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Two-dimensional tungsten disulphide flakes are developed
via a two solvent grinding assisted liquid phase exfoliation
method. Our investigations show the distinct advantages of
this approach that include reduced residues of the solvent
used, high yield and creating relatively thin flakes suitable for
electronic, optical, catalytic and energy storage applications.

Two dimensional transition metal dichalcogonides (2D TMDs) feature
many exotic and unique electronic, optical, chemical and mechanical
properties. Such properties make them favourable for potential
applications in electronic and optical devices, sensors, catalysis as well
as energy storage and conversion.*®

2D TMDs can be produced using several different methodologies such
as mechanical and liquid phase exfoliation techniques from their bulk
stratified crystals as well as directly via chemical vapour deposition. ®
Liquid phase exfoliation is used in the high yield, scalable production
of 2D TMDs, however the relevant outcomes from this process are
highly sensitive to the procedures’ parameters.” 7** A vast host of

liquid phase exfoliation techniques have been introduced. Such as

10, 11, 12 2, 7
1

Intercalation ** 3, laser ablation and ultrasound exfoliation
with grinding assisted ultrasonic exfoliation being one of the most
attractive methods due to its high yield, while avoiding the use of
hazardous reagents such as butyllithium.™

During ultrasonic exfoliation the solvent selection plays an important
part, since physical properties such as boiling point ™, surface tension
and energy, * 3 along with solubility parameters ** affect the process
and hence the resulting 2D flakes. There are still many challenges and
unknowns when utilizing sonication exfoliation methodologies and
further work is necessary in order to understand the process and
improve the quality of the resulting 2D TMD flakes. One particularly
promising 2D TMDs is tungsten disulphide (WS.,).>**. In comparison to
most of the other 2D TMDs, 2D WS, offers better chemical stabilities,
while featuring certain favourable electronic characteristics.> 7 There
are now well-established methods for obtaining durable p and n type
semiconducting 2D WS, that makes it amongst the most suitable 2D
TMDs for developing future IC chips, optical components, catalysts as
well as analytical and bio systems.® Producing high quality, large
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surface area and relatively pure 2D WS, flakes utilizing a scalable
method is still a challenge and further research is necessary to
investigate the suitability of liquid phase exfoliation techniques for
this purpose.

In this study the effects of solvent selection were experimentally
assessed for grinding assisted ultrasound liquid phase exfoliation by
evaluating a methodology that comprises of using different solvents
for the grinding and sonication processes. A popular high yield
(NMP),  which
recommended in several studies was employed as a high yield

solvent,  N-methyl-2-pyrrolidone has  been

8
reference. * % *

Even though high yields are obtained when using
NMP, solvent residues were found to be difficult to remove due to its
relatively high boiling point (202°C) and surface tension (40.79 mJ m™
at 20°C). * Residual NMP can often be found on the resulting 2D
materials, even when post processing methods aiming at the solvent
removal are used.” The inherent instability of NMP is further
complicating its removal since NMP is known to polymerize at
elevated temperatures which occur during sonication and solvent
evaporation.”® Solvent residues and degradation products are
detrimental to many applications of 2D TMDs such as catalysis and
sensing which require a pristine surface. Furthermore the electronic
properties of the resulting flakes are likely to be altered by organic
residues. In order to find alternative solutions, able to overcome the
limitations of exfoliation in NMP, acetonitrile (ACN) and a 50/50
ethanol/water mixture were initially investigated as solvents. These
good process solvents are chosen as they offer moderate boiling
points and their residues can be readily removed.

For the liquid exfoliation process using NMP, ACN and ethanol/water
solvents, the WS, bulk powder was separately ground in each solvent
and then sonicated in the same solvent as grinding (details of the
exfoliation methodology are presented in supplementary
information). Figure 1a shows an image of the resulting 2D WS,
suspensions. While the NMP solution resulted in high yield (Figure 1a
i), as expected, the observed yields for the ACN and ethanol/water
solutions were low, evident through the low coloration of the

suspensions (Figure 1a ii and iii).
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A fourth suspension was investigated with a modified process step to
possibly increase the yield. In this case, the grinding and sonication
solvents were chosen to be different. We refer to this process as the
‘two solvent method’ which has previously been shown effective for
obtaining 2D MoS,. ** ACN was used during the grinding step and the
50/50 ethanol/water mixture during the sonication step (after the
grinding solvent was evaporated). In this case, a dramatic increase of
the yield was evident due to the more intense coloration of the fourth
suspension (Figure 1a iv). The reverse methodology (grinding with
ethanol/water and sonicated in ACN) was also investigated leading to
negligible exfoliation yield (as shown in the supplementary
information). Our following characterizations will demonstrate why
the choice of ACN as the grinding solvent and the ethanol/water mix

as the sonication solvent provided this improvement.
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Figure 1: (a) Image of the 2D WS, flakes suspensions prepared with NMP (i), ACN
(i), ethanol/water (iii) and the two solvent method (iv). (b) UV-Vis absorption
spectra of the 2D WS, suspensions with the A, B and C excitons marked. Note
both the NMP and the two solvent (ACN-ETH/Water) solutions were diluted 1
part in 4 from the optical image for the UV-Vis measurement. (b) & (c) Raman
spectra of 2D WS, flakes. Spectra have been normalized to the Alg(l“) phonon
peak. (c) The position of the 2LA(M) and A;4(I") phonons (from bulk WS,) have
been marked and spectra have been vertically offset for clarity.

Journal Name

electronic structure of the semiconducting flakes leading to more
intense absorption of high energy photons obscuring excitonic
effects.

The phonon peaks 2LA(M), Ezlg(l*) and A;4(I") in the Raman
spectrum of the non-exfoliated (bulk) powder are observed at 350.6,
356 and 420.4 cm ™ shift to higher wave numbers (~353, ~358 and ~425
cm™?, respectively) after exfoliation (Figure 1b and Table S1). The shift
of the Raman peaks and the increase of the Ezlg(l") phonon (table s2)
is characteristic for the formation of thin WS, flakes.?

Raman spectra for NMP exfoliated flakes (Figure 1d) showed strong
fluorescence induced by the excitation laser evident in the intense
background signal and the deviation from a flat baseline. This
behaviour is not observed in the two solvent method exfoliated flakes,
highlighting differences in the electronic structure of the resulting
material even after the solvent drying stage. The phonon peaks are
quenched for NMP exfoliated flakes and a characteristic NMP Raman
signal is observed featuring peaks at 1450 and 1600 cm™ highlighting
that a significant amount of the NMP solvent residues and
decomposition products remained on the 2D WS, surface, despite of
drying the flakes at 70°C for 4 hours. These residues are likely to
interfere with 2D WS, applications that require pristine surfaces such
as catalysis, gas/bio sensing and certain electronic devices. The NMP
effect also reduces the accuracy of the number of layer assessment
using Raman spectroscopy. However, samples prepared following the
two solvent exfoliation method showed no signs of residues in the
Raman spectrum confirming the two solvent approach as a superior
exfoliation technique.

The UV-vis spectra of the suspensions can be observed in Figure 1b.
From this the concentration of the solutions were calculated to be
0.14 mg/ml, 1.46 pg/ml, 0.82 pg/ml and 0.1 mg/ml for NMP, ACN,
ethanol/water and the two solvent method respectively indicating the
superiority of the two solvent method over both ACN and
ethanol/water (details are shown in the supplementary information).
The peaks of 635, 530 and 475 nm (A, B and C respectively) are clearly
seen for the two solvent processed suspension which are known to be
due to the excitonic absorption of 2D WS, suspensions, emphasizing
the existence of a direct bandgap associated with a small number of
layers. * Excitonic peak A is also observed for flakes exfoliated in NMP.
The excitonic peaks B and C are however not observed in this case.
The disappearance and reduction of the intensity of the excitonic
peaks have been suggested to be associated with the decrease in the
lateral dimensions of the flakes when NMP is used. ** In our case,
however, it seems that the interaction between NMP and/or the NMP
decomposition products and the WS, surface are likely to alter the
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Figure 2: (a-d) Statistical distribution of WS, flake thickness analysed from AFM
imagining. (e-h) statistical distribution of lateral dimensions analysed from TEM
imagining. The blue overlay is an approximation of flake size based on DLS. * (i-I)
TEM images of the WS, flakes synthesized with different solvent methods.

The thickness distribution and polydispersity of the exfoliated WS,
flakes was assessed by atomic force microscopy (AFM), transmission
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electron microscopy (TEM) and dynamic light scattering (DLS)
techniques.

The physical dimensions are summarized in Figure 2. Here the effect
that solvent selection has upon the physical characteristics of the
produced flakes becomes fairly evident. NMP produces many thin
flakes (<4 layers) with relatively large surface areas (median = 98 nm)
while ethanol/water produced flakes of similar lateral polydispersion
(median = 87 nm), however with a tendency towards thicker, less two-
dimensional flakes (=5 layers). ACN produced a large fraction of single
and two layer flakes with a large horizontal polydispersity and overall
reduced the lateral sizing (median = 51 nm). The two solvent method
produced flakes with size characteristics of go nm median lateral
dimension with many =4 layer flakes, suggesting a combination of the
flake properties between the ethanol/water and ACN systems which
was overall effectively closer to that of the archetypal NMP based

exfoliation.
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Figure 3: (a) XRD of bulk WS, powder and WS, powder after grinding (pre
exfoliation). The results have been normalized to the 002 peak, offset vertically
and the 002 peak has been clipped for clarity. (b) Paracrystallinity factor (g) of
the vertical crystal planes for bulk WS, powder (black) and WS, powder after
grinding in NMP (green), ACN (purple) and ethanol/water (50/50, red)

To elucidate the origin of the yield variation and the yield increase
following the implementation of the two solvent method, X-ray
diffraction (XRD) patterns of the ground (non-exfoliated) and dried
powders were taken prior to sonication. Figure 3a) shows several
solvent dependent variations in the XRD pattern indicating changes in
crystallinity after grinding the bulk WS,. The 002, 004, 006 and 008
peaks (at 14.5°, 29°, 44° and 60°, respectively) are of particular
interest since these peaks are arising from the symmetry of the
vertical crystal planes (layer to layer crystallinity). The paracrystallinity
factor (PF) allows to assess the crystallinity of a sample (Figure 3b).
The PF was calculated using the cold-work distortion method, ** which
has been previously used for similar materials (see supplementary
information for details).”® Increased PF values indicate lower short
term order. A breakdown of vertical order as indicated by the PFis just
seen for the ACN ground samples. This reduction in the short term
order of the 002 plane can also be indicated by the broadening of the
002 peak (the calculated full-width half-maximum (FWHM) is
presented in Table S2). The FWHM of the oo2 peak is most effectively
increased when grinding with ACN. NMP and ethanol/water did
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however also broaden the 002 peak indicating some reduction in the
vertical order. The XRD patterns are providing an explanation for the
increased exfoliation yield when using the two solvent method. The
vertical order is most effectively broken down by grinding in ACN.
Zhou et al. investigated the suitability of different ethanol/water
mixtures for the sonication step during the WS, exfoliation and found
a correlation between the exfoliation yield and the Hansen solubility
parameters (HSP) of the solvent.” A HSP-distance of 13.1 is calculated
for the ethanol/water mixture while ACN leads to a calculated HSP-
distance of 19.2 (see supplementary information for details). A lower
HSP-distance leads to a higher expected solubility. The observed
difference in HSP-distance between the solvent systems was
comparatively large. These results demonstrate that the required
solvent parameters during grinding and sonication may be very
different and potentially unrelated.
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Figure 4: TGA of the dried 2D WS, flakes prepared with both only NMP and ACN-
ethanol/water two solvent methods tested in nitrogen gas. The boiling points of
both NMP and water are marked (202°C and 100°C at standard pressure)

Thermal gravimetric analysis (TGA, Figure 4) was employed to assess
the extent of NMP (for the single solvent process using NMP) as well
as ACN and ethanol (for the two solvent method) residues on the
dried 2D WS, flakes. It can be seen that due to the large surface area
of the 2D WS, flakes over 60% w/w of the product constitutes surface
bound solvent molecules and solvent decomposition products, even
after drying in vacuum at elevated temperatures (100 hr at 70°C). High
temperatures of over 200°C were necessary to start the NMP
desorption process. Flakes prepared following the two solvent
method show weight loss at significantly lower temperatures
indicating that predominantly water and potentially ethanol residue
were present on the WS, surface which were removed with
comparative ease. This exceedingly high absorbed solvent to solid
ratio could potentially open up many doorways to applications such as
dehumidification, solvent absorption and gas/bio sensing. This
property of 2D WS, can be rationalized considering the large aspect
ratio of the flakes and their surface polarity.

Conclusions

A two solvent exfoliation method was developed and investigated for
the synthesis of relatively small thickness 2D WS, flakes at high yields.
For comparison the resulted 2D flake suspension was assessed in
reference to those obtained using the single solvent method. It was
demonstrated that the choice of a separate grinding solvent prior to
the sonication in liquid phase exfoliation played a major role in the
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determination of the process that has been largely overlooked to
date. The two solvent method based on grinding with ACN and
sonication in ethanol/water mix resulted in much higher yield in
comparison to single solution grinding sonication method using ACN
and ethanol/water solutions alone.

AFM, TEM and DLS characterizations revealed that the lateral size
and thickness of the exfoliated flakes depend highly on the chosen
solvent during both the grinding and sonication steps. They showed
that the two solvent method generated flakes comparable to those of
NMP solution in terms of lateral size and thickness. Raman and UV-Vis
spectroscopy provided strong evidence that NMP residues remained
on the surface of the exfoliated flakes, interfering with many of the
desired properties of 2D WS,. However, such adverse effects of the
residues seem to be reduced using the two solvent method.

XRD was performed on the WS, powder after the grinding step in
order to understand the origin of the yield variation. The XRD results
confirmed that ACN does reduce interlayer crystallinity more
efficiently than the other solvents.

A >60% w/w solvent content was later confirmed with TGA for both
NMP and two solvent exfoliated flakes. The NMP contamination
required however a higher temperature for its removal.

This work helps to increase the understanding of the importance of
the grinding step during the grinding assisted ultrasound exfoliation
of 2D materials which has been poorly understood to date. It also
suggests that choice of two separate solvents for grinding and
sonication processes are highly beneficial. Future work should
carefully evaluate, if surface bound molecules on the 2D WS, surface
can interfere with or even be utilized for the intended applications.
Additionally, further research of different two solvent method
combinations may lead to increased exfoliation yields and larger
lateral dimensions of the flakes with clean surfaces.
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