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Abstract Sections

Intercalation of atoms, ions and molecules is a powerful tool for altering | Introduction

or tuning the properties — interlayer interactions, in-plane bonding Intercalation strategies
configurations, Fermi-level energies, electronic band structures
and spin-orbit coupling — of 2D materials. Intercalation caninduce
property changes in materials related to photonics, electronics,
optoelectronics, thermoelectricity, magnetism, catalysis and energy Outlook
storage, unlocking orimproving the potential of 2D materialsin
present and future applications. In situimaging and spectroscopy
technologies are used to visualize and trace intercalation processes.
These techniques provide the opportunity for deciphering important
and often elusive intercalation dynamics, chemomechanics and
mechanisms, such as the intercalation pathways, reversibility,
uniformity and speed. In this Review, we discuss intercalationin

2D materials, beginning with a brief introduction of the intercalation
strategies, then we look into the atomic and intrinsic effects of
intercalation, followed by an overview of their in situ studies, and finally
provide our outlook.

Effects of intercalation

In situ studies of intercalation
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Introduction

Within just a few years of the discovery of graphenein the early 2000s’,
2D materials became anarea of greatinterest for materials researchers.
These 2D materials revolutionized many aspects of current research,
especially in emerging physics, opto-electronic devices, catalysis,
batteries and more®”.

These materials feature anisotropic bonding — astrong covalent
bondwithin thelayers themselves and weak van der Waals (vdW) inter-
actionsbetween adjacentlayers (Fig.1a). This anisotropic nature makes
intercalation in 2D materials feasible — the intercalated 2D materials
are also known as artificial superlattices®. Here, intercalation refers
to the insertion of foreign species (atoms’’, ions'*'® or molecules")
into thelayer spaces (vdW gaps) of 2D materials”**">" (Fig. 1b) or their
vdW heterostructures™ (Fig. 1c) — a vdW heterostructure is a novel
heterostructurein the form of vdW stacks, created by stacking different
2D crystals vertically with one-atomic-plane precision’®.

Afterintercalation, the interlayer adhesion declines, facilitating
theisolation of atomic layers™. This makes intercalation a tool for the
exfoliation synthesis of atomically thin materials' (2D nanosheets
and 1D nanoribbons, see Boxes 1 and 2, respectively). Crucially,
itis also a powerful part of the property-tuning toolkit of 2D materi-
als’*?, Intercalation brings synergistic effects between layers and
guests, triggers the changes in interlayer interactions and induces
charge (electron or electron hole) transfers, which resultin changes
in the in-plane bonding configurations, Fermi energies, electronic
band structures and spin-orbit effects. These effects tune the prop-
erties of 2D materials in various fields from photonics, electron-
ics, optoelectronics, thermoelectricity, magnetism, catalysis and
energy storage.

Intercalationin2D materials has beenthe topic of several previous
reviewarticles®'*?*, with contents coveringintercalation for tuning the
physics and chemistry of 2D materials®?°?, applications in electron-
ics, optoelectronics, magnetic, energy storage and more?>?-** and for
exfoliations of 2D materials'*****. The currentarticle aims at providing
anupdated perspective onadvancements from an atomic and intrinsic
mechanism, while offering an overview towards the state-of-the-art
insitutechniques for study intercalation mechanisms. The discussions
of thisarticle focus onintercalationinatomically thin 2D vdW materials
(such asbi-layer graphene and few-layer MoS,) — intercalationin thick
layered materials or restacked 2D material membrane (such asMXenes
electrode) is not included and readers can refer to several previous
articles for this® 2,

Inthis Review, we first discuss intercalation strategies, before we
present the atomic and intrinsic effects of intercalation in 2D materi-
als. Following this, examples of in situ studies of intercalation in 2D
materials are given. Finally, thoughts and directions for the future of
intercalation in 2D materials are detailed.

Intercalation strategies

To achieve intercalation, the intercalated compound should be ther-
modynamically more stable than the physical mixture of the foreign
species and 2D materialsinagiven environment; otherwise, deposition
occurs instead® (Fig. 1d). In parallel, the insertion of foreign species
alsorequiresthatacertainenergy barrier must be overcome, whichis
related to theinterlayer interactions of 2D materials and the diffusion
coefficients of the guest species®.

The overall intercalation strategies can be divided into chemi-
cal®™" (Fig. 1e) and electrochemical'®*"" (Fig. 1f) intercalation.
Chemical intercalation can be solution-based”"" or in the vapour
phase?*?, whereas electrochemical intercalation can apply liquid™"*
orsolid electrolytes'®'>'* — demonstrating the diversity of intercalation
strategies. Here, we briefly introduce these intercalation strategies,
discuss the basic processes and suitable species and highlight the key
advantages and limitations of each method. For a comparison of the
intercalation strategies, see Table 1. For additional information about
the intercalation strategies, the reader is referred to several previous
review articles®**?*>%,

Chemicalintercalation

Solution-based chemical intercalation can be achieved by simply
immersing on-chip 2D materials in an intercalant solution®"". Such
an intercalation process is driven by the concentration gradient of
the solution-based species foreign to the layered material and fol-
lows diffusion kinetics. Usable intercalant species include atoms
(such as copper and cobalt)’, ions (such as lithium ions)" and mol-
ecules (such as chiral molecules)”. This is usually a spontaneous or
low-temperature heat-assisted process — but time-consuming —
normally ranging from a few hours to a few days. A large chemical
potential difference between the foreign species and the 2D materi-
als can accelerate intercalation®*. But, excessive chemical potential
differences may also lead to a chemical decomposition onto the
2D materials®.

Vapour-phase chemical intercalation normally operates at high
temperatures in an enclosed vessel, exposing on-chip 2D materials
to the vapourized intercalants® 2, This intercalation process can be
isothermal® or achieved through a two-zone (with temperature gradi-
ent) transport mechanism*. Atoms (such as Ta)®, ions (such as oxygen
plasma, which contains O, and 07)?’, molecules (such as FeCl,)** and
many more canall beintercalatedin this way. Thisintercalation process
can generally be completed in several hours, demonstrating its time-
saving advantage. However, the harsh intercalation condition (high
temperatures) is a shortcoming. In addition, vapour-phase chemical
intercalation usually needs to be performed in an inert environment
toavoid thermally oxidizing the 2D materials, also contributing to the
drawbacks of this technique.

Fig.1|Intercalationin 2D materials. a, A schematic illustration of 2D
materials with weak van der Waals (vdW) interactions between adjacent layers.
b, Foreign speciesintercalated between the 2D layers could be atoms, ions

or molecules. ¢, Beyond 2D materials, intercalation can also happenin their
vdW heterostructures. d, Deposition is favoured over intercalation when the
intercalated compound s less thermodynamically stable than the physical
mixture of the foreign species and 2D materials in a given environment.

e, Chemicalintercalation occurs by immersing 2D materials into an intercalant
solution or exposing it to vapourized intercalants. f, Electrochemical
intercalation normally runs on an on-chip electrochemical cell, in which the

targeted 2D material is a working electrode and connects with a patterned metal
contact. A counter electrode and electrolyte containing the ionic intercalants
complete the electrical circuit. U, voltage. g, Spatially controlled intercalation
isachieved by locally wrapping the 2D materials (through photoresists or

metal pattern), followed by anintercalation process before the wrap is lifted off
(removal of photoresist or metal pattern). h, When the edges of 2D materials are
fully sealed by photoresists or metal pattern, small atoms or ions may intercalate
into the vdW gaps of 2D materials from the top surface. i, Self-intercalation
iswhen the intercalation species is a native atom rather than foreign, such as
tantalum (Ta) intercalation into 2D tantalum disulfide (TaS,).
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Electrochemical intercalation

Electrochemicalintercalationis typically performed onanon-chip elec-
trochemical cell'®* ", The targeted 2D material is a working electrode
andits edges are connected with a patterned metal contact (‘patterned’
here means making the metal contact with aspecific shape and cover-
age area), whichis deposited via electron-beam lithography or amask
evaporation process. A metal counter electrode and an electrolyte
containing the ionic intercalants are also required to complete the
electrical circuit. Applying a voltage to the two electrodes creates a
potential gradient between them, which drives the movement of ionic
intercalants, achieving intercalation.

Box 1

Therateand degree of intercalation can be controlled by adjusting
the applied voltage or current passing through the circuit?. This pro-
cess can be monitored by following the voltage profile?. Intercalation
and de-intercalation can usually be switched as desired by controlling
the charge-discharge conversion***, Rapidity, controllability and
switchability are the considerable advantages of electrochemical
intercalation. To date, these advantages make it the most popularand
widely used intercalation method, particularly appealing in devices
involving electrostatic gating®'®*” — also known as electrostatic doping,
referring to the replacement of donor/acceptor dopants with gate-
induced free charges (electron/hole) — and rechargeable batteries®*.

Intercalation as a tool for the synthesis of 2D nanosheets

As mentioned, intercalation can increase interlayer distances and
weaken interlayer adhesion (van der Waals force), facilitating the
isolation of atomic layers™. This makes intercalation a powerful
tool for the exfoliation of 2D nanosheets from their bulk'®?*4%%% —
2D nanosheets are sheet-like atomically thin materials. The typical
procedure for this strategy involves the intercalation of foreign
species, followed by a mild sonicating exfoliation. To obtain pure
2D sheets, a subsequent centrifugal washing treatment is typically
required. Such treatments involve a low-speed (such as 2,000 rpm)
centrifugal process to remove large chunks and high-speed (such
as 10,000 rpm) centrifugation with multiple cycles to release the
intercalation agents and solvents. Following this, the collected
2D-nanosheets-rich sedimentation (pure 2D sheets) is often
redispersed in solvents (such as water, acetone, isopropyl alcohol,
dimethyl sulfoxide and N,N-dimethyl formamide) via a mild sonication
step for later functional applications.

Lithium ions (Li*) are a famous intercalation species for
synthesizing 2D nanosheets'>*"**, The intercalation of Li* can be
achieved via a chemical™*"** or electrochemical route®*'*°. Several
types of Li* intercalants are available for the chemical intercalation
process, including n-butyllithium (n-BulLi) (refs. 89,154), lithium
borohydride (LiBH,) (refs. 156,157), naphthalenide lithium (Nap-Li)
(ref. 158) and pyrene lithium (Py-Li) (ref. 34). These intercalants are
mainly used to exfoliate transition metal dichalcogenide (TMD)
materials, resulting in the synthesis of monolayers with high yield, but
the resultant nanosheets often differ structurally and electronically
from their bulk counterparts (known as structural phase transition:
the phase transfer from 2H to 1T or 1T’) (ref. 19). The drawbacks for
most of the chemical Li* intercalation process also lie in the long time
(2-3 days) and harsh conditions (100-300°C, argon-filled glovebox).

Alternatively, electrochemical Li* intercalation is relatively rapid
and mild®*"*>'%%8" _ gchievable within 6 h at room temperature.

The degree of Li* insertion in the electrochemical Li* intercalation-
based exfoliation strategy is easily controlled by tuning the cut-
off voltage®. This avoids poor exfoliation efficiency and crystal
structure decomposition caused by incomplete and excessive Li*
insertion, respectively®. This strategy is also generic. It achieves
high-yield production of diverse monolayer or few-layer inorganic

nanosheets, including graphene'®, hexagonal boron nitride™,

various TMDs?*'*>™9%6! 'gh, Se, (ref. 159), Bi,Te, (ref. 159) and Pd,P,S,
(ref. 160). In spite of the aforementioned advantages, the 2H to 1T or
1T’ phase transition of the final products is still difficult to avoid for
this method™.

Using large-sized tetraalkylammonium ions (R,N*, such as
tetraheptylammonium ions) as intercalation species solves the
problem regarding phase transitions, ultimately resulting in 2D
nanosheets of high purity“°. The large size of R,;N" naturally limits
the number of intercalated ions into the layer space of bulk TMD
materials and thus reduces the transfer number of electrons from
intercalated ions to the d orbitals of the host transition metal atoms,
bypassing the phase transition°. Intercalation with R,N" is carried out
in an electrochemical cell with a bulk crystal cathode, Pt wire (or foil)
anode, and an R,N*-containing electrolyte. Following the successful
synthesis of high-quality MoS, nanosheets with a high-purity 2H
phase®, a range of other 2D nanosheets have been prepared by the
R,N* intercalation-based exfoliation strategy from graphene'®* to
other TMDs*%¢316%1%5 black phosphorus'®—"®°, A,B; (such as In,Se;,
(refs. 40,170,171), Bi,Se, (ref. 40) and Sb,Te; (ref. 40)), to materials
with a formula of AMX, (such as AgCrS,)"". Normally, exfoliated
nanosheets are solution-processable, printable and compatible
with various solution-based deposition techniques (such as drop
casting, inkjet printing and industrial roll-to-roll coating)”. These
properties make it easy to integrate the final product into various
substrates (such as Si or SiO, and porous polymers), leading to the
manufacture of customizable devices, such as high-performance
MoS, transistors*®’*'* adaptable and breathable electronic
membranes'. The current drawbacks of using R,N* for intercalation
strategies are its high cost and its resulting low single-layer yield.

Beyond Li* and R,N’, other intercalation species are also used to
peel off nanosheets, such as sulfate ions (SO,>)"", boron tetrafluoride
ion (BF,)"” and small molecules (such as 4,4'-dipyridyl disulfide”® and
alkylamine™). Additionally, the quality of the exfoliated nanosheets is
influenced by several factors, including the types and concentrations
of the intercalant, polarity, surface energy (surface tension) and
Brgnsted-Lowry acidity of the solvent, magnitude and duration
of the applied voltage and the exfoliation power”. For additional
information about the intercalation-based exfoliation strategy for the
synthesis of 2D nanosheets, the reader is referred to ref. 19.
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Box 2

Intercalation as a tool for the synthesis of 1D nanoribbons

Beyond the synthesis of 2D nanosheets, intercalation has also been
applied for the fabrication of 1D nanoribbons, especially black
phosphorus (BP) nanoribbons'°"®* — 1D nanoribbons are ribbon-
like atomically thin materials characterized by a large aspect ratio.
The BP crystal has anisotropic in-plane bond energies, owing to

its non-equivalent P=P covalent bonds along the armchair (AC,
d,.=2.224 A) direction and zigzag (ZZ, d,,=2.244 A) direction®®

(see the figure, panel a). When small ions are intercalated into

the layer space of BP crystals, small lattice strains will occur in

BP. Such strains tend to create a fissure along the ZZ direction,
resulting in the exfoliation of BP like a zipper, ultimately forming BP
nanoribbons".

The famous Li* has been reported as the intercalation species for
the synthesis of 1D BP nanoribbons®®*®'. The fabrication process starts
with an outgassing treatment of BP crystals at 100°C under dynamic
vacuum for 1 week, followed by several steps in series, including
mixing of BP-layered crystal and lithium metal, a cooling treatment
(-50°C), a lithium-dissolving process via adding ammonia gas, an Li*
intercalation process (24 h), an ammonia-removing treatment and
a drying process of the intercalation compound. The process ends
with an exfoliation treatment via sonication (1h) or stirring (1 week)
by adding anhydrous aprotic solvent. Stable, uniform and flexible
BP monolayer nanoribbons could be fabricated by this method
(see the figure, panel b, whose left part presents a transmission
electron microscopic image of the obtained BP nanoribbons and the
photograph of the BP suspension and the right part shows the length
versus width scatterplots and the corresponding enlarged view of the
BP nanoribbons, extracted from transmission electron microscopic
data). But this strategy is constrained by its complex, time-consuming
and environmentally demanding natures.

a Anisotropic structure of BP
High reactivity

The 1D BP nanoribbons can also be fabricated via an
electrochemical BF,” intercalation-based exfoliation strategy'®.
The overall process involves electrochemical BF,” intercalation
and oxygen-driven exfoliation. The electrochemical intercalation
is performed in an electrochemical cell with bulk BP anode,
platinum (Pt) cathode and [BMIM]BF, water solution as an
electrolyte. This method is simple and feasible, avoiding the
drawbacks of the aforementioned chemical Li* intercalation-
based exfoliation method. But, the disadvantage of this method
lies in the impact of oxygen molecules towards the final products,
which results in impure BP nanoribbons, containing lots of
neutral defects and dangling oxygen and hydrogen bonds at
the edges.

Using TPA" (ref. 184) or Na* (ref. 182) as intercalation species is
also feasible for the fabrication of 1D BP nanoribbons. The typical
procedure of this method involves an electrochemical cation
intercalation and a subsequent sonication exfoliation process.

The two-electrode electrochemical cell is applied for the TPA*
intercalation process, with a bulk BP crystal cathode, Pt wire (or foil)
anode, and TPA*-containing electrolyte’*. Electrochemical Na*
intercalation was performed in a coin cell with BP crystal cathode,
Na metal anode and sodium hexafluorophosphate (NaPFg) in ethyl
carbonate and propylene carbon mixture solution as electrolyte'?.
The overall process is carried out in an argon-filled glovebox,
thereby avoiding the impact of oxygen. The final BP nanoribbons,
therefore, are high purity without neutral defects (small widths:
10.3£3.8nm and short lengths: 250+156 nm), dangling oxygen and
hydrogen bonds.

Panel b is reprinted from ref. 180, Springer Nature Limited.

b The BP nanoribbons produced via Li* intercalation
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Thelimitation of thisintercalation techniqueliesin the requirement for

charged intercalants —but it is highly efficient for most ion intercala-
tionspecies (suchaslithiumions (Li*)'*>™, cetyl-trimethylammonium

ions (CTA")" and tetraalkylammonium ions (R,N")*°). In addition, it is
necessary to ensure that the 2D materials are electrochemically stable
within the applied voltage window.
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Table 1| A comparison of different intercalation strategies

Strategies

Suitable species

Advantages

Disadvantages

Examples

Solution-based chemical
intercalation

Atoms (such as Cu
and Co)®, ions (such as
Li")", molecules (such
as chiral molecules)”

Easy to process, reversible,
scalable, clean product
(no SEI), high degree of
intercalation, available to
all host materials (include
non-conductive ones)

Slow kinetics, time-
consuming (from hours
to days), hard to precisely
control the concentration
of intercalants, hard

to achieve real-time
characterization

Cu and Co intercalation in SnS,

(ref. 9); Li" intercalation in MoS,

(ref. 11); R-a-methylbenzylamine or
S-a-methylbenzylamine intercalation
in TaS, and TiS, (ref. 17)

Vapour-phase chemical
intercalation

Atoms (such as Ta)?,
ions (such as oxygen
plasma, which
contains O,"and 07)%,
molecules (such as
FeCly)*

A little fast (several hours),
scalable, available for
most of host 2D materials
(including non-conductive
ones), product without
contamination

Harsh in intercalation
conditions (high-
temperature and inert
gas atmosphere), low
controllability, hard
to achieve real-time
characterization

Ta intercalation in TaS, (ref. 8),

oxygen plasma, containing O," and

O intercalation in MoS, (ref. 29), FeCl,
intercalation in graphene®

Electrochemical intercalation

lons (such as

Li* (refs. 10,12-14),
CTA" (ref. 15), R,;N*
(ref. 40))

Fast in speed, controllable
for the intercalation process
and switchable between
the intercalation and
de-intercalation, scalable,
available for real-time
characterization

Not workable for
electroneutral atoms and
molecules, sometimes
unclean in product (with
SEl), host 2D materials
need to be conductive

Li* intercalation in MoS,, TaS,, bilayer
graphene and hBN-MoS,-graphene-
hBN heterostructures'*'*", CTA*
intercalation in BP™, R,N" intercalation
in MoS,, WSe,, Bi,Se;, NbSe,, In,Se; and
Sb,Te, (ref. 40)

Spatially controlled intercalation

Atoms (such as Cu
and Co)?, ions (such as
Li+ and H+)ﬁ,30,4’|

Spatially controllable for
intercalation

Requires both
intercalation and
lithography techniques

Cu and Co intercalation in SnS, (ref. 9),
Li* intercalation in MoS, (ref. 11), H*
intercalation in MoO; (ref. 30)

Intercalation from the surface

Small atoms or ions
(such as Li* and Na")*

Uniform intercalation of
foreign species

Only feasible for small
atoms or ions

Li* intercalation from MoS, surfaces®

Self-intercalation

Atoms (such as
Ta (ref. 8) and Cr
(refs. 43,48-50))

High-quality products, well-
defined phases, long-range
crystalline order

Harsh intercalation
conditions (high
temperature and

Self-intercalation of Ta in TaS, (ref. 8),
the self-intercalation of Cr in CrS,
(refs. 43,48-50)

high native atom flux)

BP, black phosphorus; CTA", cetyl-trimethylammonium ion; hBN, hexagonal boron nitride; R,;N*, tetraalkylammonium ion; SEI, solid electrolyte interface.

Emerging intercalation techniques

New forms of intercalation are emerging, such as spatially con-
trolled intercalation®*°*, intercalation from the surface®** and
self-intercalation®*,

Spatially controlled intercalation (Fig. 1g) is a fascinating pro-
cess that enables spatial and size control of the intercalation process
and can produce in-plane heterostructures®’*** — formed through
lateral interfacing of atomic layers of different materials, which is
opposite to the vertical heterostructure created by the layer-by-layer
stacking of atomic layers of different materials*®. Spatial and size con-
trol is achieved via a local ‘masking’ strategy, which can be applied
by a patterned metal deposition (such as zinc and aluminium)® or
withaphotoresist coating’, followed by lithography®*°. After inter-
calation, a chemical etching process normally follows to remove the
metal or photoresist. Although this intercalation approach enables
spatial and size control, it is highly reliant on micro-nano masking
technology involving lithography, increasing the technical difficulty
of implementation.

Intercalation fromthe surface (Fig.1h) refersto theinsertion of for-
eignspeciesinto the vdW gaps from the surface of 2D materials rather
than from the edges; normally, intercalation from the edges shows less
intercalation resistance and more prone to occur®*, Surface intercala-
tion occurs when the edges of the 2D materials are fully encapsulated
by metal or other encapsulating agents*. Normally, only small atoms
orionsareused for suchintercalation. Forexample, Li* and Na* can pass
through the top surface of MoS, into its vdW gaps, but larger-sized K*
cannot®, This is because the surfaces of 2D materials are covalently

bonded — in principle, foreign species can only enter the vdW gaps
through the limited atomic gaps. However, surface vacancies create
surface entrances large enough for smallions to penetrate leading to
uniformintercalation®. By contrast, the lateral intercalation (intercala-
tion from the edges to the centre) isnormally acontinuous and gradual
process, forming distinct intercalated and non-intercalated domains®.

Self-intercalation (Fig. 1i) refers to the insertion of native atoms
(forexample, Taintercalationin 2D TaS,(ref. 8) and Crintercalationin
2D CrTe, (refs. 43,48-50)), as opposed to foreign atoms. Owing to the
close chemical potential between native atoms and the target 2D mate-
rials, self-intercalation is difficult to achieve through the traditional
intercalation methods, which are post-insertion and diffusion-limited
processes. Afeasible strategy for self-intercalation is to embed native
atomsinthe 2D materials during the layer-growing process by increas-
ing the native atom flux®**>*!, in which both molecular beam epitaxy
and chemical vapour deposition are useful techniques®. The superiority
of self-intercalation (compared with traditional intercalation strategies
thatinvolve theintercalation of foreign species) lies in the high quality
ofits products, which often have a well-defined intercalated phase with
long-range crystalline order with ferromagnetic properties®*®*’, which
are difficult to obtain by traditional intercalation ways.

Effects of intercalation

Intercalation can, among others, lead to synergistic effects, changes
tointerlayer interactions, reconstructions of in-plane bonding, shifts
of Fermi levels, changes in electronic band structures, tuning of the
spin-orbit effects and lattice parameters. Here, we introduce the effects

Nature Reviews Chemistry | Volume 8 | June 2024 | 410-432

415


http://www.nature.com/natrevchem

Review article

resulting from intercalation, highlighting their tuned properties and
the corresponding applications in Supplementary Table 1.

Synergistic effects

These effects often appear in intercalated 2D materials (the so-called
artificial superlattices), granting them properties beyond the reach of
simpler, non-intercalated materials*.

The synergistic effect between the 2D crystals and intercalant is
reflected in the following two aspects. On the one hand, intercalation
species can inject new properties into 2D crystals, which are usually
absentinthe pure material. Onthe other hand, the atomiclayers of the
2D crystals provide protection for the intercalation species, protecting
them from damage during applications.

A prominent example is 2D tin disulfide (SnS,) intercalated with
catalytically active metal single atoms (such as Pt, Pd, Niand Cu), which
shows outstanding catalytic performance and superior long-term
durability® (Fig. 2a). The metallic single atoms endow the intercala-
tioncompound with catalyticactivity, whereas the atomiclayers of 2D
SnS, protect the catalytic centres by confining them within the layers,
endowing the compound with ultrahigh electrocatalysis stability (no
conspicuous decay of the current after 72 htested at a current density
of 10 mA cm (ref. 52) compared with the physically adsorbed single-
atom catalysts (stable for <24 h at a current density of 10 mA cm™
(ref.53)).Such ametal single-atom intercalated 2D crystal is a promis-
ing candidate for catalysts of the future, achieving high atom efficiency
and superior durability.

Intercalating chiralmolecules (forinstance, R-a-methylbenzylamine
or S-a-methylbenzylamine) into 2D atomic crystal (suchas TaS,and TiS,)
make the created artificial superlattices exhibit chiral-induced spin
selectivity, broadening its application for spintronic devices without
external magnetic fields" (Fig. 2b) — a semiconductor device in which
spinproperties areintroduced, using electron charge and spin together
asthe carrier of information. The 2D atomic crystal has electronic con-
ductivity and the ability to integrate into functional devices and to give
protectionto chiral molecules.

Inserting paramagneticions (such as holmium®* and/orironions®)
into 2D crystal endows the superlattice with an active magneticresponse,
whichisanovel method for creating promising magnetic devices capable
of processing and storing information. The magnetic response can be
tuned by controlling the concentration of intercalated paramagnetic
ions, and a rapid reversal of the magnetic response can be achieved by
de-intercalation™.

Despite the synergistic effects in an intercalated compound, the
opposite canalso be true where adverse effect presents themselves as
reflected in the two following aspects. On the one hand, the confine-
ment of atomic layers of a 2D material may prevent the properties
of intercalated species from being fully utilized. For example, when
conducting catalytic high-value reactions of biomass macromolecules,
2D artificial superlattices intercalated with catalytically active metal
single atoms may exhibit catalytic inertness. This is due to a lack of
physical access between the biomass molecules and the catalytically
active metal — blocked internally and externally by the atomic layers.
By contrast, the intercalation of foreign species may damage the 2D
material, weakening or even removing their original properties. For
instance, the intercalation of alkali metalions often results in the phase
transition of 2D transition metal dichalcogenides (TMDs) from the
semiconducting 2H phase to the metallic 1T phase'*"*** (a detailed dis-
cussion concerning phase transitions is presentin the ‘Reconstructing
in-plane bonding’section). Further to this, theintercalation of sulfate

ions (S0,%) may oxidize multiple layers of graphene® or introduce
lattice defects in 2D TMDs”, thereby weakening the electronic
conductivity of the original graphene and TMDs.

Therefore, to create anartificial superlattice throughintercalation
with ideal synergistic effects and no inhibitory effects, a reasonable
selection of the 2D host crystals and guest species is crucial. Machine
learning willbe a powerful tool to drive this selection®, and throughi it
intercalation can be modelled, guiding researchers in designing and
synthesizing new intercalated artificial superlattices as needed.

Changes ininterlayerinteractions

Intercalation often triggers c-axis lattice expansion™***° (Fig. 2c). For
example, oxygen plasma (containing O," and O") intercalation increases
the interlayer distance of MoS, from 6.05 A t0 9.27 A (ref. 29). Larger
lattice expansions present themselves when long-chain organic ions
(suchas CTA" (refs.15,40,61) and tetrabutylammoniumions®>®*) are the
intercalants. After CTA" intercalation, the interlayer distance increases
from 5.23 A t011.27 A in 2D black phosphorus (BP) and from 6.16 A to
15.09 A for 2D MoS, (ref. 15).

Lattice expansion can weaken the interlayer interaction in 2D
materials, which may lead to various changes to its properties includ-
ing the generation of natures that are intrinsic to monolayer materi-
als™>?7264¢6 phononscattering® *, enhancing the degrees of freedom
forinterlayer sliding’® and reducing cross-plane thermal conductivity
along with improving electron mobility in the compound™.

Weakeninginterlayerinteractions canresultinthe appearance of
exotic properties (that are intrinsic to monolayer materials) in inter-
calated 2D materials™>?*%>°*%, These exotic properties include photo-
luminescence”, superconductivity®, ferromagnetism®” and more
(as discussed in this section). Impressively, the properties exhibited
inthe artificial superlattices often surpass those shown in their mon-
olayer counterparts®. Also, owing to the mutual protection of adjacent
layers, intercalated 2D materials are more stable inair than similar, but
non-protected monolayer materials™®,

For example, the MoS,[0,], artificial superlattice created via soft
oxygen plasmaintercalation has abandgap similar to what is intrinsic
for an MoS, monolayer® (Fig. 2d). Photoluminescent properties have
alsobeenreported for this material, whichis almost 100 times stronger
than that of MoS, monolayers on their own” — this could openthe door
for new optoelectronic developments of TMDs.

The 2D BP superlattice produced by CTA" intercalation exhibits a
bandgap of 2.13 eV, close to that of a BP monolayer (1.94 eV)" (Fig. 2e).
The superlattice allows access to the key properties of BP monolayer,
from high carrier mobility to high on/off current ratio and tolarge opti-
calbandgap® (optical bandgap is asolid-state physics term, represent-
ingthe energy difference between the lowest point of the conduction
band and the highest point of the valence band) — but the superlattice
also allows for superior environmental stability with less BP degrada-
tion, which is otherwise flammable®. This stable superlattice is the
future of functional BP electronics and optoelectronics.

Additionally, intercalation in topological insulators (also called
quantum spin Hall insulators such as Bi,Se;, Bi,Te; and Sb,Te;) may
result in superconductivity®*. Topological insulators are a class of
materials that are insulated internally (in the bulk), but show metal-
lic (conductive) behaviour on its surfaces. Weakening the interlayer
interactions owing tointercalation can make the surface conductance
ofatopologicalinsulator more dominant, leading to superconductiv-
ity®*. Furthermore, intercalation induces topological transitions from
aninitial type-11 Weyl semimetal of orthorhombic MoTe,and WTe, toa
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Fig.2|How intercalation can bring synergistic effect and change interlayer
interaction. a, Synergistic effects between 2D materials and single metal
atoms (such as Pt, Pd, Niand Cu). b, Synergistic effect between 2D materials and
chiral molecular (R-a-methylbenzylamine (R-MAB) or S-a-methylbenzylamine
(S-MAB)). ¢, Following intercalation, the interlayer distances increase (d, > d,).
For example, after cetyl-trimethylammonium ion (CTA") intercalation, the
interlayer distance increases from 5.24 A to 11.21 A for 2D black phosphorus
(BP) and from 6.16 A t015.09 A for 2D molybdenum disulfide (MoS,) asseenin
the high-resolution transmission electron microscopic (HRTEM) images.

d, MoS,[0,], artificial superlattice (top part) and its strong photoluminescence
(PL) property (bottom part). The bottom part is the time-dependent PL spectra
of pristine MoS, (non-intercalated) and plasma-treated (O," intercalated) MoS,,
demonstrating strong PL of 3-min plasma-treated (O, intercalated) MoS,.

e, BP[CTA"], artificial superlattice (top part) and its large optical bandgap (bottom

part). The bottom partis the simulated electronic structure of BP[CTA"],, showing
the enlarged optical bandgap of 2.13 eV. Valence band maximum, green line;
conduction-band minimum, red line. f, MoTe,[C,MIm]*, artificial superlattice
(top part) and its enhanced superconductivity (bottom part). The bottom part is
the low-temperature transport measurement of MoTe,[C,MIm],, demonstrating
thatits zero resistance temperature is about 5.1 K, meaning that itbecomes
superconducting at low temperature. MoTe,, molybdenum ditelluride. The
chemical formula of [C,MIm]*is [C;H;N,]*. g, Intercalation-enhanced interlayer
sliding. h, Intercalation causes c-axis tensile strain, mesoscopic disorder and
enhanced surface roughness. a.u., arbitrary unit. Panel cis adapted fromref. 15,
Springer Nature Limited. Panel d is adapted from ref. 29 under a Creative
Commons licence CC BY 4.0. Panel e is adapted from ref. 15, Springer Nature
Limited. Part fadapted with permission fromref. 65, Elsevier.

final topological insulator, altering their band structures which allow
for superconducting properties® (Fig. 2f). Type-1l Weyl semimetals
(not following Lorentz symmetry) are one type of topological Weyl
semimetals, and the other type, called type-1 Weyl semimetals, follows
Lorentz symmetry’>”,

The weakening of interlayer interactions can enhance the degree
of freedomofinterlayer sliding and also reduce flexural modulus (mak-
ing materials easier to bend), thereby improving structural flexibility”
(Fig. 2g). Organic-inorganic superlattices, such as [(hexylammonium),
(H,0),(dimethyl sulfoxide),]/TiS,, are emerging materials in the field
of flexible wearable electronics™.

Aninhomogeneous distribution ofintercalated species oftenleads
to uneven c-axis lattice expansions, resulting in tensile strains along
the same axis and mesoscopic disorder (high degree of surface rough-
ness)®. This induces phonon scattering, thereby reducing thermal
conductance® * (Fig.2h). These phenomena have been observed in 2D
MoS, (refs. 67,69) and BP*® with lithium electrochemically intercalated.
Further to this, by switching betweenintercalation and de-intercalation
(reversible intercalation), lattice expansions can be finely controlled
and thereby the thermal conductance of 2D materials can be modu-
lated, opening the door for creating switchable thermal transistors and
laying the foundation for electrochemically driven thermal regulators
of the future®.

Beyondreducing thermal conductivity, the reduction of interlayer
interactions (induced by aintercalation) may also improve or maintain
electron mobility and electrical conductivity in thein-plane direction
of 2D materials™. This endows intercalated material with the ability to
generate thermoelectric power”’, which is the notion of generating
electricity fromheat’. A prominent example of this is the superlattice
of alternating SnS and TiS,, which displays enhanced thermoelectric
properties compared with single, non-intercalated 2D TiS, materials’.

Although weakening theinterlayerinteractions caused by interca-
lation canresultin the exotic properties of 2D materials as mentioned
earlier, defects and potential issues remain. Owing to the weakening of
interlayerinteractions and the formation of lattice strain, intercalated
2D materials are easily broken during use'>”*. This problem may hinder
the application of intercalated 2D materials in modern devices (such
as large-area thin-film devices, transistors, photodetectors and optic
modulators), which often rely on large 2D crystals (up to hundreds
of microns). Performing a mild intercalation in a moderate environ-
ment (pH, current-voltage, intercalation agent concentration and
temperature) by controlling the intercalation dynamics is a solution
to this problem.

Reconstructing in-plane bonding

Intercalation can induce charge (electron or hole) transfers (Fig. 3a).
Such transfers require a difference in chemical potential between the
foreignspecies and 2D materials, in which the materials require the abil-
ity to accept electrons or holes. Alkali metal ions, particularly Li*, are
commonly used as one-electron donors owingto their high reduction
potential, whereas TMDs often only accept electrons owing to their
negatively charged chalcogen layers”. Spanning this divide is few-
layer graphene, which can accept either electrons or holes during the
intercalation process’.

Intercalation-induced charge transfer can drive the reconstruc-
tion of in-plane bonding, resulting in structural phase transitions of
2D materials™"**%*7780_Such transitions are particularly common
in TMDs">*, whose general formula is MX,, in which M and X refer
to a transition metal and a chalcogen (S, Se and Te), respectively®*2,
TMD polymorphs exists with different coordination geometries of
transition metal atoms®"**: such as the 2H phase, which is a trigonal
prismatic; the1T phase, whichis anoctahedral; and the 1T’ phase, which
isadistorted octahedral (Fig. 3b). The stacking order within the atomic
planes (X-M-X) differs between the polymorphs, in whichthe 2H phase
exhibits Bernalstacking (ABA) and the 1T phase contains rhombohedral
stacking (ABC). The diversity of the polymorphs and their structures
give rise to various properties®*> — for example, 2H-MoS, often show
semiconducting properties, whereas 1T-MoS, and 1T’-MoS, can exhibit
metallicand semimetallic characters, respectively. The three structures
of these TMDs are close in energy owing to the small electronegativ-
ity of their chalcogens®’, which facilitates bond reconstruction in the
TMDs under near-ambient conditions®. This is why polymorphic phase
transitions are commonin TMDs.

Theintercalation of alkali metalions, especially Li*, involves elec-
tron transfers from the s-orbital of alkali metal into the d-orbital of
the host transition metal, becoming charge neutral overall. When
electron transfer isbeyond a certain threshold (for MoS,, this threshold
is 0.29 electrons per formula unit*°), the stability of the metal coordi-
nation of a trigonal prismatic structure (2H phase) will be lower than
that of the octahedral structure (1T phase), and thereby the in-plane
bond reconstruction and 2H-to-1T phase transitions occur (Fig. 3¢).
The octahedral coordination (1T phase) can spontaneously distort to
formadistorted octahedral coordinationstructure (1T phase). There-
fore, the overall phase transitions of TMDs induced by theintercalation
of alkalimetalions are 2H-to-1T/1T".

Spatially controlled intercalation of alkali metal ions results
in local 2H-to-1T/1T’ phase transitions, producing in-plane TMD
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Fig.3|How intercalation canlead to reconstruction of in-plane bonding.

a, The bottom panel displays the electronic structure band diagram of the
intercalation-induced charge transfers, as shownin the top of this panel.

b, Schematic models of the different phases of transition metal dichalcogenides
(TMDs). The 2H phase is trigonal prismatic, 1T phase is octahedraland 1T’ phase is
adistorted octahedral. Also shown are the stacking orders of the atomic planes for
the 2H phase: Bernal stacking (ABA); the 1T phase and the rhombohedral stacking
(ABC). ¢, 2H-to-1T and 1T-to-1T’ phase transitions in TMDs during intercalation.

d, Theleft partis the electrostatic force microscopicimage of the prepared
1T-2H-1T molybdenum disulfide (MoS,) hetero-phase junction. The middle part
is the atomic model of this hetero-phase junction. The right part is the schematic
illustration of the transistor with low-resistance contacts based on the 1T-2H-1T
MoS, hetero-phase junction. e, The left part is the schematicillustration of the
lateral Schottky diode based on the MoS, semiconducting-metallic 2H-1T/1T")

hetero-phase junction. The right partis a schematic of the flexible rectifier based
on the MoS, semiconducting-metallic hetero-phase junction, integrated with
aflexible Wi-Fiband antenna. f, The left part is a schematic illustration of the
MoS,-based memristive device. In this device, one of the electrodes (right
gold electrode) is normally grounded, and the voltage bias is applied on the other
electrode (left gold electrode) to drive lithium-ion migrationin the Li,MoS,
film. The middle partis an atomic model of a reversible phase transition in such
memristive devices. When a negative voltage is applied to the left gold electrode,
MoS, undergoes a1T’-to-2H phase transition. When a positive voltage is applied
to theleft gold electrode, MoS, undergoes a2H-to-1T’ phase transition. The

right partis the schematic diagram of the artificial neural networks based on

the coupling of five MoS,-based memristive devices. A, B, Cand D represent four
presynaptic terminal electrodes; G represents a postsynaptic terminal electrode.
Panel dis adapted fromref. 11, Springer Nature Limited.

hetero-phase junction'*!. Such a semiconducting-metallic

(2H-1T/1T’) hetero-phase junction opens up new opportunities in
TMD electronics™*. A notable example is a superior MoS, transis-
tor with low-resistance contacts, which was created using the MoS,
hetero-phase junction produced by local (spatially controlled) Li*
intercalation" (Fig. 3d). The well-patterned metallic 1T-MoS, region
serves as the contact of these transistors, providing a contact resist-
ance (200-300 Q pm) lower than that of frequently used metal (such
as Au) contacts (0.7-10 kQ pm). Such a transistor has aboosted device
performance, including high drive currents, large on/off ratios, high
electron mobility and low sub-threshold swing values™ — a perfor-
mance index that measures the mutual conversion rate between
the on/off states of a transistor. In addition, the produced MoS,
semiconducting-metallic (2H-1T/1T’) hetero-phase junction has also
beenappliedinthe fabrication of aflexible, ultrafast Schottky diode
with a cut-off frequency of 10 GHz without external bias* (Fig. 3e) —
the Schottky diode (also known as Schottky barrier diode or hot-
carrier diode) isasemiconductor diode formed viaasemiconductor-
metal junction. Integrating a flexible Wi-Fi band antenna into such
adiode, a special kind of fully flexible and integrated, battery-free
antenna (called rectenna or rectifying antenna) was constructed,
which can wirelessly harvest electromagnetic radiation in the Wi-Fi
band (2.4 GHzand 5.9 GHz)*.

Reversibleintercalation of alkalimetalions also leads to reversible-
phase transitions of 2D MoS, — this endows the material intriguing
opportunities for the application as memristive devices” (Fig. 3f);
memristive devices are electrical resistance switches (two-terminal
‘memory resistors’) that have memory functions and can retain an
internal resistance state accordingto the history of applied voltage and
current®. By coupling several Li,MoS,-based memristive devices into
anetwork sharing an electrode, the synaptic interactions in artificial
neural networks can be emulated of great interest in neuromorphic
computing®.

Beyond the conventional 2H-1T/1T’ phase transition in TMDs,
astudy has also demonstrated an unconventional-phase transitionin
WS, — from a semimetallic 1T’ phase to a semiconducting 1T’; phase
(a distorted octahedral phase) — induced by proton intercalation’.
Such a phase transition is also reversible, which opens up the possi-
bility of its use in the application of transistors, memory devices and
neuromorphic computing.

In addition to MoS, and WS,, intercalation-induced structural
phase transitions are also widely present in other TMDs, such as MoSe,
(ref. 85), WTe, (ref. 86), TiS, (ref. 79), TaS, (ref. 87) and TaSe, (ref. 87).

Intercalation-induced bond reconstructions have also been seen in
other 2D vdW materials beyond TMDs, such as BP, MoO; and MnO,
(refs.30,77,80). For example, intercalation of Li*in BP is predicted to
break the P-P bond, resulting in a local structural transition from an
orthorhombic lattice to an assembly of parallel nanoribbons with
rhombohedra-like symmetry””. These parallel, narrow nanoribbons
often undergo a self-healing process during the Li de-intercalation,
resulting in the formation of blue phosphorene”. This blue phos-
phoreneis predicted to form a distinctive crystalline and electronic
structure® (characterized by buckled honeycomb lattice and has
a wider bandgap of ~1.1 eV compared with black phosphorene
~0.3 eV), opening new opportunitiesin electronic and optoelectronic
applications.

In brief, intercalation-induced charge transfer can lead to in-
plane bond reconstruction, leading to structural phase transitions
of the 2D materials; this is especially the case for TMDs. Following
a phase change, the materials often exhibit entirely different prop-
erties®, generating the potential for diverse applications, from
electronic devices" to catalysis®, to batteries’” and to supercapaci-
tors®’. Impressively, spatially controlled intercalation and reversible
intercalation can induce spatially controlled phase transitions'*
and reversible phase transitions®, respectively, providing intrigu-
ing opportunities for their application in modern devices such as
lower contact resistance transistors”, ultrafast Schottky diodes*
and memristive devices®.

Beyond these opportunities, structural phase transitions may
also lead to drawbacks. For instance, the 2H-to-1T phase transition
may remove the original semiconducting properties of 2D TMDs,
destroying their versatile use in applications ranging from semicon-
ductor devices to photocatalysis. Decreasing the amount of electrons
inserted into a system by using large intercalation species (such as
tetraheptylammoniumions, THA") is a plausible method of preventing

phase transitions during the intercalation process*.

Shifts of Fermilevel and changes in electronic band structures

Intercalation-induced electroninjection oftenresultsin theincrease of
free electron density in 2D materials, thereby elevating the Fermilevel
of 2D materials. For example, after Cuintercalation, the Fermilevel of
Bi,Se; is raised to the conduction band — known as a Burstein-Moss
shift of the bandgap, leading to an increase of the effective band-
gap’ (Fig. 4a). In such band structures, electron transitions from the
valencebandto the bottom level of the conductionband are prohibited.
Instead, electron transitions occur between the valence band and the
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Fig. 4 |How intercalation shifts Fermilevels, alters electronic band structures
and tunes spin-orbit effects and lattice parameters. a, The top left partisa
schematicillustration of Cuintercalationin Bi,Se;. The top right part is the band
diagram of Cu-intercalated Bi,Se,, showing the Fermi level of Bi,Se; raised to

the conductionband — known as Burstein-Moss shift of the bandgap — upon
intercalation. The bottom part is the calculated band structure of Bi,Se, before and
after Cuintercalation. The black dotted line indicates the position of Fermi levels.
b, Optical transmission images of Bi,Se, before (left part) and after Cuintercalation
(right part), showing anincrease in the optical transparency. ¢, Electronic structure
of molybdenum disulfide (MoS,) before and after lithium-ion (Li*) intercalation,
showing an overlap of the conduction band and the valence band of MoS, after Li*
intercalation. d, A schematic illustration of calcium (Ca) intercalation in bilayer
graphene (the top part) and the angle-resolved photoemission spectroscopic

(ARPES) images of bilayer graphene before and after Ca intercalation (the bottom
part). The ARPES image shows a side-by-side comparison of the experimental
valence band structure of bilayer graphene before and after Ca intercalation.
Downward shift of the C2p mand o bands caused by Caintercalationis vividly
seen (asindicated by the white arrows), which results in the movement of the
Fermi-level () crossing point of the m* band away from the K point. e, A schematic
illustration of the tantalum (Ta) intercalation in tantalum disulfide (TaS,) and the
charge density difference in TaS,-Ta-TaS, highlighting the electron transfer from
theintercalated Taatomto the Tain the TaS, layer. f, Intercalation of Li* in Fe,GeTe,
bilayer and an illustration showing the spin redistribution mechanism of the Fe-3d
bands. Panels aand b are adapted fromref. 91, Springer Nature Limited. Partd
isadapted with permission fromref. 97, National Academy of Sciences. Panel e is
adapted fromref. 8, Springer Nature Limited.

first unoccupied level above the Fermi level. The degree of the Fermi
levelshiftisrelated to the carrier density, which normally increaseslin-
early with the concentration of foreign species. For instance, when the
injected carrier density reaches about 6 x 10" cm™ per layer for LiC,
the Fermilevel shifts up about1.5 eV (ref. 92). This up-shift of the Fermi
level oftenleads to the suppression of interband optical transitions”*,
thereby decreasing the optical conductivity and enhancing optical
transparency’ >, The substantial enhancement of optical transparen-
cieshasbeendemonstrated in conductors (forinstance, Li-intercalated
2D graphite®), semiconductors (for example, Li-intercalated MoS,
(refs. 94,95)) and topological insulators (such as Cu-intercalated Bi,Se,
(ref. 91)) (Fig.4b). This opens up new opportunities for applicationsin
transparent optoelectronic devices. Intercalation-induced electron
injection can also markedly change the electronic band structure of 2D
materials, thus tuning the electronic properties®*®. An overlap of the
conduction and valence bands is found in Li-intercalated 2D TMDs*
(Fig. 4c), in which the Fermi level lies in an incompletely filled band.
Suchabandstructure resultsinametallicbehaviour of the intercalated
2D TMDs with high conductivity. Both theincrease in optical transpar-
ency and the increase in conductivity make intercalated 2D materials
apotential candidate for touchscreen applications.

Additionally, the rise of the Fermi level, the enhancement of the
density of states at the Fermi level and the changes of electronic band
structures may induce strongly correlated phenomenain 2D materials,
such as superconductivity’ >, For example, an exotic superconduct-
ingstate appearsin Ca-intercalated bilayer graphene”. Angle-resolved
photoemission spectroscopy observed electron doping behaviour
from an intercalant (Ca) in bilayer graphene, by a side-by-side com-
parison of the graphene valence-band structure before and after
intercalation (Fig. 4d). Such behaviour induced a free electron-like
interlayer band at the Brillouin-zone centre and a large m* Fermi sur-
face at the zone boundary, which is believed to be the reason for its
superconductivity”.

In short, intercalation-induced electron injection can result in a
shift of the Fermilevel and changesin the electronic band structure of
2D materials. These changes can be used to tune various properties,
including decreasing optical conductivity and increasing of the optical
transparency’? %, enhancing electrical conductivity’**, generating
strongly correlated phenomena (such as superconductivity® %) as well

as changing the thermodynamic stability of 2D materials'®>.

Tuning spin-orbit effects and lattice parameters
Intercalation-induced charge transfer and redistribution can tune
the spin-orbit effects and lattice parameters of 2D materials, thus

affecting their magnetic properties or triggering magnetic phase
transitions®*>°*1%_For instance, self-intercalation of Ta atoms can
trigger an electron transfer from an intercalated Ta atom — which is
octahedrally coordinated — to the host Taatomin the TaS, layer, which
is typically prismatic coordinated® (Fig. 4¢). Suchan electron transfer
and redistribution endow TaS, bilayers with a magnetic ground state,
whose perfect counterparts (TaS, bilayer without intercalation) possess
anon-magnetic ground state. Theintercalated Taatomsintroduce addi-
tional spin-split bands across the Fermilevel (see Supplementary Text 1
for details), which is the reason the magnetic ground state is devel-
oped. In such a TaS,-Ta-TaS, superstructure, the magnetic moments
arelocalized on the d orbitals of the intercalated Ta atom.

Afirst-principles computational study predicted anelectrontrans-
fer fromintercalated Li* to interfacial Te sublayers in ferromagnetic
vdW Fe,GeTe, bilayer'® (Fig. 4f). Such electron transfers lift the Fermi
level of this metallic system (parts 1and 2 in Fig. 4f), whereas the Fe
sites are not injected with electrons to fill their unoccupied 3d states
above the original Fermilevel. To ‘catch up’ with the up-shifted Fermi
level, the spin-down channel (the minority spin channel) of the Fe-3d
bands needsto provide electrons to the spin-up channel (the majority
spinchannel) andthen the states move upward (part 3in Fig. 4f). Finally,
the exchange splitting between the two spin channels is increased
(part4inFig.4f). Aboosted spin exchange such as this is beneficial for
enhancing theinterlayer ferromagnetic coupling, favouring stronger
ferromagnetism. Notably, over-intercalation may induce excessive
electron transfer, resulting in the majority of the spin channel being
filled up, which reduces the interlayer ferromagnetic coupling.

Intercalation-induced charge transfer can also trigger magnetic
phase transitions in magnetic materials. The transitions of NiPS;
between its antiferromagnetic and ferrimagnetic phase by tetrahep-
tylammonium bromide intercalation have been observed'’. Such
magnetic phase transitions are related to intercalation-induced elec-
tron injections and determined by the amount of electrons injected.
Alow injection level (0.2-0.5 electrons per cell) leads to a ferrimag-
netism to antiferromagnetism transition. A high injection level (=0.6
electrons per cell) resultsin an antiferromagnetismto ferrimagnetism
transition. These intercalation-created emerging 2D magnetic mate-
rials hold promise for miniaturized and ultralow-power electronic
devices that exploit spin manipulation.

In situ studies of intercalation

The nature of intercalated 2D materials can be probed ex situ (Box 3),
whereas insights regarding intercalation behaviour and dynamics
requireinsitu studies. Here, we specifically focus on electrochemical
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Box 3

Ex situ characterizations of intercalation in 2D materials

Ex situ characterizations of intercalation are in full swing, which
can provide comprehensive detection of the tuned natures of
intercalated 2D materials.

Intercalation-tuned optical properties of 2D materials can be
directly visualized via an optical microscope®°, Differences in
optical contrast (colour) before and after intercalation can be clearly
shown in the optical images (see the figure, part a, in which an
optical image of an SnS, sheet — the left half is intercalated and the
right half is unintercalated — is presented). Photoluminescence'®?,
optical transmission/reflection spectra® and circular dichroism
spectroscopy”’ are also available to reflect the changes in the
optical properties of intercalated 2D materials. The changes in optical
properties of 2D materials are often related to their electronic
structures, which can be detected via angle-resolved photoemission
spectroscopy’#"% (see the bottom part of Fig. 4d) and verified or
predicted via density functional theory calculations™?°®' (see the
right part of Fig. 4a).

Atomic force microscope (AFM) offers a means to probe the
intercalation-triggered c-axis lattice expansion’""?°. An increase
in the interlayer distance of 2D materials caused by intercalation
can be evidenced in such AFM images (see the figure, partb,
which shows that after S-a-methylbenzylamine intercalation,
the thickness of the TaS, nanosheet increases from 9.9 (5.7)nm
to 20.2 (11.7)nm). Cross-sectional transmission electron
microscopy (TEM)"*?° (Fig. 2¢) and scanning transmission electron

b AFMimages

a Opticalimages

microscopy (STEM)" (see the figure, part ¢, illustrating that after
S-a-methylbenzylamine intercalation, the interlayer distance of
TaS, increases from 6.0A to 11.6 A) are also commonly used to
test the increased interlayer spacing. The interlayer distance of
intercalated 2D materials can also be obtained by the calculation
based on the X-ray diffraction data'""*°.

Intercalation-induced phase transitions are often confirmed via
X-ray photoelectron spectroscopy and Raman spectroscopy based
on feature fingerprint peaks'®?*. Such phase transitions can also be
directly observed through high-resolution transmission electron
microscopy (HRTEM)". The differences in atomic arrangement of
2D materials with different phases can be clearly distinguished in
such HRTEM images (see the figure, part d, in which a HRTEM image
of an MoS, sheet is shown — the left half is 1T phase and the right
half is 2H phase). Photoluminescence map (see the figure, part e,
in which an image of a triangular MoS, sheet is shown — the left
region is the 2H phase and the right region is the 1T phase in which
photoluminescence is considerably quenched) and electrostatic
force microscopy (see the left part of Fig. 3d) are also feasible tools
to image the intercalation-induced phase transitions".

Additionally, intercalation in 2D materials can also be probed by
some other ex situ characterization technologies'’. For example,
the amount of the intercalated foreign species can be detected
via nuclear magnetic resonance (NMR)®®. The elemental composition
and distribution of intercalated 2D materials can be examined by

C Cross-sectional STEM images

d High-resolution TEM

€ Photoluminescence map
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(continued from previous page)

energy-dispersive X-ray spectroscopy'. Atomic-resolution STEM
opens the door for the imaging of intercalated atoms® (see the
figure, part f, which shows a STEM-annular dark field image of a
Ta-intercalated TaS, sheet). In this image, the periodically arranged
bright spots are attributed to the intercalated Ta atoms.

intercalation of 2D materials. Both chemical intercalation and elec-
trochemical intercalation can drive guest species into the vdW gap
of 2D materials, but the latter provides better control of the dynamic
intercalation process, such as precise and reversible control of the inter-
calant concentration. This method is also operated at room tempera-
ture, which is beneficial for in situ characterization. Additionally, the
charge-discharge mechanism of rechargeable batteries also involves
electrochemical intercalation and de-intercalation'®'%,

Design of on-chip platforms for in situ studies
Toperforminsitustudies of theintercalation process in 2D materials,
an on-chip electrochemical platform must be built. Such a platform
can not only provide a complete circuit to achieve the electrochemi-
calintercalation but also allow the beam probe to reach the 2D mate-
rial of interest in situ. The platform can be divided into three regions:
enclosed (the electrolyte is encapsulated in an enclosed micro-nano
space, as seen in Fig. 5a,c), semi-enclosed (the electrolyte is placed
in an open-top reservoir, see Fig. 5b) and open (the electrolyte sits
directly on the substrate and is fully exposed to the environment, see
Fig. 5d,e), in which the platform design depends on the electrolyte
type and the characterizationtechnique. A liquid electrolyte requires
anenclosed platform to prevent leaks******* (Fig. 5a). The electrodes
and electrolytes are normally sealed between the chip (SiO,/Si) and
a cover glass using epoxy®””*, polydimethylsiloxane® or a hot melt
sealing film*. This cover is also a window for the beam probe (such as
laser) and the glass should therefore be transparent to minimize signal
loss of the testing beam. A semi-enclosed platform can also be used for
liquid electrolyte systems™*"® (Fig. 5b), inwhich such platforms have
anopenreservoir builtinto it by patterned polydimethylsiloxane. The
targeted 2D material — as the working electrode — is usually located
on the chip and in the centre of the reservoir, whereas the counter
electrode and reference electrode can be introduced from the open
top, forming a complete circuit.

The enclosed and semi-enclosed platforms are normally used
forinsituoptical microscopy and Raman spectroscopy studies. When
insitu TEMimaging of the liquid electrolyte systemisrequired, acare-
fully designed electrochemical platformis required'*"° (Fig. 5c). The
electrode and the electrolyte are normally encapsulated between two
SiN, windows with the side edges sealed withindium or an O-ring. This
platform allows electron beams to pass through the upper SiN, win-
dow toreach the target 2D material, followed by passing through the
2D materials and exiting from the lower SiN, window. Also, for in situ
atomic force microscopic (AFM) studies, the aforementioned enclosed
and semi-enclosed platforms are not applicable. AFM s used to study
the surface structure and the properties of the sample by detecting the
weak atomic interaction forces between the sample surface and
the microforce sensing element (the tip). In the contact mode, an
AFM needs physical proximity, free movement and contact between
the tip and the sample, which means that the platform must have an
open surface for in situ testing™ ™. Such open platforms can be built

Panel a is reprinted from ref. 9, Springer Nature Limited. Panels b
and c are adapted from ref. 17, Springer Nature Limited. Panelsd and e
are reprinted from ref. 11, Springer Nature Limited. Panel f is reprinted
from ref. 8, Springer Nature Limited.

by simply depositing 2D materials on the substrate (such as SiO,/Si or
glass) before adding external circuitry™. It should be noted that such
anopen platform carries the risk of liquid electrolyte leakage.

When a solid-state electrolyte is used, an open platform is often
applied for testing'>'***1">!¢ (Fig. 5d). In such platforms, the electrodes
are patterned on asubstrate and directly exposed to the testing beam
(suchaslaserandelectronbeam). The electrolyte must be patterned
and cured (heat curing'*"° or ultraviolet curing'>**) around the counter
electrode and connected to the working electrode to forma complete
circuit. This allows the beam probe access to the 2D materials with-
out obstruction by the electrolyte. The cured electrolytes should be
capped by a 200 nm coating of evaporated SiO, to avoid outgassing
and oxidation in air*’. The substrate used in this platformis usually an
Si0,/Si plate'>*™>"¢, Such platforms have been used with a range of
techniques from photoluminescence and Raman spectroscopy,
X-ray diffraction (XRD)' and electrical transport™. For in situ TEM
testing, SiN,-covered Si chip with a central hole is often used as a
substrate in which the 2D materials are placed, covering the hole and
facilitating the electron beam penetration through the probed 2D
material®® (Fig. 5e).

In situimaging studies

In situ spatially resolved, time-domain imaging techniques (such
asinsitu optical microscopy, thermal conductance microscopy, TEM
and AFM) canvisualize the intercalation process. Withit, behaviour and
dynamics, suchastheintercalation pathways, reversibility, uniformity
andrates, can be observed or determined.

Optical microscopy isacommon spatially resolved, time-domain
tool for these studies®>***>**", Intercalation of 2D materials is followed
by a change in the optical contrast, and a microscope can detect this.
The intercalation behaviour of Li* in 2D MoS, was imaged®°*"” and
showed agradual darkening from the edges to the centre, before cov-
ering the entire flake® (the top part of Fig. 6a). This clearly indicates
that intercalation of foreign species starts from the edge of this kind
of 2D material. After a de-intercalation treatment, the colour of the
thicker parts of the MoS, material had not completely returned to
its original yellow shade, but instead had a reddish tint (the bottom
part of Fig. 6a). This suggests that thicker MoS, is unable to recover
fully from lithiation, possibly accompanied by the structural damage.
This work provided the first evidence for the dynamics of Li* intercala-
tionin2D TMDs, demonstrating the associated spatialinhomogeneity
and cycling-induced structural defects during the Li* intercalation and
de-intercalation process. These results offer a possible explanation for
theloss of cyclic capacity of TMD materialsin energy storage devices.
Additionally, the noted observations proved that intercalation could
improve the optical transmission of 2D materials. These findings imply
potential applicationsin optoelectronics and transparent electrodes.

In situ optical microscopy also demonstrated better stability,
uniformity and reversibility when intercalation proceeded from the
toprather than from the edge when they are sealed®. The ion selectivity
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Fig. 5| Design of on-chip platform for in situ studies of intercalation in 2D
materials. a, An enclosed on-chip electrochemical platform. The electrodes
and electrolytes are encapsulated between the chip (SiO,/Si) and a cover glass.
b, A semi-enclosed on-chip electrochemical platform. The electrolyte and the
working electrode are placed in the open-top reservoir, whereas the counter
electrode and reference electrode are introduced from the open top. ¢, An
enclosed electrochemical transmission electron microscopic (TEM) chip.

Theelectrode and the electrolyte are encapsulated between two SiN, windows
(which allow electron beams to pass through) with the side edges sealed with
indiumoran O-ring.d, An open on-chip electrochemical platform. The solid-state
electrodes are patterned on the substrate and directly exposed to the testing
beam. e, An open on-chip electrochemical platform with a hole for TEM testing.
The solid-state electrodes are patterned on an SiN,-covered Si chip with a central
hole and directly exposed to the electron beam. PDMS, polydimethylsiloxane.

behaviour of this intercalation method has also been proven to allow
smallLi*and sodiumions (Na*) into theinterlayer spacing, whilereject-
inglargerionssuch as potassiumions (K")*. These results lay the foun-
dation for the application of intercalation in developing functional
devices with high tunability and ion selectivity. They also provide
guidance for developing 2D-material-based films for selective ionic
sieving and desalinating of salt water.

Insitu thermal conductance microscopy provides spatialimaging
of the thermo-reflectance of 2D materials®. Using this tool, Li* were
further confirmed to preferentially intercalate from unobstructed
edges of MoS, (ref. 69) (Fig. 6b). This technique also proves that inter-
calation of Li* can reduce cross-plane thermal transport in 2D MoS,
(ref. 69). With first-principles calculations, the intrinsic mechanism of
thermal transport modulation was shown to be through phononscat-
tering, c-axis strain and crystal-structure stacking disorder induced by
thelithiumintercalation®. These results open the door for developing
electrochemically driven nanoscale thermal regulators.

Insitu TEM provides a visual of morphology changes"*"*, as well
as the opportunity to probe the dynamics of phase transitions in 2D
materials during intercalation processes owing toits high spatial reso-
lution (quasi-atomic level). The 1T/1T’ phase nucleationand 2H-1T/1T’
phase boundary propagation of MoS,induced by Li* or Na*intercalation
have been probed thoroughly by in situ TEM"**°, The dynamic evolu-
tions of the chemical compositions have been tracked by combining
insitu TEM withinsituselected areaelectron diffraction and electron
energy loss spectroscopy mapping">'?'?2, Upon decomposition of
MoS, caused by excessive Li* intercalation, an amorphous Li,S matrix
and Mo atoms form™’, highlighting the dangers of over-intercalation.
The complex multistep intercalation and reaction in 2D materials can
also be traced by these in situ technologies''*, For example, the full
scenario of the lithiation process of the 2D SnS, has been observed'”;
the wholeintercalation process proceeds the following four steps: the
intercalation reaction (SnS, + xLi* +xe™ > Li,SnS,), disordering reaction
(Li,SnS, » Li,SnS,), conversion reaction (Li,SnS, - Li,S + Sn) and the
alloying reaction (Sn + xLi + xe™ > Li,Sn)"*.

However, conventionalinsitu TEMis unsuitable for characterizing
the intercalation of light elements (especially Li) mainly owing to the
low scattering cross-section of light elements not being conducive
toreceivingelectrons, and thatlight elements are highly susceptible to
damage caused by the impacting electrons?®. Low-voltage in situ TEM
provides the solution as its electron acceleration voltage can be kept
below the threshold for damaging light elements and the 2D materi-
als®*. With low-voltage in situ TEM at sub-Angstrom resolution, real-
time observations of reversible intercalation and the alignment of
Li*in a graphene double layer were achieved*®. These observations
demonstrated that Li* form very dense multilayers and closely packed,
ordered structures in the middle of double-layer graphene sheets
(Fig. 6¢) — leading to high-capacity lithium storage. This study dem-
onstrates the significant advantages of 2D materials inimproving the
capacity of lithium batteries.

110,118

The thickness and surface morphological evolution of 2D materials
caused by intercalation can also be visualized through in situ AFM™ 4,
The appearance and retention of wrinkling of 2D TMDs during Li* and
Na"intercalation and de-intercalation processes have been identi-
fied by this tool™ ">, These results testify the inherent flexibility
of 2D TMDs and the failure mechanism of TMD-based lithium-ion or
sodium-ion batteries.

Alternatein situ studies

In situ spectroscopic techniques record the effects of intercalation
through the fingerprint region of a spectrum of targeted 2D materi-
als!*15115124125 The peak position, strength and shifts can reflect the
basic properties of 2D materials such as the number layers, its phase
and lattice stresses.

Raman spectroscopy is often used to detect the structural phase
transitions of 2D materials during the intercalation process. For exam-
ple, 2H-MoS, has two Raman-active modes in the fingerprint region,
Ay and F',,, corresponding to the out-of-plane and in-plane vibrations —
located at 380 cm™and 406 cm™, respectively*®'?®, Following a phase
transition, 1T-MoS, exhibits three weak but distinct new peaks: J;
(150 cm™),/, (225 cm™) and /; (327 cm™)*?*, Among others, the phase
transitions of 2H-to-1T/1T’ in 2D MoS, (refs. 35,94,127), 1T’-to-1T',
in WS, (ref. 78) and T4-to-Ty in WTe, (ref. 86) have also been studied
with Raman spectroscopy. In addition, this vibrational technique has
been used to understand the Li* intercalation process in graphene
by studying the shifts and sharpening of its G-band and 2D-band at
~1,600 cm™and-2,700 cm™, respectively"*?%'* Intercalation-induced
local strain and displacement of the graphene lattice were detected in
these studies"**%'%,

Beyond Raman, in situ XRD”*'™ and photoluminescence™ are also
the potential in situ probes, giving real-time information of lattice
parameters, crystal structures, phase transitions, lattice strain, com-
positions and optical properties duringintercalation. Although these
techniques (particularlyinsitu XRD) are of greatimportance and widely
used inunderstanding of the intercalation process of layered materials
(especially for the layered electrode material inelectrochemical energy
storage devices®®"°, see Supplementary Text 2 for details), their power
hasnotyet been fully utilized in the study of intercalationin atomically
thin 2D materials. The technical reason lies in the low detection sensi-
tivity of XRD owing to its need for relatively thick and large amounts
of sample, which contradicts the nature of the discussed 2D materials
(often only afew atomic layers in thicknesses). Although the sensitiv-
ity of XRD is lower than that of Raman spectroscopy, its resolution is
typically higher, which can determine the crystal structure and phase
composition more accurately. As such, if the detection sensitivity
of XRD can be improved, deeper insights regarding intercalation in
atomically thin 2D materials might be gained. Now, there is a rising
technique — grazing incident XRD — which allows X-rays to skim the
sample surface, as the test ray is almost parallel to the sample plane.
Suchatechnology has high sensitivity for the detection of 2D material
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a Insitu optical microscopic observations of lithium-ion intercalation and de-intercalation in 2D MoS, sheet
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Fig. 6 | Insitu studies of intercalation in 2D materials. a, lllustrations and in situ
optical microscopic observation of lithium-ion (Li*) intercalation (top panels)
and de-intercalation (bottom panels) in 2D MoS, sheets. The colour of the MoS,
flake gradually darkens from the edges to the centre during intercalation and
gradually recovers during de-intercalation. The top firstimage was taken at a
voltage of 2.1V versus Li/Li*, leading to no intercalation. The second to fourth
images were taken at a voltage of 1.1V versus Li/Li*, during which intercalation
occurs. The bottom panels, in the order from right to left, are images taken at
3-minintervals increasing voltages. b, In situ thermal conductance microscopic

observation of Li* intercalation in 2D MoS, sheet, exhibiting cross-plane thermal
transport of the 2D MoS, sheet, which gradually decreases from the edge to the
centre. ¢, Insitu transmission electron microscopic (TEM) observation of Li*
intercalation in double-layer graphene sheets, demonstrating that Li* forms
multilayer ultra-dense and closely packed ordered structure in the middle of
double-layer graphene sheets. Red, green and blue indicate intercalated Li*
crystalline grains of different orientations. Part a adapted with permission from

ref. 94, ACS. Panel b reprinted fromref. 69 under a Creative Commons licence
CCBY 4.0 Panel c adapted from ref. 36, Springer Nature Limited.
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films™? and could be a powerful tool in the near future to advance

intercalation detection in 2D materials™.

Looking ahead atinsitu studies

Insitustudies of intercalation in 2D materials are ongoing, but it is not
yetin full swing. Certain state-of-the-art techniques are not fully utilized,
but they have enormous potential for furthering our understanding of
the chemistry and physics behind intercalation mechanisms.

For example, in situ transmission X-ray microscopy'?, scanning
transmission X-ray microscopy”*'>’, Bragg coherent X-ray diffraction
imaging® or X-ray phase contrast holotomography' may open the door
forvisualizing the structural evolutionin3D space of 2D materials during
intercalation (both horizontal and vertical spaces). These techniques
cancompensate for the shortcomings of TEM and AFM, which canonly
detect2D space. This will achieve simultaneous detection of transverse
and longitudinal diffusion and the distribution of intercalants in 2D
materials, which will benefit our understanding considerably.

Time-resolved photoemission electron microscopy, which com-
bines femtosecond laser pump-probe techniques with spectroscopic
photoemission electron microscopy, may offer an opportunity for
imagingelectron motionin2D materials duringintercalation with high
spatial and temporal resolution®*, This will provide unprecedented
insights into the behaviour of electrons driven by electric fields or
photo-excitation in semiconductor devices (such as transistors and
diodes) based onintercalated 2D materials.

Time-resolved and angle-resolved photoemission spectroscopy,
enabling time, energy and momentum resolution !, may provide
quantitative and direct observational access of the Fermi level shift
and electronicband structure changes of 2D materials duringintercala-
tion*>'*3, As such, intercalation can be used to quantitatively tune the
Fermilevel and electronic band structure of 2D materials.

Insitu X-ray absorption spectroscopy candetect real-time changes
in the structures of 2D materials'*"**'*, such as the bond geometry
(bondtype, coordination number and bond length), paving the way for
understandingin-plane bond reconstructioninduced by intercalation.

Outlook

When intercalation occurs, a plethora of opportunities appear in
the form of property tuning of 2D materials, but intercalation in 2D
materialsis stillin theirinfancy. Plenty of interesting science awaits to
be conducted. Unclear prospects, such as mass production, need
to be gradually addressed.

Thelibrary of 2D materials is growing continuously with more than
2,000 2D materials having been discovered so far'*¢, and among them
only the famous cases — graphene, MoS, and BP — are used for exploring
the properties of intercalated materials. As almost every 2D material
possesses unusual properties’, their intercalation compounds may also
have peculiar natures, and there is considerable room for intercalation
in diverse 2D materials (such as 2D vdW metal oxide, hexagonal boron
nitride and atomically thin MXenes) as well as their vdW heterostruc-
tures", their twisted structures with Moiré patterns* and their rolled-up
1D system'*”"*8, to create artificial superlattices with exotic physical and
interesting chemical properties with desired functionalities.

Various intercalation guest species are continuously enriched,
from metal atoms, to diverse ions and to organic molecules®”. As each
species has unique attributes, their insertion may also create various
artificial superlattices with exotic functions. For instance, chiral guest
molecules can create chiral-induced spin selectivity in 2D TaS,and TiS,,
opening up for its application in spintronic devices without external

magnetic fields"”. Therefore, continuously enriching the intercalation
species (such as paramagnetic ions'*’ — for example, FeCl,”; organic
molecules™ — for instance, small metal-free organic molecules, orga-
nometallic coordination complexes and polymers; plasma® —suchas
oxygen plasma; even small molecules with biological activity) to create
more 2D artificial superlattices with unique functions is a major task
for future intercalation studies.

When inserting different species into 2D crystals, the created
artificial superlattice may exhibit interesting chemistry and physics.
Forexample, co-intercalation of tetrabutylammonium molecules and
metalions (suchas Co*, In**, Pd* and Fe*') in TaS, creates asuperlattice
withboth superconductivity and ferromagnetism®. More bifunctional
or multifunctional superlattices are expected to become available in
the future; for instance, by co-intercalating catalytically active spe-
cies (such as monoatomic metals™’; Pt, Ni and Rh) and magnetically
responsive species to create materials, which have catalytic function
and are easy to recover with magnetic separation.

Challenges still exist in this area of research. The difficulty lies in
how to choose the appropriate intercalation method and condition
to achieve intercalation or co-intercalation. This often requires con-
siderable experimentation to select appropriate synthetic variables.
Challenges also exist in how to screen well-matched hosts (2D materi-
als) and guests (intercalants) to ensure high stability and required
functionality of the created artificial superlattice. The traditional
experimental approach to solving these difficulties and challenges
is usually time-consuming and labour-intensive. High-throughput
computational screening and machine learning may provide a fast
track for these explorations®. Through it, the intercalation process
and effects and the nature of the crafted artificial superlattices can
be simulated and predicted, guiding researchers to create more 2D
artificial superlattices as needed.

Normally, intercalation in 2D materials is driven by a gradient in
concentrations or potentials, and temperature is a way of assisting
the process. Are there other ways to achieve intercalation or aid the
process, such as using magnetic fields, pressure, microwaves oracom-
bination? This is worth exploring, which is conducive for promoting
the emergence of new intercalation methods.

Horizontally spatial-controlled intercalation is striking, and the
in-plane heterostructures or hetero-phase structures it creates open
up new opportunities in future optoelectronics****, The controlla-
bility of longitudinal spatial intercalation has not been achieved. This
is difficult but carries enormous potential as the created longitudinal
heterostructures with vertical anisotropy will bring arange of possible
applications (such as tunnelling transistors, barristors and flexible
electronics, resonant tunnelling diodes and light-emitting diodes),
just like the currently popular atomic level LEGO>'®"*? — representing
stacked material, vertically assembled in a chosen sequence, as in
building with Lego bricks, in which the blocks are defined with one-
atomic-plane precision. For example, the construction of metallic phase
1T-MosS, (as achannel material) and semiconducting phase 2H-MoS, (as
alight-sensitive material,inwhich photo-charges are generated vialight
illumination) longitudinal heterostructures may allow the creation of
simple and efficient phototransistors. Such 1T/2HMoS, longitudinal het-
erostructures are expected to be formed through vertically controllable
Li*intercalation. The intercalated part induces 2H-to-1T phase transi-
tions; the non-intercalated parts donot undergo such phase transitions,
retaining their 2H phase. The challenge lies in how to achieve vertical
controllability of intercalation in 2D materials. Theoretically, the local

wrapping strategy based on lithography®*°is a feasible way. However,
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implementation is technically challenging, as the thickness of the 2D
materials is usually only a few nanometres to tens of nanometres, and
atthis scale, precise masking and lithography are difficult.

Novel applications with intercalated 2D materials, such as superior
MoS, transistors with low-resistance contacts”, battery-free rectennas
for Wi-Fi band harvesting based on flexible ultrafast MoS, Schottky
diodes* and artificial neural networks based on MoS, memristive
devices®, are on the rise. Most of these exciting devices are still in the
proof-of-concept stage, and how to achieve the ‘lab-to-fab’ transition
is a challenge. Scaling up research into intercalation methods and
reducing intercalation costs should be targeted first. Addressing the
challenges inintegration and durability related to the practical use of
these devicesis alsoimportant for promoting the lab-to-fab transition.

Intercalationin 2D materials also faces other challenges. For exam-
ple, intercalation-derived materials are often unstable in air, especially
when reactive intercalants (such as alkali and alkali-earth metal ions)
areused. Therefore, developing smart strategies for assembling, encap-
sulating and packing of intercalated 2D materials to improve stability is
crucial for future applications. Additionally, there is no clear basis for
the selection of intercalation species for achieving purposeful struc-
tural modifications of 2D materials. Therefore, establishing a database
is urgently needed to summarize previous intercalation studies for
organizing and establishing the relationship between intercalated
species and structural modifications.

To end, opportunities and challenges coexist in this promising
field. We can expect fast progress of intercalation in 2D materials and
insitustudiesin the coming decades.
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