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1
Introduction

"To inquire and to create; these are the grand centers around which
all human pursuits revolve." – Wilhelm Von Humboldt

1.1 Research Context

Since prehistoric times, humankind has sought to shape and utilize
the materials that nature provided. Stone tools have been made from
flint, pottery from clay, and glass from sand. Throughout history, our
ingenuity has shaped our civilizations.[1] In the modern age, society
is changing at an unprecedented pace – for better or worse. In par-
ticular, the evolution in optics and electronics is a case in point. We
went from printed books to portable electronics throughout merely a
few generations, from the first telegraph to global wireless telecom-
munication, and from candle-lit houses to mega-cities fueled by semi-
conductor technology.

Technological advancements do not as much depend on the availabil-
ity of materials, but more on the level of control and understanding we



2 Chapter 1

Figure 1.1: (a) Large graphene flake prepared by the scotch-tape method. (b)
A printed graphene film on a flexible substrate. (c) MoS2 transistor with a one
nm-gate-length. From References 4 and 5. Reprinted with permission from
AAAS.

have over their properties. Within this context, ongoing evolutions in
nanoscience resonate exceptionally well with modern-age technolog-
ical needs.[2] Nanotechnology opens ample opportunities for minia-
turization and design of complex architectures at the fundamental
limit,[3] and it provides a means to change the way materials behave.
For instance, roughly half of the atoms in a three nanometer-sized
crystal are at the surface. This not only renders nanocrystals (NCs)
of high interest for catalysis, it also makes that a hybrid combination
of bulk and surface atoms will determine the physical and chemical
properties.

The layered two-dimensional (2D) materials constitute one of the
more recent nanomaterial classes which are often obtained as a mono-
or few-layer sheet of a three-dimensional (3D) bulk solid.[6] They are
typically a few nanometers (nm) thick and have a lateral size that is
one or multiple orders of magnitude larger. Such confinement in the
thickness direction causes the optical, electronic, and physicochemi-
cal properties to differ significantly from the 3D bulk properties. For
instance, due to its zero energy gap, graphene, a single layer of every-
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day graphite, combines exceptionally high electrical and heat con-
ductivity with optical transparency.[7–9] Discovered in 2004 by the
scotch-tape method (see Figure 1.1a),[6] graphene turned out to be
the tip of the iceberg. Over the last two decades, we have witnessed
the (re)discovery of several classes of ultrathin 2D layered nanomateri-
als, such as hexagonal boron nitride (hBN), black phosphorous (BP),
MXenes, and the transition metal dichalcogenides (TMDs).[10]

In particular, the study of the 2D transition metal dichalcogenides
experienced a renaissance when Tony Heinz and Feng Wang indepen-
dently demonstrated photoluminescence (PL) in mechanically exfo-
liated molybdenum disulfide (MoS2) and direct band-edge emission
in a single layer of MoS2.[11, 12] These observations surged interest
in a class of relatively old materials whose peculiar structural, opti-
cal, and electronic properties have already fascinated researchers for
decades.[13–18] Soon after, it was understood that the strong light-
matter interaction in these ultrathin compounds results in unprece-
dented optical absorption coefficients up to 106 cm−1.[19] As a result,
a single TMD monolayer of ≈ 1 nm thick can absorb up to 10− 20%
of the incident light.[11] In comparison, many of our current optoelec-
tronic devices are based on traditional quantum well technology, con-
taining semiconductors such as gallium arsenide or indium nitride.[20]
These compounds have optical absorption coefficients of 104−5 cm−1,
at least an order of magnitude lower than a TMD. Unsurprisingly,
TMD mono- and few-layers are now widely studied as novel optoelec-
tronic material in, for instance, LEDs and lasers.[21–23] As modern-age
problems demand the development of ever-thinner flexible optoelec-
tronic devices (we provide examples in Figures 1.1b-c),[2] atomically
thin TMDs, and 2D materials in general, might occupy a central role
in the transition to a post-silicon era.

1.2 Transition Metal Dichalcogenides (TMDs)

1.2.1 Structural Properties

The transition metal dichalcogenides of groups IVb to VIIb feature a
layered crystal structure build-up of successive ME2 monolayers (see
Figure 1.2a).[15] Here, M denotes a transition metal, and E a chalco-
genide element (S, Se, or Te). These monolayers take the form E-M-E,
with a plane of metal atoms sandwiched between two outer planes of
chalcogen atoms. In such an arrangement, the lone electron pairs of
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Figure 1.2: (a) Example of a layered crystal structure of a TMD. Metal cations
(M) are indicated in black, chalcogen anions (E) in yellow. Reprinted by per-
mission from Reference 26. Copyright (2012), Nature Publishing Group. (b)
Schematic of a single-layer TMD with (top) a trigonal prismatic 2H and (bot-
tom) an octahedral 1T coordination. Reprinted by permission from Refer-
ence 24. Copyright (2013), Nature Publishing Group.

the chalcogen terminate the surface, which renders the surface free
of dangling bonds.[24] Within a TMD monolayer, the metal cation
is coordinated by six chalcogen anions in a trigonal prismatic or oc-
tahedral arrangement, such that layered TMDs predominantly occur
in two polymorphs.[25] One often refers to the trigonal prismatic ar-
rangement as 2H in the literature and to the octahedral coordination
as 1T (see Figure 1.2b).[15]

1.2.2 Optoelectronic Properties

The electronic structure of a layered TMD is dependent on the fill-
ing of the d-orbitals and the coordination of the central metal ion.[15]
With over 40 transition metal/chalcogenide combinations at hand (see
Figure 1.3), this leads to materials with distinct optical, electronic,
and physicochemical properties.[15] For instance, the electronic prop-
erties range from metallic (e.g., NbSe2 and TaS2) over semi-metallic
(WTe2) to semiconducting (e.g., MoS2, ReS2).[11, 18,27,28] Clearly,
their versatility surges an interest in the fundamental sciences and
fits societal needs in fields as diverse as electronics, catalysis, energy
storage, and sensing.[24]

1.2.3 Semiconducting TMDs

The study of 2D semiconducting TMDs gained momentum when pho-
toluminescence was observed in mechanically exfoliated MoS2.[11, 12]
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Figure 1.3: With a diverse pallet of transition metals (M) and chalcogen atom
(X) at our disposal, this results in TMDs with distinctive properties. TMDs
that de facto crystallize in a layered lattice are highlighted and typically belong
to group 4b to 7b. The partial highlights of group 9b and 10b elements refer
to TMs that might form layered TMD structures depending on the chalcogen
source. Reprinted by permission from Reference 24. Copyright (2013), Nature
Publishing Group.

For one thing, the prospect of strong light-matter interaction through
excitons is what stimulates research into these materials.[29]

In semiconductors, photoexcitation with photon energies exceeding
the energy gap generates electrons and holes. The photogenerated
carriers are either mobile or bound by Coulomb interactions in a
so-called exciton, or a Coulomb-bound electron-hole pair (see Fig-
ure 1.4a). The two-dimensional character of a TMD and the reduced
dielectric screening result in enhanced many-body Coulomb interac-
tions, leading to tightly bound excitons at room temperature with
unprecedented binding energies of hundreds of milli-electron volts
(meV).[19, 30–37] Such a strong light-matter interaction causes a pro-
nounced absorption of light at the exciton position(s) with an optical
absorption coefficient up to 106 cm−1 (see Figure 1.4b). As a result,
a 1 nm thick TMD layer can absorb up to 10% to 20% of the incident
light.[11] Unsurprisingly, TMD mono- and few-layers are now widely
studied as novel optoelectronic materials.[21–23] To highlight this case,
we compare MoS2 to CdSe by calculating the absorption coefficient ai
of CdSe in bulk and CdSe synthesized as 2D platelets (see Figure1.4c
and Appendix B.1). This results in an absorption coefficient of CdSe
that is at least a factor of 2 lower at the band edge and an order of
magnitude lower in the blue spectral region (≈ 3 eV) in comparison



6 Chapter 1

Figure 1.4: (a) Pictorial representation of an electron-hole pair bound in an
exciton. (b) The calculated unscreened absorption coefficient for a MoS2 mono-
layer based on experimental dielectric constants provided by Reference 38. (c)
Comparison between the absorption coefficient ai of CdSe (red) and MoS2

(green) as bulk material and synthesized as 2D platelets.
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to MoS2.

1.2.4 Group VIb TMDs – Molybdenum Disulfide

Molybdenum disulfide (MoS2) is by far the most investigated mem-
ber of the TMD family. As a bulk crystal, MoS2 adopts a layered 2H
crystal structure consisting of stacked S-Mo-S monolayers (see Fig-
ure 1.2). The electronic coupling between the different layers makes
bulk 2H-MoS2 an indirect semiconductor with the valence band (VB)
maximum located at the Γ point, the conduction band (CB) mini-
mum between Γ and K, and a resulting bandgap of 1.29 electron volt
(eV).[39] We point out that, next to the thermodynamically stable 2H
polymorph, synthetic MoS2 crystallizes in a meta-stable metallic 1T
state under specific conditions.[40]

Ab initio calculations revealed that electronic states at different
wavevectors have different orbital content. The in-plane dxy and
dx2−y2 orbitals of molybdenum predominantly make up the states at
the K point and are thereby less sensitive to the interlayer coupling.
On the other hand, the pz orbitals of sulfur and dz2 of molybdenum
predominantly contribute to states at Γ, and the energy of those
states strongly correlates with the interlayer coupling as both
orbitals have a substantial out-of-plane component.[12, 41] In this
way, a decrease in layer number upon exfoliation disproportionately
affects the Γ point and turns 2H-MoS2 into a direct semiconductor
with a bandgap of ≈1.8 eV in the monolayer (ML) limit.[11, 12]
Figure 1.5 depicts the evolution of the electronic structure from
bulk to monolayer. Such behavior is reflected in an increase of the
photoluminescence.[11, 12,42–44] A similar crossover from indirect to
direct behavior has been observed in other members of group VIb;
WS2,[45] WSe2

[45] and MoSe2.[44]

The presence of a sizeable bandgap,[11, 12,39] a remarkably high absorp-
tion coefficient of 106 cm−1 due to reduced dielectric screening and
band nesting,[13] carrier mobilities above 100 cm2V−1s−1,[46] a high
elastic modulus combined with high mechanical strength,[47, 48] makes
MoS2 appealing for a series of flexible optoelectronic devices. For
instance, atomically-thin field-effect transistors with a single MoS2

layer as conductive channel show mobilities of tens up to hundreds of
cm2V−1s−1, depending on the preparation method.[49–51] Also, the
best FETs based on exfoliated MoS2 have current on/off ratios of 108

and are on par with the requirements to replace silicon in CMOS-like
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Figure 1.5: Calculated band structures of (a) bulk MoS2, (b) quadrilayer
MoS2, (c) bilayer MoS2, and (d) monolayer MoS2. Reprinted with permission
from Reference 12. Copyright (2010) American Chemical Society.

digital logic devices.[49, 52]

Research is far from limited to single layers, as for specific purposes
multi-layers have shown to be advantageous. For one thing, a larger
absorption in multi-layered stacks boosts photocurrents and photo-
voltages in photovoltaic devices.[53] In the case of multi-layer photo-
transistors, a bandgap reduction extends the detection range, a higher
absorption improves the responsivity, and a variable MoS2 thickness
offers wavelength-dependent photosensitivity.[54–56]

1.2.5 Group VIIb TMDs – Rhenium Disulfide

Although the earliest studies on bulk ReS2 trace back decades ago,
widespread research interest in ReS2 only started in 2014 when Ton-
gay and co-workers observed monolayer behavior in multilayer and
bulk-like ReS2 crystals.[28] As the interlayer coupling between the
layers is relatively weak, the ReS2 layers are electronically decoupled
– theoretical work demonstrated that the coupling energy per unit
cell results in a mere 18 meV per ReS2 unit cell, compared to 460
meV per MoS2 unit cell (see Figure 1.6c).1 A weak layer coupling

1A weak interlayer coupling is ascribed to the extra valence electron of rhenium
compared to molybdenum or tungsten. When this electron contributes to the
formation of Re-Re bonds, it lowers the energy of the system, forming a distorted
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Figure 1.6: (a) Comparison between (top, red) the conventional 2H crystal
structure of MoS2 and (bottom, blue) the distorted 1T

′
structure of ReS2.

(b) Electronic structure calculations by DFT for bulk ReS2 (solid orange lines)
and a monolayer (dashed purple lines). Both have a direct bandgap at the Γ

point. (c) The energy of the system as a function of the inter-layer distance, for
ReS2 and MoS2, implying a significantly weaker inter-layer coupling energy in
ReS2. Reprinted with permission from Reference 28. Copyright (2014) Nature
Publishing Group.

results in an optical and electronic response2 (see Figure 1.6b) that is
relatively independent on the layer number[28, 58–61] – opposite from
group VIb TMDs.[11, 12]

Being a relatively recent and lesser-explored member of the TMD
family, there is at this point little consensus on the direct or indi-
rect bandgap nature of ReS2, both experimentally and theoretically.
While some studies cite ReS2 as a direct semiconductor from bulk to
monolayer,[28, 60,62] others point to a near-degenerated indirect and
direct gap with the bi-and-monolayer only being direct,[63] or the
bulk form being marginally indirect.[64] Even so, a common theoret-
ical result is a valence band that is relatively flat near the Γ point

1T
′
phase with zigzag Re-Re chains. Such a geometry eliminates the energy

benefit that stacking provides in MoS2 and WS2, see Reference 28.
2In addition, as pointed out in Reference 57, a weak interlayer coupling results

in a through-plane thermal conductivity that is the lowest observed among the
2D materials studied so far.
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Figure 1.7: Crystal structures corresponding to (a) AA and (b) AB stacking
orders. The AB stacking order is shifted along the a axis. Reprinted and
adapted with permission from Reference 69. Copyright (2020) WILEY.

(similar to the one shown in Figure 1.6b) with a maximum that can
be slightly off-set, depending on the level of theory, either result-
ing in a direct[65–67] or indirect transition.[63, 68] Alternatively, it has
been pointed out that these anomalies might relate to ReS2 adopt-
ing two polytypes with different stacking orders.[69] In an isotropic
stacked AA polytype, the ReS2 layers show a negligible displacement,
while in the anisotropic AB polytype consecutive layers are slightly
displaced along the a-axis (see Figure 1.7). According to DFT calcu-
lations, the anisotropic AB stacking is marginally indirect[69] and is
energetically more stable.[69, 70] Irrespective of the conundrum men-
tioned above, or the presence of different stacking orders, ReS2 differs
substantially from the group VIb TMDs whose electronic structure
varies significantly with the thickness (see Figure 1.5). Such behavior
is ascribed to a weak electronic interlayer coupling between the ReS2

layers.

Besides a vanishing interlayer coupling, several distinguishable
features drive research toward ReS2. For one thing, ReS2 adopts a
distorted 1T

′ crystal structure (see Figure 1.6a) with strong in-plane
anisotropy.[71] On the other hand, the sizeable bandgap in ReS2

(∼ 1.5 eV), its mechanical flexibility, and high absorption coefficient
(∼ 106 cm−1)[72] have driven considerable research into few-layer
ReS2 devices. The viability of ReS2 as optoelectronic material is
evidenced by the development of multilayer logical circuits,[60, 73]
transistors,[74–78] photodetectors[79, 80] and sensors,[77] mostly based
on mechanically exfoliated or CVD grown few-layer ReS2.
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1.3 Synthetic Methods

In general terms, two conceptual approaches are followed to form ma-
terials with nanoscale dimensions. Either a bulk material is chopped
up top-down in ever-smaller pieces, or atoms are assembled from the
bottom-up to form NCs. Moreover, applied to 2D materials, nanomet-
ric crystals can be obtained in the solution phase or as flakes deposited
on a substrate. In such a way, one can divide existing procedures into
four broad categories: mechanical exfoliation, vapor phase deposi-
tion, liquid-phase exfoliation, and chemical synthesis (see Table 1.1).
Each of these preparation methods has advantages and disadvantages
and are thereby more or less suitable to prepare specific materials for
certain intends.

substrate-based solution-based

top-down mechanical exfoliation liquid exfoliation
bottom-up vapor phase deposition chemical synthesis

Table 1.1: Tabulated overview of the different synthetic methods.

1.3.1 Mechanical Exfoliation

In a layered compound, the 2D monolayers that make up the 3D
structure are held together by relatively weak out-of-plane Van der
Waals (VdW) interactions, while the chemical bonds within the 2D
planes are covalent and relatively strong. The unique combination of
such weak out-of-plane forces with strong in-plane chemical bonds has
enabled the production of ultrathin layers by mechanical exfoliation
of the bulk solid using adhesive tape.

The mechanical exfoliation of layered compounds can be traced back
to Robert Frindt, who started cleaving bulk MoS2 on mica sub-
strates.[14] In his pioneering work, he described mechanical exfoli-
ation as a "peeling process tearing sheet after sheet from a pad of pa-
per" (Figure 1.8 briefly illustrates mechanical exfoliation). Using this
process, he was able to produce thin single-crystals of MoS2 of sev-
eral molecular layers thick.[14] Frindt already noticed that these thin
cleaved specimens had absorption coefficients as high as 106 cm−1 and
showed size-quantization effects.[13, 16] However, it was only in 2004
when Novoselov and Geim demonstrated extraordinary physics in a
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Figure 1.8: Illustrative procedure demonstrating the mechanical exfoliation of
graphite. (i) Scotch-tape is applied to a piece of graphite. (ii) By exerting a
normal force, it peels off N layers of graphene from the bulk graphite crystal.
(iii) This procedure is repeated several times. (iv) Finally, the piece of Scotch-
tape is applied to a substrate (typically SiO2/Si). Monolayers are identified by
(v) optical contrast and (vi) atomic force microscopy. Reproduced and adapted
from Reference 82 with permission from The Royal Society of Chemistry.

single layer of graphite that the layered compounds started to receive
the attention they deserve.[6] Merely a year later, Novoselov demon-
strated the versatility of their approach by mechanically exfoliating
different classes of layered materials, among them MoS2.[81] Over the
last two decades, mechanical exfoliation has been the holy grail for
excavating fundamental properties, proof-of-concept studies, and fab-
rication of devices with superlative and unparalleled characteristics.
For instance, Kis and co-workers demonstrated an atomically-thin
field-effect transistor (FET) with single-layer MoS2 as the conductive
channel.[49] The FET had a current on/off ratio of 108; a charac-
teristic on par with the requirements to replace silicon in CMOS-like
digital logic devices.[49, 52]

While mechanical exfoliation has proven to be an excellent way to
produce large-area, high-quality and crystalline flakes with atomic
thickness, the method suffers from low throughput and is hardly scal-
able.[83] These drawbacks limit the industrial viability of mechanical
exfoliation and, at the same time, restrict fundamental studies to mea-
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surements on a single-flake, rather than probing the properties on a
large statistical ensemble. To cope with the drawbacks of mechanical
exfoliation, a plethora of synthesis methods has been proposed.

1.3.2 Vapor Phase Deposition

The compatibility of vapor phase growth approaches with the exist-
ing silicon-based technology has directed astronomical funding to this
research area. Simply put, in a chemical vapor deposition (CVD) re-
actor, gaseous molecules (precursors) react in the vapor phase, or on
a substrate, to produce a substrate-supported solid as a crystal or
a continuous film.[84] For instance, the conventional route to grow
graphene involves the controlled decomposition of methane gas on a
metallic substrate at 1000 °C.[85] Precise control over the precursor
gas concentration produces continuous graphene films with a well-
defined thickness and morphology.[85–87]

Figure 1.9: (a) Schematic depicting the growth of MoS2 by CVD. The SEM
images indicate that the shape of MoS2 domains is highly dependent on the
location on the silicon substrate. This is attributed to local changes in the ratio
of the sulfur and molybdenum precursors. Adapted from References 88 and 89.
(b) Optical microscopy image of monolayer MoS2 grains grown on atomically
smooth sapphire. Scale bar length is 50 µm. Reprinted from Reference 90.
Copyright (2015) American Chemical Society.

In contrast to the growth of graphene, or to the existing silicon tech-
nology,[91] the conventional growth of TMDs starts from precursors in
the solid-state (e.g., WO3, MoCl5, S or Se), see Figure 1.9a.[45, 92,93]
As the vapor pressure of a solid is extremely sensitive to tempera-
ture fluctuations within the reactor,[94] this limits control over nucle-
ation and growth and results in isolated domains rather than contin-
uous films (see Figures 1.9a and 1.9b).[88] To a certain degree, this
drawback could be resolved with advancements in metal-organic CVD
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(MOCVD) and atomic layer deposition (ALD). Both methods result
in the continuous deposition of larger film areas, albeit at the expense
of the crystallinity ,and controlled stoichiometry in the case of ALD,
of the deposited solid.[95, 96]

Despite the several hurdles that have to be overcome, CVD’s po-
tential for the growth of ultrathin TMDs has been demonstrated by
fabricating several proof-of-concept devices.[97–99] Undoubtedly, and
considering its rapid development in the last decade, we can expect
vapor deposition approaches to fulfill an important role in the fab-
rication of high-end optoelectronic devices. Nonetheless, due to its
limited scalability and high production cost, CVD might not be the
optimal choice for applications that necessitate larger quantities. In
such cases, solution-based methods, such as liquid-phase exfoliation
(LPE)[100–103] and wet chemical synthesis,[104,105] might be more suit-
able. These methods offer the prospect of scalability, and the suit-
ability of colloidal dispersions with solution-based printing and depo-
sition methods provides an exciting road towards their integration in
devices.[106,107]

1.3.3 Liquid-Phase Exfoliation

Liquid-phase exfoliation starts by immersing a layered bulk solid in
a suitable solvent or an aqueous surfactant solution. Afterward, the
liquid mixture containing the 3D vdW solid is exposed to an energy
treatment, most commonly through sonication. The work supplied
during sonication exfoliates the 3D bulk solid by overcoming the labile
interactions between the 2D layers, and a suitable liquid medium pre-
vents aggregation by stabilizing the exfoliated flakes. Consequently,
the dispersions are centrifuged to remove the unexfoliated bulk solid
from the exfoliated flakes. We depicted the exfoliation process in
Figure 1.10.

Around the time of Novoselov’s and Geim’s work on graphene,
McEuan et al. produced nanometric graphite flakes by sonicating
natural graphite in o-dichlorobenzene. Fabricating devices with
these exfoliated graphite layers, the authors demonstrated device
mobilities up to 1900 cm2/Vs and electron delocalization over the
whole graphite pieces – a conclusion in line with the semi-metallic
nature of graphene.[108] A few years later, Coleman and co-workers
exploited sonication based exfoliation to produce carbon nanotubes
and defect-free graphene in polar aprotic solvents, such as N -methyl-
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Figure 1.10: (a) Schematic depicting the liquid-phase exfoliation of a bulk
solid into few-layered exfoliated flakes. (b) Photographs of A) a bulk TMD
powder and B) a TMD dispersion after LPE. From Reference 101. Reprinted
with permission from AAAS.

2-pyrrolidone, or in surfactant solutions (see Figure 1.11a).[101,109–111]
The birth of a broad research field coincided with the realization
that LPE applies to inorganic layered crystals, e.g., MoS2 and BN
(see Figure 1.11b).[100,101] It was readily understood that the solvent
occupied an essential role in promoting successful exfoliations, an
observation that was understood based on Hildebrand solution
theory. Applied to LPE, solution theory tells that the stability
of a colloidal dispersion of exfoliated flakes correlates with the
energy of mixing of the flakes/solvent mixture.[101–103,109,110,112] For
rigid nanomaterials, optimal conditions for mixing, and high yield
exfoliation, therefore, occur when the solubility parameter of the
solvent and the nanomaterial match.[113] From a practical point of
view, these studies emphasize the importance of determining the
layered compound’s solubility parameter by screening LPE in a wide
range of solvents. As solution thermodynamics occupies a central
role throughout this manuscript, we elaborate solution theory in
more detail in chapter 2.

While several studies illustrated the versatility of LPE by exfoliat-
ing diverse classes of layered compounds,[114] the possibility to fabri-
cate composites or inks,[107] and the prospects for industrial scalabil-
ity,[82, 115,116] they also revealed a significant bottleneck. In general,
LPE results in few-layered TMDs with a low monolayer content and
offers limited control over size, morphology, and thickness.[101,117,118]
In particular, in the case of semiconducting group VIb TMDs – MoE2
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Figure 1.11: (a) Photograph of surfactant stabilized graphene dispersions
together with a wide field TEM image. Adapted with permission from Ref-
erence 111. Copyright (2010) American Chemical Society. (b) Dispersions
of LPE MoS2, WS2, and BN together with their absorbance spectra. From
Reference 100. Reprinted with permission from AAAS.

and WE2 (E=S, Se, Te), which show substantial layer-dependent
properties due to a strong interlayer electronic coupling,[11, 119] such
limitations might be significant.

1.3.4 Colloidal Synthesis

By now, about 25 years of synthetic efforts by colloidal methods have
resulted in the synthesis of nanostructures with controlled sizes and
shapes. For instance, cadmium selenide (CdSe) NCs can be obtained
as 0D spheres,[120–122] 1D rods and wires,[123] and 2D plates[124] with
tunable dimensions. Typically, the formation of these NCs involves
the decomposition of precursor molecules in a liquid environment in
the presence of capping ligands. Mechanistically, such procedures fol-
low a three-step mechanism based on Lamer and Dinegars model (see
Figure 1.12a).[125] Precursors decompose at an elevated temperature
– either by heating up or through injection of a precursor in a hot
medium – and form reactive monomers (1) that are consumed by nu-
cleation (2) and growth (3). Growth-control is modulated by ligands
that bind to the surface of the NC. In this respect, a colloidal synthesis
produces a dispersion of hybrid NCs where both the inorganic core
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Figure 1.12: (a) Three-step LaMer and Dinegar model plotting the monomer
concentration as a function of time. (b) Atomistic model of a lead sulfide NC
capped with surfactant molecules (oleic acid). Reprinted with permission from
Reference 128. Copyright (2016) Nature Publishing Group. (c) Reprinted with
permission from Reference 104. Copyright (2014) American Chemical Society

and the organic ligand shell contribute to the NC’s properties (see
Figure 1.12b).[126–128] Over the past decade, the importance of the
organic/inorganic interface layer has been pointed out by numerous
authors. It has a pivotal role in stabilizing NC dispersion and controls
the shape and the size of the nanocrystal during growth.[129,130] As
such, rational control of the interface proved indispensable to advance
in research areas as diverse as optoelectronics,[131,132] catalysis,[133]
and thermoelectrics.[134]

Although these colloidal strategies are well-developed for II-VI and
IV-VI quantum dots and metal oxides, knowledge of layered TMDs is
still limited. Studies on group IVb and group Vb TMDs (ME2, M =
Ti, Zr, Hf, V, and E = S, Se) assessed metal chlorides, carbon disul-
fide (CS2), dodecanethiol (DDT), and selenium in an amine solvent
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as viable precursors to synthesize TMD NCs.[135–138] Contrasting
0D systems, sulfur as a chalcogen source resulted in ill-defined
NCs of poor quality.[135] Electron paramagnetic resonance (EPR)
studies led to the conclusion that heating sulfur in amines led to the
formation of reactive radicals that damage the structural integrity
of the 2D layers.[135] Similar approaches were developed for group
VIb TMDs. In 2014, Mahler et al. developed a benchmark protocol
for 1T-WS2 and 2H-WS2 by reacting a WCl6/oleic acid-complex
together with CS2 in oleylamine (see Figure 1.12c).[104] Their
approach was later extended towards MoS2 by the Hyeon group,
producing MoS2 NCs that are significantly more monodisperse
than LPE allows.[105] Over the last years, we have witnessed a
staggering growth in colloidal TMD syntheses methods, producing
few-layered TMDs as a binary compound[105,139–148] or as an al-
loy,[149–151] in a semiconducting[104,105,142–147,150] or a semi-metallic
state,[104,141,144,148,149] and having a sheet-like[104,105,139,140,144,145]
or a flower-like[104,141–144,146–150] morphology. In applications, the
surface and layered nature of these colloidal TMDs have been ex-
ploited either as catalysts for hydrogen evolution and hydrogenation
reactions,[143,145–148,152] as gas sensor,[145] and as battery anode
materials.[139,144,151]

1.4 Thesis Outline

1.4.1 Objectives

The central theme of this PhD manuscript can be most concisely
summarized as follows:

Following the discovery of the graphene, two-dimensional materials
with diverse physical and chemical properties can now be obtained.
In particular, the optoelectronic response of the transition metal
dichalcogenides is increasingly sought for in next-generation devices,
and their exploitable surfaces are in high demand for catalytic
purposes. Generally, their production proceeds through mechanical
exfoliation, where thin flakes are peeled of a bulk solid, or materials
are grown on substrates from the bottom up by a vapor phase
deposition methodology. Both of these fabrication methods produce
materials of considerable quality, yet production volumes are limited
given the material amounts practical applications may need.
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In this respect, the proven viability of TMDs as optoelectronic and
catalytic materials raised significant interest in more scalable produc-
tion methods. In particular, solution-based methods, such as liquid-
phase exfoliation and colloidal synthesis, stand out as they offer the
prospect of scalability. Apart from scalability, these approaches yield
colloidal dispersions of 2D flakes, which creates the additional possi-
bility to integrate 2D materials in devices by solution-based processing
or printing.

However, if solution-based methods are to become true alternatives
to prepare 2D materials, (i) their syntheses in the liquid phase has
to be thoroughly understood and, if needed, improved upon, and (ii)
the properties of the resulting flakes, such as their physicochemical
properties, surface chemistry and (ultrafast) photophysics, have to
be studied and, if possible, bench-marked relative to materials pro-
duced by more established protocols through mechanical exfoliation
and chemical vapor deposition.

1.4.2 Outline

With these central themes in mind, the manuscript is divided into
two parts:

Part I narrates the story of how the thermodynamic theory of solu-
tions and mixtures (chapter 2) holds the key to the castle and offers
insights into the behavior of 2D layered materials in the liquid phase.
In this tale, the protagonists are the solubility parameter δ and the
exchange parameter χ. A matching of the solvent and colloid solu-
bility parameter offers the prospect of high-yield exfoliations of bulk
ReS2 in chapter 3, and aids the formation of stable MoS2 colloids syn-
thesized by bottom-up chemistry in chapter 4. Chapter 5 discusses
how an intricate interplay between the solubility parameter and a
critical value of the exchange parameter determines the window in
which stable colloids of diverse 2D materials can be obtained. Fig-
ure 1.13 provides a schematic overview of the different chapters in
Part I.

Part II ventures into the realm of ultrafast physics in low dimen-
sions. We use pump-probe spectroscopy (chapter 6) to disentangle
semiconductor physics at picosecond timescales. These studies not
only provide a wealth of fundamental knowledge but are at the same
time of practical importance as they can pinpoint charge carrier decay
through defect states. A study of the charge relaxation in colloidal
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Chapter 7

Chapter 8

Chapter 6

Figure 1.13: Schematic overview of the thesis.

MoS2 (chapter 7) showed remarkably similar photophysics as been
observed in established CVD grown MoS2, even if entirely different
chemistry is involved in the production process. A study of the pho-
tophysics in liquid-phase exfoliated ReS2 (chapter 8) pointed to the
photo-generation of mobile charges – desired for photovoltaics and
photodetection – and offered insights into a maze of optical nonlin-
earities that are taking place on these picosecond timescales.
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2
Like Likes Like: Predictors for

Solubility

"There is scarcely anything more important for a chemist than
knowledge of solubilities, but unfortunately he finds it more diffi-
cult to predict than almost any other important property." – Joel
Hildebrand [153]

2.1 Introduction

Scientific progress owed much to the use of simple conceptual models
to explain complex phenomena. In physical chemistry, a lattice model
provides such an example. Starting from a picture in which molecules
of different types are distributed on a grid, it offers an elegant way to
conceptualize the behavior of mixtures. Most notably, it relates ab-
stract thermodynamic concepts to more tangible interactions at the
molecular level. In this introductory chapter, we provide a general
description of the thermodynamics of mixtures in the most general
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and simplified form. Omitting a mathematical description, we rea-
son based on the widely acknowledged solution theory predominantly
developed by Joel Hildebrand throughout his life.[154] The concepts
outlined here will be used throughout Part I of the manuscript in a
modest endeavor to rationalize the behavior of 2D layered materials,
processed by top-down and bottom-up methods, from a thermody-
namic perspective.

2.2 Thermodynamics of Binary Mixing

2.2.1 Terminology

Mixtures By definition, mixtures are systems consisting of two or
more different chemical species that are physically combined.[155] For
instance, the fresh cup of coffee we might brew in the morning is
a complex mixture containing small quantities of different chemical
species dissolved in water.

Homogeneous versus heterogeneous A uniform mixture down
to the microscopic scale is referred to as a homogeneous mixture or a
solution. Conversely, a mixture of different phases (i.e., regions with
a different composition) is defined as heterogeneous.

Binary mixtures From a thermodynamic point of view, coffee al-
ready represents a complicated case as it contains multiple chemical
species, each having different solubilities. For simplicity, we restrict
ourselves to binary mixtures containing a solute B (i.e., the dissolved
substance) dissolved in a solvent A (i.e., the liquid phase, typically
present in large excess). A mixture of ethanol in water provides an
example of such a system.

2.2.2 Solubility

Whether substances form homogeneous or heterogeneous mixtures in
their equilibrium state depends on the change of thermodynamic state
functions as a function of the mixture’s composition.

Generally, processes tend to evolve in the direction that minimizes the
free energy F of the system (∆F < 0). In the dissolution of a solute
B in a solvent A, the difference in free energy between the mixed and
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unmixed state sets the solubility of B, i.e., the maximal amount of B
in solution at equilibrium.

For a system at constant volume and temperature,1 variations in the
energy (∆Umix) and entropy (∆Smix) upon mixing dictate changes
in the free energy (∆Fmix) such that

∆Fmix = ∆Umix − T0∆Smix (2.1)

Eq 2.1 stresses that a subtle balance between energetic and entropic
contributions drives dissolution processes. As we discuss below, en-
ergetic and entropic changes relate to molecular interactions and ar-
rangements being the result of mixing.

2.2.3 Mixing within a Lattice Model

The lattice model The relation between macroscopic state func-
tions, such as internal energy and entropy, and microscopic interac-
tions between individual atoms and molecules is most intuitively cap-
tured within regular solution theory, as derived by Hildebrand,[153]
and its extension derived for polymers, Flory-Huggins theory.[156,157]
Both statistical theories rely on the use of a lattice model. Here, a
system is represented by a grid of N cells with a fixed cell volume v0.
For pure substances, all spaces are occupied by the same molecules,
while in a mixture different molecules are distributed over the lattice
(see Figure 2.1). Molecules can occupy a single cell (ν = 1) or they
can occupy multiply cells (ν > 1). The number of cells ν a substance
occupies is set by its molecular (molar) volume vm (Vm). Typically
v0 is defined so that the solvent A occupies a single cell on the grid
(νA = 1).2 On such a grid, molecules interact with their nearest
neighbors with an interaction strength u; by definition, u is negative.
In such a way, uAA defines the interaction between two neighboring
solvent molecules.

1Lattice models are most elegantly derived at constant volume using the
Helmholtz free energy formalism. In this way, volumes are additive and both
entropy and enthalpy can be written down in terms of volume fractions and molec-
ular sizes. .

2Most intuitively for molecules of equal size, v0 is equal to the molecular volume
vm. For larger solute solutions (polymers and by extension nanocrystals), the
product of v0 with the number of cells a solute occupies νB equals the molecular
volume of the solute.
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Figure 2.1: Schematic representation of a binary lattice model containing
a solvent (A, grey circles) and a solute (B, black circles). We labeled the
interactions following the main text as uAA as solvent-solvent interaction, uBB

as solute-solute interaction, and uAB as solvent-solute interaction.

From this perspective, mixing two pure substances involves the break-
ing of bonds between molecules of the same type (uAA and uBB in Fig-
ure 2.1), the formation of bonds between molecules of different types
(uAB in Figure 2.1) and molecular rearrangements that increase the
combinatorial entropy. As such, molecular interactions and arrange-
ments can be related to changes in macroscopic state functions of the
mixture relative to the pure substances.

Entropy of mixing As the entropy relates to the number of ways
a thermodynamic state can be realized,[158] entropic changes due to
mixing can be calculated from probability theory[159] and are de-
scribed by

∆Smix = − k

v0
(
φA
νA

lnφA +
φB
νB

lnφB) (2.2)

Here, ∆Smix denotes the entropy of mixing per volume of the mixture,
φ the volume fractions of the solvent A and solute B, ν the number
of lattice sites occupied by a single solvent and solute molecule, and
v0 the volume of a lattice site.

Eq 2.2 provides a couple of fruitful insights:

• As in a mixture, φ is always smaller than 1, ∆Smix is positive,
and mixing is favorable as it reduces the free energy. Large and
favorable entropic changes are usually significant when mixing
small molecules (when νB ≈ νA).
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• On the other hand, for large and rigid solutes (e.g., polymers
or nanomaterials), the combinatorial entropy gain is assumed
to decrease substantially (νB →∞). For such solutes, energetic
changes predominantly determine the solubility.[113,160]

Energy of mixing and the exchange parameter Within solu-
tion theory, the energetic cost or gain of mixing is described by the
Flory-Huggins equation[155,156,161]

∆Umix = χkTφAφB/v0 (2.3)

with ∆Umix the energy of mixing per volume of the mixture and χ
the exchange parameter.

As all other quantities in Eq 2.3 are positive, the sign of ∆Umix is
solely dependent on the value of the exchange parameter. In this
regard, negative values for χ favor mixing.3 The exchange parameter
χ characterizes the energy change associated with the breaking of
initial solvent-solvent uAA and solute-solute uBB bonds in favor of
the formation of bonds in the mixed state between the solvent and
the solute uAB such that

χ ∝
(
uAB −

uAA + uBB
2

) 1

kT
(2.4)

As the solubility of large solutes predominantly depends on the sign of
the exchange parameter, dissolution (or exfoliation) is favored when
A-B bonds are stronger than the averaged A-A and B-B interactions
in the initial unmixed state – a result clearly in line with chemical
intuition.

2.3 Solubility Parameters

While the theory above is appropriate for qualitative reasoning, it does
not allow for a detailed and quantitative description of solubility pro-
cesses. For this purpose, we rely on the solubility parameter and its
relation to the exchange parameter and the energy of mixing.

3By definition, interaction parameters u are negative.
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2.3.1 The Hildebrand Solubility Parameter

Hildebrand solubility parameter Analogous to the evaporation
of a liquid, Eq 2.4 states that dissolution involves breaking interac-
tions between individual molecules of the same type. The analogy be-
tween dissolution and evaporation was already highlighted by George
Scatchard[162] and Joel Hildebrand[163] with the introduction of the
solubility parameter δ as the square root of the cohesive energy den-
sity (ced)

δ =
√
ced =

√
∆Uv/V (2.5)

∆Uv = ∆Hv −RT (2.6)

In Eq 2.5, the cohesive energy density measures the energy needed to
evaporate a liquid ∆Uv relative to the molar volume V of the liquid.
Accordingly, δ2 is indicative of the total energy required to keep the
molecules of a liquid together.

Hildebrand-Scatchard equation The Hildebrand-Scatchard
equation best sums up the strength of the solubility parameter as it
relates the energy of mixing of a binary mixture AB to the respective
difference in the solubility parameters according to

∆Umix ≈ (δA − δB)2φAφB

≈
(√∆Uv,A

VA
−
√

∆Uv,B
VB

)2
φAφB

(2.7)

According to the Hildebrand-Scatchard equation, the energy of mixing
is minimized for substances with matching solubility parameters or
matching cohesive energy densities.

The exchange parameter rewritten Combining Eq 2.3 and
Eq 2.7, the exchange parameter χ can be expressed as a difference of
solubility parameters

χ ≈ v0

kT
(δA − δB)2 ≈ Vs

RT
(δA − δB)2 (2.8)

As by definition a solvent molecule occupies a single cell, v0 equals
the molecular/molar volume of the solvent vs/Vs.

Eq 2.8 draws attention to the approximate nature of the solubility pa-
rameter. Since χ is expressed as a square of the difference in solubility
parameters, χ can only attain positive values. As a consequence, χ
values close to 0 associate with favorable conditions for mixing.



Conclusion 29

Equilibrium solute concentration Often we are interested in re-
lating the dispersed amount [of a solute] to the respective solubility
parameter.

According to the literature,4 solution theory predicts that the equi-
librium concentration of a solute C is described by a Gaussian that
depends on the difference in solubility parameter between the solvent
δA and the solute δB according to:[112,113,164]

C ∝ exp
(
− vB
kT

(δA − δB)2
)

(2.9)

Here, vB stands for the molecular volume of the dispersed phase.
According to Eq 2.9, a maximal solubility is attained when the solu-
bility parameter of the solvent δA matches the solubility parameter of
the solute δB. Eq 2.9 lines up with the chemical notion like likes like,
stating that stable solutions are expected if the mixture’s constituents
have compatible properties.

2.3.2 The Hansen Solubility Parameters

As during evaporation bonds of different types need to be broken,
it seems intuitive to discriminate between dispersive, polar, and
hydrogen-bonding contributions to the cohesive energy density. As
such, Hansen divided the solubility parameter into three parameters
according to[165]

δ2 = δ2
D + δ2

P + δ2
H (2.10)

The dispersive Hansen solubility parameter δD describes London dis-
persion interactions, the polar component δP permanent dipole-dipole
interactions, and the hydrogen-bonding parameter δH groups the in-
teractions that are not accounted for in δD and δP.

Evidently, within such a framework, stable solutions are attained
when the set of Hansen solubility parameters of the solvent and the
solute match.

2.4 Conclusion

We discussed the thermodynamics of mixtures within the framework
of a binary lattice model. Most generally, the sign of the free energy

4We derive and debate this so-called equilibrium condition starting from the
free energy of mixing in Chapter 5.
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of mixing determines whether substances form homogeneous or het-
erogeneous mixtures (Eq 2.1). In this regard, a negative free energy
promotes mixing and, therefore, favors homogeneous mixtures down
to the molecular level. Both entropic and energetic effects contribute
to the free energy. As the entropy relates to the number of ways a
state can be realized, entropic effects promote mixing (Eq 2.2). A size-
able positive entropy favors small molecules’ mixing, yet favourable
entropic effects decrease when the solute size increases. As such, for
large solutes, energetic effects are expected to prevail. Energetic or
enthalpic changes are associated with the formation and breaking of
molecular bonds. From this perspective, the sign of the energy of
mixing depends on the sign of the exchange parameter which char-
acterizes the energy change associated with breaking/forming bonds
(Eq 2.3 and Eq 2.4). In this respect, negative values for χ promote
mixing, i.e., when bonds within the mixture are stronger than those
between the pure substances.

For a more quantitative description of mixtures, we rely on the sol-
ubility parameter and its relation to the energy of mixing and the
exchange parameter. The solubility parameter is indicative of the to-
tal energy required to keep the molecules of a liquid together (Eq 2.5)
and therefore scales with the interaction strength between individual
molecules. From this perspective, we rewrote the energy of binary
mixing and the exchange parameter as the squared difference be-
tween the pure substances’ solubility parameters (Eq 2.7 and Eq 2.8).
Consequently, matching the solubility parameters of individual con-
stituents within mixtures minimizes the energy of mixing and max-
imizes the solute’s solubility (Eq 2.9). In this respect, the solubility
parameter offers a quantitative description of the qualitative notion
like likes like.



3
Liquid-Phase Exfoliation of ReS2 by

Solubility Parameter Matching

The proven viability of rhenium disulfide as optoelectronic material
raised interest in more scalable fabrication methods. From this per-
spective, we introduce a method for the liquid-phase exfoliation of rhe-
nium disulfide and provide a thermodynamic analysis of the exfoliation
process within a broader context of solubility parameters as introduced
in chapter 2.
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Figure 3.1: Overview of Chapter 3.

3.1 Introduction

Over the last decade, atomically thin two-dimensional (2D) transition
metal dichalcogenides (TMDs) have raised an ever-increasing interest
in science and technology. The development of these compounds fits
the technological need for thinner functional materials in flexible
optoelectronic devices and provides a platform to study the unique
photophysics of low-dimensional materials.[26] As bulk materials,
TMDs are made of successive metal chalcogenide monolayers held to-
gether by relatively weak out-of-plane van der Waals interactions.[15]
Such a structure enabled researchers to obtain mono- or few-layered
TMD sheets using either top-down exfoliation procedures, such as
micro-mechanical cleavage[11] and liquid phase exfoliation,[100] and
bottom-up approaches, such as vapor phase deposition techniques[166]
and chemical synthesis.[104] While micro-mechanical exfoliation and
chemical vapor deposition (CVD) provide 2D materials of the
highest quality, the limited scalability of these methods and the high
synthesis cost prevent large-scale batch production.[83] Alternatively,
solution-based processes – liquid-phase exfoliation (LPE) and wet
chemical synthesis – allow for a cheaper and more scalable route
to produce 2D nanomaterials.[105,167–170] In general, however, LPE
results in few-layered TMDs and offers limited control over size,
morphology, and thickness. In particular in the case of semicon-
ducting group VIb TMDs – MoE2 and WE2 (E=S, Se, Te), which
show substantial layer-dependent properties due to a strong inter-
layer electronic coupling, such limitations are a significant issue.[11, 119]

Unlike group VIb TMDs, the electronic interlayer coupling in group
VIIb TMDs, with rhenium disulfide (ReS2) as the most prominent
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constituent, is relatively weak. This leads to optoelectronic proper-
ties that are less sensitive to the layer-number.[28, 58] Additionally,
ReS2 adopts a distorted 1T

′ crystal structure that shows strong in-
plane,[71] and out-of-plane[70, 171] anisotropy. These distinguishable
features have driven considerable research into few-layer ReS2, as evi-
denced by the development of multilayer logical circuits,[60, 73] transis-
tors,[74–78] photodetectors,[79, 80] and sensors[77] based on mechanically
exfoliated or CVD grown few-layer ReS2. The proven viability of few-
layered ReS2 as an optoelectronic material raised interest in a more
scalable fabrication of few-layer ReS2 flakes through liquid-phase ex-
foliation. Recent literature studies have highlighted the possibility to
exfoliate ReS2 in the liquid phase using lithiated agents,[172] in sur-
factant solutions,[173] and through a sequential bottom-up/top-down
method starting from CVD grown ReS2.[174] Besides, liquid-phase
exfoliated ReS2 has been incorporated in a TiO2 composite, thereby
enhancing the photocatalytic activity towards organic pigments,[175]
and has been used as a high-Z element theranostic agent for computed
tomography and photoacoustic imaging.[176]

While the aforementioned studies outline the possibility of liquid-
phase exfoliation of few-layer ReS2, the underlying physicochemistry
of the liquid-phase exfoliation process and the structural and chem-
ical properties of exfoliated ReS2 have remained largely unexplored.
A key aspect still missing involves the determination of the solubility
parameters of ReS2. From a practical point of view, these parameters
are essential to identify optimal exfoliation solvents, as emphasized
in seminal work on carbon nanotubes,[110] graphene,[101,177] boron
nitride,[100] transition metal dichalcogenides[112] and double-layer hy-
droxides.[178] Moreover, in the case of ReS2, the solubility parameters
can provide fundamental insights into the Van der Waals interactions
in the group of VIIb TMDs with the 1T

′ crystal structure. Consider-
ing the recent emphasis on this peculiar interlayer stacking order in
few-layer ReS2 and the ensuing non-linear optical properties such as
second harmonic generation,[179] the question arises what polymorph
is adopted by liquid-phase exfoliated ReS2.

In this study, we investigate the liquid-phase exfoliation of ReS2

within the framework of solution thermodynamics (section 3.2) and
we pursue an in-depth study of the morphological, structural, and
elemental characteristics of the resulting ReS2 (section 3.3).
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3.2 Determination of Optimal Solubility Pa-
rameters and Exfoliation Conditions for
ReS2

3.2.1 Outline of the Experiment

As the solubility parameters of ReS2 are unknown, we exfoliated ReS2

in approximately 20 solvents with a known Hildebrand solubility pa-
rameter δs. We refer to Appendix A.1.1 for a detailed description
of the experimental conditions and Table A.1 for a complete solvent
list. As outlined in Schematic 3.2, we sonicated ReS2 bulk powders
in each of these solvents for a fixed duration using a bath sonica-
tor. Afterward, we centrifuged the resulting dispersions to remove
the unexfoliated material.

sonication

𝑡𝑠 =200’

centrifugation

𝑟𝑐=400g
𝑡𝑐=30’

Bulk ReS2

Solvent

Exfoliated +
Unexfoliated

Unexfoliated

Exfoliated

Figure 3.2: Schematic representing the liquid-phase exfoliation process for
ReS2.

3.2.2 A Description of Exfoliation using the Hilde-
brand Solubility Parameter

Visual Inspection For an initial visual inspection, we arranged
the different dispersions from a small to a large δs, see Figure 3.3.
Some ReS2/solvent combinations yield brown, translucent disper-
sions, while others remained colorless. Since the band-edge exciton
transition in ReS2 is found at 820 nm,[180,181] we interpreted the
brown color as evidence of successful exfoliation. In this way, three
regimes in rough agreement with the variation of the solubility
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Figure 3.3: (a) Photograph of ReS2 dispersions after LPE in different sol-
vents. The dispersions are arranged from a small to a large Hildebrand solubility
parameter δs. Solvents from left to right read: octane, dodecane, chloroben-
zene, acetone, 1-octyl-2-pyrrolidone (N8P), o-dichlorobenzene, diphenylether,
dibenzylether, 1-methylnaphtalene, quinoline, N-methyl-2-pyrrolidone (NMP),
1-butanol, isopropanol (IPA), N,N -dimethylformamide, dimethylsulfoxide
(DMSO), 2-pyrrolidone, diethyleneglycol, methanol, formamide, water (H2O).
Solvents indicated with an orange box substantially deviate from the observed
trend in δs, but are accounted for when considering the trend in δs,D (see later).

parameter can be distinguished. First, exfoliation in solvents with
the smallest solubility parameter, such as octane and acetone, results
in transparent to nearly transparent dispersions. The same applies
to solvents with the largest solubility parameter, such as water and
methanol. Clearly, both categories of solvents result in negligible
or non-existent exfoliation. On the other hand, brown dispersions –
indicative of significant ReS2 exfoliation – are obtained for solvents
with an intermediate solubility parameter. Such a trend is in line
with predictions of solution thermodynamics presented in Section 2.2.
For the small δs solvents, solvent/ReS2 interactions are too weak
to overcome the van der Waals interactions between the ReS2

layers. On the other hand, with large δs solvents, the solvent/ReS2

interactions are too weak to compensate for the breaking of the
solvent-solvent interactions upon exfoliation. For the intermediate
case, however, the formation of solvent/ReS2 interaction balances
out with the breaking of the initial interactions. Examples of suitable
exfoliation solvents include lactams (e.g., N -methyl-2-pyrrolidone),
polar aprotic solvents (e.g., dimethylformamide), and certain alcohols
(e.g., 1-butanol).

Quantitative analysis For a more quantitative analysis of
the exfoliation yield in different solvents, we measured the at-
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tenuance D1 of each dispersion after exfoliation using UV-Vis
spectroscopy2.[101,102,109,112,183–186] The attenuance of a dispersion
in N -methyl-2-pyrrolidone (NMP), a representative solvent that
results in a high exfoliation yield, is plotted in Figure 3.4a. The
spectrum features a distinctive resonance at approximately 820 nm,
a wavelength that agrees with the band-edge exciton of ReS2.[180,181]
We, therefore, assigned the measured attenuance to the presence of
ReS2. As transitions at higher energy are typically less influenced
by size quantization effects,[187] we used the attenuance D400 at
400 nm to measure the amount of dispersed ReS2. As outlined
in Appendices B.2.1 and B.2.2, the choice of probe wavelength, or
whether raw or baseline subtracted data are used, has no substantial
influence on the quantities determined below. Also, a statistical
analysis through the Pearson correlation coefficient suggest the
absence of any correlation between the measured attenuance and the
solvent viscosity, see Appendix B.2.3. Figure 3.4b summarizes the
main results of this analysis by plotting D400 as a function of δs. In
line with the visual inspection, D400 varies substantially throughout
the range of solvents – over three orders of magnitude – and the
distribution peaks at around 24− 25 MPa1/2.

As a first quantitative assessment of the average ReS2 solubility pa-
rameter δ̄, we calculate the weighted arithmetic mean using the at-
tenuance Di in a given solvent with solubility parameter δs,i as a
weighing factor according to

δ̄ =

∑
iDi × δs,i∑

iDi
(3.1)

This is a standard methodology in descriptive statistics and has been
used, for example, to estimate the solubility parameters of graphene
and carbon nanotubes.[161,177] Using the recorded data for each
ReS2/solvent combination in Figure 3.4b, the solubility parameter of
ReS2 measures 24.2 MPa1/2 on average.

Alternatively, we relied on the prediction of solution theory that the
equilibrium concentration of a solute C is described by a Gaussian

1The absorbance, typically denoted as A, denotes “the logarithm of the ra-
tio of incident to transmitted radiant power through a sample”. Analogous to
absorbance, attenuance also takes into account the effects due to scattering and
luminescence.Attenuance was formerly called extinction. The use of the term
extinction is no longer recommended by IUPAC.[182]

2In such an experiment, we detect the directly transmitted light.
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Figure 3.4: (a) Attenuance D of ReS2 in NMP, normalized at 400 nm. (b)
A plot of the attenuance at 400 nm D400 (markers), that serves as a metric
for the dispersed concentration of ReS2 nanosheets as a function of the Hilde-
brand solubility parameter of the solvent δs. Attenuance values for different
ReS2/solvent combinations are normalized to the ReS2/NMP dispersion. The
solid line is a fit to a Gaussian function.

that depends on the difference in solubility parameter between the
solvent δs and the solute δ̄ according to:[112,113,164]

C ∝ exp
(
− v̄

kT
(δs − δ̄)2

)
(3.2)

Here, v̄ stands for the unit volume of the dispersed phase. According
to Eq 3.2, this distribution peaks when δs equals δ̄. Following
Eq 3.2, we fit the experimental data in Figure 3.4b to a Gaussian
function using the width and the central position of the Gaussian
as fit parameters. Such a fit reproduces the observations (black line
in Figure 3.4b), and the respective Gaussian is centered at a value
δ̄ = 24.9± 0.5 MPa1/2. Clearly, the estimate for the average ReS2

solubility parameter from solution theory agrees with the weighted
arithmetic mean determined above and is in line with the solubility
parameters found for other layered materials, such as graphene[177]
(23 MPa1/2), boron nitride[100] (22.5 MPa1/2), molybdenum disul-
fide[112] (22 MPa1/2) and tungsten disulfide[112] (21.5 MPa1/2). These
data suggest that ReS2 tends to exfoliate better in solvents with a
slightly higher solubility parameter than those that allow for efficient
exfoliation of molybdenum and tungsten chalcogenides. The best fit
of D400 to Eq 3.2 yields a volume v̄ of 3.7× 10−22 cm3 and a con-
comitant full-width-at-half-maximum (fwhm) of 5.5± 1.2 MPa1/2.
This result agrees well with figures reported for MoS2

[112] (fwhm
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= 6.5 MPa1/2) and for WS2
[112] (fwhm = 4.5 MPa1/2). Even so,

v̄ strongly underestimates the volume of the dispersed material,
i.e., a single ReS2 flake. This discrepancy was already highlighted
by Hughes et al.[164] in their study on dispersions of carbon nan-
otubes. Maybe, the systematic observation of this deviation can
aid further theoretical work in the solution thermodynamics of van
der Waals solids. We debate this discrepancy further on in Chapter 5.

3.2.3 A Description of Exfoliation using Hansen Solu-
bility Parameters

Although the trend in the exfoliation yield of ReS2 correlates with
the Hildebrand solubility parameter, some noticeable exceptions
exist. Isopropanol, for example, has a much lower exfoliation yield
than its nearly ideal solubility parameter of 23.6 MPa1/2 predicts,
whereas 1-octyl-2-pyrrolidone (δs= 20.0 MPa1/2) and formamide
(δs= 36.7 MPa1/2) exhibit better exfoliation yields than expected
(see specific markers in Figures 3.3 and 3.5b). Additionaly, NMP
(green marker in Figure 3.4b) shows higher exfoliation yields
compared to other solvents with a δs near the optimum. Since
the Hildebrand solubility parameter does not discriminate between
dispersive, polar and hydrogen-bonding contributions to the cohesive
energy density (see Section 2.3.2,[165] we also analyzed the attenuance
of each dispersion as a function of the dispersive δs,D, polar δs,P

and hydrogen-bonding δs,H contributions to the Hansen solubility
parameter, see Figure 3.5.

Analogous to the method described above, we first calculate aver-
age values for the Hansen solubility parameters using a weighted
arithmetic mean, and those values amount to δ̄D= 18.0 MPa1/2,
δ̄P= 11.2 MPa1/2 and δ̄H= 9.6 MPa1/2. From Figure 3.5a, the
yield correlates with δs,D through a similar Gaussian relation,
while correlation in δs,P and δs,H are less evident. These figures
indicate that Hildebrand solubility parameter trend originates
mostly from a correlation between the exfoliation yield and the
dispersive component of the Hansen solubility parameter. Notably,
and in line with the existing literature on other two-dimensional
materials,[100,112,177] solvents with a dispersive solubility parameter
δs,D at around 18 MPa1/2 (Table 3.1) favor exfoliation.3 Such a value

3The observation that δs,D seems material independent suggests that vdW-
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is typical for polar aprotic solvents or solvents with an aromatic
functionality. The aforementioned discrepancies in δs are thereby a
consequence of solvents having a too-small dispersive contribution
despite a matching solubility parameter (isopropanol) or with a
matching dispersive contribution despite a deviating solubility pa-
rameter (1-octyl-2-pyrrolidone and formamide), see specific markers
in Figures 3.5a.

Figure 3.5: Plot of the attenuance at 400 nm as a function of the (a) dispersive
δs,D, (b) polar δs,P and (c) hydrogen-bonding δs,H components of the Hansen
solubility parameter.

As already pointed out, our data suggest that group VIIb 1T
′

ReS2

tends to exfoliate better in solvents with a slightly higher Hilderbrand
solubility parameter δs than those that allow for efficient exfoliation of
isotropic 2H molybdenum and tungsten chalcogenides of group VIb.
A comparison to MoS2 and WS2 in Table 3.1 learns that ReS2 has

layered solids, independent of their elemental composition or crystal structure,
have similar polarizabilities.
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δ̄ δ̄D δ̄P δ̄H

(MPa1/2) (MPa1/2) (MPa1/2) (MPa1/2)

ReS2 24.2/24.9 18.0/17.9 11.2/NA 9.6/NA
MoS2

[112] 22.0 17.8 9 7.5
WS2

[112] 21.5 18 8 7.5

Table 3.1: (first row) Optimal values for the Hildebrand solubility parameter (δ̄)
and the dispersive, hydrogen-bonding and polar Hansen solubility parameters
(δ̄D, δ̄P, δ̄H) for ReS2 as obtained using, respectively, the weighted arithmetic
mean/a Gaussian fit. (second row) Comparison with literature values for MoS2

and WS2.[112]

a similar δ̄D, but has a larger polar and hydrogen-bonding solubil-
ity parameters. Alternatively, as there is no difference in dispersive
interactions, the equivalence between the Hildebrand and the set of
Hansen solubility parameters (δ2

s = δ2
s,D + δ2

s,P + δ2
s,H)

[165] points in-
deed towards a more considerable contribution of polar interactions
in ReS2. Possibly, this difference reflects the larger dipole moment
stemming from the distorted 1T

′ phase of ReS2.

3.3 Liquid-Phase Exfoliation of ReS2

3.3.1 Optimization of the Exfoliation Conditions

Following the screening of different exfoliation solvents, we decided to
use N -methyl-2-pyrrolidone as an exemplary solvent for an in-depth
characterization of the exfoliated ReS2. For details concerning the
experimental procedure, we refer to the Experimental Section in Ap-
pendix A.1.2.

First, we optimize our exfoliation method according to a common
sequential procedure.[183,188] We first optimize the parameters
related to the separation of the unexfoliated bulk material and the
exfoliated nanosheets after sonication. In practice, we sonicated
ReS2 in NMP and centrifugated the final mixture at progressive
centrifugation times tc, while keeping the centrifugation rate fixed.
We recorded the supernatant’s attenuance (Figure 3.6a) and plotted
the attenuance (Figure 3.6b, left axis) as a metric for the concen-



42 Chapter 3

tration. Alternatively, the relative attenuance above the band-gap
and below the band-gap (Figure 3.6b, right axis), a metric for the
absorbance relative to the scattering, encodes similar information.
The sedimentation decay can be fit to a biexponential fit function
with time constants of 1 minute and 11 minutes, representing the
decay of two unstable phases. To remove the majority of unexfoliated
bulk material (≈ 95%) while preserving the exfoliated material, we
decided to set the centrifugation time at 3τ2 = 30 minutes.

Once the centrifugation time was optimized, ReS2/NMP dispersions
were centrifugated at different centrifugation rates rc, while keeping
the centrifugation time fixed (Figure 3.6c). Here again, the extinction
reaches a steady-state regime for rates exceeding 500g and can be
fit to a biexponential decay with decay constants of 12g and 180g.
Following our considerations outlined above, the centrifugation rate
is fixed at 3τ2 = 540g (Figure 3.6d).

To track exfoliation kinetics, we took aliquots at different sonication
times ts, ranging from 10 minutes to roughly 24 hours. Consequently,
we subjected each aliquot to an identical centrifugation cycle (540g,
30 minutes), and measured the supernatant by UV-vis spectropho-
tometry. As evident in Figure 3.6e, the yield of exfoliation increases
sub-linearly, i.e., defining the yield after 24 hours as 100%, we reach
roughly 30% yield after 3 hours, 45% after 6 hours, and 75% after 12
hours of sonication. In line with the literature, the evolution follows
a square-root dependence on the sonication time.[183,186] Therefore,
striving for the highest output in a reasonable experimental time
window, we decided to fix the sonication time ts at 6 hours.

Finally, we varied the initial concentration ci of ReS2 bulk powder in
Figure 3.6f. Initially, we observe a linear increase, as evidenced by
a 4-fold increase in the yield when changing to initial loading from
0.5 mg/L to 2 mg/L. However, raising the initial concentration fur-
ther from 2 mg/L to 15 mg/L only results in a mere 3-fold increase.
Based on these considerations, we fix the initial concentration ci at 2
g/L.

3.3.2 Analysis of the Morphology

We assessed the morphology of the ReS2 nanosheets through trans-
mission electron microscopy, atomic force microscopy, and dynamic



Liquid-Phase Exfoliation of ReS2 43

Figure 3.6: Optimization of (a-b) the centrifugation time tc, (c-d) the cen-
trifugation rate rc, (e) sonication time ts, and (f) the initial concentration ci of
bulk ReS2. (a) Attenuance spectra at different tc. (b) Plot of the attenuance
(markers) as a function of tc. (c) Attenuance spectra at different rc. (d) Plot
of the attenuance (markers) as a function of rc. The solid lines in (b) and (d)
are fits to biexponential functions. (e) Plot of the attenuance (markers) as a
function of ts. The solid line is a fit to a square-root dependence on the time
t1/2. (f) Plot of the attenuance (markers) as a function of ci. The right axis
plots the attenuance normalized by the initial ReS2 concentration.
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light scattering (DLS). According to the TEM image in Figure 3.7a,
exfoliation in NMP yields two-dimensional flakes with lateral sizes of
approximately 50 to 100 nm, not unlike individual grains observed
in the bulk powder (see Appendix B.2.4). This assessment is cor-
roborated by dynamic light scattering (Figure 3.7b), which shows a
monomodal size distribution centered at 109 nm. Using data for var-
ious non-spherical and exfoliated nanomaterials, the Coleman group
developed a framework to estimate the average size from the parti-
cle size distribution peak in DLS.[189] Using their empirical relation,
the average length of a flake measures 80 nm, a value in good agree-
ment with interpretations from TEM measurements. To estimate the

Figure 3.7: Overview of the most relevant morphological characteristics of
the ReS2 nanosheets produced in NMP. (a) Low-resolution TEM image. (b)
DLS particle size distribution (markers) of ReS2. The PSD average (PSDav)
for the calculation of the average length is marked with a vertical line. (c)
AFM image with height profiles (solid lines) corresponding to slices across two
particles (dashed lines). (d) AFM histogram showing the distribution of the
nanosheet thickness (grey bars).

thickness of the ReS2 flakes, we cast a dispersion on a SiO2 wafer and
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imaged the deposited flakes by atomic force microscopy. Figure 3.7c
provides an AFM image, and the inset of Figure 3.7c depicts height
profiles that correspond to slices across two particles. According to
these profiles, the particles have a thickness of ≈ 2.1 nm and ≈ 3.0 nm
at the center. As a ReS2 monolayer has a thickness of 0.7 nm,[28] these
flakes consist of, respectively, 3 and 4 ReS2 monolayers. We refer to
Appendix B.2.5 for additional AFM images. Figure 3.7d summarizes
the main results of the AFM analysis by plotting the distribution
of the thickness, which measures 2.7 nm on average and has a stan-
dard deviation of 1.5 nm, corresponding to approximately 4 ± 2 ReS2

monolayers.

3.3.3 Analysis of the Interlayer Stacking Order

For ReS2, the Raman features allow us to discriminate between the
two ReS2 polymorphs that solely differ in the interlayer stacking order.
One refers to either as an isotropic or an anisotropic stacking between
the ReS2 layers in the literature. Additionally, there are sizing curves
reported for both stacking orders.[70, 190]

Figure 3.8a plots the Raman spectrum for a ReS2 film on glass.
We observe a rich Raman response at small wavenumbers, from
120 to 450 cm−1, where the 18 Ag vibrational modes of 1T

′
ReS2 are

expected.[191] We labeled the 18 Raman vibrations in Figure 3.8a
following the literature.[191] Besides, the spectrum is flat between
800 and 1100 cm−1, a region that is characteristic for Re-O stretch
vibrations (see inset Figure 3.8a).[192] This qualitative observation
already points to a surface free of surface ReOx species (vide infra).
Figure 3.8b plots the fingerprint region of ReS2. Here, we draw
attention to the A1

g and A4
g modes as the peak difference ∆ω between

both modes serves as a metric for the interlayer stacking order.[70, 190]
We are aware that doping can influence the position of the Raman
peaks, as observed in doped MoS2.[193] In the case of intentionally p-
and n-doped ReS2,[194,195] it has been reported that all of the Raman
modes exhibited a slight shift in the same direction with a mere
2 cm−1 shift at the highest doping densities. While the absolute peak
positions might not be as reliable, these studies suggest that even
in the event of unintentional doping, the frequency difference ∆ω
between the two modes will still be a robust metric to distinguish
between the aforementioned stacking orders. Determining the peak
positions using a second derivative analysis, we find a value for ∆ω
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Figure 3.8: Overview of the Raman analysis of a representative ReS2/glass film
(excitation wavelength: 532 nm). (a) Raman spectrum covering wavenumbers
from 100 to 500 cm−1 with the assignment of the Raman response following
the reports by the Terrones group.[191] The inset covers the wavenumbers from
500 to 1500 cm−1. (b) Zoom of the Raman spectrum (black) together with
the second derivative (grey). The vertical lines at A1

g and A4
g serve as a guide

to the eye. (c) Sizing curves for ReS2 relating ∆ω(A1
g −A4

g), the frequency
difference between A1g and A4

g, with the layer number and for an anisotropic
(AI) and isotropic (IS) stacking order. Sizing curve AI1 (squares) was reported
in Reference 190, AI2 (triangles), and IS2 (grey dots) in Reference 70.
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of 19 cm−1. As shown in Figure 3.8c, such a number is indicative
of anisotropically stacked few-layer ReS2 with a layer number of
N ≈ 2 − 3 depending on the sizing method. We can rationalize this
result based on a simple thermodynamic argument; an anisotropic
stacking order has a lower free energy,[70] and during exfoliation,
there is ample time to relax into the thermodynamically most stable
polymorph. Based on such an argument, it is likely that few-layer
ReS2 produced by bottom-up wet chemistry would also result in the
anisotropically stacked polymorph.[145,196,197]

3.3.4 Elemental Analysis and Oxidation

We assessed the chemical purity of the exfoliated ReS2 using X-ray
photoelectron spectroscopy (XPS). Besides signals associated with ad-
sorbed carbon and oxygen,[198] the XPS survey spectrum (Figure 3.9a)
features different transitions from the core electrons of rhenium and
sulfur. Besides, the distinctive N1s signal at ≈ 400 eV, indicative of
NMP solvent residues, is entirely absent in the survey spectrum. The
high-resolution XPS spectrum in Figure 3.9b gives a more detailed
account of the chemical states of rhenium and sulfur. In particular,
we find the characteristic peaks associated with the Re4+ 4f states at
a binding energy of 42.8 eV and 45.3 eV and the S2− 2p states at a
binding energy of 163.4 and 164.4 eV. As a quantitative analysis by
XPS gave a rhenium to sulfur ratio of 1:1.99, there are virtually no
signs of oxidation.

This interpretation lines up with the qualitative Raman assessment
described above. Interestingly, even aged samples (≈ 1 year) stored
under ambient conditions retain their chemical purity as evidenced
by a near-stoichiometric Re:S ratio of 1:1.97 (see Figure 3.9c). In a
similar case, exfoliation of TiS2 in a pyrrolidone solvent (cyclohexyl-
pyrrolidone) suppressed oxidation, likely through the formation of an
ordered solvent monolayer on the surface of TiS2, and facilitated their
use in lithium storage applications.[199] In summary, these figures
outline that the liquid phase exfoliation, presented here, produces
few-layer, anisotropically stacked, and chemically pure ReS2 platelets
with long-term stability.
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Figure 3.9: Overview of the X-ray photoelectron (XPS) analysis of a represen-
tative ReS2/glass film (X-ray source: Al Kα). (a) XPS survey spectrum. The
signals related to either rhenium (Re), sulfur (S), oxygen (O), and C (carbon)
are marked. The asterisk (*) denotes the residual signal from the conductive
copper tape applied to the sample to avoid charging during the measurement.
The fingerprint regions for Re 4f and S 2p shown in panel b are highlighted.
(b-c) High-resolution XPS analysis of the core level spectra of the rhenium 4f
peaks (Re 4f7/2, Re 4f5/2), and the core level spectra of the sulfur 2p peaks
(S 2p3/2, S 2p1/2) of (b) a fresh (≈ 1 week old) sample and (c) an aged
(≈ 1 year) sample. The markers represent experimental data points, and the
solid line represents a fit of a Lorentzian line shape and a background.
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3.4 Conclusion

In summary, this work provides physicochemical insights into the
liquid-phase exfoliation process of ReS2, a promising 2D nanomate-
rial for various optoelectronic applications. By screening liquid-phase
exfoliation in a wide range of solvents, we observe that conditions for
high yield exfoliations can be understood from polymer solution ther-
modynamics, where the most optimal solvents are characterized by
similar Hildebrand and Hansen solubility parameters of 25 MPa1/2

and 18 MPa1/2, respectively. Accordingly, N -methyl-2-pyrrolidone
and N,N -dimethylformamide are recommended exfoliation solvents,
as they result in the highest exfoliation yields, and 1-butanol is con-
venient due to its lower boiling point. Next, we carried out a de-
tailed analysis of the exfoliated ReS2 using N -Methyl-2-pyrrolidone as
an exemplary solvent. Combining transmission electron microscopy,
atomic force microscopy, and dynamic light scattering, we established
the exfoliated nanomaterial as few-layered (N ≈ 4 ± 2) with lateral
sizes ranging from tens to a hundred nanometer. According to Ra-
man analysis, the liquid-phase exfoliated ReS2 adopts the anisotrop-
ically stacked and thermodynamically most stable polymorph. Ele-
mental analysis based on X-ray photoelectron spectroscopy verifies
that the ReS2 flakes are chemically pure and are stable against oxida-
tion. Accordingly, we conclude that liquid-phase exfoliation is suitable
to batch produce few-layer and pristine ReS2 flakes in solvents with
a solubility parameter close to 25 MPa1/2.





4
Solubility Parameters as Descriptors

for Stable Colloidal MoS2 Dispersions

"God made the bulk; surfaces were invented by the devil.
– Wolfgang Pauli

Chapter 3 outlined that similar solubility parameters characterized op-
timal exfoliation solvents for rhenium disulfide. We rationalized this
finding based on solution theory (see chapter 2). Similar to LPE, a
colloidal synthesis relies on a tight interplay between the inorganic and
organic interface. Provided that most proof-of-concept applications of
colloidal TMDs to-date exploit the surface, typically as a catalyst, we
study the interface science of molybdenum disulfide produced by col-
loidal chemistry.
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4.1 Introduction

The remarkable optoelectronic properties and high surface areas of
layered 2D nanomaterials have sparked widespread research inter-
est.[200] Most notably, the TMDs are intensively investigated as next-
generation semiconductors with potential applications in the field
of optoelectronics, catalysis, sensing, or energy storage, to name a
few.[10, 11,26,201,202] Molybdenum disulfide (MoS2) is by far the most
investigated member of the TMD family. As a bulk crystal, MoS2

adopts a layered crystal structure consisting of stacked S-Mo-S mono-
layers. The relatively weak dispersion forces between the layers fa-
vor the production of ultrathin mono-and few-layered TMDs through
various methods.[26] Currently, vacuum deposition and mechanical
exfoliation are the most commonly used techniques to manufacture
high-quality transition metal dichalcogenides,[95] yet their high syn-
thesis cost and limited scalability remain key issues. These drawbacks
have raised interest in more scalable production methods. From these
perspectives, solution-based methods, such as top-down liquid-phase
exfoliation (LPE) and bottom-up wet chemical synthesis, have at-
tracted significant research interest. These methods offer the prospect
of scalability and the suitability of colloidal nanocrystals for solution-
based processing via a variety of deposition methods, e.g., dip-and
spin-coating, which offers an exciting road towards their integration
in devices.

Both LPE and colloidal synthesis rely on a tight interplay between
the inorganic and the organic interface. On the one hand, seminal
studies on layered 2D materials systematically demonstrated that
stable dispersions of exfoliated nanomaterials are only obtained
in solvents with well-defined solubility parameters δs at around
20− 27 MPa1/2.[101–103,109,112] These results have been rationalized
within a broader context of solution thermodynamics where a match-
ing of the solubility parameter of the solvent and the nanomaterial
minimizes the energy of mixing. In this respect, knowledge of solu-
bility parameters proved essential to determine suitable conditions
for high-yield exfoliations and offered the prospect of post-processing
2D materials in solution. For instance, solvent-exfoliated dispersions
can be processed into printable inks and used to fabricate printed
devices, such as thin-film transistors.[106]

A colloidal synthesis, on the other hand, produces dispersions of hy-
brid nanocrystals where both the inorganic core and the organic sur-
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factant shell contribute to the properties of the nanocrystal.[126–128]
Over the past decade, the importance of the surfactant/inorganic
interface layer has been pointed out by numerous authors. It not
only has a pivotal role in the stabilization of NC dispersion,[203] but
also controls the shape[129] and the size[130] of the nanocrystal during
growth. In a similar way as it did for LPE nanomaterials, rational
control of the interface proved indispensable to advance in research
areas as diverse as optoelectronics,[131,132] catalysis,[133] and thermo-
electrics.[134]

Clearly, in both fields, insights in the inorganic-organic inter-
face layer proved essential to improving the material’s perfor-
mance. Despite the staggering growth in colloidal TMD synthesis
recipes,[104,105,137,139–141,143–148,204] the interface between the NC
and the surrounding organic medium is barely understood. Most
remarkably, nearly all proof-of-concept applications involving those
colloidal TMDs, exploit the surface of these compounds either as
a catalyst for hydrogen evolution reactions,[145–148,152] as gas sen-
sor,[145] as hydrogenation catalyst[143] or as battery materials.[139,144]
Besides, to enhance their performance, colloidal TMDs are often pro-
cessed as composite materials. In such a composite, they are typically
mixed with other low-dimensional materials.[104,144,145]

From these perspectives, we use colloidal MoS2 as a model system
to gain insight into the inorganic/organic interface of colloidal TMDs
materials. We first synthesize and characterize MoS2 in section 4.2.
In sections 4.3 and 4.4, we study the interactions between ligands
and NCs by solution NMR spectroscopy.[205] Lastly, we investigate
their stability within a framework of solubility parameters in sec-
tion 4.5.
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4.2 Colloidal Synthesis of MoS2

4.2.1 Description of the Synthesis Protocol

We synthesized MoS2 NCs based on a recent publication by Son et.
al.[105] Figure 4.1 depicts the set-up for such a synthesis. We refer
to Appendix A.2 for a detailed description of the experimental proce-
dure. In brief, we prepared a precursor solution containing molybde-
num chloride, oleic acid (OA), and oleylamine (OLA). After introduc-
ing anhydrous carbon disulfide (CS2) into the mixture, the precursor
solution (indicated as 1 in Figure 4.1b) was loaded into a glass syringe
and slowly injected into a hot oleylamine (shown as 2 in Figure 4.1b)
using a syringe pump. The reaction temperature was kept at 320°C
and the reaction time was 2 hours. Afterward, the reaction product
was purified through a standard purification protocol and taken for
characterization.

Figure 4.1: Set-up of a colloidal MoS2 synthesis, including (a) a pictorial rep-
resentation and (b) an image of the reaction. A precursor solution containing
MoCl5, oleic acid (OA), carbon disulfide (CS2), and oleylamine (OLA) (a mix-
ture labeled as 1) is slowly injected into oleylamine (a solution labeled as 2) at
a temperature of 320 °C using a syringe pump.

4.2.2 Material Characteristics of Colloidal MoS2

In this section, we use different characterization methods to study the
synthesized product. In particular, we emphasize procedures that al-
low us to identify the compound and to investigate whether colloidal
chemistry produces the desired semiconducting 2H phase. Addition-
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ally, we use different approaches to quantify the layer number.

Sections 4.2.2.1, 4.2.2.2, and 4.2.2.3 deal with Ultraviolet-Visible
(UV-Vis) spectroscopy, Raman spectroscopy, and X-ray Diffraction
(XRD) as macroscopic characterization methods that probe billions
of nanoparticles simultaneously. Sections 4.2.2.4 and 4.2.2.5 address
transmission electron microscopy (TEM) and atomic force microscopy
(AFM) as microscopic methods that probe individual nanoparticles
on a nanometric scale.

4.2.2.1 UV-Vis Spectroscopy

Principle UV-Vis spectroscopy is a straightforward yet powerful
method to characterize semiconductor NC dispersions. The absorp-
tion of electromagnetic radiation by semiconductors provides essential
information about their electronic structure and optical response.[187]
In practice, we record the attenuance D of a dispersion for incident
light with different energies (or wavelengths) and summarize the re-
sults in a so-called attenuance spectrum.

In the case of MoS2, the optical response depends on the crystal
phase and the layer number. The semiconducting 2H phase has dis-
tinctive exciton bands, denoted as A, B, and C.[11, 15] Alternatively,
size quantization results in a layer-dependence of the A exciton posi-
tion.[11] Provided that sizing curves for MoS2 exist, the layer number
can be estimated from the A exciton position.[117]

Results The attenuance spectrum of the purified reaction product
is given in Figure 4.2a. We observe three features that are charac-
teristic of the semiconducting 2H phase of MoS2. At approximately
665 nm (1.865 eV) and 615 nm (2.016 eV), the features labeled A and
B correspond to the excitonic transitions between the spin-orbit split
valence-band maxima and the conduction-band minimum at the K
point. We refer to Figure 4.2b for a simplified sketch of the electronic
band structure of MoS2.[11, 19,206] As outlined in Appendix B.3.1, we
assigned the wavelength to these resonances using a derivative anal-
ysis of the attenuance spectrum. The prominent feature C at around
420 nm, on the other hand, originates from transitions between the
valence and conduction band along the direction from K to Γ, where
these bands are mostly parallel.[207]

As emphasized in the introductory chapter, the electronic structure
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Figure 4.2: (a) Attenuance spectrum of a dispersion of MoS2 nanosheets in
o-DCB, indicating the characteristic A, B and C transitions. (b) Simplified
sketch of the electronic band structure of monolayer MoS2 along the direction
M to Γ. (c) Sizing curve for MoS2 relating the A exciton position λA to the
layer number N reported in Ref. 117.

of a MoS2 crystal depends on the number of monolayers it contains.
Backes et al. reported a sizing curve for liquid-phase exfoliated MoS2

that allows the determination of the layer number N from the A
exciton position (see Figure 4.2c).[117] For the A exciton situated at
665 nm, we expect a synthesized MoS2 sheet to contain approximately
3 monolayers on average.1

4.2.2.2 Raman Spectroscopy

Principle Raman spectroscopy has proven to be an indispensable
tool to analyze two-dimensional materials since their earliest discov-
eries.[119,208] For one thing, characteristic vibrations related to the
compound in question and its crystal phase are typically imprinted
in the Raman spectrum. Regarding layered crystals, the frequency
of the vibrational modes often changes as a function of their layer
number.[209]

1Given the difference in synthesis method, some care must be taken not to
overinterpret this result. Nonetheless, the authors reported that the experimental
position of the A exciton in mechanically exfoliated MoS2, supported on a sub-
strate, agreed with their sizing curve. We believe this strongly validates the use
of their sizing curve.
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Figure 4.3: (a) Schematic of the atomic displacements of A1g and E2g in
MoS2 as viewed along the [100] direction.[119] The sulfur and molybdenum
atoms are indicated in yellow are black, respectively. (b) Raman spectrum (532
nm excitation) of a dispersion of MoS2 nanosheets in o-DCB. The distinctive
A1g and E2g Raman modes of 2H MoS2 are highlighted. The asterisk marks a
residual signal from the solvent o-dichlorobenzene, see Appendix B.3.2. (c) Siz-
ing curve for MoS2 relating ∆ω(A1g − E2g), the frequency difference between
A1g and E2g, with the layer number N reported in Ref. 119.

Here, the presence of the A1g and E2g vibrational modes in the Raman
spectrum between wavenumbers of 350− 450 cm−1 (see schematic in
Figure 4.3a) characterizes the 2H crystal phase of MoS2. Besides, the
frequency difference between A1g and E2g serves as a metric for the
layer number.[119]

Results The finding that the synthesis yields few-layer, 2H MoS2

presented above is corroborated by the Raman spectrum, which shows
the characteristic A1g and E2g vibrations of hexagonal 2H MoS2 sep-
arated by a frequency difference of 23 cm−1 (Figure 4.3b). According
to the sizing curve reported by Tony Heinz et al., such a Raman shift
is representative of few-layer MoS2 containing roughly 3 monolayers
on average (Figure 4.3c).[119]

4.2.2.3 X-ray Diffraction

Principle When an x-ray hits an object, the atoms within the ob-
ject have a small but finite probability to elastically scatter the inci-
dent wave. In a periodically oriented crystal, the scattered waves can
undergo constructive interference for specific directions determined
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Figure 4.4: (a) Crystal structure of bulk MoS2. Reprinted from Ref. 211. (b)
x-ray diffractogram of a glass substrate coated with the reaction mixture and a
reference pattern for bulk hexagonal (2H) MoS2 according to JCPDS 75-1539
(vertical bars).

by the spacing between the lattice planes of the crystal.[210] X-ray
diffraction thereby provides crystallographic information on a macro-
scopic scale by mapping the intensity of diffracted x-rays at different
angles 2θ.

Bulk MoS2 crystallizes in a hexagonal lattice (α = β = 90°, γ = 120°)
with lattice parameters a = b = 0.3161 nm and c = 1.229 nm (see Fig-
ure 4.4a). As emphasized in the introduction, synthesized MoS2 oc-
curs in 2 hexagonal polytypes that solely differ in the complexation of
the central metal. Unfortunately, the XRD patterns of both phases
only show subtle changes.[40] For nanocrystallites with broadened
XRD peaks, differentiating between 2H and 1T poses a challenge.
Nonetheless, we see XRD as an integral asset in our toolbox as it
provides information on whether colloidal MoS2 is crystallized in its
typical hexagonal arrangement.

Results The x-ray diffractogram in Figure 4.4b and Table 4.1 sum-
marize the results of the analysis. We assigned the 2θ reflections
according to the reference pattern for hexagonal bulk MoS2 (JCPDS-
75-1539 indicated with vertical bars in Figure 4.4b). At small 2θ val-
ues, we observe a broad feature that corresponds to the (002) c-plane
reflection. Making use of Bragg’s law, the inter-planar spacing dhkl

amounts to ≈ 7Å, a value in agreement with the distance between two
successive MoS2 layers in the bulk crystal (c/2). At large 2θ values,
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reflection 2θexp (°) 2θref (°) dhkl (Å)

(002) 12.9 14.4 6.9
(101),(100) 33.3 32.7 2.7
(103) 39.2 39.5 2.3
(105) 48.6 49.8 1.9
(110) 58.9 58.3 1.6

Table 4.1: Assignment of the 2θ reflections in the x-ray diffractogram (left
column). Comparison with 2θ reflections of the corresponding diffraction planes
in bulk 2H-MoS2 according to JCPDS 75-1539 (middle and right columns).

an envelope containing multiple reflections that belong to hexagonal
MoS2 extends from 30° up to 60°. Here, the interlayer (100) and (110)
reflections, at 33° and 59°, respectively, are most intense. Weak and
broad c-plane reflections combined with intense and sharp reflections
of lateral planes are typically associated with thinner crystals having
a less-ordered stacking in the vertical direction.[212,213]

4.2.2.4 Transmission Electron Microscopy

Principle The discovery of the wave-like nature of electrons[214]
provided intriguing opportunities to study materials at the funda-
mental limit. From a practical point of view, it prompted the inven-
tion of the electron microscope, an invaluable experimental tool in
nanocrystal research.[215] Conceptually, as electrons pass through a
thin specimen, for example, a layer of MoS2, they undergo a wide va-
riety of possible electron-matter interactions. It should be no surprise
that these interactions provide important morphological and crystal-
lographic information about the specimen. In a conventional bright-
field TEM, the transmitted and low-angle scattered electron beams
are used to create an image through a Fourier transformation of an
interference pattern.

For ultrathin two-dimensional materials, the information provided by
low-resolution TEM is rather limited as TEM doesn’t provide a reli-
able quantification of the thickness, and materials tend to wrinkle or
aggregate due to drying effects, impeding a reliable size determina-
tion. High-resolution TEM, on the other hand, provides complemen-
tary information to XRD on a microscopic scale.
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Figure 4.5: (a,b) Low-resolution TEM images. (c) High-resolution TEM image
accompanied by the corresponding FFT pattern in the inset. The reciprocal
patterns labeled as 1 and 2 are respectively spaced at 0.27 nm and 0.15 nm to
the origin.

Results Figure 4.5 shows bright-field TEM images of the sample
after it has been cast on a thin copper foil. The low-resolution TEM
images, in Figures 4.5a and 4.5b, indicate that the synthesis method
yields two-dimensional and partly folded nanosheets with dimensions
of about 100 nm.

The high-resolution TEM and the corresponding fast Fourier trans-
form analysis (FFT) in Figure 4.5c reveal crystalline domains with a
hexagonal symmetry and reciprocal patterns spaced at 0.27 nm and
0.15 nm. These patterns correspond to the (101) and (110) lateral
planes of MoS2, a result in line with the XRD analysis presented
above.[216]

4.2.2.5 Atomic Force Microscopy

Principle Since its development in 1989, atomic force microscopy
(AFM) emerged as a powerful tool to image and study surfaces at the
nanoscale.[217] A cantilever with a sharp tip is the most vital part of
an AFM. In essence, while scanning the specimen, deflections of the
cantilever tip enable surface reconstruction and thickness determina-
tion.[218]

Results After casting the MoS2 dispersion on a silicon substrate,
the nanosheets could be imaged by atomic force microscopy, see Fig-
ure 4.6a. As shown in Figure 4.6b, such an AFM analysis yields
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Figure 4.6: (a) AFM analysis of a spin-coated MoS2 sample on a SiO2 wafer.
(b) AFM height histogram showing the distribution of the nanosheet thickness
(N = 85). The solid line is a fit to a Gaussian function.

the nanosheet thickness distribution, which measures 2.8 nm on av-
erage and has a standard deviation of ± 1.0 nm. Alternatively, we
fit the height distribution to a Gaussian function using the width
and the central position of the Gaussian as fit parameters. The re-
spective Gaussian is centered at 2.5 nm and has a full-width at half
maximum (FWHM) of 0.8 nm. Using 0.7 nm as the thickness of a
monolayer (see Section 4.2.2.3), these figures indicate that the MoS2

sheets analyzed here consist of approximately 3 to 4 MoS2 monolay-
ers. Importantly, the numbers extracted following indirect methods
(UV-VIS spectroscopy and Raman spectroscopy) agree well with the
quantification done by AFM. Such an observation could suggest that
the top and bottom facets are in fact ligand-free (see later).

4.2.3 Conclusion

We have carried out a detailed analysis of MoS2 synthesized through
colloidal bottom-up chemistry using molybdenum chloride and carbon
disulfide as chemical precursors. Different analyzes of the synthesized
product (see Table 4.2 for an overview) indicate that colloidal MoS2,
as synthesized here, contains 3 monolayers on average and adopts the
2H semiconducting phase.
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Technique Results Layer thickness

UV-Vis Excitonic absorption re-
lated to 2H phase

N ≈ 3 according to po-
sition of A exciton

Raman A1g and E2g modes of
2H phase present

N ≈ 3 according to fre-
quency difference

XRD Hexagonal pattern of
bulk 2H MoS2

Few-layer (less stacking
in c-direction)

(HR)TEM Lateral size in order of
hundreds of nanometer

-

Hexagonal planes (100)
and (101) in FFT

AFM - N ≈ 3 − 4 according to
height statistics

Table 4.2: Summary of the material characteristics of colloidal MoS2. (left
column) Characterization technique. (Middle column) Short description of the
major results. (Right column) Estimation of the layer thickness.

4.3 Surface Chemistry of As-Synthesized MoS2

Nanocrystals

4.3.1 Observations and Motivation

It is a common practice to purify colloidal nanocrystal dispersions by
a sequence of successive precipitation and redispersion.[205] However,
we observe that such a practice renders the colloidal MoS2 dispersions
unstable. Progressive purification leads to rapid aggregation of the
colloids in (cyclo)hexane, toluene, or chloroform, commonly used sol-
vents in nanocrystal syntheses.[104,105,150] A similar observation had
already been reported by Mahler et al. in the case of the synthesis
of 2H-WS2 nanosheets.[104] In this study, 2H-WS2 tended to aggre-
gate over time and additional washing steps by precipitation render
the product less dispersible in hexane. Nonetheless, we noticed that
redispersion of MoS2 in o-dichlorobenzene resulted in stable disper-
sions that show little to no sedimentation over time – we address the
solubility of TMD nanocrystals in sufficient detail further on. These
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observations motivated us to study the binding of the capping ligands
to MoS2.

4.3.2 The Solution 1H NMR Toolbox

Over the last decades, Nuclear Magnetic Resonance (NMR) spec-
troscopy has arisen as a key method to study the interface between an
inorganic nanocrystal and its organic ligand shell. Studies on distinct
classes of NCs demonstrated that a combination of one-dimensional
(1D) 1H NMR with two-dimensional (2D) techniques such as dif-
fusion ordered spectroscopy (DOSY) and nuclear Overhauser effect
spectroscopy (NOESY) provides researches with a powerful toolbox
to elucidate ligand binding. Most notably, the combination of these
techniques enables bound ligands to be distinguished from free ligands
and dynamic ligands, i.e., ligands involved in a dynamic exchange be-
tween a free and a bound state.[205]

Instead of providing a detailed description of each method, we rather
highlight what each technique offers from this perspective.

4.3.3 1D 1H NMR Spectroscopy

Principle A ligand that is tightly bound to the surface of a
nanocrystal typically experiences an excessive transverse T2 relax-
ation[219] and a different chemical environment compared to a freely
tumbling species in solution. As such, surface-binding is reflected
in a severe broadening of the linewidth.[220–223] Throughout the
literature, linewidth broadening has been rationalized as a sign of
surface-bound ligands.[220,221,224–226]

Conversely, dynamic ligands engaging in a fast adsorption/desorp-
tion equilibrium, only show moderate changes in their linewidth and
chemical shift.[227,228] Nonetheless, as we discuss below, to elucidate
tightly bound ligands from dynamic ligands 2D techniques are gener-
ally more conclusive.

Results Figure 4.7b shows a 1H NMR spectrum of a dispersion
containing MoS2 nanosheets in deuterated o-dichlorobenzene. Apart
from the resonances associated with the solvent o-DCB at 7 ppm (†),
the spectrum is dominated by a series of resonances ascribed to the
different protons in the oleyl-chain of oleylamine and oleic acid – the
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Figure 4.7: Overview of the 1D 1H NMR analysis of a representative colloidal
MoS2 dispersion (solvent: o-dichlorobenzene-d4). (a) Shorthand formula of
oleic acid and oleylamine. (b) 1H NMR spectrum (black) of a colloidal MoS2

dispersion in o-dichlorobenzene-d4. The labeled resonances are associated with
(a-d) the ligands oleylamine and oleic acid, (‡) o-dichlorobenzene-d4, and (†)
silicon grease. (c) Zooms of (top) alkene protons d and (bottom) α-methylene
protons c for (black) the dispersion containing MoS2 nanosheets and (grey) a
reference sample containing oleylamine.

ligands present in the chemical synthesis. The two prominent reso-
nances in the spectrum at 0.9 ppm and spanning the region between
1.0-1.8 ppm are, respectively, associated with the protons in the termi-
nal methyl moiety (a) and with the methylene proton pool (b), while
the resonances at 2.0 ppm and 5.4 ppm are, respectively, assigned to
protons in the α-methylene (c) and the alkene (d) group.

The resonances in the 1H NMR spectra of the sample are moderately
broadened and lack fine-structure. Besides, resonances are slightly
shifted towards higher δ values (i.e., down-field). For instance, the
α-methylene resonance shifts a mere ≈ 0.005 ppm, while the alkene
resonance shifts ≈ 0.04 ppm. For clarity, we provide zooms of both
resonances in Figure 4.7c.

These figures point to an interaction of the ligands with the NC sur-
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Figure 4.8: Overview of the 1D 1H NMR analysis of a colloidal MoS2 dispersion
synthesized with oleic acid and diocylamine instead of oleylamine (solvent: o-
dichlorobenzene-d4). The inset shows a zoom around the alkene resonance and
highlights that the alkene protons of oleic acid are absent.

face. Nonetheless, the limited chemical shift changes and linewidth
broadening line up with the characteristic behavior of a dynamic (la-
bile) ligand rather than that of a tightly bound moiety.

To identify if the resonances present after work-up are attributed to
oleylamine or oleic acid, we exchanged oleylamine for dioctylamine
in the synthesis. In contrast to oleylamine and oleic acid, diocty-
lamine is a saturated amine and thereby lacks alkene protons. The
1D 1H spectrum of such a dispersion is shown in Figure 4.8. Most
importantly, the absence of the alkene resonance, typically retrieved
at around 5.5 ppm (see inset), suggests the absence of oleic acid in
the dispersions.

4.3.4 2D 1H Spectroscopy

Principle The combination of NOESY and DOSY offers a unique
framework to study the ligand binding motive by monitoring the diffu-
sion coefficient and the nOE build-up of the species in solution. Com-
pared to a 1D spectrum, it allows for a more straightforward distinc-
tion between a tightly bound, a free, and a dynamic ligand.[205]

DOSY measures the molecular diffusion coefficient D as a function
of the chemical shift. Typically, diffusion coefficients in the order
of 10−9 m2/s mark free ligands. Alternatively, surface-bound species
tend to diffuse slower with D values in line with the NC’s solvo-
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Figure 4.9: Overview of the 2D 1H-1H NMR analysis of a representative
colloidal MoS2 dispersion (solvent: o-dichlorobenzene-d4). (a) DOSY NMR
spectrum and (b) the decay of the intensity to the gradient field strength at
chemical shift values around the α-methylene group (resonance c, dashed lines).
The markers represent data points, the solid line is a fit to the Stejkal-Tanner
equation. The labeled resonances are associated with (a-d) the ligands oley-
lamine and oleic acid, (‡) o-dichlorobenzene-d4. (c) NOESY NMR spectrum
of the dispersion. The negative nOEs are indicated in black and the positive
nOEs in grey.

dynamic size.[224] For instance, ligands tightly bound to QDs of a
few nm in size yield diffusion coefficients of 10−10 m2/s as a rule of
thumb[220,224,229–231] while tightly packed ligands on ≈ 30 nm long 2D
CdSe platelets tended to diffuse D values of 3.5 10−11 m2/s.[226]

Alternatively, in the case of dynamic ligands, an average diffusion co-
efficient is measured.[227,228,232] In such cases, NOESY spectroscopy
can ascertain ligand interaction as bound and free species develop
different signatures in a NOESY spectrum. Importantly, only bound
ligands develop strong nOEs (i.e., off-diagonal resonances with a sim-
ilar sign as the diagonal) due to a reduction in rotational correlation
time.[233]

Results As shown in the DOSY spectrum in Figure 4.9a, the res-
onances associated with the different protons in the oleyl-chain ap-
pear at the same value of the diffusion coefficient at approximately
10−9.6 m2/s, or 250 µm2/s. For instance, using established proce-
dures, the decay of the intensity at the position of the α-methylene
group, to the applied gradient can be well described using a mono-
exponential fit to the Stejkal-Tanner equation (for more information
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on the Stejkal-Tanner equation, we refer to Appendix B.3.3). Such
a fit yields an average value of the diffusion coefficient of 245±10
µm2/s.

The Stokes-Einstein equation relates the diffusion coefficient to the
solvodynamic radius rH through the friction coefficient f

D =
kBT

f
(4.1)

In this most simple case, i.e., for spherical particles, f equals 6πrHη,
with η the viscosity of the solvent. In this case, this yields a solvody-
namic radius of 1.3 ± 0.1 nm. Alternatively, we calculated the appar-
ent dimensions of the ligands for a disc-shaped geometry (f=12rHη),
resulting in rH=2.1 ± 0.1 nm. Irrespective of the exact functional
dependence of rH on D, these numbers differ significantly from the
expected diffusion coefficient of a large nanosheet with TEM dimen-
sions of 100 nanometers. Based on the Stokes-Einstein Equation, we
rationalize that such an object’s diffusion coefficient is several orders
of magnitude smaller, and falls in the order of ∼ 1µm2/s.

Off-diagonal cross-peaks with weak negative nOE intensities appear
in the NOESY spectrum of the MoS2 dispersion (Figure 4.9c) and
provide proof for an interaction of the ligands with the surface of the
NC. The intensity a cross peak attains during such an experiment
depends on the spin polarization transfer from the initially polarised
resonance to the other resonances in the chain. For instance, polariz-
ing the alkene protons (6), the initial magnetization of the 2 alkene
protons is transferred to the (n-2) other protons in the chain (for
instance, n=37 for oleylamine). In this way, if every molecule has
spent time on the surface during the mixing phase, (n-2)/n of the ini-
tial polarization is transferred. We would expect a total polarization
transfer of 90-95% for long-chained molecules at sufficiently long mix-
ing times. Opposite from this prediction, the sum of the integrated
cross-peaks only contains a mere 5% of the the diagonal intensity, a
low number that points to a weak interaction.

4.3.5 Conclusion

A moderate resonance broadening and limited changes in chemical
shift, a fast ligand diffusion coefficient, and weak, albeit negative,
nOEs imply that the ligands are not tightly bound to the surface of
the MoS2 NC, yet, they are in a dynamic exchange between a bound



Addition of Metal Complexes 69

Figure 4.10: (a) Crystal structure of MoS2 showing extended sulfur-rich (yel-
low) top-and-bottom facets. Schematic of a donor-acceptor interaction be-
tween sulfur and a metal complex. (c) (left) A dispersion of MoS2 in toluene
and (right) the same dispersion after adding the lead oleate complex. After
homogenizing, both dispersions were centrifugated.

and a free state.[205,228] Most likely, such a dynamic interaction is re-
sponsible for the limited colloidal stability of MoS2 in commonly used
NC solvents (e.g., hexane, chloroform, toluene). As a side-note, we
observed a similar weak ligand binding in colloidal WSe2 (submitted
work, see publication 4, section 9.4).

4.4 Addition of Metal Complexes

4.4.1 Motivation and Exploratory Experiments

One could think of alternative ligands that are compatible with the
surface of MoS2. An appealing option are metal carboxylate salts that
could act as lewis acids and coordinate to the sulfur atoms in the top
and bottom planes of a MoS2 layer (see Figure 4.10a). Based on the
Pearson hardness/softness principle,[234] we might expect soft metal
complexes to adhere stronger to the relatively soft S−2 ions present
in the top and bottom facets. In this respect, Pb2+ complexes might
be good candidates.

As an exploratory experiment, we add lead oleate to an unstable
dispersion of MoS2 in toluene. Both the dispersions with and with-
out lead oleate are homogenized and centrifuged. While the native
dispersion is colloidally unstable, supplying a metal carboxylate salt
proves efficient to stabilize the dispersion to a great extend, see Fig-
ure 4.10b. However, a subsequent purification with ethanol as the
non-solvent readily destabilizes the dispersion. This exploratory ex-
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periment already points to a labile interaction between the capping
ligand and the nanocrystal.

4.4.2 1H NMR Toolbox Analysis

Figure 4.11: Overview of the NMR toolbox analysis on a sample that contains
MoS2 dispersed in o-dichlorobenzene-d4 after the addition of lead oleate, hence-
forth denoted as MoS2/Pb(OA)2. (a) The chemical formula of lead oleate with
the resonances labeled as indicated in the NMR spectra. (b) 1H NMR spectra
of (bottom) the MoS2 dispersion before the addition of lead oleate, (middle,
grey) a blank reference containing lead oleate, and (top, black) a MoS2 dis-
persion after lead oleate has been added. The inset shows a comparison of
the broadened alkene resonance of the lead oleate. (c) DOSY NMR spectrum
of MoS2/Pb(OA)2. (d) NOESY NMR spectrum of MoS2/Pb(OA)2. Negative
nOEs are indicated in black, positive nOEs in grey.

We apply the solution NMR toolbox to elucidate the ligand-binding
of the metal carboxylate complex to the MoS2 surface. To do so,
lead oleate was added in a ten-fold excess with respect to the amount
of oleylamine still present in the dispersion, see Appendix A.2 for
experimental details. The sample containing lead oleate (see Fig-
ure 4.11a for the chemical formula) and MoS2 is henceforth denoted
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as MoS2/Pb(OA)2. The 1H NMR spectrum of the MoS2/Pb(OA)2
dispersion (Figure 4.11b, top black curve) shows a series of moder-
ately broadened resonances in comparison to the sharp resonances of
a blank lead oleate solution (Figure 4.11b, middle grey curve). Ad-
ditionally, the DOSY spectrum in Figure 4.11c only shows a single
value for the lead oleate diffusion coefficient (≈200±10 µm2/s), a
value that hardly differs relative to the one of free lead oleate (see
Appendix B.3.4). Both observations hint at a loosely bound ligand in
a fast exchange between a free and a bound state. Nuclear Overhauser
effect spectroscopy confirms this assumption. The NOESY spectrum
in Figure 4.11d shows off-diagonal cross-peaks with strongly negative
nOEs arising from ligands interacting with the surface of the NCs.
The combination of 1H NMR, DOSY, and NOESY thus ambiguously
points to lead oleate being in a fast exchange between a free and a
bound state. Here again, the manifestation of a ligand which readily
attaches and detaches from the surface is in line with the observation
that colloidally stable dispersions are only obtained in the presence
of an excess of free ligand, as well as the fact that extensive washing
renders the dispersion to its original colloidal instability.

4.4.3 nOE Build-up Curves

Principle To study the ligand binding in more detail, we con-
structed an nOE build-up curve by analyzing the intensity of the
nOE cross-peaks as a function of the nOE mixing time. The intensity
Iij that a cross peak attains during such an experiment depends on
the transfer of the spin polarization from the initially polarised reso-
nance i to the resonance j and the loss of initial polarization during
the mixing phase due to longitudinal T1 relaxation. As such, the
build-up curve can be described by[228]

Iij(t)

Iii(0)
= Cij exp (−RLt)(1− exp (−RCt)) (4.2)

with Iij(t) being the intensity of the cross peak between resonance i
and j and Iii(0) the intensity of the diagonal peak of the polarised
resonance i at t = τmix = 0. The rate constant RC describes cross-
relaxation of spin polarization from resonance i to j and RL describes
the longitudinal T1 relaxation rate. In the absence of longitudinal T1

relaxation (RL equal to zero), the relative intensity that an nOE cross
peak would attain is equal to the pre-factor Cij . In this way, the sum
of the pre-factors equals the amount of spin polarization transferred
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Cross peak 6-j C RC (s−1)

6-2 0.45 ± 0.03 4.2 ± 0.4
6-4 0.11 ± 0.01 10.6 ± 1.1
6-3 0.04 ± 0.01 5.8 ± 1.3
6-1 0.04 ± 0.01 2.1 ± 0.7
6-5 0.03 ± 0.01 4.1 ± 1.7∑

0.67 ± 0.07

Table 4.3: Fit parameters obtained by fitting the nOE build-up curves in
Figure 4.12 to Eq 4.2.

from resonance i to all the other resonances in the chain. As the build-
up of a negative nOE intensity is solely due to ligands that reside on
the surface, summing Cij over all possible resonances j allows us to
estimate the fraction of bound ligands. For instance, starting from an
initial polarization of the alkene protons (6), the initial magnetization
of the 2 alkene protons is transferred to 32 other protons. In this way,
if every molecule has spent time on the surface, i.e., under conditions
of fast exchange, 32/34 of the initial polarization is transferred, and
we expect a total polarization transfer of 94% or approximately 3%
per hydrogen nucleus.

Results In practice, we measured NOESY spectra at different mix-
ing times ranging from 10 ms up to 500 ms. For simplicity, we fo-
cus on the alkene resonance as it is isolated from the rest. At each
mixing time, we integrated the diagonal alkene resonance and each
off-diagonal cross peak, yielding the respective intensities I6−6(t) and
I6−i(t). For instance, I6−4(t) denotes the cross peak intensity ascribed
to the spin transfer from the alkene (6) to the α-CH2 (4). We sum-
marized this analysis by plotting the I6−i(t) relative to I6−6(0) in Fig-
ure 4.12a. As the value for I6−6(0), the initial intensity present in the
diagonal before mixing, we used the value at the shortest mixing time
of 10 ms. At such short mixing times, barely any cross-relaxation has
occurred, and most of the intensity is present in the diagonal.

Knowledge of the longitudinal relaxation rate is required to fit the ex-
perimental data-set to Eq 4.2. However, it is not straightforward to
determine this parameter from a nOE build-up curve as the dynam-
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Figure 4.12: (a) nOE build-up curve for a MoS2-lead oleate dispersion for
mixing times ranging from 10 ms up to 500 ms for different resonances (mark-
ers). The solid lines represent fits to Equation 4.2 with fit parameters as listed
in Table 4.3. (b) cross-relaxation rate RC corresponding with the spin transfer
from the polarized alkene resonance 6 to other resonances in the chain j as a
function of the number of bonds between 6 and j. (c) Prefactor C as a function
of the number of hydrogen nuclei of the resonance nHj

.
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ics are a function of both the cross-relaxation and the longitudinal
relaxation rate (see Eq 4.2). For this purpose, we measured the T1

relaxation rates for all the resonances in the lead oleate complex (see
Appendix B.3.5 for the tabulated values). Such an analysis yielded
values for RL that vary between 0.6 s−1 and 2.5 s−1, with the relax-
ation of the methyl group being the slowest. During fitting (to Eq 4.2),
we allowed RL to vary between these limits. We found that, apart
from the cross peak associated with the methyl resonance (I6−1), all
resonances can be well-described with a fixed RL of 2.5 s−1 and yield
a set of fit parameters listed in Table 4.3. In Figure 4.12b, we map the
cross-relaxation rate RC , corresponding with the spin transfer from
the polarized alkene resonance 6 to other resonances j in the chain, as
a function of the number of bonds spaced between the alkene protons
and the protons of resonance j. In line with intuition, polarization
transfer happens faster to resonances in closer proximity to the alkene
protons (e.g., to the α-CH2, see marker 6-4). Besides, the trend ap-
pears linear, a finding hinting at a cascade mechanism. As we expect
a larger transfer to resonances that contain more hydrogen nuclei, we
plot the pre-factor C6j in Eq 4.2 to the number of hydrogen nuclei
in resonance j. In this way, we obtain a linear plot with a slope of
0.023, corresponding with a transfer of 2.3% per hydrogen nuclei or
a total polarization transfer of 74%. Note that this value agrees well
with the sum of the pre-factors listed in Table 4.3. Although these
numbers are slightly lower than the predicted value of 94%, their high
value suggests that every ligand in the dispersion contributes to the
negative nOE build-up while lead oleate rapidly exchanges between a
free and a bound state during the mixing phase.

4.4.4 Comparison between Oleylamine and Lead
Oleate

NOESY spectra for both ligands have been measured at identical
mixing times of 300 ms. Such spectra suggested larger polarization
transfers, evidenced by more intense off-diagonal peaks, in case of lead
oleate (Figure 4.11d) compared to oleylamine (Figures 4.9c). Follow-
ing the line of thought presented in section 4.4.3, the ratio of the inte-
grated off-diagonal to the diagonal resonances Iij(300ms)/Iii(300ms),
provides a means to compare the relative binding strength of both
ligands to the MoS2 surface. In this respect, we integrate the diag-
onal alkene resonance and each off-diagonal cross peak, which yields
respective the intensities I6−6(300ms) and I6−i(300ms). Finally, the
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ratio I6−i(300ms)/I6−6(300ms) yields a value that is roughly 23 larger
in case lead oleate which might suggest a 23 times stronger relative
binding strength of lead oleate compared to oleylamine.

4.4.5 Conclusion

An NMR toolbox analysis and a more detailed analysis using nOE
build curves ambiguously showed that lead oleate is dynamically in-
teracting with the surface, fastly exchanging between a free and a
bound state. Due to the dynamic nature of such a bond, stable dis-
persions could only be obtained in the presence of an excess of the
lead oleate complex. Nonetheless, by supplying an excess of a metal
carboxylate that acts as a Lewis acid, we can stabilize MoS2 NCs in
more-conventional and apolar solvents such as toluene.

4.5 Solubility Parameter Matching

4.5.1 Observations and Hypothesis

We pointed out that progressive purification of the as-synthesized
MoS2 NCs leads to rapid aggregation in apolar solvents, and we
ascribed this behavior to highly dynamic ligand passivation (sec-
tion 4.3). The supply of an excess of a metal carboxylate salt, act-
ing as a Lewis acid, offered stability, yet the stabilization was again
highly dynamic (section 4.4). Certainly, such behavior would hamper
the post-processing of MoS2 and colloidal 2D TMDs in general.

In this respect, two additional observations are worth mentioning
here. For one thing, redispersion of MoS2 in o-dichlorobenzene re-
sulted in stable dispersions with little to no sedimentation over time.
Also, after a routine purification cycle involving the removal of the
native reaction mixture by centrifugation and two additional washing
steps with ethanol, we were able to redisperse the MoS2 pallet in po-
lar solvents under mild sonication. For instance, MoS2 dispersed in
N,N -dimethylformamide, a common exfoliation solvent (vide supra),
forms stable colloids for months. These observations contrast the
behavior of nanocrystals synthesized in an apolar reaction mixture
by hot-injection. For instance, 2D CdSe nanoplatelets packed with
organic surfactant molecules are most stable in cyclohexane,[226,235]
while QDs are usually dispersed in hexane or toluene.[205] Addition-
ally, a nanocrystal transfer from an apolar to a polar solvent typically
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involves the laborsome exchange of the native apolar surfactant layer
to a polar ligand shell using a two-phase system.[236]

Conceivably, these observations point to a similar stabilization mech-
anism as we used to exfoliate bulk ReS2 crystals in layered ReS2

colloids in chapter 3. Here, we interpreted conditions for high yield
exfoliations of ReS2 as a matching of the solvent and the ReS2 solu-
bility parameter. In another study, Cunningham et al.[112] estimated
the solubility parameter of bare MoS2 as ≈ 22 MPa1/2 by screening
LPE in a wide range of solvents. Interestingly, o-dichlorobenzene has
a closely matching solubility parameter (20.5 MPa1/2) to the one of a
bare MoS2 surface. On the other hand, typical apolar solvent solubil-
ity parameters range from 15− 18 MPa1/2 and match those of usual
apolar surfactant molecules used in hot-injection syntheses.[237]

In this respect, the question stands out as to whether the concepts
developed for rational liquid-phase exfoliations transfer nanomaterials
synthesized through hot-injection.

4.5.2 Outline of the Experiment

We pursue a similar approach as in chapter 3. First, we purify
the MoS2 colloid through a regular purification cycle (2 washing cy-
cles), we disperse the precipitated MoS2 pallet in a series of solvents
with known solubility parameters (Figure 4.13, step a). We ratio-
nally chose solvents with diverse solubility parameters in the range
of ≈ 15 to 30 MPa1/2. We included the most common nanocrystal
solvents (e.g., hexane, cyclohexane, chloroform, toluene) and non-
solvents (e.g., acetonitrile, ethanol, methanol) in our study. Besides,
we incorporated typical solvents known to result in high yield exfoli-
ations (e.g., NMP, DMF, butanol), see chapter 3. Next, we solubilize
the resulting mixtures under mild sonication in a bath sonicator (Fig-
ure 4.13, step b). We leave the dispersions untouched for 48 hours, and
subsequently, we carefully separate the supernatant from the sediment
(Figure 4.13, step c) for visual inspection and quantitative analysis by
UV-vis spectroscopy. We refer to Appendix A.2 for a more detailed
description of the experimental procedure, and Table A.2 for a full
solvent list.
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sonication

𝑡𝑠 =15’

sedimentation

Washed pallet

Solvent Sedimented

Stable

48 h 

a b c

Figure 4.13: Schematic representing the outline of the experiment.

4.5.3 Visual Inspection and Basic Quantitative Analy-
sis

After sonication (Figure 4.13, step b), we immediately notice that
MoS2 rapidly aggregates in hexane and methanol, solvents with the
smallest and largest δs, respectively. In other solvents, clear sedimen-
tation occurs within hours, yet a colored supernatant is still visible
after 48 hours. As already stated, dispersions in o-dichlorobenzene
are stable without any visible sedimentation.

For a visual inspection after 48 hours, we carefully decant the super-
natant from the sediment and arrange the supernatants of the disper-
sions from a small to a large solubility parameter in Figure 4.14a. For
a better visual comparison, we dilute each supernatant further in the
same manner. In this way, we distinguish three regimes in agreement
with the solubility parameter of the solvent. As MoS2 rapidly aggre-
gated in aliphatic hydrocarbons with the smallest solubility parame-
ter, such solvents result in optically transparent to nearly transparent
supernatants. Strikingly„ those are common laboratory solvents to
disperse NCs. The same holds for solvents with the largest solubil-
ity parameter, such as ethanol and methanol. In contrast, colored
dispersions are obtained in solvents with an intermediate solubility
parameter.

As stated in chapter 3, UV-vis spectroscopy allows us to compare
dispersions in different solvents quantitatively. Hence, we record the
attenuance D of MoS2 in each dispersion after sonication (step b)
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Figure 4.14: (a) Photograph of the supernatant of colloidal MoS2 flakes dis-
persed in solvents with an increasing solvent solubility parameter after 48 hours
of standing. (b) Plot of the stable fraction after 48 hours f (attenuance after
48 hours normalized by the initial attenuance after sonication) as a function of
the solvent solubility parameter δs. The different solvents are marked.
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and after 48 hours (step c). As a metric for the dispersion stability,
we use the ratio of D after 48 hours by the initial attenuance. We
denote this metric as f . As higher energy transitions are typically less
influenced by size quantization effects, we use the attenuance at 400
nm. Given this definition, f = 0 characterizes a non-solvent (100%
sedimentation), and values for f close to 1 are distinctive for stable
dispersions.

Figure 4.14b summarizes this analysis’s main result by plotting f for
each MoS2-solvent combination as a function of the solvent solubility
parameter. In line with the visual inspection, we record low values for
f in low and high δs solvents, and f approaches 1 for intermediate δs

solvents with solubility parameters at around 20− 25 MPa1/2. The
distribution appears Gaussian in shape – as predicted by solution
theory – and appears to reach a maximum at a position in-between the
experimental data points of o-DCB and NMP. Applying the weighted
arithmetic mean (Eq 3.1) to the recorded data, the average solubility
parameter of synthesized MoS2 measures 21.5 MPa1/2.

4.5.4 Analysis within Solution Theory

Equilibrium solute concentration as a function of the solubil-
ity parameter δ Following the line of thought presented in Chap-
ter 3, we rely on regular solution theory that predicts a Gaussian
dependence of the equilibrium solute concentration C on the differ-
ence in solubility parameters between the solvent δs and the solute
δ0:

C ∝ exp
(
− v̄

kT
(δs − δ0)2

)
(4.3)

Fitting a Gaussian function to the experimental data in Figure 4.15a,
yields a value for δ0 of 21.5± 0.3 MPa1/2. The optimal MoS2 solu-
bility parameter determined by solution theory agrees well with the
weighted arithmetic mean determined above. Most important, this
number corresponds with the reported solubility parameter of liquid-
phase exfoliated MoS2

[112] (22 MPa1/2, see Table 4.4) stabilized only
by solvent interactions, i.e., in the absence of surfactant molecules.
Importantly, the fact that remaining ligands in the dispersion hardly
influence the physicochemical properties of the surface agrees well
with the NMR experiments conducted earlier.

As the Gaussian fit function has a fwhm of 6.5± 0.8 MPa1/2, MoS2

has a solute volume v̄ of 2.7× 10−22 cm3. Once more, this result
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δ0 fwhm
(MPa1/2) (MPa1/2)

colloidal MoS2 21.5 ± 0.3 6.5 ± 0.9
exfoliated MoS2

[112] 22.0 6.5

Table 4.4: Summary of the through solution thermodynamics and comparison
with literature values listed in Reference 112.

Figure 4.15: (a) Plot of f as a function of δs. The solid line is a fit to Eq 4.3.
The yellow squares mark solvents with a δs close to δ0, and were used to validate
the model (b) f plotted against χ.

agrees well with reports on LPE MoS2
[112] (fwhm = 6.5 MPa1/2). As

stated earlier, this value strongly underestimates the volume of the
dispersed material. Considering the excellent agreement between ma-
terials prepared by two very different methods with different architec-
tures, this observation hints at similar underlying physicochemistry.
From this perspective, we address this conundrum in sufficient detail
in chapter 5.

Equilibrium solute concentration as a function of the ex-
change parameter χ In a similar way, we can relate the equilib-
rium solute concentration C to the exchange parameter χ.

First, we calculate the exchange parameter according to Eq 2.8 for
each data point and summarize those values in Figure 4.15b. As a
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value for the solute solubility parameter, we either used the number
we determined earlier according to Eq 4.3 (δ0 = 21.5 MPa1/2) (grey
markers) or the parameter of exfoliated MoS2 reported by Cunning-
ham[112] (δ0 = 22 MPa1/2) (black markers). In both cases, the trend
encodes similar information and agrees with the predictions made by
solution theory as discussed below. As low values for χ are associated
with a favorable energetic cost of mixing, f converges to 1 in small χ
solvents and plunges steadily to 0 in large χ solvents. Conspicuously,
the solubility of MoS2 plunges when χ exceeds 0.5. Similar behav-
ior has been observed in polymer solutions – an observation that we
address at length in the next chapter.[155]

4.5.5 Validation using Optimal δ Solvents

A prerequisite to any successful model is its predictability. Based
on the results outlined above, we expect that MoS2 forms stable
dispersions in solvents with solubility parameters of approximately
21.5 MPa1/2. Using the Hansen database,[165] we identified pyridine2
(δs = 21.5 MPa1/2) and 1-methylnaphthalene (δs = 21.1 MPa1/2) as
potential candidates; we marked those solvents with yellow squares in
Figures 4.15a. Most importantly, both solvents result in stable disper-
sions without any noticeable sedimentation after 2 days (f ≈ 1),3 and
thereby follow the predictions made by solution theory. We believe
that these results strongly validate our approach.

4.6 Conclusion

Starting from a series of observations, supplemented by extensive
analysis, we extended the solution thermodynamics approach to col-
loidal TMD systems. In doing so, we touched upon a series of top-
ics, starting with the synthesis of MoS2 by colloidal chemistry (sec-
tion 4.2). In this respect, we carried out a detailed analysis of the
reaction product using a combination of UV-Vis absorbance spec-
troscopy, Raman spectroscopy, XRD, TEM, and AFM. By combining
these tools, we assessed that the synthesized MoS2 flakes contained 3

2Besides providing thermodynamic stabilization, pyridine might also provide
additional steric stabilization as has been previously observed in case of CdSe
quantum dots.[228]

3While dispersions in 1-methylnaphthalene are still stable after a month of
storage, disperions in pyridine appear to sediment faster over time.
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monolayers on average and adopted the 2H semiconducting phase –
the desired phase for optoelectronic applications.

Starting from the empirical observation that the MoS2 dispersions
were colloidally unstable, we first studied their surface by NMR spec-
troscopy (section 4.3). Combining 1D and 2D NMR techniques, we
observed that ligands are not tightly bound to the MoS2 surface yet
engage in a dynamic adsorption/desorption equilibrium, exchanging
between a free and a bound state. Accordingly, we concluded that
this behavior is likely to cause their limited colloidal stability in con-
ventional solvents, such as hexane and toluene. Based on their crystal
structure, which features extended sulfur planes, we speculated that
soft metal complexes might stabilize the dispersions through adhe-
sion by donor-acceptor interactions (section 4.4). While supplying a
metal salt in excess stabilized the dispersions in conventional solvents,
removing the excess by a standard sequence of successive precipita-
tion and redispersion easily destabilized the colloid. By NMR spec-
troscopy, we again interpreted these observations as a manifestation
of dynamic ligand interaction.

Reasoning from the observation that the stability is heavily dependent
on solvent choice, we screened the stability of colloidal MoS2 NCs in
a wide range of solvents (section 4.5). Similar to our work on the
LPE of ReS2 in chapter 3, we show that this behavior can be under-
stood from solution thermodynamics, where the solubility parameter
of the solvent is a successful descriptor to predict the solubility of col-
loidal MoS2 NCs. The ensuing matching of the solubility parameter
enabled us to compare colloidal MoS2 to MoS2 produced by LPE.
The excellent agreement between materials produced by very differ-
ent methods underscored that the stability of synthesized flakes corre-
lates with the energy of mixing of the flakes/solvent mixture, rather
than being an effect of electrostatic ligand repulsion. These find-
ings complemented our NMR analyses, which demonstrated ligands
with a minimal affinity toward the NC surface, engaged in a highly
dynamic adsorption/desorption equilibrium. Notably, these findings
contrasted other low-dimensional systems synthesized by hot-injection
where steric/electrostatic ligand repulsion is the main driving force
that prevents aggregation. As a result, colloidal MoS2 NCs are sta-
ble in solvents with higher solubility parameters than those typically
used to disperse NCs prepared by hot-injection. Suitable solvents re-
sulting from this include aromatic solvents with polar groups, such
as o-dichlorobenzene, or even polar aprotic solvents, such as DMF.



Conclusion 83

We thus conclude that hot-injection yields MoS2 NCs with compara-
ble interfaces as those produced by LPE. This finding might offer the
prospect of using established procedures developed for LPE nanoma-
terials to post-process TMD dispersions as processable inks.





5
Why is Exfoliation of Van der Waals
Layered Solids Possible in a Broad

Spectrum of Solvents?

"I understand HOW. I do not understand WHY." – George Orwell,
1984

Experimental data on various 2D materials, including our experimen-
tal studies in chapters 3 and 4, suggest that exfoliation is possible
in a much broader range of solvents than solution theory seemingly
predicts. With knowledge about top-down and bottom-up systems at
hand, we attempt to describe these findings from a thermodynamic per-
spective. Derived from Flory-Huggins theory, we introduce a straight-
forward criterion that judges suitable exfoliation solvents for liquid-
phase exfoliation and colloidal stability based on their exchange pa-
rameter.



86 Chapter 5

Author Contributions

The findings in this chapter are currently under review:

A Thermodynamic Perspective on the Broad Solvent Win-
dow for Liquid Phase Exfoliation of Two Dimensional Van
der Waals Solids Schiettecatte, Pieter; Hens, Zeger.

P.S and Z.H. discussed the results and wrote the manuscript to-
gether.



Introduction 87

Figure 5.1: Overview of Chapter 5.

5.1 Introduction

Over the past years, studies on organic and inorganic layered nanoma-
terials demonstrated that liquid-phase exfoliation could be described
within a solution thermodynamics framework.[101–103,109,112] This
approach interprets high-yield exfoliation and the formation of sta-
ble colloids of exfoliated flakes in terms of the energy of mixing of
the flakes/solvent mixture. The main prediction of solution ther-
modynamics is that exfoliation works best when the solubility pa-
rameter of the solvents and the exfoliated flakes match, a point that
found ample experimental support in the literature on liquid-phase
exfoliation. On the other hand, several studies highlighted that the
set of good exfoliation solvents corresponds to a solubility parame-
ter window that is considerably larger than solution thermodynamics
would allow based on the size of the dispersed, exfoliated flakes. For
example, strong discrepancies between theory and experiment have
been described for carbon-based nanomaterials,[164] layered transition
metal dichalcogenides,[112] and layered oxides.[188] In all those stud-
ies, the good exfoliation solvent window would correspond to solute
volumes of ≈ 10−22 cm3, which can be up to 5 orders of magnitude
smaller than the dispersed colloid volume. In this regard, the ques-
tion arises whether such experimental results can be reconciled with
solution theory, and, if yes, what thermodynamic quantities would
effectively describe the experimental window of good exfoliation sol-
vents.

To address these points, we first list our experimental observations
and complement those with relevant literature data (section 5.2).
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Next, we derive the most commonly applied equilibrium condition,
which builds on Flory-Huggins theory to express the fraction of dis-
persed or exfoliated material as a Gaussian function of the solubility
parameter difference, and links the width of the Gaussian to the vol-
ume of an individual dispersed flake (section 5.3). In particular, we
point out certain spurious approximations, and we debate the use of
this relation. Lastly, based on Flory-Huggins theory, we introduce
the critical exchange parameter χc as a metric for good exfoliation
solvents (section 5.4). Reasoning from this perspective, we answer
the question why exfoliation is possible in such a broad spectrum of
solvents, and we argue that experimental data acquired on different
classes of 2D materials are in excellent agreement with our assess-
ment.

5.2 Experimental Observations and Literature
Survey

When optimizing the liquid phase exfoliation of a Van der Waals solid,
a typical first step has become the analysis of the exfoliation yield
for a range of solvents with different solubility parameters δsol. The
outcome of such screening studies is then represented by plots showing
the amount of material obtained after exfoliation as a function of
δsol. Such experiments showed that liquid-phase exfoliation works
best for solvents within a limited range of solubility parameters for
very different materials. A common interpretation of this outcome is
based on solution thermodynamics,[101,112,178,183,188,238–243] through
the statement that the equilibrium concentration of a solute B is
a Gaussian function of the difference in solubility parameter of the
solvent and the solute:[112,113,164]

[B] ∝ exp

(
− v̄

kBT
(δB − δsol)2

)
(5.1)

Here, v̄ stands for the solute’s unit volume, i.e., the exfoliated flakes or
tubes. According to Eq 5.1, the concentration of exfoliated flakes will
peak when the solubility parameters δsol and δB match, a condition
we will refer to as solubility parameter matching.

Table 5.1 and Figure 5.2 provide an overview of different mate-
rials of which exfoliation has been analyzed using the solution-
thermodynamics approach. Clearly, a broad range of materials
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Figure 5.2: Overview of the literature survey of experimental observations. (a)
Scatter plot summarizing the literature survey, the open circles are individual
data points as listed in Table 5.1 and the filled square plots the sample mean. (b)
Plots of the equilibrium solute concentration [B] as a function of the difference
in solubility parameters between solvent δsol and solute δB. The grey lines
mark the Gaussian using fits for (solid line) ReS2 (chapter 3) and (dashed line)
MoS2, compared to (black line) a reconstructed Gaussian using the hypothetical
volume of a disc with the dimensions listed in the main text.

has been covered, including graphene,[177] graphene oxide,[244]
black phosphorous (BP),[238] transition metal dichalcogenides
(TMDs),[100,112,239] transition metal oxides (TMOs)[240–242] and
MXenes.[243] Moreover, despite major differences in elemental com-
position, crystallography, and morphology, these layered compounds
showed good exfoliation in similar solvents, with matching solubility
parameters in the range 21− 27 MPa1/2. On the other hand, stable
dispersions of exfoliated flakes could be systematically obtained in
solvents with solubility parameters deviating roughly ±3 MPa1/2

from the matching condition. This point was evidenced in many
studies by plots of the dispersed amount of exfoliated material as a
function of δsol, which could be fitted to a Gaussian having a full-
width-at-half-maximum (fwhm) in the range 4.5− 6.8 MPa1/2 for the
different materials analyzed, with an average of 5.7 MPa1/2.

Referring to Eq 5.1, a good exfoliation solvent window of 6 MPa1/2

corresponds to solute volumes v̄ of the order 10−22 cm3. However,
approximating a single TMD flake as a disc of 100 nm in diameter
and 2.5 nm in thickness, the solute volume would rather amount to
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δB [B] fwhm reference
(MPa1/2) (MPa1/2)

ReS2 24.2/24.9 5.5a Ch. 3
c-MoS2 21.5 6.5a Ch. 4

MoS2 22 6.5a Ref. 112
WS2 21.5 4.5a Ref. 112
GeS 23 4.5b Ref. 239
MoSe2 22.5 6.5a Ref. 112
MoTe2 21 5a Ref. 112
Graphene 23 6.1b Ref. 177
rGO 22.0 4.5c Ref.244
GO 25.4 NA Ref.244
MoO2 22 6.7b Ref. 240
V2O5 24 6.8b Ref. 242
MnO 24.8 4.1a Ref. 241
BP 21 6.6b Ref. 238
Ti3C2Tx 27 6.0b Ref. 243

x̄± s 22.9 ± 1.7 5.7 ± 0.9

Table 5.1: Overview of the literature survey of experimental observations.
Tabulated values for (second column) optimal solubility parameter of the layered
compound δB, (third column) good solvent window as characterized by the
fwhm of the Gaussian fit functions. a reported by the authors, b values extracted
from fits reported by the authors, c values extracted by fitting the reported data-
set to a Gaussian function.
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2× 10−17 cm3 – five orders of magnitudes larger than expected based
on the good exfoliation window. To highlight the underlying issue,
we used a flake volume of 2× 10−17 cm3 to predict the dependence of
[B] on δsol by means of Eq 5.1. As shown in Figure 5.2b, the thus ob-
tained Gaussian has a fwhm of a mere 0.2 MPa1/2. This result would
suggest that liquid phase exfoliation is only possible in an extremely
tight range of solvents, a prediction at odds with the overview given
in Table 5.1, and with the experimental data added to Figure 5.2b
for comparison. This conundrum has already been identified in the
literature,[112,164,188] but no attempts to reconcile the successful iden-
tification of solubility parameter matching with the failure to predict
the width of the good exfoliation window by solution thermodynamics
were made.

5.3 Describing Liquid Phase Exfoliation
Through Solution Thermodynamics

Eq 5.1 underlies the identification of solubility parameter matching as
the central requirement of good exfoliation solvents. One obtains this
expression starting from the assumption that Flory-Huggins theory
provides an apt description of the free energy of the dispersion of the
exfoliated flakes – referred henceforth as the exfoliated colloid – and
that the exfoliated colloid is in physical equilibrium with the to-be-
exfoliated material. Following this idea, we first derive conditions for
physical equilibrium (section 5.3.1) and apply those conditions within
the framework of a Flory-Huggins lattice model (section 5.3.2).

5.3.1 Physical Equilibrium between Two Phases

Physical equilibrium refers to systems whose composition can change
by exchanging components between the different phases of the sys-
tem. In other words, it deals with equilibrium phenomena that do
not involve chemical reactions. Generally, we can derive equilibrium
conditions at constant pressure and constant temperature, or at con-
stant volume and constant temperature. As lattice models are typ-
ically derived at a constant volume, we describe the system under
volume-temperature control. As such, equilibrium is reached when
the (Helmholtz) free energy F of the system is minimal

(dF )V,T = 0 (5.2)
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Figure 5.3: Schematic representation of physical equilibrium.

In the most simple case, we will assume a system containing a single
component B. As shown in Figure 5.3, component B can exchange
between two phases α and β. For instance, phase α can represent
the pure substance B (e.g., a solid powder), and β can represent B
in solution. The free energy of such a system is the sum of the free
energy of B in each separate phase (FB = FB,α + FB,β). In such a
way, the transfer of a volume VB from α to β (see Figure 5.3) changes
the free energy (dFB = dFB,α + dFB,β) such that we can write at
equilibrium

∂FB
∂VB

dVB =
∂FB,α
∂VB

dVB,α +
∂FB,β
∂VB

dVB,β = 0 (5.3)

For a closed system kept at constant volume, and in the absence of
chemical changes, VB,α equals −VB,β , and equilibrium is expressed as
a matching of the partial derivatives of FB to VB in each separate
phase

∂FB,α
∂VB

=
∂FB,β
∂VB

(5.4)

Importantly, this equilibrium condition can be extended towards sys-
tems containing multiple components. Fof binary mixtures AB, the
equilibrium conditions are retrieved by solving the set of coupled
differential equations for both components in the mixture according
to 

∂FB,α
∂VB

=
∂FB,β
∂VB

∂FA,α
∂VA

=
∂FA,β
∂VA

(5.5)
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5.3.2 The Free Energy Within a Lattice Model De-
scription

Referring to Figure 5.3a, the total free energy Ftot of a system con-
sisting of (1) to-be-exfoliated material and (2) an exfoliated colloid
can be written as

Ftot = Fα + Fβ = VB,αFB + VB,βFB + VsolFsol + ∆mixF (Vsol, VB,β)
(5.6)

Here, FB and Fsol are the free energy per unit volume of the to-
be-exfoliated material and the solvent, respectively, whereas VB,α is
the volume of the to-be-exfoliated material, VB,β is the volume of the
exfoliated flakes in the colloid and Vsol is the volume of the solvent.
Furthermore, ∆mixF (Vsol, VB,β) is the free energy of mixing of the
exfoliated colloid, which can be written by means of Flory-Huggins
theory as:

∆mixF =
kBT

v0

(
Vsol lnφsol +

VB,β

νB
lnφB,β +

VsolVB,β

Vβ
χ

)
(5.7)

Here, v0 is the volume occupied by an individual solvent molecule, νB

is the ratio between the volume of a single solute particle and v0, Vβ is
the sum of VB,β and Vsol, and χ is the so-called exchange parameter.
In terms of the solubility parameters of the solvent and the solute, χ
can be expressed as:

χ =
v0

kBT
(δsol − δB)2 (5.8)

5.3.3 Physical EquilibriumWithin a Lattice Model Ap-
proach

As stated by Eq 5.2 and Eq 5.3, physical equilibrium can be expressed
through the requirement that Ftot is invariant under the transfer of
an infinitesimal volume dVB,β from phase α to phase β. Inspecting
Eq 5.6, the equilibrium condition in Eq 5.4 can be rewritten most
concisely as

d∆mixF

dVB,β
= 0 (5.9)

Hence, by means of Eq B.5, we obtain that the following relation
should hold at equilibrium (see mathematical detail below) that

kBT

(
χφ2

sol − φsol +
1

νB
lnφB,β +

1

νB
φsol

)
= 0 (5.10)
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For solutions of large particles (νB � 1) with low solubility, Eq 5.10
reduces to

χ− 1 +
1

νB
lnφB,β = 0 (5.11)

In that case, we indeed find that the volume fraction φB,β can be
written as:

φB,β ∝ exp

(
−νB

v0

kBT
(δsol − δB)2

)
(5.12)

According to Eq 5.12, the volume fraction of exfoliated particles will
be largest when the solubility parameter δsol and δB are equal, in
line with the experimentally observed solubility parameter matching.
However, as mentioned before, relating the width of the accessible
solubility parameter window with 1/

√
νBv0, Eq 5.12 strongly under-

estimates the experimental good exfoliation solvent window.

Considering Eq 5.10 in the limit νB � 1, it follows that an equilibrium
volume fraction φB,β is only obtained for cases where the exchange
parameter exceeds 1. Indeed, since φB,β is a number between 0 and
1, solutions are only found when χφ2

sol − φsol is a positive number,
which can be the case as soon as χ > 1. Therefore, Eq 5.12 will
only apply under conditions of low solute solubility, related to a con-
siderable solubility parameter mismatch. This is not the case when
describing optimal exfoliation conditions in terms of solubility param-
eter matching; a condition that corresponds to an exchange parameter
χ = 0.

To explore a more consistent interpretation of liquid-phase exfolia-
tion and the stability of exfoliated colloids based on solution ther-
modynamics, we return to the Flory-Huggins expression for the free
energy of mixing of small solvent molecules and large solute particles
(Eq B.5). This relation predicts that such systems will only exhibit a
miscibility gap, and therefore a limited solubility of solute particles in
a given solvent, when the exchange parameter exceeds a critical value
χc as given by:

χc =
(1 +

√
νB)2

2νB
(5.13)

This point can be demonstrated by requiring that the second deriva-
tive and the third derivative of ∆mixF to φB are zero simultaneously.
One sees that for cases where νB � 1, χc tends to a lower limit of
0.5. Moreover, under such conditions, the solubility of the solute in
the solvent will become vanishingly small once χ exceeds 0.5. Taking
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the above considerations into account, the link between solubility and
exchange parameter for the case νB � 1 is better expressed in terms
of the critical exchange parameter χc as:{

miscibility (φB = 1) if χ < 1/2

immiscibility (φB ≈ 0) if χ > 1/2
(5.14)

Mathematical detail:
∂

∂VB,β
∆mixF

∂

∂VB,β
∆mixF = kBT

∂

∂VB,β

(
χ

VsolVB,β
Vsol + VB,β

+
1

νA
Vsol ln

(
Vsol

Vsol + VB,β

)
+

1

νB
VB,β ln

(
VB,β

Vsol + VB,β

))
=kBT

(
χ

V 2
sol

(Vsol + VB,β)2
− Vsol

νA

Vsol
(Vsol + VB,β)2

Vsol + VB,β
Vsol

+
1

νB
ln

(
VB,β

Vsol + VB,β

)
+
VB,β
νB

Vsol
(Vsol + VB,β)2

Vsol + VB,β
VB,β

)
=kBT

(
χφ2

sol −
1

νA
φsol +

1

νB
lnφB,β +

1

νB
φsol

)

5.4 The Critical Exchange Parameter as De-
terminant for the Exfoliation Window

In line with the idea that solution thermodynamics helps to under-
stand optimal exfoliation, we hypothesize that the condition for full
miscibility of the solvent/solute mixture as expressed by Eq 5.14 de-
scribes the good exfoliation solvent window. In that case, apt ex-
foliation solvents would be characterized by an exchange parameter
χ < 0.5, whereas poor exfoliation solvents would yield exchange pa-
rameters outside of the full miscibility range. Given the relation be-
tween χ and the solubility parameters δsol and δB, this description
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Figure 5.4: (a) Rectangular distribution calculated according to Eq 5.15 high-
lighting that good exfoliation is possible within a solubility parameter range
characterized by a width of 2

√
kBT/2v0. (b) Rectangular distributions cal-

culated for a set of common exfoliation solvents, including N -cyclohexyl-2-
pyrrolidone (CHP),[161,245] 1,2-dichlorobenzene (DCB)[118,246] and N -methyl-
2-pyrrolidone (NMP).[100,101,110] The plots span a solubility parameter window
of 5.5 MPa1/2 to 7.2 MPa1/2 for solvents with molecular volumes ranging from
1.6 10−22 cm3 to 2.7 10−22 cm3. (c) The window for good exfoliation solvents
was calculated for the solvents listed in panel b for different values of the ex-
change parameter χc. For comparison, we plotted (open circles) the individual
data points and (black horizontal line) the average value of the literature survey
in Table 5.1.

corresponds to a rectangular good exfoliation solvent window, the
depends as follows on the solubility parameter mismatch: φ = 1 ∀ δs ∈

[ (
δB −

√
kBT

2v0

)
,

(
δB +

√
kBT

2v0

)]
φ = 0 otherwise

(5.15)

As depicted in Figure 5.4a, good exfoliation and stable exfoliated
colloids are expected according to Eq 5.15 under conditions where
the solvent has a solubility parameter that deviates by less than
±
√
kBT/2v0 from the matching condition δsol = δB or, equivalently,

good exfoliation is possible within a solubility parameter range char-
acterized by a width of 2

√
kBT/2v0.

To validate the hypothesis that the critical exchange parameter out-
lines the good exfoliation solvent window, we calculated the rectan-
gular distributions as predicted by Eq 5.15 for different exfoliation
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solvents, as characterized by the molecular volume v0. Figure 5.4b
depicts such plots for a set of common exfoliation solvents that fea-
ture molecular volumes ranging from 1.6 10−22 cm3 to 2.7 10−22 cm3.
As evident in Figure 5.4b, the boxcar plots span a solubility param-
eter window of ≈ 5.5 − 7.2 MPa1/2. Returning to Table 5.1, one
sees that such widths are consistent with the survey of experimen-
tal data acquired on a broad set of 2D materials, which yields an
average width of 5.7 ± 0.9 MPa1/2. We thus conclude that the iden-
tification of the limits of the good exfoliation solvent window with
solvent/solute combinations having an exchange parameter equal to
the critical value for immiscibility yields a consistent interpretation of
liquid phase exfoliation in terms of solution thermodynamics.

Considering the significant simplifications underlying the Flory-
Huggins expression for the free energy of mixing of the solvent/solute
mixture, the close correspondence between experimental exfoliation
studies and predictions based on Eq 5.15 is quite remarkable. For
example, the assumption that the total volume does not change
upon mixing, or that mixing is a statistically random process,
poses considerable issues for the description of solutions and blends
of polymers by means of Flory-Huggins theory. To account for
deviations such as volume changes and local packing effects, the
exchange parameter is typically modified by the addition of a
temperature-independent empirical constant.[155] Similar effects in
the case of exfoliated colloids may be difficult to capture by the
analysis introduced here. Given the relatively weak dependence of
the solubility parameter window on the critical exchange parameter,
any value of χc in the range 1/2 to 1/3 would make the average
window width of 5.7 ± 0.9 MPa1/2 fit within the predicted width
based on a range of solvents (see Figure 5.4c). On the other hand,
Eq 5.15 suggests that, in particular local packing effects, could
be studied through a temperature-dependent analysis of the good
solubility window.

5.5 Conclusion

In this study, we addressed the question of the good exfoliation sol-
vent window starting from an overview of literature data. Irrespective
of the characteristics of the exfoliated material, we found that this
good solvent window corresponds to a solubility parameter range of
4.5− 6.8 MPa1/2 around the optimal matching value. Next, we red-
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erived the most commonly applied good exfoliation condition, which
builds on Flory-Huggins theory to express the fraction of dispersed
or exfoliated material as a Gaussian function of the solubility param-
eter difference, and links the width of the Gaussian to the volume of
an individual dispersed flake. In doing so, we highlighted that this
relation only applies when the Flory-Huggins free energy yields a mis-
cibility gap between the solvent and the solute. Since any colloid of
exfoliated material should be stable when solvent/solute mixtures are
predicted to be stable at all compositions, we therefore introduced
the critical exchange parameter χc = 0.5 above which a miscibility
gap arises as a metric for the experimental exfoliation window. In-
terestingly, we found that the resulting solubility parameter range
corresponds closely to experimentally observed good exfoliation sol-
vent windows. We therefore concluded that solution thermodynamics
is apt to describe good exfoliation solvents, provided that the solubil-
ity parameter range is linked to the critical exchange parameter for
solvent/solute immiscibility.
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Probing Carrier & Optical

Nonlinearities by Pump-Probe
Spectroscopy

6.1 Introduction

For several millennia, we have been limited by the response time of
our senses. Processes happening beyond the blink of an eye were
simply immeasurable, and anything faster than tens of milliseconds
was perceived as a continuous motion.1 Rapid technological changes
starting in the 19th century surpassed our senses’ natural limitations
and offered the tantalizing opportunity to freeze a continuous motion
as a sequence of discrete frames.

In this respect, the development of high-speed photography and time-
resolved spectroscopy are cases in point. Using a complex arrange-

1The response time of the eye is ≈ 50 ms or 20 Hz.
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ment of high-speed cameras with short millisecond shutter times,
Eadweard Muybridge (1878) captured the slow-motion of a galloping
horse and resolved the conundrum of whether all four hooves were
lifted during the gallop (Figure 6.1).[247] The experiments conducted
by Muybridge pointed out that an even faster probe is needed to
resolve a seemingly continuous motion. Merely two decades later,
Abraham and Lemoine (1899) pioneered the pump-probe measure-
ment principle.[248] In an experiment with carbon disulfide, they used
two synchronized light pulses. An optical pump excitation induced a
change in the refractive index of carbon disulfide, and a delayed probe
pulse measured the photo-induced change.

Figure 6.1: Sequential series of photographs taken by Muybridge of a horse at
Stanford’s Palo Alto Stock Farm. The shutters of 12 cameras set along the race
track were automatically triggered when a horse tripped the wires connected to
a circuit.

Continuous improvements in electronics gradually shifted the exper-
imental time resolution in pump-probe measurements from millisec-
onds to the microseconds2.[249] The largest paradigm shift coincides
with the invention of the laser in the 1960s,[250] shortening the ar-
row of time to the nanosecond,[251] picosecond,[252] and femtosec-
ond[253] regime. With the development of solid-state Ti-sapphire
lasers in 1991,[254] chemists and physicists were finally able to ven-
ture a century-old dream and visualize the motion within atoms,
molecules, and solids with femtosecond precision.

2The experimental resolution is limited by the duration of the pulse.
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Figure 6.2: Schematic depicting the principles behind ultrafast pump-probe
spectroscopy.

6.2 White-Light Pump-Probe Spectroscopy

Modern transient absorbance spectroscopy (TAS), and white-light
pump-probe spectroscopy in general, is conceptually not very dif-
ferent from the pioneering experiments conducted by Abraham and
Lemoine. We illustrate pump-probe spectroscopy in Figure 6.2. A
material (1) is pumped with an ultrafast laser pulse (2), thereby
inducing a change in the the material’s absorbance. A delayed
probe pulse (3) monitors changes in absorbance ∆A. Photo-induced
changes, and, to a certain extent, the motion of photo-excited carri-
ers, are mapped by tracking changes in the differential absorbance
∆A as a function of time and wavelength/energy (4).

Figure 6.3 provides a schematic of the TAS setup available at our
facilities in PCN. We record transient absorbance spectra by excit-
ing dispersions (7) using 110 femtosecond pump pulses with variable
wavelengths. Pump pulses are created from the 800 nm fundamen-
tal of a 1 kHz Ti:sapphire laser system (1) (Spitfire Ace, Spectra
Physics) through non-linear conversion in an OPA (2) (Light Con-
version, TOPAS). We vary the pump’s photon flux through a neutral
density wheel (3) and determine the photon flux using a Thorlabs
CCD camera beam profiler and a thermal power sensor. Probe pulses
in the visible and near-infrared window are generated by passing the
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Figure 6.3: Schematic of the ultrafast TAS setup available at PCN.

800 nm fundamental through a thin CaF2 and YAG crystal (5), re-
spectively.3 The spectral density of the pump pulses is in the order
of µJ/nm. The probe pulses, on the other hand, are several orders
less intense and fall in the order of pJ/nm. The pulses are delayed
relative to the pump using a mechanical delay stage (4) with a maxi-
mum delay of 6 nanoseconds. In our experiments, the probe spectrum
(6) covers the UV-Vis window from 350 nm up to 700 nm and the
near-infrared window from 850 nm up to 1300 nm.

6.3 Pump-Induced Optical Nonlinearities

6.3.1 Introduction

The creation of charge carriers after pump excitation alters the ab-
sorption of a semiconductor, leading to distinct pump-induced optical

3Broadband probe pulses are generated through the mechanism of white-light
continuum (WLC) generation. White light is generated when a high-intensity
(monochromatic) light source is focused on a transparent medium.[255] Both the
efficiency of the process and resulting spectra depend critically on the bandgap
Eg of the medium.[256] Generally, larger bandgap media result in higher energy
probes. We used calcium fluoride (Eg ≈12 eV) for the generation of visible probe
pulses and YAG (Eg ≈7 eV) for near-IR probe pulses.
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nonlinearities. Understanding how characteristic features in the dif-
ferential absorbance can be assigned to typical nonlinearities observed
in semiconductors will prove essential in Chapters 7 and 8.

Omitting a mathematical description, we opt for a simplified picture
and consider a semiconductor with a parabolic valence band (VB) and
conduction band (CB), and a free particle band-gap E0 = Ec − Ev.
We describe the ground-state absorption between CB and VB states
by a simple Gaussian absorption profile A0. The absorption is cen-
tered around E0 and is characterized by a linewidth Γ (Figure 6.4a).
For instance, Γ can represent the homogeneous line broadening of an
optical transition due to its finite lifetime.

6.3.2 Interband Bleach and Intraband Absorption

Interband bleach In the simplest case, photo-excitation with en-
ergies exceeding E0 generates VB-holes and CB-electrons. After cool-
ing, these charge carriers at the band edges (Figure 6.4b) bleach the
absorption by filling states. As the density of states (DOS) is finite,
the occupation of CB or VB states by a population of electrons or
holes reduces the absorption at the band-edges. As depicted in Fig-
ure 6.4b, the effect of state-filling is reflected in a negative differential
absorbance ∆A, or a bleach, at the position of the transitions con-
necting the CB minimum or VB maximum.

Intraband absorption Alternatively, the accumulation of CB elec-
trons and VB holes at local band minima/maxima opens additional
absorption channels within a band. As a photon has no momentum
(k=0), intraband absorption in bulk semiconductors involves the cou-
pling to phonons (see Figure 6.4c, top) and therefore typically results
in low transition probabilities. Yet, for low-dimensional structures,
size quantization is known to relax k -selection rules, enhancing the
transition probability of intraband absorption.[257] Importantly, such
a process can only occur in the excited-state and yields a net positive
∆A or photoinduced absorption (PA) (Figure 6.4c, bottom).

6.3.3 Linewidth Broadening

The linewidth of an optical transition tends to broaden after photo-
excitation. In a simple absorption picture, an increased carrier density
decreases the time ∆τ between particle collisions (see pictorial repre-
sentation in the top panels of Figure 6.5). An increase in scattering
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Figure 6.4: (a) (top) Simplified energy diagram and (bottom) ground-state
absorption profile (A0, grey) of a semiconductor as described in the main text.
(b) (top) Illustration of interband bleach due to carriers at the band edges.
(bottom) The excited-state absorption (A?, black) is bleached with an amount
∆A (filled in blue, ∆A < 0). (c) (top) Illustration of intraband absorption.
(bottom) The excited-state absorption (A?, black) increases with an amount
∆A (filled in red, ∆A > 0). In the ∆A spectrum, positive and negative values
are respectively indicated in red and blue – we use the same color code in
Figures 6.5 and 6.6.
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Figure 6.5: Illustration of the optical linewidth in (a) a low-density regime and
(b) a high-density regime. A high carrier concentration broadens the excited-
state absorption (A?, black), yielding a second derivative-like ∆A (filled).

events between particles yields a concomitant increase in the linewidth
Γ of the transition4.[259,260] For a Gaussian-shaped absorption pro-
file, a broadening results in a characteristic second-derivative-like ∆A
spectrum having a minimum at E0. We illustrate this effect in the
lower panel of Figure 6.5b.

6.3.4 Photoinduced Spectral Shifts

As a description of spectral shifts requires a multi-particle view, we
extend our conceptual approach by introducing an exciton state at
a binding energy Eb,X below the free particle bandgap E0, see Fig-
ure 6.6a. Within such a framework, the optical gap now reads E′0 =
E0 − Eb,X.

In particular, in low-dimensional TMDs where Coulomb effects dom-
inate the optical response, photogenerated charge carriers can alter

4Following the uncertainty principle ∆E∆τ ≥ ~/2, the energy spread on a
transition (the linewidth) is correlated with the lifetime of that transition. For
an exciton, two mechanisms can result in a loss of coherence (a decrease in the
dephasing time τ): (i) scattering with phonons; hence the temperature dependence
of the linewidth, or (ii) scattering with carriers; hence the dependence on the
carrier concentration n.[258]
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Figure 6.6: Schematic representing (a) the ground state energy landscape of
an excitonic semiconductor with an optical gap E

′

0 and an exciton at binding
energy Eb,X. The ground-state absorption A0 (grey) at the exciton transition is
Gaussian in shape. (b,c) Illustration of the effect of (b) binding energy reduction
causing blueshifts and (c) bandgap renormalization causing redshifts.
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the Coulomb potential experienced by electrons and holes. This can
cause a renormalization of the exciton binding energy (Figure 6.6b)
and the bandgap (Figure 6.6c). Binding energy reduction (BER) re-
sults in a blueshifted exciton absorption (Figure 6.6b, middle and
bottom panels). On the other hand, bandgap renormalization (BGR)
redshifts the absorption edge, leading to a shrinkage of the optical
gap (Figure 6.6c, middle and bottom panels).

Hence, the overall energy shift of an exciton resonance originates from
an interplay between both effects. For a Gaussian-shaped absorption
profile, a spectral shift yields a sinusoidal (first-derivative-like) ∆A
spectrum, where the sign of ∆A is dependent on the direction of the
shift. We illustrate the effect of a blueshift and a redshift on ∆A
pictorially in the bottom panels of Figure 6.6.

6.3.5 Summary

Figure 6.7: Summary of optical nonlinearities observed in semiconductor
physics. The transient absorbance signatures are filled in blue (∆A < 0) and
red (∆A > 0).

Figure 6.7 summarizes typical optical nonlinearities observed in semi-
conductor physics and how they are manifested in the differential
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absorbance spectrum.

6.4 Conclusion

We reviewed the principles behind ultrafast pump-probe spectroscopy.
While the roots of pump-probe spectroscopy can be traced back to
the late 1800s, the birth of a broader research field is more recent
and coincided with the development of stable solid-state Ti:sapphire
lasers with femto- to picosecond time resolution (section 6.1). At our
facilities, we have access to a white-light transient absorbance spec-
trometer with ≈100 fs time resolution. Such a set-up allows us to
map changes in the absorbance of a material as a function of energy
and time and summarizes this information in a so-called differential
absorbance map (section 6.2). In such a way, we can disentangle semi-
conductor physics at otherwise inaccessible time scales. An essential
aspect here involves the assignment and interpretation of optical non-
linearities encrypted in differential absorbance maps. While a detailed
description is outside the scope of this work, we reviewed the most
characteristic effects, and we discussed how they are manifested in the
transient absorbance measurement from a phenomenological point of
view (section 6.3).



7
Ultrafast Carrier Dynamics in

Few-Layer Colloidal Molybdenum
Disulfide

Chapter 4 showed how stable dispersions of colloidal MoS2 flakes are
obtained by solubility parameter matching. In this chapter, we address
the ultrafast properties of such MoS2 flakes. If colloidal synthesis is
to become a genuine alternative to produce TMD nanocrystals, the
optoelectronic characteristics of colloidal TMDs must be understood
and benchmarked. We evaluate colloidal MoS2 nanosheets from these
perspectives using broadband transient absorption spectroscopy.
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Figure 7.1: Overview of chapter 7.

7.1 Introduction

Over the past years, much work has been devoted to understand
the photophysics of MoS2 flakes made by exfoliation or CVD. These
studies highlighted the central role of the enhanced many-body
Coulomb interactions, leading to strongly bound excitons and exci-
tonic molecules, resulting from the two-dimensional character of these
materials and the reduced dielectric screening by the low-permittivity
environment.[33, 261–267] These studies contributed to a deeper un-
derstanding of TMDs and advanced the use of MoS2 in a broad
range of applications in fields as diverse as optoelectronics[49, 268] and
photocatalysis.[269] On the other hand, the photophysical properties
of MoS2 produced by direct colloidal synthesis are still unexplored.
However, if colloidal synthesis is to become a true alternative to
produce TMDs, the optoelectronic characteristics of colloidal TMDs
must be understood and benchmarked relative to CVD-grown and
exfoliated TMDs.

Using the established colloidal synthesis detailed in chapter 4, we ad-
dress charge carrier relaxation in photoexcited colloidal MoS2 sheets
through femtosecond transient absorption spectroscopy at visible and
near-infrared wavelengths.

7.2 Photoinduced Bandgap Renormaliza-
tion

As stated in the introduction, we study the charge carrier relaxation
in colloidal few-layer (N ≈ 3) MoS2 sheets by means of femtosecond
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Figure 7.2: (a) 2D wavelength-delay map of ∆A measured on colloidal MoS2

nanosheets after photoexcitation with 400 nm (~ω=3.1 eV), 110 fs pulses (flu-
ence: 470 µJ/cm2). The full black line represents the linear absorbance spec-
trum A0. The position of (vertical white lines) the A and B exciton and the C
band have been indicated. (b) Transient absorbance (normalized to the bleach
maximum) at the B exciton wavelength after photo-excitation at 400 nm us-
ing an excitation fluence of 235 µJ/cm2. The markers represent experimental
data, and the solid line is a fit to a combination of a biexponential decay and
a fixed background. The value of the fast (k1, circles) and slow (k2, squares)
component has been indicated.

TA spectroscopy at visible and near-infrared probe wavelengths. For
experimental details concerning the synthesis, we refer the reader to
Chapter 4 and Appendix A.2. For a description of the conditions
under which we conducted the TAS experiments, we refer the reader
to Appendix A.3.

7.2.1 General Description and Kinetic Analysis of the
Transient Absorbance

Figure 7.2a shows a 2D transient absorbance (TA) map covering the
wavelength range 400–750 nm (3.1–1.65 eV) and pump delays up to
2.5 ns. We identified two different regimes in this ∆A map. At
early pump-probe delays, ∆A features two short-lived bleach features
(∆A < 0) close to the A and B exciton resonances, which disappear
within 2 ps after photoexcitation. At longer time delays, ∆A shows
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Figure 7.3: (a) Transient absorbance at the B exciton wavelength (610 nm)
after photoexcitation at 400 nm using for excitation fluences ranging from 24
to 941 µJ/cm2. The markers represent experimental data points. The solid
line is a fit to a combination of a biexponential decay and a fixed background.
(b) Decay rates obtained from biexponential fits. Error bars on the values of
the fast (circles) and slow (squares) components as well an estimated error on
the average values have been indicated.

multiple bands that decay on a similar time scale. An analysis of the
transient absorbance around, for example, the spectral region of the B
exciton (≈ 610 nm) provides a more quantitative view of both regimes.
As shown in Figure 7.2b, the decay of ∆A exhibits two different rates
that can be well described using a fit to a biexponential decay and a
fixed background C according to:

∆A = A1 exp−k1(t−t0) +A2 exp−k2(t−t0) +C (7.1)

Here, k1 and k2 are the rate constants associated with the faster and
slower decay process and amount to 3.3 ps−1 and 0.063 ps−1 for an
excitation fluence of 235 µJ/cm2.

Figure 7.3 summarizes this initial survey by plotting the transient ab-
sorbance at the B exciton wavelength for different excitation fluences
P ranging from 24 to 941 µJ/cm2. Importantly, the decay traces and
the corresponding decay rates obtained by a fit to Equation 7.1, are
largely independent of the pump fluence and amount to 3.0±0.3ps−1

and 0.058± 0.003 ps−1, see Figure 7.3b.
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Figure 7.4: (a) Comparison of (black) transient absorbance spectrum (400
nm, 470 µJ/cm2 photo-excitation) at a delay of 10 ps and (red) the derivative
dA0/dE of the attenuance spectrum. The spectral positions of the A and B
exciton are indicated in solid vertical lines. (b) Pictorial representation showing
the relationship between a derivative and a spectral shift. A spectral shift
closely resembles a derivative-like spectrum except that the inflection point is
being slightly off-set. (top) attenuance A0 and the attenuance spectrum of the
excited-state A?. (middle) Differential absorbance ∆A, positive and negative
values are respectively indicated in red and blue. (bottom) Derivative of the
attenuance dA0/dE.

7.2.2 Derivative Analysis of the Transient Ab-
sorbance

Focusing on the second, more slowly decaying regime, we noticed
that the alternation between bleach and photoinduced absorption
(∆A > 0) at a given delay closely resembles the derivative of the
absorbance spectrum. For comparison, Figure 7.4a represents a spec-
tral cut of the TA spectrum after a pump-probe delay of 10 ps and the
derivative dA0/dE of the attenuance spectrum to the photon energy
E. Both show a similar behavior where features in the TA spectrum
coincide with local minima and maxima in dA0/dE. It is well-known
that small spectral shifts δE give rise to a transient absorbance ∆A
that mimicks dA0/dE,[270] see Figure 7.4b for a conceptual represen-
tation and Appendix S2 for a mathematical description. From the
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correspondence between ∆A and dA0/dE, the spectral shift δE can
be readily deduced according to:

∆A ≈ dA0

dE
δE (7.2)

The deviations from this one-to-one correlation apparent in Fig-
ure 7.4a at high photon energy (short wavelengths) are likely caused
by light scattering contributing to A0 but not to ∆A. This leads
to an overestimation of positive and an underestimation of negative
slopes. As scattering is less important at longer wavelengths, one
sees a better resemblance between ∆A and dA0/dE at photon
energies around the A exciton. From Equation 7.2 we can estimate
a spectral redshift of around 20 meV for this specific example. This
value lines up with recent reports of redshifts observed in TMD
systems.[204,271]

7.2.3 Photoexcitation using Different Excitation Ener-
gies

To further support the interpretation that the long-delay ∆A spec-
tra merely reflect spectral shifts, we pumped a dispersion of MoS2

nanosheets using different excitation energies, see Figure 7.5a. As
shown in Figure 7.5b, we obtained highly similar ∆A spectra showing
a pronounced bleach near the C transition even for excitation photon
energies near the B (~ω=2.07 eV) and A (~ω=1.88 eV) exciton. As
different single-particle states give rise to the A exciton, the B exci-
ton, and the C band, such behavior cannot be explained by a state
filling argument.[206] We thus conclude that at delays longer than 2
ps, a spectral shift of the transition energies dominates the transient
absorbance after photo-excitation. This finding is consistent with the
current literature on CVD grown and exfoliated TMDs, where a sim-
ilar behavior was observed and assigned to a photoinduced renormal-
ization of the bandgap, which concomitantly shifts transition energies,
see Figure 7.5c for a conceptual representation.[261,262,271]

7.2.4 On the Origin of a Spectral Redshift

As pointed out in chapter 6, the central position of an exciton line
EX depends on the exciton binding energy Eb and the free-particle
bandgap Eg such that EX = equals Eg − Eb.[29] The presence of
photoexcited carriers alters the Coulomb potential experienced by
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Figure 7.5: Summary of the experiments that involved photoexcitation us-
ing different excitation energies. (a) attenuance spectrum A0 (black) with the
excitation energies indicated as follows: (blue) excitation near the C exciton
(~ω=3.1 eV, 400 nm), (orange) near the B exciton (~ω=2.07 eV, 600 nm) and
(red) in the proximity of the A exciton (~ω=1.88 eV, 660 nm). (b) Transient
absorbance spectra recorded at a delay of 10 ps for different pump excitation
energies, including (blue) ~ω=3.1 eV (400 nm), (orange) ~ω = 2.07 eV (600
nm) and (red) ~ω = 1.88 eV (660 nm). c) Pictorial representation of a renor-
malization of the transition energies. The optical bandgap E

′

0 is red-shited with
an amount of δE due to screening.
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Figure 7.6: Transient absorbance at short pump-probe delays. (a) ∆A delay-
wavelength map after photoexcitation with a 400 nm (~ω=3.1 eV) pump pulse
(fluence: 470 µJ/cm2). (b) ∆A spectrum after a 1 ps delay taken from the
∆A map. The wavelength of the bleach features around the A (655 nm) and B
(610 nm) exciton have been indicated. (c) Evolution of ∆A with pump-probe
delay at the wavelengths indicated.

electrons and holes, and thereby screens attractive electron-hole
interactions and repulsive electron-electron interactions.[272] The
former decreases the exciton binding energy (binding energy reduc-
tion, BER) and causes blueshifts, while the latter renormalizes the
bandgap (bandgap renormalization, BGR) and causes redshifts.[273]
Both mechanisms work in spectrally opposite directions, yet do not
fully compensate in quasi-2D systems.[259] As such, the direction of
the spectral shift depends on an intricate balance between BER and
BGR.

7.3 Exciton Dynamics

7.3.1 Transient Absorbance at Early Pump-Probe De-
lays

In the previous sections, we addressed the transient at pump-probe
delays that are longer than 10 picoseconds. Here, different analyses of
the ∆A maps, including a derivative analysis of the absorbance spec-
tra and experiments where we optically excited at different energies,
attested that a spectral redshift of the transition energies dominates
the transient dynamics at long pump-probe delays. At early pump-
probe delays, we, however, noticed two short-lived bleach bands cen-
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Figure 7.7: Parameters obtained from fitting the ∆A map to a sum of two
Gaussians and a background as a function of the pump-probe delay (markers),
including (a) evolution of the area, (b) energy shift, and (c) line-width of the
Gaussians that describe the A (red) and B (blue) feature. The dashed line is a
fit to an exponential decay and a fixed background.

tered at ∼ 655 nm and ∼ 610 nm in the ∆A map (see Figure 7.6a).
Interestingly, these wavelengths appear slightly blueshifted relative to
the A and B exciton wavelengths that we extracted from the atten-
uance spectrum. Both bleach bands build up within a few hundred
femtoseconds after photoexcitation and decay within 1-2 picoseconds
(see Figures 7.6b and 7.6c). After this rapid picosecond decay, the
transient absorbance of both bands reaches a value in line with the
respective spectral shift bands, which yield a net photoinduced ab-
sorbance at around the A exciton and a remaining bleach at the B
exciton (see Figure 7.2a).

7.3.2 Spectral Deconvolution of the Excited-State
Spectrum

The net bleach (or reduced absorbance) of a transition can be quanti-
fied by comparing the area of its respective absorption profile before
and after photoexcitation. For this reason, we decided to fit the ab-
sorbance spectrum of the excited-state rather than the differential
absorbance. The excited-state spectrum A?(E, t) at each time delay
was calculated by summing the attenuance A0(E) and the differential
absorbance ∆A(E, t). The resulting spectrum was fit to a sum of two
Gaussian fit functions that account for the absorption profiles of the
A and B exciton bands and a polynomial background that describes
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any residual absorption of the broad C feature and scattering:

A?(E, t) = AA exp
−
(

E−EA
wA

)2

+AB exp
−
(

E−EB
wB

)2

+
5∑
i=0

KiE
i (7.3)

with AA and AB being the amplitude, EA and EB the central posi-
tion, and wA and wB the width of the A and B exciton band of the
excited-state absorbance, and Ki being the pre-factor in the polyno-
mial background function.

Figure 7.7 summarizes the main results of this analysis by plotting
the evolution of the area, spectral position, and width of the Gaus-
sians that are used to describe both exciton bands. Each parameter
is normalized to the value obtained at zero time delay. We ana-
lyzed the time-dependence of these parameters through fits to a multi-
exponential decay, which yields a set of fitting parameters that have
been listed in Table 7.1.

It can be seen that photoexcitation rapidly induces a notable decrease
in the area of both Gaussians, hereby reflecting a true bleach of both
exciton bands. We assign these bleaches to state-filling brought about
by the presence of a photogenerated carrier population at the band
edges.[274] During the next picosecond, the area of the Gaussian used
to describe the A exciton band quickly recovers with a rate constant
of 2.1 ps−1 (Figure 7.7a, stage I), while the area of the B band hardly
changes and recovers with a notable slower rate of 0.1ps−1. Concomi-
tantly, peaks broaden, and the spectra shift to lower energies. The
recovery of the A exciton bleach, the ingrowth of a spectral redshift,
and the rapid changes in linewidth take place on a remarkably similar
time scale with matching rate constants as indicated in Figure 7.7b,
stage I and listed in Table 7.1. These processes line up with the rapid
rate constant already identified in the transient absorbance at 610 nm
(see Figure 7.2b and Figure 7.6c) and reflect a carrier loss process.
At longer time delays (Figure 7.7, stage II), the A exciton bleach,
the changes in line-width and the spectral shift recover at a much
slower rate, defined by two rate constants in the order of 0.1ps−1 and
0.01 ps−1. The aforementioned B bleach band recovers at a rate of
0.1 ps−1 over the entire time window.
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Parameter k1 k2 k3

(ps−1) (ps−1) (ps−1)

AA/AA,0(t) 2.08 ± 0.12 0.172 ± 0.066 0.0060 ± 0.0014
AB/AB,0(t) NAa 0.112 ± 0.012 NAa

∆EA(t) 2.00 ± 0.11 0.089 ± 0.011 0.0096 ± 0.0005
∆EB(t) 1.75 ± 0.09 0.103 ± 0.007 0.0109 ± 0.0003

wA/wA,0(t) 2.78 ± 0.60 NAb NAb

wB/wB,0(t) 1.96 ± 0.12 NAb 0.0087 ± 0.0012

∆ANIR 1.64 ± 0.07 0.179 ± 0.012 0.0070 ± 0.0005

Table 7.1: Rate constants associated with the temporal evolution of the energy
shift ∆EA(t), the normalized area A/A0(t), and normalized line width w/w0(t)

of the Gaussians used to describe the A and B exciton band as described,
see Figure 7.7. The rate constants associated with the dynamics at near-
infrared wavelengths (1.25 µm), denoted as ∆ANIR, see later on, are listed for
comparison. The values indicated with NA are either absent or could not be
fit within the noise level. NAa the B bleach band decays monoexponentially
without showing the rapid decay described by the rate constant k1. NAb the
changes in line width drop within the noise after the initial decay stage which
makes the long delay challenging to fit, see Figure 7.7.
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Figure 7.8: (a) 2D transient time delay-wavelength map upon 400 nm (~ω=3.1
eV), 110 fs, 470 µJ/cm2 photoexcitation in the wavelength range from 900 nm
to 1.3 µm. b) Temporal dependence of the transient probed at 1.25 µm.
The dashed line is a fit to a combination of an exponential decay and a fixed
background.

7.4 Probing Near-Infrared Wavelengths

7.4.1 Non-Resonant Excitation

In the case of CVD grown MoS2, TA spectra were presented in the
literature that strongly resemble the ∆A maps shown in Figures 7.2a
and 7.6a.[262] In that case, however, the initial bleach features were
assigned to the broadening of the exciton transitions, rather than
to a net bleach. We, therefore, extended our analysis to infrared
wavelengths to ascertain the initial accumulation of charge carriers
after photoexcitation. At those wavelengths, neither spectral shifts
nor line broadening can affect the transient absorbance since A0 will
be zero at wavelengths longer than the indirect gap of 1.2 eV, i.e.,
1000 nm.[26] Opposite from this prediction, the experimental ∆A
spectrum shown in Figure 7.8a exhibits a featureless yet pronounced
photoinduced absorption in the entire wavelength range between 900
and 1300 nm. Moreover, as shown in Figure 7.8b, the transient ab-
sorbance at a fixed probe wavelength of 1.25 µm features a decay
with a fast stage decaying at a rate of 1.64ps−1 and two slower stages
decaying with rates of 0.18 ps−1 and 0.007 ps−1, as was obtained by
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a fit to three exponential functions and a fixed background, see Ta-
ble 7.1.1 Importantly, the observation of sub-bandgap photoinduced
absorption confirms that ∆A is not a mere combination of broad-
ened and shifted exciton lines. Typically, this increased absorption
is attributed to intraband transitions that involve conduction-band
electrons or valence-band holes.[265] In that case, the sub-bandgap
transient probes changes in the population of these charge-carriers,
hence the similar decay behavior of ∆A above and below the MoS2

bandgap.

7.4.2 Resonant Excitation

Figure 7.9: (a) 2D transient time delay-wavelength map upon 650 nm
(~ω=1.91 eV), 110 fs, 587 µJ/cm2 photoexcitation in the wavelength range
from 1000 nm to 1300 nm. b) Temporal dependence of the transient probed
at 1.20 µm. The dashed line is a fit to a combination of an exponential decay
and a fixed background.

Using resonant excitation near the A exciton, we observe a feature-
less yet pronounced photoinduced absorption at near-infrared wave-
lengths as shown in Figure 7.9a. The transient absorbance at a
fixed probe wavelength indicates a fast stage decaying with a rate

1The decay rates extracted from the fits slightly depend on the probe wave-
length. For instance, evaluating the decay at 1.05 µm yields a fast stage decaying
at a rate of 1.11 ps−1 and two slower stages decaying with rates of 0.15 ps−1 and
0.008 ps−1.
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of 3.27± 0.15 ps−1 and two slower stages described by rate constants
of 0.141 ± 0.013 ps−1 and 0.0083 ± 0.0010 ps−1, as were obtained
by a fit to three exponential functions and a fixed background see
Figure 7.9b. The observation of three distinctive decay stages lines
up with the measurements at non-resonant photoexcitation, see Fig-
ure 7.8. Slight discrepancies with the estimated rate constants are
to be expected as the transient dynamics at non-resonant excitation
are being compounded by cooling effects, while those at resonant ex-
citation are less. Similarly, we observe slightly faster decay rates for
resonant excitation at visible wavelengths, see Appendix B.5.2.

7.5 A Model for Charge Carrier Decay in Col-
loidal MoS2

Based on the acquired data and analysis, we propose that photo-
excited carriers in colloidal MoS2 nanosheets decay through a model
as outlined in Figure 7.10. This involves cooling of photoexcited carri-
ers towards the band-edge extrema, followed by the trapping of one of
the band-edge carriers and a subsequent series of slower non-radiative
capture events. Cooling induces the initial net bleach of the A and B
exciton absorption and a notable build-up of the sub-bandgap pho-
toinduced absorption. Accordingly, the rapid loss of this net bleach
reflects the depletion of band-edge carriers. Given the fluence inde-
pendent, first-order decay, we attribute this depletion to a defect-
related trapping process rather than to a higher-order Auger mech-
anism, as was previously observed in exfoliated MoS2 flakes.[263,275]
While the different analyses of the TA spectra confirm the presence of
this rapid trapping process, estimated decay rates range from 1.6 to
3 ps−1 depending on the probe wavelength and the analysis method.
Discrepancies are caused by the transient dynamics in the visible be-
ing compounded by simultaneous spectral shifts and line-width broad-
ening effects, while those in the near-infrared are not. Even so, the
presence of a rapid decay of the A exciton bleach, during which the
area of the B exciton band hardly changes, suggests that hole carriers
are trapped, since both transitions share the same conduction-band
states, yet different valence band states. Note that the rapid loss of a
hole population also accounts for the first, rapid decay component of
the sub-bandgap photoinduced absorption within this model.

The second stage in the transient absorbance predominantly involves
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Figure 7.10: Schematic representation of the proposed photo-excited carrier
decay in colloidal MoS2. Upon cooling towards the band-edge extrema, (left)
photoexcited holes are captured by mid-gap defect states, (right) followed by
a series of slower recombination events involving trapping of conduction band
electrons and an eventual remaining hole population. The so-called A and B
exciton states, originating from transitions between the spin-orbit split valence
band and the conduction-band minimum, are indicated for clarity.

the relaxation of the spectral shift or band-gap renormalization cre-
ated by substantial carrier loss after photoexcitation; a phenomena
which takes place over two distinctive time regimes, with estimated
decay rates of ∼ 0.1ps−1 and ∼ 0.01ps−1. Note that the sub-bandgap
transient shows a highly similar decay behavior. According to the pro-
posed model, this mirrors the non-radiative recombination of remain-
ing carrier populations through a series of processes that bring the
photo-excited MoS2 nanosheets back to equilibrium. For one thing,
this involves the relaxation of a remaining electron population, as ad-
vocated by the presence of a ∼ 0.1 ps−1 decay on both the A and B
exciton bleach bands – both transitions share the same conduction
band states. The ∼ 0.01 ps−1 relaxation appears to be associated
with the decay of eventual remaining hole carriers due to its absence
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Figure 7.11: Schematic representation of an electron trap or a hole trap.
Whether a trap acts an electron or hole scavenger depends on the position of
the Fermi level εF with respect to the energy of the trap state.

from the B exciton trace. This interpretation lines up with a model
proposed by Wang et. al.[265] who found a similar sequence of first
order processes in exfoliated MoS2 and with the work by Docherty
et al.[276] on CVD grown MoS2 and WSe2 where it was shown that
one type of carrier is predominantly captured at surface states in the
first few picoseconds, while the other carrier is captured over a much
longer time scale. Again, this interpretation accounts for the con-
comitant slower decay components in the sub-bandgap photoinduced
absorption. The fact that this recombination is also observed for res-
onant pumping suggests that carriers are trapped by in-gap defect
states. As depicted in Figure 7.11, the position of the Fermi level
with respect to the energy of the trap state sets whether a trap acts
acts an electron or hole scavenger. Reasoning from this perspective,
hole trapping concurs with filled mid-gap trap states. While no STM
studies on defects have been performed on colloidally synthesized 2D
TMDs, vacancies, edge states, and grain boundaries[277] are promi-
nent defects in CVD grown and exfoliated MoS2 flakes.[278–280] Our
spectroscopic studies call for an enhanced effort to understand the
defect landscape of colloidal 2D TMD nanomaterials, for instance by
combining pump-probe spectroscopy with detailed microscopic char-
acterization.
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7.6 Conclusion

We have presented a detailed study on the charge carrier relaxation in
photoexcited colloidal MoS2 nanosheets using femtosecond transient
absorption spectroscopy at visible and near-infrared wavelengths. We
demonstrate that the transient absorbance after photoexcitation is
caused by both a reduction in oscillator strength of the transitions
making up the direct gap, and a shift of the entire absorbance spec-
trum towards lower energy. We attribute these features to state filling
and bandgap renormalization, respectively. Through spectral decon-
volution, we find that in particular, the A exciton bleach exhibits
a sub-picosecond decay, which we attribute to rapid hole capture in
midgap defect states. The disappearance of spectral shifts at longer
delay times reflects the relaxation of the charge carrier distribution
by further charge trapping and recombination events. A comparison
between the dynamics of photogenerated charge carriers in the case
of colloidal MoS2 nanosheets as measured here and existing literature
on CVD grown MoS2 nanosheets points towards a very similar se-
quence of rapid trapping of one carrier type, followed by capture of
the remaining carrier on a longer time scale. Accordingly, we conclude
that colloidal synthesis yields MoS2 nanosheets of comparable quality,
even if an entirely different chemistry is involved in the TMD produc-
tion.[262] This shows that TMDs fabricated with both approaches
may benefit from similar defect passivation strategies to enhance the
lifetime of photogenerated excitons.
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Free Carrier Generation and Optical
Nonlinearities in Rhenium Disulfide

Thriving on the methodologies introduced in chapter 7, we study
charge carrier decay in photoexcited ReS2 by combining broadband
femtosecond transient absorbance spectroscopy and optical pump tera-
hertz (THz) probe spectroscopy (OPTP). The addition of pump-probe
THz spectroscopy to our toolbox allows us to distinguish between
photoexcited electron-hole pairs bound in an exciton or those moving
freely through the crystal. Where excitons are typically desired for
light emission, mobile carriers are preferred for photovoltaics or
photodetection.
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Figure 8.1: Overview of chapter 8.

8.1 Transient Absorbance Spectroscopy

8.1.1 Material Description

We study the charge carrier decay in few-layer liquid-phase exfoliated
ReS2 by transient absorbance spectroscopy and optical pump tera-
hertz (THz) probe (OPTP) spectroscopy. For experimental details
concerning the preparation of the few-layer ReS2 dispersions, we re-
fer the reader to chapter 3 and appendix A.1.2. As a thin film on a
substrate is required for OPTP spectroscopy, every measurement is
done on a film of deposited ReS2 on a quartz substrate.

8.1.2 General Description and Assignment of Photo-
induced Nonlinearities

Figure 8.2 provides a general overview of the transient absorbance ∆A
of a ReS2 film after the film has been photoexcited with a 530 nm
(~ω = 2.34 eV) pump pulse and interrogated by a broadband probe
spanning the wavelength range from 510 nm up to 910 nm. In the
top panel, we present a two-dimensional wavelength-delay map of ∆A
plotted together with the linear absorbance spectrum A0 (black solid
line). The bottom panel shows spectral slices of ∆A at distinctive
pump-probe time delays.

Immediately after photo-excitation (spectrum i, t=200 fs), the spec-
trum yields a negative bleach band centered around the exciton line
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Figure 8.2: Overview of the transient absorbance ∆A recorded after a film
of ReS2 was photoexcited with a 180 fs pump pulse. (~ωpump = 2.34 eV,
1.2× 1013 photons cm−2) (a) (top) 2D wavelength-delay map of ∆A recorded
for probe wavelengths from 510 up to 910 nm. The solid black line represents
the linear absorbance spectrum A0 of the ReS2 film. (b) Transient absorbance
spectra recorded at fixed time delays. The spectra of ∆A are plotted at an off-
set, negative values of ∆A are filled in blue, positive values of ∆A in red. (c)
Schematics representing the effect of (left) a broadening and (right) a spectral
blueshift. Positive values for ∆A = A? − A0 are filled in red, negative values
in blue.
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sided by two positive bands of photoinduced absorption (PA). We rec-
ognize such a second-derivative-like line shape as a broadening of a
Gaussian absorption profile (see section 6.3.3, Figure 6.5b for a picto-
rial representation of a linewidth change). The minimum of the bleach
is slightly off-set toward longer wavelengths and the PA band appears
more intense at the higher energy side. These asymmetries are likely
due to a broadened and blueshifted exciton absorption line (see sec-
tion 6.3.4, Figure 6.6c for a pictorial representation of a blueshift). At
higher energies, the transient yields a net negative signal where the
linear absorbance A0 has a relatively uniform slope. Considering the
extent of the negative band, it is unlikely to result from state-filling
but rather reflects a blueshift of the higher-lying energy states.

Most remarkably, while decaying, the signal at the band edge switches
sign over the next few hundreds of femtoseconds (spectra ii-iv) and
yields a clear photoinduced absorption sided by two bleach bands at
a delay of 1 ps (spectrum iv). Strikingly, such a line shape reflects
a narrowed exciton, i.e., an exciton with a narrower linewidth in the
excited-state than in the ground state. Here again, we want to stress
differences in the (a)symmetry of the signal. At a delay of 750 fs
(spectrum iii), the line shape is asymmetric with the PA maximum
slightly off-set toward the blue (i.e., higher energy) side of the exciton
line and has a more intense negative tailing at lower energy. In this
regard, it reflects a blueshift superimposed on the narrowed line. At
a delay of 1 ps (spectrum iv), the line is symmetric, while at pump-
probe delays longer than 1 ps (spectra v-vi), the symmetry is reversed,
and the initial blueshift has decayed into a redshift; a process that
is evidenced by a less intense tailing at longer wavelengths (see sec-
tion 6.3.4, Figure 6.6b for a pictorial representation of a redshift).
The blueshifted absorption at high energy has mostly decayed and
even yields a slight redshift at decays longer than ≈ 10 ps (spectrum
vi), a signature we recognize through the rise of a positive absorption
band between 700-750 nm. In contrast, the signature at the band
edge decays over a much longer time scale. While decaying (spectra
vi-viii), the peak maximum progressively shifts to the red side of the
exciton line and is more alike to the sinusoidal shape characteristic
for a redshift.

A first and general interpretation of the ∆A map marks a complex
interplay between spectral shifts and linewidth changes. We recognize
two major regimes in the ∆A map. (Regime I) After photoexcitation,
the exciton band broadens and blueshifts. At the same time, photoex-
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citation induces a blueshift of the higher-lying energy states. (Regime
II) Peculiarly, during the first picoseconds, the initially broadened
and blueshifted exciton transition decays into its mirror image, i.e.,
it narrows down and shifts to the red.

8.1.3 Understanding Width Changes and Spectral
Shifts via a Derivative Analysis

Taylor approximations For a transient spectrum ∆A that is de-
termined by a spectral shift δE[270] or a change in the linewidth ∆σ,
we expect a proportionality between, respectively, the first and second
derivative of the linear absorbance A0 to the energy E

∆A ≈ dA0

dE
δE (8.1)

∆A ≈ d2A0

dE2
σ0∆σ (8.2)

We point out that eq 8.1 and eq 8.2 are derived by expanding ∆A(x+
δx) (x = E, σ) as a Taylor series up to the first order, and thereby only
hold for infinitesimal increments δx. For a more detailed description
of the formulas presented above, we refer to Appendix B.6.1.

Regime I – linewidth broadening and blueshifts Figures 8.3a
and 8.3b plot ∆A after a pump-probe delay of 200 fs (solid red curve)
and the averaged ∆A between t0 and 500 fs (dashed red curve) to-
gether with the first derivative dA0

dE (black, panel a) and second deriva-
tive d2A0

dE2 (black, panel b). As evident in Figure 8.3a, the transient has
a one-to-one correspondence with dA0

dE between 1.6− 1.9 eV. Notably,
the ratio of ∆A to the first derivative dA0

dE is negative and thereby re-
flects a blueshift of the higher energy states. By eq. 8.1, the blueshift
δE, for instance, evaluated at a 1.75 eV probe energy equals ≈0.2
meV.

Around the band-edge, the transient coincides relatively well with
minima and maxima in the second derivative d2A0

dE2 to the photon en-
ergy E, and the sign of this correspondence marks a broadening of
the exciton. For clarity, we plot both the second derivative of A0

(solid black line) and the second derivative of a fitted Gaussian ab-
sorption profile to A0 (black dashed line). For an isolated Gaussian,
the second derivative is symmetric, that is, a linewidth change has



Transient Absorbance Spectroscopy 135

Figure 8.3: Overview of the derivative analysis in regime I. Comparison of
(red) the transient absorbance at a delay of (red, solid line) 200 fs and of (red,
dashed line) the averaged signal between t0 and 500 fs to (black, panel a) the
first derivative dA0

dE and to (black, panel b) the second derivative −d2A0

dE2 to the
energy. Take note that the right axis in panel a runs from positive to negative
values.

an identical effect at lower and higher energy (black dashed line). In
the case of an A0 spectrum consisting of an exciton superimposed on
a step-like background (see Figure 8.2a, solid black line), a broaden-
ing of the exciton line is more pronounced at lower energy (see black
solid line). Irrespective of these considerations, the line symmetry
of ∆A is opposite from both predictions and is consistent with the
presence of an additional blueshift. As signified by its correspondence
to −dA0

dE , such a blue shift would decrease/increase the intensity at
lower/higher energy. Although shifts also contribute to the transient,
we can, nonetheless, make a rough estimate on the order of magni-
tude of the relative broadening δσ/σ0 using eq. 8.2. In this respect,
evaluating ∆A at different energies, we retrieve values for δσ/σ0 of
0.3− 0.7%

Regime II – linewidth narrowing and redshifts Figures 8.4a
and 8.4b plot ∆A after a pump-probe delay of 2 ps (solid red line) and
the averaged ∆A between 1 ps and 1.5 ns (dashed red line) together
with the second derivative d2A0

dE2 (black line in Figures 8.4a) and the
first derivative dA0

dE (black line in Figures 8.4b).

At longer time delays, the band edge feature has switched sign and is
similar in shape to the mirror image of a second derivative, see Fig-
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Figure 8.4: Overview of the derivative analysis in regime II. Comparison of
(red) the transient absorbance at a delay of (red, solid line) 2 ps and of (red,
dashed line) the averaged signal between 1 ps and 1.5 ns to (black, panel a)
the second derivative −d2A0

dE2 and to (black, panel b) the first derivative dA0

dE to
the energy.

ure 8.4a. Importantly, such a correlation implies a counter-intuitive
narrowing of the exciton band. In a similar way as we pointed out
above, the shape deviates from a purely narrowed line shape. Given
that at those time delays ∆A is asymmetric with the lower energy
feature being less intense, it also marks a superimposed redshift. As
marked by its correspondence to dA0

dE , such a redshift would indeed
increase ∆A at longer wavelengths and decrease ∆A at shorter wave-
lengths, see Figure 8.4b.

8.1.4 Spectral Deconvolution

A first visual interpretation of the spectra and a comparison of the
transients to derivatives of A0 to E marked a complex interplay be-
tween shifts and linewidth changes. To better quantify the parame-
ters that govern the transient signal, we fit ∆A(E, t) to a Gaussian
fit function G(h,Eexciton, w), which accounts for the exciton absorp-
tion, and a background absorbance attributed to higher energy states
C(E). Using this procedure, we extract, for each pump-probe time
delay, the amplitude h, the spectral position Eexciton, and the width
w of the Gaussian that describes the exciton band, and a shift of the
background absorbance ∆Ebck.

The main results of this analysis are summarized in Figure 8.5 and
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Figure 8.5: Evolution of the fit parameters (markers) that were obtained from
a fit to a Gaussian G(h,Eexciton, w) and a background absorbance C(E) to the
∆A in Figure 8.2a, including (a) the shift of the background absorbance ∆Ebck

and, (b) the energy shift of the exciton ∆Eexciton, (c) the normalized change in
the width ∆w/w0, (c) and (d) the normalized change in the amplitude ∆h/h0

of the Gaussian that describes the exciton band.
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show the evolution of the parameters mentioned above as a function
of the pump-probe delay. In conjunction with a visual interpretation
and a derivative analysis, we observe a blueshift of the higher energy
states (Figure 8.5a, ∆Ebck > 0), and the values agree with estimates
based on eq. 8.1. Around the band edge, the exciton line is blueshifted
(Figure 8.5b, ∆Eexciton > 0) and broadened (Figure 8.5c-d, ∆w/w0 >
0 and ∆h/h0 < 0). Both results are in line with a slightly asymmetric
second-derivative-like line shape having a more intense PA band at
the higher energy side (see Figure 8.2b, spectrum i).

Around a time delay of ≈ 1− 2 ps, the exciton has decayed into its
narrowed (Figure 8.5c-d, ∆w/w0 < 0 and ∆h/h0 > 0) and red-
shifted (Figure 8.5b, ∆Eexciton < 0) mirror image. Concomitantly,
a large fraction of the blueshifted background (Figure 8.5a) has de-
cayed. Over time, the exciton redshift reaches a maximum around
≈ 50 ps, where the background shift starts to fluctuate around zero
or even becomes slightly negative. On the other hand, the narrowed
exciton line shows little to no decay.

While the agreement between the quantitative fit and the qualitative
analyses presented above is remarkable, we also want to point out a
shortcoming of our approach. We implemented the Gaussian ampli-
tude and width as two different fit parameters to account for possible
areal changes. In this respect, the area is proportional to the product
of the width and the amplitude. As shown in Figure 8.5d (bottom
panel), the Gaussian area seemingly increases after photo-excitation.
Likely, this is due to the compensation of overestimated blueshifts. In
this respect, we refitted the data-set while constraining the Gaussian
area, and we plotted those fit parameters in Figure 8.5a-c in grey.
Most importantly, the trend of the fit parameters is similar, yet the
initial blueshifts and line broadening are slightly reduced in intensity,
while at a longer delay, the exciton redshift gained in intensity and
the narrowed line shows a decay over time.

8.2 Optical Pump Terahertz Probe Spec-
troscopy

For expertise in Optical Pump Terahertz (THz) Probe (OPTP) spec-
troscopy, we rely on a collaboration with the Laurens Siebbeles Group
(Optoelectronic Materials Section, Department of Chemical Engineer-
ing, Delft University of Technology).
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Figure 8.6: (a) Real and imaginary THz conductivity signal as a function of
time obtained after photoexcitation (~ω = 3.1 eV, 1.1× 1013 photons cm−2).
(b-d) Evolution of the fit parameters (markers) that were obtained from a fit to
a Gaussian G(h,Eexciton, w) and a background absorbance C(E) to the ∆A,
including (b) the shift of the background absorbance ∆Ebck and, (c) the energy
shift of the exciton ∆Eexciton, (d) the normalized change in the width ∆w/w0.

Principle OPTP spectroscopy offers the possibility to distinguish
between electron-hole pairs bound in a neutral exciton or charge car-
riers that are moving freely through the lattice. We are particularly
interested in ascertaining whether the spectral signatures in TAS can
be reconciled with the generation and decay of free charge carriers
and/or neutral excitons.

Results Figure 8.6a plots the real (SR(t), red trace) and imaginary
components (SI(t), green trace) of the photoinduced THz conductiv-
ity S(t), measured on a ReS2 film after photoexcitation with a 3.1
eV pump pulse1. Generally, photoexcitation generates free charges
and/or excitons. From this perspective, a real THz conductivity can

1S(t) is averaged over the frequency domain 0.5 − 1.1 THz
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be assigned to the motion of free (mobile) charges with an in-phase ve-
locity to the THz field.[281,282] The real THz conductivity is directly
proportional to the time-dependent quantum yield of electrons and
holes Φ(t) weighted by the real component of the sum of the electron
and hole mobility µR

SR(t) = Φ(t)µR (8.3)

In Figure 8.6a, SR(t) (assigned to free charges) exhibits a fast decay
on a time scale of 2 picoseconds at an absorbed photon density of
1.1 × 1013 photons cm−2. The remaining signal decays on a much
longer time scale of several hundreds of picoseconds in the second
stage.

On the other hand, an imaginary conductivity signal relates to the
motion of free charges with an out-of-phase velocity. In addition to
back-scattered free charges, a polarized exciton also yields an imagi-
nary conductivity signal.[281–283] The exciton polarizability, α, mea-
sures how easily an applied electric field induces a dipole moment
and is assessed by αtheory =

2e2a2B
E1−E0

.[284] In this expression, the sum-
mation over all higher exciton states is reduced to the first order,
and the transition dipole moment equals the 2D exciton Bohr ra-
dius, aB = 1 nm,[285] and E1 − E0 is set to the exciton binding
energy of ReS2.[285] This yields an exciton polarizability αtheory of
0.24 × 10−35 Cm2V−1; a value lower than the experimental detec-
tion limit. As αtheory is below the detection limit, the observation
of a small, albeit detectable, imaginary conductivity is attributed to
back-scattering of free charges on randomly oriented stacks of ReS2

flakes. Indeed, after normalization, SR(t) and SI(t) follow a similar
decay (see inset Figure 8.6a), which strongly confirms the presence of
free charges after photoexcitation.

Returning the to spectral deconvolution of the ∆A maps presented in
section 8.1.4, we plot the real THz photoconductivity together with
the evolution of the fit parameters as assessed by TAS, and summarize
this information in Figures 8.6b-d.

8.3 A Mechanistic Picture of the Ultrafast
Photophysics in ReS2

Different analyses on the ∆Amaps, including a derivative analysis and
a spectral deconvolution, along with THz data, mark a peculiar inter-
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Figure 8.7: Schematic representing the ultrafast response of ReS2.

play between line width changes and spectral shifts whose evolution
coincides with the decay of the real component of the THz conduc-
tivity. In particular, we list the following set of observations:

• As evidenced by a pronounced real THz conductivity signal,
photoexcitation generates mobile free charge carriers.

• After photoexcitation, the width of the exciton band is
broadened. Also, at early delays, we observe an instantaneous
blueshift ∆E (toward higher energy) of the entire absorbance
spectrum, both of the exciton and the higher-lying energy
states. The evolution of both the shift and broadening cor-
responds remarkably well to the dynamics of the real THz
conductivity and reflects a similar origin. In other words, free
charge carriers blueshift and broaden the absorbance spectrum.

• During the next ≈ 2 ps, the real THz conductivity plunges, and
this decrease coincides with the decay of the exciton linewidth,
the exciton blueshift, and the background blueshift. While the
background remains slightly blueshifted, the exciton line has de-
cayed into its mirror image, it is redshifted and narrowed, and
this spectrum decays slowly over the next hundreds of picosec-
onds where the real THz conductivity remains fairly constant.

Based on the acquired data, we outline two dominant regimes, which
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we discuss in sufficient detail afterward

1. (Regime I) The optical pump generates free charge carriers that
initially broaden the exciton resonance due to collision broaden-
ing and blueshift the absorbance due to a free carrier screening
mechanism. We discuss the consistency of our data-set with two
possible explanations (i) screening of Coulomb forces, resulting
in binding energy reduction (BER) and bandgap renormaliza-
tion (BGR), and (ii) screening of an internal electric field.

2. (Regime II) Free charges decay through a non-radiative
recombination mechanism, presumably defect-assisted trap-
ping. Lattice heating or bandgap renormalization induces a
cross-over from a blue to a redshift, and trapping reduces the
(in)homogeneous linewidth. In particular, we outline a series
of mechanisms that might explain a reduction in the exciton
linewidth.

8.3.1 Regime I – free carrier excitation, linewidth
broadening and blueshifts

Collisional broadening Collisional broadening is responsible for
broadening spectral lines in atoms and molecules and absorption and
emission lines in semiconductors.[260,286–288] In this context, it’s worth
mentioning that scattering between an exciton and a free carrier is
more efficient than the mutual scattering between excitons.[288] Both
mechanisms are also more pronounced in 2D compared to 3D.[289]
As a blueshift accompanies the broadened line, it likely rules out
a temperature-induced effect (i.e., exciton-phonon scattering). As
such, when the probe generates an exciton, scattering with free charge
carriers dephases the exciton state, causing a broadening following the
uncertainty principle ∆E∆τ ∼ ~/2.

Bandgap renormalization (BGR) and binding energy re-
duction (BER) The central position of an exciton resonance
EX depends on the exciton binding energy Eb and the free-particle
bandgap Eg such that EX = Eg − Eb.[29] It is well-known that
the presence of carriers alters the Coulomb potential experienced
by electrons and holes. Screening of attractive electron-hole and
repulsive electron-electron interactions decreases the exciton binding
energy (binding energy reduction, BER), causing blueshifts, and
renormalizes the bandgap (bandgap renormalization, BGR), causing
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redshifts.[273] Both mechanisms work in spectrally opposite direc-
tions, yet do not fully compensate in quasi-2D systems. As such,
screening either results in a blue or a redshift of the exciton line.[259]
For instance, blueshifted exciton transitions resulting from screening
have been observed in quasi-2D QWs,[259,287,288,290] atomically-thin
TMDs,[260,291,292] and 2D layered perovskites.[293] In MoS2

[260] and
WS2,[291,292] blueshifts at early delays were always accompanied by
a broadening, similar to our observations.

It is worth mentioning that studies typically focus on the lowest-lying
exciton state within this context and rarely address the higher-lying
energy levels. This makes it more challenging to rationalize a blueshift
of the absorption of the higher-lying energy states. Theoretical work
addressing the broadband optical response of MoS2 in the presence
of excited carriers showed a clear difference between the excitonic re-
sponse and the higher energy C band absorption. While the excitons
engaged in a distinctive competitive behavior between the BGR and
BER, the C peak was relatively stable against increasing carrier den-
sities and even showed signs of a small blueshift, see Reference 294,
figure 5. In this regard, the work by Steinhoff et al. suggests that
an interpretation of higher-lying energy states is far from trivial. We
are not aware of any experimental work that addresses the evolution
of energy states at high energy in the presence of photoexcited carri-
ers.

On the other hand, it has been reported that the energy states of 2D
materials are quite sensitive to their dielectric environment. Rigid
band shifts have been observed when TMDs were embedded in a ma-
trix with a different permittivity.[295] For instance, Heinz and co-
workers observed a blueshift of the lowest-lying exciton levels (n=1,
n=2) and the higher-lying C-band absorption when embedding WS2

in a low κ/ε environment (h-BN).[295] Considering that, in our exper-
iments, the exciton state ∆Eexciton and the background absorbance
∆Ebck shift in a similar manner, it is not unexpected that a strong
photo-excitation density alters the dielectric environment of the sheet
leading to a rigid shift of the entire absorbance.

Internal field screening An alternative interpretation could in-
volve the screening of an internal electric field. In this regard, let
us first review the influence of an applied electric field on the op-
toelectronic properties of a quantum well. Numerous authors have
studied such effects.[296–299] An applied field results in a pronounced
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redshift and a broadening of the exciton line. For parallel fields to
the QW, the dominant effect is broadening due to field ionization
that shortens the exciton lifetime (Stark Broadening),[297] while per-
pendicular fields give rise to a dominant redshift,[272,296–299] an effect
labeled as the Quantum Confined Stark Effect (QCSE).[297] Besides
redshifting the lowest-lying exciton, an electric field also shifts higher
energy levels to lower energy,[300,301] and allows forbidden transitions
to occur.[272,302,303]

The opposite case, in which an internal field is screened by photogen-
erated charge carriers has been addressed by pump-probe experiments
on epitaxially grown quantum wells. In these studies, a blueshift of the
excitonic absorption and/or a narrowing of the resonance dominates
the ultrafast response.[304–308] The observations are explained as fol-
lows. Excitons that are generated by the pump are dissociated under
the influence of the internal field. The electrons and holes are pushed
toward the opposite sides of the well. As long as the carriers stay in
the well, the intrinsic field strength is screened. Consequently, the ex-
citon line sharpens and blueshifts through a reduction of the QCSE,
and, its oscillator strength increases due to an enhanced overlap of
the electron and hole wavefunctions.[272,297,309] Although Shikanai
et al.[304] mentioned that this would also lead to a blueshift of the
continuum states – such an interpretation would be in line with the
PC spectroscopy studies addressed above[300–302] – no experimental
TA studies are addressing this claim; as generally, if not exclusively,
the lowest-lying exciton is probed.

As addressed above, extensive research conducted by Miller and co-
workers[297] outlined that, for parallel fields to the QW, field ionization
predominantly produces changes in the line width, while in the case
of perpendicular fields a shift dominates the optoelectronic response.
As such, a blueshift suggests the screening of a perpendicular field
along the c-axis of ReS2. Such a spontaneous polarisation would re-
quire a polar crystal structure or a dipole moment with its vector
direction pointing perpendicular to an individual sheet. Unlike 2H
TMDs, such as MoS(e)2 and WS(e)2, ReS2 crystallizes in a distorted
1T'-CdCl2 lattice-type, similar to WTe2. Although a ReS2 monolayer
(unit cell) is centrosymmetric, as it has no inversion center, exfoliated
multi-layered stacks of ReS2 are known to favor an anisotropic AB
stacking order where one layer shifts with respect to the other.[70, 171]
We, indeed, observed such a stacking order by Raman spectroscopy.
In a similar case, Cobden and co-workers reported the presence of
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ferroelectricity in bilayer 1T'-WTe2, while it was absent in a mono-
layer.[310] This distinctive behavior stemmed from surface dipoles
which arise due to the uniquely distorted 1T'-phase. In this respect,
this literature survey suggests that an internal field in ReS2 is not
unlikely.

8.3.2 Regime II: free carrier decay, linewidth narrow-
ing and redshifts

Lattice heating and bandgap renormalization A cross-over
from a blue to a redshift has been observed in WS2.[291,292] In these
studies, the cross-over was attributed to an initial blueshift due to
BER, followed by a redshift due to lattice heating, arising from non-
radiative recombination of carriers. On the other hand, as outline
above, a sudden change in carrier population would also alter the
intricate interplay between BER and BGR. Irrespective of whether
the redshift is induced by a temperature effect or by a variation in
carrier density, tipping the fragile balance between BER and BGR,
both mark a similar underlying trapping event, an interpretation in
line with a sudden drop in the real THz conductivity.

Linewidth narrowing As carrier-carrier scattering induces a
broadening of the line, carrier loss inevitably reduces the width.
While such a process accounts for the decay in broadening, it does
not explain the small, albeit measurable, narrowing we observe af-
terward. A line narrowing might occur due to different mechanisms.
Nonetheless they all reflect a non-radiative capture event

1. As pointed out above, a line narrowing can be interpreted as
screening of in-plane electric fields that could arise from local
potentials, for instance, as a result of charged or ionized de-
fects.[258,311] As such, localization of charge carriers, for in-
stance, by defect-assisted trapping, screens local potentials and
narrows the linewidth of the exciton

2. Alternatively, the linewidth of a transition narrows when the
energy landscape is homogenized. Heinz and co-workers out-
lined that dielectric disorder is the dominant source of inho-
mogeneities in 2D materials.[312] Dielectric disorder originates
from local fluctuations in the permittivity of the dielectric en-
vironment. Fluctuations on ε introduce a spatial modulation
of the Coulomb interaction, which strongly affects the exciton’s
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linewidth. As such, it is not unsurprising that, charge carriers
capture homogenizes the energy landscape by reducing dielec-
tric disorder.

3. An alternative interpretation relates to the stacking order
in ReS2, leading to two dominant polytypes, labeled as AB
(anisotropic) and AA (isotropic). Recently, it has been
reported that spectral lines in the AB polytype are broader
and blueshifted with respect to AA.[69] These differences are
associated with a stronger interlayer coupling between stacked
ReS2 layers in the AB polytype – the dominant polytype
present in LPE ReS2 (see chapter 3). In this respect, a sudden
carrier capture event would locally polarize/charge the sheet
and reduce the interlayer attraction – thereby partially undoing
differences between AB and AA. As a result, the exciton
transition redshifts and narrows.

8.4 Conclusion

We have presented a detailed study on the charge carrier decay in
photoexcited ReS2 by combining broadband femtosecond transient
absorbance spectroscopy and femtosecond THz spectroscopy. By THz
spectroscopy, we demonstrated that optical excitations generate free
charge carriers in ReS2. In particular, we found a peculiar interplay
between different optical nonlinearities observed in the TA spectrum –
linewidth changes and spectral shifts – and the evolution of the pho-
toexcited free charge carrier population. From a phenomenological
perspective, we discussed the consistency of our data-set with differ-
ent mechanisms that could lead to such rich spectra. For one thing,
the presence of free charges initially broadened the exciton resonance
due to collision broadening and blueshifted the absorbance due to
free carrier screening. In a second stage, the free carrier population
decayed, and this decay coincided with a cross-over from a blue to
a redshift associated with lattice heating or bandgap renormalization
and reduction in the inhomogeneous linewidth of the exciton. Besides
providing insights into a series of optical nonlinearities, the genera-
tion of mobile charges in such ultrathin materials is equally interesting
from a practical point of view, as mobile charges are highly desired in
any photovoltaic device or photodetector.



9
General Conclusion

As central objective throughout this work, we studied solution-based
methodologies to prepare two-dimensional transition metal chalco-
genides. Doing so, we touched on a series of topics, of which
knowledge in one domain proved key to advance in an other domain.
In this manuscript’s final chapter, we summarize the main findings
in each chapter, and we provide directions for further research.

9.1 Conclusions to Part I

Chapter 2: Like Likes Like, Descriptors for Solubil-
ity

Scientific progress owed much to the use of simple conceptual models
to explain complex phenomena; a mental picture often goes a long
way. In the first chapter of Part I, we introduced a binary lattice
model to conceptualize the behavior of mixtures (section 2.2) and
provided a general overview of solution theory within the framework
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of a lattice model. Using such a model, we related abstract thermo-
dynamic concepts, (free) energy and entropy, to tangible interactions
at the molecular level. As entropy relates to the number of ways a
state can be realized, entropic effects typically promote mixing. In
particular, we emphasized that energetic changes are associated with
the formation and breaking of molecular bonds. As such, solubility
depends on a trade-off between those effects – a result clearly in line
with chemical intuition.

Most conveniently for experimental inquiry energetic effects can be
expressed in terms of the solubility parameter difference of the pure
substances (section 2.3). Consequently, matching the solubility pa-
rameters of individual constituents within mixtures minimizes the
energy of mixing, thereby maximizing the solubility of a solute in
a solvent. In such a way, the solubility parameter offers a quantita-
tive description of the qualitative notion like likes like. The simple
notion of solubility parameter matching as a central requirement for
forming stable mixtures will be used throughout the first part of the
manuscript on numerous occasions.

Chapter 3: Liquid-Phase Exfoliation of ReS2 by Solubil-
ity Parameter Matching

Using the concepts outlined in chapter 2, we investigated the fac-
tors that determine the successful liquid-phase exfoliation of ReS2,
and we analyzed the main characteristics of the resulting ReS2 flakes.
By screening LPE in a wide range of solvents, we showed that con-
ditions for high yield exfoliations could be understood from (poly-
mer) solution thermodynamics, where the most optimal solvents are
characterized by similar Hildebrand and Hansen solubility parame-
ters (section 3.2). The ensuing matching of Hildebrand or Hansen
solubility parameters enabled us to compare LPE of ReS2 with more
established exfoliated 2D materials such as graphene or MoS2. Using
N -methyl-2-pyrrolidone as a good exfoliation solvent, we undertook a
detailed analysis of the exfoliated ReS2, which showed that the LPE
procedure proposed by us produces few-layer, anisotropically stacked,
and chemically pure ReS2 platelets with long-term chemical stabil-
ity (section 3.3). Accordingly, we concluded that LPE is a suitable
method to produce few-layer and pristine ReS2 flakes that are apt for
post-processing and device incorporation.
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Figure 9.1: Overview of chapter 3.

Chapter 4: Solubility Parameters as Descriptors for Sta-
ble Colloidal MoS2 Dispersions

Starting from a series of observations, supplemented by extensive
analysis, we extended the solution thermodynamics approach to
colloidal TMD systems. In doing so, we touched upon a series of
topics, starting with the synthesis of MoS2 by colloidal chemistry
(section 4.2). In this respect, we carried out a detailed analysis of
MoS2 produced by colloidal chemistry using a combination of UV-Vis
absorbance spectroscopy, Raman spectroscopy, XRD, TEM, and
AFM. By combining these tools, we assessed that the synthesized
MoS2 flakes contained 3 monolayers on average and adopted the
2H semiconducting phase – the desired phase for optoelectronic
applications.

Starting from the empirical observation that the MoS2 dispersions
were colloidally unstable, we first studied their surface by NMR spec-
troscopy (section 4.3). Combining 1D and 2D NMR techniques, we
observed that ligands are not tightly bound to the MoS2 surface yet
engage in a dynamic adsorption/desorption equilibrium, exchanging
between a free and a bound state. Accordingly, we concluded that
this behavior is likely to cause their limited colloidal stability in con-
ventional solvents, such as hexane and toluene. Based on their crystal
structure, which features extended sulfur planes, we speculated that
soft metal complexes might stabilize the dispersions through adhe-
sion by donor-acceptor interactions (section 4.4). While supplying a
metal salt in excess stabilized the dispersions in conventional solvents,
removing the excess by a standard sequence of successive precipita-
tion and redispersion easily destabilized the colloid. By NMR spec-
troscopy, we again interpreted these observations as a manifestation
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of dynamic ligand interaction.

Lastly, reasoning from the observation that the stability is heavily de-
pendent on solvent choice, we screened the stability of colloidal MoS2

NCs in a wide range of solvents (section 4.5). Similar to our work
on the LPE of ReS2 in chapter 3, we show that this behavior can be
understood from solution thermodynamics, where the solubility pa-
rameter of the solvent is a successful descriptor to predict the solubility
of colloidal MoS2 NCs. The ensuing matching of the solubility param-
eter enabled us to compare colloidal MoS2 to MoS2 produced by LPE.
The excellent agreement between materials produced by very differ-
ent methods underscored that the stability of synthesized flakes cor-
relates with the energy of mixing of the flakes/solvent mixture rather
than being an effect of electrostatic ligand repulsion. These find-
ings complemented our NMR analyses, which demonstrated ligands
with a minimal affinity toward the NC surface, engaged in a highly
dynamic adsorption/desorption equilibrium. Notably, these findings
contrast other low-dimensional systems synthesized by hot-injection
where steric/electrostatic ligand repulsion is the main driving force
that prevents aggregation. As a result, colloidal MoS2 NCs are sta-
ble in solvents with higher solubility parameters than those typically
used to disperse NCs prepared by hot-injection. Suitable solvents re-
sulting from this include aromatic solvents with polar groups, such
as o-dichlorobenzene, or even polar aprotic solvents, such as DMF.
We thus conclude that hot-injection yields MoS2 NCs with compara-
ble interfaces as those produced by LPE. This finding might offer the
prospect of using established procedures developed for LPE nanoma-
terials to post-process TMD dispersions as processable inks.

Chapter 5: Why is Exfoliation of Van der Waals Layered
Solids Possible in a Broad Spectrum of Solvents?

Experimental data on a variety of Van der Waals solids, including
our studies presented in chapters 3 and 4, marked that exfoliation
is possible in a much broader range of solvents than solution theory
would allow, based on the size of the dispersed, or exfoliated flakes.
Currently, we defined this range of suitable solvents as the window for
good exfoliation solvents. In this regard, the question arises if such
experimental results can be reconciled with solution theory, and, if
yes, what thermodynamic quantities would effectively describe the
experimental window of good exfoliation solvents?
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Figure 9.2: Overview of Chapter 5.

Reasoning from these perspectives, we first complemented our ex-
perimental observations with relevant literature data (section 5.2).
Irrespective of the exfoliated material characteristics, we found that
this window of good exfoliation solvents corresponds to a solubility
parameter range of 4.5− 6.8 MPa1/2 around the optimal matching
value. To apprehend the discrepancies between theory and experi-
ment, we rederived the most commonly applied good exfoliation con-
dition, which builds on Flory-Huggins theory to express the fraction
of dispersed or exfoliated material as a Gaussian function of the sol-
ubility parameter difference, and links the width of the Gaussian to
the volume of an individual dispersed flake (section 5.3). In doing
so, we highlighted that this relation only applies when the Flory-
Huggins free energy yields a miscibility gap between the solvent and
the solute. Since any colloid of exfoliated material should be stable
when solvent/solute mixtures are predicted to be stable at all com-
positions, we introduced the critical exchange parameter χc = 0.5,
above which a miscibility gap arises, as a metric for the experimental
exfoliation window. Interestingly, we found that the resulting solubil-
ity parameter range corresponds closely to experimentally observed
good exfoliation solvent windows. We therefore concluded that so-
lution thermodynamics is apt to describe good exfoliation solvents,
provided that the solubility parameter range is linked to the critical
exchange parameter for solvent/solute immiscibility.
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9.2 Conclusions to Part II

Chapter 6: Probing Carriers & Optical Nonlinearities
by Pump-Probe Spectroscopy

In the introductory chapter to part II, we reviewed the principles
behind ultrafast pump-probe spectroscopy. By highlighting a couple
of historical experiments, we emphasized that an even faster shutter
is needed to measure a seemingly continuous motion (section 6.1).
Modern pump-probe spectroscopy thrives on this idea and uses two
synchronized light pulses to map changes in material properties (sec-
tion 6.2). An optical pump excitation induces a change in a material
property, e.g., the absorbance, and a delayed probe pulse measures the
photo-induced change as a function of energy and delay time. In such
a way, using femtosecond lasers, we can disentangle semiconductor
physics at otherwise inaccessible time scales. As will become appar-
ent in chapters 7 and 8, an essential aspect will involve interpreting
spectral effects, induced by photoexcited carriers, that are encrypted
in the experimental data. With this idea in mind, we reviewed a se-
ries of spectral effects, and we discussed how they are manifested in
a transient absorbance measurement (section 6.3).

Chapter 7: Ultrafast Carrier Dynamics in Few Layer
Colloidal Molybdenum Disulfide

Using the established colloidal synthesis procedure detailed in chap-
ter 4, we presented a detailed study on the charge carrier relaxation in
photoexcited colloidal MoS2 nanosheets using femtosecond transient
absorption spectroscopy at visible and near-infrared wavelengths. We
demonstrated that the transient absorbance after photoexcitation is
caused by both a reduction in oscillator strength of the transitions
making up the direct gap, and a shift of the entire absorbance spec-
trum towards lower energy. We attributed these features to state
filling and bandgap renormalization, respectively. Through spectral
deconvolution, we find that in particular, the A exciton bleach ex-
hibits a sub-picosecond decay, which we attribute to rapid hole cap-
ture in midgap defect states. The disappearance of spectral shifts
at longer delay times reflects the relaxation of the charge carrier dis-
tribution by further charge trapping and recombination events. A
comparison between the dynamics of photogenerated charge carriers
in the case of colloidal MoS2 nanosheets as measured here and exist-
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Figure 9.3: Overview of chapter 7.

ing literature on CVD grown MoS2 nanosheets points towards a very
similar sequence of rapid trapping of one carrier type, followed by cap-
ture of the remaining carrier on a longer time scale. Accordingly, we
conclude that colloidal synthesis yields MoS2 nanosheets of compara-
ble quality, even if an entirely different chemistry is involved in the
TMD production.[262] This shows that TMDs fabricated with both
approaches may benefit from similar defect passivation strategies to
enhance the lifetime of photogenerated excitons.

Chapter 8: Free Carrier Generation and Optical Non-
linearities in Rhenium Disulfide

Thriving on the concepts outlined in chapter 7, we studied the charge
carrier decay in photoexcited ReS2 by combining broadband fem-
tosecond transient absorbance spectroscopy and femtosecond THz
spectroscopy. By THz spectroscopy, we demonstrated that optical
excitations generate free charge carriers in ReS2. In particular, we
observed a peculiar interplay between different optical nonlinearities
observed in the TA spectrum – linewidth changes and spectral shifts
– and the evolution of the photoexcited free charge carrier popula-
tion. From a phenomenological perspective, we discussed the consis-
tency of our data-set with different mechanisms that could lead to
such rich physics. For one thing, the presence of free charges ini-
tially broadened the exciton resonance due to collisional broadening
and blueshifted the absorbance due to free carrier screening. In a
second stage, the free carrier population decayed, and this loss co-



154 Chapter 9

Figure 9.4: Overview of chapter 8.

incided with a cross-over from a blue to a redshift associated with
lattice heating or bandgap renormalization and reduction in inhomo-
geneous exciton linewidth. Besides providing insights into a series of
optical nonlinearities, the generation of mobile charges in such ultra-
thin materials is equally interesting from a practical point of view as
mobile charge carriers are highly desired for photovoltaic devices or
photodetectors.

9.3 Perspectives

Extending the Solution Thermodynamics Approach to
Other Colloidal Systems

According to the solution thermodynamics approach, optimal disper-
sion occurs in solvents with solubility parameters that match the col-
loid solubility parameter (chapters 3 and 4). Besides, the exchange
parameter χ of the solvent-solute system determines the window for
miscibility, and solutions of large solutes are attained as long as χ is
below 0.5 (chapter 5). Reasoning from these perspectives, the use of
solubility parameters offered an experimental framework to describe
the exfoliation of VdW bulk solids and the stability of colloidal layered
TMD systems.

Extending this approach beyond layered systems, 2D CdSe and Cd-
Se/CdS nanoplatelets might be interesting study objects as they suffer
from colloidal instability at elevated concentrations. A tightly packed



Perspectives 155

Figure 9.5: Extending the solution thermodynamics approach to other colloidal
TMD systems. (a-b) Applying solution thermodynamic to (a) LPE systems
and (b) colloidal TMD systems, as narrated in chapter 3-5. (c) Extending the
solution thermodynamics approach to other colloidal nanoplatelets passivated
by tightly packed ligands?

aliphatic ligand shell passivates such objects, and apolar aliphatic sol-
vents are typically preferred over aromatic solvents.[226,235] Consid-
ering a tight ligand packing without solvent penetration (the solvent
only sees the ligand shell), the energetic cost associated with mixing
a platelet capped with aliphatic ligands is more favorable in aliphatic
solvents compared to aromatic solvents due to a more suitable solu-
bility parameter match. Such a simple thought-experiment suggests
that solubility parameter matching could apply to other classes of
nanomaterials, provided that the solubility parameter is linked to the
surface composition. Depending on the geometry and ligand density,
the solubility parameter might be a hybrid combination of the ligand
packing and the NC composition. From a more general perspective,
knowledge of those solubility parameters could aid more rational post-
processing of NC dispersions as inks or composites.

Liquid-Phase Exfoliation of ReSe2

Over the last decades, a growing environmental awareness has started
an ongoing evolution towards more sustainable technology. Next to
the generation of electrical power using renewable sources, for ex-
ample, solar energy, this also involves using non-toxic materials and
the deployment of an environmentally friendly production process.
Within this respect, the top-down production of two-dimensional ma-
terials in the liquid phase could fit multiple socio-economical needs.
Layered transition metal dichalcogenides are promising candidates for
applications that involve the absorption of light due to their excep-
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Figure 9.6: Liquid-Phase Exfoliation of ReSe2. (a) Free charge carrier gener-
ation in ReS2 in chapter 8. (b) Absorbance spectrum of ReSe2 with an optical
bandgap close to the Shockley-Queisser efficiency limit.

tionally high absorption coefficient. Provided that photoexcitation
generates free charge carriers in ReS2 (see chapter 8 and Figure 9.6a),
rhenium diselenide (ReSe2) might be an appealing candidate to ex-
plore given its suitable near-infrared bandgap (≈ 1.3 eV) close to the
Shockley-Queisser efficiency limit. In fact, exfoliation of ReSe2 proved
possible in the liquid phase (an absorbance spectrum of ReSe2 is pro-
vided in Figure 9.6b), and a preliminary analysis yielded an optimum
solvent solubility parameter of 25.7 MPa1/2 for ReSe2.
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A.1 Experimental Section of Chapter 3

A.1.1 Determination of Optimal Solubility Parameters
and Exfoliation Conditions for ReS2

Chemicals. Rhenium disulfide bulk powder (ReS2, ≥ 99%,
Alfa Aesar,89482.04), N -methyl-2-pyrrolidone (NMP, ≥ 99.0 %,
Merck), N,N -dimethylformamide (DMF, ≥ 99.0 %, Acros Organ-
ics), dimethyl sulfoxide (DMSO, ≥ 99.0 %, Merck), 1-butanol (≥
99.5 %, Merck), 1-methylnaphtalene (≥ 96.0 %, Acros Organics),
1-octyl-2-pyrrolidone (N8P, 98 %, Sigma Alrich), formamide (≥ 99.5
%, VWR), dibenzylether (98.0 %, Sigma Aldrich), diphenylether (≥
98 %, Merck), quinoline (≥ 99.0 %, Acros Organics), isopropanol
(IPA, ≥ 99.0 %, ChemLabs), o-dichlorobenzene (o-DCB,≥ 99.0 %,
Acros Organics), chlorobenzene (≥ 99.0 %, Merck), diethyleneglycol
(≥ 99.0 %, Merck), acetone (≥ 99.0 %, Acros Organics), methanol
(≥ 99.9 %, Merck), n-octane (technical ≥ 95 % ,VWR chemicals),
dodecane (≥ 99.0 %, Merck).

Experimental Procedure. ReS2 bulk powder was dispersed and
sonicated in a broad range of solvents with known Hildebrand and
Hansen solubility parameters. We refer to Table A.1 for a detailed
account of the solvents used in this study. We prepared the disper-
sions as follows: 15 mg ReS2 bulk powder is mixed with 10 mL of
solvent and sonicated for a total duration of 3 hours using a bath
sonicator (brand: USC-THD, VWR). After sonication, the disper-
sions are subjected to centrifugation (brand: Eppendorf model 5804)
for 30 minutes at a relative centrifugal force of 400g (equivalent to
1.5 krpm). The top part of the supernatant (≈ 75%) was carefully
removed with a Pasteur pipette and stored for further UV-vis analy-
sis.

Characterization. Attenuance spectra were recorded on a
PerkinElmer Lambda 365 UV-vis spectrophotometer in quartz
cuvettes with a path length of 1 cm and were baseline-corrected at
λ = 1100 nm.

A.1.2 Liquid phase exfoliation of ReS2

Optimization of the Centrifugation Time. Bulk ReS2 was dis-
solved in NMP at a concentration of 1.5 mg/mL and sonicated for
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solvent δs δs,D δs,P δs,H

(MPa1/2) (MPa1/2) (MPa1/2) (MPa1/2)

NMP 23.0 18.0 12.3 7.2
DMF 24.9 17.4 13.7 11.3
DMSO 26.7 18.4 16.4 10.2
1-Butanol 23.2 16.0 5.7 15.8
Methylnaphtalene 21.1 20.6 0.8 4.7
N8P 20.0 17.4 8.8 4.3
Formamide 36.7 17.2 26.2 19.0
Dibenzylether 20.6 19.6 3.4 5.2
2-pyrrolidone 28.4 19.4 17.4 11.3
IPA 23.6 15.8 6.1 16.4
Diphenylether 20.6 19.5 3.4 5.8
Quinoline 22.0 19.4 7.0 7.6
o-DCB 20.5 19.2 6.3 3.3
Chlorobenzene 19.6 19.0 4.3 2.0
Diethyleneglycol 29.1 16.6 12.0 20.7
Water 47.8 15.5 16.0 42.3
Acetone 19.9 15.5 10.4 7.0
Methanol 29.6 15.1 12.3 22.3
Octane 15.1 15.1 0.0 0.0
Dodecane 16.0 16.0 0.0 0.0

Table A.1: List of screened solvents including (second column) the solvent
Hilderbrand solubility parameter δs, (third column) the dispersive Hansen sol-
ubility parameter δs,D, (fourth column) the polar Hansen solubility parameter
δs,P, (fifth column) the hydrogen bonding Hansen solubility parameter δs,H.
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200 minutes. The resulting dispersion was divided over 4 mL aliquot
vials and centrifuged at different centrifugation times tc (0′, 1′, 2′, 5′,
15′, 30′, 60′) while keeping the centrifugation rate fixed at rc = 400g
(equivalent to roughly 1500 rpm). The colored supernatant was care-
fully decanted and measured by UV-Vis spectroscopy.

Optimization of the Centrifugation Rate. Bulk ReS2 was dis-
solved in NMP at a concentration of 1.5 mg/mL and sonicated for
200 minutes. The resulting dispersion was divided over 4 mL aliquot
vials and centrifuged at different centrifugation rates rc (0g, 20g, 50g,
150g, 400g, 1000g, 2000g) while keeping the centrifugation time fixed
at tc = 30 minutes. The colored supernatant was carefully decanted
and measured by UV-Vis spectroscopy.

Optimization of the Initial Concentration. Bulk ReS2 was
dissolved in NMP at concentrations of 0.2 mg/mL, 0.5 mg/mL, 1
mg/mL, 2 mg/mL, 4 mg/mL, 8 mg/mL and 15 mg/mL. and soni-
cated for 3 hours, centrifugation at 540 g. The resulting dispersion
was sonicated for 3 hours and subjected to centrifugation for 30
minutes at a relative centrifugal force of 540g (equivalent to 1700
rpm). The colored supernatant was carefully decanted and measured
by UV-Vis spectroscopy.

Optimized Experimental Procedure. ReS2 bulk powder was
stored in a nitrogen-filled glove box. All other operations were per-
formed under ambient conditions. Our optimized protocol reads as
follows: 50 mg rhenium disulfide bulk powder was mixed with 25
mL N -methyl-2-pyrrolidone, and was sonicated for 6 hours using a
bath sonicator. During sonication, the temperature was kept below
40− 45◦C to avoid autoxidative transformations of NMP.[313] The
unexfoliated bulk material was separated from the exfoliated flakes
by centrifugation for 30 minutes at a relative centrifugal force of
540g (equivalent to 1700 rpm). The colored supernatant contain-
ing the exfoliated ReS2 flakes was carefully decanted and stored for
further analysis. We quantified the amount of dispersed ReS2 from
the Lambert-Beer law (A/l = εC). Using the optical extinction coef-
ficient ε of ReS2 reported by Kang et al.,[173] the amount of dispersed
ReS2 after sonication and centrifugation amounts to ≈0.1 g/L. Such
numbers line up with literature reports on layered compounds pro-
duced by LPE.[100,173,183,314] The dispersions of ReS2 in N -methyl-
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2-pyrrolidone were colloidally stable for months with only little sedi-
mentation.

Characterization Samples for TEM were prepared by diluting a
ReS2/NMP dispersion in 2-propanol, and drop-casting this nearly-
transparent dispersion on a Holy Carbon-Cu grid (200 mesh, 50 mi-
cron). Traces of volatile components were removed by drying the
sample overnight in a vacuum tube connected to a schlenk line, or
in the antechamber of a glove box. Subsequently, TEM images were
taken using a Cs-corrected JEOL 2200-FS TEM operated at an ac-
celeration voltage of 200 kV. For the height analysis, the ReS2 flakes
were imaged by AFM after we cast a diluted dispersion in 2-propanol
on a preheated SiO2 wafer.[186] All measurements were carried out
on a Bruker Dimension Edge equipped with a NCHV probe using
tapping mode in air. Afterward, the height of a single flake was de-
termined by a fit of the corresponding height profile to a step function
in Gwyddion. To measure the particle size distribution, we diluted
dispersions further in NMP, and recorded Dynamic Light Scattering
(DLS) on a Malvern Nano ZS zetasizer equipped with a He-Ne laser
operated at 633 nm. Samples for X-ray photoelectron spectroscopy
(XPS) and Raman analysis were prepared by casting a dispersion of
ReS2 in NMP on a glass slide, and removing the solvent under vacuum
in the antechamber of a glove box. X-ray photoelectron spectroscopy
(XPS) spectra were recorded on an S-Probe Monochromatized XPS
spectrometer using a monochromatized Al Kα source operated at 1486
eV as a probe. Further data treatment was carried out in the Casa
XPS software. Raman measurements were conducted on a Bruker Op-
tics Senterra dispersive Raman spectrometer attached to an Olympus
BX51 microscope and coupled to a thermoelectrically cooled CCD
detector, operating at −65◦C. The spectrometer has an XYZ mo-
torized (automatic) stage for positioning and focusing. The samples
were studied as dried films on glass slides. Spectra were obtained in
the spectral range of 60 to 1560 cm−1 and with a spectral resolution
of 3− 5 cm−1 using a green Nd:YAG (532 nm) laser. The exper-
imental conditions were set at 5 accumulations of 10 seconds, and
sufficiently low laser power (0.1 mW) was used. All the samples were
measured under a ×50 magnification objective (numerical aperture
(NA) of 0.75) with a spot size of 4 µm.
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A.2 Experimental Section of Chapter 4

Chemicals The following chemicals were used in this work: oleic
acid (OA, 90%, Alfa Aesar), oleylamine (OLA, 80-90%, Acros Organ-
ics), carbon disulfide (CS2, ≥ 99%, Sigma Aldrich), molybdenum(V)
chloride (MoCl5, 99.99%, Sigma Aldrich) 1,2-dichlorobenzene
(o-DCB, 99%, Acros Organics), 1,2-dichlorobenzene-d4 for NMR
(o-DCB-d4, 98% atom D, Acros Organics), hexane (normapur,
VWR), heptane (99.8%, VWR), octane (99.5%+, Chem-Lab An-
alytical), cyclohexane (99.5%+, Chem-Lab Analytical), toluene
(technical, VWR), acetonitrile (ACN, normapur, VWR), N -methyl-
2-pyrrolidone (NMP, ≥ 99.0 %, Merck), N,N -dimethylformamide
(DMF, ≥ 99.0 %, Acros Organics), , 1-methylnaphtalene (≥ 96.0
%, Acros Organics), 1,2-dichlorobenzene (o-DCB,≥ 99.0 %, Acros
Organics), ethanol (technical, VWR), methanol (≥ 99.9 %, Merck),
pyridine (99.0 %+, VWR) n-octane (technical ≥ 95 % ,VWR
chemicals)

Colloidal Synthesis of MoS2 We synthesized MoS2 nanosheets
according to a recent publication by Son et. al.[105] To prepare the
precursor solution, MoCl5 (54 mg, 0.2025 mmol), OA (2.25 mL) and
OLA (15 mL) were mixed together (denoted as mixture 1) in inert
atmosphere. At the same time, OLA (15 mL) was loaded into another
three-neck round bottom flask (denoted as mixture 2) and degassed
at an elevated temperature. Both solutions were flushed with con-
secutive nitrogen-vacuum cycles to remove traces of residual volatile
components. Subsequently, mixture 2 was heated to 320 °C under an
inert nitrogen atmosphere. Meanwhile, CS2 (0.1 mL, in excess) was
introduced in mixture 1 at room temperature. This viscous precur-
sor solution was rapidly introduced in a nitrogen-flushed glass syringe
and injected over 30 minutes into mixture 2 at 320 °C. After injec-
tion, we kept the reaction mixture at 320 °C for another 90 minutes.
The MoS2 sheets were precipitated by adding butanol, collected by
centrifugation (10000 g), and redispersed in toluene under mild son-
ication. Afterward, the sample was subjected to successive washing
steps with ethanol as the non-solvent and toluene as the solvent as
follows: to a MoS2 dispersion in toluene, ethanol was added as a
non-solvent in a 1:1 ratio with respect to toluene. The dispersion
was centrifuged at 5000 rpm for 5 minutes (brand: Eppendorf model
5804). The cloudy supernatant was discarded, and the precipitate
was redispersed in the same amount of toluene.
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solvent δs f = D48/D0

(MPa1/2) (-)

Hexane 14.9 0.00
Heptane 15.3 0.00
Octane 15.5 0.00
Cyclohexane 16.8 0.09
Toluene 18.2 0.72
Chloroform 18.9 0.60
1,2-dichlorobenzene 20.5 0.99
Methylnaphtalene 21.1 1.03
Pyrridine 21.6 0.99
N -methyl-2-pyrrolidone 23.0 0.87
1-Butanol 23.2 0.59
Acetonitrile 24.4 0.85
DMF 24.9 1.00
Ethanol 26.5 0.15
Methanol 29.6 0.00

Table A.2: List of screened solvents including (second column) the solvent
Hilderbrand solubility parameter δs, (third column) the ratio between the at-
tenuance after 48 hours D48 and the initial attentuance D0 in each solvent.

For the solubility study, 0.5 mL of MoS2 in toluene (washed once
as described above) was divided over 4 mL vials. To each vial, we
added 0.5 mL ethanol, centrifuged the dispersion at 5000 rpm for
5 minutes and discarded the clear and colourless supernatant. We
added 2 mL solvent (a full solvent list is provided in Table A.2) to
each MoS2 pallet, and solubilized the mixture under mild sonication
in a bath sonicator for 15 minutes (brand: USC-THD, VWR). Once
solubilized, we measured the attenuance of a dilution immediately.
After 48 hours, we measured the attenuance D48 of stable fraction
present in the supernatant in a similar manner.

UV-Vis Spectroscopy Attenuance spectra were recorded on ei-
ther a PerkinElmer Lambda 950 or a PerkinElmer Lambda 365 spec-
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trometer. The samples were studied as diluted dispersions in o-DCB
in quartz cuvettes with a path length of 1 cm.

Raman Spectroscopy Raman spectra were recorded on a
KAISER dispersive RXNI spectrometer (operating at 532 nm)
equipped with a non contact probe. The samples were studied as
concentrated dispersions in o-DCB.

X-ray Diffraction X-ray diffraction measurements were carried
out on a Thermo Scientific ARM X′tra X-ray diffractometer with
the Cu Kα (λ = 0.154 nm) line as primary source. The samples were
studies as films on glass.

Transmission Electron Microscopy Bright-field TEM images
were taken on a Cs-corrected JEOL 2200-FS TEM operated at an
acceleration voltage of 200 kV. Samples for TEM were prepared by di-
luting dispersions in toluene, and drop-casting the nearly transparent
dispersion on a Holy Carbon-Cu grid (200 mesh, 50 micron). Traces
of volatile components were removed by drying the sample overnight
in a vacuum tube connected to a schlenk line, or in the antechamber
of a glove box.

Atomic Force Microscopy For the height analysis, the particles
were imaged by atomic force microscopy (AFM) after we cast a dis-
persion in o-DCB on a SiO2 wafer. All measurements were carried
out on a Bruker Dimension Edge equipped with a NCHV probe using
tapping mode in air.

Nuclear Magnetic Resonance Spectroscopy The samples
used in the Nuclear magnetic resonance (NMR) experiments were
prepared by drying a purified dispersion containing colloidal MoS2

in o-dichlorobenzene under a mild nitrogen flow, followed by re-
dispersion in deuterated 1,2-dichlorobenzene, henceforth denoted
as o-dichlorobenzene-d4. The Nuclear magnetic resonance (NMR)
spectra were recorded at a 1H frequency of 500.13 MHz, either on
a Bruker Avance III Ascend Spectrometer equipped with a BBI-Z
probe or on a Bruker Avance II Spectrometer equipped with a TXI-Z
probe. All spectra were measured at a temperature of 298.15 K using
standard pulse sequences from the Bruker pulse program library.
Quantitative 1H spectra were recorded with a 20s delay between the
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scans to ensure a full relaxation of all the NMR signals. Afterwards,
the quantification was done using the Digital ERETIC method.
Diffusion-Ordered Spectroscopy (DOSY) experiments were recorded
using a double stimulated echo sequence to account for convection
and a bipolar gradient pulse program to minimize signal loss due
to T2 relaxation. In such an experiment, the diffusion decay was
recorded in 64 steps while the squared gradient strength was varied
from 95% up to 2% of the probes maximum value. The gradient
pulse duration and diffusion delay were optimized to guarantee that
at least 90% of the signal decayed at the highest gradient strength.
In a Nuclear Overhauser Effect Spectroscopy (NOESY) experiment,
the parameters were set as follows: 4096 and 512 time domain points
in the direct and indirect dimension respectively, a spectral width
of 12 ppm, the number of scans varied from 8 to 32 depending on
the signal intensity. The mixing time was 300 ms unless otherwise
specified. Afterwards, the data was processed in Bruker TopSpin
4.0.6 and IgorPro 6.

NMR experiments involving lead oleate Lead oleate was pre-
pared according to the literature.[315] A stock solution was prepared
by dissolving lead oleate in o-dichlorobenzene-d4 (27.2 mg in 500 µL).
Subsequently, lead oleate was added in a ten-fold excess with respect
to the amount of the original ligands (determined by ERETIC) to the
dispersion that contains the MoS2 in o-dichlorobenzene-d4.
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A.3 Experimental Section of Chapter 7

Chemicals The following chemicals were used in this work: oleic
acid (OA, 90%, Alfa Aesar), oleylamine (OLA, 80-90%, Acros Or-
ganics), carbon disulfide (CS2, ≥ 99%, Sigma Aldrich), molybde-
num(V) chloride (MoCl5, 99.99%, Sigma Aldrich) 1,2-dichlorobenzene
(o-DCB, 99%, Acros Organics).

Colloidal Synthesis of MoS2 We synthesized MoS2 nanosheets
based on a recent publication by Son et. al.[105] To prepare the pre-
cursor solution, MoCl5 (18 mg, 0.0675 mmol), OA (750 µL) and OLA
(5 mL) were mixed together (denoted as mixture 1) and degassed
under a reduced atmosphere. At the same time, OLA (5 mL) was
loaded into another three-neck round bottom flask (denoted as mix-
ture 2) and degassed at an elevated temperature. Both solutions were
flushed with consecutive nitrogen-vacuum cycles to remove traces of
residual volatile components. Subsequently, mixture 2 was heated to
320 °C under an inert nitrogen atmosphere. Meanwhile, CS2 (0.1 mL,
in excess) was introduced in mixture 1 at room temperature. This vis-
cous precursor solution was rapidly introduced in a nitrogen-flushed
syringe and injected over 30 minutes into mixture 2 at 320 °C. After
injection, we kept the reaction mixture at 320 °C for another 90 min-
utes. The reaction was cooled down using a heated water bath, and
we added a small amount of o-DCB, typically 4 mL, to ensure proper
miscibility. The MoS2 sheets were precipitated by adding butanol as a
non-solvent, collected by centrifugation (10000 g), and redispersed in
o-DCB under mild sonication. Afterward, the sample was subjected
to successive washing steps with ethanol as the non-solvent and o-
DCB as the solvent. We stored our samples in o-DCB for further
analysis.

UV-Vis Spectroscopy Attenuance spectra were recorded on ei-
ther a PerkinElmer Lambda 950 or a PerkinElmer Lambda 365 spec-
trometer. The samples were studied as diluted dispersions in o-DCB
in quartz cuvettes with a path length of 1 cm.

Raman Spectroscopy Raman spectra were recorded on a
KAISER dispersive RXNI spectrometer (operating at 532 nm)
equipped with a non contact probe. The samples were studied as
concentrated dispersions in o-DCB.
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X-ray Diffraction X-ray diffraction measurements were carried
out on a Thermo Scientific ARM X′tra X-ray diffractometer with
the Cu Kα (λ = 0.154 nm) line as primary source. The samples were
studies as films on glass.

Transmission Electron Microscopy Bright-field TEM images
were taken on a Cs-corrected JEOL 2200-FS TEM operated at an
acceleration voltage of 200 kV. Samples for TEM were prepared by di-
luting dispersions in toluene, and drop-casting the nearly transparent
dispersion on a Holy Carbon-Cu grid (200 mesh, 50 micron). Traces
of volatile components were removed by drying the sample overnight
in a vacuum tube connected to a schlenk line, or in the antechamber
of a glove box.

Atomic Force Microscopy For the height analysis, the particles
were imaged by atomic force microscopy (AFM) after we cast a dis-
persion in o-DCB on a SiO2 wafer. All measurements were carried
out on a Bruker Dimension Edge equipped with a NCHV probe using
tapping mode in air.

Transient Absorbance Spectroscopy We recorded transient ab-
sorbance spectra by exciting dispersions of MoS2 nanosheets using
110 femtosecond pump pulses with varying wavelength. Pump pulses
were created from the 800 nm fundamental of a 1 kHz laser system
(Spitfire Ace, Spectra Physics) through non-linear conversion in an
OPA (Light Conversion, TOPAS). Probe pulses in the visible and in
the near-infrared window were generated by passing the 800 nm fun-
damental through a thin CaF2 or YAG crystal, respectively. Both
crystals are translated along one axis to avoid photo-damage from
the fundamental. The pulses were delayed relative to the pump using
a delay stage with a maximum delay of 6 nanoseconds. The probe
spectrum in our experiments covers the UV-VIS window from 350 nm
up to 700 nm and the near-infrared window from 850 nm up to 1300
nm. The sheets were dispersed in o-DCB and continuously stirred to
avoid charging or photo-degradation. Photon fluxes were determined
using a Thorlabs CCD camera beam profiler and a thermal power
sensor.
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A.4 Experimental Section Chapter 8

Liquid Phase Exfoliation and Film Preparation Dispersions
of ReS2 were produced by liquid phase exfoliation in N -methyl-2-
pyrrolidone as reported by us previously. In brief, we mixed 50 mg
ReS2 bulk powder (≥99%, Alfa Aesar, 89482.04) together with 25
mL N -methyl-2-pyrrolidone (NMP,≥ 99.0%, Merck) in a centrifuga-
tion tube. We sonicated the resulting mixture for a total duration
of 6 hours in a sonication bath (USC-THD, VWR) while keeping the
bath temperature below 40°C. Subsequently, we subjected the dis-
persion to centrifugation (Eppendorf model 5804, 30 minutes, 1700
rpm) to separate exfoliated flakes from unexfoliated material. The
experimental parameters were optimized in our previous work. The
supernatant that contains exfoliated ReS2 flakes was decanted from
the sediment and stored for further use. Such dispersions of ReS2 in
N -methyl-2-pyrrolidone were colloidally stable for months with only
little sedimentation over time. ReS2 films were prepared by drop-
casting an ReS2 dispersion on a quartz substrate, followed by anneal-
ing the substrate at 30°C for 20 minutes.

Transient Absorbance Spectroscopy We recorded 2D of the
transient absorbance experiments by optically exciting ReS2/quartz
films with 180 fs pump pulses. Pump pulses of variable wavelength
(310-1330 nm) were generated from the 1028 nm fundamental of a 5
kHz frequency laser system (Yb:KGW oscillator, Light Conversion,
Pharos SP) through non-linear conversion in an Optical Parametric
Amplifier (OPA) equipped with a second harmonic module (Light
conversion, Orpheus). The pump photon flux was determined with a
thermopile sensor (Coherent, PS19Q). Broadband probe pulses (500-
1600 nm) are generated by passing the fundamental through a sap-
phire crystal.

Optical Pump-THz Probe (OPTP) Spectroscopy The OPTP
laser system consists of a Micra Oscillator and a Legend HE-USP re-
generative amplifier (by Coherent Inc). OPTP measurements were
performed by photoexciting ReS2/quartz films by 60 fs pump pulses,
and probing photogenerated charge carriers using single cycle THz
pulses generated in a non-linear zinc telluride (ZnTe) crystal via op-
tical rectification.[316] The detection takes place in a ZnTe crystal by
spatially overlapping single cycle THz pulses with a chirped optical
laser pulse centered at 800 nm such that the entire THz waveform is
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detected by a single laser shot. The photogeneration quantum yield
of charge carriers, φ, and decay kinetics of charge carriers are ob-
tained from the difference, ∆E(tp, t) = Eexcited(tp, t)− E0(tp), of the
maximum amplitude of the THz electric field at time t succeeding the
optical pump pulse, Eexcited(tp, t), and the maximum amplitude of
the THz waveform at time, tp, after generation of the THz waveform,
E0(tp),in absence of a pump pulse.
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B.1 Supporting Information of Chapter 1

B.1.1 Calculation of the Absorption Coefficient of
CdSe and MoS2

We calculated the absorption coefficient of bulk and monolayer[317]
molybdenum disulfide[318] and bulk cadmium selenide[319] starting
from experimentally determined values of the refractive index n and
the extinction coefficient k (see Figures B.1a and B.1c) according
to:[187]

ai =
2π

λ
Im(ε) =

2π

λ
2nk (B.1)

To compare a 2D monolayer of MoS2 to a 2D platelet of CdSe, we
convert an absorption spectrum recorded on a dispersion of CdSe
nanoplatelets (see Figure B.1c) into an absorption coefficient through
an established procedure.[187] Since high energy transitions are less
influenced by size quantization, we use the optical constants of bulk
CdSe at high energy (4 eV) to rescale the absorption spectrum ac-
cording to:

ai(E) =
A2D(E)abulk(4eV )

A2D(4eV )
(B.2)

The results of such an analysis are summarized in Figure 1.4c of the
main text. Importantly, the absorption coefficient of CdSe is a factor
of 2 lower at the band edge and an order of magnitude lower around
3 eV.

Figure B.1: (a) Extinction coefficient and (b) refractive index of MoS2 (green)
and CdSe (red). (c) Absorption spectrum of CdSe nanoplatelets provided by
Alessio Di Giacomo.
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B.2 Supporting Information of Chapter 3

B.2.1 Determination of the Solubility Parameters of
ReS2 at a Different Wavelength

We determined optimal values for the ReS2 solubility parameters us-
ing the attenuance D400 at 400 nm and D700 at 700 nm. As sum-
marized in Table B.1, the choice of wavelength has no substantial
influence on the result.

δ̄ δ̄D δ̄P δ̄H

(MPa1/2) (MPa1/2) (MPa1/2) (MPa1/2)

using D400 24.2/24.9 18.0/17.9 11.2/NA 9.6/NA
using D700 24.1/24.8 18.2/18.0 10.4/NA 9.5/NA

Table B.1: Optimal values for (δ̄, δ̄D, δ̄P, δ̄H) for ReS2 determined using (first
row) the attenuance D400 at 400 nm and (second row) the attenuance D700

at 700 nm. Consistent with the main text, we obtained values for the solubility
parameters using a weighted arithmetic mean (Eq 1, main text)/a Gaussian fit
(Eq 2, main text).
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B.2.2 Determination of the Solubility Parameters of
ReS2 With and Without a Baseline Substrac-
tion

We determined optimal values for the ReS2 solubility parameters us-
ing the attenuance D400 at 400 nm with and without a baseline sub-
traction at 1100 nm. As summarized in Table B.2, such an approach
has no substantial influence on the result.

δ̄ δ̄D δ̄P δ̄H

(MPa1/2) (MPa1/2) (MPa1/2) (MPa1/2)

baseline corrected 24.2/24.9 18.0/17.9 11.2/NA 9.6/NA
raw data 24.0/25.1 18.0/18.0 11.2/NA 9.6/NA

Table B.2: Optimal values for (δ̄, δ̄D, δ̄P, δ̄H) for ReS2 determined using the
attenuance D400 at 400 nm (first row) with a baseline subtraction at 1100 nm
and (second row) using the raw spectra. Consistent with the main text, we
obtained values for the solubility parameters using a weighted arithmetic mean
(Eq 1, main text)/a Gaussian fit (Eq 2, main text).
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B.2.3 Effect of the Solvent Viscosity

Alzakia et al.[320] pointed out that the sedimention velocity is in-
fluenced by the viscosity of the solvent η, resulting in overestimated
exfoliation yields in viscous solvents. To access whether such effects
could influence our results, we plot the attenuance as a function of the
solvent viscosity, and we calculate the Pearson correlation coefficient
ρ as the ratio between the co-variance σXY and the product of the
standard deviations σ as follows:

ρ(D, η) =
σXY (D, η)

σY (D)σX(η)
(B.3)

Values for ρ close to ±1 predict a perfect correlation, while values
near zero imply no correlation. As such, if both variables are posi-
tively correlated, we would expect the Pearson correlation coefficient
ρ to attain positive values near 1. On the contrary, the correlation co-
efficient attains a number close zero and thereby points to the absence
of a linear correlation between the exfoliation yield and the solvent
viscosity.

Figure B.2: Plot of the attenuance as a function of the solvent viscosity. The
Pearson correlation coefficient calculated for such a data-set amounts to -0.08
and points to the absence of a linear correlation.
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B.2.4 SEM Images of ReS2 Bulk Powder

Rhenium disulfide bulk powder (ReS2, ≥ 99%) was purchased from
Alfa Aesar. According to the scanning microscopy (SEM) images pro-
vided in Figure B.3, the powder consists of particles with a platelet-
like geometry, as expected for TMD bulk powders.[100] Although the
powder is relatively poly-disperse and consists of micrometric sized
conglomerates, most individual particles have a lateral size of a few
hundreds of nanometer at most (see arrows in Figure B.3).

Figure B.3: SEM images of ReS2 bulk powder. The arrows indicate individual
particles observed within larger conglomerates are indicated.
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B.2.5 Additional Information on AFM

To estimate the thickness of the ReS2 platelets, we diluted the disper-
sion in 2-propanol, cast this dispersion on a pre-heated SiO2 wafer[186]
and imaged the sample by atomic force microscopy (AFM). Fig-
ures B.4a-B.4c provide examples of AFM images of exfoliated ReS2.
We have drawn lines along the particles and extracted the height of
these profiles, see Figures B.4d-B.4f. The height of a single particle
was determined by a fit of the corresponding height profile to a step
function in Gwyddion; examples are shown in Figures B.4g-B.4i. We
measured the height of 50 particles on different areas on the sub-
strate, and Figure 3.7d in the main text shows the main results of
this analysis by plotting the distribution on the thickness.

Figure B.4: (a-c) AFM images with a field of view of (a,b) 1µm by 1µm

and (c) 0.5µm by 0.5µm. (d-f) Height profiles as outputted by the Gwyddion
software along the lines in panels a-c. (g-i) Examples of representative height
profiles shown in (d-f) are fit to a step function in Gwyddion, and the height h
(± error) and the approximate layer number N are indicated accordingly.
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B.3 Supporting Information of Chapter 4

B.3.1 Determination of the spectral positions of the A
and B resonances

The central wavelength assigned to the A and B exciton was deter-
mined from (i) the inflection points of the first derivative of the atten-
uance spectrum, dD/dλ (see Figure B.5a) and (ii) a fit of the second
derivative d2D/dλ2 (see Figure B.5b). As can be seen in Figure B.5,
both approaches lead to similar spectral positions.

Figure B.5: Determination of the A and B spectral position from a) the first
derivative of the attenuance dD/dλ and b) a global fit to the second derivative
d2D/dλ2. (top) Data points (black markers), fit (grey). (bottom) Gaussian fit
functions describe the A and B exciton features, respectively at 614.4 ± 0.5
nm and 664.2 ± 0.7 nm.
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B.3.2 Additional Information on Raman Spec-
troscopy

The Raman spectra are corrected by subtracting the signals related
to the solvent, see Figure B.6. The resonances assigned to the solvent
o-dichlorobenzene were determined using a blank measurement. The
frequency assigned to the A1g and E1

2g vibrational modes of MoS2

was determined from the inflection point of the first derivative of the
Raman spectrum to the frequency, dI/dω (see Figure B.6c) and the
local minima of the second derivative to the frequency d2I/dω2 (see
Figure B.6d). The values calculated using both approaches lead to
similar spectral positions listed in Table B.3.

dI/dω (inflection point) d2I/dω2 (minimum)

E1
2g 383 cm−1 383.5 ± 0.2 cm−1

A1g 406 cm−1 406.1 ± 0.1 cm−1

∆ω 23 cm−1 22.6 ± 0.2 cm−1

Table B.3: Assignment of the spectral positions of the A1g and E1
2g vibrational

modes of MoS2 in the Raman spectrum using the inflection point of dI/dω and
the local minimum of d2I/dω2.

Figure B.6: (a) Raman spectra of (bottom, grey) the solvent o-
dichlorobenzene (middle, black) the sample and (top, black) the sample after
subtraction. (b-c) The first and second derivatives of the Raman spectrum.
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B.3.3 Determining the Diffusion Coefficient from
DOSY and the Stejkal-Tanner Equation

A series of 1D NMR spectra are recorded at an increasing gradient
field strength in a diffusion NMR experiment. The Stejkal-Tanner
equation describes the attenuation of the signal intensity due an in-
crease in the magnetic field gradient, see Equation B.4, for which the
different parameters are listed in Table B.4:

I = I0 exp(−Dγ2
effδ

2σ2∆
′
G2) (B.4)

A fit to Equation B.4 holds a value for the translational diffusion
coefficient listed in the main text.

parameter description

D translational diffusion coefficient
γeff gyromagnetic ratio of the nuclei
δ duration of the pulse field gradient
σ gradient shape factor
∆
′ corrected diffusion delay for the pulse sequence

and the gradient shape
G gradient field strength

Table B.4: A description of the different parameters that appear in the Stejskal-
Tanner equation, see Equation B.4.
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B.3.4 Diffusion Coefficient of Lead Oleate

The lead oleate diffusion coefficient was determined according to the
same procedure outlined in Section 4.3.4. The DOSY decays are fit to
the Stejkal-Tanner equation, see Figure B.7. The diffusion coefficient
of the free lead oleate and MoS2/Pb(OA)2 amount to 206.3 ± 0.2
µm2/s and 202.7 ± 1.6 µm2/s, respectively.

Figure B.7: (a) (top) DOSY NMR spectrum and (bottom) the decay of the
intensity to the gradient field strength of a reference sample only containing
lead oleate. b) (top) DOSY NMR spectrum and (bottom) the decay of the
intensity to the gradient field strength of the sample containing MoS2 and lead
oleate.
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B.3.5 T1 relaxation time and rates of lead oleate

The T1 relaxation times and corresponding longitudinal relaxation
rates RL were determined through an inverse recovery experiment,
yielding values listed in Table B.5.

Resonance T1 (s) RL (s−1)

1 1.6 0.6(3)
2 0.6 1.6(7)
3 0.4 2.5(0)
4 0.6 1.6(7)
5 0.4 2.5(0)
6 1.0 1.0(0)

Table B.5: T1 relaxation (second column) times and (third column) rates of
the different resonances of lead oleate labeled following the main text.



Supporting Information of Chapter 5 185

B.4 Supporting Information of Chapter 5

B.4.1 Critical Exchange Parameter for a Regular Mix-
ture

Omitting a (rather tedious) mathematical description, we instead
graphically describe mixtures with exchange parameters below, above
and equal to the critical exchange parameter χc. In doing so, we ar-
rive at the requirement that the second and third derivative of ∆Fmix

to φB are zero simultaneously at χc. For the sake of simplicity, we
describe a regular solution with molecules of type A (solvent) and B
(solute) of equal size (νA = νB = 1). For such systems, the critical
exchange parameter amounts to 2 (Eq 5.13).

Most generally, the free energy of mixing ∆Fmix can be written as
follows:

∆Fmix =
kBT

v0
(φA lnφA + φB lnφB + φAφBχ) (B.5)

Figure B.8a plots ∆Fmix as a function of the volume fraction of the
solute φB and for different values of the exchange parameter χ.

The green curve in Figure B.8a signifies an ideal mixture (χ = 0).
Such a mixture forms a homogeneous phase at any composition due
to a favourable entropy of mixing. As is apparent in Figure B.8b,
this condition can be mathematically expressed as a positive second
derivative throughout its entire domain.

On the other hand, for an unfavourably large exchange parameter (for
instance, χ = 3, red curve), local minima appear and the mixture
separates into a phase rich in A and a phase rich in B with respec-
tive compositions φ′ and φ′′ . Such cases are recognized by a second
derivative that crosses zero at the inflection points of ∆Fmix(φB) (see
Figure B.8c).

In-between both extremes, one arrives at a limiting condition where
the mixture transitions from being completely miscible into a state of
limited miscibility. Such a cross-over takes place at an exchange pa-
rameter equal to the critical exchange parameter χc. Here, ∆Fmix(φB)
has a near zero slope at intermediary compositions (Figure B.8a, or-
ange curve) and the second and third derivative are zero simultane-
ously (Figure B.8d). Note that for any value of χ, the third derivative
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Figure B.8: (a) Plots of ∆Fmix as a function of the volume fraction of the
solute φB for χ = 0 (green), χ = 2 (orange) and χ = 3 (red). (b-d) The
second (left axis) and the third (right axis, grey) derivatives of ∆Fmix to φB .
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is zero at the critical composition φc, but only at χ = χc the second
and third derivative are zero simultaneously at φ = φc.
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B.5 Supporting Information of Chapter 7

B.5.1 Proportionality between ∆A and dA0/dE in Case
of a Spectral Shift δσ

In the case of a pure spectral shift δE, the non-linear absorbance after
photoexcitation A? will be a function of δE that can be expanded
through a Taylor series around the linear absorbance A0:

A? = A0 +
dA0

dE
δE +

1

2

d2A0

dE2
δE2 + ...

For a δE that is sufficiently small, a Taylor expansion up to the first
order yields a direct proportionality between the transient (∆A =
A? −A0) and the derivative of the linear absorbance dA0/dE:

∆A ≈ dA0

dE
δE (B.6)

According to Equation B.6, the spectral shift δE can be obtained
from the ratio between the transient absorbance and the derivative
of the linear absorbance spectrum. Figure B.9 illustrates this pro-
portionality between dA0/dE and ∆A in the case of a pure spectral
shift.

Figure B.9: Pictorial representation showing the relationship between a deriva-
tive (a) and a spectral shift (b). A spectral shift closely resembles a derivative-
like spectrum except that the inflection point is being slightly off-set. The linear
absorption A0 is indicated in black, and the excited state absorption A? in red.
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B.5.2 Resonant Excitation at Visible Wavelengths

Similar to the measurements that involve non-resonant photoexcita-
tion and visible probing (Figure 7.6), we observe two short bleach
features at the band edge when resonantly exciting near the A ex-
citon around 660 nm (Figure B.10a). The transient absorbance at
a fixed probe wavelength indicates a fast stage decaying with a rate
of 4.0 ps−1. Similar to the experiments that involve resonant pho-
toexcitation and near-infrared probing (Section 7.4.2), decay rates
are slightly accelerated compared to conditions of non-resonant pho-
toexcitation.

Figure B.10: (a) 2D transient time delay-wavelength map upon 660 nm
(~ω=1.88 eV), 110 fs photoexcitation in the wavelength range from 500 nm to
700 nm. b) Temporal dependence of the transient probed at 610 nm. The black
line is a fit to a combination of an exponential decay and a fixed background.
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B.6 Supporting Information of Chapter 8

B.6.1 Proportionality between ∆A and d2A0/dE
2 in

Case of a Change in Linewidth ∆σ

In the case of a pure spectral broadening or narrowing ∆σ, the non-
linear absorbance after photoexcitation A?(σ) can be expanded as a
Taylor series around the linear absorbance A0(σ0)

A?(σ0 + ∆σ) = A0(σ0) +
dA0

dσ
∆σ +

1

2

d2A0

dσ2
∆σ2 + ...

Here again, for small values of ∆σ, the transient (∆A = A? − A0) is
directly proportional to the derivative of the linear absorbance to the
linewidth dA0/dσ

A?(σ0 + δσ) ≈ A0(σ0) +
dA0

dσ
∆σ (B.7)

Approximating the absorbance spectrum A0 by a Gaussian function
characterized by a spectral position E0 and a linewidth σ0, the re-
spective derivatives of A0 to σ0 and E are given by

dA0

dσ
= A0

E2
0 − σ2

0

σ3
0

(B.8)

d2A0

dE2
= A0

E2
0 − σ2

0

σ4
0

(B.9)

Combining Equations B.8 and B.9, the equivalence between dA0
dσ and

d2A0
dE2 reads

dA0

dσ
=

d2A0

dE2
σ0 (B.10)

Using Equations B.7 and B.10, the transient ∆A, expressed as the
difference between the nonlinear absorbance A?(σ0 + ∆σ) and the
linear absorbance A0(σ0), reads

A?(σ0 + ∆σ)−A0(σ0) ≈ d2A0

dE2
σ0∆σ (B.11)

According to Equation B.11, a transient absorbance that results from
changes in linewidth has a one-to-one correlation with the second
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Figure B.11: Pictorial representation showing the relationship between (a)
the broadening and (b) the narrowing of a Gaussian resonance, the difference
spectrum ∆A and the second derivative of A0 to E. The linear absorbance A0

is indicated in black, the excited state absorbance A? in red and the transient
absorbance ∆A in grey.

derivative of the linear absorbance spectrum to the energy, and the
ratio between both functions yields a value for σ0∆σ. Figure B.11
illustrates this proportionality in the case of the broadening and the
narrowing of a Gaussian.
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Nederlandse Samenvatting
–Summary in Dutch–

Hoofdstuk 2: Like Likes Like, Descriptoren voor Oplos-
baarheid

Wetenschappelijke vooruitgang is vaak te danken aan het gebruik van
eenvoudige conceptuele modellen om complexe verschijnselen te ver-
klaren; een mentaal beeld helpt ons vaak ver vooruit. In dit inleidend
hoofdstuk, bespreken we een binair roostermodel om het gedrag van
mengsels te conceptualiseren, en geven we een algemeen overzicht van
de oplossingstheorie voor mengsels binnen het raamwerk van een der-
gelijk roostermodel. Op deze manier zijn we in staat om abstracte
thermodynamische concepten, zoals energie en entropie, te relateren
aan tastbare interacties tussen moleculen onderling. Aangezien en-
tropie betrekking heeft op het aantal manieren waarop een toestand
kan worden gerealiseerd, bevorderen entropische effecten typisch het
vormen van mengsels. We benadrukken in het bijzonder dat energe-
tische veranderingen verband houden met het vormen en breken van
moleculaire bindingen. Als zodanig hangt de oplosbaarheid af van een
afweging tussen deze effecten - een resultaat dat duidelijk overstemt
met onze chemische intuïtie.

Voor experimenteel onderzoek kunnen dergelijke energetische effecten
het eenvoudigst worden uitgedrukt in termen van een verschil in de
oplosbaarheidsparameters van de zuivere stoffen binnen het mengsel.
Dientengevolge minimaliseert het overeenstemmen van de oplosbaar-
heidsparameters van individuele componenten in mengsels de energie
van het mengen en maximaliseert daardoor de oplosbaarheid van een
opgeloste stof in een oplosmiddel. Op deze manier biedt de oplosbaar-
heidsparameter een kwantitatieve beschrijving van het kwalitatieve
begrip like likes like. De simpele notie van het overeenstemmen van
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oplosbaarheidsparameters als centrale vereiste voor de vorming van
stabiele mengsels zullen we talrijke keren gebruiken in het eerste deel
van dit manuscript.

Hoofdstuk 3: Exfoliatie in de Vloeistoffase van ReS2 door
Optimalisatie van de Oplosbaarheidsparameters

Met behulp van de concepten die in hoofdstuk 2 zijn uiteengezet, heb-
ben we de factoren onderzocht die de succesvolle liquid-phase exfoli-
ation (exfoliatie in de vloeistoffase) van ReS2 bepalen, en we hebben
de belangrijkste kenmerken van de resulterende ReS2 colloïden gea-
nalyseerd. Door in een brede waaier aan oplosmiddelen te exfoliëren,
hebben we aangetoond dat de omstandigheden voor LPE met een hoge
opbrengst kunnen worden begrepen uit de thermodynamica van po-
lymeeroplossingen, waarbij de meest optimale oplosmiddelen worden
gekenmerkt door vergelijkbare Hildebrand en Hansen oplosbaarheids-
parameters. Het bepalen van de oplosbaarheidsparameters van ReS2

stelde ons in staat om ReS2 te vergelijken met meer gevestigde geëx-
folieerde 2D-materialen zoals grafeen of MoS2. Gebruikmakend van
N -methyl-2-pyrrolidon als een goed exfoliatieoplosmiddel, voerden
we een gedetailleerde analyse uit van het geëxfolieerde ReS2, waar-
uit bleek dat de door ons voorgestelde LPE-procedure anisotroop-
gestapelde en chemisch zuivere ReS2 colloïden met een langdurige
stabiliteit opleverde. Hieruit hebben we geconcludeerd dat LPE een
geschikte methode is om ReS2 colloïden te produceren.

Hoofdstuk 4: Oplosbaarheidsparameters als Descripto-
ren voor Stabiele Colloïdale MoS2 Dispersies

Vertrekkend vanuit een reeks observaties, aangevuld met uitgebreide
analyses, hebben we de thermodynamische benadering van oplossin-
gen uitgebreid tot colloïdaal gesynthetiseerde TMD-systemen. Daar-
bij hebben we een reeks onderwerpen aangesneden, te beginnen met
de synthese van MoS2 met behulp van colloïdale chemie. Vanuit dit
oogpunt hebben we eerst een gedetailleerde analyse van het geprodu-
ceerde MoS2 uitgevoerd met behulp van een combinatie van UV-Vis-
absorptiespectroscopie, Raman-spectroscopie, XRD, TEM en AFM.
Door deze technieken te combineren, stelden we vast dat het gesynthe-
tiseerd MoS2 gemiddeld 3 monolagen bevat en de 2H-halfgeleidende
fase aanneemt–de gewenste fase voor opto-elektronische toepassin-
gen.
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Uitgaande van de empirische waarneming dat de MoS2 dispersies
colloïdaal onstabiel zijn, hebben we eerst hun oppervlak bestudeerd
door middel van NMR-spectroscopie. Door 1D- en 2D-NMR-
technieken te combineren, hebben we vastgesteld dat liganden niet
sterk gebonden zijn aan het MoS2-oppervlak, maar een dynamisch
adsorptie/desorptie-evenwicht ondergaan, waarbij ze uitwisselen
tussen een vrije en een gebonden toestand. Hieruit concludeerden
we dat dit gedrag waarschijnlijk de oorzaak is van hun beperkte
colloïdale stabiliteit in conventionele oplosmiddelen, zoals hexaan
en tolueen. Op basis van hun kristalstructuur, met uitgebreide
zwavel oppervlakken, speculeerden we dat zachte metaalcomplexen
de dispersies zouden kunnen stabiliseren door adhesie met behulp
van donor-acceptor-interacties. Inderdaad, het toevoegen van
een overmaat aan een metaalzout stabiliseerde de dispersies in
conventionele oplosmiddelen. Echter, een conventionele cyclus
van opeenvolgende precipitatie en herdispersie destabilseerde de
colloïden. Met behulp van NMR-spectroscopie hebben we deze waar-
nemingen geïnterpreteerd als een manifestatie van een dynamische
ligand-interactie.

Redenerend vanuit de waarneming dat de stabiliteit sterk afhankelijk
is van de keuze van het oplosmiddel, hebben we de stabiliteit van collo-
ïdale MoS2 nanokristallen in een breed scala aan oplosmiddelen verge-
leken. Vergelijkbaar aan ons werk in verband met de LPE van ReS2 in
hoofdstuk 3, tonen we aan dat dit gedrag kan worden begrepen vanuit
de oplossings-thermodynamica, waarbij de oplosbaarheidsparameter
van het oplosmiddel een succesvolle descriptor is om de oplosbaar-
heid van colloïdale MoS2 nanokristallen te begrijpen. Het afstemmen
van de oplosbaarheidsparameters stelde ons in staat colloïdaal MoS2

te vergelijken met MoS2 geproduceerd door LPE. De uitstekende over-
eenkomst tussen materialen geproduceerd met behulp van zeer ver-
schillende methoden onderstreepte dat de stabiliteit van gesyntheti-
seerde TMDs te correleren is met de energie van het mengen, in plaats
van een effect te zijn van elektrostatische ligandafstoting. Deze be-
vindingen waren een aanvulling op onze NMR-analyses, die liganden
aantoonden met zeer weinig affiniteit voor het nanokristal-oppervlak.
Belangrijk is dat deze bevindingen contrasteerden met andere laag-
dimensionale systemen die zijn gesynthetiseerd met behulp van col-
loïdale chemie, waarbij de sterisch/elektrostatische afstoting tussen
liganden de belangrijkste drijvende kracht is die aggregatie voorkomt.
Dientengevolge zijn colloïdale MoS2 nanokristallen stabiel in oplos-
middelen met hogere oplosbaarheidsparameters dan die gewoonlijk
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worden gebruikt om nanokristallen te verspreiden die zijn bereid door
middel van hete injectie. Goede oplosmiddelen zijn hierbij aromati-
sche oplosmiddelen met polaire groepen, zoals o-dichloorbenzeen, of
zelfs polaire aprotische oplosmiddelen, zoals DMF. We concluderen
dus dat olloïdale chemie MoS2 nanokristallen oplevert met vergelijk-
bare oppervlakken als deze die geproduceerd worden door LPE. Deze
bevinding biedt mogelijk het vooruitzicht om gevestigde procedures
te gebruiken die zijn ontwikkeld voor LPE-nanomaterialen om bij-
voorbeeld TMD-dispersies te verwerken als vloeibare inkten.

Hoofdstuk 5: Waarom is Exfoliatie in de Vloeistoffase
van Van der Waals Gelaagde Vaste Stoffen Mogelijk in
een Breed Spectrum aan Oplosmiddelen?

Experimentele gegevens verzameld voor een verscheidenheid aan Van
der Waals-vaste stoffen, waaronder onze studies gepresenteerd in de
hoofdstukken 3 en 4, gaven aan dat LPE mogelijk is in een veel bre-
der scala aan oplosmiddelen dan de oplossingstheorie zou toestaan, op
basis van de grootte van de gedispergeerde, of geëxfolieerde colloïden.
Hieromtrent rijst de vraag of dergelijke experimentele resultaten ver-
zoend kunnen worden met de oplossingstheorie, en zo ja, welke ther-
modynamische grootheden zouden effectief het experimentele venster
van goede exfoliatie oplosmiddelen beschrijven?

Redenerend vanuit deze perspectieven hebben we eerst onze experi-
mentele waarnemingen aangevuld met relevante literatuurgegevens.
Ongeacht de kenmerken van het geëxfolieerde materiaal ontdekten
we dat dit goede oplosmiddelvenster overeenkomt met een oplosbaar-
heidsparameterbereik van 4.5− 6.8 MPa1/2 rond een optimale op-
lossingsparameter. Om de discrepanties tussen theorie en experi-
ment beter te begrijpen, hebben we de meest algemeen toegepaste
goede exfoliatieconditie opnieuw afgeleid, die voortbouwt op Flory-
Huggins-theorie om de fractie van gedispergeerd of geëxfolieerd ma-
teriaal uit te drukken als een Gaussische functie van het verschil in
oplosbaarheidsparameters, en de breedte van de Gauss naar het vo-
lume van een individuele verspreide colloïde. Daarbij hebben we be-
nadrukt dat deze relatie alleen van toepassing is wanneer de vrije
energie van Flory-Huggins een mengbaarheidskloof oplevert tussen
het oplosmiddel en de opgeloste stof. Aangezien elk colloïde van
een geëxfolieerd materiaal stabiel zou moeten zijn wanneer meng-
sels van een oplosmiddel en opgeloste stof stabiel zouden zijn bij
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alle samenstellingen, hebben we de kritische uitwisselingsparameter
χc = 0.5 geïntroduceerd, waarboven een mengbaarheidskloof ont-
staat, als een maatstaf voor het experimenteel exfoliatie venster. Inte-
ressant is dat we ontdekten dat het resulterende bereik van de oplos-
baarheidsparameters nauw overeenkomt met experimenteel waargeno-
men goede exfoliatie-oplosmiddelvensters. We concludeerden daarom
dat oplossings-thermodynamica geschikt is om goede exfoliatie oplos-
middelen te beschrijven, op voorwaarde dat het bereik van de op-
losbaarheidsparameters gekoppeld is aan de kritische uitwisselings-
parameter voor de (niet-)mengbaarheid van oplosmiddel/opgeloste
stof.

Hoofdstuk 6: Het Proben van Ladingen & Optische
Niet-Lineariteiten met Pump-Probe Spectroscopy

In het inleidende hoofdstuk van deel II hebben we de principes ach-
ter ultrasnelle pump-probe spectroscopie besproken. Door een aantal
historische experimenten te belichten, hebben we benadrukt dat, om
een schijnbaar continue beweging te meten, een nog snellere probe
nodig is. Moderne pump-probe spectroscopie gedijt op dit idee en
gebruikt twee gesynchroniseerde lichtpulsen om veranderingen in ma-
teriaaleigenschappen in kaart te brengen. Een optische pump excitatie
induceert een verandering in een materiaaleigenschap, bijvoorbeeld de
absorptie, en een vertraagde probe meet de foto-geïnduceerde veran-
dering als een functie van energie en vertragingstijd. Op die manier
kunnen we met behulp van femtoseconde lasers de halfgeleiderfysica
ontwarren op anders ontoegankelijke tijdschalen. Zoals duidelijk zal
worden in de hoofdstukken 7 en 8, zal een essentieel aspect de interpre-
tatie zijn van spectrale effecten, geïnduceerd door foto-geëxciteerde
dragers, die versleuteld zijn in de experimentele data. Met dit idee in
gedachten hebben we een reeks spectrale effecten bekeken en bespro-
ken hoe ze tot uiting komen in een transiënte absorptiemeting.

Hoofdstuk 7: Ultrasnelle Carrier-Dynamica in Colloï-
daal Molybdeendisulfide met Weinig Lagen

Gebruikmakend van de gevestigde colloïdale synthese beschreven in
hoofdstuk 4, presenteerden we een gedetailleerde studie van de re-
laxatie van ladingsdragers in foto-geëxciteerde colloïdale MoS2 nanos-
heets met behulp van femtoseconde transiënte absorptiespectroscopie
op zichtbare en nabij-infrarode golflengten. We hebben aangetoond
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dat de tijdelijke absorptie na foto-excitatie wordt veroorzaakt door
zowel een vermindering van de oscillatorsterkte van de overgangen
die de directe opening vormen, als een verschuiving van het volledige
absorptiespectrum naar lagere energie. We hebben deze kenmerken
toegeschreven aan respectievelijk het opvullen van de toestand en de
renormalisatie van de bandgap. Door spectrale deconvolutie zien we
dat in het bijzonder de A exciton bleach een sub-picoseconde ver-
val vertoont, wat we toeschrijven aan het snel invangen van gaten in
defecte midgap toestanden. Het verdwijnen van spectrale verschui-
vingen bij langere vertragingstijden weerspiegelt de relaxatie van de
ladingsdragerdistributie door verdere ladingsopvang- en recombina-
tiegebeurtenissen. Een vergelijking tussen de dynamica van fotogege-
nereerde ladingsdragers in het geval van colloïdale MoS2 nanosheets
zoals hier gemeten en bestaande literatuur over CVD-gegroeide MoS2

nanosheets wijst op een zeer vergelijkbare reeks van snelle trapping
van één type drager, gevolgd door capture van de resterende drager op
een langere tijdschaal. Dienovereenkomstig concluderen we dat collo-
ïdale synthese MoS2 nanobladen van vergelijkbare kwaliteit oplevert,
zelfs als er een geheel andere chemie betrokken is bij de productie van
de TMD. Dit toont aan dat TMD’s die met beide benaderingen zijn
gefabriceerd, baat kunnen hebben bij vergelijkbare strategieën voor
defectpassivering. om de levensduur van fotogenererende excitonen
te verlengen.

Hoofdstuk 8: Generatie van Vrije Ladingsdragers en Op-
tische Niet-lineariteiten in Rhenium Disulfide

Voortgaande op de concepten beschreven in hoofdstuk 7, bestudeer-
den we het verval van ladingsdragers in foto-geëxciteerde ReS2 met
behulp van een combinatie van breedband femtoseconde transiënte ab-
sorptiespectroscopie en femtoseconde THz-spectroscopie. Met THz-
spectroscopie hebben we aangetoond dat optische excitaties vrije la-
dingsdragers genereren in ReS2. In het bijzonder hebben we een ei-
genaardig samenspel waargenomen tussen verschillende optische niet-
lineariteiten in het TA-spectrum – lijnbreedteveranderingen en spec-
trale verschuivingen – en de evolutie van de foto-opgewekte populatie
van vrije ladingsdragers. Vanuit een conceptueel perspectief bespra-
ken we de consistentie van onze dataset met verschillende mechanis-
men die zouden kunnen leiden tot zo’n rijke fysica. Ten eerste ver-
breedde de aanwezigheid van vrije ladingen aanvankelijk de excitonre-
sonantie als gevolg van collisional broadening, en verschoof de absorp-
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tie blauw vanwege screening van vrije ladingsdragers. In een tweede
fase verviel de populatie van vrije dragers, en dit verval viel samen met
een overgang van een blauwe naar een rode verschuiving geassocieerd
met roosterverwarming of bandgap-renormalisatie, en een verminde-
ring van de inhomogene lijnbreedte van het exciton. Behalve dat
deze studie inzicht verschaft in een reeks optische niet-lineariteiten,
is het genereren van mobiele ladingen in dergelijke ultradunne mate-
rialen vanuit praktisch oogpunt even interessant, aangezien mobiele
ladingsdragers zeer gewenst zijn voor fotovoltaïsche apparaten of fo-
todetectoren.




