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A systematic investigation of the experimental conditions for the
chemical exfoliation of MoS; using n-butyllithium as intercalating
agent has been carried out to unravel the effect of reaction time
and temperature for maximizing the percentage of monolayer
thick-flakes and achieve a control over the content of metallic
1T vs. semiconductive 2H phases, thereby tuning the electrical
properties of ultrathin MoS, few-layer thick films.

During the last 15 years two-dimensional (2D) materials have
attracted a great attention due to their exceptional electronic,
mechanical, thermal and optical properties.l 2 Graphene
represents the prototypical and most studied 2D material,3 4 yet
the lack of a band gap jeopardizes its application in (opto-
Jelectronics.> As a result, the interest in other layered 2D
materials (2DMs) has progressively increased.! Among them, 2D
transition metal dichalcogenides (TMDs), which are composed
of a layer of metal atoms (e.g. Mo, W or Re) sandwiched
between two layers of chalcogenide atoms (e.g. S, Se, Te)
arranged in 2D sheets, represent one of the most intriguing
class of 2DMs. In particular, molybdenum disulphide (MoS,)¢, 7
holds unique properties which makes it a promising scaffold for
applications in catalysis,® 9 sensing,® drug delivery® 12 and
(opto)electronics devices,13 14 which can be further modified
using various organic compounds.1> 16 Despite its many
advantageous features and over a decade of intense research,
there is still a lack of efficient techniques for the MoS;
production in large quantities and good quality, which is
required for a successful integration of such material in real-life
applications.
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The chosen production method and experimental conditions
defines the number of layers, lateral size and crystallinity of
ultrathin MoS, flakes and consequently their various physical
and chemical properties. Three strategies are promising for the
mass production of one- and few-layer thick MoS; nanosheets:
(1) Chemical Vapor Deposition (CVD) starting from
molybdenum and sulfur precursors which are deposited onto
appropriate substrates,” (2) liquid-phase exfoliation of bulk
MoS, assisted by ultrasounds!® 19 or shear forces,2° and (3)
chemical exfoliation of MoS, with alkali metals compounds,
generally containing Li ions that intercalate the bulk material.”-
9,11,13,14,21,22 Bottom-up CVD appears an ideal method to obtain
large-area and high-quality ultrathin MoS; films that can be
potentially scaled-up and used in electronics, yet the
synthesized material is typically deposited onto metallic
surfaces and requires to be transferred onto other substrates
(e.g. SiOz) for further studies and applications. Another
disadvantage of CVD technique is the need of employing high
temperatures as well as inert atmosphere, thus the production
costs are relatively higher than solution-based methods.?
Therefore, top-down exfoliation approaches, such as
sonication-assisted exfoliation of bulk MoS; in organic solvents
or water/surfactant solutions, represent a better choice when
high quantity of 2D flakes are required. Nevertheless, a
drawback of this exfoliation approach concerns the production
of defective materials with rather small lateral sizes and low
single layer Noteworthy, the
performance of solution-processed materials generally falls
several orders of magnitude lower that the equivalent devices
based on CVD nanosheets.4

The chemical exfoliation process using lithium compounds,
pioneered by Joensen et al.,?3 leads to almost completely
exfoliated materials, in terms of both yield and flake thickness
(mostly 1-5 layers).24 This method is based on the intercalation
of bulk MoS; with lithium ions derived mainly from
organolithium compounds, such as n-butyllithium (n-Buli), that
occasionally can be assisted by electrochemical process4 and
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subsequent sonication in aqueous solution of the intercalated
product (LixMoS;), leading to stable colloidal dispersions of
negatively charged chemically exfoliated MoS; (ce-MoS;)
nanosheets.?> This process also causes a conversion of the
original semiconducting 2H phase (trigonal prismatic
coordination) of MoS; structure to the metallic 1T phase
(octahedral coordination), that can be disadvantageous for
electronic applications. However, since the 1T phase is 107 more
conductive than 2H phase and displays additional reaction
sites,26 it can surpass 2H phase for some applications such as
catalysis® or as an electrode for supercapacitors.26 Even though
ce-MoS; using n-Buli as intercalating agent has been explored
for many years, it suffers from the lack of systematic studies
(Table S2 in ESI shows a compilation of several described
procedures). Hitherto, the intercalation reactions have been
typically conducted for 2 days, although experiments carried
out for 8h,25 1 day?® 27 or 3 days!3 have also been reported. The
temperature at which the chemical exfoliation has been
performed varied from room temperature (RT)® up to 100°C.28
Different weight ratios of MoS; and the intercalation agent have
been employed, albeit n-Buli is usually used in ~2-3 equivalent
excess per MoS; formula unit. Noteworthy, establishing optimal
protocols for the chemical exfoliation of MoS; using n-Buli as
intercalating agent would enable to maximize the percentage of
monolayer thick-flakes and their concentration as well as to
control the ratio between the 2H and 1T phases, thereby
making it possible not only to tune the properties of the
exfoliated material, but also its reactivity, being key for its
controlled functionalization.

In this work, we have investigated the effect of the reaction
time (1-3 days) and temperature (RT and 55°C) on the quality of
produced ce-MoS; using n-BulLi as an intercalating agent. In-
depth multiscale microscopic, spectroscopic and electrical
characterizations have been performed in order to study the
chemical composition, the content of metallic 1T phase as well
as the morphology and conductivity of the films prepared from
the obtained ce-MoS;, with the ultimate goal of establishing the
optimal conditions for an efficient chemical exfoliation process.
Moreover, the transition from 1T to 2H phase achieved upon
vacuum annealing made it possible to study of the electrical
characteristics by fabricating field-effect transistor (FET)
devices.

A detailed preparation of ce-MoS; is described in the Electronic
Supplementary Information (ESI). Briefly, the mixture of MoS,
powder and n-Buli solution in hexane (2.5 eq) was stirred for 1,
2 or 3 days at RT as well as at elevated temperature. After the
filtration, the collected solid was dispersed in water, sonicated
for 1 h and then centrifugated. In the final step, the dispersion
was dialyzed in order to remove residual of lithium compounds.
Subsequently, specified amount of each solution was filtrated
and the collected solid was dried and weighted in order to
determine the concentration. The calculated concentration of
the resulting dispersion was similar in all cases, i.e. ~0.5 mg mL-
1, however the solution obtained in 1 day reaction at RT
exhibited the lowest value, i.e. ~0.3 mg mL?! (Fig. 1a). The
thermogravimetric analyses revealed a noticeable decrease in
weight during thermal annealing of the samples prepared at RT
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Fig. 1 (a) Concentration of MoS, dispersions after dialysis obtained as a result of
experiment at room (blue) and elevated temperature (red), with the standard mean

deviation expressed in the form of error bars; (b) 1T/1T+2H ratio calculated based on
high-resolution Mo3d XPS spectra (ESI Fig. S 1, blue and red) as well as UV-Vis spectra
(ESIFig.S4 and Eq. 1, light blue and orange); (c) comparison of Raman spectrum obtained
for bulk MoS, (black) and exfoliated materials after reaction in various experimental
conditions.

in 1 day (Fig. S 1, ESI) when compared to other samples. The
analysis of the zeta potential provided similar results for all the
tested reaction conditions showing no particular trend (Fig. S2
ESI).

The content of 1T vs. 2H phases represents one of the most
important characteristics explored in the qualitative analysis of
the exfoliated MoS, nanosheets. The 1T/2H ratio was evaluated
by XPS, UV-Vis and Raman spectroscopy. For the XPS and Raman
characterization, the samples were prepared by a vacuum
filtration and dry-transfer method (see ESI). The content of each
crystalline phase obtained at different reaction time and
temperature is displayed in Fig. 1b. The 1T/2H ratio was
calculated based on the area of 2H-MoS; doublet at binding
energies values ~229.1 eV and ~232.3 eV as well as the
additional peaks shifted toward lower binding energies by ~0.8
eV in relative to the 2H-MoS, peaks doublets, which are
assigned to 1T-MoS; in the high-resolution XPS spectra the
Mo3d region (Fig. S 3, ESI).1% 21 The lowest content of 1T phase
is observed in the material produced in 1 day reaction at RT with
a value of ~60%, while the highest content is close to 80% for
the material generated in a 3 days lasting reaction at 55°C.
Noteworthy, the content of metallic phase for the remaining
exfoliated MoS; is similar and ranges between ~70% and ~80%.
On the other hand, ce-MoS; produced at 55°C exhibits increased
amount of 1T phase compared to samples prepared at same
reaction duration at RT. These results are in good agreement
with the phase analysis carried out by monitoring the S2p peak
in high resolution XPS spectra (Fig. S4, ESI). Moreover, the
presence of MoO; and MoQOs, which is inherent to this chemical
exfoliation method, appeared not to be influenced neither by
temperature nor by the reaction time. In addition, as suggested
by Knirsch et al.,2! the 1T/2H ratio can be also determined from
UV-Vis spectra (Eq. S1 and Fig. S 5, ESI). Fig. 1b shows that the
material produced in 1 day lasting reaction at RT possesses the
lowest content of 1T phase, in agreement with XPS result.
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However, such absolute value is lower (~50%) in the case of UV-
Vis whereas the other results obtained with the latter technique
are in good quantitative agreement with values determined
from XPS measurements.

Further characterization of the exfoliated MoS, was conducted
by Raman spectroscopy. The Raman spectra displayed in Fig. 1c,
can be used to track differences between the MoS; bulk powder
and ce-MoS,. Reference sample excited with green laser (A=532
nm) displayed two intense peaks at ~383 cm! and ~408 cm-!
that are attributed to E%g in-plane and Ay out-of-plane modes,
respectively.2® Similar Raman spectrum is observed for samples
obtained in a 1 day reaction at RT. However, the main E%g and
A1g peaks are broaden and slightly shifted (~380 cm-! and ~405
cm1, respectively). On the other hand, three additional peaks at
~156 cm1, ~227 cm™ and ~330 cm! are visible in the spectra
of other exfoliated materials corresponding to Ji, Jo and J3
modes, respectively, which are absent in bulk reference MoS,.14
The intensities of these peaks vary depending on the reaction
conditions and are most pronounced in the samples resulting
from a 3 days reaction at RT, 3 days at 55°C as well as 2 days at
55°C. The presence of these peaks (J1-J3) suggests that metallic
1T-MoS; phase exists in the exfoliated materials.142° Moreover,
the E%g and A;g peaks are broaden as well as shifted.

Fig. 2 SEM images and the conductivity (o) of MoS, films obtained after the
exfoliation: (a) 1 day, RT; (b) 1 day, 55°C; (c) 2 days, RT; (d) 2 days, 55°C; (e) 3 days,

RT; (f) 3 days, 55°C.
All these results showed significative differences between 1 day
lasting reaction at RT and the other samples. To investigate the
morphology as well as the statistical distribution of lateral size
and thickness of ce-MoS, atomic force microscopy (AFM) and
scanning electron microscopy (STEM) imaging were carried out
(Fig. S 7 and S 8, ESI). The AFM analysis of spin-coated ce-MoS;
dispersions displayed the presence of nanoflakes with an
average lateral size of ~200 nm and thickness in the range of 3-
5 nm. SEM imaging (Fig. 2) of films prepared by dry-transfer
method revealed the presence of thick crystal-like flakes in films
of ce-MoS; (1 day, RT) demonstrating that the experimental
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condition employed for the exfoliation are insufficient for
achieving ultrathin flakes (Fig. 2a). Conversely, uniform and
homogenous films composed of well exfoliated ce-MoS;
nanosheets have been observed for materials prepared with
reactions lasting 1 day at 55°C and 2-3 days (both at RT and
55°C) (Fig. 2b-f).

We extended out studies to the electrical characterization of as-
prepared films. The sheet resistance was measured by four-
point-probe set-up and the conductivity was calculated using
Eq. S2 and S3 (ESI). Metals are good electrical conductors, thus
materials with higher content of metallic 1T-MoS; phase should
display higher conductivities. The material produced in 1 day
reaction at RT, being characterized by the smallest amount of
1T-MoS; phase, exhibits the lowest conductivity, amounting to
~102 S/m. Conversely, all the MoS, displayed very similar
conductivities (insets in Fig. 2). On the other hand, the material
produced in 1 day reaction at 55°C was drop-casted onto
prepatterned gold interdigitated electrodes on SiOy/Si
substrates, to fabricate a bottom-contact/bottom-gate
transistor (Fig. S 10, ESI). The output and transfer curves
revealed no modulation with the applied gate voltage,
indicating a predominance of the metallic phase in the electrical
characteristics. The coverage of the electrodes by drop-casting
was not very efficient, which made the analysis of the transport
properties very challenging. To overcome this problem, ce-MoS;
(1 day, 55°C) was deposited on SiO,/Si by dry-transfer process
and the gold electrodes were evaporated on top (yielding a top-
contact/bottom gate configuration). This method allowed the
fabrication of continuous films with controlled thickness (Fig. S
10, ESI). The device was vacuum annealed at increasing
temperatures from 50 to 300°C. We observed a dramatic drop
in the conductivity upon annealing at 50-200°C, before reaching
a plateau at 250°C (Fig 3a). This is due to the phase transition
from 1T to 2H phase. Since it is well known that dielectrically-
gated (solid-state) transistors based on TMDs show poor
electrical performance (i.e. switching current < 10),18 top-
contact/top-gate device were fabricated by exploiting EMIM-
TFSI ionic liquid as liquid dielectric and a Pt wire as gate
electrode. Noteworthy, the samples annealed at 300°C
exhibited semiconducting properties, in agreement with nearly
completed phase transition from 1T to 2H-MoS,. Moreover, the
devices displayed unipolar n-type behaviour characterized by a
field-effect mobility (ure) of 102 cm2 V-1 51 and Ion/lorr ratio of
~10. The electrical performance is affected by the initial high
associated to the 2H/1T nanoscale
polymorphism as well as thermal evolution/expansion of
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Fig. 3 (a) Changing in the 1T/(1T+2H) ratio (red) based on Mo3d spectra (Fig. S 11) and
conductance (blue) with temperature; (b) Transfer curve of ionic liquid gated FET
device after annealing at 300°C; (c) SEM image of the gold interdigitated electrodes
evaporated on ce-MoS, film. All analysis and measurements were performed on sample
(1 day, 55°C
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defects generated during the intercalation/exfoliation process.
The formation of 2H/1T boundaries following the
rearrangement of 1T domains into 2H domains might represent
the major limiting factor to high-performance devices.14
Nevertheless, the fabricated devices display performances close
to the state-of-the-art for solution-processed TMDs,30
highlighting the importance of the research and the room for
improvement.

In summary, we have performed a comparative study to unveil
the effect of reaction time and temperature on the chemical
exfoliation of MoS; using n-Buli as the intercalating agent. In-
depth characterizations revealed that the lowest content of
metallic 1T phase (~50%) was obtained for reaction lasting for
1 day at RT. Our findings show that those commonly employed
conditions are insufficient to allow the efficient exfoliation of
monolayer thick MoS,. On the contrary, ce-MoS; obtained in
reaction conducted at elevated temperature and/or for
prolongated time was characterized by higher content of 1T
phase (up to ~80%). The high processability of such ce-MoS,
dispersions can be exploited for the preparation, upon thermal
annealing conversion, of homogeneous 2H phase based
semiconducting films for field-effect transistors. This study is of
importance as it defines ad hoc experimental conditions to
achieve an efficient chemical exfoliation of ultrathin MoS;
nanoflakes, paving the way for their further functionalization as
promising strategy to optimize the properties for applications in
(opto)electronics, catalysis or chemical sensing.
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