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Crystallography, in simplest terms, is the study of crystals, their atomic arrangement,
symmetry, and morphology. This knowledge is applied across disciplines ranging from
determining the structure of geological minerals to biologically important compounds such
as deoxyribonucleic acid(DNA) to high-temperature superconductors and quasi-crystals. The
work presented in this dissertation involves structure and property studies of iron chalcogenide
heterostructures prepared via intercalation.

The tetragonal iron chalcogenides, FeCh (Ch = S, Se) studied in this work possess a layer
structure made by linking edge-shared tetrahedra with chalcogen atoms at the corners and an
iron atom at the center of each tetrahedron. The weak van der Waals forces holding these
layers together make introducing intercalants into the interlayer space feasible. Iron chalcogenide
heterostructures were prepared by bottom-up solvothermal growth technique and primarily focused
on two kinds of intercalants: layered double hydroxides (LDHs) and metal-amine complexes.
Both the intercalants are positively charged and can interact with the chalcogenide layer through
electrostatic interactions. Along with electrostatics, the intercalants are strong hydrogen bond
donors (O-H, N-H, respectively), and can participate in H-bond formation with chalcogenide

anions of the host layers.



In this work, we provide structural descriptions for two kinds of intercalated iron
heterostructures. First is a twisted layer structure of ethylenediamine intercalated FeS. Layered
van der Waals materials are susceptible to disorder and can form various stacking polymorphs
through translations and twisted structures due to rotations between layers. We study the influence
of intercalation of ethylenediamine molecules on such layer-to-layer twist stacking behavior
in iron sulfide. The second type is LDH-iron chalcogenide heterolayered materials. They
belong to the family of naturally occurring mineral, tochilinite. A new structure model for the
heterolayered material is built using prior knowledge of individual components. The structural
insights into this material were applied to synthesize new compositions of tochilinite. A synergistic
relationship between the host layers and intercalants can lead to superior properties than constituent
components or new emergent properties that are not present in the individual bulk compounds,

making these compounds interesting.
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Chapter 1: Introduction

1.1 Intercalation Compounds - Background

Intercalation, in the context of materials chemistry, is de ned as the process of inserting guest
species into vacant sites of a host. Intercalation hosts are typically made up of metal polyhedra
that link to form one-dimensional chains or two-dimensional (2D) layers that are bound together
by weak van der Waals forces. The intercalation reactions are typically topochemical, with their
reactivity governed by the crystal structure.[1, 2] While one-dimensional (1D) materials offer
easier access to pathways or channels for guest intercalation, their numerous degrees of freedom
makes them susceptible to signi cant structural reorganization during the process. 2D materials
are more commonly studied as hosts because they are structurally more robust than 1D materials.
They can accept guest species between their layers and are not as rigid as three-dimensional (3D)
materials, where covalent bonds are prevalent in all three directions and guest insertion is reliant on
its porous architecture instead. Intercalation reactions can cause the unit cell of a 2D host to expand
upon insertion, but a structural relationship exists between the parent and product, maintaining the
initial layer structure.

Intercalation compounds date back to 1959 when the term was used by Rudorff and Sick to
describe the inclusion of alkali metal ions into layered transition metal dichalcogenides.[3-5]
Lithium-ion batteries are a widely known type of rechargeable battery in which lithium ions are
reversibly intercalated into the interlayer van der Waals gaps of electrode materials during the

charge-discharge cycles.[6—8] This is considered the electrochemical method of preparation of



intercalation compounds by introducing guest ions into pre-synthesized layered compounds. At
times, due to the nature of intercalants or size mismatch intercalation into previously synthesized
layer materials is dif cult. To circumvent this issue, exfoliation of pre-synthesized layered
compounds and restacking in the presence of intercalants or one-step synthesis methods[9] such as
bottom-up growth are used (Figure 1.1). In this dissertation, bottom-up growth technique is used
to prepare iron chalcogenide heterostructures with metal-hydroxide and metal-amine intercalants.
The reagents required to produce the intercalating species or the guests themselves are introduced
into the reaction medium, along with iron chalcogenide precursors, enabling them to grow together

and form intercalated heterostructures.

Figure 1.1: Synthetic approaches to prepare intercalated layered heterostructures (a) one-pot synthesis with
starting materials for layer components and intercalants, (b) intercalation into pre-synthesized layers via
chemical or electrochemical methods, and (c) modi cation of type of intercalants via ion-exchange or
diffusion.

Such intercalated heterostructures are interesting because they could exhibit properties
inherited from either of the parent materials or both. Synergistic relationships between the layers

could lead to superior properties than the individual constituent components or to new emergent



properties that are not present in the individual bulk compounds.[10] These emergent properties
can be explained using multiple arguments such as unusual coordination environments at disparate
interfaces, changes in the electronic band structure due to charge doping, size and strain effects,
structural changes with layer thickness and so on.[11-15] By appropriate selection of 2D layered
materials and intercalants with the inherent properties of interest, novel functional materials with
tailored properties can be prepared and studied.

From the extensive list of 2D materials that can be chosen for the formation of heterostructures,
this work centers on tetragonal iron chalcogenides (FeS/FeSe) as the host layer structure. They
were chosen for their unconventional superconducting behavior and the potential to modify
their superconducting transition temperature,. T Superconductors hold the promise of a
sustainable future by enhancing healthcare, transportation, information technology, and clean
energy production.[16—18] However, for their widespread use in everyday life, there is a constant
search to discover or fabricate new materials that are room-temperature superconductors or
where the T is at least at liquid nitrogen temperature at 77K. Unintercalated FeSe exhibits
superconductivity at 8K [19, 20] and FeS at 4K[21]. These temperatures are close to the boiling
point of liquid helium and their real-world use would be quite expensive. Intercalation chemistry
can help manipulate the superconducting transition temperature. This technique was previously
employed in other inorganic materials, such as transition metal dichalcogenides [22—-27], fullerenes
[28], and layered cobalt oxides [29], leading to improved superconducting properties through
mechanisms like charged doping, structural modi cations, and Fermi surface reconstruction. This
section discusses these examples, followed by existing literature on iron chalcogenide intercalation
and superconductivity in the next section.

Superconductivity (SC) and charge density waves (CDWSs) are two low-temperature phases
in solid-state materials, each characterized by its transition temperature. Both these states are
considered to compete with each other although under pressure or through doping, they were

observed to coexist in transition metal dichalcogenides(TMDs) such as;NB&eand alkali



metal intercalated Ta§25]. In CTiSey, the competition between the SC and CDW states is
evident.[26] By adjusting the percentage of copper (Cu) doping, the CDW state is suppressed,
allowing the emergence of the SC state. Superconductivity was observed when the x value (Cu
concentration) was greater than 0.04 with maximugai4.15 K for x=0.08 before undergoing
phase transition at x=0.11. Within a doping window o0®#< x < 0:06, both CDW and SC

behaviors were noted.

Figure 1.2: Electronic phase diagram of Temperature vs copper dopingxfiSen[26] Image shows
regions where charge density wave (CDW) and superconducting (SC) states predominate and coexist in the
overlap region dependent on the extent of copper intercalation inte.TiSe

Magnetism and superconductivity are yet another pair of phenomena that are considered
mutually exclusive because they represent different electronic behaviors and interactions within a
material. Therefore, the simultaneous presence of both these electronic states is generally observed
in intricately engineered multi-component structures, where these competing states arise from
separate components.[30] In 2010, Coronatal. reported coexistence of superconductivity and

magnetism in a superlattice consisting of interleaved anionig aa& cationic [Ni-gsAl 0.33(OH)2]



layers shown in Figure 1.3.[27] They also noted that changing the composition of the metal
hydroxide layer from [Ni.esF€n.33(OH)2], the superconducting transition temperature increased
from 4 K to 16 K. Similar heterolayered material made up of molybdenum disul de @10S
sheets intercalated with Ni-Al, Ni-Fe mixed metal hydroxide layers reported by lstaah was

found to exhibit bifunctional electrocatalyst properties with both oxygen evolution and reduction
activity.[31] These are a few examples that demonstrate the feasibility of preparation of hybrid

structures with TMDs and observing emergent properties.

Figure 1.3: (a and b) Top-down view of Ta8nd LDH layer (c) Representative image of alternating layers
of [Ta$]*32  superconducting layer arilig.esAl 0:33(OH)2]%3** magnetic layer.[27]

Buckminsterfullerene (gg) [32], is a molecular form of carbon that can accommodate
metal cations and molecular species between the spheres, transforming from semiconductor to
superconductor when charge-doped by alkali-ion intercalation. Notably, metal doped fullerenes
like K3Cgp [33] and RBCgo [34] exhibit bulk superconductivity with relatively high transition
temperatures (J), reaching up to 18 K and 32 K respectively. Graphite and fullerenes exhibit
distinct redox behaviors. Graphite can undergo both oxidative and reductive insertion during
intercalation processes. In contrast, fullerenes, suchy@géhd to prefer reductive intercalation.
Potassium intercalated graphite superconducts at 0.55 K [35]. Stage-1 Graphite Intercalation
Compounds (GICs) imply that guests are intercalated between all graphite layers, while stage-2

suggests that every other layer is intercalated. Stage-1 GICs have shown superconductivity in cases



like KCg, RbGs, and Cs@, with critical transition temperatures {Jlbelow 200 millikelvin (mK)
in all three compounds. GICs with divalent intercalants such ass¥n@ CaG have demonstrated
higher T values, reaching 6.5 K and 11.5 K, respectively.[36]

So far, the discussion has covered examples of how intercalation in various categories
of layered materials has triggered emergent behavior in relation to superconductivity. This
background on the importance of intercalation sets the stage for the relevance of investigating
intercalated materials. The next sections will refocus attention on the host and guest materials that

are pursued in this work.

1.2 Iron chalcogenide host

This work focuses on the structural analysis of intercalated compounds, with a recurrent
theme involving the host materials - layered iron sul de or selenide. Interest in this family
stems from their unconventional superconducting properties. Until their discovery, the widely
studied high-temperature superconductor was the copper oxide baseL(¢Ba .[37] Its
superconducting transition temperature; @t 91 K, being higher than the liquid nitrogen
temperature of 77 K, allowed access to the superconducting state by cooling using liquid nitrogen.
Later in 2008, Hosonet al. reported superconducting behavior in intercalated iron arsenides.[38]
The FeAs layer carries a negative charge, which is balanced by various positively charged spacing
layers like LaOFeAs[38] or BakbAsy[39]. Superconductivity emerges when the charge in the
intercalated layer is either increased by approximately 10-20%, leading to electron doping into
the FeAs layer, or decreased, resulting in hole doping. The intercalated layer charge is modi ed
by chemical substitution of oxygen and barium with &d K" respectively. With the increasing
energy needs, the search for high temperature superconductors that require less intensive cooling to
access superconducting state is topical and relevant. This work focuses on making new intercalated

iron chalcogenides with emphasis on understanding their structure.



Different compositional phases and polymorphs are found in théhHainary system,
predominantly MX, M», M3X4, and M;Xg phases. Most of these phases are isostructural for both
sul de and selenide forms. Among these phases, we focus on the MX-type iron chalcogenides,
which are known to crystallize in tetragonal and hexagonal symmetries. Hexagdblalis-a
stable and preferred phase at high pressures that can be best described using the parent Nickeline
or NiAs structure type[40]. Tetragonal FeCh, on the other hand, adopts an anti-PbO structure and
is a metastable phase that forms at low temperatures.[41] The sul de version of this phase occurs
naturally as the mineral mackinawite,[42] while the isostructural selenium variant can be prepared
through solid-state or low-temperature hydrothermal methods[43]. One notable difference between
the sul de and selenide forms is the larger unit volume in the case of selenide, attributed to the
larger ionic radius of selenium compared to sulfur.

We were interested in tetragonal iron chalcogenides because of their layered structure with
anisotropic bonding, with stronger covalent bonds in-plane and weaker van der Waals interactions
along the layer stacking direction. From previous literature on these materials, it is clear that
the phase offers freedom and opportunities to intercalate neutral and charged species of varying
dimensions, increasing the interlayer gap. This structure also undergoes phase transformations
due to external stimuli, such as pressure that can be applied mechanically or chemically via
intercalation.[44, 45] Some of the commonly recurring structures are discussed here.

The tetragonal FeSe belongs to tRé/nmm space group with unit cell parameters,=
3.77376(2)A, c¢c=5.52482(5A. The structure is centrosymmetric, meaning every atom position
in the structure contains a duplicate that is related by an inversion center. Margastoaha
reported an orthorhombic derivative (Space gro@@pmmg by cooling the sample from room
temperature to 5 K.[46] In the synchrotron diffraction data collected at various temperatures,
they noticed a signi cant peak broadening of the (220) re ection of the tetragonal phase (T) at
90 K. This peak eventually splits into two re ections, (040) and (400), at temperatures below

70 K, which are indexed as the orthorhombic phase (O). Figure 1.4 displays both the tetragonal



and orthorhombic structures of FeSe. While thiattice parameter remains unaffected by the
T-O phase transition, the in-plane dimensions become distorted bgyith P 2ar. Both phases
maintain the same Fe-Se bond distance of 2878ut the Fe-Fe distances change from a single

value of 2.668A to distinct 2.667A and 2.654A in the orthorhombic phase.

Figure 1.4: Binary FeSe in tetrggong] and orthorhombic symmetry in anti-PbO structure type. Low
temperature orthorhombic phaseis@ = 2 supercell of the tetragonal phase.

The binary FE€h phase is referred to as the 11-type structure and the next signi cant structure
to discuss in this family is the intercalated 122-type structure (Figure 1.5). Alkali-ion intercalated
FeSe, with a compositiofFe, ySe (A=K, Na, Rb, Cs, Tl; x 1, y< 0.5) [47-49] were prepared
using a two-step synthesis approach. The iron selenide was rst made by a direct reaction of

elements followed by congruent melting of iron selenide in the presence of alkali metal and slow



cooling to form the intercalated phase. The parent structure type for the 122-phase 4SiFhCr
(Space groupl4/mmm) with FeSe layer structure similar to 11-type FeCh. Binary FeSe has one
layer in the unit cell and layer stacking is identical to translation along c-axis. In the 122-type
structure, there are two FeSe layers per unit cell with second layer related to rst by a half
unit translation alongkyz The lattice parameters of this unit cell ame= b = 3.9136(1)A,

c = 14.0367(7)A with in-plane dimensions close to 11-phase and an expected increase in the

c-parameter due to incorporation of alkali metal ions.

Figure 1.5: Layer structure of (a) binary 11-type and intercalated ternary (b) 122- and (c) 245-phases.
122-type differs from identical stacking in 11-type with (1/2, 1/2, 1/2) translation evident by dark and light
polyhedra facing each other. 245-phase is vacancy ordered derivative of 122-structure type. The planar view
of the layer shows vacant Fe sites in the layer.

By introducing positively charged intercalants, the&ClRdéayer can respond to preserve charge



neutrality in two ways: by either lowering the oxidation state of iron (Fe) from +2 in the TlhFe
structure to +1.5 in the 122-BE structure or by creating vacancies at the iron site. This leads
to another important structure in this family, the vacancy ordered 245-phase with composition
Kos+xFeus ySe (Figure 1.5).[50, 51] This structure is a ve-fold unit volume expansion of the
122-phase with vacancies concentrated on one of the two iron sites instead of a random distribution.
Itis found that this vacancy ordering kills superconductivity and is a bulk antiferromagnetic (AFM)
insulating phase instead. The diffraction pattern of this phase irhkBeplane shows strong
re ections corresponding to 122-subcell along with weak re ections in groups of eight, that appear
as octagons in between the re ections marking square lattice. The in-plane lattice parageter,
is g Say2, With unit cell parameters adpss = 8.7653(2)A, Coas = 13.8811(5)A crystallizing
in 14/m space group. Iron atoms in this structure sit on two distinct sites labelezhd 16
in Wckyoff notation. It is found that by populating a majority of the vacancies on theit
and about 90% of the 1&ite occupied, the defect structure was able to minimize strain. There
is another vacancy-ordered structure, a less-familiar 278-phase with composiite ksSe,
where 1/8th of the iron sites are vacant. This is in contrast to the 245-phase where one in every
ve Fe sites is vacant.[52]

These previous reports shed light on the structure of iron chalcogenides in their intercalated
forms and how the formation of supercells can be detected and analyzed from experimental data.
These structures serve as representative models and offer guidance for the structural analysis of the

intercalated phases studied in this research.

1.3 Metal-amine intercalants

The 122-type alkali metal intercalated FeSe phases prepared by solid-state approach are prone
to forming the antiferromagnetic 245-phase as a side product.[50] Another approach to preparing

the 122-phase is by reacting FeSe with a solution of alkali metal dissolved in liquid ammonia. The
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solvated electrons reduce the iron selenide layers and alkali metal ions are taken up by the host
without modifying the layer structure drastically. Structure of the intercalated phase reported by
Burrard-Lucat al. through neutron powder diffraction studies showed co-intercalation of neutral
amine and reduced amide (N&nd ND> ) moieties along with lithium ions in the interlayer.[53]
Alkali metal site in the 122-phase was occupied by amine intercalants and lithium was located
at an interstitial site. Ammonia was deuterated to reduce incoherent scattering from hydrogen
in the neutron diffraction experiment. The superconducting transition temperat)ref(ihis
sample increased from 8 K to 43 K'Fe-Mossbauer spectroscopic studies on this sample revealed
an increased electron density on the Fe atoms, which resulted from electron doping due to the
intercalation of L .[54] This ammonothermal method to form 122-phase was later extended to
prepare a series of alkali and alkaline-earth metal intercalated iron selenides.[55-57]

In addition to intercalation in ammonia, other aromatic and aliphatic diamines such as pyridine,
ethylenediamine, propanediamine, etc have been tested as solvents for intercalating alkali metals
into iron selenides.[58-60] Unlike ammonothermal methods, solvothermal syntheses in amines do
not require extremely low temperatures. Air-free conditions are still necessary to avoid oxidation
of the alkali metal however, the intercalation reaction is performed in sealed autoclaves at moderate
temperatures ranging 40-100 to help progress sluggish reaction rates. Both ammonothermal and
solvothermal methods of intercalation have their merits and demerits. Reactions in liquid ammonia
are faster and typically complete within a few hours, whereas solvothermal intercalation requires a
few days to a week. Potential side reactions simultaneously occurring in the reaction medium can
hamper the reaction kinetics and crystallinity. The presence of strongly coordinating ligands can
lead to excision of the layers to form lower dimensional solids. An upside to solvothermal synthesis
is that the layer framework is more robust and stable in air when compared to ammonia-intercalated
phases. The volatile nature of ammonia increases its mobility even in the intercalated phases and
the interlayer expansion can collapse as the guest molecules are removed. In contrast, with the

other high-boiling amines, the expanded interlayer remains stable, offering opportunities to explore
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new intercalated heterostructures.

Co-insertion of lithium with amines such as pyridine or ethylenediamine in FeSe increased
the T upto 45 K. [58, 60] The highest:Tin FeSe of 100 K was reported by G al. for
monolayers of FeSe grown on strontium titanate substrate, $1{BDO).[61] While the origin
of superconductivity is still disputed in FeSe/STO, attempts were made to mimic the monolayer
characteristic of iron selenide by intercalating bulky guests and pushing the layers further apart.
Increasing the interlayer distance by replacing ethylenediamine with longer diamines, such as
hexamethylenediamine, did not improve superconductivity and instead lowered3V K.[62]
Intercalated phases with amines but without alkali metal ions did not exhibit superconductivity,
despite the FeSe layer having the orthorhon@nemastructure, which was previously considered
crucial for superconductivity in iron chalcogenides.[43] These studies demonstrate that the
emergence of a superconducting phase in FeSe is more dependent on charge doping resulting
from the introduction of positively charged species than on the interlayer separation distance.

The metal amine complexes are classic coordination complexes, as pioneered by Alfred
Werner, with a positive charge on coordinated metal and a counter anion. These metal complexes
can be formed by coordinating transition metal ions to amine solvents under hydrothermal
or solvothermal conditions. In this study, the focus shifts away from the goal of creating
superconducting Feh using alkali metal ion intercalation. Instead, the emphasis lies in isolating
heterostructures with metal amine complexes as intercalants and study their in uence on the
stacking behavior of Keéh sheets. The distorted octahedral M{epmplexes contain chiral
centers, which when intercalated inGtecan lead to them crystallizing in non-centrosymmetric
structures with interesting optical properties opening a lot of opportunities for applications. It
is also possible for the metal complexes to interact with the iron chalcogenide layers through
directional hydrogen bonding and twist the host metal chalcogenide layers with respect to
each other. This research also dubbed twistronics, gathered attention because of the reported

superconductivity in graphene observed due to twisting of the layers with respect to each other by
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a magic angle of 1.1[63] Solution based growth of heterolayers have also been tried previously.
Using the solvothermal route with ethylenediamine (en) as solvent, crystalg$é&fen), were
synthesized.[64] The crystal structure had Fe8gains connected and stabilized by means of
Fe(en) molecular complex linkers. With this motivation, a portion of this thesis is focused on the

preparation and investigation of novel amine intercalated heterolayered systems.

Figure 1.6: Bottom-up intercalation and growth of iron chalcogenides in high boiling diamine solvents.

1.4 Metal hydroxide intercalants

By the works of Luet al. [65] and Pachmayet al. [66] it is evident that hydroxide intercalated
iron chalcogenides can form in-situ under extremely basic hydrothermal conditions. Generally,
elemental iron and chalcogen sources, such as alkali metal sul de, thiourea, or selenourea, are
reacted in the presence of a molar excess of alkali metal hydroxide in water at the high pressures
generated in an autoclave. The excess base was necessary to create basic conditions that prevent
further oxidation from F& to Fe&O,. The composition of lithium hydroxide intercalated phase
can be expressed as {LiFg)OHFe ,Se, with antisite substitution, where the Libns partially
occupy sites in the iron chalcogenide layer, ané"Fens in the LiOH layer.

LiIOH also crystallizes in anti-PbO structure type(Space gro®d/nmmn) similar to the
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chalcogenide layer. As seen in In Figure 1.7, the lithium hydroxide layer aligns perfectly with

the iron selenide layer, with the cationic and anionic sites of both layers matching up. The excess
Fe?* in the hydroxide layer are in four-fold coordination with Fe/Li@trahedra attened out
compared to general tetrahedral geometry and serve to electron dope FeSe layers. The presence of
magnetic F& ions in the hydroxide layer also played a role in observing both superconductivity

and ferromagnetism, which are typically considered to be mutually exclusive phenomena.

Figure 1.7: Structure of LiOH intercalated FeSe viewed along layer stacking direction and top-view to show
overlap of both the layers.

In this research, we also focus on studying the structure of iron selenides intercalated with
layered double hydroxides (LDH). LDHSs are structurally related to Group 2 metal hydroxides and
are best described using parent mineral structure known as brucite, Mg(Bigi)re 1.8). Brucite
consists of charge-neutral layers, while in LDHs, some of the divalent cations are substituted with
higher charge, often trivalent cations. This substitution inevitably introduces a positive charge
into the layer. To balance the positive charge, the structure includes counterions like carbonate or

nitrate, that are available in the reaction medium.
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