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Abstract

Misfit layer compounds (MLCs) are a widely studied research topic. These
compounds are low-dimensional materials with strongly anisotropic properties,
which makes them attractive for basic research as well as potential applications in
industry. Little is reported in literature on the phase equilibria and/or the phase
diagrams of systems containing such MLCs, despite the numerous publications that

have appeared on such compounds.

The current work focuses on the exploration of the three ternary phase diagrams
Pb-Se-V, Sb-Se-V and Se-Sn-V. Due to the strongly differing physical and chemical
properties of the elements sample preparation is challenging. The phase equilibria
in these systems are also difficult to interpret, especially those involving the MLCs.

The data is presented by utilising isothermal sections.

In addition to the phase diagrams, the optimal synthesis conditions for vanadium-
selenium-based MLCs and the morphology of these compounds are investigated.
The structural properties of the, up to now unknown, (PbSe)i1+sVSe2 MLC are

examined in detail and compared to the literature.

A systematised literature review in this thesis summarises the whole literature on
vanadium-based MLCs’ synthesis and crystal structures, including the present data.
It standardises the available data to a common scheme and compares them to the
closely related ferecrystalline compounds, which can aid future investigations in this

field of study.
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Zusammenfassung

Zum Themenbereich der niedrigdimensionalen Materialien gehdren auch die
sogenannten Misfit-Layer-Compounds (MLCs). Sie wurden bereits vielfach
untersucht, da ihre stark anisotropen Eigenschaften sowohl fir die
Grundlagenforschung als auch fir potenzielle industrielle Anwendungen von
Interesse sind. Ungeachtet der zahlreichen Verotffentlichungen, die zu solchen
Verbindungen erschienen sind, wird in der Literatur wenig Uuber die
Phasengleichgewichte und/oder die Phasendiagramme der zugehérigen Systeme
berichtet.

Daher liegt der Hauptfokus der aktuellen Arbeit auf der Erforschung der drei
terndren Phasendiagramme Pb-Se-V, Sb-Se-V und Se-Sn-V, in deren Systemen
die stark unterschiedlichen physikalischen und chemischen Eigenschaften der
Elemente eine besondere praparatorische Herausforderung darstellen. Die
teilweise schwierig zu ermittelnden Phasengleichgewichte werden anhand von
Isothermen dargestellt. Neben der Phasendiagramme werden auch die optimalen
Synthesebedingungen fir Vanadium-Selen-basierte MLCs und die Morphologie
dieser Verbindungen diskutiert, sowie die strukturellen Eigenschaften von
(PbSe)1+sVSe2, einem bisher unbekannten MLC, mit der Literatur verglichen.

Eine systematisierte Literaturrezension in der vorliegenden Arbeit fasst die gesamte
Literatur, einschliel3lich der Daten dieser Arbeit, zur Synthese und Kristallstruktur
von MLCs auf Vanadiumbasis zusammen. Hierbei werden nicht nur die Daten
zusammengefihrt, sondern auch auf ein gemeinsames Schema gebracht, um sie
besser untereinander, sowie zu den eng verwandten Ferecrystals, vergleichen zu
konnen. Dies soll etwaige zukinftige Untersuchungen auf diesem Gebiet

unterstutzen.
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1. Introduction

The digital revolution is just beginning and already has an impact on every aspect
of society. Manifestations of these transformations can be observed in the
government (“government 4.0” [1]) and industrial sector (“industry 4.0” [2]), as well
as private life [3]. The main driving forces for the former two are either motivated by
reduction in costs (e.g. digitalised administration services, automatised production
processes, and automated logistics) [4] or by implementing completely new digital
business models in order to gain market share (e.g. cloud computing, artificial
intelligence, and end-to-end traceability in the chain of custody) [5]. Private
customers, on the other hand, adopt digital technologies (e.g. smart home,
autonomously driving vehicles, and wearables) according to the technology
acceptance model. Especially the two factors of perceived ease-of-use and

perceived usefulness are important in their decision making process [6].

However, the so-called “internet of things”, which are interrelated systems and
devices that do not require human interaction to function, comes at a price. Not only
that overall power consumption is increased and high demands are required
regarding the cellular infrastructure [7], but all these connected devices need some
computing capacity, too. In the ideal case, the power consumption and size of the
circuits in these devices are low, whereas the computational power of all these

devices is high.

According to the empirical observation of Moore (“Moore's Law”), the processing
power of computers is growing exponentially. A doubling of transistors per area can
be observed in an interval of one to two years, depending on the literature and period
considered [8, 9]. Nevertheless, advances in technology are required in order to
meet the targets “set” by Moore's Law. In the past, such advances were basically
achieved by narrowing down the structure size in semiconductors. Nowadays new
solutions are needed desperately, as the physical boundary of the semiconductor
scale is approaching (e.g. tunnelling-based of source-to-drain leakage [10] or
wavelength in optical lithography [11]). Exotic solutions, such as low-temperature,
superconducting, optical or quantum computing, might be difficult to implement in
small devices in near future. Besides them, two- (e.g. Graphene [12]) and other low-
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dimensional materials (e.g. layered compounds [13]) are promising candidates for
increases in computing capacity. Not only that low-dimensional materials exhibit
new properties, but the stacking of transistors would add another dimension to
manufacturing transistors. Instead of limiting the density of integrated circuits to the
area, they would be limited to the volume and, hence, increase the possible number

of transistors per area, too.

Misfit layer compounds are such low dimensional materials. They comprise two
different crystal structures with differing physical properties. The thicknesses of each
slab equal the unit cell thicknesses, which are just two or three atomic layers,
respectively. Misfit layer compounds incorporate these 2D materials’ properties in

large crystals, they hold the potential to be utilised in the semiconductor industry.

1.1. Research questions

Aim of this thesis is the investigation of several vanadium-based ternary systems
relevant for misfit layer compounds (MLCs). Special focus will be on the systems of
M-Se-V, where M are bismuth, lead, antimony, and tin. In those systems the
existence of ternary phases, including MLCs, is suspected. Those compounds shall
be synthesised and investigated regarding their properties. Additional experiments
regarding possible ternary phases or misfit layer compounds in the systems of M-

Te-V shall be employed in order to reveal a possible existence of MLCs there.

1.2.  Structure of this thesis

The results of this thesis are presented in a cumulative way. Published and
submitted papers are presented as well as yet unpublished manuscripts and data.
Chapter 2 gives a short excursus on nanomaterials and their unique properties
compared to bulk materials. Chapter 3 (unpublished manuscript) discusses the
existing literature on MLCs, the different synthesis methods, and the phase
equilibria in such ternary systems in a systematised review. As it will be submitted
for publication after all other manuscripts, it readily contains data of the chapters 4
to 7. Chapters 4, 5 (both published papers), and 6 (submitted manuscript) present
evaluations of the ternary phase diagrams of Sb-Se-V, Pb-Se-V, and Se-Sn-V,
respectively. Chapter 7 (unpublished manuscript) presents data on the morphology

and crystal structure of MLCs. It also discusses the different synthesis approaches
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for MLCs including that via microwave-induced plasmas. Chapter 8 presents further
unpublished data on the Raman spectra and electrical conductivity of the
synthesised MLCs. In chapter 9 the cumulated results are discussed. chapters 10
and 11 draw final conclusions and give an outlook on further research questions in

this field of study in English and German language, respectively.
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2. Excursus — Nanomaterials

In this chapter, a brief introduction into the topics of nanomaterials and two-
dimensional materials is presented. However, the literature on misfit layer
compounds (MLCs) and ferecrystalline compounds, with particular focus on the
different synthesis methods and the structural properties of those closely related
compounds, is discussed in detail in chapter 3.

Metallic and oxidic nanomaterials are utilised since ancient times in applications
such as colourant for ceramics or glasses (e.g. Lycurgus cup), as additives in steel
production (e.g. Damascus steel) [14], and as hair dyes (e.g. PbS) [15].
Nevertheless, nanomaterials are lacking a common and internationally
acknowledged definition to the present day. Depending on the area of application
(e.g. foods, cosmetics, and biocides) different legislative provisions with differing
classifications of nanomaterials are in order. In general, the definitions are
consistent with regard to the scale. At least one of the dimensions of the material
requires to be in the size range of 1 to 100 nm [15, 16], but in some cases, materials
that are smaller than 1 nm (e.g. graphene, fullerenes, and carbon nanotubes) are
regarded as nanomaterials, too [17].

Nanomaterials can be classified by their origin and in doing so the natural and
synthetic materials can be differentiated. However, more frequently a classification
by type of chemical compounds or the nanomaterials dimensions is utilised. Former
differentiates between carbon-based (e.g. graphene, fullerene, and carbon
nanotubes), organic-based (e.g. dendrimers, micelles, and liposomes), composite-
based (e.g. hybrid-perovskite, functionalised graphene, and metal-organic
frameworks), and inorganic-based nanomaterials (e.g. metallic and oxidic
nanoparticles, silica aerogel, and mesoporous silica) [15]. Misfit layer compounds
are inorganic composites and, hence, be either regarded as composite-based or
inorganic-based nanomaterials. This shows the limitations of this system. The latter
classification is trivial when just the particle sizes are considered. First
considerations were proposed by Siegel on this topic [18]. Basically, nanomaterials
can have the dimensionalities zero, one, two, or three. This dimensionality reflects

the possibility for electrons to move along an axis in a Cartesian coordinate system.
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Whereas in a 0D system (e.g. quantum dots) the charge carriers are confined in all
directions, the charge carriers can move in one, two or all three directions in 1D (e.g.
nanorods), 2D (e.g. nanosheets) or 3D systems (e.g. nanocrystalline bulk),
respectively [15, 19-21]. In order to fully describe composite-based nanomaterials,
the dimensionalities of the individual elementary units need to be added to the
overall dimensionality of the system. Misfit layer compounds are structures of
heterolayers. Hence, they are classified as 3D22 structures, which reflects a three-
dimensional bulk that comprises of two different substructures of nanosheets [22].

The unique properties of nanomaterials are influenced by internal (e.g. surface-to-
bulk-ratio, defect concentration, and degree of movability restrictions of the charge
carriers) and external factors (e.g. chemical nature of the surroundings and
interaction of the nanomaterial with the surroundings). Changes in properties can
be observed in the diffusivity as well as chemical, catalytical, mechanical, elastic,
thermal, optical, magnetic, and electrical properties, when compared to a similar
non-nanomaterial (e.g. graphene compared to graphite) [21].

The activation energy for diffusion is lower on surfaces, grain boundaries, and
dislocation sites, compared to the activation energy required for lattice diffusion. In
general, nanocrystalline materials exhibit high defect concentrations (e.g. grain
boundaries, vacancies, and dislocations). Thus, the diffusivity in nanocrystalline
materials is several magnitudes higher than in non-nanomaterials, which would
require much higher temperatures in order to reach similar diffusivities and
compensate for the difference of activation energies. A major disadvantage,
however, is that grain boundaries have high free energies. Hence, nanocrystalline
materials will tend to coarsen when heat treated, making them unsuitable for high-

temperature applications [21].

The high defect concentrations influence the thermal behaviour, too. On the one
hand, when loosely bonded atoms are subjected to strong lattice vibrations, as a
result of an increase in temperature, they are more likely to liquefy, since they are
less constrained compared to the bulk lattice. Hence, crystals with smaller radii and
higher defect concentrations will exhibit lower melting points. However, in cases
when the nanocrystalline material is embedded in a matrix with a higher melting
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point, the strong confinement can result in elevated melting points of the
nanomaterial, too. On the other hand, grain boundaries will result in phonon
scattering phenomena as well as phonon-phonon interactions. Thus, nanomaterials,
with except from nanotubes, exhibit significantly reduced thermal conductivity. 1D
and 2D, especially multi-layer compounds with a lattice mismatch, will have
anisotropic thermal transport properties and altered phonon dispersion relations
[21]. For instance, the thermal conductivities at room temperature of 2D ferecrystals
are reported to be lower than the theoretical minimum thermal conductivities of bulk

materials and even lower than thermal conductivities of amorphous materials [23].

For nanoparticles, the ratio between bulk volume and surface area is shifted towards
high values for the specific area per unit volume of the grains. This ratio influences
the coercivity and saturation magnetisation. Both values are increased upon a
decrease in grain size. For soft magnetic alloys the reason is that the grain sizes in
nanomaterials are smaller than the domain wall withs and, thus, the grains and their
orientations average the magnetic anisotropy. Also, effects such as a giant
magnetoresistance in thin-film multilayer compounds [21] or a change of magnetic
behaviour (e.g. bulk VSe2 is paramagnetic but ferromagnetic when the number of

layers is reduced to a few [24]) are reported.

Nanomaterials’ surface area is large compared to the bulk. Hence, these materials
are capable to hold more energy, which may be utilised in energy storage
applications. Phenomena, such as alloys with metallic properties in bulk can be
converted into semiconductors when prepared as nanoquasicrystalline phase [21],
or that 2D materials are strongly anisotropic for the electrical resistivity (e.g. of
electrical resistivities’ temperature coefficients of vanadium-based MLCs and
ferecrystals indicate that they are metallic along ¢ and semiconducting in the ab
plane [25-28]), are not well understood.

Synthesis routes can be categorised in physical and chemical approaches or in top-
down and bottom-up methods [20, 21]. Top-down techniques originate from a
macro- or microcrystalline material that is broken up into nanocrystalline material
(e.g. mechanical alloying and nanolithography). This method should be favoured in
inexpensive and robust applications, as the size distribution is broader. Bottom-up
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processes (e.g. Spray pyrolysis, Sol-Gel, and chemical or physical vapour
deposition) utilise plasmas, gases or liquids. They allow more variation in
procedures and, hence, have better controllability but are difficult to scale up [21].
Similar physical and chemical approaches have their distinct advantages. Whereas
users of chemical methods enjoy the advantage of good chemical homogeneity and
versatility, physical methods are economically appealing due to the lack of by-
products and solvents [20]. Misfit layer compounds and ferecrystals are synthesised
via different bottom-up techniques [29] as it will be shown in chapter 3. However,
typical sample preparation for the investigation of these van der Waals

heterostructures are usually top-down approaches (e.g. scotch tape method).
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3. Manuscript 1: Review of V-based layered compounds

3.1. Authorship Statement
Chapter 3 describes material that will be submitted to Journal of Materials Science
in 2021. The co-author is Klaus W. Richter, who is my advisor and | am the primary

author of the manuscript.
Reisinger: Conceptualisation, Investigation, Writing - Original Draft, Visualisation

Richter: Writing - Review & Editing, Supervision, Project administration

3.2. Abstract

In this systematised review, we present a bibliographic analysis of the literature
available on vanadium-based layered compounds. The keywords are not entirely
standardised for all publications and topics covered. Numerous different synthesis
approaches are presented in literature. The most common approaches involve
mineralisers and annealing conditions above 800 °C for several days or weeks in
the case of misfit layer compounds and below 60 minutes and below 650 °C for
ferecrystals. We standardise all available structural data regarding the (sub-
/super-)lattice parameters, misfit parameters and stacking, and compare them to
each other. Furthermore, we show research possibilities for further investigations in
this field of study (e.g. templated growth mechanism, phase equilibria, twelvefold

symmetry).

3.3.  Keywords

Misfit layer compound, Ferecrystal, Synthesis, Phase equilibria, Crystal Structure

3.4. Prime novelty statement

Systematised review of the literature on vanadium-based layered compounds with

special consideration of synthesis conditions, compositions, and crystal structures.

3.5. Highlights
e Bibliographic analysis of the entire literature on vanadium-based misfit layer
compounds and ferecrystals

e Synthesis conditions are compared
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e All structural parameters are summarised in a standardised form

e Discussion of structural parameters and further research possibilities

3.6. Introduction

Over the last decades, nanomaterials gained increasingly more attention from
researchers. 2D heterostructures, such as ferecrystals and misfit layer compounds,
were investigated by members from various research disciplines in order to replace
expensive/inefficient materials in established applications or to investigate exotic
properties. Those compounds both comprise of two different crystal structures that
are loosely bonded via van der Waals forces and are incommensurate in at least
one crystallographic direction (refer to Figure 1) but differ in their synthesis approach
and thermodynamic stability. As a topic evolves over time and broadens in a more

[(MX).].(TX,),

.

Figure 1. Schematic structure of a [(MX)1+5]2(TX2)1 type ferecrystal or misfit layer compound; the
structure shows a monoclinic distortion in §; the misfit parameter (), the puckering of MX layers (p1
and p2), and the interlayer distance (d) are indicated.

10
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interdisciplinary direction, the number of different authors increases. By this,
different styles of writing (e.g. commonly used terms in language, styles of
presenting data) as well as citation and publication cultures (e.g. utilisation of
preprints) are introduced. The increasingly diverging literature becomes more
difficult to comprehend and, hence, intersecting sets are reduced. In the worst case,
the same topic is investigated multiple times by various researchers from different
disciplines without a direct comparison and proper co-citation. Also, the topics of
ferecrystals and misfit layer compounds to some extend drifted apart in the last
decades, despite the close structural relationship. The literature on vanadium-based

layered compounds are exemplary for such an alienation.

This systematised review [30] aims to reduce the barriers that arise from different
research topics, research collaborations, and/or terminologies. We present a
complete bibliographic overview of all publications available on vanadium-based
ferecrystalline and misfit layer compounds. The established synthesis conditions for
preparing those compounds as well as their structural features are summarised. We
also briefly comment on the topics of crystal composition, morphology, and the
phase equilibria in such intermetallic systems. However, a review of the physical
properties, such as the magnetic susceptibility, the electrical transport, or charge
density waves, will be published separately due to the extent of available

publications.

3.7. Bibliographic overview

Vanadium-based layered compounds of the formula [(MX)1+s5]m(VX2)n (M = Bi, Pb,
RE, or Sn; X = S, or Se) are known since the investigation of Donohue in 1975 [31].
More than 50 publications on vanadium-based misfit layer compounds published
between 1988 and 1999 are available. Thereafter, only few works on those
compounds were published each year. The interest revived again in 2011, as Atkins
et al. [32] first synthesised vanadium-based ferecrystals. This second wave of
publications includes over 30 items, with most being published on the topic of
ferecrystals in 2015.

11
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The topics of those publications [23, 25-28, 31-122] cover different aspects of
vanadium-based layered compounds: synthesis and composition, crystal structures
and superstructures, intercalation of foreign atomic species and compounds,
electronic structures and physical properties, electronic transport and
superconductivity, as well as magnetic properties. The keywords chosen for the
respective publications as well as their temporal evolution was analysed in detail by
utilising data available from the Web of Science Core Collection database and the
VOSviewer software [123]. As illustrated in Figure 2, working groups choose
different terms for those vanadium-based layered compounds depending on the
topic. For example, “misfit compound” is chosen for theoretical investigations,

“‘misfit-layer compound” is chosen for investigations on physical properties, and
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Figure 2: Temporal evolution and relation of keywords of the publications featured in this review
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“misfit layer compound(s)” for phase diagrams and crystallographic investigations.
Detailed investigations on superstructures and the incommensurate modulations of
the crystal structures are grouped around the keyword “composite crystal”. For
ferecrystalline compounds “ferecrystal” and “ferecrystals” are both commonly
employed keywords and frequently used together with “charge density wave”. No
noticeable tendencies can be observed, for choosing the singular or plural term of
“ferecrystal” for different research topics. The fact that no standardisation of
keywords can be found, may be the result of isolated working groups. The
miscellaneous denotations different authors choose for the layered compounds they
investigate, complicate literature research and can in result hamper the exchange

of knowledge.

This is also visible in the co-authorship of publications (refer to Figure 3). Apart from
different generations of researchers in that field which evidently prevents a co-
authorship, some personal and/or topical aspects (e.g. MLCs and ferecrystals)
might have hindered collaboration. The main collaborations on vanadium-based
layered compounds are grouped around several researchers leading the field.
However, we observed little collaborations between these topical leaders. The

leaders are:

e J. Morales (University of Cordoba),

Y. Gotoh (National Institute of Advanced Industrial Science and Technology)

and M. Onoda (National Institute for Material Science),

e T. Nishikawa (Nagoya University) and A. Fujimori (University of Tokyo),

e K. Suzuki (Yokohama National University) and T. Enoki (Tokyo Insitute of
Technology),

e G. Wiegers (University of Groningen), A. Meerschaut, and L. Cario (both

University of Nantes),

e and D. C. Johnson and M. Falmbigl (both University of Oregon).

Citation analysis not only demonstrates how collaborations evolved over time,
particularly for that of G. Wiegers, A. Meerschaut, and L. Cario, but also how the
field is drifting apart due to different preparation procedures, especially for the

research networks around D.C. Johnson. The working groups around L. Cario and

13



Vanadium-based Misfit Layer Compounds

D. C. Johnson cite similar sources (e.g. J. Rouxel, J. Morales G. Wiegers, A.
Meerschaut, and Y. Gotoh) but cite each other only to a limited extend (refer to

Figure 4).

The main publications in the field of vanadium-based layered compounds are the
reviews of Rouxel et al. [121] and Wiegers [122]. Often cited publications on
synthesis, crystal structures, and properties are the works of Onoda et al. [45],
Kondo et al. [47], and Atkins et al. [67]. Additionally, the works of Kato et al. [124]
and Wiegers et al. [125] are cited frequently. Those two publications, however, are

not about vanadium-based compounds but about structurally related compounds.

katayama, n kontani, m

reising#r, gr ey 0
kishimoto, y nis a, t
me ,a o y katsufuiji, t
i fujiror; s=
wi B fujimori, a
vy imada, m
auriel, ¢
disalvo, f .
meerschaut, a
chauvet, o
® 4 alfftesht, m
o1 3\ "
G I cordofgeiiy
faure, | tsabyh
brouet, v “gunning, ns
bertran, f janod, e mitchson, g
le fevre, p hay, z
ditto, j
hite, ok !
e e | .
gopa\al’shnan,j 1990 2000 2010 2020 O n S O n
e I
murugesan, t 3
s N
'\\’h tark
atkins, ra
atkins, re ditto, Jj
beekman, m
fiedler, a
dolgos, m atkins, r
fujihisa, h grosse,
disch, s
am chi, i
aoki, ky . - ».
L
' O m
‘“ ?h‘ sﬂn:, 1
kato.  ofgsumi, k o ghdes

hyde, b
B cilgn . " Ve
frieserk » 3
- hoshilawa,[ ¢ donohiue, p
ohrig, y

Figure 3: Temporal evolution and relationship of co-authors of the publications featured in this review
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3.8. Synthesis, crystal growth, preparation and phase equilibria

3.8.1. Synthesis

Misfit layer compounds and ferecrystalline compounds differ regarding their
synthesis technique. The former, are obtainable via standard solid-state synthesis
approaches [109, 122], the latter, via the modulated element reactant method [126].
A third synthesis procedure attempts to employ microwave-induced plasmas to
synthesise vanadium-based layered compounds. This synthesis approach was

unsuccessful up to now [109].

a. Misfit layer compounds
Three different starting materials can be used to produce the desired vanadium-

based layered compounds:

e the pure elements, in form of powders, rods or ingots
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Figure 4: Temporal evolution and relationship between citation networks of the publications featured
in this review
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e the adjacent binary compounds, in form of powders or small crystals (e.g.
MX, VX2, VgXs)

e oxidic powders of the binary constituent analogs (e.g. MO, VO3) or the ternary
stoichiometric composition (e.g. MVOs) in combination with a H2X or CX2 gas

flow.

As some of the pure elements and binary compounds are be prone to oxidation,
especially those based on rare earth elements, precautionary measures (e.g.
glovebox) have to be taken [107, 122].

Weighed-out compositions typically range from stoichiometric compositions of the
formula MVXs (M = Bi, Pb, RE, or Sn; X = S, or Se), in older literature, to
compositions of the formula [(MX)1+s]m(VX2)n, in more recent literature. In some
works, an off-stoichiometric composition is chosen for synthesis, yet, for different
reasons. First, when eventual losses of chalcogen are to be compensated. Kikkawa
et al. added up to 10 wt.% S to their starting composition [41]. For selenium-based
compounds no addition of chalcogen, to compensate losses is reported. Second,
when the formula [(MX)1+5]m(VX2)n appears not to be well-fitting due to vacancies
and/or other defects [36, 66, 75]. Finally, when the synthesis of misfit layer
compounds is only feasible for off-stoichiometric compositions [107-109].

The annealing procedure is usually executed in multiple steps. The first heat-
treatment is different for each type of source material. Oxidic powders are heated at
high temperatures in an H2S or CS2 gas flow. For the pure elements, a lower
annealing temperature or a steadily increasing temperature ramp is chosen, to
maintain the chalcogen vapour pressure in the closed silica ampoule low. When
starting from the binary compounds, the first annealing step can be skipped for
vanadium-based misfit layer compounds. After this first annealing cycle, the
resulting powder and/or crystals may be re-grounded. Furthermore, some
chalcogen, to compensate losses (e.g. 1.1 wt.% S [41]), and/or some mineraliser,
to facilitate crystallisation processes, can be added. Mineralisers utilised in previous
investigations to synthesise vanadium-based misfit layer compounds are iodine,
chlorine, NH4Cl, LaCls, PbCl2, (NH4)2PbCls, or the salt flux of a LiCI/KCI eutectic.
The second step of heat-treatment is employed regardless of the type of source
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material. Either an isothermal annealing procedure or heating within a temperature
gradient, where the source is hotter than the sink due to an endothermic transport
reaction, can be chosen. The temperatures used depend on the “M” element of the
compound; misfit layer compounds based on a rare earth element require higher
temperatures than those based on bismuth, lead, or tin. Detailed synthesis
procedures of all published data on vanadium-based misfit layer compounds are

shown in Table 1.

The resulting plate-like crystals exhibit grey [26] to black metallic lustre [31, 95] and
are up to several millimetres in diameter and several ten micrometres in thickness.
Not only plate-like crystals but also tubes are reported [109]. Vanadium-based misfit
layer compounds tend to oxidise, similar to the source materials. However, the

oxidic surface can be easily removed by cleavage/exfoliation [33].

Altering the preparation technique greatly influences the resulting compounds. Cario
et al. observed different sulphur levels in their misfit layer compounds. Prolonged
treatment of oxide mixtures under a constant gas flow of H2S raised excess sulphur
levels in the compound [33]. Additionally, the crystal dimensions and the degree of
twinning depend on the choice of mineraliser, as observed by Kikkawa et al. [41].
This might be also the reason why the synthesis and/or characterisation of some
compounds is challenging [107-109].

b. Ferecrystalline compounds

Specimens created by the modulated elemental reactant technique are synthesised
in a high vacuum chamber (=107 mbar). The pure elements are either evaporated
in an effusion cell, as in case of selenium, or by an electron beam gun. Only high
purity elements are used as source materials [32, 67]. Thin films of the desired
elements are deposited on (100) oriented polished silicon substrates or silicon with

thermally grown oxide layers of thicknesses around 100 nm [69].

Deposition rates are controlled by shutter movements and monitored by a quartz
crystal monitoring system. Before determining the ideal deposition parameters for a
[((MSe)1+5]m(VSe2)n-type precursor (M = Bi, Eu, La, Pb, or Sn), the two binary

compounds need to be calibrated separately. The result is a linear relationship of
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Table 1: Preparation procedures of vanadium-based MLCs

MLC Source + mineraliser Temperature program Source
[(BiS)1+5]m(VS2)n pure elements 500°C 12h — 800°C 2d — crushed — | [60]
700-800°C 2-4d
pure elements 500°C 1d — 800°C 1d — 700°C 3d and | [90]
cooled to RT
pure elements 500°C — 800°C [59, 61,
106]
pure elements + NH4ClI source 850-900°C / sink 800-850°C [93]
pure elements + NH4ClI source 850°C / sink 700°C [90]
[(BiSe)1+s]m(VSe2)n | pure elements 500°C 12h — 800°C 2d — crushed — | [60]
700-800°C 2-4d
pure elements 500°C — 800°C [59,
106]
pure elements / binary | 560°C 56d [109]
compounds + NH4ClI
pure elements / binary | 650°C 18m [109]
compounds + NH4CI
[(LaSe)1+s]m(VSez)n | pure elements + |2 400-600°C 2d — 800°C 1d — 1000- | [31]
1200°C 1-3d
pure elements + |2 400°C 1d — 1100°C 14d — 1100°C 7d [35]
[(PbS)1+5]m(VS2)n pure elements + Cl2 850°C — source 840°C / sink 770°C [62, 63]
pure elements 300°C ?h — 900°C 15d [63]
pure elements 500°C 1d — 800°C 4d [45, 64,
92]
pure elements 500°C 1d — 800°C 7d [25, 63]
pure elements 500°C — 800°C [106,
111]
pure elements / binary | source 840°C /sink 730°C 40d [26]
compounds + PbCl2
pure elements [/ binary | 900-1100°C [48]
compounds + |2
ternary oxides + |2 1300-1400°C CS2 or H2S vapour [48]
pure elements + (NH4)2PbCls | 800°C 1-14d [118]
[(PbSe)1+slm(VSe2)n | pure elements / binary | 550°C 28d [107]
compounds + NH4CI
pure elements [/ binary | 550°C 56d [109]
compounds + NH4ClI
[(RES)1+5]m(VS2)n mixture of oxides + I2 1200°C 6h H2S vapour — source 950°C / | [49]
sink 850°C 10d
pure elements + |2 400°C ?d — source 950°C / sink 850°C [47]
mixture of oxides + I2 1200°C 6h H2S vapour — 950°C 10d [43]
pure elements / binary | 475°C 5h — 900°C 10h — crushed — | [42, 57,
compounds 1080°C 20h 58]
pure elements / binary | 400°C12h — 800-900°C 40h and slowly | [40, 99]
compounds cooled — crushed — 800-900°C 40h and
slowly cooled
pure elements + |2 400-600°C 2d — 800°C 1d — 1000- | [31]
1200°C 1-3d
pure elements / binary | 400°C 5h — 1130°C 40h [54, 57,
compounds 58]
pure elements / binary | 400°C12h — 1050-1150°C 40h and slowly | [40, 57,
compounds cooled — crushed — 1050-1150°C 40h | 58, 99]
and slowly cooled
pure elements [/ binary | 1000°C — crushed — 1000°C — crushed | [34, 83]
compounds + LaClz — 1000°C
mixture of oxides + |2 1300°C 6h H2S vapour [33, 76,
77]
pure elements source 1000°C / sink 950°C 7d [41]
pure elements + LaCls / I2 1000°C 7d [41]
pure elements [/ binary | source 950°C / sink 850°C [53]
compounds
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ternary oxides 1200°C 150h H2S vapour [105]
[(SnSe)1+s]m(VSe2)n | pure elements 300°C ?h — 900°C 15d [95]
pure elements 500°C 1d — 800°C 7d [95]
pure elements [/ binary | 550°C 28d [108]
compounds + NH4CI
pure elements / binary | 700°C 28d [108]
compounds + NH4CI
pure elements / binary | 550°C 28d [108]
compounds
pure elements [/ binary | 700°C 28d [108]
compounds
pure elements / binary | 550°C 28d [109]
compounds + NH4CI / 12 /
NaCl+KClI
[(SNS)1+5]m(VS2)n pure elements [/ binary | 870°C 5h — source 870°C /sink 730°C 5h | [78]
compounds + |2 /NH4CI

between opening duration of the shutter time and the element ratio of the binary
compound (e.g. M/Se or V/Se). The ratio of the MSe/VSe: as a function of shutter
times is determined in a second calibration step, while the previously calibrated
binary ratios are kept constant. After this second step the shutter opening times and
the ratios of the binaries in the newly created compound are plotted and interpolated
linearly. When choosing the ideal ratio of MSe/VSe:2 for experimentally preparing
ferecrystals it is the misfit parameter 1+0 rather than the the exact stoichiometric
composition [32]. The “average” misfit parameter, calculated by Falmbigl et al., lies
close to 1+0.16 [86]. The as-deposited precursor [(MSe)i+s]m(VSe2), is an
amorphous material with a total thickness of 400 A to 600 A. It mimics the

approximate composition and lattice parameter c of the final product [32].

Annealing conditions are mild compared to the synthesis of misfit layer compounds
[32]. The most suitable temperature range for annealing vanadium-based
ferecrystals is determined by the smallest FWHM of diffraction peaks in X-Ray
diffraction. Similar as for misfit layer compounds the optimal temperatures depend
on the “M” element of the ferecrystal. Bismuth- and lanthanum-based compounds
need higher temperatures (500 °C and 650 °C) compared to europium-, lead-, and
tin-based ferecrystals (300 °C to 400 °C). Typically, the duration of annealing is
between 20 and 30 minutes, as diffusion distances in the precursor are sufficiently
short. However, in one study already 10 minutes are observed to be sufficient [71]
and two other publications, report one hour to be necessary for satisfying annealing
results [27, 28]. A comprehensive list of the published annealing conditions is shown
in Table 2.
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Table 2: Impact of annealing conditions on the formation of vanadium-based ferecrystals

Vanadium-based Misfit Layer Compounds

“‘M” element | Crystallisation | Annealing Decomposition | Source
Bi 500 °C 20 min | ~550 °C [96]
Bi/Sn 400 °C 20 min | >500 °C [74]
Eu 200-300 °C | 300 °C 10 min [71]
La 650 °C 20 min | ~700 °C [71]
Pb 250 °C 60 min [27]
300 °C 60 min | 300-400 °C [28]
400 °C 30 min [84]
Sn 350 °C 30 min [32]
<300 °C 400 °C 400-600 °C [67]
400 °C 20 min [37, 68-70, 114]
~130 °C 400 °C >400 °C [85]
150-300 °C | 400 °C 20 min | >450 °C [38]
400 °C [120]
~145 °C 400 °C 20 min [87]
Nucleation of the crystals appears to occur below 300 °C for vanadium-based

ferecrystals (refer to Table 2). H&ausler et al. [70] investigated the underlying
crystallisation process. Determining the orientation of the individual layers, they
observed that these layers exhibit a preferred orientation, yet, in a random stacking
sequence. Based on that, they suggest a templated growth mechanism for the
nucleation process. In this scenario, one layer nucleates first (e.g. VSez) and serves
as a template for the second layer (e.g. MSe) during growth. This excludes the other
two possible nucleation mechanisms of either independent subsequent nucleations
or independent nucleations at the same time [70]. The mechanism of templated
growth is also assumed by other authors [71, 72]. Evidence such as the relative
orientation of layers at a fixed angle of 30°, which equals a twelvefold symmetry
[73], or the random orientation of SnSe building blocks, whereas the isostructural
layers SnSe2 and VSe: are oriented in the same direction [87], could support their

assumption.

Prolonged annealing and/or high temperatures not only result in severe oxidation
(e.g. ~18 % [87] or ~23 % [38]) but also in the decomposition of the ferecrystalline
precursor into the binary constituents in a disproportionation reaction [28] or in the
sublimation of readily formed oxides [38]. Additionally, evaporation effects of
selenium require consideration. This decrease in selenium proceeds incrementally
and starts even below the optimal annealing temperatures (e.g. 300 °C [87] or
450 °C to 550 °C [71]). It can be detected by shifts of X-Ray diffraction peaks.
Generally, precursors are prepared with up to 5 % excess chalcogen to compensate

losses during annealing [126], but also amounts of up to 9 % selenium are reported
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[87]. Interestingly, not only a loss of selenium is observed but also an accompanying
increase in oxygen [38, 87], which might also contribute to off-stoichiometry effects
[87]. Hausler et al. suggest that rapid thermal annealing and/or annealing in
controlled chalcogenide overpressure might result in ordered supercells [70].

3.8.2. Composition and phase equilibria

The exact compositions of the synthesised vanadium-based layered compounds
are not mentioned in most works; instead of measured compositions and
experimentally determined misfit parameters 1+6, only the ideal values according to

the formula [(MX)1+s5]m(VX2)n with calculated misfit parameters are stated.

For misfit layer compounds no solid solution studies are reported as there are
difficulties in synthesis and analysis [120]. Nevertheless, some investigations
indicate that the composition might be close to, but not exactly at the ideal
stoichiometry. Kikkawa et al. investigated sulphur deficiency in the compound
(LaS)1+5VS2. They observed that the lattice parameter c is not constant, but can be
varied by the amount of excess sulphur. Up to an excess sulphur level of 1.1 wt. %,
the unit cell expands in c. For sulphur levels above this 1.1. wt. % the ¢ parameter
remains constant. For the sublattices, the common lattice parameter b remains
constant when the sulphur content is increased, but the individual a parameter of
VS:2 shrinks and expands for LaS [41]. This indicates the filling of sulphur vacancies
and, hence, some solid solubility. Also, the “M” elements’ lattice position can host
significant vacancies (e.g. for Sm [75] or for La [33-36]). Ren et al. were able to
refine the (LaSe)1+sVSe2 compound in X-Ray diffraction in a stoichiometric structure
model and a structure model including vacancies. The difference between
(LaSe)1.16VSe2 and (Lao.9sSe)1.21VSe2 equals a solid solubility of ~0.4 at.% [35].
Cario et al. [33], who state an exact chemical composition of serval untreated
batches and also cleaved batches, observe different compositions of the
(LaS)1+5VS2 compound that vary by ~0.5 at.%. They confirm a systematic shift
towards lanthanum vacancies, yet, not up to the theoretical maximum of &/3 (i.e.
0.06) proposed by Rouxel and Meerschaut [75]. These vacancies are a result of the
existing charge balance between the three elements [35, 88]. In a later investigation,

Cario et al. even observed a lack in vanadium and a surplus of sulphur [43].
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Recent investigations on misfit layer compounds indicate an off-stoichiometric
composition measured by EDX for compounds in the ternary systems Bi-Se-V [109],
Pb-Se-V [107, 109], and Se-Sn-V [108, 109]. These off-stoichiometric compositions
are most likely matrix effects of the EDX measurements rather than results of

defects in the crystal structure [109], such as the antisites where My, + Trs,, are
replaced by Tot, + Tﬁ_;fez [127, 128], interstitial layers between VSe:2 slabs [122], or

vacancies.

Due to the manifold synthesis possibilities of the modulated elemental reactant
technique used for ferecrystalline compounds, vanadium-rich [37-39] and tin-rich
[37] crystals can be synthesised. In several studies, a varying ratio between “M” and
vanadium was observed, which cannot be explained by a correlating misfit
parameter 1+0 [37, 38, 69, 74]. Furthermore, annealing procedures are reported to
reduce selenium contents [87], especially in the layer of VSez [39, 71]. Gunning et
al. observed local fluctuations of the composition in the VSe:z layer. They concluded
that energy differences within the solubility range between VSe and VSe: are rather
small and, similar to the ones in bulk, depend on the starting compositions of the
precursors [39]. All these reports indicate that ferecrystals permit larger solubility
ranges than expected from the stoichiometric formula [(MX)1+s5]m(VX2)n and that the
amount of all elements can be altered by different defect mechanisms (i.e.

substitutions, interstitials, oxides, and vacancies).

Concerning the phase equilibria and/or phase diagrams in systems containing
vanadium-based layered compounds only little is known. Due to the metastable
nature of ferecrystalline compounds, only studies on the thermodynamically stable
misfit layer compounds should be considered for interpreting the phase equilibria.
Some of the equilibria can be obtained by gathering information on impurity phases.
Oosawa et al. suspected some impurities in the prepared powder pellets of
(BiS)1+5VS2 and (BiSe)1+5VSe2 but did not investigate further on that matter [106].
Three other works that comment on impurities are on (LaS)1+5VS2 and/or (Lai-
xSIkS)1+5VS2 [40-42]. The authors observed impurities of VsSs and LaSi.75-1.8 at
1050 °C to 1150 °C [40], of VsSs at 1000 °C [41], of VsSs and VsS4 at 1080 °C [42].

These results require some interpretation. The phase VsSs is a result of the
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guenching process, as the high-temperature composition of it appears to be not
guenchable [129]. Subject to the condition that the misfit layer compound
(LaS)1+5VS2 is stoichiometric, the ternary phase equilibria are VS2 + V3Ss +
(LaS)1+5VS2 and LaS + LaSi1.75-1.8 + (LaS)1+5VS2. Also, the equilibria VS2 + LaS1.7s-
18 + (LaS)1+sVS2 and LaS + VsS4 + (LaS)1+5VS2 may be proposed for the La-S-V
system, provided that the situation is similar to the isothermal section at 700 °C in
the Se-Sn-V system. In that section, all ternary phase equilibria between VSez,
V3Ses, SnSe, and a selenium-rich liquid are radially connected to the misfit layer
compounds [108]. At 500 °C, where several misfit layer compounds are reported,
the phase equilibria are more complicated. For the selenium-rich side, all misfit layer
compounds’ compositions connect to SnSez, but for the vanadium-rich side, no clear
pattern is visible [108]. For the Pb-Se-V system, the phase equilibria are reported to
be uncertain, as the composition was off-stoichiometric and the misfit layer

compound could only be obtained by the addition of NH4CI [107].

3.9. Crystal structures

3.9.1. General structural features of vanadium-based misfit layer compounds

Similar to all other misfit layer compounds described in detail by Wiegers [122], all
vanadium-based misfit layer compounds comprise two subsystems that are bonded
via van der Waals forces (refer to Figure 1). The MX and VX2 subsystem may
comprise the “M” elements tin, lanthanum, cerium, praseodymium, neodymium,
samarium, gadolinium, bismuth, and/or lead, and the “X” chalcogen elements
sulphur or selenium. Studies with antimony and/or tellurium were unsuccessful in

preparing the desired compounds [109, 130].

The in-plane lattice parameter a is incommensurate, whereas, the b and c axis are
common, or at least a multiple, for both subsystems. All available published
structural data were normed to this scheme and are shown in Table 3, Table 4, and
Table 5. Noteworthy, only certain lattice parameters and/or crystallographic angles
are stated in literature and no space groups are available in most studies. The ratio

between the length of the two incommensurate a axes (ayx/ayy,) is between 1.65

[35, 122] and 1.78 [25, 122]. In the ideal case of a non-defective structure this ratio

defines the composition. Several authors pointed out, that this ratio is close to

23



Vanadium-based Misfit Layer Compounds

rational ratios such as 5/3 [34, 35, 43, 44], 34/20 [44], and 7/4 [25]. Such rational

ratios indicate periodicities for a superstructure setting.

As the a axis in vanadium-based misfit layer compounds should be the only
incommensurate axis, the ratio of length between the two incommensurate a axes
of the sublattices is used as a basis for the calculation of the misfit parameter 1+
(refer to Figure 1). However, different methods of calculation are employed for
determining the misfit parameter, which all yield slightly different results; particularly,

on the third decimal. Wiegers [122] suggests to generally calculate of the misfit

Zmx*ayx,

parameter by the formula 1 + 6 = , utilising only the a parameters and the

Zyx,*aMx
formula units per unit cell Z. Some authors (e.g. Onoda et al. [45], Gotoh et al. [90])

Zmx*Vvx,

work with the volume ratio in the rather similar formula 1+ 6 = . These

Zyx,*Vmx
authors probably used this method due to slight deviations in the common b axis.
Wiegers [122] points out that this approach is less precise. Merril et al. suggest

Zyx*ayx,*bvx,

employing the square basal plane in the formula 1+ § = , in order to

Zyx,*amx*bmx

compare the results to ferecrystals [126]. As both b axes are commensurate in
vanadium-based misfit layer compounds, this method reduces the accuracy, just as
the volume ratio does. The misfit parameters stated in some publications, are
slightly different from our calculations. We suspect that the authors either refered to
another crystal in the same work (e.g. Gotoh et al. [25]), or to results of earlier works
(e.g. Gotoh et al. [90]) or that they rounded their results more generously (e.g. Gotoh
et al. [92]). In other works some generalised misfit parameter is estimated [83] or
the stated misfit parameters cannot be verified, as the respective lattice parameters
are missing [26, 33, 40, 41, 44-58]. Generally, misfit parameters 1+ of vanadium-
based misfit layer compounds range from 1.12 for lead-based [45] to 1.25 for

samarium-based or gadolinium-based compounds [53] (refer to Table 3).

For vanadium-based misfit layer compounds, three different crystal systems are
reported in literature. The lattices are described by orthorhombic, monoclinic or
triclinic lattices. It is noteworthy that in all reported structures the angle yis equal to
90° or at least equal to that value within the standard deviation. Angles for a and/or

B are within 90° £ 10°, but most common ~90°, ~95°, or ~99° (refer to Figure 1,
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Table 3: All reported misfit parameters 6 and lattice distances d of vanadium-based misfit layer
compounds as well as our calculations, when possible; indices given in the table denote our
calculations (*), approximations in the literature (a), our approximations from graphs in the literature
(9), d parameters that are equal to the overall ¢ axis (c), the c axis of the VX lattice (c1), and the ¢
axis of the MX lattice (c2).

Compound Comment o d[A] Lit.
(BiS)1+5VS2 11.250 [59]
and intercalate 11.270 [60]
0 Li/unit 22.440 [61]
0.07 Li/unit 22.470
0.13 Li/unit 22.540
0.16/0.15* 11.311%/11.311* [90]
0.160 11.310
0.160 11.310 [46]
0.16/0.156* 11.311%/11.314* [93]
11.310 [91]
(BiSe)1+5VSe2 11.920 [59]
11.920 [60]
-0.12 11.885 [109]
(CeS)1+5VS2 0.190 11.060 [47]
0.2%/0.177* 11.105°%/11.105¢ [83]¢
0.190 [52]
0.190 [51]
0.190 [53]
(GdS)1+6VS2 10.865* [105]
0.2%/0.17* 10.922¢1/10.922¢2 [83]¢
0.250 [53]
(Lao.9sS)1+5VS2 0.18/0.18* 44.59°%/66.89% [88]
3D space group 0.196 11.108* [43]
3+1D space group 0.196 11.1~
0.196/0.196* | 11.103*/11.095*
0.180 22.36° [33]
(LaS)1+sVS2 11.158* [105]
0.176 [44]
0.160 11.156 [47]
0.23/0.171* [83]
0.23/0.176* 11.135%/11.135% [83]¢
0.150 [51]
0.18/0.18* 22.32°4/22.32%2 [34]
0.180 22.35° [41]
0.160 [55]
0.180 22.21° [33]
0.196 [77]
0.196 [50]
0.196 [49]
(LaSx)1+5VS2 initial composition +x wt.% S 0.180 22.175° [41]
initial composition +0.7 wt.% S 0.18/0.183* 22.2682°1/22.2682¢2 [41]¢
initial composition +0.8 wt.% S 0.18/0.18* 22.2937°¢4/22.2937¢
initial composition +0.9 wt.% S 0.18/0.178* 22.3109°%/22.3109¢%
initial composition +1 wt.% S 0.18/0.176* 22.3282°¢1/22.3282¢2
initial composition +1.1 wt.% S 0.18/0.175* 22.3628°4/22.3628%2
initial composition +1.4 wt.% S 0.180 22.3724°4/22.3724%
initial composition +2 wt.% S 0.180 22.3724°4/22.3724%
initial composition +11 wt.% S 0.180 22.3802¢1/22.3802¢2
(LaixPbxS)1:6VS2 | x=0 0.170 22.5701¢ [40]9
x=0.04 0.170 22.6167°¢
x=0.08 0.170 22.6493¢
Xx=0.13 0.170 22.6866°
x=0.14 0.170 22.7644°
x=0.21 0.170 22.8421°
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x=0.25 0.170 22.8747¢
x=0.29 0.170 22.9509¢
x=0.56 0.170 23.2406°
x=0.64 0.170 23.3915°¢
x=0.73 0.170 23.5455°¢
x=0.82 0.170 23.7805¢
x=0.86 0.170 23.8232¢
x=0.91 0.170 23.8597°¢
x=0.95 0.170 23.8977°¢
x=1 0.170 23.9957¢
(La1xSnS)1+6VS2 | x=0 0.170 11.157¢ [54]9
x=0.17 0.170 11.22¢
x=0.22 0.170 11.236¢
x=0.25 0.170 11.268°
x=0.28 0.170 11.281¢
x=0.3 0.170 11.279¢
x=0.32 0.170 11.304¢
x=0.35 0.170 11.311°¢
x=0.4 0.170 11.353¢
x=0 0.170 22.5701¢ [40]¢
x=0.04 0.170 22.6167¢
x=0.06 0.170 22.6346°
x=0.08 0.170 22.6711°
x=0.12 0.170 22.7115°¢
x=0.14 0.170 22.7512°
x=0.18 0.170 22.7892¢
x=0.21 0.170 22.8421°
x=0.23 0.170 22.867¢
x=0.25 0.170 22.863°¢
x=0.27 0.170 22.9159¢
x=0.29 0.170 22.9299°¢
x=0.32 0.170 23.0272°
x=0.34 0.170 23.0264°
x=0.38 0.170 23.048¢°
x=0.42 0.170 23.0728°
0=x<0.4 0.170 [56]
0<x<0.3 0.170 [57]
0=<x<0.35 0.170 [58]
(Lao.gsSe)1+sVSe2 0.210 [35]
0.21/0.21* 11.614*/11.606*
(LaSe)1+5VSe2 0.21/0.21* 11.614*/11.602* [122]
0.210 [86]
(NdS)1+5VS2 10.957* [105]
0.230 10.972 [47]
0.23/0.181* 11.031°%4/11.031¢2 [83]°
0.230 [53]
(PbS)1+5VS2 0.1/0.138* 23.608*/23.608* [92]
and intercalate 0.13/0.129* 23.503*/11.768* [118]
0.13/0.132* 23.533*/11.771* [118]
0.12/0.135* 23.663*/23.608* [25]
0.12/0.125* 23.655*/23.648*
0.12/0.125* 11.824*/23.649* [122]
0.120 [45]
0.120 [45]
0 Lifunit 23.64* [62]
0.89 Li/unit 23.619*
2.4 Lilunit amorphous
delithiated 23.632*
[104]
0.130 [48]
0.131* 23.539*/11.769* [111]
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0.120 11.830 [46]
0.120/0.125* | 23.648*/23.648* [26]
(PbSe)1+5VSe? 0.10/0.15 12.208 [109]
(PrS)1+sVS2 0.22/0.178* 11.039¢%/11.039¢2 [83]°
(SMS)1+5VS2 0.230 10.902 [47]
0.250 10.866
0.2/0.169* 10.96°/10.962 [83]9
0.250 [53]
(SnSe)1+5VSe? 24.2¢ [95]
and intercalate 0 Li/unit 24.2° [61]
0.05 Li/unit 24.4¢
0.17 12.066 [108,
109]
[(SnSe)1+s]2VSe2 0.17 17.866 [108,
109]
[(SnSe)1+5]sVSe2 0.15 23.71* [109]
[(SnSe)1:s]aVSe2 0.15 29.549 [108,
109]
[(SnSe)1+s]5VSe? 0.15 35.35* [109]
[(SnSe)1+s]6VSe2 0.16 41.16* [109]

Table 4 and Table 5). The monoclinic distortion can also be estimated by the
empirical relation a = 90 + arcsin% [118]. Due to these angular distortions, the c

axes are not comparable for all compounds. The interlayer distance d, which is the
surface normal to the layers, is corrected for these distortions and may be compared
easily. The interlayer distance d is reported when the remaining lattice parameters
are not determined [46, 47, 59-61]. Lattice parameters and interlayer distances of
misfit layer compounds in a quaternary solid-solution model [40, 54] or in a model
with sulphur deficiency [41] obey Vegard’s law. All published data on this interlayer

distance as well as our calculated values are shown in Table 3.

Only for some of the reported vanadium-based misfit layer compounds the space
groups and/or super-space groups are published. All of them are either C or F
centred. Of the four possible types of stackings described by Wiegers (e.g. CC type
— cmx=Cvx2, CF type — 2cmx=Cvx2, FC type — cmx=2Cvx2, and FF type — 2cmx=2cCvx2)
[122], all types are observed. However, the fact that different stacking types are
reported for the same misfit layer compound features the ambiguity of results and
also the difficulties in the interpretation of results. (PbS)1+VS2 for example is
reported in a CF [25, 111, 118], a FC [122], and a FF [92] type of setting. For
vanadium-based systems, the stacking parameters m and n are equal to one in most
cases. Due to that reason, the interlayer distance d for one layer of each sublattice
of the compounds is between 10.866 A [105] and 12.2 A [61] in a C centred setting.
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Table 4: All reported superstructures of vanadium-based misfit layer compounds normalised to an
incommensurate a axis; indices given in the table denote our approximations from graphs in the
literature (Q).

Lit. Compound Comment | & S.G. afAl | b[A] c[A] all | B[] v
[90] | (BiS)w.aVSs 0.16 | 2/m
[105] | (GdS)w.aVS, 5.847 | 16.37 | 10.866 89.4
[43] (LagesS)1+5VS, 3D 0.196 | C 17.1 5.9 11.2 95.1 84.7 90
(Lag.95S)1+5VS, 3+1D 0.196 341 5.845 11.191 | 95.15 | 84.79 | 89.98

133] | (LAossS)1:oVS, 0.18 57 | 5814 | 22.36
[40° | (LawxPb.S)reVS; | x=0 0.17 5697 | 5.865 | 22.57

x=0.04 0.17 5.686 | 5.86 22.617

x=0.08 0.17 5.686 | 5.851 22.649

x=0.13 0.17 5.689 | 5.848 22.687

x=0.14 0.17 5.718 | 5.841 22.764

x=0.21 0.17 5.722 | 5.824 22.842

x=0.25 0.17 5.74 5.825 22.875

x=0.29 0.17 5.727 | 5.821 22.951

x=0.56 0.17 5.776 | 5.796 23.241

x=0.64 0.17 5.769 | 5.788 23.392

x=0.73 0.17 5.805 | 5.768 23.546

x=0.82 0.17 5.817 | 5.758 23.781

x=0.86 0.17 5.787 | 5.76 23.823

x=0.91 0.17 5.809 | 5.756 23.86

x=0.95 0.17 5.805 | 5.737 23.898

x=1 0.17 5.817 | 5.748 23.996
[40P | (LanxShS)moVS: | x=0 0.17 5697 | 5.865 | 22.57

x=0.04 0.17 5.701 | 5.863 22.617

x=0.06 0.17 5.686 | 5.864 22.635

x=0.08 0.17 5.704 | 5.858 22.671

x=0.12 0.17 5.704 | 5.858 22.712

x=0.14 0.17 5.711 | 5.849 22.751

x=0.18 0.17 5.743 | 5.854 22.789

x=0.21 0.17 5.711 | 5.843 22.842

x=0.23 0.17 5.729 | 5.842 22.867

x=0.25 0.17 5.727 | 5.836 22.863

x=0.27 0.17 5.738 | 5.831 22.916

x=0.29 0.17 5.738 | 5.823 22.93

x=0.32 0.17 5.751 | 5.827 23.027

x=0.34 0.17 5.749 | 5.823 23.026

x=0.38 0.17 5.758 | 5.828 23.048

x=0.42 0.17 5.74 5.817 23.073
[105] | (LaS)weVsS, 5.085 | 16.854 | 11.158 89.7
[33] | (LaS)neVS, 0.18 5722 | 5.818 | 22.21
[35] (Lao,9586)1+5VSez 0.21 C-1
[105] | (NdS)1.5VS; 5.886 | 16.8 | 10.958 89.3
[45] | (PbS)w.eVS, 0.12 | PC2/mi-1
[62] | (PbS)woVS, 0 Li/unit 5719 | 5.76 | 23.924 98.83

0.89 Li/unit 5.72 5.74 23.9 98.8

delithiated 5.67 5.67 23.92 98.9

For the F centred setting this value is doubled compared to the C centred setting.
Two exceptions are reported. Friese et al. report an ordered superstructure in which
the lattice parameters for the c axis are quadruple and sextuple for the VS2 and LaS
sublattices, respectively [88]. In a study of Reisinger and Richter [108, 109] stacking
sequence values m of up to six are reported for [(SnSe)1+5lmVSez2. Generally, it is
uncommon for misfit layer compounds to show stacking sequences with m or n

values larger than one [122]. Kikkawa et al. also attempted to synthesise different
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stacking sequences for (LaS)1+s5(VS2)n. They observed that only n = 1 was feasible,

but 2 < n <5 were not [41].

Tin-based compounds show different stacking sequences whereas for lanthanum-
based compounds only one stacking is observed. This may be attributed to the
electron donation of the MX to the VX2 layer. For lanthanide-based and bismuth-
based misfit layer compounds the vanadium and the “M” element are both trivalent.
This results in a stronger covalent interlayer interaction and a larger charge transfer
from MX to VX2 [122]. Assuming a constant charge transfer, increasingly higher
defect concentrations may be required to permit increasing stacking values (e.g. m
and/or n larger than one). Although lanthanide-based misfit layer compounds such
as samarium are reported to permit high vacancy densities [75], various effects have
to be considered. On the one hand, the effect of defect concentrations was reported
to be significant in the structural coherence of ferecrystalline compounds [67], where
slight deviations in composition resulted in defect-filled structures (e.g. partial layers,
interstitials, vacancies) and large deviations resulted in the decomposition of the
whole compound into individual crystals of MX and VX2 [28]. On the other hand, the
stabilising influence of substitution of “M” sites was reported for misfit layer
compounds, as the charge transfer is altered and, due to the different cationic radii,
the interfacial energies are reduced [66].

Intercalation studies of several vanadium-based misfit layer compounds are
available in literature. (SnSe)1+5VSez2 [61, 62] as well as sulphur-based compounds
with the “M” elements tin [66, 78], lanthanum [36], lead [36, 61-66], and bismuth [61]
were intercalated. The intercalated cation is integrated into the van der Waals gap
of the host’s crystal structure. In the process of intercalation, the host unit cell
expands along the c axes. Intercalation attempts were undertaken with lithium,
either electrochemically [63] or with n-butyl-lithium [61, 62, 64], and with different n-
alkylamines (n =1 to 10 carbon atoms) [61, 64]. Lithiation of the compounds allowed
the development of a twelvefold symmetry. Since the “M” ions interact with the
lithium ions, three energetically equivalent orientations are observed for the MX
layer. This is in contrast to the VX2 sublattice, where the orientation is maintained

[61, 62]. Prolonged lithiation leads to the disappearance  of
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Table 5: All reported structures of sublattices in vanadium-based misfit layer compounds normalised
to an incommensurate a axis; indices given in the table denote our calculations (*), approximations
in the literature (a), and our approximations from graphs in the literature (g).

Lit. Compou | Comm | & lattice | S.G. a[A] b [A] c[A] al’] B v [°]
nd ent
[90] (BiS)1+6V 0.16/ VS, C 3.261 5.67 11.354 | 94.97
S, 0.15* BiS C 5.67 5.643 11.354 | 94.97
[93] (BiS)1+6V 0.16/ VS, C-1 3.2605 | 5.6701 | 11.354 | 94.97 90.5 89.97
S, 0.156* 5
BiS C-1 5.6425 | 5.669 11.357 | 94.97 90 90.02
[83F° | (CeS)ws 024 | VS, 329 | 50916 | 11.105
VS, 0.177* | CeS 5.592 5.916 11.105
[83F | (GdS)s 029 | VS, 3.16 | 5.848 | 10.922
VS, 0.17* GdS 5.4 5.848 10.922
[88] | (LaossS) 0.18/ | VS, C2/mi(1) | 3.366 | 5.83 | 44.59
1+6VS2 0.18* LagesS | Cmm(a) 5.705 5.83 66.89
[43] | (LaossS) 0.196/ | VS, 341 | 585 | 11.196 | 95.12 | 84.69 | 90
146V S2 0.196* | LagesS 5.703 5.844 11.19 95.18 84.61 90.03
83] | (LaS)wo 0241 | VS, 332 |59
VS, 0.171* | LaS 5.67 5.9
83 | (LaS)ws 027 | VS, 3.325 | 5.929 | 11.135
VS, 0.176* | LaS 5.654 5.929 11.135
[34] | (LaS)wo 0.18/ | VS, C2/mi(1) | 3.366 | 5.828 | 22.32
VS, 0.18* [LaS | Cm2(a) 5705 | 5.828 | 22.32
[41° | (LaSows | +0.7 | 0.18/ | VS, 3.36_ | 5.809 | 22.268
VS, wt.% S | 0.183* | LaS, 5.681 5.809 22.268
+0.8 0.18/ VS, 3.357 5.804 22.294
wt.% S | 0.18* LaSy 5.69 5.804 22.294
+0.9 0.18/ VS, 3.354 5.806 22.311
wt.% S | 0.178* | LaS, 5.697 5.806 22.311
+1 0.18/ VS, 3.352 5.816 22.328
wt.% S | 0.176* | LaS, 5.703 5.816 22.328
+1.1 0.18/ VS, 3.352 5.81 22.363
wt.% S | 0.175* | LaS, 5.707 5.81 22.363
[35] (Lag.gsSe 0.21/ VSe, C-1 3.576 6.1 11.69 95.12 85.96 89.91
)1+5VSe; 0.21* LagesS | C-1 5.911 6.101 11.684 | 95.07 85.76 90.02
e
[122 | (LaSe):+ 0.21/ VSe, C-1 3.576 6.102 11.69 95.12 85.96
] sVSe, 0.21* LaSe C-1 5.911 6.101 11.68 95.07 85.76
[83]° | (NAS)ws 027 | VS, 3.24 | 5.888 | 11.031
VS, 0.181* | NdS 5.487 5.888 11.031
[92] | (PbS)ies 01/ | VS, 3.28 | 572 | 23.896 | 98.91
VS, 0.138* | PbS 5.766 5.72 23.896 | 98.91
[118 | (PbS)i+s 0.13/ VS, F2 3.279 5.718 23.579 | 94.61 90 90.4
] VS, 0.129* | PbS C 5.807 5.736 11.809 | 94.76 89.97 89.97
0.13/ VS, F2 3.289 5.727 23.618 | 94.87 89.9 89.5
0.132* | PbS C 5.81 5.735 11.812 | 94.79 89.97 90.05
125] | (PbS)is 012/ | VS, 3.272 | 5.718 | 23.93 | 98.56
VS, 0.135* | PbS 5.766 5.72 23.896 | 98.91
0.12/ VS, 3.256 5.73 23.948 | 98.97
0.125* | PbS 5.789 5.728 23.939 | 98.95
[122 | (PbS)1+s 0.12/ VS, C2 3.256 5.727 11.97 98.95
] VS, 0.125* | PbS F2 5.789 5.728 23.94 98.95
[26] (PbS)145 0.120/ | VS, 3.256 5.7279 | 23.939 98.947
VS, 0.125* | PbS 5.7886 | 5.7279 | 23.939 98.947
[45] | (PbS)is 012 | VS, c2
VS, PbS C2
[111 | (PbS)1+s 0.131* | VS, F2 3.284 5.729 23.62 94.76
] VS, PbS Cc2 5.808 5.729 11.81 94.76
[109 | (PbSe):+ 0.10 VSe, 3.26 5.69 90-992
] sVSe; PbSe 5.93 5.69 90-992
[83° | (PrS)ws 029 | VS, 3.26 | 5.905 | 11.039
VS, 0.178* | PrS 5.536 5.905 11.039
[83° | (SmS)is 024/ | VS, 3.175 | 5.868 | 10.96
VS, 0.169* | SmS 5.43 5.868 10.96
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the MX sublattice [61] and finally amorphisation of the whole compound [61-63].
Amorphisation is reversible by delithiation via 12/CH3CN [62]. Intercalated n-alkyl-
amines, with chain lengths of up to ten carbon atoms, form bilayers of chains that
adopt an angel of approximately 60 ° with the host lattice [64]. In contrast to these
results, another study reported that n-hexyl-amine cannot be intercalated without
prior lithiation. Hernan et al. suspect that an increased interlayer spacing is required

for the successful intercalation of long n-alkyl-amines [61].

3.9.2. General structural features of vanadium-based ferecrystals

The number of different vanadium-based ferecrystalline compounds is lower than
for the misfit layer compounds. For the chalcogen elements “X” only selenium is
reported and for the “M” elements tin, lanthanum, europium, lead, and/or bismuth
were investigated. Albeit, ferecrystals comprise of MSe and VSe:2 building blocks
(refer to Figure 1), which is similar to misfit layer compounds, some significant

structural differences can be observed.

The most striking difference is observed for the common interface of the two
constituent structures. For misfit layer compounds the constituent structures distort
in a rectangular manner. This distortion results in one of the two in-plane lattice
parameters being common, whereas the other is incommensurate. Furthermore,
some distortions for a and/or 8 but not in y are observed. Vanadium-based
ferecrystals, on the other hand, exhibit hexagonal and square basal planes for the
VSe2 and the MSe layer, respectively. The in-plane lattice parameters are very
closely related to the bulk materials and are insensitive to the stacking sequence
[23]. Only one exception is reported by Gunning for a lanthanum-based ferecrystal
[39], where two orthorhombic unit cells are utilised to describe the lattices.

Hence, the calculation of the misfit parameter  on an interface is different from that

proposed by Wiegers [122] and described above. For ferecrystals it is generally

ZMSe*AvSse, *byse,

calculated by the formula 1+ 6 = [126]. For the setting of hexagonal

Zyse,*amse*bmse
(ayse, * V3 = byse,) and square basal planes (ayse = byse) it simplifies to 1+ 6 =

ZMse* A co. V3 . L .
—Ze ‘:1922 . We recalculated all misfit parameters, when in-plane structural
VSepx *UMSe
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parameters were available. The difference between the method of Wiegers [122]
and that of Merrill et al. [126] is up to 6 = £0.04. But besides that, there are also
some differences between the reported and our calculated misfit parameters
(method of Merrill et al. [126]; refer to Table 6), which may be attributed to three
reasons. First, similar to the misfit layer compounds, in many cases, only two
decimals are reported, although, the propagation of error would allow three decimals
in many cases. Hence, rounding might explain some slight differences. Second,
regardless of the actual calculated values, a fixed value (e.g. = 0.15) is stated
especially on tin-bases ferecrystals. Presumably, a misfit parameter of previous
investigations or an “average” misfit parameter was used, which is empirically found
to be around 6 = 0.16(1) for ferecrystals except for the trivalent cations M = Bi and
La [86]. The error here is up to 6 = £0.033 [87]. Third, some publications state misfit
parameters that are determined by the M/V-ratio in EPMA and contrast them with
the values determined by the ratio of basal planes [67-70]. For those, the largest

differences, of up to 6 = £0.198, are observed [69].

In contrast to vanadium-based misfit layer compounds, no angular distortion of the
sublattices for ferecrystals is reported. Hence, regarding the interlayer distances the
lattice parameters ¢ do not require correction in order to compare them for different
ferecrystals. For a compound, where m and n are both equal to one, the ¢ axis
ranges from 11.22 A to 12.73 A (refer to Table 6), which is about 0.5 A larger than
for vanadium-based misfit layer compounds. We suspect that the larger lattice
spacing may be either attributed to higher defect contractions or to the rotational
disorder, the resulting lattice mismatch and the, therefore, weaker interlayer

interactions.

In most of the literature on ferecrystals no information on the utilised space groups
is given. When available only the trigonal space group P-3m1 is reported, which is
used to explain the distances between atomic layers in the superstructure along the
c axis [37, 69-71]. Unfortunately, albeit hypothetically possible, no two-dimensional
layer groups are used which would be favourable in two ways. Vanadium-based
ferecrystals show almost no observable superstructures and if only for large unit

cells [68, 70] due to the rotational disorder of the layers. Layer groups, On the one
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hand, reflect the two-dimensional nature of ferecrystals and, on the other hand,

resolve the issue that such disordered structures cannot be described properly.

Rotational disorder along the c axis, or also turbostratic disorder, is reported for
multiple vanadium-based ferecrystals [28, 32, 38, 39, 67-69, 71-74]. This layer-to-
layer rotational misregistration alters the visible faces in STEM imaging. As a result,
not only the zone axes [100] of the MX layer and [110] of the VX2 layer, are visible
[126]. Nevertheless, Hite et al. also report on aligned layers in a [(BiSe)1+s]1(VSe)1
ferecrystal over the majority of the sample [96], as common for misfit layer
compounds. Hausler et al. suggest, those may be the ordered supercells

synthesised by rapid thermal annealing [70].

The subsequent publication by Rudin and Johnson [73] also investigated the relative
rotation between domains. They observed that the arrangement is not random.
Moreover, they report on a most favourable angle of 15 ° to minimise total energies
(i.e.-13 meV per ion) whereas the least favourable one is at 0 °. Minima and maxima
oscillate with a 30 ° periodicity [73], which explains the twelvefold symmetry
observed earlier [70]. Rudin and Johnson also calculated the relative offset between
layers. It is most favourable for the SnSe-“dimer” to be centred over a selenium
triangle and in line with the vanadium ion. The least favourable offset for the “dimer”
is to be in line with a selenium ion and centred over a vanadium triangle [73]. Albeit,
the results are calculated for a [(SnSe)i+s]1(VSe)1 ferecrystal only, these results

might be generally applicable to other vanadium-based ferecrystals, too.

In contrast to most misfit layer compounds, where most stacking sequences
reported are m = n = 1 compounds, the ferecrystals were investigated for values up
tom<4andn=1orm=1andn < 6. However, no investigations on ferecrystalline
heterostructures with m = 2 and n = 2 at the same time are available. Such stacking
seqguences are in general energetically less stable than ratios where either m=1 or
n =1 [101]. For the ferecrystals in these series, a linear relationship between the
stacking parameters m or n and the length of ¢ axes is observed. This allows the
extrapolation of the layer thicknesses of each building block. Vegard’s law can be
also applied to the lattice parameter c in solid solution models (e.g. Sn for Bi [74], V
for Ta [114, 120]). For these multicomponent systems, ordered (i.e. ACBC) and
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Table 6. All reported misfit parameters & and lattice distances d of vanadium-based ferecrystals as
well as our calculations, when possible; indices given in the table denote our calculations (*), our
approximations from graphs in the literature (g), and values determined experimentally by EPMA (e).

Lit. Compound Comment 0 S.G. avsez/bvser ause/buse | C[A]
(Al Al
[96] [(BiS€)1.5)1(VSe2): 11.80
[(BiS€).5]1(VSe2): 11.86
[(BixS€)i+s]1(VSes): 11.78
[71] [(EuSe)i.di(VSes): -0.04 11.22
[(EuSe).si(VSey), -0.04 17.37
[(EUSE)1+§]1(V892)3 -0.04 23.46
[39] [(LaSe)i+s]1(Vnasy)+1S€2n2 | N=1 0.17/0.167* P-3m1 | a=3.56/ a=6.14/ 17.50
y=0.5 b=6.06 b=6.02
[(LaSe)1rs]1(Vn@syy+1S€2ame2 | N=2 0.17/0.17* P-3m1 | a=3.54/ a=6.09/ 23.40
) y=0.5 b=6.02 b=5.98
[(LaSe)1+s]1(Vn@syy+1S€2ame2 | N=3 0.17/0.171* P-3m1 | a=3.57/ a=6.11/ 29.30
) y=0.5 b=6.03 b=6.02
[71] [(LaSesx)1:el1(VSes): 0.17 11.70
[(LaSel.x)1+5]1(VSez)z 0.17 17.50
[(LaSesy)i:el1(VSer)s 0.17 23.40
[(LaSel.x)1+5]1(VSez)4 0.17 29.30
[84] [(PbSe)ise]1(VSe2): AD 0.11 12.28
100 °C 0.11 12.38
200 °C 0.11 12.38
250 °C 0.11 12.36
300 °C 0.11/0.121* 3.43 6.03 12.31
350 °C 0.11 12.25
400 °C 0.11 12.17
[27] [(PbSe)i.1(VSes): 0.11/0.113* 3.43 6.05 12.25
[(PbSe)y+e]1(VSes), 0.14/0.137* 3.46 6.04 18.35
[(PbSe)i+1(VSer)s 0.08/0.08* 3.39 6.07 24.45
[28] [(PbSe)i+e]1(VSer)s 0.12/0.118* 3.425 6.03 12.730
[(PbSe)i+da(VSey): 0.1/0.1* 3.447 6.116 18.343
[(PbSe).sls(VSes): 0.08/0.077* 3.404 6.106 24.486
[(PbSe).sla(VSes): 0.07/0.071* 3.408 6.13 30.617
[74] [(Sn.. y=0 0.143/0.146* 3.414 5.935 12.030
yBiyS€)148]1(V14xS€2)1 y=0.06 0.127/0.126* 3.434 6.022 12.008
y=0.23 0.15/0.15* 3.456 5.999 11.946
y=0.42 0.157/0.157* 3.466 5.997 11.889
y=0.57 0.164/0.164* 3.475 5.996 11.856
[38] [(SnSe)1.s]1(VixSer):s x=0.23 0.15/0.145* 3.4082 5.9273 12.030
[(SnSe)1.a]i(VixSes)s x=0.14 0.15/0.15* 3.424 5.9419 18.014
[(SnSe)iie]1(VinSer)s x=0.22 0.15/0.153* 3.4335 5.9514 24.000
[(SnSe)1.a]1(VixSes)a x=0.24 0.15/0.146* 3.4037 5.917 30.120
[(SnSe)1.sl1(VixSer)s x=0.38 0.15/0.146* 3.3985 5.908 36.180
[(SnSe)1ie]1(VinSer)s x=0.28 0.15/0.153* 3.4273 5.9412 42.280
[1201° | [(SnSe)idi(VixTaSes): | x=0 0.15/0.147* 3.415 5.935 12.020
x=0.28 0.15/0.155* 3.455 5.984 12.108
x=0.48 0.15/0.16* 3.482 6.018 12.152
x=0.65 0.15/0.171* 3.501 6.022 12.199
x=1 0.15/0.143* 3.456 6.015 12.321
[114]9 | [(SnSe)ai(VixTaSes): | x=0 0.15/0.14* 3.409 5.943 12.056
x=0.04 0.15/0.14* 3.411 5.945 12.064
x=0.06 0.15/0.143* 3.416 5.946 12.062
x=0.07 0.15/0.144* 3.422 5.954 12.063
x=0.09 0.15/0.148* 3.428 5.956 12.065
[32] [(SnSe)i+a]a(VSer) 0.09/0.145* 3.415 5.94 12.02
[67] [(SnSe)i+a]a(VSer) 0.15/0.146* 3.414 5.935 12.03
[85] [(SnSe)i.eli(VSes): 0.15
[80] [(SnSe)u.s)i(VSer) 0.15
[70] [(SnSe)1e1(VSes): 0.11/0.12° P-3m1 12.01
supercell 26.90
[37] [(SnSe)1+1(VSea): Sn/v=0.89 | 0.14/0.142* P-3m1 | 3.402 5.924 12.0446
Sn/v=0.95 P-3m1 12.0449
Sn/V=1.07 P-3m1 12.0036
Sn/v=1.11 P-3m1 11.9730
Sn/V=1.17 | 0.15/0.145* P-3m1 | 3.408 5.927 11.9890
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Sn/V=1.23 P-3m1 11.9900
Sn/V=1.32 P-3ml 11.9410
Sn/V=1.37 | a; 0.12/0.123* P-3m1 | 3.413 a;=5.995/ | 11.9540
a, 0.14/0.144* a,=5.94
[87] [(SnSe)io]1(VSer): 100 °C 0.15/0.183* avse=3.46/ | 5.92 12.40
Asnse2=3.78
200 °C 0.15/0.175* avse=3.46/ | 5.94 12.33
Asnse2=3.78
300 °C 0.15/0.131* avsez=3.4/ | 5.95 12.31
Asnse2=3.79
400 °C 0.15/0.132* 3.39 5.93 12.01
[69] [(SnSe)i+gl1(VSer): 0.15/0.06° 12.03
[(SnSe)i.eli(VSeyr). 0.15/0.08° P-3m1 17.98
[(SnSe)i+a]1(VSer)s 0.15/0.08%/0.158* P-3ml | 3.44 5.95 23.92
[(SnSe)1+a]1(VSer)s 0.15/-0.04° P-3ml 29.90
[68] [(SnSe)y+eli(VSer): 0.15/0.164°/0.151* 3.414 5.923 12.034
[(SnSe)i.e]o(VSea): 0.15/0.164°/0.15* 3.4564 5.9976 17.828
[(SnSe)y+els(VSer): 0.15/0.164°/0.157* 3.463 5.9923 23.640
[(SnSe)i+s)a(VSer)s 29.300

disordered/random (i.e. (A,B)C) stacking variants are reported [120].In several
cases, the in-plane lattice parameters are more volatile [28, 38, 39] or plateau at
some point [74, 120] and are, hence, not easily interpretable. On the one hand,
effects such as an altered charge transfer are assumed [120]. On the other hand,
even though ferecrystals basically comprise the very same two subsystems as misfit
layer compounds, the composition of building blocks is much more flexible as the
general formula [(MSe)1+s]m(VSe2)n suggests. As a matter of fact, Falmbigl et al.
reported that small alterations of the Sn/V ratio significantly influence the unit cell
dimensions [37]. Additionally, various defect mechanisms that support off-
compositions (i.e. extra layers on the surface [84], extra layers in the crystal [84],
partial replacement of layers [28, 37, 84], substitutions of atom positions [120],
substitutions by foreign SnSe: layers [85, 87], interstitial vanadium [38, 71], and
vacancies [28, 39, 71]) are described in literature. In general, volume defects are
more likely than intercalates [38, 114]. Interaction of several of these effects,
complicates the determination of the relationship of stacking sequence or

composition and in-plane axes.

3.9.3. Special structural features of the layers

In principle, the sublayers adopt two different crystal structures. The VX2 triple layer
is a slightly distorted Cdl2-type sandwich and the MX double layer is a distorted
NaCl-type slice [122]. A direct comparison of the building blocks of vanadium-based
misfit layer compounds and ferecrystals is difficult; not only due to the above-

described differences in structural features but also due to the lack of data. Detailed
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structural data on the individual sublayers is mainly available for sulphur-based
misfit layer compounds, but only selenium-based ferecrystals were synthesised.
Only for (LaxSe)i+s(VySe2)n the respective misfit layer compounds [35, 122] and
ferecrystals [39] are comparable (refer to Table 5 and Table 6). All other
substructures of vanadium-based misfit layer compounds can only be compared to
the constituent bulk materials; the same is valid for the vanadium-based

ferecrystals.

The basal lattice parameters of vanadium-based ferecrystals are insensitive to
alterations of m and n and very closely related to the bulk materials [23]. The
thicknesses of the layers can be easily estimated by a linear plot of the stacking
sequence m or n versus the lattice parameter c. The layer thicknesses of one
individual MSe layer and one VSe: layer are determined by the slope and the
intercept when m is varied. When n is varied the layer thicknesses are determined
vice versa (slope for VSe2 and intercept for MSe). As shown in Table 7, the layer
thicknesses vary significantly, even for the same “M” element despite R2-values of
the fit above 0.995. Explaining this phenomenon is complex as the following
contradiction illustrates. On the one hand, interstitial vanadium is observed to
decrease the c axis length [38, 69]. On the other hand, samples with high
tin/vanadium-ratio were reported to have smaller ¢ axes than samples with lower
ratios [37] (refer to Table 6). We suspect that differences in defect concentrations
and/or compositions may alter charge transfer and/or van der Waals gap between

adjacent layers and, hence, the estimated layer thicknesses.

Interestingly, the same evaluation approach can be applied for estimating the layer
thickness of misfit layer compounds, too. As shown for the values of
[(SnSe)1+s5]lm(VSe2)1 in Table 7, the results are comparable, when the calculations
are based on the lattice distances d instead of the lattice parameter c [109].

Concerning the intralayer distances, several effects are noteworthy: the puckering
of layers, the periodic anti-phase boundaries, the modulation of V-V interatomic

distances, and the asymmetric distortion of layers.

First, the transformation of the 3D crystal structure unit into a 2D lattice results in a

change of the local environment (e.g. coordination number). The electrostatic
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interlayer interactions in combination with the lattice mismatch results in an
anharmonic puckering of the MX layers that is approximately perpendicular to the
in-plane surface [126] (refer to Figure 1). The displacement of the VX2 layer's
chalcogen atom, in contrast, is less affected by alterations of the local environment.
All available (average) puckering values are collected in Table 8. The puckering is
stronger for lanthanide-based compounds than for bismuth-, lead-, and tin-
compounds. The effect of puckering can be modulated by altering the composition.
Falmbigl et al. observed, that the exchange of tin for bismuth reduces the overall
puckering to zero in their synthesised ferecrystals. They attribute this effect to
weaker interlayer interactions, which are a result of changes of the electronic
structure. Those changes probably arise, just as for lithium-intercalated VSez, from
enhanced Coulomb repulsions of the V 3d-band [74]. Presumably, due to the altered
charge transfer to the VSe:2 sheets, different stacking sequences influence the
puckering strength, too. The puckering of exterior layers is more pronounced than

that of interior layers [68].

Second, for bismuth-based ferecrystalline [74, 96] and misfit layer compounds [61,
122] periodic anti-phase boundaries are observed perpendicular to the a axis of the
BiX layer. Although the intensity of reflections is not affected by the presence of
these misorientations, satellite reflections are observed [61]. Unfortunately, no
interatomic distances or site locations are reported. For a similar tantalum-based
misfit layer compound with anti-phase boundaries, the Bi-Bi distances at the
boundary are about the same as in metallic bismuth and the S-S distances indicate
non-bonding interaction [122]. The HAADF-STEM images of the vanadium-based

ferecrystal show similar interatomic distances [96].

Third, the V-V interatomic distances appear to be modulated for several vanadium-
based misfit layer compounds [26, 35, 36, 43, 49, 50, 66, 75-77]. The modulation
amplitude is relatively large for both the sulphur-based (e.g. up to 0.7 A [43]) and
the selenium-based (e.g. up to 0.6 A [35]) misfit layer compounds. Regardless of
that amplitude, the reported distances are typical for metallic properties. For
instance, in bulk LiVSe2, which is metallic, the reported V-V distances are 3.52 A

[36]. Also, for bulk VS:2 intercalated by Na, the V-V distances indicate whether it is
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(s) and intercept (i) in our calculations.

Lit. | Compound MSe [A] | VSe: [A]
[71] | [(EuSe)i+s]1(VSe2)n 6.1205 | 5.110
[39] | [(LaSe)1+s]1Vna+y)+1Sezn+2 | 5.900°% | 5.700
[71] | [(LaSe1x)1+s]1(VSe2)n 5.8705 | 5.800
[28] | [(PbSe)1+s]m(VSe2)1 5980 |6.593s
[27] | [(PbSe)1+s1(VSe2)n 6.100% | 6.150
[109] | [(SnSe)1+s]m(VSe2)1 5.818 | 6.2555
[68] | [(SnSe)1i+s]m(VSe2): 5.761 | 6.298s
[38] | [(SnSe)i+s)1(V1+xSe2)n 6.053% |5.917
[69] | [(SnSe)i+s]i(VSe2)n 5.955% | 6.070

Table 8: Puckering of the MX layer; indices given in the table denote our calculations (*), our
approximations from graphs in the literature (g), the puckering of MSe layers are (pl) for the most

exterior layer and (pn) for the most interior layer (compare Figure 1).

Lit. Compound Comment | Puckering [A]
[88] | (Lao.95S)1+5VS2 MLC 0.68*
[43] | (Lao.95S)1+5VS2 MLC 0.69*
[34] | (LaS)1+5VS2 MLC 0.69*
[35] | (Lao.gsSe)i+sVSe2 MLC 0.73*
[39] | [(LaSe)1+s]1Vn@a+y)+1S€2n+2 | N=2 0.62
n=3 0.76
[71] | [(LaSeix)1+s)1(VSe2)1 0.44
[(EuSe)1+s]1(VSe2)1 0.63
[27] | [(PbSe)i+s]1(VSe2)1 0.367
[28] | [(PbSe)i+s]3(VSe2)1 0.6P1/0.5P?/0.4P3
[109] | (PbSe)1+sV1xSe2 MLC 0.41
[109] | (BiSe)1+5V1+xSe2 MLC 0.32
[96] | [(BiSe)i+s]1(VSe2)1 0.25
[74] | [(SniyBiySe)i+s)1(V1+xSe2)1 | y=09 0.275¢
y=0.069 | 0.2829
y=0.239 | 0.1459
y=0.429 | 0.036¢
y=0.579 | 0¢
[69] | [(SnSe)i+s]1(VSe2)1 0.34
[(SnSe)1+s]1(VSe2)2 0.13
[(SnSe)1+s]1(VSe2)s 0.19
[(SnSe)1+s]1(VSe2)s 0.16
[67] | [(SnSe)i+s]1(VSe2)1 0.19
[68] | [(SnSe)i+s]1(VSe2): 0.21
[(SnSe)1+s]2(VSe2)1 0.44r/0.41r?
[(SnSe)1+s]3(VSe2)1 0.72°%/0.65P?/0.28P*
[109] | [(SnSe)1+s]1(V1+xSe2)1 MLC 0.27
[(SnSe)1+5]2(V1+xSe2)1 MLC 0.49P1/0.48p?
[(SnSe)i+s]a(V1+xSe2)1 MLC 0.61P%/0.71P%/0.70P3/0.64"4
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metallic (3.346 A for 0.95 Na/unit) or semiconducting (3.566 A for 1 Na/unit) [36, 66].
When V-V distances are short, the adjacent sulphur atoms are pushed way slightly
(~0.2 A) [43]. Due to the strong modulation amplitude in the b direction [35, 49] or
at an angle of 120 ° from a [76], vanadium atoms form columns along the
incommensurate a direction in a sinusoidal-like manner [35, 49]. The results of this
linear clustering are quasi-1D chains that should behave like quasi-1D metals [76]
or tetramer clusters. One noteworthy aspect is that the thermal treatment needs
particular consideration at the evaluation of the crystal structure, as some of the V-

V distances change dramatically between 300 and 200 K [49].

Last, Atkins et al. and Cordova et al. observed that, when the stacking sequence
increases with m, the average distance d within the MSe layer is different for interior
and exterior layers. The inner layers are, just as for the puckering, less contracted
than the outer layers [28, 68]. In addition, the VSe:z layer is influenced by different
stacking sequences. When the stacking sequence n is increased, the vanadium
position distorts slightly. As a result, the vanadium is asymmetrically sandwiched
between the selenium sheets [38, 39, 69]. This effect is particularly pronounced for
interstitial vanadium sites in the van der Waals gap [38, 39]. However, the trend of
asymmetry is ambiguous, depending on whether the inner or outer layers and the
interior or exterior side of the sandwiches are larger, [38, 39, 69].

The van der Waals gaps are located between MX layers, between VX: layers, and
between MX and VX2 layers. The interlayer distances in the bulk materials VS2 and
VSe: are approximately 2.88 and 2.97 A [115]. All van der Waals gaps in vanadium-
based ferecrystalline and misfit layer compounds are approximately equal or smaller
than the bulk references (refer to Table 9). The gap shrinks significantly for the
trivalent cations bismuth and all lanthanides compared to the divalent tin and lead,
due to the stronger charge transfer. Also, for heterostructures with increasing m
values (e.g. MX layers are added), the van der Waals gaps are decreased, due to
the increased transfer of electrons to the VSe: layer. Heterostructures with
increasing n values (e.g. VX2 layers are added) exhibit rather constant interlayer
distances. The MX-MX and VX2-VX2 gaps are typically smaller than the MX-VX2

distances.
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Table 9: Interlayer distances d of the van der Waals gaps; indices given in the table denote our
calculations (*), our approximations from graphs in the literature (g), the gap between the most
interior layers of MSe/VSe; (i), and the gap between the most exterior layers of MSe/VSe; (e).

Lit. Compound Comment | MX-MX [A] MX-VXz [A] | VX2-VX2 [A]
[88]* (Lao.e5S)1+5VS2 MLC 2.421
[43]* (Lao.e5S)1+5VS2 MLC 2.722
Ba | (LaS)eVS: MLC 2.382
[35]* (Lao.esSe)1+sVSe2 MLC 2.820
[39]* [(LaSe)1+5]1Vn@a+y)+1S€2n+2 | N=2 2.661 2.780
n=3 2.432 2.921¢/2.948
71 | [(LaSer)woi(VSe2) 272 2.69
[(EuSe)1+s)1(VSe2)1 2.69
277 | [(PbSe)ws1(VSe): 3.00
28] | [(PbSe)wsls(VSe)s 2.865 2.904
[109] | (PbSe)isVSes MLC 3.220
[109] | (BiSe)1sVSer MLC 2783
[96] | [(BiSe)al(VSea) 2.86
[74g | [(Snw. y=0 2.92
\BiySe)1+5]1(VixSes)s y=0.06 2.90
y=0.23 2.93
y=0.42 2.97
y=0.57 2.97
B8] | [(SnSe)moli(VirSer)2 2.927 2.915
[(SnSe)1+5]1(V1+xSe2)s 2.926 2.903
671 | [(SnSe)ms1(VSed)s 3.06
[69] | [(SnSe)ssls(VSea) 2.92
[(SnSe)1o1(VSes): 3.01 2.88
[(SnSe) o1 (VSes)s 2.99 2.89
[(SnSe)1o1(VSes)s 3.01 2.89°/2.9
[68] | [(SnSe)ussls(VSea) 2.986
[(SNSe)1=o2(VSes): 2.713 2.849
[(SNSe)1=ol3(VSes): 2.610 2.879
[109] | [(SnSe)sss(VSea) MLC 2.976
[(SNSe)1=o2(VSes): MLC 2.771 2.948
[(SNSe)1sola(VSes): MLC 2.866%/2.902 | 3.132

However, there are some exceptions. In case vanadium is intercalated into the van
der Waals gap between two consecutive VSe: slabs different effects on the gap
distance are reported [38, 39]. On the one hand, the neighbouring selenium atoms
are observed to shift closer to the location of the interstitial vanadium and, hence,
reduce the gap on average at low vanadium contents (e.g. occ. ~0.25 in [38]). On
the other hand, high vanadium contents (e.g. occ. ~0.5 in [39]) are described to

expand the lattice. The other exception is observable for mixed “M” positions [74].

When the composition is varied between tin-based [74] and bismuth-based [96]
ferecrystalline endmembers, the van der Waals gap dimensions are altered by the
composition in an ambiguous fashion (refer to Table 9). The van der Waals gap

contracts between 0<y<0.06 [38, 74], expands between 0.06<y<0.42, and plateaus
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between 0.42<y<0.57 [74]. Evidently, the van der Waals gap will contract again
between 0.57<y<1 [74, 96]. This is counterintuitive, as the average valency should
increase with increasing bismuth contents. Furthermore, the expansion of the van
der Waals gap cannot be attributed to bismuth agglomerates or anti-phase
boundaries. The authors suggest that changes in the electronic structure (e.g.
enhanced Coulomb repulsion of the V 3d-band) weaken the interlayer interactions.
However, they observed extensive streaking of hkl reflections, which indicates
turbostratic disorder [74]. Therefore, another possible explanation might be that the
mixed heterostructure interlocks more randomly in relation to the orientation of
layers. The less favourable angles between (Bi,Sn)Se and VSe: layers, would, in
turn, widen the van der Waals gap, increase the total energy of the system, and

slightly destabilise the resulting crystalline structure.

The previously mentioned compound (LaxSe)i+s(VySe2)n is the only compound
allowing for detailed comparison between ferecrystalline and misfit layer compound.
Interestingly, the (LaxSe)i+s(VySe2)n ferecrystal is the only known ferecrystalline
compound with a rectangular distortion in both constituent’s lattices [71]. This is also
reported for the analogous misfit layer compounds [43, 88]. The distortion of 2 % is
slightly smaller than that of the misfit layer compound (3 %) and decreases even
further with increasing n to a value of 1.5 %. This difference, which is observed
particularly for the LaSe sublattice and, hence, for the misfit parameter, can be
attributed to the lack of lanthanum vacancies in the ferecrystalline structure [39].
Comparing the substructures’ interlayer distances, the values are rather similar.
Between the LaSe-layer (dwic=3.80 A and 3.86 A>crc23.79 A), which exhibits
puckering of lanthanum and selenium sites (dm.c=0.73 A and 0.62 A<crc<0.81 A),
and the VSez-layer (dwc=2.98 A and 2.85 A<crc<3.38 A) is a van der Waals gap
(dvc=2.42 A and 2.66 A>crc22.24 A) [35, 39]. The van der Waals gap between
adjacent VSez-layers is partially filled with interstitial vanadium atoms in the
ferecrystal. However, their site location is asymmetrically sandwiched within the
gap. The gap closer to the LaSe-layer is larger than the one on the opposing side.

This effect is reduced with increasing values for n [39].
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3.10. Conclusion

In a bibliographic analysis of the available literature on vanadium-based layered
compounds, we observed two waves of publications. The literature on misfit layer
compounds starts in 1988 and that on ferecrystals in 2015. The two topics
increasingly drifted apart in the last years, despite the close structural relationship.
We found that the keywords differ slightly depending on the area of study (e.qg.
physics, crystallography, phase diagrams, theoretical studies). We suspect that this
is due to different styles of writing and publication cultures of the large number of
different authors. A major drawback of such differences is that some authors cite
similar sources but do not co-cite each other and some authors were not even cited
once despite the relatedness of the topic. We propose that a common set of

keywords could help making reception easier for future publications;

Synthesis approaches for misfit layer compounds start from pure elements, oxides,
and/or binary compounds. They often involve a mineraliser and, depending on the
“M” element, annealing temperatures above 800 °C for several days to weeks. For
ferecrystals, only high purity elements are utilised for the synthesis. Both
compounds are frequently prepared with a surplus of chalcogen to compensate for
eventual losses. After careful calibration, the ferecrystalline compounds are
synthesised by alternating depositions of elements and annealed for short durations
(<60min) and at temperatures between 250 °C and 650 °C depending on the “M”
element. During that annealing step the amorphous compound crystallises. The
nucleation mechanism is a templated growth mechanism, where one slab nucleates
first and serves as a template for the second slab. Which of the two slabs functions

as the template for the other is still unknown and open for further investigations.

The composition of vanadium-based compounds often remains unclear, as only
calculated misfit parameter are stated. Some authors report on slight off-
stoichiometric compositions due to vacancies but mention no other defect
mechanisms. The exact composition of compounds and slabs should be
investigated in more detail. The compositions could also explain the slight deviations
in lattice parameters, as it is reported for ferecrystals. For ferecrystals the off-
stoichiometry due to defects (e.g. oxidic impurities, partial substitution of slabs,
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interstitials) and the resulting difference in lattice parameters was already

investigated in more detail than for misfit layer compounds.

The phase equilibria are still mostly uninvestigated and open for further research in
this field of study. It is also unknown, whether all misfit layer compounds are
obtainable without a mineraliser and, hence, if they should be included in an

equilibrium ternary phase diagram at all.

Regarding the general features of the misfit layer compounds in these systems, the
lattice parameters were standardised for their a axis to be incommensurate, as
suggested by Wiegers [122]. For vanadium-based misfit layer compounds only
compositions where m =n =1 can be observed. The Sn-Se-V-system (m <6 and
n = 1) is a remarkable exception to this general trend, which might be attributable to
the different synthesis conditions with longer annealing durations. Such altered
synthesis conditions may result in different stacking sequences for misfit layer
compounds in the other vanadium-based systems as well. Intercalation of lithium
into MLCs widens the van der Waals gaps in the lattice and allows a twelvefold
symmetry to evolve before the compound amorphises. Upon deintercalation that

amorphisation is reversed.

Furthermore, we recalculated all misfit parameters 1+ and lattice distances d. As
different methods for calculation of the misfit parameter and the monoclinic distortion
in the unit cells were used in literature, this was necessary to make them comparable

to each other and to ferecrystals.

The ferecrystals’ misfit parameters were recalculated, too, as on the one hand, not
all authors stated a calculated parameter but rather a fixed value, and on the other
hand, some authors published misfit parameters determined by the M/V-ration in
EPMA. Noteworthy for further research in this field, is the fact that there appear to
be more and less favourable angles between the slabs, which results in a twelvefold
symmetry. Such ordering phenomena should be investigated further for other
ferecrystalline compounds and probably for the intercalated misfit layer compounds,

too.
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Where available, the thicknesses of layers estimated by linear trends, the actual
layer thicknesses, and the puckering of layers are compared for ferecrystalline and
misfit layer compounds. Furthermore, several interlayer and intralayer effects are
discussed. In general, it can be stated that there is very little overlap of literature
allowing a direct comparison of ferecrystals and misfit layer compounds, as all
publications on the former are for selenium-based and most on the latter for sulphur-
based systems. This issue should be tackled in further investigations in this field of
study, in order to close the gap between those two deviating branches of research

in the area.
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4.2. Abstract

The ternary system Sh-Se-V was investigated by means of powder X-ray diffraction
(PXRD), differential thermal analysis (DTA) and scanning electron microscopy
(SEM) in combination with electron probe microanalysis (EPMA). A special focus
was set on the possible existence of misfit layer compounds (MLCs). However, none
of these, other materials of low dimensionality, or bulk ternary compounds were
observed in the Sb-Se-V system. The results of the evaluations in the ternary system
are presented by six isothermal sections at 400 °C, 550 °C, 650 °C, 750 °C, 900 °C

and 1000 °C, one solidification scheme and one Scheil’s diagram.

Furthermore, new results on the binary systems of Se-V, Sb-Se, and Sb-V are
reported. Some alterations of the Se-V system are presented in a revised version.
It comprises the elimination of the VsSes phase and a limitation of the thermal

stability of the SegV2 phase.

4.3. Keywords

Ternary alloy system, Phase diagrams, Phase transitions, Misfit layer compounds,

Scanning electron microscopy, X-ray diffraction
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4.4. Prime novelty statement

In this article, we present the up to now uninvestigated phase diagram Sb-Se-V.
Additionally, we present new insights into the Se-V system (e.g. liquid composition
and thermal stability of the SegV2 phase) as well as the Sb-V system (e.g. therla

stability of the Sb7.46V9 phase)

4.5. Highlights

e Six isothermal sections in the Sb-Se-V system
e Liquidus projection of the Sb-Se-V system
e Solidification scheme of the Sb-Se-V system

e Alterations to the Se-V phase diagram

4.6. Introduction

Low-dimensional materials have gained great interest in the literature since the
properties of graphene were discovered. 2D materials, including transition metal
dichalcogenides (TMDs), boron nitride, and hybrid perovskites, were not only
investigated for their properties for next-generation electronics, but also for anode
materials in lithium-ion batteries and for water splitting by hydrogen evolution

reaction.

The binary systems of Se-V and Sb-Se gained great interest in the recent literature,
as they are hosting inorganic compounds, which can be used as 2D (e.g. Se2V,
SegV2, Sha2Ses) [24, 131, 132] and even 1D materials (e.g. SesV2, Sb2Ses) [133-
138]. Furthermore, the related ternary system might host another type of 2D
material, so-called misfit layer compounds (MLCs). These MLCs comprise of a
characteristic layered composite structure of two interpenetrating subsystems. The
general formula of MLCs is [(MX)1+5]m(TX2)n and, hence, based on two different
subsystems. On the one hand, its TX2 subsystem is based on the triple layer of
TMDs; sandwiches of a chalcogen with a transition metal in between. On the other
hand, the MX subsystem arranges a chalcogenide and Bi, Pb, Sb, Sn or a rare earth
in a distorted sodium chloride type crystal structure. Additionally, the general formula
reflects the fact, that these incommensurately modulated systems need to be

described in (3+1)D superspace symmetry as the two subsystems do not have
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integer values for their lattice parameters (e.g. a misfit parameter & is required) [126,
139].

Several MLCs are reported for vanadium- and sulfur-based systems [26, 33, 40, 41,
43,45,47,76,77, 88, 104, 110-112], whereas reports on those containing vanadium
and selenium are limited to that of (Lao.9sSe)1.21VSe2 [35]. The present publication
tries to investigate, whether there are MLCs existing in the ternary system of Sb-Se-
V. Therefore, in this paper, we investigate the isothermal sections and solidification
scheme in a systematic manner. Furthermore, several open questions in the binary

systems are discussed.

4.6.1. Literature review
The binary system of Sb-Se exhibits one binary phase (refer to Figure 5 for a

redrawn version). Sb2Ses congruently melts at temperatures between 590 °C [140]

6751
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Figure 5: Calculated phase diagram of the Sb-Se system using the ionic solution model of Ghosh
[55] redrawn in black; our proposed alterations are shown in green; EPMA measurements of
equilibrium samples in the Sh-Se system are indicated by small green circles; the full lines are
determined phase boundaries and transitions, whereas dashed lines reflect uncertain phase
boundaries and transitions; the invariant reactions observed in DTA measurements are marked by
triangles
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and 625 °C [141]. The curvature of the liquidus in this region was investigated in
detail by Glazov et al [142]. The antimony-rich part is characterised by a liquid
miscibility gap. The linked monotectic reaction is flanked by two eutectic reactions.
One of those eutectic reactions (L — (Sb) + Sb2Ses) is located around 50 at.% Sb.
The exact location is dependent on whether the phase diagram was calculated (e.g.
51 to 54 at. % Sb) or experimentally determined (e.g. 50 to 51 at. % Sb). The other
eutectics (L1 — L2 + (Sb)) composition is highly uncertain (e.g. 22 to 28 at. % Sb
compared to 17 at. % Sb). The invariant temperatures for the two eutectic reactions
are found in a range of 531 °C [142, 143] to 541 °C [140] or between 571 °C [143]
and 580 °C [140], respectively. Hence, the liquidus, especially in this region, is

discussed controversially.

In the selenium-rich part, there is a metastable liquid immiscibility and a eutectic
reaction (L — (Se) + Sb2Ses) at selenium-contents larger than 99 at.% Se and very
close to the melting point of pure selenium. Since the comprehensive assessments
of Ghosh [144, 145] no new experimental values on the phase equilibria or
decomposition temperatures of the phase diagram of Sb-Se were published for the
binary system. There is a phase diagram investigation on the related ternary system
of 1-Sb-Se, which could provide additional insights into the binary system of Sb-Se.
However, Aliev et al. [146] appear to have used the experimental values of Wobst
for the binary system [140]. Hence, the phase diagram of Ghosh [145] contains the
most recent information to the Sb-Se system. The thermodynamic values of the

binary system were recently reviewed in detail by Schlesinger [147].

The first phase diagram of the binary system of Sb-V was published recently by
Failamani et al [148] (refer to Figure 6 for a redrawn version). It exhibits a congruent
melting phase SbVs. This phase exhibits the highest decomposition temperature
and the largest solubility range of all binary phases present in this system. On the
vanadium-rich side of the phase, there is a eutectic reaction, whereas, on the
vanadium-poor side a peritectic cascade (refer to Figure 7 for detailed information
on the reactions occurring in this system) involving the phases SbVs, SbV2, ShboV7.46,
and SbeV is located, which terminates in another eutectic reaction. The errors for
the invariant temperatures given by Failamani et al [148] are between 5 °C and
25 °C. Whilst studying the Sb-V system the highly debated phase of Sb4Vs was
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found to be stabilised by impurities such as carbon in the octahedral 2b sites. Hence,
Failamani et al [148] eliminated the CixSb4Vs phase from the equilibrium phase
diagram of Sb-V. There are more recent publications on the ternary systems of Sb-
V-Zn [149] and Co-Sb-V [150], which could provide additional insights into the binary
system of Sb-V. Peng et al [149] did report on significant differences regarding the
solubility ranges of the phases, whereas Ronaka et al [150] observed similar ranges
as Failamani et al [148]. Hence, the experimental values of Failamani et al [148],
which were confirmed by Ronaka et al [150], were utilised in the investigation of the

Sbh-Se-V phase diagram.

Due to experimental difficulties, the constitution of the binary Se-V phase diagram
is not entirely determined (refer to Figure 8 for a redrawn version and Figure 7 for
detailed information on the reactions occurring in this system). It shares distinct
features with the closely related systems of sulfur or tellurium with vanadium. Hence,

hence some data were extrapolated (e.g. the eutectic reaction in the selenium-rich
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Figure 6: Sb-V system determined by Failamani et al [148] redrawn in black; our proposed alterations
are shown in green
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part) in the literature [151]. The three intermetallic phases present in that region

between 33 and 51 at.% V, are related to the NiAs parental structure. The fact that

the hexagonal and monoclinic phase form a pseudo-single phase at elevated
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Figure 7: Scheil’s diagram of the Sb-Se-V ternary system; reactions with uncertainty are indicated
by dashed lines; due to the broad homogeneity range of SexV, where 1 < x < 2, the phase was
denoted as SeV for readability reasons
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temperatures and the fact that superlattices are reported to complicate the

determination of the distinct phase boundaries in this system.

Two additional phases are reported apart from those related to NiAs structure type
[151]. SegV2, on the one hand, is comprised of a chain-like monoclinic structure with
weak bonds between those chains [152]. It is known for the S-V system but lacks
an analogous phase in the Te-V system [139]. Se4Vs, on the other hand, is
isostructural to the previously mentioned Sb4Vs phase [153] and is also known from
the analogous S-V and Te-V systems. Se4Vs was observed in the literature several
times. Under varying sample preparation techniques, it was observed to be stable
up to differing temperatures. It is discussed ambiguously regarding its thermal
stability [154, 155]. In the samples prepared in alumina crucibles by Rgst et al [154],

the Se4Vs phase was less stable compared to those prepared in carbonised silica
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Figure 8: Comparison of the altered phase diagram of the Se-V system with the phase diagram
assessed by Smith [151] redrawn in black, and our proposed phase diagram in green; EPMA
measurements of equilibrium samples in the Se-V system are indicated by small green circles (point
measurements) and bars (area scans with uncertainty); the measured sample compositions are
given in large green circles; the full lines are determined phase boundaries and transitions, whereas
dashed lines reflect uncertain phase boundaries and transitions; the invariant reactions observed in
DTA measurements are marked by triangles
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tubes by Carpay [155]. Additionally, its extended homogeneity range is doubted due
to the small changes in lattice parameters throughout the phase field [156].
However, SegV2 and SesVs both were proven to be at least kinetically stable by a
modulated elemental reactants synthesis approach [157]. Unfortunately, Overbay et
al [157] do not report on the purity of their used source material. Hence, their results

on the respective phases are even less comparable.

No literature is available on the ternary system of Sb-Se-V. However, by the cubic
phase of VSb(SeOs)s at least one systematically related oxide is known [158].
Hence, preventing oxide formation is crucial in the design of synthesis routes in the

ternary Sb-Se-V system.

4.7. Experimental procedures

The pure elements in the present ternary system exhibit strongly differing physical
(e.g. melting points and vapour pressures) and chemical properties (e.g. oxide
formation). This limits the available experimental procedures requires iterative

sample preparation schemes in order to reach equilibrated samples.

All binary and ternary samples are originating from powders of vanadium (smart
elements — purity 99.9 %), antinomy chunks (Cominco Electronic Materials — purity
99.999 %) and selenium shots (American Smelting and Refining Company — purity
99.999 %). In order to speed up reaction rates, reduce evaporation losses, reduce
weighing errors and eventually permit melting in an argon arc, master alloys of SezV,
SeV, SbVz, and Sb2Ses were prepared from the powders of the pure elements in
large quantities. These were weighed out in an argon-filled glovebox, sealed in silica
ampoules under vacuum and subjected to heat. The resulting master alloys were
checked for their exact stoichiometric composition and potential impurity phases by
EPMA and PXRD investigation methods. Only well homogenised and oxygen-free

master alloys were further processed in sample preparation.

All binary and ternary samples were weighed out from powders of the pure elements
as well as readily prepared master alloys in an argon-filled glovebox to a total mass
of 0.3 g at an accuracy of 0.5 mg per weighed out compound. The well-mixed
powder blends were then cold pressed in a steel die without lubricant in order to

obtain dense samples. Additionally, samples located in the vanadium-rich corner
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were molten under low current with a non-consumable tungsten electrode in an
argon atmosphere. The samples subjected to heat treatment were sealed in silica
ampoules under vacuum beforehand. Inevitably occurring heat gradients in muffle
furnaces were circumvented by placing the sample ampoules in custom-build closed
containers. In order to reach the equilibrium conditions in the samples more quickly,
especially at low temperatures, not only master alloys were utilised, but most of the
samples were subjected to temperature programs too. When choosing the duration
and temperature of each step of pre-heat treatment the parameters of the vapour
pressures of the pure elements, the reaction of vanadium with the silica ampoules
and the presumable proportion of liquid phase present, were considered in order to
balance the loss due to evaporation, the impurities of oxygen and silicon at elevated
temperatures and the reaction speed. After each step in heat treatment, the samples
were quenched in cold water (refer to the supplementary materials section for the

specific procedures of each sample).

Similar to the established literature, the transportation agents I> or NH4Cl were
added to several samples for a potential MLC-preparation [121, 122]. Additionally,
a LiCI/KCl-eutectic salt melt was added to several samples for the same purpose,
in order to act as a crystallisation aid. This method was introduced by Clarke and
Freedman [159].

All samples prepared were carefully checked under a stereo microscope for crystals,
which appear morphologically similar to MLCs. For further sample characterisation
powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM) were
employed. In order to determine the chemical composition, electron probe
microanalysis was performed on a Zeiss Supra 55 VP scanning electron
microscope, which was operated at an acceleration voltage of 20 kV and employing
energy dispersive X-ray analysis (EDX). Pure cobalt was used for an energy
calibration of the EDX signal. The samples were embedded in a carbonised phenolic
hot mounting resin for SEM preparation. As the powdered and sintered powders,
especially those with low antimony contents, tended to be brittle all samples were
soaked in with several layers of epoxy resin for further stabilisation during grinding
(SIC abrasive paper grits 500 to 4000). PXRD was done by a Bruker D8
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Table 10: The observed phases of selected samples, which represent the reported three-phase
equilibria by means of EPMA and PXRD data; The samples description includes the annealing
temperatures and the measured composition in at.% V, Se, and Sb; The abbreviations of the phases
represents the amount observed of this phase (M — major, T — traces, | - impurity stabilisation) or in
cases, in which the liquid was not clearly determinable the variation range of the measurements
(Lmax and Lmin)
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Sample Phase \ Se Sb Phase a b [ a B y
(EPMA) (at%) (at%) (at%) (PXRD)
s062 Sbh2Se3 0.4(4) 58.1(8) 42(1) Sbh2Se3 11.784  3.977 11.637 90 90 90
(M) (M)
400°C Se8V5 37(5) 61.1(1) 1.9(5) Se8V5 11.831  6.999 8.312 90 134.15 90
) (M)
30(1)/57.6 | Se4Vv3 38.6(5) 61.1(9) 0.4(5) Se4v3 13.352  3.398 6.126 90 116.11 90
(5)/13(1) (T) M
S068 Se4v3 40.9(5) 58.1(6) 1.1(5) Se4Vv3 13.208 3.438 6.152 90 116.26 90
(M) (M)
400°C Sbh2Se3 0.3(6) 58(1) 42.1(5) | Sb2Se3 11.785  3.979 11.635 90 90 90
(M) (M)
18(5)/50.9 | Sb (M) 0(0) 0.3(1) 99.7(1) | sb (M) 4.307 4.307 11.278 90 90 90
(2)/31.1(6)
so71 Se4v3 40.8(2) 58.1(2) 1.1(4) Se4v3 13.209 3.437 6.155 90 116.25 90
(M) (M)
550°C Sb (M) 0(0) 0.8(2) 99.2(2) | Sb (M) 4.307 4.307 11.272 90 90 90
17.5(8)/48 | L 0(0) 49.6(7) 50.4(7) | N/A N/A N/A N/A N/A  N/A N/A
(1)/35(2)
s075 L 1.4(3) 0(0) 98.6(3) | sb (M) 4.309 4.309 11.272 90 90 90
550°C Se4v3 44.6(8) 55.1(6) 0.4(5) Se4v3 13.285 3.483 6.212 90 116.32 90
(M) (M)
45.1(4)/49
.1(6)/5.9(7
)
5080 Se4v3 40.5(5) 59.5(5) 0(0) Se4v3 13.202  3.437 6.134 90 116.30 90
(M) (M)
550°C Sbh2Se3 0.2(4) 58.1(3) 41.7(4) | Sb2Se3 11.784  3.978 11.637 90 90 90
(M) (M)
31(2)/55.9 | L 0(0) 50.1(9) 49.9(9) | N/A N/A N/A N/A N/A  N/A N/A
(8)/13(2)
s0l110 SeV (M) 48.3(7) 50.3(5) 1.5(2) SeV hP4 | 3.659 3.659 5.995 90 90 120
(M)
1000°C Sbv2 ht 57.9(5) 0.4(9) 42(1) Sbv2 ht | 4.285 4.285 5.451 90 90 120
(M) (M)
59.2(4)/17 | Sbv3 (M) 75.2(3) 0(0) 24.8(3) | Sbv3 (M) | 4.944 4.944 4.944 90 90 90
A(1)123.4(
3
s0123 SeV (M) 47.1(9) 51.6(8) 1.3(3) SeV hP4 | 3.636 3.636 5.999 90 90 120
(M)
750°C Sb2V0.9  32.4(6) 0(0) 67.6(6) | Sb2v0.9 | 6.555 6.555 5.636 90 90 90
6 (M) 6 (M)
38.6(4)/22 | Sb9v7.4  45.3(2) 0(0) 54.7(2) | Sb9v7.4 | 9.587 9.587 7.046 90 90 90
(1)/39(1) 6 (M) 6 (M)
s0126 Sbh2v0.9  33.2(3) 0(0) 66.8(3) | Sb2v0.9 | 6.558 6.558 5.632 90 90 90
6 (M) 6 (M)
550°C Sbh2v3 It 55.5(1) 0(0) 44.5(1) | Sb2v3 It | 5.542 5.542 20.335 90 90 90
(M) (M)
50.3(2)/17 | SeV (M) 48(1) 51(1) 1.1(3) SeV hP4 | 3.616 3.616 6.007 90 90 120
.3(5)/32.4( (M)
7
sol129 SeV (M) 47.7(7) 51.3(6) 1.06(8) | SeV hP4 | 3.645 3.645 5.998 90 90 120
(M)
900°C Shov7.4  45.6(1) 0(0) 54.4(1) | Sbov7.4 | 9.582 9.582 7.053 90 90 90
6 (M) 6 (M)
50.2(2)/17 | Sbv2 ht 56.5(1) 0(0) 43.5(1) | Sbv2 ht | 4.271 4.271 5.453 90 90 120
7(3)/32.1( | (M) (M)
3
s0142 Se2v (M) 33.8(4) 66.2(4) 0(0) Se2Vv (M) | 3.357 3.357 6.104 90 90 90
400°C Sbh2Se3 0(0) 58.4(1) 41.6(1) | Sbh2Se3 11.782  3.979 11.624 90 90 90
(M) M
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12.1(8)/69 | Se (L) 01(2) 929() 7(4) Se9v2 10.659 12391 8143 90 9487 90
.1(2)/18.8( )
7)
s0143 Se2V (M) 33.9(3) 66.1(3) 0(0) Se2V (M) | 3.356  3.356  6.107 90 90 90
550°C Sbh2se3”  0(0) 58.6(6) 41.4(6) | Sb2Se3 | 11.785 3.978 11636 90 90 90
M) (M)
18(2)/68.8 | Se (L) 0(0) 98(8)  2(8) N/A N/A N/A N/A N/A  N/A N/A
(8)/13(1)
s0161 Sbv3 (M) 80.2(5) 0.3(2) 19.5(3) | Sbv3 (M) | 4.923  4.923  4.923 90 90 90
1000°C SeV (M)  49.6(2) 50.4(2) 0(0) SeV hP4 | 3707 3.707 5994 90 90 120
(M)
58.3(4)/36 | v (1) 98.6(7) 03(3) 1.14) | v 2.990 2990 2990 90 90 90
3(8)/5.4(4
)
s18 Se2V (M) 34.5(4) 655(4) 0(0) Se2V (M) | 3.356  3.356  6.107 90 90 90
650°C Lmax 52(6) 94.8(6) 0(0) N/A N/A N/A N/A N/A  N/A N/A
15.5(5)/84 | Lmin 0(0) 100(0)  0(0) Se (M) 4417 4417 5016 90 90 90
5(5)/0(0)
s20 Se2V (M) 33.8(2) 66.2(2) 0(0) Se2V (M) | 3.356  3.356  6.108 90 90 90
350°C Segv2 18.7(7) 81.3(7) 0(0) Segv2 10.728 12228 7.975 90 94.65 90
M) (M)
12.1(4)/87 | Lmax 8.88) 91.2(8) 0(0) N/A N/A N/A N/A N/A  N/A N/A
.9(4)/0(0)
Lmin 0(0) 100(0)  0(0) Se (M) 4412 4412 5011 90 90 90
s21 Se2V (M) 33.8(2) 66.2(2) 0(0) Se2V (M) | 3.356  3.356  6.108 90 90 90
250°C Lmax 9.9(5) 90.1(5) 0(0) N/A N/A N/A N/A N/A  N/A N/A
12.4(4)/87 | Lmin 0.2(3) 99.8(3) 0(0) Se (M) 4414 4414 5007 90 90 90
.6(4)/0(0)
s25 V (M) 99.8(3) 0.2(3) 0(0) V (M) 2987 2987 2987 90 90 90
550°C SeV (M) 49.7(2) 50.3(2) 0(0) SeV hP4 | 3703 3703 5991 90 90 120
M)
59.2(4)/40
.8(4)/0(0)
s28 V (M) 99.4(9) 0.6(9) 0(0) V (M) 2987 2987 2987 90 90 90
900°C SeV (M)  49.7(3) 50.3(3) 0(0) SeV hP4 | 3706 3.706 5993 90 90 120
M)
59.3(1)/40 | N/A N/A N/A N/A Sedvs () | 9.279 9279 3419 90 90 90
.7(1)/0(0)
$30 V (M) 99.998 0.003(  0(0) V (M) 2.982 20982 2982 90 90 90
(5) 5)
550°C SeV (M)  50.4(6) 49.6(6) 0(0) SeV C2 | 6503 3708 6011 90  90.000 90
("
66.3(2)/33
.7(2)/0(0)
33 V (M) 100(0)  0(0) 0(0) v (T) 2966 2966 2966 90 90 90
900°C Se4V5(l) 56.5(4) 43.5(4) 0(0) SedV5(l) | 9.292  9.292 3420 90 90 90
67.4(2)/32
.6(2)/0(0)
04 Sb2Se3  0(0) 59.2(1) 40.8(1) | Sb2Se3 | 11.788 3.978  11.637 90 90 90
M) M)
250°C Se (L) 0(0) 99.26(  0.74(6) | Se (M) 4415 4415 5034 90 90 90
6)
0(0)/98.7(
2)/1.3(2)

diffractometer in Bragg-Brentano pseudo-focussing geometry (Cu-Ka radiation,
variable slit, 10°<26<120° in steps of 0.01°, silicon strip detector). The analysis of
the obtained powder patterns was done by Rietveld refinement technique with the
software program Topas4 [160] or Jana2006 [161] (refer to Table 10 for several
selected samples; detailed results are given in the supplementary materials

section).
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Several samples of various admixtures were selected for further differential thermal
analysis (DTA). The respective sample parts of a total mass between 75 and
150 mg, were sealed in silica ampoules under vacuum and measured on a DTA 404
PC Netzsch. After careful calibration with Tin, Antimony, and Copper, the samples
were measured two times at a heating rate of 5 K/min. Samples in the selenium-rich
corner were re-equilibrated in a furnace after one heating cycle due to segregation
of Selenium from the rest of the sample (results are given in the supplementary
materials section). The invariant and non-invariant reactions, where no phase
vanishes, were evaluated by the method of the extrapolated onset [162]. The peak
temperature of the last thermal event on heating was selected for the liquidus
temperature, which may result in slightly overestimated liquidus temperatures, but
yields more reliable values than those of the first onset on cooling in the present
study. This method was chosen due to the altered composition by the evaporation

of selenium.

4.8. Results and discussion
To construct the isothermal sections at 400 °C, 550 °C, 650 °C, 750 °C, 900 °C, and

1000 °C, as well as a preliminary solidification scheme, all results of PXRD and SEM
were combined. Additional DTA experiments were employed, in order to confirm
certain assumptions made during the construction of the reaction scheme presented
as Scheil-diagram (refer to Table 11). Detailed results of PXRD and EPMA are given
in in the supplementary data section.

The binary phase diagrams of Sb-Se [145], Se-V [151] and Sb-V [148], served as a
starting point for investigations. However, inconsistencies in the literature,
uninvestigated regions, and questionable liquidus behaviour complicated the
construction of the ternary phase diagram. The construction of the isothermal
sections and solidification scheme was executed in an iterative manner. In cases
were the literature of the binary systems exhibited significant scattering of their data
points, were the assessment was fruitless in locating errors in the presented
literature data and were our data was within the scattering range of the literature
values, out data points were favoured over the literature values (e.g. eutectic

compositions in the selenium-rich part and the solubility range of the phase of SbV3),
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Table 11: Results of the DTA-experiments grouped by composition regions of the ternary phase
diagram; The samples description includes the measured composition in at.% V, Se, and Sb; In
cases samples were re-annealed for additional measurments, the sample names were adjusted (e.g.
04 1, 04_2, and O4_3)and the cooling curves neglected; asterisks (*) indicate effects, which are
probably caused by the evaporation of selenium; The liquidus was not reached (indicated as “n. r.”
in most of the experiments

Sample Twmax [°C] | Run invariant [°C] non-invariant [°C] L [°C]

04 1 600 lup 216.0 - - 380.8* - - 394.1

0(0)/98.7(2)/1.3(2)

04 2 600 lup 216.6 - - 382.6* - - 391.3

0(0)/98.7(2)/1.3(2)

04_3 450 lup 2171 - - 370.9* - - 385.8

0(0)/98.7(2)/1.3(2)

s20_1 550 lup 216.3 268.3 394.0 | 428.6* - - n.r.

12.1(4)/87.9(4)/0(0)

s20 2 620 lup 216.6 - 388.2 | 424.4* - - n.r.

12.1(4)/87.9(4)/0(0)

s21 1 620 lup 217.4 265.4 399.6 | 446.1* - - n.r.

12.4(4)/87.6(4)/0(0)

s21 2 620 lup 217.7 259.2 400.2 | 440.6* - - n.r.

12.4(4)/87.6(4)/0(0)

s21 3 620 lup 217.5 290.0 403.9| 442.9* - - n.r.

12.4(4)/87.6(4)/0(0)

s0l42 250 lup 2155 - - - - - n.r.

12.1(8)/69.1(2)/18.8(7) 620 2up 2155 - - 354.3 514.0* - n.r.
250 1down | - - - - - - n.r.
620 2 down | - - - - 492.9* - n.r.

05 600 lup 5376 - - - - - 546.9

0/~50/~50 600 2up 5375 - - - - - 549.7
600 1down | 530.2 - - - - - -
600 2down | 5175 - - - - - -

so70 700 lup 536.4 5727 - 612.4 - - n.r.

14(2)/41(3)/46(4) 700 2up - 573.4 - 618.7 - - n.r.
700 1 down | - - - - - - n.r.
700 2down | - - - - - - n.r.

s089 1000 lup 633.9 899.2 - 698.9 896.9 - n.r.

25(2)/21(3)/54(4) 1000 2up 630.9 898.3 938.1] 699.4 882.7 - n.r.
1000 1down | 618.6 - 869.3 | - - 966.9 | n.r.
1000 2down | 619.3 - 866.4 | - - 966.9 | n.r.

soll6 1000 lup - - 944.2 | 473.0 883.7 - n.r.

48.5(2)/17.9(2)/33.58(9) | 1000 2up - - 944.2 | 475.3 780.3 - n.r.
1000 1down | - - 881.7 | - - - n.r.
1000 2 down | - - 879.8 | - - - n.r.

sol24 1000 lup 633.8 878.6 942.8 | 399.8 694.5 - n.r.

38.5(3)/20(2)/141(2) 1000 2up - 8815 9418 - 696.9 - n.r.
1000 1 down | - - 873.7 | - - - n.r.
1000 2down | - - 866.2 | - - - n.r.

whereas in case of contradictions between samples an overall picture of several
isothermal sections was gathered for higher reliability in the process of decision-
making. In order to reduce uncertainties, several samples in the binary sections

were produced.

4.8.1. Binary Se-V
Two regions in the Se-V phase diagram were of higher interest due to several open

guestions, as they limit the validity of the evaluations in the Sb-Se-V system. On the
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one hand, the selenium-rich part above 80 at.% Se is of interest for its eutectic
composition and temperature, its liquidus behaviour and the temperature of the
peritectic decomposition of V2Seo, as some of those values are just estimations of
Smith [151], which are based on knowledge of the analogous regions in the S-V and
Te-V systems. On the other hand, the region of Se4Vs is of interest for the questions
whether this phase is impurity stabilised, similar to C1xSb4Vs, and for its peritectoid
decomposition temperature. The revised binary phase diagram according to our

new results is given in Figure 8.

The eutectic reaction in the selenium-rich part was found to be at a temperature of
~217.5 °C, which equals a shallower eutectic of approximately similar extent as in
the Te-V system [151], comparing the temperature difference between the eutectic
temperature in the two systems (217.5 °C and 444 °C) and the melting point of the
pure elements selenium and tellurium (221 °C and 449.57 °C). Our EPMA data
exhibits no significant vanadium content in the selenium matrix. Hence, we propose

a eutectic composition of less the 0.1 at.% V, which is similar to the Te-V system.

Our investigations of the SegV2 phase showed a peritectic decomposition between
394 °C and 404 °C (L + Se2V — SegV2, refer to samples S20 and S21 in Table 11),
which is similar to thermogravimetric measurements of Oh et al [137], who reported
a decomposition at approximately 400 °C. Due to the broadness of the complex
peak, which is caused by the evaporation and re-condensation of selenium, the
results are varying. Interestingly, Oh et al [137] did not observe a phase formation
at 380 °C, which could indicate an even lower decomposition temperature.
Additionally, we did observe the phase SegV: at 350 °C, especially by PXRD
analysis, but did not observe the respective phase in samples annealed at or slowly
cooled to 250 °C (refer to Figure 9a). This indicates that this phase is involved in
another reaction apart from the peritectic formation of this phase at ~400 °C. That
reaction is a decomposition upon cooling into the same phases (Se9V2 — L + Sez2V)
by a “catatectic” reaction [163] (refer to Figure 8). The respective reaction was
probably observed as a tiny peak in a larger temperature range of 259 °C to 268 °C.
This is consistent with the literature, as Furuseth et al [152] and Oh et al [137]
prepared the SegV2 phase between 280 °C to 400 °C and 320 °C to 340 °C
respectively.
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We also attempted to measure the composition of the liquid at different
temperatures by area scans (e.g. Figure 9a). However, all attempts appear to have
failed, as higher temperatures exhibited lower vanadium contents in the liquid and
the results were in scattered in a broad range. Nevertheless, the largest vanadium
content was no more than 10 at.% V. The respective maximum vanadium contents
measured in the liquid are indicated by horizontal bars in Figure 8. DTA
measurements were performed till 620 °C in small crucibles in order to reduce the
temperature gradient, which causes sample segregation. The segregation
phenomenon could not be avoided entirely. However, re-annealing of the same
sample resulted in similar values for the reaction temperatures. No complete
liquefaction of the samples was observed in the DTA or during annealing
experiments (refer to samples S20 and S21 in Table 11). This fact further supports
this hypothesis. We conclude that the liquidus has a steeper slope than estimated
by Smith [151].

In our first experiment on the stability of the Se4Vs phase, which utilised a large
sinter sample (refer to S17) only small amounts of the Se4Vs phase were observed.
After mechanical homogenisation under air and melting in the arc of the very same
sample no SesVs phase was observed even after annealing at different
temperatures (refer to samples S25 to S29). Addition of fresh vanadium and

treatment in a similar manner yielded exclusively V and the SesVs phase at

annealing temperatures up to 1000 °C (refer to samples S32 to S34 and Figure 9b).

Figure 9: Representative tempered samples in the Se-V system; a and b are typical sections of the
samples S21 (250 °C) and S34 (1000 °C), respectively; a) light grey areas of S21 represent the
areas measured for the maximum vanadium amount in the liquid, as pure selenium was found in its
surrounding; no SegV» was observed at 250 °C; b) peritectoidic formation of Se4Vs resulting in small
crystal sizes and twinning
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had contained the phases SesVs and V, too. A reasonable explanation for this issue
would be, that impurities in the vanadium powder stabilise the SesVs phase and that
those impurities could be eliminated in the arc melting of the sample without
additional vanadium in contrast to that with additional vanadium. If the impurity is
carbon, as it is the case for the structurally related C1xSb4Vs phase reported by
Failamani et al [148], some residual oxygen in the arc melting process could have
gettered all impurity carbon, hence preventing a formation of SesVs, whereas an
addition of impure vanadium exceeds the gettering capacity in arc melting process,
allowing a formation of the SesVs phase. This hypothesis is furthermore supported
by the fact, that ~3 wt.% C were found in EPMA results of this phase when the all
the samples containing the Se4Vs phase were re-evaluated under the consideration
of carbon. This is significantly more than for other phases in those samples, which
exhibited ~1.5wt.% C (presumably caused by surface impurities). Hence, we
propose, that the octahedral sites of the Se4Vs phase are filled by impurities (e.g.
Ci1xSe4Vs) and are by this structurally similar to Ci1xSb4Vs. The prove of this
hypothesis is still under investigation and subject to future publications, as no
suitable single crystals were found up to now. Furthermore, attempts to arc melt
samples containing pure carbon failed due to the significant elevation of the liquidus
(refer to S35 and S36). In the respective samples vanadium and carbon depleted
from the sample during arc melting by severe vapourisation, yielding samples
shifted to the SeV phase composition.

Additionally, some samples (refer to samples S30 and S31 as well as S0158)
exhibited splitting of all SeV peaks in the measured PXRD pattern (refer to Figure
10 for the pattern of sample S0158). This is similar to observations of Carpay [155]
and Brunie et al [164]. Attempts to index the respective reflections and solve the
structure by charge flipping technique in Jana2006 [161] yielded an at least pseudo-
orthorhombic structure (a=6.50, b=3.71, ¢=6.0, a=90, B=90, y=90). For this
structure, the c-axis is similar to the former c-axis in the NiAs-type structure,
whereas the a-axis reflects the former [110] and the b-axis the former [-110] vectors.
The observed splitting of reflections is due to slight dislocations in [110] of vanadium
positions in the initial ¢ axis of the NiAs type structure as well as strong shifts in [-

110] of the selenium positions. Whether this superstructure is present in the Se-V
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phase diagram or if it is stabilised by impurities could not be determined by PXRD.
However, the fact that this phase occurs in the same series of samples as the SesVs
phase as well as that both authors in previous literature utilised carbonised silica
ampoules, indicates that the present splitting of reflections in caused by carbon
impurities, but present only in samples annealed at low temperature. No suitable
single crystals were found due to small crystal sizes and aggregation phenomena.

Hence, the solution of this crystal structure is a matter for future publications.

4.8.2. Binary Sb-Se

The eutectic composition on the selenium-rich side of the Sb-Se system determined
by our measurements was ~0.6 at% Sb at a temperature of ~217 °C (refer to
samples O3 and O4, respectively). Compared to the experimental literature, there
is a higher antimony content in the selenium at the eutectic composition we
measured, but for the calculated phase diagram, it is in between the values for the
ionic and the associated solution model of Ghosh (99.02 at.% Se and 99.93 at.%

Se respectively). The temperature is lower than for the experimental values of
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Figure 10: PXRD pattern of sample So0158, with the measured curve in blue, the calculated curve in
dashed red and the difference curve in gray; the SeV phase (black) exhibits splitting of several peaks,
whereas the SbV; phase (turquoise) and the V phase (green) are as expected; some oxidic traces
(purple) were observed
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Wobst [140] as well as the associated solution model of Ghosh [145], but higher
than values of the ionic solution model of Ghosh [145]. The experimental values of
Berkes and Myers were observed to be similar within the accuracy of measurement
[143]. Due to the ambiguity in the literature, our values were chosen in the further
evaluation of the ternary phase diagram. The eutectic reaction at 50 at. % Sb was
observed at 538 °C, which is very close to the experimental values observed by
Wobst [140], but higher than the experimental values of Berkes and Myers [143] or
Glazov et al [142].

Despite several different attempts of recalibration of the ZAF corrected EPMA, our
measurements for the Sb2Ses phase consistently exhibited a slight surplus of
selenium. This surplus of ~1 at.% Se, however, was not supported by an altered

occupation in PXRD pattern. Hence, we attribute this shift to matrix phenomena.

4.8.3. Binary Sb-V

No distinct samples were prepared in the binary Sb-V system. Nevertheless, due to
the low solubility of selenium in the compounds present in this system, knowledge
acquired by studying the ternary V-Se-Sb system (vide infra) might be applicable for
the binary phase diagram, too. On the one hand, we observed a larger solubility
ranges, compared to Failamani et al [148], for some of the binary phases of the Sb-
V system. In that cases (e.g. SbVs reaching till the stoichiometric composition of
25 at. % V instead of 24.4 at.% V), our own measurement values were favoured
over those of Failamani et al [148]. On the other hand, we propose a decomposition
of the ShoV7.46 phase in a eutectoid reaction below 600 °C, as the ternary sample of
S0126 did not contain any selenium in the equilibrium phases of SbV2 and ShsV>

and, hence, reflects the binary equilibrium condition to some extent.

4.8.4. Ternary isothermal sections

During the construction of the ternary phase diagram, several assumptions were
made. First and foremost, the gas phase was not considered in our experiments,
although pure selenium exhibits vapour pressures above 1 bar in several isothermal
sections. Thus, the isothermal sections have to be regarded as “under own vapour
pressure” rather than “under constant pressure”. Moreover, despite attempts to
measure the liquid composition by area scans, no reasonable results could be
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gathered in most cases. Hence, and because of the primary crystallisation in the as-
cast samples, a low vanadium content was assumed for the liquid phase, which
reflects a steep curvature of the dominating primary crystallisation field of SeV in the
liquidus projection, the liquid composition in the selenium-rich corner of the binary
system Se-V is still uncertain (see Figure 8). Nevertheless, we assume a much
steeper curvature for the liquidus than proposed by Smith [151]. Hence, and due to
the fact, that the solidification scheme is dominated by the SeV phase (vide infra),
a rather constant vanadium content in the estimated liquid was assigned for all
isothermal sections. This value of approximately 8 at.% V was derived from the
maximum of vanadium solubility measured in the presumable liquid of the prepared
binary samples (refer to S17 to S22). Finally, the Se4Vs phase was eliminated for
above-mentioned reasons as well as for the fact that it was observed in the ternary
in thermodynamically forbidden four phase equilibria (e.g. samples S0101 to S0105,
S0159, and S0160). These assumptions should be considered when working with

the six isothermal sections presented in the Figure 11 to Figure 16.

No additional reflections, neither due to superstructures nor due to new compounds,
were noticed during PXRD evaluation of the ternary samples, and no ternary
compounds were observed by EPMA in any sample over the whole investigated
range. Despite extensive attempts to synthesise an MLC in this system, no such
compound was produced. Hence, we conclude, that the phase equilibria in this
system are solely determined by phases present in the respective binary

subsystems of Sh-Se-V.

The whole system is dominated by the two congruent melting compounds SeV and
SbVs. Those two compounds form a pseudo-binary section. On the vanadium-rich
side of the pseudo-binary section, there is only one three-phase equilibrium (V +
SeV + SbVs) present over the investigated temperature range (e.g. Figure 15). On
the other side of the SeV-SbVs pseudobinary section, there are three-phase fields
showing SeV in equilibrium with the vicinal compounds of the binary Sb-V system
(e.g. Figure 13). At lower temperatures, the broad SeV solid solution exhibits several
phases, which are structurally related to the NiAs type parent phase. Those adjacent
phases form ternary equilibria with the liquid (e.g.Figure 13) or, at lower
temperatures, the Sb2Sesz phase, respectively (e.g.Figure 12). Albeit, no three-
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phase field of SegV2 was observed (e.g.Figure 11), due to the temperatures of the
selected isothermal sections, the only conclusive equilibrium at temperatures
slightly lower than 400 °C is L + Se2V + SegV2. This hypothesis is supported by the
traces of the SegV2 phase observed in the PXRD data of sample S0142 (refer to
Table 10).

All observed solubility ranges into the ternary were below ~2.5 at.% of the additional
atom species. SeV exhibited the largest ternary solubility with a maximum of

2.5 at.% Sb The defect mechanisms of the ternary solubilities of all phases present
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Vv

+—

Figure 11: Isothermal section of the V-Se-Sb ternary system at 400 °C; the vanadium-rich region
(indicated in orange) was not investigated; the mean sample compositions measured by EPMA area
scans are marked by large red dots;small blue dots indicate mean results of point analyses; uncertain
phase equilibria are represented by dashed lines, whereas full lines represent determined phase
equilibria (used samples for determination: S068 and S0142)
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in the Sb-Se-V system are difficult to determine. On the one hand, EPMA results
only exhibit a clear direction of substitution for the C1xSbh4Vs phase (e.g. Sb is
exchanged for Se) as the results are at constant vanadium contents (e.g. refer to
samples S0120 till So130 in the supplementary materials section). On the other
hand, there are two effects observed in PXRD measurements, which make the small
changes in the electron densities, which need to be detected by Rietveld refinement,
almost invisible. The first effect is a strong preferred orientation of the powdered
crystals and the second effect is caused the vacancy driven solubility ranges of the
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Figure 12: Isothermal section of the V-Se-Sb ternary system at 550 °C; the mean sample
compositions measured by EPMA area scans are marked by large red dots; small orange dots
indicate the mean area scans of special sample regions (e.g. liquid), whereas small blue dots indicate
mean results of point analyses; uncertain phase equilibria are represented by dashed lines, whereas
full lines represent determined phase equilibria (used samples for determination: S0106, S0126,
S090, So080, S0157, and S0143)
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binary phases, which lower the electron densities of the respective sites. Both
effects are exceptionally strong for the NiAs type phases and their derivatives.
Hence, no results can be reported on the defect mechanisms of the crystal

structures.

The binary solid solubilities fit our EPMA observations in many cases. However, for
the binary V-Sb system, we observed the SbVs phase to its stoichiometric
composition, compared to Failmani et al [148], who reported on a solid solution

100 90 80 70 @ 50, 40 30 20 10 O

SbV,

bV, VSbng,

Figure 13: Isothermal section of the V-Se-Sb ternary system at 650 °C; the mean sample
compositions measured by EPMA area scans are marked large red dots; small orange dots indicate
the mean area scans of special sample regions (e.g. liquid), whereas small blue indicate mean
results of point analyses; uncertain phase equilibria are represented by dashed lines, whereas full
lines represent determined phase equilibria (used samples determination: S0107, Sol17, S091,
S088, and S0158)
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between 18.4 and 24.4 at.% of Sb. The low-temperature phase Sb2V3 and the high-
temperature phase SbVz show unusual thermal behaviour. Their solid solubility
appears to be high at lower temperatures and narrows down to higher vanadium-
contents as temperature rises. This effect is probably due to the insufficient
equilibration at lower annealing temperatures. The deviations observed for the Sb-
Se system were discussed above and as most phase boundaries in the Se-V system

are complicated to delineate, a comparison is futile.
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Figure 14: Isothermal section of the V-Se-Sb ternary system at 750 °C; the mean sample
compositions measured by EPMA area scans are marked by large red dots; small orange dots
indicate the mean area scans of special sample regions (e.g. liquid), whereas small blue dots indicate
mean results of point analyses; uncertain phase equilibria are represented by dashed lines, whereas
full lines represent determined phase equilibria (used samples for determination: S0108, S0128,
S0123, So089, and S0159)
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Interestingly, the binary phase of SbeVz4s was not observed in the isothermal
section of 550 °C, albeit the respective samples were pre-annealed at temperatures,
where this phase was observed (e.g. 650 °C pre-annealing for one week in sample
S0110). This rules out the possibility of a kinetically hindered formation of the
respective phase at lower temperatures and freezing of liquid traces. Hence, there
is a ternary solid-state transition between 650 °C and 550 °C. Either there is a

ternary transition reaction SboVz.4s + SeV = ShsV2 + SbV2, or there is a binary
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Figure 15: Isothermal section of the V-Se-Sb ternary system at 900 °C; the mean sample
compositions measured by EPMA area scans are marked by large red dots; small blue dots indicate
mean results of point analyses; uncertain phase equilibria are represented by dashed lines, whereas
full lines represent determined phase equilibria (used samples for determination: S0160, S0150,
S0129, and So0124)
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eutectoid reaction below 600 °C, as Failamani at al [148] observed the phase
SbhgV7.46 in their samples at 600 °C.

In numerous samples, we ob