bilayers and their
conversion into giant janus platelets. Angew. Chem. Int. Ed. Eng. 55, 7398-7402.

Touillaux, R., Salvador, P., Vandermeersche, C., Fripiat, J.J., 1968. Study of water layers
absorbed on Na- and Ca-montmorillonite by the pulsed nuclear magnetic resonance
technique. Isr. J. Chem. 6, 337-348.

Uehara, M., Yamzaki, A., Umezawa, T., Takahashi, K., Tsutsumi, S., 1999. A nickel-hy-
droxide-vermiculite complex: preparation and characterization. Clays Clay Miner. 47,
726-731.

Results

Applied Clay Science 198 (2020) 105831

Vivaldi, J.L., MacEwan, D.M.C., 1960. Corrensite and swelling chlorite. Clay Miner. Bull.
4, 173-181.

Yamanaka, S., Brindley, G.W., 1978. Hydroxy-nickel interlayering in montmorillonite by
titration method. Clay Clay Miner. 26, 21-24.

Yang, L., Kruse, B., 2004. Revised Kubelka-Munk theory. I. Theory and application. J.
Opt. Soc. Am. 21, 1933-1941.

Yu, J., Hai, Y., Cheng, B., 2011. Enhanced photocatalytic H2-production activity of TiO2
by Ni(OH)2 cluster modification. J. Phys. Chem. C 115, 4953-4958.

61



Results

6.1.2. Supporting Information

62


















































































































































































































