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Abstract

Intercalation is a reversible insertion process of foreign species into crystal gaps.
Layered materials are good host materials for various intercalant species ranging from
small ions to atoms to molecules. Given the recent intense interest in
two-dimensional (2D) layered materials in thin limits, this review highlights the
opportunities that intercalation chemistry can provide for nanoscale layered materials.
Novel heterostructures or emergent electrical properties not found in the intrinsic host
materials are possible with intercalation. In particular, we review various exfoliation
methods developed for 2D layered nanomaterials based on intercalation chemistry and
extensive tuning of electrical, optical, and magnetic properties of 2D layered materials

due to intercalation.
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1. Brief history of intercalation into bulk transition metal chalcogenides

Bulk layered materials have been studied extensively in the past several decades
because of their unique structural features, and physical and chemical properties *.
The rich family of layered materials consists of single-element crystals, such as
graphite, phosphorus, arsenic, antimony and bismuth, silicates, hydroxides, organic
compounds such as rubrene (CasH2s) and dioctylbenzothienobenzothiophene
(Ce-BTBT), and inorganic compounds such as transition metal chalcogenides and
many oxides . Layered materials typically exhibit strong in-plane covalent boning
and weak out-of-plane van der Waals interactions through the interlayer gap 8. They
exhibit a wide range of electronic band structures from insulators, semiconductors,
metals, superconductors to topological insulators &1t Here we limit ourselves
specifically to transition metal chalcogenides, which are usually referred to as MX>
and MX, where M represents a transition metal from group 4 to group 10 (such as Nb,
Mo, Ti, V, Hf, Ta, W, Fe), and X represents the chalcogen (S, Se, and Te). Owing to
the layered structure with a rather large interlayer gap, intercalation into the transition
metal chalcogenides is easily achieved for fundamental studies as well as for

technological applications (Figure 1) 1213,

Intercalation is a chemical process to reversibly insert foreign species at the crystal
gap. Intercalation layered materials have been paid much attentions in the
condensed matter physics and the electrochemical energy devices. In condensed

matter physics, intercalating transition metal dichalcogenides (TMDs) with ions leads
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to charge density waves, two-dimensional superconductitivy, and interesting phase
transitions '* . The most well-known electrochemical energy device using
intercalation is a Li-ion battery in which Li-ions are intercalated at the van der Waals
gaps reversibly for charging and discharging. The field of intercalation in layered
materials has grown dramatically since the appearance of a large class of graphite
intercalation compounds 4. Intercalation into TMDs has been successfully achieved
by chemical vapor transport, electrochemical method, ion exchange, and
oxide-reduction method, in which the guest species introduced into the van der Waals
gaps can be atoms, ions and molecules & 8, Intercalation can change the band filling
state and the Fermi level, resulting in superconductivity, charge density waves and the
Peierls instability. For example, Geballe et al. reported a large class of organic
molecules-intercalated TMDs as new superconductors ', In addition, Prober et al.
showed that the dimensionality of the superconductivity in (Pyridine)i2TaS;
intercalation compounds is in accord with the qualitative predictions of the

Lawrence-Doniach theory for weakly-coupled superconducting layers 8.

2. Brief introduction of two-dimensional transition metal chalcogenides

As the first atomically thin two-dimensional (2D) crystal composed of a sp?-bonded
carbon framework, graphene has been extensively studied and used as device
platforms in the condense matter physics, chemistry and material sciences due to its
fascinating properties such as ultrahigh mobility (~200,000 cm?/V s), amazing optical

transparency (~97.7%), and high thermal conductivity (~5300 W/m K) *°. Following
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graphene, interests for 2D layered materials have rapidly grown, particularly for
TMDs 2. Several applications have been demonstrated using 2D TMDs such as field

effect transistors based on monolayer MoS, 2

, optoelectronic devices based on
monolayer and few-layer MoS; and WSe; %, piezoelectric devices based on odd-layer
TMDs (MoSz, WS, MoSe; and WSe2) 22* and electrochemical electrodes based on
few-layer MoS; and WS; %®. In the case of 2D TMDs (for example, MoSy),
indirect-to-direct bandgap transition property and valley physics emerge when the
thickness decreases to a monolayer regime . In addition, inversion symmetry can be
broken when thinned down to a single atomic layer, exhibiting novel properties such
as large second-order nonlinear susceptibility, valley-selective circular dichroism and
piezoelectricity 2> 2" 28, Polymorphism has also been observed in the 2D TMDs.
Generally several crystal structures are possible for TMDs such as 1T, 1T’, and 2H.
1T Phase TMDs are an excellent candidate for electrochemical catalysts because of

their enhanced conductivity and reduced reaction free energy 2°

. For example,
vertically aligned TMD layers and graphene-TMD composites create high number of
catalytically active edge sites, significantly enhancing the hydrogen evolution reaction
performance 2°-%2, By vertically stacking 2D materials with different bandgaps and
work functions, van der Waals heterostructures can be achieved to tune its electrical
properties. Field effect tunneling transistors are reported as the first application of
such tunability, in which MoS, or WS, serves as a vertical transport barrier 2,

Graphene-WS»-graphene vertical devices have been successfully demonstrated as a

gate tunable photovoltaic device with high external quantum efficiency 34 An
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atomically sharp heterostructure formed by stacking two different TMDs, atomically
thin layers of WSe> (p-type semiconductor) and MoS; (n-type semiconductor), has
shown diode behavior at dark state and photovoltaic effect upon illumination 3°.
Forming p-n heterostructures using monolayer TMDs in the lateral direction is
important for atomically thin field effect transistors, inverters, operational unit and
digital circuits. Using the electrostatic gate doping and chemical vapor deposition
doping growth method, a WSe> based lateral p-n junction showed impressive
electronic and optoelectronic properties ¢ %7, Intercalation reaction offers another
degree of freedom to achieve novel 2D layered materials and redesign and improve
materials properties. Intercalation chemistry is critical for the exfoliation of 2D
TMDs, tuning the physical properties such as electricity, thermoelectricity and

superconductivity, and phase change for catalyst applications.

3. Intercalation in 2D TMDs.

3.1 Intercalation methods for exfoliation of 2D TMDs

This section reviews intercalation methodologies for various 2D layered materials,
while mainly focusing on intercalation-assisted exfoliations of 2D TMDs.

3.1.1 Earlier approaches: oxidation-reduction chemistry

Historically, intercalations have been applied to 2D materials as means of exfoliating
individual 2D layers from their bulk counterparts in large quantities. Exfoliation of
2D materials was initially developed for graphite, which involves the manual rubbing

and peeling of bulk graphite . However, such mechanical exfoliation suffers from
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low-yield production of desired materials, thus technologically non-scalable.
Following the successful demonstration of the mechanical exfoliation, liquid-based
exfoliation of layered materials was developed 3°*!. Contrast to the mechanical
exfoliation, liquid-based exfoliations present great advantages of versatility,
scalability, and reliability for the mass production of 2D materials, thus compatible
with industrial scale techniques. Intercalation chemistry plays a key role in a majority
of the liquid-based exfoliation methods. The underlying principle for the
intercalation-based exfoliation is in increasing the interlayer spacing between
individual 2D layers by inserting foreign species. This will weaken the interlayer
adhesion and reduce the energy barrier to exfoliation, thus eventually increase the
accessible surface areas in 2D materials *°. One of the earliest exfoliation methods
based on intercalation was developed for graphite, which involves the
oxidation-reduction chemistry. In this approach pioneered by Ruoff et al. 42, graphite
is oxidized by oxidizers such as sulfuric acids, which results in the attachment of
hydroxyl groups to the graphene basal plane, causing hydrophilic surfaces. Then the
oxidized graphite is dispersed in solvents, which allows for the intercalation of water
molecules and the subsequent separation of 2D layers — graphene oxide — due to the
enhanced hydrophilicity. The dispersed graphene oxides are subsequently stabilized
against re-aggregation by chemical reduction, which removes most of the oxide
residuals. Layered crystals are particularly suitable for intercalation processes as
they can strongly adsorb guest species into their van der Waals gaps between each

layer, forming the basis of intercalation-based exfoliations of a variety of 2D
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materials, including 2D TMDs & A major drawback of this method is that it
introduces a significant amount of chemical groups and structural defects on the
exfoliated materials. Thus, the physical properties of graphene exfoliated via the
oxidation-reduction intercalations are quite different from those of its pristine form 42
43, For example, the electrical conductivity of the graphene obtained via intercalation
is generally lower than that of the mechanically exfoliated one due to the enhanced

electrons scattering from the structural defects.

3.1.2 Organic materials-based ion exchange intercalation

Some intercalants can transfer charges to targeted layers, lowering the interlayer
binding strength of 2D layers. In general, ion exchange intercalations are based on the
fact that some layered materials contain cationic counterions in 2D layers which can
be exchanged for protons for charge neutrality by being dissolved in solvents “°, The
intercalated 2D layers are then easily exfoliated by various physical means such as
shear mixing or ultrasonic waves & “°, Earlier works can be found with the exfoliation
of layered metal oxides developed over decades ago ** “°. Recently, ion-exchange
intercalations have widely been employed to exfoliate a variety of 2D materials
including graphene and 2D TMDs. A few-layer graphenes have been exfoliated from
graphite via the intercalation of ionic compounds such as iodine chloride (ICl) or
iodine bromide (IBr) . For the exfoliation of 2D TMDs, organics-based intercalants
such as n-butyllithium have been initially developed and applied to exfoliate

single-layer 2D MoS,®#’. In these approaches, organic ions can be intercalated into
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neutralized 2D interlayers by proton exchange, which leads to substantial swelling in
between the 2D layers as in the case of water-intercalations for graphite 4. Figure 2(a)
illustrates a schematic for the ion-exchange intercalation. Efforts to increase the
scalability of intercalated 2D TMDs have been continuously pursued and various
alkyl amines are used as intercalants; these include n-butylamine (BA), n-octylamine
(OA), ndodecylamine (DDA), and n-octadecylamine (ODA) * . Ammonia
ion-based intercalations have also been developed for the exfoliation of 2D WS; *°.
Recently, high-yield exfoliation of 2D TMDs has been developed by using hydrazine
(N2H4) as an intercalant ®1. Bulk TMD crystals are expanded by reacting them with
N2H4 in hydrothermal conditions, which is enabled by a redox rearrangement model
in which part of the N2Hs is oxidized to N2Hs upon intercalation >*. Expanded TMDs
react with alkali naphthalenide solution, and then exfoliate to single layers in water.
Figure 2 (b)-(d) illustrates a schematic for the N2H4 based intercalations of various
TMDs. Despite their versatility, one major drawback of the ion exchange-based
intercalation approaches is their high sensitivity to ambient conditions, which limits

the number of species to be intercalated into 2D materials.

3.1.3 Zerovalent chemistry intercalation

The degree of intercalation in 2D materials is determined by many factors such as (1)
physical size of intercalating species (2) charge stage of intercalating species, and (3)
structural stability of hosting materials after intercalation. In many cases, the

intercalation of 2D materials is driven by the tendency for retaining charge neutrality
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13, This is enabled by either a change of the oxidation states or by the presence of
atomic vacancies to accommodate the charge neutrality. Intercalation of alkali metals
such as lithium is relatively facile due to their small sizes irrespective of charge states
while the ionic nature of intercalant critically determines the extent of intercalation in
many cases. In this respect, zerovalent intercalation methods recently developed by

Cui and Koski offer following advantages uniquely suitable for the intercalation of 2D

materials *; (1) It does not require a change in the oxidation state of hosting materials.

This advantage allows for the intercalation of various zerovalent metals (e.g., Ag, Au,
Co, Cu, Fe, In, Ni, Pd and Sn) into 2D TMDs and realize their superstoichiometric
compositions %2, (2) It does not disrupt the hosting 2D layered structures, thus
allowing a high degree of intercalation. For example, nearly 60 atomic percent of
zerovalant Cu has been intercalated into Bi,Ses layered crystals > 4. Figure 3(a)
illustrates a schematic for the zervalent intercalation and Figure 3(b) shows a variety
of superlattice patterns observed upon the intercalation of Cu into Bi>Ses. The
intercalation reaction is typically carried out by incorporating metal element
containing precursors (e.g., tetrakis (acetonitrile) copper (1) hexafluorophosphate for
Cu intercalation) into source materials under reflux at elevated temperatures 3. These
methods have been further extended to intercalate various TMDs (e.g., Sb2Tes, In2Ses,
GaSe) > and non-TMDs such as MoOsz >° as well as, incorporating dual metal
elements into them %6, Also, they have been employed not only for exfoliating 2D
materials, but more focusing on tuning their various physical properties which will be

discussed in details later in this Review.
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3.1.4 Electrochemical intercalation

Electrochemical reactions mainly developed for lithium (Li) ion batteries or
supercapacitors can be used to tune the electronic structure and chemical potential of
2D materials by intercalating ions. In these approaches, either cations or anions can be
electrochemically intercalated into the van der Waals gap of 2D materials or reacted
with 2D crystalline lattices themselves via simple electrochemical reaction 3. One of
the most extensively employed electrochemical approaches is the intercalation of a Li
ion based on the following; for the case of MoS; intercalation, Li + MoS; + e «> Mo +
LiS2. Unlike the zerovalent intercalation approach, the intercalation is driven by the
change of the redox state of hosting lattices. In general, the Li* electrochemical
intercalation is performed in a test cell using a Li foil as the anode, Li
hexafluorophosphate (LiPFe) as the electrolyte, and layered materials to be
intercalated as the cathode using galvanostatic discharge at a certain current density °’.
Figure 4(a) illustrates a schematic for the Li* electrochemical intercalation. These
reactions often realize superlattice structures in layered materials by generating new
types of vacancies through a complete filling of Li atoms as well as introducing phase
transformations 2 %8, In addition, they can realize specific structural phases in 2D
TMDs. For example, electrochemical Li* intercalation leads to the formation of
metallic (1T) phase in 2D MoS; which are initially composed of metallic (1T) and
semiconducting (2H) phases °* . Such phase-specific transformations have not been

achieved from any other synthetic approaches for 2D TMDs. In addition to the phase
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and composition engineering, electrochemical Li+ intercalations have been widely
used to exfoliate a large number of 2D materials, including MoSz, WS,, TiS», TaS,
ZrS,, and graphite %57, Figure 4(b) —(c) show the morphologies of single-layer MoS;

exfoliated by the Li* electrochemical intercalation.

3.2 Intercalation for tuning 2D materials properties

In addition to exfoliating individual 2D layers, intercalation has also been widely used
to alter the physical and chemical properties of 2D materials. This section reviews
the applications of intercalations to engineering the physical properties of 2D TMDs.
3.2.1 Catalytic activity

The chemical and electrochemical intercalation can tune the electronic structures of
2D TMDs, thus radically enhancing their chemical and physical reactivity for
catalytic applications. Electrochemical intercalation can effectively shift the chemical
potentials of 2D TMDs within a wide range, which is suitable for optimizing catalytic
properties . For example, Li* intercalated 2D MoS; have exhibited enhanced
hydrogen evolution reaction (HER) 2% 626 |n these cases, intercalated Li atoms
transfer excess charge carriers to MoS», which increases its charge carrier density,
thus conductivity 2° 1. Also, structural phase transitions into more stable octahedral
coordination occur to lower the electronic energy of the whole system 2% 6,
Consequently, the chemical potential of Li-intercalated MoS, shifts and HER
performance is improved. In addition to the alteration of electronic structures,

intercalations often alter the structural phases of 2D TMDs to be more suitable for
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catalysts 2% 5% 64 For example, electrochemical intercalation of Li* has been shown to
transform the 2H (semiconducting) phase of 2D MoS; and WS; into 1T (metallic)
phase, and such 1T-rich 2D TMDs have exhibited enhanced HER performance 2> °% ¢,
Figure 5(a) illustrates a schematic for the 2H-to-1T phase-transition of 2D MoS; upon
Li* intercalation. The improved catalytic activity is attributed to the following two
factors which are results of the phase transition; (1) enhanced charge carrier
conductivity due to enhanced metallic phases (2) lowering of the reaction free energy
from the release of strain in 1T which is built up from the phase transition. Such
2H-to-1T phase-transition was also observed in the intercalation of MoS, where
organic molecules such as n-butyllithium intercalants were used 2. Figure 5(b) shows
an enhanced HER performance of 1T-rich MoS; over 2H-rich MoS; after intercalation
by n-butyllithium. Moreover, MoS. anode electrodes with high capacity and stability
were prepared by intercalation and exfoliation restacking processes . Intercalations
have also been demonstrated to enhance the catalytic activities of 2D TMD-based
composite materials. For example, Xiao et al. reported MoS/polyethylene oxide
nanocomposites anodes using exfoliated MoS, and demonstrated improved lithiation
capacity and cyclic performance ®. Liu et al. reported CdS/MoS, hybrids using
hydrothermal reaction synthesized 1T phase MoS, showed giant enhancement of

photocatalytic hydrogen evolution rate®’.

3.2.2. Electrical and optical properties
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Intercalation into layered structures can change electrical and optical properties of
hosting 2D materials. Earlier studies focused on the bulk forms of TMDs are recently
revisited as their nanoscale counterparts are now extensively being developed .
Intercalation can introduce charge transfers in 2D TMDs. For example, 2D TMDs
intercalated with transition metals and alkali metals have exhibited electrical
properties greatly different from their pristine forms 5. The charge transfer from the
metal intercalation shifts the Fermi energy and increases the density of energy states
at the Fermi level, thus increases the charge carrier density of 2D TMDs %%, Metal
intercalation also modifies the optical properties of hosting 2D materials. This is
manifested by the change of optical transmission and interference, as in the case of
Cu-intercalated chalcogenide nanomaterials. Pristine Bi>Ses nanoribbons display
silvery white color which turns orange upon intercalation of Cu >4 Intercalation of
Bi>Ses nanoribbons with organic molecules such as pyridine also results in significant
dielectric optical mode peak shifts %. In addition, Cu-intercalated, very thin 2D Bi,Ses
exhibits unusual enhancement of optical transmission and electrical conductivities 5°.
Figure 6 show the enhanced optical transparency ((a), (b)) and electrical conductivity
((c), (d)) of 2D Bi,Ses plates with varying layer thickness upon Cu intercalation. Li*
intercalated, a few-layer graphene also displays significantly enhanced optical
transmittance and electrical conductance “°. Such enhanced optical transparency is
attributed to the increase of the effective bandgap due to the increase of free electron
density introduced by metal atoms ®. In addition to the charge carrier transfer,

intercalations can be applied to modulate the physical dimensions of van der Waals
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interlayer gaps in 2D TMDs. Such change in the physical structures of 2D TMDs, in
turn, results in altering their electrical and optical properties. For example, the
intercalations of organic molecules have been known to significantly enlarge the
interlayer spacing of layered materials in bulk forms 7. This results in weakening of
the bonding strength of 2D interlayers, thus makes them electrically behave more like
isolated single layers. A similar behavior was observed in the electrochemical
intercalation of Li* into 2D MoS,?°. Figure 6 shows the gradual change of interlayer
spacing in vertically aligned 2D MoS; upon Li* intercalation. Ability to externally
modulate the electronic structures of 2D TMDs via such simple intercalation may

open up substantially novel electrical and optical applications.

3.2.3 Thermoelectrics and photovoltaics

Intercalations have also been utilized to turn the materials properties of 2D materials
to be suitable for energy conversion applications such as thermoelectrics or
photovoltaics. In nanostructured thermoelectric materials, the general strategy to
enhance thermoelectricity is to reduce thermal conductivity while maintaining
electrical conductivity "*. In 2D materials, this can be achieved by incorporating
intercalants such as atoms, ions, molecules, and guest 2D layers into the van der
Waals gaps of hosting 2D materials to perturb phonon propagation. In layered bulk
materials, the intercalation of SnS into TiS; has been demonstrated to make SnS-TiS;
superlattice which effectively reduces the transverse sound velocity owing due to

enhanced interfaces "2. Recent theory suggests that intercalation of foreign 2D layers
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into hosting 2D MoS; can realize various MoSz-based superlattice structures,
effectively modifying their electronic structures 3. Intercalating 2D layers further
introduces structural disorder in the crystalline lattice of hosting 2D materials,
resulting in efficient phonon localization. For example, electrochemical intercalations
of Li* ions have been demonstrated to effectively modulate the thermal conductivity
of lithium cobalt oxide (LiC00O.), a layered crystal commonly used as cathode
materials "4. Such control of thermal conductivity can be generalized to various TMDs,
stimulating an interest in designing novel hetero-structured thermoelectric materials
inheriting their intriguing 2D nature ®*. In addition to thermoelectrics, intercalation
can be employed to tune the materials properties of 2D TMDs to be suitable for
photovoltaic applications. Hetero-structured 2D TMD composites such as
WSy/carbon-nanotubes and WS»/graphene have been demonstrated by the
intercalation-based exfoliation and integrations of dissimilar 2D materials 3% 7.
Considerable photoresponse has been observed in these materials, which is attributed
to the efficient charge carrier separation due to the electronic junctions at the
interfaces of dissimilar 2D materials. Figure 8 shows a schematic for the
intercalation-based fabrication of WSa/graphene photovoltaic devices (a) and the

corresponding photoresponse upon illumination (b).

3.2.4 Magnetic properties and superconductivity
The Bridgman solid-state reaction, vapor transport and solution reaction intercalations
can regulate the magnetic and superconducting properties of 2D TMDs, where the

enhanced superconducting critical temperature (Tc) phenomena and large
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magneto-resistive effect can be achieved * 1" 76, Intercalated superconducting TMDs
can pave a new way for enhancing the c-axis repeat distances to satisfy larger
coherence distances of the superconducting wave function than interatomic distances,
thus offering a basis for the study of low dimensional superconductivity 4. In bulk
layered materials, Geballe et al. reported that the intercalation of n-octadecylamine
into TaS; achieved a large interlayer repeat distance of 5.7 nm, thus forming a large
class of new superconductors by varying the certain intercalation molecules and the
critical transition temperature can be enhanced to 5.3 K 7. Recently, Clarke et al.
reported lithium ions, lithium amide and ammonia intercalation into FeSe forming
Lix(NH2)y(NHz3)1yFe2Se (x~0.6; y~0.2), exhibiting superconductivity at 43 K, higher
than in any FeSe-derived compounds except the recent report of FeSe on SrTiOz " 78,
In the past decade, ultrathin 2D materials benefit from the intercalation chemistry for
many applications. For the case of intercalated topological insulators, enhanced
electric conductivity and conversion to superconductor have been observed in the
CuxBi>Ses systems. Figure 9(a) shows Cu intercalation into the van der Waals gap
between BiSes layers. Transport measurements show superconductivity at 3.8 K in
CuxBizSes for 0.12 < x < 0.15 (Figure 9b). The temperature-dependent resistivity
yields an electron concentration (n-type) of ~2 X 10%° cm™ (Figure 9c), an order higher
than intrinsic Bi»Ses, which is very different from the non-superconducting
Bi>xCuxSes crystals with 0 < x < 0.15 7. Cava et al. also reported that Cu
intercalation into TiSez induce superconductivity in the range of 0.04 < x < 0.10,

proving a first opportunity for the study of charge density waves to superconductivity
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transition ’®. As for the magnetic properties, by proper choice of intercalants, host
materials and reaction stage, intercalated compounds can benefit from the spin
dimensionality, non-magnetic layers and reduced interplanar magnetic coupling. As
shown in Figure 8d, Morosan at al. reported Fe can be intercalated into TaS», forming
the superlattice diffraction patterns. FeysTaS> orders ferromagnetically below 160 K
and displays very sharp hysteresis loops in the ordered state when magnetic field is
parallel to the c axis. For the case of Feo2sTaSz, Figure 8e and 8f show the
magnetoresistance measurements of bulk and exfoliated thin-crystals at selected
temperatures. The different transition behavior of magnetoresistance curves between
bulk (broadening) and 2D crystals (sharping) implies that long range coupling
between the Fe ions in different layers is weaker in the 2D crystals. A remarkably
large field-perpendicular-to-plane magnetoresistance (MR) exceeding 60% at 2 K was

confirmed by anomalous Hall measurements 8081,

4. Outlook/Perspective

In this review, we have outlined that different strategies of intercalation chemistry
pave an efficient way to the production of monolayer or few layer 2D TMDs,
modulation of its crystal and band structure and tuning the physical and chemical
properties of 2D TMDs. For the synthesis, the remaining challenges are improvement
of crystal size, quality and mass production strategies with uniform physical and
chemical properties, which can satisfy high performance electronic, optoelectronic,

electrochemical catalyst and battery, biological applications®?. For the physical

Page 18 of 37



Page 19 of 37

Inorganic Chemistry Frontiers

properties, intercalation reaction stage and intercalant species should give more
rational designs for controlling the band structure, Fermi level and carrier density, for
optimizing the superconducting temperature and for inducing magnetic properties.
There is no doubt that intercalation chemistry still has an extensive space for 2D
layered materials researchers toward study of high-quality new materials®® 8, energy

conversion devices and various physical, chemical, and biological properties.
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Figure captions

Figure 1. Schematic for intercalation in the TMDs-type layered materials, where

guest species can be inserted into van der Waals gap by diverse methods.

Figure 2. (a) Schematic for ion exchange intercalation of 2D TMDs. Some layered

materials contain ions between 2D layers so as to balance surface charge on the layers.

These ions (red spheres) can be exchanged for other ions (yellow spheres) in a liquid
environment (from ref 4%). (b-d) Large-yield exfoliation of 2D MoS; and other TMDs
via N2Hg intercalations. (b) Bulk MoS> reacts with N2Ha, resulting in swollen 2D
layers. (c) The reacted MoS. subsequently intercalates with alkali naphthalenide
solution (A* C1oHs) and then exfoliates to single MoS; layers. (d) Large-scale

exfoliation of other TMDs; TiS: (left) TaS, (mid) NbS; (right) (from ref %)

Figure 3. (a) Schematic for zerovalent metals intercalation into 2D TMDs. (from ref
%3), (b) Electron diffraction patterns of Bi,Ses upon Cu intercalation, showing a

variety of superlattice structures accommodating nearly 60 % of Cu (from ref >%)

Figure 4. (a) Schematic for the electrochemical Li+ intercalation of 2D TMDs. (b)
Transmission electron (TEM) micrograph of a single layer MoS; exfoliated from the
Li+ intercalation. (b) High-resolution TEM (HRTEM) of a single layer MoS: (top)

and its corresponding electron diffraction (bottom) (from ref °')
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Figure 5. (a) Schematic for the transition of 2H phase to 1T phase in MoS; upon Li*
intercalation. (b) Enhanced catalytic performance of 1T MoS2 over 2H MoS;. (from

ref 62)

Figure 6. (a,b) Tuning the optical properties of Bi>Ses nanoplates via Cu intercalation.
(@) Optical transmission image of an 8-nm thick Bi>Ses nanoplates before (left) and
after (right) Cu intercalations. Scale bar, 4 um. (b) Optical transmission spectra of
Bi>Ses nanoplates with various thicknesses before (black) and after (red) Cu
intercalations. (c,d) Tuning the electrical properties of Bi>Ses nanoplates via Cu
intercalation. (c) A Bi>Ses nanoplate-based four-point probe measurement device on
silicon substrate. Scale bar, 5 um. (d) Sheet resistance of Bi»Ses nanoplates with

various thicknesses before (black) and after (red) Cu intercalations. (from ref )

Figure 7. Li+ intercalation driven-change of 2D MoS: interlayer spacing. (a-€) TEM
images of MoS, with 2D molecular layers perpendicular to the substrate (a) before
intercalation. (b-e) after intercalation to 1.8, 1.5, 1.2, and 1.1 V vs. Li+/Li,
respectively. (f) Averaged layer spacing of pristine and lithiated MoS»,. Scale bar,

10 nm. (from ref 2°)

Figure 8. (a) Schematic for a fabrication of general heterostructures prepared by
using 2D-materials solutions. (b) Photoresponsivity of a WS2/graphene device as a

function of back gate. (from ref )
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Figure 9. (a) Schematic for the crystal structure of Cu intercalated Bi»Ses. (b) The
temperature-dependent magnetic transport measurements of a single crystal of
Cuo12Bi>Ses, showing a superconducting transition Tc~3.8 K from the
zero-field-cooled (ZFC) and field-cooled (FC) measurements. (c) The
temperature-dependent resistivity of a Cuo.12Bi2Ses crystal with applied current in the
ab plane. (from ref ) (d) Schematic for Schematic for the crystal structure of Feys
TaS,. (e, f) Magnetoresistance measurements of bulk and exfoliated thin Feo2sTaS;

crystals at selected temperatures for Hi ¢ axis, and i | ab-plane. (from ref 8- 81)
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