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2D materials have attracted tremendous attention due to their unique physical and chemical properties

since the discovery of graphene. Despite these intrinsic properties, various modification methods have

been applied to 2D materials that yield even more exciting results in terms of tunable properties and
device performance. Among all modification methods, intercalation of 2D materials has emerged as a
particularly powerful tool: it provides the highest possible doping level and is capable of (ir)reversibly
changing the phase of the material. Intercalated 2D materials exhibit extraordinary electrical transport as
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well as optical, thermal, magnetic, and catalytic properties, which are advantageous for optoelectronics,
superconductors, thermoelectronics, catalysis and energy storage applications. The recent progress on

host 2D materials, various intercalation species, and intercalation methods, as well as tunable properties

www.rsc.org/chemsocrev

1. Introduction

Since the successful exfoliation of monolayer graphene, atomic-
layer-thick 2D materials have attracted tremendous attention
due to their extraordinary physical and chemical properties.'™
The novel properties of 2D materials spur fundamental studies
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and potential applications enabled by intercalation, are comprehensively reviewed.

and technological advancements for a wide range of applications
including (opto)electronics,®™ superconductors,'® photonics,'*
catalysis,">™® piezoelectric devices' as well as energy storage**>*
and conversion devices.>® Despite the unique intrinsic properties of
2D materials, various modification methods have been applied
to these materials that yield even more exciting outcomes. We
summarize the common modification methods of 2D materials
in the following categories: (1) dimensional sizing,”®>® (2) vertical/
lateral heterojunctions,***° (3) alloying and hybridization,*"*?
(4) intercalation,*’ (5) external field tuning,*®*° (6) stacking
order,’® (7) strain engineering,* among others. Each of these
categories provide unique perspectives and advantages in
studying both the fundamental science as well as applications
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of 2D materials. For example, dimensional sizing of molybdenum
disulfide (MoS,) from few layers to a monolayer alters the material’s
band structure from an indirect to a direct band gap,” which
drastically improves its performance for optoelectronic devices. The
narrowing of width also opens up a band gap in graphene.”® Since
many 2D materials without dangling bonds are stable in air and
can be placed on arbitrary substrates, heterostructures of 2D
materials are possible when different 2D materials are stacked
together. Thus, rationally designed 2D vertical structures provide a
new degree of freedom for novel band engineering methods and
applications.

The intercalation of 2D materials is a process of inserting
foreign species in-between the material’s large van der Waals
gap. Although intercalation of layered materials in their bulk
form has been extensively investigated,”*™*° the advent of 2D
materials has significantly renewed interest in the field. As long
as more than one atomically thin layer is present, intercalation
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is a possibility. Recent studies demonstrate that the intercalation
of nanoscale-thickness layered materials differ greatly compared
to intercalated bulk layered materials, and in many cases the
differences can result in drastically improved device performance
for a wide range of applications.?*?”*°? In this review, we
will refer to these nanoscale-thickness layered materials as
“2D materials” for simplicity, with the assumption that the
thickness of the material is much less than its lateral dimen-
sions. Typically the nanometer scale (1-100 nm) is the range in
which confinement of electrons and phonons begins to alter
the material’s electrical, optical, mechanical, and other properties.
In this regime, the material begins to be “two-dimensional.” To
differentiate 2D materials before and after intercalation, we denote
“intercalated two-dimensional materials” as “i2DMs” throughout
this review.

Among all modification methods, intercalation stands out
as a unique avenue to tune the properties of 2D materials for
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the following six reasons: (1) intercalation provides the highest
possible doping and/or phase change to the pristine 2D materi-
als, especially for few-layer 2D materials; (2) the intercalation
process, and the concomitant changes in the properties of 2D
materials, is typically reversible; (3) intercalation is controllable, for
example by electrochemical voltage, where the concentration of
the intercalation species is tunable over a wide range; (4) changes
in i2DMs during material preparation can be monitored in situ and
in real time; (5) intercalation can induce structural changes, such
as lattice expansion or even phase changes, for improved or novel
physical and chemical properties; (6) the intercalation method
adds a new degree of freedom for tuning 2D materials, which can
be combined with other modification methods.

Fig. 1 provides a schematic outlook of the field of i2DMs.
Starting from the center of the circle, the schematic shows the
foreign species that can intercalate within the van der Waals
gap of a few-layer 2D material. The intercalants vary from ions,
inorganic molecules, organic molecules and metal atoms, as
shown in the pink annulus. These intercalants can insert into a
variety of (conductive or insulating) host 2D materials through
different intercalation methods. After intercalation, many inter-
calation compounds exhibit outstanding properties that out-
perform the initial 2D host, which enables high performance
optoelectronic, energy and electronic devices, among others. In
this review, we will discuss the recent advances of i2DMs, their
preparation methods, physical and chemical properties as well
as their applications. Insights into the challenges and future
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opportunities of i2DMs and their potential applications will
also be discussed.

2. Materials preparation
2.1 Preparation of 2D materials

To date, single- and multi-layer 2D materials have been prepared
using numerous mechanical, chemical and electrochemical
methods, which has been summarized by previous works.>*
Since the focus of this review is on i2DMs, we will briefly
introduce common methods for preparing 2D materials, followed
by discussion on the intercalation of 2D materials obtained from
these methods. Note that specific preparation methods for i2DMs
will be discussed later in this review.

Mechanical exfoliation. In general, bulk versions of 2D
materials are layered structures held together by strong in-plane
covalent bonds and weak out-of-plane van der Waals forces.
Exfoliation of these layered materials is enabled by taking
advantage of their weak interlayer forces. Since Novoselov et al.
successfully exfoliated bulk layered crystals into atomically thin
layers (2D materials), the mechanical exfoliation (or scotch tape
method) has gained widespread use to fabricate 2D materials as
well as unique planar devices.>>>**° This method was originally
developed for exfoliating 2D graphene but has been universally
applied to other 2D materials including hexagonal boron nitride
(hBN) as well as numerous 2D transition metal dichalcogenides,
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Fig. 1 Schematic of tunable intercalation of 2D materials. Summary of the intercalation species, intercalation host (i.e. 2D materials), properties, and
applications of i2DMs.>”°2757 Reproduced with permission from ref. 37. Copyright 2014, Nature Publishing Group. Reproduced with permission from
ref. 52. Copyright 2007, American Physical Society. Reproduced with permission from ref. 53. Copyright 2014, American Chemical Society. Reproduced
with permission from ref. 54. Copyright 2015, Nature Publishing Group. Reproduced with permission from ref. 55. Copyright 2015, John Wiley and Sons.
Reproduced with permission from ref. 56. Copyright 2016, Nature Publishing Group. Reproduced with permission from ref. 57. Copyright 2016, Nature

Publishing Group.
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among others.*® Mechanically exfoliated 2D materials are excellent
candidates for fundamental studies due to non-contaminated basal
planes. Thus, these “clean” 2D materials are useful for current
i2DM investigations. Unfortunately, the material yield from this
method is insufficient for large-scale production.®!

Chemical vapor deposition (CVD). CVD is a well-known
bottom-up growth technique for 2D materials (graphene, MoS,,
boron nitride, among others) providing large-scale synthesis of
2D materials with precisely controlled layer numbers.®>”° In this
growth process, the deposition of solid materials occurs via
chemical reactions of the precursor species which are controlled
through different processing parameters.®”**’* 2D materials
prepared by CVD enable the scalable production of i2DMs. However,
transfer methods (such as the poly(methyl methacrylate) method)
may be needed to relocate the 2D materials to the substrate of
choice.®””>77* structural defects and polymeric residue are often
introduced during the growth and transfer processes which alter
the material’s properties.

Liquid-based exfoliation. An alternative approach to obtain
large scale production of 2D materials is through chemical
methods via liquid-based exfoliation.®"”>"®* Some liquid-phase
exfoliation methods rely on intercalation chemistry where foreign
species (solvent molecules, chemically or electrochemically
induced intercalants) are inserted into the van der Waals gap
of each layer. The insertion of guest species increases the
interlayer spacing, weakens the adhesion between layers and
facilitates separation into 2D nanosheets. Other liquid phase
exfoliation methods chemically modify the layered material,
reduce the van der Waals forces between layers and then begin
to exfoliate.*>®” To initiate the intercalation and exfoliation of
2D materials, sonication and centrifugation techniques are
conventionally employed. However, sonication breaks the layers
into sheets with small lateral dimensions (typically <5 um,
although graphene oxide flakes can be as large as 100 um) and
creates mainly few-layer 2D materials.”>”®*® The 2D material
solution acts as an “ink” that can be printed into large and
uniform networks, which enables scalable i2DM production.

Many other growth methods exist for certain types of 2D
materials including carbon segregation (e.g. growth of graphene on
SiC) and chemical synthesis.***® Few-layer graphene grown by the
carbon segregation method are also suitable for intercalation
processes.”® Synthetic methods such as 2D-templated synthesis
and hydro/solvothermal synthesis are widely applied to obtain
2D materials.”’ However, most 2D materials synthesized with
these methods are non-layered 2D materials and do not fall
within the scope of i2DMs.

2.2 Intercalation of 2D materials

A number of methods have been adopted (from intercalation in
bulk layered materials) and developed to obtain functional
i2DMs. In this section, we will emphasize two common groups
of i2DM preparation methods: chemical intercalation and
electrochemical intercalation. Each of these methods can be further
divided into two categories. Depending on where the intercalation
species originates, chemical intercalation can be classified as
gas phase intercalation (chemical vapor transport methods)

This journal is © The Royal Society of Chemistry 2016
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and liquid phase intercalation (wet chemical methods). Electro-
chemical intercalation is divided into liquid electrolyte intercalation
and solid-state electrolyte intercalation. Other less common
methods for 2D materials such as molten metal (salt) intercalation
(eg Li in few-layer graphene), solid state chemical intercalation
and co-intercalation techniques will not be discussed in this i2DM
review.*>°* Table 1 compares and summarizes each intercalation
method discussed in the following subsections.

Chemical vapor transport methods. A wide range of materials,
including metals and inorganic molecules can be intercalated into
2D materials through chemical vapor-phase reactions. The most
common preparation procedure is the two-zone vapor transport
method where at high vacuum, both the intercalant (such as
metal chlorides and other diatomic molecules) and host materials
(such as few-layer graphene, MoS,, among others) are heated at
different temperatures and the gradient between them enables
well-controlled intercalation stages. The intercalation process
largely depends on the size of samples. For example, large, thick
samples often intercalate slower and less homogeneously com-
pare to small, thin flakes. Several groups have demonstrated
enhanced electrical, optical and magnetic properties by inter-
calating few-layer graphene with ferric chloride (FeCls) for use
in novel optoelectronic devices.>>*’

Wet-chemical methods. Wet-chemical methods refer to the
intercalation process that occurs through solution-based non-
electrochemical reactions. Specific precursors in solution(s) are
added to 2D material(s) to facilitate the intercalation process.
For example, Li-intercalated tungsten disulfide (WS,) can be
achieved by mixing the 2D material (WS,) with n-butyl lithium in a
hexane solution.”* Zerovalent intercalation relies on solution-based
reactions to insert zerovalent metal species within the van der Waals
gap of 2D materials.”> In this way, numerous zerovalent metals
including Cu, Ag, Au, Co, Fe, In, Ni, Pd and Sn can be intercalated
into 2D materials such as bismuth selenide (Bi,Se;) and modify
its physical and chemical properties.’® Zerovalent intercalation
also facilitates the formation of large stoichiometry intercalation
compounds, which are rarely achieved with other intercalation
methods. Unlike electrochemical intercalation, chemical inter-
calation methods can intercalate non-conductive host materials
such as boron nitride.”®

Electrochemical methods. Electrochemical methods enable
the intercalation of cations (such as Li-ion) or anions (such as
PFs  ions) in the interlayer spacing of 2D materials (such as
few-layer graphene) through electrochemical reactions.’®*°
These electrochemical approaches typically rely on a test cell
configuration where the metal ions are supplied by the refer-
ence metal (e.g. Li) anode and intercalate into the 2D material
cathode through the ionically conducting liquid/solid-state
electrolyte through an external bias. In liquid electrolyte, the
ion moves faster than in a solid electrolyte and the voltage
profile of intercalation compounds are well defined. However, a
liquid electrolyte could yield unclean intercalation compounds
due to the formation of a solid electrolyte interphase (SEI) upon
cycling. Devices with liquid electrolyte are also more difficult to
fabricate than solid electrolyte devices due to solvent/salt
instability and device encapsulation. Unlike chemical methods,

Chem. Soc. Rev., 2016, 45, 6742-6765 | 6745
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e May result in swelling of host 2D material bundles

e Hard to precisely control the concentration of
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2D materials soaked in solution(s) with the desired

precursor/solvent. The intercalation process takes

place through chemical reactions.
In a liquid electrolyte, the host 2D material (cathode)

is intercalated. The intercalation process is controlled

In high vacuum, the intercalant and host materials
by an external bias between the two electrodes. Ions

are heated at different temperatures. The
temperature gradient between them controls the

formation of staged intercalation compounds.
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e Only available for certain intercalants

e Reversible

intercalation

e Host 2D materials need to be conductive
e May result in swelling of host 2D material

bundles

e High controllability

e Fast kinetics

from the liquid electrolyte intercalate between the 2D

layers.

e Real time/in situ characterization

o Slow kinetics

e Reversible

In a solid electrolyte, the host 2D material (cathode)
is intercalated. The intercalation process is controlled
by an external bias between the two electrodes. Ions

Solid electrolyte

e Limit to micro/nano scale studies

e Medium temperature
e High controllability

e Only available for certain intercalants

e Host 2D materials need to be conductive

e Real time/in situ characterization

e Clean product

from the solid electrolyte intercalate between the 2D

layers.
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electrochemical intercalation can be controlled to precise doping
levels based on the applied electrochemical voltage. The specific
concentration of intercalated species tunes material properties
enabling in-depth experimental studies and potential advance-
ments in the field of 2D materials. A rational design of electro-
chemical intercalation platforms can lead to both fundamental
studies and the scalable production of i2DMs.

3. Characterization of i2DMs

The intrinsic properties of 2D materials can be greatly modified
by intercalating foreign species. The nature of the intercalants
(i.e. intercalant size, charge, etc.) as well as the structural stability,
composition and dimensions of the 2D materials drastically
influences its physical and chemical properties and expands
the potential applications of this new class of (intercalated) 2D
materials. More specifically, 2D materials can exhibit extra-
ordinary electrical transport as well as optical, optoelectronic,
magnetic, catalytic and electrochemical properties, which will
be discussed in more detail later in this review. To understand
and investigate these intriguing properties, the i2DMs require
characterization on a material and device level.

In situ and real time characterization techniques offer unique
insight into intercalation mechanisms and a material’s properties.
Bao et al simultaneously studied the electrical transport and
optical properties of Li-intercalated graphite in real time using a
unique planar nanobattery configuration (Fig. 2a-c).*” The in situ
investigations are enabled by the planar battery platform where
few-layer graphene sheets are mechanically exfoliated and placed
on a glass substrate. To create electrical connections, copper is
evaporated into specific patterns using a previously described
shadow mask technique."**
reference are required for electrochemical Li intercalation, the
device has to be fabricated in an Ar-filled glove box and sealed
with a piece of glass and polydimethylsiloxane (PDMS). Note that
the intercalation process causes the interlayer spacing of the

Since a liquid electrolyte and Li metal

graphene layers to steadily increase, which induces strain in the
2D material as well as cracks the electrical connections. To
alleviate this issue, the copper connections were deposited prior
to the transfer of mechanically exfoliated 2D materials (Fig. 2a-c).
Fig. 2d depicts the set-up used to measure electrical transport and
the optical properties by coupling an electrochemical battery tester
with a transmission optical microscope.”® Direct observation of the
intercalation process and Li staging in graphite is quantified by
matching the changes in optical transmittance to the measured
voltage of the planar nanobattery.’” Additional in situ studies
can be conducted using planar battery devices and scanning
probe techniques such as in situ atomic force microscopy
(AFM).'®* Fig. 2e is a schematic of a planar battery used to
study the real-time topographical evolution of 2D materials such as
MoS, during Na (de)insertion in an open liquid electrochemical
cell under dry conditions (T' ~ 20 °C; Tyew ~ —40 °C).% Electro-
chemical intercalation can be conducted with solid polymer or gel
electrolytes (i.e. polyethylene oxide and a Li salt) rather than
liquid electrolytes where a gating bias controllably intercalates

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Devices for the intercalation of 2D materials (a—c) fabrication process schematic for in situ optoelectronic and electrical transport measurements
using a planar nanobattery device.>” Reproduced with permission from ref. 37. Copyright 2014, Nature Publishing Group. (d) Schematic of in situ optical
and electrochemical measurements for i2DM devices (with a transparent substrate) where an electrochemical battery tester and optical microscope are
integrated.>® Reproduced with permission from ref. 55. Copyright 2015, John Wiley and Sons. (e) Schematic of in situ AFM measurements for 2D material
intercalation in liquid electrolyte.®® Reproduced with permission from ref. 60. Copyright 2014, American Chemical Society (f) Schematic structure of a
TaS, ionic field-effect transistor (iFET) with a solid gel electrolyte. The set-up enabled gate-controlled intercalation of Li.>* Reproduced with permission

from ref. 33. Copyright 2015, Nature Publishing Group.

Li and dopes 2D materials to high levels. An ionic field-effect
transistor can electron dope atomic layers in a similar manner to
the charging process in LIBs (Fig. 2f). To create this device,
tantalum disulfide (TaS,) flakes are exfoliated onto a glass substrate
and gold electrodes are deposited via e-beam lithography. A solid
electrolyte is placed in contact with the device components and acts
as a medium to facilitate gate-controlled intercalation.

Unique 2D devices enable iz situ optoelectronic and transport
measurements. Fig. 3a exhibits the reversible changes in trans-
mittance in the visible range at different stages of Li-intercalated
graphite using a planar nanobattery device. Bao et al. deter-
mined that there is a simultaneous increase in conductivity and
optical transmittance for thin lithiated graphite sheets which is
dependent on sheet thickness and the amount of Li intercalated.
The process is highly reversible and the in situ methodology
used to investigate the electrical resistance, optical transmission
and nanoscale structure upon lithiation can be adopted for
investigation of other energy storage or electronic materials.®”
Wan et al. studied the lithiation of MoS, crystals using a similar
approach in terms of in situ investigations and device fabrication.”®
Lithiated MoS, exhibited simultaneous increases in both con-
ductivity and transmittance which opposes the conventional
(inverse) relationship between these material properties. Addi-
tionally, a new rapid charging strategy became possible due to
the proposed Mo nanoparticle conductive network which
significantly increased cell capacity.”® Details of these studies
are described in the following sections.

Optical studies including Raman spectroscopy as well as
other in situ techniques (i.e. in situ TEM and in situ AFM) are
possible using the planar battery configuration.>>*® As shown

This journal is © The Royal Society of Chemistry 2016

in Fig. 3b, the planar battery on a glass substrate enables Raman
spectra to be taken before, during and after Li-intercalation.
Noticeable changes in the Raman spectra are observed confirming
the potential of this characterization technique for differentiating
ion-intercalation stages in 2D materials. Earlier work on in situ
Raman spectroscopy of Li-intercalated bulk graphite can be found
decades ago.'” Zhao et al. monitored the intercalation of ferric
chloride (FeCl;) in cleaved few-layer graphene by Raman spectro-
scopy and estimated the Fermi level by the intensity of the 2D and
G peaks.'® Raman mapping of i2DMs also yields enhanced
visibility and contrast for intercalated areas with different flake
thicknesses. Fig. 3¢ exhibits an optical image of mechanically
exfoliated graphene flakes before FeCl; intercalation and the
contrast spectra afterwards. For ion-intercalation to occur in 2D
materials, at least two layers are required to accommodate the
foreign species within the van der Waals gap.'®® In FeCls-
intercalated graphitic materials, the amount the G peak blue
shifts is dependent on the number of layers (shift decreases
with increase in layer thickness) as well as the level of doping.
The layer thickness as well as the differences in band shape can
be identified based on the 2D peak. Zhan et al. used Raman
spectroscopy and mapping to prove that the few-layer graphene
was fully and uniformly intercalated with FeCl; (Fig. 3c).'%
During the intercalation process, graphene’s electronic band
structure and properties were modified due to strong charge
transfer doping.

AFM is a conventional characterization technique to determine
the thickness and morphology of 2D materials. However, this
nanoscale resolution scanning probe microscopy technique can
be coupled with an electrochemical workstation (often referred
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Fig. 3 Characterization of i2DMs (a) transmission optical microscope images of ultrathin graphite at different Li-intercalation stages.®” (b) Raman spectra
of Li-intercalated ultrathin graphite at different Li-intercalation stages.37 Reproduced with permission from ref. 37. Copyright 2014, Nature Publishing
Group. (c) Optical image and Raman image of bilayer and monolayer graphene before and after FeCls intercalation respectively. The uniform linewidth
across the bilayer region indicates homogeneous intercalation of FeCls.2%> Reproduced with permission from ref. 105. Copyright 2010, John Wiley and
Sons. In situ AFM images of (d) SEI passivation [OCV to 1.0 V] and (e) wrinkled MoS; flakes [OCV to 0.4 V] due to Na-intercalation. The insets are AFM
images before passivation or wrinkling occurs.®® Reproduced with permission from ref. 60. Copyright 2014, American Chemical Society (f—h)
morphological evolution of a (de)lithiated GNR using in situ TEM.*? Reproduced with permission from ref. 110. Copyright 2012, Elsevier.

to as electrochemical AFM or EC-AFM) to successfully intercalate
2D materials through an applied bias. Siegenthaler and coworkers
determined the step height changes of Li-intercalated HOPG via
in situ AFM for the first time.'°® The experiments were conducted
using a homemade electrochemical cell in a laminar flow glovebox
and demonstrated step height changes of ~17% in a conventional
liquid electrolyte.'®® In situ AFM studies also yield information
about the failure mechanisms of intercalated layered materials and
2D materials. Alliata et al. obtained the expansion of HOPG due to
anion intercalation in acidic solutions.'®” Blistering of the HOPG
layers was observed as well as increases (14-32%) in the graphene
interlayer distances depending on the amount of graphene
layers present in the experimental setup.'®’ In situ AFM experi-
ments of Li-intercalated HOPG also demonstrate structural
degradation. As the potential decreases from OCV to 0.005 V
vs. Li/Li’, the basal planes of Li-intercalated HOPG begin to
distort and form line-like features across the graphene
planes."®® If a low potential is held for extended periods of
time, cracking of the graphene is induced.'®® Beyond in situ
graphene studies, Lacey et al. created a planar battery with
mechanically exfoliated MoS, flakes, copper electrical connec-
tions, and a Na metal reference electrode and investigated the
structural and topographical changes upon sodiation using
in situ AFM in an open liquid electrochemical cell.*® In situ
AFM was conducted in a dry room environment (T ~ 20 °C;
Tgew ~ —40 °C) to reduce oxidation of the Na metal and enable
an open cell configuration.®® Fig. 3d depicts the formation of a
~20 nm passivation layer (i.e. solid electrolyte interphase or
SEI) on the MoS, flakes, which started around 1.5 V.*° During
electrochemical testing and continuous scanning of the AFM

6748 | Chem. Soc. Rev., 2016, 45, 6742-6765

tip, the soft polymeric portion of the SEI can be removed
leaving the hard salt-like portion behind. Permanent structural
wrinkling along the flake plateaus is observed as the potential
reaches 0.4 V and 1.1 Na ions are inserted (Fig. 3e). The
structural wrinkling of the MoS, flakes coincides with the
previously proposed reaction mechanism.'®

Since the intercalation of 2D materials causes structural/
volume changes, in situ TEM techniques are advantageous for
structural identification and can yield much insight into the
electrochemical insertion process. To verify the charge rate
dependence of the proposed Mo nanoparticle conductive network
in lithiated MoS,, in situ electrochemical TEM experiments were
employed.” Liu et al glued graphene nanoribbons to an aluminum
rod and used the grown Li,O layer on the Li/tungsten rod as the
solid electrolyte for in situ TEM."'® The structural evolution of
graphene nanoribbons can be investigated during the lithiation
and delithiation processes.''® Fig. 3f-h shows the graphene
nanoribbon before lithiation, during Li insertion and after
delithiation, respectively."*® The lithiation/delithiation processes
were reversible and the graphene nanoribbons accommodated
the strains associated with Li insertion easily. In this case, the
graphene materials, which were synthesized by splitting carbon
nanotubes, have potential as mechanically robust and durable
LIB electrodes. Similarly, Wan et al. used a Li metal electrode on
a tungsten rod and a MoS, electrode on a gold rod attached to a
TEM-STM holder for in situ TEM observations as well as the
identification of the material’s crystal structure by diffraction.’®
Other characterization techniques such as scanning tunneling
microscopy (STM) and angle-resolved photoemission spectro-
scopy (ARPES) have also been used to investigate i2DMs.""!

This journal is © The Royal Society of Chemistry 2016
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4. Tuning electronic properties by
intercalation

Previous electrical transport studies which focused on the inter-
calation of bulk layered materials have been recently revisited using
their atomically-thin counterparts: 2D materials.>**”>*%*'% gince
intercalated species tend to induce charge transfer in the host
2D materials (although charge transfer does not occur in all
cases),"">""® the Fermi energy is shifted and the density of energy
states at the Fermi level increases. Subsequently, this increases the
charge carrier density of the 2D materials. Note that the doping
capability is far beyond conventional electric-field-induced doping

Table 2 Maximum (max) carrier density of 2D materials with different
doping methods

Max carrier density

Doping method (n2p") Ref.

Electric field gating 5 x 10" em™? 38 and 39
Tonic liquid 0.2 x 10 em ™2 114 and 115
Polyatomic intercalation (FeCI;) (0.3-0.9) x 10> cm > 93
Monoatomic intercalation (0.1-1) x 10" em™ 37 and 115

(Li, Na, K)
“ nyp is defined as the carrier density per layer.

R,
2K X) .
300} — 10K - Si0,
20K Fi / Si
—— 40K emee
I R,

Rxx (Q)
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levels in film-based devices*®>° or through electron-double-layer
(EDL) surface gating"'*™'® with an ionic liquid (Table 2). In
general, intercalated compounds are more chemically robust
than compounds with physically/chemically adsorbed molecules
on the surface. This is due to the chemically inert, impermeable
atomically thick 2D layers that protect and encapsulate the
unstable intercalants.

An early experimental study of electrical transport in i2DMs
was reported by Kim et al."'” where ferric chloride (FeCl;), was
intercalated into bilayer graphene (BLG) using a two-zone
chemical vapor transport method to achieve a vapor-phase
reaction of FeCl; and BLG. By patterning the BLG sheet to a
Hall-bar geometry (Fig. 4a inset), the local intercalation structure
can be extracted by analyzing Shubnikov-de Haas oscillations
(SdHO) (Fig. 4a), represented as the longitudinal resistance (R,.)
vs. perpendicular magnetic field, B, at different temperatures. At
low temperatures, R,,(B) oscillates with two distinct frequencies,
which arise from two different carrier densities associated with
the intercalated bilayer (decoupled to two separate monolayers)
and the unintercalated bilayer (coupled). Fig. 4b represents the
spatially inhomogeneous intercalation of FeCl;, with an inter-
calated domain size much smaller than 500 nm across the entire
sample. Additionally, the band diagrams of the two domains
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Fig. 4 Electrical properties of FeCls-intercalated few-layer graphene (a) SAdH oscillations in R,(B) are recorded at temperatures of 2, 10, 20, and 40 K.
Inset shows a schematic of an intercalated bilayer graphene device.'*” (b) Atomic structural model of intercalated and unintercalated bilayer graphene

domains. '’

(c) Band diagrams of two domains exhibiting different electronic properties, especially chemical potential, carrier density, and band

structures.™” Reproduced with permission from ref. 117. Copyright 2011, American Chemical Society. (d) Longitudinal conductance as a function of
magnetic field at different temperatures (curves shifted for clarity). (€) Schematic crystal structure of a 5L FeCls-intercalated graphene in which the
detailed structure was determined by electrical transport measurements.®> Reproduced with permission from ref. 93. Copyright 2012, John Wiley and

Sons.
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exhibit different electronic properties as shown in Fig. 4c. interlayer band (IL). However, the IL is absent in the CgLiCe
A similar work® was later reported by Khrapach et al, using (Fig. 5e and f). This demonstrates that the IL is not typical for all
an exfoliated five layer (5L) graphene device. At low tempera- types of metal intercalated few-layer graphene (Fig. 5e and f).
tures, SAHO also exhibits two distinct types of periodic magneto- Note that the free-electron-like IL near the Er seems to be
oscillations (Fig. 4d), with further analysis indicating the responsible for superconductivity in bulk graphite intercalation
presence of four parallel hole gases: one with unintercalated compounds. Studies of superconductivity in metal intercalated

bilayer character and three with monolayer character (Fig. 4¢).  few-layer graphene are intriguing and should be pursued
Beyond FeCl; intercalation, metal intercalation in few-layer further.*!
graphene has also been investigated. Metal intercalation in bulk Bao et al. used an in situ planar nanobattery setup to

graphite has been shown to induce superconductivity,*>"'®'*®  investigate the electrical transport of few-layer graphene during

and recently, abnormal superconducting behavior of metal controlled electrochemical Li intercalation.’” Fig. 5g shows
decorated graphene in the 2D limit has also been suggested."””® the sheet resistance, R,, of few-layer graphene with different
Thus, it is crucial to prepare and characterize the electronic thicknesses both before intercalation as well as at different
properties of metal intercalated few-layer graphene. Kanetani et al, intercalation states: LiC;, and LiCe. Fully intercalated few-layer
prepared Li- and Ca-intercalated bilayer graphene (denoted as graphene samples invariably exhibit a lower resistivity com-
CsLiCs and CgCaCg, respectively) under ultrahigh vacuum and  pared to their pristine state.’** The direct current (DC) sheet
studied their electronic bandstructures with ARPES.'™ Fig. 5a  conductivity, o4., was estimated to be 11 mS per layer in the
exhibits a typical STM image of successfully prepared CsCaCs. LiCq state, which is approaching the intrinsic limit of conduc-
Note that the positions of the Ca atoms within the bilayer tivity for doped graphene (33 mS per layer) set by electron-
graphene’s honeycomb structure are marked by purple dots. acoustic phonon scattering.'** Furthermore, by probing the
The electronic bandstructure of CsCaCq was calculated (Fig. 5b)  Hall resistance R,(B), the negative slope indicates that electrons
and experimentally measured (Fig. 5¢c and d). When metal are the type of charge carriers for few-layer graphene after Li
intercalants electron dope the material, there is an upshift of intercalation (Fig. 5h). Additionally, the carrier density, 74, can be
the Fermi energy (C¢CaCg is ~ 1.8 eV and CgLiCg is ~ 1.5 eV). The  determined by the Hall coefficient: Ry; = R,,/B where Ry is related
computation and experimental results agree well, which shows to ny by ny = 1/eRy. The experimental results reveal that the
that C¢CaCe has a nearly degenerated n* band as well as an  two dimensional carrier density 7,5, ranges from 1.0 x 10" to
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Fig. 5 Electrical properties of metal-intercalated few-layer graphene (a) STM image of C¢CaCs. The inset shows the Fourier-transform image. (b) The
calculated bandstructure of C¢CaCg and the experimental band dispersion of (c and d) C¢CaCg and (e) CgLiCg, which was obtained by taking the second
derivative of the ARPES spectra. (f) The ARPES spectra of C¢CaCg and CsLiCs at the I" point.™* Reproduced with permission from ref. 111. Copyright 2013,
National Academy of Sciences, USA. (g) Resistivity versus thickness for ultrathin graphite sheets with different thicknesses. Data for pristine (red) and two
lithiated stages (LiCy, and LiCg indicated by green and blue) are shown. Inset shows an optical image of an ultrathin graphite device with Hall-bar
geometry before intercalation. (h) Hall resistance of a 4 nm-thick pristine few-layer graphene sheet and its LiC;, and LiCg states as a function of magnetic
field. (i) Carrier density calculated from Hall measurements as a function of ultrathin graphite thickness. (j) Temperature-dependent sheet resistance for
two ultrathin graphite samples. Blue, red and green denote pristine, LiCy, and LiCg stages, respectively.*” Reproduced with permission from ref. 37.
Copyright 2014, Nature Publishing Group.
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2.3 x 10™ em ™ for LiC;, and 0.5 x 10*® to 1.2 x 10*° ecm 2 for
LiCe (Fig. 5i). Fig. 5j exhibits the temperature dependence on
sheet resistance. Note that LiC;, exhibits a moderate tempera-
ture dependence. Ry(T) is metallic at the LiCq state and the
pristine sample always exhibits weak non-metallic behavior,
which is consistent with previous studies."*?

Li can also be intercalated into the van der Waals gap of other
2D materials, such as MoS, crystals. Using the same in situ
planar nanobattery setup, Wan et al. studied the electrical
resistance changes during electrochemical lithiation.>® As shown
in Fig. 6a, the four-probe electrical resistance of a 35 nm-thick
MosS, crystal was probed simultaneously with sweeping electro-
chemical potential at a constant lithiation current of 0.5 pA.
During the first lithiation cycle, a rapid decrease of the electro-
chemical potential as well as the resistance occurred in region I,
which can be interpreted as a reversible phase change from
2H-MoS, to 1T-Li,MoS, induced by lattice distortions during
intercalation. At the end of region II, the resistance rises abruptly
and remains higher than the initial resistance in region III. This
corresponds to the conversion reaction from 1T-LiMoS, to an
insulating matrix formed by Li,S and Mo metal. A similar work
by Xiong et al. studied the thickness-resistance dependence of
lithiated MoS, using the same experimental setup.">* As shown
in Fig. 6b, MoS, crystals show a drastic decrease (more than two
orders of magnitude) in electrical sheet resistance upon Li
intercalation, down to a few nanometers in thickness. Furthermore,
the sheet resistance of Li,MoS, devices with different thicknesses
decreases more than five times as the potential changes from ~2.3
to 1.2 V versus Li/Li" (Fig. 6¢). Note that changing the potential
corresponds to tuning the Li concentration in MoS,.

Due to the phase transition of MoS, induced by reversible Li
intercalation, Kappera et al. developed a methodology to locally
convert regions of the semiconductive 2H-MoS, nanosheets into
metallic 1T-Li,MoS, phases and use them as electrodes to achieve
MoS, FETs with low contact resistance.”* In Fig. 6d and e, Au
metal pads were contacted to the 1T phase areas, and the contact
resistance was extracted using the transfer length method (TLM).
In comparison to the typical MoS, devices, the resistance of the 1T
contacts decreased by a factor of ~5 from 1.1 kQ pm to 0.2 kQ um
at zero gate bias. By further tuning the back gate voltage, the
contact resistance decreased by another factor of three at a gate
bias of +30 V, as shown in the inset of Fig. 6e. Zhang et al., for the
first time, demonstrated that potassium (K) intercalation induced
a phase change in MoS, as well as superconductivity in its
intercalation compounds (Fig. 6f). By removing the K intercalants,
the superconducting effect of 1T/1T' structured MoS, disap-
peared. Thus, to maintain superconductivity, it is essential to
retain the intercalated K."*> Fig. 6g displays the “dome-like”
superconducting phase induced by intercalation or ionic electro-
lyte gating. This behavior suggests that the superconductivity of
heavily doped 2H-MoS, is not simply controlled by changes in the
density of states.''®> Note that superconductivity studies of inter-
calation compounds focus on their bulk forms however, we
anticipate more interesting effects with i2DMs.

In addition to MoS, crystals, phase transitions also occur
in TaS, during Li intercalation. Yu et al*® studied various

This journal is © The Royal Society of Chemistry 2016
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charge-ordered states in 1T-TaS, ionic field-effect transistors
(iFETs) with different 2D crystal thickness, in which gate-
controlled Li intercalation modulates the phase transition
(Fig. 7a). The intercalation-controlled phase transitions can
be further probed by measuring the temperature-dependent
resistance in samples at various fixed gate voltages (i.e. fixed Li
concentrations), as shown in Fig. 7b-d. A clear thickness
dependence is present for each sample: the 14 nm-thick sample
retains all the charge-density wave (CDW) phases; the 8 nm-
thick sample is in the quasi-two-dimensional limit, where all
but the commensurate CDW (CCDW) phases remain; the 3.5 nm-
thick sample is an insulator without any phase transitions. At 10 K
under Li intercalation, the 14 nm device spans three different
phases and shows resistance changes of five orders of magnitude
(Fig. 7e, upper panel). The volumetric charge carrier density,
n3p, in the three phases can also be determined from Hall
measurements (Fig. 7e, lower panel). More information about
the competition, coexistence and cooperation of various collec-
tively ordered states of intercalated TaS, are summarized in the
phase diagrams shown in Fig. 7f-h.

5. Tuning photonics and
optoelectronic properties by
intercalation

The unique electronic structure of 2D materials can lead to
interactions with photons. For instance, graphene’s band struc-
ture reveals a linear relation between energy and momentum,
known as the Dirac cone. This band structure enables interesting
properties such as linear optical absorption with universal
optical conductance as well as broadband interband transitions.
These properties result in a broad range of applications such as
transparent conductors and broadband photodetectors.'*® For
group VI transition metal dichalcogenides (TMDs) (such as MoX,
and WX,), a change between indirect and direct band gaps
would occur as the layer number decreases from multilayer to
monolayer. This change leads to a much higher efficiency in the
photon absorption process for monolayer TMDs, in which an
additional phonon is no longer needed. Thus, applications such
as photovoltaics, LEDs and photodetectors are enabled by these
2D materials. The excellent properties and successful scalable
production of 2D materials also makes them intriguing for
photonic and optoelectronic devices that require flexibility and
transparency. In this section, we will review how intercalation
tunes the optical properties of 2D materials to improve their
performance for potential applications.®

Graphene and its derivatives have been extensively studied
as transparent electrodes.”>"*” The intrinsically high electron
mobility, atomic thickness, and broadband transparency in
mono- and few-layer graphene makes it an ideal candidate for
transparent conductors. Regardless, the combined performance for
pristine graphene-based transparent conductors cannot surpass
90% transmittance and 10 ohm sq ' sheet resistance, which are
the ideal metrics for solar cells. Numerous doping methods have
been developed to increase the conductivity of graphene, while
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Fig. 6 Electrical properties of tunable metal intercalation in MoS; (a) four-probe resistance vs. time of MoS, sheets undergoing electrochemical lithiation at
constant current. Insets show a schematic of the nanobattery setup for in situ resistance measurements (upper right), as well as optical images of the
lithiated MoS, at stages I, I, and 11, from left to right.>® Reproduced with permission from ref. 55. Copyright 2015, John Wiley and Sons. (b) Sheet resistance
vs. thickness of MoS, flakes. A consistent decrease in sheet resistance by more than two orders of magnitude occurs for Li-intercalated MoS; as thickness
increases. (c) Sheet resistance of Li,MoS, (with thicknesses of 4, 10, and 23 nm) are plotted as a function of their potentials vs. Li/Li* 2* Reproduced with
permission from ref. 124. Copyright 2014, American Chemical Society. (d and e) Resistance vs. length of channel plots for MoS, FETs. Extrapolation of the
red lines yields contact resistances (R.) of 0.2 kQ um for 1T phase contacts at zero gate bias. Inset in (e) shows the percentage decrease in contact resistance
with different gate voltages. An optical microscope image and device schematic are also shown as insets in (d and e).>! Reproduced with permission from
ref. 51. Copyright 2015, Nature Publishing Group. (f) Superconducting phases of K intercalated 2H, 1T and 1T’ structured MoS,.12° Reproduced with
permission from ref. 125. Copyright 2014, American Chemical Society. (g) “Dome-like" superconducting phase diagram of MoS, induced by ionic electrolyte
gating or metal intercalation.'> Reproduced with permission from ref. 115. Copyright 2012, American Association for the Advancement of Science.

its transmittance remains unchanged or decreases.>>* Recently,
a simultaneous increase in both transmittance and conductivity
has been demonstrated in few-layer graphene with electro-
chemical Li intercalation (Fig. 8a).”” The Li-intercalated few-layer
graphene obtained the highest combined metrics for continuous
thin film transparent conductors: 91.7% transmittance and

6752 | Chem. Soc. Rev., 2016, 45, 6742-6765

3 ohm sq ' sheet resistance. As shown in the schematic
bandstructures of graphene and Li-intercalated graphene (Fig. 8b),
this simultaneous increase is achieved by an ultrahigh n-doping
from intercalated Li, which fills up the conduction band
(high conductivity) and Pauli-blocks the incoming photons
even within the visible range (high transmittance). The
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electrochemical method can precisely control the intercalation
process, which also enabled in situ and real time characterization
of the intercalated graphene (Fig. 8c). A striking difference between
intercalated few-layer graphene and bulk graphite is the
wavelength-dependent transmittance. As shown in Fig. 8d, inter-
calated few-layer graphene shows a flat wavelength dependence,
while bulk graphite’s behavior deviates. A broadband transmittance
window from the visible range to the mid-infrared is also believed
to open in the intercalated film (Fig. 8e). This technique can also be
applied to large-scale, printed reduced graphene oxide networks
with earth-abundant Na-ions'*® (Fig. 8f-h).

An alternative approach to improve the performance of
graphene-based transparent conductors has been demon-
strated with p-type FeCl; intercalation. Although this type of
doping does not increase transmittance in the visible range
(induced by Pauli-blocking photons), both the conductivity and
overall performance does increase. Additionally, the stability of
FeCls-intercalated few-layer graphene (stability for one year)
exceeds many other intercalation compounds.®® Fig. 9a shows
the Raman mapping of G; and G, peaks before and after high
temperature (100 °C) treatment for FeCl,-intercalated few-layer

This journal is © The Royal Society of Chemistry 2016

graphene. After 1 hour, the characteristic G; and G, peaks
remain uniform. Thermal cycling of the FeCl; intercalation
compound was also carried out at different temperatures from
50 to 130 °C. However, the sheet resistance of the intercalated
flake remains constant, as shown in Fig. 9b. These results
indicate the exceptional stability of FeCls-intercalated few-layer
graphene.'*® FeCl, intercalation was also demonstrated with
CVD few-layer graphene that was transferred onto a flexible
substrate (Fig. 9c and d)."*° The successful intercalation of
FeCl; in large scale CVD graphene demonstrates the potential
commercialization of i2DMs. Note that the work function of the
intercalated transparent conductor can be tuned with donor- or
acceptor-type intercalants. An all graphene photodetector™"
has also been proposed using FeCls-intercalated few-layer
graphene and pristine graphene heterostructures.

Tuning and understanding the optical properties of semi-
conducting thin MoS, flakes has recently aroused research
interests.>® Like graphite, MoS, is well-known as both an
electronic and a Li-ion battery electrode material. Thus, it is
natural to use the electrochemical method to tune the optical
properties of MoS, thin flakes upon lithiation. Fig. 10a shows
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the real time transmittance changes of MoS, flakes during
lithiation. In this process, the transmittance vs. wavelength
for the three stages is shown in Fig. 10b: (I) 2H Li-MoS,, (II) 1T
Li-MoS, and (III) Li,S + Mo. A schematic demonstrating the
structural changes of converting semiconducting 2H-MoS, to
metallic 1T Li-MoS, is described in Fig. 10c.**'** The band
structure schematic reveals the origin of substantial changes in
the wavelength dependent transmittance between stage I and
stage I MoS, intercalation compounds (Fig. 10d and e). Digital

6754 | Chem. Soc. Rev., 2016, 45, 67426765

images of stage I, II, and III intercalated MoS, at a wavelength
of 450 nm provide a visual representation of the transmittance
changes (Fig. 10f-h). The refractive index of stage I and stage II
Li-MoS, has been obtained by Xiong et al.'** This result is
consistent with recent reflectance measurements of 2H-MoS,
and 1T/1T’ MoS, by Brus et al.’**> The decrease in the imaginary
part of the refractive index also supports the reduced absorption
of 1T-LiMoS, (Fig. 10i and j). Another important application of Li
intercalation in MX, materials is exfoliating into monolayer MX,

This journal is © The Royal Society of Chemistry 2016
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flakes. Monolayer MoS, flakes with a direct band gap, large
lateral dimensions and excellent photoluminescence properties
have been successfully prepared by intercalated liquid exfolia-
tion methods.”*® Note that the previously described studies
provide examples of tuning the optical properties of MX, only
through Li intercalation. Due to the large van der Waals

gap between MX, layers, more intercalation species can be
accommodated in the interlayer spacing. Therefore, further
investigation of these MX, materials should be pursued to
ascertain their optical properties.

Electrochemical intercalation allows the modulation of
photoluminescence (PL) in MoS, flakes. Fig. 11a-g exhibits
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Fig. 11 Intercalation tuned MoS, photoluminescence (a—g) PL images of MoS; films at different intercalation voltages. (h) In situ PL intensities of MoS,

flakes due to the electrochemical intercalation/deintercalation process.® Reproduced with permission from ref. 134. Copyright 2013, American

Chemical Society. (i) Digital and (j) PL images of the MoS,—yeast cell system. The cells circled in red and yellow are nonviable and viable cells, respectively.

Fluorescent images of yeast cells (viable = purple circle; nonviable = green circle) after adding methanol for (k) O s and (l) 6000 s.**> Reproduced with

permission from ref. 135. Copyright 2014, American Chemical Society.
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the PL images of MoS, flakes modulated by electrochemical
intercalation of Li-ions, Na-ions and K-ions. The intercalation
induced electronic structure changes and/or phase changes
drive the PL response. The modulation process is reversible
and the effect becomes more obvious as the intercalation bias
3% (Fig. 11h). Additionally, this effect was utilized to
observe the enzymatic activities and cell viabilities of biological
systems.’®® Fig. 11i and j shows the optical and fluorescent
images of yeast cells coated with MoS, nanoflakes. Note that
the red and yellow circles correspond to the nonviable and
viable cells, respectively. Unlike the viable cells, the nonviable
cells produce strong PL signals. When the cells are immersed in
a low K’ buffer solution, the ion concentration differences
within and outside the cells drives K" movement and enables
K" to intercalate within the coated MoS, flakes. After 6000 s of
immersion, the viable cells obtain PL signals comparable to the
nonviable ones, which demonstrates the ability to investigate
cell viability by intercalation methods (Fig. 11k and I).

Besides the electrochemical intercalation of metal ions, other
intercalation methods and guest species have been employed.
Among them, zerovalent metal intercalation of Bi,E; (E = S, Se)
materials and metal oxides have attracted tremendous attention
(Fig. 12a—c)."** "% Zerovalent metal intercalation of Bi,E; causes
alterations in its electronic band structure (Fig. 12d) and induces
optical property changes in both the visible (Fig. 12e) and
the near-infrared range (Fig. 12f). Co-intercalation of various
zerovalent metals in these layered materials have also been
demonstrated."* Chemically intercalated Bi,E; using organic
intercalation species can induce plasma peak shifts in the host
material (Fig. 12g-i)."*” A recent study on the chemical intercalation
of zerovalent metals in metal oxides revealed a reversible inter-
calation process with potential for chemochromic applications
(Fig. 12j-1)."*° Overall, intercalation has been demonstrated as a
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very effective way to change the optical properties of 2D materials.
We believe that rational i2DM designs could lead to further 2D
material advances for photonic and optoelectronic devices.

6. Tuning thermal and thermoelectric
properties

Beyond the synergistic enhancement of conductivity and optical
transmittance for transparent conductors, intercalation can lead
to similar advances in thermoelectrics. In addition to electrical
conductivity modulation, the introduction of guest species in the
2D material’s van der Waals gap alters its thermal properties since
phonon propagation can be effectively tuned by intercalation-
induced structural changes. For a given thermoelectric material,
the ability of generating thermoelectric power is determined by
its dimensionless figure of merit: ZT = 6S>T/p where S, o, p, and
T are the Seebeck coefficient, electrical conductivity, thermal
conductivity and absolute temperature, respectively. One approach
to increase ZT is to suppress thermal conductivity while maintaining
or even increasing the material’s electrical conductivity. In this
manner, the intercalation method can provide a new avenue to
tune 2D materials for thermoelectric applications. Despite the
extraordinary thermal properties of 2D materials compared with
their bulk counterparts,"*""'** the thermal properties of i2DMs
are rarely investigated. In this section, we will discuss the recent
progress of layered materials with improved thermal or thermo-
electric properties by intercalation methods. Note that we antici-
pate more research focusing on the thermal properties of i2DMs
in the near future.

Wan et al. reported that intercalating a SnS layer into layered
TiS, (Fig. 13a) can improve the thermoelectric performance in
the parallel and perpendicular directions with respect to the
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Fig. 12 Optical and photonic properties of zerovalent metal and organic i2DMs. (a) Schematic of Cu-intercalated Bi,Ses. Microscope image of Bi,Ses (b)
before and (c) after Cu intercalation. (d) Band structure of Cu-intercalated Bi,Ses. Optical transmittance of Bi,Ses over the (e) visible and (f) near-infrared
spectral range before and after Cu intercalation.**® Reproduced with permission from ref. 136. Copyright 2014, Nature Publishing Group. (g—i) EELS and
diffraction patterns of Bi,Sesz intercalated with organic molecules.**” Reproduced with permission from ref. 137. Copyright 2013, American Chemical
Society. Schematics of zerovalent metal intercalated MoOs: its (j) crystal structure and (k) band structure. (1) Digital images of the reversible intercalation
of Co metal in MoO3.14° Reproduced with permission from ref. 140. Copyright 2015, American Chemical Society.
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layers.'*?

This decrease in thermal conductivity occurs through
softening of the transverse sound velocities as well as vertically
localizing phonons (Fig. 13b). Therefore, the ZT value of
(SnS); 5(TiS,), is significantly enhanced in the in-plane direction
(Fig. 13c) and remains nearly constant in the cross-plane direction
due to simultaneous scattering of both electrons and phonons.
The same group also used organic cations ((hexylammonium),-
(H,0),(DMSO);) as an intercalant to create a flexible hybrid super-
lattice (Fig. 13d).>* Through intercalation, the thermoelectric
properties and the figure of merit, Z7, is dramatically improved:
0.28 vs. <0.08 at 373 K (Fig. 13e and f).

The electrochemical intercalation of Li effectively modulates
the thermal conductivity of lithium cobalt oxide (LiCoO,), a
layered crystal commonly used as a Li-ion battery cathode.
Cho et al. designed an in situ measurement cell (Fig. 14a) to
probe the thermal conductivity during lithiation."** The repre-
sentative time-domain thermoreflectance (TDTR) data shown
in Fig. 14b was used to extract the thermal conductivity of
lithiated and delithiated Li,CoO, films. The work demonstrated
that both the thermal conductivity and the elastic modulus
adjusts significantly as Li; ,CoO, changes to Li, (CoO, (Fig. 14c
and d). The composition dependence suggests that the change
in thermal conductivity with decreasing Li concentration is
related to not only the softening of the lattice but also to the
Li,CoO, phase behavior.

The manipulation of thermal properties by intercalation
could be applied to numerous 2D materials and a range of
intercalants including atoms, ions and molecules with various
sizes and charges. The method can also be applied when the
host material is further diversified with the 2D hybrid structures.

This journal is © The Royal Society of Chemistry 2016

In this manner, intercalation provides a new avenue to optimize
thermoelectric performance and the study of i2DMs could offer
even more rewarding outcomes.

7. Tuning magnetic properties

Intercalating magnetic species into the host 2D materials
widely tunes its magnetic properties. The magnetic properties
of i2DMs should be different from its bulk counterparts due to
reduced interplanar magnetic coupling. Bointon et al. demon-
strated the successful intercalation of large area multilayer
epitaxial graphene with FeCl; (Fig. 15a).>> Fig. 15b shows the
measured weak localization signal at different temperatures,
where the phase coherence length L can be extracted (Fig. 15c¢).
Between 280 mK and 80 K, the estimated L, of FeCls/few-layer
graphene is much larger than previously reported pristine gra-
phene: L, ~ 1.2 um at 280 mK. The observed temperature
dependence of Ly is also compatible with the occurrence of
magnetic ordering in stage one FeCls/few-layer graphene.
Morosan et al. reported that Fe can be intercalated into layered
TaS, to modify its magnetic properties (Fig. 15d).>>'** Fig. 15e
and f displays the magnetoresistance (MR) measurements of bulk
and exfoliated thin sheets of Fe,,gTaS, at different temperatures.
In both cases, the largest Ap/p, (close to 60%) was observed at
T = 4 K. However, the transitions at Hg are much sharper in the
bulk material than in the 2D form at lower temperatures. This
may imply that long range interlayer coupling between the
Fe ions in different layers is weakened in the 2D crystals. The
temperature dependence on switching field Hs and MR peak
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Group.

height for both bulk and 2D crystals is also similar (Fig. 15e).
However, the MR peak height increased monotonically with
decreasing temperature for the 2D crystals while the bulk
crystal increased until a maximum at 4 K and then decreased
at lower temperatures (Fig. 15f).

8. Tuning energy storage properties

Electrochemical capacitors and ion batteries have attracted tremen-
dous interest for the past few decades due to an increasing need for
clean and sustainable energy storage systems.”>**¢™*8 For practical
devices, researchers search for materials that provide both high
energy density and high power density. Typically, electrochemical
capacitors, also known as supercapacitors, store energy in an
electrical double layer where charged ions build up on the electrode
surface. This enables a rapid charge/discharge process but stores a
limited amount of energy. On the contrary, ion batteries store ions
via electrochemical reactions where ions typically diffuse between
the electrodes upon charging/discharging. Diffusion is typically a
slow process but the energy stored exceeds supercapacitors.

6758 | Chem. Soc. Rev., 2016, 45, 67426765

Therefore, improving the energy density of capacitors and power
density of ion batteries is of great interest. Through intercalation
methods and tunable electrode materials, the performance of
energy storage systems can be improved.

MoS, is not a typical supercapacitor material due to its stable 2H
semiconducting phase, however, Acerce et al. demonstrated that
metallic 1T-MoS, can act as a high-performance supercapacitor
electrode material through intercalation methods."*® Note that
these flakes can be re-stacked together to form flexible electrodes
(Fig. 16a and b). The 1T-MoS, electrode can be rapidly intercalated
with protons, Li-ions, Na-ions, or K-ions with capacitances ranging
from 400 to 700 F cm ™ in aqueous electrolytes (Fig. 16c).
Chhowalla and coworkers identified increases in the interlayer
distance depending on the type of solvated ions intercalated
into MoS, (Fig. 16d). The electrode can also operate under high
voltages in nonaqueous solutions.

Using a special intercalation method, tunably intercalated
MoS, has been shown to act as both a high power and energy
density electrode through in situ observations.>®> As mentioned
in the previous section, the planar micro-battery our group
developed enabled the electrochemical intercalation of 2D

This journal is © The Royal Society of Chemistry 2016
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materials as well as in situ monitoring of the resistance changes
of MoS, flakes upon intercalation (Fig. 16e). Note that Mo and
Li,S are formed at the final lithiation stage when MoS, is used
as a Li-ion battery electrode. The insulating Li,S hinders
electron transport in this material, which prevents MoS, to
act as a high power and energy dense electrode. However, using
a special “rapid” lithiation process, the resistance of the
lithiated MoS, flake at the final stage reduced by 1000 times.
This resistance decrease, which was measured using the in situ
planar battery set-up, led to a three-fold increase in specific
capacity and the cell showed stable cycling performance com-
pared to the conventional lithiated MoS, (Fig. 16f). The results
illustrate the importance of in situ techniques to monitor and
understand the resistance changes of battery electrodes in real
time.>® Additionally, the “rapid” intercalation process can be
adopted for other 2D materials to modify and enhance electro-
chemical performance.

9. Tuning catalytic properties

Tremendous research attention has been given to electrocatalysis
for effective, low cost hydrogen generation. The typical hydrogen
evolution process via electrocatalysis undergoes a three step
mechanism. First, protons are adsorbed on the electroactive sites,
while electrons that are transferred to the adsorbed protons form

This journal is © The Royal Society of Chemistry 2016

the adsorbed H atoms. H, gas begins to form from the adsorbed
H atoms and desorbs due to the presence of an electrocatalyst. It
is well known that platinum (Pt) group metals offer the best
electrocatalytic performance, however, the cost of these noble
metals is exorbitant. Therefore, finding a cost-efficient replace-
ment for an electroactive, electrochemically stable catalyst has
challenged researchers for decades. Recently, 2D TMDs such as
MX, (M = Mo, W; X = S, Se) have emerged as promising HER
electrocatalysts.">***'>! The general design principles for high-
performance 2D TMD electrocatalysts include: (1) increasing the
number and activity of catalytic sites as well as (2) increasing the
charge transport during the catalytic process. Various nano-
structures have been reported to increase the active edge sites
of 2D TMDs as well as the conductivity between the catalytic
material and the conductive substrate, which leads to high-
performance composite electrocatalytic materials. However, for
2D TMD nanosheets, the low density of metallic catalytically
active sites and their overall semiconducting nature hinders the
material’s overall catalytic performance. Therefore, intrinsically
improving the catalytic activity and electronic conductivity of 2D
TMD materials will lead to major enhancements in catalytic
performance.

Intercalation provides a unique approach to optimize the
catalytic activities of MX, materials. We previously mentioned
that Li intercalation in MX, materials (such as MoS,) not only
facilitates the exfoliation of bulk materials, but also induces
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Fig. 16 Enhanced energy storage properties for tunable Li-intercalated MoS; (a) digital image of a flexible 1T-MoS; electrode. (b) HRTEM image of 1T-MoS,.
(c) Capacitance of 1T-MoS, electrodes in various solutions. (d) Schematic of MoS, intercalated with different solvated ions.**° Reproduced with permission
from ref. 149. Copyright 2015, Nature Publishing Group. (e) In situ resistance measurements of MoS, upon lithiation. (f) Electrochemical performance of rapid

and conventionally lithiated MoS; as a Li-ion battery anode.>®

phase changes such as a conversion from a semiconducting 2H
phase to a metallic 1T phase.”>"*° This intercalation-induced
phase change is ideal for electrocatalysis since it enhances both
the material’s catalytic activity and electronic conductivity. Voiry
et al. demonstrated significant improvements in the HER activity
of 1T WS, by chemically intercalating and exfoliating 2H WS,.”*
From DFT calculations, Chhowalla and coworkers demonstrated
that a distorted 1T structure will provide greater catalytic per-
formance due to the lower reaction free energy. Lukowski et al.

. 2H-WS,

Pt
-e-as-grown WS,
~+-48 h oven
exfoliated WS,
-=-20 min microwave
exfoliated WS,

—~exfoliated MoS,
(ref. 6b; Voiry et. al)
+exfoliated WS,
(ref. 6c; Vouy el 7I)
) —MoS. /RGO (ref. 15b; Li
30+— T : 7 —+-MoS, (ref. 1

-0.30 -0.20 -0.10 0.0
Potential (V vs RHE)

l\‘(rk\("\l“

Reproduced with permission from ref. 55. Copyright 2015, John Wiley and Sons.

obtained similar results for both chemically intercalated 1T MoS,
and 1T WS, nanoflowers (Fig. 17a-f)."*>'*> An outstanding over-
potential of —142 mV vs. RHE at 10 mA cm™ > was achieved with
1T WS, nanoflowers, which corroborates the potential of inter-
calation tuned MX, electrocatalysts.

Vertically aligned MoS, nanoflakes can also act as high-
performance HER catalysts after electrochemical Li intercalation
(Fig. 17g).>>'> Unlike chemical intercalation, electrochemical
intercalation is more controllable, which allows the catalytic

«Q

E vs Li"/Li

— pristine
—_—18V
—1.5V
— .2V
—11V

~0.2 —Dl‘l 00
E vs RHE (V)

Fig. 17 Tunable catalytic properties for Li-intercalated MX, 2D materials (a) schematic of WS, with 2H and 1T phases. (b and c) TEM images and (d and e)
diffraction patterns of WS, before and after Li intercalation. (f) Tafel plot of different forms of MoS, and WS, catalysts. (g) Electrochemical preparation of
1T-MoS, for water splitting.*>° Reproduced from ref. 150. Copyright 2014, Royal Society of Chemistry. (h) Tafel plot of electrochemically and tunably
intercalated MoS; as a water splitting catalyst. (i) SEM image (top view) of the 1T-MoS, catalyst.>° Reproduced with permission from ref. 50. Copyright

2013, National Academy of Sciences, USA.
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Table 3 Summary of intercalation in 2D layered materials, properties and applications

Material types Graphene family

Metal dichalcogenides (MX,)

Other chalcogenides

(MX, M,X3) Layered oxides

2D materials Graphene, rGO, BN

(properties) (semimetal) Ta$S,, NbSe, (metals)
TiSe, (semimetal)
Intercalation Tons (Li*, Na¥, K, Ca*", Tons (Li*, Na¥, Mg*', etc.)
species/products PF,, ClO, 7, etc.) Organic molecules
Inorganic (Br,, FeCl; etc.) Zerovalent metals
(Cu, Sn, Co, etc.)
Phase change
Methods

Tuning properties/ Electrical, optic,
applications optoelectronic, magnetic

activity of MoS, at various Li concentrations to be studied.
Surprisingly, Wang et al. demonstrated that the catalytic per-
formance improves as the Li concentration increases even
before the 2H to 1T phase transition occurs. This behavior
transpires through changes in both the material’s electronic
structure and its doping levels (i.e. electron doping of the Mo
d-band) due to Li intercalation. The highest catalytic performance
of MoS, corresponds to 1T MoS, that is electrochemically inter-
calated at 1.1 V (Fig. 17h and i). As more Li is intercalated, the
catalytic performance decreases due to the formation of inactive
Mo and Li,S. A variety of nanostructures using intercalation tuned
MX, electrocatalytic materials has been investigated in a similar
manner. Note that the electrochemical intercalation method not
only applies to MX, HER electrocatalysts but also other layered
materials. For instance, electrochemically intercalated layered
materials, such as LiC00,,"** have a wide range tunability,
and can act as electrocatalysts. Unlike the electrochemical
intercalation method, this behavior is not possible via chemical
intercalation methods.

10. Conclusion and outlook

In summary, we provide a comprehensive review of the recent
progress on i2DMs. Host materials, various intercalation species and
intercalation methods as well as tunable properties and potential
applications enabled by intercalation are discussed (Table 3). The
numerous intercalation methods widely tune the physical and
chemical properties of the host 2D materials, resulting in excellent
performing i2DMs over a wide range of applications. Although
intensive studies of intercalation in layered bulk materials have been
performed, investigations of i2DMs are still in the early stages. The
future research of i2DMs relies on additional fundamental studies
and the scalable application of i2DMs.

For fundamental studies, a rational design of the host
materials and intercalation species is critical for the investi-
gation of i2DMs with novel properties. Selective intercalation
in few-layer graphene can result in bandgap opening.'>>'>°
van der Waals heterostructured 2D materials would provide an
excellent platform to study the interfacial storage mechanism
as well as other intriguing physical and chemical properties of

This journal is © The Royal Society of Chemistry 2016

MoS,, WS,, TiS, (semiconductors)

Bi,Se;, Sb,Te;
(topological insulators)
In,Se; (semimetal)
GaSe (semiconductor)
FeSe (metal)
Zerovalent metals

(Cu, Sn, Co, etc.)
Organic molecules
Co-intercalants

LiCo0,, M0O;
(insulators)

Zerovalent metals
(Cu, Sn, Co, etc.)
Tons (Li")

Chemical and electrochemical intercalation
Electrical (superconductor, CDW),
optic, catalytic, thermoelectric, magnetic optic, optoelectronic

Electrical (superconductor), Thermal, catalytic
optic, chemochromic

intercalated van der Waals heterostructures.'®>” Co-intercalation

of different intercalant species in one host 2D material could
lead to unforetold properties of i2DMs compared to single
intercalated materials. Intercalation controlled mechanical
properties (e.g. friction) of i2DMs could yield additional insight
into this field. Further improvements on in situ platforms could
uncover novel properties of i2DMs in real time. The reversible
modulation of 2D materials by intercalation in broader wave-
lengths other than the visible range (i.e. terahertz and infrared)
is also desired for telecommunication and military uses.

For future applications, issues such as stability, scalability
and the manufacturing cost of i2DMs need to be addressed.
Many i2DMs are unstable and degrade in air. Therefore, the
rational design of i2DMs and their encapsulation is of great
importance for scalable and practical applications. Cost-effective,
high performance host 2D materials can further the development
of i2DMs for use as transparent electrodes, electrochromic devices,
2D flexible energy storage devices and lightweight conductors."*®
Currently, relatively slow ion transport limits the use of i2DMS for
high speed electronics. However, i2DMs have potential as low
frequency, high power, flexible electronic devices. With further
in-depth studies, i2DMs will rapidly develop and have great
potential in commercial device applications.
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