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Abstract

Liquid phase exfoliation has become an important method for the production of large
quantities of 2-dimensional nanosheets. This method is versatile, having been used to produce
dozens of different 2D materials in a range of stabilizing liquids. The resultant liquid-
suspended nanosheets have been characterized in great detail and have been processed into a
number of structures for a wide range of applications. This has led to a growing number of
researchers adopting this method. As a result, best practise in terms of experimental procedure
has evolved rapidly over recent years. As experimental complexity has increased it has
become more and more difficult to discuss the rational behind a chosen experimental
procedure in full detail using standard “Methods” sections due to the frequent use of
procedures developed in related prior reports. This can make it difficult to reproduce complex
procedures and acts as a barrier to new researchers entering the field. To address this
shortcoming, here we describe in detail the experimental methods and best practice used in

our group when producing liquid exfoliated nanosheets.



Introduction

Over the last decade the study of 2-dimensional (2D) materials has evolved into one of the
hottest areas of nano-materials science.'® Although 2D oxides* and clays® have been studied
for some time, the rapid growth of this area was driven by research into graphene,® a 2D
material with superlative properties and unprecedented applications potential. As research into
graphene deepened, the field simultaneously began to broaden out to encompass other 2D
materials starting with boron nitride (BN) and molybdenum disulphide (MoSz), eventually
progressing on a broad front including exotic structures such as silicene and black
phosphorous. This expansion has been driven by the fact that, like graphene, many 2D

materials have very exciting physical and chemical attributes.® 3

In order to study or utilize 2D materials, control of their production is critically important. In
the early days 2D nanosheets were produced by mechanical exfoliation.” However, as the
field progressed, the need for more scalable techniques became apparent. Very crudely, we
can divide modern production techniques into two classes: those such as chemical vapour
deposition® and thermally assisted conversion® which produce high quality, extended
monolayer films on substrates and those that transform layered crystals into large quantities of
small nanosheets, usually in liquids. Here we will focus on the latter class, usually referred to

as liquid exfoliation methodologies.?

In general, these methods result in 2D nanosheets with lateral sizes in the range 100 nm-100
um and thicknesses ranging from 1-10 monolayers. These nanosheets can be produced in a
number of liquids at a range of concentrations. Depending on the production method, they can
be extremely defective or almost defect-free. A number of such techniques are widely used;
for example, reduced graphene oxide is produced by chemical oxidation of graphite followed
by reduction.’® Alternatively, graphene can be produced by electrochemical exfoliation of
graphite in appropriate electrolytes.'* A number of layered materials, including graphite and
MoS: can be exfoliated by ion intercalation while layered oxides and hydroxides are generally
exfoliated by ion exchange.* 2 These methods have many advantages such as low cost or
high monolayer selectivity but also disadvantages such as complexity or use of toxic

chemicals. In particular, all are used in niches to exfoliate a small group of layered materials.

However, there is one exfoliation technique, generally termed liquid phase exfoliation (LPE),
which is more versatile than most, having been applied to a wide range of layered materials.*®

14 This method involves the production of few-layer nanosheets by applying high shear!® or



ultrasound® to layered crystals in certain stabilizing liquids (i.e. appropriate solvents®® and
surfactant!’ or polymer solutions®®). In each case, interactions at the liquid - nanosheet
interface reduce the net exfoliation energy and stabilize the nanosheets against aggregation.®
The resultant dispersions are quite stable and can be produced at concentrations? exceeding 1
gL™L. LPE has been applied to a wide range of 2D materials including graphene,** 2% 22 BN,%
transition metal dichalcogenides (TMDs),** 2 transition metal oxides (TMOs),? 26 GaS,*’
phosphorene,?: 2° Ni(OH),*° and MXenes.?! This method has a very important advantage that
it is simple and potentially scalable and cheap.'> * It should be noted that this method
produces mostly few-layer nanosheets (typically ~1-10 stacked monolayers), with
individualized monolayer contents which are low compared to the methods described above.
In addition, the lateral size distribution of the nanosheets produced by LPE can be broad, e.g.
40-400 nm for Mo0S,.3® The mean of the size distribution tends to vary from material to
material with MoS; and WS giving nanosheets which are considerably smaller than those of
graphene and black phosphorous. However, we note that a range of methods have been
demonstrated to select nanosheets by size and enrich the monolayer population.® 3 The
resultant dispersions can very easily be processed into nanostructured materials by a range of
methods such as spray deposition,® inkjet printing,®® 3 and freeze drying.®® These structures
have been used in a wide range of applications from battery electrodes®® to barrier
composites*® 4! to photodetectors.*? 43

In its simplest form, LPE can be achieved with a kitchen blender and household soap.** As
such, liquid exfoliation appears to be a straightforward and low-cost process. However, many
parameters need to be carefully controlled, making reproducibility a challenging task. Very
often the outcome depends on subtleties in the process which are often not discussed to the
level of detail that would be desired for other experimentalists to reproduce the results. This is
especially because in most cases only successful experiments are reported - often giving little
room to discuss the trial and error along the way and hence the influence of certain parameters

on the outcome.

Here we have attempted address this with an illustration and discussion of the state of the art
methods and protocols developed in our lab to perform liquid exfoliation, size selection, basic
spectroscopic and microscopic characterization, as well as further processing into functional
films. We hope this article will provide valuable guidance to other researchers in the area,
help to improve reproducibility and, in general, assist with the continued rapid development

of this exciting field.



Discussion of Methods

Liquid exfoliation and size selection

In general, liquid exfoliation can be considered as a three step process. Firstly, the weak
interlayer attractions between adjacent sheets need to be overcome by imparting energy
during the actual exfoliation process. Secondly, the nanosheets need to be stabilized against
reaggregation by suitable solvents or surfactants. They play a dual role as they minimise the
net energy cost of the exfoliation while also adsorbing to the nanosheet surface, shielding
them from restacking in the liquid. Thirdly, size-selection is often required. This is because
the as-produced dispersions are highly polydisperse (figure 1B), containing nanosheets with a
range of sizes and thicknesses (figure 1C). Equally serious, such dispersions typically display
low monolayer contents. As such, for many of the application areas where liquid exfoliated
nanosheets are well suited (such as printed optoelectronic and electrochemical devices),
optimized performance is very unlikely to arise through direct use of the native dispersions.
This is especially true for those applications requiring the direct bandgap luminescence
properties that are conferred only by monolayers. Therefore, to tap the full potential of
nanosheet materials in applications it is clear that size selection must be an integral part of the

material production process.

Many strategies exist for both exfoliation and size selection, which strongly depend on
the starting material and the desired outcome. In this article, we only review methods that are
applied or were developed in our lab even though various alternatives are described
throughout the literature. The reader is referred to a number of recent review articles on
exfoliation in liquid media.? ****° Thus, we do not intend to give a comprehensive overview of
the entire field, but rather wish to share our experience gathered over the past few years with
other researchers working in this field. In the first sections, we will address questions such as
which medium (e.g. solvent or surfactant) or exfoliation method (e.g. sonication or shear
exfoliation) is more suitable and how to efficiently size-selected nanosheets using benchtop
centrifuges. For a visualization of the specific protocol we use to make our standard TMD
samples, the reader is referred to our video publication.® In the supporting information we

provide an overview of the specific consumables and setups that we routinely use.
General exfoliation protocol

In a typical exfoliation protocol, the bulk material (see supplementary information for

examples) is immersed in a suitable solvent, or aqueous surfactant or polymer solution and
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subjected to ultrasonication using a bath or tip sonicator, or shear force mixers, respectively.
After the actual exfoliation, the dispersion is then subjected to centrifugation to remove
unexfoliated material and/or perform size selection. In the case of sonication, typical
processing times are on the order of a few hours, whereas shear exfoliation requires longer
processing times to yield the same concentration. However, larger volumes (i.e. litres) can be
produced using shear exfoliation, whereas sample volumes are usually less than 500 mL using
sonication (depending on the sonicator). Further advantages and disadvantages of the different

exfoliation methods are summarized below.

A number of process parameters are crucial for the outcome of the exfoliation. These
include solvent or stabilizer (and its concentration), initial concentration of the bulk material,
process time and volume. In addition to these common aspects, other parameters which
depend on the specific exfoliation method also need to be considered, such as power output
and amplitude of sonicators, or the rotational speed of the blades within shear force mixers.
We also find that it is crucial to control the temperature during the exfoliation; over-heating
usually results in lower dispersed concentration and can lead to significant chemical
degradation of the nanosheets, especially in the case of more exotic inorganic layered
materials. Before discussing more specific parameters related to the choice of solvent or

exfoliation method, in the following we will first comment on the more general parameters.

Stabilization using additive-free solvents can be described within the framework of
solution thermodynamics, which predicts that efficient stabilization or dissolution occurs
when the net energetic cost of mixing is minimized. Since nanomaterials are rather large and
rigid compared to molecules, the entropic contribution can be neglected which means that
stabilization is achieved when the solubility parameters (such as the surface tension or Hansen
parameters) of solvent and solute match.*® 5*® Typical solvents that are known to give stable
dispersions include N-methyl-2-pyrrolidone (NMP), N-cyclo-2-pyrrolidone,
dimethlyformamide (DMF), dimethylsulfoxide (DMSO) and isopropanol (IPA).
Alternatively, stabilizers can be added, for example surfactants in an aqueous solution. These
adsorb by non-covalent interactions to the nanosheet surface, for example, by their non-polar
tail in the case of classical amphiphiles. In this case, the surfactant head group interacts with
the liquid environment and prevents the nanosheets from reaggregation by electrostatic and/or
steric repulsion.>* Popular aqueous surfactants include sodium cholate (SC) or related bile
salts, sodium dodecyl benzyl sulfonate (SDBS), sodium dodecyl sulfate (SDS) as anionic
surfactants, cetyl trimethyl ammonium bromide (CTAB) as cationic surfactant or Triton X100



or Brij as non-ionic representatives. We find that stable dispersions can be produced when the
surfactant concentration is kept below its critical micelle concentration. Typically, we use SC
in water with a concentration of 2-6 gL™. A comprehensive understanding of the role of
surfactant concentration is currently lacking, however we have found that nanosheet size and
thickness in a stock dispersion can vary with the surfactant concentration used.** This was
demonstrated for MoS; exfoliated and stabilized in aqueous SC using turbulence-assisted
shear exfoliation. While this offers some possibility of in situ control, it also means that the
surfactant concentration may have a larger impact on the outcome of the exfoliation than

other process parameters.

Irrespective of the exfoliation method, stabilizer and material, we recommend that a pre-
cleaning step of the raw material be conducted. This is because we have experienced that the
purity of the commercially available materials is often unpredictable, leading to problems
regarding the reproducibility in the exfoliated product. Accordingly, the general
recommendation is to perform a two-step exfoliation process. In the first step, the material in
the medium of choice should be subjected to a comparatively short (~20% of the planned
duration for the actual exfoliation) exfoliation with the method of choice. After this initial
step, the dispersion should be subjected to centrifugation at intermediate centrifugal
acceleration (~ 5000 g for inorganic materials) after which the supernatant is to be decanted
and discarded and the sediment collected in fresh solvent/surfactant. This can then be
followed by a second, longer exfoliation. This precaution allows much of the impurities (and
very small nanosheets) to be removed. We have found this to be particularly crucial when
working with ionic surfactants, as the impurities are often ionic and therefore, can destabilize

the surfactant dispersion via charge screening effects.

Furthermore, we unanimously find that a higher initial concentration of the
nanomaterial will also give a higher concentration of exfoliated nanosheets- at least up to a
certain point where the dispersed concentration saturates. While the initial concentration that
corresponds to the onset of this dispersed material plateau is material and exfoliation method
dependent, it is typically > 30 g/L.13 15 26.27.30.44,55.56 Similarly, longer processing times yield
higher dispersed concentrations (but not linearly).t> 15 26. 27, 30, 44,5558 \whjle this can also
change the length and thickness distributions in the stock dispersion,®” this effect can be
balanced by appropriate size-selection techniques. However, it should be emphasized that it is

currently not yet clear whether longer process times will introduce defects.



Choice of medium

The first question that needs to be considered when designing a set of experiments
involving liquid-exfoliated nanosheets pertains to the medium that is used to stabilize the
nanosheets. The answer to this question depends strongly on the material and the purpose of
its production. It is therefore not a trivial decision to be made. With the aim of providing a
rough guide, we will summarise the pros and cons for the main classes of stabilizers from our

perspective in the following.

Aqueous surfactant or biomolecule solutions are widely used as stabilizers in LPE.1" 4¢
54, 59, 80 yYsually, the exfoliation, stabilization and size selection is quite robust and
reproducible giving access to long-term stable, high quality dispersions that are suitable for
many applications and fundamental studies. The medium is environmentally friendly and
compatible with many processing techniques such as vacuum filtration and spraying (when
the surfactant concentration is minimised). However, printing from aqueous surfactant still
remains challenging as it is difficult to control the rheological properties.*® In addition, there
are two other major downsides. Firstly, some materials (such as MoOs®® or black
phosphorus® 1), are chemically unstable in the aqueous environment and degrade readily.
Secondly, it is difficult to remove the surfactant from the nanosheet surface completely after
processing which can potentially deteriorate the resulting network properties. Strategies to
remove the surfactant include minimizing its concentration to begin with, for example, after
the size selection (see below) or though dialysis. However, this can cause reaggregation of the
nanosheets in the liquid and potentially interfere with further solution processing.
Alternatively, the nanosheets can first be deposited and then rinsed with water followed by
annealing. Nonetheless, from our experience, a complete removal is often not possible, as
surfactant can be trapped between reaggregated nanosheets within the network. In addition,
only a few systematic studies exist on the impact of the chemical structure of the surfactant on
the degree of exfoliation and especially nanosheet size with little empirical data available
apart from the most commonly used surfactants (e.g. SC or sodium dodecyl benzene
sulfonate). Overall, we nonetheless recommend the use of aqueous surfactant solution, as long
as it is compatible with the material to be exfoliated; from our experience, residual surfactant
does not cause major problems in most application areas. Furthermore, aqueous surfactant
systems do not require additional health precautions unlike some alternative non-aqueous

solvents and are therefore highly convenient for dispersion and film preparation.



Alternatively, certain solvents can be used to produce colloidally stable dispersions,
typically in the absence of additional stabilizers!® 1% 2 even though additives can further
enhance stability or degrees of exfoliation.®? One main advantage of using solvents is that
chemically unstable materials such as black phosphorus can be protected against degradation
through a stabilizing solvation shell.> In addition, it is easier to tune rheological properties
which is required for certain processing techniques such as inkjet printing®® and removal of
the solvent is typically easier than for surfactants. On the other hand, many suitable solvents
such as N-methyl-2-pyrrolidone (NMP) suffer from high boiling points and are often toxic.
Another consideration is that certain solvents can degrade and polymerise®® which can
dramatically alter the properties of the exfoliated material while also hampering subsequent
spectroscopic and microscopic characterization. Furthermore, the degree of exfoliation
typically tends to be lower than for surfactants under equal production conditions. While
solvent blends have been identified as promising alternatives (for example of alcohols or
acetone and water)%5" the dispersions in this case can suffer from long-term instability due to

evaporation of the more volatile solvent component.

Polymers (or proteins) present the third main class of potentially suitable stabilizers.®®"
Their main advantage lies in the ability to stabilize the dispersion in either aqueous or organic
environment. However, this field of research is in general rather immature and only rarely
used in our laboratory unless polymer composites are the target application. We would also
like to note that we find that the degree of exfoliation in this case to be lower than for small
molecule stabilizers and that increased viscosities and densities in polymer solutions may
require significant alterations to established size selection procedures (see below).

Choice of exfoliation method

In the following, we would like to discuss our established exfoliation methods such as
bath or tip sonication?3 17-20.26.27.30,55,57. 74 o shear exfoliation (Figure 1D-G).1> 4 %6 We note
that other techniques such as ball milling”™"® or approaches based on exploiting fluid
dynamics in a hydrodynamic apparatus’®8! can be used as alternative strategies. Although we
describe a number of pros and cons of these different exfoliation methods below, again, the
choice of the exfoliation method should be material dependent. For example, while graphite is
readily exfoliated for all these methods,'> 44 57 %8 74 this may not be the case for other
materials. In particular, for TMDs the quality of exfoliation (as measured by the yield of large
thin nanosheets) is considerably better when using tip sonication compared with bath
sonication or shear mixing. On the contrary, for GaS, bath sonication is the most effective

8



approach.?” Therefore, in general, when attempting to exfoliate a new material it is important
to not only consider the stabilizer, but also to test various available exfoliation methods.

As has been mentioned, there are two varieties of sonication; one features an ultrasonic
tip which is positioned in the dispersion media and the other is called bath sonication,
whereby a vial containing the material to be dispersed is itself immersed in a water bath that is
perturbed by ultrasonic vibrations (figure 1 D and E respectively). In the former method,
energy is imparted to the dispersion media directly, whereas for the sonic bath method the
energy must travel through the tank and dispersion vial before reaching the nanosheets.
Although the scalability of sonication to produce few layer nanosheets has not been
demonstrated (compared with shear exfoliation and ball milling), they remain the primary
means for exfoliation in our laboratory.

For layered inorganic materials, tip sonication is preferred over bath sonication due to
the higher production rates, (i.e. more exfoliated material is produced in shorter times, with
concentrations in the range of ~1 g/L in < 24 h for initial bulk material concentrations of 30-
50 g/L). In this case, various sonic tip configurations are available with different probe sizes,
shapes and process controllers. We find that the type of setup has little impact on the material
quality that is produced, provided that the probe diameter is adjusted to the volume of the
dispersion as suggested by the manufacturers. In addition, the sonic probe should be polished
frequently, as it wears down on prolonged sonication. This can affect the dispersion quality.
The setup we typically use is shown in figure 1D. It consists of a solid flathead tip with a
diameter of ~ 2 cm that is immersed into 80 mL of a dispersion in a metal beaker. To set up
the sonication, the sonic tip is lowered into the dispersion to the bottom of the beaker and then
lifted up by 1 cm. Sonication amplitudes in this case are typically 60%. We find that lower
amplitudes tend result in poorer exfoliation while higher amplitudes to cause damage to the
sonicator when operated frequently. Typical sonication times are 5-7 h. From our experience,
it is absolutely crucial to prevent heating of the sample. This is not only because heating of
the sample can deteriorate the properties of the material, but also because dispersed
concentrations are lower. While cooling can be achieved by positioning the metal cup in an
ice bath, it is far more ideal to install a chiller system as otherwise the ice must be replenished
every 2 hours or so. In addition, keeping the dispersion cool is greatly assisted by the use of
pulsing tip through the device controller. We routinely use 6 seconds on and 2 seconds off
ratio.

For a given combination of sonicator, operating conditions, cooling, sonication time and

material, the outcome of tip sonication appears rather reproducible both in terms of dispersed
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concentration and size distribution. We have found that the probe should be exchanged every
3-5 months when subject to heavy operation. However, please note that many parameters are
involved that are currently still poorly understood. As such, deviations from this procedure
will likely result in a different quantitative outcome of the exfoliated material.

In general, bath sonication may offer a lower-cost alternative to tip sonication, and
additionally, in some cases we found that this approach led to better exfoliation (such as for
GaS?"). The energy input into the sample is also lower, as it is less localised, so that less
material fragmentation (breaking of bonds in the nanosheet) can be expected. However,
longer processing times are required to achieve an equivalent concentration of dispersed
material and, in general, the process is less reproducible. We found that the outcome varies
considerably depending on the specific bath used, the filling level of the bath and the
positioning of the vial within the bath. Our recommendation is to use small vials and place
them in hot spots, as illustrated in figure 1E. While more reproducible results can be obtained
by rotating the sample in the bath during the sonication, this will also result in a lower
dispersed concentration for an equivalent sonication time.

Alternatively to sonication, we use shear exfoliation in rotor stator mixers (figure 1F)%°
or in blenders with rotating blades.** °0 Surprisingly, even the kitchen blender displayed in
figure 1G can be used for LPE offering a very low cost alternative to sonication.** Please note
that these household kitchen blenders are not designed to operate in organic solvents and can
be destroyed when done so. The yield of exfoliated material is not strongly dependent on the
processed volume so that shear exfoliation is a scalable process with high production rates.®
4,56 The quality of the material produced in terms of dispersed concentration and degree of
exfoliation is comparable to sonication in the case of graphene, with the added advantage that
fragmentation events are limited to the vicinity of the rotor so that nanosheets tend to be
larger. However, for layered inorganic materials such as TMDs, this does not seem to be the
case and dispersed concentrations are typically in the range of pg/L in < 24h. Consequently,
at present the majority of our samples are produced using tip or bath sonication.

Size selection

A major problem with LPE is the limited control over the exfoliation process resulting
in polydisperse samples containing broad nanosheet size and thickness distributions. Usually
such samples do not fulfil the requirements needed to conduct studies on fundamental
properties, or to unravel the application potential in the numerous areas of interest. Hence,

post-production size selection is required. We have recently shown that a procedure we term
10



liquid cascade centrifugation (LCC) offers an exciting strategy,® in particular, because it is
highly versatile and can be carried out using benchtop centrifuges. This is a multi-step
procedure whereby various cascades can be designed according to the desired outcome. To
demonstrate this process, a general cascade is portrayed in Figure 1H. It involves multiple
centrifugation steps whereby each features a higher rotation speed than the last. After each
step the sediment is retained and the supernatant is then used in the proceeding stage. As a
result, each sediment contains nanosheets in a given size range which have been “trapped”
between two centrifugation stages with different speeds. Critical to LCC, the resulting
sediment can be redispersed completely by mild sonication in the respective medium,
enabling any nanosheet concentration that is desired as well as modification of the
concentration of any additives (such as polymers or surfactants). Importantly, virtually no
material is wasted in LCC, resulting in the collection of relatively large masses of size-
selected nanosheets. We have applied this procedure to a number of liquid-exfoliated
nanosheets including® MoS, and WS, as well as Ni(OH),,%° GaS,?’ black phosphorus® and

graphene® in both solvent and surfactant systems.

To achieve efficient size selection, it is critical to remove the supernatant from the
sediment as completely as possible as has been illustrated in figure 11-L. This also means that
for this procedure to work, the centrifugation time has to be long enough to allow the majority
of the nanosheets to sediment to the bottom of the vial. We note that this does not require
centrifugation to equilibrium (opposed to density gradient ultracentrifugation).’® 7% " From
our experience, we obtain a good separation of supernatant and pellet-like sediment after 2h
of centrifugation when the filling height of the dispersion in the vial is < 10 cm.
Centrifugation times should be extended if greater filling heights are used. The procedure can
generally be applied to various materials in various stabilizers. However, depending on the
density of the material and density and viscosity of the medium, centrifugal accelerations
and/or centrifugation times will require adjustment. In first approximation, nanosheet size
selection occurs by nanosheet mass in such a standard cascade making it difficult to select
large, thin nanosheets. However, we would like to note that clever design of secondary
cascades involving long, low-speed centrifugations to remove thicker material and short,
high-speed centrifugations to remove very small nanosheets has shown some potential to

overcome this limitation.3?
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Figure 1: llustration of liquid exfoliation and size selection. A) Photograph of a typical
starting material (here WS, powder) yielding B) colloidally stable coloured dispersions after
the exfoliation containing C) a mixture of nanosheets with varying lateral sizes and
thicknesses. Panels D-G) show photographs of setups used for the exfoliation. D) Sonic tip
with ice cooling, E) sonic bath with a vial in a hotspot, F) rotor stator mixer, G) household
kitchen blender. H) Schematic of the liquid cascade centrifugation with subsequently
increasing rotational speeds . The supernatant after each step is subjected to another
centrifugation at higher centrifugal acceleration. Size-selected nanosheets are collected as
sediments. 1) Photograph of a centrifugation tube containing an aqueous surfactant dispersion
of WS, before centrifugation. Typical centrifugation times should be 2 hours for filling
heights up 10 cm to allow the heavy material sufficient time to travel to the bottom of the vial.
An example of a centrifugation tube after the centrifugation is shown in J). To achieve
efficient size selection, the supernatant should be removed as completely as possible (by
pipetting) resulting in nanosheet fractions as shown in K and L. A main advantage of this size
selection procedure is that the size selected nanosheets in the sediment can be redispersed in
reduced volume and therefore at any desired concentration.

Basic characterization

Regardless of the intended purpose of the produced LPE nanosheets, basic
spectroscopic and microscopic characterization is essential. This is particularly important
because the LPE and size selection are, at present, rather poorly understood and therefore it is
difficult to gauge the outcome of a given LPE and size selection protocol with a given starting
material without first conducting extensive experimentation. As such, it is necessary to
confirm the outcome of exfoliation and nature of the material that is produced. Below, we
recommend a basic set of characterization methods that yield valuable information using
equipment that is available to many researchers. This includes techniques such as UV/Visible
and Raman spectroscopies, which provide insights regarding structural integrity and very

often size/thickness information, as well as microscopic characterization by transmission
12



electron microscopy (TEM) and atomic force microscopy (AFM) to confirm shape,

morphology, size and thickness of the nanosheets.
Spectroscopic characterization

The most basic and straight forward characterization for colloidal dispersions is UV/Vis
spectroscopy. From our experience, the quantity of information that can be extracted from this
simple spectroscopic technique is exceptional and often underestimated. Firstly, UV/Vis
transmission spectroscopy can provide information on the structure of the exfoliated
nanosheets, as especially inorganic layered materials have well documented excitonic
transitions® that are characteristic for the material and even its polytype or phase.5® 8 8
Secondly, information on the concentration can be extracted.3® 34 63 8.8 However, for this to
be performed reliably, it is essential to be aware that when transmittance mode is used,
extinction and not absorbance spectra are obtained. This means that the quantity that is
measured contains information related to both the absorbance and the scattering of light due
to the nanomaterial 2" 30 34 55. 82, 87 |n addition, although it is commonly known that the
scattering component of the extinction coefficients is size-dependent, it is also the case that
the absorbance coefficient is dependent on material size due to edge and confinement
effects.®® 34 Unfortunately, a detailed discussion is beyond the scope of the manuscript and the
reader is referred to the original work related to this subject.* 3 We would nonetheless like to
exemplarily show (with WS, and MoS;) that nanosheet size and thickness information is
encoded in optical extinction spectra (figure 2A-D). Note that we have made similar
observations for other layered materials such as graphene,®? GaS,?” black phosphorus® and
Ni(OH),.%

Changes in the electronic band structure of layered materials as a result of both edge
and confinement effects are reflected in changes in the magnitude and position of the
excitonic transitions. Therefore, optical extinction spectra are expected to change as a
function of nanosheet lateral size and thickness. An example (size-selected WS> in aqueous
SC) is shown in figure 2A.3® Systematic changes with nanosheet size are observed. The first
thing to note is that shifts in the excitonic transitions are detected, likely as a result of electron
confinement following exfoliation. Due to the scattering background, we recommend an
analysis of the second derivative (figure 2B), where peak positions can be extracted more
reliably. Please note that spectral smoothing is usually required to reduce the noise unless
long integration times are used during the measurement. The appropriate smoothing is an
important part of the data analysis and the smoothing method depends on the desired
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outcome.® In this case, the second derivative was directly calculated from the spectra and

afterwards smoothed with Adjacent Averaging.

As we have previously shown, edge effects result in a dependence of the spectral profile
on nanosheet length in the absorbance and extinction spectra. The changes in spectral shape
with nanosheet lateral size can be rationalized by edges being electronically distinct from
centre regions. Therefore, the absorbance/extinction coefficient associated with the nanosheet
edge is different from absorbance/extinction coefficients at the basal planes. This can be
quantified via the ratio of extinction intensities at two different wavelengths. In principle, any
peak intensity ratio can be related to the nanosheet size. However, the size metrics will be
more reliable the larger the difference in the spectral shape at the given positions. An example
is the peak intensity ratio at the high energy maximum over the local minimum as indicated in
figure 2A and plotted as a function of mean nanosheet size in figure 2C.%° Interestingly, data
for MoS; and WS> can collapse on the same curve if appropriate peak positions are chosen.
This means that the peak intensity ratio for both materials can be quantitatively linked to the

mean nanosheet length <L> via the same equation, which can be written as

® 2.30—Ext,, . / Ext,;,

= (Eq. 1)
0.02Ext,,, e / EXty;, —0.0185

With Extmax-He denoting the intensity at the local maximum at high energy (270 nm for
MoS: and 235 nm for WS) and Extmin the extinction intensity at the local minimum (345 nm
for MoS; and 295 nm for WSy). In addition, confinement of the electrons in two dimensions
results in changes in the band structure and hence shifts in the excitonic transitions. We note
that additional effects such as the average dielectric constant may play an additional role
making such correlations of the nanosheet thickness to exciton energies sensitive to the
environment. Nonetheless, optical extinction spectra contain information on nanosheet
thickness which can be quantified as illustrated in figure 2D, where the A-exciton energy is
plotted as a function of mean nanosheet layer number <N> for MoS;3* and WS;,% which has
been measured by AFM (see below). This empirical fitting of the data allows the nanosheet

thickness (in agueous SC dispersion media) to be extracted from equations 2 and 3.

N =2.3x10%°e % = 2 3x10% e * % (Eq. 2, MoS2)
N =6.35x10 ¥e™/**" = 6.35x10 %"/ (Eq. 3, WSy)
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In summary, this example shows that a simple measurement such as extinction
spectroscopy contains information on nanosheet structure (and phase), concentration and
potentially size and thickness. While we have reported that this is the case for a number of

materials, a comprehensive understanding is certainly still lacking and requires future work.

Another widely utilised spectroscopic technique in this research area is Raman
spectroscopy as it offers a unique fingerprint of the lattice vibrations and hence crystalline
structure.’> 86 The most common use of this technique for LPE materials is to verify
whether the exfoliated material is structurally similar to the bulk material, i.e. that very few
defects were introduced during processing. In this case, measurements are typically performed
on filtered films or dried droplets of the LPE nanosheets. In these cases, spatial
inhomogeneities in the deposited ensemble can lead to spot to spot variations in the obtained
spectra, so that we recommend the recording of an average of at least 5-10 spectra in various

regions. In severe cases it may be required to measure 100s of spectra.

In addition to an analysis of the Raman modes, standard Raman spectrometers can also
be employed to measure photoluminescence (PL) spectra. For example, the PL emission of
WS, can be detected at 2000-3000 cm™ Raman shift when excited using a green laser (532
nm).>” This situation is particularly useful for materials that are direct bandgap
semiconductors when present as a monolayer and indirect semiconductors otherwise, as a
Raman/PL measurement can then yield quantitative information on the monolayer content (if
only the direct bandgap semiconductor is expected to show appreciable PL).3® In the

following, we review how such measurements and quantification can be performed.

For the Raman/PL measurement of liquid dispersions to be successful, a number of
details have to be encountered. Firstly, the measurement should be carried out using liquid
dispersion rather than films, in order to avoid reaggregation and restacking in deposited
material. This would clearly prevent the accurate quantification of monolayer content. From
our experience, the most reliable results are obtained when measuring above the surface of a
droplet of dispersion with a high concentration (> 0.3 gL™). Note: such concentrations are
easily accessible after LCC. The laser power during the measurement should be kept as low as
possible to avoid sample heating and solvent evaporation. In fact, we were only able to carry
out successful experiments in solvents with boiling points > 90°C. Please also note that our

reported measurements were all carried out in aqueous surfactant or polymer solution.®® 7

As mentioned, it is crucial to focus the laser correctly when measuring Raman/PL on

the high concentration dispersions. Usually, the camera image gives a good indication as
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shown in figure 2E. The laser should be focused a minimum of 5 um above the surface of the
droplet, as inner filter and reabsorption effects otherwise have a pronounced impact on the
shape, position and intensity of the PL (at Raman shift 2000-3000 cm™ when exciting WS;
with 532 nm) as seen in figure 2F. Examples of spectra of size selected WS, with varying
monolayer contents are displayed in figure 2G and show a systematic increase in the PL with
increasing monolayer content, as expected.®® The ratio of the PL intensity to the main Raman
mode intensity thus offers a metric to quantify the monolayer content in the dispersion as
plotted in figure 2H. While such a metric certainly offers exciting possibilities, we would like
to note that it is currently only quantified for WS stabilized in aqueous media and excited
with a 532 nm laser. Even in this case, it is unclear whether the quality of the starting material
has an impact on the quantification or not. However, even without quantification, the
monolayer content in the group VI TMDs is expected to always scale linearly with the

PL/Raman ratio giving at least a semi-quantitative monolayer metric.
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Figure 2: Basic spectroscopic characterization. A-D) UV-Vis spectroscopy. A) Optical
extinction coefficient spectra of aqueous surfactant dispersions of size-selected WS, showing
systematic changes with nanosheet size. Peaks relevant for the analysis are indicated. B)
Second derivatives of the A-exciton plotted versus energy for WS, after smoothing the second
derivative with Adjacent Averaging. The solid lines are fits to the second derivative of a
Lorentzian to assess peak positions/energies. C) Plot of the peak intensity ratio at the high
energy maximum / local minimum as a function of mean nanosheet length <L>. Data for
MoS; and WS; falls on the same curve. Hence the same equations can be used to quantify
nanosheet length. D) Plot of A-exciton peak energies (from second derivatives) plotted as
function of layer number <N> for MoS, and WS,. E-H) Raman/PL measurements on high
concentration dispersions. To obtain reliable results, it is important to focus the laser above
the surface of the liquid drop to avoid inner-filter and reabsorption effects when the
photoluminescence is to be analysed. The focusing of the laser is illustrated in E showing
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images of the laser focus inside the drop, on the surface and 3 and 5 pum above the surface.
The corresponding Raman/PL spectra (excitation 532 nm) normalised to the WS, Raman are
displayed in F). The WS, PL appears asymmetric, red-shifted, broadened and lower in
intensity for incorrect laser focus. G) Normalised Raman/PL spectra (excitation 532 nm) of
size-selected WS> showing systematic changes with nanosheet size and monolayer (ML)
content. Spectra were recorded with the laser focused > 5 pum above the surface. H)
PL/Raman intensity plotted as a function of monolayer volume fraction showing a linear
relationship that can be used to determine the monolayer content.

Microscopic characterization

The spectroscopic characterization described above should always be complemented
with microscopic characterization, even if spectroscopic size metrics are available to provide
mean morphological characteristics of the produced nanosheets. In our laboratory, this is
typically carried out using statistical transmission electron microscopy (TEM) and atomic
force microscopy (AFM) for a subset of samples.

TEM is ideal for the analysis of nanosheet shape and lateral size; it provides higher
resolution compared with scanning electron microscopy and higher throughput compared with
AFM. To perform this measurement, the dispersion is drop-cast onto a TEM grid. Here, it is
important to use dilute dispersions (i.e. optically transparent if the material absorbs in Vis
region) to avoid reaggregation of the nanosheets during the deposition. Clearly, reaggregation
is undesirable for the performance of precise length analysis. An example TEM image with
ideal coverage and excessive nanosheet coverage is shown in figure 3A and B. Depending on
the expected nanosheet size, continuous film grids can be beneficial to avoid small nanosheets
falling through the holes. When drop-casting, the best results are obtained when the grid is
placed on a filter paper to wick away access solvent. During the image acquisition, it is
important to adjust the field of view according to the nanosheet size. If polydisperse
dispersions are analysed, it is also required to record higher magnification images as to not
bias the statistics towards larger, more easily discernible nanosheets in wide-view images. For
the statistical length analysis, the longest dimension is measured and denoted as length and
the direction perpendicular which is denoted as width. To obtain a robust mean value, at least
100 individually deposited nanosheets should be counted. Counting of fewer nanosheets may
be sufficient for samples with smaller mean size, as these tend to be less polydisperse. If a
non-size-selected stock dispersion is analyzed, it is recommended that at least 200 nanosheets
should be recorded.
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Unfortunately, TEM is not well suited to the quantification of nanosheet layer number
(and hence thickness) as this would require that all samples be suspended over vacuum (for
example, to obtain electron energy loss spectra (EELS). In this situation, only nanosheets with
large enough lateral dimensions would be available for measurement, hence providing a
biased picture of the distribution of nanosheets that are present. This is illustrated by the
representative TEM image of liquid-exfoliated WS; shown in figure 3A. Accordingly, despite
being more challenging and time consuming, we prefer to use AFM to determine the layer

number of the exfoliated nanosheets.

For AFM analysis it is particularly critical to avoid re-aggregation of nanosheets on the
wafer during solvent evaporation. For this, we drop-cast the dispersion on pre-heated Si/SiO>
wafers (10 uL per 0.5x0.5 cm? wafer). The solvent immediately evaporates and bubbles are
formed, resulting in more uniform deposition compared to drop casting on wafers at lower

temperatures. The wafer should be heated to ~ 50-70°C above the boiling point of the solvent.

In the case of surfactant-based dispersions, it is recommended to dilute the sample with
water (rather than surfactant) prior to deposition and wash the wafer thoroughly with water
and IPA (~ 5 mL each) to remove residual surfactant. Residual surfactant can make the
thickness measurements very tedious, especially for very small nanosheets that are more
difficult to distinguish from surfactant. In this case, phase images can provide a guide as they
usually give a good contrast between different materials. If problems with residual surfactant
persist the wafers can be soaked in water overnight without significant loss of the nanosheets
on the wafer. We generally find that deposition from high boiling point solvents such as NMP
to be extremely challenging and we often observe pronounced reaggregation of the
nanosheets and residual solvent or potentially polymerized NMP covering the nanosheets. We
have recently overcome this problem by transferring the material exfoliated in NMP to IPA

by high speed centrifugation prior to AFM.>®

Si/SiO, wafers with a 200-300 nm oxide layer are recommended, as this enables nano-
scaled objects to be seen with an optical microscope/optical zoom as blue spots.” This is a
useful guide to identify regions of interest for imaging, as is illustrated in figure 3B,C. Figure
3B shows optical micrographs in the case of a dispersion containing nanosheets with lateral
size > 100 nm. The area on the left is ideal for AFM analysis in terms of coverage, while the
area on the right is too dense and mainly reaggregated nanosheets will be measured. In such
cases further dilution is required prior to deposition on the wafer. When nanosheets are

smaller they cannot be resolved as individual objects in optical micrographs. This is pictured
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in Figure 3C. Only reaggregated nanosheets will give a contrast in the optical image and such
areas should be avoided. In these cases, we typically find region inside droplets to be
promising as indicated by the dashed line in figure 3C. When using AFM it is also critical to
adjust the field of view according to the nanosheet size. For example, the wide-view image in
Figure 3D is not suitable for a precise statistical analysis and only higher magnification
images such as the one in figure 3E will reveal the true size and thickness distribution of the

nanosheets.

It is commonly found that measured, apparent AFM heights obtained using liquid
exfoliated nanomaterials are overestimated due to the presence of residual solvent. In
addition, accurate height measurements obtained using inhomogeneous samples (such as
nanomaterials deposited on substrates) are generally challenging due to contributions from
effects such as capillary forces and adhesion, which depend on the material and measurement
parameters.®® % To overcome these problems and obtain true thickness values from the
apparent values measured by AFM, we and others have applied a procedure that we term step
height analysis.t> 27 3334 55, 63, 100 Hare jncompletely exfoliated nanosheets showing clear
terraces are first examined and the height of a number of steps are recorded. These terrace
step heights will always be a multiple of the apparent thickness of one layer. Depending on
the material, we and others have observed the apparent measured height of one layer of
liquid-exfoliated nanosheets to be 1-2 nm which is much greater than the theoretical
thickness. > 27 30. 33, 34, 55,63 Tpat the thinnest objects do indeed correspond to monolayers can
be confirmed by Raman or PL analysis.*> 3* The apparent monolayer height can then be used
to convert the apparent measured AFM thickness to the layer number. For statistical analysis,
again, we recommend that the height of at least 100-150 individually deposited nanosheets are
recorded. If the thickness varies across the nanosheet, the mean value should be taken. From
such statistical analysis, population histograms can be constructed. These histograms are
typically log-normal in shape!® (also in the case of nanosheet length). If this is not the case
the counting and/or imaging may be biased. From these histograms and the statistical
analysis, the arithmetic number mean is obtained. This is typically also related to the volume

fraction weighted mean value and therefore a valid measure of thickness.®?
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Figure 3: Basic microscopic characterization. A,B) Low resolution TEM images of liquid-
exfoliated WS> with different nanosheet coverage. The image in A) has an ideal coverage for
statistical size analysis, while the nanosheets in B) were drop-casted with a too high
concentration and show pronounced reaggregation on the grid making statistical analysis
impossible. C,D) Optical microscopic images of liquid-exfoliated WS, drop-cast on Si/SiO2
wafers (300 nm oxide). C) Nanosheets with sizes >100-150 nm can be seen as little spots
even at low magnification (such as typically available in AFMSs), while smaller ones (D) only
give contrast when they are aggregated. Regions of aggregates should be avoided for the
AFM analysis. Promising regions are indicated in figure C and D). E) Wide-view AFM image
of a region such as the one shown in C, left. Nanosheets of varying sizes and thicknesses are
apparent. However, reliable size and thickness determination is not possible from such an
image and requires zoom-in images such as shown in F).

Film formation and printing

To develop applications that make use of LPE nanosheets, it is necessary to convert the
dispersed material into macroscopic structures that are suitable for further studies. In general,
the nanosheets may either be deposited on a supporting substrate (such as glass, metal foil,
silicon, or plastic film) or act as a filler within some host material (such as polymers, metals
or other nanomaterials) to produce free-standing composites. To this end, numerous liquid-
phase processing techniques have been established that are very well suited to the deposition
of nanosheet dispersions in combination with other dispersed nanomaterials or polymers. In
this section we have outlined three approaches that are used in our laboratory to produce a
range of nanosheet-containing structures and devices; vacuum filtration, ink-jet printing and

spray deposition.
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Vacuum filtration is a convenient technique that is often used in our laboratory for the
initial characterization of newly exfoliated nanosheet materials as well as for more detailed
studies. This method involves the application of negative pressure using a pump to draw the
liqguid component of a dispersion through a porous polymer membrane and retain the
dispersed solids. As a result, the dispersion contents are converted into a porous mat-like film
on the membrane surface which is then available for transfer onto other substrates for testing.
Although this technique is probably unsuitable for the production of nanomaterial-containing
structures for most commercial purposes, its low cost and its simplicity makes it ideal for
many research purposes. In particular, it enables excellent control over the composition of the
resulting film via the constituents of the parent dispersion, as well as the deposited mass per
unit area (and hence film thickness) via the volume of solvent that is passed through the
membrane. By systematically varying these aspects of the produced films, we have studied
the properties of a range of nanosheet containing systems such as graphene for transparent
conductors,'%2 layered oxides combined with single walled carbon nanotubes (SWNTs) for
supercapacitor electrodes,?® 1% and TMDs/SWNT composites for electrocatalysis. %4 10°

A wide range of filtration membranes available with different surface chemistries and
pore-sizes, the choice of which will depend on the nature of the dispersion media, the size of
the dispersed nanomaterials to be filtered and the desired approach to carry out film transfer.
As the nanosheets that are produced by LPE often have lateral dimensions in the range of 10s
to 100s of nanometres, it is often necessary to use filtration membranes with smallest pore
diameters possible. We frequently use mixed cellulose membranes with 25 nm pore size, as
these are compatible with aqueous/surfactant dispersion media and the filtration membrane
may be subsequently dissolved using acetone to achieve transfer of the filtered film. If the
presence of excess surfactant is not desired in the final films, it can be useful to redisperse the
nanosheet material at a lower surfactant concentration than was used during exfoliation steps
to reduce its presence in subsequent film formation, or perform washing steps subsequent to

film formation by simply passing additional water through the film.

To perform the transfer, the film-loaded membrane can be cut using a blade into the
desired dimensions or conveniently into discs using a standard paper hole punch. The film is
then positioned face down on the intended substrate and is then wetted using IPA. Pressure is
applied by hand to ensure that good contact is made between the film and the underlying
substrate and that no air bubbles are trapped in between them. Before the IPA has evaporated
the combination is exposed to acetone vapour. Here a very small volume of acetone is heated
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using a hot plate in a conical flask to produce a vapour. The sample is held in the vapour for
around 10 seconds, during which time the filtration membrane begins to dissolve due to
condensation of the acetone vapour on the sample. The substrate is immediately immersed in
an acetone bath that is refreshed every 10 to 15 minutes until the nitrocellulose is completely

removed.

Despite the many advantages of vacuum filtration, the maximum film area is limited to
the area of the filtration membrane and it also affords relatively limited control over the
geometric features that can be transferred. As such, it is often preferable to use alternative
deposition techniques, such spray deposition®® and ink-jet printing.*® The former allows for
the production of highly uniform films with arbitrarily large lateral dimensions, while the
latter enables greatly improved spatial control over the deposited material and is hence better

suited to fabricate more complex structures.

The easy deposition of inks using low boiling point solvents such as water or IPA as
carrier solvents can be achieved using an airbrush. Here, the ink is atomised at the nozzle of
the airbrush by a nitrogen backpressure meaning rheological properties such as viscosity and
surface energy play a small role in droplet formation. Using a heated platen allows a broader
range of substrates (such as glass and silicon) to be used, as flash evaporation means the
droplets do not have time to flow on the surface before evaporation. High concentration inks
(~4 gL are also easily deposited, as variable nozzle diameters (125-600 um) are available
meaning large particles can be printed. The predominant limitation of the spray coating
technique is its lack of precision; the airbrush deposits by continuous raster meaning
substrates must be masked if a specific pattern is desired and a considerable amount of
material is wasted. The need for masking means creating a horizontal heterostructure using

this technique is extremely challenging.

To print a high resolution, heterostructured device, inkjet printing is the most precise
method available. The Dimatix DMP 2300 printer has sixteen 21 um nozzles with droplets
formed by a piezoelectric actuator. This means inks must be rheologically tuned to lie within
a range specified by the inverse Ohnesorge number for satellite-free droplet formation.*® We
have used NMP as a carrier solvent in our recent work due to its excellent exfoliating and
printing characteristics.*® This is convenient as materials such as graphene and MoS; are
stable in NMP and no additives are necessary to tune the rheology in order to jet the ink.
NMP, however, has a high boiling point (~204°C) making it a challenge to be removed from

printed films. Concentration limits place a further restraint on this method as an overly
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concentrated ink will result in blockage of the nozzle. We have experimentally found this

limit to be ~1.6 g L™* for graphene flakes of ~200 nm lateral flake dimensions.

Concluding remarks and outlook

In this work we have aimed to explain in detail the methodologies we use when
producing and utilising liquid exfoliated nanosheets. We have discussed aspects of the
production of nanosheet dispersions via exfoliation and described methods of
characterization. Methods to process nanosheet dispersions into useful structures such as films
and porous networks have been discussed. We have attempted to reach a finer degree of detail
than is generally achieved in a research paper. It is our hope that this methods review will
help new researchers to enter the area of liquid exfoliation and that as a result, the potential of

these materials is more fully reached.

Despite the recent progress in liquid exfoliation, size selection, characterization and
further processing, a number of challenges still need to be faced. For example, to further
improve the exfoliation process, it will be critical to understand the role of the various process
parameters on Yyield, nanosheet lateral size and thickness and monolayer content. With
powerful high throughput spectroscopic metrics as the ones summarized above, such process
optimization will be greatly facilitated in the future. Similarly, it will be important to devise
and design new and efficient high yield size selection techniques, especially with regard to

producing monolayer-rich samples with controlled lateral dimensions.

Furthermore, the more sophisticated liquid processing routes such as various printing
techniques are still in their infancy for liquid-exfoliated nanosheets. For these strategies to be
further improved, it will be critical to be able to tune the rheological properties of the
dispersions, or inks on demand depending on the deposition technique to be used. An
important part of this will be the investigation of new solvents and solvent blends.

Another remaining challenge will be efficient quality assessment and quality control of
the exfoliated nanosheets. One can consider two main quality criteria: size (lateral size,
thickness, monolayer content) and defectiveness of the nanosheets. While the former can be
measured both microscopically and spectroscopically, a measure for the defect content
remains elusive. In the case of graphene, Raman spectroscopy is probably the most common
and most promising technique, as it can also distinguish between different nature of defects

(such as defects at edges or on basal planes).2°”"1%° Even though disorder is also reported to
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affect the Raman scattering for TMDs,*® a comprehensive understanding is still lacking in this
case especially with regard to distinguishing between different kinds of defects with a high
level of accuracy. For the group VI TMDs which are direct bandgap semiconductors in the
monolayer, the excitonic line-width of the photoluminescence or photoluminescence quantum
yield probably offers the potential to provide a metric for the defect content in the future.
However, more work on fundamentally understanding the optical properties when
systematically varying the defect content (or nanosheet lateral size), will be required.

Last but not least, it should be noted that in any case, the quality of the liquid-exfoliated
nanosheets will always depend on the quality of the bulk starting materials. It will be of
importance to compare different sources of bulk materials- both in terms of the exfoliation
and basic characterisation itself as well as the resulting performance in relevant application
areas. This emphasizes the demand for high quality starting materials which can only be met

when equal research efforts are devoted to the synthesis of the bulk materials themselves.

Supporting Information. Tables of routinely used consumables and setups. This material is

available free of charge via the Internet at http://pubs.acs.org.
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