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Synthesis of atomically thin sheets by the 
intercalation-based exfoliation of layered 
materials

Ruijie Yang    1,2, Yingying Fan1,2, Liang Mei1, Hyeon Suk Shin    3, 
Damien Voiry    4, Qingye Lu2, Ju Li    5  & Zhiyuan Zeng    1,6 

The intercalation-based exfoliation of layered materials is a broadly 
applicable strategy for the scalable production of atomically thin (from 
mono- to few-layer) sheets, including graphene, black phosphorus, 
hexagonal boron nitride and transition metal dichalcogenides. This 
strategy typically involves the intercalation of foreign species (ions or small 
molecules) into the interlayer spaces of layered materials, followed by a 
mild exfoliation process (spontaneously or via bath sonication, stirring or 
manual shaking). In this Review we introduce several intercalation-based 
exfoliation methods and highlight the factors that influence the quality 
of exfoliated nanosheets. In addition, we introduce the phase-transition 
phenomena involved in intercalation-based exfoliation, which may induce 
the resultant nanosheets to differ electronically and structurally from their 
bulk counterparts. Finally, we discuss potential commercial applications, 
focusing on devices (such as various electronic, photonic, photoelectric and 
energy devices) and catalysis (including photocatalysis and electrocatalysis).

Since the discovery of graphene1 in 2004 there has been much research 
focused on the discovery of atomically thin (mono- to few-layer) sheets 
of other bulk materials (for example, black phosphorus (BP), hexagonal 
boron nitride (h-BN) and transition metal dichalcogenides (TMDs))2. 
These atomically thin sheets have attracted interest in many fields 
including photonics, electronics, optoelectronics, energy storage, 
catalysis, environmental remediation and bioengineering3. The reliable 
production of atomically thin sheets is a frequent pursuit in academia 
and industry. Exfoliation, which is the direct isolation of atomic layers 
from the bulk layered crystal, is a powerful part of the synthetic toolkit4.

Exfoliation techniques, including micromechanical cleavage1, 
direct liquid exfoliation5 and intercalation-based exfoliation6, are 
‘top-down’ methods for the fabrication of atomically thin flakes from 

their bulk counterparts. Micromechanical cleavage, which employs 
Scotch Tape to cleave layers from the bulk crystal, has a low produc-
tion throughput, and the control over the thickness, size and shape of 
the targeted nanosheets is poor7. Direct liquid exfoliation in solvents, 
typically using sonication or shearing as a driving force, is also ham-
pered by the low yield of the monolayer, as well as the small lateral size 
of the exfoliated flakes and the toxicity of the organic solvents used7. 
Intercalation-based exfoliation is amongst the most promising strate-
gies for the mass production of atomically thin sheets, owing to its low 
energetic cost, solution-processability, scalability and the high yield 
of exfoliated monolayers with a large lateral size8. In the past decade, 
numerous intercalation-based exfoliation techniques have been devel-
oped, enabling the synthesis of many atomically thin materials (Fig. 1). 
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Fig. 1 | Timeline of key developments in the study of intercalation-based 
exfoliation for the synthesis of atomically thin sheets. Early attempts at 
intercalation-based exfoliation began in the 1960s; exfoliated objects included 
vermiculite clay, TaS2 and NbS2 (refs. 107–109). As a result of the limitation in 
the accuracy of the available characterization equipment (for example, the 
transmission electron microscope), it is difficult to determine whether or not 
monolayers were obtained in these studies. In the early 1980s, progress in 
electron microscope technology, such as the invention of the scanning tunnelling 
microscope (STM)110 and the atomic force microscope (AFM)111, enabled the  
real-space imaging and accurate thickness measurement of exfoliated 
monolayers, paving the way for studies on intercalation-based exfoliation. 
In 1986, using n-butyllithium (n-BuLi) as the intercalant, the production of 
the MoS2 monolayer was realized11. In 2008, the isolation of graphene via 
intercalation-based exfoliation was achieved13,86. Subsequently, research into 
intercalation-based exfoliation strategies grew in popularity along with the 

production of a host of atomically thin sheets, which included graphene16,18,33,57–61, 
TMDs6,10,12,17,20,24,26,27,29–31,33,34,36,42,54–56, BP6,19,40,43,45,47,49,66, h-BN34, metal–organic 
frameworks (MOFs)68, antimony (Sb)38 and ternary palladium thiophosphate 
(Pd3P2S8)35, as well as materials with the formula A2B3 (where A is a group III 
element and B is a group VI element, such as In2Se3 (refs. 6,50,51), Bi2Te3  
(ref. 34), Bi2Se3 (ref. 6), Sb2Se3 (ref. 34) and Sb2Te3 (ref. 6)) and the formula AMX2 
(where A is a monovalent metal, M is a trivalent metal and X is a chalcogen, 
such as AgCrS2, AgCrSe2, CuCrS2, CuCrSe2, NaCrS2 (ref. 52)) and beyond94,95. 
The past decade has also witnessed the richness of guest types, from cations 
(for example, the lithium ion (Li+)12,20,26,29,33–35 and tetraalkylammonium 
cations (R4N+)40,43,45,51,52,54–56) to anions (for example, the sulfate ion17,66 and the 
boron tetrafluoride ion19,61) and molecules10,68. TBA+, tetrabutylammonium; 
THA+, tetraheptylammonium; TOA+, tetraoctylammonium; TPA+, 
tetrapropylammonium.
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Still, this technique often introduces undesired basal-plane defects 
to the final product9, and may induce semiconducting-to-metallic  
phase transitions8.

The typical procedure of intercalation-based exfoliation involves 
the intercalation of a guest (a foreign species) and the subsequent 
exfoliation of the host (a layered material) (Fig. 2a). Guest intercalation 
can be achieved via chemical or electrochemical routes (Fig. 2b) and 
evidence for this is typically shown via a series of advanced charac-
terization methods (Box 1). Host exfoliation refers to isolating atomic 
layers from the intercalation compound (host + guest) either spontane-
ously or using bath sonication, stirring or manual shaking (Fig. 2c), after 
which an opaque suspension of the exfoliated nanosheets is formed. 
In most cases, this process is accompanied by the formation of gas 
bubbles. At this stage the suspension typically contains incompletely 
peeled fragments, multilayered micro- and nanoparticles and guest 
molecules or ions beyond the isolated nanosheets. Thus, to obtain clean 
products, a purification process (Fig. 2d) is required, which encom-
passes a low-speed centrifugal process to remove the larger particles 
(which settle at the bottom of the vial), followed by high-speed centrifu-
gation treatment with multiple cycles to release the guest molecules 
or ions from the surface of the isolated nanosheets. Subsequently, the 
collected sediment, which is rich in two-dimensional (2D) nanosheets 
(purified nanosheets), is often redispersed in water or other solvent (for 
example, isopropyl alcohol, N,N-dimethylformamide) via sonication 
to form a printable ink for storage and later use.

In this Review, we introduce several intercalation-based exfoliation 
strategies, with a focus on the relevant chemistries and final products 
(Table 1; Supplementary Figs. 1 and 2), as well as the merits and demer-
its of each strategy, aiming to provide a guide for the synthesis of  
atomically thin sheets.

Mechanism of intercalation-based exfoliation
For intercalation-based exfoliation to be successful, the interlayer 
adhesion of layered materials must be overcome via intercalation and 
post-intercalation effects, which facilitate the subsequent delamination 
of atomic layers. Such post-intercalation effects can be the increase 
in the interlayer distance10, the release of bubbles11,12 or energetically 
favourable solvation13,14. This depends critically on the type of intercal-
ant and solvent used.

Intercalation by molecules (for example, alkylamine10) is a charge-
transfer-free process and normally results in a substantial increase in 
the layer spacing. Such a post-intercalation effect weakens the van der 
Waals forces that cause interlayer adhesion, facilitating delamination 
of the atomic layers. Alternatively, intercalation by ions (for example, 
alkali metal ions11–14), whether via chemical or electrochemical routes, 
always occurs with charge transfer between the intercalated ions and 
layered crystals, inducing the formation of charged layers. Such a process 
decreases the interlayer van der Waals forces but produces additional 
electrostatic attraction forces (which are stronger than the van der Waals 
forces15) between oppositely charged ions and layers. As a result, the 
overall attraction between the layers increases. The overcoming of such 
overall attractions are often related to the solvent used during the exfo-
liation process. Protic solvents (such as water) usually cause gas release 
(for example, hydrogen11,12, sulfur dioxide16,17 and oxygen18,19), which 
creates a large force, pushing individual layers apart, playing a strong 
role in the exfoliation mechanism. Aprotic solvents can coordinate the 
charged layers and ions, thereby facilitating dispersion (energetically 
favourable solvation) and therefore isolation of the atomic layers13,14.

Lithium-ion intercalation-based exfoliation 
strategies
Since the seminal report in 198611, Li+ (ionic radius 0.76 Å) intercalants 
have been applied extensively in the intercalation-based exfoliation 
of atomically thin sheets. Several Li+ intercalants are available and  
are introduced here.

n-Butyllithium
n-Butyllithium (n-BuLi) is a commonly used Li+ intercalant12,20–27.  
Typically, this intercalation (equation (1), Table 1) is realized via immers-
ing the bulk layered material in a stoichiometric n-BuLi hexane solu-
tion using an argon-filled glovebox and stirring at 100 °C for around  
2–3 days. After full intercalation and transfer of the intercalation com-
pound into water, exfoliation is achieved under the action of hydra-
tion (often creating hydrogen gas; equation (2)) and sonication12  
or shaking26.

Intercalation-based exfoliation using n-BuLi is a commonly 
used method, but the long intercalation time (~2–3 days) and harsh 
intercalation conditions (100 °C, argon-filled glovebox) are limita-
tions. This method is used mainly to exfoliate TMD materials (MoS2 
in particular12,21–25,27) (Fig. 3a), producing monolayers in high yield, 
although it is often accompanied by a phase transition from hexa-
gonal (2H) to octahedral/distorted octahedral (1T/1T′, respectively). 
In addition, the highly flammable nature of n-BuLi brings safety  
concerns.

Lithium borohydride
Lithium borohydride (LiBH4) can also act as a Li+ intercalant28,29. Notably, 
this intercalation (equation (3), Table 1) is a solvent-free process, which 
is achieved by keeping the mixed powders (LiBH4 and the bulk layered 
material) at 300 °C for ~2–3 days in an argon-filled glovebox. After 
hydration (equation (4)) and sonication-assisted exfoliation processes, 
atomically thin sheets can be produced.

Intercalation-based exfoliation using LiBH4 is relatively safe, owing 
to the use of a solid-state approach, although a long intercalation time 
(~2–3 days) and harsh intercalation conditions (300 °C, argon-filled 
glovebox) are needed. This method was first demonstrated for the 
exfoliation of WS2 (ref. 28), then for MoS2 (ref. 29), yielding 1T-WS2 and 
1T-MoS2 monolayers, respectively. Although this method is effective 
for isolating TMD monolayers, it still involves a phase transition.

Naphthalenide lithium
Naphthalenide lithium (Nap-Li), a more reductive organolithium rea-
gent than n-BuLi, can be used as a Li+ intercalant30. Its strong reduction 
capacity leads to irreversible chemical decomposition of the layered 
crystal if it is reacted directly with it. To avoid crystal decomposition, 
before Li+ intercalation, a hydrazine (N2H4) pre-intercalation step is 
needed under hydrothermal conditions (130 °C, 2 days), during which 
the layered crystals are pre-expanded via intercalation (equation (5), 
Table 1), partial oxidation (equation (6)) and the decomposition and 
gasification (equation (7)) of N2H4. After the pre-intercalation step, 
immersing the pre-expanded crystals in an anhydrous tetrahydrofuran 
solution of Nap-Li (that is, Li-C10H8 in Table 1) and stirring for 5 h in an 
argon-filled glovebox achieves Li+ intercalation (equation (8)) before 
hydration (equation (9)), after which mild sonication-driven exfoliation 
gives the atomically thin materials.

Intercalation-based exfoliation using Nap-Li provides a universal 
strategy for the production of a wide range of TMD nanosheets, includ-
ing MoS2, WS2, TiS2, TaS2, NbS2, TiSe2, NbSe2 and MoSe2 (ref. 30). Most of 
the exfoliated MoS2 flakes are monolayers (up to 90%), although phase 
transition (from 2H to 1T) still occurs30. This strategy is time-consuming 
(~3 days) and inconvenient owing to the need for two synthetic steps. In 
addition, crystal decomposition and the emission of hazardous gases 
(ammonia, hydrogen) are common side effects.

Pyrene lithium
Recently, a rapid and mild Li+ intercalation route has been demonstrated 
via the use of pyrene lithium (Py-Li) as a Li+ intercalant31. Impressively, 
this intercalation (equation (10), Table 1) can be achieved within 1 h 
at room temperature. Such a rapid intercalation rate is attributed to 
the large potential gap between Py-Li and the layered crystal MoS2 
(ΔUeq = 0.27 V), providing a large driving force for spontaneous electron 
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Fig. 2 | Schematic illustration of intercalation-based exfoliation. a, Typical 
procedure of intercalation-based exfoliation. The red spheres represent the 
intercalant species (also called the guest); d1 represents the original interlayer 
distance and d2 represents the interlayer distance after intercalation, where 
d2 > d1. b, Intercalation routes (chemical intercalation, electrochemical cathode 
intercalation and electrochemical anode intercalation). Typically, chemical 
intercalation (left) is realized by immersing the bulk layered material (the 
host) into an intercalant solution for a specific time period under specific 
conditions. Electrochemical cathode intercalation (middle) is performed using 
an electrochemical cell with platinum (Pt) foil (or wire) as the anode, the bulk 
layered material as the cathode and a solution containing the intercalating cation 

guest as the electrolyte. Electrochemical anode intercalation (right) is performed 
using an electrochemical cell with Pt foil (or wire) as the cathode, the bulk layered 
material as the anode and a solution containing the intercalant anion guest as the 
electrolyte. Electrochemical intercalation is realized by applying an appropriate 
voltage to the electrochemical cell for a period of time. c, Exfoliation process. 
After full intercalation, the intercalation compound (host + guest) is transferred 
into water or other solvent, and sonication, stirring or shaking is performed, 
isolating the atomic layers and forming an opaque suspension of the exfoliated 
nanosheets. d, Purification treatment, performed via low-speed centrifugation 
in series with high-speed centrifugation (with several cycles) to purify and collect 
the exfoliated nanosheets.
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migration. Undergoing hydration (equation (11)) and sonication-driven 
exfoliation, MoS2 monolayers with a yield of 80% are obtained. In spite 
of the phase transition of the final products, this method has the poten-
tial for the mass production of TMD monolayers due to the speed  
of intercalation.

Lithium metal
Lithium metal can be used as the source for Li+ intercalation-based 
exfoliation processes32 and has been demonstrated for the produc-
tion of BP monolayers32. Typically, this fabrication process undergoes 
several steps in series, and includes outgassing of the BP layered crystal 
(at 100 °C under dynamic vacuum), mixing of the BP layered crystal 
and lithium metal (with a stoichiometric ratio of Li/P = 1/8), cooling 
(−50 °C), the addition of ammonia gas (to dissolve lithium), standing 
(lithium intercalation, 24 h), the removal of ammonia, drying of the 

intercalation compound, the addition of an anhydrous aprotic solvent 
and, finally, sonication (1 h) or stirring (one week) for exfoliation.

This method results in stable, uniform, predominantly monolayer, 
flexible BP nanoribbons with typical widths of 4–50 nm and lengths of 
up to 75 μm (Fig. 3b). However, the disadvantage of this method lies in 
its complex, time-consuming and demanding operation requirements. 
It is of note that, due to the moisture/air sensitivity of lithium metal, the 
sealing of the setup — to maintain a vacuum or inert atmosphere — must 
be strictly maintained throughout the process.

Lithium-ion anode
Alternatively, Li+ intercalation can be achieved via electrochemical 
paths8,33,34, performed using an electrochemical cell containing a 
Li-metal foil anode, a lithium hexafluorophosphate (LiPF6) in ethyl 
carbonate (EC) and dimethyl carbonate (DMC) solution electrolyte 

Box 1

An introduction of the characterization of intercalation
Intercalation, a key process before exfoliation, is normally 
recorded directly via digital photographs6 (see a). In these 
images, volume expansion is a typical sign of intercalation. 
Scanning electron microscopy (SEM) is another common tool to 
record intercalation at different periods40 (b). An increase in the 
interlayer spacing caused by intercalation can be seen in such SEM 
images. Transmission electron microscopy (TEM), a sophisticated 
subnanometre-resolution imaging technology, provides the 
means to accurately detect the increased interlayer distance104 
(c). X-ray diffraction (XRD) can also be used to calculate interlayer 
distances30 (d). Atomic force microscopy and Raman spectroscopy 
can also provide interlayer-distance information104, although they 
are not as commonly used as TEM and XRD.

The elemental composition of intercalated species can  
be examined via energy-dispersive X-ray spectroscopy104.  
The amount of intercalation is typically analysed using  
nuclear magnetic resonance (NMR)42. Intercalation often  
causes phase transitions, and X-ray photoelectron spectroscopy 
(XPS) and Raman spectroscopy offer means to probe this 
phenomenon104. Intercalation also leads to changes in the  
electronic and optical properties. Photoluminescence is a tool 
to analyse these properties104. Density functional theory (DFT) 
calculations are often used to verify or predict changes in  
these properties via the simulated electronic structures of  
pristine materials and intercalation compounds104.
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Characterization of intercalation. a, Digital photographs of a MoS2 crystal 
before (left) and after (right) the intercalation of tetraheptylammonium 
bromide. b, SEM images of a BP crystal before (left) and after (middle and 
right) various periods of tetra-n-butylammonium bisulfate intercalation. 

c, Cross-sectional TEM images of a BP crystal before (left) and after (right) 
cetyltrimethylammonium bromide intercalation. d, XRD patterns (left) and 
schematics of MoS2 (right) before and after intercalation.

Panels adapted with permission from: a, ref. 6, Springer Nature Ltd; b, ref. 40, Wiley; c, ref. 104, Springer Nature Ltd; d, ref. 30 under a Creative Commons  
licence CC BY.
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and with the bulk layered materials for exfoliation coated onto a cop-
per (Cu) foil cathode8,33,34. After a galvanostatic discharge process  
(Li+ intercalation, equation (12) in Table 1) for 6 h at room temperature, 
followed by sonication-assisted exfoliation along with a hydration 
process (equation (13)), the target nanosheets are obtained.

The electrochemical Li+ intercalation-based exfoliation strategy 
is generic. Using this strategy, a library of mono- or few-layer inorganic 
nanosheets have been produced, including graphene, MoS2, WS2, 
TiS2, TaS2, ZrS2, h-BN, NbSe2, WSe2, Sb2Se3, Bi2Te3, Pd3P2S8 and beyond  
(Fig. 3c,d)8,33–36. The yield of MoS2 and TaS2 monolayers can reach 92% 
and 93%, respectively8; the produced ultrasmall Pd3P2S8 nanosheets 
(lateral size ≈ 2.3 nm, thickness ≈ 1.1 nm) undergo a phase transforma-
tion from crystalline to amorphous, which activates the electrochemi-
cally inert bulk crystal material, making it an efficient electrocatalyst 
for hydrogen evolution reactions (HERs)35. Another strength of this 
method comes from the ability to monitor and finely control the degree 
of Li+ insertion via tuning of the cutoff voltage (Fig. 3e)8, which avoids 
incomplete or excessive lithium insertion. This strategy is also scalable. 
The output of a single electrochemical cell has been developed from 

the initial milligram level (using a columnar cell33,34 or a coin cell8) to 
the gram scale (using a soft-pack battery36) (Fig. 3f). In the future, if 
technology allows, it is expected that a tonne output will be achieved 
by expanding the scale of the electrochemical cell8.

A similar strategy can be used based on the electrochemical inter-
calation of sodium ions (Na+) or potassium ions (K+)37–39. This inter-
calation process is carried out using an alkali metal salt solution (for 
example, Na2SO4 (refs. 37,38) or KCl (ref. 39)) with the bulk layered material 
as the cathode and a Pt wire or foil as the anode under a constant volt-
age. The resulting intercalated compounds are exfoliated via a short 
sonication period (0.5–1 min) in water as before, yielding mono- or 
few-layer sheets. Impressively, this method shows good applicability 
in the preparation of atomically thin antimonene (Sb) flakes37,38.

Tetraalkylammonium-ion intercalation-based 
exfoliation strategies
The R4N+ cation (for example, tetramethylammonium (TMA+)40, tetra-
ethylammonium (TEA+)40,41, tetrapropylammonium (TPA+)42,43, tetrabu-
tylammonium (TBA+)40,42,44–49, tetraheptylammonium (THA+)6,50,51 and 

Table 1 | A list of several credible intercalation-based exfoliation strategies

Strategy Intercalation and exfoliation chemistry Equation Products

Li+ IE n-BuLi MoS2 + xLi-[n-C4H9] → LixMoS2 +
x

2
n-C8H18 (1) TMDs26 (in particular MoS2 (refs. 12,21–25,27)), 

Bi12O17Cl2 (ref. 92), ZnIn2S4 (ref. 94) and  
Ni3Cr2P2S9 (ref. 98)LixMoS2 + xH2O → x

2
H2 + xLiOH +MoS2 (2)

LiBH4 MoS2 + xLiBH4 → LixMoS2 +
x

2
B2H6 +

x

2
H2 (3) WS2 (ref. 28) and MoS2 (ref. 29)

LixMoS2 + xH2O → x

2
H2 + xLiOH +MoS2 (4)

Nap-Li MoS2 + xN2H4 → (N2H4)xMoS2 (5) TMDs (including MoS2, WS2, TiS2, TaS2,  
NbS2, TiSe2, NbSe2 and MoSe2)30

(N2H4)xMoS2 + xH2O → xN2H5
+ + xOH− +MoS2 (6)

2N2H5
+ + 2OH− → H2 + N2 + 2NH3 + 2H2O (7)

MoS2 + xLi-C10H8 → LixMoS2 + xC10H8 (8)

LixMoS2 + xH2O → x

2
H2 + xLiOH +MoS2 (9)

Py-Li MoS2 + xLi-Py → LixMoS2 + xPy (10) MoS2 (ref. 31)

LixMoS2 + xH2O → x

2
H2 + xLiOH +MoS2 (11)

Li anode Li+ +MoS2 + e− → LixMoS2 (12) Graphene, MoS2, WS2, TiS2, TaS2, ZrS2,  
h-BN, NbSe2, WSe2, Sb2Se3, Bi2Te3 (refs. 8,33–36), 
Pd3P2S8 (ref. 35) and BiOCl (ref. 95)LixMoS2 + xH2O → x

2
H2 + xLiOH +MoS2 (13)

R4N+ IE MoS2 + xR4N+ + xe− → (R4N⋅⋅⋅)xMoS2 (14) Graphene44,46,53, TMDs6,42,54–56,97, BP40,43,45,47,49, 
A2B3 (such as In2Se3 (refs. 6,50,51), Bi2Se3 (ref. 6) 
and Sb2Te3 (ref. 6)), AMX2 (ref. 52) and  
PdSeO3 (ref. 41)

(R4N⋅⋅⋅)xMoS2 → (R⋅⋅⋅)xMoS2 + R3N (15)

(R⋅⋅⋅)xMoS2 + xe− → (R−)xMoS2 (16)

(R−)xMoS2 + xH2O → xRH + xOH− +MoS2 (17)

SO4
2− IE H2O − e− → H+ +HO (18) Graphene16,57–59, MoS2 (ref. 17), BP66 and A2B3 

(Bi2Se3 and Bi2Te3)67

HO⋅⋅⋅ − e− → H+ +O⋅⋅⋅ (19)

MoS2 + xSO4
2− + yHO⋅⋅⋅ + zO⋅⋅⋅ → (SO4

2−)x(HO
⋅⋅⋅)y(O⋅⋅⋅)zMoS2 (20)

4(SO4
2−)x(HO

⋅⋅⋅)y(O⋅⋅⋅)zMoS2 → 4xSO2 + (2x + 2z + y)O2
+ 2yH2O + 8xe− + 4MoS2

(21)

BF4
− IE H2O − e− → H+ +HO (22) Graphene18,60,61 and BP19

HO⋅⋅⋅ − e− → H+ +O⋅⋅⋅ (23)

MoS2 + xBF4
− + yHO⋅⋅⋅ + zO⋅⋅⋅ → (BF4

−)x(HO
⋅⋅⋅)y(O⋅⋅⋅)zMoS2 (24)

4(BF4
−)x(HO

⋅⋅⋅)y(O⋅⋅⋅)zMoS2 → 4xHBF4 + (x + 2z + y)O2
+ (2y − 2x)H2O + 4xe− + 4MoS2

(25)

Molecule IE DPDS C10H8N2S2 → 2C5H4NS (26) MOF68

Alkylamine – – TiS2, ZrS2, NbS2 and MoS2 (ref. 10)

IE, intercalation-based exfoliation; DPDS, 4,4′-dipyridyl disulfide.
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tetraoctylammonium (TOA+)52; see Supplementary Table 1 for the 
structural formulae) is a popular intercalant for the electrochemical 
exfoliation of layered crystals. Intercalation is performed by applying 
a voltage (between −5 and −10 V) in an electrochemical cell with a bulk 
crystal cathode, a Pt wire or foil anode and an R4N+-containing electro-
lyte. During this intercalation process, the insertion of R4N+ (equation 
(14) in Table 1) contributes to a preliminary expansion of the crystal. 
Electrochemical decomposition of R4N+ (equations (15) and (16)) with 
gas release (for example, an alkane, in equation (17)) amplifies the rapid 
and considerable volume expansion. Following intercalation, atomic 
layers can be isolated spontaneously49 or assisted by sonication42.

The superiority of this strategy lies in its universality. A wide range 
of atomically thin materials can be produced via this strategy, including 
graphene44,46,53, TMDs6,42,54–56, BP40,43,45,47,49, A2B3-type materials (such as 
In2Se3 (refs. 6,50,51), Bi2Se3 (ref. 6) and Sb2Te3 (ref. 6)), AMX2-type materials 
(such as, AgCrS2, AgCrSe2, CuCrS2, CuCrSe2 and NaCrS2)52 and beyond.

Electrochemical R4N+ intercalation-based exfoliation tends to yield 
less defective graphene in comparison with anion intercalation-based 
exfoliation (using sulfate ions, for instance), owing to its non-oxidative 
production route44,46. The exfoliated graphene, however, is unstable 
and is easily restacked into graphite46. Thus, the covalent functionaliza-
tion of graphene is often needed to improve its stability46. In contrast 
to the TMD monolayers exfoliated using Li+ intercalation-based tech-
niques (with defects, small in size and associated phase transitions)12,33, 
TMD monolayers produced via R4N+ intercalation-based exfoliation 
are generally defect-free, phase-transition-free, large in size and envi-
ronmentally stable6,42,54–56 (Fig. 4a,b).

The properties of atomically thin BP exfoliated via this strategy are 
dependent on the R4N+ size. The smaller-sized TPA+ intercalant typically 
yields BP nanoribbons43, whereas larger-sized TBA+ and THA+ result in 
the production of BP nanosheets40,45,47,49. This difference is related to 
the anisotropic in-plane bond energies of the BP crystal, resulting from 
the non-equivalent P=P covalent bonds along two vertical directions: 
the armchair (AC) direction (LAC = 2.224 Å) and the zigzag (ZZ) direction 
(LZZ = 2.244 Å) (Fig. 4c). Intercalation of small-sized TPA+ leads to a small 
lattice strain, which tends to create a fissure along the ZZ direction. 
Such fissures open up BP like a zip, forming BP nanoribbons (Fig. 4d,e). 
However, excessive strain induced by the intercalation of large-sized 
TBA+ or THA+ may override the P=P bond energy differences in the ZZ 
and AC directions, leading to non-directional exfoliation. Such unor-
dered exfoliation creates BP nanosheets. Impressively, such yielded 
BP nanosheets are non-oxidative47, defect-free40 and layer-tunable  
(via changing the applied potential)45. This strategy provides an oppor-
tunity for the ultrafast production (in minutes)47 of BP nanosheets with 
an ultralarge average domain size (~80 μm)49.

Anion intercalation-based exfoliation strategies
Various polyanions have also been demonstrated as intercalation ions 
for the synthesis of atomically thin sheets, including SO4

2− (refs. 16,57–59),  
BF4

− (refs. 18,60,61), ClO4
− (ref. 62), PO4

3− (ref. 63), C2O4
2− (ref. 63), OH− (ref. 64)  

and RSO3− (ref. 65). They are typically exploited for the production of 
graphene. Here, we limit our discussion to SO4

2− and BF4
−, the most 

common examples.

Sulfate ion
The sulfate ion (SO4

2−), can electrochemically intercalate bulk 
crystals using an electrochemical cell containing a bulk layered 
crystal anode, Pt wire (or foil) cathode and an SO4

2−-containing elec-
trolyte (such as H2SO4 (refs. 57,58,66), Na2SO4 (refs. 16,17,67), K2SO4 (ref. 16)  
and (NH4)2SO4 (ref. 16)). The working principles of this electrochemi-
cal intercalation are as follows: (1) water oxidation at the anode 
under a voltage of +10 V promotes the formation of hydroxyl ions or  
radicals (equations (18) and (19) in Table 1), which attack the bulk layered 
materials, thereby inducing the depolarization and expansion of the 
layers, as well as the intercalation of SO4

2− (equation (20)); and (2) the 
intercalated SO4

2− as well as the HO· and O· radicals undergo a redox reac-
tion to release gaseous species (for example, sulfur dioxide, oxygen), 
facilitating the further enhancing of the interlayer spaces (equation 
(21)). After a mild sonication treatment, target flakes are yielded.

The electrochemical SO4
2− intercalation-based exfoliation strat-

egy is an efficient and popular method for the exfoliation synthesis 
of graphene16,57–59, but often introduces basal-plane defects, which 
result from surface oxidation. Beyond graphene, this strategy has  
the potential to produce other inorganic nanosheets, such as MoS2 
(ref. 17), BP66 and topological insulators (Bi2Se3 and Bi2Te3)67. However, 
the monolayer yield of the final products is relatively low; for example, 
the yield of the MoS2 monolayer is below 7% (ref. 17).

Boron tetrafluoride ion
The boron tetrafluoride ion (BF4

−) is another commonly used anion 
for electrochemical exfoliation. Both the cell configuration and the 
intercalation principles (equations (22)–(25)) of this strategy are similar 
to electrochemical SO4

2− intercalation-based exfoliation. This strategy 
is also mainly applied to the production of graphene18,60,61. Impres-
sively, the exfoliated graphene can realize fluorine functionalization61, 
improving the thermal stability and transparency of graphene. Beyond 
graphene, BP monolayers can also be produced using this method 
via an oxygen-driven exfoliation mechanism19. However, the final BP 
monolayers contain lots of neutral defects and dangling oxygen and 
hydrogen bonds at the edges (Fig. 4f)19.

Molecular intercalation-based exfoliation 
strategies
Atomically thin flakes can also be exfoliated by intercalating molecules 
(for example, 4,4′-dipyridyl disulfide and alkylamines) into the bulk 
materials to widen their interlayer distances10,68.

4,4′-Dipyridyl disulfide
4,4′-Dipyridyl disulfide, a chemically labile dipyridyl ligand, has been 
demonstrated as a molecular intercalant for the exfoliation of MOFs 

Fig. 3 | Li+ intercalation-based exfoliation. a, TEM image of a MoS2 monolayer 
fabricated via intercalation-based exfoliation using n-BuLi as the intercalant. 
Inset: photograph of an exfoliated MoS2 suspension in water. b, BP nanoribbons 
fabricated via intercalation-based exfoliation using lithium metal as the 
intercalant. Left: TEM image of the exfoliated BP nanoribbons, where the inset 
shows a photograph of an exfoliated BP suspension. Right: scatterplots of 
length versus width for the exfoliated BP nanoribbons, as extracted from the 
TEM data. The right-hand panel shows an enlarged view of the area indicated. 
Blue symbols denote sonication-driven exfoliation; red symbols denote 
spontaneous exfoliation. c, Inorganic nanosheets fabricated via electrochemical 
Li+ intercalation-based exfoliation. Left: photographs of suspensions of exfoliated 
MoS2, WS2, TiS2, TaS2, ZrS2, NbSe2 and h-BN. Right: TEM image of exfoliated MoS2 
monolayers. d, Pd3P2S8 nanodots fabricated via electrochemical Li+ intercalation-
based exfoliation. Left: TEM image of exfoliated Pd3P2S8 nanodots, where the inset 

shows a morphology sketch of Pd3P2S8 nanodot denoting the diameter (D) and 
height (H). Middle: statistical size analysis of Pd3P2S8 nanodots, as extracted from 
the TEM data (mean size: 2.3 nm; standard deviation: 0.6 nm). Right: statistical 
height analysis of Pd3P2S8 nanodots measured using an atomic force microscope 
(mean thickness: 1.1 nm; standard deviation: 0.4 nm). e, Galvanostatic discharge 
curve of a Li//layered material (LixLM) half-cell. By controlling the cutoff voltage, 
the amount of Li+ intercalation can be regulated so that intercalation can stop 
at the desired level. f, Schematic illustration of a columnar cell (left), coin cell 
(middle) and soft-pack battery (right) for electrochemical Li+ intercalation-based 
exfoliation. For the detailed composition and structure, as well as the assembly 
and disassembly process for these electrochemical cells, readers are referred 
to refs. 8,34,36. Panels adapted with permission from: a, ref. 12, American Chemical 
Society; b, ref. 32, Springer Nature Ltd; c,e, ref. 8, Springer Nature Ltd; d, ref. 35, 
Springer Nature Ltd; f(left), ref. 34, Wiley.
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(Fig. 4g)68. The intercalation process involves the formation of coordi-
nation bonding between 4,4′-dipyridyl disulfide and the metal nodes. 
Exfoliation is induced by selective cleavage of the disulfide bond (equa-
tion (26), Table 1) using trimethylphosphine. This fabrication route can 
proceed efficiently under mild conditions (ambient conditions) and can 
achieve a ~90% overall yield of 2D MOF flakes with a thickness of <1.2 nm, 
higher than the yields provided by the direct liquid-exfoliation strategy 
(normally <15%)69.

Alkylamines
Alkylamines (for example, propylamine, butylamine and hexylamine) 
can also be used as molecular intercalants to enlarge the interlayer 
spacing of layered materials, facilitating delamination following 
intercalation10. The space expansion of layered materials via alkylamine 
intercalation is dependent on the length of the alkylamine chain. Longer 
alkylamine chains result in larger expansion between the layers, and 
therefore brings a more positive promotion to delamination. However, 
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when the molecular length is larger than the interlayer distance (for 
instance, the length of hexylamine (7.7 Å) is larger than the interlayer dis-
tance of TiS2 (5.7 Å)10), intercalation resistance will increase, which makes 
the insertion difficult. Interestingly, a tandem intercalation strategy 
based on a short ‘initiator’ molecule (propylamine) and a long ‘primary’ 
molecule (hexylamine) can solve this problem10. Using short initiator 
molecules to open up the interlayer gap followed by the insertion of 
long primary molecules, intercalation can be completed in a short time 
(~10 h). TiS2, ZrS2, NbS2 and MoS2 monolayers have been successfully 
exfoliated from their colloidal layered counterparts using this tandem 

intercalation-based exfoliation method10. The strength of this strategy 
also lies in the safe and mild room-temperature operating conditions, 
with no gas (for example, hydrogen, sulfur dioxide) being generated.

Factors influencing the quality of exfoliated 
nanosheets
Properties of the starting bulk crystal
The intrinsic properties (for example, the crystal phase or elemental 
composition) of the starting crystal can influence the quality of the 
resulting nanosheets. Taking Li+ intercalation-based exfoliation as 
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Fig. 4 | R4N+-ion, anion and molecular intercalation-based exfoliation.  
a, Photographs of electrochemical TBA+ intercalation-based exfoliated TMD 
nanosheets dispersed in propylene carbonate solvent. b, Atomic-resolution 
scanning tunnelling electron microscopy–annular dark field image of NbSe2 
monolayer prepared via TPA+ intercalation-based exfoliation, revealing a 
nearly perfect atomic lattice with a low defect density. c, Anisotropic structure 
of phosphorene. The ZZ direction is more reactive due to a longer P–P bond. 
d, Digital photograph of a BP nanoribbon dispersion in propylene carbonate 
solvent. e, Optical microscope image of BP nanoribbons prepared using  

TPA+ intercalation-based exfoliation. f, BP nanoribbons fabricated via 
electrochemical BF4

− intercalation-based exfoliation. Left: TEM image of 
exfoliated BP nanoribbons. Middle: length versus width scatterplot of BP 
nanoribbons, as extracted from the TEM data. Right: crystal structure  
of exfoliated BP nanoribbons. g, Schematic illustration of molecular 
intercalation-based exfoliation (using 4,4′-dipyridyl disulfide) for the  
production of MOF nanosheets. Panels adapted with permission from: a,b, ref. 42, 
Springer Nature Ltd; c–e, ref. 43, Wiley; f, ref. 19 under a Creative Commons  
licence CC BY 4.0; g, ref. 68, American Chemical Society.
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an example, using 2H-MoS2 as the starting material, MoS2 monolay-
ers with mixed phases (2H and 1T/1T′) are typically obtained12,70 due 
to the incomplete phase transition from 2H to 1T/1T′. By contrast, 
when 1T′-MoS2 is used as the starting material, 1T′-MoS2 monolayers 
of high phase purity (over 97%) can be obtained due to the avoidance of  
phase transition27.

The phases of the starting crystals can also influence the lateral size 
of the Li+ intercalation-based exfoliated nanosheets (Fig. 5a); for exam-
ple, a 2H-MoS2 starting crystal yields monolayer counterparts with a 
lateral size of ~1.0 μm (refs. 12,27) and a 1T′-MoS2 starting crystal yields 
monolayer counterparts with a lateral size of tens of micrometres27. 
This is a consequence of the lattice strain difference of the intercala-
tion compounds for these two phases. Theoretical calculations have 
confirmed that a higher compressive stress occurs in Li+/2H-MoS2 
compounds (1.423 GPa) than in Li+/1T′-MoS2 compounds (0.011 GPa)27.  
A large compressive stress leads to in-plane wrinkles (Fig. 5b) and 
results in in-plane fracture during the subsequent exfoliation process 
using gentle manual shaking, forming small-sized final nanosheets27.

The elemental composition of the starting crystal also effects the 
lattice strain of the intercalation compounds during the Li+ intercala-
tion process, thus influencing the lateral size of the final nanosheets. 
In terms of TMDs (which have the general formula MX2, where M is a 
transition metal and X is a chalcogen), theoretical calculations have 
shown that the difference value of the lattice parameter a (that is, 
Δa = a(MX2) − a(LiMX2)) increases with the metal atom along each row 
of the periodic table and decreases down each column26 (Supplemen-
tary Fig. 3). Large values of Δa imply large lattice strains, which then 
lead to large in-plane wrinkles and, ultimately, small nanosheet sizes. 
Therefore, the lateral size of the final nanosheets displays a diametri-
cally opposite trend with Δa (ref. 26) (Fig. 5c).

Intercalant
As stated above, a wide variety of intercalants can be used for intercala-
tion-based exfoliation. Different intercalants result in different product 
qualities. For example, the Li+ intercalant is better for the production 
of MoS2 monolayers with a high proportion of the 1T phase12,33, whereas 
the R4N+ intercalant is better for obtaining high-purity 2H-phase MoS2 
nanosheets6. This is because inserting Li+ into MoS2 causes a phase 
transition from 2H to 1T, but the insertion of R4N+ avoids such a phase 
transition6. For graphene, when BF4

− is used as an intercalant, the 
electrochemically exfoliated graphene is accompanied by fluorine 
functionalization61, facilitating improvements in the thermal stabil-
ity and transparency of graphene. When using an SO4

2− intercalant, 
the electrochemically exfoliated graphene will be partially oxidized, 
forming some oxygen-containing functional groups (for instance, 
hydroxyl) on the surface58. These functional groups can act as catalytic 
sites, contributing to an improved catalytic performance of the exfoli-
ated graphene. Alternatively, electrochemical R4N+ intercalation-based 
exfoliation typically yields graphene with minimal defects due to its 
non-oxidative production route44.

Beyond the identity of the intercalant, its concentration is also a 
crucial factor. An experimental study24 has proved that by controlling 
x to be <0.2 (x = Li/Mo in LixMoS2), the exfoliated MoS2 nanosheets 
maintain their original 2H phase, whereas when x is >2, a phase transi-
tion from 2H to 1T/1T′ occurs. In addition, the x value also affects the 
thickness distribution of the final nanosheets. This study24 demon-
strated that by maintaining x = 0.1, trilayer MoS2 nanosheets are pref-
erentially yielded. This can be explained using the theory of staging 
intercalation24 (Fig. 5d) in which intercalation can occur between each 
layer (a stage-1 intercalation compound), every two layers (a stage-2 
intercalation compound), every three layers (a stage-3 intercalation 
compound) and so on. After exfoliation, these preferentially yield the 
corresponding monolayer, bilayer or trilayer nanosheets. DFT calcula-
tions have shown that when x = 0.1, the preferential intercalation stage 
is 3, leading to the nanosheets being trilayers.

Solvent
A suitable solvent plays a key role in the intercalation, exfoliation and 
subsequent processing of the layered materials and their atomically 
thin counterparts. Key properties of the solvent which can affect the 
product quality are its polarity, surface energy (surface tension) and 
Brønsted–Lowry acidity.

The polarity of the solvent affects the efficiency of intercalation 
via determining the dissolution or solvation of the intercalants. These 
dissolved or solvated intercalants are the real intercalation species 
(guest) and play a decisive role in the intercalation efficiency47. The 
judicious choice of solvent with a suitable polarity can maximize the 
intercalation and subsequent exfoliation efficiency. For example, BP 
can be electrochemically exfoliated using alkylammonium-cation 
intercalation in polar solvents (such as dimethyl sulfoxide, propylene 
carbonate, N-methylpyrrolidone, N,N-dimethylformamide, pyrrolidine 
dithiocarbamate and acetonitrile), whereas non-polar solvents (for 
example, toluene and dichloromethane) do not yield the exfoliated 
BP nanosheets47. This was attributed to the better solubility of the 
alkylammonium cations in polar solvents, which promotes the easy 
formation of solvated cations for high intercalation and exfoliation  
efficiencies47.

The surface energy (or surface tension) of the solvent is also criti-
cal for exfoliation. Earlier studies have suggested that the closer the 
surface energy of the solvent and layered material, the easier the exfo-
liation, whether for direct liquid-phase exfoliation4,5,71 or intercalation-
based exfoliation47. The surface energy of layered materials refers to 
the energy per unit area that is needed to overcome the interlayer van 
der Waals forces when cleaving two atomic layers71. The surface energy 
of the liquid solvent is calculated from its surface tension5,71.

As stated previously, the Brønsted–Lowry acidity (or hydrogen-
bonding component) of the solvent has a significant influence on 
the exfoliation mechanism. Protic solvents typically result in bubble 
release, which plays a strong role in the exfoliation mechanism11,12. 
Aprotic solvents facilitate the dispersion and isolation of atomic layers 
by coordinating the charged layers and ions13,14.

Applied voltage or current
For electrochemical intercalation-based exfoliation strategies, the 
magnitude and duration of the applied voltage are key factors that 
affect the qualities of the final nanosheets. Typically, increasing the 
applied voltage within a certain range and prolonging the time can help 
to achieve full intercalation, therefore improving the monolayer yield 
of the final products45,52 (Fig. 5e). However, applying too high a voltage 
or increasing time too much may lead to excessive reduction or oxida-
tion, with the risk of crystal decomposition. In addition, the applied 
current density will affect the morphology of the final products19.  
Taking the electrochemical BF4

− intercalation-based exfoliation method 
as an example, with the continuous increase in current density from 
<0.1 to 0.2–0.3 A cm−2 and then to 0.5 A cm−2, the morphology of the 
final BP products evolves from nanosheets to nanobelts and then to 
quantum dots, respectively19.

Exfoliation
The exfoliation method after intercalation isolates the atomic layers 
directly. The lateral size of the isolated atomic layers is affected by the 
exfoliation power. Theoretically, the higher the power, the greater the 
fragmentation of the atomic layers, and thereby the smaller the lateral 
size of the resulting nanosheets. Exfoliation by gentle manual shaking 
(low power) can prevent in-plane destruction and retain the integrity 
of the in-plane layers, thereby maximizing the sizes of the resulting 
nanosheets (Fig. 5f, top)26. By contrast, exfoliation via a sonication 
method (high power) may cause in-plane fragmentation of the layers, 
miniaturizing the resulting nanosheets (Fig. 5f, bottom)12,20,33. Experi-
mental studies have demonstrated that the size of the Li+ intercalation-
based exfoliated nanosheets via shaking exfoliation can reach tens of 
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Fig. 5 | Factors influencing the qualities of exfoliated nanosheets. a, Average 
lateral size of exfoliated MoS2 (as well as MoSe2 and MoTe2) monolayers with  
the distorted octahedral (1T′) and the hexagonal (2H) phase as the starting 
materials. Data points are from ref. 27. b, Compressive stress and the induced  
in-plane wrinkles in LixMoS2. Left: schematic illustration of the compressive  
stress and in-plane wrinkles. Atom colour code: S, yellow; Mo, purple.  
The dotted blue and red lines indicate the positions after compression of  
the S and Mo atoms, respectively. Right: SEM images of 2H-MoS2 and  
1T′-MoS2 crystals after Li+ intercalation. The surface of 2H-MoS2 shows dense  
in-plane wrinkles after intercalation, whereas the surface of 1T′-MoS2 shows 
sparse in-plane wrinkles after intercalation. c, Periodic lateral size distribution of 
TMD nanosheets produced via the Li+ intercalation-based exfoliation strategy. 
Data points are from ref. 26. d, Staging intercalation and exfoliation. e, Average 
layer numbers of exfoliated AgCrS2 nanosheets with different magnitudes 
(left) and durations (right) of the applied voltage. Data points are from ref. 52. 

f, Schematic illustration of exfoliation by gentle manual shaking (top) and via 
sonication (bottom). g, Liquid-cascade centrifugation treatment. The average 
lateral size (L) and the layer number (N) of the final collected nanosheets 
decrease with a successive increase in the centrifugal speed (S). h, Printable  
ink, which contains size-selected nanosheets, solvents, polymeric binders  
and/or surfactants. The vials show an ink example, which is the ink of exfoliated 
NbSe2 nanosheets in different solvents, the full names, molecular formulae, 
structural formulae and polarity indices of which are displayed in Supplementary 
Table 5. TOL, toluene; DCM, dichloromethane; IPA, isopropyl alcohol; THF, 
tetrahydrofuran; ETAC, ethyl acetate; DIOX, 1,4-dioxane; ACE, acetone; ACN, 
acetonitrile; FA, formic acid; AA, acetic acid; DMF, N,N-dimethylformamide; 
DMSO, dimethyl sulfoxide. Panels adapted with permission from: b(left), ref. 26, 
American Chemical Society; b(right), ref. 27, Wiley; h, ref. 42, Springer Nature Ltd. 
The design concept of g is derived from ref. 9.
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micrometres26, and generally less than 1.0 μm when using sonication 
exfoliation (~100 W)12,20,33.

Centrifugation
Post-exfoliation, a centrifugation step for the purification and col-
lection of the atomically thin sheets is crucial. Hydrodynamic forcing 
(centrifugal speed) is a core factor in this step. Typically, low-speed cen-
trifugation (such as 2,000 revolutions per min) is performed to remove 
large particles, followed by high-speed centrifugation (for instance, 
10,000 revolutions per min) to release the intercalant, as shown in 
Fig. 2d. Intercalation-based exfoliated flakes are always polydisperse, 
with a lateral size ranging from tens of nanometres to hundreds of 
micrometres and a thickness of a single layer to several layers. Size 
selection for such widely distributed nanosheets can be carried out via 
liquid-cascade centrifugation treatment (Fig. 5g) to narrow the distribu-
tions in both lateral size and thickness9,24. The resulting size-selected 
nanosheets are ideal building blocks for the manufacture of certain 
electronic, photonic and optoelectronic devices42,56. It is of note that, 
for good compatibility with printing techniques, redispersion of the 
size-selected nanosheets into water or other solvent to form a print-
able ink (Fig. 5h) is required. During this step, rheological refinement 
through the addition of polymeric binders and/or surfactants to the ink 
is essential to ensure that the ink matches well with the deposition tech-
nology and substrate. For a detailed description of the ink formulation, 
the reader is referred to the recent review of Pinilla and co-workers3.

Phase transition
The intercalation-based exfoliation strategy is a generally scalable 
method for the fabrication of atomically thin flakes, but the resultant 
nanosheets may undergo a phase transition during the intercalation 
and exfoliation steps, therefore differing structurally and electronically 
from their bulk counterparts72,73. Previous experimental studies12,33 and 
theoretical investigations73 have suggested that such a phase transition 
is more likely to occur in TMD nanomaterials. TMDs have structural 
polymorphs with different in-plane bonding configurations. These 
bonding configurations are close in energy because of the relatively 
small electronegativity of the chalcogen elements (S, Se and Te), lead-
ing to the facile occurrence of phase transitions under near-ambient 
conditions73.

Structural phases of TMDs
TMDs, with the general formula MX2, have three well-known polytypic 
structures which result from the different coordination geometries of 
the transition metal atoms72. These are the 2H, 1T and 1T′ phases, which 
exhibit the trigonal prismatic, octahedral and distorted octahedral 
coordination structure, respectively, for the metal atoms (Fig. 6a). 
These structural phases also exhibit distinct stacking orders of the 
three atomic planes (X–M–X). The most studied 2H phase corresponds 
to the Bernal (ABA) stacking, whereas the stacking order of the atomic 
planes in the 1T phase is rhombohedral ABC. This diversity of structural 
phases gives rise to various electronic properties. For example, 2H-MoS2 
exhibits semiconducting properties with an optical bandgap in the 
range of 1.0–2.5 eV (ref. 74). By contrast, 1T- and 1T′-MoS2 show metallic 
and semimetallic character, respectively75.

Phase transition
During the intercalation-based exfoliation process (especially when 
Li-based intercalants are used), the intercalation of cations involves 
the simultaneous injection of electrons into the d orbitals of the host 
transition metal atoms73 to maintain overall charge neutrality. The 
injection of electrons beyond a certain threshold causes the stability 
of the 2H phase to be lower than that of the 1T or 1T′ phase, inducing the 
corresponding in-plane phase transitions (Fig. 6b). For an explanation 
of this phenomenon the reader is referred to specific articles on crystal 
field theory73,76,77. Experimentally, the occurrence of phase transitions 

(from 2H to 1T or 1T′) has been probed using scanning transmission elec-
tron microscopy (STEM), XPS, Raman spectroscopy, X-ray diffraction 
and photoluminescence. Among them, STEM offers an opportunity to 
distinguish the detailed structures of the 2H, 1T and 1T′ phases70. The 
deconvolution of high-resolution XPS peaks provides the feasibility 
for the quantitative analysis of the mixed phases78.

Phase restoration
Previous theoretical studies have suggested that the 1T phase is meta-
stable and can be transformed back into the thermodynamically stable 
2H phase (Fig. 6c)12,79. Eda et al. experimentally demonstrated the res-
toration of the original 2H-phase MoS2 from the 1T/1T′ phases through 
mild annealing (above 300 °C, 1 h) using a hot plate in an argon-filled 
glovebox12. XPS and Raman analyses indicated that the extent of the 
restored original 2H phase gradually increases with an increase in the 
annealing temperature. The fraction of the 2H phase reaches 95% at 
300 °C. In addition, recent studies have suggested the possibility of the 
restoration of the 2H-phase MoS2 via hydrothermal treatment under a 
nitrogen atmosphere at ~200 °C (ref. 80) or via infrared laser-induced 
processing81.

High-purity phase preparation
Previous electrostatic gating studies have suggested that the 2H-to-1T 
phase transition happens only when the electron injection exceeds a 
certain threshold82,83; for MoS2, this threshold is 0.29 electrons per 
formula unit6. Therefore, reducing the electron injection was recently 
proposed as a theoretical method6,82–84 for preventing phase transitions 
during intercalation-based exfoliation. Lin and co-workers6 suggested 
that using larger cations (for example, THA+) as the intercalant during 
the process of electrochemical intercalation-based exfoliation may 
reduce the electron injection (Fig. 6d). The large size of THA+ (Fig. 6e) 
naturally limits the injected number of ions into the interlayer of the 
TMD and thus reduces the number of electrons injected6. The prop-
erties of the obtained high-purity semiconducting 2H-phase MoS2 
nanosheets were confirmed via their Raman (Fig. 6f), ultraviolet-visible 
absorption (Fig. 6g,h), XPS (Fig. 6i) and photoluminescence (Fig. 6j) 
spectra, demonstrating the experimental feasibility of this method.

Applications of exfoliated nanosheets
When layered materials are exfoliated into atomically thin layers, 
unique properties are unlocked3,85. For example, graphene shows out-
standing electric conductivity and mechanical strength compared with 
its bulk counterpart graphite86. The MoS2 monolayer is semiconducting 
with a direct bandgap of 1.8 eV, exhibiting unique physical, optical and 
electrical properties (for example, a unique quantum luminescence 
efficiency12) compared with the bulk MoS2 crystal, which is an indirect 
bandgap semiconductor with a bandgap of 1.2 eV.

Crucially, intercalation-based exfoliated nanosheets are compat-
ible with solution-based deposition techniques (such as dropcasting, 
spincoating, inkjet printing, industrial roll-to-roll coating and vacuum 
filtration)3,9,87,88. This enables easy and scalable manufacture of various 
customizable devices, via the deposition of exfoliated nanosheets 
on various substrates (for example, SiO2/Si (refs. 6,42), rigid glass22 or 
porous polymer25,89), if necessary, followed by a lithographic process 
involving standard photolithography, dry or wet etching, and metal 
(such as gold or titanium) deposition6,90.

Exfoliated atomically thin sheets (for example, graphene, TMDs, 
BP, h-BN, MOF and Sb) can therefore be used as the building blocks of 
modern devices, leading to a range of applications in the fields of elec-
tronics, photonics, optoelectronics, energy storage, environmental 
remediation, bioengineering and beyond3 (Supplementary Table 2). 
Here we highlight several notable application examples.

Exfoliated graphene is interesting for various electronic devices 
(for instance, field-effect transistors)57,58 and energy devices (such 
as supercapacitors)16,59 due to its high electrical mobility (up to 
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2.5 × 105 cm2 V−1 s−1, theoretically) at room and cryogenic tempera-
tures. However, many functional devices would also benefit from 
properties beyond the capabilities of graphene. For instance, the 
broadband nonlinear optical response feature of exfoliated atomically 
thin Sb nanosheets (which have a large nonlinear refractive index of 
~10−5 cm2 W−1) enables their applications in nonlinear photonic devices 
(such as optical switchers, Kerr shutters and beam shapers)37. Exfoliated 
In2Se3 flakes have strong, wide-range responsivity from the ultravio-
let to near-infrared absorption regions, showing their potential for 

optoelectronic devices (such as photodetectors)50. The high theoretical 
specific capacity of exfoliated BP flakes enables them to be used as elec-
trode materials for battery applications (in terms of sodium-ion batter-
ies, the theoretical specific capacity is up to 2,596 mAh g−1)45. Exfoliated 
MoS2 monolayers have a high fluorescence quenching ability and dif-
ferent affinities for single-stranded DNA (deoxyribonucleic acid) and 
double-stranded DNA, therefore they show potential as biosensors91. 
Exfoliated 1T′ MoTe2 is a type-II Weyl semimetal, showing potential as 
a saturable absorber for ultrafast photonics in all-fibre mode-locked 
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Fig. 6 | Phase transitions during the intercalation-based exfoliation  
process. a, Schematic models of the different TMD phases, including the 2H,  
1T and 1T′ phases. Top: top view showing the typical atomic arrangement  
of a single layer. Bottom: side view showing the typical packing sequence.  
b, Schematic illustration of phase transformation during the Li+ intercalation-
based exfoliation process. c, Schematic illustration of phase restoration via 
annealing, hydrothermal treatment, laser-induced processing or microwave 
irradiation. d, Schematic illustration of high-purity 2H-phase MoS2 preparation 
via electrochemical THA+ intercalation-based exfoliation. e, Schematic models 
of tetraheptylammonium bromide (THAB) and lithium (Li) showing the size 
difference between the intercalants. f, Raman spectra of THA+-exfoliated 
MoS2 nanosheets and the bulk MoS2 sample. Both Raman peaks in the bulk and 
exfoliated MoS2 sample belong to 2H-phase MoS2 (ref. 112). g, Photograph of 
the dispersion of Li+-exfoliated MoS2 nanosheets in water and THA+-exfoliated 

MoS2 nanosheets in isopropyl alcohol. The black colour of the suspension of 
Li+-exfoliated MoS2 nanosheets shows the non-selective absorption of light 
in the visible range, indicating the metallic nature of the Li+-exfoliated MoS2 
nanosheets. By contrast, the suspension of THA+-exfoliated MoS2 nanosheets 
appears green, suggesting the partial absorption of light in the visible range  
and the semiconducting nature of the THA+-exfoliated MoS2 nanosheets12.  
h, Ultraviolet–visible absorption spectra of THA+-exfoliated MoS2 and  
Li+-exfoliated MoS2. i, XPS spectra of THA+-exfoliated MoS2 nanosheets and 
Li+-exfoliated MoS2 nanosheets, which indicate the pure 2H phase for the 
THA+-exfoliated nanosheets and the mostly the 1T phase for the Li+-exfoliated 
nanosheets78. The green, red, grey and black curves denote Mo in 1T-phase MoS2, 
Mo in 2H-phase MoS2, S and the overall signal, respectively. j, Photoluminescence 
spectra of THA+-exfoliated MoS2 nanosheets and Li+-exfoliated MoS2 nanosheets. 
Panels e–j reproduced with permission from ref. 6, Springer Nature Ltd.
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lasers56. High-purity semiconductor 2H-phase MoS2 materials prepared 
via THA+ intercalation-based exfoliation enable the creation of high-
performance thin-film transistors (room-temperature mobilities: 
10 cm2 V−1 s−1; on/off ratios: 106) and more complex electronic devices, 
such as logic gates and computing circuits6.

Films (with an adjustable thickness of 1.5–24.0 μm) generated by 
ordered stacking of exfoliated 1T-MoS2 quantum sheets (~6.1 nm in lat-
eral size) have narrow and ultrashort (~1.2 nm and ~6.1 nm, respectively) 
hydrophobic nanochannels, giving them an ultrafast ion-transport 
ability. Such films, as structural units of an electrode, give the cor-
responding capacitor an outstanding energy-storage performance 
(with a volumetric capacitance of 437 F cm−3 tested at 2,000 mV s−1)36. 
Membranes produced by restacking exfoliated and covalently func-
tionalized MoS2 nanosheets hold channel widths that can be tuned by 
covalent functional groups. Such membranes, as a core component 
of nanofiltration and desalination devices, show excellent rejection 
rates toward various dyes (>90%) and sodium chloride (>80%)25,89. 
Van der Waals thin films (of ~30 nm thickness) consisting of staggered 
semiconducting MoS2 nanosheets (produced via THA+ intercalation-
based exfoliation) feature bond-free van der Waals interfaces among 
the staggered MoS2 flakes90. Such a bond-free nature endows the van 
der Waals thin films with high degrees of freedom in their free sliding 
and rotation abilities, ensuring their mechanical malleability90. In 
addition, the fine percolating networks of nanochannels in these thin 
films provide permeability and breathability90. Such films show great 
application potential in flexible bioelectronic devices, such as in leaf-
gate and skin-gate transistors90.

The atomically thin nature of exfoliated nanosheets also makes 
them advantages for a variety of catalytic applications over their bulk 
crystal counterparts20,21,29,35,38,68,92–95 (Supplementary Table 3). These 
superiorities include quantum confinement, short transmission 
distances of the carriers, large surface-area-to-volume ratios, rich 
low-coordinated surface atoms, among others. For photocatalytic 
applications, the quantum confinement effect endows atomically thin 
semiconducting nanosheets with tunable band structures96. The short 
transmission distance of carriers from the interior of the material to its 
surface suppresses the bulk recombination of charge carriers92. A large 
surface-area-to-volume ratio enables rich point contact between the 
reactants and catalytic sites; this is also an advantage for light captur-
ing. Rich low-coordinated surface atoms offer abundant adsorption 
and activation sites for typical reactant molecules. All these features 
contribute to an outstanding photocatalytic performance of exfoli-
ated atomically thin semiconductors68,92,94,95. Beyond photocatalysis, 
exfoliated nanosheets also exhibit superiority over bulk materials 
for electrocatalysis. For example, exfoliated monolayers of metallic 
1T-phase TMDs (such as WS2 (ref. 20), MoS2 (refs. 21,29) and PtTe2 (ref. 97)) 
show an enhanced electrocatalytic performance for the HER, owing 
to their high conductivity, low-loss electrical transport and rich cata-
lytically active sites. Exfoliated Sb thin layers have a large number of 
catalytically active edge sites, unlocking their electrocatalytic activity 
for CO2 reduction38. Exfoliated Pd3P2S8 ultrasmall nanosheets have 
an amorphous structure, which is different from their bulk crystal 
counterpart. Such miniaturization and amorphization means that, 
unlike the inert bulk crystal, the ultrasmall nanosheets can be active 
electrocatalysts for the HER35.

Intercalation-based exfoliation typically yields thin, large-area 
flakes. Such products are good building blocks for large-area thin-
film devices49. These devices are difficult to manufacture using direct 
liquid-exfoliated nanosheets, whose lateral size is normally below 
1.0 μm. In addition, intercalation-based exfoliation often introduces 
basal-plane defects to the final products. Such defects do not usually 
occur in direct liquid-exfoliated nanosheets. Although defects may be 
undesirable in certain applications, they are beneficial for catalysis94. 
Besides, intercalation-based exfoliation may induce phase transitions 
(2H to 1T/1T′); therefore, it can be used as a phase-engineering tool for 

various applications, such as low-resistance contact transistors78. These 
applications can benefit explicitly from intercalation-based exfoliation 
methods over standard direct liquid exfoliation.

Outlook
Intercalation-based exfoliation strategies point to a productive future 
for the synthesis of atomically thin sheets. However, challenges remain.

Perfecting the strategies
Several intercalation-based exfoliation methodologies have been 
established with their own merits and have been introduced in this 
Review; however, no method is perfect. These imperfections relate to 
the product quality (including yield, structural integrity, controllability, 
uniformity, stability and repeatability) and the operating conditions of 
the method, such as time, temperature, safety and complexity.

For example, Li+ intercalation-based exfoliation involves inter-
esting TMD phase transitions (2H to 1T)8,12,33, but the degree of phase 
transition and the proportion of the two phases in the final product 
cannot be accurately controlled. R4N+ intercalation-based exfoliation 
provides a means for the production of large domain-sized sheets 
(of up to hundreds of micrometres)42,49, stimulating their application 
potential for large-area thin-film devices. However, the uniformity of 
these sheets is poor, with sizes ranging from just a few to hundreds of 
micrometres. SO4

2− or BF4
− intercalation-based exfoliation strategies 

tend to yield oxidized16 or fluorinated61 graphene, which improves the 
catalytic activity or thermal stability and transparency, but there is a 
lack of control over the degree of oxidation and fluorination. High-qual-
ity BP nanoribbons can be effectively produced via intercalation-based 
exfoliation using Li+ (with a lithium metal intercalant)32 or BF4

− (ref. 19), 
but these methods are limited by, respectively, the complexity of the 
operation and the defects of the product structure (where the edges 
are usually oxidized).

Additional research into these intercalation-based exfoliation 
strategies should be carried out to optimize the strategies in terms 
of product quality and operating conditions, ultimately improving 
their applications.

Universalizing the strategies
Many atomically thin materials can now be produced using intercala-
tion-based exfoliation techniques. What started with the production 
of graphene16,44,46,53,57–59, TMDs6,10,12,17,20,24,26,27,29–31,33,34,36,42,54–56,97, h-BN34, 
BP19,32,40,43,45,47,49 and A2B3 (such as In2Se3)6,34,50,51,67 has now evolved to 
produce atomically thin MOFs68,93, Sb (refs. 37,38), AMX2 (for instance, 
AgCrS2)52, Pd3P2S8 (ref. 35), PdSeO3 (ref. 41), Bi12O17Cl2 (ref. 92), BiOCl  
(ref. 95), ZnIn2S4 (ref. 94), Ni3Cr2P2S9 (ref. 98) and beyond. There are more 
than 5,600 experimentally known layered materials99, and the material 
exfoliated at present is only the tip of the iceberg for the huge library 
of layered materials.

Universalizing intercalation-based exfoliation strategies to 
exfoliate more layered materials, mass-produce atomically thin 
nanomaterials and explore emerging applications based on their 
outstanding material properties is in line with a key developmental 
direction of materials science and engineering—that is, developing  
new materials.

To promote the generalization of the intercalation-based exfolia-
tion strategy, the properties of the layered materials must be matched 
to the intercalation and exfoliation processes. The appropriate intercal-
ant, solvent, intercalation conditions (for example, time, atmosphere 
and applied voltage), exfoliation mode and power must be selected for 
the intercalation-based exfoliation synthesis of emerging atomically 
thin nanomaterials. Traditionally, a large number of experiments are 
needed to select the appropriate synthetic variables. This is time-
consuming and labour-intensive. High-throughput computational 
calculations may provide a fast track for these explorations99. Data-
driven screening should become an integral part of the synthetic toolkit 
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in future research100, which will help to universalize the intercalation-
based exfoliation strategy.

Understanding the mechanisms
Understanding the mechanisms (which include phase transition, phase 
restoration, high-purity phase preparation, defect formation, oxidation 
functionalization, fluorination functionalization and property evolu-
tion) that are involved in the intercalation and exfoliation processes 
should be emphasized. This is important as it can facilitate the rational 
design of future experiments, such as the on-demand synthesis of 
2D nanosheets with special properties (for instance, defect-rich or 
defect-free flakes). State-of-the-art in situ imaging, spectroscopy and 
electrochemical characterization methods offer a powerful tools for 
exploring these mechanisms in real time101–105. For instance, in situ 
liquid-cell TEM101–103 can monitor the phase transition as it occurs during 
the intercalation and exfoliation processes. In situ Raman spectroscopy 
provides a feasible means of tracking the evolution of the electronic 
and optical properties of layered materials during the intercalation 
and exfoliation process104. In situ optical microscopy is an effective 
tool for directly monitoring the evolution of the material thickness105.

Modern characterization toolkits are constantly being enriched 
(as with the advent of X-ray absorption spectroscopy, scanning trans-
mission X-ray microscopy and beyond), providing more sophisticated 
techniques by which these mechanisms can be clarified. Still, we argue 
that the most challenging aspect is how to build the right measurement 
platform that meets the requirements of operando characterization 
(such as the vacuum environment for TEM imaging) as well as the 
intercalation and exfoliation conditions. Nanoprocessing technology 
based on lithography provides technical support for the manufacture 
of these customized platforms.

Transiting from laboratory to market
Despite the tremendous progress made in intercalation-based exfolia-
tion strategies, there is still a long way to go to achieve a laboratory-
to-market transition. The first and most common implementation 
barrier is scaling up.

The current output of a single production unit (a single electro-
chemical cell, for example) is at the milligram-to-gram scale36. Such 
an output level cannot meet the demands of the material market, 
which needs a kilogram-to-tonne scale. The parallel operation of mul-
tiple production units, expanding the scale of a single production 
unit, or implementing both, can achieve large-scale production and 
a laboratory-to-market transition. However, this step is still at a stage 
of early development and requires investment for research into the 
rational design of production units, batch industrial manufactur-
ing, cost control, optimization of the operating parameters, among  
other factors.

Economically, the are many barriers to scaling up, resulting from 
the high price of ingredients (for layered crystals in particular; Sup-
plementary Table 4) and the toxicity of certain solvents. Technically, 
scaling up the production units, whether intercalation or exfoliation, 
will also encounter some difficulties. For example, after the interca-
lation and exfoliation processes, purification and size selection via 
liquid-cascade centrifugation are typically needed, but this is dif-
ficult to scale. Solving these economic and technical concerns will 
make the road to commercialization, from laboratory to market,  
much smoother.

The market is the driving force of technology commercialization3. 
Exfoliated atomically thin sheets can be incorporated into various 
commercial products, resulting in a variety of potential downstream 
markets for intercalation-based exfoliation technology. The electronic 
and optoelectronic device markets should be targeted first since, for 
many atomically thin materials, including graphene, their electronic 
and optoelectronic device applications are most likely to bring high 
economic benefits106.

Opportunities and challenges coexist in this promising field. We 
anticipate that the intercalation-based exfoliation strategy will become 
a central tool in nanotechnology for the production of atomically thin 
2D materials in the coming decades.
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