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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+
0.5[Mg2+

2.5Li+0.5]<Si4+>O10F2), 

while the layered zeolite Ilerite, also known as NaRUB-18 or octosilicate 

(Na8[Si32O64(OH)8] 32 H2O), was used for the design of functional materials in the sec-

ond part.  

For negatively charged layered compounds like Na-hectorite or Ilerite, 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 CO2. 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 CO2 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(H2O)6]2+, and condensed, chlorite-like NiOH0.83H2O1.170.37
1.17+ interlayers. 

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 
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NiOH0.83H2O1.170.37
1.17+interlayer species. The mechanism was ascribed to the re-

versible formation of a carbonate species at the edges of the chlorite-like interlayer 

species, binding CO2 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 Ilerite. 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 Ilerite. Ilerite 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 Ilerite 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, Ilerite 

was used as starting material to synthesize one of the first synthetic blue pigments, the 

layered compound Egyptian blue (CaCuSi4O10), to maintain the appealing morphology 

of Ilerite. This pseudomorphosis was achieved in a two-step procedure, by cation ex-

change of Ilerite 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. 
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2. Zusammenfassung 

Die vorliegende Arbeit beschäftigt sich mit den strukturellen Merkmalen von 

Schichtverbindungen, den daraus resultierenden Eigenschaften und der Nutzung 

dieser für das systematische Design von Funktionsmaterialien im Hinblick auf 

potentielle industrielle Anwendungen. Der Fokus liegt hierbei auf zwei prominenten 

Vertretern von Schichtstrukturen. Während im ersten Teil die Struktur und 

Eigenschaften von 2:1-Schichtsilikaten (wie z.B. Na-Hectorit, 

Na+
0.5[Mg2+

2.5Li+0.5]<Si4+>O10F2) behandelt werden, wird im zweiten Teil der Arbeit der 

schichtartige Zeolith Ilerit, auch bekannt als NaRUB-18 oder Oktosilikat 

(Na8[Si32O64(OH)8] 32 H2O) verwendet. 

Für negativ geladene Schichtverbindungen wie Na-Hectorit oder Ilerit stellt der 

Ionenaustausch von Zwischenschichtkationen eine einfache Möglichkeit dar den 

Zwischenschichtraum zu funktionalisieren. Durch einfachen Ni-Austausch von 

synthetischem Na-Hectorit wurden beispielsweise Ni-Hectorite erhalten, die bei hohem 

CO2-Drücken kristalline Quellung zeigen. Dies führt zu hohen volumetrischen CCS 

Kapazitäten (CO2-Abscheidung und Speicherung, engl. Carbon Capture and Storage) 

und macht Ni-Hectorite daher attraktiv für die Entfernung von anthropogenem CO2. 

Während die Quellung von 2:1-Schichtsilikaten mit Wasser weitgehend verstanden ist, 

gibt es für den Quellungsmechanismus mit CO2 noch keine Erklärung. Um die 

Quellfähigkeit zu erklären und schließlich die Adsorptionseigenschaften im Hinblick auf 

eine mögliche industrielle Nutzung zu optimieren, wurde die Struktur der 

Interkalationsverbindung im Detail analysiert. In einigen Fällen der Interkalation 

können 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 während des Ionenaustausches zur Ausbildung einer 

geordneten Wechsellagerung, bestehend aus alternierend besetzten Smectit-artigen, 

hydratisierten [Ni(H2O)6]2+ Zwischenschichten und kondensierten, Chlorit-artigen 

NiOH0.83H2O1.170.37
1.17+ Zwischenschichten. Trotz des Vorliegens einer solchen 

Heterostruktur sind die Elektronendichten der beiden Zwischenschichtspezies zu 

ähnlich, sodass die für geordnete Wechsellagerungen üblichen Überstrukturreflexe 

nicht beobachtet werden konnten. Der Elektronenkontrast beider Zwischenschichten 

konnte dennoch durch selektiven Ionenaustausch der smectischen Zwischenschichten 
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mit einem Alkylammoniumkation oder alternativ durch Tempern verbessert werden. 

Dadurch konnte die Intensität der Überstrukturreflexe erhöht und die geordnete 

Wechsellagerung identifiziert werden. 

Im nächsten 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 vollständig auf die interkalierte 

NiOH0.83H2O1.170.37
1.17+-Zwischenschichtspezies zurückgeführt 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 bestätigten zudem diesen Mechanismus. Folglich 

kann die CCS-Kapazität von Ni-Hectorit durch Erhöhung der Menge an kondensierten 

Chlorit-artigen Zwischenschichten optimiert werden, wodurch Ni-Hectorit gegenüber 

anderen Adsorptionsmaterialien wettbewerbsfähig 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 Ilerit angewendet werden. Die Herstellung von 

Dispersionen bestehend aus einzelnen Nanoschichten durch repulsive osmotische 

Quellung ist ein etabliertes Verfahren für ausgewählte Klassen von 

Schichtverbindungen, wie 2:1 Schichtsilikate, schichtartige Titanate oder Niobate. 

Trotz des Potenzials schichtartiger Zeolithe, mit ihren porösen und katalytisch aktiven 

Schichten, ist die Herstellung von Nanoschichten immer noch schwierig und auf 

ausgewählte Beispiele beschränkt. Im Gegensatz zu 2:1 Schichtsilikaten, bei denen 

die Schichtladung unabhängig vom pH-Wert ist, führen OH-Gruppen an den basalen 

Oberflächen der Schichten zu einer Variation der Schichtladung mit dem pH-Wert und 

erschweren dadurch die Delaminierung. Die Vorraussetzungen für das Einsetzen 

osmotischer Quellung wurden jedoch kürzlich für 2:1 Schichtsilikate identifiziert. Bei 

Anwendung geeigneter Bedingungen konnte so der Mechanismus auf den 

schichtartigen Zeolith Ilerit übertragen werden. Ilerit kann in einem skalierbaren, milden 

Sol-Gel Prozess in Form von ansprechenden, großen, quadratischen Plättchen 

kristallisiert werden. Durch Ionenaustausch der Zwischenschichtkationen mit einem 

sterisch anspruchsvollen, hydrophilen Aminozucker N-Methyl-D-glucammonium 

wurden funktionelle Zeolith-Nanoschichten mit außerordentlich großen 
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Aspektverhältnis in einem skalierbaren und umweltfreundlichen Prozess hergestellt. 

Die Funktionalität der erhaltenen Nanoschichten wurde durch Rakeln einer 

nematischen Suspension in dünne Filme demonstriert. Aufgrund des hohen 

Aspektverhältnisses der Nanoschichten zeigten diese ausgezeichnete Gas-

Barriereeigenschaften, die darüber hinaus von industrieller Relevanz sind. 

Die schichtartige und quadratische Morphologie macht Ilerit außerdem interessant für 

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 Ilerit als 

Ausgangsmaterial für die Synthese eines der ersten synthetischen Blaupigmente 

verwendet, der Schichtverbindung Ägyptisch Blau (CaCuSi4O10), mit dem Ziel die 

attraktive Morphologie des Ilerits zu erhalten. Diese Pseudomorphose wurde in einem 

zweistufigen Verfahren erreicht, das technisch günstig ist, die Kontrolle der 

Morphologie ermöglicht und somit Vorteile gegenüber bestehenden Hydrothermal-, 

Festkörper- und Schmelzfluss-Synthesen aufweist. Der Ionenaustausch von Ilerit mit 

Cu, gefolgt von der Zugabe fehlender stöchiometrischer Mengen von Cu und Ca, 

ermöglichte die Synthese von Ägyptisch Blau bei relativ niedrigen Temperaturen von 

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

Diese Arbeit ist eine kumulative Dissertation. Eine detailierte Beschreibung der 

Ergebnisse befindet sich in den angehängten Manuskripten.
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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.1 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.1, 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.3 More than 85 % of the global energy consump-

tion are still obtained from non-renewable origin, whereas CO2 is responsible for more 

than 60 % of the greenhouse gas emissions.4, 5 Therefore, it is a major challenge to 

achieve a significant reduction of anthropogenic CO2. To reduce the long-run risks of 

climate change, it is necessary to utilize or store CO2.6, 7 Utilization can be achieved, 

for example, in the synthesis of functional polymers and products.8 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.9 

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.10 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.11, 12 However, pro-

duction of hydrogen still lacks broad application and often requires purification steps 

for its final use as fuel.13 Therefore, development of efficient permselective hydrogen 

membranes is of high interest.14  
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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.15-

18 Contrary to 3-dimensional (3D) materials, layered or 2-dimensional (2D) materials 

are characterized by anisotropic bonding conditions.18 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.19 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.20  

The characteristic structure of 2D materials allows the transformation of tactoids 

through exfoliation into thinner stacks and ultimately through delamination into single 

nanosheets.21 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.22 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.19  

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.15 Introduction of a layer charge re-

quires a charge balance mechanism. This can be ensured by incorporating counter 

ions of opposite charges into the interlayer space of the nanosheets.23 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.19 

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 
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is a semi-metal,24 a single graphene layer is a 2D topological insulator,25 showing a 

remarkably high in-plane thermal conductivity26 and mechanical stability27.  

Layer charges can be introduced with isomorphic substitution,28 chemical modification 

of the layers29 or redox reaction30. For example, oxidation of graphite was used to ob-

tain graphene oxide, having a negative layer charge.30 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 (LDHs) possess a positive layer charge,31, 32 while layered silicates33, 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 Ilerite. 

3.2.1. Structure of Na-Hectorite 

Layered silicates are widely known and typically used for ceramics,35 in rheology36 or 

as filler in polymers to improve flame retardancy,37, 38 mechanical39 or gas barrier prop-

erties40, 41. Layered silicates, also referred to as clay minerals, are part of the phyllosil-

icate group having a layered structure.42 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.43 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 <Mt
z+O4> tetrahedra, which are 

connected through the basal oxygen atoms to form a 2D hexagonal network. Typical 

tetrahedral coordinated cations can be Si4+, Al3+, Fe3+ or Ge4+. The octahedral layer is 

formed by condensed, edge-shared [Mo
y+O4X2] octahedra (X = e.g. OH-, F-), which can 

be occupied by a variety of different MO cations like Mg2+, Fe2+, Fe3+, Mn2+, Al3+ 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 Ba2+. This leads to a general composition 

of Zx+[Mo
y+

a]<Mt
z+

b>O10X2 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+
0.5

 [Mg2+
2.5Li+0.5]<Si4+>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 [Mg2+
3]<Si4+>O10(OH/F)2,44 Na-hec-

torite can be obtained upon partial isomorphous substitution of octahedral Mg2+ 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 SiO4-tetrahedra are con-

nected to a hexagonal network, forming 2:1-layers with one octahedral layer, in which Mg2+ is partially substituted 
by Li+. The permanent layer charge resulting from this substitution is compensated by incorporation of interlayer 
Na+ ions.46, 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.48, 49 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 
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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.41, 46 Furthermore, the presence of OH- limits the thermal stability 

in natural layered silicates to 300 °C.50 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 51 or hydrothermal syn-

thesis52. However, simulations proved that temperatures above 1000 K are necessary 

to achieve a statistical isomorphic substitution.53 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+
0.5[Mg2+

2.5Li+0.5]<Si4+>O10F2 is possible.33, 

46 F- substitution of OH- increases the thermal stability contrary to natural silicates from 

300 to 750 °C.50 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 µm) 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.40 

3.2.2. Structure of Ilerite 

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.54 Despite being per definition a 3D crystalline ma-

terial,55, 56 under certain circumstances, zeolite structures with anisotropic bonding con-

ditions forming layers, can be accessed.57 Layered zeolites can either be synthesized 

directly, e.g. by using a suitable structure-directing agent (SDA)58-60 or via a top-down 

approach upon decomposition of 3D zeolites61, 62. An overview of current accessible 

layered zeolites and their potential applications is presented in several recent re-

views.15, 56, 57 
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In general, zeolites are formed from primary building units of <Mt
z+O4> tetrahedra, 

which are connected via their corners to more complex secondary building units, form-

ing crystalline structures. Typical tetrahedral coordinated cations are Si4+, Al3+, Ge4+ or 

Fe3+.55, 56 Due to the variety of possible structures, zeolites are classified according to 

their framework by the International Zeolite Association (IZA). 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 Ilerite, which was used in the 

present thesis.63-65  

Ilerite, also known as NaRUB-18 or Octosilicate, is besides Kanemite and Magadiite a 

member of the group of layered sodium silicates.66 The layered structure is built from 

corner-sharing SiO4 tetrahedra, forming [54] cages similar to MFI and MOR type zeo-

lites, which are connected to crystallographic polar layers with a thickness of 0.74 

nm.63, 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(H2O)6]-octahe-

dra in the interlayer space, resulting in a composition of Na8[Si32O64(OH)8] 32 H2O 

(Figure 2).63  

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 zeolites55, 57 

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,59 MCM-56,60 or 

MCM-2267), the synthesis of Ilerite requires no SDA and can be performed under mild 

conditions applying a water-based sol-gel route.68-70 This easy, scalable, and environ-

mentally friendly process combined with unique properties like the intrinsic porosity 

and the appealing square-shaped morphology make Ilerite 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 Ilerite: SiO4 tetrahedra are connected to [54] 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.63 
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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.71 Alternatively, exfoliation and delamination21 can 

be used to adjust the properties, interlayer ions can be exchanged against another 

species (intercalation),72 interlayer ions can be complexed by suitable ligands (com-

plexation)73 or non-charged molecules can be additionally incorporated into the inter-

layer space (swelling)19. 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.19 In order to swelling occur, 

the incorporation of molecules, and in consequence the swelling itself must be thermo-

dynamically favored.19 The process depends on several factors: the type of interlayer 

species,74-76 its enthalpy of hydration,77 the layer charge,76, 78 temperature,79 pres-

sure,80 ionic background in solvents,81 and humidity82, 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.84 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, 85 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 Å and 15.1 Å, respectively.33, 47, 85 If 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).86 Crystalline swelling is not only limited to water but can also occur in organic 

solvents,87-89 mixtures of solvents and water90, 91 or under exposure to gases92-94. 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.77 In this line, 

specific materials can be developed, which swell in response to CO2 and can be used 

for CCS (Chapter 3.4.1). 

 

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).85 
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In some cases, repulsive osmotic swelling follows crystalline swelling.85, 95-99 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,100 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.85 

Melt synthesized Na-hectorite is one example of a charged compound, which swells 

spontaneously in water into nanosheets of approximately 1 nm thickness.33 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.85, 101 This behavior can be used to confirm the completeness of osmotic swelling, 

as the basal spacing scales to the volume fraction ű with ű-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 ű-0.66. 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.85, 101 Further dilution to suf-

ficiently small concentrations leads to isotropic suspensions.85 

In general, the occurrence of osmotic swelling depends on certain main criteria, which 

were evaluated for synthetic 2:1 layered silicates in detail.76, 102 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.76 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.33 At higher charge densities, osmotic swell-

ing can be still achieved by supplementing hydration forces of bulky interlayer organo 

cations.76, 99 A typical example for such a hydrophilic and sterically demanding organo 

cation is the cationic amino sugar N-methyl-D-glucamonium (meglumine).102 

Osmotic swelling is not only limited to clay minerals85, 99 like Na-hectorite but was also 

observed for other charged layered compounds like layered titanates95, 96 or layered 

niobates97, 98. 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.103, 104 Therefore, the layered 

zeolite Ilerite 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.105  

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.106 For neutral 

layered materials, stepwise mechanical exfoliation and subsequent transfer onto sub-

strates is an established procedure for high-quality van der Waals heterostructures.16 

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.106 Using the Langmuir-Blodgett technique for example, heterostructures consist-

ing from alternating delaminated perovskite-type LaNb2O7 
- and Ca2Nb3O10 

-
 

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.107 
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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.83, 108-110 In 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. 

 

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 ɤdye = 0, first dye exchanged interlayers tend to segregate (ɤdye < ɤdye) influencing the CEC in adjacent 
layers. At a certain equilibrium stage an ordered interstratified structure of alternating dye and Na+ interlayers is 
formed (ɤdye = ɤdye), which results in the formation of a superstructure reflection in the powder X-ray diffraction 
pattern with a basal spacing dOI. 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.83 (Reprinted with permission from reference83. 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 (dOI). 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.111  

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.112 The production of such heterostructures is not only 

limited to organic molecules, but is a general mechanism and can also be applied to 

nanoparticles,113 complexes114 or other inorganic cations108. 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.115 

Nevertheless, amine scrubbing is highly energy consuming and needs up to 40 % of 

the energy output for its regeneration.116 Alternative materials like zeolites,117, 118 metal 

organic frameworks (MOFs),119 functionalized porous polymers,120, 121 activated car-

bon,122 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 CO2.93, 124-131 One of the highest volumetric 

CCS capacities was found for Ni-intercalated hectorites.93, 127 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.13 Using steam reforming, for example, 

separation of hydrogen from CO2, CH4, 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.134 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.135-139 For membranes built from exfoliated and assem-

bled RUB-15 nanosheets, consisting of hydrogen-permeable 6-MRs of SiO4-tetrahedra 

in the layers, H2/CO2 selectivities up to 100 could be already achieved.140  

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 Ilerite, 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.141 For natural pearls, this is achieved by combining alternating layers of 

CaCO3 and proteins.142 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). 141  
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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.141 

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.141 

Common used pearlescent pigments are low refractive layered silicates (mica) coated 

with a highly refracting metal oxide.143 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.144 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 Ilerite, 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 Ilerite, 

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: 

¶ Structure-property relationship of Ni-hectorites 

ü Synthesis of Ni-hectorite by using charge homogeneous, melt synthesized 

Na-hectorite and successive ion exchange 

ü Structural analysis applying spectroscopic, diffraction and thermal analysis 

ü Mechanistic study of the swelling process upon exposure to CO2 

¶ Systematic synthesis of functional materials based on Ilerite 

ü Synthesis of large aspect ratio layered zeolite particles of Ilerite 

ü Delamination into Ilerite nanosheets 

ü Structural characterization of Ilerite nanosheets and processing into thin films 

ü Topomorphological conversion of Ilerite 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. 

  

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 

CO2 pressure. In Chapter 4.1 and the publication ñSpontaneous formation of an or-

dered interstratification upon Ni-exchange of Na-fluorohectoriteò (Chapter 6.1), the re-

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 Chapter 4.2 and the publication ñCO2 Capture by Nickel Hydroxide Interstratified in 

the Nanolayered Space of a Synthetic Clay Mineralò (Chapter 6.2), the swelling pro-

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 Ilerite to design functional materials for potential later 

applications with regard to industrial scalability. In Chapter 4.3 and the publication 

ñNematic suspension of a microporous layered silicate obtained by forceless sponta-

neous delamination via repulsive osmotic swelling for casting high-barrier all Inorganic 

Filmsò (Chapter 6.3), for the first time high aspect ratio, layered zeolite nanosheets of 

Ilerite were produced. Contrary to existing routes of zeolite nanosheet production, ap-

plying delamination via repulsive osmotic swelling, the sheet diameter of the parent 

compound Ilerite 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 Chapter 4.4 and the publication ñSynthesis of Large Platelets of Egyptian Blue via 

Pseudomorphosis after NaRUBȤ18ò (Chapter 6.4), Ilerite was used as a starting ma-

terial for the transformation into Egyptian blue. Advantageous, the morphology of Ilerite 

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. 

  



Synopsis 

29 

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.93 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 Ni2+ 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.145 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 Å) in the case of Na-

hectorite and a 2 WL structure (15.2 Å) for the higher charged interlayer cation Ca2+. 

After careful drying at conditions used for CO2 swelling, the basal spacing decreases 

to < 10 Å, 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 Å and an interlayer height of 1.8 Å, 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. 
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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.146 In this publication, we considered the high conden-

sation tendency of [Ni(H2O)6]2+ 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(H2O)6]2+ 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 ɓ-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 Ni2+. This indicates a charge compensation mechanism by 

protonation of the Ni(OH)2-islands rather than oxidation of Ni2+ to Ni3+, forming chlorite-

like [NiOH2-yH2Oy]x
y+

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 Å, the 

observed basal spacing of dried Ni-hectorite of 11.4 Å is significantly lower. Conse-

quently, the present structure consist of both, isolated Ni-interlayer species and con-

densed Ni(OH)2 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(H2O)6]2+ interlayer species and interlayer water is removed, while the 

[NiOH2-yH2Oy]x
y+

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 [NiOH2-yH2Oy]x
y+

and uncondensed [Ni(H2O)6]2+ 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). 

 

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.147 (Reprinted with permission from reference147, Copyright (2020) with 
permission from Elsevier) 

Selective cation exchange of the uncondensed Ni2+ interlayers of Ni-hectorite with a 

long-chained and bulky n-alkylammonium cation (C16, C16H33NH3Cl) led to clearly vis-

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

interlayers and condensed [NiOH2-yH2Oy]x
y+

interlayers (Figure 7A). ICP-OES and 

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

a composition of NiOH2-yH2Oy0.37

y+

Int.  1
C160.72Int.  2Mg

5
Li<Si8>O20F4 per unit 

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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NiOH0.83H2O1.170.37
1.17+

Int.  1
Ni(H

2
O)
60.28

2+

 
Int.  2

Mg
5
Li<Si8>O20F4, Ni-hectorite 

forms spontaneously a corrensite-like structure, built from the alternation of 

NiOH0.83H2O1.170.37
1.17+ and NiH2O60.28

2+ interlayers (Figure 7B). The driving force 

of the formation of such an ordered structure was assumed to be the higher selectivity 

of [NiOH2-yH2Oy]x
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 Ni2+ 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 NiOH0.83H2O1.170.37
1.17+ and NiH2O60.28

2+ inter-

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 CO2 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 Å to 12.29 Å 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 

CO2, as the changes in the PXRD patter correlate closely with the gravimetric uptake 

of CO2. Hydrated Ni-hectorite showed a minor swelling from 14.82 Å to 15.06 Å 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 Ni2+ 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 CO2, 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 H2O/OH-region. Moreover, 

changes of vibrations corresponding to the NiOH0.83H2O1.170.37
1.17+ interlayer spe-

cies and vibrations of a potentially formed CO3
2- species could be observed, already 

indicating interactions of CO2 with the intercalated NiOH0.83H2O1.170.37
1.17+ species.  

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 

NiOH0.83H2O1.170.37
1.17+ interlayer species. Exposing dry Ni-hectorite to CO2 leads to 

significant changes in the INS spectrum. Most prominent changes correspond to vibra-

tions associated with the intercalated NiOH0.83H2O1.170.37
1.17+ species, 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 Å, while the NiOH0.83H2O1.170.37
1.17+ inter-

layer swell crystalline from 13-14 Å to 15-16 Å (Figure 8). The swelling process, as 

traced by PXRD, is reversible. After the release of CO2, 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 NiOH0.83H2O1.170.37
1.17+ species 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. 

 

Figure 8: Schematic representation of the swelling mechanism in dried Ni-hectorite under exposure to CO2, repre-

senting the proposed interactions of CO2 with the intercalated NiOH0.83H2O1.170.37
1.17+ interlayer species.94 (Re-

printed from reference94) 

In the case of hydrated Ni-hectorite, besides vibrations of the intercalated 

NiOH0.83H2O1.170.37
1.17+ species, modes corresponding to different types of inter-

layer water were observed. Due to various hydrogenous species, changes upon expo-

sure to CO2 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 CO3
2- 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.148 Following the reaction mechanism of 

Ni-OH + CO2 Ÿ Ni-O-(HCO2), hydroxide groups at the edges of the 

NiOH0.83H2O1.170.37
1.17+ 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 NiOH0.83H2O1.170.37
1.17+ interlayer 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 CO3
2- species, spontaneously formed 

NiOH0.83H2O1.170.37
1.17+ 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)2 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 Ilerite were produced in a scalable, economically friendly 

delamination process applying repulsive osmotic swelling. 

Ilerite can be synthesized without any SDA under mild conditions and in large quanti-

ties applying a water-based sol-gel process, starting from NaOH, H2O, and a colloidal 

SiO2 dispersion, making Ilerite an attractive compound for industrial applications.68-70 

Following this simple synthesis route, phase pure Ilerite in the form of large-square like 

platelets with an average diameter of 6.7 µm 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 

Ilerite 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 Ilerite, starting with cation exchange of interlayer Na+, followed by reduction of 

the ionic strength to trigger osmotic swelling into dispersions of single nanosheets.149 (Adapted from reference149) 

As the layer charge is highly dependent on the pH, the pH of the meglumine solution 

was adjusted to a pH of 9, where Ilerite is stable and a permanent layer charge is 

ensured, while meglumine is still protonated. Completeness of the meglumine ex-

change of the obtained meglu-Ilerite was checked with PXRD and EDX. With PXRD of 

a textured sample, an increase of the basal spacing from 11.0 Å to 14.9 Å 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-Ilerite. 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 Å2/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-Ilerite 

into the respective nanosheets 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-Ilerite 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-Ilerite 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 Ilerite 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 Ilerite into nanosheets via repulsive osmotic swelling. The ob-

tained Ilerite nanosheets show an exceptional aspect ratio and are easy to process 

into functional thin films. Moreover, in the present work used Ilerite 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 Ilerite 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, Ilerite, 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 CaCuSi4O10 possesses a layered structure like Ilerite, which consists of con-

densed SiO4 tetrahedra forming corrugated layers. The color originates from Cu2+, co-

ordinated by the non-bridging oxygen atoms of the SiO4 tetrahedra, while the layer 

charge is compensated by interlayer Ca2+ (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.  

 

Figure 10: Crystal structure of Egyptian blue, solved by Pabst 1959150 and later refined using neutron scattering151. 
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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, Cu2+ 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 Ilerite as starting compound for the pseudomorphosis into 

Egyptian blue. 

NaRUB-18 or Ilerite 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 Cu2+, 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 Ca2+ and Cu2+ were added in the form of CaCO3 

and CuSO4 to obtain a Ca:Cu:Si-ratio of 1:1:4 as required for Egyptian blue. Therefore, 

ground CaCO3 and powder of CuRUB-18 were mixed with the desired volume of 

CuSO4 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 HCl. 

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 Cu2+ 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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