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Abstract

Abstract

The following work presents the successful application of mechanochemical methods
in the synthesis of framework materials, namely zeolites and sodium carboxylate co-
ordination polymers. Common benefits of employing mechanical forces to aid and cause
chemical reactions are typically decreased reaction times, lower amounts or avoidance

of solvents, and highly efficient reactions, leading to overall more sustainable processes.

A mechanochemically aided hydrolysis protocol for the second step of the ADOR
(Assembly-Disassembly-Organisation-Reassembly) process was devised using zeolites
with UTL framework as parent material. In contrast to conventional disassembly, which
relies on the reaction occurring in solution at elevated temperatures, the use of a rotary
ball mill allows for significant reduction of employed liquids (water or hydrochloric
acid) and completion can be achieved on much shorter time scales. This reaction setup
minimises waste production and requires lower energy input. Obtained intermediate
zeolite phases can be reassembled into known daughter zeolites with *PCS, OKO, and
PCR frameworks. The developed protocol and its low volumetric requirements for the
hydrolytic reagent are not only beneficial from a purely synthetic point of view but could
be applied successfully in the enrichment of product zeolite phases with the NMR active
isotope '70. Such enrichment procedures are typically time and energy consuming as
well as carrying a high financial burden due to the low natural abundance of this isotope,

which necessitates enrichment procedures in the first place.

Several of the more complex zeolite frameworks are only obtainable as germanosilic-
ate variant, suffering from the comparatively high cost of germanium reagents compared
to silicon or aluminium analogues. In an attempt to extend the scope of the solvent-free
route for zeolite synthesis, mechanochemical treatment of starting materials prior to
the crystallisation reaction was performed, targeting four different frameworks. Re-
producing literature reports, zeolites with ITH structure could be obtained. Further,
materials with UOV structure were targeted, but instead yielding structurally related
BEC zeolites. Synthesis of UTL was so far unsuccessful, but experiments additionally
using seed crystals of the desired phase showed some preliminary success. Finally, pure
silica and germanosilicate materials with ISV framework were synthesised for the first

time using a solvent-free approach.

Sodium carboxylates, members of the class of framework materials called coordina-

tion polymers, are promising candidates for organic-based anodes of sodium ion batteries,

VII



Abstract

but face difficulties in large scale production. A mechanochemical synthesis route for
sodium carboxylates using several, chemically varied organic carboxylic acids and the
environmentally benign sodium acetate as source for the alkali metal, has been deve-
loped to alleviate most of these concerns. Produced materials show electrochemical
performance on par with compounds obtained through conventional solution-based
synthesis, with improved reaction conditions, avoidance of solvent and thus reduced

waste.
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Chapter 1 1.1 Mechanochemistry - the green chemistry solution

1.1 Mechanochemistry - the green chemistry solution

A big challenge in modern chemistry is the economical and ecological impact of current
chemical technologies and processes, especially in an industrial setting. This concerns
efficiency of synthesis techniques as well as waste management and sustainability of

processes as a whole.

Today’s chemistry is overwhelmingly conducted in the solution state, where chem-
ical reagents are dissolved in an appropriate solvent and reacted with each other, often
employing a heating source to increase reaction rates. The product of such a transform-
ation is typically washed with more solvent to remove unreacted starting materials or
by-products and obtain a purified material. This is a proven and tremendously successful
way to produce almost all types of useful compounds and is thus utilised in all branches of
chemistry, be it organic or inorganic, biochemistry, or materials science. However, when
looking at this approach from an efficiency point of view it often performs rather poorly.
Large amounts of solvent are required which are often difficult to recycle and need to
be disposed of appropriately. In order to drive reactions towards the desired product,
one of the reagents may also be used in excess, thus eventually becoming waste too.
Additionally, many reactions are performed in solvents which are considered hazardous
and harmful, especially chlorinated chemicals like dichloromethane or chloroform, but

also diethyl ether, which is unsafe due to its high volatility.

In an effort to improve standard reaction conditions and induce a change of thinking
towards increased awareness about above described issues, the idea of “green chemistry”
was born. Early proponents are P.T. Anastas and J.C. Warner, who can be credited with
laying out the fundamental 12 principles of green chemistry in their book published in the
year 2000.! They describe good practices and important areas for improvement to further
current technologies and processes. Each of the twelve points targets a different topic,
some of which can be easily implemented, whereas others may necessitate a more radical
paradigm shift in how to conduct chemical reactions.? A recent overview of progress on

green chemistry is given by Anastas’ group.?

One of the technologies that has emerged as a potent solution to take on the chal-
lenges set out by the green chemistry principles is mechanochemistry. Mechanochemical
procedures are typically solid-state reactions only requiring a minute amount of liquid if
any at all. They are mostly stoichiometric reactions, where no or only a small amount of

the starting materials remains after the reaction has concluded. Often, these reactions



1.1 Mechanochemistry — the green chemistry solution Chapter 1

are also faster compared to a solution-based counterpart. The relevance of mechano-
chemistry as “green” alternative in synthetic chemistry has been highlighted in recent
literature®* and a dedicated assessment has been conducted by Ardila-Fierro et al. They
concluded that this general methodology is well suited to complement existing sustain-
able technologies and is thought to be able to help make the chemical industry more

economical.’

Utilising mechanical forces to induce chemical transformations can be dated back to
the 1800s, where M. Faraday reported on the chemical reaction involving silver halides
and zinc and M. Carey Lea investigated the difference between thermal and mechanical
energy input in the reaction of silver and mercury chloride.%’ The first occurrence of the
term “mechanochemistry” was published soon after, being used by Ostwald in the early
20'" century.® Dedicated use of mechanical forces seemingly disappeared for the following
decades from the academic literature in chemistry. In contrast, the effects of mechanical
treatments were widely used and studied in metallurgy and ore processing. Further
investigations of underlying principles in chemistry were continued from research groups
in Russia and Germany in the 1950s. Slowly, mechanochemical methods were employed
in other areas of chemistry, producing metal alloys and oxides, but also probing the
possibilities in organic chemistry. Finally, in the 21% century mechanochemistry has
spread into many different areas and continues to grow, evidenced by a large number of
publications throughout chemistry. A comprehensive account of the historical progress

of mechanochemistry is given by Takacs in recent reviews.”>1°

Mechanochemistry can be performed using mortar and pestle but is more often con-
ducted in mills, more specifically ball mills. Using such dedicated instruments enables
comparison between different laboratories. Synthesis parameters such as frequency,
rotation speed, and employed milling media can be unequivocally established and allow
for greater reproducibility. One of the most important implications is that the general
design of ball mills is usually scalable and as such, novel procedures developed on a
small scale are translatable to plant scale in a rather straight forward way. In addition
to mills, larger scale mechanochemical reactions can also be realised using extrusion
techniques which are well established in fields like polymer chemistry and food chem-
istry. Especially twin screw extrusion is a commonly used technique!! which is now also

applied in pharmaceutical and material processing on an industrial scale.!?"14

The seemingly universal applicability of mechanochemistry as a synthetic tool is evid-

enced by a great number of publications in a variety of different areas of chemistry. The
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last years have seen comprehensive reviews of these studies in organic'® and main group
chemistry,'® medicinal chemistry,!” and materials chemistry.'3>} Despite the possibly
intuitive assumption that a reaction under the influence of strong mechanical forces may
inevitably lead only to dense products, even porous materials are obtainable.?*2° This
has seen particular success in the field of coordination polymers,*® specifically metal-
organic frameworks (MOFs),?’-3° the related zeolitic imidazolate frameworks (ZIFs)?!
and covalent organic frameworks (COFs).3? Likewise, application of mechanochemical
methods in zeolite science has been shown to enable interesting new pathways towards

a desired material.333*

1.2 Zeolites

One of the most important types of materials in the current chemical industry are zeolites.
These microporous, silicate-based materials are built from tetrahedral TO, units (T = Si,
Al, Ge, ...), which are connected by corner sharing oxygen atoms. Using only this small
primary building unit gives a lot of freedom for combination in 3D space, leading to a
large number of possible structures. Some of these are found in nature, whereas most of
the currently known structures have been made synthetically in laboratories. In today’s
chemical industry, zeolites play a vital role due to their beneficial properties of high
available surface area and porosity, thermal stability and variety in chemical composition.
They are used as catalysts in petrochemistry as well as fine chemical production, gas

storage and separation, and ion-exchange materials, to name but a few applications.3>#!

1.2.1 Historical overview

The following section gives a brief summary of key steps in the history of zeolite science.
Further details on this topic can be found in various excellent papers such as the review
by Cundy and Cox,*? or the account by Masters and Maschmeyer.*?

Zeolites were originally described by Axel F. Cronstedt, a Swedish mineralogist of
the 18" century.** He had found a mineral known as stilbite, which released water steam
upon heating, leading to their name which derives from the Greek words for heating or
boiling (Lew, zein) and stone (Adog, lithos). The phenomenon occurs due to the internal
porosity of zeolites, which can store a substantial amount of water. This available void
space inside the otherwise robust solid and the concomitant available high surface are
the main factors for the success of zeolites in chemical applications.

In the 19" century, the first deliberate synthesis of a zeolite was reported by Saint-
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Claire Deville** and reports emerged about gas storage and ion exchange capabilities of
natural zeolites, providing further clues for their structure, composition, and properties.
Finally, a combination of characterisation techniques and crystal structure solutions of

several zeolite frameworks in the first half of the 20" century,*-8

allowed a preliminary
description of zeolites as three-dimensional, porous aluminosilicates comprised of corner-
sharing TO, (T = Si, Al) units. Zeolite structures show pore channels and/or cages in at
least one direction, which are typically filled with water, removable by thermal treatment,
enabling subsequent uptake of other gases or liquids. The trivalent aluminium ions
in the framework are charge balanced with an alkali or earth alkali cation (Na*, K,
Ca**, ...). This knowledge was soon exploited industrially as zeolites were used as water
softeners owing to their function as ion exchange materials, effectively removing the

divalent Ca** and Mg** from water by exchange for monovalent Na* or K* initially

present in the material.

The pioneering work by Barrer in the 1940s can be seen as the birth of modern zeolite
science, owing to his discovery of the first zeolite materials with no natural counterpart,
which he synthesised by dissolving and recrystallising minerals in basic solutions and
at high temperatures.*® These works were complemented in the 1950s by researchers
Milton, Breck, Flanigen, and Rabo working at Union Carbide who contributed to the
field with the synthesis of several new zeolite materials as well as using a gel-based
preparation method using aqueous sodium silicate and aluminate solutions allowing
for lower synthesis temperatures.”® Barrer with his colleague Denny can also be cred-
ited with the first report of a successful synthesis employing tetramethylammonium
hydroxide (TMA-OH) as an organic structure-directing agent (OSDA) in the synthesis
composition.>! This was a revolutionary change in the synthesis methodology, since
now different elemental compositions with higher silicon content as well as previously
unseen pore sizes were available. This is possible due to the larger size of the organic
molecule compared to inorganic cations such as sodium. The increased size per charge
allows for a higher Si/Al ratio in the final zeolite material, ultimately leading to greater
thermal stability of the framework. Using this OSDA approach, Flanigen et al. were later

on able to produce the first pure silica zeolite “silicalite”.>?

During this time, zeolite materials beta and ZSM-5 were discovered, which are among
the most heavily used in industrial processes to this day.>>>* Their application as catalysts
was made possible by introduction of Brensted acid sites at the aluminium locations.

After the successful synthesis, the negative charge in the framework due to the presence
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of aluminium is charge balanced by a cation, for example sodium. Exchanging Na* with
ammonium NH," and subsequently heat treating the zeolite material to remove ammonia
(NH,) results in a proton as the counterion, thus creating an active site for Bronsted acid
catalysis. This tuning of catalytic properties together with designed composition and high
achievable thermal stability led to zeolites becoming the state-of-the-art heterogeneous
catalysts.

Expanding the pool of zeolitic materials, the preparation of the closely related AIPOs
(aluminophosphates) and SAPOs (silicoaluminophosphates) was achieved in the 1980s,
both with frameworks known as aluminosilicates as well as novel types.>>¢ Similarly,
incorporation of other heteroelements such as the trivalent boron and gallium,>”>® or the
tetravalent germanium was accomplished by post-synthetic isomorphous substitution
into pre-existing T atom site as well as by using corresponding reagents directly in the
synthesis.”® Especially the usage of germanium is noteworthy, as it has an additional
structure directing effect, facilitating the formation of small building blocks, which in
turn can lead to novel frameworks with larger pore openings.*

Another important discovery was made around 1990 with the two-dimensional,
layered zeolite phases EU-19%! and perhaps more importantly MCM-22P and the entire
MCM-22 family of zeolites.5275> The layers of these zeolite precursor materials can be
connected to each other by simple heat treatment, forming a conventional 3D framework.
However, for some applications delaminated, individual layers may be preferable due to
the higher available surface area.®®’ Additionally, it is possible to intercalate reagents in
between these layers, granting access to pillared and interlayer expanded zeolite materials
(IEZ) with specific properties such as a designed interlayer space with a desirable pore

size.68-70

1.2.2 Zeolite structures

Zeolites can be defined as open, three-dimensional framework materials built from
tetrahedral, corner sharing [TO,] units (T = Si, Al, Ge, B, ...). Negatively charged
frameworks are balanced by inorganic or organic cations, which are exchangeable and the
void space is filled with an organic compound or water, which is reversibly removable.”*

Zeolite materials are typically described using their framework types, so that several
materials which may have different elemental composition, but share the same, under-
lying structural characteristics and topology can be combined into one group. These

frameworks are idealised versions of an experimentally determined crystal structure of a
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certain type material, typically the first described zeolite exhibiting this specific, unique
framework type. For example, the framework UTL is obtained from the crystal structure
of the material IM-12, reported by Paillaud et al. in 2004.7? The three letters of this frame-
work type code (FTC) are typeset in boldface and are loosely derived from the names of
their respective type materials. Unfortunately, the connection is mostly rather obscure,
as in this case from “Institut Francais du Pétrole and University of Mulhouse-twelve” for
IM-12 (UTL). Two symbols augment the FTCs, a minus symbols indicating interrupted
frameworks such as in —ITV, and an asterisk declaring a disordered framework such as

*CTH.

1.2.21 Building units

Currently, there are 253 unique framework types acknowledged by the IZA and their
crystal structures and other important information are collated in the Database of Zeolite
Structures by the IZA.”! In order to be able to easily but still accurately describe these
structures, the concept of building units can be employed. The primary, smallest building
units are the [TO,] tetrahedra, which can be connected in various ways. Secondary
building units (SBU) are a convenient way of classifying such combinations, consisting
of at least three T atoms. They are used to describe the different zeolite frameworks,
where only one type of SBU is employed to make up the whole structure. This approach
was abandoned more than a decade ago due to the fast growing complexity of new
framework types and the resulting inapplicability of the SBU system. It was superseded
by the composite building unit (CBU) description, essentially a more practical version
of the SBU method, where now no restriction on the number of different units per
framework is imposed. Although this abandons the uniqueness of the definition by
SBUs, it gives more freedom to the researcher to choose the most appropriate way of
highlighting structural features of a material. This makes it also easier to compare
different frameworks with each other. Figure 1.1 shows some common CBUs, which
can be a small, distinct unit such as d4r or dér, or a unit with importance for practical
aspects such as the sod or the even larger Ita cage, which can contain guest molecules.
Another way of describing zeolite frameworks is by using natural tiles, also called
natural building units (NBUs). This approach is unambiguous in the description of a
given framework and is well suited for porous materials. A tile is the space within a
polyhedron and every tile shares each of its faces with one other tile. This means that

the entire space of the framework is filled using this tiling method, without overlap of
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d4r d6r sod

Figure 1.1. Some of the most common CBUs (composite building units) for the description of zeolite
frameworks. T atoms are shown in blue, oxygen atoms are omitted for clarity.
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Figure 1.2. Frameworks of the RHO family of zeolites and tilings of some of its members. Reprinted with
permission from references [73, 74]. Copyright 2017 and 2018 American Chemical Society.

building units. A good example for the applicability of the tiling method is the RHO
family of zeolites, shown in Figure 1.2.

Zeolite ZSM-25 had first been reported at the beginning of the 1980s, although no
structure could be determined at that time. Only with modern electron diffraction
techniques and realising the structural similarity between this material and the known
zeolites Rho (RHO) and paulingite (PAU), could its structure be determined.”> With
this knowledge and looking at the tiles present in these frameworks, further extension
of this family to larger constructs as well as the synthesis of the missing intermediate

between Rho and paulingite could be realised.”*"®

1.2.2.2 Pore systems

Another important way to describe zeolites is using their pore channel system. The pore
size is usually given by its ring size, i.e., how many T atoms are outlining it. The smallest

ring size to be considered a pore is an 8-ring or SMR (8-membered ring), referred to as
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UTL

Figure 1.3. 14MR pores of zeolite frameworks CFI and UTL demonstrating the different possible dimen-
sions for a pore of the same ring size. Silicon atoms are shown in blue, oxygen atoms in red. The distances
are calculated using a van-der-Waals radius for oxygen of 1.35 A.

small pore. 10MR are considered medium sized pores, 12MR large and every size above
as extra-large. The shape of these pores is also important, giving an indication not only
for the size of molecule to enter the zeolite but also their three-dimensional shape. For
example the 14MR pore in zeolite IM-12 (UTL) has dimensions of 7.1 x 9.5 A, whereas
the 14MR in the CFI framework is almost circular with 7.2 x 7.5 A, shown in Figure 1.3.
These values are calculated using the van-der-Waals radius of oxygen (1.35 A) to obtain
values representative of available free space for diffusion of molecules.

These pore channels can occur in different directions in a zeolite framework and
may or may not be interconnected. Depending on the desired application, a certain
pore-system is preferable over another. For example, some processes benefit from a
1D pore system with only one specific type of pore with its size chosen so that only
one type of molecule may pass through at a time. Several catalytic applications on the
other hand favour multidimensional systems, where the diffusion and access to active
sites within the pores is facilitated much more easily. Exemplarily, Figure 1.4 displays
zeolite CHA, which has a three-dimensional pore system. MOR on the other hand,
has two separate 1D pore channels, both along the c direction. Such knowledge about
dimension and direction of pore channels is also of importance when designing materials
for applications such as membranes, where it may be crucial to direct crystal growth in

the appropriate direction.
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CHA

Figure 1.4. Framework of zeolites CHA and MOR shown along each of the three crystallographic axes.
Drawings are produced from the corresponding CIF from the IZA database.”

1.2.2.3 Zeolite framework examples

Of the many possible frameworks, only the most relevant to this thesis are described
in more detail below. A complete and comprehensive definition of these and all other
frameworks can be found at the IZA (International Zeolite Association) database web-

site.”!

1.2.2.3.1 Framework UTL

The framework UTL was determined as structure for germanosilicate zeolites IM-12,
discovered by Paillaud et al.”> and ITQ-15 reported by Corma et al.,”’ both in 2004.
Projections of the structure along each of the unit cell axes are displayed in Figure 1.5.
The zeolite can be described by layers stacked along the a axis, connected by cubic
d4r units. The layers themselves are built from non CBUs, forming chains along the b

axis and connected to each other by their oxygen atoms and one more T atom to form
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Figure 1.5. UTL framework shown along the three unit cell axes and a separate figure depicting the unit
cell contents. Also shown are the two composite building units d4r and non, that make up the framework
(only T atoms shown in blue). T atoms are shown in blue, oxygen atoms in red and T atoms in the d4r CBU
highlighted in green in the single unit cell display. Drawings are produced from the corresponding CIF
from the IZA database.”

the dense layers. The full set of possible CBUs is mor, cas, fer, non, ton, and d4r. The
framework has a 2D pore system, with a 12MR channel along the b axis linked to a
14MR channel along the ¢ axis. As can be seen in Figure 1.5, the two pore channels
connect in the interlayer space and the layers themselves do not contain pores (compare
projection along the a axis). As mentioned, IM-12 is obtained as germanosilicate and the
germanium atoms are preferentially located in T positions in the d4r unit, highlighted in
green in the unit cell depiction.”® This feature has been exploited in the ADOR process

(see section 1.2.3.8) to produce related the frameworks shown below.

1.2.2.3.2 Framework OKO

So far, no zeolite material with OKO framework has been made using traditional solvo-
thermal synthesis, but exploiting the hydrolytic instability of the Ge—O bond, Verheyen
et al. (material COK-14) and Roth et al. (material IPC-2) were able to chemically alter
the layer-connecting species resulting in an overall more condensed zeolite (see sec-
tion 1.2.3.8 below for details).”-8! The difference between this framework and UTL is
the unit connecting the dense layers with each other. Instead of the d4r seen in UTL,
now only a square s4r (single-4-ring) unit (SBU) remains, whereas the layers themselves
are unaltered. This is also reflected in the possible combination of CBUs describing the
OKO framework: mor, cas, fer, non, and ton. Due to the decreased layer distance, the
pore sizes are correspondingly decreased and OKO possesses a 12MR and a 10MR pore

channel.

11
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Figure 1.6. OKO framework shown along the three unit cell axes. T atoms are shown in blue, oxygen
atoms in red. Drawings are produced from the corresponding CIF from the IZA database.”

1.2.2.3.3 Framework PCR

Similarly to the description for OKO, the framework PCR (material IPC-4%') shows the
the same dense layers as UTL. In this case, however, they are only connected by single
oxygen bridges as shown in Figure 1.7. This results in even smaller 10MR and 8MR
pores parallel to the [001] and the [010] planes, respectively. Due to the absence of the
quadratic faces of s4r or d4r units, the possible CBUs to describe the framework change
slightly. Both mor and ton, consisting only of pentagonal faces, are still available, now

complemented by mtt, mso, and the new CBU pcr.

Figure 1.7. PCR framework shown along the three unit cell axes. T atoms are shown in blue, oxygen atoms
in red. Drawings are produced from the corresponding CIF from the IZA database.”

1.2.2.3.4 Framework *PCS
The last member of the UTL derived frameworks to date is ¥*PCS. It shows two different

12
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Figure 1.8. PCS framework shown along the three unit cell axes. T atoms are shown in blue, oxygen atoms
in red. Drawings are produced from the corresponding CIF from the IZA database.”!

connections of the layers, one with s4r units as in OKO and the second one with direct
oxygen linkages as in PCR. As indicated with the prefixed asterisk, *PCS has intrinsic
disorder in its layer stacking. The structural description is performed using an idealised
stacking order, however, no material has been made with this exact layer sequence
and the type material for this framework is the disordered zeolite IPC-6.3? The strictly
alternating layer connectivity between OKO and PCR linkages shown in Figure 1.8
serves as an example to show the possible pore channels. As can be assumed from
comparison with the related frameworks above, two types of separated 2D pore systems
exist in this framework. d4r linkages results in 122MR and 10MR pores, whereas oxygen
connected layers show 10MR and 8MR pore channels. Due to the lack of intralayer

porosity no passage is possible from one system into the other.

1.2.2.3.5 Framework ITH

The framework ITH is an example where several known materials exhibit this framework
type. The type material is ITQ-13, a pure silica zeolite discovered by Corma’s group.®
The same structure can be obtained using a different synthesis route yielding IM-7,34
as germanosilicate,3 or aluminogermanosilicate,3 amongst others. This structure has
three pores along each of the unit cell axes (9MR, 10MR, and 10MR along a, b, and
¢, respectively), which are linked to form a 3D pore system. Once more, d4r units are

present in this framework as well, but in this case they are located in all three dimensions.

13
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Figure 1.9. ITH framework shown along the three unit cell axes. T atoms are shown in blue, oxygen atoms
in red. Drawings are produced from the corresponding CIF from the IZA database.”!

1.2.3 Zeolite synthesis

Since zeolites occur naturally, the development of synthetic methods to reproduce these
crystalline materials started with understanding the geological formation of the porous
minerals.?” Deposits rich in zeolite phases are mostly found in volcanic areas and in
basins of former alkaline lakes. As such, it is by now accepted that these phases form in
alkaline environments with typical pH values around 9-10. The basic conditions allow
for dissolution of silicon and aluminium containing rock, enabling recrystallisation
into a zeolite phase. Important factors for these reactions are also the temperature and
pressure exerted onto the system. As described in section 1.2.2, zeolites are porous
materials, thus, pressure has a profound impact on the structure of resulting phases.
The nature and concentration of present alkali and earth alkali metal ions is also crucial
and may favour one zeolite phases over another. This also hints at one of the biggest
issues with zeolite formation, whether it being natural or synthetic, which is phase purity.
Only rarely are samples found or made which contain only one single phase. One of the
reasons is that during zeolite formation, one phase may act as precursor for another one
and so several different zeolites may be present in a given sample. They are also often
accompanied by impurity phases of dense crystalline solids like quartz or cristobalite as
well as amorphous (alumino-)silicate glasses.

As described in section 1.2.1, the first synthetic zeolites were obtained by mimicking
conditions in nature, using high temperatures and pressures to transform minerals into
porous zeolites. Improvement was achieved by using prepared aqueous solutions of

dissolved aluminosilicates, enabling employment of milder conditions around 100 °C
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and requiring only autogenous pressure. This general synthesis method is referred to
as hydrothermal synthesis. Knowledge obtained from these initial studies was com-
plemented and adapted over the years and a general mechanism for the crystallisation
of zeolite phases can be discerned.?®%° A typical zeolite synthesis requires silica and
alumina sources, as well as water, and organic and inorganic structure directing agents.
The following sections provide a general introduction for the mechanism and influential
parameters for hydrothermal synthesis of zeolites, by far the most widely used technique.
Most of these topics are also applicable to alternative synthesis methods, the intricacies
of which will be highlighted below. Practical aspects of hydrothermal synthesis and

other synthetic methods are outlined in chapter 3.

1.2.3.1 Hydrothermal synthesis mechanism

Hydrothermal synthesis of zeolites is based on sol-gel chemistry, where reagents are
dissolved in water and initially form a meta-stable, typically amorphous, loosely con-
nected network of small building blocks which can eventually be transformed into a
zeolite phase.?>° The smallest unit is the previously mentioned [TO,] unit (T = Si, Ge,
Al, ...). In order for the employed T atom containing chemicals (section 1.2.3.2) to react,
they require dissolution by hydrolysis which is facilitated using mineralising agents
(section 1.2.3.3). Typically, this is achieved under basic conditions, in the presence of
hydroxyl ions (Equation 1). The formation of reactive intermediates in Equation 2 is
followed by a condensation to produce the desired connectivity between monomeric

species, shown in Equation 3 and Equation 4.°1:92

0,T-0-TO; + 20H™ == 20,T-0" + H,0 [1]
0,T-OH + OH" = 0,T-0" + H,0 [2]
0,T-0" + HO—TO; == O,T-0-TO; + OH" [3]
0,T—OH + HO-TO; = O,T-0-TO, + H,0 [4]

The primary building blocks (monomeric unit) connect to form small oligomeric
units, whose size and shape depend on parameters like nature of the T atom (Si, Al, Ge,
...), time, temperature, pH, and the presence of inorganic or organic additives in the
mixture, all of which also dictate the rate of the above mentioned reactions. It is crucial
to ensure homogeneity in the reaction system until all reagents have been added. This is

especially true for reactions containing comparatively low amounts of water where the
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mixture quickly transforms into a rigid gel. After the addition of chemicals has been
completed, an ageing period may be required where now the formation of a stable gel
may even be intended. This step can occur at room temperature but may also take place
at elevated temperatures, depending on the targeted zeolite phase and is conducted to
facilitate phase purity in most cases. The crystallisation of the zeolite then requires
heating of the mixture at temperatures between 100-200 °C and typically autogenous
pressure which is facilitated by using sealed autoclaves. The reaction times can vary
a lot, taking only hours for some of the more stable and kinetically favoured phases
but may also take up to weeks or even months. The important factors are the time it
takes for nucleation to start, which is then followed by the crystal growth stage. During
the induction period, the initially amorphous sol or gel transforms into a secondary
amorphous phase, which shows some degree of ordering, albeit not yet a crystalline phase.
From this point onwards, as soon as distinct nucleation commences, the amorphous
material is gradually used up and a zeolite crystal grows. It is important to keep in mind
that most zeolite phases are not the overall favoured thermodynamic product of these
reactions and are considered meta-stable phases. This means that often very specific
combinations of reaction mixture, time, and temperature are necessary to obtain the

desired, pure material.

1.2.3.2 Choice of reagents

For a successful synthesis, suitable reagents containing the desired T atoms are re-
quired. Typical silicon sources include fumed, precipitated, and colloidal silica as SiO,
or alkoxysilanes, most notably TEOS (tetraethoxysilane or tetraethyl orthosilicate). De-
pending on the targeted zeolite phase one reagent may be preferable over another. TEOS
is considered free of contamination by other, potentially interfering T atom elements,
however, requires breakdown of the alkoxy groups into silica intermediates and ethanol.
The produced ethanol should also be removed entirely, sometimes requiring prolonged
periods of stirring or even slightly elevated temperatures. Both treatments, however,
may already have an influence on the mechanism by ageing processes and formation
of specific oligomeric species or even beginning crystallisation of kinetically favoured
phases (see section 1.2.3.1). Precipitated silica is probably the easiest reagent in terms
of practical handling, but typically suffers from poor solubility due to a broad particle
size range including comparatively large particles which may resist complete dissolution

and can remain an amorphous impurity. Fumed silica on the other hand consists of
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appreciably small particles, which has a main drawback of posing a safety hazard and
requiring appropriate PPE for the researchers such as dust masks. Finally, alkali silicate
solutions (mostly sodium silicate) are also a convenient silicon source, however, poten-
tially require lowering the pH value as too high concentration of OH™ can result in failure
of zeolite synthesis due to enhanced solubility of the silica species or crystallisation of
only dense phases. Aluminium sources must be considered similarly, but sometimes the
additional reagent remedies a drawback of a silica source. For example lowering of the
pH value of the synthesis mixture can be achieved by employing an acidic Al salt such
as aluminium sulfate or nitrate. Similarly, using TEOS may be less of a hindrance if a
synthesis protocol specifically requires the use of an aluminium alkoxide (e.g. aluminium
propoxide), since evaporation of the alcohol by-product needs to take place irrespective
of the chosen silicon source. Depending on the targeted zeolite phase, one reagent will
be preferable over another and their careful selection can determine success or failure of

a synthesis attempt.

1.2.3.3 Mineralising agents

As briefly touched upon in the previous section, the dissolution of T atom precursors
is a crucial first reaction step in the synthesis of zeolites. The most commonly used
mineralising agent is the hydroxyl ion, present in alkaline aqueous solutions and essen-
tially acting as a catalyst for the hydrolysis of the reagents. The kinetics for hydrolysis
under alkaline conditions is directly correlated with the pH value of the solution. These
basic regimes can be easily generated by use of alkali or earth alkali hydroxide solutions
or when employing an organic structure directing agent (OSDA) in its hydroxide form.
The effect of the respective cations on zeolite formation will be discussed below. One
of the crucial factors for the success of the synthesis is the concentration of these al-
kaline solutions. A balance must be found between sufficient solubility of the T atom
precursors, while still ensuring it is low enough for the condensation reaction to be
proceeding at appreciable rates. The general pH range for zeolite syntheses is about
9-13, and heavily depends on the desired phase. Due to the kinetics of the Si—O and
Al—0 bond formation reactions at different pH values, different oligomeric species are
present, both with respect to the number of involved T atoms as well as with the Si/Al
ratio of these intermediates. A general trend can be made out for higher Si/Al content in
the final zeolite to be favoured when the mixture has pH values at the lower end of the

mentioned range. On the other hand, zeolites with Si/Al ratios close to one are often
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obtained around pH 12-13 or even higher.**

The second used mineraliser is fluoride, which shows great potential for highly
or purely siliceous zeolite phases.®*“® This follows the trend described above since
such compositions can have pH values even in the acidic regime. Under these neutral
or slightly acidic conditions the solubility of silica in water would reach a minimum,
however, the presence of fluoride facilitates a different dissolution pathway through
the formation of silicon hexafluoride anion complexes. Employing fluoride ions in the
synthesis mixture is also beneficial for the stability of the final, silicon-rich zeolites.
When using organic cations as OSDAs, their charge is balanced by aluminium T atoms,
which impose a negative charge on the framework. In absence of these charge-balancing
element and under basic synthesis conditions, the framework would accommodate
this by framework defects in the form of bare Si—O~ groups. These sites are prone to
induce framework collapse upon heating of the material to remove the organic species,
thus making the zeolite unusable for applications involving their precious porosity. In
the presence of fluoride ions, however, pentacoordinated O,Si—F" species are formed,
providing a suitable counterion for the OSDA. As such, pure silica zeolites prepared
using the fluoride route tend to be robust materials.

Many siliceous materials exhibiting frameworks previously only known as alumin-
osilicates could be prepared using this method, as well as a range of new frameworks.
Furthermore, the presence of fluoride ions in the synthesis has a strong structure dir-
ecting effect. The size of this anion is a near perfect match for the space inside a d4r
unit, leading to preferential formation of frameworks featuring this CBU when following
this synthesis route.”’*° Another beneficial outcome of fluoride-based syntheses is the
increased size of obtained crystalline materials, especially compared to the hydroxy-route.
This has a positive effect for structure determination of novel phases, as these single
crystals are usually large enough for single-crystal X-ray diffraction analysis. The major
drawback of this method is the toxicity of hydrofluoric acid which is generally used as
reagent. Solid fluoride reagents such as ammonium or alkali metal fluorides can be used
instead, but they are still classified as hazardous chemicals and are therefore often also

not considered for large scale production due to the associated safety concerns.

1.2.3.4 Organic structure directing agents, OSDAs

One of the major milestones in zeolite science was the discovery of organic molecules

as organic structure directing agents (OSDA) in the synthesis of zeolites. Prior to this
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development, such an effect was only exerted by the present small, inorganic cations,
typically as part of the T atom reagent such as Na* in sodium silicate. Although these
cations can effectively direct the formation of certain framework types, restrictions on
the framework composition (Si/Al ratio), other synthesis parameters, and the number
and complexity of available frameworks limits this approach. This changed with the
first usage of tetramethylammonium hydroxide (TMA-OH) to facilitate the formation of
several zeolite frameworks with higher Si/Al ratios as previously seen. This is possible
due to the increased size of the cation and can be illustrated by comparing the directing
effect and crystallographic siting of sodium ions and TMA in the sod cage.!? A single
TMA molecule fits into this CBU, whereas three sodium ions can be located within the
polyhedron. This means that only one aluminium atom is required for charge balancing
the organic cation, leading to an overall Si/Al ratio of 5 for a zeolite with SOD framework.
In an organic-free synthesis the necessary three Al atoms per cage result in a Si/Al ratio

of 1.

Building on this concept further, several different frameworks could be synthesised
using TMA as the OSDA. However, many of these were only obtainable if sodium was
present too. For example, the LTA framework, in which sod cages are connected to each
other by d4r, is only afforded using both of these components. This was ascribed to the
inability of the organic molecule to favour the formation of small CBUS such as d4r.>%10!
The fact that just one single OSDA can be used to produce several different framework
is the reason why researchers have changed from the initially used term templating
to the more appropriate “structure directing”. There are some cases where a specific
organic compound indeed only induces the formation of one singular framework type by
templating a unique cage-type for example. Generally speaking though, these molecules
function as space fillers and are therefore only able to facilitate the crystallisation of

generic features such as pore channels or pore windows within a certain size range.

The essentially unrestricted possibilities for the synthesis of organic compounds that
can act as an OSDA opened up pathways for the formation of many new frameworks.!%2
This is especially interesting with respect to accessible pore sizes, which can be facilitated
by larger organic molecules.'? This goes as far as enabling the formation of mesopores
in addition to the framework intrinsic microporosity. Materials featuring pores in two (or
even more) different regimes are called “hierarchical”.%41% The addition of such larger

pores enables faster diffusion in and out of the crystal. This is important for example

for catalytic applications, where the active site is often located inside the microporous
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channels of the framework. Shortening the diffusion path length enables faster kinetics

for the catalysis overall.

1.2.3.5 Composition of the reaction mixtures

Another important parameter in the synthesis of zeolite phases is the composition of
the reaction mixture. A typical synthesis recipe is given as ratios of T atoms (typically
in their oxide form irrespective of the used regent), water, possible inorganic cations
such as sodium, OSDA, and fluoride for syntheses following this alternative route. For
example, the batch composition for the synthesis of SSZ-13 CHA listed in the Verified
Syntheses of Zeolitic Materials (based on Zones and Van Nordstrand'°?) requires 10 Na,O
:2.5A1,05 : 100 Si0O, : 4400 H,O : 20 OSDA—OH, with N,N,N-trimethyl-1-adamantyl-
ammonium hydroxide as the OSDA.'%® Following these guidelines, the resulting zeolite
phase exhibits the CHA framework and has a framework composition of [Al, ,Sis; 407,],
which translates to a Si/Al ratio of 14. Noteworthy is the discrepancy between this value
and the Si/Al ratio of 80 in the synthesis gel. This is only a simple example demonstrating
that the amounts of T atoms in the gel do not necessarily translate to the framework
composition of the final material. One of the reasons is the higher solubility of silica
compared to alumina, so that a higher percentage of present aluminium is incorporated
in the framework. Additionally, the interplay between cations, OSDA, and Si/Al ratio
results in the preferential formation of certain CBUs, which may accommodate a higher
or lower number of aluminium atoms. This means that seemingly small changes to the
batch composition can have wide-ranging impact on composition or even the structure
of the product itself. Formation of zeolite X FAU with a product composition of Si/Al = 1
can be achieved from a gel with 5.5 Na,0 : 1.65K,0 : Al,O5 : 2.2 Si0, : 122 H,0.1%® When
Si/Al in the mixture is 2 or higher, a competing phase with LTA topology is produced.
On the other hand, lowering the amount of water can lead to contamination with a
zeolite exhibiting the SOD framework. These three frameworks are closely related, all
containing the sod CBU. In the dense SOD framework, these cage units are connected
directly, whereas in LTA a d4r acts as a spacer between two sod cages. Instead of this

cubic CBU, the FAU framework features d6r CBUs as linkages.

1.2.3.6 Influence of heteroatoms

Chemical variety in the zeolite framework can be introduced by incorporating other

elements that are viable in terms of possible tetrahedral coordination. Typical candidates
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are elements of Group 13 and 14. The trivalent gallium and boron play a similar role
as aluminium, inducing a negative charge on the framework, stabilised by cations, and
their locations can be turned into Brensted acid sites. Employing these other trivalent
elements has an effect on the possible structural units and CBUs, which is caused by the
respective bond lengths for Ga—0O and B—O. This effect is observable in the absence of
a gallosilicate material with LTA framework due to the heavily disfavoured formation
of the crucial d4r units. The situation is slightly different when the base structure of
the framework changes from a silica-based material to a gallophosphate, where this
obstacle can be overcome due to the different bond length of the P—O bond and the

correspondingly slightly altered angles in the framework.>%1%°

Boron can also be substituted into T atom positions in zeolite frameworks.>”!0 In

such synthesis compositions, the boron content is generally required to be much higher
than in the target composition of the final product, necessitated by the high solubility
of boron reagents such as boric acid. The resulting borosilicate zeolites, sometimes
referred to as boralites, are thermally less stable than either aluminosilicate or pure
silica zeolites. During conventional calcination treatments to remove occluded OSDA
molecules, boron is often removed from the framework which can lead to collapse of the
structure. Nonetheless, the slightly different nature of boron with a shorter B—O bond
can result in the formation of novel framework types, such as the recently described

EMM-25.111

Similarly to the mentioned trivalent elements, the tetravalent germanium can also
be isomorphically substituted into T atom positions. In this case, the heteroelement
does not change the charge state of the framework. As discussed above, the positive
charge from used OSDA cations is balanced either by defect sites in the framework or
when using fluoride as mineraliser in the synthesis. Due to the similarity of Ge and
Si, many frameworks previously known only as (alumino-)silicates can be made as
(alumino-)germanosilicates. Although such a germanosilicate zeolite has been made
already by Barrer in 1959, studies utilising this element in the synthesis have only been
taken up in the late 1990s and 2000s. In synthesis gels with germanium, the formation
of small CBUs such as d4r is heavily favoured due to the Ge—O bond length which
allows for smaller, unconstrained T—O—T angles.”#8112-117 This is most obvious when
synthesising pure germanate zeolites with frameworks such as AST or ASV which are
built from this cubic CBU, connected by [GeO,] bridges.!'® The structure directing effect

is enhanced by combining it with fluoride ions, effectively guaranteeing the presence
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of this CBU. The downside of germanates is their susceptibility to hydrolysis in the
presence of water. After removal of employed OSDAs by calcination, moisture in air is
often enough to induce structural decomposition. Several of these structures can also be
obtained as germanosilicates, which then allows for careful post-synthetic isomorphic
substitution of germanium for silicon or even introduction of catalytically active acid
sites by replacing Ge with Al or other trivalent elements. Such a treatment also enables
careful adjustment of the overall acidity due to more precise tunability of the aluminium

content in the final material.}*120

Next to the many new germanate structures, several germanosilicates exhibiting
novel frameworks have been discovered in the last 30 years. The presence of the small
d4r (and to a lesser degree d3r) units results in many of these frameworks possessing
large and extra-large pores. An example is given above in Figure 1.5, showing the
UTL framework discovered in 2004.” Again, such materials require substitution of
germanium with silicon to improve stability for potential applications.'?! However, this
inherent structural weakness of Ge containing zeolites can be exploited. Under carefully
selected conditions, the structural collapse can be initiated and continued in a controlled
manner, leading to an isolatable, crystalline intermediate zeolitic product.”#%122 The so
obtained compound can be used as a precursor for the formation of a new zeolite material,
which is structurally related to the original germanosilicate phase. This synthesis method

is referred to as “ADOR process” and will be discussed in detail in section 1.2.3.8.

1.2.3.7 Alternative synthesis methods

Besides the traditional hydrothermal synthesis method, several alternative routes have
been developed to produce zeolites.!?* A short overview of these is given in this section,

whereas the most important methods with respect to this thesis, the “ADOR process’
and the “solvent-free synthesis” will be discussed in the dedicated sections below.

In light of economical aspects for industrial use of zeolites, there is a trend to avoid
OSDAs, as these are often the most expensive of the used reagents. Unfortunately, many
materials are typically only obtained by employing organic additives which can aid in the
formation of specific pore shapes and connectivity. Overcoming this issue, seed-assisted
synthesis has seen great success in facilitating the synthesis of the desired zeolite phase
in absence of an OSDA.!'?*1?7 Crystals of the targeted phases are added to the initial
synthesis gel together with all other reagents. The seeds can act directly as particles

to grow large crystals from, but more often are dissolved due to the highly alkaline
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conditions. The dissolution, however, progresses not necessarily all the way to primary
building units but may conclude at semi-stable CBUs. These units are then reconnected
in the same manner as in regular hydrothermal synthesis, while favouring the formation
of the seed crystal phase. Due to the similarity of some frameworks it is also possible to
obtain materials of distinct, but closely related frameworks.'?® This is why the method is
sometimes referred to as inter-zeolite conversion (IZC), since the reaction conditions

can be tuned to change the nature of the product phase.

It is also possible to change the synthesis medium from water to different organic
solvents, then called solvothermal synthesis.!?® Employed solvents include alcohols such
as glycerol, and amines like pyridine. In most of these reaction systems, some residual
amount of water aids the hydrolysis reactions and may be considered a catalyst. Helping
the dissolution of the reagents most protocols also require the presence of fluoride ions,
typically in the form of hydrofluoric acid. The different physical properties such as
increased viscosity of these organic solvents and thus reduced mobility of the precursor
species can be beneficial in terms of crystal size of the products leading to large single
crystals, optimal for structure determination by single-crystal X-ray diffraction. Further-
more, these solvents can also act as structure directing agents instead of or in addition
to a dedicated OSDA additive. This concept is employed intentionally in “ionothermal
synthesis”, where an ionic liquid (IL) is employed as both solvent and structure directing
agent.!30132 TLs are salts of organic cations and often inorganic anions, with low melting
points typically below 100 °C and negligible vapour pressure. For reported ionothermal
syntheses, imidazolium halides and hydroxides are typically used. Several zeolites of

133,134

different elemental composition such as pure silica, germanosilicates,'3*> and AIPOs

and other metallophosphates!0%:136-139

can be obtained using this method.

Besides these changes to used reagents, adaptions to the synthesis procedures them-
selves and the employed instrumentation have also been investigated. Microwave assisted
reactions employ radiation instead of heat from conventional convection ovens.!39-140:141
This leads to faster reaction times, and usually high uniformity in particle size and
elemental composition. Improvement in synthesis rates were also achieved by Okubo’s
group using a tubular reactor which also enables a continuous flow setup.!#? Pure phasic
zeolites can be made in mere minutes due to fast heating at much higher temperatures

up to 300 °C and applying several of the above mentioned beneficial methods such as

pre-crystallisation ageing and seed crystals.
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1.2.3.8 The ADOR synthesis for zeolites

Employing germanium in the synthesis of zeolite materials has led to a great number
of new framework structures. However, the resulting materials are prone to structural
collapse as the Ge—O bond is susceptible to be attacked by water even in low concentra-
tions such as air moisture. Looking closer at the framework UTL and keeping in mind
that Ge preferentially occupies T positions in d4r units, the observation was made that
it can be viewed as comprised siliceous layers, connected by Ge-rich d4r CBUs. When
choosing the correct conditions, the Ge—O bonds can be cleaved selectively, while the
Si—O bonds remain stable. This concept has been realised in the ADOR process, which
stands for Assembly, Disassembly, Organisation, Resassembly. Generally speaking it is a
3D-2D-3D zeolite transformation and its steps and mechanism are explained below.

The assembly step is the (conventional) synthesis of a germanosilicate zeolite ma-
terial, featuring the mentioned structural weakness in the form of hydrolytically labile
Ge—O0 bonds. The frequency and distribution of the germanium containing d4r units is
important. Similarly, the dimensionality of the pore system can be an important factor
for the stability of of the entire framework. The choice of an appropriate framework as
parent material is crucial for the success of the ADOR procedure.

Exploiting the intrinsic structural weakness of the Ge—O bond through selective
removal of the d4r unit is possible by exposure of the material to acid or water in a
controlled manner. The ideal products of such a hydrolysis reaction are the completely
disassembled layers, hence the name of the second step in the ADOR process disassembly.
The layers themselves are self-stabilised to a certain extent by hydrogen bonding between
silanol groups which are left behind on the surface of the layers where previously a
connection to a d4r unit existed.

The subsequent organisation stage involves rearrangement of the layers with respect
to each other, typically by intercalation of inorganic or organic reagents. Instead of a
dedicated synthetic step this can also occur during the hydrolysis reaction, depending on
the chosen conditions. In the final reassembly stage, the aligned silanol groups undergo
a condensation reaction to form a fully connected 3D zeolite structure.

The ADOR process was designed and developed by Roth et al. using a germanosilic-
ate zeolite of the UTL framework as parent material (see also section 1.2.2.3.1).80:81.122
Using this example, the whole process is shown schematically in Figure 1.10. After
successfully synthesising the zeolite material with UTL framework, the germanosilicate

is disassembled into the intermediate, lamellar zeolite phase IPC-1P. To ensure ideal
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layer stacking, the linear octylamine is employed to facilitate proper organisation of the
layers with respect to each other. The final reassembly is conducted under conventional
conditions for calcination, removing the organic compound and more importantly indu-
cing the condensation reaction between the silanol groups. Under these conditions, the
layers are connected by oxygen atoms and the final zeolite is called IPC-4, which was

assigned the framework type code PCR.

IP?JP*:) ,tﬁlm
;, %] poap | n et )

3 IPC-4 (PCR)

UTL

Figure 1.10. Schematic overview of the ADOR process using a zeolite with UTL framework as parent
material.

All materials at the various stages of the ADOR process are structurally related to
each other. They share the same intra-layer structure and differ in the inter-layer distance.
This knowledge is used to track the progress by using powder X-ray diffraction (PXRD).
The dominant peak in these PXRD patterns arises from diffraction corresponding to this
interlayer spacing and its value can be calculated. The distance is largest for the parent
material UTL, where the layers are separated by d4r units and shortest for PCR, where
this linkage is reduced to single oxygen atoms.

Instead of a octylamine, which simply serves as a structure-directing agent, it is also
possible to intercalate IPC-1P with the silicon containing reagent diethoxydimethoxysil-
ane (DEDMS). The silylating agent interacts with the silanol groups in the interlayer
space serving as a more rigid connection between adjacent layers. In the subsequent
condensation, neighbouring methoxy groups of two former silane molecules condense,
to form a square shaped s4r unit as linking unit between the layers. The obtained zeolite
is called IPC-2 and exhibits the OKO framework.

As briefly alluded to earlier, it is also possible to combine the disassembly and organ-
isation step in one synthetic procedure by increasing the concentration of hydrochloric
acid”'*3 or prolonging the reaction time.'* Both approaches aim to induce intercala-
tion of silicon species from the parent zeolite itself. Although the Si—O bond is more
stable than the Ge—O bond, it does break as well, given the right environment. Such

acid catalysed bond cleavage is even intended when dissolving silica reagents using
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the fluoride route in hydrothermal synthesis. Under highly acidic conditions the rate
for re-condensation of the silicon-oxygen bond is also increased. When using water as
hydrolysis reagent, the reconnection of layers commences given enough time. This is
assumed to be thermodynamically and entropically favoured, reducing the number of
species in the reaction system. The produced intermediate, which is structurally almost
identical to the species obtained with DEDMS, is called IPC-2P to indicate the relation

to its reassembled product IPC-2.

Investigating the effect of acidity, Wheatley et al. showed that adjusting the concen-
tration of hydrochloric acid enables the formation of structures in between PCR and
OKO as well as between OKO and UTL.'* It was established that the re-intercalation
of silicon is dependant on the employed acidity. As seen previously, high concentrations
above 8 M lead to the formation of samples with OKO framework, whereas low acidity
results in IPC-4 materials. Interestingly, the intermediate range showed a linear correla-
tion between acid concentration and average interlayer spacing. Under such conditions,
the bond making and breaking rates can settle at different equilibria, yielding interesting
materials IPC-6 and IPC-7. These zeolites feature two types of layer connections, oxygen
and s4r in IPC-6, and s4r and d4r in IPC-7, resulting in the combination of two pore
systems. For IPC-6, a structural model was eventually developed and could be verified
experimentally.3? The two sets of layer connections are not strictly alternating, however,
the same type of linkage is not found more than twice successively. Acknowledging
the disorder in layer stacking of the synthesised materials, the assigned framework type

code *PCS includes an asterisk indicating as much.

Expanding the possibilities of the ADOR method, Mazur et al. further experimented
with intercalation chemistry on IPC-1P and successfully prepared two additional mater-
ials. Employing choline hydroxide as reagent in the organisation step induces a shift
of the bare layers of IPC-1P with respect to each other.}*® In this configuration, the
layers can be connected directly to produce IPC-9 (only oxygen bridges akin to PCR) or
similarly to IPC-2 with s4r units leading to IPC-10. Due to the layer shift, the resulting
pores are made from an odd number of T atoms, 7MR and 9MR for IPC-9 and IPC-10,
respectively, which are rarely seen in zeolites. The framework energy in relation to the
density of Si atoms is also higher than typically observed for zeolite materials and as
such would be considered “unfeasible”. Being able to obtain materials of this nature
with the ADOR method is an important step towards overcoming the possible barriers

imposed by traditional hydrothermal synthesis of zeolites.
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Besides using UTL as parent material, germanosilicates of several frameworks such
as IWW, UOV, and *CTH have been used successfully in the ADOR process to produce
new zeolite materials.!#’-152 Recently, it was also shown that it is even possible to re-
build the UTL framework by adapting the hydrolysis conditions to employ alcoholic acid
solutions, effectively decelerating this process so that the rate of re-intercalation becomes
dominant.!> Thus obtained materials still contain a considerable amount of germanium,
which may be unfavourable depending on the application for such a material. This can
be avoided by effectively reversing the ADOR process, demonstrated by Vesely et al.,
who employed tetrabutylammonium hydroxide (TBAOH) to expand the interlayer space
of IPC-1P to the size of the d4r CBU. A subsequent treatment with silicon containing
reagents allowed for a reconnection of the layers with the cubic CBU and the material

with UTL framework can be considered germanium free.!>*

The ADOR process has great potential as a method to obtain and discover new ma-
terials and zeolite frameworks, especially since the products can be rationalised and
designed prior to experiments. The possibility to tune and choose the pore size of the
obtained daughter materials has great value for a range of applications. In view of such
potential industrial use, however, there are still several drawbacks to be considered.
The main concern is the requirement for a germanosilicate as the parent material. Ger-
manium reagents are costly, thus typically not considered in industrially used zeolites.
It is conceivable that the ADOR process may work with some other, cheaper zeolitic
metallo-silicate, however, this has not been shown so far. Some relief for this situation
comes from a study by Zhang et al., where it was shown that it is possible to recover
the germanium species which are removed during the hydrolysis of parent germano-
silicate.!>® This recovered solid can be used as reagent for successive synthesis of the
parent material and so the contribute to an overall cost reduction of thus prepared zeolite
materials. Nonetheless, there is still room for improvement in terms of sustainability
with respect to the practical aspects of the treatment, especially the hydrolysis. These

aspects are the focus of chapter 4.

1.2.4 Mechanochemistry in zeolite science

The renewed interest in mechanochemistry in recent years has also led to several re-
search groups in the field of zeolites to adopt such methods. The success of employing
mechanical forces for synthesis of porous MOFs and ZIFs can be seen as indicatory that

it may be similarly applicable for zeolites. Initial studies of mechanochemistry in zeolite
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science have been reviewed by Majano et al. in 2014.3* The current possibilities and
advances in this respect have been reviewed as part of this PhD project and have recently

been published.’* A somewhat briefer account of this perspective is given here.

In general, mechanochemistry can be employed prior to the crystallisation step to
form a zeolite or post-synthetically. So far, true mechanosynthesis where a zeolite is
obtained directly after treatment using mechanical forces still proves elusive. Only one
report from the early 2000s exists where the PXRD pattern of the milled product shows
peaks suggestive of zeolite NaA, however, of rather poor crystallinity and indicative of a
highly defective structure.!*® The sample was also calcined, resulting in conversion of
some residual starting reagents. The system was further studied to include inexpensive

starting materials like metakaolin.!7-16

1.2.4.1 Solvent-free synthesis of zeolites

The concept of mechanochemically treating raw materials prior to crystallisation has
led to one of the most recent additions to the repertoire of synthetic methods for zeolite
synthesis. The so-called solvent-free synthesis was developed by Xiao’s group and is
based on the idea that instead of dissolving the reagents in water, the solid raw materials
are ground or milled together in order to transform them into an state from which
crystallisation can commence.61-164 The formation of a zeolite phase then occurs under
similar conditions as in regular hydrothermal synthesis, using temperatures between
150-200 °C and employing autoclaves to facilitate autogenous pressure. As the name
promises, no solvent is required for this type of synthesis, however, some water appears
to be necessary to catalyse the reactions. This is similar to what has been reported for
ionothermal synthesis. Also important to note is that the basic conditions typically
seen in zeolite synthesis are established by the use of an additional ammonium halide
reagent. Ammonium chloride or fluoride are used in the synthesis to obtain materials
with common frameworks like MFI or MOR. A plausible reaction mechanism could be
established by rationalising the effect of this salt additive.'®1:165-168 The ammonium ion
reacts with residual water present in the starting materials, forming ammonia which can
result in localised areas with alkaline character. This enables easier Si—O bond breaking

and making and so a zeolite can eventually form.

From the original publication by Ren et al. in 2012'%° until today, zeolites of many

different frameworks and with varying elemental composition have been made. This

170-175

ranges from traditional aluminosilicates to purely siliceous ones, several heteroa-
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tom zeolites,'’®17° and even includes AIPOs'3%-182 and SAPOs.!83184 A comprehensive
review of the methodology and a collection of obtained materials is given in recent

reviews, 1617164

Besides conventional parameters in the synthesis of zeolites such as reagent ratios,
the specifics of the mechanical treatment have a great influence on the product formation.
Several studies have shown that insufficient energy, for example when using manual
grinding, may not result in the formation of any zeolite phase, whereas the higher impact
in ball mills is sufficient for the activation of the reagents to induce crystallisation upon
heating.1%%185 Similarly to hydrothermal synthesis, the choice of appropriate reagents is
also crucial in solvent-free synthesis. For example using aluminium sulfate as aluminium

source requires significantly more milling time compared to aluminium hydroxide.!3

The main advantages of this type of synthesis are the drastic reduction in waste
since there is no solvent required for the reaction. Additionally, an increased yield per
volume unit of reaction vessel can be achieved. In conventional hydrothermal syntheses
most of the volume is taken up by the solvent, whereas in the solvent-free method,
essentially all present reagents are transformed into the final zeolite framework, with
possibly an OSDA present in the framework. This leads to another advantage of the
used protocols. OSDAs do not need to be present in the hydroxide forms but can be used
in their halide forms, which they are typically synthesised in. This, in turn, makes it
possible to use higher temperatures than typically possible when using the less stable
hydroxide OSDA compounds. The increased heat as well as the type of reaction result
in decreased synthesis time for these zeolite phases, reducing it to only hours in many

cases instead of days or even weeks.

1.2.4.2 Mechanochemical activation of seed crystals

As mentioned above, using seed crystals exhibiting the same (or a similar) framework
as the target zeolite can be a useful way to steer the crystallisation in the desired direc-
tion. This adaption to the standard hydrothermal synthesis can also be augmented by
mechanochemistry, treating these seed crystals in a mill prior to their use.

One of the earliest reports of a mechanochemical method for zeolites was contributed
by Valtchev et al. The authors used the described protocol of milling seed crystals in
the synthesis of zeolite Y (FAU), reducing the crystallisation time by a factor of almost
10.1% The seeds were milled directly in the synthesis gel to ensure homogeneity for the

subsequent hydrothermal synthesis. A shortened synthesis time was also observed for
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ball milled seeds towards zeolite DDR, used in membranes for gas separation.!87138 The
benefits of using seed crystals in conventional hydrothermal zeolite syntheses also apply
when the seeds are milled before adding them to a reaction mixture. Most importantly,
this means that zeolites can be made OSDA-free, by using seeds to facilitate formation of

the desired framework and avoid impurity phases.!8%1%

One of the studies involving seed crystals has shed some light on possible underlying
causes for the improved reactivity of the milled seeds. Zhang et al. were able to show
that such a treatment leads to the formation of oxygen radicals on these crystals, effect-
ively serving as active sites for chemical reactions.'*11%2 The concept of radical assisted
crystallisation has been shown to accelerate the formation in solution-based syntheses

just a few years prior, where radical starter reagents or UV light were necessary.'*3

1.2.4.3 Heteroatom zeolites from mechanochemistry

Zeolites not only serve as shape- and size-selectors due to their frameworks, but can also
be tailored with respect to their chemical composition. Incorporating heteroatoms into
the framework can alter acid strength of Bronsted acid sites, add Lewis acidity, or make
particular catalytic processes possible. An example for the latter are titanosilicates which
can be used to facilitate epoxidation reactions.!®* Producing titanium containing zeolites
using hydrothermal methods is usually only possible using expensive titanium alkox-
ides. Several groups, however, where successful in using ball milling as pre-synthesis
treatment to enable use of cheap TiO,. The oxide is treated together with silica to form
a mixed metal oxide precursor, which can then be used in regular hydrothermal syn-
thesis. When titania is used directly, it is rarely incorporated into the zeolite framework
and remains as a secondary, impurity phase. In contrast, employing the ball milled
precursor results in the formation of an active titanosilicate zeolite catalyst with MFI
and *BEA frameworks.!°>-18 Utilising this approach, further potential cost reduction
can be achieved using the bromide salt of the required tetrapropylammonium OSDA,

which is otherwise used in its hydroxide form.1%%-200

Since these promising results for titanosilicates, using this mixed metal oxide ap-
proach, several other elements were incorporated into zeolite frameworks in a similar

201,202 and a zincosilic-

manner. Generation of Lewis acidity is possible in stannosilicates
ate has been prepared in this way showing improved ion exchange capacity.?%®> Extension
to MFI zeolites with gallium or iron has been reported as well, demonstrating the

versatility of the approach.?04:205
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Instead of adding the desired heteroelement to the synthesis, it is also possible to
perform the incorporation post-synthetically. This can be accomplished by selectively
removing aluminium from the framework using an acid treatment. The created empty T
sites in the structure can then be filled with an appropriate cation. Instead of performing
this incorporation in solution, Hammond et al. demonstrated that this is also possible
using tin acetate as solid reagent and performing the reaction in a ball mill.?°62°7 Further
investigation of the process was done by Schiith’s group, who showed once more that

the choice of reagent is crucial to the success of the reaction.?%

These examples of heteroatom zeolites showcase the great potential of mechano-
chemistry for zeolites, overcoming bottlenecks in traditional, hydrothermal synthesis.
Employing ball milling techniques enables fast and cost-efficient production of mater-
ials with properties on par or even better than conventionally synthesised ones. This
has wide-reaching implications since the incorporation of heteroatoms is often what

transforms a zeolite into a viable functional material.

1.2.4.4 Mechanochemically assisted recrystallisation

Adjusting zeolite synthesis parameters so that the product material exhibits appreciable
size and uniform size distribution can prove rather difficult. This material property,
however, can be vital for its performance, influencing diffusion and thus reaction rates
in many typical zeolite applications like catalysis or separation.?>?'° Using mechan-
ical forces to break down a material into particles of smaller size is one of the main
applications of mills. The energy of such a milling process, however, often leads not
only to the desired physical change but also induces chemical changes such as partial
amorphisation, which is typically an unwanted side-effect. This amorphisation was

investigated by Zielinski et al.,?!!

as well as Kosanovi¢ and co-workers who published a
series of papers investigating influential parameters of this process.?!>721¢ For example,
the amorphisation is slowed down when OSDA molecules are still present in the frame-
work of the zeolite, stabilising the structure. Other parameters are the nature of the
framework itself, size of inorganic cations, and elemental composition of the material.

The crystallinity of such amorphised particles can be restored by a recrystallisation,
however, if performed in an uncontrolled manner would lead to simultaneous crystal
growth, reversing the effect of the milling. By carefully adjusting the conditions of this

recrystallisation, Okubo’s group was successful in retaining the desired small particle

size by using dilute aluminosilicate solutions as reaction medium.?'’-2?! This milling
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and subsequent recovery of crystallinity is also possible in one step. However, it re-
quires adaption to the milling vessels to withstand the highly alkaline conditions of
the employed aqueous solutions.??? This recrystallisation procedure was further exten-
ded to the above mentioned ultrafast synthesis method using a tubular reactor.?3-226
Several industrially important zeolites such as CHA were successfully synthesised in

much decreased synthesis times of only minutes using this specialised reaction system.

There are many applications for mechanochemical methods in zeolite science, several
of which have already shown great potential for overcoming obstacles using tradition-
ally used methods. Noteworthy are especially the solvent-free methodology as well as
techniques to incorporate heteroatoms into zeolite frameworks. Improving synthesis
conditions and enabling use of cheaper, more widely available reagents is a great ad-
vantage and further investigation into underlying mechanisms should enable further

generalisation of the published methods.

1.3 Coordination polymers

Coordination polymers (CPs) are a class of materials featuring organic ligands which
coordinate to metal centres. The structure of these materials can be chain-like (1D),
two-dimensional sheets, or 3D frameworks. If the formed structure has accessible pores
and voids, akin to above described zeolites, the term metal-organic framework (MOF) is
used.??” Most of the current literature in this general field is focused on MOFs, which are
typically based on transition metals. Alkali metal coordination polymers are often non-
porous and thus can seldom be classified as MOFs.?2822° The framework connectivity,
however, is essentially identical in both CPs and MOFs. The metal cation, or more rarely
the metal in its zero-valence state, serves as a node, connected to another metal by the
organic molecule. Instead of a single metal ion (or atom) this can also be a metal-oxide
cluster. The number of linkers per node depends on the coordination number of the
metal or cluster. Likewise, the number of coordinating groups within each of the organic
molecules can vary, but must be at least two, else no extended framework would be
possible.

Two exemplary frameworks are shown in Figure 1.11, both built with benzenedi-
carboxylic acid (terephthalic acid, BDC) as linker. If the metal is the monovalent sodium,
metal oxide chains are formed, which are connected to each other by the BDC molecule

(Figure 1.11a). In contrast, divalent zinc forms distinct octahedral oxide clusters, so that
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1D metal
chain

linear linker

a) Structure and connection of metal and organic linker for the coordination polymer sodium terephthalate (CCDC code
QQQDHD01)*°

octahedral metal
cluster
6-fold coordination

linear linker

b) Structure and connection of metal cluster and organic linker for the metal-organic framework MOF-5 (CCDC code
MIBQAR).?3!

Figure 1.11. Representative structures for a coordination polymer and a metal-organic framework. Oxygen
atoms are shown in red, carbon in black, hydrogen in white, sodium in blue, and zinc in green. Drawings are

produced from the corresponding CIF from the CCDC (Cambridge Crystallographic Data Centre) database
and respective deposition codes are stated.

each cluster connects to six other clusters through bridging dicarboxylates (Figure 1.11b).
This leads to the aforementioned porosity seen in MOFs. The most commonly used
organic linkers are carboxylic acids, but in principle any functional group that can co-
ordinate to a metal centre can be used. Imidazoles, for example, even make up their
own subgroup called zeolitic imidazolate frameworks (ZIFs), due to their structural
resemblance to zeolite frameworks, owing to the metal-imidazole-metal angle of 145°.

Coordination compounds are being explored in a diverse range of applications.?*?

The mentioned available surface area and tunable pore size of MOFs can be utilised for
catalysis and separation applications.?33-235 The accessible void space can also be used to
store molecules long term but also host them as guest molecules which can be released
on demand useful for example as drug delivery system in the biomedical sector.>”236 A
very promising application of the property to host guest molecules is harvesting of water
from air, a possible solution for looming issues regarding supply of clean water in several

regions around the globe.?*’ Utilisation of MOFs and also more generally CPs has been

expanded into the important field of electrical energy storage, more specifically as active
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materials in rechargeable alkali metal ion batteries.?38-243

1.3.1 Synthesis of coordination polymers

CPs are typically synthesised using solution-based syntheses either under ambient pres-
sure conditions or employing autogenous pressures in solvothermal syntheses. The
metal salt and the organic linker are dissolved in an appropriate solvent and reacted
typically for several hours up to a few days, often at elevated temperatures. Depending
on the specific system, modulating agents and additives to adjust parameters such as
the pH of the solution can be added. Although these synthesis methods are widely
used and are robust techniques for the synthesis of a myriad of new materials, several
concerns about the economical and ecological feasibility of this approach have been
raised. The main issues are the nature of the used reagents as well as the large amounts
of solvent, which are often even toxic like DMF (N,N’-dimethylformamide) or DMAc
(N,N’-dimethylacetamide).

Several alternative ways for the synthesis of CPs and MOFs have been developed over
the last decades.?** Microwave based syntheses are an acknowledged way to improve
reaction rates, leading to higher efficiency and thus lower impact in terms of resource
and cost.?*~2%7 Arguably even more promising are mechanochemical methods, which
require no solvent at all. This re-emerging technology relies on energy input through
mechanical forces showing great promise to overcome many issues encountered with
modern CP and MOF synthesis both from a sustainability point of view, but also in view

of potential industrial scale production.?%-243-23

In the mechanochemical synthesis approach on a laboratory scale, the solid reagents
are typically reacted using ball mills, facilitating energy sufficiently high to induce the
chemical reaction.?**?>* In many cases it is beneficial to add a small amount of a salt to
improve reactivity or minute volumes of liquid to increase mobility of the particles and
potentially catalysing the transformation. These adaptions are referred to as ion- and
liquid-assisted grinding (ILAG and LAG), respectively.?>> A very important additional
benefit of these mechanochemical reactions is the possibility to employ cheap metal
precursors, which are unsuitable for conventional syntheses due to their low solubility.
These include metal oxides such as ZnO for the synthesis of Zn-MOF-74,2%¢ or Cu(OH),
in the case of HKUST-1.%%7

Investigation into the mechanism behind this synthesis technique to produce co-

ordination compounds have been conducted employing a series of in situ techniques,
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especially powder X-ray diffraction (PXRD). Utilising the high resolution available at
transformation of solid starting materials into the respective MOF phases on several
examples.2362%8-262 These studies also provided further insight into the effects of liquid
additives where for example the MOF material HKUST-1 was formed either directly or
by way of crystalline intermediates.>’ An intermediate phase was also revealed in the
mechanochemical reaction towards MOF-74 (also known as CPO-27).2% The starting
materials ZnO and 2,5-dhtp (2,5-dihydroxyterephthalic acid) form initially a coordination
polymer with one equivalent of zinc. Employing a second equivalent of the metal source,
the reaction proceeds further to form the porous MOF compound. This knowledge about
the mechanism could be utilised to produce a range of different mixed metal MOFs

exhibiting the MOF-74 framework.?%3

1.3.2 Coordination polymers for sodium ion batteries

Rechargeable batteries are one of the most important technologies in today’s energy
industry. They are the core piece of mobile electronic devices which modern society is
heavily reliant on. Dependent on the specific application, different battery types are more
suited than others. Influential factors for which battery technology is most appropriate
for a given application are the required electrical energy as well as aspects such as safety
and cost of the device. One of the most common types of battery is the lead/acid battery
used in cars. Both electrodes contain lead as the active material, making use of the three
possible valence states Pb’, Pb", and Pb". An aqueous sulfuric acid solution is used as

electrolyte so that the electrochemical reactions are:

PbO, + 2¢e” + SO/ + 4HY = 2PbSO, + 2H,0 anode [5]
Pb + SO/~ = PbSO, + 2¢~ cathode [6]
Pb + PbO, + 2H,S0, =— 2PbSO, + 2H,0 overall [7]

Important is that these reactions need to be reversible for a functioning rechargeable
battery. The forward reactions occur during discharge, when electrical energy needs
to be supplied, for example when starting a car. During driving the car, the battery
is (re-)charged and the backward reactions take place. However, using chemicals like
sulfuric acid is not always practical and represents a potential safety hazard, thus altern-

atives have been developed. One of these are nickel based, which are the heart of current
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hybrid vehicles in the form of Ni/metal hydride batteries.

Using a different approach, alkali metal ion batteries (AMIB) have been established
over the last decades as one of the most important types of batteries, mainly in the form of
the lithium ion battery (LIB).2%* Although LIBs are today by far the most common type of
AMIB, drawbacks like long term availability of raw materials call for viable alternatives.
The closely related sodium ion batteries (NIBs) may be able to replace lithium analogues
at least in some applications.?%>2° The basic principle behind these ion batteries is the
same for all alkali metals. The technology revolves around the reversible exchange of
alkali metal ions and electrons using redox reactions. A schematic representation of a
single cell in an AMIB is shown in Figure 1.12. Electrical energy is stored in the battery
during the charging process, which later on can be used to power a device during the
discharge phase. In rechargeable batteries, these processes need to be reversible to a

high degree for a long time and many charge-discharge cycles.

CHARGE

DISCHARGE

CATHODE ANODE I | caTHODE ANODE
tor/ i tor/ i
current collector ~ electrolyte momorane A EEON et colletor current collector ~ electrolyte membrane AN ot collctor
| |
) B

EXTERNAL CIRCUIT

3\

electron

EXTERNAL CIRCUIT N

electron

Figure 1.12. Schematic representation of the charge and discharge process in an alkali metal ion battery.

During charging, the electrons move from cathode to anode through the external
circuit, facilitated by an oxidation in the active material on the cathode side. The resulting
positive charge is balanced by moving alkali metal ions through a separator to the active
material on the anode. There, they are intercalated into the active material and once more
serve as charge balance for the surplus of electrons on this electrode. When electricity is
to be supplied, this entire process is reversed and the cations diffuse back to the cathode

material. Exemplarily, the redox reactions for a cell using a graphite anode and LiCoO,

as cathode are shown below:

LiCq == Cg¢ + Li* + ¢ anode [8]
Co0, + ¢ + Li* == LiCo0, cathode [9]
LiC¢ + CoO, = C; + LiCoO, overall [10]
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Although switching from electrode materials for LIBs to SIBs may seem like a straight
forward process, several issues are encountered. For LIB anodes, graphite is the common
standard, but this material is inapplicable for sodium due to disfavoured insertion of
Na* ions, caused by the ion’s size. Employed cathode materials are often transition
metal oxides such as LiCoO, which come with similar concerns as lithium regarding
abundance of metal deposits as well as safety issues, especially true for cobalt.

Finding alternative active electrode materials is one of the key challenges in current
NIB research. Coordination polymers can be an attractive option for both cathodes and
anodes, depending on the functional groups on the organic linkers. In either case they
can accommodate insertion of ions very well and don’t suffer from structural expansion
upon ion insertion like many oxide materials. The redox reactions occur on the functional
groups of the organic molecule such as carbonyl, azo, or imide groups. Depending on
the nature of these groups, they can be capable of taking up electrons and are therefore
called n-type. If the functional group can carry a positive charge, it is referred to as p-type.
When both types of functional groups are present in a compound, it is considered bipolar
or b-type, potentially applicable as both anode and cathode material.

Recent years have seen promising applications of sodium coordination compounds
as electrode materials in NIBs.2#2267-269 Mostly, these are sodium carboxylates employing
a variety of organic compounds. Although such organic materials have typically lower
raw electrochemical performance compared to inorganics, their advantages have the
potential to outweigh these drawbacks. The production of organic materials is usually
more economical compared to traditional electrode materials such as oxides. The organic
component can also be sourced from biomass, beneficial in view of sustainable fabrication

of such materials.270-272
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This PhD thesis aims to investigate possibilities of mechanochemical methods for the
synthesis of framework materials, in particular zeolites and sodium coordination poly-
mers. The intention is to find suitable opportunities for this methodology rendering
existing processes more sustainable or creating alternative approaches for the production
of desirable compounds.

One of the targets is an assessment of the applicability of ball milling in the hydrolytic
transformation of germanosilicate zeolite UTL into daughter zeolites within the scope
of the ADOR process. The goal is a more efficient and less wasteful process to increase
the feasibility of this synthesis method for otherwise inaccessible zeolite frameworks.
Reduction of required amounts of the hydrolysis agents water and hydrochloric acid
would be beneficial with respect to produced waste and potential for shortening of
reaction times are additional possible advantages for a more efficient synthesis.

The recently developed solvent-free synthesis of zeolites promises to be a great
method for cost-efficient production of the most common zeolite types. Probing the
extendability of the method, a further project within this thesis attempts to synthesise
germanosilicate zeolites in this more sustainable fashion. Monetary cost of germanium
precursors are one of the main hurdles for widespread use of these structurally complex
zeolite types. Solvent-free protocols promise to be an atom-efficient alternative to con-
ventional hydrothermal synthesis and may present means for a more feasible approach
for these heteroatom zeolites.

The development of a mechanosynthesis protocol for the formation of sodium co-
ordination polymers is the topic of the final chapter of the work carried out. This class of
framework material shows great promise as environmentally benign active component
in sodium ion batteries, but is fighting obstacles in large scale production. Mechano-
chemistry can provide means of overcoming such drawbacks and lab-scale experiments
may be translatable more easily to large scale fabrication. Several carboxylic acids are
used as reagents to probe the generalisability of the method and test its limitations with

respect to chemical variation.
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3.1 Hydrothermal synthesis of zeolites

The most common synthesis techniques to produce zeolites is through the so-called
hydrothermal route.! It is based on mimicking the conditions present during the natural
formation of zeolitic minerals, namely temperatures roughly between 100-200 °C and
pressures above ambient conditions. Reproducing these is possible by utilising autoclaves,
sometimes referred to as “steel bombs”, which are built to not only withstand such
conditions but also do so in a relatively safe manner. In these sealed reaction vessels,
autogenous pressure is generated due to heating the aqueous solution containing all
reagents to a temperature beyond its boiling point. The safety features of the autoclave
include a spring, allowing for some deviation in pressure, as well as pressure plates.
Additionally, the chemicals are not placed directly into the stainless steel autoclave,
but are rather added to a liner usually made of PTFE (polytetrafluoroethylene, Teflon).
This material is inert to most chemical reactions and thermally robust under the typical
conditions for zeolite synthesis. Example photos of an autoclave and its parts are shown
in Figure 3.1.

Prior to the heat treatment, the starting materials need to be dissolved, at least
partially, in water. This is performed using polymer-based labware, mostly PTFE beakers
and stirring equipment. The low solubility of the reagents, such as fumed silica, require
mineralising agents, either strong bases or fluoride, as found in hydrofluoric acid, HF or
ammonium fluoride, NH,F. The silicon (or other T atom) sources are only appreciably
soluble under these conditions. However, in order to avoid dissolving parts of commonly
used glassware, especially in the presence of fluoride, a change to inert materials such
as the mentioned PTFE is necessary. This also helps to avoid contaminating the reaction
media with alkali and earth alkali metal ions present in glassware, which often have an

adverse effect on the desired structure-direction towards a specific zeolite framework.

Figure 3.1. Photos of a fully assembled autoclave and its individual parts, including spring, pressure plates
and a PTFE liner.
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This dissolution does not necessarily need to be complete, since conducting reactions
under hydrothermal conditions enables higher solubilities of the reagents. This high
temperature and pressure environment also allows structural complexity in the product
phases. Only the simplest zeolite framework types, such as LTA, SOD, or FAU can
be prepared under ambient pressure conditions, whereas more challenging structures

require the described harsher environments.

3.2 Mechanochemical synthesis

Mechanochemical reactions in this thesis were conducted in three different ways: 1)
manually, using mortar and pestle, 2) using a shaker ball mill, and 3) using a rotary ball
mill.

The main advantage of a manual grinding setup is the availability of the equipment,
which every or at least most labs will own, especially ones focused on solid materials.
Likewise, the progression of unknown reactions is easy to follow for cases where distinct
(by-)products are formed or obvious changes to the reaction mixtures occur. This could be
the liberation of occluded solvent such as water, which can result in the transformation
of a solid mix of powder into a paste. This is not necessarily unequivocal evidence that a
reaction has taken place, but may still indicate changes in the structure of some of the
reagents which may be beneficial for the desired outcome. Similarly, formation of an
intermediate such as the release of ammonia when using an ammonium salt as reagent
can be detected by its distinct smell, or by using wet pH paper, providing evidence for
the reaction of the starting material. Finally, the products may exhibit a different colour
compared to reagents. This is especially the case for transition metal complexes or other
coordination compounds.

Despite these benefits, manual grinding suffers from drawbacks regarding reprodu-
cibility or also insight into reaction mechanisms. It is rather difficult to assess the energy
put into a mixture by using manual labour. There may be some merit to attempting
comparative reactions if only one person conducts them, but even so it will be quite
difficult to exert the exact same amount of force onto the chemicals, especially for longer
periods of grinding. Likewise, it is rare that published work considers the dimensions of
the used equipment, other than that the grinding bowl is wide enough to accommodate
the amount of used reagents. As a result, researchers have gone over to using ball mills
for a more robust reaction setup, which allows parametrisation of the mechanochemical

process and results have higher reproducibility.
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Figure 3.2. Photo of the bespoke rotary ball mill used in this work.

Ball mills are well suited for automating mechanochemical processing by keeping
the complexity of instrumentation low, while adding discrete options to adjust reaction
conditions.? Two kinds of ball mills were used in this work, a rotary mill which is
typically used for particle diminution, and a shaker mill which is often operated when
using small reaction scales but can induce greater forces. Another commonly used mill
in a laboratory setting are planetary ball mills, in which the milling vessel and the plate

it stands on are rotated along their vertical axes but in opposite directions.

The used rotary ball mill is a simple construction and was built previously by other
members of the research group. A photograph is shown in Figure 3.2, showing one freely
rotating rod, and the second rod, connected to a small electrical motor. In principle, any
flask that is large enough to not fall through the gap between the rods can be used. In
practice, conventional 125 mL polypropylene bottles, regularly used in labs, have proven
to be a reliable choice. By adjusting the applied voltage of the motor, the rotation speed
(frequency) can be altered.

The second type of ball mill used in this work is the commercial laboratory shaker
mill Retsch Mixer Mill MM 400, displayed in Figure 3.3. Milling vessels are moved along
horizontally (as indicated in Figure 3.3 with arrows), leading to the milling media inside

to collide with the milling flask walls or if multiple balls are used also with each other. The
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Figure 3.3. Photo of the commerical shaker ball mill used in this thesis and used equipment. Bespoke
milling vessels made of polycarbonate (PC) or Teflon (PTFE) in two sizes and milling balls of stainless steel
or yttrium stabilised zirconia (YSZ) are shown.

frequency of this back and forth motion can be adjusted, effectively altering the energy
input into the reaction system. Both milling vessels and their content need to be of equal
mass to ensure smooth operation and an evenly balanced instrument. For this work,
milling vessels of polycarbonate (PC) and PTFE were used. These materials are readily
available and flasks of different sizes were produced at the university’s workshop. PTFE
is a good choice due to its chemical robustness. Polycarbonate is less durable, but allows
for visible observation of the reaction during milling due to its transparency. Chosen
materials for milling media were stainless steel and YSZ (yttrium stabilised zirconia).
Steel is a commonly used material as it is rather hard and most of the mechanical
energy can be transferred into the chemicals of the desired reaction. However, abrasion
of the material occurs, especially at high frequencies, potentially contaminating the
sample with iron, nickel, or chromium impurities. Likewise, the material may undergo
undesirable side-reactions with the chemicals used. Where these issues may be of
concern, YSZ milling media are a suitable alternative. Despite the lower density of the
material (roughly a quarter of steel), it is chemically much more inert and is also typically

less prone to abrasion.

3.3 X-ray diffraction, XRD

The physical basis for diffraction techniques is the diffraction of an incoming X-ray beam
by the electrons surrounding atoms in the investigated sample.>* This is possible, if the
wavelength (i.e. the energy of the particles) is on the same order of magnitude as the
interatomic distances. This is true for X-rays, electromagnetic waves with a wavelength

on the scale of 1 x 107!1-1 x 1078 m, coinciding with the distance between individual

57



Chapter 3 3.3 X-ray diffraction, XRD

atoms in solids, which is typically around 1 A or 1 x 10~'° nm.

3.3.1 Crystal lattice and symmetry

In principle, every compound does scatter X-rays, however, crystalline materials can be
distinguished from amorphous, glassy materials due to their distinct diffraction patterns.
These patterns are caused by the specific, periodically repeating nature of the atomic
arrangement in the structure, thus crystals can be described by a lattice. Due to the high
and long-range ordering in crystals, it is convenient to choose a unit cell, which contains
all information needed to reproduce the whole lattice. The unit cell is a parallelepiped, a
polyhedron of six, pair-wise identical and parallel parallelograms; the most symmetric
of it is a cube, both shown in Figure 3.4. The unit cell is chosen so that it encompasses
the smallest volume of space, that by translation along the three dimensions of space
(shifting) reproduces the entirety of the lattice. It is defined by six lattice parameters:
three lengths of the unit cell edges a, b, and c and the three angles between each pair of
cell edges a (between b and c), 8 (between a and ¢), and y (between a and b).

In order to classify the different crystal structures, crystal lattices are combined,
depending on the basic geometric shape of the unit cell. Table 3.1 shows a comparison of
all seven crystal lattice systems, the 14 lattice types (also called Bravais lattices) and the
imposed restrictions on the corresponding unit cells. A primitive lattice is possible for
all systems, where lattice points are at the corners of the unit cell. For the monoclinic,
orthorhombic, and cubic systems face centrings on one (A, B, or C) or all (F, from German
“flichenzentriert”) of the faces are possible. A body-centred unit cell (I, from German
“innenzentriert”) can be found for three of the crystal systems. In the trigonal system, a
primitive or a rhombohedral unit cell can be chosen.

Next to the knowledge about the dimensions of the unit cell, information about the

Figure 3.4. Unit cell for arbitrary lattice parameters and the more specific case of a cubic unit cell with all
lengths equal and all angles equal to 90°.
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Table 3.1. Crystal lattices systems, possible lattice types, and restrictions on lattice (unit cell) parameters.

lattice system lattice types unit cell restrictions

triclinic P -
monoclinic P,C(D) a=y=90°
orthorhombic P,C(A),LF a=f=y=90°

a=b>b
tetragonal P I a=p=y=90°
- a=b>b
trigonal P a=p8=90°%y =120°
a=0>b
hexagonal P a=p=90%y = 120°
' a=b=c
cubic PLF a=B=y=90°

position of atoms within it is crucial. Typically, a unit cell contains several molecules
or ensembles of atoms which are related to each other by symmetry. The most simple
entity is called asymmetric unit and applying all except purely translational symmetry
operations on it generates all other atom positions in the unit cell. These symmetry
operations are rotation about a 2-, 3-, 4-, or 6-fold axes, reflection through a mirror
plane, and inversion through a point. Additionally, there are combinations of these
with translations resulting in screw axes (rotation plus translation) and glide planes

(reflection plus translation). Finally, a rotation can also be combined with inversion.

Looking at a single entity such as a molecule and keeping one point in it fixed, all
possible, unique symmetry operations are combined to form its point group. In total,
there are 32 crystallographic point groups, ranging from 1 (Hermann-Maugin notation,
C; in Schonflies notation) with only a “1-fold” rotation axis, up to groups with a high
order of symmetry such as m3m (Oy,) present in octahedral objects and cubes. In order
to describe a full crystal system, the point group symmetry needs to be extended to
space group symmetry, which also includes considerations of translations, i.e. the crystal
systems. Space groups are usually stated in the Hermann-Maugin notation. As an
example, the space group C2/m (or more explicitly C 1 2/m 1, space group number 12)
describes a monoclinic, C-centred unit cell, with a 2-fold rotation axis along the b-axis

and a mirror plane perpendicular to it, in the ac-plane.

Another important part used in describing crystal systems are Miller planes. These

are two-dimensional sections through space, which are chosen with respect to the unit

59



Chapter 3 3.3 X-ray diffraction, XRD

S

Figure 3.5. Intersections of (020), (120), and (123) Miller planes with the unit cell edges (red).

D7)

cell. They are stated using three integers (in the hexagonal system a fourth integer is
added in some descriptions) indicating how often the plane intersects the respective unit
cell edge. As an example, the (123) plane crosses the unit cell once in the a direction,
twice in the b direction, and thrice in the c direction. These integers are referred to as h,

k, and [ (Miller) indices.

3.3.2 Diffraction in a crystal

Due to the ordered arrangement of atoms in a crystal, incoming X-ray beams are dif-
fracted, and can be described as inelastic, coherent scattering of photons. For X-ray
diffraction experiments, the approximation of kinematical diffraction is typically suffi-
cient, which means that it is assumed that only one diffraction event occurs. Dynamical
diffraction, which accounts for multiple events, is more relevant in electron diffraction,
where the high energy of electrons warrants this more complex theory. In an approxim-
ation, the electrons surrounding each atom can be thought of as a point off of which
the X-rays are scattered spherically. If the scattered waves are in phase with each other,
they interfere constructively and their amplitude is doubled, whereas if they are com-
pletely out of phase, they cancel each other out. Since a crystal lattice can be viewed
as a large, three-dimensional diffraction grating due to its repeating, periodical nature,
the secondary, diffracted X-ray beams that leave the sample have heavily increased amp-
litudes depending on the geometrical orientation and can be detected using dedicated

instruments.

The geometrical dependence means that complete constructive interference only
occurs at specific incident angles for a given spacing between planes in the lattice, the
aforementioned Miller planes. A schematic visualisation is shown in Figure 3.6. The

Bragg equation (Equation 3.1) is a mathematical representation of this principle and is
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Figure 3.6. Geometrical visualisation of Bragg’s law.

used in all interpretations of X-ray diffraction experiments.

Zdhkl sin thl =nl (31)

For a specific wavelength A, the required angle 6 depends on the distance (d-spacing)
between two consecutive Miller planes of the same hkl indices. The path difference
2A of two parallel X-rays is an integer multiple of the wavelength (nA) and can also be
expressed through the trigonometrical considerations with the sine of the enclosed angle
0. This means that by measuring the angle of the diffracted beam with respect to the

incident X-rays, information about the crystal structure can be obtained.

3.3.3 Diffraction experiments

X-rays for diffraction experiments are usually produced using an X-ray tube which
contains a metal filament (typically tungsten) which is heated to a temperature where it
emits electrons. These are then accelerated and focused onto a target metal. The energy
of the electrons is sufficient to knock out inner shell electrons of the target metal atoms.
When higher shell electrons transition into the energetically lower and thus favoured
inner shells, the energy difference is emitted as X-ray radiation. Since electron energy
levels are unique for each element, the produced X-rays are characteristic for the used
metal. This means that the target metal can be chosen so that the produced X-rays are
of a wavelength appropriate for the desired experiment. For an optimal experiment, a
monochromator is employed to select only one specific wavelength out of the generated
X-ray spectrum. The most intense line is Ka;, originating from an L-K shell transition.

The two most used elements are copper (A(Ke;) = 1.5406 A) and molybdenum (A(Kot;)
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=0.7093 A). The longer wavelength of Cu means that a smaller angular range can be
covered, however, the diffraction pattern is more spread out, and intensities are more
easily distinguished from another. Further benefits of using copper are its low cost and

the ease of handling with respect to cooling to prevent melting of the target.

3.3.3.1 Single crystal X-ray diffraction, SCXRD

When shining X-rays on a single crystal, the beams diffracted by the crystal lattice
produce a spot pattern, shown in Figure 3.7. This diffraction pattern is in itself a lattice.
It is referred to as reciprocal lattice since spacings in the real space (or direct space)
crystal lattice are inversely correlated to the corresponding distances in the diffraction
pattern. From this information, the unit cell parameters can be determined. A diffraction
pattern also exhibits symmetry which corresponds to the symmetry of the crystal lattice it
originates from. The difference is that since a pattern is only a two-dimensional projection
of the reciprocal lattice it has point group symmetry, in contrast to the space group of
a three-dimensional lattice. Thus, only by analysing a combination of several patterns
the correct space group can be assigned. Further to these geometry and symmetry
considerations, the intensities of the diffraction spots correlate with the amount of
electrons the incident X-ray has interacted with, which means that they can be used to

calculate the position of atoms within a crystal structure.

detector diffraction pattern
scattered "
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Figure 3.7. Schematic representation of a single crystal X-ray diffraction experiment and an exemplary
diffraction pattern.

A practical necessity for successful determination of a crystal structure is the quality
of the single crystals. For common SCXRD diffraction experiments, the crystal should
be roughly 5um in each direction to ensure a sufficiently large diffraction volume.
Dedicated instrumentation at large-scale synchrotron facilities is more lenient in this
respect, due to higher brightness of the X-ray beam. Nonetheless, such restrictions are
sometimes difficult to overcome in the synthesis of materials, especially zeolites. Often

only dedicated studies on synthesis conditions find ways to produce samples suitable
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for SCXRD. The size limitation but also the often seen polycrystalline nature of zeolite
samples as well as common intergrowths of several crystals makes crystal structure

determination of new zeolite phases challenging.

3.3.3.2 Powder X-ray diffraction, PXRD

X-ray diffraction from a polycrystalline powder follows the same principles as SCXRD,
but instead of discrete diffraction spots, the detected pattern has the form of rings,
schematically depicted in Figure 3.8. This is caused by the large number of crystals
present in the sample, which are randomly aligned with respect to the incident beam
so that scattering in different orientations is observed. Interpretation of the collected
diffraction pattern is performed using only a slice of the circular pattern and the intensity
of the reflection is plotted against the incident angle. Although a PXRD experiment
can be performed much more rapidly than SCXRD, more information is lost and a full
structure solution without prior knowledge about the crystal structure is often difficult.
However, PXRD is a bulk characterisation technique and all present crystalline phases in
a sample contribute to the observed pattern. Although a crystal structure may be obtained
by SCXRD the selected crystal may only be a minor phase of the entire sample. Thus,
PXRD can be used for quick phase identification of materials with a known structure.
PXRD patterns may be viewed as a fingerprint of a given crystal structure and measured
patterns can be compared to simulated ones rather easily. Further to this purely structural
information, the peaks in the powder pattern also provide insight into the crystal shape

and size by analysis of the peak intensities and the peak shape, respectively.
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Figure 3.8. Schematic representation of a powder X-ray diffraction experiment and exemplary ring pattern
and a powder pattern obtained by selecting a thin slice of the ring pattern.

PXRD measurements are conducted using either in reflectance or in transmission
geometry. Reflection PXRD experiments are easy to set up due to horizontal alignment
of the sample and show high peak intensities and good signal-to-noise ratios. It is

also advantageous for samples which strongly absorb X-rays. However, this method is
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prone to show preferred orientation effects, especially for flat crystals. Performing the
experiment in transmission geometry often has the benefit of requiring lower amounts
of sample is less affected by non-random orientation of crystals in the sample. In both
cases, either X-ray source, or detector, or both can be moved with respect to the sample in
order to cover the desired angular range. The step size of this movement and dwell time
can be adjusted to the needs of each measurement and high quality data is obtainable
for both cases.

Due to the polycrystalline nature of all samples produced in this thesis, only PXRD
was used for analysis by X-ray diffraction. Both reflection and transmission geometry dif-
fractometers were used, the choice mainly depending on sample amount as no particular

limitations due to elemental composition or other factors needed to be considered.

3.4 Electron microscopy

Electron microscopy follows the similar principles as conventional light microscopy,
but the sample is irradiated using a beam of electrons. As these particles have much
higher energy than photons of visible light, the achievable resolution is much higher and
features on nanometre scale can be investigated. Several techniques have been developed
over the years and different types of data can be obtained depending on the specifics of the
instrument and the employed conditions. In all cases a beam of electrons is generated in
an electron gun (source) and focused onto a sample. Since electrons are charged particles
their trajectories can be altered using electromagnetic lenses. There are two main types
of guns that are used: thermionic and field emission. In thermionic sources, a tungsten
filament or LaB, (lanthanum hexaboride) crystal is heated to temperatures high enough
so that the thermal energy overcomes the work function of the material and electrons
are emitted. Due to the high temperatures the filament burns out regularly and needs to
be exchanged frequently. The produced electron beam is of suitable quality, but does
not reach resolutions achievable with field emission sources. LaB is more robust than
tungsten and produces brighter electrons, however, is also more expensive.

Field emission guns (FEG) also use tungsten as electron emitter but require a thin,
single crystalline wire. An electrical field is applied to the sharp tip of the wire, causing
an oversaturation of electrons in this region and increasing the likelihood of electrons
escaping from the metal. This drastically reduces the required temperatures for emission
and prolongs both lifetime of the material and brilliance of the electron beam. In extreme

cases the emission of electrons may even occur at room temperature (cold FEG).

64



3.4 Electron microscopy Chapter 3

Primary electrons from the electron beam interact with the sample in various ways,
some of which can be exploited to characterise the sample, whereas others can lead to
degradation of the material. There are two main electron microscopy methods: scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM). Broadly
speaking, investigations using an SEM focus on interactions where detectors are on the
same side of the sample as the electron gun, whereas TEM has (most of) its related
detecting devices on the opposite side of the sample. Desired electron-matter interac-
tions are discussed below in sections about the corresponding microscope dedicated
to their investigation. Although not a microscopy technique per se, energy-dispersive
X-ray spectroscopy (EDS) is a common supplementary technique that is available for all
types of electron microscopes and is used for qualitative and quantitative analysis of the

elemental composition of the sample.

Besides the advantageous effects of irradiating a sample with a beam of electrons,
their high energy can also have severe side-effects. Injecting electrons into a material
leads to accumulation of negative charges. For metals or other conductive samples, the
surplus of electrons can be directed out of the sample by grounding the sample stage and
holder. However, for specimen which are electrically insulating this is not possible and
leads to so-called charging of the material and obtained images are oversaturated. This is
especially true when using secondary electrons (see below). Usually, the charged part of
the sample is irreversibly damaged and cannot be investigated any further. Procedures to
avoid charging of samples can be done during sample preparation as well as by adjusting
imaging conditions. Lower acceleration voltages and short dwell times can be useful for
samples where the build up of charging only progresses slowly. For SEM investigations
and in more severe cases, the sample can be coated with a thin layer of an electrically
conductive material. Typically metals such as gold or platinum, or also carbon, are
used since a nanometre thin film of these materials can be deposited on the sample by

sputtering, without altering the surface and morphology of the materials.

Additional to charging phenomena, structural degradation of the sample may be
encountered. This is often the case for organic matter and organic based materials such
as polymers, or metal-organic frameworks. Although such structural collapse is more
severe in high energies used in TEM, even SEM analysis can lead to a breakdown. As
mentioned for charging effects, lowering the dose of the electron beam (i.e. number of
electrons per unit area) may prolong the integrity of the sample long enough for the

desired analysis. Further, adjusting the beam energy to both lower but often higher
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voltages may decrease radiation damage. Increasing the acceleration voltage can reduce
the number of interaction on the surface of the sample, thus leaving the sample intact
for longer time periods. Finally, cooling the sample is an expensive but tremendously
successful way of preventing beam damage. Cryo-electron microscopy, especially during

TEM operation, even enables investigation of biological matter.”

3.4.1 Scanning electron microscopy, SEM

In scanning electron microscopy,® the electrons are accelerated to an energy typically
in a range of 1-30keV. A schematic setup of an SEM is shown in Figure 3.9. Prior to
reaching the sample, the beam passes through the optics of the instrument. The first
of two sets of lenses is the condenser lens which is used to adjust the spot size of the
beam, i.e. its spread. Scanning coils are used to scan the beam across the sample surface.
The following objective lens is responsible for focusing the beam onto the sample. In
order for the scanning to run smoothly, deflector coils are additionally present. The lens
system must be aligned regularly to ensure high quality imaging conditions. Further,
imperfections in the optical system can lead to astigmatism, which means that a circular
object would appear elliptically distorted. This can be corrected using electromagnets

referred to as stigmators.

An initial, important consideration is the penetration depth of impacting electrons
and the resulting interaction volume. This is influenced by the energy of the incident
beam but also by the elemental composition of the sample. Higher energy and lower
atomic mass (thus lower number of electron in the sample) result in an enlarged interac-
tion volume. Depending on the characteristic to be analysed, this may be advantageous
but can also have an adverse effect. It is important to be aware of this phenomenon and
consider the underlying interactions when interpreting SEM images. Elastic scattering
of electrons in a given material can be simulated, providing a visual representation of
the interaction volume in a material. For example, the volumes for incident beams
with acceleration voltages of 5, and 20kV in metallic copper and silica are shown in
Figure 3.10.

Elastic scattering of primary electrons is the main propagation mechanism in the
sample leading to large interaction volumes. If the statistics of these events are high
enough, electrons can be scattered out of the sample, back towards the beam itself.
These electrons are referred to as backscattered electrons (BSE). The probability for

this overall process is heavily dependent on the mass of the atoms, as a higher number
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Figure 3.9. Simplified schematic of a scanning electron microscope, showing the optics of the column
including lenses and three common detectors to collect backscattered electrons (BSE), secondary electrons
(SE), and emitted X-rays with an energy-dispersive X-ray spectrometer (EDS).

of electrons increases the likelihood for elastic scattering events. The contrast in the
produced image is generated due to the probabilistic difference for the different elements
present in the sample, thus referred to as atomic number contrast. The corresponding
BSE detector is torus-shaped and placed above the sample, around the incident beam
(compare Figure 3.9).

Beam electrons are also able to knock out loosely bound electrons in the outer shells of
atoms in the sample by inelastic scattering. The produced free electrons, called secondary
electrons (SE) have comparatively low energy, which means that their mean free path
is rather short. Thus, only a low percentage of all generated SEs are able to escape the
sample and are detectable. Despite this low yield, the number of incident electrons
ensure a sufficient amount of SE for analysis. Since detected SEs only originate from
the surface of the sample, this technique is well suited to investigate the texture and
morphology of the specimen. Areas that are closer to the detector appear brighter in
the obtained image, whereas regions in valleys are darker. Thus, objects in an SE image

appear three-dimensional as a result of their topographical features.
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Figure 3.10. Monte Carlo simulations using the software CASINO,’” showing the penetrations depth of
electrons and the resulting interaction volume in the first 1000 nm using 500 trajectories. Red paths indicate
electrons that are able to escape the material as backscattered electrons (BSE) and blue lines represent
electrons that stay in the sample.

3.4.2 Transmission electron microscopy, TEM

As the name suggests, transmission electron microscopy relies on beam electrons being
able to pass through the sample.® This is facilitated on the one hand by higher acceleration
of the electrons to typically 100-300 keV and on the other hand by ensuring thin samples
of a few hundred nanometres in thickness along the beam axis. The electron-matter
interaction in a TEM results in diffraction of the beam (electron diffraction) yielding
a diffraction pattern below the sample that can be recorded. In contrast to X-rays, an
electron beam can be bent easily and focused using electromagnetic lenses, making a

projection of the object that caused the scattering possible, leading to TEM images.

A schematic overview of the optics in a TEM are shown in Figure 3.11. Similar to
the column in an SEM, the electron beam passes through a set of lenses before it reaches
the sample. However, in a TEM the objective lens is placed below the sample, where the
diffracted beam is passed through a second set of optics forming the image and focusing

it onto the image plane, where a camera is placed for recording.

TEM is a valuable technique which can give a lot of information about a sample. It

does provide some insight into the shape of individual particles, but since it is only a
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Figure 3.11. Simplified schematic of a transmission electron microscope (TEM) showing the optics of the
column and image formation parts within a TEM.

projection, SEM is usually preferred. However, for materials with particle sizes below
100 nm, often only the resolution of a TEM is sufficient to distinguish individual particles.
More importantly, since the technique is based on diffraction, information about the
crystal structure can be obtained. If the observed crystal is aligned correctly with respect
to the incident beam, lattice fringes corresponding to Miller planes (see also section 3.3.1)
are visible in the image and allow determination of their d-spacing. This can help to
identify different phases in the sample as well as aid in the structure determination

process.

Further to conventional imaging methods in TEMs, electron diffraction patterns can
be obtained readily.” Due to operational restrictions, often only individual frames are
acquired, once perfect alignment of the crystal has been achieved. This is a slow and
tedious process, especially compared to X-ray diffraction. However, due to the much
stronger interaction of the high energy electrons with the sample, the size of a crystal
can be much smaller compared to single crystal XRD and only 100 nm may be sufficient.

In recent years, a lot of research has gone into the development of electron diffraction
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techniques, specifically so-called 3DED (three dimensional electron diffraction).0-12
It combines the advantages of electron diffraction with the collective knowledge from
SCXRD and has been shown to be a powerful complementary technique for structure
solution of novel materials. As mentioned above, especially framework materials such
as zeolites and also MOFs and coordination polymers are often only obtained as polycrys-
talline powder, impeding determination of their structure by XRD methods. With the
advent of the 3DED techniques such as cRED (continuous rotation electron diffraction),
precession ED, ADT (automated electron diffraction tomography), and microED, crystal

structures of many materials could be solved and refined.!>1°

3.4.3 Energy-dispersive X-ray spectroscopy, EDS

X-rays are a side product of one of the possible interactions of the primary electron beam
with the sample. Electrons of high energy are able to knock out inner shell electrons
in atoms of the material, resulting in an electron hole. These are rapidly filled with
an electron from a higher shell, which relaxes into the lower energy state. The energy
difference is emitted as X-ray radiation which can be detected. Since the energy levels and
their differences are characteristic for each element, the detected X-rays can be assigned
to elements, thus providing means for qualitative but also quantitative determination of
the elemental composition of the investigated sample. Keeping in mind the interaction
volume description presented above (see Figure 3.10), the field of view or the area selected
for EDS analysis may or may not be entirely representative of the volume from which
X-rays are produced. This is important to keep in mind when analysing samples and only
appropriate regions should be selected, if possible. Furthermore, elemental compositions
determined from an individual EDS spectrum should not be considered representative
of the entire sample. It is preferred to acquire multiple spectra of different particles
to ensure unbiased and reproducible results. EDS detectors are often part of standard
instrumentation of both SEM and TEM microscopes and the spectroscopic analysis can

be performed routinely alongside microscopic investigations.
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Chapter 4 4.1 Introduction

4.1 Introduction

4.1.1 The ADOR process

The ADOR (assembly-disassembly-organisation-reassembly) process is a zeolite syn-
thesis method which can be viewed as a 3D-2D-3D transformation from a parent zeolite
phase structurally related, but still distinct daughter zeolite as described above in sec-
tion 1.2.3.8.! The crucial property of the parent zeolite phase is the intrinsic structural
weakness in the form of germanium rich, cubic d4r units which connect siliceous layers
in frameworks such as UTL. The hydrolytically labile Ge—O bond can be cleaved select-
ively using acidic conditions or water, resulting in the disassembled layers. Depending
on the conditions of this hydrolysis, different intermediate zeolitic precursors can be
obtained and are subsequently reassembled into fully connected 3D zeolite materials. Us-
ing this unique synthesis approach, several new zeolite materials with novel frameworks
have been discovered.

A schematic overview of ADOR daughter materials based on the parental UTL
framework is shown in Figure 4.1. The fully disassembled, layered zeolite phase is called
IPC-1P, which is self-stabilised by hydrogen bonding of surface silanol groups, formerly
the anchors of the d4r units. The suffix “P” indicates the precursor nature of the material,
which can be reassembled to the 3D zeolite IPC-4 which exhibits PCR framework. If the
hydrolysis reaction is conducted under strongly acidic conditions the precursor IPC-2P
is obtained. Silicon from the zeolite layers is self-intercalated and the basis for square s4r
units are formed in the interlayer space. However, the material is not yet fully connected
and requires the typical heat treatment to form the final IPC-2 (OKO). The concentration
of the used hydrochloric acid has a profound effect on the formed zeolite intermediate
and enables control over extent of this re-intercalation. Adjusting the concentration to
1.5 M results in the ratio of layers connected by single oxygens (as in PCR) and by s4r
(like in OKO) as exactly 1 (i.e. 50 % PCR and 50 % OKO). The precursor has been named
IPC-6P and its reassembled product correspondingly IPC-6. It is a highly crystalline
single phase material, but due to the inherent disorder in the stacking sequence of the
two linker types, the assigned framework type code *PCS is affixed with an asterisk. In a
single hydrolysis reaction, the transition from IPC-1P over IPC-6P to IPC-2P is gradual
and dependent on the rates of bond making and breaking, which in turn hinges on the
acidic concentration.?

Indicated in Figure 4.1 are also the interlayer distances of intermediates and final
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Figure 4.1. Structures of ADOR daughter zeolites derived from a zeolite with UTL framework. Reproduced
from Ref. [3] with permission from the Royal Society of Chemistry.

zeolites. This information is crucial for fast and easy initial determination of the nature
of a material obtained from a synthesis by using powder X-ray diffraction.* The distance
between the layers is equivalent to the crystallographic d-spacing corresponding to the
200 plane in the lattice of these frameworks. This means that the PXRD peak position of
the 200 reflection can be used to calculate this interlayer distance. In the case of IPC-1P
this value is quite distinct, but the peak positions of IPC-6P and IPC-2P are almost
indistinguishable. In this case only reassembly to the final material allows unequivocal

assignment by this characterisation method.

4.1.2 Industrial viability of the ADOR process

Although the ADOR process has already been shown to yield several new materials and
framework types otherwise unattainable, there are still some drawbacks which cause
concern when thinking about potential applications of the method on a larger scale. A
big problem is the cost of germanium precursors, which are substantially more expensive
than reagents for other elements typically used for zeolite synthesis. This has mainly to
do with its lower natural abundance, with only 1.5 mg kg_1 in the earth’s crust, compared
to 2.82 x 10° mgkg ™" for silicon and 8.23 x 10* mgkg™" for aluminium.5 Unfortunately,
the necessity for a germanosilicate as parent zeolite appears to be unavoidable, at least

at this point in time.
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Common zeolites which also contain elements other than silicon such as aluminium
and boron are not usually found in specific sites but are typically distributed throughout
the framework. This means that even if chemical conditions which would lead to
selective removal of these atoms can be devised, the resulting material would most
likely not retain any structural integrity. Most other heteroelement zeolites are generally
unsuitable due to the low incorporation of the element into the framework. In this
case, removal of the element with the more labile oxygen bonding would not lead to a
structural change at all and only create defect sites. There is certainly a possibility for
specific combinations of elements where the ADOR strategy may prove to be applicable,
but for silicate-based zeolites this has not been found yet. Some promising work comes
from the area of AlIPOs, where Huang et al. showed a closely related type of 3D-3D
transformation,® as well as Maeda et al. who transformed an AIPO phase to a zinc-AlPO

daughter material using a derived lamellar intermediate.’

Besides the restriction on the elemental composition of the parent material, the
expensive germanium is of course also removed during the hydrolysis and would be
treated as waste. This would mean that the most expensive component of the synthesis
process overall does not even end up in the final material and is only disposed of. Zhang
et al. took on the challenge of salvaging these germanium species from the hydrolysis
reaction solution.® Solid GeO, can be filtered off using microfilters and a subsequent
drying step. This way up to 94 % of the germanium removed during the hydrolysis can be
recovered. The material can be used directly as a germanium source for further syntheses

of germanosilicates, establishing an efficient recycling protocol.

A different approach to improve the viability of the ADOR process would be to
optimise the synthesis conditions of the hydrolysis reaction. The commonly used protocol
asks for large amounts of liquid, and the reaction is conducted under reflux conditions,
typically overnight, for example for 16 h. These three reaction parameters are where
mechanochemical synthesis methods can be of great value.’? Energy input through
mechanical forces enables avoidance of bulk solvents, based on the intimate contact
of the reagents. This is often also accompanied by faster reaction rates compared to
solution-based reactions. Additionally, the exerted energy can also result in increased
local temperature due to friction and shear forces, which often makes an external heating
source unnecessary. On a laboratory scale these reactions are usually carried out in
small benchtop ball mills, but these instruments are available in sizes up to industrial

scale. Depending on the type of mill, a translation of laboratory reactions to industrially
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relevant capacities is in principle possible.

Employing mechanical forces to induce reactions has been reported in several
branches of synthetic chemistry,'® ranging from organic synthesis* to main group chem-
istry®> and more importantly in the context of this chapter on materials chemistry,1%:16:17
especially zeolites.!®1° In most of these reactions, high impact milling is used to exert
the energies, required to induce the chemical reactions. However, such a treatment can
also lead to severe amorphisation, which would need to be recovered by a subsequent
recrystallisation (see also section 1.2.4.4). Liquids are excellent heat conductors, which
can also be utilised in milling processes. Employing wet grinding methods, or even
performing a mechanochemically assisted reaction within a solvent, lessens the stress

on the material and can help mediate appropriate reaction conditions.?

4.2 Mechanochemically assisted hydrolysis in the ADOR

process

The synthesis of the parent zeolite IM-12 (UTL) was performed following literature
protocols using DMASD-OH (6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxide) as
structure directing agent and a Si/Ge ratio in the synthesis gel of 2.2212 The product
of the hydrothermal synthesis is a white, polycrystalline powder consisting of stacks
of plate-like crystals with rough dimensions of 35 um X 45 um X 1 um (see Figure 4.2).
The exhibited PXRD pattern of the material agrees well with a simulated pattern for the
UTL framework.?* The Si/Ge ratio of the samples is within 3.5-4.0 as determined by
EDS. This value ensures the number of Ge atoms in the d4r units is sufficiently high for

the ensuing disassembly by hydrolysis.

UTL calcined

UTL as synthesised

L‘ UTL (sim)
A1l

T T

T
10 20 30 40
20/°

Intensity (arb. units)

a) PXRD pattern of synthesised zeolite UTL and com- b) SEM image of synthesised zeolite UTL sample.
parison with a pattern simulated for an ideal UTL frame-
work.?

Figure 4.2. PXRD pattern and SEM image of synthesised zeolite UTL.
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4.2.1 Hydrolysis of UTL in solution

Conventional solution-based experiments were conducted using water, hydrochloric
acid, and acetic acid as hydrolysing agents to demonstrate that different ADOR daughter
zeolites can be obtained from the parent UTL samples.*?>2425 PXRD patterns of the
products of these reactions, as well as the result of calcination thereof, are shown in
Figure 4.3. As expected, using concentrated hydrochloric acid leads to the formation of
IPC-2P and IPC-2 with OKO framework after calcination. The highly acidic conditions
enable not only the removal of the germanium-rich d4r units but also lead to dissolution
of silica from within the layers, followed by rapid re-intercalation of these species into the
interlayer space. There, they form the foundation of what will finally become s4r units
in the fully connected zeolite after reassembly through heat treatment. This is evidenced
by the similarity in PXRD patterns of the precursor form and the fully connected zeolite
and the position of the main peak at 7.58° and 7.70° 20 for as made and calcined product,

respectively.

The significantly lower acidity in the reaction using 1 M acetic acid, on the other hand,
leads to the IPC-1P, where only the germanium containing parts are removed, leaving the
bare siliceous layers. With no connection between the layers besides hydrogen bonding,
the interlayer spacing is decreased, seen in the dominant peak shifting to 8.48°. The
sample was then stirred in octylamine to enable proper orientation of the individual
layers with respect to each other.?® The linear amine intercalates in-between the layers
and separates them slightly more. This gives the layers some additional freedom to
organise themselves uniformly. In the subsequent calcination of this material the silanol
groups on either side of the layers reconnect directly, employing only an oxygen atom as
connection. This results in even smaller interlayer distances and correspondingly, the

main peak in the PXRD pattern shifts to the even higher 20 value of 9.64°.

Looking at water-based hydrolysis reactions, the importance of the duration of the
reaction is evident as shown in Figure 4.3. Disassembling zeolite UTL under reflux
conditions for 5h results in precursor IPC-2P, which reconnects to form IPC-2 after
calcination. Noteworthy is that for a material with no structural defects, the use of
concentrated hydrochloric acid is still preferable. In contrast to a hydrolysis for several
hours, stopping the reaction after only 1 h yields IPC-1P as product. The underlying
kinetics for this temperature dependency have been described in detail by Henkelis et
al.?> Calcining this sample directly does lead to a material which exhibits a similar PXRD

pattern as the one simulated for IPC-4 (PCR), however, the main is peak observed at a
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Figure 4.3. PXRD patterns of products of solution-based hydrolysis of zeolite UTL.

slightly higher angle (9.98° compared to 9.74° for PCR). This indicates some disorder in
the layer connectivity, where not every connection is the ideal straight oxygen bridge
connecting two silanol groups opposite each each. When immersing this sample in
octylamine prior to reassembly, the peak position would suggest a better and more well-
ordered product. These results also agree well with what has been described in the

literature.?>26

4.2.2 Hydrolysis of UTL in a ball mill

The described conventional solution-based hydrolysis conditions are very well suited to
obtain ADOR daughter materials of high quality and purity as shown in the previous
section. In light of economic and ecological sustainability of this entire process, however,
there are several possibilities for improvement. Firstly, the amount of liquid used for the
hydrolysis reaction is significant. Reduction of the required volumes of both solvent and
washing liquid would help decrease cost and environmental impact. Additionally, these
reactions are typically carried out under reflux conditions of water (i.e. 100 °C) and for at
least several hours. With the aim of optimising reaction conditions for the disassembly
step of the ADOR process, a mechanochemical methodology was targeted. Anticipated
benefits of using a ball mill as the instrument of choice would include shorter reaction
times, heavily reduced amounts of liquid, and no necessity for additional heating.
Using a bespoke rotary ball mill, initial test experiments were carried out using
water, ethanol, and hydrochloric acid as hydrolysing agents, as well as a reaction with
no additional liquid as a control experiment. A 125 mL polypropylene flask was used
as milling vessel and filled with 250 g of YSZ (yttrium stabilised zirconia) milling balls

(3 mm diameter), occupying roughly a third of the internal volume. A liquid volume of
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Figure 4.4. PXRD patterns and SEM images of initial experiments towards mechanochemically assisted
hydrolysis of zeolite UTL.

25 mL was chosen to ensure complete coverage of the milling media. 500 mg of zeolite
were employed in a typical synthesis. The reactions were carried out for 30 min at room
temperature with no external heating source. Further synthesis details can be found in
section 4.4.

The products were characterised using PXRD, shown in Figure 4.4, which clearly
shows the expected result for the dry reaction, with no hydrolysed product discernible
when comparing its PXRD pattern to the parent UTL. Likewise, the reaction containing
ethanol did not appear to have induced disassembly either. A recent report by Zhang et
al. showed that adding alcohols to water or using hydrochloric acid dissolved in ethanol
instead of water effectively slows down the disassembly process.?” Using pure alcohols,
no disassembly was observed at all, in line with the outcome of the mechanochemical
reaction.

In contrast, disassembly of the UTL sample is facilitated when switching to water
or hydrochloric acid as the liquid additive. The is a significant result considering the
differences in reaction conditions compared to conventional protocols. The volume of
liquid used per gram of zeolite is halved from 100-200 uL mg~! to 50 uL mg~! (parameter
7 as introduced by Fris¢i¢ and co-workers!®?®) and no heating source is employed. These

factors promise an overall more sustainable procedure for the ADOR disassembly step.
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Figure 4.5. PXRD patterns of products of mechanochemically assisted hydrolysis of zeolite UTL with
hydrochloric acid (HCI) in varying concentrations.

4.2.2.1 Hydrolysis under acidic conditions

Since the disassembly step is much more favoured using acidic conditions, further studies
using hydrochloric acid were conducted. By carefully adjusting the acid concentration
in solution-based reactions, Wheatley et al. have shown that it is possible to target
specific ADOR daughter zeolites IPC-4, -6, -2, and -7.2 Probing the applicability of this
concept in the mechanochemically assisted hydrolysis, the range of concentrations from
0.1-12M HCI was tested. Comparison of PXRD patterns for these reaction products
shows successful hydrolysis in all cases (Figure 4.5a). A slight difference of the main
peak position, which is assigned the 200 reflection, is observed for higher concentrations
> 9 M. This suggests IPC-6P as the structure for these samples, whereas others are more
likely to be IPC-2P. The two precursor materials for their fully connected analogues IPC-2
and IPC-6 are very difficult to distinguish and certainty about the structural nature of
the samples can only be reached by characterisation after reassembly by heat treatment
(calcination).

Figure 4.5b shows clear differences depending on the used acid concentration. Low
concentrations of 1 and 2 M produce sample with a pattern akin to IPC-6 (¥*PCS). Liquids
of intermediate acidity up to 5 M result in disordered IPC-2 products, with the possibility
of a physical mixture with IPC-6. Increasing the concentration further, the share of
crystals with IPC-2 structure increases gradually. This behaviour culminates at 9 M HCI,
where a sample with a pattern matching the OKO framework is obtained. Surprisingly,
very high concentrations of HCI favour denser frameworks, where the sample treated
with concentrated HCI reassembles to a material whose structure is rather similar to
IPC-4 (PCR). The sample at 12 M HCl shows a layer distance (d-spacing corresponding to
the main peak position) which does not exactly match with the ideal structure, showing

a lower peak position by about 0.2°. One cause for this may be that some of the linking
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units between layers are not only oxygen atoms, but rather s4r units as seen in IPC-6
and IPC-2. As reported earlier, the disassembly step is a gradual process, where the
germanium containing units are removed consecutively.?>?° Given that there is no
evidence for formation of the fully disassembled product IPC-1P, it is even rather likely
that some s4r linkages may still remain in the structure. Given the idealised structures
of IPC-2 (only s4r), IPC-6 (50 % s4r, 50 % -O-), and IPC-4 (only -O-) and the respective
d, peak positions, the ball milled product would have 14 % of s4r units linking the
layers. Keeping in mind that an additional consideration is that the layer distance is
expanded by virtue of residual reaction by-products, such as GeO,, this number is most

likely inaccurate, but gives some indication of the possible structure of this material.

These findings are quite surprising when compared to previous studies, where a
positive, linear correlation was found for acid concentration and the d,,, spacing of
the resulting zeolite material.? A plausible cause for the discrepancy in the mechano-
chemically assisted hydrolyses lies in the formation of the by-product of the reaction.
Germanium in the d4r units is attacked by chloride ions, forming soluble chlorinated
germanium species, which are eventually transformed into GeO,.*° A recent study even
exploits this by-product formation for successful recovery of germanium, to be re-used
in subsequent germanosilicate zeolite syntheses.® The dissolution process is facilitated
by both the presence of chloride ions and a low pH, the latter being advantageous for
Ge—O (and also Si—O) bond breaking. In solution-based reactions, enough solvent is
present to ensure complete removal of these dissolved germanium species from the
interlayer space where they originate. This may, however, not be the case in the ball
milling reactions, where the decreased amount of solvent is possibly not sufficient any-
more. Additionally, the solubility of GeO, in hydrochloric acid reaches its minimum at a
concentration of 5M.3! This coincides with the observed maximum for the d,, spacing of
the sample obtained at this HCI concentration. This interlayer spacing is thought to not
only be caused by the structure of the samples, but some additional contribution from
residual hydrolysis by-products, artificially expanding this space and potentially causing
disruption and disorder. If this hypothesis was to be true, some evidence of residual
GeO, should be evident in the collected diffractograms. Indeed, closer inspection of the
PXRD patterns show an additional peak at 26° 26, indicating an impurity with a-quartz
structure such as germanium dioxide. Further evidence comes from EDS analysis of
obtained materials, where the measured Si/Ge ratios range from 10-30, with higher

values obtained for samples treated with HCI in greater concentrations. These values
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Figure 4.6. Nitrogen adsorption isotherms for samples obtained with 9 M HCI (green) and 12M HCI
(grey/black).

are in stark contrast to solution-based hydrolysis products, especially IPC-2, which is

commonly essentially germanium-free.?*

Of the obtained materials, the most intriguing samples are the ones produced using
9™ HCI which resulted in an IPC-2 material, and 12M HCI yielding an IPC-4-type
material. Thus, some further investigations were conducted using these two materials.
One question that arises is how the mechanochemical treatment would effect the porosity
as well as the available surface area. Consequently, nitrogen adsorption measurements
were conducted. The isotherms show a typical type I behaviour with some very small
indication of mesoporosity, most likely due to voids between particles.>? For the sample
obtained from 9 M HCl a BET surface area of 368 m? g~! was calculated. This value is in
good agreement with literature data, further supporting the assignment of IPC-2 and
validating the developed mechanochemical methodology as an alternative approach
to obtain this material.>* The amount of adsorbed nitrogen in the 12M HCI sample,
however, is very low and correspondingly the calculated BET area only amounts to
60 m? g~!. The surface area of an IPC-4 material is expected to be lower than for IPC-
2, due to the smaller pores (10 x 8 in IPC-4 compared 12 X 10 in ICP-2), however, it
is still typically in the range of 200-300 m? g~1. The much lower measured value for
available surface area for this IPC-4-type sample may be caused by the aforementioned
disorder and residual germanium species in the interlayer space which could not be
removed. These species would effectively clog the pores by blocking the pore windows,

thus reducing the nitrogen uptake during the adsorption measurement.

With hopes of shedding more light onto the situation, further structural character-
isation was carried out by employing transmission electron microscopy (TEM). Looking
at both samples in their reassembled forms, high resolution TEM images were acquired.
From the sample obtained using 9 M HCI, crystals were found in different orientations

and the d-spacings derived from Fast Fourier Transformation (FFT) match well with
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what is expected for the OKO framework (Figure 4.7). For example, the d-spacing of
1.12nm was found for several investigated crystals, which corresponds well with the

interlayer spacing of IPC-2.

a) TEM image showing lattice fringes with a distance of b) TEM image approximately along the [101] direction,
roughly 1.12 nm which indicate a OKO framework. The with corresponding FFT as insert.
corresponding FFT is shown as insert.

c) TEM image approximately along the [101] direction, d) FFT of Figure 4.7c, and expected reflections for the
with corresponding FFT as insert. OKO framework viewed along the [101] direction as over-
lay.

Figure 4.7. TEM images and corresponding FFTs of reassembled samples from mechanochemically assisted
hydrolysis using 9 M HCI.

Similarly, the product of hydrolysis using 12M HCI was investigated using TEM
(Figure 4.8). Crystals with lattice fringe spacings of 0.93 nm on average were found,
agreeing well with PXRD results and the ideal value for the PCR framework. In a few
instances, however, a slightly larger distance of 1.06 nm was observed in some regions,
which would correspond to the d,q, spacing in IPC-6. Additionally, several regions
showed interruptions in the lattice fringes, indicating partial collapse of the framework.

This agrees well with the results of the gas adsorption experiments, which indicated
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inaccessibility of the pore system, despite the average interlayer spacing matching with

the porous PCR framework.

Figure 4.8. TEM image, corresponding FFTs and magnified parts of a reassembled sample from mechano-
chemically assisted hydrolysis using 12 M HCIl. The magnified regions show highly crystalline (1) but also
defective parts of the particle (2, 3).

In order to probe whether an increase in milling time would have an effect on the
structure of obtained hydrolysis products, the two discussed synthesis conditions were
adapted, varying the duration of the treatment. Figure 4.9 shows the PXRD patterns
for each case, with both hydrolysis product and the corresponding final, reassembled
material. The patterns indicate no change in obtained structures, even after the com-
paratively long time of 480 min. Only slight changes to the main peak position over
the initial 2 h can be discerned. For the syntheses at 12 M HCI, this is in stark contrast
to solution-based reactions, where especially at longer reaction times the formation of
IPC-2 is essentially inevitable. In the here employed mechanochemical synthesis, the
re-intercalation of silicon species must be inhibited.

The heavily reduced reaction time of 30 min, instead of several hours, producing
either IPC-2 or IPC-4 materials is an important advantage of the here presented me-
chanochemical method compared to the conventional solution-based approach. This is
thought to be caused by the occurring particle size reduction of the mechanochemical
treatment, effectively decreasing the time required for the hydrolysing agent to access
all layer-connecting units throughout the crystals. Furthermore, despite the lack of a
dedicated heating source, milling reactions do produce heat, especially locally, which
potentially may even exceed the 100 °C, typically employed for conventional, solution-
based hydrolysis. Such high temperatures may contribute to faster reaction kinetics,

resulting in lower reaction times.
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c) PXRD patterns of hydrolysis products using 12 M HCI, d) PXRD patterns of calcined hydrolysis products using
studied over a period of 480 min. 12 M HCI, studied over a period of 480 min.

Figure 4.9. PXRD patterns of products of mechanochemically assisted hydrolysis of zeolite UTL using 9
and 12 M HCI at varying reaction times.

4.2.2.2 Hydrolysis using water

Even though disassembly in the ADOR process is typically done using acids, water can
also be used. As shown in preliminary experiments (compared Figure 4.4), this is also
the case for the adapted mechanochemical protocol. The conditions employed using
water as hydrolysis reagent yielded IPC-2P or IPC-6P type materials with a PXRD pattern
similar to what has been observed for samples obtained with hydrochloric acid. The
samples treated with low concentrations of acid (almost neutral conditions) reassembled
to IPC-6, whereas using water in the hydrolysis, the resulting material exhibits a PXRD
pattern much more like the framework OKO, shown in Figure 4.10.

Furthering the investigation into using only water as the hydrolysing agent, the effect
of decreasing the volume of liquid was investigated. As Figure 4.10a unequivocally
shows, disassembly occurs similarly well for volumes as low as 100 uL, translating to an
7 value of only 0.2. All of these hydrolysis products reassemble to an IPC-2 material, as
seen for the initial test reaction using a volume of 25 mL. Such low values for 1) imply
a true mechanochemical reaction, whereas the above described experiments should
and have been referred to as mechanochemically assisted. The reason for this is that
despite the experiment being conducted in a ball mill, the possibility of phenomena

associated with conventional solution-based syntheses cannot be excluded as dominant

86



4.2 Mechanochemically assisted hydrolysis in the ADOR process Chapter 4

P OV S W N1 A mm |
é A 20 mL "g A 20 mL
A 15 mL

g J\"‘“’ i g _L 10 mL
L _A’\A—J\MMI__ < J 5mL
> > m
3 3|
SN AT gl o1t
= = |
= MWM = J IPC-2 (sim)

T T T T T T

10 20 30 40 10 20 30 40

201/° 201/°
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Figure 4.10. PXRD patterns of products of mechanochemically assisted hydrolysis of zeolite UTL using
varying amounts of water.

factors. Reaching liquid to solid ratios below 2 uL mg~!, however, strongly suggest that
the impact of milling is at least part of the driving force for the observed transformation.
As shown previously (Figure 4.4a and 4.4b), complete absence of water does not induce
this type of reaction, which is not surprising since a spontaneous, controlled breakdown
of the parent UTL framework by a hydrolytic pathway can be excluded in such a solvent-
free environment. Only particle size reduction and amorphisation were observed under

such dry conditions.

TEM images shown in Figure 4.11 support the PXRD results with an observed in-
terlayer spacing of 1.13 nm and thus the identification of the material as IPC-2. This
analysis also revealed small particles of roughly 25 nm in diameter, which show a lattice
fringe spacing of circa 0.43 nm This would correspond to the (010) plane of quartz-type

GeO,, an assumed impurity based on the PXRD results.

Intrigued by the low volume reaction using only 100 uL of water, 2°Si solid-state NMR
was employed to investigate the as synthesised material. Using this spectroscopic char-
acterisation technique, the environments of present silicon species can be determined.
Fully connected Si(OSi), environments (Q,) can be compared to silicon environments
including one silanol group Si(OSi);(OH) (Q3), giving an indication of the nature of
the obtained hydrolysis product. From the obtained spectrum of this sample (see Fig-
ure 4.12), the ratio of Q;/Q, sites was calculated to be 1/3.1. Comparing this value to
previously published data for intermediate precursors suggests IPC-6P or a disordered

IPC-2P as the most likely structures.?%-3334

This agrees well with the observed PXRD pattern, which is reminiscent of IPC-
6P/TPC-2P as well. Important to note is this result cannot be taken as solid evidence for
what the final material after calcination will become. The high potential for disorder in

these intermediate structures makes a strong conclusion essentially impossible. Proof
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a) TEM image and corresponding FFT as insert show- b) TEM image and corresponding FFT as insert showing
ing both crystalline regions with lattice fringe spacings of a highly crystalline area.

1.13 nm as well as dense particles, possibly GeO, impur-

ities.

¢) The highlighted region shows a particle assigned to an a-quartz type GeO, impurity based on the measured lattice
fringe spacing of 0.43 nm.

Figure 4.11. TEM images and corresponding FFT of a reassembled sample from mechanochemically
assisted hydrolysis using 100 pL water.

for a certain framework or structure has to be obtained from characterisation of the
final material and can not be inferred with certainty from analysis of the as synthesised
product. As such, the observed reassembly of this material to an IPC-2 structure does
not disagree with given interpretation, despite the deviation of the Q;/Q, ratio from the
ideal value for IPC-2P of 1/7. It is also worth noting that the calculated amount for Qs
sites may be inflated by surface defects, originating from the mechanical forces exerted
on to the crystals. All instances of Si(OSi);(OH) contribute to the feature observed in the
NMR spectrum, whether they are located in the structurally important interlayer space

or on the surface of crystallites.
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Figure 4.12. *Si (9.4 T, 14 kHz) MAS NMR spectrum of a sample hydrolysed during ball milling using
water as hydrolysing reagent.

4.2.3 A mechanochemical methodology for 1’0 enrichment

The fact that this hydrolysis reaction can occur with such minute amounts of water
opens up a way for a potential application in the field of solid-state NMR spectroscopy,
in particular with respect to the nucleus '’0.35 The issue regarding investigation of
this element is that the NMR active isotope *’O has a very low natural abundance of
0.037 %. Additionally, the moderate gyromagnetic ratio and its quadrupolar spin of 5/2
further complicate acquisition of such spectra. With current instrumentation, recording

a spectrum of acceptable signal-to-noise ratios may take weeks or even longer.

One way to reconcile this situation is to enrich the material of interest with this
heavier oxygen isotope, but one needs to keep in mind that due to its scarcity even the
required reagents, such as H,'’O, come with a substantial price tag. This is the reason
why most enrichment procedures are performed post-synthetically, since synthesis itself
typically involves large amounts of solvent and a washing step for purification. This
can therefore endanger the levels of enrichment that may have been achieved during
the synthesis. There are some relatively cost-efficient ways for post-synthetic enrich-
ment using, for example, gaseous '’0,; however, additional methods are sought after as
alternatives for sensitive samples or as way to further reduce cost. With this in mind,
the potential to use only 100 uL of a reagent containing the expensive oxygen isotope to
enrich several hundred grams of zeolite promises to be a great opportunity. The fact that

the enrichment can occur during a required synthetic step is an additional benefit.

Some similar studies on employing mechanochemical treatment for oxygen enrich-
ment have recently been published by Laurencin’s group. The authors showed successful

incorporation of the NMR active isotope into metal hydroxides and oxides,*¢-38

and fatty
acids used in molecular chemistry and nanoscience.*® Thanks to the described benefits
of mechanochemistry, namely small amounts of liquid, fast reaction rates, and ambient

reaction conditions, cost-efficient and rapid enrichment of the products was achieved.
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This successful enrichment, without the need to alter the experimental setup, highlights
the great potential for solid state NMR to be used to further probe the samples in this
project.

The experiment using 100 uL water was adapted to employ 40 % H,'’O as hydrolysis
agent. The obtained material was initially investigated using '’O magic angle spinning
(MAS) NMR employing spin echo,* shown in Figure 4.13a. The recorded spectrum is
evidence of a successful enrichment procedure by virtue of showing features of high
intensity despite the comparatively short acquisition time of 2h. The broad signal,
caused by quadrupolar interactions, ranges from —40-40 ppm. In order to gain insight
into the nature of the observed oxygen environments, a 2D multiple-quantum (MQ)
MAS spectrum was acquired over 18 h, which reveals three signals (see Figure 4.13b).
Expected Si—'"O—Si environments of the zeolite material are assigned to the feature at
81, 8, = 30, 0-30 ppm.>*#1-43 The second prominent region at §, = 45 ppm was identified
as Ge'’0,, the hydrolysis by-product. This interpretation was confirmed by comparison
to a sample of a-quartz type Ge'’0,, produced by following a protocol by Hussin et
al.** The remaining, third region at §,, 8, = 28, —30-0 ppm can so far not be assigned
unambiguously. A probable origin for this feature is a Ge—'"O—Si environment, which
may stem from either the IPC-2 type material or a mixed silicon/germanium dioxide
(Si,Ge,_,0,) or in fact both. The three present environments indicate that there is no
explicit preferential enrichment of one type of material or site compared to others. This
is important since despite the formation of an impurity phase (GeO,), investigation of

the material of interest is still possible.
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Figure 4.13. 0 solid-state NMR spectra of a sample hydrolysed during ball milling, using 40 % enriched
H,"0.

Assessing the viability of the presented ball milling approach for '’0O enrichment, an

important aspect is resource efficiency. Direct and accurate measurement of enrichment
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levels of the heavier oxygen isotope requires elaborate and expensive analysis, for example
by SIMS (secondary ion mass spectrometry).*> As such this is not a feasible option for
routine characterisation. It is, however, possible to compare the NMR spectra and the
required acquisition times with similar materials where such an analysis had been
performed previously. Judging from earlier studies on other zeolites,***” and the related
materials MOFs (metal-organic frameworks)*> and pyrochlores,*® approximately 10 % of
oxygen sites have been exchanged using this mechanochemical approach. This value
compares excellently against the maximum level of enrichment of 11 % considering the

ratio of °0/!’0 in the compounds.

4.3 Conclusion and perspective

The goal of developing a methodology for a more economical ADOR process was suc-
cessful. Employing a mechanochemically assisted route in the form of ball milling for
the hydrolytic disassembly step, zeolites with the UTL framework can be transformed
into known ADOR daughter zeolites. Improvements have been achieved with regard to
synthesis time, required amounts of solvent, and energy input.

All reactions were conducted at room temperature, that is to say that no external heat-
ing source was employed. The fact that there is no need for additional instrumentation
contrasts favourably to common protocols which are conducted under reflux conditions,
i.e. at 100 °C. This does not mean, however, that the actual reaction temperature does
not exceed 20 °C. The exerted mechanical energy typically results in increased local
temperature, which can aid the reaction. The developed mechanochemical method is
also advantageous in terms of reaction time, which was reduced to 30 min, after which
no structural change to the formed product was observed. The combination of these two
factors are attractive with respect to potential production at larger scales, where energy
and resource efficiency are key factors in assessing the viability of a given process.

Similarly positive is the investigated reduction in reaction volume of the used hydrolyt-
ically active liquid. Using 12 M hydrochloric acid, the decreased volume in combination
with the mechanical forces allowed the production of a material whose structure appears
to have high similarity with IPC-4, without preceding complete disassembly into IPC-1P.
Although there seems to be a lack of available porosity of the obtained material, the
average crystal structure resembles that of the most dense of the ADOR daughter zeolites
derived from UTL. Varying the acid concentration changes the formed product in a

manner akin to conventional ADOR methodology, although no particular trend could
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be established. Nonetheless, zeolites with IPC-2 (OKO) and IPC-6 (*PCS) structures can
also be targeted by adjusting the molarity of the used acid solution.

Zeolite IPC-2 is also obtained as product when changing the liquid from acid to pH
neutral water. Additionally, it was shown that there is no change to the reaction when
significantly decreasing the water volume, down to a liquid/zeolite ration = 0.2. This low
amount of water to induce hydrolysis enables concomitant enrichment of the product
with the NMR active isotope of oxygen, 1’O. This is an encouraging application of the
mechanochemically assisted hydrolysis for ADOR zeolites, due to the severe limitations
of 170 NMR caused by its low natural abundance and the corresponding concerns with
regard to its expense of isotope enrichment procedures.

All in all, this study is a further demonstration of the viability and applicability of
mechanochemical methods in the field of zeolites. For this particular use case, expansion
to include other germanosilicate zeolites as parent materials would be a next step in
exploring the possibilities of the developed methodology. Candidate frameworks would
be UOV, *CTH, and IWW, which have been shown to yield ADOR daughter zeolites.
This is especially of interest for cases where a specific ADOR-derived zeolite has proven
difficult to obtain or has even not been made yet. IPC-18, which is the analogue to IPC-2
but obtained from IWW (i.e. s4r instead of d4r linkages between layers), has only been
obtained after developing a dedicated vapour-phase transport reaction system.*’ With
the observed differences of the mechanochemically assisted hydrolysis compared to the
conventional methods, it may be possible to target this and other, otherwise inaccessible
zeolite materials.

Another possible future avenue for this methodology is what has been shown in a
study by De Prins et al. using a similar type of experiment for an alumination reaction,
producing a zeolite with Brensted acid sites.>® Taking this report as precedent, it may
also be possible to include other heteroatoms which is disfavoured or cumbersome using
conventional synthesis techniques. Possible candidates could be titanium or tin which

have Lewis acidic properties and can be used as oxidation catalysts.
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4.4 Experimental section

4.4.1 Reagents

All chemicals (see Table 4.1) were used without purification prior to synthesis.

Table 4.1. Chemicals and their suppliers.

Chemical Abbreviation Supplier
Fumed silica “Cab-O-Sil M5” SiO, Acros Organics
Germanium dioxide GeO, Sigma-Aldrich
cis-2,6-Dimethylpiperidine DMP Sigma-Aldrich
1,4-Dibromobutane BDPC Acros Organics
Potassium carbonate K,CO, Fisher Scientific
Acetonitrile - Fisher Scientific
Diethyl ether DE Honeywell
Ethanol EtOH VWR
Ambersep 900(OH) ion exchange resin - Alfa Aesar
Hydrochloric acid HCI Fisher Scientific
Octylamine - Sigma-Aldrich
170 enriched water, 40 % H,'’0 CortecNet

4.4.2 Synthesis details
4.4.2.1 6,10-dimethyl-5-azoniaspiro[4.5]decane bromide (DMASD-Br)

Synthesis of 6,10-dimethyl-5-azoniaspiro[4.5]decane bromide (DMASD-Br) was con-
ducted by an adapted procedure of Marino et al.>! cis-2,6-Dimethylpiperidine (56.28 g,
0.5mol, 1 eq) and potassium carbonate (82.93 g, 0.6 mol, 1.2 eq) were mixed in acetoni-
trile (500 mL). 1,4-Dibromobutane (108.48 g, 0.5mol, 1 eq) was added dropwise over
30 min and the mixture subsequently refluxed for 18 h. Acetonitrile was removed under
reduced pressure and the bromide salt dissolved in ethanol to be able to remove the
remaining carbonate by filtration. Reprecipitation was performed using diethyl ether,

the product recovered by filtration and dried in vacuo.

yield: 72.703 g white crystals (0.293 mol, 58 %)

'H NMR (400 MHz, CDCL,): 6 (ppm) = 4.41 (s, 2 H), 4.04 (td, J = 7.6 Hz, 2 H), 4.04 (td,
J = 7.6 Hz, 2H), 3.36-3.30 (m, 2 H), 2.17-2.04 (m, 4 H), 1.95-1.79 (m, 3 H), 1.78-1.56
(m, 3H), 1.40 (d, J = 6.4 Hz, 6 H).

13C NMR (126 MHz, CDCL,): & (ppm) = 70.28, 63.53, 49.07, 30.43, 26.96, 25.78, 21.97,
17.54.
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4.4.2.2 Zeolite IM-12 (UTL)

Synthesis of UTL was conducted in accordance with reported procedures in the lit-
erature.>>2122 In-house synthesised DMASD-Br was ion-exchanged using Ambersep
900(OH) resin in water. The composition of the zeolite gel prior to the heat treatment
is aimed to be 1SiO, : 0.5 GeO, : 0.5 DMASD : 35 H,0. For a typical synthesis 18.69 g
DMASD-Br were dissolved in 100 mL H,O and 32 g of the resin were added. The mixture
was stirred for 3.5h and the resin filtered off subsequently. Thereafter, GeO, (7.75g)
and SiO, (8.90 g) were dissolved in the aqueous OSDA solution under stirring for 40 min
using a mechanical stirrer performed in a PTFE beaker and using a PTFE stirrer blade
and shaft. The obtained gel with pH = 10 was transferred into Teflon-lined stainless
steel autoclaves of appropriate size and heated at 175 °C for 7 d under static conditions.
The product was recovered by filtration, washed thoroughly with water until neutral
and dried at 80 °C overnight. Eventual calcination to remove the occluded OSDA was

conducted at 575 °C for 6 h using a ramp rate of 1°C min™".

yield: 10.39 g white powder of polycrystalline plates (light microscopy)

4.4.2.3 Conventional hydrolysis of UTL in bulk solvent

Hydrolysis reactions were performed according to protocols in the published literat-
ure.>?22* Calcined zeolite UTL was placed in a round bottom flask and and the various
solvents added in the desired ratio (see Table 4.2). After the required reaction time, the
remaining solid was filtered off and thoroughly washed with water and the solid dried at
80 °C overnight. Reassembly to form the final zeolite was accomplished by calcination

at 575 °C for 6 h using a ramp rate of 1°C min™".

Table 4.2. Experimental details of solution-based hydrolysis of zeolite UTL.

UTL solvent volume 1 temperature time yield
(8] [mL]  [uLmg™'] [°C] h [g]
0.50 water 100 200 100 5 0.20
1.00 water 100 100 100 1 0.51
0.94 HAc(1M) 160 160 100 18 0.34
1.00 HCl(12M™m) 160 160 100 18 0.52

In order to obtain well ordered zeolite IPC-4, the precursor zeolite IPC-1P is intercalated
with octylamine.?? IPC-1P is added to octylamine in a ratio of 1/65 by mass and stirred

at 80 °C for 5h and then continued to stir at room temperature for a further 18 h (see
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Table 4.3). The solid is filtered off and washed with ethanol, before drying at 80 °C
overnight. The intercalated compound is then calcined as above at 575 °C for 6 h using a
ramp rate of 1°C min~".

Table 4.3. Experimental details of intercalation of zeolite precursor IPC-1P with octylamine.

IPC-1P octylamine time @ 80°C time @ r.t. hydrolysis solvent yield

[mg] [e] [h] [h] [mg]
0.28 18.768 5 18 H,0 0.23
0.31 20.176 5 18 HAc (1M) 0.28

4.4.2.4 Hydrolysis of UTL in a ball mill

Hydrolysis reactions were performed using a bespoke rotary ball mill, employing polypro-
pylene bottles (125 mL volume) as milling vessels and 250 g yttrium stabilised zirconia
(YSZ) balls with a diameter of 3 mm as milling media. The amount of milling balls
is chosen as it occupies roughly a third of the internal volume of the flask. Reactions
were carried out at settings resulting in 155 rpm (2.6 Hz) which equates to roughly 75 %
of the critical speed. These conditions ensure uniform impact throughout the milling
process. After the milling operation the milling balls were sieved off and washed with
50 mL of ethanol. The mixture was then centrifuged and the recovered solid dried at
80 °C overnight. Reassembly to form the final zeolite was accomplished by calcination

at 575 °C for 6 h using a ramp rate of 1°C min™".

Table 4.4. Experimental details of mechanochemically assisted hydrolysis of zeolite UTL.

UTL liquid volume 7 time yield
[g] [mL] [uLmg™'] min [g]
0.50 - 0 30 0.25
0.50 EtOH 25 50 30 0.21
0.50 H,0 25 50 30 0.39
0.50 H,O0 20 40 30 0.37
0.50 H,0 15 30 30 0.36
0.50 H,O0 10 20 30 0.38
0.50 H,O0 5 10 30 0.36
0.50 H,O0 1 2 30 0.38
0.50 H,0 0.1 0.2 30 0.48
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Table 4.5. Experimental details of mechanochemically assisted hydrolysis of zeolite UTL using hydrochloric
acid in varying concentrations.

UTL liquid concentration volume M time yield
[g] [M] [mL]  [uLmg~'] min [g]
0.50 HCI 1 25 50 30 0.36
0.50 HCI 2 25 50 30 0.34
0.50 HCI 3 25 50 30 0.34
0.50 HCI 4 25 50 30 0.36
0.50 HCI 5 25 50 30 0.36
0.50 HCI 6 25 50 30 0.16
0.50 HCI 7 25 50 30 0.35
0.50 HCI 8 25 50 30 0.35
0.50 HCI 9 25 50 30 0.38
0.50 HCI 10 25 50 30 0.36
0.50 HCI 11 25 50 30 0.33
0.50 HCI 12 25 50 30 0.35

Table 4.6. Experimental details of mechanochemically assisted hydrolysis of zeolite UTL using 9 and 12 M
hydrochloric acid for various time periods.

UTL liquid concentration volume 7 time yield
[g] [M] [mL]  [WLmg™'] min [g]
0.50 HCI 9 25 50 10 0.34
0.50 HCI 9 25 50 20 0.38
0.50 HCI 9 25 50 60 0.39
0.50 HCI 9 25 50 120  0.39
0.50 HCI 9 25 50 240  0.39
0.50 HCI 9 25 50 480 0.36
0.50 HCI 12 25 50 60 0.34
0.50 HCI 12 25 50 120  0.36
0.50 HCI 12 25 50 240 0.36
0.50 HCI 12 25 50 480 0.32
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4.4.3 Physicochemical characterisation

Powder X-ray diffraction (PXRD) Experiments were carried out on a PANalytical
Empyrean disc diffractometer, operated in Bragg Brentano geometry in 6-26 mode or
a STOE STADI/P capillary diffractometer, operated in Debye-Scherrer geometry. Both
diffractometers are equipped with a primary beam monochromator resulting in Cu Koy

radiation. Patterns were typically collected from 3-40° 26.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) Images were acquired on a JEOL JSM-5600 (thermionic gun with tungsten
filament) or a JEOL JSM-6700F (field emission gun, FEG). Both microscopes are equipped
with an Oxford INCA EDS system, used to determine germanium and silicon content.
Prior to investigation, samples were placed on sticky carbon tape and gold coated at

10 mA for 30s using a Quorum Q150R ES sputter coater.

Transmission electron microscopy (TEM) Images were acquired on a JEOL JEM
NEOARM-200F with a TVIPS CMOS XF416 camera, using an acceleration voltage of
200 kV. Samples were prepared by a conventional dropping method using acetone as

dispersion medium and employing a holey carbon coated copper TEM-grid.

Solution-state nuclear magnetic resonance spectroscopy (NMR) Solution-state
NMR spectra were obtained on a Bruker AV III 500, with a CryoProbe Prodigy BBO

probe.

Solid-state NMR spectroscopy '’0O and ?°Si solid-state NMR spectra were collected
on Bruker Avance III spectrometers, equipped with 14.1 T and 9.4 T wide-bore magnets,
respectively, at Larmor frequencies of 81.4 MHz (}’0) and 79.5 MHz (**Si) using a 4.0 mm
low-y HX probe. 170 spectra were acquired at 10 kHz MAS with a recycle interval of 1s
and are referenced to water (8;;, = 0 ppm). A triple-quantum MAS NMR spectrum was
acquired using a z-filtered pulse sequence®? and is shown after shearing (referenced in
the indirect dimension using the convention by Pike et al.>®) °Si spectra were acquired
at 14 kHz MAS with a recycle interval of 120 s and are referenced to Q8M8 (octakis-

(trimethylsiloxy) silsesquioxane, OSi(OMe)s; 8is, = 11.5 ppm).
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Chapter 5 5.1 Introduction

5.1 Introduction

One of the most important classes of inorganic materials are zeolites. These micropor-
ous silicate-based framework materials play a crucial role in the chemical industry for
example as catalysts.>? Despite the over 250 different known framework types reported
to date,® only a handful are being used in such large-scale applications. One of the
reasons is that despite materials with more complex structures potentially outperform-
ing currently used zeolites such as ZSM-5 (MFI), the associated production cost due
to more expensive reagents, especially the organic structure-directing agent (OSDA),
often restricts large-scale syntheses. This is especially true since these OSDAs are often
quaternary ammonium based salts, where the as made halide form needs to be anion
exchanged to its hydroxide analogue for successful hydrothermal synthesis.*> This way,
a basic solution capable of dissolving silicon containing reagents, such as fumed silica
(Si0,), can be fashioned and the addition of bases like alkali hydroxides (e.g. NaOH)
avoided. The presence of the alkali cations often has a disadvantageous effect on struc-
ture direction as it competes with the organic cation, and thus can lead to unwanted
by-products or even the sole the formation of an entirely different, unwanted zeolite

phase.

5.1.1 Shortcomings of hydrothermal synthesis and a solvent-free solu-

tion

Several of these more complex structures are attractive options for separation or catalytic
applications due to larger pores.®’ This would enable targeting a wider range of applica-
tions since transformations of bulkier reagents would be possible, as well as lifting some
of the diffusion limitations present in zeolites with narrower pore channels. However,
many of the materials exhibiting these more open frameworks are only obtainable as
heteroelement containing silicates, most notably germanosilicates.® The considerably
higher price of germanium containing reagents, compared to silica, is a severe drawback
and does not allow for economically feasible syntheses of germanosilicates in an indus-
trial setting. Additionally, germanosilicates suffer from poor thermal stability, especially
in the presence of water. Only in some cases, a change to the synthesis conditions,
for example by using a different molecule as OSDA, has led to more stable materials
with increased Si/Ge ratios or even as pure silica variants. Alternatively, post-synthetic

stabilisation by replacing germanium atoms in the structure with silicon can improve
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the lifetime of such materials and therefore their performance. Of course this additional
step is a suboptimal solution and ideally, the more stable material would be synthesised

directly.

Turning the inherent instability of germanosilicates into an advantage is realised in
the ADOR methodology, where knowledge about the specific location of the Ge atoms in
the structure of some of these frameworks, for example UTL, can be exploited (see also
section 1.2.3.8 and chapter 4). Germanium is removed in a controlled fashion and the
remaining pure silica zeolitic intermediate structures can be re-connected to form ma-
terials with novel frameworks which are more stable due to their chemical composition.
Thus obtained frameworks are inaccessible by direct hydrothermal synthesis, increasing
the value of germanosilicate zeolites, acting as the parent material for subsequently

derived ADOR daughter zeolites.

With all this said, one issue that is also frequently encountered in hydrothermal
zeolite synthesis is the low yield of zeolite product, where a significant amount of the
reagents remain as dissolved species in solution. This is problematic in conventional
aluminosilicates but an even greater obstacle keeping in mind the price of germanium.
These mother liquors and wash solutions can in principle be recycled and reused for
subsequent syntheses and a recent report even demonstrates the possibility of recovery
of germania.'® Although such measures are certainly an opportunity for feasible zeolite

production, a more efficient synthesis in the first place would be beneficial.

Addressing some of the inefficiency issues in traditional hydrothermal synthesis,
the group of F.-S. Xiao has developed a solvent-free methodology for the synthesis of
zeolites.!1"13 The seminal paper by Ren et al. introduced this synthesis technique report-
ing the successful preparation of zeolites such as the well-known ZSM-5 with (MFI)
framework.!* Over the last decade, various research groups have adopted this strategy
and there are now materials exhibiting many different zeolite framework types (MOR,
*BEA, LTA, ...) that can be synthesised using this method.'>!3 It revolves around the
activation of the raw materials by mechanical forces and a subsequent heat treatment
under conditions comparable to the conventionally performed reactions, utilising tem-
peratures typically in the range of 150-220 °C. Often, the crystallisation progresses faster
compared to solution-based syntheses, a significant advantage of the method. Addition-
ally, the autoclaves used for the crystallisation can be utilised much more efficiently
compared to reactions in solution, where most of the available volume is occupied by

the solvent.
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Using this methodology, several of the most important zeolites have been produced
in a more economical and sustainable fashion, for example, ZSM-5, beta, or mordenite.
Purely siliceous but also catalytically active aluminosilicate zeolites can be synthesised
and several other heteroatoms, such as titanium, could be incorporated into the frame-
work of theses materials.!®> Extension of the methodology to related aluminophosphate

(AIPO) and silicoaluminophosphate (SAPO) frameworks has also been achieved.!®!”

5.1.2 Mechanism of solvent-free synthesis of zeolites

The initial study on solvent-free synthesis towards zeolite frameworks used hydrated
sodium silicate (Na,SiO; - 9 H,0) and fumed silica as silicon sources.'* The commonly
used OSDA tetrapropylammonium (TPA) was included in its bromide salt form and
heteroatoms such as aluminium can be added to produce catalytically active materials.
NH,CI was added to aid the reaction, ascribed to introduction of basicity due to the
formation and liberation of ammonia (NH;) during the mechanical treatment. However,
this additive was later found not to be vital. In contrast, the crucial part of this reagent
mix is the presence of a small amount of water. As is the case in the initial study, water
can be introduce in the form of crystal water in sodium silicate (or other reagents) or
also added separately. In either case it facilitates the depolymerisation of silica and thus
enabling the ensuing crystallisation. As indicated in Equation 11, these reactions are
the forward and back reactions of polymeric silicon oxide with water, which may be
interpreted as water playing the role of a catalyst. This process can also be enabled by
use of ammonium fluoride NH,F, in analogy to the fluoride route in solution-based
reactions.!” Evidence for the intermediate shown in Equation 12 and Equation 13 was
provided by solid-state NMR investigation of a material at different crystallisation times.
The use of NH,F opens up protocols with reagents nominally not containing water, but

comes with the drawback of using a toxic reagent.

Si(0Si), + nH,0 = Si(0Si),_,(0H), [11]
SiO, + 6 NH,F — SiF¢~ + 2NH," + 4NH; + H,0 [12]
SiF¢™ + 4NH; + 2H,0 — SiO, + 2NH," + 6 F [13]

A dedicated study of the mechanism in the formation of zeolites with MFI framework
was conducted by Nada et al. who confirmed previous interpretations by Xiao and

co-workers.!#2° An interesting observation was made when the authors investigated
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the solvent-free synthesis of MOR zeolites, where they could establish that a certain
minimal mechanical energy was required in the pre-treatment, otherwise no zeolite
product was formed. In some cases this means that only after a longer duration of manual
grinding (mortar and pestle) the crystallisation of the desired zeolite phase was successful.
However, as found by Pashkova et al., in the synthesis of zeolite SSZ-13 (CHA), a higher
energy is required and a transition to use ball mills for the mechanical pre-treatment was
necessary.?! Use of such automated equipment with the accompanying higher energies
can shorten the treatment time compared to manual operation and has the additional

benefit of rendering the process more reproducible.??

5.1.3 Potential of the solvent-free method for germanosilicate zeolites

The synthesis of zeolites in absence of a solvent appears to be a well suited method for
some of the most common framework types. However, so far more complex structures
are rarely found in publications. Arguably the most sophisticated reported frameworks
are ITW and ITH from a study by Wu et al.?* Naturally, first investigations into a novel
synthetic method target comparatively simple products, especially in light of their in-
dustrial relevance. At this point in time, however, testing the limits is an important step
towards establishing its general applicability. The structure-directing and framework-
building germanium has so far only been mentioned once in the published literature,
in the synthesis of ITH, a framework that is also obtainable as a pure silica variant.?*
Several known zeolite frameworks are only known as germanosilicates and the question
poses itself whether these can be produced using the solvent-free method as well. Addi-
tionally, the prospect of this limitation regarding elemental composition encountered
in hydrothermal syntheses not being present in this solid-state transformations is quite

intriguing.

The aforementioned benefits for zeolite synthesis would be even more advantageous
with respect to germanosilicates. Improvements in synthesis conditions and a more
effective production of such materials could mean that their potentially superior struc-
tural properties can be utilised without being hindered too drastically by the associated

monetary cost.
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5.2 Solvent-free synthesis of germanosilicate zeolites

5.2.1 Syntheses towards zeolites with ITH topology

The only reported solvent-free synthesis of a germanosilicate zeolite to date is by Liu et al.,
who investigated material ITQ-13 (ITH), in particular its d4r units using '°F solid-state
NMR.2* This zeolite can be prepared as pure silica material but also as germanosilicate
in various Si/Ge ratios. Based on an earlier publication by Wu et al. who synthesised
pure silica ITH using the solvent-free method,? the authors were successful in obtaining
the germanosilicate variant, albeit only with comparatively low amounts of germanium.
Synthesis mixtures with Si/Ge ratios < 5 resulted only in formation of another, denser
ammonium hydrogen germanate phase ((NH,);H(Ge,0,4) - n(H,0)).? In all cases, hexa-
methonium dibromide (HM-Br, hexane-1,6-bis(trimethylammonium) dibromide) was
used as the OSDA. In traditional hydrothermal syntheses, this compound needs to be
anion exchanged to its hydroxide form. However, due to the two quaternary nitrogen
atoms, this is often a long, tedious, and even somewhat expensive procedure. Being able
to use the OSDA as bromide, which is the form it is synthesised in (compare section 5.4.2)

is an important advantage of the solvent-free methodology.

5.21.1 Si-ITH

Using the published procedures as a starting point, attempts to synthesise pure silica
ITH were started. The dry, solid reagents silica gel (SiO,), ammonium fluoride (NH,F),
and hexamethonium dibromide (HM-Br, (N(CH;);)C¢H,,Br,) were ground using mortar
and pestle for 15min. After heat treating the resulting paste at 180 °C for 6d, the res-
ulting material does not exhibit the structure of the expected zeolite phase, as seen in
collected PXRD patterns shown in Figure 5.1a. This phase was identified as ammonium
hexafluorosilicate ((NH,),SiFs) phase,?® which is water-soluble.

Upon adding a small amount of ITH seed crystals (obtained through conventional
hydrothermal synthesis) to the mixture, the targeted zeolite phase can be obtained, shown
in Figure 5.1b. The remaining minor ammonium fluorosilicate phase can be removed
by washing the synthesised material with water. Although the presence of a secondary
phase means that not all of the reagents are transformed into the desired product, this
synthesis works very well and the by-product is easily removed. The produced zeolite
is also stable after removal of the OSDA by calcination. The efficacy of the method is

also demonstrated by employing the crystals of the solvent-free obtained zeolite as seed
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l I (NH,),SiF (sim)
w (NH,),SiF (sim) m — —-
c ! s ) = Wﬁ;
c C
S g
o 2
© © | ITH-SFseed-c
- el 0.V N Y VRS |V R
> ITH-SF unwashed > ITH-SFseed
£ =
% ) % ITH-SFseed unwashed,
< } ITH (sim) <
k= = | ITH (sim)
| i TR
T T T T T T
10 20 30 40 10 20 30 40
20/° 20/°
a) Samples obtained from grinding raw materials and b) Samples obtained from grinding raw materials and
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with numbers have been obtained using crystals from the
previous solvent-free synthesis.

Figure 5.1. PXRD patterns of products from solvent-free syntheses towards pure silica zeolites with ITH
framework.

for two consecutive syntheses. The so produced zeolites are of the same quality as the
original, solvent-free produced sample, judged from PXRD analysis. In both of these
cases, the as synthesised material was washed with water to remove the ammonium
fluorosilicate by-product.

SEM images of the seed crystals as well as the solvent-free obtained samples with ITH
framework are shown in Figure 5.2. Both the original seeds as well as all consecutively
obtained samples consist of rod-shaped crystallites. The solvent-free obtained samples
also show ill-defined particles, most likely amorphous by-product. Nonetheless, crystals
with sharp edges are predominant in all samples. Notably, the hydrothermal synthesis
results in somewhat more separated rods, which only aggregate sparingly in a star shape
as shown in Figure 5.2a. In absence of solvent, individual crystallites are rarely found

and larger agglomerates and intergrowths are more common.

5.2.1.2 Ge-ITH

In the next iteration of syntheses, GeO, was added as germanium source to the reaction
mixture. Experiments were conducted both with and without seed crystals and in both
cases an ITH zeolite phase could be produced. Several Si/Ge ratios were used and PXRD
patterns of all samples are shown in Figure 5.3a. In the synthesis with the lowest amount
of germanium (Si/Ge=7.2), the previously seen ammonium fluorosilicate phase is also
formed as by-product. The structure of the related germanate analogue is isomorphous
and the two PXRD patterns are almost identical. Therefore it is uncertain whether the
sample contains only the fluorosilicate, or also the germanate, or potentially even a mixed
metal compound of this structure. This phase can be successfully removed by washing

with water. Additionally, a minor phase with its main peak at 11.4° 26 was noticed. It
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a) SEM image of hydrothermally synthesised zeolite ITH b) SEM image of solvent-free synthesised pure silica ITH
used as seed crystals for solvent-free syntheses. using hydrothermally synthesised seed crystals shown in
Figure 5.2a.

30kU  X1,388 1Bnm

c) SEM image of solvent-free synthesised pure silica ITH d) SEM image of solvent-free synthesised pure silica ITH
using hydrothermally synthesised seed crystals shown in using solvent-free synthesised seed crystals shown in Fig-
Figure 5.2b. ure 5.2c.

Figure 5.2. SEM images of solvent-free synthesised pure silica samples targeting the ITH framework.

could be assigned to hydrated ammonium hydrogen germanate,?® possibly the same
phase which had been observed by Liu et al. in their studies. However, after calcination
of this material at 575 °C peaks associated with this phase have disappeared. At this
point it is unclear what the decomposition products are. It can be assumed that ammonia
is released and it may also be likely that water is formed, leaving a germanium oxide
phase as the sole solid product. The PXRD pattern of the calcined material does indeed
show a peak at 26.0° 26 which could indicate quartz-type GeO,. However, this overlaps
with reflections present in the ITH framework itself, so unambiguous assignment is not

possible.

SEM analysis of this sample (“Ge-ITH-SF” in Figure 5.3a) shows a crystalline phase
of similar morphology as solvent-free obtained Si-ITH samples (compare Figure 5.2
above). The rod or plank-shaped crystallites are typically agglomerated and possibly
intergrown. Compared to the pure silica analogue, the crystals are roughly the same size
with an average length of approximately 10 um, however, considerably larger crystals,

for example around 30-40 um are also present.

Increasing the germanium content to Si/Ge ratios of 5.0 and 3.3, only a greater
amount of the ammonium hydrogen germanate phase is observed. Still, both samples

also show PXRD peaks corresponding to the ITH framework (Figure 5.3c). This is in
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ITH seeds.

Figure 5.3. PXRD patterns and SEM image of products from solvent-free syntheses towards germanosilicate
zeolites with ITH framework.

contrast to the earlier report, where only the undesired germanate phase was obtained
using Si/Ge ratios below 5.0. Testing whether seed crystals would have a beneficial effect
on the synthesis by suppressing the formation of the unwanted germanate by-products,
two experiments were conducted including previously synthesised ITH crystals in the
reagent mix. Unfortunately, this adaption did not result in the desired effect and PXRD

patterns of obtained materials still show their multi-phase nature.

5.2.1.3 Ball milled ITH

In addition to experiments involving manual grinding, several syntheses were attempted
where the mechanochemical treatment of reagents was performed using a shaker ball
mill. PTFE milling vessels and YSZ milling balls were chosen to avoid side-reactions that
may occur with materials like steel. Looking at the PXRD patterns of the subsequently
produced materials in Figure 5.4a, the pure silica experiment only lead to the previously
seen ammonium fluorosilicate phase. Moving to higher germanium content (Si/Ge = 1.0),
no reaction of note has taken place as the PXRD pattern only shows peaks corresponding
to the starting material GeO, as an argutite phase (rutile-type). Lowering the Si/Ge ratio

to 2.0, zeolite ITH is formed alongside the ammoniumhydrogen germanate phase as
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varying Si/Ge ratios. with additional water in varying Si/Ge ratios.

Figure 5.4. PXRD patterns of products from solvent-free syntheses towards zeolites with ITH framework
using a ball mill for the mechanochemical treatment of reagents prior to synthesis.

well as some unreacted GeO,. Evidence for the argutite phase is not observed anymore
when decreasing the germanium content further.

A potential cause for the reagent GeO, to not participate in the reaction with low
Si/Ge ratios could be a lack of mobility of the particles. Addition of a small amount of
water to the milling reaction could help in this regard and a few experiments were carried
out in this way. It is worth noting that that the used volumes of water are still low and
should not be considered as a solvent but rather an additional reagent. Unfortunately,
PXRD patterns of obtained materials show virtually no difference to the previously
conducted syntheses as shown in Figure 5.4b. Both ITH and argutite are present in all
cases except the experiment with the highest Si/Ge ratio of 5.0. Although this intended
effect did not occur, the addition of water seems to have a beneficial effect in terms of
decreasing the relative amount of the germanate phase (PXRD peak at 11.4° 20), but it

could not be avoided altogether.

5.2.2 Syntheses towards zeolites with UTL topology

Parallel to experiments targeting zeolites with ITH framework, syntheses were conducted
with the hope of producing materials with UTL topology. Although this zeolite phase
can be obtained with a range of different OSDAs,?” the piperidine-based 6,10-dimethyl-5-
azoniaspiro[4.5]decane hydroxide (DMASD-OH) has been a tried and proven compound
in hydrothermal experiments owing to its comparatively straight-forward synthesis
and efficacy in the synthesis of zeolites with UTL framework. Analogously to above
described experiments towards ITH materials, DMASD was used in its bromide form in
the conducted solvent-free experiments. Ammonium halides, mostly fluoride, are used
as mineralising agents and should compensate the lack of basicity otherwise ensured by

a hydroxide OSDA. Fluoride anions further assist the depolymerisation due to reactive
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Figure 5.5. PXRD patterns of products from solvent-free syntheses towards zeolites with UTL framework.

fluorosilicate intermediates.

Several experiments were conducted both in absence and presence of germanium
in the synthesis mixture. No direct hydrothermal synthesis of a pure silica UTL has
been discovered yet and this is also the case for the here presented attempts in a solvent-
free manner. Using only silica, DMASD-Br, and NH,F as reagents, with and without
UTL seed crystals, the main product is an ammonium fluorosilicate phase (Figure 5.5a).
Unfortunately, no trace of a UTL material is observed. Some other, minor phases are also
present, one of which can be assigned to another zeolite phase STF, a known competing
phase in syntheses towards UTL.*

Changing the reaction system to also include germanium in the mixture results
once more in a mix of different phases (see Figure 5.5b,) with the most dominant the
ammonium hydrogen germanate, previously also seen in experiments towards zeolite
ITH. Additionally employing sodium silicate, which has been successfully used in
solvent-free synthesis of other zeolite phases,'* does not alter the product selectivity.
This is also caused by the facile formation of a sodium germanate? or sodium ammonium
germanate®® phase which are isostructural to the ammonium analogue? and a mixture
of these is most likely present. An additionally formed phase is sodium fluoride with its
main peak at roughly 39° 26. In agreement with what has been found in the literature
previously,?* ammonium chloride proved to be less effective than the fluoride in activating
the reagents. The dominant phase of this experiment is sodium chloride with other
phases only showing minor contributions.

Investigating whether the addition of water or seed crystals would have an influence
on the outcome of the reaction, several experiments were conducted. PXRD patterns of
these products are shown in Figure 5.6. Even with the aid of water, the use of ammonium

chloride does not result in any desired reaction and only quartz-type GeO, is obtained.
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a) PXRD patterns of samples obtained from germanosilic- b) PXRD patterns of samples obtained from germanosilic-
ate syntheses with water added as reagent. ate syntheses in the presence of UTL seed crystals.

Figure 5.6. PXRD patterns of products from solvent-free syntheses towards zeolites with UTL framework.

Using the more reactive fluoride leads to the previously seen ammonium germanate
phase as well as the zeolite STF.

Employing seed crystals in syntheses with a Si/Ge ratio of 2.0 shows little difference
to previously discussed products. However, decreasing the germanium content slightly
to Si/Ge = 3.8 shows not only the familiar ammonium germanate phase but also some
peaks at low 20 angles. Calcination of this material reveals a PXRD pattern with high
similarity to UTL as well as a considerable amount of amorphous material as a broad
feature from around 15° to 25° 26. This is most likely the decomposition product of the
germanate phase. This increase in background makes it difficult to accurately assess the
structural integrity of the zeolitic phase, but judging from the distinguishable peaks, a
UTL phase has been formed.

Interesting to note is also the significantly changed morphology of the obtained crys-
talline phase, determined by SEM imaging and shown in Figure 5.7. The hydrothermally
synthesised seed crystals are plate-like as is common for zeolites with UTL topology. In
contrast, the solvent-free obtained phase is rod-shaped with two dimensions considerably
shorter than the third one. This is similar to the observation for solvent-free obtained
samples with ITH framework which also crystallised in such a morphology. Visible in
the image are also some large particles of irregular shape, most likely of amorphous
nature in agreement with PXRD results. Calcination of this sample does not alter the
morphology of individual crystals, but leads to agglomeration into larger, secondary
particles. The Si/Ge ratio of these crystals is roughly 4.2+1.4, in line with the employed
ratio in the synthesis. This is rather promising in terms of atom efficiency, compared to
hydrothermal syntheses, where a Si/Ge=2 in the mixture usually leads to zeolite samples
with a lower germanium content of Si/Ge = 3-4. Since germanium reagents are far
more expensive than silicon sources the solvent-free synthesis methodology could help

in reducing cost for germanosilicates by avoiding loss of the more precious metal due to
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a) SEM image of the solvent-free synthesised sample us- b) SEM image of the calcined sample shown in Fig-
ing seed crystals and Si/Ge = 3.8. ure 5.7a.

c) SEM image of the hydrothermally synthesised zeolite
UTL sample used as seed crystals for solvent-free syn-
theses.

Figure 5.7. SEM images of solvent-free synthesised samples targeting the UTL framework.

inefficient synthesis. With these preliminary results, more work is required to establish

a robust protocol targeting this so far only minor phase.

5.2.3 Syntheses towards zeolites with UOV topology

Another zeolite framework of interest is UOV, which is similar to UTL in that its
framework can be described as stacked layers, connected by d4r units. A second similarity
is that the UQV framework has so far only been found in germanosilicate materials.
This is reflected in syntheses conducted with the solvent-free method when only silica is
used as T atom source. Decamethonium (DM, decane-1,10-bis(trimethylammonium))
as hydroxide salt was used as OSDA in the original, hydrothermal synthesis of IM-17,
the type material of the UOV framework.>® In analogy to other solvent-free syntheses,
the bromide salt (DM-Br) was used in this project. The PXRD patterns of the obtained
material is displayed in Figure 5.8a. No crystalline phase is observed and only amorphous
material is produced.

A similarly unsuccessful attempt is observed when using NH,Cl as mineralising
agent, despite an added germanium source to the solid mixture (Figure 5.8a). This is
once more experimental evidence for the expected lower reactivity of the chloride anion
compared to fluoride as shown below. The only crystalline phase of this experiment is

unreacted quartz-type GeO,.
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ducted with Si/Ge = 2.0 and F/T = 1.0.

Figure 5.8. PXRD patterns of products from solvent-free syntheses towards zeolites with UOV framework.

Transitioning to germanium containing reaction mixtures, a zeolite product was
indeed formed, albeit not with the intended structure. The obtained phase was identified
as BEC, a known competing phase in hydrothermal syntheses with the used OSDA
DM-Br in the presence of fluoride.?® Attempting to direct the reaction towards UOQV,
several different Si/Ge ratios as well as lowering the amount of fluoride compared to
T atoms (F/T ratio) were tried, albeit with only negligible effect. The main difference
is the presence of an additional ammonium germanate phase at higher F/T ratios. A
third phase with its main diffraction peak at roughly 22° 26 may be a cristobalite-type
phase, commonly found as side-product in zeolite syntheses. Cristobalite-type structures
are known with both SiO, and GeO, compositions so the found material may be either
of these or potentially also a mixed metal oxide. The exact peak position is shifted for
the individual samples, seemingly dependant on the fluoride concentration. Lower F/T
ratios lead to the peak observed at slightly higher 20 angles, indicative of a smaller unit

cell.

Investigating materials obtained from germanium containing reactions with SEM

a) SEM image showing agglomerated block-shaped crys- b) Single crystal potentially of the BEC zeolite phase with
tals mixed with smaller spherical particles possibly of a smaller spherical particles most likely cristobalite-type.
different crystalline phase.

Figure 5.9. SEM images of solvent-free synthesised germanosilicate samples targeting the UOV framework
with Si/Ge = 2.0 and F/T = 0.8.
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supports the analysis of PXRD with at least two phases present. Shown in Figure 5.9 are
images of the synthesis with Si/Ge = 2.0 and F/T = 0.8. The larger, block-shaped crystals
are most likely the zeolite material with BEC framework, whereas the smaller, spherical

particles are possibly the cristobalite phase.

5.2.4 Syntheses towards zeolites with ISV topology

As a final targeted structure for this project, the zeolite framework ISV was chosen.
This framework type has been identified as the structure for both germanosilicates
and also pure silica materials, similar to described ITH, discussed at the beginning of
this section. The comparatively large TMATD-Br (1,3,3-trimethyl-6-azoniumtricyclo-
[3.2.1.4%6]dodecane bromide) is used as OSDA, which has been used to hydrothermally
synthesise the type material ITQ-7.3! In contrast to syntheses towards other zeolite
frameworks all of the experiments designed to lead to ISV materials were conducted
by using a ball mill for the mechanochemical treatment. Obtained materials were also
washed with water and dried before analysis using PXRD.

In the absence of germanium, only amorphous material is produced with the in-
vestigated conditions, shown in Figure 5.10a. However, the addition of GeO, to the
mixture results in the crystalline material. Comparison with the simulated PXRD pattern
for ISV shows good agreement and the synthesis can be considered a success. Some
residual amorphous material is still visible, as well as peaks most likely corresponding to
a cristobalite-type phase, which was also seen in syntheses towards zeolite with UOV
framework (see section 5.2.3). The relative amount of amorphous material appears to be
decreased when using a greater amount of fluoride in the reaction, ascribed to a higher

degree of activation of the respective starting materials.
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a) PXRD patterns of samples obtained from pure silica and b) PXRD patterns of samples obtained from germanosilic-
germanosilicate (Si/Ge = 10.0) syntheses after washing. ate syntheses with F/T = 1.5 (T=Si+Ge).

Figure 5.10. PXRD patterns of products from solvent-free syntheses towards zeolites with ISV framework.
All samples were washed and dried prior to the analysis.

The influence of both a lower temperature of 150 °C, as well as a variation in Si/Ge
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a) SEM image of the sample obtained from a synthesis b) SEM image of the sample obtained from a synthesis
using Si/Ge = 10.0. using Si/Ge = 4.0.

c) Single particle of the sample obtained from a synthesis d) SEM image of the sample obtained from a synthesis
using Si/Ge = 10.0. using Si/Ge = 4.0 in higher magnification.

Figure 5.11. SEM images of solvent-free synthesised germanosilicate samples targeting the ISV framework
with different Si/Ge ratios and F/T = 1.5.

ratio, were briefly investigated. The corresponding PXRD patterns are shown in Fig-
ure 5.10b. The formation of ISV seems to be favoured at higher temperatures as the
materials obtained from 150 °C reactions show mainly peaks of the undesired ammonium
germanate phase. The PXRD pattern of the sample with Si/Ge = 4.0 shows barely distin-
guishable features aligning with the expected peaks for the ISV framework. Besides this,
the difference in tested Si/Ge ratio does not seem to impact the product formation as
the desired zeolite phase is also observed with the higher germanium content without

evidence for any additional by-product.

Investigating the crystal morphology of the obtained germanosilicate samples, SEM
was performed and representative images are shown in Figure 5.11. For the sample
obtained from the reaction with Si/Ge = 10.0, almost cubic blocks of intergrown crystals,
with a length of 20-25 um are observed. It is unclear whether the individual crystallites,
also exhibiting a cubic shape with about 1 pum in length, are all of the zeolite phase or
whether some of the smaller crystals (compare the higher magnification in Figure 5.11c)
are the cristobalite phase. Some ill-formed particles are also visible, indicating amorph-

ous material.

The samples obtained from syntheses with higher germanium content (Si/Ge =

4.0) showed agglomerated and intergrown large clusters of individual, block shaped
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crystallites. The primary particles span roughly 6-7 pm in length and for non-cubic
particles, the short side is about 2 um. The greater amount of germanium in the reaction
mixture seems to be beneficial in terms of crystal growth, an observation that is often

also made in hydrothermal syntheses.

5.3 Conclusion and perspective

Although this project only scratches the surface of what may be possible for solvent-free
synthesis of germanosilicate zeolites, several indications of its potential could be observed.
In agreement with published works on more conventional aluminosilicate and purely
siliceous zeolite materials, the streamlined methodology enables facile preparation of
germanosilicate samples.

Reproducing literature reports,** samples exhibiting the ITH framework were ob-
tained both as pure silica and germanosilicate variants. Products can be obtained directly,
but the syntheses work especially well using seed crystals. These can be produced from
conventional hydrothermal syntheses but crystals obtained through the solvent-free
method are just as suitable.

In contrast to this success, the targeted framework UOV could not be obtained and
instead another zeolite phase with BEC structure was formed. This is thought to be
caused by the interplay between the OSDA used (decamethonium bromide) and the
presence of fluoride, a combination which also in hydrothermal syntheses leads to the
undesired framework. Unfortunately, it appears that for successful formation of any low
density silicate based material ammonium halide sources are unavoidable and under the
investigated conditions, the chloride salt did not achieve appreciable activation of the
starting materials. One of the potential reasons why the formation of the BEC framework
is favoured over UOV is due to its higher T atom density.

An analogous behaviour was observed for syntheses aiming to produce materials with
UTL framework. The competing phase commonly found in reactions containing the
OSDA DMASD-Br is zeolite STF, once more a framework with a higher density compared
to the targeted structure. The most promising product was obtained when hydrothermally
synthesised UTL crystals were used as seed crystals. Its PXRD pattern shows peaks
that may correspond to the desired framework. This is not unequivocal evidence for
the successful synthesis of UTL from the solvent-free route and further investigations
are required. Additionally, this is only a minor phase of the material, which mainly

consists of ammonium hydrogen germanate. Thus, optimisation of synthesis parameters
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are required before this finding can be considered a complete success. These would
include further adjustments to Si/Ge ratios and potentially using higher temperatures
for the crystallisation, both of which could also aid in suppressing the formation of the
undesired STF zeolite.

The most successful results of the project so far are the syntheses aiming to produce
zeolites with ISV framework. Materials exhibiting this structure have so far not been
reported using the solvent-free methodology. Expanding the pool of available frameworks
with this novel synthesis method only cements its widespread usability and is another
important step towards establishing a potential generalisability. Likewise, this is only the
second time a germanosilicate zeolite has been synthesised without solvent, besides the
reported zeolite ITH.?* Since the performed syntheses does not yet lead to a single phase
product, reaction conditions need to be adjusted before the claim can be made that this
type of synthesis can be chosen reliably as an alternative to the traditional hydrothermal
route. Judging from PXRD and SEM analysis, higher synthesis temperatures may be
beneficial also in this case. Likewise, prolonging the heat treatment may aid the formation
of the zeolite phase.

Although solvent-free synthesis towards germanosilicate zeolites has not yet been
established satisfactorily, preliminary success has been achieved. It is important to note
that the use of ammonium fluoride as reagent may still be considered a disadvantage due
to its toxicity. As mentioned, the presence of other phases is so far still a major obstacle
and requires further investigations. Such studies would aim to not only find the correct
conditions for the synthesis of a specific framework type, but more generally obtain
knowledge about the underlying mechanism leading to the formation of undesired

phases, for example ammonium germanate, and how to avoid them.
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5.4 Experimental section

5.4.1 Reagents

All chemicals (see Table 5.1) were used without purification prior to synthesis.

Table 5.1. Chemicals and their suppliers.

Chemical Abbreviation Supplier
Silica gel “Davisil” Si0, Fluorochem
Germanium dioxide GeO, Sigma-Aldrich
Germanium dioxide GeO, Alfa Aesar
Ammonium fluoride NH,F BDH
Hexamethonium dibromide HM-Br Aldrich
Decamethonium dibromide DM-Br Aldrich
N,N,N’,N’-tetramethyl-1,6-diaminohexane TMDAH TCI Chemicals
1,6-Dibromohexane - Aldrich
1,6-Dibromodecane - Aldrich
Diethyl ether DE Honeywell
Ethanol EtOH VWR
Trimethylamine, 33 wt% solution in EtOH N(CH;), Aldrich

5.4.2 Synthesis details
5.4.2.1 Hexamethonium dibromide (HM-Br)

Syntheses of HM-Br were conducted by alkylation of trimethylamine with dibromo-
hexane on various scales, keeping the reagent ratios constant as described in the example
below. 1,6-dibromohexane (6.11 g, 25 mmol, 1 eq) was added to a commercial ethanolic
solution of trimethylamine (33 wt%, 13.42 g, 75 mmol, 3 eq). The mixture was heated
at 60 °C for 48 h. After the mixture had cooled down to room temperature, some white
solid had formed and the precipitation was completed using 100 mL diethyl ether (DE).
The white solid was washed with a further 200 mL DE and dried in a fume cupboard

and later in an oven at 80 °C.

yield: 8.20 g white crystals (23 mmol, 90 %)

'H NMR (400 MHz, MeOD): & (ppm) = 3.44-3.39 (m, 4 H), 3.18 (s, 18 H), 1.94-1.79 (m,
4H), 1.55-1.45 (m, 4 H).

13C NMR (126 MHz, MeOD): § (ppm) = 66.17, 52.26, 25.22, 22.22.
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5.4.2.2 Decamethonium dibromide (DM-Br)

Syntheses of DM-Br were conducted by alkylation of trimethylamine with dibromo-
decane, adapting the procedure described for HM-Br. They were carried out on various
scales, keeping the reagent ratios constant as described in the example below. 1,10-di-
bromodecane (3.02 g, 10 mmol, 1 eq) was added to a commercial ethanolic solution of
trimethylamine (33 wt%, 5.37 g, 30 mmol, 3 eq). The mixture was heated at 60 °C for 48 h.
After the mixture had cooled down to room temperature, some white solid precipitate
was visible and the precipitation was completed using 50 mL diethyl ether (DE). The
white solid was washed with a further 100 mL DE and dried in a fume cupboard and

later in an oven at 80 °C.

yield: 3.64 g white crystals (9 mmol, 86 %)

!H NMR (400 MHz, MeOD): & (ppm) = 3.40-3.34 (m, 4 H), 3.15 (s, 18 H), 1.80 (dq, 4 H,
J = 14.7,7.4Hz), 1.47-1.32 (m, 14 H).

13C NMR (126 MHz, MeOD): § (ppm) = 66.44, 52.16, 28.96, 28.74, 25.92, 22.55.

5.4.2.3 1,3,3-Trimethyl-6-azoniumtricyclo[3.2.1.4%°]dodecane bromide (TMATD-
Br)

The synthesis of TMATD-Br was conducted by alkylation and cyclisation of the amine
with the dibromoalkane, analogously to the synthesis of DMASD-Br described in chapter 4,
section 4.4.2. 2,4,4-Trimethyl-6-azabicyclo[3.2.1]octane (26.75g, 175 mmol 1 eq) was
dissolved in 150 mL acetonitrile and added to a round-bottom flask with potassium
carbonate (28.90 g, 209 mmol, 1.2 eq). 1,4-dibromobutane (37.69 g, 175 mmol, 1 eq) was
dissolved in 50 mL acetonitrile and the mixture added dropwise under stirring and while
cooling the flask in an ice bath. After the completed addition, the mixture was heated to
90 °C (reflux conditions) for 24 h. After letting the mixture cool down to room temper-
ature, the carbonate was filtered off and washed with 300 mL acetonitrile. The solvent
was then removed under reduced pressure and the residual solid redissolved in 100 mL
ethanol. The so purified compound was precipitated by addition of diethyl ether (DE,
200 mL), filtered and washed with more DE.

yield: 37.943 g white crystals (132 mmol, 75 %)

'H NMR (400 MHz, MeOD): §(ppm) = 3.94 (td, 1H, J = 4.8,2.2Hz), 3.82-3.73
(m, 1H),3.72-3.64 (m, 3H),3.64-3.54 (m, 1H),3.38 (d, 1H, J = 1.3Hz),3.35(d, 1H,
J = 1.6 Hz),2.33-2.24 (m, 1 H),2.21 (h, 6 H, J = 3.3,2.8 Hz),1.79-1.63 (m, 2 H),1.27 (s,

120



5.4 Experimental section Chapter 5

3H),1.22 (s, 3H),1.12 (s, 3 H).
13C NMR (126 MHz, MeOD): § (ppm) = 74.08, 72.02, 69.55, 61.30, 53.21, 41.36, 38.63,
34.35, 28.30, 26.00, 22.83, 21.70.

5.4.2.4 Hydrothermal synthesis of zeolite JLG-18 (ITH)

The synthesis of ITH was conducted similar to reported procedures in the literature.??
N,N,N’,N’-tetramethyl-1,6-diaminohexane (TMDAH) was was employed as OSDA. A
gel was prepared with a composition of 1SiO, : 0.67 GeO, : 14 TMDAH : 2.85 NH,F
90 H,0, using 0.09 g SiO,, 0.11 g GeO,, 4.5 mL TMDAH, 0.16 g NH,F, and 2.5 mL H,0.
The mixture was stirred in a PTFE liner for 60 min and subsequently transferred in the
corresponding stainless steel autoclave. The autoclave was place in an oven and heated
at 175 °C for 7d. After cooling to room temperature, the obtained solid was thoroughly

washed with water and dried at 80 °C overnight.

yield: 0.20 g transparent-white powder of polycrystalline rods (light microscopy)

5.4.2.5 Solvent-free syntheses towards zeolite ITH

Reactions were conducted by grinding the solid raw materials by hand for 15 min using
mortar and pestle. The employed OSDA is hexamethonium dibromide (HM-Br), either
used from a commercial source or prepared as described above. ITH seed crystals were
synthesised hydrothermally as material JLG-18 as described above. The formed paste
was scooped into a PTFE liner of a stainless steel autoclave and the autoclave heated in
an oven at the stated temperature. After the desired amount of time, the autoclave was
left to cool to room temperature and the obtained solid either characterised directly or
washed with water and thereafter dried at 80 °C overnight.

Table 5.2. Experimental details of solvent-free syntheses towards pure silica zeolite ITH. Seed crystals
obtained by hydrothermal synthesis are denoted with superscript “ht” and those obtained from previous
solvent-free syntheses with “sf”.

Si0O, NH,F HM-Br seed F/T temperature time
[g] [g] [g] gl [ [°C] d

1.599 1.005  0.302 1.0 180 6
1.600 0.999  0.299  0.050™ 1.0 175 1
1.599 1.004  0.300 0.051%F 1.0 175 1
1.603 0.999 0299  0.050% 1.0 175 2

Several experiments were carried out using a ball mill for the pre-synthetic, mecha-

nochemical treatment of reagents. In these experiments, PTFE milling vessels (inner
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Table 5.3. Experimental details of solvent-free syntheses towards germanosilicate zeolite ITH. Seed crystals
obtained by hydrothermal synthesis are denoted with superscript “ht” and those obtained from previous
solvent-free syntheses with “sf”.

Si0O, GeO, NH,F HM-Br H,0 seed Si/Ge F/T temperature time
gl el g] [g] el gl [ [ [°C] d

1.46  0.35 1.01 0.30 7.2 1.0 175 4
0.60 0.31 0.90 0.60 0.16 3.3 1.2 175 7
1.20 042 1.19 1.81 2.50 5.0 1.3 175 7
0.60 0.12 0.41 0.12 0.025f 1.0 9.0 175 1
0.60 1.05 0.59 0.97 0.90 0.02" 1.0 0.8 175 2

volume of 14 mL) were used due to avoid chemical reactions. Two YSZ (yttrium sta-
bilised zirconia) milling balls of 10 mm, 3.4 g each were chosen as milling media. The
reactants and milling balls were added to the milling vessel and milled for 30 min using
a frequency of 25 Hz. Thereafter, the produced paste was scooped into a PTFE lined
stainless steel autoclave. The autoclave was placed in an oven for the desired amount of
time at 175 °C and afterwards left to cool down to room temperature. All products were
filtered, washed with water and then dried at 80 °C overnight.

Table 5.4. Experimental details of solvent-free syntheses towards zeolite ITH using a ball mill for the
mechanochemical treatment.

Si0O, GeO, NH,F HM-Br H,0 Si/Ge F/T temp. time
(gl el [g] [g] el I [ [°cl d

0.08 0.08 0.12 1.6 175 7
0.06 0.11 0.06 0.10 1.0 1.0 175 7
0.26  0.09 0.26 0.39 2.0 1.1 175 7
0.23 0.2 0.22 0.35 5.0 1.3 175 7
0.15 0.26 0.15 0.45 0.62 1.0 0.8 175 7
0.17  0.22 0.17 0.45 0.46 1.3 0.9 175 7
0.24 0.17 0.24 0.50 0.64 2.5 1.3 175 7
0.26  0.09 0.26 0.49 0.70 5.0 1.3 175 7

5.4.2.6 Solvent-free syntheses towards zeolite UTL

Reactions were conducted by grinding the solid raw materials by hand for 15 min us-
ing mortar and pestle. The employed OSDA is dimethylazoniaspirodecane bromide
(DMASD-Br), synthesised as described in section 4.4.2. UTL seed crystals were synthes-
ised hydrothermally as material IM-12 as described in the same section. The formed

paste was scooped into a PTFE liner of a stainless steel autoclave and the autoclave heated
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in an oven at the stated temperature. After the desired amount of time, the autoclave
was left to cool to room temperature and the obtained solid either characterised directly

or washed with water and thereafter dried at 80 °C overnight.

Table 5.5. Experimental details of solvent-free syntheses towards pure silica zeolites with UTL framework.

Si0O, NH,F DMASD-Br seed F/T temperature time
gl gl [g] gl [ [°C] d

1.60  1.00 0.85 1.0 175
1.60 1.02 0.50 0.05 1.0 175

Table 5.6. Experimental details of solvent-free syntheses towards germanosilicate zeolites with UTL
framework.

Na,Si0;-9H,0 Si0, GeO, NH,F DMASD-Br Si/Ge F/T temp. time
[g] [g] [g] [g] [g] [-] -] [°C] d

1.31 0.33 0.20 0.42¢! 0.22 53 0.6 180 1
1.31 0.33 0.20 0.30 0.23 53 0.7 180 2
1.30 0.30 0.50 0.25 0.25 2.0 0.5 180 2

1.07 0.93 1.00 0.85 2.0 1.0 175 9

Table 5.7. Experimental details of solvent-free syntheses towards germanosilicate zeolites with UTL
framework with additional water and seed crystals. Experiments where NH,CI was used instead of NH,F
are indicated by a superscript “Cl”.

Si0, GeO, NH,F DMASD-Br H,0 seed Si/Ge F/T H,O0/T temp. time
(gl [g] g] g] el el [ [ [-] [°’cl  d

0.60 053 045 1.24 0.36 2.0 0.8 1.3 175 14
0.60 0.53 0.60 1.24 0.81 2.0 1.1 175 7
0.60 0.53  0.86“ 1.24 0.81 2.0 1.1 3.0 175 14
0.60 0.52 045 1.24 0.06 2.0 0.8 175 14
1.10 050 1.04 0.86 0.05 3.8 1.2 175 14
0.60 0.52 044 1.24 0.45 0.06 2.0 0.8 1.7 175 14

5.4.2.7 Solvent-free syntheses towards zeolite UOV

Reactions were conducted by grinding the solid raw materials by hand for 15 min using
mortar and pestle. The employed OSDA is decamethonium dibromide (DM-Br), used
from a commercial source or prepared as described above. The formed paste was scooped
into a PTFE liner of a stainless steel autoclave and the autoclave heated in an oven at the

stated temperature. After the desired amount of time, the autoclave was left to cool to
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room temperature and the obtained solid either characterised directly or washed with

water and thereafter dried at 80 °C overnight.

Table 5.8. Experimental details of solvent-free syntheses towards zeolites with UOV framework. Experi-
ments where NH,Cl was used instead of NH,F are indicated by a superscript “CI”.

Si0O, GeO, NH,F DM-Br H,0 Si/Ge F/T H,O/T temperature time
gl gl [g] 2] g] -1 [ [-] [°C] d

0.80 0.51 0.50 1.0 175 7
0.60 0.52 0.60 1.05 0.81 2.0 1.1 4.5 175 7
0.15 013 0.03 0.32 0.30 2.0 0.2 4.5 175 7
0.15 013 0.06 0.31 0.30 2.0 0.4 4.5 175 7
0.15 013 0.11 0.34 0.30 2.0 0.8 4.5 175 7
0.15 013 0.14 0.34 0.30 2.0 1.0 4.5 175 7
0.15 0.09 0.12 0.28 0.27 3.0 1.0 4.5 175 7
0.15 0.07 0.12 0.26 0.25 4.0 1.0 4.5 175 7
012 011 0.03" 025 0.24 2.0 0.2 4.5 175 7
012 011 0.07°" 025 0.24 2.0 0.4 4.5 175 7

5.4.2.8 Solvent-free syntheses towards zeolite ISV

All experiments targeting zeolites with ISV framework were performed using a ball mill
for the the mechanochemical treatment of the reagents. The milling was carried out
in a Retsch MM 400 shaker mill, using bespoke PTFE milling vessels (inner volume of
14 mL) and two YSZ milling balls (10 mm, 3.4 g each). The mill was operated at 25 Hz for
30 min after which the paste was scooped into PTFE liner for stainless steel autoclaves.
For the consecutive heat treatment, the autoclaves were placed in an oven and after the
desired reaction time left to cool down to room temperature. The resulting solid was

washed with water and dried in an oven at 80 °C overnight.
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Table 5.9. Experimental details of solvent-free syntheses towards zeolites with ISV framework.

Si0, GeO, NH,F TMATD-Br H,0 Si/Ge F/T H,0O/T temperature time
gl gl lg] lg] el -1 [ [-] [°C] d

0.25 0.15 0.60 0.23 1.0 31 175 7
0.17 0.16 0.42 0.16 1.5 3.0 175 7
0.20 0.08 0.21 0.54 0.20 4.0 1.5 3.0 150 7
0.21 0.04 0.21 0.55 0.21 1® 1.5 3.0 150 7
0.22 0.04 0.15 0.59 0.22 1® 1.0 3.0 175 7
0.20 0.08 0.21 0.54 0.20 4.0 1.5 3.0 175 7
021 0.04 0.21 0.55 0.21 1® 1.5 3.0 175 7

5.4.3 Physicochemical characterisation
Powder X-ray diffraction (PXRD)

Experiments were carried out on a PANalytical Empyrean disc diffractometer, operated
in Bragg Brentano geometry in 6-26 mode or a STOE STADI/P capillary diffractometer,
operated in Debye-Scherrer geometry. Both diffractometers are equipped with a primary
beam monochromator resulting in Cu Ko, radiation. Patterns were typically collected

from 3-40° 20.

Scanning electron microscopy (SEM)

Images were acquired on a JEOL JSM-5600 or a JEOL JSM-IT200. Samples were placed
on sticky carbon tape and gold coated at 10 mA for 30 s using a Quorum Q150R ES sputter

coater. Both microscopes are equipped with an EDS system for elemental analysis.

Solution-state nuclear magnetic resonance spectroscopy (NMR) Solution-state
NMR spectra were obtained on a Bruker AV III 500, with a CryoProbe Prodigy BBO
probe.
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Chapter 6 6.1 Introduction

6.1 Introduction

One of the great challenges of today is the ever increasing global energy demand. Besides
energy sources such as oil which can be used as fuels, electricity has one of the biggest
shares of the total annual energy consumption.! Ensuring a sufficient supply of electrical
energy can be addressed from many angles, one of which is to improve and expand the
capabilities of current electrical energy storage (EES) technologies. The probably most
widely known device in this respect is the rechargeable battery. Cars and transportable
electronic devices, such as mobile phones and laptops, as well as large scale power
stations, which need to be operable without connection to the general electricity grid,
are entirely dependent on rechargeable batteries. This wide usage naturally requires
a great quantity of active materials of high quality and performance, while keeping in
mind concerns about resource availability, sustainable production of the components as

well as end-of-life treatment.

The type of battery of particular interest is the alkali metal ion battery (AMIB).
The most well-known member of this group, the lithium ion battery (LIB), powers
almost every portable computing device.?? Naturally, this means a heavy dependence
on lithium deposits around the world in order to facilitate the great demand. Trying to
avoid future problems of sourcing this one alkali metal, which occurs naturally only in a
select few places,* renewed interest into sodium and potassium ion batteries (NIB and
KIB, respectively) has developed.”=® Both of these elements are much more abundant in
the earth’s crust and also occur not only in small, spatially confined deposits, but are
widely available. Such a shift away from lithium would mean greater freedom in terms
of geographical availability of raw materials and should result in lower production cost

overall.

At first glance one might expect that the accumulated knowledge and insight deve-
loped for lithium based battery materials and technologies may be easily translatable to
other Group 1 elements. Unfortunately, the slight differences in electronic configuration
between the alkali metals mean several adaptions are required in the materials’ design.
Most notably, widely used anode materials such as graphite or silicon are inapplicable
for NIBs. Graphite relies on the insertion of metal ions into its interlayer space, which
is unfavourable for sodium ions owing to a size mismatch with the interlayer spacing
of the layers.”!° Silicon is able to insert sodium ions well, however, a low overall per-

formance of this material has been reported, ascribed mainly to the low mobility of
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Na*.!! Finding and developing alternatives are topics of current research, exploring
options such as carbon-based materials, organic compounds, or metals and their oxides
amongst others.'?"1* The benchmark for anode materials today is so called “hard carbon”,
which is mechanically durable and derived from high temperature treatment (> 1000 °C)
of carbon containing matter.!>!¢ Consisting of graphene sheets, interconnected in a
non-ordered fashion, the resulting interlayer space is wide enough to accommodate
sodium ions, contrasting to graphite where this distance is insufficient. This and sev-
eral beneficial electrochemical properties make hard carbon a prime candidate as an
anode material. However, for established commercialisation some improvements are
still necessary. Fall-off in Coulombic efficiency after initial charge-discharge cycles and
issues with long-term cyclability for example require further improvements in the design
of this type of material. Furthermore, the porosity and typically extensive surface area
require comparatively large amounts of electrolyte to ensure adequate coverage, reducing
performance as well as increasing cost of the device overall. Thus, recent research has
not only seen interest in optimising the properties of hard carbons, but also attempting
to avoid such drawbacks by investigating organic-based compounds as viable substitute

as the active anode material.

6.1.1 Organic compounds as sodium ion battery anode materials

Organic materials as active component in anodes have many advantages over other
mentioned alternatives for several reasons.!”"!° Firstly, there are only few restrictions
with respect to the structure of the molecule, besides the functional groups which provide
the capability to undergo the redox reaction required for an active material in an electrode.
For anodes, these functional groups are typically carboxylate, azo, or imine groups. These
take up electrons during the reduction (discharge) thus carrying a negative charge, before
oxidising back to the original, neutral state (charge). As such, compounds with this
functionality are classified as n-type. The acquired negative charge during reduction is
balanced by the sodium cation, which is inserted into the organic material. The reaction
is shown in Figure 6.1 using the example of disodium benzenedicarboxylate Na,BDC.
The electrochemical potential required for the redox reaction to occur in these functional
groups is comparatively low, again beneficial for anode materials. The potential can be
fine tuned to the desired value by altering the backbone of the organic compound. This
may be considered the most advantageous aspect, due to the vast number of possible

combinations. Furthermore, the typically used organic molecules are obtainable through
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biomass valorisation, an approach that has seen considerable interest in recent years.?0-2?

Such a procedure would make the overall production of battery materials much more
sustainable and increase the value of organic-based electrodes. Furthermore, synthesis
conditions for organic molecules typically involve lower energy consumption compared
to those required for inorganic materials. Since the main contribution to the overall cost
of EES devices stems from electrode material production expenses, such improvements

are considered one of the main goals of current research.”

Os ONa NaO.__ONa
reduction |
+2Na*, +2e”

-2Na*, -2e”
oxidation |

O” 'ONa NaO”~ "ONa

Figure 6.1. Mechanism of the redox reaction of organics with carboxylate groups using the example of
disodium benzenedicarboxylate.

Despite all the listed beneficial properties of organics, there are some drawbacks
which have hindered the use of organic-based electrodes so far. From a molecular point of
view, most of the molecule is inactive in terms of electrochemistry, as only the functional
group itself is the part involved in the reversible uptake of electrons. This results in a
considerable amount of dead weight from a molar mass point of view, especially when
compared to other types of materials. This is one of the reasons why electrodes based on
organics typically show a comparatively lower specific capacity, one of the main areas
with room for improvement in current research.??

Considering the practical aspects of assembling an electrode, commonly used elec-
trolytes are polar organic solvents, and are thus unsuitable to be used with these types
of active material due to eventual dissolution or even decomposition. In addition, the
usually preferable low operating potential can also lead to the formation of a solid elec-
trolyte interface (SEI) layer which leads to a decreased Coulombic efficiency at the start
of battery cycling.?*?> Keeping this drop in performance as low as possible is a major
goal of designing a high quality anode material.

Another shortcoming of organic materials is their typically poor electrical conductiv-
ity. A well performing electrode, however, needs to facilitate not only high mobility of
the metal ions, but also of electrons. As this is often intrinsically hindered in the organic
compound itself, the situation can for example be remedied by fashioning composite
materials consisting of the active organic and an electrically conductive carbon com-
pound. This comes at a price though, as the share of inactive parts of the total mass of

material is increased. It is important to aim for a sweet spot with just the right amount
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of conductive carbon to facilitate reasonable movement of electrons, while keeping its
mass percentage low. Ensuring all of the material is utilised requires homogeneous
distribution of active compound and conductive carbon, which is enabled by using a
binder. Traditional choices are for example PVDF (poly(vinylidene difluoride)), which is
classified as mutagenic, raising concerns about safety. Suitable solvents for this and other
binders are equally worrisome, especially chemicals such as the widely used N-methyl
pyrrolidone (NMP) which is teratogenic and toxic. Here, a shift towards environment-
ally friendlier binder alternatives such as the water-soluble sodium alginate and CMC
(carboxymethyl cellulose) is currently underway in many research labs.?® Additionally,
most organic-based electrode materials work well with these safer options, opening up

possibilities to reduce hazards and safety issues related to fabrication of batteries.

6.1.2 Sustainable synthesis of sodium coordination polymers

One of the most important topics in current chemistry is the aim for sustainable and
environmentally friendly processes, generally referred to as green chemistry.?” The goal is
to reduce accumulation of waste, increase atom efficiency of the reaction and decrease
wasteful usage of energy, amongst others. Considering the grand scheme of things, many
of these aspects have to be implemented at industrial scale, but even in laboratories,
there is great potential for improvement. Likewise, new reaction pathways or conditions
need to be evaluated on smaller scales first. With this in mind, the last couple of decades
have seen the re-emergence of mechanochemistry as a tool to complement or potentially

even replace commonly used solution-based reactions.?8-33

The idea behind mechanochemical reactions is comparatively simple, whereas its
mechanisms still prove rather elusive. The energy input into a given reaction system
in traditional setups is by using heating plates or similar devices to increase the tem-
perature of the solvent, thus enabling a chemical reaction by overcoming its activation
barriers. In mechanochemistry, the required energy is mechanical in nature, exerted
by manual grinding or milling media, for example, in ball mills. The continuous mech-
anical motion effectively mixes the reagents as well as generates heat by friction and
shear forces. The efficacy of mechanosynthesis has been demonstrated in many areas of

3034 and metal-organic frameworks (MOFs).3:36

chemistry, notably organic chemistry
The name of these latter materials originates from their structural motifs, where organic
linking units connect metal(-oxide) nodes, forming a 3D connected framework. The

bond between organic linker and inorganic node is typically a coordination bond, fa-
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cilitated by functional groups such as carboxylates. When the metal is an alkali metal
such as sodium, the bond is still coordinative but has a slightly more ionic character.
These compounds are usually only referred to using the term coordination polymers
due to their lack of potential voids.?” All of these materials are typically synthesised in
solution, requiring considerable amounts of solvent, especially in view of potential large
scale production. Thus, a mechanochemical synthesis route was considered as possible
alternative. Traditional, solution-based synthesis under solvothermal or reflux condi-
tions suffer from poor resource management, safety concerns and drawbacks in terms
of scalability. Mechanochemistry solves most if not all of these issues due to the low
amount of required liquid, quantitative conversion of stoichiometric starting materials,
and low energy consumption. These and more benefits make mechanochemistry also
an attractive prospect for industrial scale synthesis of materials.>**° This is especially
relevant for the target application as active battery material, due the maturity of this field.
A potential candidate material to replace the current state of the art needs to be available
on appropriate scales. As such, the envisaged mechanochemical synthesis route for the
targeted sodium carboxylates would qualify in this respect. Commercialisation of mecha-
nochemical synthesis of some MOF materials by companies like MOF Technologies* is
already established using twin screw extrusion for highly efficient production of these

related materials at industrial scales.*!*?

weC“anoche"’istry @™ Mo Ungq
¥ o

Y,

]

green battery materials

Figure 6.2. Schematic representation of the goal to produce green battery materials by mechanochemical
synthesis of organic materials.**
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The goal for this project was the development of a mechanochemical protocol for the
production of sodium coordination polymers to be used as anode materials for sodium

ion batteries.

6.2 Mechanochemical synthesis of sodium carboxylates

Experiments were conducted using several dicarboxylic acids as organic reagent and
sodium acetate as the sodium source. There are several reasons to choose sodium acetate
as reagent. Firstly, this sodium containing compound is readily available, has a low
ecological impact and is considered a benign chemical by authorities such as the ECHA

).* The choice for acetate as the counterion is that its

(European Chemicals Agency
conjugate base is a weak acid, making the salt overall slightly basic. Thus, deprotonation
of carboxylic acid groups should be facilitated at least to some degree. Thirdly, the
eventual by-product of the reaction is acetic acid, removable both by a washing step but

also by drying itself, comparable to residual water due to the similar boiling point.

Other sodium sources that were considered but soon dismissed are sodium hydroxide
and sodium carbonate. NaOH has been used for solution based synthesis of these sodium
carboxylate compounds in the reported literature, due to its ability to serve both as a
source of sodium ions as well as strong base for the deprotonation reaction. For the
project at hand, however, this reagent was not used as sodium hydroxide is a corrosive
reagent and may cause damage to humans such as skin burns. The goal was to develop
an environmentally friendly and safe methodology and as such this strong base was not

used.

Sodium carbonate on the other hand is a safer choice as reagent and would also
provide the basicity required for the deprotonation reaction. The by-product of the
reaction itself, however, is CO,, once more an environmental and safety hazard. A
carefully conducted test experiment using Na,CO; confirmed this supposition as gas was

released from the milling vessel upon opening.

These considerations led to sodium acetate as the sodium source of choice for the
synthesis of sodium carboxylates in this project. Being the salt of a strong base and weak
acid, there is still some, albeit potentially small capability to facilitate deprotonation,

while of course still providing Na™ ions.
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a) Crystal structure of NaHBDC, C.H,(COO),HNa b) Crystal structure of Na,BDC, C;H,(COO),Na, (CCDC
(CCDC code BEBFIY), viewed along the a direction. code QQQDHDO1), viewed along the a direction.

Figure 6.3. Structures of NaHBDC* and Na,BDC.* Carbon atoms are shown in black, hydrogen in white,
oxygen in red, and sodium in blue.

6.2.1 Mechanochemical synthesis of sodium benzenedicarboxylate

The methodology was developed using 1,4-benzenedicarboxylic acid (BDC, also known
as terephthalic acid) as organic reagent. Synthesis of disodium terephthalate (Na,BDC,
CcH,(COO),Na,) for application in batteries has been reported previously by a solution
based route from terephthalic acid and NaOH or sodium carbonate.*=*7 Using sodium
ethoxide as Na source the monosodium salt (NaHBDC, C,H,(COO),HNa) is produced,
owing to the lack of base in the reaction system resulting in a decreased likelihood
for deprotonation.*’ As such, either or both of these two compounds were potential
products for the mechanochemical approach. Figure 6.3 depicts the crystal structures
for NaHBDC and Na,BDC, clearly showing the close relation between them.
Availability and cost of resources is another important factor when deciding in favour
of or against using a particular compound as functional material. A further reason to
choose BDC as the main compound to investigate are recent reports about its accessibility
from renewable resources?? as well as by recycling the widely used polymer PET (poly-
ethylene terephathalate) in an efficient manner.>>>! Such sustainable pathways to source
reagents are not only environmentally friendly but may even be cost-efficient. Similarly,
a recent study by Crickmore et al. even showed how the synthesis of a calcium-BDC
compound can be accomplished by using waste material (egg shells, plastic PET bottles)

directly as reagent.>
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Figure 6.4. Photos of the milling jar after the reaction and the pasty product after scooping it out of the jar.

First experiments were conducted varying the reagent ratio, further referred to as metal-
to-linker ratio M/L, in analogy to the convention in the field of MOFs, where carboxylic
acids act as linking units between nodes of metal atoms or clusters. The reactions were
conducted similar to mechanochemical synthesis conditions that have been reported to
successfully produce MOFs,3>3%33 for details see section 6.5 below. In short, solid reagents
were combined in a plastic milling jar (polycarbonate, PC) together with two stainless
steel balls. Using sodium acetate trihydrate, water occluded in the salt is liberated during
the milling process and acts in the same way as when added separately to the anhydrous
reagents. Within the first minutes of grinding, the materials form a paste and the final
product is shown in Figure 6.4. After the desired reaction duration of typically 60 min,
the product is scraped out of the jars and dried in a oven overnight. The distinct smell
of the by-product acetic acid can be made out, indicating successful conversion of the

sodium salt.

PXRD patterns of products from these initial tests can be seen in Figure 6.5a. Com-
parison with simulated patterns indicates the formation of NaHBDC.*”*8 An increase in
M/L only results in a greater amount of unreacted sodium acetate and concomitantly
unreacted terephthalic acid. Important to note here is that these samples were not
washed or otherwise purified. The intention behind this neglect of a usually performed
treatment of crude product is that one of the main advantages of employing mecha-
nochemical methods is the avoidance of bulk solvent. Hence, washing of products in
this project was only conducted if unavoidable, for example to improve electrochemical
performance. Additionally, Abouimrane et al. have shown that NaHBDC is transformed
into a Na,BDC phase during the first cycle of a galvanostatic cycling experiment due
to insertion of sodium ions into the material.*’ Looking at Figure 6.3b incorporation
of an additional Na* into NaHBDC seems plausible by insertion into the the existing
sodium chains. Although this may not induce a phase transformation towards the crystal
structure of Na,BDC (Figure 6.3a), such a potentially disordered material can still be

capable of excellent ion conduction.

Due to these outcomes, the product obtained from the reaction with M/L = 1 was
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Figure 6.5. Characterisation of mechanochemically synthesised Na-BDC samples.

used for further analysis and is labelled Na-BDC from here on. The absence of bands
at wavenumbers around 3000 cm™! in the FTIR spectrum indicates no residual free
carboxylic acid groups. The band at 1700 cm~! can be assigned to a C=0 bond of a
carboxylic acid, supporting the notion of NaHBDC as the product, where one acid
group remains protonated. Thermogravimetric analysis (TGA) adds further support for
this interpretation as the main mass loss occurs well below 500 °C, representative of the
thermally less stable monosodium salt. Finally, elemental analysis (C, H) agrees well with
the expected mass for the chemical formula NaHBDC. Probing the morphology of the
produced material, SEM analysis was conducted showing agglomerates of small primary
particles with dimensions below 1 um. This is a typical observation for a mechanochem-
ically synthesised material using ball milling techniques, since the continued exerted

mechanical force also results in particle size reduction.’*>’

In order to assess whether the presence of a liquid is necessary for the reaction,
reactions were carried out using only the solid reagents anhydrous NaOAc and BDC.
The progress of the reaction was followed over time, showing product formation even
after only 15 min and appreciably low amount of starting materials (see Figure 6.6a).
The same trend is observed even when increasing the scale of the reaction, using jars

with a volume of 25 mL and larger milling balls, shown in Figure 6.6a. This is a good
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demonstration of the capability for facile upscaling of this mechanochemical reaction.
Conducting the reaction under these dry conditions, however, is accompanied by a severe
safety concern as the product of the reaction is a very fine powder which should not be
handled without proper PPE (personal protective equipment) such as masks, preventing
inhalation of fine dust. A photograph showing the powder product and comparing it
with the paste obtained from liquid-containing reactions is shown in Figure 6.6d. With
this in mind, following experiments towards sodium carboxylates were performed with

at least a small amount of liquid present in the reaction system.
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Figure 6.6. PXRD patterns of mechanochemically synthesised Na-BDC samples under dry conditions and
comparison with solution-based syntheses.

Finally, Na-BDC of the mechanochemical synthesis is compared to materials obtained
by solution methods. Figure 6.6c shows Na-BDC and samples from syntheses conducted
in ethanol under reflux conditions. Additionally, a microwave synthesis was conducted
using sodium acetate as Na source. These reactions were conducted using M/L = 2.1,
attempting to drive the reaction towards Na,BDC, as well as following the stoichiometry
reported in similar protocols in the literature. The different sodium sources were chosen
according to their basicity. As can be seen, using the neutral sodium nitrate, no product is
formed. The slightly basic NaOAc results in formation of a small amount of the NaHBDC

phase but a large amount of unreacted sodium acetate, similar to mechanochemical
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reaction of higher M/L ratios. This observation is made for both the reflux synthesis as
well as the microwave assisted reaction. The basic reagents Na,CO; and NaOH yielded
mainly Na,BDC with some impurity of NaHBDC. These results show that although
the complete reaction towards Na,BDC appears to not be possible using the employed
mechanochemical conditions, the reaction proceeds similarly to solution without need
for solvent. Full conversion only succeeds when NaOH or Na,CO; are used in solution-
based synthesis. As discussed above, however, these chemicals are considered unsuitable

in view of large scale processing due to safety concerns.

6.2.2 Electrochemical performance of Na-BDC as anode for NIBs

Testing the applicability of obtained Na-BDC as active component in anodes for sodium
ion batteries was conducted using conventional galvanostatic cycling of coin half-cells.
Electrodes were prepared by mixing the sodium carboxylate with a conductive carbon
(Super C65) and sodium carboxymethyl cellulose (CMC) as binder material in a ratio
of 60 : 30 : 10 by mass (see section 6.5.4 for further details). The carbon additive is
necessary to facilitate electric conductivity of the resulting composite. PXRD patterns
of the final electrode composite compare well with the pristine Na-BDC phase (see
Figure 6.7a). As shown in Figure 6.7b, SEM imaging suggests a good distribution of the

organic throughout the composite.

Na-BDC electrode

Na-BDC

R N

10 20 30 40 50
20/°

Intensity (arb. units)

a) PXRD patterns of pristine Na-BDC and the electrode b) SEM image of the electrode composite material based
composite based on it. on Na-BDC.

Figure 6.7. Characterisation of electrode composites based on Na-BDC.

A galvanostatic cycling experiment (Figure 6.8) was conducted using a moderate
current density of 100mA g=!. Although the drop in capacity after the first cycle is
unfavourable, it is a well-known phenomenon for organic-based anodes and is assigned
to the formation of the solid-electrolyte interface (SEI) layer.?#?> As alluded to earlier,

the insertion of up to three Na* ions into the monosodium salt is thought to additionally
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contribute to the observed difference between cycles one and two.*” Following this initial
decrease, the capacity stabilises at roughly 270 mA h g=! and retains 86 % throughout
100 cycles. The Coulombic efficiency stays favourably high at more than 98 %, promising

long lifetime of a battery based on this material.

-1

()]
< . - 100 &
E 400 1 )
- 75 5
= o
[$} =
=
3 — 5 ©
§ 200 2
S -2 §
_‘CU Coulombic efficiency =]
8 04 o Discharge capacity 0 8
o T T T T

T
0 25 50 75 100
Cycle

Figure 6.8. Discharge capacity and Coulombic efficiency for Na-BDC measured for 100 cycles at 100 mA g~*
in a voltage window of 0.01-2.5V.

The observed value for the discharge capacity can be compared to the theoretically
achievable capacities of 255mA hg~! and 285 mA h g~! for Na,BDC and NaHBDC, re-
spectively. These values for the discharge capacity Q (in mA h g=!) are calculated using

Equation 6.1,
_ nF
"~ 3600M

Q (6.1)

with Faraday’s constant F (96 485.33 C mol™"), the molecular mass of the compound M
(g mol_l), and number of involved electrons n. In both cases, the number of electrons
was set to n = 2. Assuming that NaHBDC allows an insertion of three electrons for the
initial cycle, Q = 427 mA h g~!, supporting the explanation about the high irreversibility
of the first cycle given above. As described above, the transformation into the disodium
salt in this first cycle leads to only two electrons being involved in the redox reaction in
all subsequent cycles.

Keeping used materials in the electrode composite in mind, the extent of the contri-
bution of the added carbon C65 needed to be assessed. Thus, an electrode was prepared
under the same conditions using only Super C65 as active material, adding 10 % CMC to
allow direct comparison of the results to other electrode materials. The measurements
done for this C65 electrode are applicable throughout this chapter as almost all elec-
trodes were prepared using this type of carbon. During the first cycle, an irreversible
capacity of 217 mA h g! is recorded, which stabilises afterwards around 112mAhg=!.
For electrodes made with organic material, the carbon additive would only contribute
a third of these values due to the composition of the composite, giving 37.3mAh g™!

of stable discharge capacity. Additionally, a capacity drop after the initial cycle is also
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observed for this pure C65 electrode which would translate to roughly 35mAhg=! in
electrodes with sodium carboxylate as active material. Even with this contribution of
the carbon additive to the measured capacity, the performance of the Na-BDC electrode

is still competitive and only marginally below the theoretical limit.
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Figure 6.9. Electrochemical characterisation of an electrode containing only conductive carbon Super C65
as active material.

Looking more closely at the underlying electrochemical reaction, two redox couples
can be discerned in the cyclic voltammogram (CV, Figure 6.10a), conducted for five cycles.
The small charge/discharge peaks at low potential stem from the conductive carbon
(compare Figure 6.9b). The second, more prominent feature is assigned to the organic
material and its peak positions at 0.35V and 0.52V are in line with previous reports.
Visible is again the irreversibility of the initial cycle as seen in the cycling plots. Further
assessing the material under varying current conditions, five cycles were recorded at
different current densities ranging from 25-1000 mA g=! and a final five cycles again
at 25mA g~!. Asseen in Figure 6.10b, the capacity at low current density is retained
even after cycling at higher ones. These observations prove that mechanochemically

synthesised Na-BDC can compete with materials obtained from solution in terms of

their electrochemical performance.
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Figure 6.10. Electrochemical performance of electrodes based on Na-BDC.

6.2.3 Synthesis of Na-BDC in the presence of carbon

The possibility to use Na-BDC directly after the mechanochemical synthesis, without
the need for further purification such as washing suggests the possibility of conducting
the synthesis in the presence of the carbon additive, reducing the number of required
processing steps. In addition to the previously used conductive carbon Super C65, hard
carbon (HC) was also employed. Comparison of PXRD patterns shows the successful
synthesis of Na-BDC with added Super C65, hard carbon, and a mixture thereof (Fig-
ure 6.11a). The mixtures were prepared in ratios to be suitable to achieve the same final
ratios of the electrode composites as used above, except for the C65/HC mixture which
was prepared in a set ratio which showed success in a previous, unrelated study. In order
to facilitate free movement of the starting materials in the milling jars, a slightly higher
amount of water was added. These materials were used in the preparation of electrodes
in the same manner as above.

Evaluation of the electrochemical performance of the three materials is based on
their cyclability shown in Figure 6.11b. The Na-BDC sample prepared with C65 shows
comparable discharge capacity to the conventionally obtained material, whereas in the
hard carbon based sample this property is severely reduced and barely above what is
expected for this type of carbon intrinsically. The electrode prepared with both types of
conductive carbon performs slightly worse than “Na-BDC + C65” which could be an issue
of finding a more optimal electrode composition. Despite this slight decrease in discharge
capacity, the stability of the circa 150 mA h g~! over 75 cycles is still competitive, keeping
in mind, no optimisation has been attempted yet.

Although the electrode prepared from the Na-BDC/HC synthesis did not show the
desired results, both other compositions performed very well. The aim of simplifying the

overall process by combining two steps into a single procedure was successful. This is,
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Figure 6.11. Mechanochemically synthesised Na-BDC in the presence of electrically conductive carbon.
Materials “Na-BDC + C65” and “Na-BDC + HC” (hard carbon) were synthesised with a target electrode

composition of 60 % Na-BDC, 30 % carbon, and 10 % binder. The electrode “Na-BDC + C65/HC” was
prepared with a target composition of 29 % Na-BDC, 50 % HC, 11 % C65, and 10 % binder.

however, only a proof of concept and no optimisation has been performed yet. Adjusting
the ratios in the synthesis as well as investigating other parameters such as water content,
time, and many others may lead to even better performances and shall be subject of
future studies. Furthermore, this is a promising step towards a complete one-pot process
combining the synthesis of the sodium carboxylate with the preparation of the electrode
composite. The possible easiest adaption would be to simply add the binder solution
(CMC or sodium alginate in water) to the milling vessel after the reaction has concluded.
This may still be considered a multi-step procedure, however, when considering large-
scale mechanochemical processing typically occurs with technology like twin screw
extrusion, feeding a certain reagent into the mixture at a later point during the extrusion is
definitely a possibility that would not drastically impact the overall process. Additionally,
arecent report by Zhang et al. has shown the possibility to grow crystalline ZIF-8 (zeolitic
imidazolate framework) in a sodium alginate solution.>® Although not using the same
building blocks, ZIFs are still related to the here studied sodium carboxylate materials
and as such, these published results indicate the potential for a similar procedure for the

future of this project.

6.2.4 Extension of the organic backbone: Sodium biphenyl- and stilbene-

dicarboxylates

After this first success, the question posed itself how extendable this synthesis method is
to the wide variety of dicarboxylic acids, some of which have great potential as organic-
based anodes for NIBs. One of the properties the organic molecule needs to possess for

such an application is the capability to take up an extra electron and stabilise the resulting
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radical so that insertion of sodium ions can occur. When taking BDC as the basis, the
stabilisation can be improved by extending the n-system of the organic backbone. Two
examples of this are 4,4’-biphenyldicarboxylic acid (BPDC) and 4,4’ -stilbenedicarboxylic
acid (SDC), shown in Figure 6.12. The introduction of a second aromatic ring in BPDC
and a further double bond in SDC are helpful in this respect, without altering the basic
shape of the molecule. Both of these compounds have shown excellent electrochemical

performance and were thus chosen as candidate materials for the following syntheses.>

COOH
COOH
COOH O O
N
COOH O O
COOH
COOH

BDC BPDC SDC

Figure 6.12. Structures of BDC, BPDC, and SDC.

Figure 6.13 shows characterisation of mechanochemical reaction products of sodium
acetate and BPDC in different M/L ratios and water or ethanol as liquid additive. The
PXRD patterns show the formation of a mixture of NaHBPDC as well as Na,BPDC
assigned by evaluation against published structures of both compounds.>® Using an M/L
ratio of 2, residual unreacted acid was observed in FTIR spectra. The sample prepare at
M/L = 3 showed no evidence of unreacted acid and this sample was investigated further.
The crude product showed comparatively low electrochemical performance, suggesting
a considerable amount of inactive material (see Figure 6.15b below). This is assumed
to be unreacted sodium salt and possibly some minor amounts of organic acid, which
unfortunately required purification of the product by washing with ethanol. The TGA
trace of this final, washed product shows a first mass loss of roughly 9% at 200 °C and
a second loss of ca. 48% at 400 °C. This indicates that most of the material had been
transformed into Na,BPDC, accompanied by a small amount of the monosodium salt,
which degrades at a lower temperature. Finally, SEM analysis shows irregularly shaped
particles roughly 1 um in size, which is in the same domain as seen for the Na-BDC
example.

In stilbene containing reactions (Figure 6.14), M/L = 2 yields a product exhibiting a
similar pattern to the reported literature.®® The observed double peak at low 26 angle

might be an indication for the formation of both mono- and disodiated carboxylates.
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Figure 6.13. Characterisation of mechanochemically synthesised Na-BPDC samples.

Unfortunately, there are no known crystal structures for NaHSDC or Na,SDC, however,
visual comparison of the pattern of this synthesis product with a published PXRD pattern
of a solution-based synthesis suggests the product is of comparable nature. Similar to the
Na-BPDC sample, a washing step was necessary due to low electrochemical performance
in initial test runs (seeFigure 6.16b). The TGA trace of the washed product looks similar
to that of Na-BPDC, with an even lower proportion of mass loss at earlier stages of the
experiment, indicating a high conversion towards Na,SDC. Na-SDC crystals exhibit a

rod or plank-like like shape, up to 1 um in length and below 250 nm in width.

Galvanostatic cycling experiments for Na-BPDC and Na-SDC containing electrodes
based on products obtained directly from the mechanochemical synthesis indicated the
presence of inactive material based on capacity and its retention during cycling being
lower than expected (Figure 6.15b and Figure 6.16b below). This led to the decision to
include a brief washing step at the end of the synthesis and these washed materials were

used for further electrochemical testing.

Comparing the PXRD pattern of the electrode based on Na-BPDC with its parent
compound confirm good retention of crystallinity and SEM analysis shows well distrib-
uted particles (Figure 6.15a. A loss of capacity is observed after the initial cycle, similar to

the behaviour of Na-BDC. Thereafter, the discharge capacity is retained well throughout
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Figure 6.14. Characterisation of mechanochemically synthesised Na-SDC samples.

the tested 100 cycles. Cyclic voltammetry of Na-BPDC shows two oxidation peaks, most
likely originating from the presence of both NaHBPDC and Na,BPDC. Nonetheless, the
capacity of circa 184 mA hg~! and its stability over the measured 100 cycles is appre-
ciably high. The ability to recover this high capacity even after cycling at high current

rates of 1000 mA g~ is also very promising.

Similar to the biphenyl compound, the Na-SDC electrode shows the presence of
the organic compound in a recorded PXRD pattern and SEM images do not indicate
any agglomeration of particles but rather well dispersed organic compound, shown
in Figure 6.16a. The measured capacity of 146 mA hg~! was well retained over the
investigated 100 cycles. Once more, the capacity at 25 mA g~! is recoverable even after
cycling at high current rates. The discharge shows a slight shift in the peak during the
first two cycles, settling at 0.49 V, which had been reported previously.5° The charge peak
remained at its initial value of 0.62 V, an improvement over the earlier report where a
small secondary peak was observed, which may be assigned to a potentially amorphous

by-product of the synthesis.

These good results for Na-BPDC and Na-SDC emphasise the potential for the presen-
ted mechanochemical methodology as the electrochemical performance is evidently re-

tained compared to earlier reports, while the synthesis conditions have arguably been im-
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Figure 6.15. Electrochemical performance of electrodes based on Na-BPDC.

proved. The demonstration of successful applicability of the mechanochemical method
to include larger organic molecules is very promising. It hints at the possibility to target
more complex compounds without the explicit need to overhaul the developed method-

ology, but suggesting a rather straight forward adaption.
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Figure 6.16. Electrochemical performance of electrodes based on Na-BPDC and Na-SDC.

6.2.5 Heteroatom containing aromatic sodium carboxylates

Another option to tailor the electrochemical properties of the organic compound com-

pared to simple Na-BDC is the introduction of a heteroatom into the system. Once

more, literature known compounds based on 2,5-pyridinedicarboxylic acid (PDC)%! and

2,5-thiophenedicarboxylic acid (TDC)%? were targeted.

COOH

COOH

5§

COOH
BDC

COOH
PDC

COOH
=

S
~
COOH

TDC

Figure 6.17. Structures of BDC, PDC, and TDC.

Figure 6.18a shows the PXRD patterns of a range of syntheses for Na-PDC, where

the product of the synthesis with M/L = 2 and ethanol as liquid additive was chosen

as most promising material. FTIR analysis does not indicate residual free carboxylic

acid (OH bands) and only a minor peak at 1724 cm™! is present suggesting a high degree

of conversion towards Na,PDC. It is assumed that the presence of nitrogen aids in the

deprotonation due to its basic properties, thus shifting the equilibrium towards complete
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Figure 6.18. Characterisation of mechanochemically synthesised Na-PDC samples.

deprotonation of the dicarboxylic acid. TGA analysis is consistent with the identification
of the product as the disodium salt as the main mass loss occurs at the relatively high

temperature of 500 °C.

The synthesis towards Na-TDC was conducted analogously to other carboxylates.
PXRD patterns show unreacted TDC up until M/L = 2 (see Figure 6.19a). Using larger
amounts of the sodium reagent remedied this situation, while the now residual sodium
acetate was removed by washing with ethanol. The FTIR spectrum of this washed sample
shows bands consistent with what is expected for Na-TDC and no sign of free carboxylic
acid O—H bonds at high wavenumbers (see Figure 6.19b). The band assigned to the COO
functional group in the starting material TDC is clearly shifted to lower wavenumbers

for the product phases.

Despite the similarity of these analyses with above described Na-xDCs (x being a
placeholder for the various types dicarboxylic acids), Na-TDC did not perform as well
as other compounds in galvanostatic cycling (see also Figure 6.21 below). This may be
related to an observation that was made during and after the synthesis of the material
itself. In contrast to other experiments TDC seemingly reacted with the stainless steel
milling balls, leading to discolouration of the product as well as visible deterioration of

the steel balls on the surface as shown in Figure 6.20. At this point it is unclear which
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Figure 6.19. Characterisation of mechanochemically synthesised Na-TDC samples.

exact reaction might have occurred and how this led to diminished electrochemical
properties. A plausible explanation is a reaction of the sulfur atom with iron in steel
towards iron sulfide and the decomposition product of the organic. This would lead
to the observed corrosion of the surface of the milling media and explain the slight
darkening of the otherwise off-white Na-TDC. A change to milling media of a different

material such as zirconia could resolve this issue. Indeed, using a single yttrium stabilised

unused after reaction Na D(steel)

£

Figure 6.20. Photos of an unused stainless steel milling ball and the observable deterioration after a milling
reaction towards Na-TDC (left). Discolouration of the Na-TDC material obtained using stain-less steel
milling balls, compared to synthesis with YSZ (yttrium stabilised zirconia) balls (right).

zirconia (YSZ) milling ball with a diameter of 10 mm, the obtained sample did not show
discolouration, indicating a potentially a pure compound with the promise of improved
electrochemical properties compared to the previously prepared material. Thermal

analysis (Figure 6.19c) reveals a clear difference of 29 % in final residual mass after
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heating to 700 °C. This observation is in line with the previous hypothesis of a large
amount of electrochemically inactive by-product, for example a decomposition product
of the organic or residue from the steel balls. Unfortunately, PXRD patterns and FTIR
(Figure 6.19) spectra of the two samples are essentially identical, making it difficult to
assess what kind of impurity may have impeded the electrochemical performance in the

material studied prior.

As is evident from the cycling studies, the Na-TDC sample synthesised with steel
milling media has very low discharge capacities, using both the pristine phase and after
washing with ethanol. Na-TDC prepared using a YSZ ball shows a more promising initial
performance, however, fades rather rapidly. The essentially non-existing capacity of
the first cycle stems from an issue regarding the open circuit voltage of the assembled
half-cell, which is not indicative of the electrode performance. A value of 180mAhg~!
is recorded for the second cycle, but over the course of the experiment, the discharge
capacity drops significantly and levels off around 74 mA h g1, a similar performance as
seen for Na-TDC produced using steel balls. The observed capacity profile have several
causes. There could be a practical, compatibility issue with the chosen elements of
the electrode composite, both with respect to the respective ratios as well as even the
materials themselves. Likewise, the employed electrolyte may gradually dissolve the
active Na-TDC compound, which would result in such a gradual decline. Lastly, there
may be an issue with the reversibility of sodium ion insertion itself. Given that the
compound Na-TDC has been reportedly used successfully as active anode material,® this
would indicate an issue with the synthesis rather than the targeted compound itself. As
these results clearly show, this project is a work in progress,, but initial obstacles regarding
synthesis conditions have been overcome. The focus can now be set at improving the
quality of the produced compounds as well as optimising electrode composition and

fabrication.
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Figure 6.21. Discharge capacity for Na-TDC measured for 50 cycles at 100 mA h g~! in a voltage window
of 0.01-2.5V.
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In contrast to Na-TDC, the pyridine-based sample did not require any deviation
from the standard synthesis protocol and the sample showed great potential in terms of
cyclability, capacity and its retention, and recovery upon current rate changes. The CV
shows a two-step profile, which is caused by the insertion of sodium ions not only into
the carboxylate group but also onto the nitrogen. This is expected behaviour of such a
compound and has also been described in the literature for Na-PDC obtained through
solution-based synthesis.®! The irreversible capacity of the first cycle is comparatively low
and the corresponding Coulombic efficiency favourably high at 75 %. 258 mA h g~! were
measured for the 2™ cycle, which compares nicely to the theoretical limit of 254 mA h g™!
and the value retained reasonably well over the measured 100 cycles. These values also
agree well with published data, which is considered a satisfying result as in this current
study the water soluble binder CMC was used, as opposed to environmentally more
concerning PVDF. Furthermore, a lower amount of conductive carbon (30% Super C65

instead of 35% Super P) was used, again favouring this work over earlier reports.
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Figure 6.22. Electrochemical performance of electrodes based on Na-PDC.

When discovering and developing a new synthesis route for sodium carboxylate
materials, such as the here presented mechanochemical method, it is important to test

and evaluate its limitations with respect to reagents. The possibility to use heteroatom
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containing organic starting materials broadens the scope for this promising synthesis
protocol. Besides the aforementioned issue of using steel as material for milling media
with the sulfur containing TDC, no further issues were encountered. Although only two
compounds were tested so far, there doesn’t seem to be an inherent obstacle expanding

the pool of mechanochemically available products.

6.3 The curious case of Na-1,4-NDC

Extending the conjugated m-system of BDC not along its axis but rather in-plane leads
to the molecule 1,4-naphthalenedicarboxylic acid. Although a sodium 1,4-dinaphthal-
ate has been obtained previously from a solvothermal synthesis method, these were
considerably harsher conditions than reported for other sodium salt of carboxylic acids.
This synthesis was carried out in autoclaves, which means that autogenous pressure
was exerted onto the system. Furthermore, a solvent mix including the hazardous DMF
(dimethylformamide) had to be used to produce the desired product. With this in mind,
expectations were rather low that a mechanochemical synthesis aiming to exclusively

use benign reagents could be successful.

COOH COOH
COOH COOH
BDC NDC

Figure 6.23. Structures of BDC and NDC.

6.3.1 Mechanochemical synthesis towards Na-NDC

A series of experiments was conducted in different M/L ratios and some variation in
1, which is caused by the different amounts of hydrated sodium acetate. Figure 6.24a
shows samples in the presence of water as non-solid reagent, whereas the influence of
using additional methanol or DMF can be seen in Figure 6.24b. For M/L = 1 and M/L =
2, residual starting materials can be seen, however, for the two tested ratios in-between
(1.33 and 1.5) peaks associated with sodium acetate and NDC are absent. Important to
note is that none of these materials were purified post-synthetically, but are only dried
at 80 °C in an oven overnight after the mechanochemical reaction had finished.

The nature of the mechanochemically synthesised sample is still unclear. It is con-

ceivable that a different polymorph of sodium naphthalenedicarboxylate had formed,
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Figure 6.24. PXRD characterisation of mechanochemically synthesised Na-NDC samples.

but it is also possible that a mixed acetate/naphthalate product was obtained. Given
the conditions of the reported synthesis,®® the effect of adding DMF to the reaction was
tested. The obtained material exhibited broad peaks in PXRD, as well as a low angle
peak at ca. 4.5° 20. A peak at this position is present in other samples as well, albeit
barely distinguishable from the background. Experiments were also conducted using
methanol as liquid additive. However, products are very similar to the ones obtained
using water. Judging from this initial set of syntheses, the sample using M/L = 1.33 was
the focus of further investigations and analysis. The difference between methanol and
water containing syntheses seems negligible, thus choosing water over the comparatively
less benign methanol is reasonable albeit both may be considered for future studies.
Furthermore, it is not necessary to add water additionally when using the hydrated
sodium reagents. These environmental and safety concerns are also the main reason
to avoid hazardous chemicals like DMF. Thus, further characterisation was focused on

syntheses only containing water.

Looking at scalability of this synthesis, larger milling jars (25 mL instead of 14 mL)
were used to produce Na-NDC on a gram scale. In order to ensure sufficient energy

input employed milling balls were similarly larger in size and mass, using two balls with
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a diameter of 12 mm (7 g). PXRD patterns of the chosen Na-NDC small scale synthesis
compare well with the scaled up analogues, demonstrating that obtained larger quantities
of material is easily achieved. One of the reactions was conducted using anhydrous
sodium acetate, proving that the presence of a liquid is not required for the reaction
itself. On first glance, a dry milling experiment may seem to be an improvement over
reactions in which a liquid is added. As discussed above, however, the product of such
a neat milling operation is a fine powder accompanied by severe safety concerns, for
example inhaling the material during handling. Thus, only products of syntheses with

at least some water content were used further.

The aim to synthesise Na-NDC in the first place was its potential application as
active material in negative electrodes for sodium ion batteries. The preparation of such
an electrode requires mixing of the carboxylate material with electrically conductive
carbon and combining this with a binder material using a water slurry (for details see
section 6.5.4). After evaporation of the water at room temperature, a drying step at 110 °C
under vacuum is required. This procedure induced a profound change in the structure
of the sample, evidenced in its PXRD pattern (see Figure 6.24d). Further investigating
this curious change, the pristine sample was also exposed to these conditions but this
did not result in the same second phase as seen before. Increasing the temperature to
150 °C or 200 °C, however, yields the new product, both in air as well as under vacuum.
The PXRD pattern also matches reasonably well with several of the peaks in the pattern
obtained from the product of the DMF synthesis, indicating that this phase is potentially
obtainable directly through synthesis. Presence of DMF may have a two-fold effect on
driving the reaction to a different product. On the one hand, the increased basicity of
such a reaction system helps to deprotonate carboxylic acids. On the other hand, the
decomposition products of DMF and potentially the intact molecule itself can act as a
template for the formation of a specific material.®* Although it is at this point unclear
how DMF acts in this synthesis, the fact that this phase can also be obtained without the
use of this chemical is favourable. It is worth noting that all the samples may contain
more than one phase, for example a mixture of the fully converted disodium naphthalate

and a monosodium variant.

Comparing the PXRD pattern of the obtained Na-NDC phase with the previously
published [Na,(NDC)(DMF)] (Figure 6.25), it is clear that neither of the obtained mater-
ials is the previously reported one. The crystal structure of this published phase shows

sodium chains of NaOg4 and NaO; polyhedra (one each per asymmetric unit, shown in
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Figure 6.25c), interconnected by bridging naphthalene units, which are stacked along the
c axis. This structure also shows circular pore channels along this axis upon removal of
the solvent molecule DMF, which coordinates with its oxygen atom to sodium, extending
into this void space. Given that this structure has so far only been reported as obtainable
using this type of synthesis, DMF itself may play vital role in the formation of this crystal
structure. The structure of the Na-NDC material synthesised in this project may at least
in principle exhibit a similar structure, where sodium chains are connected to each other
by NDC linking units. The as synthesised phase could still include acetate units, acting
like capping agents in a similar fashion to DMF in the shown crystal structure. After
the heat treatment these would be removed, and a somewhat altered framework results.

These are still speculative notions, and further structural work is required.

Looking at further characterisation of this intriguing two-phase Na-NDC system,
elemental analysis (CHN), TGA and FTIR spectroscopy were performed. For the as
made sample, the measured elemental content for carbon and hydrogen does not match
with any of the pure compounds. Through a simple minimisation equation, a possible
composition for the material was found to be a mixture of sodium acetate CH;COONa
and sodiumhydrogen naphthalate C,,H,(COONa)(COOH) with a ratio of 0.2788. Thus,
calculated theoretical values of 51.81 % carbon and 3.16 % hydrogen would agree well
with the found content of 51.81 % and 3.44 %. Thermal analysis of this sample shows an
endothermic mass loss of 17 % with its onset around 140 °C (see Figure 6.26a), suggesting
aphase transition as seen in PXRD. The temperature would roughly agree with the boiling
point for acetic acid (118 °C) or hydrated sodium acetate (122 °C). The second mass loss at
310 °C accounting for roughly 15 % has both endothermic and exothermic contributions,
with the latter one being dominant. Thereafter, decomposition commences at about
400 °C. It may be possible that the initial phase contains acetate in its structure, which
is then released upon heating and the remaining naphthalate recrystallises into the pure

sodium naphthalate compound.

TGA data measured for the previously heated sample shows two clear mass losses
at 310 °C and 460 °C, with 22 % and 26 %, respectively. Comparing this with materials
described in section 6.2, the relatively low temperature for the first mass loss may origin-
ate from monosodium naphthalate, whereas the second one corresponds to the more
stable disodium salt. Elemental analysis, however, would suggest only the presence of
Na,NDC with the difference between calculated and found percentage of 0.445 % and

0.245 % for carbon and hydrogen, respectively. Unfortunately, even this information
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a) Crystal structure of [Na,(NDC)(DMF)] (CCDC code b) Crystal structure of [Na,(NDC)(DMF)] (CCDC code
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Figure 6.25. Crystal structure for the known [Na,(NDC)(DMF)] (CCDC code KIYMIQ) compound® and

comparison with PXRD patterns of Na-NDC obtained in this project. Carbon atoms are shown in black,
hydrogen in white, oxygen in red, sodium in blue, and nitrogen in green.

does not fully resolve the encountered discrepancies. Assuming the sample consists
only of Na,NDC and the final, residual material is Na,CO;, the corresponding mass loss
should account for 59 %, whereas only 54 % are observed. Additionally, it is also unclear
why there are two distinct mass losses. The DTA profile shows a negative curvature
coinciding with the first event, which may indicate another structural transformation
accompanying the release of some part of the compound. It is conceivable, that if there
are two binding modes of the naphthalene component in the structure such as one
forming layers and the other pillars in between, that these would cause two separate

decomposition temperatures.

The findings of FTIR spectroscopy of these two Na-NDC samples, shown in Fig-
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Figure 6.26. Thermal analysis, FTIR spectra and SEM characterisation of the mechanochemically synthes-
ised Na-NDC sample.

ure 6.26¢, agree well with other characterisation methods. The strong sharp band corres-
ponding to a carboxylic acid is observed at 1683 cm™! for NDC. For pristine Na-NDC,
this is reduced to a broad band. This indicates some residual free acids groups, for
example due to incomplete deprotonation of both acid groups on a single NDC molecule
as observed for other mechanochemically synthesised Na-xDC materials. In addition to
aromatic C=C vibrations, the broad feature at 1600-1500 cm~! may also include asym-
metric stretch vibrations of a COO™ group. The symmetric stretch of this functional
group is assigned to a band at 1334 cm™!. The spectrum of the heat treated sample is
fairly similar to the as synthesised one, with the same features only resolved better. These
findings indicate that both samples contain some amount of protonated COOH groups,
but at the same time the presence of carboxylate groups is evident.

SEM images of Na-NDC in Figure 6.26d show large agglomerates, approximately
10 um in size. Individual primary particles are rod-like, extending up to 1.5 um and
appear to have grown together throughout the material. Heat treatment leads to particles
with more pronounced shape, retaining the elongated crystal habit of the pristine sample.
These images also clearly show why single crystal X-ray diffraction, still by far the most

common method for structure determination, is not available for these samples. The
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intergrowth of crystallites as well as the small size render them inapplicable for this

characterisation technique.

6.3.2 Electrochemical testing of Na-NDC

Building on what has been learned from other mechanochemically synthesised sodium
carboxylate materials, the potential presence of both mono- and disodiated Na-NDC
material may not have a drastic effect on the electrochemical properties of obtained
samples. Performing a cycling experiment using a current rate of 50 mA g=! shows
an initial drop in capacity of about 200mAhg-!. As with previous materials, this
irreversible capacity is attributed to the formation of the SEI layer as well as the presence
of the monosodium species and some contribution from the conductive carbon additive.
After the second cycle, the capacity stabilises at 180 mA h g~! and gradually fades to
112 mA h g~! over the investigated 100 cycles. Comparing these values to the theoretical
capacity for Na,NDC of 206 mA h g~!, this can still be considered a decent result. The
Coulombic efficiency is also appreciably high, with values above 98 % after stabilisation.
Cycling experiments at 100 mA g~! and 200 mA g~! showed the expected drop in capacity
at these higher applied current densities, but in both cases the measured values are still
well above the expected contributions of the carbon additive (compare Figure 6.9 above).
The differential plot dQ/dV shows a minor shift of the discharge peak from 0.5mAh in
the first cycle to roughly 0.6 mA h for subsequent ones. The reduction peak is observed at
0.7 mA h, showing appreciably low polarisability of the material. The fact that only one
distinct discharge peak is recorded suggests only one insertion mechanism, indicative of
a single material with only one type of redox active moiety. If two phases such as mono-
and disodiated naphthalate were present, one would expect a second peak, as seen in

the Na-BPDC example (section 6.2.4).
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Figure 6.27. Electrochemical performance of electrodes based on Na-NDC.

6.4 Conclusion and perspective

Employing a mechanochemical synthesis method, several known sodium carboxylate
compounds were produced in a sustainable and environmentally friendly manner. Thus
prepared Na-BDC was investigated for its application as anode materials for NIBs, exhib-
iting good performance, competitive with materials synthesised from solution. Using the
related organic acids BPDC and SDC showed that extension of the backbone of the used
organic compound is not an issue for this methodology either. Again, the products per-
formed well in comparison with published results by other groups. The two examples of
Na-TDC and Na-PDC demonstrate the applicability of the employed mechanochemical
synthesis to heteroatom containing sodium carboxylates. Na-PDC showed competitive

electrochemical performance, which is a promising result considering the use of envir-
onmentally friendlier binder in the electrode preparation contrasting to previous studies.
Initially obtained Na-TDC showed reduced electrochemical performance, ascribed to

side-reaction with the steel-based milling media. Optimisation of the synthesis by means

of changing the milling media to chemically more inert zirconia balls resulted in a ma-

terial displaying improved performance as NIB anode material, although adaptions are
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still necessary for this compound to be competitive.

In addition to reproducing published compounds in a more sustainable manner, a
potentially new sodium coordination polymer built from 1,4-naphthalenedicarboxylic
acid has been obtained using this mechanochemical methodology. Other attempts to
produce a compound based on this organic acid through synthesis from solution had to
rely on the hazardous solvent DMF and harsh conditions, both of which are avoided in
this protocol. The product recovered directly from the milling process is unstable with
respect to heat, however, forms a stable material if such conditions are applied in a con-
trolled and intended manner. Unfortunately, so far neither the structure of the as made
as nor the phase obtained after heat treatment could be solved. A possible solution to
this problem could be three-dimensional electron diffraction techniques (3DED) which
are capable of obtaining data of high quality from crystals well below 1 um. Given the
small crystal size of products obtained through ball milling, such methods may help
to elucidate the structure of the obtained Na-NDC materials and progress this project.
Despite the lack of a structure model for this material, its synthesis is still considered a
success, especially in light of this material being seemingly unavailable through other

synthetic methods.

The developed protocols for the mechanochemical production of sodium carboxylate
materials are considered a robust synthesis approach. Although the reaction conditions
may still be optimised, in view of their application as anode materials, however, the
methodology may already be at a stage where upscaling to larger quantities may be
worthwhile. The transformation of a process from lab-scale to (pilot) plant scale requires
careful adjustments of synthesis conditions and parameters. Even after optimising
a protocol for a bench top ball mill does not necessarily mean that such a transition
can occur without a series of tests and implementation adjustment when using larger

equipment.

Likewise, the variety of the used carboxylic acids gives a glimpse into what may
be possible using mechanochemistry especially in the field of organic electrode ma-
terials. The simplicity of the method means that besides the initial acquisition cost
of the milling device, a very cheap, streamlined synthesis of a plethora of materials
can be accomplished. Another promising finding is the combination of the synthesis
with the preparation of the electrode composite, as demonstrated on the example with

Na-BDC. This result hints at the quite real possibility for an all-in-one approach to
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synthesise the electrochemical active material and combine it with the required elec-
trically conductive carbon in one step. The combination with the binder material to
ensure sufficient contact between the two materials may also occur in the same reaction

vessel either as an in situ synthesis or as an addition of the binder solution at a later stage.

With all mentioned advantages, the presented mechanochemical synthesis of organic-
based sodium carboxylates is thought to be setting a great precedent in the field of
organic electrode materials. The methodology promises to work similarly well for other
alkali metal carboxylates and may even be applicable in the to compounds containing
other redox active groups such as imine and azo. The potential for this environmentally
friendly synthesis of such compounds adds to the advantages of organic-based electrode

materials and gives hope for sustainable production of batteries in the future.
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6.5 Experimental section

6.5 Experimental section

6.5.1 Reagents

All chemicals (see Table 6.1) were used without purification prior to synthesis.

Table 6.1. Chemicals and their suppliers.

Chemical Abbreviation Supplier
Sodium acetate (anhydrous) NaOAc Sigma

Sodium acetate trihydrate NaOAc-h Alfa Aesar
1,4-benzenedicarboxylic acid BDC Aldrich

4,4’ -biphenyldicarboxylic acid BDPC Acros Organics
4,4'-stilbenedicarboxylic acid SDC TCI Chemicals
2,5-pyridinedicarboxylic acid PDC Aldrich
2,5-thiophenedicarboxylic acid TDC TCI Chemicals
1,4-naphthalenedicarboxylic acid NDC Alfa Aesar
1,4,5,8-naphthalenetetracarboxylic acid NTC Fluorochem
Ethanol EtOH VWR
Dimethylformamide DMF Acros Organics
Conductive carbon Super C65 C65 Imerys — Graphite & Carbon
Hard carbon HC Deregallera
Sdoium carboxymethyl cellulose CMC Sigma-Aldrich
Sodium alginate - Sigma-Aldrich
Sodium (metallic) - Sigma-Aldrich

Sodium hexafluorophosphate in ethylene car-

bonate and diethyl carbonate (1:1)

NaPF; in EC/DEC Kishida

6.5.2 Synthesis details

Mechanochemical syntheses were carried out in a Retsch MM 400 Shaker Mill. Milling

jars were home-made from polycarbonate at the university’s workshop and based on

technical drawings in reference [53]. All reactions were carried out using a frequency of

30 Hz. Further details for individual experiments can be found in the tables below.
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Table 6.2. Experimental details of mechanochemical syntheses towards Na-BDC. P denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. The highlighted row indicates the sample
used for further analysis and electrochemical testing.

BDC NaOAc M/L liquid ! jarsize  balls time workup yield
[g] gl [l [uL] [uL/mg] [mL]  [mm] [min] 2]
0.27 0.23P 1 0 0.2 14 2X7 60 0.29
0.25 0.26" 1.25 0 0.2 14 2x7 60 0.27
0.25 0.28" 1.5 0 0.2 14 2x7 60 0.24
0.19 0.31" 2 0 0.25 14 2X7 90 0.20
0.15 0.36" 3 0 0.3 14 2X7 60 0.17
0.13 0.37" 3.5 0 0.3 14 2x7 90 0.21
012 038" 4 0 0.3 14 2%7 60 0.18
0.34 0.17 1 0 0 25 2x12 240 n.d.
1.01 0.50 1 0 0 14 2x7 90 n.d.

Table 6.3. Experimental details of mechanochemical syntheses towards Na-BDC in the presence of elec-
trically conductive carbon. All experiments were conducted in 14 mL milling jars, using two stainless steel
milling balls with a diameter of 7 mm.

BDC NaOAc M/L liquid bl C65 HC time workup yield
lg] [g] [-] [uL]  [uL/mg] [g] [g] [min] [g]
0.27 0.13 1 20010 0.5 0.20 60 0.50
0.27 0.13 1 20010 0.5 020 60 0.44
0.13 0.06 1 20080 0.5 0.07 0.25 60 0.48

Table 6.4. Experimental details of solution-based syntheses towards Na-BDC. All syntheses were conducted
using ethanol as solvent and stirred under reflux conditions for 24 h. The microwave based synthesis is
marked with an asterisk and was performed at 150 °C for 15 min. The crude products were filtered and
washed with ethanol.

BDC Na source M/L  synthesis yield

el [gl [g]
0.67 0.34 NaOH 2.1  reflux 0.81
0.67 0.47 Na,CO; 2.1 reflux 0.91
0.67 0.69 NaOAc 2.1  reflux 1.13
0.67 0.71 NaNO; 2.1  reflux 0.86

0.17 0.17 NaOAc 2.1 microwave 0.19
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Table 6.5. Experimental details of mechanochemical syntheses towards Na-BPDC. " denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. Added liquid is denoted in superscript,
where ™:° means water and ' means ethanol. The highlighted row indicates the sample used for further
analysis and electrochemical testing.

BPDC NaOAc M/L liquid 7 jarsize balls time workup yield
[] [g] [-] [uL]  [uL/mg] [mL] [mm] [min] [g]
0.37 0.13 1 25010 0.5 14 2%X7 60 0.35
0.30 0.20 2 25010 0.5 14 2%X7 60 0.28
0.30 0.20 2 250F00H 05 14 2% 7 60 0.42
0.25 0.25 3 2500 0.5 14 2x7 60 0.39
0.25 0.25 3 25080 0.5 14 2% 7 60 EtOH  0.42
0.21 0.29 4 250F00H 05 14 2% 7 60 0.35

Table 6.6. Experimental details of mechanochemical syntheses towards Na-SDC. P denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. Added liquid is denoted in superscript,
where ™20 means water and '°" means ethanol. The highlighted row indicates the sample used for further
analysis and electrochemical testing.

SDC NaOAc M/L liquid 7 jarsize balls time workup yield
gl [e] [(]  [uL] [pL/mg] [mL] [mm] [min] ]
038  0.12 1 25080 0.5 14 2% 7 60 0.36
024 016" 1.3 0 0.2 14 2% 7 15 0.24
0.20 020" 2 0 0.2 14 2%7 15 0.21
0.25 025" 2 12070 0.5 14 2%x7 60 EtOH  0.20
0.26 0.24 3 25080 0.5 14 2% 7 60 0.34
0.23  0.28 4 250F0H 05 14 2% 7 60 0.35

Table 6.7. Experimental details of mechanochemical syntheses towards Na-PDC. ! denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. Added liquid is denoted in superscript,
where !2° means water and ®O% means ethanol. The highlighted row indicates the sample used for further
analysis and electrochemical testing.

PDC NaOAc M/L liquid 7 jarsize balls time workup vyield
[e] [e] [(]  [uL] [pL/mg] [mL] [mm] [min] [g]
034 017 1 250F0H 05 14 2% 7 60 0.35
021 019" 1.1 0 0.2 14 2x7 60 0.19
020 020 2 0 0 14 2x7 15 0.25
0.15 025" 2 0 0.25 14 2%x7 60 0.14
015 025" 2 10350 0.5 14 2%x7 60 0.17
015 025" 2 103E©" 0.5 14 2% 7 60 0.14
0.20  0.30 3 2508©H o5 14 2%x7 60 0.31
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Table 6.8. Experimental details of mechanochemical syntheses towards Na-TDC. ! denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. Added liquid is denoted in superscript,
where ®20 means water. The row highlighted in yellow indicates the sample used for further analysis and
electrochemical testing. The row highlighted in green indicates the sample produced using a zirconia
milling ball.

TDC NaOAc M/L liquid 7 jarsize balls time workup yield
[g] [g] [-] [uL] [uL/mg] [mL] [mm] [min] [g]
021  0.12h 1.2 0 0.2 14 2X7 60 17
021  0.12h 1.2 122H0 o5 14 2X7 60 17
0.16  0.25" 2 0 0.25 14 2X7 60 12
041  0.59 3 300%:0 0.3 25 2%x12 15 EtOH  0.40
041  0.59 3 500%:0 0.5 25 2x12 15 EtOH 0.45
010 030" 4 0 0.3 14 2X7 60 0.14
026 024 2 100%:° 0.2 14 1x10 60 0.23

Table 6.9. Experimental details of mechanochemical syntheses towards Na-NDC. ® denotes sodium acetate
trihydrate NaOAc - 3 H,O, otherwise the anhydrous salt was used. Added liquid is denoted in superscript,
where ™20 means water, M¢OH methanol, and PMF dimethylformamide. The highlighted row indicates the
sample used for further analysis and electrochemical testing.

NDC NaOAc M/L liquid 7 jarsize  balls time workup yield
[mg] [mg] [-] [wL] [pL/mg] [mL] [mm] [min] [mg]
0.38  0.24" 1.0 100MeOH 03 14 2X7 30 0.40
0.32 020" 1.0 0 0.15 14 2x7 15 0.41
0.38  0.24" 1.0  100%:° 0.3 14 2X7 60 0.41
0.33 0.7 1.33 0 0 14 1x10 60 0.37
1.00 0.1 1.33 0 0 25 2x12 90 n.d.
0.33  0.17 1.33 0 0 14 1x7 60 0.40
027 023" 133 0 0.2 14 2X7 60 0.35
032 027" 133 0 0.2 14 2X7 60 0.41
1.09 0.91"  1.33 0 0.2 25 2x12 60 1.49
027 0.4 1.33  90™° 0.2 14 2X7 60 0.34
0.32 027" 1.33  100%:° 0.35 14 2X7 60 0.36
1.09 091" 133 13790 025 25 2x12 60 1.53
032 031" 15 100%:° 0.35 14 2x7 60 0.36
0.27 034" 20 100%:° 04 14 2x7 30 0.40
0.29  0.22 2.0 0 0 14 2X7 60 0.38
027  0.34h 2.0  200MeOH (.55 14 1x10 60 MeOH 0.18
0.27  0.34h 2.0  100MeOH (4 14 2X7 30 0.36
027 034" 20 100%:° 04 14 2x7 60 MeOH n.d.
022 028" 20  200°MF 0.6 14 2X7 60 0.07
022 028" 20 200%:° 0.6 14 2x7 60 0.14
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6.5.3 Physicochemical characterisation
Powder X-ray diffraction (PXRD)

Experiments were carried out on a PANalytical Empyrean disc diffractometer, operated
in Bragg Brentano geometry in 6-26 mode or a STOE STADI/P capillary diffractometer,
operated in Debye-Scherrer geometry. Both diffractometers are equipped with a primary
beam monochromator resulting in Cu Ko, radiation. Patterns were typically collected

from 3-50° 26.

Scanning electron microscopy (SEM)

Images were acquired on a JEOL JSM-IT200 and a JEOL JSM-IT800. Samples were
placed on sticky carbon tape and gold coated at 10 mA for 30 s using a Quorum Q150R

ES sputter coater.

Fourier-transform infrared spectroscopy (FTIR)

Spectra were recorded on a Shimadzu Affinity-1 in a range of 500-4000 cm™!.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)

Thermal analysis data were acquired on a Stanton Redcroft STA-780 in air (25 mL min™")

~!. On several samples part of the run

heating up to 700 °C with a ramp rate of 5°C min
was conducted at a slower rate of 1.5°C min~" to avoid artefacts due to highly exothermic

decompositions.

6.5.4 Electrode preparation and electrochemical experiments

Preparation of electrodes was conducted by Dr Aamod V. Desai.

All electrode composites were prepared as a mixture of active materials Na-x (60 %, where
x is a placeholder for the different carboxylates such as BDC), conductive carbon Super
C65 (30 %) and a binder material (10 %). All percentages are given as mass percentage.
The employed binder was CMC for all composites except Na-NDC and Na-NTC, where
sodium alginate was used. The organic compound and carbon were manually ground
using mortar and pestle and combined with an aqueous solution of the binder. This
slurry was stirred for 4 h and subsequently cast onto aluminium foil using a doctor blade.
Copper foil was used in the case of Na-TDC, following a published study.®? After air drying

for 2 h, electrodes with a diameter of roughly 13 mm were punched and dried at 110 °C
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under vacuum. As prepared composite to be characterised prior to cycling was obtained
from the remaining material on the foil and scraped off using a spatula. Assembly of
batteries was conducted in a glove box (argon filled, oxygen and water content < 1 ppm),
using sodium metal as counter electrode, separated by glass fibre, and employing NaPF,
in a mix of EC/DEC (1:1 ratio) as electrolyte. The materials were pressed into coin cells
(CR2325) using a standard lab press inside the glove box. All electrochemical tests were
conducted on a Biologic BDC-805 modular battery testing system, using a potential
window of 0.01-2.5V vs Na/Na* and controlling the temperature at 30 °C. Obtained

data were processed and analysed using BT-Lab software.
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Mechanochemistry is still a recent addition to the synthetic chemists’ toolbox and as
such its possibilities and potential applications are yet to be explored to their full extent.
This work has investigated several new avenues on how this easily implementable and
advantageous experimental technique may aid in the synthesis of framework materials,

in particular zeolites and sodium coordination polymers.

Improvement of reaction conditions during hydrolysis within the ADOR process for the
synthesis of zeolites has been realised through a mechanochemically assisted procedure
using low energy ball milling. In this way, reduction of solvent amount and decrease of
reaction temperature and time have been achieved, beneficial in light of possible large
scale synthesis and from an economical point of view.

Starting from zeolite UTL as parent material, several known ADOR daughter zeolites
exhibiting OKO, *PCS, and PCR frameworks can be targeted by varying the concentra-
tion of hydrochloric acid as hydrolysis reagent. A similar behaviour has been demon-
strated previously using the traditional solution based route. However, the mechano-
chemically adapted method follows a subtly different path and the most dense material
IPC-4 (PCR) can be obtained from the arguably harshest conditions using undiluted
HCI. The reaction can also be conducted using water which leads to IPC-2 OKO zeolites.
It was demonstrated that this reaction still occurs under almost dry conditions using
low liquid to solid ratios of 0.2 uL mg~!. Such low volumes are immensely important
for cost-efficient reactions where the monetary cost of used reagents is of concern, for
example in isotopic enrichment procedures aiming to introduce the NMR active oxygen
isotope 170 into materials. The developed mechanochemical protocol is well suited
for this purpose, offering a rapid and cost-efficient route towards isotopically enriched

products.

Expanding on the current knowledge of solvent-free synthesis of zeolites, germanosilic-
ates of several topologies were targeted aiming to find novel synthetic routes which are
able to alleviate concerns regarding cost and efficiency of such materials caused by many
factors including the financial burden of germanium containing reagents. Reproducing
literature reports, zeolites with ITH framework were obtained using this economical
method to establish working principles for the mechanical pre-treatment of solid starting
materials and their subsequent crystallisation at elevated temperatures.

Experiments towards structurally more complex frameworks were not yet successful.
Syntheses aimed towards materials showing the UOV framework led to the related, but

denser BEC structure. Attempts to produce UTL-type zeolites were equally ineffective,
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although a seed-assisted experiment showed promise, yielding a mixed sample possibly
including a minor phase of the desired structure. The combination of the solvent-free
method with seed-assisted protocols may be the way forward in producing more open
frameworks which are more demanding and stringent in terms of synthesis conditions.

Finally, germanosilicate zeolites with ISV topology could be obtained for the first
time utilising this mechanochemically aided synthetic route. Producing zeolites in
this manner enables cheaper synthesis by avoiding the costly anion exchange of the
structure-directing agent and remove the requirement for a solvent. Produced samples
were not yet phase pure, which leaves some room for future optimisation of reaction
conditions. Nonetheless, expanding the pool of zeolite frameworks available under such
experimental conditions is helpful to determine how general this methodology can be

and where its limitations lie.

In contrast to zeolites which seemingly necessitate a second heating procedure, metal co-
ordination compounds such as MOFs are directly obtainable through mechanosynthesis.
Exploiting this efficient route, five sodium carboxylate coordination polymers have been
synthesised in a rapid manner, preventing production of large amounts of waste solvent,
and utilising a safe and benign sodium source in the synthesis. The chemical variety in
used organic dicarboxylic acids, ranging from the simple benzenedicarboxylic acid to
heteroatom containing pyridinedicarboxylic acid, demonstrates the robustness of the de-
veloped protocol. Obtained materials are utilised as active anode material in sodium ion
batteries and show competitive electrochemical performance compared to compounds
produced using common synthesis routes in solution. These results have the potential
to elevate the development of organic-based sodium ion batteries to the next level to-
wards large scale production, a hindrance of currently used syntheses. This is especially
true as preliminary experiments hint at the possibility for all-in-one preparation of the
electrode composite. So far the active coordination polymer can be synthesised in the
presence of electrically conductive carbon, necessary for a fully functional electrode
material. Further steps in this regard should involve integration of the binder material,
for a streamlined, direct fabrication of the electrode composite.

The investigations of mechanochemical synthesis methods for sodium carboxylates
have also led to the formation of a potentially novel compound based on 1,4-napthalene-
dicarboxylic acid (NDC). A sodium-NDC compound has so far only been reported from
a hydrothermal method using the toxic DMF as solvent. The compound synthesised

in the present work is structurally distinct from the published material and its so far
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elusive solution may shed more light onto the underlying formation mechanism of this

compound class.

All parts of the work carried out during this PhD showcase the advantages of mecha-
nochemical methods for the synthesis of solids, in particular framework materials.
Industrially relevant compounds such as the widely used silicate-based zeolites and
sodium coordination polymers with applications in sodium ion batteries profit from the
economical and ecological improvements of these synthesis routes.

Future efforts may be directed towards possibilities for materials so far unexplored
in regard to mechanochemistry as well as diving deeper and investigating the principles
governing these solid-state transformations. A lot of work has been dedicated into in situ
investigations of the synthesis of the related class of metal-organic frameworks, which

are deemed to be a worthwhile effort for compounds described in this work.
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