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Introduction 
 
Two-dimensional (2D) nanosheets, one-atomic thick materials with infinite planar dimensions, have 
gained worldwide attention in recent years because of their outstanding properties that arise from 
their structure and dimensionality. [1-3] The advantage of these materials is that they offer in their 
exfoliated state, as single- or few-layers, promising opportunities for diverse applications at 
scientific and technological levels. Discovered in 2004, graphene, a one-atom-thick planar sheet of 
sp2-hybridized carbon atoms, is the most widely known 2D layered material. [4] The unique 
properties of this carbon allotrope, such as high thermal conductivity and Young’s modulus, high 
intrinsic mobility and ballistic transport and large specific surface area, have been reported 
elsewhere. [5-8] Recently, other 2D layered materials, such as the transition metal dichalcogenides 
(TMDs), metal oxides and hexagonal boron nitride (h-BN) have gained a renewed interest. Their 
lamellar structure, analogous to that of graphite, can be exfoliated into single- and few-layer 
nanosheets. Exfoliated TMDs are chemically reactive presenting unique electronic, electrochemical 
and photonic properties, [9-14] due to their high surface area and quantum confinement effects, 
[3, 15, 16] not observed in their bulk counterparts. On the other hand, 2D h-BN nanosheets have 
been used as a dielectric support in graphene-based transistors due to their extraordinary 
insulating properties and high chemical stability. [15] 
 
The importance of the structure and morphology of exfoliated 2D layered materials strongly 
influences their later properties. In general, strong in-plane bonds and weak van der Waals 
interactions between adjacent layers characterize these 2D materials. Consequently, the key issue 
on their exfoliation into individual layers is based on the disruption of this non-covalent interlayer 
binding [17, 18] and how to overcome these interactions so as to obtain high quality, basal plane 
defect free sheets. Thus, the development of different routes to prepare low dimensional individual 
layers has attracted the interest of the researcher community, since the appearance of the first 
studies on single-layer graphene. [4] Two main strategies have been developed for the production 
of atomically thin 2D nanosheets, namely bottom-up and top-down approaches. The former relies 
on the production of large-area uniform layers by different synthetic methods while the latter is 
based on the separation/exfoliation of thin flakes of layered materials from their bulk crystals. [19] 
Thin-layered nanomaterials obtained by bottom-up techniques showed large-area high quality 
sheets with great electronic properties. However, even if the quality of the nanosheets produced 
by these approaches is in some cases high, the harsh conditions of the transfer methods and the 
small yield production still, at present, limit their application at a truly industrial scale. On the other 
hand, top-down strategies include techniques such as mechanical cleavage, liquid-phase exfoliation 
or ball milling. Although the good-quality and large size of the sheets generated by 
micromechanical exfoliation, the small yield production and delicate procedure, limit its application 
to fundamental research. On the contrary, liquid-based synthetic routes yield products in large 
amounts and do not require the use of extreme conditions, being in some cases environmentally 
friendly. The interaction through van der Waals forces between the sheets facilitates their 
separation of these layered solids directly by sonication in appropriate solvents to obtain single-
layer and few-layer sheets (Figure 7.1). Even though, the potential of liquid-phase exfoliation (LPE) 
is set on its versatility, its scalability besides the possibility of exfoliation in common solvents, the 
nanosheets obtained present higher degree of disorder. While bottom-up approaches, which are 
amstrong-level-controlled ordering techniques, or top-down methodologies produce defect-free 
graphene, finding applications as electronic devices at the nanoscale, nanosheets obtained by LPE 
can be used to fabricate films or composite materials.  
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FIGURE 7.1 
Schematic representations of 2D and 3D layered compounds produced form liquid-phase exfoliation of their 
bulk counterparts. Reprinted with permission from ref. [20] Wiley-VCH 
 
This chapter is organized as follows: in the first section, recent progress made on liquid-phase 
exfoliation of 2D layered materials is presented; in the second section, synthesis of graphene via 
sonication assisted liquid-phase exfoliation, its properties and applications are reviewed; in the 
third and fourth sections, the application of this exfoliation method to hexagonal boron nitride and 
transition metal dichalcogenides, respectively, is reported, while properties and applications of 
these renewed layered materials are described. 
 
 

Liquid-phase exfoliation via sonication 
 
The liquid-phase exfoliation methodology to prepare graphene sheets generally involves three 
steps: i) dispersion of the starting material in a liquid medium, ii) exfoliation via ultrasonication and 
iii) purification. To achieve an effective exfoliation of layered materials the strategy needs to be 
scalable and efficient. [19, 21] Ultrasonication processes have been widely exploited to produce 2D 
layered materials in liquid media. Shear forces and cavitation produced due to the propagation of 
high amplitude sonication waves act on the surface of bulk materials inducing its exfoliation. [22, 
23] In order to stabilize the as-produced 2D sheets, the interfacial tension between the materials 
and the liquid medium needs to be minimized, thus reflecting the existence of good interactions 
(Figure 7.2). Hence, the choice of liquid systems for the dispersion of the materials is crucial on the 
effectiveness of the methodology. [24, 25] 
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FIGURE 7.2 
Sonication of 2D layered materials in liquid media: poor solvents lead to re-stacking of the as-formed sheets 
while good solvents stabilize the exfoliated state 
 
Sonication process 
 
Ultrasonication has emerged as one of the most powerful strategies to overcome the van der 
Waals interactions and produce 2D layered structures from 3D crystals. Ultrasound is defined as a 
sound wave that is transmitted through any substance (solid, liquid or gas) with elastic properties. 
[23] During ultrasonication of materials, physical phenomena, mainly acoustic cavitation, are 
manifested influencing the related sonochemical events. According to these phenomena, the 
sonication process has been divided in different steps: i) generation of nuclei on cavitation bubbles; 
ii) bubble growth due to gas diffusion; iii) damage of bulk materials due to intense shock-waves or 
high-speed jets; iv) formation of high-velocity interparticle collisions and; v) increase of surface area 
of solid materials because of their fragmentation. [26-28] Evidently, for an efficient and scalable 
sonication scheme several parameters should be considered, from sonication time to cavitation 
intensity. 
 
Surface Energy 
 
In 2D layered materials the mechanism underlying the liquid-phase exfoliation process is based on 
solution thermodynamics. Assuming that dispersions can be considered as solutions, the free 
energy of mixing (Gmix) is given by 
 
௫ܩ∆  = ௫ܪ∆ − ܶ∆ܵ௫  Eq.[1] 

 
where Hmix is the enthalpy of mixing and Smix is the entropy of mixing. As it is well known, large 
Smix guarantees negative Gmix, favouring mixing. However, nanosheets are large and hence their 
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Smix is very small. Therefore, good nanosheets dispersions are achieved when the Hmix is 
minimized. [25, 29, 30] Bergin et al. [31] developed a thermodynamic model for carbon nanotubes, 
already applied for graphene and TMDs [25, 30, 32], which describes the enthalpy of mixing per 
unit volume of mixture as; 
 
 

௫ܪ∆ ≈
2
ேܶௌ
൫ඥߛ௦ − ඥߛேௌ൯

ଶ
߶ Eq.[2] 

 
where S and NS are the solvent and nanosheet surface energy, respectively, TNS is the nanosheet 
thickness and  is the dispersed nanosheet volume fraction. Hence, the enthalpy of exfoliation is 
minimized when the solvent surface energy (S) is close to that of nanosheets. Coleman and co-
workers [25] demonstrated that solvents with surface tensions in the range of 40 - 50 mJm-2 are the 
best solvents to obtain a successful liquid exfoliation of layered materials. Solvents with surface 
energy on that range are summarized in Table 7.1. [32] Unfortunately, these solvents present 
different inconveniences such as toxicity and cost. Furthermore, their high boiling point is a 
challenge for characterization and future processing of the dispersions. 
 
While the surface energy of some solvents matches the one required to minimize the enthalpy of 
exfoliation, the concentration of nanosheets in the final dispersions is very low and thus the surface 
tension is considered as a crude solubility parameter. [30] For this reason, studies consider the 
Hildebrand solubility parameter (T), which is related to the total cohesive energy density of a 
material (EC,T), ்ߜ = ඥܧ,் ܸ⁄  However, T is related to the total solute-solvent interactions and 
other specific interactions i.e. polar and hydrogen-bonding interactions or dispersions are 
dismissed. Each of the abovementioned solubility parameters are enclosed in the Hansen 
parameters framework and represent the square root of the contribution to the cohesive energy 
density, being the Hildebrand solubility parameter (D) the sum of their squares: 
 
ଶ்ߜ  = ଶߜ + ଶߜ + ுଶߜ  Eq.[3] 

 
where D, P and H are the dispersive, polar and H-bonding solubility parameters, respectively. 
Consequently, in order to minimize the enthalpy energy of exfoliation, all three solubility 
parameters should exhibit values close to those of the solute. Nonetheless, Coleman [33] reported 
uncertainties on the combination of dispersive, polar and H-bonding solubility parameters to 
describe the system at a molecular scale. 
 
TABLE 7.1 
Best known graphene solvents, characterized by the fraction of graphene remaining after centrifugation. [32] 
 

Solvent Surface Tension (mJm-2) 
Benzyl Benzoate 45.95 
NMP (N-methyl pyrrolidone) 40.10 
DMSO (dimethyl sulfoxide) 42.98 
DMF (dimethyl formamide) 37.10 
ODCB (ortho-dichlorobenzene) 37.00 
IPA (isopropanol) 21.66 
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As mentioned above, many serious drawbacks are associated with the organic solvents, principal 
amongst which is the solvents similar surface tensions as the 2D layered materials. Therefore, 
water or low boiling point solvents (acetone, chloroform isopropanol, etc.) can be a good 
alternative to exfoliate graphite, TMDs or h-BN. However, while the surface tension of water (  72 
mJm-2) is too high for the dispersion of layered materials and they are highly hydrophobic, the 
surface tension of low boiling point solvents is lower (  25 mJm-2) compared to the other suitable 
solvents and the exfoliation yields are too low. [34, 35] In order to exfoliate 2D layered materials in 
water, the use of linear chain surfactants, salts or polymers is required, as will be explained in the 
next sections. [34, 36-41] On the other hand, recent studies have focused their efforts on the co-
solvency effect by exfoliation of layered materials in low-boiling solvent mixtures that individually 
are classified as non-effective for LPE. While Zhou et al. [42] reported an efficient exfoliation of 
TMDs in an appropriate composition of ethanol/water mixtures based on the Hansen solubility 
parameters, Halim et al. [43] demonstrated that along with interfacial energy, co-solvent molecular 
size influences the steric repulsion and hence the stabilization of the nanosheets, due to an 
increase on the viscosity. 
 
Purification 
 
The preparation of 2D layered materials with well-defined size is of crucial importance for the 
control of their physico-chemical properties and applications. [44] After sonication, the majority of 
the material in the dispersions is composed of nanosheets with different size and thickness, which 
can be separated by different approaches based on differential centrifugation strategies. [35, 45] 
Among these strategies the most widely used is sedimentation-based separation (SBS), with or 
without a density gradient medium (DGM), where nanosheets are separated by sedimentation 
after selecting the appropriate range of centrifugal forces.  
 
Coleman and co-workers described a method to separate graphene dispersions, with mean flake 
size of 1 m, into fractions with different sheet sizes by successive centrifugation, separation and 
redispersion processes. [35] By transmission electron microscopy (TEM) it has been found that 
centrifugation at higher rates results in a dispersion of small flakes (Figure 7.3). The same group has 
applied this methodology for the size-separation of h-BN and TMDs. [24, 45] Nevertheless, 
separation by centrifugation is strongly dependent on the concentration of the material in the 
dispersions. 
 

 
 
FIGURE 7.3 
TEM images of graphene flakes prepared with a final centrifugation rates of 3000 rpm (A-B) and 500 rpm (C-D). 
Reprinted with permission from ref.[35] Copyright 2015 American Chemical Society 
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Graphene 
 
Graphene, a single-layer of sp2 hybridized carbon atoms arranged in a honeycomb lattice, has 
emerged as an attractive 2D nanomaterial in many areas of nanoscience and nanotechnology 
owing to its outstanding physico-chemical properties. [4-8, 46-48] These properties include high 
thermal electrical conductivity (5000 W m-1 K-1) [5] and high optical transmittance of almost 98 %, 
[49] large specific surface area (2630 m2 g-1) [7] and remarkable mechanical strength and flexibility 
(Young’s modulus  1 TPa). [6] 
 
Graphene can be considered as the fundamental building block of all graphitic materials of 
different dimensionalities including zero-dimensional (0D) fullerenes, one-dimensional (1D) carbon 
nanotubes and three-dimensional (3D) graphite. [8, 50, 51] It is noteworthy that by re-stacking of 
graphene-layers, 3D graphite can be formed while rolled graphene sheets lead to the formation of 
carbon nanotubes. [52] (Figure 7.4) The intrinsic out-of plane corrugations of graphene determine 
not only its existence, due to the stabilization of its intrinsic thermal fluctuations, but its unique 
physicochemical properties. [53] Hence, the importance of the structure and morphology of 2D 
graphene sheets strongly influences their further properties. 
 
As described in the introduction several strategies have been developed to prepare single-layer, 
defect free graphene including liquid-phase exfoliation of graphite. Next, a description of the 
different liquid environments to extract single- and few-layer graphene sheets by this methodology 
will be described. 
 

 
 
FIGURE 7.4 
Molecular models of graphitic materials of different dimensionalities: a) C60: buckminsterfullerene (0D); b) 
carbon nanotube (1D); c) graphene (2D); d) graphite crystal (3D) 
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Liquid-phase exfoliation of graphite 
 
The most straightforward method of producing graphene remains exfoliation from graphite, a 
natural and abundant source of carbon. In graphite, graphene flakes are stacked due to strong π-π 
interactions contributing to the high-thermodynamic stability of graphite. Therefore, the key issue 
on the exfoliation of graphene into individual layers is based on the disruption of this non-covalent 
interlayer interaction [17,18] and how to overcome these interactions to obtain high quality and 
free of basal-plane defects graphene sheets. Liquid phase exfoliation of pristine graphite by 
ultrasonication in stabilizing solvents, [32] in the presence of surfactants, [36, 37] polymers [39] or 
even metal atoms [39, 40] appears as an alternative to produce high quality graphene flakes. In this 
regard, aromatic molecules have proven to be effective adjuvants in the exfoliation of graphite, 
producing novel hybrids with exciting optoelectronic properties in a single step. [56-60] 
 
Organic Solvents 
 
The successful exfoliation of graphite in organic solvents strongly depends on matching both 
surface energies. As discussed previously, solvents may have surface tensions between 40 and 50 
mJm-2 to minimize the enthalpic cost of mixing. [29, 32, 61] Coleman and co-workers have 
sonicated graphite powder in several solvents followed by mild centrifugation. They found that 
NMP is one of the best solvents to exfoliate graphite obtaining graphene concentrations up to 0.01 
mgmL-1 after sonication for 30 min and subsequent centrifugation at 500 rpm for 90 min. By 
different characterization methods the presence of mono- and few-layer graphene sheets in the 
dispersions was demonstrated. This group increased the concentration of graphene obtained by 
this technique, up to 1.2 mgmL-1, in NMP by using low-power sonication for long times of up to 460 
hours. Besides of the higher amount of graphene obtained, which is useful for preparation of 
composites, the number of deleterious defects observed by Raman spectroscopy increased with 
sonication time (Figure 7.5).  
 

 
 
FIGURE 7.5 
a) The left axis shows the measured absorbance per cell unit, A/l, while the right axis displays the 
concentration of graphene calculated using an absorption coefficient of α = 3620 mL mg-1 m-1, as function of 
sonication time. The upper axis shows the total energy output of the bath. The line is a linear fit to ܥஶ ∝  ,ݐ√
while cuvettes contain dispersions after 6 and 180 hours. b) Raman spectra of starting graphite and of thin 
filtered films prepared at 36 h and 192 h, while the one prepared at 146 h was centrifuged at 500 rpm and 
4000 rpm. Inset shows the D to G band intensity ratio at different sonication times. Reprinted with permission 
from ref. [21] Wiley-CVH 
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The use of organic solvents is not limited to NMP. Gayathri et al. [62] prepared graphene by 
sonicating graphite in ODCB for 8 hours. They found that the dispersion of graphite in this solvent 
leads to the formation of sono polymer and as the sonication time increases the formation of 
polymer bounded graphite sheets and the distance between layers increase, producing single- and 
few- layer graphene sheets. On the other hand, Bourlinos et al. [63] propose alternative solvents 
belonging to a peculiar class of perfluorinated aromatic molecules: hexafluorobenzene (C6F6), 
octafluorotoluene (C6F5CF3), pentafluorobenzonitrile (C6F5CN) and pentafluoropyridine (C5F5N). The 
authors optimized the sonication time to 1 hour and depending on the solvent, the final 
concentrations varied between 0.05 to 0.1 mgmL-1. In this study, the mechanism of solubilization 
involved charge transfer through π-π stacking from the electron-rich carbon layers to the electron-
deficient aromatic molecules that contain strong electron-withdrawing fluorine atoms. 
Nevertheless, all these solvents still present different drawbacks such as high boiling points or 
toxicity, limiting the application of the resultant graphene. Zhang et al. [64] developed a strategy to 
disperse graphene in ethanol by a solvent exchange from NMP. The dispersion obtained is 
relatively stable and the small amount of sedimentation can be redispersed by mild sonication. 
 
Surfactant water solutions 
 
Aqueous-based exfoliation of graphite is one of the most promising alternatives to produce 
graphene at low cost and with minimal environmental impact. However, the high hydrophobicity of 
graphite makes necessary the use of surfactant molecules, which can promote the exfoliation of 
graphite into graphene. The surfactant molecules form a coating over the basal plane of graphene, 
due to their high energy of adsorption, providing the required steric and electrostatic repulsion to 
prevent the graphene flakes from aggregating. [19, 65] 
 
Sodium dodecylbenzenesulfonate (SDBS) is the most commonly used ionic surfactant to stabilize 
the liquid-phase exfoliation of graphite in water to produce defect-free graphene. Lotya et al. [37] 
developed a method to obtain graphene in SDBS-water by ultrasonication leading to multilayer 
graphene, typically with < 5 layers and small quantities of monolayer graphene. The as-prepared 
dispersions were relatively stable for at least 6 weeks and were used to prepare films by vacuum 
filtration with a reasonably conductivity, 35 Sm-1. On the other hand, sodium cholate (SC) has 
shown to form stable graphene dispersions, which enables solution phase processing of graphene 
using density gradient ultracentrifugation (DGU). [66] Lotya et al. [67] reported concentrations of 
graphene up to 0.3 mgmL-1 after ultrasonication of graphite in a solution of water/SC followed by 
centrifugation. Even if concentration of graphene increases with sonication time, high-quality 
dispersions were obtained for centrifugation rates between 500 and 2000 rpm. This process yields 
a monolayer number fraction of 10 %. These dispersions can be easily cast into free-standing films 
with good electrical and mechanical properties.  
Smith et al. [68] reported the dispersion of graphene in water, stabilized in 12 different ionic and 
non-ionic surfactants. Besides the similar flake size obtained in all cases, the dispersed 
concentration varied by a factor of 2-3 from surfactant to surfactant. They shown that for ionic 
surfactants, the concentration of graphene scales linearly with a repulsive potential barrier that 
stabilizes surfactant-coated sheets against aggregation. However, for non-ionic surfactants the 
repulsive potential barrier has steric origins. 
 
High graphene concentrations, up to 1 mgmL-1, were obtained with the use of non-ionic 
surfactants. [69] The dispersions consisted of single- and few-layer, defect-free graphene sheets, 
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which were subsequently processed as paper-like films with significant values of electrical 
conductivity. Perhaps most noteworthy of all, [36] reported a different strategy based on the 
continuous addition of a non-ionic surfactant during the exfoliation process. By continuously 
replacing the surfactant to lower the surface tension during sonication, the concentration of 
graphene was significantly increased. 
 
Polyaromatic hydrocarbons systems 
 
The exfoliation of graphite with aromatic intercalating agents has come to the fore as one new 
possible route in obtaining high quality graphene sheets in liquid media thanks to the similar 
structure, in some cases, of the aromatic molecules and graphene. The advantage of this simple 
and scalable exfoliation approach is that small polyaromatic hydrocarbons, such as pyrene, 
coronene, perylene, etc. manifest as nano-graphenes (NGs) and thus they act as healing agents in 
case of formation of some defects during the exfoliation procedure. Besides the actuation of NGs 
as exfoliating agents, the well-known physico-chemical properties of these aromatic molecules 
makes the non-covalently functionalized graphene nano-hybrids promising materials for 
applications related to organic light-emitting diodes (OLEDs), organic photovoltaics (OPV) and 
sensors. 
 
Zhang et al. [54] investigated the production of graphene by direct dispersion with the pyrene 
derivatives, 1-pyrenemethylamine (Py-NH2) and 1,3,6,8-pyrenetetrasulfonic acid (Py-4SO3), in 
water. This exfoliation strategy is simple and scalable, leading to the production of high-quality 
single-layer graphene sheets used to prepare transparent conductive films. Similarly, Yang et al. 
[70] reported the exfoliation of graphite in water with 1-pyrenesulfonic acid sodium salt (Py-1SO3). 
By this approach the authors obtained  70 % few-graphene layers (< 7 layers) and showed that the 
exfoliation efficiency strongly depends on the number of functional groups by comparing 
suspensions obtained by Py-1SO3 and Py-4SO3. Following this work, Schlierf et al. [71] studied the 
mechanism of surface adsorption of organic dyes on graphene, and successive exfoliation in water 
of these dye-functionalized graphene sheets. For this reason, they compared four pyrene 
derivatives with varying number of polar functionalizations for their efficiency as exfoliation agents. 
The concentration of graphene exfoliated was higher for the derivative having the largest dipole 
and most asymmetric functionalization. 
 
Other aromatic molecules have been successfully tested to exfoliate graphite in liquid 
environments. Englert et al. [72] presented a simple and efficient method to obtain single- and few-
layer graphene sheets by sonication of graphite powder in the presence of aqueous solutions of 
perylene-based bolaamphiphile detergent. Sampath et al. [73] described the exfoliation of graphite 
through the exploitation of π-π interactions between the N,N’-dimethyl-2,9-diazopyrenium dication 
(MP2+) and graphene in organic solvents and in aqueous media. The obtained graphene sheets 
were stable in water for many weeks without aggregation, while the efficient quenching of the 
molecule with graphene indicates the existence of an energy transfer from MP2+ to graphene. 
Ghosh et al. [57] selected an anionic coronene derivative for the exfoliation and non-covalent 
functionalization of graphene in aqueous solutions. They observed a strong molecular charge-
transfer interaction between coronene and graphene and the exfoliation of large quantities of 
single- and few-layer graphene sheets. Xu et al. [74] reported the production of graphene sheets 
through liquid-phase exfoliation of graphite in organic solvents with addition of naphthalene. They 
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achieved concentrations of graphene in NMP as high as 0.15 mgmL-1 after sonication for 90 
minutes. 
 
Porphyrins have been widely used to decorate carbon materials such as fullerenes and carbon 
nanotubes in a supramolecular fashion, because of their strong π-π stacking interactions with 
them. [75-77] Moreover, the electron-donor character of porphyrins can promote photoinduced 
electron transfer processes with carbon-based materials for the development of optoelectronic 
devices. [75-79] Malig et al. [78] reported the direct exfoliation of graphite using a free–base 
porphyrin, yielding stable suspensions of single and few layer graphene/nanographene. Bernal et 
al. [60] developed a simple one-pot process to exfoliate graphite and synthesize nanographene-
dimesitylporphyrin hybrids. Despite the bulky mesityl groups, which are expected to hinder the 
efficient π-π stacking between the porphyrin core and graphene, the liquid-phase exfoliation of 
graphite is significantly favored by the presence of the porphyrins. 
 
Properties and Applications 
 
The liquid-phase exfoliation method to obtain single- and few-layer graphene sheets maintains the 
pristine graphitic basal plane of graphene free of defects allowing for the fabrication of devices, 
which retain the remarkable properties of pristine graphene. Furthermore, large amounts of 
graphene sheets are obtained using this strategy, which makes it ideal for application in composite 
materials. 
 
Hernández et al. [32] observed that films prepared by exfoliating graphene in NMP had 
conductivities of  6500 Sm-1 and optical transparencies of  42 %. Meanwhile, polystyrene-
graphene composites showed a conductivity of  100 Sm-1 for 60 – 80 vol.-% films. Nevertheless, 
Lotya et al. [37] showed that the presence of residual surfactant in graphene dispersions is 
detrimental for the optical and electrical properties. Indeed, the as-deposited films had a 
transmittance of  62 % coupled with sheet resistance of  970 kΩm-1, which corresponds to a DC 
conductivity of 35 Sm-1. The same authors reported later the preparation of films, from graphene 
exfoliated in aqueous surfactant solutions, with average conductivities of 17500 Sm-1 after 
annealing at 500 °C under an argon/hydrogen atmosphere. [67] On the other hand, Zhang et al. 
[54] prepared transparent and highly conductive films with graphene/Py-NH2 (Gr-Py-NH2) and 
graphene/Py-SO3 (Gr-Py-SO3) with a sheet resistance of 1.9 x 108 Ωm-1 and a transmittance of 90 %. 
After annealing at 1000 °C, the resistance further decreases to 778 Ω per square, corresponding to 
conductivities of 8400 Sm-1 and 181200 Sm-1 for Gr-Py-NH2 and Gr-Py-SO3. Furthermore, Wang et 
al. [80] reported that dispersions of graphene in solvents display broadband nonlinear optical 
response when excited by nanosecond pulses, observing how the optical transmission falls from 85 
% to 48 % as the pulse energy density is increased to 10 Jcm-2.  
An et al. [81] fabricated ultrathin electrochemical double layer capacitors (EDLC) or ultracapacitors 
with graphene film membranes. These EDLC showed high specific capacitance ( 120 F g-1), power 
density ( 105 kW kg-1) and energy density ( 9.2 Wh kg-1). On the other hand, Keeley et al. used 
exfoliated graphene in DMF as an electrode material for the electrochemical detection of β-
nicotinamide adenine dinucleotide (NADH), demonstrating its high performance as sensor. The 
same DEG-based electrode was tested as sensor for ascorbic acid, displaying a detection limit of 
0.12 mM. 
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Regarding the mechanical properties, Khan et al. [21] performed mechanical measurements on 
graphene films, observing differences depending on the sonication time. They observed that, films 
prepared from sonicated graphene up to 50 hours showed a Young’s modulus in the order of 5 – 11 
GPa and strength of 12 – 18 MPa. Nevertheless, graphene films prepared from low sonication times 
were extremely delicate, being difficult to remove from the membrane. 
 
Coleman and co-workers found that as-prepared liquid-phase exfoliated graphene is a promising 
reinforcement in polymer-based nanocomposites. [83, 84] Khan et al. [83] reported an 
improvement of the Young’s modulus and stress at 3 % strain in polyurethanes filled with 
graphene, being 1 GPa and 25 MPa, respectively, for mass fractions above 50 wt.-%. Later, it has 
been observed that the size of graphene influences the final mechanical properties of 
polyvinylalcohol (PVA), obtaining higher modulus for graphene flakes with large aspect ratio. 
Nevertheless, a decrease in the strength was observed, due to a failure at the polymer-graphene 
interface. [84] Recently, Istrate et al. [85] reported that polyethylene terephthalate (PET) filled with 
exfoliated graphene have superior mechanical properties as those observed in neat PET. Indeed, 
for low loading contents of graphene (0.07 wt.-%) they observed an increase on the elastic modulus 
of 10 % and an enhancement in the tensile strength of more than 40 % compared to neat PET. 
 
 

Hexagonal Boron Nitride Nanosheets 
 
Layered hexagonal boron nitride (h-BN) consists of a structural lattice similar to graphite in which 
alternating boron (B) and nitrogen (N) atoms substitute carbon (C) atoms in graphite. Therefore, 
boron nitride nanosheets (BNNSs) are composed by sheets of sp2-hybridized 2D layers, organized in 
a honeycomb geometry, with an interlayer distance of ca. 0.33 – 0.34 nm (Figure 7.6). [15, 41] 
Recently, BNNSs have emerged as interesting 2D nanomaterials because of their 
differences/advantages compared to graphene. Besides the unique chemical and thermal stabilities 
[41, 86] of BNNSs, they present exciting electrical insulating properties (band gap of 5  6 eV). [87] 
Therefore, BNNSs have easily found application as promising materials in nanodevices or functional 
composites. 
 

 
 
FIGURE 7.6 
Hexagonal boron nitride (h-BN) structural model 
 
Liquid-phase exfoliation of h-BN 
 
The strategy used to synthesize h-BN for several years was by ultra-high vacuum (UHV) chemical 
vapour deposition (CVD) via the decomposition of a borazine precursor on single crystal metallic 
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substrates. [88-90] This methodology provides single-layer BNNSs but requires extreme conditions 
of temperature and pressure and, therefore, is widely considered as unsuitable to synthesize 
BNNSs at larger scales.  
On the other hand, top-down approaches based on mechanical and liquid-phase exfoliation 
methods, already reported for graphene, have been successfully used to separate individual sheets 
of 2D crystals. However, the B-N bond presents a partially ionic character compared to the covalent 
C-C bonding of graphene, leading to the so-called “lip-lip” interactions between neighbouring BN 
layers. [41] These forces are stronger than the weak van der Waals interactions between graphene 
layers and hence it is challenging to exfoliate h-BN. Mechanical exfoliation strategies based on 
micromechanical cleavage [91] produces high quality monolayer BNNSs but in very low quantities. 
Meanwhile, despite the high efficiency of ball milling [92] to produce BNNSs, it creates a high 
density of defects. 
Liquid-phase exfoliation appears as one excellent alternative to overcome the “lip-lip” interactions 
of BN layers. [93] Zhi et al. [94] reported the exfoliation of BN particles in DMF to obtain pure 
BNNSs structures with adjusted averaged thickness of nanosheets after centrifugation. The 
successful exfoliation is attributed to the strong interactions between the DMF and BN surfaces. 
Nevertheless, Coleman and co-workers, [25] proposed a number of different solvents based on the 
Hansen solubility theory to exfoliate h-BN, being NMP and IPA the most promising. On the other 
hand, Zhou et al. [42] demonstrated that a mixture of poor solvents, such as water and ethanol, can 
be used to exfoliate BN and to obtain highly stable suspensions of exfoliated materials. Recently, 
Marsh et al. [95] reported a high efficiency co-solvent approach based in 60 wt.-% concentration of 
tert-butanol (tBA) in water. These authors suggested that there is a relationship between surface 
tension, solvent molecular weight, and structural dependencies on the exfoliation of h-BN (Figure 
7.7).  
 

 
 
FIGURE 7.7 
a) TEM image of BNNSs after sonication for 3 hours in 60% tBA (scale bar 100 nm); b) Magnification of the 
square outline in a) (scale bar 10 nm); c) Image of the scrolling of BNNSs (scale bar 500 nm); d) Diffraction 
pattern of few-layered BNNSs. Reproduced from ref. [94] with permission from The Royal Society of 
Chemistry. e) Pictures of dispersions of BNNSs in different organic solvents; f) Previous dispersions irradiated 
with a laser beam to visually indicate the Tyndall effect; g) Pictures of the same dispersions after 1 week. 
Reproduced from ref. [93] with permission from The Royal Society of Chemistry 
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Similar to the case of graphene, BN particles are highly hydrophobic and hence their exfoliation in 
water is challenging. Lin et al. [96] demonstrated that water can be an effective solvent to exfoliate 
h-BN by a sonication-assisted hydrolysis method that promotes cutting of pristine or thicker h-BN 
flakes affording smaller and more exfoliated sheets. On the other hand, the same group proposed a 
functionalization using lipophilic and hydrophilic amine molecules that induced the exfoliation of 
layered h-BN, resulting in mono- and few-layered BNNSs, which are soluble in organic solvents and 
water. [97] A different approach to prepare large quantities of BNNSs in water is by adding 
surfactants. Smith et al. [34] reported that aqueous solutions of ionic surfactants, such as sodium 
cholate, are able to exfoliate a range of layered compounds, including h-BN. Guardia et al. [98] 
found that the use of non-ionic surfactants are ineffective in affording high concentrations of h-BN 
platelets, being similar to those obtained in water without surfactants. Hence, the use of 
surfactants is not sufficient in some cases and their residues are difficult to remove. For this reason, 
other stabilising agents, such as organic dyes, have recently replaced surfactants. [99] 
 
BNNSs have been prepared also in a 1,2-dichloroethane solution of poly(m-phenylenevinylene-co-
2,5-dioctoxy-p-phenylenevinylene) breaking the h-BN crystals into few layer h-BN and forming a 
non-covalent functionalization of BNNSs. [100] Furthermore, large scale preparation of BNNSs have 
been reported using a protic sulfonic acid, methanesulfonic acid (MSA). [101] The BNNSs obtained 
by the latter method can be redispersed in different solvents finding a wide range of applications. 
May et al. [35] reported the exfoliation of h-BN in a different range of polymer solutions, dissolved 
in tetrahydrofuran (THF) and cyclohexanone (CXO).    
 
Properties and Applications 
 
h-BN has been widely employed as a high-temperature solid lubricant and, because of its good 
electrical insulation properties, as charge leakage barrier layers in electronic equipment. [15] 
However, BNNSs present unique chemical stability and intrinsic insulation as well as high thermal 
stability compared to their bulk counterparts. As a result, BNNSs are considered promising 
materials for novel polymer nanocomposites. For example, the in-plane thermal conductivity of 
BNNSs is 2000 W m-1K-1 [102] while that of h-BN is only ca. 400 Wm-1K-1. [103] Kuang et al. [102] 
used BNNSs obtained by liquid-phase exfoliation to fabricate elastomeric nanocomposites with 
high thermal conductivities. They found that increasing the orientation of BNNSs in silicon rubber 
(SiR) and natural rubber (NR) the thermal conductivity can be significantly enhanced. The 
mechanical properties of BNNSs are expected to be similar to that of graphitic materials, due to the 
similar crystal structure. Indeed, the 2D elastic modulus of BNNS is of the order of 200 – 500 Nm-1 
for sheet thickness of 1 – 2 nm, [104] indicating that BNNSs could potentially function as a good 
polymer reinforcement. Zhi et al. [94] prepared transparent PMMA/BNNSs composites observing 
an improvement of 22 % in the elastic modulus while an increase of 11 % in the strength was 
obtained with only 0.3 wt.-% of BNNSs. Recently, Liu et al. [105] observed that the size of the 
BNNSs have a profound effect on the mechanical properties of cellulose acetate (CA). BNNSs with 
larger aspect ratios obtained by separating nanosheets at lower centrifugation rates, up to 1500 
rpm, contributed to the improvement of modulus and break elongation. BNNSs/CA composites, of 
2 wt.-% nanosheets, increased the modulus and tensile strength by 12.4 % and 14 %, respectively, 
compared to pure CA. On the other hand, BNNSs obtained by exfoliation in MSA were used to 
fabricate poly [2,2’-(p-oxydiphenylene)-5,5’-bibenzimidazole] (OPBI)/BNNSs composites with 
superior mechanical and thermal properties. [101] Other unique thermal properties have been 
noted in such composites; for example, it has been observed that BNNSs nanofillers increase the 



Carbon Nanotechnology  173 

glass transition temperature (Tg) of polymer composites due to a reduction in chain mobility. [94, 
106] 
 
 

Transition Metal Dichalcogenides 
 
Over the past decade an ever-increasing interest in the remarkable properties of graphene [4-8, 46-
48] at the scientific and technological levels has triggered a new wave of attention towards other 
2D layered materials, such as the transition metal dichalcogenides (TMDs). The potential of 2D 
nanostructures arises from their dimensionality as well as the composition and arrangement of the 
atoms in single layers. [3] TMDs adopt the general formula MX2, where M represents a transition 
metal element (usually Mo, W, Nb, Ti, Ni or V) while X is a chalcogen (S, Se or Te), consist of 
hexagonal layered structures of the form X-M-X (Figure 7.8). The bulk 3D crystals are formed in 
different polytypes, varying on the stacked planes, covalently bonded, and the van der Waals 
interactions between adjacent layers. Hence, the lamellar structure of TMDs, analogous to that of 
graphite, can be exfoliated into single- and few-layer nanosheets. It is worth noting that exfoliated 
TMDs are chemically reactive and possess unique electronic, electrochemical and photonic 
properties, [9-14] due to their high surface area and quantum confinement effects, [3, 15, 16] not 
observed in their bulk counterparts. Nevertheless, the exceptional properties of exfoliated TMDs 
show a strong layer dependency. For instance, when MoS2 is exfoliated, its electronic properties 
change from an indirect band gap of 1.2 eV in its bulk state, to a direct gap semiconductor of 1.8 eV 
for a monolayer. [9, 11] As a result of this upshift, a strong photoluminescence in single-layer MoS2 
is observed which was otherwise absent in thicker crystals. [2, 10, 11] One of the main advantages 
of these layered materials, that have to be remarked, pertains to their functional diversity. 
Depending on the combination of the transition metal and chalcogen, these materials behave as 
insulators (HfS2), semiconductors (MoS2, WS2), semimetals (WTe2, TiSe2), metals (NbS2, VSe2) and 
superconductors (NbSe2, TaS2). [3, 107] As a consequence, the exciting electronic and 
physicochemical properties of atomically thin 2D TMDs have aroused tremendous research interest 
for applications in photovoltaic devices, transistors, supercapacitors, lithium ion batteries, 
heterogeneous catalysis, sensors, and storage devices. [107, 108] 
 

 
 
FIGURE 7.8 
Schematic representation of a) monolayer TMD crystal and b) bulk and few-layer MX2. [109] 
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Liquid-phase exfoliation of TMDs 
 
The isolation of high-quality single-layer TMDs has increased the interest of the scientific 
community since the discovery of the extraordinary properties of single-layer graphene. In TMDs, 
as the number of layers is reduced, dramatic changes in the electronic structure and properties are 
observed. As in the case of graphene, two main strategies have been developed for the production 
of atomically thin 2D TMDs; bottom-up and top-down. 
 
Bottom-up techniques permit to produce free-defect high quality TMDs with good control of the 
number of layers (mainly single-layer sheets) and lateral dimensions. 2D TMDs obtained by bottom-
up techniques are widely used in nanoelectronics and nanodevices due to the abovementioned 
features. Several techniques, similar as those mentioned for graphene, have emerged for the 
obtainment of single-layer TMDs: CVD, [110-115] thermal evaporation, [116, 117] pulse laser 
deposition [118] or UHV approaches. [119, 120] Amongst all these techniques CVD is the most 
widely employed to produce high-quality single-layer TMDs and is based on the use of precursors 
such as sulphur, selenium or transition metals (Mo, W, etc.) which in their vapour form are 
deposited over a substrate with the help of a carrier gas. However, all these methodologies yields 
low quantity of nanosheets, being used at the nanoscale level for devices. 
 
On the other hand, top-down strategies include techniques such as mechanical cleavage, [9, 11, 
121-123] liquid-phase exfoliation by sonication in appropriate liquids, [20, 25, 42, 124-126] 
intercalation of TMDs by ionic species followed by liquid exfoliation, [10, 127] electrochemical ion-
intercalation and exfoliation, [128-130] ball milling [131, 132] and laser thinning technique. [133] 
Mechanical cleavage (“scotch tape” or “peel off” method) produces high quality and single-layer 
sheets, an essential feature to achieve the excellent properties desired. Nevertheless, thickness and 
size of the as-produced sheets cannot be controlled, the low yield production and delicate and 
time-consuming procedure limits its application to fundamental research. [134] On the contrary, 
liquid-based synthetic routes afford products in large amounts and do not require the use of 
extreme conditions, being in some cases environmentally friendly. The van der Waals interactions 
between the sheets facilitate the separation of these uncharged layered solids directly by 
sonication in appropriate solvents to obtain single-layer and few-layer sheets. The potential of this 
methodology is set on its versatility and its scalability, besides the possibility of exfoliation in 
common solvents. Recently, electrochemical ion-intercalation and exfoliation has become an 
effective method to increase the mass production of exfoliated 2D TMDs sheets. By this 
methodology, the electronic structure of TMDs can be electrochemically tuned by the diffusion of 
intercalated ions (Li+, Na+, K+) by means of a discharge process. [10, 128-130] However, some 
challenges remain unresolved; control of the ion-intercalation, amount of inserted ions or 
structural deformations in TMDs and thus alterations of the electronic properties and formation of 
metal nanoparticles.  
 
Liquid-phase exfoliation of 2D TMDs has emerged as a leading method to obtain mono- and few-
layer nanosheets in a wide range of solvents. Coleman et al. [25] described an exhaustive analysis 
on the exfoliation of MoS2, WS2, MoSe2, MoTe2, NbSe2 and NiTe2 in a number of solvents with 
different surface tensions. By optical absorption spectroscopy, they demonstrated that the amount 
of material in the dispersions increases as the surface tension of the solvents is close to that of the 
bulk materials. Later, they studied how solution thermodynamics and in particular solubility 
parameters can be used as a framework to understand the dispersion of 2D materials. [30] The 
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same group reported a study on the sonication of MoS2 in NMP to prepare dispersions based on 
the initial concentration of bulk materials and sonication time, in this way they could separate the 
dispersions in fractions with different mean size by controlled centrifugation. [45] At a similar time, 
Pachauri et al. [126] optimized the liquid-phase exfoliation of MoS2 in acetonitrile obtaining thin 
layers with sizes of the order of 10 – 60 m. Acetonitrile is a polar aprotic solvent, which dissolves a 
wide range of ionic and non-polar compounds, and physisorbs on the surface of MoS2, weakening 
the van der Waals forces between layers. Meanwhile, Zhou et al. [42] reported a mixed-solvent 
strategy in volatile solvents, which offers promising advantages such as low cost, lower toxicity, and 
easy removal for postprocessing methods. Dong et al. [135] developed a spontaneous exfoliation 
approach to prepare few-layer MoS2 nanosheets under mild conditions. An exfoliation yield of 60 % 
was achieved in a mixed solvent of H2O2/NMP volume ratio = 1:19 v/v. May et al. [35] showed that 
TMDs can be exfoliated in dissolved polymers - a useful approach for those TMDs that cannot be 
exfoliated in common solvents. Furthermore, this strategy presents an advantage for the 
preparation of polymer nanocomposites.  
Nevertheless, exfoliation in water is challenging, as similarly observed in other 2D materials, and 
hence the use of surfactants is required for successful exfoliation of TMDs. Smith et al. [34] used 
sodium cholate and reported the production of thin flakes of different TMDs under ambient 
conditions. Their production method shows clear advantages for the large-scale preparation of 
composites (Figure 7.9). On the other hand, Backes et al. [24] used the same aqueous-surfactant 
solution to exfoliate TMDs but, after sonication, they employed a centrifugation technique based 
on band sedimentation to separate nanosheets by lateral size distribution. Guardia et al. [98] have 
tested non-ionic surfactants to exfoliate MoS2 and WS2. Higher concentrations as those obtained 
with water-sodium cholate were achieved.  
 

 
 
FIGURE 7.9 
Dispersions of layered compounds. a) Optical photographs of TMDs and BN in aqueous sodium cholate 
suspensions. b) Absorption spectra of dispersions in a). c) Vacuum filtered thin films of TMDs and BN obtained 
from the dispersions. d-i) TEM images of nanosheets from dispersion in a). Reprinted with permission from 
[34]. Copyright 2015 American Chemical Society 
 
Properties and Applications 
 
TMDs show in their bulk state diverse electronic, optical and magnetic properties [9, 15, 134, 136-
139] and exhibit some particular phenomena such as superconductivity and charge density wave. 
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[140-143] However, the potential of TMDs resides in their 2D exfoliated form due to their tunable 
bandgap and their high chemical and thermal stabilities. [9-13] Therefore, the versatility of single 
layers of TMDCs, as a function of their composition and structure, offers a broad range of new 
possibilities in nanotechnology.  
 
The photoluminescence of single- and few-layer MoS2 has been observed also in liquid-phase 
exfoliated MoS2 nanosheets. Wang et al. [128] describe a facile strategy to modulate the 2D 
photoluminescence of exfoliated MoS2, by electrochemically manipulating the amount of 
intercalating Li+, Na+ and K+ ions. Nanosheets obtained by this methodology could be used to 
fabricate highly photoelectrochemical sensors, high performance optical modulators, or enhanced 
solar cells. On the other hand, exfoliated MoS2 in aqueous dispersions of (poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly-(ethylene glycol)), with a feed ratio of 20:70:20 (EO:PO:EO) 
has shown photocalytic properties. [124] The effect is based on the photoluminescence properties 
of single- and few-layer MoS2 sheets and their large surface area, affording rapid adsorption of the 
material to the particle surface. This procedure allows for the preparation of semiconducting MoS2 
nanosheets with a useful bandgap of 1.97 eV. Pachauri et al. [126] prepared devices using 
exfoliated MoS2 flakes to use as chemical sensors based on their photoresponse properties.  
 
Recently, Winchester et al. [144] reported on the electrochemical properties of MoS2 exfoliated 
into few layers in different electrolytes. The electrochemical charge storage capacity of MoS2 
nanosheets increased by an order of magnitude, compared to their bulk counterpart, and they 
obtained a maximal specific capacitance of  2.4 mFcm-2 with BMIM-PF6 as the electrolyte. The 
MoS2 nanosheets and MoS2-graphene synthesized by Dong et al. [135] showed discharge 
capacities, at a current density 200 mAg-1, of 866 mAhg-1, and 865 mAhg-1 and after 50 cycles, the 
Coulombic efficiencies are 98.2 % and 98.6 % for MoS2 and MoS2-graphene electrodes, respectively. 
MoS2 nanosheets obtained by this method may ultimately find application in energy storage, 
catalysis, and novel composites.  
 
The mechanical properties of individual MoS2 monolayers have shown high values of stiffness (Y  
300 GPa) and tensile strength (σB  23 GPa). Even if these values are lower as those observed in 
graphene, they are still higher than those displayed by other, more traditional particles and hence, 
TMDs could be used as reinforcement of polymer nanocomposites. O’Neill et al. [42] prepared PVA 
nanocomposites with 0.25 wt.-% MoS2 nanosheets obtained directly after exfoliation and with 0.25 
wt.-% MoS2 nanosheets after flake size selection. They observed that using non-selected size flakes 
both strength and modulus decreased by a factor of 2 while using size selected nanosheets 
increased ca. 15 %. Meanwhile, Eksik et al. [145] prepared epoxy nanocomposites with MoS2 
nanosheet weight fractions ranging from 0.1 % to 1.0 %. The mechanical properties were generally 
enhanced for low loading fractions of up to 0.2 – 0.3 %. However, beyond this weight fractions 
MoS2 nanosheets produced a detrimental effect in all mechanical properties due to the formation 
of agglomerates. Nevertheless, MoS2 nanosheets are highly effective in strengthening and 
stiffening epoxy matrices and show much promise in the field.  
 
Finally, Tao et al. [146] prepared MoS2/PMMA nanocomposites, showing low optical limiting 
thresholds, 0.4 and 1.3 Jcm-2 when the concentration of MoS2 was around 0.016 mgcm-3. This 
polymer nanocomposites showed low limiting differential transmittance, 2 % and 3 % under 
nanosecond pulsed laser exposure, operating at 532 nm and 1064 nm, respectively; MoS2/PMMA 
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nanocomposites are promising materials for the preparation of solid nonlinear optical materials for 
optical limiting applications. 
 
 

Conclusion 
 
Two-dimensional nanomaterials, such as graphene, BNNSs and TMDs, have received significant 
attention in recent years because of their extraordinary properties. The different strategies to 
achieve high-quality large surface area nanosheets are classified in bottom-up and top-down 
approaches. Liquid-phase exfoliation of layered materials can be enclosed in the top-down 
strategies and is based on the exfoliation of 2D materials by sonication in a liquid environment 
followed by a purification method. The main advantage of the liquid-phase exfoliation is the 
production of exfoliated material with high yields under mild conditions without creating high 
number of defects on the surface of the flakes.  
The exfoliation of graphene, BNNSs and TMDs in liquid environments produce single- and few-layer 
nanosheets in large quantities, thus finding applications as nanofillers in polymers to obtain 
composite materials for advanced applications. However, an efficient exfoliation in liquid 
environments requires similar surface tensions between the solvents and the layered materials, 
which usually occurs in high-boiling point solvents such as NMP. The development of new 
strategies to exfoliate 2D layered materials in water with the aid of surfactants or in polymer 
solutions or using polyaromatic hydrocarbons in the case of graphene have opened a great range of 
possibilities to produce 2D nanosheets not only as nanofillers in composite materials but in 
applications at the nanoscale for sensors or electronic devices.  
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