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By manipulating colloidal dispersions of chemically exfoliated molybdenum disulfide (MoS,) into an
appropriate spreading solvent, we demonstrate, for the first time, the ability to form stable, floating MoS,
Langmuir films without the use of surfactants or significant material loss into the aqueous sub-phase.
While the floating sheets can be compressed into a densely tiled film by the barriers of a traditional
Langmuir—Blodgett trough, we also report an edge-to-edge aggregation and spreading driven densification
phenomena that allows the film to be built up from the outside of the trough inwards during the
deposition process. Continued deposition allows us to fill the entire trough with a dense (85-95% coverage)
film of discretely tiled 1T MoS, nanosheets and to coat substrates as large as 130 cm?. The transfer
efficiency is found to be as high as 120 m? of coated area per gram of deposited MoS,. Comparing the
transfer efficiency to the theoretical specific surface area of MoS, provides a method to estimate film
thickness and exfoliation efficiency. Atomic force microscopy and optical absorption measurements are
used to corroborate this estimate of 2.7 layers for the traditional n-butyllithium exfoliation method used.
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We demonstrate that the films can be built up layer-by-layer and investigate the optical and electrical
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Introduction

Molybdenum disulfide (MoS,) is a transition metal dichalco-
genide (TMD) that has attracted significant attention due to its
special electronic, optical, and chemical properties.'"® MoS,
and other 2D metal dichalcogenides can exist in various poly-
morphs. Bulk MoS, is typically found in the 2H polymorph
which is a semiconductor possessing an indirect bandgap
of ~1.2 eV.” This can be converted from the 2H to the 1T
polymorph, a metallic phase, through chemical exfoliation.?
However, this 1T polymorph is metastable and can be converted
back to the 2H polymorph by thermal annealing at ~ 150-450 °C.*°
A layer number dependency has been observed in both the
optical and electrical properties of MoS,.* With a decreasing
layer number, an increase in the bandgap to 1.9 eV as well as a
transition from an indirect to direct bandgap has been observed.”
These properties have established MoS, as a promising material
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properties of the films before and after conversion from the 1T to 2H polymorph.

for future applications in electronic and photonic devices such as
transparent semiconductors,'*"" solar cells,”'* supercapacitors™'***
and sensors.’® Furthermore, metallic MoS, has demonstrated
significant promise as an efficient electrocatalyst for the hydrogen
evolution reaction (HER)'®™*® as well as in photoelectrochemical
(PEC) water splitting.>?%*!

Significant research has been carried out to discover and
improve synthesis methods of MoS, nanosheets by chemical and
solution exfoliation of bulk precursors.>>>>* However, there has
been comparatively less development of well-controlled film
deposition techniques. While physical and chemical vapor
deposition (CVD) yield fine control over film properties, the
high temperatures, high vacuum conditions and required
transfer steps currently hinder scale-up.®>* On the other hand,
traditional methods such as vacuum filtration offer a fast and
cost-effective way to prepare thin films.” However, these methods
are either limited to small area coatings or lack nanometer-scale
control of the film thickness. Recently, a more advanced film
forming process was developed for depositing WSe,, another
member of the TMD family, by assembling the material at
the ethylene glycol-hexane liquid-liquid interface.>” Since both
ethylene glycol and hexane are non-solvents for WSe,, the liquid-
liquid interface offers a strong spatial confinement for WSe,
flakes, reducing the possibility of aggregation and overlapping.>®
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A similar and earlier approach for MoS, was reported where the
MoS, was confined at the water-1-hexene interface by shaking
the two immiscible liquids.*® These reports both demonstrated
thin films with excellent overall uniformity. However, transfer
of the films to a substrate is challenging.

In contrast to all abovementioned methods, the preparation
of Langmuir films at the air-water interface, their densification
through compression, and film transfer to substrates by the
Langmuir-Blodgett (LB) deposition technique, is recognized as
a facile and powerful approach to controllably fabricate mole-
cular monolayer thin films on a variety of substrates.”” This
method was originally used to prepare ordered thin films of
amphiphilic molecules such as lipids or surfactants,"*" but
has recently been extended to prepare thin films of various
other nanomaterials such as gold and silver nanoparticles,**>°
single-walled carbon nanotubes,*** and graphene oxide.**™’
Notably, in 2008, Cote et al>® reported the first successful
attempt of using the LB assembly technique to fabricate floating
monolayers of graphene oxide (GO). They demonstrated that the
density or surface coverage of the floating, repulsive GO sheets
could be tuned by compressing the floating film using the
moveable barriers of a commercial LB trough. Around the same
time, Li et al.’® reported the successful LB transfer of graphene
sheets from the air-water interface. With multiple depositions,
they were able to prepare a three-layer film with a sheet resis-
tance of 8 kQ and transparency over 80%. While, in principle,
this method could also be applied to exfoliated MoS,, so far,
there have been no reported attempts to directly assemble MoS,
at the air-water interface. This is likely because exfoliated MoS,
sheets form stable dispersions mainly in water or water-miscible
solvents (e.g. DMF, NMP, isopropanol, etc.). However, ideally
a water-immiscible solvent should be used to avoid mixing
between the spreading solvent and the sub-phase water to limit
material loss within and contamination of the sub-phase water.
To facilitate transfer of MoS, to the air-water interface, researchers
have used charged, amphiphilic molecules to coordinate with
the negatively charged MoS,.° Specifically, dihexadecyldimethyl-
ammonium bromide (DHA'Br~) was spread on the surface of a
chemically exfoliated MoS,/H,O suspension to create a uniform
monolayer of DHA'Br~. Due to the electrostatic interaction
between positively charged DHA" and the negatively charged
MoS,, a hybrid DHA'/MoS, film was formed and could be
transferred to substrates by LB deposition. While theoretically,
a densely-packed MoS, thin film can then be achieved by
further removing the cationic amphiphilic components, practically,
it is challenging to do so without either disturbing the film or
leaving residue.

To overcome these challenges, in this work, we report a
mixed-solvent colloidal dispersion strategy that allows us to
transfer nearly 100% of chemically exfoliated 1T MoS, to the
air-water interface without the assistance of any surfactants.
When a high concentration spreading dispersion is used, we
observe that MoS, sheets spontaneously aggregate into densely
tiled islands near the LB trough edge. We hypothesize that this
directed film assembly is correlated with the spreading pressure
exerted by the spreading solvent during the dripping process
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(i.e. spreading-assisted assembly). Using this approach, we
demonstrate the assembly of large area MoS, thin films which
cover the entire trough surface without the use of any adjust-
able barriers to densify the films. Compression with barriers is
a requirement of the typical LB approach that limits film area
and precludes continuous material deposition and transfer.
Using our barrier-free method, we estimate transfer efficiencies
as high as 120 m” of covered area per gram of deposited
MoS,. This allows us to calculate an average layer number of
~2.7 using the theoretical specific surface area of MoS, as
calculated from crystal lattice parameters. This estimate is con-
firmed by analysis of height distribution data extracted from
AFM images as well as by analyzing the optical absorption of the
resulting film. This agreement suggests that we achieve nearly
100% transfer efficiency. While the average film thickness is
2.7 layers, the film is composed of 40-50% single layers, 10-15%
double layers and 10-15% triple layers with a small population
of thicker sheets which varies slightly from sample to sample.
We study the film formation process as a function of time to
elucidate the dynamics involved in film growth by video micro-
scopy. We also demonstrate that this process can be carried out
with simple and inexpensive equipment (i.e., a Teflon coated
glass dish). The directionality of the 2D aggregation process
lends itself to the possibility of continuous film deposition
and transfer, which has the potential to provide a simple and
versatile path towards coatings for advanced electronic and
optoelectronic applications.

Experimental methods
Chemical exfoliation and annealing

The chemical exfoliation method was adapted from ref. 4.
Briefly, 0.5 g of MoS, powder (Sigma Aldrich, ~6 pm) was mixed
with 7 mL of 1.6 M n-butyllithium solution in hexane (Sigma
Aldrich) in a 25 mL flask filled with nitrogen gas for three days.
The intercalated MoS, was washed with 80 mL of hexane,
collected by filtration through Whatman™ 42 filter paper and
then transferred to a large beaker in a glove bag filled with
nitrogen gas. 150 mL of DI water was added to the beaker
immediately after the transfer. The beaker was then bath ultra-
sonicated (TruSonik, 2.5 L, 120 W) for 1 h to aid in exfoliating
the material. During the sonication process, ice was added to
the bath water every 20 min to avoid overheating the solution.
XRD analysis of MoS, powder before and after chemical exfolia-
tion were obtained in a PANalytical Empyrean diffractometer
using Cu K, radiation. Zeta potential was measured in various
pH buffers using a Malvern Zetasizer Nano ZS90 instrument
with freshly prepared MoS, aqueous dispersion. The MoS,
aqueous dispersion was prepared by washing the MoS, disper-
sion obtained from chemical exfoliation with deionized water.
Citrate buffer was used for pH = 3 with an ionic strength of
100 mM. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffer was used for pH = 7.6 with an ionic strength of 10 mM
and phosphate buffer was used for pH = 6, 7, 8 with an ionic
strength of 100 mM.
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Solvent exchange

After bath sonication, 80 mL of the dispersion was transferred
to two beakers and 0.48 mL of 10% HCI solution was added to
each to adjust the pH of the dispersion to 2. The dispersion was
then left undisturbed for 12 h at room temperature. Afterwards,
the top two thirds of the solvent in each beaker was removed
by pipetting and the aggregates of MoS, at the bottom of both
beakers were collected by filtration using Whatman 42 filter
paper and washed with 5 mL of water followed by 5 mL of
dimethylformamide (DMF). The filter cake was not allowed to
dry completely to avoid the formation of aggregates that could
not be redispersed (i.e., hard aggregates). The filter cake was
transferred to a centrifuge tube and 40 mL of DMF was then
added to the tube. The aggregate was redispersed by bath-
sonication for 30 min and then centrifuged at 2000 rpm for
15 min using a Thermo Scientific Centra CL2 centrifuge. The
top 35 mL of the dispersion was collected for future use. The
MoS, concentration of the as-prepared MoS,/DMF dispersion
was determined by measuring the mass difference before and
after evaporating 5 mL of the dispersion in a glass vial using a
vacuum oven. The final spreading dispersion was prepared by
mixing the as-made MoS,/DMF dispersion with residue-free
1,2-dichloroethane (DCE) (Fisher Scientific, 99%) at a 1:1
volume ratio. The MoS,/DCE dispersion was prepared similarly,
except using DCE as the solvent to disperse MoS,.

Langmuir-Blodgett trough analysis

The surface pressure-area (n-A) isotherm was measured using a
KSV Minitrough (System 2). The polytetrafluoroethylene (PTFE)
trough was cleaned by wiping with chloroform and rinsing with
deionized (DI) water. Approximately 180 mL of deionized water
(~18 MQ) was added to the trough and the cleanliness of the
water surface was examined by monitoring the change in sur-
face pressure while the barriers of the trough were being closed.
The surface was cleaned by a vacuum aspirator until the surface
pressure changed by less than 0.02 mN m ™" after compression.
In a typical spreading process, the MoS,/DMF/DCE dispersion
was dripped onto the water surface (~250 cm?) at a flow rate
of 0.1 mL min~" controlled by a syringe pump (KD Scientific)
using PTFE tubing with 0.312 mm outer diameter. The distance
between the tip of the tubing and the water surface was made
as close as possible without the drop touching the air-water
interface to prevent the liquid drop (which is denser than water)
from penetrating through the interface and into the water. The
spreading process was stopped when about half of the water
surface was covered by MoS, as could be observed visually as a
faint dark film. The compression of the film was carried out
at a barrier speed of 15 mm min~" until the surface pressure
reached ~14 mN m™'. The expansion process was carried out
at the same speed immediately after the compression.

Spreading-assisted film densification

For most experiments, a custom glass trough with PTFE-coated
walls and a PTFE-coated barrier were extensively washed with
DI water to remove any possible water-soluble contaminants
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and wiped with DCE to remove any possible organic contami-
nants. The trough was then filled with deionized water. The
glass syringe was washed with DI water first and then with DCE
for the same purpose. For the spreading, the same syringe,
tubing, pump and flow rate were applied as in the LB assembly.
The total available water surface area (15.8 cm x 12.7 cm)
for the spreading is ~200 cm? The film was deposited by
dripping the dispersion through a PTFE tube with inner and
outer diameter of 0.159 and 0.312 mm, respectively. The flow
rate was set to 0.1 mL min ' via the syringe pump. The
deposition of the film was carried out using the horizontal
precipitation method: freshly cleaved mica or clean glass slides
to be coated were placed in the trough below the level of the
water sub-phase (before cleaning the air-water interface) and
the film was slowly lowered onto the substrate by withdrawing
water from the trough.’® To convert the as-deposited MoS,
films to the semiconducting 2H polymorph, the samples were
annealed in a tube furnace at 150 °C for 1 h under Ar gas by
evacuating and filling the tube with ultrahigh purity Ar (99.999%)
three times.

Film characterization

The UV-Vis absorption spectra of MoS,/DMF dispersions were
taken using an Agilent 8453 instrument. The transmittance
measurements of deposited films on glass substrate were
carried out using the same instrument. AFM images were taken
using a Digital Instruments Nanoscope IV in contact mode
using silicon nitride tips (Bruker, NP-STT10). The fractional
coverage and average sheet thickness of the deposited MoS,
film was determined by analyzing AFM images of these films
using a custom Python script. Briefly, the AFM image was
divided into quadrants (to reduce variations in the substrate
height over the large 10 x 10 pm scan area), then the sum of 20
Gaussian curves was fit to the raw height data of each quadrant
before combining all four outputs. The initial guesses for the
curve parameters were determined by manually measuring
the step height at substrate-monolayer and monolayer-bilayer
junctions. The fractional coverage was defined as the area
under each curve in their respective bin. Absorption measure-
ments for the Tauc analysis and optical thickness estimates
were taken with a Shimadzu UV-1601PC UV-Vis double-beam
spectrometer and the absorption was measured from 900 to
300 nm. A 150 W Xenon light source with a 10 nm beam width
monochromator was used to provide excitation light. Raman
spectra were collected using a Horiba HR800 spectrometer
operating at 4 = 532 nm.

A standard challenge in electrical characterization is to
contact samples without damaging or substantially changing
their characteristics. In clean room fabrication, electrodes are
often lithographically deposited onto samples. However, such
an approach is not conducive to rapid prototyping. To contact
MosS, samples on glass substrates, a fabrication procedure for
conformal electrodes made from a heterostructure of carbon
tape and indium tin oxide (ITO) coated plastic was developed.
This allowed for electrodes to be adhered to previously pre-
pared samples without damaging the fragile monolayers or
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substantially changing their electrical properties. The carbon
tape/ITO interdigitated electrode structures were fabricated
using ITO-coated polyethylene terephthalate (PET, Adafruit,
1309), 8 mm wide carbon tape (Ted Pella, 16073), copper tape
with a conductive adhesive (Ted Pella, 16072-1), and 22 AWG
copper wires. The carbon tape is adhered to the ITO side of a
small section of PET. The pattern, designed in Asymptote was
cut through the carbon tape and ITO, leaving just the PET
support intact, using an IR laser (Universal Laser Systems VLS
2.30 CO, laser 10.6 pm) at 8% power, 10% speed, 1000 ppi and
a focus of 0.1 mm. The design left a 100 um gap over a length of
408 mm between the two electrode contacts. As the ITO has
a very low resistance, the main source of resistance in this
configuration is the vertical resistance through the carbon tape.
Thus, the effective series resistance is comprised of the vertical
resistance through the carbon tape combined with the trans-
verse resistance through the ITO to the contacts on the exterior.
Each end of the structure is contacted by the adhesive copper
tape which has negligible resistance relative to the rest of the
structure. Wire leads are soldered onto the copper tape for
reproducible contact with alligator clips. The effective resis-
tance of the electrode structure was measured by adhering a
sheet of ITO to an electrode structure. An Agilent 1252A Digital

a MoS,; in water after
chemical exfoliation

%

®: HZO
:Liion
e -

\ e~
Ultrasonication e

Aggregated MoS,
after pH adjustment

10% HCI Py — 74

(a) Filtration

(b) Wash with

H,0 and DMF
Absorbance (a.u.)

®
Mosz redispersed ® : DMF
in DMF
(o3
—— MoS, bulk powder
— MoS, after exfoliation
A‘ n
=
)
N
>
b
[72]
[ =
(]
-
=

10 20 30 40 50 60 70
20 (degree)

View Article Online

Journal of Materials Chemistry C

Multimeter was used to measure the resistance of the various
samples. The system was validated by measuring the conduc-
tivity of ITO.

Results and discussion
Mixed-solvent colloidal dispersion

To efficiently transfer the exfoliated MoS, to the air-water
interface, a water-immiscible and volatile spreading solvent
such as chloroform or DCE is preferred.*' However, the MoS,
nanosheets obtained from the chemical exfoliation method are
well dispersed in water. Thus, our first goal was to engineer a
non-aqueous colloidal dispersion to facilitate efficient transfer of
material to the air-water interface. As described schematically in
Fig. 1, we carried this out through a reversible aggregation and
solvent exchange method. MoS, was chemically exfoliated by first
lithiating MoS, with n-butyllithium, followed by exfoliation of
this reactive material by mixing with water.*” It is known that
this causes the decomposition of water and the build-up of
H, gas between adjacent sheets of MoS, which results in their
exfoliation.”®*> The resulting dark coloured and colloidally
stable dispersion in water is shown in Fig. 1a. The addition
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Fig. 1 (a) Solvent exchange method. Middle picture: adjusting the pH to ~2 causes the aggregation of MoS,. (b) UV-Vis absorption spectra of the
MoS,/DMF dispersion after solvent exchange. The inset shows the stability analysis of the MoS,/DMF/DCE dispersion: (i) the freshly prepared dispersion;
(i) the dispersion after one week; (iii) the bottom of the vial after slowly removing the dispersion — no precipitate was found at the bottom of the vial for

the dispersion after 1 week. (c) XRD profiles of MoS, powders before (black line) and after (red line) chemical exfoliation, HCl —

induced flocculation and

drying. (d) Plot of zeta potential as a function of pH for the MoS, dispersion in water.
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of HCl to this dispersion caused the MoS, to flocculate.
Previous studies have shown that chemically exfoliated MoS, will
precipitate in HCI solution at a pH ~ 2.** While the mechanism
of this aggregation behaviour has not been explored, it is likely
due to the shielding of the electrostatic double layer force
between MoS, which are known to be negatively charged after
being reduced by n-butyllithium to produce the salt Li"MoS,.**
To confirm the charge on the MoS, nanosheets, the zeta potential
in water was estimated to be between about —39 mV to —49 mV
over a pH range of 4-8, assuming that the flat plates behave
hydrodynamically as spherical particles. This is congruent with
several other reports which have measured a zeta potential of
—43 mV, presumably, at near neutral pH.>** As a result of the
charge screening by dissolved HCI, the attractive van der Waals
forces between MoS, nanosheets overcomes their electrostatic
repulsion, leading to their flocculation. After 12 h, the aggregated
MoS, sediments to the bottom of the vial (Fig. 1a).

The precipitates were collected by filtration and could be
redispersed in non-aqueous solvents by low power bath ultra-
sonication. The fact that the precipitates could be redispersed
may be explained by considering that the sheets remained
solvated in the aggregate, which provides steric hindrance
against irreversible aggregation. To show the versatility of our
solvent exchange method, we prepared both the MoS,/DMF
dispersion and MoS,/DCE dispersion in preliminary trials. To
confirm the successful exfoliation of MoS, by our procedure, we
conducted UV-Vis measurements on the as-prepared MoS,/DMF
dispersion. It is known that the MoS, will undergo a transition
from the 2H polymorph to the 1T polymorph during the
chemical exfoliation process. The resulting 1T MoS, is metallic
and thus no absorbance peaks should be observed at ~610 nm
and ~660 nm which correspond to the A1 and B1 direct
excitonic transitions in 2H MoS,.* This is confirmed by the
absorbance spectra of the dispersion (Fig. 2b) where no discern-
able peaks are observed between 600 nm and 700 nm, which
indicates that our chemical exfoliation is effective. Furthermore,
XRD carried out after drying the washed precipitate indicates
that the (00]) reflections, such as (002), (004) and (006), are
significantly broadened and reduced in intensity. This confirms
that our chemical exfoliation and centrifugation approach elimi-
nated most large MoS, crystallites. A detailed analysis of the
width of the (002) peak indicates that, after drying, the partially
restacked powder has a fraction of crystallites which are approxi-
mately 10 layers thick.*®

For spreading, DCE is an ideal solvent since it is water-
immiscible, spontaneously spreads at the air-water interface, and
is volatile. However, we found that MoS, was poorly dispersed
in DCE after solvent exchange and the resulting MoS,/DCE
dispersion was unstable. On the other hand, we observe that
the MoS,/DMF dispersion is stable over long periods of time
but DMF is non-volatile and completely miscible with water.
Since both DMF and DCE are miscible, we also tried mixtures of
the two solvents to disperse MoS,. We hypothesized that in this
mixed-solvent colloidal system, the DMF would help stabilize the
MoS, nanosheets and the DCE would help reduce the mixing
of solvent and sub-phase water during repetitive dripping.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The LB assembly of MoS, nanosheets using the mixed solvent
DMF/DCE dispersion. (a) MoS, nanosheets floating on the water surface.

(b) The aggregated MoS, nanosheets after expansion. (c) The compression—
expansion isotherm.

As shown in Fig. 1c, to test our hypothesis, we first studied the
stability of the MoS,/DMF/DCE dispersion with a ratio of DMF to
DCE of 1:1 (vol/vol). As illustrated in Fig. 1(b), the dispersion was
found to remain stable even after one week, with no detectable
sediment at the bottom of the vial.

Traditional Langmuir-Blodgett approach

To illustrate the importance of DCE in terms of transfer
efficiency during the deposition, we conducted two experiments
using a commercial LB trough. First, we tried to directly spread
the MoS,/DMF dispersion at the air-water interface. We observed
that most drops entered the water sub-phase during the spreading
process. Very few MoS, nanosheets were found floating on the
water surface after a large volume of the dispersion was added.
This observation indicated a strong mixing process occurred
during the spreading since DMF is a water-miscible solvent. Next,
we tested our mixed solvent (DMF/DCE) dispersion. After only a
small volume was added, MoS, could be observed as a yellowish
brown film by the naked eye. More careful observation found
that MoS, nanosheets near the trough edge were aggregated
into small islands. As more and more material was added to the
air-water interface, these small islands were observed to form
larger islands which eventually grew to a locally uniform film
(i.e. in terms of its color) as shown in Fig. 2a. Once the film
covered nearly 50% of the trough surface, the moveable barriers
of the LB trough were used to collect surface pressure-area
(m-A) isotherms. The surface pressure is defined as 7 = yyater — 7
where yyaeer is the surface tension of pure water (confirmed to
be 72 mN m ™" before the start of the experiment) and 7 is the
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measured surface tension during compression. The n-A4 iso-
therm is shown in Fig. 2c. Initially, = is nearly constant from
250 cm? to 150 cm? with a slight increase from zero due to the
reduction in surface tension caused by the dissolution of DMF
in the sub-phase water. At about 150 cm?, 7 increased signifi-
cantly and corresponds to the point where the islands begin to
coalesce. At 14 mN m ™", a dense film covered the entire tough.
Expansion was carried out immediately after compression to
14 mN m ™. The n-A isotherm upon expansion decreased more
rapidly as the larger islands that formed upon compression
broke into smaller fragments as shown in Fig. 2b.

The dispersion concentration was reduced to determine its
impact on the observed 2D aggregates. It was found that the
islands shrunk in size when a more dilute dispersion was
spread at the air-water interface. However, this required us to
add a significant volume of dispersion to the trough and larger
islands eventually grew. Unfortunately, due to limitations in
the expansion ratio of the trough used, defined as the total
expanded trough area to the smallest compressed area ~3, it
was not possible to compress a dilute film to a density where a
measurable pressure increase could be observed. Therefore, it
was not possible to use the LB trough in the typical way;
traditionally when small molecules such as lipids are added to
the trough, the concentration of the spreading solution is often
quite high (10-100 mg mL ") and only one drop of material or
injection from a syringe is required to generate a film in the gas
phase. The gas phase is compressed until it transitions to liquid,
liquid-condensed and solid phases. The resulting uniform films
can be compressed and expanded reversibly so that they can be
deposited repetitively on substrates by dip coating via the tradi-
tional Langmuir-Blodgett process.>**® The formation of aggre-
gates, in our case, precludes such a process as the islands do not
coalesce uniformly over the trough area during barrier compres-
sion. This aggregation phenomenon is surprising considering
the relatively high zeta potential of MoS, measured in water
(>—40 mV). For example, it has been suggested that graphene
oxide, with a similar zeta potential, acts as repulsive objects
when floating on water. However, others have shown that
attractive van der Waals forces and other long-range attractive
forces can dominate under certain conditions.*” The graphene
oxide case is also complicated by the fact that much of the
material is lost into the sub-phase; G. J. Silverberg et al. report
up to 99% loss.*”

Spreading-assisted film densification

Instead of stopping the process of material transfer to the
air-water interface and using the trough barriers to compress
the film, we carried out an experiment where dripping was
continued. Since barriers of a commercial LB trough were not
required for this experiment, we simply used a clean glass water
bath with Teflon tape to make the edges hydrophobic and a
Teflon tape wrapped fixed barrier. Fig. 3 shows the evolution of
the film as more MoS, dispersion is added at the air-water
interface. The islands grow from the trough edges and even-
tually spanned the entire width of the trough growing towards
the center. The dripping was stopped when the available area
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for spreading the dispersion was so small that the solvent began
to pool and the next drop no longer spread, forming a solvent
lens at the injection point. At this point, the entire trough area
was covered with a film of uniform tint. The as-formed MoS, film
was stable at the air-water interface, as shown in Fig. 3c, where a
clear film boundary remained for hours after the fixed barrier
was removed suggesting that the floating film had reached the
solid phase and was clearly not repulsive.

The film growth phenomenon was further examined by
analyzing video taken during the deposition process. (see Videos
in ESIt) Upon spreading of the first drop of dispersion, isolated
aggregates could be observed and were distributed randomly
about the trough surface. The second drop then spread, and
apart from depositing more material, pushed the floating MoS,
deposited in the first drop towards the trough edge. As more and
more material was added, more of the islands were pushed
towards the edge of the trough by the spreading front of the
solvent and, as shown in Fig. 3b, a faint continuous film could
be observed. As is apparent from the videos, when the solvent
spreading front reached the film, the evaporation and contrac-
tion of the spreading solvent lead to the rearrangement of the
MoS, with each additional drop. However, several centimeters
into the film, the material appears to have formed a nearly
incompressible solid phase. As the film grows further, a clear
circular boundary was made by the spreading drop as it com-
pressed more material against the film. When the circular
boundary was only a few centimeters in diameter, the solvent
could not evaporate before the next drop was added which
resulted in the pooling of the dispersion and formation of a
liquid lens at the center of the trough. This 2D aggregation
behaviour of MoS, nanosheets at air-water interface is also
affected by the MoS, concentration. Specifically, when the initial
MoS, concentration is high (~0.2 mg mL "), the MoS, tend to
form islands early in the spreading process. When the initial
MoS, concentration is low (~0.05 mg mL "), the solid phase of
the film is not observed until the later stages of spreading. This
suggests that the MoS, nanosheets can act as repulsive, floating
particles under certain deposition conditions. A more detailed
study regarding the effects of MoS, concentration on the aggre-
gation behaviour and the final film formation will be carried out
in the future.

From these videos, we hypothesize that the lateral pressure
from the spreading solvent plays an important role in the film
densification. When a solvent is spread at the air-water inter-
face, the change in interfacial tensions between the air-water
interface and the newly formed liquid-liquid and liquid-air
interfaces dominates the spreading process once the film is thin
enough that gravity no longer plays a role.*® At the leading edge of
the spreading front, the gradient of the interfacial tension (i.e. the
Marangoni effect) at the boundary also contributes to the force
which acts on the growing film.*® These forces are likely respon-
sible for the film densification in our repetitive dripping process.
The thermodynamic spreading pressure (S) could be estimated
for the system if the solvent-air (ys,), water-air (pw.) and
solvent-water (ys,) interfacial tensions were known according
to S = Ywa — Vsa — Vsw- For pure DCE these values are known,
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Fig. 3 (a) Schematic illustration of the spreading-assisted assembly process. (b) Video snapshots of film growth as a function of time. Due to the
transparency of the growing film, red arrows are used to guide the reader’s eye. The film grows from the trough edge towards the center. The white bar is
the fixed barrier (c) photograph of a stable MoS; thin film floating on the water surface after the fixed barrier is removed. (d) Photograph of a large-area
coating of MoS; film on a glass substrate deposited by the horizontal precipitation method (i.e. lowering the film onto the glass by withdrawing sub-phase

water from the coating bath). A smartphone is used for scale.

and thus S for pure DCE is estimated to be Spcg = 72.5 — 32.23 —
28.2 = 12.1 mN m ~***! Due to the miscibility of DMF with
water, Ypmr-water CANNOL be easily determined experimentally but
is expected to be smaller than ypcg-water due to the more favorable
polar—polar interactions between the two liquids while yppp_air 1S
slightly larger at 37.1 mN m ™. Thus, the spreading coefficient for
DMF is expected to be similar to that of DCE. Comparing these
values to the pressure exerted by the moveable barriers to
compress the film above, as well as the typical pressures required
to achieve solidification of lipids and similar 2D nanomaterials
like graphene oxide, it seems plausible that the solvent spreading
pressure exerted by the solvent on the film during material
deposition is capable of condensing the floating material into a
solid phase. Cote et al. reported that graphene oxide single sheets
were able to sustain surface pressures up to 30 mN m™ " at the
air-water interface before the sheets started folding and over-
lapping at the sheet edges®® and from our estimates above,

This journal is © The Royal Society of Chemistry 2017

the spreading pressure exerted by the solvent should be well
below this. By using this barrier-free spreading-assisted assembly
approach, we are able to deposit a film as large as the trough area.
As shown in Fig. 3d, a uniform film ~130 ¢cm” in area can be
coated, which is about twice the size of a large screen size smart
phone. The upper limit of the film area produced by our assembly
method may be further increased by using a larger trough.
A similar phenomenon has been reported for other materials. For
example, Kim et al. reported the self-assembly of multi-walled
carbon nanotubes, Ketjen-Black carbon, super-P carbon and
silica nanospheres by continuous injection of the suspension at
the air-water interface.>® This method allowed them to obtain a
densely packed film with only the assistance of solvent spreading.
However, they were unable to achieve monolayer film thickness.
On the other hand, Zhang et al. reported the self-assembly of LB
films of graphene-based molybdenum oxide nanohybrid sheets
(mRGO-Mo00O;_,) by repetitively dripping via a similar method to
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ours and were able to produce molecular monolayers but could
not control film density as their demonstration was carried out
in a small beaker.>

We further investigated the effects of MoS, concentration on
the properties of the final film. We prepared three dispersions with
different MoS, concentration (ie. 0.22 mg mL ™", 0.11 mg mL ™,
0.055 mg mL™") and repeated the spreading experiment. By
knowing the mass of material deposited and the trough area,
a transfer efficiency can be estimate in terms of what we will
refer to as the Langmuir specific surface area (LSSA) calculated
using the following formula:

Aﬁlm (1)

2 1y
LSSA(m” g )_1/><t><C7

where A, is the total area of the film on water surface, v is the
deposition rate (in mL min~") controlled by the syringe pump,
t is the total deposition time and C is the MoS, concentration.
Fig. 4 shows that the average LSSA increases as the dispersion is
diluted. This may be due to the fact that the probability of the
overlapping of MoS, nanosheets during the spreading process
decreases as the MoS, concentration decreases. However, the
difference in LSSA is relatively small, at least for the 0.011 and
0.055 mg mL " cases. This indicates that the overlapping is not
significant as we increase the MoS, concentration. Therefore, the
thickness of the final film may only depend on the thickness of
the initial MoS, nanosheets.

Assuming that the film deposited is fully dense (which
will be discussed later) it is possible to estimate the expected
LSSA for a single layer of MoS, from crystal lattice para-
meters. Given the unit cell for 2H MoS, has lattice vectors

- 3 .
a=(a,0,0), b= <g g 0), ¢=(0,0,c), where a = 3.125 A,>*
we can calculate the area of the top-facing side of the unit cell
as 8.457 A% The mass of a MoS, single layer per unit cell, m, is
160.07 g mol . Thus, the LSSA is given by:

A x N,
m

LSSA = =318m? g (2)

130
120
110 *

100 {

90 *
80-

LSSA (m?/g)

70 T T L) T 1
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(mg/mL)
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Fig. 4 The effect of the MoS, spreading suspension concentration on the
Langmuir specific surface area (i.e. LSSA).

11282 | J. Mater. Chem. C, 2017, 5, 1127511287

View Article Online

Journal of Materials Chemistry C

Alternatively, the LSSA can be roughly calculated by multi-
plying the bulk MoS, density by the monolayer spacing and
inverting the result, giving an LSSA of 321 m® g~ ', which is in
very good agreement with the previous calculation. To compare
this to the widely reported specific surface area of graphene
(2630 m> g~ "), we multiply our LSSA by a factor of two to
account for the surface area on both sides of the sheet which
leads to the theoretical specific surface area of MoS, being about
636 m> g~ . Interestingly, despite the large volume of work done
on MoS,, to our knowledge, this number has not been reported
previously. Knowing the theoretical value of the LSSA allows us
to estimate an average layer thickness for our film deposited
from 0.055 mg mL ™" of ~318/112 = 2.8 layers assuming the film
is fully dense.

To determine the film coverage and sheet thicknesses, we
took AFM images of the films deposited from various areas
in the trough. Fig. 5a shows a relatively large magnification
(~10 x 10 pm) AFM image of our MoS, deposited onto a mica
substrate at a concentration of 0.055 mg mL ", wherein a high
density of tiled MoS, sheets is observed. Zooming into the third
quadrant of this image (Fig. 5b), the exposed mica substrate
can be seen more easily. Manually extracting the height profiles
at substrate-monolayer and monolayer-bilayer junctions, as
shown in Fig. 5c, indicates an average MoS, layer thickness
of ~1.34 nm. Interestingly, the average substrate-monolayer
thickness is significantly larger at 1.97 nm, likely due to surface
defects or leftover spreading solvent trapped under the mono-
layers. These values are in line with previously reported thick-
nesses of chemically-exfoliated MoS, deposited onto silicon
substrates.”® As mentioned in the Experimental Methods section,
the sheet thickness distribution of our film was determined by
fitting the sum of Gaussian line-shapes to the height profile data.
This is shown for the third quadrant in Fig. 5d, with the inset
showing the output of this analysis. The first Gaussian fit around
2 nm corresponds to the substrate and gives an indication of
the uncertainty in this estimate (standard deviation ~0.4 nm)
due to difficulties in leveling the entire image. Repeating this
operation on all 4 quadrants of our film, the estimate indicates
that, for this sample, we achieve 83% surface coverage, with 35%
of the surface being covered by monolayers, 12% covered by
bilayers, and the remaining 36% of the surface being covered by
trilayers or larger. This was one of the lowest coverage samples
observed and is displayed to make the contrast between sheets
and substrate more apparent to the reader. The coverage esti-
mated in all AFM images analyzed suggests that the films are
most often between 85 and 95% density. Overall, we find average
sheet thicknesses of 2.7, 2.6, and 2.8 layers for the 0.055, 0.11,
and 0.22 mg mL~ " depositions, respectively. This corresponds to
LSSAs of 120, 124, and 113 m* g~ ', from low to high concentra-
tions, implying that the LSSA is not a function of concentration.
This is in contrast to the results shown in Fig. 4 which demon-
strated that the LSSA decreases slightly with increasing concen-
tration. This discrepancy may be a result of the fact that the
experimentally determined LSSA takes sub-phase loss into
account, whereas the AFM determined LSSA does not. This
might imply that higher concentration dispersions result in

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) AFM image of the as-prepared MoS, film on a mica substrate deposited from a 0.055 mg mL~* dispersion. The scale bar is 2 pm. (b) Magnified
view of region indicated in (a). The scale bar is 1 um. (c) Height profiles of monolayer—bilayer and substrate—monolayer junctions extracted from the red
and black lines in (b), respectively. (d) Height distribution of image shown in (b) with Gaussian fits shown. The inset shows the fractional coverage
estimated by the area under each Gaussian for each layer number with layer ‘0’ being the substrate.

greater sub-phase loss, with the 0.055 mg mL " dispersion
undergoing almost no sub-phase loss at all. However, due to the
small variations in our LSSA (calculated by either method) and the
uncertainty in our analysis, a more rigorous statistical study on
many more films would have to be carried out. Therefore, our
assumption of a fully dense film in the LSSA analysis is an
underestimate by about 10%.

Optical and electrical properties of films

Using this spreading-assisted assembly method, we repeatedly
coated glass substrates (Fig. 6a inset) and measured their trans-
mittance. As shown in Fig. 6a, the transmittance of a single-coating

This journal is © The Royal Society of Chemistry 2017

film at 550 nm is around 90%. This value is comparable to that
reported for a 2H phase MoS, thin film prepared by the CVvD
method.>® The transmittance decreased by about 8-10% per
layer deposited. Raman spectroscopy results are shown in Fig. 6b.
2H MoS, has two main Raman modes: the in-plane mode, Eég,
and the out-of-plane mode, Aj,. After chemical exfoliation, we
observed three distinguished features in the case of 1T MoS,
labeled as ]y, J, and J; peaks at 154.0 cm ™', 226.1 cm™* and
326.4 cm '. These peak intensities, characteristic of the 1T
polymorph, decreased after being annealed at 150 °C, suggest-
ing restoration of the 2H polymorph and confirming previous
reports.”® Furthermore, the A, mode shifted from 408.2 cm™*

J. Mater. Chem. C, 2017, 5, 11275-11287 | 11283
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Fig. 6 (a) Transmittance study of the as-made MoS; films (solid line: 1T, dash line: 2H) as a function of different coating layers. Magenta: one-layer

coating; blue: two-layer coatings; black: three-layer coatings; red: four-layer coatings. The inset shows the as-prepared 1T MoS; thin film coated glass
slides. (b) Raman spectra of bulk MoS, powder (black), as-prepared 1T MoS, thin film (red), as-prepared 2H MoS; thin film (blue). The spectra are
normalized to the intensity of Ay4 peak. (c) Tauc plot of as-prepared 2H MoS; thin film. Three curves represent three samples from the same batch. The
inset shows the optical depth corresponding to a single coating. (d) Sheet resistance measurements of as-prepared 1T (black) and 2H (red) MoS; thin film
as a function of different coating layers. The green and blue line represent upper and lower measurement limits.

to 406.7 cm ™' for bulk and monolayer samples, respectively,
while the E;, mode remained consistent at 382.7 cm ™. This is
also evidence that suggests that the films formed are only a few-
layers in thickness.*

The inset of Fig. 6¢ shows optical absorbance measurements
of as-prepared MoS, films after heat treatment was carried out
on a one-layer deposition. Much more pronounced A and B
excitonic transitions were observed at ~660 and ~610 nm in
all samples, suggesting restoration of the 2H polymorph after
heat treatment.” In order to estimate the number of layers in
the film from optical absorbance results, we approximate the
film as being uniform in thickness. The estimated average layer
number can be correlated to the optical depth 4, (in OD), which
is given by

A = o-sIn(10) (3)
where s is the thin film thickness, o is absorption coefficient
which is given by o = 4nk/A = 4nkfic. Therefore, eqn (2) can be

rewritten as:

A = 4nk-N-tIn(10)/2 (4)
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where ¢ is the thickness per layer (assumed to be 0.7 nm), N is
the number of layers, and / is the wavelength. Yim et al’’
reported that k for MoS, is approximately 1 for illumination
with a 600 nm wavelength and we measured 0.06 for the OD
at the same wavelength. Therefore, we are able to estimate that
the film is approximately 2.5 layers thick, which is in line with
the value we obtained from both our LSSA estimate (2.9 layers)
as well as the AFM analysis (2.7 layers).

We also investigated the photoluminescence properties of
our samples. However, our films gave very weak photolumines-
cence responses using a standard spectrometer. Therefore,
instead, we further analyzed the absorbance data using a Tauc
analysis to determine the average optical gap in the film.>’>°
Fig. 6¢c shows a direct band gap Tauc analysis carried out on the
absorbance data collected from three different MoS, LB films
(one deposition thick). The results suggested an absorption tail
to about 1.6 eV followed by a regime from 1.7 to 2.0 eV that
could readily be fit with a linear function. The extrapolation of
that fitted function consistently predicted direct bandgaps of
about 1.6 eV for the various samples tested. A similar analysis
was carried out using an indirect bandgap Tauc analysis and
a linear fit seemed appropriate in the range of 2.2-2.7 eV,
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which suggested bandgaps of about 1.2 eV. However, such a
value seems inappropriate compared to literature values.””*°
This suggests that the direct bandgap analysis is more appro-
priate for the films studied here. Given our discussion above,
all data suggests that our film has an average layer number
between 2 and 3 with a large percentage of monolayers (~45%)
and bilayers (13%). One would generally expect monolayer
MosS, to be a direct semiconducting material, while the multi-
layer (bilayer and thicker) are generally considered to be indirect
semiconducting materials. However, recent works have shown that
bilayer films may still have a direct bandgap due to superlattice,**
orientation,® and lattice spacing® effects.

The resistances of our as-prepared MoS, films were
measured using a soft contacting technique. A laser patterned
ITO/carbon tape electrode structure was simply pressed against
the film, avoiding the need for cleanroom deposition. This
resulted in a 100 pm gap between the two electrodes over a
length of 408 mm. Fig. 6d shows the layer-dependent sheet
resistivity measurement before and after heat treatment of the
MosS, films. A decrease in sheet resistance of approximately an
order of magnitude per layer was observed. This indicates
that our deposition method provides high control over layer
numbers as well as film uniformity and reproducibility. We also
observed that the heat-treated films are approximately 3 orders
of magnitude less conductive than the films which have a larger
proportion of 1T. This is consistent with the expectation of the
enrichment of the 2H polymorph upon heating. We note that
1 and 2 layer semiconducting films were tested. However,
their resistances were above the upper sensitivity limit of the
fixture used. When compared with previous reports, our films
appear to have a much lower conductivity. However, this can be
explained by the much larger gap width (100 pm) compared to
other works and a potentially different ratio of 1T/2H poly-
morphs in the deposited films prior to annealing.*” Resistance
through the MoS, is comprised of two main factors: in-sheet
resistance (intrinsic) and sheet-to-sheet or percolation resis-
tance. While the intrinsic resistance is independent of elec-
trode separation, the much higher percolation resistance is not.
Wider electrode separation means electrons must hop from
nanosheet to nanosheet more times to reach an electrode. For
example, Eda et al. reported the resistivity of films deposited by
vacuum filtration to be ~1 MQ sq " but used contacts which
were 20-50 um apart.*”> Our four-layer films with larger contact
separation are measured to be about 100 MQ sq~'. While the
long range conductivities of the Langmuir films deposited by
this approach are low, it is likely that this material would be
interfaced with other transparent conductors such as graphene
or ITO in a device architecture. Due to the high resistance
between the flakes, such a device would not rely on charge
transfer laterally through the film but within the nanometer-
scale thickness of the deposited layers. The method presented
provides a convenient way to carry out this coupling over large areas
and may be useful to engineer a wide variety of heterostructure-
based optoelectronic devices such as thin film solar cells
or large area, transparent electrodes for photoelectrochemical
water splitting.
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Conclusions

We have demonstrated a mixed-solvent, colloidal dispersion which
enables the high yield deposition (up to 120 m> g~ ") of chemically
exfoliated MoS, nanosheets onto the air-water interface. Upon
deposition, we observed a 2D aggregation phenomenon during
traditional Langmuir-Blodgett deposition, despite the large nega-
tive zeta potential of the sheets in water. Taking advantage of this
phenomenon, we studied the solvent spreading-assisted assembly
and deposition of large area, transparent, densely-packed MoS,
films which could be prepared without barrier compression. Video
analysis of film formation suggests that forces induced by solvent
spreading (including the Marangoni effect) are responsible for the
film densification. The high density and uniformity of these films
allow us to directly assess exfoliation efficiency and to estimate
film thickness or exfoliation efficiency by comparing the transfer
efficiency to the theoretical specific surface area of MoS,, esti-
mated to be 636 m> g”' (the area of two sides of the MoS,
nanosheet). Furthermore, the directionality of the 2D aggregation
process lends itself to be adapted to continuous film transfer
methods which will provide a simple and versatile path towards
well-controlled coatings for advanced electronic and optoelectronic
applications.
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