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After the discovery of graphene in 2004, the field of atomically thin crystals has exploded with the
discovery of thousands of 2-dimensional materials (2DMs) with unique electronic and optical properties,
by making them very attractive for a broad range of applications, from electronics to energy storage and
harvesting, and from sensing to biomedical applications. In order to integrate 2DMs into practical
applications, it is crucial to develop mass scalable techniques providing crystals of high quality and in
large yield. Electrochemical exfoliation is one of the most promising methods for producing 2DMs, as it
enables quick and large-scale production of solution processable nanosheets with a thickness well
below 10 layers and lateral size above 1 um. Originally, this technique was developed for the production
of graphene; however, in the last few years, this approach has been successfully extended to other
2DMs, such as transition metal dichalcogenides, black phosphorous, hexagonal boron nitride, MXenes
Received 2nd October 2023 and many other emerging 2D materials. This review first provides an introduction to the fundamentals of
DOI: 10.1039/d3cs00815k electrochemical exfoliation and then it discusses the production of each class of 2DMs, by introducing
their properties and giving examples of applications. Finally, a summary and perspective are given to
rsc.li/chem-soc-rev address some of the challenges in this research area.

1. Introduction

Graphene, a single layer of graphite,” is the most widely studied
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layered materials in nature that can be exfoliated into single-
and few-layers, providing 2D nanosheets with complementary
properties to those of graphene.'®™® The family of 2DMs
includes insulators (e.g., hBN and PbS), superconductors (e.g.,
NbSe,), semiconductors (e.g., transition metal dichalcogenides
(TMDs), tellurene, and black phosphorous (BP)), semi-metals
(e.g., graphene, WTe,, 1T MoS,, 1T WSe,,...), and metals
(MXenes, VO,, VS,, VSe,,...). Furthermore, the surface chem-
istry of 2DMs can be easily modified by covalent or non-
covalent functionalization, hence providing additional proper-
ties and functionalities.'®'” Due to the ultra-thin thickness
with strong in-plane bonding, 2DMs exhibit excellent mechan-
ical flexibility and high transparency, which are important
for their applications in flexible electronics.’®'® Additionally,
the high specific surface area of 2DMs makes them very
attractive for energy storage,'®?° sensing,>"** and biomedical
applications,*** to name a few examples.

Furthermore, 2DMs can be easily produced in solution,
hence making it possible to use mass scalable and low
cost techniques for their processing and integration into
devices.”*° Solution-processed 2DMs can be easily produced
by using top-down methods, such as liquid-phase exfoliation
(LPE)** and electrochemical exfoliation (ECE),*** or by
bottom-up methods, based on wet-chemical approaches, such
as colloidal and hydro/solvothermal synthesis, where
nanosheets or thin films are produced directly from precursors
by chemical reactions under specific conditions (e.g. in the
presence of specific ligands and solvents).>*™*° The LPE relies
on directly exposing the bulk material to a solvent with a
favourable surface tension that minimizes the interfacial ten-
sion between the solvent and the 2D crystals. This method is
typically time consuming and produces nanosheets with large
distributions in lateral size and thickness, which strongly
depend on the processing conditions,*”*> hence giving rise to
possible reproducibility issues, in particular when the method
is extended to large scale production. The ECE is based on the
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expansion of the layers of the bulk material by intercalation of
ions and small molecules, followed by separation and disper-
sion of the nanosheets in a solvent. Amongst these approaches,
ECE is one of the most attractive methods to produce solution-
processed 2DMs, as the setup is relatively simple to build and
operate, exfoliation usually requires just one step and can be
performed under ambient conditions. Furthermore, the use of
an electric field facilitates ion intercalation and hence the
nanosheet separation, often providing good exfoliation effi-
ciency compared to other intercalation-based techniques.
Finally, ECE provides higher control over the quality of the
products, as compared to other techniques: the lateral size,
thickness, defect density, crystal structure and oxygen content
can all be tuned by adjusting the exfoliating voltage or current,
the type of electrolyte, and so on.**

The research progress on the ECE preparation of 2DMs has
significantly advanced in the last decade. The ECE approach
has a rich historical background that lies on the scientific
foundation of graphite intercalation chemistry.**™*” Graphite
intercalated compounds (GICs) are defined as graphite with
various amounts of molecular layers intercalated between the
constituent graphene sheets. The intercalating molecule can
either donate or accept an electron, forming an ionic bond with
graphite; it is also possible to have ternary GICs, with both
acceptors and donors co-intercalated.”® GICs have attracted
considerable research interest as they show different electronic
and magnetic properties as compared to pristine graphite.*® In
addition, they can be used for various applications, from
batteries to highly conductive graphite fibers.*® While GICs
have been studied for over a century, it was not until the 1970s
and 80s that electrochemical techniques were used to prepare
GICs by the intercalation of pure sulfuric acid,*® alkali metal
ions,”" metal halides,>® fluoride ions,”>** magnesium ions*
and lithium ions®® into graphite interlayers. In 1998, Bourelle
et al. reported the preparation of expanded graphite by using
electrochemical intercalation of sulfuric and formic acid
mixtures.”” Later in 2003, Weng et al. reported the electroche-
mical exfoliation of 40 nm size graphite nanoparticles from a
graphite electrode in aqueous ammonia solution.”® However,
the research on the exfoliation of GICs to form graphene-
related materials intensified only after 2004, with the isolation
of graphene.®® In 2009, Wang et al. first used ECE to exfoliate
few-layer graphene nanosheets of 1-2 um lateral size from
graphite rods using poly(styrenesulfonate) (PSS) as an
electrolyte.®® The exfoliated graphene showed a significant
density of defects, such as oxygen functional groups as well
as residual PSS molecules. Since then, significant progress has
been made on the ECE method to prepare graphene and
graphene related materials,”’"®* and recently, it has been
extended to the preparation of other 2DMs, such as
TMDs,%>%¢ black phosphorous,®”® post-transition metal chal-
cogenides (PTMCs) (e.g. In,Se;, Sb,S;, Sb,Te; etc.),”””" metal
phosphorous trichalcogenides (MPTs) (e.g. NiPS;),”>”’* 2D
monoelemental materials (e.g. As, Te, Bi, Ge, Sb etc.),””””
graphitic carbon nitride,”® transition metal oxides,”® metal
organic frameworks (MOF) nanosheets,”” and MXene,*® to
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Fig. 1 Crystal structures of some of the 2D materials that can be produced by ECE.

name a few examples (Fig. 1). In particular, semiconducting
2DMs produced by ECE have been shown to provide electronic
properties good enough to be used as semiconducting channels
in transistors.®>®' 7% Because of the fast progress in the synth-
esis of 2DMs by ECE and their potential use in many applica-
tions, ranging from electronics to energy storage devices, we
describe in this review the results obtained for each 2DM. As
the number of 2DMs is very large, we have divided the discus-
sion among different families of 2DMs, so the reader can refer
directly to the 2DM of interest.

This review first introduces the general principle of ECE,
based on the exfoliation of graphite, and then provides a
comprehensive report on the recent developments in the ECE
of emerging 2DMs, focusing mostly on the advances obtained
in the last 5 years. Readers who are interested in ECE of
graphene only can find more details in previously published
reviews.®>%48478¢ pinally, in the last section, we conclude this
review by highlighting the advantages and disadvantages of the

ECE. Additionally, a perspective on some of the challenges that
need to be addressed in this research area is given, with a
particular focus on 2DMs beyond graphene.

2. General principle and mechanism

Electrochemical exfoliation is traditionally performed by direct
contact of the bulk layered material with the power source. This
is done using an electrochemical cell, which is composed of
three parts: the electrodes (working electrode, WE, and counter
electrode, CE), the liquid electrolyte and the power supply
(Fig. 2). Once a suitable voltage is applied between the WE
and the CE, depending on the applied potential of the WE,
either anions or cations from the electrolyte solution will
intercalate between the interlayer spacing of the bulk materials,
resulting in structural expansion and leading to the delamina-
tion of the bulk 2DM into suspended thin layers.

@ Anions (e.g. SO,2, NOy, PFy etc.)

WE
CE (anode/cathode) Anodic
\ Negatlve (-ve)
(1 ) potential
‘ “‘ Anion intercalation
| |
2 —
s J
ERp 3 @ Cations (e.g. Li+, THA*, TBA* etc.)
i} \“ [
Cathodic

—_—
Positive (+ve)
potential

.

Exfoliated 2D nanosheets

Cation intercalation

Fig. 2 Schematic illustration of a typical electrochemical cell and representative ion intercalations at the anode and the cathode leading towards the

exfoliation of 2D nanosheets.
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The electrolyte can contain either anions, such as sulfate
(S0,>7), bisulfate (HSO, ), hydroxide (OH™), perchlorate
(clo,), trifluoroborate (BF, ), nitrate (NO;z; ), phosphate
(PO,*7) and hexafluorophosphate (PFs) etc., or cations, such
as alkali ions (e.g. Li*, K" and Na'), quaternary ammonium ions
(e.g. tetrapropylammonium (TPA'), tetrabutylammonium
(TBA"), tetraheptylammonium (THA"))***” The CE is made of
metallic wires or plates, such as platinum (Pt) foil/wire or glassy
carbon electrodes, as they have sufficient stability in the
electrochemical environment. The WE is made from the bulk
layered material and can be in the shape of a rod, foil, flake or
plate. Depending on whether the intercalant is an anion or a
cation, the WE could serve as either an anode or a cathode;
hence, ECE is classified as either anionic or cationic, respec-
tively (Fig. 2).

Generally, anodic exfoliation is performed in an aqueous
electrolyte, while cathodic exfoliation is performed in nonaqu-
eous electrolytes containing organic solvents such as N-methyl-
2-pyrrolidone (NMP), propylene carbonate (PC), dimethyl car-
bonate (DMC), and dimethylformamide (DMF).2*°° Anodic
exfoliation always utilises a positive potential to drive the
intercalation of anions of the electrolyte (or anions produced
in electrolysis reaction) into the anodic working electrode in an
aqueous solution.”® Many types of electrochemical anodic
exfoliation processes have been proposed for the preparation
of graphene from bulk graphite; however, the sulfate (SO,>")
ion represents one of the most efficient negative ion interca-
lants because its ionic size (0.46 nm) is similar to the graphite
interlayer spacing (0.33 nm).””> During the electrochemical
processes, the *OH and °O radicals are produced by the
reduction of water at the cathode and are co-intercalated with
sulfate ions into the bulk graphite followed by the reduction of
intercalated sulfate ions; at the same time, self-oxidation of
water produces gaseous species such as SO,, O, and H, leading
to the delamination of graphene nanosheets from the bulk
graphite.>»®* Many studies have demonstrated high yield pre-
paration by anodic ECE of thin (1-3 layers) graphene
nanosheets with large lateral sizes (typically >5 pm).>*%>%
However, the formation of radicals during the anodic process
results in the oxidation of the exfoliated graphene. Neverthe-
less, the anodic electrochemical process has been used to
prepare various types of graphene-based materials, such as
graphene oxide, heteroatom doped graphene, nanoparticle/
graphene hybrids etc.®"** The anodic exfoliation strategy has
also been used to prepare other 2DMs, such as MoS,, black
phosphorus, MXene, borophene etc.°*¢7°>°¢ Although the ano-
dic exfoliation process enables efficient production with high
production rates (e.g. producing gram scale quantity within a
few minutes to hours in the lab), it results in an unavoidable
oxidation of the exfoliated materials due to the radical for-
mation in aqueous media. This can be a major drawback for
certain applications, such as in electronics where high quality
2DMs are needed.

On the other hand, the cathodic exfoliation process is a
favourable route to produce 2D materials without affecting
their intrinsic properties, as it is based on a non-oxidative

This journal is © The Royal Society of Chemistry 2024
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exfoliation process. Cathodic exfoliation is usually conducted
in an organic solution of alkali ions or quaternary ammonium,
where a negative potential is applied to the layered material for
the intercalation of positively charged ions. The use of organic
solvents has the benefit of limiting the oxidation of the
nanosheets. In the case of graphene, this method was success-
fully used to produce thin graphene nanosheets (1-5 layers)
with a small degree of oxidation.””°® However, as compared to
anodic exfoliation, the process is extremely slow and generally
produces nanosheets of smaller size. Cathodic ECE can also be
successfully applied to 2DMs beyond graphene: in 2011, Zeng’s
group performed cathodic ECE of MoS, for the first time using
Li foil as the anode and LiPF, (dissolved in a mixture solvent of
ethyl carbonate (EC) and DMC) as the electrolyte.”® The nega-
tive bias drives the insertion of Li* into MoS, layers and weaken
the interlayer van der Waals interactions, converting bulk MoS,
into the intercalated compound Li,MoS,. The compound is
then sonicated in water to produce water based MoS, disper-
sions. During sonication, the inserted Li ions react with water
to form H, and further separate the layers. However, it was
observed that Li intercalation introduces a large number of
extra electrons into the crystal, leading to phase transformation
of the semiconducting 2H into the metallic 1T phase. The
product mainly contains the metallic 1T phase, hence making
it difficult to apply this material in electronics without further
processing. Alternative cathodic ECE strategies have been
recently developed using the quaternary ammonium salts
and/or anodic ECE strategies using inorganic salt-based elec-
trolytes, enabling to retain the semiconducting nature (i.e.
the 2H phase) of MoS,, as it will be discussed in detail in
Section 3.2.

It is worth noting that during exfoliation, there is a risk of
having the WE disintegration before the intercalation is com-
plete. This can severely reduce the yield, lateral size, and
thickness as well as the production rate of the exfoliated
materials. Hence, a suitable electrode preparation method is
essential to prevent its fracturing during the exfoliation. Com-
mon strategies to increase mechanical robustness include
compressing the bulk material to make a pellet or using a
porous support framework (such as platinum gauze or mesh,
carbon cloth or plastic tube) to wrap the electrode.”"**%*%!
These strategies ensure continuous electrical contact of the 2D
crystals throughout the exfoliation process. In addition, a large
number of layered bulk materials beyond graphite are not
conductive, hence, a large applied potential is required to
overcome their high resistance. In such cases, the inclusion
of a conducting additive is an effective strategy to improve the
WE conductivity, by enabling to perform ECE of a wide range of
non-conductive materials and by using relatively small
potentials.”"*°* Moreover, the thickness and lateral size of
the exfoliated nanosheets largely depend on the size of the
anionic and/or cationic intercalating ions, their concentration
in the electrolyte, the applied potential as well as the interlayer
spacing of the bulk crystals. Typically, thin and large 2D
nanosheets are obtained when large and single crystalline bulk
material is used as precursor, whereas the use of powder-type

Chem. Soc. Rev., 2024, 53, 3036-3064 | 3039
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Fig. 3 (a) Schematic illustration of a standard bipolar exfoliation cell.

(b) Schematic illustration of bipolar electrochemistry, showing the beha-
viour of conducting species immersed in an electrolytic solution, contain-
ing the electroactive red 1 and ox 2 species, exposed to a sufficiently high
electric field.

bulk material results in a smaller size of the exfoliated
nanosheets.'”

The ECE is traditionally performed by direct electrical
contact between the bulk crystal and the power source.
This sets some restrictions on the shape and size of the starting
bulk material. For example, it is extremely difficult to apply ECE
to starting bulk material in the form of small flakes or
powder.'® A non-contact ECE approach, referred to as “bipolar
exfoliation” (BPE) has been proposed to overcome this
problem.'®*'% The bipolar exfoliation method is inspired by
the concept of bipolar electrochemistry, which is a phenom-
enon based on the polarisation of conducting objects in a DC
electric field."*®

A typical bipolar exfoliation cell has a similar structure as
the cell used in traditional ECE, differing only in the electrode
structure, as shown in Fig. 3(a): the bipolar exfoliation cell
contains three electrodes, including two feeder electrodes (FE)
and a bipolar electrode (BE). During the exfoliation, a uniform
electric field is generated across the solution and between the
FE electrodes leading to asymmetric polarizations (8", 87) at the
edges of the conductive BE without having direct contact with
the FE electrodes. Thus, depending on the distance between the
FE electrodes and the applied electric field, a potential differ-
ence is produced within the BE electrode material in solution.
The potential difference drives redox reactions at the edges of
the BE material in solution (Fig. 3(b)). Therefore, if the differ-
ence in applied potential is large enough to initiate water
splitting reactions with the accompanying gas release (H, and
O, at the cathode and the anode, respectively), this will result in
mechanical disintegration of the material over an extended
time period.'®* Since BPE relies on the faradaic reactions at the
two poles of an object polarized in an electric field, it works very
well on elongated nanomaterials, such as nanotubes."®” Unlike
anodic and/or cathodic exfoliations, the BPE enables to use
materials in the form of powders, flakes and particles as BE.
However, the BPE usually produces thick nanosheets and it is
time consuming, compared to anodic and/or cathodic exfolia-
tions. Moreover, due to the redox reactions that occur
during the BPE process, the exfoliated material suffers from
oxidation. Nevertheless, this method has been recently applied
to the exfoliation of various 2DMs, such as graphene,'® black
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phosphorus,'®® tungsten disulfide,"* and hBN.'"® More details
are given in Section 3.

3. State of art

3.1 Hexagonal boron nitride

Single-layer hexagonal boron nitride, also known as ‘white
graphene’, is an isoelectronic analogue of graphene, consisting
of an equal number of boron and nitrogen atoms covalently
bonded by sp® hybridisation, and has attracted significant
research interest for applications in transistors, sensors, and
optoelectronics, due to its unique properties.*** This 2DM is an
insulator with a bandgap of ~5.97 eV, showing an atomically
flat surface without dangling bonds and only a 1.7% lattice
constant mismatch with graphene.''* Additionally, it has excellent
thermal stability (reaching 1000 °C in air, 1400 °C in vacuum) and
thermal conductivity(~484 W m™* K™ ') and has strong resistance
to oxidation and corrosion."'*'* Therefore, single- and few-layers
h-BN are often used in 2DM-based heterostructures, for example
as a gate dielectric or a capping layer.""> ™"

The ECE of h-BN was first achieved by the Zeng group, based
on highly controlled lithium intercalation, in 2012."*® In the
process, the bulk material was first mixed with poly(vinylidene
fluoride) (PVDF) binder and acetylene black in a ratio of
80:10:10 in N-methyl pyrrolidone (NMP). Then, the formed
slurry was coated on Cu foil and vacuum dried to fabricate the
cathode in the ECE cell. A lithium foil was selected as the
anode, and 1 M LiPF,; was added to a mixture of DMC and EC
(v/v =1:1), which was used as electrolyte. The intercalation was
achieved by applying a current of 0.025 mA. Finally, delamina-
tion was completed by sonicating the rinsed and dried anode in
water for 10 min. Characterization indicates the presence of
few-layers h-BN, with typical thickness of 2-8 nm and lateral
dimension of up to 730 nm.

Even though lithium intercalation provides an efficient way
to produce high-quality h-BN nanosheets, the complicated
electrode fabrication process is not suitable for large-scale
production. In recent years, Wang et al. proposed a low-cost
BPE approach (Fig. 4(a)):"'° the cell consists of two platinum
electrodes as FE and an aqueous electrolyte (containing 0.5 M
sodium sulfate and 0.5 mg mL ™" well-dispersed bulk h-BN
particles), as shown in Fig. 4(b)-(d). The purpose of adding
sodium sulfate is to act as a supporting electrolyte, enhancing
the current through the h-BN dispersion. The concentration
was optimised so that the increased current would lead to
efficient exfoliation without damaging the structure of h-BN.
The exfoliation was achieved by applying 10 V to the cell for
30 min. Exfoliation was attributed to the polarisation of the
bulk h-BN particles by the field between the two feed electro-
des. The electrochemical reactions, such as the electrolysis of
water, were promoted at the polarised extremities of the
bulk h-BN particles, even in the absence of direct ohmic
contact.'*"'%'"® Final products have an average lateral
flake size of 1.27 pm £ 0.48 um with an average thickness of
84 nm + 3.3 nm (Fig. 4(e)-(g)). Xray Photoelectron

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic illustration and (b) picture of the setup used to conduct
bipolar electrochemical exfoliation of bulk h-BN. (c) Pristine h-BN dispersion
and (d) h-BN nanosheet suspension obtained from exfoliation. (e) AFM image
and (f) corresponding height profile of an exfoliated h-BN nanosheet. (g)
Statistical analysis of the thickness distribution of the exfoliated hBN. (h) XPS
survey spectra of the h-BN nanosheets. High resolution XPS spectra of () B 1s
and () N 1s regions of the h-BN nanosheets, respectively. Reproduced with
permission.!° Copyright 2018, RSC Publishing.

Spectroscopy (XPS) revealed that the bipolar exfoliated hBN
nanosheets have a high degree of crystallinity and are free of
oxidation (Fig. 4(h)-(j)). This work demonstrated the applic-
ability of BPE to insulators, which had been assumed to be
impossible in the early days.

3.2 Transition metal dichalcogenides

TMDs show great potential in electronics, optoelectronics,
catalysis, energy conversion and storage applications.'?*"'?*?
Generally, TMDs exhibit an MX, stoichiometry, where M repre-
sents transition-metal (Mo, W, V, etc.) and X stands for chalco-
gen (S, Se and Te)."***?® Depending on their specific chemical
composition, TMDs exhibit different electronic behaviour, from
semiconductors to superconductors. For example, single-layer
MoS, and WS, are direct-band gap semiconductors, while WTe,
and TiSe, are semimetals, and NbSe, and TaS, reveal super-
conductivity at low temperatures (~ 0.8 K).">”"*° TMDs exist in
2H, 1T and 3R polymorphs, associated with hexagonal, trigonal
and rhombohedral structures, respectively. While the 2H and
3R phases are semiconducting, the 1T phase is metallic. In
general, a TMD can be found in multiple polymorphs, depend-
ing on how the material is produced. For example, natural
MoS, is commonly found in the 2H phase, whereas synthetic
MoS, often contains the 3R phase.*! On the other hand, 1T
MoS, does not exist in nature, thus it is generally prepared by
thermal annealing or by lithium ion intercalation of the 2H
phase. TMDs in 1T phase are 10’ times more electrically
conductive than the corresponding material in 2H phase.
Furthermore, TMDs in 1T phase have additional reaction sites
and thus are superior to the 2H phase for applications such as
catalysis and energy storage, because the charge transfer resis-
tance is dramatically reduced in the metallic phase.'?****

This journal is © The Royal Society of Chemistry 2024
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However, one of the most attractive applications of TMDs is
in electronics and opto-electronics, where the 2H phase is
required. In particular, these types of 2DMs are strongly needed
for the next generation field effect transistors (FETs) because
they can provide improved device functionalities, such as high
sensitivity, flexibility, and low weight as well as low fabrication
costs and simple integration onto flexible substrates.">*>*°
However, the properties of semiconducting nanosheets pro-
vided by conventional exfoliation methods (e.g., LPE) are cur-
rently not good enough to compete with other solution-
processed semiconductor materials used for transistors (e.g.,
carbon nanotubes)."**"**> This may be due to a combination of
different factors, such as the relatively small size of the flakes
produced by LPE as well as the introduction of defects during
exfoliation. Therefore, it is of crucial importance to develop
alternative techniques for the production of semiconducting
2DMs of high electronic quality.

In 2011, Zeng et al. reported the cathodic exfoliation of
various TMDs with a battery-type electrochemical cell, used to
intercalate lithium ions into bulk TMDs by using 1.0 M LiPFg in
an electrolyte consisting of 1:1 volume ratio mixture of EC and
DMC.”® The fully Li* ion intercalated TMD layers were sepa-
rated by treatment with water, by exploiting in situ H, gas
formation between the layers, which further pushed the layers
apart. Compared to traditional diffusion kinetics, electrically
driven-Li ion intercalation can be controlled through discharge
curves and therefore is more efficient. Recently, the same
research group presented a modified approach for high-yield
production of mono- and few-layer TMDs via electrochemical
lithium intercalation.’*® As shown in Fig. 5(a), the exfoliation
was achieved in a coin type cell using uniformly coated bulk
TMD material on a copper (Cu) foil as a cathode and a Li foil as
an anode, a polypropylene film based separator, and an elec-
trolyte containing 1.0 M LiPF¢ in a mixture of EC and DMC (1:1
volume ratio). Depending on the type of TMDs, a material
dependent galvanostatic discharge current of 0.05-0.025 mA
and a cut-off voltage of 0.1-0.9 V were applied to complete the
intercalation. The intercalation was highly controlled through
the discharge curves to achieve sufficient insertion, while
avoiding material decomposition. After intercalation, the TMDs
were treated with DI water causing the intercalated Li ions to
react with water to form lithium hydroxide (LiOH), along with
the release of H, gas, which expands the interlayer distance and
weakens the van der Waals interactions between the layers,
thus helping separation of the nanosheets. The synthesis of
ten types of 2DMs, including MoS,,WS,, TiS,, TaS,, graphene,
h-BN, NbSe,, WSe,, Sb,Se; and Bi,Te;, was achieved (Fig. 5(b)).
Subsequent characterisation confirmed the high crystallinity,
while a yield of monolayer nanosheets over 90% was achieved
(Fig. 5(c)-(h)). Compared with the conventional chemical Li-ion
intercalation, this method was performed under milder condi-
tions with a higher degree of quality control. However, con-
structing a coin type battery cell is complicated and the
lithiation process usually takes several days. In addition, it
requires the use of metallic Li foil, which can be dangerous
and thus limits its practical application. To overcome these
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(a) Schematic illustration of the electrochemical lithium intercalation-based exfoliation process. (b) Picture of the dispersions of various exfoliated

TMDs. Transmission Electron Microscopy (TEM) images with corresponding SAED patterns and HRTEM images of exfoliated: (c) MoS,, (d) WS,, (e) TiS,,
(f) TaS,, (g0 BN and (h) NbSe,, respectively. Reproduced with permission.*** Copyright 2022, Springer Nature. (i) Schematic illustration of the
electrochemical exfoliation setup using THA as an intercalant and PVP as a surfactant. (j) Photos of the exfoliated 1T’-MoTe, solution without (1)/with
(2) PVP, after manual shaking. Red arrows in (1) indicate the precipitation of the exfoliated flakes. (k) Optical microscopy images of PVP-assisted exfoliated
1T’-MoTe; flakes, showing the same optical contrast for all the flakes. r2L refers to the restacked bilayer. (1) Statistical study on the thickness and lateral

size of the 1T’-MoTe, flakes. Reproduced with permission.1*®> Copyright 2021, American Chemical Society.

problems, in 2017 Ejigu et al. achieved scalable and reprodu-
cible cathodic exfoliation of the metallic (1T) phase MoS, by
applying —4.5 V in 0.1 M LiClO, in a DMC and EC mixture
under an N, atmosphere for 2 h.'°*> Both Raman and XPS
spectra revealed that the exfoliated MoS, nanosheets have 1T
phase. Statistical analysis by AFM showed that the average
lateral size was between 300 and 500 nm, with the majority of
the flakes (>95%) being 4.5 nm thick. The phase changes from
2H to 1T are attributed to the donation of electrons from the Li"
ion into the MoS, conduction band: upon intercalation, elec-
tron transfer from Li to the unoccupied 4d orbitals takes place
effortlessly, resulting in the production of the metallic MoS,
structure. It has been suggested that the content of Li in the
intercalated MoS, crystal determines the most favourable phase

3042 | Chem. Soc. Rev., 2024, 53, 3036-3064

of MoS,. For example, the intercalation proceeds without dis-
rupting the 2H phase when x < 0.1 in the Li\MoS, structure.
However, as the concentration of Li surpasses the threshold
(i.e., x > 0.1), the octahedral 1T phase becomes more stable.
Nevertheless, the exfoliated 1T MoS, showed excellent catalytic
performance towards hydrogen evolution reaction and as elec-
trode in supercapacitors.'®® Similarly, in 2018, Garah et al.
achieved scalable exfoliation of MoS, in an electrolyte solution
containing LiCl in dimethyl sulfoxide (DMSO0).'** The exfo-
liated materials consist of 1-3 layers with 60% of the
nanosheets being semiconducting (i.e., having the 2H phase).
Although the electrochemical Li-ion intercalation is more con-
trollable than the chemical intercalation, the toxicity, high cost
as well as flammability of Li compounds under ambient

This journal is © The Royal Society of Chemistry 2024
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conditions limit the widespread use of this approach. In 2021,
Yu et al. reported a highly efficient cathodic exfoliation of 1T
MoTe, without using Li based electrolytes. It has been reported
that TMDs become highly unstable when reduced to the thick-
ness of a monolayer due to oxidation in air. This is the case of
MoTe,, which then assume a Peierls distorted 1T phase (named
1T'). Thin 1T’ MoTe, nanosheets were directly exfoliated from
bulk crystals using a mixed electrolyte containing tetrahexyl-
ammonium chloride (THACI) in PC and polyvinylpyrrolidone
(PVP) dissolved in DMF (Fig. 5(i))."*> It was observed that the
presence of PVP in the electrolyte not only facilitates the
exfoliation process, but also improves the dispersion of the
exfoliated flakes by avoiding irreversible stacking of the dried
nanosheets, hence making the material stable in various sol-
vents (Fig. 5(j)). This exfoliation strategy resulted in high yield
(>95%) of pristine monolayer 1T’ MoTe, with average lateral
sizes of 5-10 um (Fig. 5(k) and (1)). In addition, the process was
used to exfoliate all the group IV semiconducting TMDs.
Finally, the exfoliated 1T’ MoTe, flakes were used as a saturable
absorber, showing a stable generation of ultrashort pulses
(<150 fs) from mode-locked lasers.

To note that the use of Li ion-based intercalants not only
results in a phase transition from 2H to 1T, but it often results
in exfoliated nanosheets containing both 1T and 2H
phases.’***® The content of mixed phases is uncontrollable
and strongly depends on the experimental conditions, such as
the ion intercalation time, applied potential and so on. At
present, there is no methodology to control the phase composi-
tion of the final product. This is a strong limitation for
applications in electronics and optoelectronics, where a pure
semiconducting phase is needed.

To overcome the phase transformation associated with Li-
ion intercalation, in 2014 Liu et al. reported anodic exfoliation
of MoS, using a 0.5 M aqueous Na,SO, solution.®® The exfolia-
tion mechanism is similar to the anodic exfoliation of gra-
phene. When applying a potential of +10 V, the oxidation of
water produces *OH and °O radicals around the bulk MoS,
crystal. These radicals and the sulphate (SO,>”) anions inter-
calate between the interlayers of MoS,, thus weakening the van
der Waals interaction between the layers. The subsequent
oxidation of the *OH and °O radicals leads to the release of
0O, and SO, gas, which greatly expands the interlayer spacing
and results in the eventual exfoliation of the MoS, nanosheets.
Over 70% of the exfoliated MoS, nanosheets were found to be
single and few layers with lateral sizes in the range of 5-50 um.
A back gated FET based on the single layer MoS, nanosheet
exhibited n-type semiconducting behaviour with a mobility of
1.2 em? V' s7! and an on/off ratio of over 10°. However, due to
the anodic oxidation process, the exfoliated MoS, nanosheets
contain around 15.6 at% of oxidized Mo (i.e., Mo®" and Mo®").
Several other reports also demonstrated the anodic exfoliation
of MoS, using H,SO, and Na,SO,.'*"'*® In all cases, the
anodic exfoliation involves the production of free radicals (i.e.
*OH and *0) due to the presence of water, which induce defects
in the exfoliated MoS, nanosheets, affecting its potential
applications.
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In order to avoid the oxidation of the nanosheets during the
anodic exfoliation processes and to prevent the undesired
phase changes of the semiconducting TMDs during the Li-ion
intercalation processes, cathodic exfoliation using quaternary
ammonium salts with diverse alkyl chains from C, to C,
dissolved in organic solvents, have been used to expand the
bulk TMD crystals. Compared to the small diameter (d) of Li"
ions (d ~ 2 A),°® the quaternary ammonium cations, such as
tetramethylammonium (TMA*, d &~ 0.56 nm),"*’ tetraethylam-
monium (TEA", d ~ 0.67 nm),"** tetrapropylammonium (TPA",
d ~ 0.75 nm),"*° tetrabutylammonium (TBA", d ~ 0.83 nm),"*°
tetraheptylammonium (THA®, d ~ 2.0 nm),*® generally exhibit
large diameters. Thereby, intercalating these large cations
naturally limit the number of ions that can fit into the host
crystal and thus the number of electrons injected into the
TMDs, causing the phase change.

In 2018, Lin et al. demonstrated the cathodic exfoliation of
MoS, in an acetonitrile (AN) solution of THAB by obtaining a
pure 2H phase, as confirmed by XPS.*® The atomic ratio of the
intercalated THA" cation is relatively small, corresponding to
0.02 electrons per MoS, formula unit, which is well below the
phase transition threshold (0.29 electrons per MoS, formula
unit). By using a negative potential from —5 to —10 V, the
authors obtained 10 mg mL ™' solution of semiconducting
MoS, nanosheets, which were then dispersed in isopropanol.
The nanosheet thickness was 3.8 £ 0.9 nm and the lateral size
was 0.5-2 um. When used as a channel in a thin film transistor,
the THA" ion exfoliated MoS, nanosheets demonstrated one of
the highest mobilities (~10 ecm® V™" s7') and an on/off ratio of
10°. Moreover, the THA" intercalation strategy was proven to be
also applicable to a wide range of 2DMs, including WSe,, Bi,Se;
NbSe,, In,Se; and Sb,Te;. This method has been widely
adopted by others to fabricate FETs from solution-processed
2DMs. For example, in 2021, Carey et al. reported an inkjet
printed MoS, based FET with a maximum mobility of 0.1 cm?
v s 1'% Similarly, Kim et al. reported the exfoliation of
graphene, MoS, and HfS, using the same electrolyte and by
applying —7 V.®' The AFM images of the exfoliated nanosheets
revealed an average thickness of 3.2 and 3.7 nm for the MoS,
and HfS, nanosheets, respectively. Thin film transistors were
demonstrated by annealing a 3.0 nm thick HfS, film on a Si
substrate at 500 °C in air, thus converting HfS, into HfO,,
which acted as a dielectric layer, followed by spin coating of
MoS, as a channel material and graphene as the source-drain
electrode. A field-effect mobility of 8.3 cm® V' s™* and on/off
ratio of 1.6 x 10° have been reported. The solution processed
nanosheets were further used to demonstrate photodetectors
and logic gates. Recently, Song et al. used the same ECE
strategy to exfoliate and formulate graphene, MoS, and HfS,
based inks for printed electronics.®* The exfoliated nanosheets
dispersed in IPA were successfully inkjet printed onto silicon
wafers with uniform coverage. A field-effect mobility of up to
10 cm® V™' 57! and on/off ratio of >10° have been reported.

In 2021, Li et al. proposed a universal cathodic exfolia-
tion method using a PC solution of tetrabutylammonium
tetrafluoroborate (TBABF,) for the preparation of a wide range
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Fig. 6 (a) Electrochemically exfoliated TMDs in PC. (b) SEM images of PC-
exfoliated TaS; bulks. (c)-(h) AFM images of exfoliated TMDs with corres-
ponding height profiles. Reproduced with permission.*>2 Copyright 2020,
Springer Nature (i)—(k) Optical image of exfoliated VSe,. () Thickness and
lateral size distribution of the VSe, nanosheets. Reproduced with
permission.°® Copyright 2019, Wiley-VCH. (m) Photograph of PtSe, and
PtTe, nanosheets. (n) Experimental setup for the electrochemical exfolia-
tion of PtSe; and PtTe,. (0) and (p) AFM image of the exfoliated PtSe, and
PtTe, flakes on SiO,/Si substrate. Reproduced with permission.’>* Copy-
right 2021, American Chemical Society.

of high-quality single-layer TMDs, including Nb(Te/Se),,
Ti(S/Se),, Ta(S/Se), and MoTe, (Fig. 6(a)).">* Intercalation was
achieved by applying —5 V for 30 minutes under ambient
conditions. It is worth noting that the PC solvent was specifi-
cally selected to maximise the solvent intercalation with the
bulk 2DM to achieve milder exfoliation, since the surface
tenstion of PC (i.e. 41.9 mJ m™?) is similar to the surface energy
of the TMDs crystals. The solvent intercalation effect was
experimentally confirmed by soaking bulk TMD crystals in PC
at 120 °C for 10 h. The scanning electron microscope (SEM)
images reveal that the bulk TMD crystals gradually swell and
open up the edges after immersion in PC without additional
intercalation (Fig. 6(b)). AFM (Fig. 6(c)-(h)) and scanning
transmission electron microscopy (STEM) characterisations
revealed that more than 80% of the exfoliated TMD nanosheets
have thickness between 1-5 layers and are of high crystallinity.
Moreover, a dilute electrolyte consisting of 150 ppm TPA" ions
in PC solvent resulted in 75% of single layer NbSe, nanosheets
with a lateral size of up to 300 pm. The exfoliated NbSe,
nanosheets exhibited superconductivity at low temperatures
(i.e. at 3.2 K). Furthermore, the exfoliated nanosheets can be
dispersed in a wide range of solvents and readily integrated into
current 3D and 2D printing technologies. In 2019, Yu et al.
proposed a rapid method for exfoliating 1T VSe, nanosheets
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using a PC solution of TPA.°® More than 93% of exfoliated VSe,
nanosheets have a thickness of 1-5 layers (yield of monolayer is
43%), with an average size around 40 um (Fig. 6(i)-(1)). How-
ever, VSe, is unstable in air and can be easily oxidized to form
vanadium oxide. Therefore, to prevent oxidation, the VSe,
nanosheets were further passivated with perfluorodecanethiol
(FDT). The FDT-passivated VSe, nanosheets showed ferromag-
netism at room temperature with a magnetic moment of
~0.3up per V atom.

So far most of the reports are focussing on the ECE of groups
IV, V and VI TMDs. However, recently Ma et al. reported the
electrochemical cathodic exfoliation of group - X TMDs, such
as PtSe, and PtTe,.">® Both the bulk PtSe, and PtTe, crystals
were first grown by chemical vapour transport method
(Fig. 6(m)), then they were electrochemically exfoliated using
either tetrapropylammonium (TPRA") or tetrabutylammonium
(TBA") cations dissolved in the DMSO (Fig. 6(n)). An optimal
yield of ~44% bi-layer PtSe, was achieved in an electrolyte
consisting of 0.0025 M TPRA" and by using a cathodic voltage of
6 V. The thickness of the majority of exfoliated PtSe, and PtTe,
nanosheets was 1.2-1.5 nm, corresponding to bi-layer
nanosheets. High stability of the material in air was observed
(Fig. 6(o) and (p)). The bi-layer PtSe, possessed an indirect
bandgap of ~0.23 eV, which is suitable for infrared optoelec-
tronics. The excellent solution processability of the exfoliated
PtSe, and PtTe, allowed fabrication of large scale photodetec-
tors with excellent photodetection performance in the infrared
region.

Finally, BPE has been applied to TMDs too: in 2017, Pumera
et al. reported a direct synthesis method of 1T WS, from
commercial 2H WS, via bipolar exfoliation."'® An aqueous
dispersion of 0.5 M Na,SO, containing bulk 2H WS, powder
with a concentration of 0.5 mg mL ™" was used as an electrolyte.
Intercalation and exfoliation of WS, was completed by applying
10 V for 30 min under continuous stirring. A phase change
from 2H to 1T phase was observed. The thickness of the as-
exfoliated products range from 16 to 35 nm, showing lateral
dimensions up to 0.5 um. In a different work,">* the same
research group extended the BPE to exfoliate tetrabutyl lithium
(¢-BuLi) intercalated MoSe, in aqueous 0.5 M Na,SO, solution.
By applying a potential of 10 V between two Pt feeder electrodes
for 30 minutes, exfoliated MoSe, nanoparticles with sizes below
100 nm were obtained. However, due to the pre-intercalation of
the bulk MoSe, with #-BulLi, the exfoliated MoSe, nanoparticles
did show the 1T phase. Moreover, high-resolution XPS revealed
that the exfoliated MoSe, was oxidized due to the high potential
during the BPE process. The as-produced MoSe, nanoparticles
were used as label for magneto-immunoassays toward protein
detection. A similar bipolar electrochemical approach was also
used to produce 1-5 layers of WSe, nanoparticles with size of
~100 nm."*®

Overall, the ECE of TMDs has attracted strong research
interest and has led to the publication of numerous studies
focusing on different applications. A summary of the represen-
tative electrochemical synthesis of TMDs with key parameters,
nanosheet properties and applications, is presented in Table 1.

This journal is © The Royal Society of Chemistry 2024
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As shown, most of the applications are focused on electronics,
with fewer studies on energy storage and catalysis and emer-
ging applications in the biomedical field.

3.3 MXene

136 this class of

materials has quickly expanded by including transition metal
carbides, nitrides and carbonitrides. Unlike conventional
2DMs, which are exfoliated by overcoming the interlayer van
der Waals (vdW) interactions, the production of MXene is
achieved by selectively etching the A layers of the bulk MAX
phase crystals, which have the general formula M,,.;1AX,, (n = 1,
2, 3), where M refers to transition metals (such as Ti, Sc, V, Cr,
Mo, and Nb), A stands for group IIIA and IVA elements, and X
represents carbon/nitrogen.’®” As a result, MXenes have the
chemical formula of M,,,1X,, T, (7 = 1, 2, 3), where T, stands for
the surface functional groups."®

Typical MAX phase crystals have a layered hexagonal struc-
ture consisting of covalently bonded M-X layers with A ele-
ments interspersed between them via the metallic bond.** Due
to the nature of the metallic bond, the interaction between M
and A is much stronger than that of the vdW forces, which
makes it impossible to exfoliate the bulk crystal through
conventional top-down methods. Traditionally, exfoliation is
based on the use of hazardous etchants, such as hydrofluoric
acid (HF) or fluoride-based compounds (LiF/HCl, NaHF,,
KHF,)."”” Clearly, it is important to find alternatives that do
not involve the use of strong acids. In this framework, electro-
chemical etching was developed as a safer and environmentally
friendly strategy to achieve rapid delamination. In 2018, Yang
et al. reported a fluoride-free approach to fabricate TizC,Ty (T, =
OH, O) based on anodic etching of Ti;AlC, with a yield of 60%
(Fig. 7(a)).”® The exfoliation was conducted in an aqueous
electrolyte containing 1.0 M NH,CI and 0.2 M tetramethylam-
monium hydroxide (TMA-OH), with two Ti;AlC, plates used as
electrodes (Fig. 7(b)). During the process, Cl~ anions rapidly
etched the Al atoms and break the Ti-Al bonds under anodic
potential (Ti3AIC, — 3e~ + 3Cl™ = TizC, + AlCl;). Subsequent
intercalation of ammonium hydroxide further opens the edges
of bulk crystals and facilitate the diffusion of Cl™, leading to
complete etching of the surface. The lateral size of the
nanosheets ranged from 1 to 5 pm with production of more
than 90% of mono- and bi-layer Ti;C,T, nanosheets with high
crystallinity (Fig. 7(c)-(e)). Similarly, a thermo-assisted anodic
etching method for Ti,CT,, Cr,CT,, and V,CT, was proposed by
Pang et al. in 2019."°° The etching was conducted in 1 M HCIl
aqueous based electrolyte at a working potential of 0.3 V, and
accelerated by gradually heating from 25 to 50 °C. The etched
MXene sheets are further separated by sonication, resulting in

Since the introduction of “MXene” in 2011,

multilayer nanosheets with a lateral size of up to 25 pum
(average size of 1 pm).

Besides aqueous-based electrolytes, ionic liquids were also
investigated. Recently, Yin et al. developed a mild etching
strategy to fabricate Ti;C,F, nanosheets with controllable fluor-
ination degree in ionic liquid electrolytes, which consisted of
1 M [BMIM][PF¢] and 100 mL MeCN."®" Flakes with an average
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Fig. 7 (a) Schematic illustration of anodic etching and delamination of
TizAlC,. (b) Cell set up (c) TEM image and SAED pattern. (d and e) AFM
image and relevant height profile. Reproduced with permission.°® Copy-
right 2018, Wiley-VCH (f) Schematic illustration of MS-E-etching. (g) High
resolution STEM image of exfoliated TizC,Cls via MS-E-etching; (h) and (i)
Fourier transform and further emphasised structure of the labelled part of
the micrograph. Reproduced with permission.”> Copyright 2021, Wiley-
VCH.

lateral size of 350 nm and a thickness of 3 nm were acquired
after 5 h of etching at 5 V. By using the non-aqueous etching
condition, the oxidation during the process was significantly
restricted. Furthermore, Shen et al. proposed a synthetic route
to produce MXene with controllable surface terminations via
molten salt assisted anodic etching (MS-E-etching).'”” As
shown in Fig. 7(f), the etching cell consisted of a Ti;AlC, anode
and a nickel cathode. LiCl and KCI were mixed in a mass ratio
of 1:1 and melted as an electrolyte. The etching was performed
at 450 °C with 2 V of applied potential for 24 h in a high-purity
argon protected glove box (Ti;AIC, + 5LiCl (KCl) = TizC,Cl, + 5Li
(K) + AICL;). After etching, the surface termination can be
altered from Cl to O or S by directly adding Li,O or Li,S and
reacting at 500 °C for another 10 h. STEM measurements
confirmed the successful etching away of the Al layer and
clearly showed the lamellar microstructure of produced TizC,T,
(Fig. 7(g)-(i)). The electrochemical properties of the products
were tested by conducting cyclic voltammetry and galvanostatic
charge-discharge experiments. MXenes with O terminated sur-
face exhibited superior properties (rate performance 91.1% and
capacitance retention 100% after 10000 cycles at 10 A g™ ')
compared with similar MXenes produced via other etching
methods.

3.4 Post-transition metal chalcogenides

Layered PTMCs are composed of main group III to group VI
post-transition metals (such as Ga, Ge, In, Sn, Sb, Bi)
and chalcogen atoms (S, Se, Te). The 2D PTMCs have
received increasing attention in recent years due to their
high anisotropic and unique electronic structure, intriguing

This journal is © The Royal Society of Chemistry 2024
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that have been
175,176

electronic and optoelectronic properties,
exploited in electrochemistry,"”*"”* photo-electrochemistry,
electronics,"”” "7 gas sensing,'®”'®! and optoelectronics.
For example, the semiconducting indium(m) selenide (In,Se;)
exhibits a thickness dependent bandgap (1.3 eV for the bulk
crystal and 2.8 eV for a single layer), covering the band gap range
between the one of graphene and single layer TMDs. These
crystals also display high absorption, broad range responsivity
(from 325 nm to 1800 nm) and high sensitivity.

In 2020, Shi et al. reported electrochemical cathodic exfolia-
tion of In,Se; using various tetraalkylammonium cations (TAA",
alkyl = methyl, ethyl, propyl, butyl, pentyl, heptyl and so on) in
DMF.”! Among the various intercalating TAA" cations studied,
the methyl and ethyl alkyl groups do not show any significant
volume expansion of the bulk crystals, due to their diameter
(0.56-0.67 nm) being smaller than the interlayer spacing of
In,Se; (0.98 nm). However, the TAA" cations containing propyl
to octyl (0.78-1.2 nm) caused an ultrafast and substantial
volume expansion of the In,Se; bulk crystal. Among them,
the THA" (i.e. heptyl) cation showed the highest exfoliation
efficiency because its diameter (~1 nm) matches well with the
spacing of In,Se;. In addition to the different TAA" cations,
different polar aprotic solvents such as DMF, PC, NMP, and
DMSO were also studied, and it was found that 0.1 M THA" in
DMF was the best electrolyte for exfoliating thin In,Se;
nanosheets due to the lower viscosity (0.92 mPa s) and higher
dielectric constant (36.7) of DMF. As a result, a yield of 83% of
exfoliated In,Se; nanosheets with average flake size of 8.6 pm
(up to 26 pm) and a mean thickness of 4.0 nm was obtained.
Moreover, the absence of an InO, peak in the XPS spectra
revealed the high purity and high structural integrity of the
exfoliated In,Se; nanosheets. Interestingly, the defect free
In,Se; nanosheets did not show degradation from air exposure
for at least 2 weeks. Furthermore, solution processed large
area thin film photodetectors fabricated using exfoliated
In,Se; (thickness 50 nm) showed a photoresponsivity of over
1 mA W' and ultrafast response time of 41 (rise) and 39 ms
(decay) at 530 nm illumination. The dangling bond free contact
between the exfoliated In,Se; enabled efficient charge transport
between individual nanosheets, which is essential for thin film
optoelectronics. Similarly, Gao et al. reported the cathodic
exfoliation of In,Se; using THA ions in AN as electrolyte."®*
A total of 90% of the exfoliated In,Se; nanosheets were 2.2 nm
thick, confirming the uniformity of the thickness. The XPS
spectra revealed that the binding energy peaks of In 3d and Se
3d shifted to higher values compared to the bulk In,Se; due to
the n-type doping induced by the intercalation of THA" ions. A
thin film FET was demonstrated using tightly stacked L-b-L
assembled thin In,Se; films on silicon substrates, showing a
field-effect mobility of 0.4 cm® V™' s™" with on/off ratio of 7 x
10", Whereas, field-effect transistors fabricated with a single
In,Se; flake showed a mobility of 12.8 cm® V' s™* and on/off
ratio of 1.5 x 10°. Recently, Xue et al. reported the cathodic
exfoliation of In,Se; nanosheets using TBA" ions in DMF.'®
The exfoliated nanosheets showed high crystallinity with a
statistical thickness distribution between 2-4 nm and a lateral
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Fig. 8 (a) Schematic illustration of the ECE process of InSe. (b) Optical
microscopic image of the exfoliated InSe nanosheets on the silicon
substrate. The inset of panel (b) shows a dispersion of InSe nanosheets
in NMP. (c) and (d) Statistical analysis of the thickness and lateral sizes of
InSe nanosheets. (e) Schematic illustration of the InSe nanoscroll prepara-
tion process. (f) AFM image of a rolled monolayer InSe nanosheet.
Reproduced with permission.*8¢ Copyright 2020 American Chemical
Society. (g) The crystal structure of stibnite (Sb4Se),: the yellow and pink
spheres represent S and Sb atoms, respectively. (h) Schematic illustration
of the experimental setup for ECE of the natural (Sb4Se),. (i) SEM image of
the Sb,Ss and (j) cross-sectional SEM image of the Sb,Ss flake. Reproduced
with permission.”® Copyright 2022 Wiley-VCH.

size of up to 19.4 pm. Photo-electrochemical detectors fabri-
cated by drop-casting as-exfoliated In,Se; nanosheets showed
good self-powered capability with broadband photoresponse
from 365 to 850 nm and a high responsivity of 1.88 mAW ' and
a response time of 0.5 ms.

In 2020, Hao et al reported the ECE of thin InSe
nanosheets.'®® Unlike most of the studies, which use TAA" ions
for intercalation, 0.01 M hexadecyltrimethylammonium bro-
mide (CTAB) dissolved in NMP was used as the electrolyte
(Fig. 8(a)). By applying a potential of —5 V for 2-4 hours, thin
InSe nanosheets were obtained. The exfoliation resulted in a
high yield (~70%) of InSe, where ~80% of the nanosheets
were less than five layers thick and with lateral sizes ranging
from tens of microns to 160 um (avg. lateral size ~28 pm)
(Fig. 8(b)—(d)). Interestingly, after post-annealing at 300 °C, the
InSe nanosheets showed enhanced photoluminescence emis-
sion due to the surface modification by carbon species (i.e.,
CTAB molecules) that escaped from the interlayer and the
mono- and few layer InSe nanosheets during the annealing
process. However, no obvious oxidation of the carbon modified
InSe was detected, suggesting higher stability of the InSe
nanosheets after post-annealing. Nevertheless, photodetectors
fabricated with a single InSe nanosheet (~7 nm thick) achieved
a photoresponsivity of 2 A W', whereas a drop-cast InSe film
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with a thickness of ~60 nm showed a photoresponsivity of
~16 AW when illuminated with a laser with 532 nm excita-
tion wavelength. Furthermore, the thin InSe showed an average
Hall mobility of 5.2 ecm® V™' s~ ', Additionally, the nanosheets
can be scrolled using a solvent assisted assembly to form 1D
nanoscrolls with an average height of 13 nm and a length of
~46 um (Fig. 8(e) and (f)).

In addition to semiconductors, various topological insulat-
ing PTMCs, such as Bi,Se;, BiTes;, Sb,Te; have also been
successfully exfoliated by ECE. In 2016, Ambrosi et al. reported
a simple and viable approach for the exfoliation of few layer
Bi,Se; and Bi,Te; nanosheets.'®” The exfoliation was carried
out by using natural bulk Bi,Se; and/or Bi,Te; crystals placed
onto a Cu tape as a working electrode, a Pt foil as a counter
electrode and an aqueous solution of 0.5 M Na,SO, as electro-
lyte. To avoid the direct physical contact of the Cu tape with the
electrolyte solution and the exfoliated materials, while ensuring
the ionic current flow, a dialysis membrane was applied to the
Cu tape. Both Bi,Se; and Bi,Te; were exfoliated from their bulk
counterparts when a combination of a preliminary anodic
voltage of +10 V followed by a cathodic voltage of —10 V was
used for 2 min. By repeating this combination of alternating
applied potential, significant amounts of micron sized materi-
als were released from the crystal. Due to the applied anodic
potential, both Bi,Se; and Bi,Te; were found to be oxidized
during the exfoliation process. In a different work, the same
research group exfoliated Sb,Te; using a similar electrochemi-
cal approach (i.e. applying a +5 V anodic-cathodic intercalation
strategy with aq. Na,SO, electrolyte).'®® However, in addition to
the oxidation of as-prepared materials, the exfoliation strategy
also resulted in the formation of small Sb,Te; nanoparticles
(<100 nm) together with flakes a few hundred nanometers in
size. Recently, Li et al. reported the cathodic exfoliation of Sb,S;
using the naturally occurring layered mineral stibnite ((Sb4Se),)
as raw material (Fig. 8(g)).”® Using 1 M Na,SO, solution as the
electrolyte and applying a voltage of 5-10 V for 120 min,
the Sb,S; flakes were continuously exfoliated and dispersed
in the electrolyte (Fig. 8(h)). Interestingly, the resulting Sb,S;
nanosheets showed a porous and hierarchical structure with a
thickness of 413 nm and a lateral size ranging from 0.5 to
1.5 um (Fig. 8(i) and (j)). The mechanism behind the formation
of porous Sb,S; involves a few steps: first, applying a bias
voltage resulted in the random intercalation of H" and Na'
ions into the interstices between the (Sb,Se), moieties to lower
the van der Waals force and thus causing the expansion and
cracks of the stibnite. The reduction of H' ions into H, further
weakened the vdW forces between (Sb,Se), moieties leading to
the expanded nanoparticles, which substantially agglomerate
to reduce the surface energy because of the inter-particle
attractive force. Second, when the ECE process continued for
30 min, more nanoparticles with reduced sizes assembled
closer into a Sb,S; flake. Although no distinct change in the
size of nanoparticles was observed up to 60 min, the amount of
nanopores gradually increased due to the strong agglomeration
of nanoparticles. Finally, amorphous and hierarchical Sb,S;
was obtained after 120 min of the ECE process. As-prepared
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porous Sb,S; nanosheets showed excellent gas sensing perfor-
mances toward acetone at room temperature.

In addition to the cathodic and/or anodic exfoliation, BPE
has also been applied for exfoliation of 2D PTMCs. In 2020, Tan
et al. reported BPE of Sb,S; and Bi,S; by using 0.5 M Na,SO, as
a conductive electrolyte and applying 10 V between two
electrodes.'® However, the exfoliation strategy resulted in
rather thick Sb,S; and Bi,S; nanosheets (average thickness of
33.1 and 22.6 nm, respectively). Moreover, both exfoliated
materials were found to be highly oxidized (oxygen content
>10 at%).

3.5 Metal phosphorous trichalcogenides

MPTs are newly emerged layered materials with a general
formula of MPX; (where M = V, Mn, Fe, Co, Ni, Zn etc. and
X =8, Se, Te), which contains layered structures with band gaps
ranging from 1.3 to 3.5 eV,"°"°> hence making these materials
very attractive for applications in catalysis,'”* %" batteries,'*®
gas storage,'®” and optoelectronics,'****$1%° to name just a few
examples. However, up to now the synthesis of 2D thin MPX;
crystals has been a big challenge. In this section, we summarize
the recent progress on 2D MPX; prepared by ECE.

Although various 2D MPX; materials, such as FePSe;,>*°
FePS;,"" NiPS;,"”® MnPS; and CdPS;,”°* have been synthesized
using LPE, in 2019 atomically thin and large size phase pure
NiPS; nanosheets with high crystallinity were prepared by
cathodic exfoliation using TBABF, in DMF (Fig. 9(a)).”**°>
During the exfoliation process, the bulk NiPS; crystals were
significantly expanded by the gaseous species generated from
the electrolyte decomposition. As-exfoliated atomically thin
NiPS; nanosheets could be readily dispersed in DMF by simple
manual shaking rather than by ultra-sonication (Fig. 9(b)).
Large size (average area of 150 um®) and ~70% of single layer
phase pure NiPS; nanosheets with high crystallinity were
obtained (Fig. 9(c)-(e)). The exfoliated NiPS; nanosheets
showed high electrochemical activity. This was due to the fully
exposed catalytic P and S active sites without any oxygen
function groups within the exfoliated nanosheets.”> Moreover,
the NiPS; nanosheets also exhibited high photocurrent density,
sensitive responsivity, cycling stability and excellent on/off
behaviours under sunlight when used in a self-powered
photo-electrochemical detector.’®® Besides the ECE of high-
quality NiPS; nanosheets, Wang et al. demonstrated the elec-
trochemical method to prepare heteroatom (e.g. B, C, N, and O)
doped NiPS;.”* The cathodic ECE was performed using bulk
NiPS; crystals synthesized by the chemical vapour transfer
method (Fig. 9(f) and (g)) in 0.05 M TBAPFs/DMF based
electrolyte, resulting in thin NiPS; nanosheets with a thickness
below 2 nm (Fig. 9(h)-(j)). The exfoliated nanosheets did not
show any evidence of oxidation during the exfoliation and were
thermally stable up to 550 °C. The exfoliated material was then
subjected to high temperature thermal annealing with various
molecular precursors to obtain heteroatom doped-NiPS;
nanosheets. Furthermore, it was experimentally and theoreti-
cally demonstrated that C-doped NiPS; shows HER activity
similar to Pt with a low overpotential of 53.2 mV resulting in

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic illustration of the electrochemical setup for NiPSs exfoliation. (b) Mechanism illustration of electrochemically exfoliating bulk NiPS3

crystals in tetra-n-butylammonium salts solution. (c) HRTEM image and (d) AFM image of large-sized and monolayer NiPSs deposited on a silicon
substrate. (e) Statistical analysis of the length, width, and thickness distribution of LSTL NiPSs. Reproduced with permission.”® Copyright 2019 Wiley-VCH.
(f) and (g) Optical and SEM image of bulk NiPSs crystals synthesized by chemical vapour transport method. (h) AFM image of the exfoliated NiPSs flakes.
(i) TEM and () HAADF STEM image of the exfoliated NiPSs flake. The distance between two adjacent lattice fringes is 2.87 A. Reproduced with

permission.”* Copyright 2020 Wiley-VCH.

a current density of 10 mA cm > and a high exchange current
density of 0.7 mA cm 2 in 1.0 M KOH. Additionally, several
other studies have also demonstrated the successful exfoliation
of NiPS; nanosheets via cathodic exfoliation using TBAPF, or
LiPF¢ based electrolytes and investigated their potential appli-
cation in catalysis.”>?%

Despite the current success of the NiPS;, many other 2D
MPX; are yet to be exfoliated by ECE.

3.6 Monoelemental 2D materials

The branch of the monoelemental 2DM family is composed of
crystals made by a single chemical element, such as Si, Ge, Sn,
P, Te, Bi, and B, whose crystals are referred as: silicene,
germanene, stanine, phosphorene, tellurene, bismuthine and
borophene, respectively. Most of these materials are semicon-
ductors, making them interesting for applications in electro-
nics and optoelectronics. This section shows the recent
progress on electrochemically exfoliated monoelemental 2D
materials.

3.6.1 Black phosphorus. As one of the most abundant
elements on Earth, phosphorus has four primary allotropes:
white, black, red, and violet. Among these forms, black phos-
phorus (BP) is the most thermodynamically stable allotrope. It
presents a layered orthorhombic crystal structure with an
interlayer distance of 5.3 A at room temperature. BP is a

This journal is © The Royal Society of Chemistry 2024

semiconductor with a tunable direct bandgap that varies with
the number of layers and applied strain.?°**°® The monolayer
BP (termed as ‘phosphorene’) has a predicted direct bandgap of
~2 €V. As the thickness increases, with each additional layer,
the interaction between the layers reduces the bandgap, even-
tually reaching 0.3 eV for bulk BP. This indicates that BP has a
wide range of light absorption, from ultraviolet (UV) to visible
light and even near-infrared light, depending on the thickness,
which makes it a promising candidate for optoelectronics and
phontonics.?°° In addition, BP is characterised by highly aniso-
tropic in-plane and out-of-plane properties, high thermal sta-
bility, tuneable direct bandgap, high carrier mobility, and a
high theoretical specific capacity.?*’>*° Because of these excel-
lent properties, BP attracted tremendous interest in catalysts,
electronics, energy conversion and storage devices.”''>'*

To date, various ECE methods have been developed to
produce BP nanosheets. Despite the thermodynamic stability
of BP, the presence of unpaired electrons in phosphorous
atoms make the material unstable under ambient conditions.
Once exposed to water, moisture, oxygen and visible light, the
deterioration of BP occurs rapidly within a few hours,”*® by
significantly deteriorating its properties.>'® In 2015, Erande
et al. conducted the ECE of BP in a 0.5 M Na,SO, aqueous
solution and obtained few-layer nanosheets with a lateral
dimension of 5-10 um.>'” Then, Pumera et al. developed a
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two-step anodic exfoliation method to acquire few-layer BP in
0.5 M H,SO, in 2017.%” However, high resolution XPS revealed a
strong PO, peak of the exfoliated BP nanosheets, which is
related to a high density of surface functional groups, indicat-
ing that BP is very sensitive to anodic oxidation. Recently, this
feature has been utilised to fabricate porous phosphorene used
as catalyst by Mei et al.>'® The exfoliation was conducted by
applying positive voltage (4 V) to the BP crystal anode ina 1 M
H,SO, aqueous electrolyte under ice bath conditions. A possi-
ble mechanism for the formation of a porous morphology has
been attributed to the reduced oxidation rate caused by the use
of low temperatures. During the exfoliation, the SO,>~ ions are
activated by the external field and transferred into sulfate
radicals with strong oxidising capability. These radicals attack
the edge of BP layers and open the boundary for further
intercalation and enlarge the interlayer spacing. The rate of
boundary expansion is suppressed at low temperatures, allow-
ing more time for the oxidising sulfate radicals to react with the
relatively highly reactive in-plane P atoms before the
nanosheets is falling apart from the anode. This leads to the
formation of PO,, which can further react with water to form
soluble H;PO, and create holes in the BP nanosheets.?'° The
nanosheets have a lateral size and thickness of 0.3-1.4 um and
1-2 nm, respectively. The pore size can be altered from 20 to
100 nm by adjusting the applied voltage. XPS revealed a
significant drop in the intensity of the P-O peak compared
with previous reports, which further confirmed that the oxida-
tion rate has decreased, and that the elimination of highly
reactive regions succeeded in reducing the density of surface
oxidation on the final product. The nanosheets were finally
tested for nitrogen reduction reaction, providing a NH; yield of
46.04 pug h™' mg. '. with a faradaic efficiency of 8.78%.
Although significant research efforts have been made to anodic
exfoliation of BP nanosheets, preventing the oxidation of the BP
during the exfoliation process remains a major challenge.
Due to the high sensitivity of BP towards anodic oxidation,
cathodic exfoliation has been widely used to preserve the
crystalline quality of the material. In contrast with anodic
exfoliation, cathodic exfoliation does not involve the generation
of oxygen-containing free radicals, therefore resulting in BP
nanosheets with no surface defects and functional groups. ECE
in quaternary ammonium and many organic solvents has been
systematically studied over the past few years. For example, in
2017 Huang et al. produced few-layer BP nanosheets of large
area without surface functional groups via cathodic exfoliation
in a DMF based electrolyte using TBAPF, as an intercalant.>*°
The modulation of the working potential from —2.5 to —15 V
was used to control the intercalation process of TBA' ions. XPS
confirmed the production of high-quality phosphorene. Follow-
ing this work, subsequent research on cathodic ECE of BP
focused on the intercalation of ammonium salts with different
chain lengths dissolved in different solvents. Similarly, Xiao
et al. reported the production of oxygen-free BP nanosheets
using a PC solution of TBAPF, as an electrolyte. The exfoliated
BP nanosheets have thickness of 2-7 nm.?** In 2018, Li et al.
investigated the cathodic exfoliation of BP using 0.01 M TBABF,
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Fig. 10 (a) lllustrative mechanism of the THA-HSO, intercalation process
in the BP electrode. (b) Yield of BP nanosheets obtained by ECE using
different intercalating cations. (c) and (d) AFM and HRTEM images of the
exfoliated BP nanosheets, respectively. Reproduced with permission.®
Copyright 2018, Wiley-VCH. (e) Schematic illustration of the exfoliation
process of BP using CHzCOOTBA as an intercalant. (f) DMF dispersion of
exfoliated BP showing Tyndall effect. (g) Optical image of a thin BP
nanosheet with a domain size of 119 um. (h) Typical AFM image of the
exfoliated BP nanosheets. (i) High-resolution XPS spectra of P as-
exfoliated BP nanosheets. Reproduced with permission.??* Copyright
2020, Wiley-VCH.

in DMSO as an electrolyte to intercalate the BP crystal using an
applied voltage of —5 V."*® The electrochemical intercalation
and BP crystal expansion processes were observed in a micro-
electrochemical cell under an optical microscope. Most of the
exfoliated BP nanosheets consist of 1-5 layers with an average
dimension of 10 pum®. Due to the high-quality of the exfoliated
nanosheets, a hole mobility of up to 100 cm®> V' 5! was
achieved on a single BP flake-based FET device. Yang et al.
systematically investigated the scalable exfoliation process for
achieving high-quality and defect-free BP using various alkali
ions (e.g. Li", Na" and K") and tetraalkylammonium (alkyl =
methyl, ethyl and n-butyl) cations in PC.*® The quaternary
ammonium cation based electrolyte, especially tetra-n-
butylammonium bisulfate (TBAHSO,), displayed superior exfo-
liation efficiency to alkali ions in terms of speed of intercalation
and yield of exfoliation (Fig. 10(b)). The variable diameter of
TBA' ions (i.e., 0.47-0.89 nm) matches the interlayer distance of
BP (0.53 nm) and the penetration of TBA" ions accompanied by
the reduction of solvated protons (HSO, = SO,>” +H", 2H" +
2e” — H,) further (Fig. 10(a)) accelerated the exfoliation,
leading to high yield (up to 78%) with an average dimension
of 4 um” (Fig. 10(c)). Furthermore, HRTEM images of the
exfoliated BP nanosheets show an intact lattice structure

This journal is © The Royal Society of Chemistry 2024
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(Fig. 10(d)) without any evidence of oxidation. As a result, FET
devices based on a single BP flake revealed a remarkable hole
mobility of 252 4+ 18 em? V! s~ with an on/off ratio of 1.2 x
10° at 143 K under vacuum. In a recent work, Kovalska et al.
proposed a low-potential cathodic exfoliation method for the
preparation of few-layer phosphorene with nearly 100%
yield.**” The exfoliation was performed in a DMF solution of
0.01 M TBAPF, under the action of three stages of negative
potential. First, a voltage of —1 V and —2.5 V was applied to the
working electrode for 2 min each to promote proper wetting
and accumulation of the anions around the cathode. Then, a
voltage of —3.8 V was applied for 5 h to promote the intercala-
tion. The highly accurate potential control prevented damage
during delamination, leading to highly crystalline products
with lateral dimensions of up to 25 um and a thickness of
1-5 layers.

Moreover, to further understand the mechanism of inter-
calation, Wang et al. delved into the role of coordination anions
in cathode exfoliation and succeeded in obtaining several-
layers BP nanosheets of large size.*** The effect of the H'
ionisation constant on the domain size of products was inves-
tigated by using CHzCOOTBA, TBAHSO, and TBAH,PO, as
intercalants. Experiments confirmed that a higher concen-
tration of H" will promote the generation of H, by-product,
leading to faster delamination and production of nanosheets of
smaller domain size. Results indicate the high electronegativity
of halide anions and its strong interaction with TBA" will
promote the P atoms donating electrons to intercalants, result-
ing in large electron-deficient areas in BP crystal, leading to
unstable P-P bonds and decreased domain size. Fig. 10(e)
schematically illustrates the optimum delamination process,
using a DMF solution of 2.0 mM CH;COOTBA as an electrolyte
and a working potential of —20 V. An image of the obtained BP
dispersion is shown in Fig. 10(f). AFM and optical microscopy
characterisations showed that the nanosheets have an average
lateral size of 77.6 £ 15.0 um and an average thickness of
4.1 nm (Fig. 10(g) and (h)). The Raman spectra of the exfoliated
BP nanosheets show that the exfoliation process is non-
destructive, as further confirmed by HRTEM, confirming the
high crystallinity of the material. Besides, XPS reveals the
absence of peaks around 133 eV, which further demonstrates
the non-oxidative nature of the exfoliation process (Fig. 10(i)).
Further electronic transport measurements showed that the
nanosheets have a hole mobility of 76 cm®> V-' s™' and an on/
off ratio of ~1.2 x 10® measured at room temperature and
under vacuum.

The cathodic exfoliation in an aqueous environment with
polymer intercalant has also been studied in the past few years.
Very recently, He et al. reported an environmentally friendly
cathodic ECE approach to simultaneously exfoliate and
improve the interfacial adhesion of few-layer BP for the fabrica-
tion of high-performance nanocomposites.>** The exfoliation
was conducted in an aqueous solution of 5 wt% ethylene imine
polymer (PEI). A bias of —8 V was applied for 30 min to drive the
intercalation. During the process, H" and PEI(H"),,, which are
generated by dissolved PEI and conversion of water, acted as

This journal is © The Royal Society of Chemistry 2024

View Article Online

Chem Soc Rev

intercalating species. Meanwhile, the H, bubbles formed from
intercalated H" further separated the nanosheets from the bulk
BP crystal, leading to 3-5 pm lateral size of few-layer BP
nanosheets. After delamination, dissolved PEI naturally
adsorbs on the surface of the flakes through electrostatic
attraction, preventing the exfoliated BP nanosheets from aggre-
gation and possible oxidation due to contact with water and
oxygen, and enhancing the interfacial adhesion with the water-
borne polyurathane matrix.”*

Among all ECE methods, the majority of them require
additives as intercalants. However, Baboukani et al. reported
BPE using a BP bar as a bipolar electrode and pure DI water as
an electrolyte.'®® Nanosheets with a lateral size of hundreds of
nanometres and a thickness of 3 to 5 layers were obtained by
applying a voltage of 30 V for 24 h. However, XPS showed a
board peak at 133.0 eV, indicating a relatively high degree of
oxidation.

In recent years, BP nanosheets with other dimensionalities,
such as nanobelts or nanoribbons have been electrochemically
exfoliated by choosing suitable parameters such as the size of
the intercalants and applied potential of the cathodic electro-
chemical process.””® For example, Liu et al. developed the
anodic ECE to prepare zigzag-BP nanobelts (z-PNBs), nano-
flakes and quantum dots from bulk BP viag intercalating BF,
ions dissolving in water and changing the current densities of
0.1 to 0.5 A cm >**’ BP nanosheets are produced when the
current density was less than 0.1 A cm ™ (Fig. 11(a)). However,
the quantum dots were obtained (Fig. 11(b)) when the current
density was ~0.5 A ecm™?, while z-PNBs were produced
(Fig. 11(c) and (d)) when the current density was in the range
was 0.2-0.3 A cm ™. The size distribution of z-PNBs indicated
that the aspect ratio (measured as length over width) of as-
prepared nanobelts was generally larger than 10 (Fig. 11(e)).
The formation process of z-PNBs can be divided into two steps:
ionic intercalation and oxygen degradation (Fig. 11(f)). During
the electrochemical process, the BF,  ions intercalated
between the bulk BP layers, along the g-axis oriented channels,
i.e. [100] direction. The BF, ion intercalation process was
demonstrated by the chronopotentiometry measurements at
different current densities ranging from —0.1 to 0.5 A cm >
during the ECE process. During intercalation, the chemisorbed
O, dissociates on the surface of the pristine BP, which is then
followed by the formation of H, bonds between dangling
oxygen and water molecules as well as the electronic hydrolysis
of P-O-P. These steps lead to the unzipping of P-P bonds. The
FETs fabricated with the prepared z-PNBS displayed n-type
behaviour with an electron mobility of 87 em® V" s, Simi-
larly, Yu et al. produced BP nanoribbons via facile cathodic ECE
using two types of quaternary ammonium cations (i.e. TPA" and
THA') dissolved in PC as electrolytes and intercalating
species.””® The exfoliation process was performed in an Ar
protected glovebox to avoid oxidation of BP nanoribbons. It
was found that the intercalation of smaller sized TPA" ions
resulted in an improved yield of BP nanoribbons compared
with THA". It is suggested that using a lower intercalation
voltage can further increase the yield. The strain created by
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Fig. 11 TEM images of phosphorene: (a) nanosheets and (b) quantum dots, respectively. TEM images of: (c) a single z-PNB twisted and (d) with the
zigzag [100] direction, respectively. (e) Length as a function of width of z-PNBs. (f) Schematic illustration of the exfoliation mechanism of z-PNBs.

Reproduced with permission.?’

Copyright 2020 Springer Nature. (g) Schematic illustration of the proposed exfoliation mechanism of BP nanoribbons

and nanosheets. (h) AFM image of few layer BP nanoribbons with height of 2.5 nm. (i) SEM image of a long nanoribbon with length >100 pm. (j) Statistical
analysis on length and width distribution of 135 BP nanoribbons. Reproduced with permission.22® Copyright 2021 Wiley-VCH.

the ions intercalated into the BP crystal, causing a slit along the
zigzag direction that opened up like a zip as the further ions are
intercalated. A moderate strain favoured the P-P bonds’ dis-
sociation along the zigzag direction leading to a nanoribbon
dominated exfoliation. However, applying excessive strain on
BP overrides the energy differences between P-P bonds in both
zigzag and armchair directions, resulting in un-controlled
exfoliation (Fig. 11(g)). About 90% of the exfoliated BP nano-
ribbons were between 1.3 nm to 10 nm thick (Fig. 11(h)), and
the length of the nanoribbons was >100 um with an aspect
ratio >100 (Fig. 11(i) and (j)).

In general, production of high-quality monolayer phosphor-
ene by both traditional ECE and BPE remains a challenge.
However, other nanostructured forms of BP with potential for
practical applications have been successfully demonstrated
by ECE.

3.6.2 Other monoelemental 2D materials. Starting with
tellurene, in 2021 Zheng et al. reported the cathodic ECE of
Te crystals (Fig. 12(a)).”*® Due to the narrow potential window
of Te’, a three electrode system with an Hg/HgO reference
electrode was used to enable precise potential control. Instead
of Pt, a graphite rod was used as a counter electrode to avoid Pt
dissolution and re-deposition. A continuous potential of
—1.35 V was applied in a 0.1 M KOH aqueous solution to
exfoliate the Te nanosheets from the bulk crystal. Upon the
applied, a dark violet suspension was immediately observed
around the silvery Te crystal and the exfoliated material

3052 | Chem. Soc. Rev,, 2024, 53, 3036-3064

released from the Te surface gently settled to the bottom
(Fig. 12(b)). Confirmed by both the optical and AFM images,
the lateral size and thickness of the 2D Te nanosheets range
from 1 to 4 pm and 7 to 10 nm, respectively (Fig. 12(c)). It is
believed that as the potential decreases in an alkaline solution,
the Te® atoms at the edge and plane regions are reduced to
Te,”” species first, enabling the interaction of K* ions to
interchain/interlayer locations to form KTe,  (Fig. 12(d)). The
negatively charged nanosheets further repel each other due to
electrostatic repulsion, causing detachment from bulk Te crys-
tal meanwhile exposing additional surfaces for further
reduction. The negatively charged flakes were eventually neu-
tralized with the help of dissolved O,, allowing the surface
Te,”” species to be oxidized back to Te® (Fig. 12(e)). The
cathodic exfoliation also enabled simultaneous transition
metal doping (i.e. Ni and Pt), in the form of single/few atoms
on the surface of the exfoliated Te nanosheet. As a result, when
used as the HER electrocatalyst, the Pt-doped Te outperformed
the polycrystalline Pt at high overpotential.

Moving to arsenene, in 2020, Kovalska et al. reported catho-
dic ECE of a few layered arsenene from bulk black arsenic using
1 M ammonium hexafluorophosphate (NH,PF) in anhydrous
DMF.”® The exfoliated arsenene nanosheets showed a net-like
porous structure with a thickness of ~0.6 nm and a lateral size
of ~1.5 um. However, the exfoliated nanosheets exhibited a
tendency for self-aggregation during post-exfoliation proces-
sing and tend to interact with air.

This journal is © The Royal Society of Chemistry 2024
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Recently, few layer silicene nanosheets were also exfoliated
by using the electrochemical Li" ion intercalation/delithiation
process in protic solvents.>*° It was found that solvent selection
in the delithiation process played a critical role in the structure
evolution of the final products. Silicene nanosheets with a size
of 30-100 nm and a thickness of ~2.4 nm in were dispersed in
isopropyl alcohol.

In 2017, Lu et al. reported for the first time the cathodic ECE
of antimonene nanosheets using 0.2 M Na,SO, aqueous
solution as an electrolyte.”” The obtained few layer Sb
nanosheets have an average thickness of 31.6 nm and a lateral
size of ~#10 pm. The nanosheets showed excellent stability
under ambient conditions for months. Additionally, Li et al.
also reported the cathodic exfoliation of Sb nanosheets by Na*
ion intercalation that resulted in 60% of the exfoliated
nanosheets less than four layers with good crystallinity.*!
ECE with an alternating bias was also reported to produce Sb
nanosheets.'®® The exfoliation was performed in both Na,SO,
or Li,SO, (0.5 M) electrolytes by applying an alternating anodic-

This journal is © The Royal Society of Chemistry 2024

cathodic potential of +5 V. However, the exfoliated Sb was
found to be highly oxidized.

In 2019, Wu et al successfully exfoliated 2D bismuth
nanosheets, using an industrial Bi ingot.>** The electrochemi-
cal cathodic exfoliation was carried out in an electrochemical
cell containing a graphite rod as an anode and TPA' ions
dissolved in AN as an electrolyte. With an applied voltage of
—10 V, the Bi ingot was rapidly exfoliated within 10 s. During
the initial stage of the exfoliation, the solvated TPA complex
with TPA" ions and AN solvent molecules co-intercalated into
the interlayer spacing of bulk Bi causing the expansion of the
layered structure. Afterwards, the electrochemical decomposi-
tion of the intercalated species resulted in the formation of
gaseous species enabling the rapid exfoliation of the thin Bi
nanosheets. The average thickness of the exfoliated Bi
nanosheets was 2-4 nm, corresponding to 6-10 layers. Detailed
characterization revealed high crystallinity of the Bi nanosheets
without any oxidation. As exfoliated Bi nanosheets exhibited
high selectivity for formic acid generation over a wide potential

Chem. Soc. Rev,, 2024, 53, 3036-3064 | 3053
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range from —0.77 to —1.17 V with a high current density and
adequate durability. Later in 2021, Basyouni et al. reported the
cathodic exfoliation of bismuthine in aqueous Na,SO,
electrolyte.>** When a negative voltage of —6 or —10 V on the
bulk Bi electrode was applied, the Na' ions were intercalated
into the Bi layers causing the interlayer expansion and exfolia-
tion of bismuth into bismuthine. The average thickness of the
exfoliated Bi nanosheets was 6.0 nm with a lateral size between
20 and 100 nm.

Kovalska et al. demonstrated the one-step synthesis of edge-
hydrogenated germanene (Hedge-Ge) by low potential ECE of
CaGe, in 0.01 M TBACI in AN (Fig. 12(f)).”® The exfoliation was
based on simultaneous intercalation and decalcification pro-
cesses. The intercalation of TBA" ions into CaGe, inter-layers
started at a potential of —2.2 V, followed by a decalcification
process at —2.87 V leading to the exfoliation of germanene at
—3.2 V. The potential —2.87 V corresponded to the reduction
potential of Ca®>" ions (Fig. 12(g)). Detailed characterization of
the materials revealed successful exfoliation of micrometre size
single- and few-layer Ge with good crystallinity (Fig. 12(h)). The
exfoliated Ge nanosheets were tested for the detection of
several volatile organic compounds.

Recently, Sielicki et al. reported the ECE of nonconductive boron
to few-layered borophene.” The exfoliation was achieved by incor-
porating the bulk boron into a Cu and/or Ni metal mesh to induce
electrical conductivity. It was found that when Na,SO, was used as
an electrolyte, the thickness of the exfoliated borophene flakes
depends on the type of metal mesh used. Using a Cu mesh to
induce electricity into bulk boron, resulted in thinner borophene
nanosheets (2.70-4.97 nm) compared to the Ni mesh (thickness
13-26 nm). Moreover, the use of metal mesh for the exfoliation
significantly affects the crystallinity of the exfoliated borophene and
can be either single crystalline or polycrystalline for Cu or Ni,
respectively. Nevertheless, the exfoliation process reported in this
work provides a route to exfoliate other nonconductive materials
into their 2D forms.

3.7 Other 2D materials

In addition to the different classes of 2DMs discussed above, in
recent years, the ECE has been applied to a wide range of less
studied 2DMs, for example, bismuth tellurohalides (BiTeX; X =
Cl7, Br, I etc.), a group of layered materials with strong spin-
orbit coupling. Among them, bismuth telluride iodide (BiTel),
whose structure is shown in Fig. 13(a), has been electrochemi-
cally exfoliated using both TBAPF, and LiPF, dissolved in DMF
as the electrolyte (Fig. 13(b) and (c)).?** The exfoliation of BiTel
was achieved in three steps: (i) first, —1 V bias was applied for
2 min to wet the bulk crystal, (ii) then, it was changed to —2.5V
for another 2 min to accumulate the TBA'/Li" cations on the
BiTel crystal and (iii) finally, it was changed to —3.8 V in order
to intercalate TBA'/Li" ions and dissociate BiTel into thin
nanosheets. It was found that the use of Li" ions as intercalat-
ing species results in a milder exfoliation process but with
thicker BiTel nanosheets. The BiTel nanosheets exfoliated in
TBA" ions have a thickness between 5-18 nm, whereas the
intercalation of Li" resulted in BiTel nanosheets with a
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Fig. 13 (a) Side and top view of the BiTel crystal structure. (b) and (c) TEM
images of the BiTel nanosheets exfoliated in TBAPFg and LiPFg ions,
respectively. Reproduced with permission.?** Copyright 2021 American
Chemical Society. (d) SEM image of the exfoliated MnO, nanosheets.
(e) and (f) Statistical distribution of lateral size and thickness of MnO,
nanosheets, respectively (g) TEM image of exfoliated g-C3zN4 nanosheets.
(h) and (i) Statistical distribution of the lateral size and thickness of g-CzN4
nanosheets, respectively. Reproduced with permission.”® Copyright 2018
Wiley-VCH.

thickness of 15-25 nm. The exfoliated nanosheets showed
minor topological etching of iodine atoms and formation of
bismuth oxides on the surface of the exfoliated material. Never-
theless, when used as a catalyst for the nitrogen reduction
reaction, BiTel showed high performance, achieving an NH;
yield of 1.0 pg h™' em™" and a faradaic efficiency of 1.67% at
—5.0 V vs. Ag/AgCl.

Recently, Lam et al. reported the ECE of a-RuCl;, a layered
transition metal halide possessing a range of exotic electronic,
optical and magnetic properties, including fractional excita-
tions indicative of a proximate Kitaev quantum spin liquid.>**
a-RuCl; was exfoliated through an electrochemically assisted
LPE approach, where large THA" ions dissolved in acetonitrile
were electrochemically intercalated by applying a negative bias
to the o-RuCl; crystal. XRD revealed that the intercalation of
THA" ions significantly increased the interlayer spacing of the
bulk a-RuCl; from 6.0 to 24.9 A. The THA" intercalated a-RuCl;
crystal was then exfoliated into thin 2D nanosheets by
bath sonication in N-cyclohexyl-2-pyrrolidone without the need
for any additional stabilizer or surfactant. The exfoliated
nanosheets have high crystallinity with an average thickness
and lateral size of ~2 nm and ~ 200 nm, respectively. Both the
sheet resistance and magnetoresistance measurements
revealed a phase transition of o-RuCl; at 230 K due to the
enhanced electron—-electron correlations resulting from the
intercalation induced electron doping.>*® In addition, magnetic

This journal is © The Royal Society of Chemistry 2024
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susceptibility measurements showed an antiferromagnetic
transition for o-RuCl; at 2.6 K. Furthermore, the intercalation
induced doping broadens the optical absorption range,
enabling large area NIR photodetectors with highly linear
photocurrent response.

Recently, Kovalska et al. successfully performed cathodic
ECE of 2D siligene (SiGe) from a Zintle phase Ca; 5SiGe;,
crystal in an oxygen-free environment and with an electrolyte
containing 0.3 M tetrabutylammonium perchlorate (TBACIO,)
in AN.>* The 2D SiGe exfoliation mechanism was founded on
the decalcification-intercalation mechanism, where Ca under-
goes reduction-oxidation reactions. The exfoliation mechanism
occurred in three separate stages with different applied vol-
tages. The first two stages involve the amassing of TBA" cations
toward the layered CaSiGe at an applied potential of —2.0 V and
the decalcification-intercalation persuaded by the reduction of
Ca®" and TBA' ion propagation at —2.87 V. Subsequently, 2D
SiGe nanosheets were exfoliated in the third stage at an applied
potential of —3.8 V. Thin, uniform and contamination free SiGe
nanosheets with lateral size between 1-2 pm were obtained
with nearly 100% yield. Detailed material characterisation
revealed that the exfoliated few layer SiGe possesses semicon-
ducting rather than metallic properties caused by the interlayer
hydrogenation. Moreover, XPS spectroscopy revealed that the
SiGe nanosheets are slightly oxidized since Ge atoms are more
favourable to the oxygen species rather than Si atoms. The SiGe
nanosheets were explored as an anode material for Li-ion
batteries, showing a 10% increment of the specific capacity.

In 2018, Li et al. reported the successful production of 2D
MnO, and graphitic carbon nitride (g-C;N,) by ECE.”® The
brinessite-type-6-MnO, was cathodically exfoliated by using
TBA' ions containing electrolyte, resulting in an exfoliation
yield of ~60% with an average nanosheet size of 205 nm and a
thickness of 5 nm (Fig. 13(d)-(f)). While exfoliation of g-C3N,
nanosheets using 1-butyl-1-methylpyrrolidinium (Py, ,") as an
electrolyte, resulted in 4-6 nm thick g-C;N, nanosheets with
lateral sizes of 137 nm (Fig. 13(g)-(i)). Composites of graphene
with exfoliated MnO, and/or g-C;N, were further investigated
for their potential applications in supercapacitors and HER,
respectively.

In 2020, Deleep et al. successfully exfoliated layered metal
hydroxides such as B-Co(OH), using BPE, where bulk Co(OH),
powder was mixed with aqueous Na,SO, (0.5 M) based
electrolyte.>*” The colour of the bulk Co(OH), solution changes
from pink to brown indicated the partial oxidation of the
Co(OH), (Co*") state to the COOOH (Co®") state. As exfoliated
B-Co(OH), nanosheets showed an average thickness of
~7.4 nm. However, XPS revealed the presence of a small peak
in the Co®" state implying the oxidation of the material. Never-
theless, the exfoliated p-Co(OH), nanosheets exhibited
enhanced electrocatalytic activity toward OER with a very low
overpotential of 390 mV at 10 mA cm 2 in alkaline medium.
BPE has also been used to exfoliate molybdenum boride
(Mo0,Bs5) and tungsten boride (W,Bs) by applying a constant
DC potential across two Pt driving electrodes to the electrolyte
solution.?*® As exfoliated, Mo,Bs and W,Bs revealed lateral sizes

This journal is © The Royal Society of Chemistry 2024
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up to a few microns. The XPS results of the bulk Mo,Bs
suggested the presence of surface oxidation in the exfoliated
materials, however after the exfoliation, the presence of Mo°
and B states suggested that the electrochemical treatment
exposed a new surface of Mo,Bs; or removed the oxidized
surface contaminants. On the other hand, the XPS spectra of
W,Bs5 showed the presence of bipolar induced oxidation of W
but the B 1s peak remained unchanged in the B state despite
the oxidation of W.

4. Conclusions and perspectives

ECE has become one of the mainstream methods to prepare
solution processed 2DMs of large size and thickness down to a
few layers. After being successfully applied to the production of
graphene, this approach has been demonstrated to be a viable
route for the production of many 2DMs, from TMDs (Table 1) to
BP, hBN, MXene, MOF, group III-V binary compounds and
other less explored 2DMs (Table 2).

Among the various ECE strategies used, the anodic exfolia-
tion in aqueous electrolytes is advantageous for quick produc-
tion of 2DMs with high exfoliation efficiency and yield, but it is
accompanied by oxidation; hence, it is suitable for the produc-
tion of 2D oxides, suitable for example, for catalysis, energy
storage, devices such as memristors and, in general, for those
applications where the material requires to be further functio-
nalized (e.g., biomedical applications). Cathodic exfoliation
offers a promising route to fabricate 2DMs with negligible
oxidation and high crystallinity, but it is slower as compared
to the anodic ECE. Currently, cathodic exfoliation provides
solution-processed TMD nanosheets of high electronic quality,
enabling fabrication of transistors with mobility above 1 cm?
V™' s7" and a good on/off ratio.*** However, to achieve these
values, the semiconducting films require the use of post treat-
ment with a superacid for a few hours and a subsequent
thermal treatment at 100-300 °C to heal defects and remove
residual impurities.®>'>"?*>2¢ The use of this post-treatment
restricts the type of substrates that can be used, and it also
poses environmental and safety issues, so more effort should
be made in the community to produce semiconducting 2DMs
with better crystallinity or to find alternative ways to heal
defects, for example, based on the use of covalent and non-
covalent functionalization routes.>*”**® In addition, other
classes of 2DMs, which are not affected by formation of sulphur
vacancies, could be explored. Remarkably, only very few tran-
sistors have been reported with 2DMs beyond TMDs produced
by ECE (Table 2). In this framework, support from modelling
and calculations will be of fundamental importance towards
the identification of the best 2DMs to exfoliate by ECE for
applications in electronics.>*%?*°

Despite these exciting results, there are still some challenges
to be addressed before the integration of 2DMs produced by
ECE into real applications will be possible. To make this
production method compatible with industrial requirements,
it is necessary to improve the reproducibility of the material
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produced, ie., to be able to precisely control the elemental
composition, defect concentration, number of layers and lateral
size distributions as well as solvent residues and contamina-
tion. This is quite challenging because both cathodic and
anodic ECE involve a number of parameters, such as the choice
and/or concentration of the intercalating ions as well as the
applied electric potential and the type of electrode.>”" Some of
these parameters depend on the experimental setup, making it
difficult to compare different studies and also to reproduce
results. Furthermore, in the literature, there is very little
information available on the batch-to-batch reproducibility of
the material produced by ECE, and the effects of post-
processing. For example, in the case of graphene produced by
anodic ECE, it was shown that the sonication process, per-
formed to disperse the exfoliated material in a solvent, can
induce changes in the structure of the nanosheets.”® It is
unclear if this applies also to 2DMs beyond graphene. There-
fore, direct ECE of the bulk 2D crystals into single and few
layers without post-processing is highly required to improve the
overall manufacturing efficiency and cost.

As batch-to-batch reproducibility is a key parameter for large
scale production of 2DMs, it is of crucial importance to
dedicate more efforts to this problem for example by reporting
a comprehensive and statistical analysis of the structure of the
material produced. For example, in the case of graphene, it was
observed that anodic ECE gives rise to graphene nanosheets
with slightly different structures: while XPS provides an average
oxygen content, Raman measurements on individual
nanosheets indicate that there is a distribution in oxygen
content.””" Similarly, anodically exfoliated 2D materials such
as MoS, and BP also showed some degree of oxidation. There-
fore, while the Ilateral size and thickness distribution of
nanosheets produced by anodic ECE are narrower as compared
to 2D materials produced by LPE, there is a structural distribu-
tion, associated with the specific elemental composition of
each nanosheet. Therefore, the structural uniformity of the
material needs to be studied carefully and eventually improved.
Furthermore, all studies should provide the same information
on characterization, using similar guidelines*? - for example,
how much is the yield and how it is calculated. The flake size
distribution should be performed on a large number of flakes
(>200) and sample preparation should be reported in detail.
Raman spectroscopy should be performed on at least 100
nanosheets; considering the large size of the flakes produced
by ECE, Raman mapping should be provided for at least a
couple of nanosheets. For semiconducting 2DMs, then photo-
luminescence mapping could also be shown and used to
investigate changes in the structure with the processing of
the material.

One of the major challenges in terms of reproducibility and
large-scale production for ECE of 2DMs beyond graphene is
associated with the experimental setup and in particular, with
the fabrication of the WE, which needs to be electrically
conductive. In the case of graphene, the WE can be made of
commercially available graphite foils or rods. In the case of
2DMs beyond graphene, these bulk sources are not available:
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the bulk material is in the form of either natural or grown
crystals, of relatively small size, and it may not be conductive.
This explains why very little has been reported on the anodic
or cathodic ECE of insulating materials such as h-BN
(Table 2). The BPE has been widely investigated for exfolia-
tion of h-BN, but it is time consuming, and currently shows a
low exfoliation yield. When applied to semiconducting mate-
rials, oxidation of the exfoliated nanosheets has been also
observed. While the preliminary results obtained with BPE
are encouraging, more effort is required to really establish
this technique as a viable alternative to cathodic or anodic
ECE, in particular for large scale production of solution
processed 2DMs.

In the case of semiconducting and insulating bulk materi-
als, ECE has been successfully achieved by mixing the bulk
material with an additive in order to deposit the material on a
foil electrode or to lower the resistance, in the case of a
conductive additive. However, high quality and large size bulk
single crystals are needed: these are expensive and not available
for all 2DMs, hence limiting the extension of this approach to
industrial production. In this framework, it would be better to
use grown bulk materials for example made by vapor transport
deposition - however, even in this case, it can be challenging to
produce large size and highly crystalline bulk material. In
addition, as the material is used as WE, it would be good to
grow directly the electrode in just one step or at least with one
technique - rather than first producing the 2DM bulk, perform
exfoliation and process it to make the electrode. This would
likely help improve the batch-to-batch reproducibility. Alterna-
tively, small sized flakes or powders, which are easily obtain-
able from industrial synthesis or natural mines, could be
considered as starting bulk materials for the exfoliation -
however, this is likely to badly affect the yield, quality and size
of the nanosheets obtained, making the material not suitable
for applications where large size and high crystallinity
nanosheets are required.

We also remark that the large size of the flakes produced by
ECE is very attractive for many applications but makes then
unsuitable for others. For example, traditional inkjet printing
requires the size of the flakes to be well below 1 pm to minimize
nozzle blockage. Hence, printable inks of 2DMs made of ECE
are unlikely to be used for industrial applications where the
printing speed is very important. Alternative deposition tech-
niques could be exploited, more suitable for the large size of the
flakes produced by ECE.

One of the potentials of ECE, which has been fully exploited
with graphene, is the ability to use the electrochemical process
not only to exfoliate the layered crystal but also to functionalize
it at the same time, either via oxidation or by growing other
nanomaterials, such as metallic nanoparticles. This strategy
could be also applied to other 2DMs, maybe giving rise to
Janus-like structures or nanocomposites useful for various
applications. Furthermore, ECE could be applied to other
emerging 2D materials such as layered perovskites, transition
metal oxides, 2D MOFs and covalent organic frameworks, as
well as many non-van der Waals 2D materials such as FeS,,
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Cr,S;, FeCr,0,, and TiO, with fascinating properties, which are
still unexplored and deserve more attention.

The ECE of 2D materials is a collective event consisting of
several reactions including intercalation of charged ions, evolu-
tion of gaseous species, expansion of the interlayer structure of
bulk materials, etc. These electrochemical processes do not
occur back-to-back or uniformly, resulting in non-uniform
exfoliated products. Therefore, a clear understanding of the
fundamentals of the process, i.e., ions intercalation and exfo-
liation mechanism of 2DMs is necessary to improve the pro-
duction efficiency and controlling the structure and properties
of the exfoliated 2D materials. There are major gaps in the
theoretical investigation and analytical modeling of the ECE
method. Techniques for in situ monitoring of the intercalation
and exfoliation process are urgently needed as a better under-
standing of the fundamentals of the process would enable to
optimize the quality and yield of the material produced. In situ
Raman spectroscopy coupled with electrical measurements or
in situ XPS could potentially provide very important insights on
the fundamentals of ECE.

Finally, due to the rapid production rate of large scale and
high-quality solution processable 2D materials via the ECE
method, the exfoliated materials have been investigated for a
relatively small range of applications, mostly energy storage,
catalysis, electronics, and optoelectronics. Hence, there are still
significant opportunities to explore based on the integration of
2DMs beyond graphene produced by ECE into applications. For
example, these 2DMs have been hardly investigated for applica-
tions in sensing, biosensing and biomedicine, such as drug
delivery or imaging. In the case of the biomedical field, this
could be due to the potential toxicity of the nanosheets, due to
their large size and residual molecules. This may indeed limit
the suitability of this material for biomedical applications and
needs to be clarified.

In conclusion, this review demonstrates that electrochemi-
cal exfoliation is a very promising technique for production of
2DMs since it offers high yield and low-cost production of high
quality and large size 2D crystals. Since the first introduction in
2009 to exfoliate graphite, this production method has received
intensive attention from both academia and industry and has
progressed exponentially. In particular, in the past few years,
this technique has been used to produce high quality 2D
materials with complementary properties to those of graphene,
hence enabling applications of metallic, semiconducting and
insulating 2DMs in sensing, electronics and energy storage.
However, to make large-scale production by ECE of 2DMs
beyond graphene a reality, there are several challenges, span-
ning from getting insights on the fundamentals of the process
to the design of the experimental setup (e.g. electrode fabrica-
tion) and to the sourcing and quality of the bulk material, that
need to be urgently tackled by the research community.
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