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Abstract:

Liquid phase exfoliation has progressed in recent years to become a common method of
production for 2D materials. During exfoliation, surfactants can be used to stabilize the
nanosheets against reaggregation. Here, using WS; as a model system, we explore the effect of
varying surfactant type and concentration on the yield and dimensions of the exfoliated
nanosheets. For ionic surfactants, the mass of nanosheets produced was constant for low
surfactant concentrations but decreased sharply for surfactant concentrations above ~10 mM,
regardless of surfactant. Very similar surfactant-concentration dependence was observed for
both nanosheet length and thickness. Contrary to previous reports, this data implies that the
optimum surfactant concentration is not linked to the critical micelle concentration. In addition,
we found that surfactant concentrations as low as 0.07 mM yielded stable nanosheet dispersions
with zeta potential above 40 mV. By decoupling the exfoliation and stabilization effects of the
surfactant, we have shown that it is the (de)stabilization process, rather than the exfoliation

process, which links nanosheet concentration, size and thickness to surfactant concentration.
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Introduction

One of the most common and probably the most versatile methods for production of 2D
materials is liquid phase exfoliation (LPE).! This method involves the sonication or shearing
of layered crystal to generate 2D nanosheets which can be stabilized in a range of liquid
environments.?”’ In this way, LPE has been used to exfoliate a wide range of 2D materials
including graphene,®1° BN,'! GaS,*? phosphorene® and MXenes** and of course a number of
transition metal dichalcogenides (TMDs) including MoS,.> ¢ This scalable, low cost
technique allows for stabilization either thermodynamically using appropriate solvents or
electrostatically with surfactants.> 17 In particular, surfactant exfoliation is attractive as all
processing is done in aqueous environments. While various surfactants have been used as
stabilizers during liquid phase exfoliation, the effect of surfactant choice and concentration on
nanosheet yield and dimensions has yet to be explored comprehensively.

Although binding of particular surfactants such as sodium dodecyl sulfate to graphite has been
examined in detail,'® studies of surfactant-stabilized nanosheets are limited and have been
performed mainly for graphene.!®?2 lonic surfactants are the most commonly studied with
sodium cholate (SC), sodium dodecyl sulfate (SDS) and other long alkyl chain surfactants at
the forefront.t”-222% In broad terms, stabilization of nanosheets (and colloids in general) using
ionic surfactants is relatively simple, though the surfactant conformation on the nanosheet
surface in solution requires further exploration, with various binding orientations and
mechanisms suggested.?® 2327 The surfactant tail groups (or nonpolar part of the molecule in
general) tend to adsorb on the nanosheet surface yielding a layer of bound charge which is
compensated by a diffuse, semi-mobile cloud of counterions associated with the head groups.
The resultant double layer acts as an electrical multipole and, from a distance, appears to carry
a net charge. Thus, adjacent surfactant-coated nanosheets experience an electrostatic repulsion
which compensates their innate van der Waals attraction and prevents aggregation.?® However,
the fine details of this mechanism would be expected to depend on both nanosheet and

surfactant type and are not well-studied.

Surfactants can be classified based on their ionicity into three different types; cationic, anionic
and non-ionic. Most ionic surfactants are composed of a long hydrophobic tail (typical alkyl
chains) and a charged headgroup. However, other structural motifs can lead to amphiphilicity.
For example, facial amphiphiles are composed of a rigid molecular framework with a polar and
nonpolar side and thus exhibit planar polarity. These tend to form smaller micelles at a higher

critical micelle concentration than conventional surfactants.??-3!



Sodium cholate, one of the most commonly used surfactants for LPE is such a facial
amphiphile. The molecule has been reported to lie flat on the surface of graphene with its
hydroxyl and carboxyl groups orientated towards the aqueous solution® 2° yielding stable
graphene dispersions due to the molecule’s geometric similarity with graphene’s hydrophobic
surface.’® Steric repulsion contributes significantly to the stabilization mechanism in this

case.?*

In contrast, conventional amphiphiles such as sodium dodecy! sulfate on graphitic surfaces,
can adsorb in a head-to-tail or tails-on configuration, respectively, depending on the surfactant
concentration.?’” Similarly, for the ionic sodium dodecyl sulfate and other surfactants with
varying alkyl chain length, the stability of graphene dispersions below a chain length of 16 (i.e.
those studied in this work) is noted to be largely due to mean field electrostatics from the ionic
nature of the surfactants and their effective surface charge densities with steric factors being of

minor impact.?

We would therefore expect that the efficiency of the stabilization of LPE nanosheets depends
crucially on surfactant concentration and chemical structure. However, no systematic work was
performed, where not only nanosheet concentration, but also lateral size and thickness was
investigated as a function of surfactant concentration. For such a study, TMDs are ideal model
systems due to recently established spectroscopic metrics to reliably assess concentration and

nanosheet dimensions. ° 32

Studies on surfactant-stabilized TMDs have largely been limited to MoS> with a small number
of surfactants, namely SDS and cationic CTAB,?%?® and focused on the relationship between
zeta potentials and surfactant double layer coating the nanosheet.?® In MoS,—CTAB and
MoS,—SDS dispersions, the bound and free surfactant chains are reported to undergo rapid
exchange?® arranging themselves flat on the surface of the nanosheet in a random fashion. More
recent studies from the same authors? investigating MoS; in CTAB, note that ions in solution
cannot access the MoS; surface because of hydrophobic CTAB cation chains and that zeta
potential depends on both surface charge and on the ionic strength of the media. CTAB
produced a similar magnitude and effective surface charge distribution with only the sign of
the zeta potential differing from MoS,- SDS dispersions.?® Consequently, we would predict the
absolute value of the zeta potential for TMDs would not be significantly different for cationic

and anionic surfactants.



More extensive studies have been completed on carbon nanotube (CNT)-surfactant systems.
3342 While it is possible to disperse in concentrations below the critical micelle concentration
(CMC),*® surfactants generally disperse CNTs better at higher concentrations than those
typically used in 2D LPE dispersions. 33> 37 At very high surfactant concentration (> 10 x
cmc*?), it has been reported that there is a reduction in CNT concentration due to attractive
depletion interactions. 3> 42%° These concentrations are dependent on nature of the surfactant
molecule. Hydrophobic tails in ionic surfactants are thought to adsorb to the nanotube surface
with stabilization facilitated by electrostatic interactions. 6 Aromatic molecules, for example
sodium dodecylbenzene sulphonate, can increase the adsorption rate to the nanotube surface
through m-stacking interactions of the benzene ring.3" %> Moreover, an increase in surfactant
chain length leads to an increase in nanosheet dispersibility, as a result of enhanced
hydrophobicity from longer-chained surfactants.*? Anionic surfactants in general, have proved
more effective than cationics in dispersing CNTs as found experimentally by Blanch et al.®
and Fernandes et al.*? and investigated theoretically by Xu et al.*®. Indeed White et al.*
demonstrated that there is a preferential binding of SDS over CTAB in nanotube dispersions.
It has been suggested that the Na* counterion in the anionic surfactant balances the electrostatic
forces. % Overall, this strongly suggests that dispersed concentration and dispersion quality
(i.e. degree of debundling or exfoliation, respectively) is dependent on surfactant concentration

and type.

Given the limited exploration of surfactant effects with TMDs, we aim to investigate if there
is indeed an effect on the properties of nanosheets produced by liquid exfoliation due to the
type and concentration of surfactant. We focused on simple alkyl sulfates and bile salts in this
work, where we do not expect any specific chemical interactions to occur. Other types of
stabilizers have been used for LPE, including pyrene-based derivatives*°, in which strong
adsorption occurs through nt-m interactions of the planar pyrene based surfaces with for example
graphene. Here, we have used a broad range of commercially available standard surfactants to
examine the role of surfactant type and its respective concentration on the resulting nanosheet
dispersion, specifically nanosheet dimensions and concentration. We use WS as a model
system stabilized with twelve different surfactants of varying ionicity and molecular weight
(i.e. chain length) (SI.1). Through spectroscopy and zeta potential measurements, we
investigate the effect of each surfactant on the concentration as well as size and thickness of
the exfoliated nanosheets.



Results and Discussion

The main aim of this work is to identify the effect of surfactant choice and concentration on
the yield, length and thickness of nanosheets produced by LPE. To achieve this, we exfoliated
WS, in a range of surfactants, each at a number of different surfactant concentrations, while
using the same exfoliation and centrifugation conditions for each sample (for details see
Methods and Sl). The surfactants used were sodium cholate (SC), sodium deoxycholate (SDC),
sodium dodecyl sulfate (SDS), sodium tetradecyl sulfate (STS), sodium octyl sulfate (SOS),
lithium dodecyl sulfate (LDS), sodium dodecylbenzene sulphonate (SDBS),
cetyltrimethylammonium bromide (CTAB), tetradecyltrimethylammonium bromide (TTAB),
(for details on each surfactant see S1.9). Each sample was sonicated for 2 h with a tapered tip
and then centrifuged in two steps to remove the largest and smallest material (i.e. centrifuged
at 106 g to remove large material and 21,130 g to remove small material, each for 2 h). For
each surfactant, nanosheets were exfoliated in surfactant solutions using 4-16 different
surfactant concentrations within the global range of 0.03-30 gL™. In addition, graphene and
MoS. were exfoliated in SC for comparison. Examples of dispersions of WS, nanosheets
exfoliated in solutions of SC at varying concentrations are displayed in FiglA, with each

showing the typical dark green colour expected for WS> nanosheets.

While liquid phase exfoliation is a versatile method of exfoliation, it yields polydisperse
samples, especially when the dispersions are not size-selected, as was the case here. A selection
of samples were characterized microscopically using both TEM and AFM to confirm
production of nanosheets of similar lateral size and thickness as reported previously.> 32 A
sample TEM image of WS, nanosheets produced in sodium cholate surfactant (2 g L™?) is
represented in Fig 1B showing nanosheets with lateral sizes in the range 50 to 400 nm and
clearly illustrating the polydispersity of the nanosheets produced by LPE. AFM images such
as that displayed in Fig 1C show a broad nanosheet thickness variation with nanosheets varying
from monolayers to 30-40 layers, consistent with previous reports for WS, in sodium cholate
surfactant (2 g L) %,

While nanosheet size and thickness can of course be measured accurately by AFM (at least
when using appropriate corrections for length and layer number 5°), such experiments are very
time consuming. One reason for choosing WSz as a model system is the fact that, for this
material, nanosheet size and thickness, as well as concentration, can be extracted quickly and

easily from optical spectra.” 3 To achieve this, optical extinction spectra were measured for



each dispersion (extinction, Ext, is related to the transmission, T, via T=10"" with Ext=eC(
where ¢ is the extinction coefficient, C the concentration and € the path length). All extinction
spectra were measured under the same conditions using their respective surfactant solutions as
a baseline. Using previously established metrics,>* we can estimate the nanosheet concentration
as well as mean nanosheet length and thickness from these extinction spectra (see Sl section
2).

To illustrate the dependence of extinction spectra on such parameters, we plot a set of extinction
spectra for WS exfoliated in sodium cholate at a range of SC concentrations in figure 2A. For
clarity, we show the same spectra normalized to the extinction at 294 nm in figure 2B. It is
clear from this figure that the spectra change in a number of ways as the SC concentration is
varied. For example, the absolute magnitude of extinction varies with SC concentration (figure
2A). This indicates that the concentration of WS, nanosheets changes as the surfactant
concentration is varied. In addition, figure 2B clearly indicates that the overall spectral shape
differs significantly with surfactant concentration. This is due to variations in the contribution
of nanosheet edges versus basal planes to the extinction coefficient on the one hand and varying
contributions from light scattering on the other. This demonstrates that the mean nanosheet
lateral size is dependent on the surfactant concentration.> °! Finally, as seen in figure 2B inset,
the position of the A-exciton around 650 nm shifted subtly with surfactant concentration. This
is due to confinement and dielectric screening effects of the exciton and indicates that the mean
nanosheet thickness varies with SC concentration.> ®* In fact, the effects outlined above mean
that the extinction spectra can be used to quantitatively estimate the nanosheet concentration,

length and thickness. A detailed explanation of this procedure is given in the SI.
Dependence of nanosheet concentration and dimensions on the SC concentration

Prior to comparing the data obtained from exfoliation and stabilization in different surfactants,
it is important to verify the suitability of sample preparation and data analysis. To this end, we
first focus on the data of WS, exfoliated in sodium cholate. In our sample preparation
procedure, we have implemented two steps that we find crucial. Firstly, we performed a pre-
cleaning step by sonicating the starting material in water to remove impurities. As shown in
the Sl (section 3), these impurities can have an impact on the accuracy of the UV-Vis metrics
on the one hand. On the other hand, we found that they are ionic in nature which can have an
impact on the colloidal stability using ionic surfactants. A plot of ionic conductivity as function

of SC concentration in figure 3A shows a linear scaling (dashed line is a fit through the origin)



above an SC concentration of 0.5 gL™* which is a strong indication that the electrostatic
interactions in the dispersion are governed by the surfactant concentration with remaining

traces of ionic impurities influencing the data at SC concentrations below 0.5 gL,

Secondly, in addition to a data analysis based on UV/Vis, we also targeted to analyze
photoluminescence and Raman spectra of the samples to gain insights in monolayer
population.® Such measurements are greatly facilitated in high concentration dispersions, so
that we implemented a centrifugation step at relatively high centrifugal acceleration (21k g) to
pellet out the nanosheets which enabled redispersing them at reduced volume, i.e. higher
concentration. On redispersion of this sediment, the same surfactant concentration was used as
in the exfoliation. However, this sedimentation might have a higher local concentration of
surfactant trapped between the nanosheets in the precipitate than the nominal surfactant
concentration used on redispersion. To test whether there is a major impact on the overall data
discussed below, a couple of reference experiments were performed where this high speed
centrifugation step was omitted. The data is included in figure 3 as red stars and confirms that
potentially trapped surfactant has a negligible impact. That this data collapses on the same
curve as the other data points in the plot of ionic conductivity as function of surfactant
concentration confirms that i) the amount of potentially trapped surfactant is low, ii) the pre-
sonication treatment widely removes ionic impurities, as these would still be present in the

analyzed supernatant samples, but not the redispersed sediments.

As mentioned above, we can extract information on dispersed concentration as well as average
lateral size (<L>) and layer number (<N>) from the extinction spectra. This data is summarized
using SC as surfactant in figure 3B-D (for an explanation of error bars see Sl section 4). The
analysis of the dispersed nanosheet concentration in figure 3B first shows an increase in
nanosheet concentration with increasing surfactant concentration below Csc 2 gL . Intuitively,
this behavior can be inferred by assuming that the nanosheet concentration is maximized when
approaching the maximum surfactant coverage. However, above this surfactant concentration,
we observe a striking decrease in the concentration of dispersed sheets. At the same time, both
<N> (Figure 3C) and <L> (Figure 3D) decrease at the same threshold concentration even
though these parameters were widely invariant below Csc 2 gL™. The remainder of the
discussion and data analysis of this manuscript will focus on this aspect which we will
ultimately identify as destabilization of nanosheets due to electrostatic screening at high
surfactant concentration. The changes in both <N> and <L> with increasing surfactant

concentration observed in Figures 3C-D certainly point towards an in situ control of nanosheet



dimensions during exfoliation. It is thus important to track down in which way this is dependent

on the surfactant type and how this surfactant concentration threshold can be rationalized.
Dependence of nanosheet concentration on surfactant concentration for various stabilizers

As outlined above, through analysis of the extinction spectra, we can extract the nanosheet
concentration which is plotted versus surfactant concentration, Csurr, expressed both as g L™
and mM in figures 4A and B across the range of surfactant used. In contrast to the data in figure
3, we now plot the result of the analysis on a log-log plot to observe the changes occurring at
high csurf more clearly. We note that graphs Fig. 4A and 4B look similar because of the limited
ranged of surfactant molecular weights under study. These graphs include data for WS,
exfoliated in 9 ionic surfactants as well as MoS; and graphene exfoliated in SC, all prepared
by exfoliating layered powder with starting concertation of 20 g L. For comparison, we
include data for WS, exfoliated in SDS prepared with two different starting concentration of
WS, (10 and 40 g L™). For these latter two WS, samples, the data in Fig 4A and B were
corrected for the different starting concentration (i.e. multiplied by 2 and 0.5 respectively) to
allow better comparison with the rest of the dataset (for actual values see SI.5). For data on
non-ionic surfactants see SI.6. Interestingly, all data points appear to fall roughly on master
curves, irrespective of the surfactant. At low surfactant concentration, the nanosheet
concentration is roughly constant at 1-2 g L. This is consistent with previous work showing
the concentration of surfactant-stabilized graphene to vary only weakly with surfactant
choice.> However, we observe a sharp decrease in nanosheet concentration for surfactant
concentrations above a critical value of ~5 g L (10 mM), falling as low as 0.05 g L for
surfactant concentrations of 30 g L (~70 mM). We hypothesize that, above this critical
concentration (10 mM), depletion interactions®® > may lead to the preferential flocculation of

larger nanosheets leading to a decrease in nanosheet concentration.

It was originally believed that the optimal surfactant concentration, i.e. that yielding the highest
concentration of nanosheets, was related to the critical micelle concentration (CMC).Y’
However, more recent reports have suggested that the CMC may not determine the optimum
surfactant concentration for nanosheet exfoliation.?? As shown in Fig 4C, the critical micelle
concentration (CMC) for various cationic, anionic and non-ionic surfactants used here varies
over a broad range, from ~1 to 130 mM. In general, the alkyl chain type surfactants (both
cationic and anionic) decrease in CMC with increasing chain length.>> > The data in figure 4
A-B appears completely independent of the CMC of the surfactant. In addition, the fact that
the nanosheet concentration falls with Csurs regardless of its CMC is consistent with data

8



reported by Wang et al.?? This suggests that, unlike nanoparticles, 2D nanosheets are not
encapsulated in micelles, but that individual surfactant molecules adsorb on the surface as
individual molecules irrespective of the surfactant type and concentration. We note that the
sharp fall-off in nanosheet concentration above a threshold concentration of 10 mM is not
above the CMC in all cases (see for example SOS).This in contrast to depletion theory at first
glance.> 5 However, we note that the local concentration around the nanosheets cannot be

estimated and can very well be higher than the concentration of surfactant free in solution.
Dependence of nanosheet dimensions on surfactant concentration for various stabilizers

As indicated above, a big advantage of performing a study like this using WS> as a model
system is the ease with which nanosheet dimensions can be measured via extinction
spectroscopy. For each dispersion, the mean nanosheet thickness, <N>, for both WS, and MoS;
nanosheets was calculated from the A-exciton position using previously reported metrics.> °!
For graphene nanosheets mean nanosheet thickness was calculated from the ratio of extinction
at two wavelengths (Extsso/Extszs) as reported previously.® This thickness, expressed as number
of stacked monolayers per nanosheet, is plotted versus Csur in fig 4D. This graph shows <N>
to be roughly constant at ~10-15 layers for low surfactant concentration until a surfactant
concentration of about 10 mM at which point <N> decreases with increasing surfactant

concentration reaching <N>~2 layers at Csuri~70 mM.

Similarly, the mean nanosheet length, <L>, was calculated for WS> from the ratio of extinction
at two wavelengths (465 nm and 345 nm), Extaes/Extsss (EXtaso/ Extago for MoSz), again using
published metrics.5! * 3257 We note that the length was calculated using extinction values in
the visible region to avoid any effects of oxidation in the UV region (see Sl.2 for details). The
spectroscopic metrics used in this work were validated by statistical microscopy results shown
in SI 2.4. Similar to nanosheet thickness, the mean nanosheet length (Fig 3E) remains constant
at around 200 nm for low surfactant concentration until a surfactant concentration of about 10
mM at which point the length decreases, falling as low as 80 nm. The MoS; nanosheets appear
to be even smaller (50 nm) for the same surfactant concentration. However this may be due to
the relative error in different metrics used for each material, as the breakdown of metrics for
very small or large nanosheets, respectively is material dependent (see below). For a

comparison between cationic, anionic and non-ionic surfactants, see SI.7.

At this point, we must note that care must be taken when using spectroscopic metrics to

measure nanosheet dimensions. The problem is that these metrics only work well over certain



ranges in <N> and <L>. In particular, the metric which yields <N> is not expected to work
well above <N>~10 as the nanosheets become bulk-like. This means that we would expect the
A-exciton not to shift further for <N>>10. However, the thicker nanosheets are also laterally
larger resulting in a greater contribution from light scattering to the extinction spectra® 32 Since
scattering spectra are red-shifted to the absorbance spectra in the resonant regime,> 2 this can
lead to artificial peak shifts of the A-exciton in extinction spectra which are no longer due to
confinement and dielectric screening effects, but light scattering. To test the reliability of the
<L> and <N> assessment, we plot <L>? vs. <N> in figure 4F. It is known from a recent
combined experimental and theoretical study that the mean nanosheet area should scale roughly
as <N>? for a wide range of nanosheets.>® While this power-law is clearly present in figure 4F
for N<10 (dashed line), clear deviations from this trend can be observed for larger <N>. This
indicates that those values for <N> which are larger than 10 in figure 4D are slightly
overestimated and are in fact nearer to 10. However, this should not change the general trend

in figure 4F too much as correction for this effect would just compress the scatter at low Csurt.

The general relationship between <L> and <N> mentioned above may explain why the <N>v
Csurf and <L> v Csurr curves are of similar shape. However, it is unclear why nanosheet
dimensions and concentration fall off above Csut~10 mM. Interestingly, the trends in
concentration, <N> and <L> when plotted versus surfactant concentration, do not appear to be

material dependent with MoS; and graphene in SC falling on the same mastercurve (SI.8).

The total number of nanosheets per volume in the initial dispersion (~20 mls) when plotted
versus surfactant concentration shows a sublinear dependence, with the number of nanosheets
in solution varying weakly with surfactant concentration (Fig 4G). This suggests that there may
only be a certain number of nanosheets available for stabilization in a given volume. A test on

the effect of stabilization versus exfoliation is described in more detail later.

A number of specific points are worth noting. Previous work has shown that the hydrophobicity
of the tail group can be further increased with the removal of one (of three) oxygen atoms in
the molecule resulting in the surfactant sodium deoxycholate (SDC). Authors have noted that
there is an increase in the hydrophobic interactions between surfaces using SDC for graphene
dispersions leading to a higher overall nanosheet yield.?!26 On the contrary, we did not see an
appreciable difference in concentration or nanosheet dimension when comparing WS>
dispersions stabilised with sodium cholate and sodium deoxycholate (S1.9 for detailed

comparison).
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Another more detailed comparison shows that cationic surfactants do not produce WS,
nanosheets which are quite as small or as thin as those achieved with anionic surfactant as can
be seen clearly in SI.7. It is possible that the positively charged sodium ion in the anionic
surfactant plays an important role in dispersion of WS> nanosheets as suggested theoretically
by Xu et. al for carbon nanotubes dispersed in SDS®® and by Poorsargol et al for graphene.®®
The higher affinity of adsorption of smaller sodium ions to the adsorbed surfactants, compared
to bulkier bromine ions from cationic surfactants, may alter the inter-nanosheet attraction,
leading to smaller, thinner nanosheets (S1.7). Ultimately, this remains hard to judge due to the
relatively high Krafft temperature of CTAB which is close to room temperature.>® Since it is
important for such a study that all surfactant molecules are present either as individual

molecules or micelles, but not crystallites, the CTAB data might generally be obscured slightly.

Dependence of monolayer population on surfactant concentration for various stabilizers

The fact that nanosheet thickness falls with increasing surfactant concentration, implies that
the fraction of nanosheets which are monolayers rises with increasing Csyr. Raman
spectroscopy is a relatively simple way to gain information about the monolayer population.
This is because, for WS> at the appropriate excitation wavelength (532 nm), the Raman
spectrum contains both Raman modes at <400 cm™ and direct bandgap photoluminescence
from monolayers (~2500 cm™). Because all nanosheets contribute to Raman but only
monolayers contribute to PL, the ratio of PL to Raman intensities (IrL/Ir) is proportional to the
monolayer volume fraction.>! Raman measurements were performed on liquid droplets of each
dispersion for all surfactants and concentration. The laser was focused approximately 3-5 um
above the surface to minimize reabsorption and inner-filter effects. Normalized Raman spectra
for a subset of surfactant concentrations of sodium cholate are shown in Fig 5A. The
characteristic WS, 2LA(M) and E1?® (I') modes are present at approximately 356 cm™.%
Typically, in addition to these modes, a peak attributed to photoluminescence (PL) is observed
at approximately 2460 cm™. A further peak at 3400-3500 cm™ can be attributed to water since
measurements were carried out in dispersion. Shown in Fig 5B is a plot of Ip./Ir vs. surfactant
concentration. The peak intensity is plotted as opposed to peak area but in line with previous
work of LPE WS,,% we found these parameters to scale linearly with each other (S1.10),
confirming the trend is still valid. This graph clearly indicates that the monolayer volume
fraction increases with increasing surfactant concentration. As previously studied,® the

monolayer volume fraction scales with layer number <N>. As such, the scaling of Ip./Ir With
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surfactant concentration confirms the observation from the UV-Vis analysis. Due to the fact
that <N> varies weakly below 10mM (Fig 4D), the Ip/Ir also levels off below 10 mM, but
less abruptly which we attribute to a limited accuracy of the PL/Raman ratio to infer the
monolayer content for dispersions containing predominantly few-layered sheets. Interestingly,
as with the graphs in figure 4, all photoluminescence intensity data falls roughly on a master
curve (albeit with more scatter) indicating that monolayer population is invariant with
surfactant type. This data also implies that the scaling of the relative PL intensity with
monolayer volume fraction is surprisingly robust and can be applied to a broad range of
stabilisers. This is an interesting observation, as one might expect the surfactant surrounding
to have an impact on the A-exciton photoluminescence response. We note that variations in PL
position and widths are observed for the different surfactants. However, apparently the
monolayer PL quantum vyield is similar in different surfactants so that the Ip./Ir ratio is

governed by the monolayer content.
Dependence of Zeta potential on surfactant concentration

Surfactant-coated nanosheets are primarily stabilized by electrostatic repulsion due to the
electrical double layer associated with the bound surfactant molecules. A common measure of
the strength of this repulsion is the Zeta potential. A simple rule of thumb is that, for stability
against aggregation in a colloidal system, zeta potentials need to be greater than £30 mV with
higher zeta potentials leading to greater stability. We measured the zeta potential for
dispersions of WS in all surfactants at all surfactant concentrations. While cationic and ionic
surfactants gave positive and negative zeta potential respectively, for ease of comparison we
represent the zeta potential by its absolute value. The absolute zeta potential is plotted versus
surfactant concentration in figure 5C. All surfactants, even at very low concentrations (<1 g L
1), gave absolute zeta potentials of 30 mV or more as required for a stable nanosheet dispersion.
As before, all data points cluster together falling close to the same trend line. The zeta potential
appears to be roughly constant at ~40 mV for surfactant concentrations between 0.5-10 mM.
However, it begins to increase above Csurt~10 mM, reaching ~70 mV for the highest surfactant
concentrations. We note that there is a difference in the trend between facial amphiphiles (e.g.
SC) and linear amphiphiles (alkyl chain type surfactants e.g. SDS) with a sharper increase in
zeta potential with increasing surfactant concentration for the latter. This suggests the
adsorption of the two different types of amphiphiles to the nanosheet surface is quite different

indeed.
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Other than an increase/decrease in concentration of nanosheets produced, changing the initial
concentration of WS; starting material does not change nanosheet dimensions, Raman or zeta
potential results (for details see SI.5). Furthermore changing the head group in the alkyl chain
type anionic surfactants does not change concentration, <N> or <L>, as illustrated by a

comparison of lithium dodecyl sulfate (LDS) and sodium dodecy! sulfate (SDS).

Finally, we note that we observe a trend of increasing zeta potential with decreasing nanosheet
dimensions (figure 5D). This may indicate that the adsorbed surfactant density is higher at
nanosheet edges compared to the basal plane. This would result in a greater number of
surfactant molecules per unit area for smaller nanosheets and so a higher zeta potential. An
alternative explanation is that the edges, a source of defects in LPE WS, are charged in the
aqueous environment. Interestingly, in contrast to Gupta et al.® and Varrla et al.,%? we do not
observe a drop in the zeta potential for very high surfactant concentrations due to charge

screening effects from the larger pool of counterions.
Destabilization of nanosheets in low and high surfactant concentration

In order to decouple the effect of stabilization/destabilization from the exfoliation process a
sample was exfoliated using a standard surfactant concentration (2 g L SC), trapped between
0.1k g and 21k g via centrifugation, with the sediment of 21k g redispersed in low (0.1 g L*
SC) and high (40 g L SC) surfactant concentrations as shown in Fig 6A. For further details
on sample preparation see Methods. The mass of nanosheets, <N> and <L> in redispersed
samples are lower compared to the original exfoliated sample (Fig 6B-D). Indeed when this
data is compared with the rest of the data set in Fig 4 (blue crosses (X)), the low and high
surfactant points appear to fall on the standard mastercurves i.e. where expected for exfoliated
samples, rather than only (de)stabilized, in their given surfactant concentrations. There may
have been a slight change in the effective surfactant concentration after redispersing which
alters the 40 g L™, to larger N and L than expected. This data point however remains almost
within the scatter of the data and is not of appreciable difference. This result indicates that the
choice of surfactant does not necessarily effect the exfoliation of nanosheets during sonication,
but has a significant impact on their stabilization. This is in line with previous work which
showed that while graphene can be exfoliated by brute force by sonication in water,
stabilization only occurs in appropriate liquids.®® Additionally, similar results were seen by
Fernandes et al.* for CNTs, also noting that the dispersion effectiveness is related to surfactant
binding and availability in stabilization rather than exfoliation. The number of stabilized

nanosheets is widely independent of surfactant concentration however the dimensions of
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nanosheets changes. Therefore we propose nanosheet nanosheet dimension can tuned by

changing the surfactant concentration in which nanosheets are dispersed.

The question remains why the destabilization effect at higher surfactant concentration which
causes the observed drop in nanosheet concentration, <L> and <N> happens at a concentration
of Csurf 10 mM. While a fully comprehensive model is well beyond the scope of the manuscript,
we suggest that this destabilization is traced down to electrostatic screening. This is confirmed
by the data of concentration, <L>and <N> plotted as function of ionic conductivity in Sl figure
S11.2. While the concentration data is a bit scattered, it is clear that all <L> and <N> data falls
on a mastercurve including the nonionic surfactants. The drop in <N> and <L> occurs at an

ionic conductivity of ~0.5 mS/cm™ which seems to be the threshold for electrostatic screening.
Conclusion

In conclusion, we have found that LPE nanosheets become smaller and thinner once the
surfactant concentration exceeds ~10mM. The average number of layers falls as low as 2 with
lengths as low as 50 nm for very high surfactant concentration. The concentration of nanosheets
follows a similar trend to nanosheet dimension, falling for Csu#>10 mM. Raman spectroscopy
confirms the volume fraction of monolayers to increase with increasing surfactant
concentration. The zeta potential increases with decreasing nanosheet size, probably due to
edge effects. We find that only very small concentrations of surfactant (~0.1 g L) are required
for a stable dispersion. In general, all surfactants studied behave in a similar manner with
respect to nanosheet exfoliation. As a result, surfactant choice is less important than might be
expected. Thus, factors such as cost and environmental effects could become dominant when

choosing a suitable surfactant for liquid phase exfoliation.

Methods
Sample Preparation

For the preparation of the samples, a two-step sonication procedure was carried out. The first
sonication step in water served the purpose to remove impurities that are present in the starting
material (see Sl section 3). WSz, MoS; and graphene dispersions were prepared by sonicating
(tapered tip, VibraCell CVX, 750W) powder (WS Sigma Aldrich ~ 2 um, 99%, MoS: Sigma
Aldrich ~ 2 um, 99%, Asbury Graphite grade 3763) at a concentration of 20 g L™ as standard,

in 20 mL of deionised water for 0.5 h at 25% amplitude. The dispersion was then centrifuged
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in a Hettich Mikro 220R centrifuge equipped with a fixed-angle rotor 1016 at 3,660 g for 2 h.
The supernatant was discarded and the sediment was redispersed in an aqueous solution of a
chosen surfactant (see SI) and concentration. This was subsequently sonicated for 2 h at 25%
amplitude with a pulse of 6 seconds on and 2 off. The resultant dispersion was centrifuged at
27 g for 0.5 h to remove large, unexfoliated material. The sediment was discarded and the
supernatant subjected to a trapping between 106 g and 21,130 g. For centrifugation at low
speed (106 g), a Hettich Mikro 220R centrifuge equipped with a fixed-angle rotor 1016 was
used. The sediment was removed and the supernatant was centrifuged at 21,130 g in a fixed-
angle 1195-A rotor. All centrifugation was performed for 2 h at 10°C. The supernatant was
decanted and the sediment was redispersed in 3 mL of chosen surfactant and concentration.
The final volume of each sample varied slightly due to the variation in the amount of sediment
produced. The exact volume was recorded for the calculation of nanosheet mass (see Sl section
2.3). This second centrifugation step served the purpose to pellet out the nanosheet to decrease
the volume and increase the concentration to facilitate the PL/Raman analysis. In addition to
this procedure, two dispersions were prepared with SC 0.1 gL and 40 gL with a UV Vis-
based analysis prior to pelleting out the nanosheets in the high speed centrifugation process.

The data (see figure 3) is in line with the data obtained using the standard procedure.

For the stabilization test, a standard sample was prepared by sonicating WS, powder at a
concentration of 20 g L™ as standard, in 20 mL of deionised water for 0.5 h at 25% amplitude.
The dispersion was then centrifuged at 3,660 g for 2 h. The supernatant was discarded and the
sediment was redispersed in an aqueous solution of 2 g L™* SC. This was subsequently sonicated
for 2 h at 25% amplitude with a pulse of 6 seconds on and 2 off. The resultant dispersion was
centrifuged at 27 g for 0.5 h to remove large, unexfoliated material. The sediment was discarded
and the supernatant subjected to a trapping between 106 g and 21,130 g. After centrifuging at
21, 130 g the sample was divided in two with half the sediment redispersed in approximately
2 ml of low (0.1 g L SC) and high (40 g L™ SC) surfactant concentration respectively. The
low and high concentration samples were then centrifuged at 106 g for 2 h to remove
aggregated material and the supernatant of each was analyzed with UV-Vis spectroscopy as

described below.
Characterisation

Optical extinction measurements were carried out on a Cary 50 spectrometer in quartz cuvettes
in 0.3 nm increments. A Veeco Nanoscope Ill-a (Digital Instruments) Atomic Force

microscope in tapping mode with HA HR NT-MDT cantilevers was used for AFM
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measurements. A selection of liquid dispersions (15 uL) were diluted until the samples were
transparent and drop cast onto preheated (180 °C) Si/SiO2 (300 nm oxide layer) wafers. Bright-
field TEM imaging was performed using a JEOL 2100 LaB microscope, operated at 200 kV.
The dispersion was diluted to optical transparency and manually drop-cast onto a TEM grid
with the aim of dropping approximately 0.1 mg of material. One drop at a time was slowly
released onto the grid from as close to grid surface as possible to avoid displacing material.
The grids were left to dry in air and then placed overnight in a vacuum oven at 70°C to dry
completely before measuring.

Raman spectroscopy was carried out on an Horiba Jobin Yvon LabRAM HR800 with a 532
nm excitation laser in air under ambient conditions. The Raman emission was collected by a
100x, long working distance objective lens with 10 % of the laser power. Liquid dispersions
were dropped (~ 100 uL) onto glass microscope slides and spectra were measured while the
material remained in liquid form. A minimum of 8 spectra at different positions on the liquid

drop were recorded and averaged.

Zeta potential and ionic conductivity measurements were carried out on a Malvern Zetasizer
Nano system using a 633 nm He—Ne laser. The electrophoretic mobility (i) was measured
using laser Doppler velocimetry. The electrophoretic mobility is related to the drift velocity of
a colloid (v) via the applied electric field (E); v = £E . The zeta potential ( is related to the
measured electrophoretic mobility p using the Smoluchowski approximation for plate-like
particles. Folded capillary cells were used for all samples and the measurements were
conducted at 20 °C. 10 measurements were taken for each sample with the mean being
recorded. The error bar is the standard error of the mean of these measurements.
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Figure 1: (A) Images of LPE dispersions of WS, nanosheets with sodium cholate surfactant
showing a decrease in nanosheet content with increasing surfactant concentration. Each sample
was diluted by a factor of 10 to better show the colour change. (B) Representative TEM image
of WS, nanosheets prepared by exfoliation in sodium cholate surfactant solution (2 g L™). (C)
Representative AFM image of WS, nanosheets exfoliated in sodium cholate (2 g L™?). Each

image shows a broad range of nanosheet sizes and thicknesses.
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Figure 2: (A) Optical extinction spectra of dispersions of WS, nanosheets exfoliated in

aqueous sodium cholate surfactant solutions with a range of surfactant concentrations from 0.2

to 25 g L (0.46 to 58 mM). (B) The same spectra as in A, normalized to the extinction value

at 294 nm. Inset: magnified view of A-exciton region.
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Figure 3: (A) lonic conductivities of WS>-SC dispersions as function of SC concentration. The
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samples where the centrifugation step at high speeds (required for further PL/Raman
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Figure 4: (A) Concentration of WS, nanosheets as a function of surfactant concentration

expressed in g L for a range of ionic surfactants. (B) The same data as A with surfactant

concentration expressed in mM. (C) Bar chart of the critical micelle concentration (CMC)

(mM) of each surfactant with anionics (red), cationics (blue) and non-ionic (green). (D-E)

Mean layer number <N> and mean nanosheet length <L> versus surfactant concentration. (F)

Square of mean nanosheet length plotted versus layer number. As expected, <L>? vs <N>

follows a power law up to <N>~10 (dashed line). The deviation above this indicates the metrics

are no longer fully reliable in the range. (G) Total number of nanosheets per volume of initial

exfoliated dispersion (~20 ml) versus surfactant concentration. Top Right: Symbol legend for

each surfactant for the data throughout.
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Figure 5: (A) Examples of Raman spectra (Aex=532 nm) for WS> nanosheets in sodium cholate
surfactant at a range of concentrations normalized to the WS, Raman mode at ~350 cm™. The
peak at ~2500 cm is photoluminescence from WS, which increases with increasing surfactant
concentration (inset). (B) Ratio of the intensities of PL peak and WS, Raman peak (~350 cm"
1y versus surfactant concentration. (C) A plot of the absolute value of zeta potential
measurements versus surfactant concentration. (D) A plot of the absolute value of zeta potential

measurements versus mean nanosheet length <L>.
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Figure 6: (A) Schematic of the experiment to test the stabilization of nanosheets. An exfoliated
WS, sample in 2 g L™ SC was prepared, trapped 0.1-21k g with the 21k g sediment redispersed
inlow (0.1 g L) and high (40 g L) surfactant concentration. The samples were re-centrifuged
at 0.1k g to remove aggregated material. (B) Bar chart of nanosheet mass for each surfactant
concentration. The calculated mass was multiplied by a factor of 2 to take into account that the
original dispersion was divided in half for redispersing. (C) Bar chart of mean layer number
<N> for each surfactant concentration (D) Bar chart of mean nanosheet <L> for each surfactant

concentration.
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