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The quest for materials by design has long motivated 
scientists to tailor materials to obtain desired functional-
ities. For centuries, various control and modulation tools 
have been developed to tune materials properties, for 
example via doping, phase control, defects and strain1–5. 
In the past few decades, the on-​demand introduction 
of electrons, holes or ions into a host material for the 
purpose of engineering its electrical, optical and struc-
tural properties has been widely employed to enable 
revolutionary advances in semiconductor technology, 
giving rise to the concept of guest-​species (atoms, ions, 
molecules) modification.

There are several key features of this modulation 
method that are inherent to the properties of the guest 
species. First, the electronic-​structure degrees of free-
dom, made available through the incorporation of dif-
ferent elements, can induce a broad range of doping 
and distinct types of interactions within the material. 
Second, the dynamic and mobile nature of the guest 
species allows for reversible tuning. Third, topotactic 
transformations, which preserve the material’s structural 
topology and take advantage of the imbalanced kinetic 
properties of different ion species, enable the synthesis 
of new materials with metastable lattice environments 
and valence states. More importantly, as discussed later 
in the text, building upon the intersection of chemical 
composition variations and electrostatic modulation 
(for example, with ionic tuning) substantially expands 
tunability beyond the limits of conventional approaches.

2D materials, especially 2D transition metal dichal-
cogenides (TMDs), as a large family with diverse phys-
ical properties and functionalities, have brought new 
vitality into this field, presenting a perfect platform for 
guest-​species modification because of their confined, 

atomically thin layered structure6–8. 2D materials are 
suitable for guest-​species intercalation because of their 
anisotropic bonding (covalent within the layer and 
van der Waals interactions between layers). The weak 
interlayer interaction facilitates the isolation of mono
layer flakes, whose properties are extremely sensitive to 
changes in the surrounding environment. In addition, 
guest-​species insertion into layered 2D materials can 
be achieved by accessing the van der Waals gap without 
breaking the intra-​layer covalent bonds, maintaining 
the host structure of the 2D materials and confining the 
doped species9. These strategies constitute flexible path-
ways to synthesize novel materials systems by combining 
the diverse properties of the 2D materials and the guest 
species, leading to potential applications in quantum 
devices and energy10–12.

Research on layered transition metal oxides, another 
heavily studied family of materials, has also flourished, 
motivated by the opportunities afforded by reduced 
dimensionality. Layered transition metal oxides attract 
much research interest owing to their sophisticated 
structural chemistry and the wide span of physical 
properties they display13. They often host many-​body 
phenomena owing to the strong electronic correla-
tions of the transition metal d orbitals and the entan-
glement between the charge, spin and lattice degrees 
of freedom, facilitated by the hybridization between 
transition metal cations and oxygen anions14. A defin-
ing consequence of these strong interactions is a broad 
range of functionalities, spanning from ferroic orders15 
to superconductivity16. The different energy landscapes 
present in the materials promote intertwined phases 
resulting in rich phase diagrams with competing orders 
and ground states, which are extremely sensitive to 
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tuning parameters, from the transition metal oxidation 
state to the chemical environment13,14,16. For these rea-
sons, the interaction between transition metal oxides 
and guest species has attracted enduring interest in 
materials synthesis research.

In this Review, we focus on guest-​species tuning 
applied to 2D layered chalcogenides and oxides. We 
first introduce the two major techniques that can be 
used for guest-​species tuning, electrostatic gating and 
intercalation. The mechanism and experimental design 
of each technique are briefly discussed. Then, we present 
the exciting progress enabled by guest-​species modula-
tion, covering both application-​oriented work and the 
discovery of new phenomena. Finally, we provide an 
outlook on the immense possibilities offered by ionic 
tuning in 2D layered chalcogenides and oxides, and the 
perspectives for the extension of this methodology to 
other materials families.

Traditional guest-​species tuning of 3D materials 
(Fig. 1a) is mainly dependent on chemical reactions 
between host materials and guest ions, introduced into 
the host material electrons and holes as donors and 
acceptors, respectively, which form covalent bonding 
with surrounding atoms (Fig. 1b). The insertion of guest 
species into the host material inevitably introduces 
defects and structural deformation. Instead, because 
of the layered and thin nature of the 2D materials, two 
new types of interactions, that do not disrupt the exist-
ing covalent bonds, can be obtained: the guest species 
can reside on the atomic surface and polarize the 2D 
material (gating; Fig. 1c), or the ions can migrate into the 
interlayer sites and chemically interact with the material 
(intercalation; Fig. 1d).

Guest-​species gating
Guest-​species gating works in a similar way to the tun-
ing of metal–oxide–semiconductor field-​effect tran-
sistors (MOSFETs), by shifting the chemical potential 
of the material that acts as the channel in the transis-
tor device1,17. A dielectric is required in both cases to 
provide the capacitance that holds the charges induced 
by an external voltage source, but the nature of the  
dielectric component is different in ionic gating and  
conventional oxide-​based transistor gating. In MOSFETs,  
the dielectric is usually an insulating oxide layer, most 
commonly SiO2, with a thickness ranging from tens to 

hundreds of nanometres (Fig. 2a). For guest-​species gat-
ing, a medium composed of mobile ions, an electrolyte, 
is between the gate electrode and the channel. For this 
reason, guest-​species gating is also known as ionic gat-
ing. The formation of an electrical double layer (EDL) 
at the interface between the electrode and the electrolyte 
induces an EDL capacitance that is much higher than the 
capacitance of oxide dielectrics18.

A double layer is a universal phenomenon observed at 
electrode–electrolyte interfaces and is manifested as two 
layers of excess charges with opposite signs, one in the 
electrode and one in the electrolyte. Owing to the require-
ment of global charge neutrality, the double layer forms 
following the abrupt change in the interatomic force expe-
rienced by the ions at the interface between the bulk of 
the electrolyte and the electrode. In particular, ions close 
to the electrode experience very different forces from 
the electrode and the electrolyte and rearrange accord-
ingly, forming a charged layer in the electrolyte. Owing 
to the Coulomb force exerted by this charged layer, the 
mobile electrons in the electrode are either accumulated 
or depleted at the interface to balance these excess net 
charges. Consequently, a layer of charges with opposite 
sign forms in the electrode. When the electrode is con-
nected to an external voltage source, the density and polar-
ity of the charges in the double layer can be conveniently 
controlled. The double layer is effectively a capacitor with 
a thickness of 1 nm or less at reasonable electrolyte con-
centrations, resulting in an ultra-​high capacitance19. In this 
regard, an additional differential capacitance (C = dσ /dΨ)  
can be used to describe the change of surface charge 
density (σ) with respect to the electric surface potential 
(Ψ). To build a transistor, a second electrode — the gate 
electrode — is put into the electrolyte and connected to a 
power source (Fig. 2b). An external voltage applied at the 
electrode relative to the channel translates to drops in volt-
age within the double layers at the electrolyte–gate elec-
trode and electrolyte–channel interfaces. Because of the 
ultra-​high capacitance of the double layer, a high 2D car-
rier density (up to 1014 cm−2) can be induced in the chan-
nel at a reasonably low gate voltage. Transistors based on 
this principle are termed electric double-​layer transistors 
(EDLTs), and have been demonstrated with both liquid 
and solid-​state ionic gates20,21. Beyond the gating effect, 
electrochemical reactions such as intercalation can also 
be observed in EDLTs. The gating effect and electrochem-
ical reactions do not occur simultaneously: a lower gate 
voltage leads to the gating effect whereas a higher voltage 
leads to electrochemical reactions.

Liquid, gel and polymer-​based electrolytes
Commonly used electrolytes that have long been uti-
lized in electrochemical devices include ionic liquids 
and lithium ion-​based electrolytes (Fig. 2b). Ionic liq-
uids are a family of salts that have a low melting point 
and are in liquid form at room temperature22,23. These 
electrolytes exhibit an area capacitance that can reach 
tens of microfarads per square centimetre, and have 
been employed to induce ambipolar conduction20,24–26 
and superconductivity27–29 in a wide range of 2D mate-
rials. Li+-​based electrolytes are a critical component in 
rechargeable lithium batteries and are also widely used 
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Fig. 1 | Interactions between 2D materials and guest species. a | A 2D material and 
guest species. b | Guest-​species substitutional doping of a 2D material. c | Guest-​species 
gating of a 2D material. d | Guest-​species intercalation of a 2D material.

www.nature.com/natrevmats

R e v i e w s

42 | January 2023 | volume 8	



0123456789();: 

in EDTLs. For EDLT fabrication and measurements, 
electrolytes consisting of lithium salts dissolved in an 
organic solvent or a polymer matrix are commonly 
used25,30–32. Another widely used gating technique is 
gel gating. The high viscosity of gel-​based electrolytes 
translates to better mechanical integrity and lower evap-
oration rates compared with liquid-​based electrolytes, 
making them easier to handle and more compatible with 
long electrical measurements33,34.

Despite the broad tunability of liquid, gel and polymer 
electrolytes, there are some intrinsic issues complicating 
their use. One significant drawback is the unwanted strain 
created because of the glass transition of the electrolyte 
when the temperature is lowered, which is detrimental 
during low-​temperature transport measurements35. Other 
issues include instability against moisture and undesirable 
side chemical reactions. The former can lead to the degra-
dation of device performance at ambient conditions due 
to water absorption, whereas the latter are unavoidable at 
high bias in all EDLTs and lead to a behaviour analogous 
to electrical breakdown in oxide dielectric-​based tran-
sistors. Nevertheless, these undesirable electrochemical 
reactions usually occur after the materials properties have 
already been tuned to a large extent, so that they remain 
largely unaffected.

Solid ceramic-​based electrolytes
Solid-​state ionic gating has been developed to tackle 
some of the issues of liquid and gel electrolytes (Fig. 2c). 
Early developments involved the use of porous oxide as 

a solid-​state proton gate based on the proton H+ hop-
ping mechanism36–38. However, the proton conductivity 
in porous oxides is highly dependent on the humidity of 
the environment, which makes integration with current 
solid-​state semiconductor technology and packaging 
difficult. Starting from 2016, ceramic-​based electrolytes  
have been used to fabricate EDLTs. These electro
lytes include lithium-​ion conductive glass ceramics39,40, 
sodium superionic conductors41 and fluoride-​ion superi-
onic conductors (LaF3)21. There are several advantages of 
using these ceramic-​based electrolytes for gating. First, 
strain degradation of device integrity can be significantly 
reduced for low-​temperature experiments, owing to the 
absence of a glass transition in these electrolytes. Second, 
the mechanical rigidity of the electrolyte enables its use 
as both the gate dielectric and the substrate, which leads 
to a more integrated device architecture and enables fur-
ther device processing after EDLT measurements. Third, 
the solid-​state gate allows back gate geometries (Fig. 2c), 
leaving the top surface of the channel material accessible 
to be studied with surface-​sensitive experimental tech-
niques and advanced spectroscopic measurements. For 
example, the optical absorption spectrum of the electro
lyte itself is a critical factor for experimental design. 
However, commonly used ionic liquids show strong 
absorption in the infrared spectrum42, which inhibits 
spectroscopic investigations of the intrinsic materials 
properties in this energy spectrum. Finally, because they 
do not outgas, solid-​state EDLTs are compatible with 
ultra-​high vacuum measurements. Therefore, there is a 
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lot of potential for these devices to be integrated with a 
wide range of in situ vacuum-​assisted materials synthesis 
and/or synchrotron-​based measurements.

Effects of gating
The performance of devices based on various electro-
lytes, in terms of area capacitance and absolute value of 
the corresponding maximum gate voltage20,21,32,33,40,43, is 
compared in Fig. 2d. The maximum value of the applied 
gate voltage in solid-​state dielectrics is bounded by the 
dielectric breakdown voltage44, whereas for ionic electro
lytes this breakdown occurs at voltages high enough  
to trigger certain electrochemical reactions, such as 
the electrolysis of the electrolyte or intercalation of the 
ions. The maximum carrier density variation induced 
by gating can be calculated as the product of the area 
capacitance and maximum gate voltage. Usually, 2D 
materials with a carrier density lower than 1011 cm−2 are 
considered insulators. An insulator to metal transition 
occurs when the carrier density exceeds ~1013 cm−2. At 
a considerably high carrier density (>1014 cm−2), novel 
phenomena start to emerge, such as superconductivity 
or quantum phase transitions, as discussed later. As a 
comparison, solid-​state dielectrics with a high dielec-
tric constant, κ, can be used to achieve a carrier density 
around 1013 cm−2 with a high ON/OFF ratio (for exam-
ple, up to 108 in a HfO2-​based transistor43; Fig. 2d), mak-
ing them desirable for CMOS-​like digital logic devices 
and allowing reduction of the channel length43,45,46. 
However, because of dielectric breakdown44, reaching 
higher doping concentrations electrostatically using  
solid-​state dielectrics is still challenging. One of  
the most distinctive aspects of guest-​species gating is the 
extremely high capacitance that can be reached (Fig. 2d), 
which can surpass that of traditional solid-​state gate die-
lectrics by one to three orders of magnitude. For a FET 
device based on guest-​species gating, this leads to a low 
threshold voltage and steep subthreshold slope in the 
current–voltage characteristic. As a consequence, the 2D 
materials can be highly doped, reaching carrier densities 
of ~1014 cm−2 (Fig. 2d). The first generation of transistors 
based on ionic liquid gates suffered from issues such as 
low ON/OFF ratios (~200), which was probably due 
to a non-​zero ‘OFF’ state current passing through the 
interior of the crystal beneath the channel surface20. To 
circumvent this problem, liquid gating strategies includ-
ing dual-​gate or suspended configurations have been 
developed to improve the ON/OFF ratio to more than 
105. Alternatively, solid-​state ionic conductors, despite 
having a slightly smaller area capacitance than the liquid 
gate, show some promise because of their low leakage 
current and high integrability. However, the techni-
cal development of solid-​state ionic gates is still in the  
early stages.

The high doping concentrations that can be reached 
using guest-​species gating have engendered novel 
phenomena. One remarkable development was the 
superconductivity and ground-​state tuning induced in 
TMD-​based band insulators by interaction with guest 
species47. For instance, gating suspended MoS2 bilayers 
using ionic liquid gate electrodes led to the emergence 
of superconductivity in atomic sheets and controllable 

Josephson coupling between the layers48 (Fig. 3a). More 
specifically, a double-​side gate structure, obtained by 
immersing suspended samples in ionic liquid to accu-
mulate ions on both top and bottom layers, resulted in a 
stronger gate effect than a single-​side gate48. Moreover, 
by varying carrier density in 2D superconductor ZrNCl, 
large and overlapping electron pairs, in the Bardeen–
Cooper–Schrieffer limit, could be tuned to small and 
tightly bound electron pairs, leading to Bose–Einstein 
condensation49. In addition, the emergence of collective 
many-​body states induced by ionic gating in TiSe2, lead-
ing to superconducting and CDW phases, has also been 
reported50 (Fig. 3b). Beyond doping, an electrochemical 
reaction under high gate voltage was used to electro-
chemically etch the layered superconductor FeSe, reveal-
ing superconducting behaviour and enabling its tuning 
in devices down to the monolayer level51.

Another thriving field is the research on gate control 
of 2D magnetism. A room-​temperature 2D ferromagnet 
was achieved by lithium-​ion gating of trilayer Fe3GeTe2 
(Fig. 3c); the elevated Curie temperature was attributed to 
the substantial shift of the electronic bands of Fe3GeTe2 
induced by ionic gating52. In Cr2Ge2Te6, the scale of the 
magnetization hysteresis was found to be much larger 
when using ionic gating than silicon gating53. More 
recently, tuning of the magnetic anisotropy was demon-
strated in this material. The out-​of-​plane easy axis of 
pristine Cr2Ge2Te6 was switched to in-​plane under heavy 
electron doping due to the electron-​induced sign change 
of the magnetic anisotropy energy54 (Fig. 3d).

Phase control of 2D materials was also observed. 
Semiconductor to semimetal phase transitions in group 
VIB TMDs caused by the change in electron chemical 
potential at high doping concentration were first pre-
dicted by theory55 and later observed in experiments56,57 
(Fig. 3e). The guest-​species gating method was also 
applied to photonic devices. In a monolayer WS2-​based 
resonator, the large change in the refractive index and 
the minimal change in the imaginary response induced 
by ionic gating were exploited to fabricate an efficient 
phase modulator58 (Fig. 3f). Notably, in some studies, 
especially when using lithium ion-​based ionic gates30,49,52, 
the doping at high gate voltage was caused by interca-
lation rather than electrostatic gating, which will be 
discussed later.

Finally, ionic conductivity is a key parameter for 
ionic gating techniques. The slow movement of the ionic 
guest species requires low bias scan rates to maintain 
equilibrium at the gate–channel interface, especially at 
low temperature59. Therefore, there is strong interest in 
developing gating methods with high ionic conductivity 
for high-​speed or high-​frequency response. However, the 
slow dynamics at low temperature can also be exploited. 
Ionic liquid-​induced doping can be non-​volatile at low 
temperatures due to the freezing of the guest species60. 
For example, by utilizing the temperature-​induced tran-
sition between ionic insulating and conducting states in 
AgI, a solid-​state non-​volatile doping approach for 2D 
semiconductors — leading to devices operational at 
room temperature and programmable between 100 °C 
and 175 °C — was demonstrated. This method allows the 
fabrication of reversibly programmable devices that can 

www.nature.com/natrevmats

R e v i e w s

44 | January 2023 | volume 8	



0123456789();: 

function as transistors or diodes with switchable carrier 
types or device polarities61.

Guest-​species intercalation
In addition to gating methods where guest species are 
on the surface of the 2D materials, the weak interlayer 
interaction of 2D materials permits the insertion of guest 
species into the interlayer spacing in an ordered pattern. 
Three different guest species can be intercalated into 2D 
materials: atoms, ions and molecules.

Atoms are intercalants in their zero-​valent states. 
Transition metals such as copper, cobalt, silver or gold 
can usually be intercalated into layered materials while 
preserving their zero-​valent state62–64, which is usually 
a result of a low level of electron exchange between the 

host material and the intercalant, and a weak interlayer 
interaction.

Ions are intercalants with net electrical charges. 
Cations, including most of the alkali metals (lithium, 
sodium, potassium and so on), some transition metals 
(chromium, iron, nickel and so on)65,66 and rare earth 
metals (scandium, neodymium, europium and so on)67, 
can be intercalated at or de-​intercalated from their 
valence states into the host materials. Non-​metal ions 
such as oxygen ions can also be intercalated68, especially 
in 2D layered oxides69. Ion intercalation and insertion 
normally triggers changes in coordination number and 
crystal-​field environment. Theoretical calculations show 
that the bonding between lithium ions and a graphite 
lattice has a covalent character70. Transition metal ions 
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from ref.58, Springer Nature Limited.

nature Reviews | MatErIals

R e v i e w s

	  volume 8 | January 2023 | 45



0123456789();: 

in TMDs are usually covalently bonded with the coor-
dinated host atoms71. After ion intercalation, the weak 
interlayer van der Waals interactions are replaced by 
strong Coulomb interactions, for alkali metals, or 
covalent interactions, for covalent metal ions9.

Molecules, both organic and inorganic, can also act as 
intercalants. In particular, nitrogen-​containing organic 
molecules of various sizes, from several angstroms to 
a few nanometres, can be intercalated72. Two major 
inorganic intercalants are metal hydroxides73 and metal 
halides74.

To insert guest species in a layered 2D material, the 
intercalated compound must be, under the given experi-
mental conditions, thermodynamically more stable than 
the physical mixture of the 2D material and the guest 
species; otherwise, deposition will occur rather than 
intercalation. The kinetics of the intercalation process  
depends on the spacing or the van der Waals gap of  
the 2D material75, the existence of surface defects and the  
diffusion coefficients of the guest species between sites 
within the spacing76. In the case of zero-​valent intercal-
ants, because they do not change the oxidation state of 
the host lattice, high concentrations of intercalated spe-
cies can be obtained, depending on the concentration  
of the precursor salt solution and the crystal structure of  
the host77. In intercalated compounds, the stability  
of intermediate or end phases is influenced by the type of  
species inserted and the extent of intercalation78. 
We now discuss different methods to achieve guest-​ 
species insertion, with a particular focus on topochemical  
methods.

Solid-​state reactions
Solid-​state reactions usually refer to direct reactions 
of 2D materials and intercalants at elevated tempera-
tures. High temperatures are generally required due to 
the large energetic barriers for the diffusing species. In 
certain temperature regimes, various competing chem-
ical reactions can be energetically accessible, resulting 
in the formation of different thermodynamically stable 
phases. Such high-​temperature reaction methods have 
been widely used for the incorporation of transition 
metals. Examples include the intercalation of metal 
ions79 and molecules such as organic molecules72 or 
metal halides74 into group IVB and group VB TMDs  
or graphite. This method has also been employed for the 
synthesis of specific transition metal oxides80. In gen-
eral, for these materials, different thermodynamically 
stable phases or mixtures of these phases can be pro-
duced. The high-​temperature synthetic routes represent 
‘thermodynamic control’ and are generally restricted 
to the formation of only the most thermodynamically 
stable phase(s) for a specific composition, which pre-
cludes the formation of a large number of metastable  
materials.

Electrochemical reactions
In the electrochemical approach, the intercalation pro-
cess is facilitated by the inclusion of a power source, 
which serves as an external knob to control the reac-
tion. The electrochemical intercalation process requires 
an electrochemical device consisting of three critical 

components: the targeted host material, which serves 
as the working electrode; an electrolyte or molten salt 
containing the ionic intercalants and with an adequately 
high ionic conductivity for ion transport; and a coun-
ter electrode where an electrochemical reaction can be 
established to complete the electrical circuit. The inter-
calation process can be driven by controlling either the 
current passing through the circuit or the voltage applied 
across the two electrodes81. A crucial prerequisite is that 
the intercalants, electrolyte and host 2D material are 
electrochemically stable within the applied voltage win-
dow. The electrochemical approach enables the control 
of the intercalation rate by following the voltage profile, 
so that the degree of intercalation, or the number of ions 
intercalated, can be monitored82–84. To this end, the cor-
relation between the intercalation time and the number 
of ions intercalated enables the systematic modulation of 
the carrier density in the host materials85. Additionally, 
this process is highly reversible unless the voltage is so 
high that it induces a phase transition. For example, lith-
ium intercalation in LiCoO2 is highly reversible when 
the charging voltage is below 4.2 V (ref.86). However, at 
high charging voltages, an irreversible phase transition 
occurs due to degradation by oxygen release87,88. Within 
the appropriate voltage window, intercalation by electro-
chemical means constitutes a powerful reversible method 
for both ionic and electronic tuning of materials89.

Topochemical reactions
Intercalation can also be achieved at low temperatures 
topochemically by leveraging large differences in the 
kinetics of the diffusing ions, especially in complex lay-
ered materials, leading to the synthesis of novel meta-
stable phases90,91. Certain groups of atoms and ions can 
become, for a given chemical environment and temper-
ature, significantly more mobile than the host phase in 
which they reside. Using this phenomenon as the driving 
force, these atoms or ions can be effectively inserted into, 
or removed from, the host phases, forming new meta
stable phases or novel structures, provided that these 
species possess large mobility in the host lattice and/or  
that the host phases have a tendency to be reduced 
or oxidized. By carefully choosing the initial phases, 
topochemical reactions can facilitate the formation of 
a wide range of end phases that are usually inaccessible 
via high-​temperature synthetic routes. The topochemi-
cal method is widely used for the intercalation of atoms 
and ions, and specifically oxygen de-​intercalation in 
transition metal oxides.

Atom and ion intercalation. Chemical intercalation 
of atoms and ions is usually a solution-​based process 
involving spontaneous or low-​temperature heat-​assisted 
redox reactions. Precursors containing the target ionic 
intercalants are dissolved in a solvent. The host material 
is then immersed in the solution for a period of time 
determined by the reaction kinetics and, if required, high 
temperature is applied to drive the reaction. Alkali metal 
ions have been chemically intercalated into various tran-
sition metal-​based layered materials owing to the high 
reduction potential of the alkali metal precursors such 
as n-​Butyllithium92. In recent years, a solution-​based 
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zero-​valent intercalation method has also been devel-
oped, in which the atoms in the solution can enter the 2D 
materials spontaneously due to a strong thermodynamic 
driving force62. Various charge-​neutral metal atoms 
can be intercalated upon diffusion, driven by the local 
concentration gradient63. Many TMDs and oxides have 
been chemically intercalated with different guest species, 
such as TaS2 (ref.93), GaSe94, Bi2Se3 (ref.62), layered binary 
oxides and perovskite-​derived oxides such as WO3-​type 
(ref.95), MO2 rutile-​type (for example, M = Mo, Mn)96,97 
and AB2O4 spinel-​type oxides (for example, A = Li, and 
B = Mn, Ti)98–100.

Ion exchange. For ion-​intercalated compounds, selective 
ion exchange can be promoted in an ionic environment 
by leveraging the difference in reduction or oxidation 
potential between the ions inside and outside the host 
2D materials. For example, lithium-​intercalated MoS2 
possesses a strong reduction capability. Through an ion 
exchange process involving lithium-​intercalated MoS2 
and transition metal or rare earth metal salts, novel inter-
calation compounds of MoS2 and transition or rare earth 
metals can be prepared101. Notably, this method was 
extended to noble metals (such as platinum) for the syn-
thesis of high-​performance catalysts102,103. Progress has 
also been made in the realization of ultra-​fast ion diffu-
sion enabled by exchanged ions in atomically thin mica,  
the exchanged ions forming island patterns in the  
mica with dimensions controlled by Moiré superlattice 
length scales104.

Oxygen de-​intercalation. Unlike cation de-​intercalation 
discussed above, which is usually achieved via electro
chemical and solution-​based chemical methods62, 
oxygen de-​intercalation often involves other reducing 
reagents, such as hydrogen105–107, metal getters108 and 
metal hydrides109–114. Hydrogen and metal getters need 
to operate at a relatively high temperature, usually above 
300 °C, as a considerable amount of thermal energy is 
still required to facilitate oxygen release. At the required 
elevated temperatures, the formation of some metastable 
phases is precluded, and the reduction reactions typically 
lead to decomposition to binary oxide phases, rather 
than the targeted reduced phases113. To circumvent this 
issue, metal-​based hydrides have been adopted as solid-​
state reducing reagents, with which the topochemical 
reactions can be operated at relatively low temperatures, 
thus preventing materials decomposition. These metal 
hydrides include NaH109, LiH115, CaH2 (refs.110,111,114) and 
TiH2 (ref.116).

Numerous complex oxides, especially those with 
perovskite or perovskite-​derived structures91, are suita-
ble precursors for topochemical transitions using metal 
hydrides. As a result, novel phases with unconven-
tional transition metal oxidation states and coordina-
tion numbers can be produced113. Among the different 
possible topochemical transitions, the transition to the 
infinite-​layer phase ABO2 — where A is usually a bivalent 
or trivalent cation — with a square planar coordination 
to the transition metal ion (B) is one of the most studied 
oxygen de-​intercalation processes91. Taking SrFeOx as an 
example, the formation of the SrFeO2 infinite-​layer phase 

can be readily facilitated using a CaH2-​based topochem-
ical reduction from the precursor brownmillerite phase 
SrFeO2.5 (refs.112,117). This new phase cannot be directly 
synthesized by conventional high-​temperature synthe-
sis and shows a unique antiferromagnetic ground state, 
which can be converted into a S = 1 high-​spin state with 
an antiferromagnetic to ferromagnetic transition upon 
applying pressure118. In general, imposing epitaxial strain 
by applying pressure in thin films represents an addi-
tional tuning knob to induce phase transitions that are 
inaccessible in bulk119,120.

Another prominent example of oxygen de-​intercalated 
oxides are Ruddlesden–Popper nickel oxides (nickelates) 
with low nickel valence, such as La3Ni2O6 (ref.121) and 
RE4Ni3O8, where RE can be lanthanum, praseodymium 
or neodymium107,122–125, which can be prepared by oxygen 
de-​intercalation using various reducing reagents. These 
layered compounds, long thought to be close cousins 
of copper oxide high-​temperature superconductors126, 
were found to present intriguing physics, including 
large orbital polarization, charge or spin ordering and 
stripe phases107,124,125. They recently attracted significant 
research interest due to their potential for developing 
high-​temperature nickelate superconductors126–128.

Effects of intercalation
There are two major effects of intercalation on the 
chemical environment in materials. The first is dop-
ing. Unlike the gate-​induced electrostatic doping in 
2D materials, the intercalation-​induced doping derives 
from charge transfer processes that require a difference 
in the chemical potential of the host 2D material and 
the intercalant and the availability of an empty band that 
accepts electrons or holes (Fig. 4a,b). The lithium ion, 
which possesses a very high reduction potential, is one 
of the most effective electron donors and can donate up 
to one electron per atom to the host lattice. Amphoteric 
2D materials such as graphene can either be an electron 
acceptor or a donor during the intercalation process. For 
example, halogen intercalation in graphene has shown 
strong hole-​doping behaviour129,130. However, most of the 
TMDs and oxides can only be electron acceptors during 
intercalation. This may be due to the bonding between 
the transition metal and chalcogens or oxygens that leads 
to a negatively charged chalcogen or oxygen layer131. As a 
consequence, the Coulomb repulsion between the layers 
and the negatively charged guest species may exceed the  
energy to be gained by intercalation79. Electronically,  
the topology of the Fermi surface of 2D materials can be 
largely controlled by doping.

The second effect is chemical bonding. The unique 
degree of freedom associated with the bonding config-
uration of the intercalants can lead to changes in the 
electronic structures of the intercalated compounds. 
Chemical bonds form when the valence electrons of the  
intercalant and host atoms interact with each other71.  
The difference in the electronegativity of these atoms 
affects the overlap of the electron clouds (Fig. 4c). Conse
quently, the electronic band structure is amenable to 
modifications by the formation of new chemical bonds 
or hybridization. The guest species can also replace the  
host atoms, modifying the lattice configuration132. For an 
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individual intercalant, these effects often coexist, leading 
to exotic phases and unusual electronic phenomena and 
motivating the development of novel applications.

Superconductivity and electronic phase transition. 
Topochemical transformations enabled by intercalation 
can lead to new electronic parent phases that, upon dop-
ing, can become superconducting or reveal additional 
quantum states. These exotic phases are often a con-
sequence of structural phase transitions, as discussed 
above. Doping achieved by intercalation or chemical 
substitution further modifies the band structure and/or 
electronic interactions with the host species, marked by 
free charges introduced into the material. In this regard, 
both the bonding and doping effects contribute to the 
creation of unconventional superconductivity and other 
related phases in 2D intercalated compounds.

The chemistry of cation de-​intercalation in transi-
tion metal oxides involving monovalent cations such 
as lithium, sodium or potassium has been deeply 
investigated, as this process is generally the chemical 
reaction used in the charging of lithium-​ion batteries. 
One prominent example is the various phases that can 
be prepared via de-​intercalation of sodium ions from 
NaCoO2, leading to NaxCoO2 compounds. NaxCoO2 has 
many polymorphs133,134 that possess similar formation 
energy and can be synthesized through chemical and 
electrochemical oxidation, with the γ-​NaxCoO2 phase 
the most studied compound135. The γ-​NaxCoO2 phase is  
most stable when x = 0.7 (ref.136), but can be further 
de-​intercalated to phases with x < 0.5 (refs.135,137,138). 
Upon varying x by de-​intercalation, NaxCoO2 displays 
many exotic phases, evolving from a Curie–Weiss metal 
to a paramagnetic metal, and from a charge-​density 
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wave (CDW) metallic state to a charge-​ordered insu-
lator, which leads to an intriguing phase diagram138,139. 
Surprisingly, when this system undergoes another inter-
calation process via the insertion of water molecules 
into the interlayer sites of edge-​sharing CoO2 pyramids, 
superconductivity emerges140 and a superconducting 
dome appears in the phase diagram upon varying x141–145. 
Superconductivity in this layered system attracted 
immense interest not only due to a Co3+/Co4+-​derived 
low spin to high spin transition146–148 but also because of 
the inherent frustrated spin structure in the underlying 
triangular lattice of cobalt sites139.

Infinite-​layer nickelates with chemical formula 
RENiO2, where RE is a rare earth element, represent 
another interesting materials family. The implemen-
tation of a metal hydride-​based kinetic soft-​chemistry 
approach enables the preparation of a metastable nick-
elate phase with an unusual nickel valence in both pow-
der and thin-​film forms109–111,114,149,150. This phase cannot 
be obtained by conventional high-​temperature thin-​film 
growth, and mimics the starting electronic structure of 
the superconducting copper oxides. Materials design 
exploiting this specific synthetic approach in combina-
tion with another type of ionic modification, chemical 
substitution, has been fuelled by the recent discovery of 
the first nickelate superconductor with an infinite-​layer 
structure, thin-​film Nd1–xSrxNiO2 (ref.127) (Fig. 4d) and its 
intriguing phase diagram151,152. The subsequent discov-
ery of thin-​film Pr1–xSrxNiO2 superconductors153 hinted 
at the existence of an extended family of layered nick-
elate superconductors154. Furthermore, in particular for 
thin-​film RENiO2, the underlying substrate provides a 
template not only for hosting topotactically transformed 
single-​crystalline films151,152 but also for reorienting the 
oxygen de-​intercalation direction, resulting in films with 
different crystallographic orientations155. This further 
expands our ability to prepare single-​crystalline nick-
elates with distinct lattice symmetries and coordina-
tion configurations, which can lead to a wide range of 
enriched properties.

Magnetism. Magnetic 2D materials can also be prepared 
by intercalation of transition metals through bonding 
and doping effects. The covalent bonds formed between 
the intercalants and the host lattice can alter the prop-
erties of the d orbitals of the transition metals through 
hybridization and charge redistribution, thus affecting 
the magnetic properties. For example, in tantalum-​
intercalated TaS2 bilayers, when each intercalated tan-
talum atom is bonded with six sulfur atoms to form an 
octahedral superstructure, additional spin-​split bands 
across the Fermi level can be observed71 (Fig. 4e) and a 
magnetic ground state develops. Similar phenomena 
were also discovered in other compounds intercalated 
with transition metals65,156–158.

The tunability of 2D magnetism via intercalation has 
also drawn considerable attention. One example is the 
transition from a ferromagnetic semiconducting to a 
ferromagnetic metallic phase with an enhanced Curie 
temperature in Cr2Ge2Te6 via organic molecule interca-
lation, which can be attributed to the change of mag-
netic coupling from a weak super-​exchange interaction 

to a strong double-​exchange interaction upon doping54. 
In addition, interlayer coupling plays an essential role 
in 2D magnetism. Calculations show that lithium-​ion 
intercalation in bilayer Fe3GeTe2 provides hopping car-
riers between the two interfacial tellurium sublayers, 
leading to an enhancement of the interlayer ferromag-
netic coupling at a relatively low intercalation level159. 
Recently, the interlayer magnetic coupling of Fe3GeTe2 
was shown to be dramatically enhanced through proton 
intercalation, as evidenced by exchange bias in transport 
measurements160. However, an experimental approach to 
quantify the strength of intercalation-​induced interlayer 
exchange coupling is yet to be fully developed.

Structural phase transitions. In van der Waals materials, 
although the intercalation method is viewed as a mild 
reaction that does not greatly affect the host lattice, lattice 
variations and structural transitions resulting from the 
presence of guest species can be highly relevant in some 
circumstances. In-​plane lattice variations are usually 
driven by disorder, substitutions and/or structural phase 
transitions. One intriguing phase transition is the transi-
tion from the semiconducting 2H phase to the metallic 
1T phase in lithium-​intercalated MoS2 (refs.76,161–163). The 
driving mechanism, attributed to the drastic increase in 
the electronic energy of the semiconducting host because 
of charge transfer from the lithium intercalant, can also 
be applicable to phase transitions of other group VIB 
TMDs upon lithium intercalation. Metastable phases 
such as the 1Tʹ phase have also been observed in lithium-​
intercalated MoS2 (ref.164). Recently, electrochemical 
intercalation of exceptionally few lithium ions into 
WTe2 induced large anisotropic in-​plane strain, which 
was linked to the formation of a new phase with an exotic 
atomic and crystallographic arrangement165. Substitution 
in the host 2D material can contribute to structural tran-
sitions as well. For example, copper is easy to intercalate 
and undergo substitution in Bi2Se3 (refs.132,166).

In addition to the understanding of the intercalation 
process and the resulting compounds, the discovery of 
new properties has spurred extensive research efforts, 
leading to new device designs. For example, the cata-
lytic performance of TMDs is modulated upon alkali 
metal intercalation89,167 and metallic MoS2 in the 1T 
phase has been used to fabricate low-​resistance con-
tacts for 2H-​MoS2 transistors168. Additionally, a thermal 
transistor has been fabricated through intercalation and 
de-​intercalation of lithium in MoS2, where the enhanced 
phonon scattering, c-​axis strain and stacking disorder 
resulted in a thermal ON/OFF ratio of ~10 (ref.169).

The c-​axis lattice expansion is another direct con-
sequence of intercalation, especially for the interca-
lation of large organic molecules. The weak interlayer 
van der Waals interaction allows the layers to separate 
to accommodate the intercalated organic molecules170 
in response to an external driving force, such as con-
centration or voltage gradients, minimizing the system 
energy. The separation of each layer can result in a 3D to 
2D electronic transition. As an example, pyridine inter-
calated into TaS2 increased the interlayer distance from 
6 Å to 12 Å, leading to the emergence of 2D supercon-
ducting properties in 3D bulk TaS2. These new types of 

nature Reviews | MatErIals

R e v i e w s

	  volume 8 | January 2023 | 49



0123456789();: 

intercalation compounds were denoted as organometallic 
crystals72,170. More recently, semiconducting 2D materials 
have been intercalated with long-​chain alkyl ammonium 
bromide to create monolayer atomic crystal molecular 
superlattices, leading to single-​layer properties in verti-
cally integrated (quasi-)bulk 2D materials that are sensi-
tive to ambient conditions, such as black phosphorus171,172 
(Fig. 4f). Interlayer expansion also induces strain in the 
materials, which can be used to manipulate the mechan-
ical behaviour in actuator applications or to control the 
electronic band structure for catalysis173,174.

Phonon and photon transport. Considerable progress 
has also been achieved in the study of phonon and pho-
ton transport in guest species-​modulated 2D materials, 
leading to breakthroughs in thermoelectric, photoelec-
tric and optoelectronic materials. For example, the cross-​
plane thermal conductivity can be reduced by one order 
of magnitude through the intercalation of lithium, which 
is attributed to phonon scattering by intercalants and 
intercalation-​induced structural changes and disorder169. 
In addition, n-​type flexible thermoelectric materials 
with a high figure of merit were synthesized through 
the electrochemical intercalation of organic molecules 
into TiS2 (ref.175). As for photon transport measurements, 
numerous studies have also demonstrated the control 
of optical properties by intercalation176,177. For example, 
copper intercalation in Bi2E3, where E is either selenium 
or tellurium, leads to a significant enhancement of light 
transmission owing to both a reduction in absorption 
after the intercalation and to the nanophotonic effect 
of zero-​wave anti-​reflection, attributable to the ultra-​
small thickness of the nanoplates178. Another important 
example is SnS2, where the colours of the crystals change 
dramatically upon different atom intercalation, and sig-
nificantly different relative reflectance can be observed, 
indicating a tuning of the electronic band structure and 
optical properties179 (Fig. 4g).

Perspectives
In recent years, research on guest-​species modulation 
of 2D materials has witnessed tremendous develop-
ment. The expanding toolbox of accessible modulation 
techniques and 2D systems creates a new dimension for 
materials design and device applications.

Many potential device applications based on 
guest-​species modulation have been investigated. In 
particular, the strong tuning of the carrier density ena-
bled the early development of nanoscale transistors and 
optoelectronic devices180,181. In recent years, guest-​species 
tuning of additional materials properties enabled the 
design of new transistor architectures. For instance, 
ionic182, catalytic183 and thermal transistors169 have been 
fabricated to control the ON/OFF state using different 
parameters and functionalities, such as ionic diffusivity, 
catalytic performance and thermal conductivity, respec-
tively. Despite the great potential for applications, more 
work is needed to expand the library of guest species and 
address the challenges in mass production, integration 
and durability related to the practical use of these devices.

So far, the gating method has been mainly used to 
achieve a high carrier density in 2D materials. Therefore, 

the choice of the gating guest species, or their combi-
nations, is commonly limited to monovalent cations or 
ions without degrees of freedom in charge and chemi-
cal valence. The introduction of 3d orbital electrons in 
ionic media may result in novel phenomena and quan-
tum phases: for instance, by introducing paramagnetic 
ions (FeCl4

−) with unpaired 3d orbitals in platinum 
thin films, reversible electrical switching of ferromag-
netic states was obtained184. Even though this technique 
presents fertile ground for the exploration of 2D mag-
netism, the utilization of ionic gating with 3d metal ions 
has not been widely adopted. Benefitting from battery 
research, alkali metal intercalation has been studied for 
decades, and well-​controlled intercalation methods have 
been developed successfully. However, the intercalation 
of multivalent 3d metal ions with various orbitals and 
electron clouds still needs more investigation. Current 
multivalent 3d metal intercalation strategies are mainly 
based on solid-​state reactions at high temperatures with 
a fixed concentration of intercalants. A dynamically tun-
able approach to control the intercalation of multivalent 
3d metals is urgently needed for the development of 
novel low-​dimensional materials.

In contrast with the cation intercalation approaches 
discussed above, research on anion intercalation is still 
not fully developed. Oxidative anion insertion pro-
cesses offer many opportunities for the rational design 
and selective synthesis of a broad range of novel meta
stable materials. A good example is the soft fluorina-
tion chemistry involving both anion insertion185 and 
exchange with large oxidizing potential186 at low tem-
peratures, which has been used to tune the electronic 
behaviour of copper oxides to induce high-​temperature 
superconductivity187–189. The discovery of new reagents 
and related topochemistry, which results in a larger vari-
ety of possible topotactic transformations, enables the 
preparation of metastable complex phases on demand.

In addition to the increase of possible guest species 
available for modulation, host 2D materials are also 
facing new opportunities. Artificial structures created 
by stacking different layers provide a unique platform 
for intercalation reactions, yet the intercalation chem-
istry and physics of the 2D artificial structure remain 
unexplored. A higher capacity and larger negative inter-
calation potential have been measured by intercalating 
lithium into a series of van der Waals heterostructures 
based on stacked hexagonal boron nitride, graphene and 
MoX2, where X can be sulfur or selenium190. Key charac
teristics of intercalation reactions are determined by the 
crystallographic and electronic structures of the host 
material. Thus, by stacking layers from different mate-
rials together, the properties of the resulting material 
can be engineered. Along this path, twisted 2D mate-
rials with Moiré patterns stand out as interesting candi-
dates for guest-​species insertion, as theoretical studies 
have indicated localized energy-​favourable positions 
for introduced guest species in the Moiré lattice. This 
insertion may then produce unique band structures and 
properties191–193. Furthermore, the roll-​up of 2D materi-
als could extend guest-​species modulation from 2D to 
1D systems194 and provide more opportunities to study 
the interactions of guest species beyond 2D materials195.
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Furthermore, there are intriguing lattice orderings 
emerging concurrently with ionic rearrangements in 
topochemical intercalations, such as spontaneously 
formed oxygen vacancy-​ordered structures113,196, in 
which the ordering of oxygen vacancies and of cationic 
sites along certain preferred directions can occur simul-
taneously. This motivates the idea of dual-​intercalation 
procedures involving both cationic insertion and ani-
onic de-​intercalation, or even sequential topochemical 
synthetic reactions. In addition, the different coor-
dination preference of the transition metal ions plays 
a decisive role in forming the ionic framework in  
the lattice. Exemplified by infinite-​layer nickelates, the 
guest-​species modulation of 2D thin films provides  
opportunities for the stabilization of unconventional 
complex materials, where the crystal-​field environ-
ment and lattice symmetry can be further perturbed 
and controlled by the choice of substrate and the con-
sequentially induced epitaxial strain, particularly at 
hetero-​interfaces.

In addition to new modulation methods, further 
developments are needed for scalable integration at 
the system level. Large-​scale modulation methods are 

essential for mass production. Although recent reports 
have shown that some intercalation methods have the 
potential for scale-​up71,197, some tuning methods still 
require more efforts to achieve a scalable production. 
Another important aspect is the liquid or gel nature of 
most ionic gating media, which complicates the integra-
tion with modern on-​chip semiconductor technologies, 
partly due to difficulties in controlling the size and shape 
of the ionic liquid or gel198. As a result, widely imple-
mented ionic gating techniques are largely limited to 
single devices, and broader applications in integrated cir-
cuits are still relatively far off. In this regard, solid-​state 
ionic gating materials21,39,41 are particularly exciting due 
to their likely compatibility with lithography and deposi-
tion processes, going beyond single-​device applications. 
Last but not least, guest-​species modulation methods 
may have fundamental issues with stability and dura-
bility, particularly in harsh environments162. Therefore, 
developing smart strategies for the assembly, encapsula-
tion and packaging of guest species-​modulated devices 
is crucial for future applications.
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