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The extensive research on liquid-phase exfoliation (LPE) performed in the last 10 years has enabled a low
cost and mass scalable approach to the successful production of a range of solution-processed 2-dimen-
sional (2D) materials suitable for many applications, from composites to energy storage and printed elec-
tronics. However, direct LPE requires the use of specific solvents, which are typically toxic and expensive.
Dispersant-assisted LPE allows us to overcome this problem by enabling production of solution processed
2D materials in a wider range of solvents, including water. This approach is based on the inclusion of an
additive, typically an amphiphilic molecule, designed to interact with both the nanosheet and the solvent,
enabling exfoliation and stabilization at the same time. This method has been extensively used for the LPE
of graphene and has been discussed in many reviews, whilst little attention has been given to dispersant-
assisted LPE of 2D materials beyond graphene. Considering the increasing number of 2D materials and their
potential in many applications, from nanomedicine to energy storage and catalysis, this review focuses on
the dispersant-assisted LPE of transition metal dichalcogenides (TMDs), hexagonal boron nitride (h-BN) and
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persants that have been used for the production of graphene, we then discuss each class of 2D material,
providing an overview on the concentration and properties of the nanosheets obtained. Finally, a perspec-
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1 Introduction

Graphene, a single layer of graphite, is the most famous
2-dimensional (2D) material because its unique properties'
make it an extremely attractive material for many applications,
ranging from electronics to composites.*> Since the discovery
of graphene,'® additional 2D materials have been discovered
and investigated:''™*® in nature, there are many layered
materials similar to graphite, which can be exfoliated into
single- and few-layers, providing 2D crystals with complemen-
tary properties to those of graphene. The family of 2D
materials is continuously expanding: studies based on
machine learning suggest that there could be more than 1800
2D materials available to investigate and use in various appli-
cations.'® 2D materials have unique mechanical, electrical,
optical, and magnetic properties, which are ultimately attribu-
ted to their dimensionality. Due to strong in-plane bonding
and ultra-thin thickness, 2D materials exhibit excellent
mechanical properties, flexibility and transparency, which are
important for applications in flexible electronics.”>*' Their
high specific surface area, associated to their dimensionality,
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tive is given on some of the challenges that need to be addressed in this field of research.

makes them useful for energy storage applications.”*?

Furthermore, the surface chemistry of 2D materials can be
easily modified by covalent or non-covalent functionalization,
making them very attractive for sensing and biomedical
applications.?*™” In order to use 2D materials in real life appli-
cations, it is crucial to develop low cost and mass scalable pro-
duction methods. Amongst all approaches, LPE**° is one of
the most attractive methods to produce solution-processed 2D
materials, ideal for applications requiring large amount of 2D
materials at low price and with reduced electronic grade, com-
pared to single crystals produced by micro-mechanical exfolia-
tion.>* Additionally, 2D materials that cannot be directly exfo-
liated from a layered bulk crystal can be produced by tra-
ditional wet-chemistry techniques.**™*° Typical applications of
solution processed 2D materials include composites,’”
energy storage,”®*™*° printed electronics,’’™*® and biomedical
applications,*"*>** to give a few examples.

The LPE method was first applied to carbon nanotubes to
break their bundles into individual nanotubes and to stably
disperse them in a solvent,”>>° and later applied to graphene
and other 2D materials. Despite the similarities between the
two materials, the different dimensionality does play an impor-
tant role on the properties of the final material, e.g. in the case
of 2D materials, the exfoliation process affects both size and
thickness of the nanosheets. The extensive research into LPE

This journal is © The Royal Society of Chemistry 2021
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of 2D materials undertaken in the last 10 years has allowed the
community to achieve a detailed understanding of the funda-
mental processes involved in exfoliation and interaction of the
2D material with a solvent, by enabling production of a wide
range of 2D material dispersions.’® In parallel, post-processing
and characterization methods have been developed and
refined, allowing a fine control over the nanosheets
properties.”>>” The LPE method relies on the favourable inter-
action between solvent molecules and the layered crystal for
stabilisation of the dispersed materials, while an external
force, e.g. made by ultrasonication or shear mixing, is applied
to exfoliate the layers. Hence, only specific solvents, for
example N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide
(DMSO), and N,N-dimethyl formamide (DMF), have been
shown to be effective at exfoliating layered materials.?®>®
Typically, these solvents are toxic and expensive. Water, on the
other hand, is not effective at exfoliating graphite. Increasing
the temperature during sonication has been reported to help
exfoliation,” but the concentration reported is still very low.
Nevertheless, biomedical applications and many others do
require this solvent. Furthermore, in the next few years, a
strong reduction in the use of toxic solvents in industrial pro-
cesses is expected due to policy changes related to sustainabil-
ity issues. The use of dispersants (“exfoliating agents” or
“stabilizers”) in LPE allows to extend the number of solvents
available, including water, for the production of stable and
concentrated dispersions. In addition, this method allows the
surface charge and chemistry of the nanosheets to be tuned,
simply by selecting the dispersant. While extensive reviews on
dispersant-assisted LPE of graphene have been already
reported in literature,”®°>°! little attention has been dedicated
so far to dispersant-assisted LPE of 2D materials beyond gra-
phene. Considering the increasing interest in 2D materials
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and the advantages of dispersant-assisted LPE, here we aim at
providing an overview on the different strategies used in the
dispersant-assisted LPE of 2D materials beyond graphene.
Since the chemical structure of other 2D materials is different
from that of graphene, a dispersant that is very effective at pro-
ducing graphene, may not be a good dispersant for other 2D
crystals, hence it is important to consider each 2D material
separately. We will focus on the most intensively investigated
2D materials, such as the family of 2D TMDs, h-BN and black
phosphorous (BP). We have found more than 50 works pub-
lished, mostly on TMDs. A small number of works have been
also found on less studied 2D materials, such as antimonene,
and reported in the last part of this review. Fig. 1 shows an
overview of the class of materials covered in this review. For
each material, we will describe the results obtained based on
the type of dispersant used, as introduced in section 2, and we
will provide a detailed description on the properties of the
obtained dispersions. We conclude this review with a perspec-
tive on some of the challenges that need to be addressed in
this research area and by highlighting the advantages and dis-
advantages of the dispersant-assisted LPE method.

2 Dispersant-assisted LPE
2.1 Fundamentals of the LPE

The most used exfoliation technique is based on ultra-soni-
cation, where the layered materials are exfoliated by the micro-
jets and shock waves generated by the collapse of the liquid
cavitation-induced microbubbles.®® Alternatively, a shear mixer
such as a high-shear mixer or even just a kitchen blender, can
be used: in this case, the exfoliation mechanism is mainly
dependent on high shear force with aid of collision and
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Fig. 1 Schematic showing the atomic structure and band gap of some of the 2D materials selected for this review. The 2D material family is com-
posed by hundreds of crystals with different properties, ranging from metallic to semiconducting and insulating crystals.

This journal is © The Royal Society of Chemistry 2021

Nanoscale, 2021,13, 460-484 | 461


https://doi.org/10.1039/d0nr05514j

Published on 08 December 2020. Downloaded on 6/25/2024 3:29:36 AM.

Review

cavitation.®”®* Here we will focus on works based on these
exfoliation methods, although there are also other types of
LPE approaches based on high shear force, such as ball-
milling®*** and microfluidization.®® Different exfoliation tech-
niques, including those already mentioned and also variation
of those methods, have been extensively investigated, but a
detailed discussion of all the processes is beyond the scope of
this review and can be found in other reviews.>'>¢6%:6”

The general LPE experimental procedure can be described
as follows: the bulk layered material, typically in powder form,
is first added to either a pure solvent or dispersant-containing
solution, followed by an exfoliation step performed by applying
ultrasonic and/or shear energy; then exfoliated thin
nanosheets and un- or incompletely-exfoliated thick layered
materials, contained in the obtained dispersion, are separated,
typically by using centrifugation or natural sedimentation over
time by gravitational force. Finally, the supernatant, contain-
ing well-dispersed and thin nanosheets, is collected. Fig. 2
shows the schematic of the process. For both exfoliation and
stabilization, it is of critical importance to select an appropri-
ate liquid medium since the exfoliation and stabilization of
the 2D crystal nanosheets is dependent on the interfacial inter-
action between the exfoliated 2D crystal nanosheets and the
liquid medium.’®®®% The simplest way of describing the
stabilization mechanism would be based on the “like dissolves
like” rule in chemistry, i.e. when the surface energy of the
solute matches that of the solvent, the enthalpy of mixing,
AHy,iy, is small, hence the mixing of solute in a solvent is
determined by the changes in entropy (ASy;y). The free energy
of mixing, AGpy, is defined as:”°

AGmix - AI'Imix - TASmix (1)

For typical molecular solutes, the entropy of mixing can be
large enough to drive spontaneous mixing process and the
mixture is considered as a solution. In the case of 2D crystals
with sizes in the range between several tens of nanometers to
microns, ASp; is not large enough to spontaneously drive the
process.45 Therefore, AHp,ix needs to be minimized by careful
selection of the solvent to enable the exfoliated 2D crystals to
be stably dispersed in the solvent and to prevent re-stacking.*?
The best solvents for LPE are typically organics as they have
shown to produce graphene dispersions with high yield and
stability.>>® Those solvents have a surface tension of ~40 m]
m~?, hence they show favourable interactions with graphene,

Exfoliation
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which has a similar surface tension value.?>*® 1t should be
noted that the surface energies of liquids are ~30 mJ m™?,
which is ca. 0.1 mJ m™> K" higher than their surface tension
estimated using a universal value for surface entropy.*®”"
Some of the most studied 2D materials, such as h-BN, MoS,
and WS,, also show good exfoliation efficiency in these solvent
types (Fig. 3).>>°*°” 1t should be noted that throughout this
review, the term ‘exfoliation efficiency’ is used to refer to the
amount of the dispersed nanosheets in the solution, deter-
mined by the final concentration, measured by UV-Vis spec-
troscopy. This term does not refer to the efficiency of delami-
nation, which is usually obtained by the characterization of
the thickness of nanosheets by atomic force microscopy
(AFM).

The simple model based on surface tension as a measure of
dispersability of 2D materials is useful to find the optimal
solvent medium in general, but it does not elucidate the
detailed interaction between the solvent molecules and the
nanosheets. A model that does take into account of those
interactions is based on the use of the Hildebrand and
Hansen solubility parameters, in which the intermolecular
interactions are divided into three types: dispersive (D), polar
(P) and hydrogen-bonding (H) components.*****%%8 The
Hildebrand solubility parameter, 6, is the square root of the
cohesive energy density, Ecr/V, where Ecr is the total molar
cohesive energy and V is the molar volume of the solvent. The
Hansen solubility parameters, &; (i = D, P, and H), are the
square root of the cohesive energy density of each component.
The square of Hildebrand solubility is therefore, the sum of
the squares of each Hansen solubility parameters:>**>>%:68

(STZ = (SDZ + 61)2 + (SHZ (2)

The dispersability of a 2D material in a solvent is optimal
when both the solvent and the 2D material share similar
values for all three Hansen solubility parameters. By exfoliat-
ing graphene in 40 solvents, it was shown that solvents with
well-defined values of the Hansen solubility parameters
produce better exfoliation and stabilization.’® The work was
then extended to 2D materials beyond graphene: h-BN, MoS,
and WS, all show a very sharp peak in the Hansen parameters
plot vs. concentration. In Fig. 3, the dispersive Hansen para-
meter vs. concentration plots for those 2D materials are shown
as representative Hansen solubility parameter plots since the
dispersive interaction is typically the strongest interaction

Fig. 2 Schematic of the production of 2D nanosheets by liquid-phase exfoliation. The process consists of providing energy via sonication or shear

mixing, followed by centrifugation and collection of the material.
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Fig. 3 Dispersion concentrations for a range of solvents plotted for graphene versus (A) solvent surface tension (B) Hildebrand parameter, 61, and
(C) dispersive Hanson solubility parameter, §p. The graphene dispersion concentrations were determined using absorbance at 660 nm using
absorption coefficient of 2460 L g‘1 m~L. Dispersion concentrations for a range of solvents plotted versus (D—F) solvent surface tension (G-I) &1
and (J-L) §p for BN, MoS, and WS,, respectively. (D—L) The 2D crystal dispersion concentrations were plotted as absorbance divided by cell
length, A/l. Reproduced from ref. 29 and 68 with permission from American Association for the Advancement of Science and the American

Chemical Society.

component. For other Hansen solubility parameter vs. concen-
tration plots we invite the reader to refer to ref. 29 and 68.
This demonstrates that successful exfoliation and stabilisation
of dispersions require optimization of all the interaction ener-
gies.”® The Hansen parameters are particularly useful not only
for finding new solvents (the parameters are known for more
than 1200 solvents’®) but also to identify the best mixed
solvent solutions.”® Coleman et al.>® suggested that the best 3
solvents for LPE of h-BN are: cyclohexyl-pyrrolidinone,
N-dodecyl-pyrrolidone and benzyl benzoate, while NMP is
not very efficient. Note that in contrast to graphite, h-BN
can be exfoliated in water,”* but the concentration is not very
high. Hence h-BN dispersions are usually made in a mixed
solvent or in water with a dispersant. In the case of MoS,
and WS,, solvents such as NMP, DMSO and DMF work very
well.*®

Stabilization is typically achieved electrostatically, hence
this process can be described by the Derjaguin-Landau-
Verwey-Overbeek (DLVO), which predicts stability effects that
are electrical in origin in charged colloidal particles.”” Briefly,
in the DLVO theory, stabilization is achieved by the balance
between repulsive electrostatic interaction from charges sur-
rounding the particles and van der Waals attractive interaction.
The total interaction energy is characterized by two minima: a
primary minimum (at very short distances) associated to aggre-
gation, and a secondary minimum, at relatively large inter-par-

This journal is © The Royal Society of Chemistry 2021

ticle distances, associated to flocculation. In between the
minima, Ze. at a certain distance, a potential barrier is gener-
ated that prevent nanoparticles from aggregation. The higher
barrier the system obtains the better the stability. The barrier
height can be tuned by external parameters, such as the con-
centration and type of electrolyte and the pH.

2.2 Types of dispersants for assisted LPE

Although organic solvents are very effective at LPE of 2D
materials, they have several disadvantages, including high
cost, high boiling point and toxicity. Water is the most suitable
choice of solvent for many applications as it is abundant, low
cost and environmental friendly. However, since many layered
materials are insoluble or have low solubility in water, an addi-
tive is typically needed to perform LPE in this solvent. This
method is named: “dispersant-assisted LPE”. Note that disper-
sants can also be used in combination with other solvents, not
only with water: if the dispersant is carefully selected, a higher
exfoliation yield can be achieved, in comparison to the yield
obtained using only the solvent.*®*”%®* In this review, we will
focus mostly on dispersant-assisted LPE in water. In this
framework, all dispersants used are amphiphilic, i.e. they are
composed by a hydrophobic part that allows the molecule to
adsorb onto the surface of the nanomaterial and a hydrophilic
component, which allows interaction with water, allowing
stabilization of the material.

However, the exfoliation

Nanoscale, 2021,13, 460-484 | 463
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efficiency, i.e. the amount of material exfoliated, can dramati-
cally change depending on the specific interactions of the dis-
persant with the solvent and with the nanosheets, hence not
all amphiphilic molecules are effective at LPE. Here we con-
sider only the most used dispersants, divided into three
groups: surfactants, macromolecules, and small aromatic
molecules. Table 1 shows examples of some of the most used
dispersants.

(i) Surfactants: surface active agents, or so-called surfac-
tants, are amphiphilic molecules that are typically adsorbed at
the solvent interface (e.g. water/air or water/oil), reducing the
surface tension.®® Their structure consists of a hydrophobic
tail, typically in the form of a carbon chain, and a hydrophilic
head, from which the surfactant is classified as non-ionic,
ionic and zwitterionic. Due to their amphiphilic nature, the
surfactant molecules adsorb at the interface orienting the
hydrophobic chains in the hydrophobic medium and the
hydrophilic head group in the hydrophilic medium, thus redu-
cing the intermolecular forces at the interface, i.e. reducing
the surface tension. With increasing solute concentration, the
surface tension decreases until the surfactant molecules form
a monolayer at the interface, at which point, known as “the
critical micelle concentration” (CMC), the excess molecules
self-assemble into small aggregates, called “micelles”. The
high solubility of the micelles is commonly used to solubilize
insoluble materials by incorporating them into the micelle.
Hence, surfactants are crucial components in detergents and
are widely used by many industries. The same approach was
successfully extended to disperse insoluble nanomaterials in
water, e.g. dispersions of individual carbon nanotubes in water
were successfully demonstrated in 2002.5 The method was
then successfully extended to graphene.®® In these cases, sur-
factants adsorb via hydrophobic and van der Waals inter-
actions, while the hydrophilic groups extend into the aqueous
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solvent. Depending on their type, ionic/polar or non-ionic, re-
aggregation of the dispersed nanomaterials can be prevented
through electrostatic or steric repulsion, respectively. The first
work on surfactant-assisted LPE of graphene was produced by
using sodium dodecyl benzene sulfonate (SDBS) and sodium
cholate (SC).*>"®” However, a relatively low exfoliation efficiency
was observed, even after extensive sonication. Furthermore,
the CMC value was observed to be an optimal surfactant con-
centration for LPE.®”®® However, a recent work® has shown
that no clear correlation between CMC value or surfactant type
and exfoliation efficiency exists, as discussed in section 3.

(ii) Macromolecules: this class of material include poly-
mers, which consist of repeating subunits (monomers). Note
that some polymers are also classified as surfactants, but in
this review, we distinguish between the two cases, as polymers
are characterized by much higher molecular weight, higher
repulsive barrier due to the long tails as well as stronger
surface adsorption, compared to traditional (i.e. monomeric)
surfactants, discussed in the previous section. The typical
stabilization mechanism 1is steric: the adsorbed polymer
chains extend into the solvent. When two nanosheets get too
close to each other, the polymer chains share the same space,
leading to reduced number of conformations and increase in
free energy of the system, contributing to the nanosheets
repulsion. Other effects such as osmotic pressure and lyophilic
interactions further contribute to prevent re-aggregation. In
the case of ionic polymers, electrostatic stabilization will also
play a role. May et al.®® provided an expression for the free
energy of adsorption of polymer chains onto the surface of
nanosheets in a solvent environment as a function of the
Hildebrand solubility parameters of the solvent, polymer, and
nanosheets. The model, in agreement with the experimental
data, shows that the most concentrated and stable dispersions
are obtained when the polymer and solvent solubility para-

Table 1 Examples of the most used dispersants for liquid phase exfoliation of graphene. The dispersants type ranges from small-molecule surfac-

tants, macromolecules and small aromatic molecules

Dispersant

Chemical structural formula

Small-molecule surfacant

Sodium cholate
(sC)

OH OH OH
0 o o
HO
HO. %o %&\»H
NH, NH, 5 NH,

Chitosan

Macromolecule

Small aromatic molecule

1-Pyrenesulfonic acid sodium salt

(PS1)

464 | Nanoscale, 2021,13, 460-484

N/' B~
S
) /
Sodium deoxycholate Cetyltrimethylammonium bromide  Sodium dodecylbenzene sulfonate
(SDC) (CTAB) (SDS)

o
N7 0 H(o No O\/tOH

Poly(ethylene glycol)-block-poly
Polyvinylpyrrolidine -(propylene glycol)-block-
(PvP) poly(ethylene glycol)
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meters match. In addition, the model describes both the peak
width and the dependence of nanosheet concentration on
polymer molecular weight.”” Note however, that this model
focuses on London interactions only, so it cannot be extended
in polar or hydrogen bonding solvent system.’® A large range
of polymers has been used as exfoliation agent for LPE.
Selected works include the use of hydrophilic polymers con-
taining polyvinylpyrrolidone (PVP) and poly(ethylene oxide)
(PEO), which have been used to increase graphene concen-
tration from 0.5-1.0 mg mL ™" (without dispersant) to 2.6 mg
mL ™" (with dispersant).”’~** Biopolymers, i.e. natural polymers
produced by living organisms, such as plants or microbes, are
extremely attractive, compared to artificial ones, because of
their reduced cost, abundance, possible biodegradability and
improved sustainability. This class includes a very large
number of materials such as collagen, silk fibroin, gelatine,
starch, cellulose, alginate, polyester, polycarbonates, polya-
mides, vinyl polymers, proteins, nucleic acids, polysacchar-
ides, and deoxyribonucleic acid (DNA), to give a few examples.
Amongst biopolymers, polysaccharides such as chitosan (CS)
and alginate have been exploited for LPE, producing water dis-
persible graphene by LPE.’*** Lignin and tannic acid natural
polymers were also reported to produce aqueous graphene
dispersion.”>®” In the case of biomolecules, proteins like
bovine serum albumin (BSA), peptides, nucleotides, ribonu-
cleic acid and DNA have been widely reported in literature for
exfoliation of graphite in water. For an extensive review on the
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use of these type of dispersants, we invite the reader to look at
ref. 98.

(iif) Small aromatic molecules: polyaromatic hydrocarbons
(PAH) have been shown to be promising exfoliating agents for
high-yield exfoliation of graphite, through effective adsorption
of the PAH base onto the graphene surface through n-n
interaction.**®*?°71%! The exfoliation mechanism by PAHs has
been initially explained by the “molecular wedging effect”, i.e.
by the ability of pyrene to “intercalate” between the layers
during exfoliation.'®® Although this could be a reasonable
explanation, no experimental or theoretical study has fully con-
firmed this mechanism. Various types of PAH derivatives were
investigated including anthracene,'® coronene,'**'*®> pery-
lene'*® and diazoperipropyrenium,'”” showing their ability to
effectively exfoliate graphene in water through either electro-
static repulsion or steric hindrance from the functional
groups. The most studied PAH derivatives belong to the class
of pyrene derivatives.*>°%°% 1001087113 The effect of different
functional groups of pyrene on the graphene exfoliation yield
has been widely investigated.’®'°®*%'™ In particular, Parviz
et al.’® made a detailed comparative study between surfactants,
polymers and pyrene derivatives as dispersants for assisted
LPE, demonstrating that the graphene/stabilizer yield obtained
by pyrene derivatives is exceptionally high relative to conven-
tional nanomaterial stabilizers, such as SDBS and PVP, under
the same experimental conditions (Fig. 4A). Hence, a given gra-
phene dispersion quality can be achieved at far lower mass
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A o4 z /x/\ o —
p = 200
57 S \ £
s 03 4 = 150
8 S
3 T 100
-~ N
@ [}
: o AN S o
£ o1 i S
g CHyCHCH % 1 2 3 4
Chain Length (n
o | gth (m)
Surfactant Polymer Pyrene
derivative
o 40 : : . . + v
'®) - R
o NN oH .
©N fi L. 4
TR | ° 5 B ki
a RO | = o ey '
NH,TFA © 10F 1
Bis-Pyrene Stabiliser (BPS) Lysine-functionalised pyrene E 0
(py-lys) s 1ol # \
o =Wl b 1
® 9 o
e ] N~-S03 20+ .
G)N 8 O H, 8 ¢
(0 & 2L o S ]
' R O N 400 Grlpy-tau N e I
—~ = . L . L . 2
= = Taurine-functionalised pyrene 0 2 4 6 8 10 12 14

Long Bis-Pyrene sublllstr o
(LBPS)

(py-tau) pH

Fig. 4 Exfoliation of graphene with pyrene derivatives. (A) Graphene/stabilizer ratio when using different dispersants including SDBS, PVP and PS1.
(B) Pyrene derivatives molecular structures and the digital images of graphene dispersions fabricated with their assist. (C) Left panel: Molecular struc-
ture of four pyrene derivatives. Right panel: Graphene dispersions concentration vs. pyrene derivatives with increasing carbon chain length. (D)
Pyrene derivatives molecular structures and corresponding assisted graphene dispersions zeta potentials measured under different pH value.
Reproduced from ref. 99, 109, 110 and 115 with permission from the American Chemical Society and Royal Society of Chemistry.
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content of pyrene derivatives than polymers or common sur-
factants, enabling the production of dispersions of high
quality for applications in nanocomposites, films, and elec-
tronic devices, due to the lower amount of undesirable stabil-
izer molecules.”® Indeed, this methodology has been success-
fully used to produce highly concentrated and stable 2D
material based inks for printable electronics.*® In the same
study,” it was observed that the exfoliation yield strongly
depends on the type of pyrene derivative used. As the exfolia-
tion mechanism is not fully understood, it is very important to
clarify how to design the pyrene derivative providing the
highest exfoliation efficiency. Parviz et al. suggested that the
use of more electronegative functional groups, e.g. sulfonyl
group, should provide better exfoliation efficiency by decreas-
ing the electron density on the pyrene basal plane and thus
increasing the affinity of the pyrene base with graphene
surface by accepting electrons.”® However, Schlierf et al.'*®
reported a systematic study based on the use of pyrene deriva-
tives with increasing number of sulfonic groups, which
showed that pyrene functionalized with four sulfonic groups is
not efficient at exfoliating graphene, due to its high solubility
in water. It is clear from these studies that the exfoliation
efficiency of the pyrene derivative is determined by the balance
of the interactions between graphene, water and the disper-
sant. If the interactions of the dispersant with the water mole-
cules are stronger than the interactions of the dispersant with
graphene, then adsorption of the dispersant into graphene
will be poor, giving a low exfoliation efficiency. This study'’®
clearly demonstrated that higher solubility is not correlated to
higher exfoliation yield and that the exfoliation mechanism is
much more complex. A follow up study''® performed in our
group demonstrated that high solubility is a not a mandatory
requirement for a pyrene derivative to be an efficient disper-
sant. In our work a bis-pyrene stabiliser (BPS), functionalized
with a pyrrolidine central group, Fig. 4B, was used as disper-
sant and its exfoliation efficiency was compared to that of the
most used pyrene derivative, 1-pyrenesulfonic acid sodium salt
(PS1). Although BPS is insoluble in aqueous media (the solubi-
lity of BPS is under the detection limit of nuclear magnetic
resonance), this dispersant showed exfoliation efficiency up to
3-5 times higher than that obtained with PS1. The enhanced
exfoliation efficiency of BPS has been attributed to the higher
interaction strength between BPS and graphene, compared to
the interaction of BPS and graphene with water. This inter-
action strength is related to the strong n-n interactions from
the two pyrene binding groups, which also makes BPS in-
soluble in water, further enhancing its adsorption onto gra-
phene. This work showed that self-assembling of two insoluble
nanomaterials can be used as approach to solubilize the result-
ing hybrid material, by carefully tuning the interactions
between water, graphene and dispersant. In another recent
work from our group,'’® a detailed experimental and theore-
tical analysis on the use of pyrene derivatives with different
functional groups was presented. In the case of pyrene deriva-
tives with an aromatic functional group, we observed that this
type of functional group is not only involved in solubilization
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in water, but also in adsorption on the graphene surface,
showing much more complicated mechanism in exfoliation/
stabilization of graphene nanosheets than the functional
groups with localized charge, which shows simple solubil-
ization mechanism. Another design element that strongly
determines the exfoliation efficiency of the pyrene derivative is
the distance of the functional group from the pyrene core.
Parviz et al. compared two pyrene derivatives functionalized
with a carboxyl group, where one had a butyl chain linker,
whereas the other was directly bonded.”® Their results
suggested that at high concentration of the dispersants, a
longer distance between the basal plane and the surface
charge would provide better n-n interactions, by reducing the
density of electrons on the pyrene plane.”® However, in this
case, the comparison of exfoliation efficiency was drawn from
a very small difference in the final graphene concentration,
almost within the range of the experimental error. Heard
et al."'" also presented a similar comparative study, but with
sulfonic functional groups instead. Their study showed that
the exfoliation efficiency almost doubled when using a longer
linker group, concluding that longer distances between the
functional group and the pyrene provide more efficient adsorp-
tion of the pyrene on graphene as well as better solvation of
the polar group, resulting in enhanced exfoliation. A more sys-
tematic study was performed by our group,"*® who introduced
an incremental increase of the alkyl spacer, showing that the
effect on the exfoliation efficiency is determined by a balance
between the chain length and the functional group, Fig. 4C. In
general, a longer chain reduces steric hindrance of the func-
tional group on the pyrene adsorption and increases thermo-
dynamic stability of the solvation of polar groups, when the
charge is localized. Finally, amphoteric pyrene derivatives have
also been used for production of charge-tuneable graphene
dispersions, whose surface charge is controlled by the pH
(Fig. 4D)."® One of the main advantages of using pyrene
derivatives as dispersants is, in addition to the high exfoliation
efficiency, their ability to produce biocompatible 2D
materials.*® Although pyrene is toxic in relatively high concen-
trations, pyrene derivatives did not show any cytotoxicity effect,
once adsorbed onto the nanosheet,*>''° although the exact
biocompatibility (i.e. the maximum dose) depends on the type
of pyrene used: graphene obtained by BPS, for example, has
shown some cytotoxic effects, depending on the initial concen-
tration used, in contrast to graphene produced by PS1. In
general, graphene produced by cationic pyrene derivatives
shows excellent colloidal stability in the cell culture medium
and exceptional biocompatibility and high internalization in
both non-cancer and cancer cell lines, making cationic gra-
phene very attractive for biomedical applications.'"’

3 State of art

3.1 Transition metal dichalcogenides

TMDs is a general name for the class of layered materials with
chemical formula MX,, where M refers to the transition metal
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element and X refers to the chalcogen element. The monolayer
TMD contains three atomic layers, where the upper and lower
chalcogen layers and the intermediate transition metal layer
form a sandwich structure. Similar to graphene, the TMD
monolayers are stacked by van der Waals forces to form
layered bulk TMDs.''® In TMDs, the different coordination
modes between M and X will cause different crystal polytypes,
such as 2H-, 1T-, 1T'-, and 3R-type. Different crystal polytypes
show different stability. For example, in the 2H-type MoS,
atoms stack with a S-Mo-S’ sequence in hexagonal closed
packing mode, which is thermodynamically stable and there-
fore found as bulk crystal in nature. TMDs were first exfoliated
into nanosheets via LPE in NMP, reaching concentrations of
0.3 mg mL™" and 0.15 mg mL™* for MoS, and WS,, respect-
ively.”® In the same year, exfoliation of six different TMDs,
including MoS,, WS,, MoTe,, MoSe,, NbSe, and TaSe, using
SC in water was reported."'®'" In this work, bulk materials
were exfoliated in aqueous surfactant solution by probe soni-
cation for 30 min, reaching a concentration of up to 0.048 mg
mL™". It was also shown that the concentration can be
increased to 0.5 mg mL™" by increasing sonication time up to
16 hours. The exfoliated MoS, nanosheets show thickness
between 2 to 9 layers and average lateral size of around
280 nm. A follow-up study on the use of SC was reported:''®
the authors noticed that the B-exciton intensity and A-exciton
position of MoS, nanosheets were sensitive to surfactant con-
centration, when other parameters were fixed. As the position
and the oscillator strength of the excitons’ peaks have been
observed to change with the lateral size and thickness of the
nanosheets, respectively,"'® this result indicates that the sur-
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factant concentration directly affects the properties of the
nanosheets. In this study,''® a fixed concentration of bulk
MoS, was added in aqueous solution made with different con-
centrations of SC and exfoliated with a shear mixer. It was
observed that all processing parameters (the MoS, concen-
tration, the mixing time, the liquid volume, and the rotor
speed) influence the concentration and also the production
rate. Concentrations as high as 0.5 mg mL™" and production
rates of ~1 mg min~" were achieved. However, the nanosheets
lateral size and thickness were observed to be invariant with
all production parameters, but the surfactant concentration.
The authors reported that by adjusting the surfactant concen-
tration the nanosheets lateral size can be controlled between
~40 and ~200 nm, while the thickness can be controlled
between ~2 and ~12 layers. A clear dependence between the
yield, zeta potential, thickness and lateral size of the
nanosheets was observed with the surfactant concentration
(Csurt), Fig. 5A-D. In details, as the surfactant concentration
increases, so does the yield which saturates between Cgyf
values of 5-10 mg mL ", after which it begins to fall off rapidly
at higher values of Cg,s. The authors noted that this behaviour
is distinct to that observed for graphene produced by shear-
exfoliation, where the graphene concentration is known to
depend on the ratio between surfactant and bulk concen-
trations, rather than Cg,,s alone. The dependence on the yield
was explained by considering the CMC value of SC (~6 mg
mL™"). When this surfactant concentration is reached, the
additional surfactant molecules form micelles rather than
getting adsorbed onto the nanosheets, leading to a saturation
of both yield and zeta potential. An increase in surfactant con-
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centration is expected to destabilize the surfactant-coated
nanosheets, leading to a decrease in the concentration. The
dependence of Cg¢ on size and thickness of the nanosheets
has been tentatively associated with the fact that the surfactant
packing density at edges is probably different compared to
that at the center of the nanosheets, making smaller flakes
easier to stabilize compared to larger ones."'®* On the other
hand, SC has been reported to lie flat on the surface of gra-
phene with its hydroxyl and carboxyl groups orientated toward
the aqueous solution,"”*'*' hence further investigation is
needed to clarify these results. After this initial work, SC
became a popular surfactant choice for the LPE of TDMs and
other 2D materials (see also Table 2).°>%%?*'23 For example,
SC was selected to exfoliate and stabilize 6 different TMDs,'?*
including MoS,, MoSe,, MoTe,, WS,, WSe, and WTe,. This
study found out that the exfoliated nanosheets have similar
average lateral size (118, 113, 154, 104, 116 and 111 nm,
respectively), hence they were exploited as catalysts for the
hydrogen evolution reaction. It was found that the catalytic
activity depends on the chemical composition as following:
selenides > sulfides > tellurides.

In addition to SC, the LPE of TMDs with different types of
surfactants has also been reported. For example, Mao et al.
reported the use of sodium deoxycholate (SDC): bulk MoTe,
and WTe, were added to aqueous SDC solution (10 mg mL™")
and sonicated for 8 hours."** The smallest measured thick-
nesses were 3 nm and 2.5 nm for MoTe, and WTe,, respect-
ively. The lateral size of these TMDs did range from 500 nm to
2 pm, depending on the processing conditions. These suspen-
sions were observed to be quite stable, and show no precipi-
tation after storage in ambient conditions for one month. The
dispersion was then dropped on side-polished fibers to test its
non-linear saturable absorption properties. Another work used
SC and SDC for preparation of MoS, dispersions.'** Bulk MoS,
was sonicated for 12 hours in aqueous SC or SDC solution
(10 mg mL™"), centrifuged at 4200g for 1 hour and the super-
natant was then collected for further characterization. It was
observed that the average lateral size of nanosheets produced
in SC and SDC were similar, however SDC achieved a higher
dispersion concentration (0.085 mg mL™') and contained
larger, few layer nanosheets in comparison to SC. In addition
to small-molecule surfactants, long alkyl chain surfactants
have been also shown to be effective for dispersant-assisted
LPE. Cetyltrimethylammonium bromide (CTAB) and sodium
dodecyl sulfate (SDS) were used to investigate the role of the
surfactant in the production of aqueous dispersions of MoS,
by bath sonicarion."®® After 8 hours sonication, the exfoliated
dispersions were treated with a two steps centrifugation at
4000 and 7000 rpm and the resulting precipitate was then col-
lected for characterization. The MoS, zeta potential was
measured as +62 and —58 mV for CTAB and SDS dispersants,
respectively. In the case of nanosheets obtained with CTAB,
the thickness of the nanosheets was in a narrow range
(1-1.5 nm): this suggests the nanosheets to be 1-2 layers thick,
whereas the lateral size of the flakes was around 70-75 nm.
This work is also one of the few studies reporting the use of
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advanced techniques to understand the adsorption of the dis-
persant onto the nanosheets. Solution-state nuclear magnetic
resonance (NMR) technique, such as 'H NMR, diffusion
ordered spectroscopy (DOSY), and transfer nuclear Overhauser
effect spectroscopy (tr-NOESY), were used to distinguish
between free and adsorbed molecules on the nanosheets and
to identify how the dispersant is assembled onto the
nanosheet. From the results, the authors suggested that
bound and free surfactant chains undergo rapid exchange,
which makes difficult to distinguish the corresponding contri-
bution by NMR. The NOESY NMR results suggest that the sur-
factant chains could be arranged randomly and flat on the
basal-plane of the sheets, forming a monolayer: there are no
specific sites to which the surfactant molecules are bound, but
they remain attached to the surface by dispersive interactions
between the alkyl chains of the surfactant and MoS,
nanosheets. These interactions, being weak, allow the bound
chains to undergo rapid exchange, detachment and reattach-
ment, with free surfactant chains in the dispersion, by explain-
ing the overall results obtained by NMR."*® This group further
investigated CTAB stabilization for aqueous MoS, by MD simu-
lations and measuring zeta potential at different ionic
strengths.'®” 1t should be highlighted that some studies have
shown that different adsorption mechanisms were observed
between facial and linear amphiphiles.*>"*® It is generally
accepted that facial amphiphiles adsorb flat, side-by-side, on
the surface of 2D nanosheets, providing better coverage of the
2D nanosheet surfaces.'*""'*®'2 The linear amphiphiles, on the
other hand, are suggested to adsorb on the 2D nanosheets
surface in different ways: some studies show that the alkyl
chains assembled flat on the 2D nanosheet surface and other
studies suggested formation of hemimicelles on the surface
depending on the concentration of surfactant and/or the alkyl
chain length. Moreover, as discussed before, surfactant mole-
cules are subjected to rapid exchanges, providing partial shield-
ing coverage of the surface of the 2D nanosheets.'*1267128130
Several studies have been dedicated to the investigation of
the size and thickness distributions of produced nanosheets
and their relation with the fundamentals of LPE. In particular,
one study has shown that narrow fractions containing
nanosheets with different lateral dimensions and thicknesses,
and even monolayer enriched fractions, can be isolated from
the mother dispersion using liquid cascade centrifugation
(LCC)."*! 1t was also observed that WS, nanosheets isolated in
fractions of comparable thickness to graphene, were signifi-
cantly smaller in lateral size (Fig. 5E). A study on the exact
relationship between size and thickness of flakes has been pre-
sented by Backes et al.>> where several TMDs (WS,, MoS,,
MoSe,, PtSe,) were exfoliated by tip sonication in aqueous SC.
It was observed that the average lateral size, width and layer
number of nanosheets decrease as power laws, with increasing
centrifugal acceleration in all cases, however the exact trend is
material-class dependent i.e. different TMDs are similar, yet
distinct to graphene. This observation has been explained by
noting that the lateral size-thickness relationship is dependent
on both the interlayer and intra-layer binding strength of the
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material.”” This conclusion is in agreement with Ji et a
who reported that a stronger intralayer but weaker interlayer
binding strength can result in larger, thinner flakes and vice
versa.

Since the exfoliation study reported in ref. 118, the CMC
value has been considered as the optimal surfactant concen-
tration to achieve the highest yield and concentration of
nanosheets, for fixed processing parameters. However, recent
studies®™®® have initiated a discussion on the importance of the
CMC value in the exfoliation of TMDs. Griffin et al.®® exfoliated
WS, in a large range of surfactants, using different surfactant
concentrations, while using the same exfoliation and centrifu-
gation conditions for each sample. SC, SDC, SDS, sodium tetra-
decyl sulfate (STS), sodium octyl sulfate (SOS), lithium dodecyl
sulfate (LDS), SDBS, CTAB, and tetradecyltrimethylammonium
bromide (TTAB) were investigated. Each sample was sonicated
for 2 hours by tip sonication by using 4-16 different surfactant
concentrations (0.03-30 mg mL™"), covering a range of different
concentrations, below and above their CMC value. When plot-
ting the nanosheet concentration as a function of Cg,,y, all data
collapsed onto the same curve, Fig. 5F-H, indicating that under
the same processing conditions, the final concentration is not
determined by the type and amount of surfactant, in agreement
with previous works on graphene.'** Below a Cy, s value of 5 mg
mL™" of Cquf, the nanosheet concentration was roughly con-
stant at 1-2 mg mL™"; the concentration strongly decreases for
increasing Cgyrf, N0 matter the CMC value of each surfactant.
Hence, it was concluded that incorporation into micelles is not
necessary to achieve efficient exfoliation with surfactants. In
conclusion, ref. 89 has shown that no clear correlation between
CMC or types of surfactants and exfoliation efficiency exists, in
contrast to ref. 125 results, and in agreement with the obser-
vations from ref. 118. It is suggested that the dependence
between dispersed concentration, lateral size and thickness
observed may be related to a more general effect, possibly to
electrostatic screening, although details are still under investi-
gation. Another work from the same group also investigated the
effect of the starting bulk material in SC-assisted LPE in
water.'>® Dispersions starting from six different MoS, powders
(7.5 mg mL™") were produced by tip sonication for 5 hours in
aqueous SC (2 mg mL™"). The resulting MoS, nanosheets were
then analyzed based on quantitative spectroscopic metrics pre-
viously proposed in ref. 119. The results demonstrate that the
effect of the different starting materials on exfoliation yield and
size of the obtained nanosheets are negligible. However, it was
also observed that monolayer MoS, exfoliated from the smaller
bulk crystals exhibits weaker photoluminescence intensity.

Polymers, including synthetic and natural types, have been
used as dispersants in LPE of TMDs in low boiling solvents.
For example, in one study 9 polymers with various Hildebrand
solubility parameters were investigated, including the syn-
thetic polymers: s polybutadiene, poly(styrene-co-butadiene),
polystyrene, poly(vinyl chloride), poly(vinyl acetate), polycarbo-
nate, poly(methyl methacrylate) and poly(vinylidene chloride),
natural polymer cellulose acetate (CA).°® Various TMD powders
(0.3 mg mL™") were added to polymer solutions (3 mg mL ™)
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in tetrahydrofuran (THF) then tip sonicated for 0.5 hours. The
resulting MoS, concentrations were in the range of
0.017-0.033 mg mL™". The resulting MoS, nanosheet dis-
persion concentration was in the range of 17-33 pg mL™". In a
different work,"** LPE of MoS, in ethanol was performed with
PVP/ethanol. It was claimed that the use of the polymer
allowed to achieve higher concentration, compared to the use
of pure ethanol, although quantification was not provided.
The MoS, nanosheets were reported to have an average thick-
ness of around 3 nm. The material was then used for the fabri-
cation of a non-volatile re-writable memory, by exploiting the
PVP insulating nature that allows charge trapping and de-trap-
ping. In a more recent study, PVP was also used as dispersant
in water to test a new deposition method that allows to
produce 3D crumpled nanosheets by using a rapid spray
drying technique.'® In this work MoS,, WS, and h-BN were
treated with tip sonication for 1 hour in 10 mg mL™' PVP
aqueous solution. The final dispersion concentrations were
0.17, 0.15 and 0.35 mg mL™", with a corresponding average
nanosheet lateral size of about 500, 400 and 204 nm for MoS,,
WS, and h-BN, respectively. Their average layer number for the
three different materials were in the range of 2-5.

One of the most common reasons for using a polymer as
dispersant is related to the use of 2D materials as inclusions
in composites. WS, was exfoliated in aqueous poly(vinyl
alcohol) (PVA) solution by tip sonication for 1 hour."*® After
centrifugation, unexfoliated bulk was removed. Then, high and
low rotation speeds were used to obtain dispersions with rela-
tively small and large nanosheets. The monolayer yield in the
two dispersions was around 6.1 and 3.1%, respectively. The
mean lateral size for large nanosheets was 120 nm and for
small nanosheets was 60 nm. The unique optical properties of
WS, were exploited to study re-aggregation during drying,
which is an important process in composite applications. The
composites formed were shown to be readily dispersible in
water leading to complete recovery of the spectral features.
This feature was important as it allows the material to be
recovered and re-used. Semiconducting polymers have been
also investigated as dispersants, Table 2. The polymer poly(3-
hexylthiophene) (P3HT), a semiconducting polymer widely
studied for use in organic transistors and photovoltaics, has
been exploited for dispersant-assisted LPE in chloroform by
demonstrating a novel 2D organic/inorganic semiconductor
hetero-junction, exhibiting reverse saturable absorption, in
contrast to both pure P3HT and MoS,."*” This nonlinear
optical feature is attributed to the charge transfer between the
organic and inorganic material.

A detailed study into dispersant-assisted LPE by using non-
ionic stabilizers (eight of which are polymers) was presented
in a work from Guardia et al.'*® Various bulk TMDs (30 mg
mL ") were added to 10 different aqueous solutions and soni-
cated for 5 hours. The highest MoS, concentration reported
(~12 mg mL™") was obtained by using P-123-polyoxyethyl-
enesorbitanmonooleate (P123), providing an exfoliation yield
up to 40%. Note, however, that this exceptional concentration
was obtained by using a very high surfactant concentration

Nanoscale, 2021, 13, 460-484 | 469


https://doi.org/10.1039/d0nr05514j

Published on 08 December 2020. Downloaded on 6/25/2024 3:29:36 AM.

Review

(12 mg mL™"). In general, only very few surfactants produced
MoS, concentrations higher than the one obtained by mixed
solvents, under the same experimental conditions. In the case
of WS,, the highest concentration was ~3 mg mL™, obtained
by using n-dodecyl p-p-maltoside, a small-molecule surfactant,
in high concentration (10 mg mL™"). P123 also did show to
provide high exfoliation yield, but only if used at very high con-
centrations. It is therefore unclear if a non-ionic surfactant
could provide a good alternative to ionic surfactants, as the
high residual amount may affect possible use of the material,
hence re-processing is needed.”*® One has also to note that the
presence of the polymers increases the viscosity of the
medium (as function of their molecular weight), which has an
impact on the sedimentation coefficient of the nanomaterial
so that the high dispersed concentrations could partially be
related to less efficient removal of “unexfoliated” material.

A systematic study on 19 different poloxamers used as
stabilizers for exfoliation of TMD materials in water was
reported by Mansukhani et al.'** These biocompatible and
non-ionic block copolymers can be used as dispersants due to
their amphiphilic nature: they are made by a hydrophobic
polypropylene oxide (PPO) chains and hydrophilic PEO chains
in different lengths and ratios. Based on their structure, they
are divided into two types: pluronic and tetronics. The PPO
chains non-covalently adsorb to the surface of MoS, through
hydrophobic interactions, while the hydrophilic PEO chains
extend into solution by providing stabilization, Fig. 6A. The
relative lengths of the PPO and PEO chains will influence
these amphiphilic interactions and thus lead to variations in
exfoliation and dispersion efficiency. Indeed, a wide range of
concentrations were observed, despite using exactly the same
processing parameters. Amongst all dispersants tested,
Pluronic F87 yielded the maximum concentration of MoS,
(0.12 mg mL™"), demonstrating that pluronics with an inter-
mediate PEO molecular weight are the most efficient disper-
sants for LPE of TMD materials, Fig. 6B. The average thickness
and lateral size of the MoS, nanosheets was ~5 nm and
~28 nm respectively. In addition to MoS,, other 2D materials
including h-BN, WS,, SnSe, MoSe, and WSe, were exfoliated
with Pluronic F87 (see following sections), reaching concen-
trations in the range of 0.07-0.34 mg mL™". As these polymers
are biocompatible, this approach is very attracting for bio-
medical applications,"*® while it may be more difficult to apply
the exfoliated material in electronics, as these polymers act as
electronic insulators or charge trap carriers, hence they can
negatively affect the device performance. Another work'*!
reported the use of two different triblock copolymers for exfo-
liation of MoS,. Inspired by a study reporting that continuous
addition of surfactant can improve graphene exfoliation
yield,'** the aqueous triblock copolymer solution was added
continuously during MoS, exfoliation. The nanosheets concen-
tration was observed to scale up with amount of surfactant
and the more hydrophilic polymer showed better exfoliation
yield. The average thickness was 1.5-2 nm and the lateral size
was about 55 nm. Moreover, the MoS, dispersions remained
stable for more than 6 months. Although high quality
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nanosheets were obtained, the concentration of MoS,
nanosheet was much lower compared with the values obtained
in ref. 138, possibly due to the different experimental con-
ditions used. One of the advantages of using poloxamers is the
ability to use them as exfoliating agents as well as to separate
polydisperse 2D material dispersions based on buoyant
density."** This approach is called: “density gradient ultracen-
trifugation” (DGU) and it has been applied successfully to
many nanomaterials, from carbon nanotubes to
graphene."**'*? Kang and co-authors'** chose Pluronic F68
(F68) to exfoliate and modify MoS,. They calculated that the
buoyant density of F68-functionalized MoS, will decrease to an
acceptable range, in comparison with iodixanol, due to
efficient hydration interactions of F68. The MoS, crystal was
tip sonicated for 1 hour in 20 mg mL™" aqueous F68 solution.
After DGU size separation (Fig. 6C), selected fractions of the
dispersion were characterized: the fractions corresponding to
the top layers were on average thinner than those at the
bottom. Hence, this is an efficient method for production of
enriched dispersions of monolayer MoS,.

Amongst natural polymers, CS has been used as a stabilizer
in aqueous TMD dispersions (Table 2). CS was used to modify
MoS, during exfoliation to enhance the nanocomposites flame
retardance properties, and to provide better interaction with
epoxy, allowing good dispersion of MoS, in this polymer."°
The fabricated nanocomposites exhibited improved properties
in heat-release rate and toxic volatiles release, compared to
pure epoxy. The authors suggest that MoS, acts as a nano-
barrier to combustible gas release, restraining toxic com-
pounds effusion, by reducing fire hazards significantly.
Another work™" reports exfoliation in CS: in this case, this dis-
persant was selected because CS can be protonated to polyca-
tionic material in acid media,'* which is expected to improve
the interaction between the polymer chains and the MosS,
nanosheets, based on previous results obtained from LPE of
graphene. With this method, the maximum MoS, concen-
tration was reported at 0.85 mg mL ", corresponding to about
25.5% exfoliation yield. In another study, CS was used to make
MoS, dispersions suitable for theranostics.'*® Commercial
MoS, flakes were ground with NaCl and treated with oleum at
90 °C under stirring. After removing oleum, the oleum-treated
MoS, solution was sonicated and centrifuged to obtain a
homogeneous and water-soluble black dispersion, which
remained stable for at least 1 week. The average thickness of
the nanosheets was in the range of 4-6 nm, which is larger
than the expected value for MoS, single layer due to the pres-
ence of a CS coating. The average lateral size of the nanosheets
was 80 nm. The zeta potential measurements indicate that the
nanosheets were cationic at pH 6. The nanosheets were then
used for near-infrared photothermal-triggered drug delivery
for cancer therapy, for which MoS, is very attractive, due to its
efficient photo-thermal conversion responsivity. The authors
suggest that dispersant-assisted LPE is a very attractive alterna-
tive to the most used method of synthesis of MoS, dispersions
for theranostics, which is based on lithium ion intercalation:
this process is typically performed at high temperature and
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makes use of n-butyllithium, which is hazardous."* For a com-
prehensive discussion of 2D materials used for theranostics we
suggest the reader to look at recent reviews published
elsewhere.**'%”

Amongst biopolymers, cellulose and lignin, which have
similar chemical structures of CS, were used as stabilizers for
assisted LPE of MoS, (Table 2). In particular, nano fibrillated
cellulose (NFC) has been used by Li et al.**® for the production
of MoS,. NFC is a desirable polymer to use as it is green and
environmentally friendly. A dispersion of MoS, was produced
via sonication for 4 hours in an aqueous solution of NFC
(2.5 mg mL™"). A final concentration of 0.9 mg mL™"' was
achieved with a yield of ~18%. The obtained dispersion had a
zeta potential of —38.3 mV and was stable for more than
2 months. The nanosheets lateral size was reported to be in
the range of 200 nm to few pm. The second-most naturally
abundant biopolymer after cellulose is lignin. Alkali lignin
(AL) was used for dispersant-assistant LPE of MoS,."”” With
the addition of AL, the MoS, nanosheet concentrations were
reported to achieve concentration up to 1.75 mg mL™’,
although a long exfoliation time was required (80 hours). The
authors attribute dispersion stabilization to both electrostatic
and steric effects. In the same work it was reported that AL can
also exfoliate other 2D materials in water, including WS, and
h-BN, although the concentrations were not very high. A few
studies also reported the use of culinary aqueous gelatine,*>®
gum Arabic,"*® guar gum and xanthan gum,'* as dispersants
in water. Furthermore, BSA has been successfully used for the
LPE of MoS, in water, Fig. 6D."® The MoS, dispersions were
produced by sonication for 48 hours and then subject to cen-
trifugation. The resulting MoS, concentration was 1.36 mg
mL™" with an exfoliation yield of 27.2%. The dispersions
obtained using BSA are very stable, even after storage for a
year, and their high dispersability was not influenced by
changes in pH from 0 to 14. It was estimated that there are
~120 BSA molecules on each nanosheet. In addition, the
bound BSA can be partially removed by increasing the number
of high speed centrifugation steps with water via centrifugal
force, although this process will cause some re-aggregation of
the MoS, nanosheets. It is proposed that after adding MoS,
into BSA solution, BSA molecules are stably bound to the
surface of MoS, crystals via the strong hydrophobic inter-
action, while polar groups of BSA are exposed externally in
water. During sonication, the surface layer of MoS, crystals
adsorbed with BSA can slide gradually and irreversibly as the
freshly exposed surfaces are immediately covered by free BSA,
leading to the exfoliation of bulk MoS, in water. The crystals
showed a high average thickness of about 10 nm, which was
attributed to BSA adsorbed on both sides of the nanosheets.
The average lateral size of these MoS, nanosheets was around
100 nm. It was also noted that efficient exfoliation was
achieved under sonication with low energy density by using a
bath sonicator instead of a tip sonicator. Finally, the authors
highlighted that BSA can efficiently exfoliate graphite into gra-
phene as well as MoS,, while other proteins, such as fibroin,
do not perform well in the exfoliation of both materials. This

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

shows the importance of selecting the dispersant by taking
into account of the chemical structure of the 2D material: an
efficient dispersant for exfoliation of graphene is not necess-
arily efficient at exfoliating other 2D materials and vice versa.
Finally, single-stranded (ss)DNA was used as dispersant for
WS, and WSe, exfoliation, Fig. 6E.'°" Bulk material (1.0 mg
mL™") was added to aqueous (ss)DNA solution (1.5 mg mL ™)
then treated with tip sonication for 3 hours. After removing
un-exfoliated crystals, the concentrations of WS, and WSe,
were reported to be 0.87 and 0.81 mg mL™", respectively. The
exfoliation yield reaches up to 87% for WS, and 81% for WSe,.
The exfoliation yield was observed to increase more than 20
times, compared the throughput without the (ss)DNA disper-
sant. The lateral size of the nanosheets was in the range of 60
to 650 nm with an average thickness below 10 nm for WS, and
WSe, nanosheets. The anti-bacterial activity of WS, and WSe,
against Escherichia coli K-12 MG1655 was then tested.

Amongst small organic molecules, pyrene derivatives have
been shown to be an effective dispersant choice for the exfolia-
tion of TMDs as well as for graphene in water, Table 2. Within
our group, we have employed pyrene derivatives as exfoliating
agents to produce dispersions of four different TMDs. Pyrene
derivatives investigated include (Fig. 6F): PS1, 6,8-dihydroxy-
1,3-pyrenedisulfonic acid disodium salt (Py2) and 1,3,6,8-pyre-
netetrasulfonic acid tetrasodium salt (Py4)."°" Amongst all of
them, Py2 was shown to achieve the highest exfoliation
efficiency whereas Py4 is ineffective at exfoliating layer
materials due to its high solubility in water. Our group further
used PS1 as the exfoliating agent to obtain aqueous MoS,,
WS,, MoTe, and MoSe, dispersions, which were used to print
the photoactive element of in plane and vertical
photodetectors.**'°>%* Wu et al.'®* recently reported the exfo-
liation of MoS, with 1-pyrene-butyrate salts, including 1-pyre-
nebutyric acid sodium salt (PyB-Na) and 1-pyrenebutyric acid
tetrabutylammonium salt (PyB-TBA). The exfoliation process is
rather different from the traditional protocol as the MoS,
powder was kept for 24 hours at room temperature (eventually
under magnetic stirring) before sonication to facilitate the
intercalation of the PyB molecules into the bulk material.
Distilled water (270 mL) was added before shear mixing at
6000 rpm. The dispersions were kept still for 4 hours and the
top 200 mL of the suspension was decanted and centrifuged.
The as-exfoliated MoS, exhibited a high degree of crystallinity
with an average nanoflakes thickness of 5 nm, and extremely
large size (several pm), which is rather unusual. Similar results
were obtained by Chen et al.'®® where organic salts such as
imidazole or pyridiniumtribromide were used as dispersants.
Concentration up to 4 mg mL™" and nanosheets with average
thickness of 0.9 nm were reported, also exhibiting extremely
large lateral size (up to 50 pm). To improve the dispersion
stability at different pH values, Chen et al.'°® reported the use
of p-phosphonic acid calix[8]arene. The as-synthesized disper-
sions of graphene, h-BN, MoS, and WS, dispersions had a pH
value of about 3, with zeta potential of —68 mV, —63 mV,
—-50 mV, —50 mV, respectively. When the pH value of the dis-
persions was adjusted between 2-12, the dispersions showed
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cule are Py-1SOs (PS1), Py-2SOs3 (Py2) and Py-4SOs3 (Py4). Reproduced from ref. 101, 139, 143, 160 and 161 with permission from IOP Publishing,

Wiley-VCH, Springer Nature and the American Chemical Society.

good stability as their zeta potential kept in the range of —50
to —80 mV. Other organic molecules used as dispersants
include: tannic acid,"® hyaluronic-functionalized pyrene,'®’
alkylamine'®® and thioglycolic acid, which can be used as dis-
persant due to its thiol interaction with MoS,, while its COOH
functional group allows dispersion and stabilization in
water.'®® Finally, amongst small biomolecules, Ayan-Varela
et al."’° have shown that MoS, can be exfoliated in deoxyade-
nosine monophosphate (dAMP) and deoxyguanosine mono-
phosphate (dGMP), reaching relatively high concentrations
(1.7-1.8 mg mL™"), while exfoliation was not very effective with
others types of nucleotides. This result was attributed to the
higher basicity for dAMP and dGMP, which allows better
adsorption onto the TMDs via acid-base interaction, compared
to the n-= interaction with graphene.

We remark that only a very few works have been dedicated
to less famous TMDs, such as TiS, and ReS,. In the case of
TiS,, one of the major problems is related to its reactivity to
water or oxygen."”" As we will show later, the stability of air-
sensitive materials is usually improved by LPE, in particular
after adsorption of surfactants. However, a recent study'’> has
shown that TiS, nanosheets, obtained from tip sonication in
aqueous SC solution (2 mg mL™") at a starting concentration
of 20 mg mL™", oxidized almost completely within hours. In
contrast, ReS, is well-known for its stability in air and water.
Hence, this crystal can be exfoliated in water using traditional
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surfactants as stabilizers. Kang et al.'” successfully exfoliated

ReS, powder via ultrasonication in aqueous SC solution. The
resulting dispersion was then centrifuged at 7500 rpm to
remove unexfoliated ReS, powder and then further ultracentri-
fuged at 20 000 rpm to collect nanosheets with relatively large
lateral sizes. DGU was also performed by using caesium chlor-
ide, demonstrating sorting by thickness.

3.2 Hexagonal-boron nitride

Bulk h-BN consists of an equal number of B atoms and N
atoms arranged alternately to form a hexagonal structure. In
the h-BN monolayer, B and N atoms are covalently bonded,
and the distance between adjacent atoms in-plane is 2.504 A.
The h-BN monolayers are stacked by van der Waals forces, and
the inter-plane distance is about 3.30 A. Bulk h-BN, the so-
called “white graphite”, is a structural analogue of graphite. Its
attractive properties include: a wide band gap (5.7 eV) over a
wide range of energies, higher chemical inertness, thermal
stability, and resistance to oxidation. LPE of h-BN was reported
first in ref. 29, 174 and 175. using organic solvents, although
exfoliation of h-BN in water is also possible, but at lower
concentration.”

Dispersant assisted LPE of h-BN has been widely used
(Table 2): the use of SC and SDC allows production of h-BN
dispersions with concentrations up to 2.37 and 1.67 mg mL ™",
respectively, which are significantly higher than the concen-
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tration obtained without surfactant (0.1 mg mL™")."® The
authors claimed that sonication treatment can turn h-BN into
h-BN-OH due to hydrolysis in aqueous solution, by improving
exfoliation. While h-BN-OH still maintains a hydrophobic and
n rich basal plane, the o-bonding rich SC and SDC can interact
with h-BN-OH via o-n interactions. Therefore SC and SDC
addition has been shown to improve h-BN exfoliation and
stability, as compared to exfoliation in water only."’® SC
assisted LPE of h-BN was also demonstrated by other
groups,”>'7 1138 although the concentrations of h-BN
nanosheets reported is much lower than 1 mg mL™'. The
difference in h-BN nanosheet concentrations may come from
the use of different bulk material concentrations and other
processing parameters.

The first work reporting use of a polymer for LPE of h-BN
has been reported by Han et al.:'’* 0.2 mg of h-BN crystals was
added in a 5 mL 1,2-dichloroethane solution of poly(m-pheny-
lenevinylene-co-2,5-dictoxy-p-phenylenevinylene)  (0.12 mg
mL™") to sonicate for 1 h. Characterization by transmission
electron microscopy confirmed exfoliation down to few- and
single-layer nanosheets, Fig. 7A. The amphiphilic copolymer
F68 was also used in h-BN exfoliation and size sorting."”” Bulk
h-BN was tip sonicated for 2 hours in aqueous F68 solution
(20 mg mL™") at a concentration of 40 mg mL™". After three
steps of DGU treatment, monodispersed h-BN nanosheet frac-
tions could be obtained (Fig. 7B). The smallest nanosheet
thickness was 0.73 + 0.11 nm, while other nanosheets fractions
had thickness in the range of 2-8 layers. In this work, LPE of
h-BN in SC was also performed for comparison. The authors
observed that SC had weaker ability to sort thicker h-BN due to
its smaller surface packing density and equivalent anhydrous
shell thickness on h-BN, as compared to results observed in
case of graphene exfoliation."””

PVP, already widely used as dispersant for LPE of many 2D
materials, has been used also for h-BN exfoliation (Table 2):
Bari et al.'*® reported dispersion concentrations up to 0.35 mg
mL ™" by sonication of h-BN in aqueous PVP solution (10 mg
mL ") for 1 hour. The lateral size of the nanosheets was about
204 nm, while their average thickness was around 2-5 layers.
May et al.’® undertook a similar systematic study performed
on TMDs, in which different polymers were used for disper-
sant-assisted LPE: the bulk h-BN crystals (0.3 mg mL™") were
tip sonicated in polymer and THF solution (3 mg mL™") for
0.5 hours. The obtained dispersion concentrations were rather
low (2-34 pg mL™"), this result was attributed to unsuitable
Hildebrand solubility parameters between solvent and h-BN.*°
Another work reports the use of 19 non-ionic copolymers as
dispersants for assisted-LPE of TMDs and h-BN."*° These
copolymers are poloxamers consisting of amphiphilic pluro-
nics and tetronics in different ratios. Bulk h-BN in aqueous
Pluronic F87 solution (10 mg mL™") was tip sonicated for
1 hour, achieving a final dispersion concentration of about
0.07 mg mL~" which was significantly lower than achieved for
the MoS, dispersion. The average flake thickness and lateral
size were reported as ~4.5 nm and ~77 nm, respectively."*® A
study investigated the use of 8 different non-ionic polymers as
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well as SC as dispersants. Remarkably, the concentrations
reported were all low (in the range of 0.046-0.18 mg mL™%),
which were even lower than the ones obtained by LPE without
dispersants.'*® This was attributed to the functionalization of
h-BN with hydroxyl groups during sonication in water, which
would decrease adsorption of the dispersant’s hydrophobic
moieties onto h-BN. In addition to synthetic polymers, biopo-
lymers have been used to achieve effective LPE of h-BN: for
example, Biscarat et al.'’® reported the fabrication of gelatine/
h-BN nanocomposites by a simple gelatine assisted LPE.
Another group used gelatine as a dispersant, by obtaining a
high h-BN concentration (1.4 mg mL™")."® This dispersion
was made by sonicating h-BN crystals (50 mg mL™") for
8 hours in 20 mg mL™" aqueous gelatine solution. Besides
gelatine, the biopolymers AL'>” and NFC'*® also showed good
potential for the exfoliation of h-BN.'*® In the latter case, a
zeta potential of —41.9 mV and lateral size from 200 nm to
micrometres were reported. The authors observed that the
h-BN dispersions have better stability compared to the h-BN
dispersions obtained without NFC: after sitting for 10 days,
aggregates appeared in the BN dispersion without NFC, while
NFC-assisted dispersed BN solution kept stable (Fig. 7C)."*°
Our group has used pyrene derivatives to successfully exfoli-
ate h-BN.*>'°%179 One of the most successful stabilizer in this
family is Py2, which allowed to achieve 18.1% exfoliation yield
and dispersions concentration of 0.544 mg mL ™. PS1 disper-
sant assisted such h-BN nanosheet dispersions were applied as
dielectrics in printed electronics.'”'”® In addition to polyaro-
matic dispersants, other small organic molecules like p-phos-
phonic acid calix[8]Jarene'®® and pyrene-conjugated hyaluro-
nan,'®” were also used for assisted-LPE, by achieving dis-
persion concentrations of 0.1 and 0.6 mg mL™", respectively.

3.3 Black phosphorous

BP is an elemental crystal with a layered structure similar to
graphite. The BP monolayer, called phosphorene, contains two
sublayers, in which the valence orbitals of the P atom are sp®
hybridized forming 3 covalent bonds with surrounding p
atoms, whereas one lone pair of electrons occupy the final
hybrid orbital. The BP monolayers are stacked with a pitch of
5.4 A and held together by van der Waals forces.'®® Research
on BP is increasing significantly, since few-layer BP has been
reported to exhibit outstanding charge-carrier mobility and
layer-dependent ~ direct bandgap, unlike graphene.'®!
Moreover, a large on/off ratio observed in transistors and
highly anisotropic properties make few-layer BP a desirable
candidate for applications within optoelectronics, energy
storage and many others.'* However, monolayer and few-layer
BP nanosheets are sensitive to oxygen and moisture.'®>"?
Despite this, successful LPE of BP has been reported with
improved stability in air, due to solvent adsorption.'®* High-
boiling-point solvents including NMP, DMF, DMSO, and
N-cyclohexyl-2-pyrrolidone allow exfoliation of the bulk crystals
and at the same time they help minimizing chemical degra-
dation from ambient oxygen and water as they act as barrier
between the nanosheets and the environment.'®* %" Aqueous
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BP dispersions were successfully obtained by LPE by using
SDS dissolved in deoxygenated water, prepared by purging de-
ionized water with ultrahigh-purity Ar gas in a sealed con-
tainer. Bulk BP was added in aqueous SDS solution (20 mg
mL ") and sonicated for 1 hour. After centrifugation to remove
the unexfoliated bulk material, the dispersion showed a con-
centration of 0.13 mg mL™" and was composed by nanosheets
with average thickness of about 4.5 nm. Compared with NMP-
exfoliated BP dispersion, a higher concentration and narrow
thickness distribution were observed (Fig. 8A and B). The zeta
potential was about —70 mV, which was more negative than
SDS-water (—55 mV) and BP in water (0 mV), showing improved
dispersion stability. Microscopic and spectroscopic analysis
showed that individual BP nanosheets possess properties com-
parable to micromechanically exfoliated BP flakes with no
effects from chemical degradation following aqueous proces-
sing."®® In a more recent work'®® bulk BP was added in
aqueous SC solution (5 mg mL™"), after shear exfoliation was
applied by using a kitchen blender for 2 hours; the average
thickness was ~19.1 nm, while the lateral size was in the range
of 100-700 nm. The obtained BP nanosheets were further non-
covalently modified with anthraquinone, showing improved
chemical stability."®® Recently, Kim et al. reported effective
exfoliation and stabilization of BP in the presence of strongly
interacting surfactants such as CTAB and tetrabutyl-
ammonium hydroxide (TBAOH).'”® Benefiting from ionic
groups, these dispersants can interact with the lone pair elec-
trons of BP. In this study, the bulk BP (0.1 mg mL™") was tip
sonicated for 4 hours in aqueous CTAB and TBAOH solutions,
respectively, at different concentrations. The thickness of the
nanosheets obtained by CTAB-BP and TBAOH-BP was
3-10 nm, and above 20 nm, respectively. The nanosheet lateral
size was in the range of 800 to 3000 nm for CTAB-BP and 500
to 1500 nm for TBAOH-BP. The zeta potential of the CTAB-BP
dispersion was +50.93 mV and —45 mV for TBAOH-BP dis-
persion. In this work, DOSY and 2D NOESY spectroscopy were
employed suggesting the interdigitated arrangement of surfac-
tants on few-layer BP. Stability studies of CTAB-BP nanosheets
show that the degradation is slower when exposed to ambient
condition: only tiny oxidized bubbles are visible after 15 days.
This has been attributed to the CTAB interactions with the
nanosheets, which are stronger that those of TBAOH. Indeed,
the TBAOH-BP nanosheets show significant oxidation after 5
days storage in ambient conditions."*°

In addition to small-molecule surfactants, macromolecules
have also been used: PVP was used to achieve a remarkable
monolayer yield of up to 51%.'°" Bulk BP was added in PVP
ethanol solution (0.2 mg mL™") at a concentration of 1 mg
mL ™" and sonicated for 3 hours. The thickness of the obtained
BP nanosheets was 0.6—-0.8 nm, while the mean lateral size
and width were about 658 nm and 264 nm, respectively.
Absorption spectroscopy was used to demonstrate that about
90% of the nanosheets are stable over 20 days. No signs of
apparent degradation (e.g. bubble formation) were observed
even after exposure to ambient conditions for 24 hours.'”!
Another work used PVP as an agent to produce few-layer BP
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dispersions in water.'®> In this work, bulk BP was sonicated in
aqueous PVP solution (0.5 mg mL™') at a concentration of
2 mg mL™" for 20 hours, then centrifugation was applied to
remove unexfoliated bulk. This approach was observed to
provide a much higher throughput yield (33.4%), compared to
that of BP exfoliated in pure water (6.2%). The authors claim
that this yield enhancement is related to the interaction with
the pyrrolidinone group of PVP.'*?

Monomer ionic liquids have been demonstrated to efficiently
exfoliate BP as well as to improve few-layer BP dispersions
stability."**"'®> However, ionic liquids are typically expensive
compared to traditional solvents used in LPE. A more economi-
cal approach is based on using a diluted polymer ionic liquid
(PIL) into a solvent, as reported by Hu et al.'°® Imidazole-based
PILs were selected and named as P([VPIm]Br), P([VPIm]|PFs) and
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Fig. 7 (A) Low and high magnification transmission electron micro-
scope (TEM) images of h-BN nanosheets. (B) Procedures for size sorting
of exfoliated h-BN by DGU. Left: Schematic diagram of the h-BN LPE
process with F68. Middle top: Three operation steps for this DGU illus-
tration. Middle bottom left: A photograph after step 2. Middle bottom
right: Four vials with solution fracted from the right vial. Left: A photo-
graph after step 3 effective exhibiting distinct 8 bands. (C) Hydrophilic
and hydrophobic sites of glucose and a photo of h-BN dispersions with
and without nanofibrillated cellulose addition after sitting for 10 days.
Reproduced from ref. 156, 174 and 177 with permission from the
American Institute of Physics, the American Chemical Society and
Elsevier.
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P([VPIm]|TFSI). Among them, P([VPIm|TFSI) showed the best
exfoliation efficiency. Bulk BP (1 mg mL™') was added in
P([VPIm]TFSI) DMF solution (7.61 mg mL™") and sonicated for
6 hours. The BP nanosheet dispersion showed a concentration
of 0.19 mg mL™" corresponding to 19% exfoliation yield. The
nanosheets had thickness in the range of 1.6-4.9 nm. Moreover,
the nanosheets were reported to be stable for more than 100
days under ambient conditions (Fig. 8C). The authors demon-
strated that the PILs imidazole rings can interact with BP via
electrostatic interaction and prevent water and oxygen to get in
direct contact with BP, therefore improving the BP exfoliation
yield and stability. Furthermore, the imidazolium rings can
quench the free radical species during irradiation. Benefiting
from PILs good ionic conductivity and high mechanical
strength, the stabilized BP/P([VPIm]TFSI) exhibited good per-
formance when used in a flexible photodetector.'*® In addition
to macromolecules, the same group also utilized phytic acid as
dispersant.”®” The BP crystals were added in phytic acid and
DMF solution (4 mg mL™") and sonicated for 8 hours. After
removing unexfoliated BP crystal by centrifugation, the
nanosheets average thickness was 3-4 nm. With phytic acid
addition, the obtained BP nanosheets were observed to have
large lateral size: up to 24-28 pm in length and 4-6 pm in
width."”” Finally, tannin was exploited as dispersant for
assisted-LPE with the goal to improve the stability of BP
nanosheets in ambient conditions."”® The material was shown
to be stable after exposure to air for at least 10 days.

3.4 Other 2D materials

To the best of our knowledge, dispersant assisted LPE was
reported only on a few types of less studied 2D materials: anti-
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monene, the family of layered hydroxides and other layered
materials found in nature.

Antimonene is considered as a promising candidate for
future electronics, as it belongs to the same group of BP,
hence it is characterized by a high carrier mobility and layer-
dependent bandgap (0-2.28 eV), Fig. 1."°°°! Xiao et al. uti-
lized diluted PILs, including P([VPIm]PF,) and P([VPIm|TFSI),
to exfoliate antimony efficiently.>*> Bulk antimony was added
at a concentration of 1 mg mL ™" in PIL dissolved in DMF and
sonicated. After centrifugation, the resulting antimonene dis-
persions featured a concentration more than 10 times higher
than achieved with the solvent alone (Fig. 8D). The maximum
concentration reported by using the solvent alone for exfolia-
tion was 0.2 mg mL™", whereas by adding P([VPIm]PF¢) into
the solvent, a concentration of 16.26 mg mL™" was achieved
with an exfoliation yield of more than 20%.>>

Layered hydroxides are composed by positively charged
metal layers and compensating anionic interlayers. They are
widely used as catalysts, bioactive nanocomposites and photo-
electric active materials.”®> Amongst the members of this
family, cobalt hydroxide has been exfoliated into Co(OH),
nanosheet with assisted LPE.”** The bulk powder (20 mg
mL™") was sonicated in aqueous solution of SC (9 mg mL™)
for 4 hours. The dispersion was then centrifuged at 1500 rpm,
240g for 2 hours to discard the unexfoliated bulk. The
nanosheets have lateral size between 20 to 300 nm, and about
88 nm on average. AFM showed that the dispersion is com-
posed by 2 to 10 layers with a mean thickness of 6 layers, and
mean lateral size of around 94 nm. Another member of the
same family is the neutral transition metal hydroxides Ni
(OH),, which is attractive because of its catalytic properties. In
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Table 2 Summary of the works reporting dispersant-assisted LPE of TMDs, h-BN, BP and less studied 2D materials. We have selected works report-
ing details of both exfoliation and characterization of the nanosheets

Thickness
Dispersant/solvent 2DM Caisp (Mg ML™")  Cpq (mg mL™") Yield (%) nm N Lateral size (nm) Ref.
SC/water MoS, 1.5 0.5 0.1 — 2-9 280 117
MoS, 10 0.5 1 — 2-12 40-200 118
MosS,, 2-5 1.9-2 9.5-10 — 14-15 175-195 89
WS, 2-5 1.3-2 6.5-10 10.5-17 190-195
MoS, 2 0.15 2 — 7 120 123
MoS, 10 0.05 0.51 9.5-9.7 — 87-89 125
h-BN 5 2.37 19.75 <2 — — 176
BP 5 — — 9.4-28.8 — 100-700 189
Ni(OH), 9 0.6 3 10.2-11 — 122-130 205
SDC/water MoS, 10 0.09 0.85 7.7-7.9 — 89-91 125
WS, 2-5 1.5-2.2 7.5-11 — 11-12 190-195 89
h-BN 5 1.67 13.92 >4 — — 176
CTAB/water MoS, 10 — — 1-1.5 1-2 70-75 126 and 127
WS, 0.3-1 1-1.5 5-7.5 — 15.5-21 210-230 89
BP 1.46 — — 3-10 — 800-3000 190
SDS/water WS, 0.5-1.4 1.7-1.8 8.5-9 11-15.1 195-205 89
BP 20 0.13 13 4.5 — — 188
STS/water WS, 0.1-1 0.9-2.5 4.5-12.5 — 12-14 195-205 89
SOS/water WS, 1-5 0.9-1.1 4.5-5.5 9.5-16.5 195-215
LDS/water WS, 1-2.5 1.9-2.2 9.5-11 11.5-18 195-220
TTAB/water WS, 2-4 1.2-1.3 6-6.5 13.5-14 200-205
SDBS/water WS, 0.1-0.6 1.1-2.1 5.5-10.5 10.5-12 190-205
TBAOH/water BP 1.04 — — >20 — 500-1500 190
PVP/water MoS, 10 0.17 0.85 — 2-5 500 135
WS, 10 0.15 0.75 2-5 400
h-BN 10 0.35 1.75 2-5 204
BP 0.5 0.13 33.4 2.0-3.0 — — 192
PVP/ethanol BP 0.2 — — — 0.6-0.8 658 (length) 191
264 (width)
PVA/water WS, 2 0.42 1.4 6.1 (large) — 120 (large) 136
3.1 (small) 60 (small)
Brij L23/water WS, 0.96-108 1.1-1.45 5.5-7.25 — 16-18 213-220 89
F127/water MoS, 100 0.13 1.3 1.5-2 — 55 141
TWEEN20/water WS, 0.36-48 0.3-2.1 1.5-10.5 15-16 — 200-215 89
TWEENS80/water WS, 0.39-11 0.3-2.2 1.5-11 15-16 213-220
TWEENS0/water MoS, 6 1.2-1.8 4-6 6.45 — — 138
WS, 6 0.3-1.3 1-4.3 7.21
h-BN 6 0.07-0.09 0.23-0.3  7.62
F87/water MosS,, 20 0.12 0.32 4.1-6.3 — 12-43.2 139
WS, 20 0.09-0.13 0.24-0.35 3.4-6.2 38.8-80
SnSe 20 0.06-0.08 0.16-0.21 3.5-9.3 23.3-117.5
MoSe, 20 0.29-0.39 0.77-1.04 2.8-4.8 23.8-65.4
WSe,, 20 0.26-0.32 0.69-0.85 3.4-5.2 24.7-54.9
h-BN 20 0.06-0.08 0.16-0.21 2.4-6.6 39.1-114.9
F68/water MoS, 20 — — 3-153 — 10-407 140
WS, 20 2-221 12-384
WSe, 20 2-202 14-304
MoSe, 20 2-160 16-232
MoS, 20 1.71 17.1 0.6-5 — — 143
h-BN 20 — — 0.62-0.84 (smallest) 2-8 — 191
P([VPIm]TFSI)/DMF  BP 7.61 0.19 19 1.6-4.9 — — 196
P([VPIm]PF,)/DMF Sb 16.26 0.2 20 2.2-5.1 — — 202
CS/water MoS, 0.17 0.93 0.62 4-6 — 80 153
NFC/water MosS, 2.5 0.9 18 — — 200—few pm 156
h-BN 0.5 1.1 22 200—few pm
AL/water MoS, 1 1.65-1.83 16.5-18.3 — Few layers 100-500 157
WS, 0.5 0.16-0.22 3.2-4.4 Few layers 285.2
h-BN 0.5 0.09-0.13 1.8-2.6 Few layers 530.5
Gelatin/water MoS, 20 0.8 1.6 2.21 — — 158
WS, 20 0.9 1.8 2.17
h-BN 20 1.4 2.8 2.09
Guar gum/water MoS, 10 0.24 1.2 — 3-6 20-300 159
BSA/water MosS,, 1 1.36 27.2 10.65 — 100 160
(ss)DNA/water WS, 1.5 0.87 87 1.4-2.6 — 65-650 161
WSe, 1.5 0.81 81 <10 64-550
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Thickness

Dispersant/solvent 2DM Caisp (Mg mML™) Cpq (mgmL™") Yield (%) nm N Lateral size (nm) Ref.
PS1/water MoS, 0.1 0.036 1.2 — 5-7 av. 400-700 43 and 101

WS, 0.1 0.04 1.3 5-7 av. 100-800

MoSe, 0.1 1.1 36.7 5-7 av. —

MoTe, 0.1 0.8 26.7 5-7 av. —

h-BN 0.1 0.113 (pH=2) 3.7 <6 400-1000

h-BN 1 — — 2.4 — 100-150 179
PyB-Na/water MoS, — 0.3 2 3.5-7 — 1000-3000 164
Imidazole/water MoS, 20 4 40 0.9 — 10 000 165
PC8/water MoS, 1 0.15 3 5 — 187.5 166

WS, 1 0.13 2.6 5 108.5

h-BN 1 0.10 5 4 295.0
TA/water MosS, 5 0.15 1.5 — 3-5 20-300 159
Py-HA/water MoS, 1 0.36 12 16 — — 167

h-BN 1 0.6 20 12.5
Thioglycolic acid/water MoS, 93 3.49 0.87 1 — 100-500 169
dAMP/water MosS, 1 1.7 — — 10 260-265 170
Phytic acid/DMF BP 4 — — 3-4 24 000-28 000 197

Acronym definitions: tetradecyltrimethylammonium bromide (TTAB); polyoxyethylene (23) lauryl ether (Brij L23); triblock copolymers F127
(F127); polyoxyethylene (20) sorbitan monooleate (TWEEN 80); polysorbate 20 sorbitan monolaurate (TWEEN20); tannic acid (TA); pyrene-

conjugated hyaluronan (Py-HA).

one study, Ni(OH), was exfoliated in water using SC
(Fig. 8E).>* The pre-treated bulk Ni(OH), was tip sonicated for
4 hours in aqueous SC solution (9 mg mL™") and then the
unexfoliated materials were removed by centrifugation. The
obtained dispersion had concentration of 0.6 mg mL™", while
the nanosheets have average thickness of around 10 nm and
lateral size of about 126 nm. The same methodology was
applied to another two hydroxides: Mg(OH), and Cu(OH),.>®

Assisted-LPE in aqueous SC solution was also extended to
layered materials easily found in nature, with differing purity
and composition. Harvey et al>®” successfully exfoliated
talcum powder, cat litter and beach sand, which contain
layered talc, silicate and clay respectively. The resulting disper-
sions contained high concentrations of talc, a bentonite/paly-
gorskite mixture and mica nanosheets for the three starting
materials respectively.

4 Summary and outlook

Following the extensive investigation of dispersant-assisted
exfoliation of graphene in water, efforts have been made for
applying the same approach to a wide range of 2D materials.
Various types of dispersants have been studied, showing no
detrimental effect on the structure of the nanosheets and the
ability to control their surface chemistry and charge. Table 2
provides a summary of the works that have been discussed in
this review. However, we want to point out that comparisons
should be made carefully: LPE is a very versatile method,
where many different parameters can be changed (sonication
type, sonication power, sonication time, size of bulk crystal,
etc.), which are not always reported in the manuscripts. In
addition, a wide range of pre- and post-processing techniques

This journal is © The Royal Society of Chemistry 2021

are applied in combination with LPE, which can significantly
change the nanosheets properties (size, thickness, amount,
etc.). Often the full conditions used for the exfoliation are not
even provided by the authors. For example, the centrifugation
rate is often given in rpm, without reporting the g factor of the
centrifuge, by making it impossible to reproduce the experi-
mental results and to make a direct comparison between
works performed by different groups in the majority of cases.
Furthermore, a unified method to determine concentration is
currently lacking. Typically, the concentration is either deter-
mined by the dry mass after filtration of a given dispersion
volume, or via calculations from UV-Vis spectral data, which
requires the absorption coefficient of the material to be
known. In this second case, a further problem arises with the
use of the absorption coefficient, whose exact value is reported
to change with the size and thickness of nanosheets and there-
fore with different processing parameters.’® Typically, the
average coefficient for each material is used, however this is
not necessarily the correct value to use unless the experimental
conditions used are closely matching with those from which
the average coefficient was derived. In addition, the derivation
and use of the absorption coefficient is still under discussion,
but in many studies this factor is not considered when discuss-
ing the final dispersion concentration. Furthermore, some
works report absorption measurements using an integrating
sphere, to isolate the effects of light scattering, whereas others
use standard UV-Vis spectrometers thereby measuring the
extinction spectra.>® In addition to the concentration, there are
also inherent issues with the characterization of the size and
thickness of nanoflakes produced by dispersant-assisted LPE,
therefore the results obtained may not be directly comparable:
first, if the range of lateral sizes or thicknesses of nanoflakes
are considered, it should be noted that the both the upper and
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lower limits will be affected by the centrifugation steps used.
Second, in the case of dispersant-assisted LPE, thickness
measurements are particularly challenging: the adsorption of
molecules can change significantly the measured thickness of
a single-layer, as molecules are adsorbed on both sides, and
possibly in a disordered arrangement. Hence, it is challenging
to turn measurements of thickness taken in nm into number
of layers. The measured thickness will also depend on the
amount of free dispersant in solution, as this will get de-
posited on the nanosheets upon evaporation of the solvent
during sample preparation. Hence, any washing step done after
exfoliation is likely to affect the thickness measured. It is also
unclear if and how different dispersants affect the apparent
thickness, by making it impossible to compare works based on
different stabilizers. It should be stressed that although many
groups have proposed different characterization protocols based
on spectroscopic techniques, these methods should be used
with awareness of their limitations. We invite the reader to look
at other reviews, where the characterization protocols and their
limits have been discussed in details.**”® Finally, statistical ana-
lysis, i.e. calculation of the average size and thickness of flakes
over a large sample size, should be mandatory as these values
provide a valid descriptor of the properties of the dispersion
contents. A Raman spectrum or an image taken by AFM may
only be representative of the best sample, but not of the whole
distribution. It would be ideal to develop a method to measure
the thickness of a large number of nanosheets - possibly, to
directly detect the number of layers. While AFM can provide
quick measurements on a large number of flakes, the uncer-
tainty on the thickness measurement make the method only
qualitative. In contrast, electron microscopy is very time con-
suming and require special sample preparation. The stability of
the dispersions should also be reported and evaluated by zeta
potential measurements or dynamic light scattering over at
least 2 weeks. As discussed, many works do not provide full
details on the process (e.g. amount of starting bulk material,
details on ultrasonication methods, etc.) and other works do
not report full characterization of the nanosheets, in particular
for the less studied 2D materials. It is of crucial importance for
the community to provide clear guidelines on which infor-
mation should be mandatory when reporting results on
materials produced by LPE.

Understanding of the exfoliation and stabilization mecha-
nism is of crucial importance to enhance the exfoliation yield,
especially in terms of how the dispersant molecules interact
with the desired 2D material in the chosen solvent medium.
While the general mechanism is clear, ie. the amphiphilic
nature of the dispersant shows favourable interaction between
its hydrophobic part and the 2D material, whereas the hydro-
philic part interacts with the solvent medium, stabilising the
dispersant/2D material complex in the solvent medium, the
exact interaction of the dispersant with the nanosheets and
the solvent is lacking. We must improve our understanding on
how the molecular geometry of the dispersant can be used to
enhance the adsorption onto the 2D material, on how the
chemical composition and structure of 2D materials beyond
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graphene can affect the interaction with the dispersant and
the solvent medium, and on how the kinetics of dispersant
adsorption can lead to region-selective adsorption on the 2D
material surface or to the discovery of a new dispersant
designed specifically for a particular 2D material. In other
words, we do not know how molecules are adsorbed on the
nanosheets and how they are arranged and which are the
factors that play a role in determining their arrangement. The
only few experimental studies that have looked at this problem
are based on NMR-based techniques. It is hoped that in future
advanced techniques, such as NMR and synchrotron-based
techniques, will be routinely used for the characterization of
the dispersions, possibly in situ: this could provide valuable
insights on the exfoliation mechanism. Furthermore, certain
dispersants may also degrade under prolonged sonication, in
particular with tip sonication or due to poor cooling during
sonication. As the dispersant amount is minimized with cen-
trifugation, the UV-Vis spectra of the dispersions typically do
not show any signal from the dispersant, as well as the Raman
spectrum, hence often there is no information on the structure
of the dispersant, once adsorbed on the nanosheets.
Nanoscale techniques, which are able to identify molecules
randomly adsorbed on surfaces, are urgently needed. The
knowledge on how many molecules are adsorbed on the
nanosheets is also useful for the exploitation of such 2D
material dispersions into applications. As the dispersant is an
additive, often it is unwanted and needs to be removed by
post-processing. Additives, such as pyrene derivatives, typically
require temperature above 400 °C to be removed, which is
inconvenient in some applications. In such cases, it is crucial
to introduce washing steps to minimize free dispersant and to
somehow quantify how many molecules are left. The amount
of adsorbed stabilizer is also likely to determine the cyto-
toxicity of the nanosheets. We remark however that in certain
applications the dispersant does not need to be removed; in
contrast, the dispersant can be used to provide specific pro-
perties to the nanosheet. For example, the dispersant can be
used to tune surface charge or to introduce specific functional
groups to load a drug or to interact with a particular analyte.
This review contains many examples of such applications: in
the case of BP, the dispersants can improve its stability in
air.”®® In another approach, MoS, modified with P3TH was
used to make hybrid materials with new optical properties due
the interaction between MoS, and P3HT."®” BSA was used as
dispersant to improve MoS, binding capacity to pesticides."®
With (ss)DNA modification, WSe, nanosheets did show excel-
lent antibacterial ability."®" The drug doxorubicin can be
loaded on CS-modified MoS,.***

From our review it is clear that the potential of the disper-
sant-assisted method has not been fully exploited yet: most of
the works refer to TMDs (Table 2), while the family of 2D
materials is much larger. There are many questions that
remain unanswered, and a wide range of experiments still to
perform. For example, based on the recent results reported by
our group on highly concentrated graphene dispersions
obtained by using insoluble and complex aromatic mole-
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cules,"” it would be interesting to apply this method also to
other 2D materials, although the molecule will need to be
designed accordingly to the specific 2D material.

Overall, this review has shown that dispersant-assisted LPE
is a simple one-pot approach to obtain stable and concentrated
dispersions of nanosheets with specific surface charge and
chemistry, especially in water. To achieve the full potential of
this approach, theoreticians, organic chemists and material
scientists need to work together in order to elucidate the fun-
damentals of the exfoliation process, which in turn will allow
to design the best dispersant for a specific class of 2D
materials or for a particular application.
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