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ABSTRACT: The past few decades have witnessed significant development
in intercalation chemistry research aimed at precisely controlling material
properties. Intercalation, as a powerful surface and interface synthesis
strategy, facilitates the insertion of external guests into van der Waals (vdW)
gaps in two-dimensional (2D) layered materials, inducing various modulation
effects (the weakening of interlayer interactions, changes in electronic
structures, interfacial charge transfer, and symmetry manipulation) to tailor
material properties while preserving intralayer covalent bonds. Importantly,
benefiting from the very diverse structures and properties of organic
molecules, their intercalation enables the integration of various molecules
with a wide array of 2D materials, resulting in the creation of numerous
organic−inorganic hybrid superlattices with exotic properties, which brings
extensive potential applications in fields such as spintronics, superconductor
electronics, optoelectronics, and thermoelectrics. Herein, based on recent advancements in organic intercalation systems, we briefly
discuss a summary and classification of various organic guest species. We also discuss three modulation effects induced by organic
intercalation and further introduce intriguing modulations in physicochemical properties, including superconductivity, magnetism,
thermoelectricity and thermal conductivity, chiral-induced spin selectivity (CISS) effects, and interlayer-confined chemical reaction.
Finally, we offer insights into future research opportunities and emerging challenges in organic intercalation systems.
KEYWORDS: intercalation chemistry, organic molecule intercalation, 2D layered materials, physicochemical property modulation,
superconductivity, 2D magnetism, thermoelectricity and thermal conductivity, chiral-induced spin selectivity effect, interlayer-confined reaction

1. INTRODUCTION
Engineering electronic structures in materials through surface
and interfacial modification has long been a central research goal
in solid-state physics, chemistry, and materials science.1−3

Different from the closely packed lattice structure in many bulk
solids, 2D layered materials exhibit an anisotropic structure,
characterized by strong covalent bonds within atomic layers,
while adjacent layers are stacked via out-of-plane weak vdW
interactions, resulting in a nonbonding nature.4,5 This unique
structure allows the insertion of guest species, such as organic
molecules, into the vdW gap between adjacent layers without
disrupting the intralayer chemical bonds.6−9 Consequently, the
intercalation process holds enormous potential for integrating
various 2D inorganic materials with diverse organic molecules,
resulting in the creation of new organic−inorganic hybrid
materials with tunable electronic properties. Organic intercala-
tion offers fantastic opportunities for artificially designing novel
structures and modulating electronic properties from an
interface-chemistry synthesis perspective.9−11

2D layered materials exhibit a variety of intrinsic physical
properties, including superconductivity, magnetism, ferroelec-

tricity, charge density waves, and topological states.12−15 This
diversity provides fertile ground for further chemical modulation
through organic intercalation. Intercalating organic molecules
can induce changes in properties�interlayer interactions,16

carrier concentration,17 Fermi level energy18 and spin−spin
interaction19�to alter and tune the intrinsic physical phenom-
ena in 2D materials. For example, intercalating organic
molecules into 2D layered superconductors can enhance their
superconductivity through charge doping,20 and intercalating
organic molecules into 2D ferromagnets can enhance their
ferromagnetic properties.21 On the other hand, organic
molecules are typically larger in size compared to inorganic
guest species (such as metal atoms), leading to the weakening of
interlayer interactions upon organic intercalation. This results in
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decoupling of adjacent layers, giving rise to quasi-monolayer
characteristics in bulk forms.16,22 Overall, organic intercalation
offers a powerful tool for fine-tuning the properties of 2D
materials, including superconductivity, magnetism, and thermo-
electricity, thereby enhancing their functionality for various
applications.
Furthermore, benefiting from the almost infinite types and

rich structures of organic molecules, organic intercalation has
the ability to impart molecular characteristics, such as chirality,23

magnetism24 and hydrogen bond,25 to 2D materials, thus
inducing new unprecedented properties absent in the parent
materials. For instance, the chiral molecular intercalation
enables the creation of novel chiral solid materials and the
induction of CISS effect in 2D materials, enriching their
chemical functionalities;23 Intercalating 1,3-diaminopropane
molecules into layered SnSe2 forms interfacial hydrogen
bonds, introducing a new degree of freedom�interfacial
hydrogen bond switch�to modulate the electrical transport
properties in molecular-intercalated SnSe2.

25 Furthermore,
organic intercalation presents new possibilities for manipulating
and engineering symmetry in solid-state materials, inducing new
physical phenomena.26,27 For instance, the intercalation of chiral
molecules with mirror symmetry breaking induces the time
reversal symmetry breaking in superconducting TaS2, leading to
the emergence of a novel superconducting phenomenon−chiral
superconductivity.27 And intercalating magnetic molecules into
2D nonmagnetic materials can produce a 2D ferromagnetic
order, resulting in the magnetization of 2D nonmagnetic
materials.24 In addition, the vdW gaps between adjacent layers
are subnanometer confined spaces, which are conductive to
molecular self-assembly and interlayer-confined reactions.28,29

In this Review, we focus on the modulation of physicochem-
ical properties of 2Dmaterials by organic molecule intercalation,
aiming to provide a guide for surface/interface engineering

toward modulating the electronic properties. We begin with a
summary of organic guest species, which can be divided into two
categories: Lewis base molecules and organic cation molecules.
Following this, we present the modulation effects caused by
organic intercalation, which are summarized as three effects, that
is, interfacial charge transfer, dimensionality reduction, and the
introduction of molecular characteristics. Then, we further
introduce the progress on the modulation of physicochemical
properties arising from the organic intercalation, with a focus on
superconductivity, magnetism, thermal conductivity and
thermoelectricity, CISS effect, and interlayer-confined chemical
reaction (Figure 1). Finally, we provide a brief outlook on the
opportunities and challenges in the future of organic molecule
intercalation in 2D materials.

2. INTRODUCTION OF ORGANIC GUEST SPECIES
To date, a diverse range of large-size organic molecules has been
demonstrated to be intercalated into 2D materials, covering
alkylamine molecules,30 coordination compounds28 and quater-
nary ammonium cations.31 Generally, these diverse organic
guest species can be classified into two categories (Figure 1):
organic cation molecules and Lewis base molecules. The former
are typically intercalated through electrochemical methods,
while the latter are intercalated using wet chemical methods.10,32

Electrochemical intercalation involves inserting organic ions,
such as tetrabutylammonium and hexadecyltrimethylammo-
nium cations, into 2D materials by using an electric field as a
driving force in liquid or solid electrolytes. In contrast, wet
chemical intercalation depends on the intrinsic electron-
donating properties of Lewis base molecules to inject electrons
into the host material. This results in positively charged
molecules and negatively charged host materials, facilitating
the insertion of organic molecules into the vdW gap space
through Coulomb interactions. Notably, the intercalation of

Figure 1. Schematic illustration of organic intercalation and its corresponding effects on the physicochemical property modulation.
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Lewis base molecules is more prevalent in sulfur (S)- and
selenium (Se)-based transition metal dichalcogenides (TMDs)
compared with tellurium (Te)-based TMDs, mainly due to the
higher electronegativity of S and Se.
In recent decades, various organic intercalants have been

extensively investigated for insertion into 2D materials to
modulate their physicochemical properties. As shown in Table
1, we summarize the experimental studies on organic
intercalation for modulating the physicochemical properties of
2D materials. Various Lewis base molecules and organic cations
have been successfully intercalated into 2D materials (Table 1).
Examples of Lewis base molecules encompass alkylamine
molecules (e.g., pyridine,33 ethylamine,30 ethylenedi-

amine16,30,34), amide molecules (e.g., formamide35) and
coordination compounds (e.g., cobaltocene28), and others
(e.g., tetrathiafulvalene36,37). Organic cations include organic
ammonium cations,31,38,39 and organic imidazole cations.26

These organic species can be introduced into a variety of 2D
materials to fine-tune their physicochemical properties,
including superconductivity,16,26,27 magnetism,21,24,40 and
thermoelectricity.41,42 Furthermore, organic intercalation can
induce unique physical phenomena absent in the parent host
material, such as tailoring Ising superconductivity.26 Notably, in
addition to the above-mentioned small molecules, polymers can
also be inserted into interlayer vdW space through ion
exchange43−45 and interlayer-confined synthesis.46

Table 1. A Summary of Organic Molecules Intercalation and the Manipulation of Physicochemical Properties in 2D Materials

Organic guest species Synthetic methods Guest species
Host

materials
Physicochemical

property modulation Years Refs

Organic Lewis base
molecules

Alkylamine
molecules

Wet chemical
intercalation

Pyridine TaS2 Enhancing
superconductivity

1970 33

Wet chemical
intercalation

Chiral methylbenzylamine TaS2 Chiral
superconductivity

2024 27

Wet chemical
intercalation

Ethylenediamine NbSe2 Suppressing
superconductivity

2023 16

Wet chemical
intercalation

n-propylamine, n-hexylamine, n-
octylamine and n-laurylamine

TaS2 Reducing thermal
conductivity

2024 117

Coordination
compounds

Wet chemical
intercalation

Cobaltocene SnS2 Room-temperature
ferromagnetism

2024 24

Wet chemical
intercalation

Cobaltocene SnSe2 Excitonic insulator 2024 28

Others Wet chemical
intercalation

Tetrathiafulvalene,
tetrathianaphthalene, and
tetrathiatetracene

FeOCl Altering magnetism 1987 37

Organic cation
molecules

Organic
ammonium
cations

Electrochemical
intercalation

Tetraoctylammonium cations SnSe2 Emerging
superconductivity

2021 31

Electrochemical
intercalation

Tetramethylammonium cations FeSe Enhancing
superconductivity

2021 93

Electrochemical
intercalation

Tetrabutylammonium caitons Fe3−xGeTe2 Room-temperature
ferromagnetism

2023 21

Electrochemical
intercalation

Tetraheptylammonium cations VOCl Room-temperature
ferromagnetism

2024 19

Electrochemical
intercalation

Tetrabutylammonium cations VSe2 Charge density wave 2020 126

Imidazole cations Electrochemical
intercalation

1-Alkyl-3-methylimidazolium cations NbSe2 Tailoring Ising
superconductivity

2021 26

Electrochemical
intercalation

1-Alkyl-3-methylimidazolium cations MoTe2,
WTe2

Enhancing
superconductivity

2020 20

Electrochemical
intercalation

1-Ethyl-3-methylimidazolium cations FePS3 Suppressing
antiferromagnetism

2024 109

Figure 2. Organic intercalation-induced c-axis lattice expansion, leading to the dimensionality reduction effect and the monolayer properties in bulk
forms. (a) Schematic illustration for the electrochemical intercalation of TOA+ into SnSe2, inducing an interlayer distance increase. Reproduced from
ref 31. Copyright 2021 American Chemical Society. (b) Schematic illustration for the EDA intercalation in NbSe2, inducing the monolayer-like band
structure in EDA-NbSe2. Reproduced from ref 16. Copyright 2023 American Chemical Society.
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3. EFFECTS OF ORGANIC INTERCALATION
The introduction of organic cations/molecules into the vdW
gaps can lead to alterations in various material attributes, such as
interlayer interactions, carrier concentration, Fermi-level
energy, electronic structure, symmetry breaking, and spin−
spin exchange interactions. These changes are a result of the
intercalation effects triggered by the insertion of organic
intercalants, ultimately altering and modulating the physico-
chemical properties of the 2D materials. In this section, we
provide a brief overview and discussion of these intercalation
effects including dimensionality reduction, interfacial charge
transfer, and the introduction of molecular characteristics.
3.1. Dimensionality Reduction

Dimensionality reduction is a key consequence of the
intercalation of organic guest species into the interlayer space.
Different from metallic atoms,47−49 organic guest species often
have large size, whose intercalation trigger the interlayer
expansion. For example, the electrochemical intercalation of
tetraoctylammonium ions (TOA+) into SnSe2 leads to the
interlamellar spacing increasing from 6.1 to 15.2 Å, as shown in
Figure 2a.31 Notably, when the molecular size is substantially
larger, the interlayer spacing can expand multiple times, or even
tens of times, compared to its original distance, such as the
intercalation of cetyltrimethylammonium cations (CTA+),
octadecylamine molecules or stearamide molecules.50,51

This c-axis lattice expansion can weaken the interlayer
interaction, resulting in the decoupling of adjacent inorganic
layers and causing them to behave as monolayer effects.16,26,52

Consequently, organic intercalation can induce the emergence
of monolayer-like properties in bulk forms.22,53,54 An illustrative
example is the ethylenediamine (EDA) intercalation in NbSe2
(the top panel of Figure 2b), where the interlayer coupling is

reduced, resulting in the emergence of an electronic structure
closely resembling that of monolayer NbSe2.

16 The angle-
resolved photoemission spectroscopy (ARPES) measurements
reveal that the splitting of Nb 4d-derived bands near the Fermi
level is present in pristine bulk NbSe2, whereas it disappears in
EDA intercalated NbSe2, as shown in the bottom panel of Figure
2b. This observation in EDA-NbSe2 is consistent with the band
structure of monolayer NbSe2.

55

Due to interlayer decoupling and dimensionality reduction,
organic intercalation can lead to a variety of changes, including
adjustments to bandgap values,22,39 electronic structures,18,28

and flexibility.42,56 For example, the electrochemical intercala-
tion of CTA+ in black phosphorus produces molecular
superlattices that exhibit the intrinsic properties of monolayer
phosphorene (the left and middle panels of Figure 3a).22 After
CTA+ intercalation, the bandgap value in this molecular
superlattice increases to 2.13 eV (the right panel of Figure
3a). Furthermore, certain properties of layered materials show
dimensionality-dependent characteristics, such as the bandgap
in MoS2,

57 magnetic properties in A-type antiferromagnets58−60

and the superconducting temperatures in TaS2.
52,61 Con-

sequently, the dimensionality reduction effect triggered by
organic intercalation can alter and tune these intrinsic electronic
properties, giving rise to intriguing physical phenomena. For
instance, the intercalation of tetrabutylammonium ions (TBA+)
into TaS2 enhances superconductivity, achieving a critical
temperature (Tc) of ∼3.8 K (Figure 3b), which represents the
highest Tc reported for monolayer TaS2.

52 This enhancement is
primarily attributed to electronic decoupling between adjacent
TaS2 layers, caused by organic intercalation. In TaS2, the impact
of dimensionality reduction on Tc values outweighs that of
electron doping.11,61,62

Figure 3. Interlayer distance expansion leads to modulation of the electronic properties. (a) Schematic illustration for the intercalation of CTA+ into
black phosphorus, realizing the monolayer atomic crystal molecular superlattice. Reproduced from ref 22. Copyright 2018 Springer Nature. (b)
Schematic illustration for the intercalation of TBA+ in TaS2, enhancing its superconductivity with a Tc of ∼3.8 K. Reproduced from ref 52. Copyright
2020 Wiley.
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Intriguingly, the role of organic intercalation in reducing
interlayer interactions can be effectively utilized in the
exfoliation of layered materials to produce atomically thin
(monolayer or few-layer) nanosheets.63−65 In particular, the
electrochemical intercalation of organic cations presents a
robust “top-down” method for obtaining 2D nanomaterials.
Additionally, organic intercalation-induced interlayer spacing

expansion can decrease the energy barrier for alkali metal ion
diffusion, thus improving energy storage capabilities.66−70 For
example, intercalating organic molecules (such as triethylene
glycol and tetrahydrofuran) into 2D ultrathin VOPO4 nano-
sheets can greatly improve sodium ion transport properties and,
consequently, enhance the sodium ion storage capabilities.66

Furthermore, organic intercalation allows for the integration of
diverse organic molecules with various 2Dmaterials, resulting in
the formation of organic-2D materials heterointerfaces.2,51,71

These 2D hybrid heterointerfaces lead to interfacial lattice
mismatch, interfacial phonon scattering and high anisotropy,
opening up new opportunities for modulating thermal
conductivity and thermoelectricity.72

3.2. Interfacial Charge Transfer
The interfacial charge transfer between organic intercalants and
host 2D materials is another critical consequence of organic
intercalation.With the insertion of positively charged Lewis base
molecules or organic cations into the interlayer space, electrons
are injected into the inorganic layers to maintain electrical
neutrality, resulting in the appearance of an interfacial charge
transfer. This interfacial charge transfer effect is a prevalent
phenomenon in intercalated compounds, offering an ideal
avenue for electron doping without disrupting the in-plane
structure.
Organic intercalation-induced interfacial charge transfer plays

a crucial role in changing material properties, such as altering
carrier concentration, shifting Fermi levels, and modifying

electronic structures. These alterations, in turn, alter and
modulate various electronic properties of 2D materials,
including electronic phase transitions,18,73 magnetism19,40 and
superconductivity.38,74 In the case of layered semiconductors,
organic intercalation drives electrons to occupy the conduction
band, leading to a shift of Fermi level (EF), and facilitating an
electronic phase transition from a semiconducting to a metallic
states, as shown in Figure 4a,b.18 Observations of such electronic
transitions have been revealed in certain organic−inorganic
hybrid superlattices, such as organic-intercalated SnSe2

18,31,38

and Cr2Ge2Te6.
73 For example, the intercalation of TBA+ into

Cr2Ge2Te6 triggers an electronic transition from its original
semiconductor phase to a metallic state (Figure 4c,d).73

Meanwhile, its ferromagnetic properties undergo alterations
and enhancements, evidenced by an increase in the Curie
temperature from 67 to 208 K (Figure 4e) and a switch in the
magnetic axis orientation from along the C-axis to within the ab
plane. This phenomenon results from the electron injection into
unoccupied dxz and dyz orbitals of Cr and a change in spin−spin
exchange mechanism from superexchange to double exchange.
Additionally, the transition temperature (Tc) in superconduc-
tors is closely related to carrier concentration.75,76 Organic
intercalation-induced interfacial charge transfer effect can alter
the carrier concentration, resulting in the modulation of
superconductivity in layered superconductors, especially the
Tc values.

20,77 The manipulation of superconductivity through
organic intercalation will be discussed in detail in Section 4.1.
Intriguingly, organic-intercalated-induced interfacial charge

transfer can induce the separation of electrons and holes and the
generation of a built-in electric field at the organic-2D material
heterointerfaces. This phenomenon, in turn, leads to the
emergence of the quantum-confined Starks effect, which offers
an innovative approach for electrically manipulating interlayer
excitons and obtaining excitonic insulators.28,78−80 A prominent

Figure 4. Organic intercalation-induced interfacial charge transfer effect. (a) Schematic illustration for interfacial charge transfer from Co(Cp)2 to
SnSe2 in the Co(Cp)2-intercalated SnSe2 superlattice. (b) Schematic illustration for the shift of EF caused by Co(Cp)2 intercalation in SnSe2. (a,b)
Reproduced from ref 18. Copyright 2017 American Chemical Society. (c) Schematic illustration for the electrochemical intercalation of TBA+ in
Cr2Ge2Te6. (d) Temperature-dependent electrical transport of Cr2Ge2Te6 and (TBA)Cr2Ge2Te6. (e) Temperature-dependent magnetic
susceptibilities of Cr2Ge2Te6 and (TBA)Cr2Ge2Te6. (c−e) Reproduced from ref 73. Copyright 2019 American Chemical Society.
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example of this phenomenon is the self-assembly intercalation of
cobaltocene (Co(Cp)2) molecules in SnSe2, resulting in the
formation of a novel interfacial charge transfer excitonic

insulator, as shown in Figure 5a,e.28 Co(Cp)2 molecules with
19 valence electrons exhibit intrinsic electron-donating proper-
ties, and their intercalation triggers the electron transfer from the

Figure 5. Organic intercalation-induced quantum-confined Starks effect for achieving excitonic insulators. (a) Model diagram of the Co(Cp)2-
intercalated SnSe2 superlattice structure. (b) Schematic illustration for interfacial quantum Starks effect in the Co(Cp)2-SnSe2 superlattice from the
perspective of interface energy level alignment. (c) Scanning tunneling microscopy (STM) image of the exposed Co(Cp)2 layer in the Co(Cp)2-SnSe2
superlattice. (d) Electronic band structures of the SnSe2 crystal and Co(Cp)2-SnSe2 superlattice measured by ARPES. (e) Phase transitions of
Co(Cp)2-SnSe2 superlattice in phase diagram of excitonic insulator as delineated by red dotted line. (a−e) Reproduced from ref 28. Copyright 2024
American Chemical Society.

Figure 6.Magnetizing 2D nonmagnetic materials via organic intercalation. (a) Schematic illustration for the Co(Cp)2-intercalated SnS2 superlattice
structure. (b) Constant-current STM image of a monolayer of Co(Cp)2 on SnS2. (c) Temperature-dependent magnetic susceptibility of a Co(Cp)2-
intercalated SnS2 superlattice under a magnetic field of 500 Oe. (d) Anisotropic isothermal magnetization curves at 300 K. (a−d) Reproduced from ref
24. Copyright 2024 Springer Nature.
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highest occupied molecular orbital (HOMO) of Co(Cp)2 to the
conduction band of SnSe2. Furthermore, after Co(Cp)2
intercalation, the establishment of an interfacial built-in electric
field prompts the HOMO of Co(Cp)2 to shift downward into
the band gap of SnSe2, as shown in Figure 5b. The
intramolecular conjugated structure and the intermolecular
ordered assembly structure (Figure 5c) facilitate the discrete
energy level to form an energy band, leading to the introduction
of an extra valence band belonging to Co(Cp)2 molecules into
the bandgap of SnSe2 (Figure 5d). Consequently, Co(Cp)2
intercalation enables the construction of a unique band
structure, comprising an electron conduction and hole valence
bands separated by a narrow band gap conducive to electron−
hole pairing. In the Co(Cp)2-intercalated SnSe2 superlattice,
experimental features were observed, including a narrow
excitonic gap, formation of a charge density wave without
periodic lattice distortion, exitonic gap opening, and metal−
insulator transition. These experimental observables serve as
direct evidence of excitonic insulators, highlighting the strong
interplay between 2D materials layers and molecular layers.
3.3. Imparting Molecular Characteristics to 2D Materials

Organic molecules possess diverse electronic and structural
characteristics, such as molecular magnetism, chirality, and
hydrogen bonds. Upon intercalation of organic molecules, these
molecular attributes can be imparted to 2Dmaterials, presenting
new possibilities for manipulating the electronic properties of
2D materials. Through the integration of 2D materials with
suitable molecules, the material properties can be altered and
modulated, such as symmetry and intermolecular force, resulting
in the emergence of novel physical properties absent in the
parent bulk materials. These novel physical properties include

unconventional superconductivity,26,27 2D molecular ferromag-
netism,24 CISS effects,23,81 and metal−insulator transitions.25
The discovery of new 2D ferromagnetic materials is crucial for

both fundamental research and technological applications.13

Compared tomagnetic materials, nonmagnetic materials are still
the majority. The intercalation of magnetic molecules, which
provide the source of localized magnetic moments, provides a
versatile strategy to magnetize nonmagnetic materials and
enrich the family of 2D magnetic materials. A prominent
example is the observation of 2D room-temperature ferromag-
netism in Co(Cp)2-intercalated SnS2 superlattice.

24 As a typical
nonmagnetic layered metal chalcogenide, SnS2 provides a
confined space within its interlayer vdW gaps, which can restrict
the geometric and spin orientation of Co(Cp)2 molecules. By
employing wet chemical methods for intercalating Co(Cp)2
molecules into SnS2, a novel organic−inorganic (Co(Cp)2/
SnS2) superlattice structure is synthesized (Figure 6a), wherein
Co(Cp)2 molecules form a honeycomb-like structure with
delocalized π-bond electron distribution (Figure 6b). Magnetic
measurements (Figure 6c,d) reveal the existence of ferromag-
netism in confinedCo(Cp)2 monolayers, exhibiting a high Curie
temperature exceeding the range limit of the instrument (380 K)
and an in-plane easy magnetic axis.
Hydrogen bonds are ubiquitous in organic compounds and

biological structures.82 Molecular intercalation can introduce
such weak intermolecular interaction into organic−inorganic
hybrid superlattices, offering a new avenue−interfacial hydrogen
bonds (Figure 7a)−to modulate electronic properties. For
instance, intercalating 1,3-diaminopropane (1,3-DAP) mole-
cules in SnSe2 forms interfacial hydrogen bonds (Figure 7b),
allowing control over the metal−insulator transition by the

Figure 7.Organic intercalation-induced introduction of molecular characteristics into 2Dmaterials. (a) Schematic illustration for interfacial hydrogen
bonds in the 1,3-DAP-intercalated SnSe2 superlattice. (b) Schematic illustration for the (1,3-DAP)0.5SnSe2 superlattice structure. (c) Temperature-
dependent Raman spectra of (1,3-DAP)0.5SnSe2. (d) Temperature-dependent resistivity (ρ) of (1,3-DAP)0.5SnSe2. (a−d) Reproduced from ref 25.
Copyright 2024 Springer Nature. (e) Schematic illustration for charge polarization of chiral molecules. Reproduced from ref 85. Copyright 2024
Springer Nature. (f) Schematic illustration for acting spin filter. Reproduced from ref 23. Copyright 2022 Springer Nature.
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dynamic-static switch of hydrogen bonds.25 Within the confined
vdW space, the temperature-triggered alteration in self-rotation
properties of amino (−NH2) groups induces the transition of
the hydrogen bonds from dynamic to static states. At moderate
temperatures, the −NH2 groups self-rotate spontaneously to

form transient hydrogen bonds, inducing a dynamic charge-
delocalized mode with high electronic conductivity. Conversely,
at low temperature, the self-rotation of −NH2 groups ceases,
leading to the formation of static hydrogen bonds that are
detectable by Raman (Figure 7c). This transition shifts to a

Table 2. A Summary of Organic Molecules Intercalation for Modulating Superconductivity (SC)

Categories Organic molecules
Host

materials Refs Notes

Modulating Tc values Emerging SC in non-SC
materials

Tetraoctylammonium cations SnSe2 31
Cetyltrimethylammonium and
tetraethylammonium cation

MoS2 74

Enhancing intrinsic SC Pyridine TaS2 33
1-Alkyl-3-methylimidazolium cations MoTe2,

WTe2
20 SC in topological

phases
Suppressing intrinsic SC Ethylenediamine NbSe2 16

Aniline NbS2 88
Manipulating symmetry
breaking

Inversion symmetry breaking 1-Alkyl-3-methylimidazolium cations NbSe2 26 Ising SC
Time-reversal symmetry
breaking

Right-/left-handed methylbenzylamine TaS2 27 Chiral SC

Figure 8.Organic intercalationmodulatesTc values in 2D superconductors. (a) A summary of guest-intercalation-induced superconductivity in SnSe2.
Reproduced from ref 38. Copyright 2020 American Physical Society. (b,c) Resistance of CTA+- and TEA+-intercalated MoS2 in the low-temperature
range, respectively. Reproduced from ref 74. Copyright 2022Wiley. (d) Schematic illustration for the intercalation of imidazolium cations intoMoTe2.
(e) Resistance of pristine MoTe2 and imidazolium-ion-intercalated MoTe2 in the low-temperature range. (f) Resistance of pristine WTe2 and
imidazolium-ion-intercalated WTe2 in the low-temperature range. (g) Schematic illustration for the emergence of superconducting weak topological
insulators fromWeyl semimetals MoTe2 and WTe2 through organic intercalation. (d−g) Reproduced from ref 20. Available under a CC-BY Creative
Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0). Copyright 2020, published by Elsevier. (h,i)
Schematic illustration and superconducting magnetic measurements of TMA+-intercalated FeSe. Reproduced from ref 93. Copyright 2021 American
Chemical Society.
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charge-localizedmode with a lower electronic conductivity. This
switch of hydrogen bonds occurs around the critical temperature
of ∼160 K, resulting in a metal−insulator transition with a high
on−off ratio of up to 107, as shown in Figure 7d.
In addition, it has been demonstrated that chiral molecules

can be intercalated into layered crystals to obtain chiral solid
materials.23,81,83−85 The chirality in organic molecules originates
from mirror symmetry breaking, a fundamental molecular
property, which can induce charge-to-spin conversion arising
from charge polarization of chiral molecules (Figure 7e). This
results in the CISS effect, which serves as a spin filter for electron
transport (Figure 7f). The CISS effect in nonmagnetic chiral
materials will be discussed in detail in Section 4.4. Additionally,
intercalating chiral molecules can manipulate the symmetry
breaking, leading to the emergence of chiral superconductiv-
ity,27 as discussed in detail in Section 4.1.

4. PHYSICOCHEMICAL PROPERTY MODULATION VIA
ORGANIC INTERCALATION

Recently, very diverse organic intercalation systems have been
successfully developed to modulate the physicochemical
properties and enhance the functionalities in 2D materials. It
is worth highlighting that in organic intercalation systems the
modulation of the physicochemical properties, typically requires
multiple intercalation effects (as mentioned in Section 3 above)
to simultaneously alter material properties, rather than relying
on just one effect to affect electronic properties.
Organic intercalation offers a powerful tool to alter and

manipulate intrinsic physicochemical properties, giving rise to
the development of new physical phenomena not present in the
parent bulk materials. In this section, we will provide a brief
overview of recent advancements in modulating physicochem-
ical properties through organic intercalation, with a focus on the
superconductivity, magnetism, thermal conductivity, thermo-
electricity, and CISS effects. Additionally, we will also mention
interlayer confinement reactions within the vdW gap, high-
lighting the impact of subnanoscale spaces on enabling precise
control of chemical reactions.
4.1. Superconductivity Properties

Superconductivity, the first macroscopic quantum phenomenon
discovered, is a pivotal subject in modern condensed matter
physics.86 Research on the modulation of superconductivity
through organic intercalation has a rich history dating back to
the 1970s.30,33,87 In 1970, pyridine-intercalated TaS2 became
the first organic-intercalated superconductor, demonstrating an
enhancement of superconductivity.33 This groundbreaking
discovery paved the way for similar findings in other organic-
intercalated superconductors. In 2D superconducting materials,
organic molecules intercalation can effectively modulate their
superconducting properties, particularly the alteration in the
superconducting Tc value.

16,20,77,88 Furthermore, organic
intercalation has the potential to manipulate and engineer
symmetry breaking, such as inversion symmetry breaking26 and
time-reversal symmetry breaking,27 thus inducing the emer-
gence of unconventional superconducting behaviors. Accord-
ingly, in the following, we briefly summarize and introduce the
superconductivity modulation through organic intercalation
from two aspects: modulating Tc values and manipulating
symmetry breaking (Table 2).
4.1.1. Modulating Tc Values. The study of modulating Tc

values in layered superconductors has attracted widespread
attention. The intercalation of organic molecules can weaken

interlayer electronic coupling and facilitate charge injection,
thereby altering the electronic structure and carrier concen-
tration in 2D materials, and further modulating their super-
conductivity. Overall, this phenomenon can be categorized into
three distinct types: the introduction of superconductivity in
nonsuperconducting host materials, the enhancement of
intrinsic superconductivity, and the suppression of intrinsic
superconductivity (Table 2).
In certain layered nonsuperconducting materials, such as

SnSe2, TiSe2, MoS2 and MoSe2, the interfacial charge transfer
induced by organic intercalation can lead to the emergence of
superconductivity. SnSe2 serves as the most representative
material, in which charge doping through electronic gating or
chemical intercalation facilitates the transition from a semi-
conductor to a superconducting state, as shown in Figure 8a. For
example, the chemical intercalation of TOA+, TBA+, hexadecyl-
trimethylammonium ions (CTA+) and Co(Cp)2 can induce the
emergence of superconductivity in SnSe2. Beyond SnSe2, Pereira
et al. intercalated MoS2 with CTA+ and tetraethylammonium
(TEA+) cations, leading to the observation of superconducting
onset temperature of 2.8 and 3.9 K, respectively, as shown in
Figure 8b,c.74

Then, in certain layered superconductors, such as TaS2, Td-
MoTe2 and Td-WTe2, organic intercalation can enhance their
superconducting properties. These layered materials typically
exhibit relatively low Tc values, such as 0.8 K for bulk 2H-TaS2,
0.25 K for bulk Td-MoTe2, and 0.82 K for monolayer WTe2 (the
bulk counterpart is nonsuperconducting). Following organic
molecule intercalation, their Tc values markedly increase. In
1970, Gamble et al. first reported the enhancement of
superconductivity in pyridine-intercalated TaS2.

33 Notably, in
organic-intercalated TaS2 superlattices, the superconductivity
enhancement originates from both the charge transfer and
dimensionality reduction, with the latter playing a more
significant role.11,52,62,89 A similar enhancement is observed in
layeredWeyl semimetals Td-MoTe2 and Td-WTe2.

20 Employing
electrochemical intercalation techniques to inserting imidazo-
lium ions into MoTe2 and WTe2 (Figure 8d) achieves
superconducting states with Tc values of 7.0 and 2.3 K,
respectively (Figure 8e,f). This enhancement is attributed to
the charge transfer effect, which increases the density of states
near the Fermi level. Notably, this approach also leads to the
formation of a superconducting weak topological insulator
(Figure 8g). The integration of superconductivity into
topological phases holds promise for applications in quantum
computing.
Intriguingly, in high-temperature superconductors, their

superconducting temperatures are typically closely related to
carrier concentration.17,75,76,90−92 The interfacial charge transfer
effect from organic intercalation can alter the carrier
concentration, thus significantly increasing the Tc values in Fe-
based superconductors.77,93,94 For example, the Tc values in
FeSe can be increased through the electrochemical intercalation
of organic cations, as shown in Figure 8h,i. Intercalating
tetramethylammonium (TMA+),93 CTA+,77 and TBA+ 94

cations into FeSe results in high-temperature superconducting
states with Tc values of 43, 45, and 50 K, respectively. Compared
to the intrinsic Tc of ∼8 K, the superconducting properties in
these intercalated FeSe atoms are significantly improved.
Finally, in certain hole-type superconducting materials,

organic intercalation can weaken and even suppress the intrinsic
superconducting properties. For example, 2H-NbSe2 and 2H-
NbS2 are representative materials.

54 When EDA molecules are
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inserted into NbSe2, the original superconductivity with a Tc of
∼6 K is suppressed. This intercalated structure exhibits normal
metallic behavior at the lowest tested temperature of 2 K,
without any superconducting transition. A similar weakening
can be observed in aniline, pyridine, picoline- and EDA-
intercalated NbS2 compounds.

88 This observation is similar to
the weakening and suppression of superconductivity that occurs
through the intercalation of metal ions into the NbS2 or NbSe2
systems.47

4.1.2. Manipulating Symmetry Breaking for Novel
Superconductivity. Manipulating and engineering symmetry
in solid-state materials has the potential to induce novel physical
phenomena.95,96 For example, inversion symmetry breaking can
trigger spin−orbit physics and unconventional Ising super-
conductivity. Organic intercalation presents a promising
method for altering this symmetry in 2D materials. Recently,
Zhang et al. demonstrated that the effectiveness of organic
intercalation in manipulating inversion symmetry breaking in
bulk 2H-NbSe2, leading to the emergence of Ising super-
conductivity.26 This superconducting phenomenon is typically
observed in some monolayer H-phase TMDs, with non-
centrosymmetric crystalline structure that exhibits intrinsic
inversion symmetry breaking and mirror symmetry.97−99 This
unique structure exhibits spin-momentum locking (Figure 9a),
which locks the spin to the out-of-plane direction, resulting in
exceptionally high in-plane upper critical fields exceeding the
Pauli paramagnetic limit (HP), corresponding to Ising super-
conductivity. Interestingly, such Ising superconductivity was

successfully observed in bulk NbSe2 with organic cation
intercalation (Figure 9b).26 Inserting organic cations (1-alkyl-
3-methylimidazolium ions) increases the interlayer spacing from
∼6.2 to 10.1 Å, effectively reducing the dimensionality of NbSe2
and achievingmonolayer properties, as demonstrated by ARPES
(Figure 9c). Magneto-electrical transport measurements reveal
that the intercalated NbSe2 exhibits remarkably high in-plane
upper critical fields surpassing the Pauli paramagnetic limit,
indicating unique Ising superconductivity properties that are not
present in bulk NbSe2 (Figure 9d). This study highlights the
potential of organic intercalation strategies to enhance the
noncentrosymmetric properties of monolayers, enabling
symmetry manipulation.
Additionally, the intercalation of chiral molecules in non-

centrosymmetric superconductors has the potential to manip-
ulate time-reversal symmetry breaking, leading to the realization
of chiral superconductivity.27,100,101 Specifically, through a wet
chemical method, right-handed methylbenzylamine (R-MBA)
and left-handed methylbenzylamine (S-MBA) have been
intercalated into 2H-TaS2, resulting in the artificial creation of
novel chiral organic−inorganic hybrid superlattices (Figure
9e).27 In this chiral superlattice, several key unconventional
superconducting features were observed: (1) an anomalously
large in-plane upper critical field (Figure 9f), far exceeding the
Pauli paramagnetic limit; (2) a robust π phase shift in Little-
Parks measurements (Figure 9g), indicating the presence of
unconventional pairing symmetry; and (3) a field-free super-
conducting diode effect (Figure 9h), signifying the breaking of

Figure 9.Organic intercalation manipulates symmetry breaking for unconventional superconductivity. (a) Schematic illustration for spin-momentum
locking in monolayer (left) and bilayer/bulk (right) NbSe2. Reproduced from ref 97. Copyright 2015 Springer Nature. (b) Schematic drawing for the
intercalation of imidazole cations into NbSe2. (c) Band structures of intercalated NbSe2 (left panel) and pristine NbSe2 (right panel) measured by
ARPES. (d) Upper critical magnetic fields Hc2 for out-of-plane magnetic fields (H⊥) and in-plane magnetic fields (H∥) as a function of temperature.
(b−d) Reproduced from ref 26. Copyright 2022 Springer Nature. (e) Schematic illustration for the superlattice structure of R-MBA- and S-MBA-
intercalated 2H-TaS2. (f) Upper critical magnetic fields for out-of-plane magnetic fields (Bc2,⊥) and in-plane magnetic fields (Bc2,∥) as a function of
temperature. (g) Little-Parks measurements, showing a robust π phase shift. (h) Absolute value of voltage−current characteristics for R-MBA-
intercalated 2H-TaS2 measured at 0.5 K. (e−h) Reproduced from ref 27. Copyright 2024 Springer Nature.
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time-reversal symmetry in the superconducting state. These
experimental features are absent in the pristine TaS2 crystal,
suggesting the presence of unconventional chiral super-
conductivity in the chiral superlattice. This presents distinctive
opportunities for manipulating symmetry, modulating topo-
logical states and exploring exotic physical properties.
4.2. Magnetic Properties
In 2017, the experimental study on CrI3

102 and Cr2Ge2Te6
103

successfully demonstrated the existence of long-range ferro-
magnetic order in 2D lattices, overcoming the limitations of
Mermin−Wagner theorem.104 This breakthrough discovery has

sparked significant interest in 2D ferromagnetic materials, which
are crucial for the development of innovative, low-power, high-
density spintronics devices in the future.105,106 However, the
limited availability of 2D ferromagnetic materials and their
relatively lowCurie temperatures have hindered further research
and application. Organic intercalation offers a versatile tool for
altering and improving the magnetic properties in 2D materials.
Through organic intercalation strategies, it is possible to
manipulate the intrinsic magnetism of 2D materials (Table 3),
including both ferromagnetic and antiferromagnetic properties,
resulting in a higher ferromagnetic Curie temperature or a

Table 3. A Summary of Organic Molecule Intercalation for Modulating Magnetic Properties

Categories Organic molecules
Host

materials Refs Notes

2D magnetic
materials

Enhancing intrinsic ferromagnetic properties in 2D
ferromagnetic materials

Tetrabutylammonium
caitons

Fe3‑xGeTe2 21 Room-temperature
ferromagnetism

Tetrabutylammonium
caitons

Cr2Ge2Te6 73

Transforming antiferromagnetism into ferromagnetism Tetraheptylammonium
caitons

NiPS3 112

Tetraheptylammonium
caitons

VOCl 19 Room-temperature
ferromagnetism

Magnetizing 2D nonmagnetic materials Cobaltocene SnS2 24 Room-temperature
ferromagnetism

Figure 10. Organic intercalation modulates the intrinsic magnetic properties in 2D ferromagnetic and antiferromagnetic materials. (a) Schematic
illustration for the superlattice structure of TBA+-intercalated Fe3−xGeTe2. (b)Magnetic measurements in TBA+-intercalated Fe3−xGeTe2 and pristine
Fe3−xGeTe2: zero-field-cooled (ZFC, open symbols) and field-cooled (FC, solid symbols) curves (left panel) and the isothermal magnetic-field-
dependent magnetization (M−H) at 300 K (middle panel) and at various temperatures (right panel). (a,b) Reproduced from ref 21. Available under a
CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0). Copyright 2023, The Authors,
published by Springer Nature. (c) Schematic illustration for the magnetic structure transformation from antiferromagnetism in pristine NiPS3 (left) to
ferrimagnetism in THA+-intercalated NiPS3 (right). (d) ZFC and FC curves of pristine NiPS3 (left) and THA+-intercalated NiPS3. (c,d) Reproduced
from ref 112. Copyright 2022Wiley. (e) Schematic illustration for the electrochemical intercalation of VOCl with THA+. (f) Schematic illustration for
the transformation of spin−spin interaction fromA-type antiferromagnetism in pristine VOCl to ferromagnetism in THA+-intercalated VOCl. (g)M−
H curves for THA+-intercalated VOCl under the in-plane and out-of-plane fields at 300 K, exhibiting room-temperature ferromagnetism. (e)−(g)
Reproduced from ref 19. Copyright 2024 Wiley.
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transformation from antiferromagnetism to ferromagnet-
ism.19,21 Additionally, organic intercalation enables the magnet-
ization of 2D nonmagnetic materials (Table 3), introducing
external 2D ferromagnetic order into 2D nonmagnetic materials,
and thereby creating novel artificial magnetic materials.24 This
approach can broaden the 2D ferromagnetic material family and
opens up new possibilities for research and applications in 2D
magnetic materials.
First, organic intercalation can modulate the intrinsic

magnetic properties in 2D materials.10,11,32,107−110 In recent
years, various 2D magnetic layered materials with ordered
magnetic structures have been discovered, such as ferromagnetic
Cr2Ge2Te6, VSe2, Fe3GeTe2, Fe5GaTe2 and CrBr3, and
antiferromagnetic CrI3, MnBi2Te4, CrSBr, VOCl, FePS3,
MnPS3 and NiPS3. Intercalating organic molecules effectively
alters their intrinsic magnetic structures, which can be
categorized into two aspects: enhancing the original ferromag-
netic properties and transforming “technologically useless”
antiferromagnetism into “useful” ferromagnetism. For the
former, Iturriaga et al. reported the enhancement of
ferromagnetic properties in layered ferromagnetic Fe3−xGeTe2
through TBA+ intercalation.21 The electrochemical intercalation
of TBA+ into Fe3−xGeTe2 (Figure 10a) improves intrinsic
ferromagnetic properties, raising the Curie temperature from
∼154 to ∼350 K, thereby achieving 2D room-temperature

ferromagnetism, as demonstrated by magnetic measurements
(Figure 10b). This enhancement is attributed to the charge
injection effect induced by organic intercalation. A similar
enhancement can be observed in TBA+-intercalated Cr2Ge2Te6
(Figure 4c), with a significant alteration of the original
ferromagnetic properties, including an increase in Curie
temperature from ∼67 to ∼208 K (Figure 4e) and a change in
the easy magnetization axis from along the c-axis to within the
ab-plane.73,111

In 2D antiferromagnetic materials, organic intercalation has
the ability to modify their original antiferromagnetic structures,
leading to the emergence of ferromagnetic order, including
room-temperature ferromagnetism.19,40,107,109,112 The electro-
chemical intercalation of tetraheptylammonium ions (THA+) in
NiPS3 can transform the original zigzag antiferromagnetic
structure into a ferrimagnetic structure, as shown in Figure
10c,d.112 Additionally, the antiferromagnetic properties of
NiPS3 can be modulated by the intercalation of TBA+ ions

40

and imidazolium109 ions. Notably, among the various
antiferromagnetic structures, A-type antiferromagnetism is
distinguished by its unique magnetic structure, characterized
by intralayer ferromagnetic coupling and interlayer antiferro-
magnetic coupling.58−60 This magnetic structure is closely
related to the interlayer interaction, making it possible to
modulate magnetism through organic intercalation. For

Figure 11. Organic intercalation modulates thermal conductivity and thermoelectricity properties. (a) Schematic illustration for the intercalation of
monolayer and bilayer alkylamine molecules in TaS2, showing tunable interlayer spacing and molecular configuration for thermal conductivity
modulation. (b) Temperature dependence of the total thermal conductivity of TaS2, TaS2-C3, TaS2−C6, TaS2−C8 and TaS2−C12. (a,b) Reproduced
from ref 117. Copyright 2024 Science China Press. (c) Schematic illustration for synthesis processes of side chains covalent modification TaS2
(SCCM-TaS2). (d)−(f) Thermoelectric properties of the pristine TaS2 and SCCM-TaS2: electrical conductivity (d), in-plane thermal conductivity
(e), and in-plane thermoelectric ZT (f). (c)−(f) Reproduced from ref 41. Available under a CC-BY Creative Commons Attribution 4.0 International
license (https://creativecommons.org/licenses/by/4.0). Copyright 2022, The Authors, published by Springer Nature. (g) Schematic illustration for
the superlattice structure of organic intercalation TiS2. (h) Cross-sectional high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of the organic intercalation TiS2 superlattice. (g,h) Reproduced from ref 42. Copyright 2015 Springer Nature.
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example, the electrochemical intercalation of THA+ in A-type
antiferromagnetic VOCl can convert antiferromagnetism to
room-temperature ferromagnetism (Figure 10e).19 This trans-
formation is achieved by increasing the interlayer spacing with
THA+ intercalation, weakening interlayer interactions and
suppressing original interlayer antiferromagnetic coupling
(Figure 10f). Accompanied by the simultaneous electron doping
effect, which enhances the intralayer ferromagnetic coupling,
THA+ intercalation induces the emergence of room-temper-
ature ferromagnetism (Figure 10g) and the switch in the easy
magnetization axis from in-plane to out-of-plane.
In addition, organic intercalation can magnetize 2D non-

magnetic materials, leading to the introduction of external long-
range magnetic structures.24 The vdW gaps provide a rigid
confinement environment conducive to the self-assembly of
magnetic molecules, forming novel 2D molecular ferromagnets.
For instance, the self-assembly intercalation of molecular
magnets (magnetic Co(Cp)2 molecules) in SnS2 has been
demonstrated to induce 2D room-temperature ferromagnetism
(Figure 6), as discussed in the Section 3.3.24 Besides Co(Cp)2-
intercalated SnS2, Coronado et al.

113 employed a synthetic
strategy involving exfoliation and reassembly to integrate
negatively charged monolayers of TaS2 with single-molecule
magnet layers. This approach successfully achieved the
coexistence of superconductivity and single-molecule magnet
layers, enriching the functionalities of 2D inorganic materials.
4.3. Thermal Conductivity and Thermoelectricity
Properties

Thermoelectric technology has the ability to realize direct
conversion between thermal and electrical energy, whose
development hinge on the efficient manipulation of the
transport behaviors of electrons and phonons.114,115 The heat
to electrical energy conversion performance is quantified by the

dimensionless figure of merit, ZT. This is defined using the
formula ZT = σS2T/(κe + κl), where σ, S, T, κe and κl are the
electrical conductivity, the Seebeck coefficient, absolute temper-
ature, the electronic thermal conductivity and the lattice thermal
conductivity, respectively.114,115 Apparently, high-performance
thermoelectric materials need a combination of large electrical
conductivity, low thermal conductivity, and a large Seebeck
coefficient. However, these parameters are strongly interde-
pendent and coupled with each other, making it challenging to
improve ZT values. To this end, various modulation strategies
have been developed to address this, including defect
chemistry115,116 and intercalation chemistry.10,41,42 Among
these, organic intercalation has proven to be an effective method
for enhancing the thermoelectric performance in 2D materials.
Specifically, intercalating organic molecules into 2D materials
creates organic-2D materials hybrid interfaces, affecting
interfacial phonon scattering and reducing thermal conductivity.
Furthermore, organic intercalation triggers the interfacial charge
transfer effect, altering the carrier concentration and ultimately
improving electrical conductivity.
Importantly, organic intercalation produces tunable interlayer

spacing and molecular configuration, providing new degrees of
freedom for thermal conductivity modulation. For example,
Wang et al.117 reported the intercalation of monolayer and
bilayer molecules into TaS2, leading to a dramatic reduction in
thermal conductivity. In several alkylamine-intercalated TaS2
superlattices (propyl amine, hexylamine, octylamine, and lauryl
amine), increasing the length of the intercalated alkyl chain (C3,
C6, C8, and C12) leads to a more ordered and linear
configuration of the alkyl chain, while the gauche conformation
decreases. Notably, C12-intercalated TaS2 forms a bilayer linear
molecular chain, whereas C3-, C6-, and C8-intercalated TaS2
retain a molecular monolayer structure between TaS2 layers

Figure 12. Chiral molecule intercalation artificially creates chiral solid-state materials, resulting in CISS effect. (a) Schematic drawings for the
preparation of chiral molecular intercalation superlattices (CMIS) through the intercalation of R-MBA and S-MBA chiral molecules in TaS2. (b)
Schematic drawing for a typical spin tunnelling junction device, which CMIS serves as the spin-filtering layer. (c,d) I−V curves of R-MBA- and S-MBA-
intercalated TaS2 CMIS at 10 K, respectively. (a)−(d) Reproduced from ref 23. Copyright 2022 Springer Nature.
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(Figure 11a). These interlayer molecular conformations can be
effectively demonstrated by advanced femtosecond broadband
sum frequency generation vibrational spectroscopy (SFG-VS).
Compared to pristine TaS2, these organic−inorganic super-
lattices exhibits lower thermal conductivity, with a value of 0.426
Wm−1 K−1 for C12-intercalated TaS2, only one-third that of the
pristine TaS2 (Figure 11b). This work highlights the control
over molecular configuration as a promising avenue for
exploring ultralow thermal conductivity materials.
Organic intercalation plays a crucial role in modulating

thermoelectric properties by simultaneously reducing thermal
conductivity and increasing electrical conductivity and serves as
an ideal tool for enhancing thermoelectric properties. For
example, Wang et al.41 successfully improved the thermoelectric
properties of TaS2 through the intercalation and covalent
modification of tert-butyl isocyanate. This organic−inorganic
hybrid superlattice was obtained by the preintercalation of Li
ions followed by guest exchange (Figure 11c). In the side chains
covalent modification TaS2 superlattice, electrical conductivity
increased to 3401 S cm−1, while the in-plane thermal
conductivity decreased to 4.0 W m−1 K−1, representing one-
seventh of that of pristine TaS2, as shown in Figure 11d,e.
Consequently, the ZT value improved to∼0.04 at 443 K (Figure
11f). Importantly, organic intercalation imparts unique
molecular characteristics to 2D materials, offering numerous
advantages for thermoelectric applications such as diversity and
flexibility. A prominent example is the introduction of flexibility
in organic-intercalated in TiS2 (Figure 11g,h), alongside the
improvement of thermoelectric properties.42 Additionally, other
organic molecules such as TBA+ ions, hexylammonium ions,
polyethylene glycol and dimethyl sulfoxide can also be
intercalated into 2D materials (such as TiS2, WSe2 and

Bi2Se3), resulting in the enhancement of thermoelectric
properties.72,118−120

4.4. CISS Effect

Chiral molecules and structures can influence the spin of
electrons, resulting in the chirality-induced magnet-free spin
generation known as CISS effect.83−85 Through intercalating
chiral molecules into 2D materials, a novel approach has been
demonstrated to artificially create chiral solid-state materi-
als.23,81,121 Furthermore, chiral hybrid superlattices synthesized
by organic intercalation typically exhibit high spin selectivity,
enhancing the performance of spin filtering devices based on
CISS effect.23,81,121 For instance, the intercalation of chiral right-
handed (R-)/left-handed (S-) methylbenzylamine molecules
(R-MBA and S-MBA) in 2H-TaS2 created new chiral super-
lattices (Figure 12a).23 When utilized as the spin-filtering layer
in spin-selective tunneling junctions (Figure 12b), this super-
lattice exhibits excellent spin filtering performance, with a
tunneling magnetoresistance ratio exceeding 300% and a spin
polarization ratio exceeding 60% (Figure 12c,d). This chiral
intercalation strategy can be extended to other TMD materials
such as TiS2

81 and MoS2.
121 In R-/S-MBA-intercalated MoS2

and R-/S-PEA (1-(R)-phenethylamine and 1-(S)-phenethyl-
amine molecules)-intercalated TiS2, spin polarization ratios of
75% and greater than 90% were observed, respectively. This
innovative chiral-molecule intercalation strategy presents new
avenues for designing chiral solid-state materials and provides
possibilities for developing advanced spintronics devices.
4.5. Interlayer-Confined Reactions

The vdW gaps between adjacent layers are a subnanometer
space, which provides a unique rigid confinement microenviron-
ment for chemical reactions. This space has significant
advantages, such as inhibiting agglomeration of reactants and

Figure 13. Interlayer-confined reactions within vdW gaps. (a) Schematic illustration for the interlayer-confined synthesis of monolayer graphdiyne
(GDY) within the vdW gap of MXene. (b) Cross-sectional integrated differential phase-contrast (iDPC)-STEM image of GDY-MXene. (c) Enlarged
view of the cyan box in panel (b). Arrows represent monolayer GDY grown within the interlayer space of MXene. (a)−(c) Reproduced from ref 29.
Copyright 2024, Wiley. (d) Schematic illustration for three-step reactionmechanism the confined coordination reaction between 1,10-phenanthroline
and Fe. Reproduced from ref 124. Copyright 2020, Royal Society of Chemistry. (e) Schematic illustration for the interlayer coordination reaction
between 3-methylpyridine and Mn. Reproduced from ref 125. Available under a CC-BY Creative Commons Attribution 4.0 International license
(https://creativecommons.org/licenses/by/4.0). Copyright 2009, The Authors, published by Elsevier.
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promoting 2D growth, presenting a new perspective on the
atomic-scale fine control of chemical reactions. Li et al.29 utilized
the interlayer vdW gap of MXenes as a reaction space, achieving
the synthesis of monolayer graphdiyne (Figure 13a). Within the
subnanometer vdW space, in situ acetylenic homocoupling of
hexaethynylbenzene is produced, which can effectively prevent
the material growth along out-of-plane or vertical stacking, thus
synthesizing monolayer graphdiyne with micrometer-scale
lateral dimensions (Figure 13b,c). The obtained monolayer
graphdiyne exhibits excellent electrical properties at room
temperature with high electrical conductivity and charge carrier
mobility. This work utilized an interlayer-confined synthesis
strategy to achieve precise control over 2D materials with
precisely controlled layer numbers. Similarly, nitrogen-doped
amorphous monolayer carbon can be synthesized through
confinement polymerization within the vdW space of layered
double hydroxides.46

Additionally, confined coordination reactions within vdW
gaps have garnered significant research interest.122−125 Inter-
layer-confined coordination reactions provide a new approach
tomodulating the physicochemical properties of 2Dmaterials. A
typical example is the interlayer-confined coordination reaction
between 1,10-phenanthroline and Fe2+. For instance, Ma et al.
introduced the complexing agent 1,10-phenanthroline into Fe-
doped NiPS3 (Fe0.02Ni0.98PS3) via a wet chemical method,
enabling it to coordinate with Fe.124 The mechanism of the
interlayer-confined coordination reaction between Fe and 1,10-
phenanthroline is illustrated in Figure 13d. Through this
coordination reaction, the original antiferromagnetic properties
are transformed into ferromagnetism with a Curie temperature
of∼75 K. Additionally, 3-methylpyridine, as a complexing agent,
can participate in interlayer-confined coordination reactions
with Mn2+ within vdW gaps of MnPS3, as shown in Figure
13e.125

In addition to the properties discussed above, organic
intercalation can also modulate other physical phenomena,
such as correlated electronic phases, optical properties, and
electronic phase transitions.25 For example, intercalating TBA+
into VSe2 can modulate its charge density wave state,

126 and the
intercalation of octadecyltrimethylammonium (OTA+) and
CTA+ cations in SnS2 can alter its intrinsic optical properties.

127

Additionally, the intercalation chemistry in emerging inorganic
host systems, such as twisted bilayer syetems, beyond conven-
tional layered prsitine crystals has attracted widespread interest,
offering a new opportunity to advance intercalation chemistry in
manipulating quantum materials.128−130

5. SUMMARY AND PERSPECTIVE
Over 70 years have passed since the initial intercalation of
pyridine molecules into TaS2 to manipulate its superconductiv-
ity properties, and the resurgence of interest in organic
intercalation in 2D materials after the isolation of graphene131

has created a wide variety of layered intercalation materials with
tunable physicochemical properties. The past two decades have
witnessed a prosperity of research focused on organic
intercalation. In this review, we present an in-depth overview
of organic intercalation for manipulating physicochemical
properties, including a summary of various organic guest species
(divided into organic cations and organic Lewis basemolecules),
a discussion on the modulation effects caused by organic
intercalation (including dimensionality reduction, interfacial
charge transfer, and the impartation of molecular characteristics
to 2D materials), and an introduction of the advancements in
physicochemical properties modulation through organic inter-
calation (including topics like superconductivity, magnetism,
thermal conductivity and thermoelectricity, CISS effects, and
interlayer-confined reactions). We firmly believe that organic
intercalation has emerged as a powerful strategy for fine-tuning
electronic and atomic structures at the atomic and molecular
levels, leading to tunable material properties.
Despite significant progress made in using organic inter-

calation to alter the physicochemical properties of 2D materials,
considerable challenges and opportunities are currently arising
in this field. In the following, we will provide a brief overview of
organic intercalation, highlighting its potential for future
advancements (Figure 14).

(1) Exploration of the interplay between molecular guest
layers and inorganic host layers. Currently, most organic
intercalation systems lack significant interplay between
the molecular and inorganic layers. The molecular and
inorganic layers typically function independently; the

Figure 14. Schematic illustration of a brief overview of organic intercalation and its potential for future advancements.
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inorganic layers act as electron layers while the molecular
layers serve as hole layers, enabling charge doping
analogous to metal cation intercalation. However, this
independent characteristic limits the exploration of new
physical phenomena not present in the inorganic layers.
Currently, only a few organic intercalation systems have
exhibited interplays between the molecular and inorganic
layers, leading to the emergence of new electronic
properties such as many-body states28 and unconven-
tional superconductivity.27 For example, in chiral-
molecule-intercalated TaS2, the chiral molecular layers
interact with the superconducting TaS2 layers, leading to
chiral superconductivity.27 In Co(Cp)2-intercalated
SnSe2, the Co(Cp)2 layers interact with the SnSe2 layers,
resulting in interlayer excitonic insulators.28 Questions
surrounding how interplays occur, when they occur, and
the relationship between interplay and new physical
properties remain unanswered. Future research should
focus on developing new intercalation systems with strong
interplays between molecular and inorganic layers to gain
a deeper understanding of these phenomena.

(2) Development of stage ordering intercalation in organic
intercalation systems. This stage phenomenon has been
extensively studied in inorganic-guest-intercalated sys-
tems, such as alkali-metal-ion-intercalated graphite (e.g.,
Li-intercalated graphite132) and metal-chloride-interca-
lated graphite (e.g., FeCl3-intercalated graphite

133).134,135

In these inorganic-intercalated graphite compounds,
unique intercalation structures, including stage-2 (e.g.,
C24K), stage-3 (e.g., C36K), and stage-4 (e.g., C48K)
intercalation,135 can be achieved. However, the inter-
calation of organic species is typically limited to full
intercalation along the c-axis, that is, stage-1 intercalation,
and research on stage intercalation in organic intercala-
tion systems is still lacking. Notably, the stage
phenomenon involves controlling the kinetic process of
guest intercalation, which depends on various reaction
factors. In inorganic intercalation systems, the dynamic
processes of inorganic guest intercalation can be
controlled to achieve distinct stage orderings by fine-
controlling factors including voltage and temperature.135

On the other hand, organic intercalation systems
currently lack effective control mechanisms. Therefore,
the development of new organic intercalation systems
with controllable stage intercalation is a significant area of
research, providing new opportunities for modulating
material properties. Additionally, further investigation
into the kinetic processes of organic stage intercalation is
rare but holds great value for advancing the field.

(3) Development of interlayer-confined chemical reactions.
Nanoconfinement effects on chemical reactivity is a
burgeoning area of research, with immense potential for
further development and exploration.136,137 The vdW gap
offers a subnanometer space that can serve as a rigid
confinement environment for chemical reactions. This
confinement space has shown promise in controlling the
thickness of 2D materials and enabling the production of
atomically thin nanosheets.29,46 However, the current
focus lies on using this rigid interlayer-confined space for
self-assembly of intercalated molecules to form ordered
molecular structures, and the potential for organic
synthesis within this confinement environment remains
largely unexplored. Questions arise about the potential of

the interlayer-confined space for organic synthesis: Can it
facilitate complex organic synthesis reactions? Is it
possible for high-pressure reactions to take place under
atmospheric conditions within interlayer-confined space?
How can we effectively intercalate multiple organic
molecules to promote chemical reactions within the
subnanometer transport channels? Additionally, how can
inorganic materials be separated from the reaction
products? Addressing these questions necessitates further
research and exploration, leading to new avenues for
innovation and discovery.

(4) Development of advanced characterization techniques.
The detailed analysis of structures and compositions in
solid-state materials is crucial for enhancing our under-
standing of material properties and behaviors. However,
confirming the structure of organic-intercalated-hybrid
superlattices remains challenging, particularly regarding
the interlayer molecule configurations. The molecular
structure within hybrid superlattices is often highly
sensitive to electron beams; moreover, the molecular
sites are less stable and robust than atomic sites in
inorganic solids, and certain hybrid superlattices exhibit
instability at elevated temperatures or even at room
temperature. These challenges complicate the character-
ization of molecular structures at atomic and molecular
levels. For example, directly visualizing the molecular
structure using HAADF-STEM is challenging. Further-
more, some characterization techniques do not meet the
requirements for in situ analysis; for instance, STM
necessitates precleavage prior to measurements, poten-
tially leading to deviations from the actual interlayer-
confined environment. Therefore, it is imperative to
develop new advanced characterization techniques that
can accurately delineate the superlattice structure.
Exploring nondestructive optical absorption detection
technology, such as advanced femtosecond broadband
sum frequency generation vibrational spectroscopy (SFG-
VS),117 may represent a promising exploration direction.
Additionally, combining theoretical calculations and
analyses will be necessary to achieve a clearer structural
understanding.

In conclusion, organic molecule intercalation presents a
flexible “building block” approach that facilitates the artificial
integration of a diverse range of organic molecules with a wide
variety of 2D materials, creating numerous organic−inorganic
hybrid superlattices with tunable electronic properties and
further opening up new avenues for artificially designing new
structures. It is anticipated that there will be broader exploration
of new intercalation strategies, novel intercalation systems
involving new organic molecules, and emergent physical
phenomena stemming from organic intercalation, along with
more in-depth investigations focusing on the correlation
between organic intercalation and the corresponding modu-
lation of physicochemical properties, enhancing our ability and
understanding to precisely manipulate material properties.
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