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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[Siz2064(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-like [Ni(OH)g g3(H,0)1 1718:37 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



Summary

[Ni(OH)( g3(H20)4 1718-35 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 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
[Ni(OH)g g3(H20)4 1718:35" 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
[Ni(OH)g g3(H20)4 1710:35" -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
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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

13



Introduction

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 ¢. 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 @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 waye = 0, first dye exchanged interlayers tend to segregate (wdye < Wdye) influencing the CEC in adjacent
layers. At a certain equilibrium stage an ordered interstratified structure of alternating dye and Na* interlayers is
formed (wdye = Waye), 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:

e Structure-property relationship of Ni-hectorites
» Synthesis of Ni-hectorite by using charge homogeneous, melt synthesized
Na-hectorite and successive ion exchange
» Structural analysis applying spectroscopic, diffraction and thermal analysis
» Mechanistic study of the swelling process upon exposure to CO2
e Systematic synthesis of functional materials based on llerite
» Synthesis of large aspect ratio layered zeolite particles of llerite
» Delamination into llerite nanosheets
» Structural characterization of llerite nanosheets and processing into thin films
» 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
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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
CO2 pressure. In Chapter 4.1 and the publication “Spontaneous formation of an or-
dered interstratification upon Ni-exchange of Na-fluorohectorite” (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 “CO2 Capture by Nickel Hydroxide Interstratified in
the Nanolayered Space of a Synthetic Clay Mineral” (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 llerite to design functional materials for potential later
applications with regard to industrial scalability. In Chapter 4.3 and the publication
“‘Nematic suspension of a microporous layered silicate obtained by forceless sponta-
neous delamination via repulsive osmotic swelling for casting high-barrier all Inorganic
Films” (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 Chapter 4.4 and the publication “Synthesis of Large Platelets of Egyptian Blue via
Pseudomorphosis after NaRUB-18" (Chapter 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.
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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.'#¢ 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 3-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 [Ni(OH)2_y(H20)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

[Ni(OH)z_y(HZO)y]iJ'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 [Ni(OH)z_y(HQO)y]fand 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 [Ni(OH)z_y(HQO)y]rinterlayers (Figure 7A). ICP-OES and
CHN-analysis was used to determine the composition of the resulting structure, giving

a composition of {[Ni(OH)z_y(HQO)y]g;?}Int {C160 7231t 2[MgsLiJ<Sig>0z0F s 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

31



Synopsis

2+

{INIOH)o5(H 01 171 E"Y, . f[NiH,0) ] }Im _[Mg,Li]<Sig>Oz0Fs, Ni-hectorit

0.28
forms spontaneously a corrensite-like structure, built from the alternation of
[Ni(OH)g g3(H20)4 1718-32" and [Ni(H,0)g]3%g interlayers (Figure 7B). The driving force
of the formation of such an ordered structure was assumed to be the higher selectivity

of [Ni(OH)z_y(Hzo)y]i+ 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 [Ni(OH)g g3(H20) 1471345 and [Ni(H,0)g]35%¢ 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 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 [Ni(OH)o_sg,(HQOh_17](1,3;+ interlayer spe-
cies and vibrations of a potentially formed CO3? species could be observed, already

indicating interactions of CO2 with the intercalated [Ni(OH)g g3(H,0)1.1718:37" 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
[Ni(OH)g g3(H20)4 1710:32" interlayer species. Exposing dry Ni-hectorite to COz leads to
significant changes in the INS spectrum. Most prominent changes correspond to vibra-
tions associated with the intercalated [Ni(OH)qg3(H20)4 171345 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 A, while the [Ni(OH)g g3(H20).1718:37" 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 [Ni(OH)g g3(H20)4.4718:3%" 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.
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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 [Ni(OH)g g3(H,0)1 171¢:37" interlayer species.®* (Re-

printed from reference®)

In the case of hydrated Ni-hectorite, besides vibrations of the intercalated
[Ni(OH)g g3(H20)4 1710:3%" species, 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 + CO2 — Ni-O-(HCO2), hydroxide groups at the edges of the
[Ni(OH)q g3(H20)4 1718:3%" interlayer species, are converted into bicarbonates and COz2
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 [Ni(OH)qg3(H20)44713:45" 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 COs? species, spontaneously formed
[Ni(OH)g g3(H20)4 4718:3%" 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.

38



Synopsis

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.
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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
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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).



Results

P. Loch, et al Applied Clay Science 198 (2020) 105831
AT B C
— - m | m .
-
14-15 A
. AN Ay AKN K&
7 3
“4R %“ -

El 3 1] 5
s ] 5, &8

E 2 2
5 18 5 & 4o
2 f© E c ||8
2] 2 S 9 © 2
5 ] g ] 8 8 8 k]
e 2 ] 2 5

4 0 < =

- l [ } i =
J 1 1 i
10 20 3 2 50 60 10 20 3 4 50 60 10 20 3 40 50 60
20[] 2017 20

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.
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Figure S1: PXRD pattern recorded in transmission mode of Na-Hec (black), Ni-Hec (red) and Ca-Hec (blue) at 43 % r. h. and
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Figure S3:XPS survey spectrum of Ni-Hec with marked peaks assigned to the fluorohectorite.

Electrochemical experiments were performed using an Autolab Potentiostat/Galvanostat
PGSTAT204 with an Autolab Rotating Disc Electrode (RDE). A modified Glassy Carbon (GC)
electrode (@ 3 mm) and a platinum plate were used as working and counter electrode, respectively.
All measurements were performed using an Ag/AgCl (3 M KCl) double-junction reference
electrode with 1 M KNO; in the outer filling. The GC electrode was modified by preparing a slurry
(5 mg catalyst, 490 pl ethanol, 490 ul water and 20 pl Nafion® 117 solution) and exposing the
dispersion to ultrasound for 10 s to achieve a homogeneous material distribution. All necessary
chemicals were purchased from Sigma Aldrich and were used as received. The GC electrode was
polished to a mirror finish and drop coated with the slurry to obtain a surface loading of roughly
12 mg/cm?. All the following electrochemical experiments were carried out at a rotation speed of

1600 rpm.

First, cyclic voltammetry was performed (Figure S4) to determine the corresponding oxidation and
reduction potential of the Ni?*/Ni*" pair in the material (v =100 mV/s). The position of the anodic
and cathodic redox peaks are reasonably similar to literature reports on Ni(OH)2 and NiOOH under
similar conditions and have been attributed to the oxidation and reduction of Ni** to Ni** and Ni**

to Ni**, respectively.(Trafela et al., 2019) Note that the first scan is clearly different from the
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consecutive scans which we attribute to a conditioning process involving the initial oxidation of
Ni?* to Ni**. In all subsequent cycles, a defined oxidation and reduction peak is observable which

corresponds to Ni-species undergoing a reversible reaction.

o
[
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Current density / mA cm?

0.2
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Figure S4: Cylclic voltammogram of Ni-Hec.

A freshly prepared sample was equilibrated by holding the voltage at the open circuit potential
(OCP), which was determined to be 0.02 V, for 30s. Expectedly, no notable current was detected
during this period. Subsequently, chrono amperometric measurements were performed employing
a potential of 0.0 V for 120 s (Figure S5). The measured current was negligible during the whole
experiment and did thus not exhibit any notable increase or decrease. After a rest period of 120 s,
the Ni?* species in the material were oxidised on purpose by applying 0.5 V over 120 s (Figure
S6). An anodic current with notable current density was observed. Expectedly, as the oxidation of

NiZ* to Ni** progressed, the observed current decayed over time.
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Figure S6: Chrono ampherometric measurement of Ni-Hec at 0.5 V" for 120 s.

The oxidised material was now subjected to the same treatment as the pristine material in the
beginning (0.0 V for 120 s) (Figure S7). The measurement indicated a clearly observable cathodic
current originating from the reduction of Ni** to Ni?*, which was not detectable for the pristine
material. Thus, we conclude that no notable amounts of Ni** were present in the pristine material

and within experimental error the nickel-species were present in the Ni>* oxidation state.
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Please note that the electrochemically induced oxidation and subsequent reduction did not match
regarding charge flow as we cannot exclude material loss or guarantee a fully reversible reaction

between the two Ni oxidation states.
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ABSTRACT: Clay minerals can adsorb large amounts of CO, and are present in
anthropogenic storage sites for CO,. Nanoscale functionalization of smectite clay @ wmp mm—
minerals is essential for developing technologies for carbon sequestration based on
these materials and for safe-guarding relevant long-term carbon storage sites. We
investigate the adsorption mechanisms of CO, in dried and hydrated synthetic Ni-
exchanged fluorohectorite clay—using a combination of powder X-ray diffraction,
Raman spectroscopy, and inelastic neutron scattering. Both dried and hydrated Ni-
exchanged fluorohectorite show crystalline swelling and spectroscopic changes in
response to CO, exposure. These changes can be attributed to interactions with
“-interlayer species, and swelling occurs solely in the
interlayers where this condensed species is present. The experimental conclusions are
supported by density functional theory simulations. This work demonstrates a S os
hitherto overlooked important mechanism, where a hydrogenous species present in

the nanospace of a clay mineral creates sorption sites for CO,.

[Ni(OH)53(H,0)1.17)037""7

C ontinuous and increasing release of greenhouse gases, in
particular CO,, to the atmosphere has a detrimental
impact on our environment. In addition to emission reduction,
it is imperative to establish effective ways of capturing these
gases. Clay minerals have become an attractive alternative for
investigating CO, capture because of their excellent behavior
in adsorption and catalysis.' This is in addition to their
abundance and stability, which make them potentially scalable
for industrial processes.

Smectite clay minerals, such as hectorite and montmor-
illonite, are known to readily swell in response to water,”™*
CO,” ™" and organic compounds.'"'* They consist of two-
dimensional nanolayered stacks possessing a negative layer
charge due to nonequivalent substitutions of atoms in the
layers. The negative layer charge is typically counterbalanced
by exchangeable interlayer cations, for example Na*, Ca?*, and
K*.

The sorption of CO, in smectite clays at various hydration
states as well as under gaseous and supercritical CO,
conditions has been studied by a wide range of techniques,
such as X-ray and neutron diffraction, infrared spectroscopy,
nuclear magnetic resonance, quartz crystal microbalance, and
volumetric/gravimetric gas adsorption.”™” 372! The sorption
of CO, in smectite clays has been shown to largely depend on
the initial hydration, the interlayer cation, and the specific clay
type. For montmorillonite (Mt) and OH-hectorite (Hec),
experiments and simulations at 323 K and 90 bar have shown

© 2020 American Chemical Society
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that for smaller interlayer cations with a high hydration energy
(eg Na', Ca’", and Mg’"), a submonolayer of water is
necessary to open up the interlayer to swell in response to
CO,. =10 However, for larger interlayer cations with low
hydration energy (e.g. Cs*, K, and NH,"), CO, is intercalated
even in the absence of water. §-10

Natural Hec has a varying composition of F~ and OH™
groups, whereas fluorohectorite is a synthetic Hec with only
fluorine groups. Simulations>> have shown that by varying the
F/(F~ + OH") composition, the CO,/(CO, +H,0) ratio
increases with increasing F~ substitution. It has previously
been demonstrated that a fluorinated Hec exchanged with Na*,
Li*, and Ni*" swells in response to CO, exposure™ and that
Ni-Hec showed a much larger adsorption of CO, than Li-Hec
and Na-Hec.”

Here, we report a hitherto overlooked mechanism for CO,
sorption in Ni-Hec as studied with synchtrotron X-ray
diffraction, Raman spectroscopy, and inelastic neutron
scattering (INS). The intercalation properties of Ni** in
smectites have been shown to be substantially different from
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other interlayer cations.”>’ As recently reported in Loch et
al,”* Ni-Hec forms an ordered interstratification with a
chlorite-like condensed [Ni(OH)yg3(H,0);.17]03,""7" species
in one interlayer and a smectite-like structure with hydrated
Ni** cations in the adjacent interlayer. By employing powder
X-ray diffraction (PXRD), we investigate the structural changes
in response to CO, We utilize in situ Raman scattering
combined with PXRD, which allows studying how CO,
adsorption changes the local structure. INS has no selection
rules for the vibrational modes and a large cross section of the
hydrogen atoms, making the signal from the water motions and
other hydrogenous species, such as nickel hydroxide,
prominent.”® INS has previously been successfully employed
to study how layer charge and cations influence the hydration
properties of saponite, montmorillonite, and beidelitte.”**”

By combining PXRD, Raman spectroscopy, and INS, we
elucidate the active mechanisms of CO, sorption for Ni-Hec in
the dried (at 150 °C under dynamic vacuum) and hydrated
(equilibrated at 43% r.h.) states. To support our experimental
conclusions, we have performed density functional theory
calculations (DFT).

B METHODS

Materials. Na-Hec with a stoichiometric composition of
Na(Mg;sLi)SigO40F, was prepared via melt synthesis according
to a published procedure,” followed by annealing (6 weeks,
1045 °C) to improve charge homogeneity and phase purity.”
Ni-Hec was prepared by cation exchange of Na-Hec with 0.2
M nickel—acetate solution (>10 fold excess of the CEC, S
times). The exchanged Ni-Hec was washed S times with
Millipore water. The hydration and drying procedures are
described below for each type of experiment.

In Situ Powder X-ray Diffraction and In Situ Raman
Spectroscopy. For Ni-Hec, combined Raman and synchro-
tron X-ray powder diffraction data were collected at the Swiss-
Norwegian Beamlines (SNBL, station BMOIB) at ESRF,
Grenoble, France. PXRD data were measured at a wavelcngth
of 0.77495 A using a 2D PILATUS2M detector.”” The 2D
diffractograms were integrated using the SNBL Bubble
software to provide rebinned 1D diffraction patterns. The
powdered samples were contained in borosilicate capillaries
mounted in a custom made high-pressure sample cell based on
the design by Jensen et al.*’ The temperature of the capillary
was controlled by an Oxford Cryostream 700+ nitrogen
blower. The cell was connected to a gas handling system
providing vacuum (107¢ mbar) from a turbomolecular pump
or pressurized CO, of quality 99.9995%. The dried Ni-Hec
sample was prepared at 150 °C in the capillary sample cell for
~2 h and was considered sufficiently dried since the (00])
Bragg reflections did not change position after reducing the
temperature to 300 K. The hydrated sample was prepared in a
desiccator prior to the measurements corresponding to 2 WL
hydration. Raman spectra were collected on a Renishaw RA
100 Raman analyzer, using a 532 nm (green) excitation
wavelength in backscattering mode. Spectra were recorded in
the range 100—4000 cm™ with a step size 1.2 cm™, and §
scans per spectrum were recorded with an exposure of 60 s.

Included in the Supporting Information are PXRD data on a
dried Na-Hec as a reference.

Inelastic Neutron Scattering. Inelastic neutron spectra
were recorded using the TOSCA spectrometer’' ~ at the ISIS
facility, Rutherford Appleton Laboratory, UK. TOSCA is an
indirect geometry time-of-flight spectrometer spanning an

energy- transfer range up to 4000 cm™ in neutron energy loss
(Ep) with a spectral resolution of 1.25% Ep.*' In order to
minimize thermal effects, the spectra were recorded at T < 20
K.

Ni-Hec both in the hydrated and dried state was prepared
for the INS experiment. Hydrated samples were equilibrated
for 5 days at 43% relative humidity in a desiccator with
saturated K,CO; solution, while dried samples were prepared
by heating the samples to 145 + 15 °C under high vacuum
(107° mbar) for 18 h (Ni-Hec sample). As a reference,
included in the Supporting Information are data on dried Na-
Hec (7 h at 145 £ 15 °C under high vacuum) with the same
experimental procedure as dried Ni-Hec.

The samples were placed in an aluminum foil sachet and
mounted in stainless steel cylinders. The sample holder was
then mounted on a center stick connected to a gas handling
system. Prior to measurements, the cell was leak tested with 50
bar helium which was pumped away in the case of dried
samples and leaked slowly to atmospheric pressure in the case
of the hydrated samples.

Dried Ni-Hec was measured under vacuum, at 5 bar of CO,,
44 bar of CO,, and after releasing CO, (~ 24 h under
vacuum). The hydrated sample was measured at ambient
pressure and 44 bar CO, pressure. Each pressure step was
achieved by heating up the sample holder and center stick to
room temperature, exposing the sample to CO, grade
99.9995% for 20 min, and subsequently cooling down to T
< 20 K with CO, still inside the sample holder. Each INS
measurement lasted around 6—8 h, depending on the amount
of hydrogen in the sample.

The data were reduced using the software package Mantid.**
After subtracting the signal from the empty cell, the spectra
were scaled by the sample mass. After exposure to CO,, the
signal was normalized to have the same area under the curve as
the initial spectrum.

DFT Simulations. We performed ab initio mvestlgatlons
based on density functional theory calculations**® considering
the generalized gradient approximation with the state-of-the-
art van der Waals-corrected density functional developed by
Berland and Hyldgaard,”” as implemented in the Siesta
packﬂge.zs Norm-conserving pseudopotentials were used with
double-zeta plus polarization and spin-polarized localized
atomic orbital basis sets considering an energy cutoff of 400
Ry. The crystallographic structure reported by Breu et al.*’ was
used for the Ni-Hec model with the unit cell containing 39
atoms. For #-Ni(OH),, we took the structural model from the
Aflowlib repository.”’ Adsorbents were allowed to relax during
structural optimization using the conjugate gradient method
under the self-consistent cycles considering a criteria of 0.01
eV/A for the force minimization. The adsorption energy E, 4
was calculated following the equation

Eyge = Epou — ECrystal = Enfolecule (1)

where Er,, is the total energy for the adsorbed molecule in the
most favorable adhesion site; Ec, .y and Epgjecyie are the total
energies for the isolated systems.

B RESULTS AND DISCUSSION

Powder X-ray Diffraction. Dried Ni-Hec. In Figure 1, the
swelling of Ni-Hec at 300 K with increasing CO, pressure is
shown. After drying the sample in vacuum at 150 °C, an
intense Bragg reflection is observed at 0.551 A™", correspond-
ing to a d-value of 11.40 A, which recently was identified as the

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222-26231



The Journal of Physical Chemistry C

Results

pubs.acs.org/JPCC

1
10

=4
™

o
=)
19

o
~

Intensity (arb. units)
Pvessu?e (bar)

o
N

0
0.48 05

Intensity (arb. units)

0
0 10 20 30 4011 11.5 12 125

Pressure (bar) d-spacing (A)

Figure 1. Evolution of the (002) Bragg reflection as a function of
pressure at 300 K for dried Ni-Hec. In the top panel, the Bragg
reflection is plotted with colors indicating pressure given by the color
bar. The bottom left panel is the pressure of CO, applied to the
sample as a function of time. The bottom right panel depicts a
contour plot where the horizontal axis corresponds to d-spacing (d =
27/q), the vertical axis corresponds to time, and the color represents
the intensity.

(002) Bragg reflection of an ordered interstratification of a
nonhydrated, collapsed interlayer and a chlorite-type interlayer
of [Ni(OH) g3(H,0) 1.17Joa7" 7>

With increasing pressure of CO,, transient interstratified
domains are observed in addition to initial and final state
domains, transferring the weight from one state to the other.
Since swelling is an inherent two-dimensional process,
reflections gradually move as the number of swollen interlayers
increases and thus the weighting of the interstratified stacks
becomes larger. For intermediate stages, the intensities are not
proportional to the volumes of swollen and not yet swollen
interlayers because of the weighting differing from the 1:1
ratio. The nonlinear transition of the educt to product
intensities is an artifact that may be attributed to the effect
of interstratification.

At pressures above 10 bar, the educt phase starts to vanish,
while the product basal spacing continues to be shifted to
larger d-spacings until around 12 bar, where the swelling
reaches a plateau. At the final pressure of 40 bar CO,, a
symmetric peak with a maximum intensity centered at 0.511
A~ corresponding to a d-value of 12.29 A is observed. As the
inspected Bragg reflection is (002), a total interlayer expansion
of 1.78 A is observed. While intermediate reflections, in line
with Mering’s rules, are broadened due to interstratification,
the width of the Bragg reflection is unchanged when
comparing the initial state and the final state, indicating
completion of swelling. The observed swelling is clearly
correlated with the gravimetric adsorption data presented in
the Supporting Information, demonstrating that the swelling is
caused by uptake of CO,. As there is limited change above 20
bar, these results also provide valuable information on what
could occur in a geological storage where the temperature and
pressure can be >40 °C and >90 bar."’

Hydrated Ni-Hec. In Figure 2, the expansion upon CO,
exposure of a Ni-Hec hydrated at 300 K is shown, adopting the
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Figure 2. X-ray diffraction pattern of the (002) Bragg reflection for
hydrated Ni-Hec at 300 K following the evolution with respect to
pressure for the sample as-prepared at 1 bar up to 40 bar of CO,. The
inset shows the corresponding d-spacing evolution as a function of
pressure.

2 WL hydrate state with a (002) Bragg reflection at 14.82 A,**
which gradually increases to 15.06 A as the CO, pressure
increases. Compared to the dried sample, a smaller increase is
observed, that is 0.48 versus 1.78 A. Again, the width of the
Bragg reflection at the initial state and final CO, exposed state
is comparable.

Interestingly, upon swelling in response to CO,, the
crystallinity was improved by reducing planar defects as
indicated by cross-reflections in the region of the 11/02 band
gaining significant intensity (Figure 3). While the starting
material shows a A-shaped band typical for turbostratic
stacking, after CO, saturation, a 3D ordered stacking is
observed with a refined unit cell of (C2/m, a = 52504 A, b =
9.0780 A, ¢ = 3025 A, f = 96.6280°, a/y = 90°). Such a
disorder/order transformation has previously been observed at
the transition from 1 WL to 2 WL hydrate of Na-Hec"”® and
has been attributed to a strengthened interaction of interlayer
species with the surface of the 2:1-silicate layers via hydrogen
bonding. In the present case, this disorder/order trans-
formation was reversible and was lost again as the CO,
pressure was reduced, as shown in Figure S5.

In Situ Raman Spectroscopy. In situ Raman spectra
corresponding to pristine (not yet exposed to CO,) hydrated
Ni-Hec (Figures 2 and 3) and exposed to 40 bar CO, pressure
are shown in Figure 4. The assignment of the vibrations is
given in Table 1. A very high fluorescent background did not
allow us to record Raman spectra for dried Ni-Hec.
Fluorescence is commonly observed in clay minerals;"
however, in this study, fluorescence also arises from the
electronic structure of the Ni** cations, which have a 3d®
valence configuration.” Local distortion of octahedrally
coordinated chlorite-type [Ni(OH)gg3(H,0)117]037 """
greatly affects the associated orbitals also contributing to the
observed fluorescence.”

Modes associated to the Hec structure are assigned
according to Rinaudo et al.** As recently shown in Loch et
al.,>* Ni-Hec contains both Ni?>* and [Ni-
(OH)ps3(H,0)1.17J037""7" species segregated into adjacent
interlayers. Thus, the vibrations at 319 cm™ (#4) and 467
cm™" (#7) can be associated to Ni—OH vibrations.* We also
observe a third feature around 506 cm™' (#8) that can be

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222-26231
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Figure 3. X-ray diffraction pattern of hydrated Ni-Hec as a function of CO, pressure at 300 K.

10000 | —40 bar

@
o
o
o

6000

4000

Intensity (arb. units)

2000

200 400 600

800 1100 1200

13

1300 1400 3000 3200 3400 3600 3800

Raman shift (cm'1)

Figure 4. Raman spectra of hydrated Ni-Hec as prepared at 1 bar and exposed to 40 bar of CO, at 300 K. Numbering indicates the assigned
vibrations, and arrows highlight prominent changes in the spectra. Mode assignment is summarized in Table 1.

Table 1. Raman Vibration Assignment of the Peaks
Presented in Figure 4

feature number  position (cm™") suggested assignment

1 184 MgLiO; octahedra™

2 222 (small vibration) unassigned

3 280 O—H-O vibrations™

4 319 A (T), B((T) or E(R) Ni-(OH)*
S 330 bending Si0,"!

6 371 stretch Mg—OS“

7 467 A,,/E,(LO)/A,,(LO) Ni-(OH)**
8 506 Ay(T) or E(T) Ni-(OH)*

9 696 v, sio,*

10 783 vibration $i0,*"

11 1006 vibration S$i0,*"

12 1105 v, Si0*

13 1265 CO,; hot band™*

14 1286 COy 20,

15 1388 COy 1!

16 1410 CO,; hot band®'

17 3565 Ni-(OH) A,y O-H"

assigned either to the presence of structural defects and/or to a
E,(R) mode for the Ni—OH structure.

In the range of OH-modes between 3000 and 3600 cm™),
the sharp feature at 3565 cm™ (#17) is assigned to the A, O—
H stretch of Ni—OH.* The remaining modes in this region

26225

are assigned to water present in the clay. These can be divided
into water bonded directly to the interlayer cations, interlayer
water that does not directly interact with the cations, and water
outside the interlayers.”® The latter constitutes a tiny amount
because of the large aspect ratio of the clay particles,”® which
results in a relatively low external surface area. The water not
directly coordinated to the interlayer cations can either be in
the chlorite-like or the smectite-like layers. Given these
possibilities, an unambiguous assignment of the modes in
this region is difficult.

After exposure to 40 bar of CO, (Figure 4), the intensity of
bands related to CO, at 1286 cm™ (#14) and 1388 cm™*
(#15) increases. There is also a clear change in the intensity
associated to OH-groups between 3000 and 3600 cm ™" and an
increase of intensity and sharpening of the vibration associated
to the Mg, LiOg octahedra, and the asymmetric stretch of SiO,.

Because the density ratio between intercalated and non-
intercalated gaseous CO, in the probing volume of the Raman
laser is low, the intensity of the CO, vibrations is most likely to
be dominated by gaseous CO, in the capillary. The increase
and sharpening of the modes associated to the octahedral and
the tetrahedral sheet of the clay layers can be associated to the
order—disorder transition observed by PXRD (Figures 2 and
3). Indeed, an increased long-range order in clays is known to
enhance the signal to noise-ratio and sharpen the peaks.*” The
shape change in the H,O/OH-region could indicate some local
modification of the water population in the interlayers. In

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222-26231
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addition, there are clear changes for the OH-stretching bands.
The observed changes for the OH-stretching vibrations bear
resemblance to previously observed changes when -Ni(OH),
transforms to a-Ni(OH),,** which indicates that CO, has an
effect on the intercalated [Ni(OH)gg3(H,0)15)037" """
species. The observed increase of intensity around 1100
cm™ (#12) can then, in addition to ordering of the clay crystal
structure, be associated with introduced stress in the nickel
hydroxide lattice.* The increased intensity at 1100 cm™
(#12) could also be due to carbonate (CO,>7), which is
known to form a strong symmetric stretch v, mode in this
region for Raman spectroscopy.”” The remaining modes for
carbonate, which would be located around 880, 1400, and 680
cm™’, are weaker”” and, in this case, located in regions where
other modes due to the clay and CO, gas phase are
dominating.

Inelastic Neutron Spectroscopy. INS spectra of pristine
Ni-Hec, both in dried and equilibrated at 43% r.h. states, are
presented in Figure 5.

" ——Hydrated
ed

| ©
2

250 500 750 1000 1250 1500
Wavenumber (cm'1)

Figure S. INS experimental spectra of Ni-Hec in dried (145 °C under
vacuum) and hydrated states (equilibrated at 43% r.h.). The
difference spectrum below is compared with the INS spectrum of
ice Th as a standard reference (in orange and scaled by the right axis).
As a result of an ordered H-bond network, amorphous Ih is
characterized by a pronounced librational edge. Numbers and arrows
highlight important modes summarized in Tables SI and S2. The
spectra were recorded at T < 20 K.

Dried Ni-Hec before CO, Exposure. In the spectrum for the
dried Ni-Hec sample (Figure 5), we observe peaks at 70, 109,
165, 215, and 300 cm™" (#1, #2, #3, #4, and #5), a broad
distribution centered around 400 c¢cm™' (#6), a broad
distribution centered around 670 cm™' (#7), and a broad
shoulder centered at 810 cm™ (#8). Previous INS measure-
ments on -Ni(OH), have shown peaks at 90, 115, 294/313,
358, 394, 421/452, 680, and 880 cm™".*>” In agreement with
the findings by Loch et al,>* where the structure was identified
as [Ni(OH)g3(H,0) 1170377, the sharp peaks at 70 and
215 cm™" (#1, #4) are correlated with the confined water
coordinated to the nickel hydroxide species.”®> One could
question whether the peaks might be related to partial
hydrolysis of Mg;F-moieties giving rise to a structure
Mg;OH. This is, however, unlikely as the Ni-Hec was obtained
by ion exchange of melt-synthesized Na-Hec (Figure S3),
which lacks bands in this region. Modes and tentative
assignment are summarized in Table S1.

Hydrated Ni-Hec before CO, Exposure. For hydrated Ni-
Hec equilibrated at 43% rh., corresponding to a 2 WL
hydration as in the PXRD/Raman spectroscopy measurements
(Figure 5), which contains both [Ni(H,0¢)]* and [Ni-
(OH),83(H,0)1.17)037""7", we observe a sharp peak on a broad
distribution at 76 cm™" (#1), in addition to sharp peaks at 109,
215, and 237 cm™' (#2, #5, and #6), and minor vibrations
centered around 130 and 165 cm™ (#3 and #4). From 335 to
1000 cm ™, a broad distribution is found, with sharper features
at 430, 480, 575, 650, and 800 cm™" (#8, #9, #11, #12, and
#13). The hydrated Ni-Hec shows the same modes as the
dried sample associated to the Ni—OH moieties as well as new
modes associated to water (see further discussion below).
Modes and the assignment are summarized in Table S2.

In the difference spectrum in Figure S, since we have
removed the contribution from the clay and the condensed
[Ni(OH)g53(H,0) 1 17)0a7""7", we are left only with the
contribution from different types of water present in this
sample. Considering that INS is in particular sensitive to
intramolecular water librational modes located between 300
and 1100 cm™', we can argue that the sharp librational edge at
336 cm!, previously observed in beidellite and montmor-
illonite®® and shown to have a clear dependence on the
interlayer cation, here originates from water coordinated to
Ni**. The second onset around 510 cm™ with a significant
peak at 580 cm™' suggests the presence of less confined
interlayer water, which is the noncoordinated interlayer water
and responsible for the water loss below 100 °C observed in
the TGA data (Figure S6). The absence of a clear librational
edge similar to ice confirms the absence of a significant amount
of noninterlayer water. The presence of these assigned water
populations is further confirmed by analyzing the low energy
region of the spectra. Free bulk water’" is characterized with an
excitation around 50 cm™, while confined water molecules are
characterized by a vibrational mode centered at about 80
em™'.>** Thus, the observation of the sharp peak at 76 cm™
is indicative of interlayer water coordinated to the Ni** cation,
while the observation of a broad shoulder toward 50 cm™’, also
observed recently by Larsen et al,” is consistent with the
presence of water that is not coordinated with cations.

Dried Ni-Hec after CO, Exposure. Pronounced changes in
the INS spectra are observed for the dried Ni-Hec (Figure
6a,b) upon CO, exposure. For the dried sample exposed to 5
bars of CO, at low energy transfer, a gain of intensity at 50
cm™!, followed by an intensity loss at 72 cm™’, and broad
intensity gain between 80 and 160 cm™' and at 176 cm™" are
observed. At 44 bar of CO,, the signal in this region is more
pronounced. Both at 5 and 44 bar, with the broad peaks
centered around 215 and 400 cm™, a significant intensity loss
was recorded. At 5 bar, there are still visible peaks left
associated to the Ni—OH moieties at 336, 420, and 470 cm ™,
which are quite suppressed at 44 bar. Furthermore, at S bar, we
observe an excess in energy at 675 cm™ that transforms into a
sharp peak at 655 cm™" when increasing the CO, pressure to
44 bar.

For dried Ni-Hec after removing CO, by applying vacuum
(Figure 6¢), we observe at low wavenumbers a small increase
of intensity at 50, 70, and 101 cm ™', whereas at higher energy
transfers, the broad peaks centered at 215 and 400 cm ™! have
not reached their full initial prominence. The onset of the peak
centered at 680 cm™" has a shift to 530 cm™ from 610 cm™
The signal seems to a large degree to return the initial signal,
however, not to full prominence.

https://dx.doi.org/10.1021/acs.jpcc.0c07206
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(a) 5 bar

(b) 44 bar
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Figure 6. INS experimental spectra of the dried Ni-Hec initial state and that exposed to (a) 5 bar of CO,, (b) 44 bar of CO, and (c) after cycling
(loading and pumping) with the corresponding difference spectra given below. Loading of CO, was performed at room temperature, and the
spectra were recorded at 1' < 20 K. Arrows and asterisk (*) highlight important changes in the spectra.

For dried Ni-Hec, the modes associated to the [Ni-
(OH)53(H,0)1.17]037""7" interlayer species are severely
attenuated (Figure 6b) and considerable crystalline swelling
due to CO, exposure is observed (Figure 1). INS, gravimetric
adsorption, and PXRD data on dried Na-Hec are presented in
the Supporting Information, where neither uptake, swelling,
nor spectroscopic changes are observed. As no changes are
found when dried Na-Hec is exposed to CO, and, in addition,
previous observations on cations with high hydration
enthalpy®'””* show no swelling, this suggest that the
smectite-like interlayer does not play a role for the CO,
capture in the dried case. Thus, the [Ni-
(OH)g83(H,0),.17) 0577 species plays the important role in
the adsorption of CO, by dried Ni-Hec. This then means that
the smectite layers remain unchanged with a d-spacing of
about 10 A and that the chlorite-like layers swell from about
13—14 to 15—16 A. This reaction must be reversible since our
PXRD experiments with repeated exposure to CO,, a long
(>24 h) evacuation of the sample or moderate heating (>50
°C) is sufficient to return the Bragg reflection to the same
initial position. This suggests that the observed state by INS
after releasing the CO, (Figure 6¢) is a transient step during
the return to the initial structure and that there is still some
CO, adsorbed to the structure. However, based on the present
data, we cannot completely rule out the possibility that the
reaction between CO, and nickel hydroxide contained within
the clay produces permanent structural changes to nickel
hydroxide islands.

Hydrated Ni-Hec after CO, Exposure. After being exposed
to CO, at room temperature and cooled down to T < 20 K, for
the hydrated Ni-Hec (Figure 7), the changes are evident in the
difference spectrum, and new modes are observed at 64, 95,
and 117 cm™'. There is also a slight increase of intensity
around 315 cm™ and a small general loss of intensity between
400 and 900 cm™. In addition, a new vibration is observed at
655 cm™.

As various different hydrogenated species (coordinated and
non-coordinated interlayer water, and [Ni-
(OH)83(H,0)117)037""7%) coexist for hydrated Ni-Hec, it is
less obvious whether the changes observed by INS upon CO,
exposure are a consequence of changes in the librational modes
associated to one or more of the water species or by direct

257
* ——As prepared
——45 bar

250 500 750 1000 1250 1500
Wavenumber (cm'1)

Figure 7. INS experimental spectra of hydrated Ni-Hec (equilibrated
43% r.h.) in the initial state and exposed to 44 bar of CO, at room
temperature. Arrows and asterisk (*) highlight important changes in
the spectra. The spectra were recorded at T < 20 K.

association to the [Ni(OH)qg(Hy0)y17)037""7". The negli-
gible changes along the librational edge agree with a strong
coordination of water with Ni**, which is not disrupted by CO,
exposure. However, we observe changes in the modes of the
interlayer water by Raman spectroscopy (Figure 4), which
together with the INS observations may be indicative of
influence on the non-coordinated interlayer water by CO,. The
general loss of INS intensity, similar to the dried case, suggests
a similar interaction between CO, and interlayer [Ni-
(OH)g53(H,0),17]037"*"* both for dried and hydrated Ni-
Hec. In addition, by Raman spectroscopy, we observe clear
changes in what we identify as the OH-stretching modes of the
intercalated nickel hydroxide, indicating an interaction with
CO,. The smaller crystalline swelling of hydrated Ni-Hec
compared to the dried case (Figure 2) is due to the layers
being more similar to one another for hydrated Ni-Hec. We
can assume that the smectite-like interlayer remains unchanged
at about 15 A, which is evidenced by the observed stability of
the H-bonding by INS. Then, the chlorite-like layer swells
from about 14—15 A, and the chlorite-like layer could adopt a
similar structure to what is observed for the dried state. The
observed improved ordering is similar to what has previously

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222-26231
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Figure 8. Hypothesized model for crystalline swelling in Ni-Hec clay in response to CO, exposure. The CO, interacts only with and causes swelling

only of chlorite-like layers.

been observed upon hydration of Na-Hec and* suggests that
the incorporation of CO, in the interlayer strengthens the
interaction between the interlayer species and 2:1 clay layers.

Further Discussion. For both the dried and the hydrated
sample, a peak is forming at 655 cm™, (marked by an asterisk
in Figure 6b), accompanied with vibrations at 64, 95, and 117

m~. For the vibration at 655 cm™, we may suggest three
possibilities based on the literature: Librational modes for
water are observed in this region, bending modes for CO, are
also observed at 640 cm™° as well as modes associated to
bicarbonates.”” As this peak is not observed in the spectra of
the dried Na-Hec (see Supporting Information), formation of
solid CO, on the external surfaces of the Hec samples or in the
remaining probing volume of the neutrons in the sample cell is
unlikely. Notably the cross section of CO, is 20 times lower
than that of hydrogen; thus, the observation of this peak is
unlikely to be due to the bending mode of CO,. It is possible
that these changes also are associated with local changes of the
water population. Following this reasoning, the peak that gains
intensity at 64 cm™' could suggest a more ordered water
population.’® The sharp vibration at 655 cm™ could also
originate from a specific librational mode associated to this
ordered water state, possibly through segregation of some
water molecules to monomers and dimers.”® Water confine-
ment in UO,F, displays a peak at 778 cm™, that simulations
attribute to a librational phonon mode along the a/b-axis at
712 cm™', due to confined water within the van der Waals gap
of that material.*” The incorporation of CO, in the interlayer
may then force some of the H,O associated with the hydroxide
species into a more confined situation. If we consider that the
hydrogen bonds in HCO; are weak, we may assign the present
INS modes to HCOj; based on the study of Fillaux et al. on
potassium bicarbonate.”” However, there are no observed
bicarbonate modes by Raman spectroscopy (Figure 4).

From the current experiments, it still is unclear what is the
reaction between CO, and the [Ni(OH)gg;(H,0), 7)os7"" 7"
species. A possible mechanism that can be suggested has been
observed on goethite under anhydrous conditions,” where
CO, is chemisorbed according to Ni-OH + CO, — Ni—O-
(HCO,). By this reaction, hydroxide groups are converted into

26228

bicarbonate and this would significantly reduce the intensity
associated to the corresponding modes. The chemisorbed CO,
may then be grafted as a bicarbonate to the condensed nickel
hydroxide species, causing the swelling by adopting a structure
as illustrated in Figure 8. However, as no bicarbonate modes
are unambiguously observed by Raman spectroscopy, this is
not evident from the present data.

Nevertheless, our experimental data show clear evidence that
the intercalated [Ni(OH),53(H,0),7]037"'"" species play a
crucial role in the incorporation of CO, in the interlayers, both
for the dried and hydrated cases. This is corroborated by DFT
simulations (Figure 9), which are consistent with the

0.0
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— B-Ni(OH),

25

NI

Cohesive energy [eV]

Figure 9. Basal spacing and energy per unit cell cohesive energy
obtained by computational studies based on DFT calculations for the
dehydrated smectite layers with Ni** and chlorite-like layers with a
confined #-Ni(OH),.

experimentally observed d-spacing of the dehydrated system
here and in the study by Loch et al®* In addition, the
simulations (Figure 9) show that the cohesion energy of the
chlorite-like layers (—0.63 eV) is significantly lower than that
for the smectite-like layers (—1.73 eV). This strengthens our
arguments that the chlorite-like layers are responsible for the
CO, uptake and swelling in this system. Based on these
calculations, we can argue that CO, in the chlorite-like layers
may attach to the edge of the nickel hydroxide islands and bind

https://dx.doi.org/10.1021/acs.jpcc.0c07206
J. Phys. Chem. C 2020, 124, 26222-26231
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to not fully coordinated nickel atoms forming a strong bond
(Eags)» see Supporting Information.

B CONCLUSIONS

Developing new sorbent materials for CO, is of key
importance to solve issues related to greenhouse gas emissions.
By PXRD, Raman spectroscopy, and INS, we identified a
hitherto overlooked mechanism for CO, adsorption in
hectorite clay. With these techniques, we took a new approach,
where we study the mechanism for CO, adsorption from the
perspective of interlayer hydrogeneous species, that is
hydroxides and water. Phase pure and charge homogeneous
synthetic fluorohectorite provides a unique template for
studying such interactions as it has no structural hydrogen
incorporated in the 2:1 clay layer structure. For Ni-exchanged
hectorite, an ordered interstratification of chlorite-like layers
and smectite-like layers, we found that the intercalated nickel
hydroxide promotes incorporation of CO, in the clay
interlayers. Our results suggest that the CO, binds to the
[Ni(OH)ys3(H;0) 1 17)037" 7" species, both in the dried and
the hydrated case, and is responsible for swelling in response to
CO,. No incorporation of CO, was found in the smectite-like
layers for the dried case. Furthermore, CO, has limited impact
on the water coordinated to the interlayer cations for the
hydrated case.

In future work, we will perform ion exchange with a variety
of transition metal elements known for their condensation
tendency at slightly elevated pH (>8). As shown in the
literature,”' ™ this will produce condensed chlorite-type
interlayers only and therefore should increase the adsorption
capacity for CO,, rendering Ni-exchanged hectorite techno-
logically competitive to other adsorption materials.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07206.

Supporting INS and PXRDmeasurements of dried Na-
Hec; diffractograms of hydrated Ni-Hec; gravimetric
adsorption measurements on Ni-Hec and Na-Hec;
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and tables of assigned modes for INS (PDF)
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Dried Na-Hec

PXRD

For dried Na-Hec PXRD measurements were carried out at NTNU (Trondheim, Norway)
using an in-house X-ray scattering instrument, attached to a Xenox stationary electron
impact source with a copper anode, producing K, radiation. The scattered intensity was
recorded by a two-dimensional Dectris Pilatus3 R 200K detector. The samples were mounted
in the same high-pressure sample cell®! in contact with a temperature regulated copper plate.
Temperature control was provided by heat cartridges and a circulation bath. The sample
cell was connected to a gas handling system providing vacuum from a rotary vane pump
(10=2 mbar) or pressurized COy of quality 99.9992%. Na-Hec was dried under vacuum at
150 °C for 2h.

In Figure S1 the response of the Bragg reflection for the dried and hydrated Na-Hec
is shown upon CO, exposure. Initially, the (001) Bragg reflection for the dried Na-Hec is
found at ¢ = 0.65 A=, corresponding to a basal spacing of 9.6 £+ 0.1 A, which indicates
complete collapse to 0 WL.52% When exposed to CO, there is no appreciable change in
the pattern. The intensity change is due powder compacting and potentially texture being
increased. This is validated by the 2D diffractograms (Figure S2). No crystalline swelling
was observed for this sample, even under the same conditions as in ref.3%%% with -20 °C and
20 bar of CO,, nor after 13 days of CO, exposure. The samples in the present work are

f S4,S5

different from the ones studied in re both with respect to origin, preparation, charge

and phase purity. This observation is in line with other previous experiment and simulations

on montmorrilonite and hectorite. 5657

INS

For dried Na-Hec (150 °C under dynamic vacuum) (Figure S3) only a low intensity is ob-

served before CO5 exposure, as expected as there is next to no hydrogen left in the sample.
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Figure S1: X-ray diffraction pattern of the (001) Bragg reflection for dried Na-Hec at 300
K for the initial and CO, exposed states. The horizontal line indicates the center of the
reflection.

I and a tiny broad hump

However, the presence of a tiny broad structure around 80 cm™
between 500 and 1000 em ™!, suggests that minor amount of residual water was trapped in
the sample. After exposing dried Na-Hec to 5 bar (Figure S3a and 44 bar CO, (Figure S3b),
only insignificant changes are observed in the spectrum. This is in full agreement with in
situ PXRD data (Figure S1), that showed that CO, does not intercalate in dried Na-Hec,
suggesting that collapsed clay interlayers are incapable of swelling in the response to CO, in

agreement, with simulations. 5

Gravimetric adsorption

COy adsorption measurements were conducted with an IsoOSORP gravimetric sorption ana-
lyzer from Rubotherm. Each sample was prepared by degassing them at 12045 °C overnight

under high vacuum, and was considered as dry when no more mass loss occurred. For each

S-3
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Figure S2: 2D detector image of a) dried NaFHt under vacuum and b) dried NaFHt with
50 bar CO, pressure.

(a) 5 bar (b) 44 bar
0.8 0.8
—Vacuum
——44 bar
0.6 06
S04 To4l
g g
%) (%]
0.2 0.2
0 0
04 04
£ 02 & 0.2
o o 0 o
-0.2 i -0.2 ; i
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
Wavenumber (cm'1) Wavenumber (cm'1)

Figure S3: INS spectra of dried Na-Hec initial state and exposed to a) 5 bar of COy and b)
44 bar of COy with the corresponding difference spectra given below. Loading of CO, was
performed at room temperature, and the spectra were recorded at T < 20 K.

sample two measurements were conducted with equilibration times of 4 h at each pressure
step from high vacuum to 35 bar. The temperature was measured with a Pt-100 temperature
sensor placed directly underneath the sample crucible surrounded by a double walled ther-
mostat controlled by a circulating water bath CC-K6 from Huber. Temperature stability of
the sample was within 22.5 4+ 1 °C. The suspension balance has a resolution of 0.01 mg and

reproducibility < 0.002 % rdg (~0.002 mg). The data for pressure, temperature, and sample

S-4

84



Results

weight were continuously recorded. The measured quantity is the excess adsorbed amount,
which is obtained by correcting for buoyancy of the skeletal volume of the sample material
and the suspended metal parts (including the sample holder). The skeletal volume of the
samples was determined by individual helium isotherms. The buoyancy of the suspended
metal parts was obtained by a blank measurement with COs. The density of helium and
COy for the given pressure and temperature conditions were obtained from the equation of

state data provided by NIST.5®

7%_""|""|""|""|""|""|'-"

09 $04-0-L0-0- - ppath—
5 10 15 20 25 30 35
Pressure (bar)

T TT

Figure S4: Gravimetric CO, adsorption measurements of Na-Hec and Ni-Hec equilibrated
at each pressure step for 4 h.

The gravimetric adsorption measurements were carried out for dehydrated Ni-Hec and
Na-Hec, and is shown in Figure S4. He-isotherms were obtained over the same pressure
range giving a density of 2.35 g/ml and 2.59 g/ml for Ni-Hec and Na-Hec, respectively. This
is somewhat lower than the theoretical density of 2.8 g/ml for Na-Hec,%? and suggest that
some cavities in the sample are inaccessible for He. The result clearly demonstrate that
there is no adsorption within the pressure range for dehydrated Na-Hec, thus confirming the
XRD and INS results of no response to CO,. For Ni-Hec the uptake initiates already at low
pressures and reaches a plateau at around 15 - 20 bar. Finally, at 35 bar an uptake of 6.5
wt.% (1.59 mmol/g) is observed for Ni-Hec. Upon desorption most of the CO, released, and

at the final stage there is still about 0.5 wt.% CQOsy left in the sample. A detailed analysis will
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be presented in a future publication. The observed d-spacing follows closely the gravimetric
uptake, which confirms that the swelling is correlated with sorption. Therefore it is very

unlikely that CO, can adsorb in the interlayer without causing swelling.

1200 T T T
—As prepared
=5 bar after 40 bar
1100
31 000
£
<
> 900
k7]
C
2
= 800
700
600
1.25 1.3 1.35 1.4 1.45 1.5

q (AT

Figure Sh: X-ray diffraction pattern of hydrated Ni-Hec as-prepared at 1 bar, and after
exposure to a maximum of 40 bar and followed by a reduction to 5 bar CO, at 300 K.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) were recorded on Na-Hec and Ni-Hec equilibrated at
43% r.h. in a dessicator with K,COj3 salt solution. Data recorded on a NETZSCH STA F3
449 Jupiter from 25 °C to 900 °C with a heating rate of 10 K/s under N, flow (20 ml/min
purge, 10 ml/min protective).

TGA of hydrated Na-Hec and Ni-Hec is shown in Figure S6. The single decomposition at
110 °C observed in the dm/dT" curves of Na-Hec (Figure S6b) is assigned to a highly uniform
interlayer water population, in agreement with Larsen et al.S?

For Ni-Hec we observe a more complex mass loss in agreement with previous observa-
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tions. 51951 The first at about 100 °C can be identified as the loosely bound interlayer water,
the second at about 160 °C can be related to the strongly bound interlayer water that is co-
ordinated to the Ni** cations. The last signal at about 270 °C is identified as dehydroxilation

of the nickel hydroxide interlayer species.

100
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0.1 T T
b)
0
@
c
3
£2-0.1
&
'—
X
£ -0.2
o
Na-Hec |
D3 —— Ni-Hec

100 200 300 400 500 600
Temperature (°C)

Figure S6: a) TGA and b) dTGA of Na-Hec and Ni-Hec equilibrated at 43% r.h. in a
dessicator with KsCOj salt solution.
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Table S1: An Assignment of the Vibrational Modes Associated with Nickel Hy-
droxide [Ni(OH), g3(H,0); 17]532 " observed using INS for Dried Ni-Hec with Num-

bering given in Figure 5

Feature number Position (cm™!)

Suggested assignment

70

109

165

215

300

400 (broad)
670 (broad)

00 ~1 O U= W N =

810 (broad shoulder)

Ni-(H,0): acoustic
Ni-(OH) acoustic51%513
Ni-(OH)
Ni-(H,0)
Nl—(OH) ( )513 or EgS]Q

Ni-(OH); ( ); Azu, Eg(T), Ay,512513
( H) ( )Sl‘d or QEySIZ
( H) S1

Ay
E,
OH); E,
0 E 2,513

Table S2: An Assignment of the Vibrational Modes observed using INS for
Hydrated Ni-Hec with Numbering given in Figure 5

Feature number Position (cm™!)

Suggested assignment

1 76 (broad)
2 109

3 130

4 165

b) 215

6 237

7 335 (rise)
8 430

9 480

10 510 (rise)
11 575

12 650

13 800

DFT simulations

H,O/Ni-(H,0); acoustic

Ni-(OH); acoustic512513

HQO

Ni-(OH)

Ni-(H-0)

H,O

librational edge cation coordinated HoO
Ni-(OH); Aq,(T)®" or E, 512

H,O

librational edge loosely bound interlayer HoO
H,O

Ni-(OH); E,(R)5" or 2E,5'2

Ni—(OH); EySlZ,Slli

With the computational approach based on the DFT, we evaluated the COy and H,O ad-

sorption energies on the Hee surface (Hec interfaced with the vacuum). Both CO,/Hec and

H»0/Hec systems display low adsorption energies indicating a physisorption interaction with

the clay surface oxygen atoms (see Figure S7). The water molecules exhibit more stable con-

figurations for carbon dioxide due to the hydrogen bonds (see Table S3).

Both molecules
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may adsorb also on the interlayer Ni** cation, resulting in more negative adsorption ener-

gies, especially for the water case. In the confinement context, the COy and H,O insertion

in the Hec interlayer region results in larger d-spacing depending on the molecule kinetic

diameter. The corresponding interaction energies for the most favored adsorption sites and

the resulting d-spacings are shown in Table S3.

Table S3: CO, and H,O Adsorption Energies (eV) and d-spacing for the Most

Favorable Hec Adhesion Site.

Adsorption site

Surface Surface oxygen
Ni%* cation

Interlayer | Ni** cation

d-spacing | Ni** cation

H,O CO,
-0.32  -0.20
-0.99  -0.53
-1.40  -0.81
103 A 11.7A

Surface

Figure S7: Most favorable CO, and H,O adsorption sites on a Hec surface interfaced with

vacuum or under confinement.

We also evaluated the CO, adsorption on the S-Ni(OH), phase (see Figures S8 a-d).

Among the adsorption sites, the COy interacts weakly with the surface OH terminations

S-9
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a) b)

o,
lenra
co,
9
30A YmC
" y-<
Not fuly cocidinated

Figure S8: Side adsorption sites with the CO, interacting with the a) surface OH and b) a
not fully coordinated nickel atom in the 8-Ni(OH)s island. ¢) Our calculations indicate the
proximity of a OH molecule may result in d) the HCO3 molecule adsorbed in the crystalline
phase.

(E,qs between -0.15 to -0.30 eV, see Figure S8 a). However, the scenario changes in the case
where the adsorption site is a not fully coordinated nickel atom in the edge of the crystal
islands, therefore displaying a more negative adsorption energy FE,q=-1.85 eV (Figure S8
b). In this situation, the adsorbed CO, may attract free surrounding OH ions, resulting in
the HCO3 molecule adsorbed on the 8-Ni(OH), phase (see Figures S8 c-d). We stress the
HCOj35 formation from CO,+OH interaction is not a spontaneous process if the molecules are
isolated, but it is favorable when the CO, is firstly adsorbed on that not-fully coordinated

nickel atom. These calculations may indicate the existence of a bicarbonate structure as we

suggest in the main text.

S-10



Results

References

(S1)

(54)

(56)

Jensen, T. R.; Nielsen, T. K.; Filinchuk, Y.; Jorgensen, J.-E.; Cerenius, Y.;
Gray, E. M.; Webb, C. J. Versatile in situ powder X-ray diffraction cells for solid—

gas investigations. Journal of applied crystallography 2010, 43, 1456-1463.

Kalo, H.; Milius, W.; Breu, J. Single crystal structure refinement of one-and two-layer

hydrates of sodium fluorohectorite. Rse Advances 2012, 2, 8452-8459.

Stoter, M.; Kunz, D. A.; Schmidt, M.; Hirsemann, D.; Kalo, H.; Putz, B.; Senker, J.;
Breu, J. Nanoplatelets of sodium hectorite showing aspect ratios of 20 000 and superior

purity. Langmuir 2013, 29, 1280-1285.

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., et al. Intercalation
and retention of carbon dioxide in a smectite clay promoted by interlayer cations.

Scientific reports 2015, 5, 8775.

Hemmen, H.; Rolseth, E. G.; Fonseca, D. M.; Hansen, E. L.; Fossum, J. O
Plivelic, T. S. X-ray studies of carbon dioxide intercalation in Na-fluorohectorite clay

at near-ambient conditions. Langmuir 2012, 28, 1678-1682.

Loganathan, N.; Yazaydin, A. O.; Kirkpatrick, R. J.; Bowers, G. M. Tuning the Hy-
drophobicity of Layer-Structure Silicates To Promote Adsorption of Nonaqueous Flu-
ids: Effects of F—for OH-Substitution on CO2 Partitioning into Smectite Interlayers.

The Journal of Physical Chemistry C' 2019, 123, 4848-4855.

Schaef, H. T.; Loganathan, N.; Bowers, G. M.; Kirkpatrick, R. J.; Yazaydin, A. O;
Burton, S. D.; Hoyt, D. W.; Thanthiriwatte, K. S.; Dixon, D. A.; McGrail, B. P.,
et al. Tipping point for expansion of layered aluminosilicates in weakly polar solvents:

supercritical CO2. ACS applied materials € interfaces 2017, 9, 36783-36791.

S-11

91



Results

92

(S8)

(59)

(S10)

(S11)

(S12)

(S13)

Lemmon, E. W.; McLinden, M. O.; Friend, D. G. Thermophysical Properties of Fluid
Systems; Retrieved June 22, 2020; NIST Standard Reference Database Number 69.

Larsen, S. R.; Michels, L.; dos Santos, E. C.; Berg, M. C.; Gates, W. P.; Aldridge, L. P.;
Seydel, T.; Ollivier, J.; Telling, M. T.; Fossum, J. O., et al. Physicochemical charac-
terisation of fluorohectorite: Water dynamics and nanocarrier properties. Microporous

and Mesoporous Materials 2020, 306, 110512.

Altoé, M. A. S.; Michels, L.; dos Santos, E.; Droppa Jr, R.; Grassi, G.; Ribeiro, L.;
Knudsen, K.; Bordallo, H. N.; Fossum, J. O.; da Silva, G. J. Continuous water adsorp-
tion states promoted by Ni2+ confined in a synthetic smectite. Applied Clay Science

2016, 123, 83-91.

Loch, P.; Hunvik, K. W.; Puchtler, F.; Weiss, S.; Roren, P. M.; Rudic, S.; Knud-
sen, K. D.; Bordallo, H. N.; Fossum, J. O.; Breu, J. Nickel Intercalated Smectites

capable for CO2 swelling. To be submitted

Bantignies, J.; Deabate, S.; Righi, A.; Rols, S.; Hermet, P.; Sauvajol, J.; Henn, F.
New insight into the vibrational behavior of nickel hydroxide and oxyhydroxide using
inelastic neutron scattering, far/mid-infrared and Raman spectroscopies. The Journal

of Physical Chemistry C 2008, 112, 2193-2201.

Baddour-Hadjean, R.; Fillaux, F.; Tomkinson, J. Proton dynamics in 8Ni (OH) 2 and
BNiOOH. Physica B: Condensed Matter 1995, 213, 637-639.



Results

6.3. Delamination of layered zeolites into aqueous dispersions of
nanosheets

Patrick Loch?, Dominik Schuchardt,2 Gerardo Algara-Siller,”¢ Paul Markus,? Katharina

Ottermann,? Sabine Rosenfeldt,2 Thomas Lunkenbein,? Wilhelm Schwieger? Georg

Papastavrou? and Josef Breu®*

Nematic suspension of a microporous layered silicate obtained by forceless
spontaneous delamination via repulsive osmotic swelling for casting high-bar-
rier all Inorganic Films

Published in: Science Advances 2022, 8, eabn9084.

Reproduced under the terms of the CC-BY-NC 4.0 license.

\\-\
B — S > \\ \
i) N \\\ = \\. = —
e —_—
o

N

@ Bavarian Polymer Institute and Department of Chemistry, University of Bayreuth, UniversitatsstralBe 30, D-95447 Bayreuth,
Germany

b Department of Inorganic Chemistry, Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Ger-
many

¢ Institute of Physics & IRIS Adlershof, Humboldt-Universitat zu Berlin, D-12489 Berlin, Germany

4 Institute of Chemical Reaction Engineering, Friedrich-Alexander University Erlangen-Niirnberg, Egerlandstrale 3, 91058
Erlangen, Germany

* Corresponding author

Individual Contribution:

The concept of this publication was developed by Prof. J. Breu and me. Prof. J. Breu
and | wrote the manuscript. | designed the experiments, synthesized the materials and
did most of the characterization. G. Algara-Siller, S. Rosenfeldt and D. Schuchardt
commented on the manuscript. G. Algara-Siller and T. Lunkenbein performed the elec-
tron diffraction analysis. D. Schuchardt helped with SAXS measurements, film casting
and gas permeation tests. P. Markus, K. Ottermann and Prof. G. Papastavrou con-
ducted AFM imaging. S. Rosenfeldt helped with SAXS measurements and fitted the
SAXS data. Prof. W. Schwieger helped with the llerite synthesis. All authors contrib-
uted to scientific discussion. Parts of this publication were provided for a patent appli-

cation.

My contribution to the publication is approx. 75 %

93



Results

6.3.1. Nematic suspension of a microporous layered silicate obtained by

94

forceless spontaneous delamination via repulsive osmotic swell-

ing for casting high-barrier all Inorganic Films

SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Nematic suspension of a microporous layered silicate
obtained by forceless spontaneous delamination via
repulsive osmotic swelling for casting high-barrier

all-inorganic films

Patrick Loch', Dominik Schuchardt', Gerardo Algara-Siller’3, Paul Markus’,
Katharina Ottermann', Sabine Rosenfeldt', Thomas Lunkenbein? Wilhelm Schwieger?,

Georg Papastavrou', Josef Breu'*

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NQ).

Exploiting the full potential of layered materials for a broad range of applications requires delamination into
functional nanosheets. Delamination via repulsive osmotic swelling is driven by thermodynamics and represents
the most gentle route to obtain nematic liquid crystals consisting exclusively of single-layer nanosheets. This
mechanism was, however, long limited to very few compounds, including 2:1-type clay minerals, layered titanates,
or niobates. Despite the great potential of zeolites and their microporous layered counterparts, nanosheet pro-
duction is challenging and troublesome, and published procedures implied the use of some shearing forces. Here,
we present a scalable, eco-friendly, and utter delamination of the microporous layered silicate ilerite into single-layer
nanosheets that extends repulsive delamination to the class of layered zeolites. As the sheet diameter is preserved,
nematic suspensions with cofacial nanosheets of ~9000 aspect ratio are obtained that can be cast into oriented

films, e.g., for barrier applications.

INTRODUCTION
Layered or two-dimensional (2D) materials represent a versatile tool
with a variety of properties. The pronounced anisotropy in bonding
strength of layered solids like graphite (1), clay minerals (2), transi-
tion metal dichalcogenides (3), lepidocrite-type titanates (4), perovskite-
type niobates (5, 6), or NaFeO,-typ cathode materials (7) leads to a
platy morphology and, in many cases, to intracrystalline reactivity.
The latter is frequently taken advantage of to increase the basal spacing
and thus weaken the adhesion between layers. This then sets the
stage for liquid-phase exfoliation by ultrasonic (US) treatment, which
nowadays is established as the standard approach to produce nanosheets
that are applied in a plethora of applications (8-10). Some applica-
tions like the formation of heterostructures (17), permselective micro-
porous membranes (12), textured (barrier) films, or composites (13)
require a uniform nanosheet thickness and a large aspect ratio (ratio
of nanosheet diameter to thickness). US treatment clearly does not
offer this degree of control as it inevitably leads to broad distribu-
tion of thicknesses and platelet breakage, thus the maximum aspect
ratio inherent to the pristine platelet diameter will not be achieved (8, 9).
Contrary to brute-force liquid-phase exfoliation, nanosheets of
some charged layered materials may alternatively be obtained by
thermodynamically allowed delamination via so-called repulsive
osmotic swelling [see (14) for a definition of exfoliation versus de-
lamination]. This was, however, long limited to a handful of layered
compounds such as titanates (15, 16), niobates (5, 6), antimonates
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(17), manganese oxides (18), tungsten oxides (19), and clay minerals
(20, 21). The process resembles the dissolution of ionic crystals while
being limited to one dimension because of the anisotropic bonding
situation. In summary, osmotic swelling requires separation above
a certain threshold value where entropic contributions of interlayer
species convert the initial adhesion into repulsion. While this repul-
sive swelling is rare, many cases are known where solvation of pristine
or exchanged interlayer cations leads to so-called crystalline swell-
ing. In this swelling regime, uptake of solvent resembles a first-order
phase transition and is limited to distinct values even in excess of
swelling agent because the interaction of adjacent layers remains
attractive (21). Although crystalline swelling weakens the adhesion
in the ionic crystal, exfoliation is not a spontaneous process and
requires external (shearing) forces. Exfoliation gives a broad distri-
bution of multilayers aside of monolayers and because of the forces
applied bears the risk of breaking platelets and thus reducing the
aspect ratio. The ultimate defining signature for repulsive swelling
is the formation of a liquid crystalline, nematic suspension of nano-
sheets, which is indicated by the presence of sharp reflections in its
X-ray scattering patterns at small scattering angles, corresponding to
large periodicities (22). The occurrence of a homogeneous and single
liquid crystalline phase critically depends on the complete, thermo-
dynamically driven delamination of the pristine crystallites in the solvent.

If the pristine platelets have appreciable diameters, even dilute
suspensions obtained by repulsive osmotic swelling will not be iso-
tropic. Rather, nematic liquid crystalline phases are formed because
the rotation of nanosheets, which are separated to large distances
(>10 nm) by swelling at low concentrations, is hindered (21, 23, 24).
As no mechanical input is required for repulsive osmotic swelling,
the process is most gentle and preserves the lateral extension of the
parent crystal in the nanosheets, and hence, the aspect ratio is max-
imized. For (synthetic) clay minerals, spontaneous delamination into
high-aspect ratio nanosheets has recently been extended to high—charge
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density vermiculite-type materials, and it was realized that bulky
interlayer cations induce separation above the threshold separation
distances and trigger delamination (23, 25).

Compared to clay minerals, layered zeolites carry reactive silanol
groups at the microporous basal surface, which renders zeolite nanosheets
highly attractive for fabricating functional films and membranes (26-29).
RUB-15 nanosheets, for example, were exfoliated by shear forces in
a polymer melt and then used to cast into thin permselective mem-
branes for hydrogen separation with a Hy/CO, selectivity of up to
100 (12). Alternatively, MCM-22P was already exfoliated following
ion exchange with tetrapropylammonium hydroxide in water. The
monolayer yield was 15 to 20%, and typical aspect ratios of ~20 were
observed (30). More recently, by ion exchange with tetrabutylammonium
hydroxide (TBAOH) of MCM-56 and ZSM-55, aqueous dispersions
of nanosheets were obtained with 40 and 70% yield, respectively,
and typical aspect ratios of <200. Films of zeolite nanosheets could
be casted following this approach (27, 31).

Here, we present a scalable, eco-friendly, and utter delamination
of ilerite (RUB-18) into nanosheets by repulsive osmotic swelling
(Fig. 1A). As ilerite can easily be crystalized in quadratic plates of
>6 um diameter, upon its gentle delamination, nanosheets with ex-
ceptional aspect ratios (=9000) are obtained. As a first example of
its application potential, all-inorganic high-barrier films were fabri-
cated by simply doctor-blading the nematic suspension.

RESULTS AND DISCUSSION

To trigger osmotic swelling, adjacent layers in a layered ionic crystal
need to be separated by incorporation of solvent to a certain thresh-
old value (21, 23). At this stage, the translational entropy of the inter-
layer species (solvent and interlayer cations) becomes dominating
over the electrostatic attraction of the negatively charged layers, and
the interlayer cations and adjacent layers in the crystal repel each
other. The threshold separation may be achieved only through the
solvation enthalpy of interlayer cations, as is the case with clay minerals
of low charge density like hectorite (32). For higher charge density,
the threshold separation may still be achieved by supplementing hy-
dration forces with a steric pressure exerted by bulky interlayer cat-
ions (20, 23). The steric pressure arises once the equivalent area of
the interlayer cation exceeds the charge density of the underlying
anionic layer. While, for 2:1-type clay minerals like montmorillonite
or hectorite, this charge density is permanent and independent of
pH, for compounds like layered titanates (33, 34) or zeolites (35, 36),
acidic OH groups are exposed at the basal surfaces and thus the charge
density will alter with pH. For ilerite (Nag[Si3,064(OH)s]-32 H,0),
only half of the acidic protons are replaced by Na* during crystallization.
These interlayer cations can be readily exchanged by a hydrophilic and
sterically demanding cationic amino sugar N-methyl-D-glucamonium
(meglumine). As the organocation is a base, the charge density is modified
concomitantly with the ion exchange.

Tlerite is a 2D microporous silica-based material with a layered
structure built from [5"] cages resembling the building units of zeo-
lites. While each layer has a polar structure, the stacking is centro-
symmetric. The layer charge originates from half of terminal silanol
bonds being deprotonated at the pH of synthesis (pH 13) and is
balanced by chains of edge sharing [Na(H,0)s] octahedra in the in-
terlayer space (37). The single layer exhibits a network of four- and
six-membered rings, making ilerite nanosheets potentially interesting
for the fabrication of permselective hydrogen membranes (Fig. 1B).

Loch et al., Sci. Adv. 8, eabn9084 (2022) 18 May 2022

Ilerite grows as characteristic square-shaped platelets (Fig. 1C) with
appreciable lateral extension (>6 pm).

Contrary to common layered zeolites [e.g., MFI (29), MCM-56
(38), or MCM-22 (39)], the synthesis of the microporous layered
silicate ilerite requires no structural directing agent and can be per-
formed under mild conditions (40-42). Phase-pure ilerite was ob-
tained in a water-based sol-gel route by the simple mixing of NaOH
pellets with H,O and a colloidal SiO, dispersion in a defined molar
ratio (Na,O:5i0,:H,O ratio of 1:4:37) followed by annealing (4 weeks)
at 100°C in a closed vessel. Upscaling of layered sodium silicates, in
general, is straightforward and has been established in industry
(Chemiekombinat Bitterfeld, CWK Bad Késtritz, and Hoechst AG).
The moderate synthesis temperature of 100°C requires no high-
pressure autoclaves; rather, the synthesis can be conducted in low-
cost, closed, glassy carbon crucibles or stainless steel vessels. Phase
purity of the synthesized ilerite was checked with powder X-ray dif-
fraction (PXRD; Fig. 1D). The PXRD pattern could be completely
indexed in space group I4,/amd (no. 141), indicating phase purity,
and refinement of lattice parameters yielded a = b = 7.333(3) A and
¢=4431(4) A in accordance with Vortman et al. (37). The particle size
was determined with static light scattering, resulting in a narrow
particle size distribution and a median particle size of 6.7 pm (fig. S1).

As previously mentioned, quantitative delamination via repulsive
delamination requires cation exchange with a bulky organocation
like meglumine. The ternary amine is a strong base, allowing the
exchange to be performed at high pH where the zeolite is perfectly
stable and the base is still protonated. Simple ion exchange of inter-
layer Na" of the as-synthesized material with an aqueous solution of
meglumine at pH 9 and subsequent reduction of the ionic strength
gave nematic dispersions of ilerite monolayers (Fig. 1A).

In a typical procedure, the synthesized ilerite was repeatedly
treated with a 1 M solution of meglumine in water to ensure a com-
plete ion exchange of interlayer Na* with meglumine to obtain
meglu-ilerite. The pH of the meglumine solution was adjusted to 9
by addition of HCL. Upon ion exchange, the basal spacing increased
from 11.0 to approximately 14.9 A (fig. $2). Ton exchange was com-
plete and no residual interlayer Na* could be detected by energy-
dispersive X-ray (EDX) spectroscopy (table S1). CHN analysis
confirmed the intercalation of meglumine and was also used to cal-
culate the amount of intercalated meglumine. Meglu-ilerite was found
to contain 2.16 mmol/g of the organocation, which is notable less
than the Na® content of the pristine ilerite (2.83 mmol/g). This
indicates that, as expected at the lower pH of ion exchange, some
silanol groups get protonated, resulting in a lowering of the charge
density of the silicate layers. Nevertheless, the remaining charge
density of meglu-ilerite is still high enough to generate steric pres-
sure to assist expansion of the interlayer space beyond the threshold
separation, as clarified when considering the charge equivalent areas.
Meglumine has an equivalent area of 77 A? per charge, which is
larger than the charge density of the ilerite at pH 9 of 70 A? per
charge (for details of the calculation, see the Supplementary Materials).
Neither the pristine ilerite nor other hydrophilic organocations like
TBAOH, 2-ammonium-2-(hydroxymethyl)-1,3-propanediol,
cyclohexylammonium, piperidine, 2-ammonium-3-(1H-imidazol-4-yl)
propanoic acid (histidine), 2-(trimethylammonium)ethyl methacrylate,
or 4-(dimethylammonium)pyridine allow for osmotic swelling be-
cause the hydration enthalpy is too low and the equivalent areas
(table S2) are too small to take the basal spacing beyond the thresh-
old separation.
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Fig. 1. Characterization and delamination of ilerite into nanosheets. (A) Schematic illustration of the delamination process by cation exchange of interlayer Na*
against a bulky organocation meglumine and subsequent reduction of the ionic strength triggering osmotic swelling. (B) Structure of ilerite nanosheets. (C) Scanning
electron microscopy (SEM) images of the pristine ilerite. Inset: The selected area of the structure. (D) Completely indexed PXRD pattern of ilerite indicating a phase pure
material. Ticks indicate the theoretical reflections of ilerite. a.u., arbitrary units. (E) Nematic phase with characteristic birefringes formed upon delamination into nanosheets
(0.5 volume %). (F) SAXS pattern proving complete delamination. Observed swelling upon addition of water to a highly concentrated gel with a solid content of 7.04 wt
% (A) to 3.47 wt % (B), 2.81 wt % (C), 1.67 wt % (D), and 1.42 wt % (E), respectively. The corresponding d-spacings of 10.6, 18.0, 21.5, 28.5, and 30.0 nm, respectively, were
obtained applying a simplified disc model. (G) Only single ilerite nanosheets could be found in the AFM with a characteristic square shape of the parent compound.

Because repulsive osmotic delamination is based on electrostatic
repulsion, which is screened in ionic backgrounds, it tolerates only
low ionic strengths (typically <0.02 M) (21). The ionic background
was therefore lowered by repeated washing/centrifugation cycles or
alternatively by dialysis. Both eventually triggered delamination of
meglu-ilerite, and birefringent, nematic, aqueous suspensions con-
sisting of zeolite-like silica-based monolayers could be obtained
(Fig. 1E). Please note that, during washing/centrifugation, no
coarse-grained, not delaminated material was discarded. The single-
phase nature of the liquid crystal can easily be inspected by eye via
a homogeneous birefringent appearance of the suspensions. The
nanosheets in the nematic domains are separated to large distances,
which are determined by the solid content of the suspensions. The
separation of single nanosheets in a concentrated gel of 7.04 weight
% (wt %) was determined by small-angle X-ray scattering (SAXS).
Because of strong electrostatic repulsion, the negatively charged ile-
rite nanosheets adopt a cofacial arrangement (21, 24) leading to a
rational 00 I series in the SAXS pattern with a periodicity of 10.6 nm

Loch et al., Sci. Adv. 8, eabn9084 (2022) 18 May 2022

(Fig. 1F). The separation of 10.6 nm was obtained by fitting the scat-
tering curve with a simplified disc model (for details, see fig. $3).
Moreover, the observed g~ scaling of the scattering intensity is typical
for thin, platy scattering objects (21). The lack of basal reflections in
the range of 1° to 10° 26, where ilerite and meglu-ilerite basal reflec-
tions would be expected, indicates complete delamination into
monolayers (fig. $4).

Upon dilution of the highly concentrated gel, a continuous shift
to lower g values was observed, indicating an increasing separation
of the layers (Fig. 1F). The shift in the d-spacing from 10.7 to 30.0 nm
corroborates the delamination mechanism that is based on repulsive
osmotic swelling, because additional water is used to increase the distance
between adjacent layers, minimizing the repulsive interactions of the
negatively charged zeolite layers (15, 25). While, for the highly concen-
trated gel, an intense 00 [ series is clearly visible, the intensity decreases
after further dilution. As previously observed for hectorite suspensions,
upon increasing the separation distance, the thin and flexible nanosheets
gradually loose the coplanarity by local undulations, etc. (21).
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Quantitative conversion into high—aspect ratio monolayers was
further confirmed with atomic force microscopy (AFM). For imaging,
a highly diluted aqueous dispersion of ilerite was drop-casted on an
ammonium modified Si wafer. For a single layer of ilerite, a height
of 0.74 nm was calculated on the basis of the crystal structure of the
parent compound. Because delaminated meglu-ilerite nanosheets
have bulky, hydrated meglumine attached at the external surfaces,
the height of 1.5 nm observed in AFM (fig. S5) is in good agreement
with expectations and in line with the basal spacing of meglu-ilerite
(Fig. 1G). Meglumine is slightly elliptical with an estimated diameter
of 0.7 to 0.8 nm, adding to the nanosheet thickness of 0.74 nm. The
nanosheet height of 1.5 nm observed with AFM (fig. S5) would
therefore indicate a meglumine monolayer to be adsorbed only on
the upper basal surface. On closer inspection of the AFM image,
rectangular, nanoscopic holes become apparent. It is unclear whether
they are inherited from defects in the pristine ilerite or whether they
are etched into the nanosheets during the delamination. In any case,
these represent pinholes that are expected to be detrimental to the
barrier performance, as discussed later. Figure 1G and fig. S5 reveal
another interesting feature: While crystalline ilerite is centrosymmetric,
individual ilerite single-layer nanosheets have a polar structure
meaning that the two basal surfaces are different. Ilerite nanosheets
thus represent patchy platelets and consequently tend to roll up at
the edges when cast on a planar support. This behavior tends to make
preparation of AFM samples difficult and requires positively charged
groups to be attached to the substrate surface by silylation.

To confirm the integrity of the structure of the ilerite monolayers,
the nanosheets (fig. S6) were characterized with electron diffraction
(ED) analysis. The experimentally observed diffraction pattern is in
good agreement with simulated patterns of a single-layer ilerite,
showing reflections at d-spacings of 7.32 and 5.18 A [i.e., (100) and
(110)]. These reflections are systematically absent in the ED pattern
of the 3D bulk material (Fig. 2) because of the centrosymmetric
stacking. Comparison of the ED pattern of a single-layer and a few-
layer-thick bulk material, obtained by increasing the concentration,
proves the sensitivity of ED to detect incomplete delamination or
restacking. In particular, as the layer stacking in the bulk ilerite is
centrosymmetric, reflection conditions imposed by the center of sym-
metry (i.e., hkO: h,k = 2n) are lifted for a single-layer nanosheet and
reflections like 110 are observed (Fig. 2D). While the ED pattern of

AllB @0
llerite

a single ilerite layer shows only discrete reflections, higher concen-
tration of ilerite suspensions lead to a turbostratic restacking of
monolayers resulting in an overlay of misoriented diffraction
patterns from single layers, corroborating the successful delamina-
tion (fig. S7, A to C).

The obtained nanosheets are purely electrostatically stabilized
without any steric contribution. Small molecular counter cations on
the surface of the nanosheets can be easily replaced. Meglumine de-
sorbs, for example, upon deposition of the nanosheets on the posi-
tively charged Si wafer from the bottom side of the surface. Moreover,
because of the gentle delamination driven by thermodynamics, the
large particle diameter of the parent ilerite may be transformed into
an exceptional aspect ratio. Assuming the diameter of the parent ile-
rite as determined by light scattering to be preserved, the aspect ratio
can be estimated (32). The height of the bare monolayers as found in
the crystal structure is 0.74 nm, resulting in an estimated aspect ratio
of more than 9000. Given this large aspect ratio, any type of casting
on a planar substrate will inevitably result in textured, monodomain
films with band-like structures formed because of partial overlap of
adjacent nanosheets (Fig. 3A, inset). This renders ilerite most appro-
priate for applications such as barrier coatings. Liquid dispersions of
the layered zeolite can easily be processed into highly oriented thin films
applying common fabrication techniques like filtration, doctor blading,
slot-die, or spray coating. In the following, we exemplify their high value
in the field of barrier coatings. As the barrier improvement factor scales
with the square of the aspect ratio, the gentle nature of repulsive
osmotic delamination assuring maximum aspect ratios is key. The full
potential inherent to the large diameter of the pristine ilerite crystals
can be completely used because nanosheets are seldom broken during
the delamination process.

Defect-free, thin ilerite films were obtained with doctor blading
of a nematic nanosheet dispersion onto polyethylene terephthalate
(PET) substrates (Fig. 3A). The casted film is optically clear, render-
ing it suitable for packaging of optoelectronic devices. EDX mapping
of a film cross section shows the ilerite coating of =1.5 um on the
PET substrate (Fig. 3B and fig. S8). The high stacking order along
the c axis of the nanosheets of the textured films is confirmed in the
PXRD pattern, giving a basal spacing of 13.8 A (Fig. 3C and fig. $9).
Barrier performance of the coating was tested for H,O, O,, and He
gases at a high relative humidity (r.h.) of 75% and 23°C for an ilerite

Fig. 2. ED analysis of ilerite nanosheets. (A) Structure of crystalline ilerite (top) and of a single layer (bottom) each displayed in two different orientations. (B) Simulated
diffraction pattern of 3D crystalline ilerite compared to (C) a simulated diffraction pattern of a single-layer nanosheet of ilerite without Na* counter cations, both viewed
perpendicular to the layer(s). Red circle marks the (200) reflection (i.e., 3.66-A d-spacing) for comparison. (D) Experimental nanobeam ED pattern, with observed reflec-
tions, i.e,, at 7.32 and 5.18 A, corresponding to the reflections (100) and (110) in the simulated pattern of a single-layer ilerite. These reflections are absent with the cen-
trosymmetric stacking of bulk ilerite. Width of diffraction patterns (B to D) is 10.17 nm™" at 200 kV.

Loch et al., Sci. Adv. 8, eabn9084 (2022) 18 May 2022
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Fig. 3. Casting of thin zeolite films. (A) Doctor-bladed thin and clear ilerite film on a PET substrate, formed by overlapping, self-assembled coplanar ilerite nanosheets
as schematically shown in the inset. (B) SEM image of a cross section of the film (1.5-um thickness) with element mapping of Si. (C) Upon self-assembly, a 1D crystalline

monodomain is obtained with a basal spacing of 13.8 A as determined by PXRD.

film dried at 100°C. The water vapor transmission rate was below
the detection limit (<0.05 g m 2 day 1). For O, and He, transmis-
sion rates of 0.017 and 3.1 cm® m™* day™' atm™', respectively, were
observed. Compared to the ilerite-coated substrate, the neat PET sub-
strate shows a water vapor transmission rate of 4.42 g m > day ™' and
O, and He transmission rates of 31.9 and 1740 cm® m day ' atm™'
(below 10% r.h.), respectively, confirming an excellent barrier per-
formance of the inorganic film.

In conclusion, by establishing appropriate conditions for repul-
sive osmotic swelling, an environmentally friendly, water-born, and
scalable process is introduced, producing functional zeolite-like nanosheets
with 100% yield and a huge aspect ratio of =9000. By simple ion ex-
change of the layered parent zeolite-like layered silicate ilerite with an
affordable, bulky amino sugar meglumine, nanosheets can be obtained
quantitatively. The gentle nature of repulsive osmotic swelling pre-
serves the lateral extensions of the parent crystal, as well as the crystal
structure of single layers. Microporous, high-aspect ratio nanosheets
are obtained that carry silanol groups on the basal surface allowing for
further functionalization in future work. This makes ilerite nanosheets
a highly promising material for various applications ranging from gas
barrier applications to materials for permselective hydrogen membranes.

The process of repulsive osmotic swelling should generally work
for charged layered compounds. Onset of repulsive osmotic swell-
ing is triggered by the contribution of interlayer species to transla-
tional entropy and requires the interlayer gallery to be enlarged
beyond a sufficient threshold. In most cases, solvation enthalpy is
not sufficient to achieve this but needs to be supplemented by steric
stress exerted by bulky interlayer cations. As layered zeolites carry
acidic groups on the basal surfaces, the charge density is, however,
dependent on the pH of the dispersion medium. The lower the pH,
the lower the charge density will be and the bulkier the interlayer
cation has to be to exert internal pressure. If amines are applied as
interlayer cations, then the pH moreover is coupled to the pKg value. As

Loch et al., Sci. Adv. 8, eabn9084 (2022) 18 May 2022

zeolites have a stability window in respect to low and high pH, identi-
fication of appropriate conditions for repulsive delamination might,
in practice, turn out to be troublesome and require adjustment for
every zeolite candidate. Last, materials to be delaminated must be
truly 2D. Intergrown or self-intercalated structures will not work.

MATERIALS AND METHODS

Synthesis methods

Synthesis of ilerite

Ilerite was synthesized by applying a published procedure (40, 41).
Briefly, NaOH pellets (=98%, Sigma- Aldrich) were dissolved in de-
ionized water and added to colloidal SiO; (30 wt %, Kostrosol 1030 KD)
under vigorous stirring, giving a molar Na,O:SiO2:H,O ratio of 1:4:37.
Typically, 99.85-g NaOH pellets (=98%, Sigma Aldrich) were dissolved
in 131.95-g deionized water and then added to 1000-g colloidal SiO».
The layered zeolite was obtained after synthesis under hydrothermal
conditions at 100°C for 4 weeks in a closed crucible. Tlerite was obtained in
the form of a gel, washed with deionized water, and lastly dried in air.
Preparation of the colloidal dispersion

For preparation of the colloidal dispersion, ilerite was treated with
an aqueous solution of meglumine (N-methyl-D-glucamine, >99.0%,
Sigma-Aldrich). Before the treatment, meglumine was dissolved in
deionized water, titrated to a pH of approximately 9 using HCI
(32 wt %), and dissolved with purified water to yield a 1 M solution.
Typically, 500 mg of the dried ilerite was suspended in 40 ml of a
1 M solution of meglumine, corresponding to a 28-fold excess of the
cation exchange capacity (theoretically 284 meq/100 g). This treat-
ment was repeated five times. The treated ilerite was separated from
the liquid by centrifugation (10,000g, 10 min), and the supernatant
solution was discarded and replaced by fresh 1 M solution of meglumine.
Separation during the washing was performed by centrifugation
(12,000g, 30 min). The obtained treated ilerite was washed with
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deionized water to reduce the ionic strength, allowing the delami-
nation into a delaminated layered zeolite dispersion as a gel.
Preparation of zeolite thin films

A layered zeolite dispersion, prepared as described above, was diluted
to a concentration of approximately 2 wt %. Thin films of layered
zeolite nanosheets were prepared by doctor blading on a PET foil
using an automated device (Zehntner ZAA 2300, Zehntner GmbH
Testing Instruments, Switzerland), followed by drying at 100°C in air.

Characterization

Powder X-ray diffraction

PXRD patterns were recorded in sealed glass capillaries on a STOE
Stadi P powder diffractometer equipped with a MYTHENIK de-
tector using Cu K, radiation (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.

Small-angle X-ray scattering

SAXS data of the gels were measured using a “Double Ganesha
AIR” (SAXSLAB, Denmark). The X-ray source of this laboratory-
based system is a rotating copper anode (MicroMax 007HF, Rigaku
Corporation, Japan) providing a microfocused beam. The data were
recorded by a position sensitive detector (PILATUS 300 K, Dectris).
Samples of the treated layered zeolite were prepared by washing the
meglumine-treated ilerite with a diluted aqueous solution of me-
glumine (0.05 M, pH 9) three times. The swelling experiment was
conducted upon addition of a defined amount of ultrapure water to
the highly concentrated gel. SAXS pattern is recorded after equili-
bration for 1 day in 1-mm glass capillaries. The circularly averaged
data are normalized to incident beam, sample thickness, and mea-
surement time. Background subtraction was performed by using
the SAXS pattern of a water-filled capillary. Fitting of the scattering
curve was performed by using the program scatter (version 2.5).
Atomic force microscopy

AFM was performed on a Bruker Dimension Icon, equipped with a
NanoScope V controller. A ScanAsyst-Air silicon nitride tip (Bruker)
was used in PeakForce mode. Samples were prepared by dropping a
dilute aqueous dispersion (5 mg/liter) in Millipore water onto sili-
con wafers. The silicon wafers were cleaned with a snow jet, silylated
with 3-(ethoxydimethylsilyl)propylamine via gas phase overnight
and rinsed with ultrapure water prior application of the samples.
The images were analyzed with a NanoScope Analysis 1.8 software.
Transmission electron microscopy

The samples for the electron microscopic characterization were
prepared by dissolution in water, mixed thoroughly, and deposited
on holey-carbon gold grids (Quantifoil Au 1.2-1.3). The prepared
samples were then characterized in a transmission electron micro-
scope (TEM) Titan 80-300 operated at 200 kV. The model structure
of ilerite (37) was delaminated manually using the VESTA software
(43). ED simulation was made using the software ReciPro taking
kinematical and excitation error for intensity calculation.
Scanning electron microscopy and EDX spectroscopy

Scanning electron microscope images were recorded on a Zeiss
1530. Completeness of the ion exchange was checked with EDX on
a Zeiss 1530 equipped with an EDX INCA 400 unit (Oxford) and a
detection limit of 1 atomic %.

CHN analysis

An Elementar Unicode equipped with a combustion tube filled with
tungsten (VI) oxide granules was used at a combustion temperature

Loch et al., Sci. Adv. 8, eabn9084 (2022) 18 May 2022

of 1050°C. Before the measurement, the delaminated gel of ilerite
was freeze-dried, followed by drying at 80°C.

Gas permeation test

Oxygen transmission rates were determined applying a Mocon
OX-TRAN 2/21 M10x instrument with a lower detection limit of
0.0005 cm® m™> day"' atm™'. A mixture of 95% N, and 5% H, was
used as carrier gas, and pure O, (>99.95%, Linde Sauerstoff 3.5) was
used as permeate gas. The measurement was conducted at 23°C and
75% r.h. Water vapor transmission rates were measured on a
Mocon PERMATRAN-W Model 3/33 with a lower detection limit
of 0.05 g m™ day " at 23°C and 75% r.h. Helium transmission rates
were measured applying the pressure difference method with a gas
transmission tester of Brugger Feinmechanik GmbH and a measure-
ment limit of 0.5 cm® m™ day " atm ™.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9084
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Fig. S1. Particle size distribution of as synthesized Ilerite, determined with static light
scattering (SLS).
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Fig. S2. Powder X-ray diffraction pattern of textured samples of as synthesized
Ilerite (black) and meglu-Ilerite (red), dried over night at 80°C.
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Table S1: EDX analysis of meglu-Ilerite to confirm completeness of Na*-exchange.

Point O (atom%) Na (atom%) Si (atom%)
1 63.6 0.0 23.6
2 53.8 0.0 39.4
3 57.9 0.0 35.2
4 50.8 0.0 40.4
5 54.2 0.0 39.5

104



Calculation of equivalent area at pH 9:

The charge equivalent area of Ilerite was calculated, using the carbon content determined with
CHN-analysis. At pH 9 of the exchange solution, 18.2 wt% carbon was found for dried me-
glu-Ilerite. The carbon content was converted into the CEC (cation exchange capacity) in mmol/g
using the molar mass of carbon (12.011 g/mol), the number of carbon atoms in meglumine (n = 7),
and the mass of dried meglu-Ilerite used for CHN-analysis (m = 1.86 mg):

wt% carbon
CECmeguu-ierive = n-12.011 g/mol - 100

This gives a CEC for intercalated meglumine of 2.16 mmol/g. For pristine Ilerite with a well-known
chemical composition and crystal structure, a CEC of 2.83 mmol/g and a charge equivalent Aferite
area of 54 A%/charge can be found, calculated from the unit cell and composition of Ilerite. Using
the known parameter of pristine Ilerite, the charge equivalent area of meglu-Ilerite Ameglu-tlerite can
be calculated:

A _ CECmeglu—llerite A
meglu—Ilerite = CEC " Ajerite
Ilerite

This results in a charge equivalent area for meglu-Ilerite at pH 9 of 70 A%charge, which is higher

compared to pristine Ilerite.
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Table S2: Charge equivalent areas of selected organo cations.

Organo cation Aorgano cation (A%/charge)
tetrabutylammonium hydroxide (TBAOH) 90
2-ammonium-2-(hydroxymethyl)-1,3-propanediol (TRIS) 37
cyclohexylammonium 40
piperidine 34
2-(trimethylammonium)ethyl methacrylate (TMAEMA) 60
4-(dimethylammeonium)pyridine (DMAP) 47
meglumine 77
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D =7000 nm

Fig. S3. Fitting model used to calculate the basal spacing d from the SAXS pattern,
assuming a layer thickness of 1 nm and a nanosheet diameter of 7000 nm.
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Fig. S4. PXRD pattern in transmission mode of a highly concentrated nanosheet dis-
persion.
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Fig. S5. AFM overview of delaminated Ilerite nanosheets. Overview of a large area
showing only single Ilerite nanosheets of 1.5 nm thickness. The histogram below provides

a bimodal Gaussian distribution with two distinct heights and the resulting thickness of the
nanosheets is highlighted.
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Fig. S6. TEM image of the single layer on a holey carbon mesh. (A) Original image
showing the spot where the single layer is located. Due to the very low contrast of a single
layer Ilerite nanosheet on top of the holey carbon mesh the area marked by a white rectangle
in the original image was cropped and the contrast was enhanced to be able to visualize the
nanosheet (B). The dashed circle marks the approximate size of nanobeam applied to obtain

the electron diffraction pattern shown in Fig. 2D.



Fig. S7. Electron diffraction analysis of turbostratic restacked Ilerite nanosheets. (A)
Electron diffraction patterns of turbostratic stacked single layer Ilerite of 5 different stacking
orientations and (B) of 2 stacked layers misoriented by 41.4 degrees. Marked reflections in
(A) correspond to a d-spacing of 3.6 A, while marked reflections in (B) correspond to a d-
spacing of 7.3 A (C) TEM image of stacked single layers. Contrast increment makes the

disordered layer-by-layer stacking of single layers visible.
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Fig. S8. SEM cross section of a casted Ilerite film.
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Fig. S9. PXRD pattern of casted ordered 1D crystalline Ilerite films. Doctor bladed of

Ilerite nanosheets results in a 1D crystalline monodomain Ilerite film with a 00! series and

a basal spacing of 13.8 A. The asterix marks the reflection of the PET substrate.
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Abstract. A colored platy substratc with appreciable aspect ratio can
improve the hiding power while extending the color range of pearl-
escent pigments. One of the oldest synthetic pigments, Egyptian blue,
possesses a layered structure and a platy morphology, making it a
promising colored substrate for pearlescent pigments, which derives
its blue color from Cu'. Unfortunately, existing synthesis routes are

cither not technically benign or lack the natural platy morphology.
Here, we introduce a new synthesis route starting with large, squarc-
shaped platelets of a synthetic layered sodium silicate (NaRUB-18). As
evidenced by Rietveld refinement and scanning electron microscopy,
NaRUB-18 can be converted with conservation of this attractive mor-
phology (pscudomorphosis) into Egyptian blue.

Introduction

Pearlescent pigments draw their attractiveness from a com-
bination of lustrous appearance and color, leading to their
widespread application ranging from automotive paints to cos-
metics. The colors originate from interference of a strongly
refractive coating on top of a weakly refractive layered sub-
strate. The aspect ratio of the platy substrate is responsible for
the texture, which is essential for the pearlescent effect and the
glossy appearance.!!! The accessible color range is limited and
may be extended by applying colorants on top of the coating,
which, however, reduces the pearlescent effect. Colored sub-
strates, in particular bright blue platelets, represent a techni-
cally interesting alternative and are therefore highly sought af-
ter. Thus, this work focuses on a particular platy pigment and
not on blue pigments as Cu phthalocyanine in general.

One of the first synthetic blue pigments, Egyptian blue, has
been fabricated in Egypt as early as in 3600 B.C.."”! The struc-
ture of Egyptian blue (CaCuSi O,() has been solved by Pabst
in 195931 and was later refined using neutron scattering.!*! The
structure consists of corner sharing SizO,q rings, which in turn

* Prof. Dr. J. Breu
E-Mail: Josel.Breu@uni-bayreuth.de
[a] Bavarian Polymer Institute and Department of Chemistry
University of Bayreuth
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95440 Bayreuth, Germany
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are connected to corrugated layers (Figure 1B). Cu'' resides in
a square-planar coordination provided by non-bridging oxygen
atoms of the SiO, tetrahedra and is responsible for the blue
color. The silicate layers carry a negative charge, which is
compensated by Ca'' in the interlayer space.*# The layered
structure is reflected in a platy morphology with atomically
flat surfaces, rendering Egyptian blue a potentially interesting
colored substrate for pearlescent pigments.!®!

Figure 1. Comparison of NaRUB-18 layers (A) with SiO, tetrahedra
building a layered structure formed by channels formed with [5%]
cages, linked through a four-membered ring, whereas the Egyptian
blue layers (B) shows corrugated layers of corner shared SiO,-tetrahe-
dra, Cu™ is located in square-planar coordination, formed by unsatu-
rated Si-O bonds.
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Aside of the pigment issue, Egyptian blue has recently at-
tracted interest for its strong NIR luminescence,”! which has
potential as luminescence marker in tissue!*! or as fingerprint
dusting powder.!®! The physical properties of exfoliated mono-
layers of Egyptian blue were explored in detail by density
functional calculations.'”!

As indicated by its pre-industrial invention in Egypt, the
synthesis of Egyptian blue is simple and only requires control
of stoichiometry and heat for mass transport. The Egyptians
applied a salt-flux procedure at temperatures of 800-900 °C
providing large (typically 60 pm), platy single crystals,!?438]
The only commercial product (Kremer Pigmente GmbH) still
follows this ancient route. The saline waste water incurring
with this production route, however, result in a price of
> 2000 $ per kg. Classical solid state synthesis on the other
hand needs higher temperatures (ca. 1000 °C) and provides
only microcrystalline material being inadequate for pearlescent
pigments.*?! Hydrothermal synthesis requires harsh condi-
tions and yields only spherulitic aggregates, which are also
useless for pearlescent pigments.''?!

The biggest obstacle in obtaining morphologies appropriate
for pearlescent pigments via a technically benign synthesis is
the reduction sensitivity of Cu'. At ambient oxygen fugacity
and at thermodynamic equilibrium (Figure S1, Supporting In-
formation) Cu™ is reduced to Cu! at 1150 °C. This is close too
close to the melting point (1045 °C), to allow crystal growth
from the melt, which would offer sufficient crystal growth ki-
netics. The partial pressure of O, therefore has to be increased
to > 5 bar.

Herein we present the fabrication of large platy crystals of
Egyptian blue at 1000 °C by a pseudomorphosis after
NaRUB-18, a long known phyllosilicate.!'!!

Results and Discussion

Crystalline layered sodium silicates like Kanemite, Magadi-
ite, and NaRUB-18 are known for some time.!''! The conver-
sion of these two-dimensional (2D) silicates into 3D zeolites
has been intensively explored.['?! For some of them, a conver-
sion via topotactic reaction has been suggested.'!2126:120.12il
Of the above mentioned phyllosilicates, NaRUB-18!'3!
(Nag[Si3»064(OH)g]:32H,0) possess a O:Si-ratio of 2.25,
which among the above mentioned compounds is most similar
to the ratio of 2.5 found in Egyptian blue.

Most pleasing, applying a mild published sol-gel route (90—
130 °C), phase pure (Figure 1) large platelets (median 6.7 pum,
Figure 3C) with appreciable aspect ratio (> 20) of NaRUB-18
could be obtained.!"*! The powder X-ray diffraction (PXRD,
Figure 2A) could be completely indexed in space group /4,/
amd (no. 141) and lattice parameters [a = b = 7.333(3) A and
¢ =4431(4) Al in good agreement with literature data could
be refined.!"?!

The structure of NaRUB-18 (Figure 1A) has been solved by
Vortman et al. and is built from [5*] cages connected to lay-
ers.!'3! Charge balance is accomplished by chains of edge shar-
ing [Na(H,O),] octahedra in the interlayer space. Individual
silicate layers are polar but are stacked in a centrosymmetric

relative Intensity / a.u.

10 20 30

40

Figure 2. PXRD Pattern of the as synthesized NaRUB-18 (A), ticks
indicate the ideal position of the theoretical reflections obtained from
simulation using the crystal data from Voriman et al."'?! and representa-
tive SEM images of the synthesized particles of NaRUB-18 (B) and
CuRUB-18 after Cu'" exchange (C).

fashion, which has been suggested to reduce strain and al-
lowing for an extended lateral growth. The Q*Q* ratio of
NaRUB-18 is | with half of the terminal Si-O groups being
protonated. In contrast to NaRUB-18, Egyptian blue is com-
pletely condensed and contains only symmetrically equivalent
Q3X tetrahedra. Clearly, the two structures of NaRUB-18 and
Egyptian blue have little in common but the 2D nature. Al-
though both structures are comprised by “Einerdoppelketten”
running along the 5 axis, the connectivity is quite different.
The conversion of NaRUB-18 to Egyptian blue not only re-
quires adjustments in composition and thus diffusion of atoms,
but also reconstructions in the silicate framework to provide
the coordination sites for Cu''. These changes are expected to
come along with correspondingly high activation energies. The
conversion of NaRUB-18 to Egyptian blue was nevertheless
attempted.

To adjust the composition of NaRUB-18 to that of Egyptian
blue, first NaRUB-18 was ion exchanged with Cu-acetate until
free of Na* as evidenced by energy dispersive X-ray spec-
troscopy (EDX). Due to the high basicity of the unsaturated
Si-O-bonds in the RUB-18 layers with a pK, value of 9.5,/*3!
part of the interlayer Na* might actually be replaced by protons
upon the ion exchange with Cu-acetate (pH = 5.3). This ion
exchange is prerequisite for the conversion to Egyptian blue.
If omitted a black glass is obtained upon heating instead of
Egyptian blue.

The PXRD pattern of CuRUB-18 (not shown) could be in-
dexed in space group 74,212 (no. 92), which has been sug-
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gested for CaRUB-18,!"! with lattice parameters of a = b =
7.363(8) A and ¢ = 29.88(5) A. The considerable shift in the
basal spacing is due to different degrees of solvation. For in-
stance, for CaRUB-18, u-HRUB-18 and B-HRUB-18 basal
spacings of 36.81, 29.76, and 26.0 A were reported respec-
tively.'®! As expected, no morphological changes were ob-
served upon ion exchange (Figure 1C).
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Figure 3. Rietveld refinement of the synthesized Egyptian blue (A),
the refinement shows a good agreement between the observed and
calculated pattern, — marks the observed pattern, o the profile of the
Rietveld-fit, and A the difference plot between calculated and observed
pattern. (B) Transformed diffuse reflectance spectrum of the commer-
cial Egyptian blue from Kremer Pigmente GmbH (black) in compari-
son with synthesized Egyptian blue. The lower color strength of the
synthesized material is shown in the optical microscope images. (C)
SLS measurements of the as synthesized NaRUB-18 (black) in com-
parison with the synthesized Egyptian blue (blue), the inset shows a
representative SEM image ol the synthesized Egyptian blue particles.
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With Cu:Si ratios of 1:8 and 1:4, respectively, the total ex-
change capacity of NaRUB-18 is sub-stoichiometric in respect
to Cu-content for Egyptian blue. To make up for the missing
amounts of Cu" and Ca", needed to match the stoichiometry
of Egyptian blue (Ca:Cu:Si = 1:1:4), ground CaCO; and the
powder of CuRUB-18 were suspended in the corresponding
volume of aqueous solution of CuSO, (0.1 m). Upon evapora-
tion of the solvent a gel is formed.

When heating the gel at 900 °C no formation of Egyptian
blue could be observed. Heating the gel at 1000 °C overnight,
however, gave a complete conversion of CuRUB-18 to Egyp-
tian blue as evidenced by PXRD. To safely avoid reduction of
Cu'"! to Cu', annealing was done in pure oxygen atmosphere.

Aside of Egyptian blue, the PXRD pattern of the raw prod-
uct showed traces of cupric oxide, which could not be removed
by additional annealing cycles (Figure S2, Supporting Infor-
mation). For whatever reason, a complete and stoichiometric
incorporation of Cu! proved impossible. Accessory cupric ox-
ide, however, can easily be removed post synthesis by washing
with concentrated hydrochloric acid.

The Rietveld refinement of the purified Egyptian blue
showed a good agreement of calculated and observed diffrac-
tion pattern (Figure 3A). Crystallographic data and details of
the refinement are listed in Table 1 and Table 2. Unit cell and
structural parameters were in good agreement with literature
data (see Tables S1 and S2, Supporting Information).!*! Unfor-
tunately, attempting to refine the occupation factors for the Cu
and Ca sites, did not lead to convergence.

Table 1. Crystallographic data of the synthesized Egyptian blue re-
sulting from Rietveld refinement.

Egyptian blue

Formula CaCuSi 0o
MW /g'mol™' 375.96
Crystal system tetragonal
Space group Pd/nce
a=b/A 7.3025(4)
c/A 15.131(3)
a=f=y/° 920
z 4
VA3 806.917(9)
plgem™ 3.09473(4)
T/K 295
R, 0.0269
Ry 0.0403
Rexp 0.0080
Bragg 0.0206

The Cu content of the purified Egyptian blue was therefore
determined by atomic absorption spectroscopy and was found
to be 1.69 mmol-g~!, which is significantly lower than the con-
tent of 2.26 mmol-g™! for the commercial material of Kremer
Pigmente GmbH. The latter is still lower than what is expected
from the ideal composition of Egyptian blue (CaCuSi Oy,
2.66 mmol-g™").

The optical spectrum of the synthesized material corre-
sponds to the spectrum of the commercial material (Fig-
ure 3B). Diffuse reflectance spectra, measured with an Ulbricht
sphere, were transformed into absorption spectra applying the
Kubelka-Munk equation.'”! Both spectra showed the charac-
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Table 2. Fractional atomic coordinates in space group P4/ncc obtained from Rietveld refinement.

Atom Wyckoff Position x/a y/b zc

Ca 4b 1/4 3/4 0

Cu 4c 1/4 1/4 0.08191(5)
Si 16g 0.50375(12) 0.92666(12) 0.14741(7)
Ol 8t 0.4616(2) 0.9616(2) 1/4

02 16g 0.7089(2) 0.0009(2) 0.12786(11)
03 16g 0.3568(2) 0.0054(2) 0.08455(10)

teristic d-d transitions for a square planar ligand field of Cu'l,
The transitions around 540, 630, and 800 nm can be assigned
to the ?B;,-?A,,. *B;,’E,. and ?B,,-’B,, transitions, respec-
tively.!>>'®) Although the used sample holder does not assure a
defined thickness and thus does not allow a quantitative in-
terpretation of the absorbance, it was obvious that the commer-
cial material showed a higher absorption than the synthesized
material. Although color saturation is influenced by particle
size and scattering, the more intense blue color of the commer-
cial Egyptian blue as compared to the pale blue of the synthe-
sized sample (Figure 3B inset) most likely is due to the lower
absorbance, which in turn is related to the lower Cu'" content.

Fortunately, and despite the required reconstruction of the
silicate network, the morphology of NaRUB-18 was by large
conserved upon conversion to Egyptian blue. SLS and SEM
images indicate that particle size distribution and morphology
of starting material and product are similar (compare Fig-
ure 2B and Figure 3C inset). Given the extended heat treatment
at 1000 °C, the partial agglomeration and the rounding of crys-
tal edges is not surprising. The pseudomorphosis of Egyptian
blue after CuRUB-18 delivers rectangular shaped platelets of
Egyptian blue with appreciable aspect ratio. The surface, how-
ever, appears rougher as compared to NaRUB-18.

Conclusions

Controlling the morphology is the key for pearlescent pig-
ments. In particular, when the synthesis temperature is limited
by reduction sensitivity like with Egyptian blue that owes its
color to square planar Cu", classical solid state synthesis routes
may prove inappropriate. In these cases, pseudomorphosis may
be an option. In particular, since as shown here, it allows both
changes in composition and reconstructive phase transitions
while providing apparent “crystal growth” kinetics much faster
than for classical routes to the same product. At the same time,
the desired morphology is inherited from the starting material.
Following such a pseudomorphosis route we were able to fab-
ricate large square rectangular platelets of Egyptian blue in two
steps starting with a layered silicate, NaRUB-18.

Experimental Section

Synthesis of Egyptian Blue: In a first step, NaRUB-18 was synthe-
sized applying a published procedure.!'*! In brief, NaOH pellets
(= 98%, Sigma Aldrich) were dissolved in deionized water and then
added to colloidal SiO, (30 wt.-%, Kostrosol 1030 KD) under vigorous
stirring, giving a molar Na,0:SiO,:H,O-ratio of 1:4:37. NaRUB-18
was obtained after synthesis at 100 °C for 4 weeks. Next a cation

exchange of sodium against Cu" with Cu-acetate (p.a., Griising 0.2 M,
10 fold excess of the CEC, 3 times) was carried out and the resulting
CuRUB-18 was dried at 45 °C. Residues of sodium could be excluded
by energy dispersive X-ray spectroscopy (EDX) using an EDX INCA
400 unit (Oxford). For the synthesis of Egyptian blue, typically,
348.4 mg grounded CaCO; (99 %, Suprapur) and 1.5 g of the synthe-
sized CuRUB-18 powder were dispersed in 17.40 mL of an aqueous
CuSO0, solution (0.1 M, Griising) under vigorous stirring to match the
nominal composition of Egyptian blue (Ca:Cu:Si of 1:1:4). Evapora-
tion of the dispersion (115 °C) yielded a gel, which was transferred to
a corundum crucible. The final synthesis was conducted for 16 h under
purc oxygen at 1000 °C and the resulting Egyptian bluc was washed
once with HCI (32 %, Griising).

Powder X-ray Diffraction: Powder X-ray diflraction (PXRD) pat-
terns were recorded in sealed glass capillaries on a STOE Stadi P
powder diffractometer equipped with a MYTHENIK detector using
Cu-K,,, radiation (1.54056 A). Rietveld refinement was done starting
with a published structural model*! applying TOPAS Academic!'*! and
a fundamental parameters approach for describing the peak profiles.!*!

Scanning Electron Microscopy and Energy Dispersive X-ray Spec-
troscopy: Scanning electron microscope (SEM) images were recorded
on a Zeiss 1530.

UV/Vis-Spectroscopy: The diffuse reflectance UV/Vis spectra were
measured using a Varian Cary 5000 UV/Vis/NIR-Spectrophotometer
(Agilent) with attached Diffuse Reflectance Accessory between 250
and 900 nm. The obtained reflectance spectra were (ransformed into
an absorption spectrum with the Kubelka-Munk function.!'” Teflon
was used as a white standard.

Atom Absorption Spectroscopy: The copper content of the final
product has been determined with atom absorption spectroscopy.
About 20 mg of the samples were weighted into clean Teflon-flasks of
15 mL volume. After addition of 1.5 mL 30 wt % HCI1 (Merck), 0.5 mL
of 85 wt% H;PO, (Merck), 0.5 mL of 65% HNO; (Merck) and | mL
of 48 %HBF, (Merck), the samples 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, the clear
solution was diluted to 100 mL in a volumetric flask and analyzed on
a Varian AA100-spectrometer.

Static Light Scattering: The particle size has been determined with
static light scattering (SLS) in a flow cell setup on a Retsch LA-950
(Horiba) assuming a refractive index of 1.5 in a preinstalled measure-
ment routine.

Supporting Information (sce footnote on the first page of this article):
Phase barogram of CuO-Cu20-system, PXRD patterns of Egyptian
blue, crystallographic data and fractional atom coordinates obtained
[rom neutron scattering.
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Figure S1. Phase-barogram showing the temperature depending oxygen fugacity of the system

CuO-Cuz0. The oxygen fugacity (log (2_:) =A —g with A = ’:z‘;(;; and B = ?i‘;g - [K]) were calculated

using selected thermodynamic data of reference [1].
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Figure S2. PXRD patterns after different annealing cycles at 1000°C in comparison with the theoretical
diffraction pattern, calculated with WinXPOW using single crystal data from literaturel?. Ticks indicate
the accessory CuO phase.
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Table S1. Crystallographic data from Rietveld refinement using neutron scattering.®!

Egyptian blue

Formula CaCuSisO1o
MW [g-mol”] 375.96
Crystal system tetragonal
Space group P4/ncc
a=b/A 7.3017(3)
c/A 15.1303(6)
a=B=y/° 90
z 4
V/[AY 806.66(9)
p/gem?® 3.095
T/K 295
Rp 0.0448
Rup 0.0515
Rexp 0.0453

Table S2. Fractional atomic coordinates in space group P4/ncc obtained from Rietveld refinement
using neutron scattering.®l

Atom Wyckoff Position x/a y/b z/lc
Ca 4b 1/4 3/4 0
Cu 4c 1/4 1/4 0.0819(1)
Si 169 0.5036(3) 0.9267(2) 0.1475(1)
o1 8f 0.4608(2) 0.9608 1/4
02 169 0.7076(2) 1.0025(2) 0.1268(1)
03 169 0.3533(2) 0.0068(2) 0.0821(1)
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