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Layered two-dimensional (2D) nanomaterials such as gra-
phene are a conceptually new class of materials that offers
new access to low-dimensional physics.'™ Besides well-
known graphene, inorganic graphene analogues (IGAs)"
such as layered transition metal dichalcogenides (e.g., MoS,
and WS,)7 and boron nitride (BN)® have been attracting
rapidly increasing attention in the past few years. These IGAs
were expected to exhibit unique properties and have great
potential in applications like transistors”!!! energy stor-
age,'>1 thermal conductors,™ and topological insulators.!
Moreover, IGAs like MoS, and WS, have intrinsic band gap
and high mobility, and may even compete with graphene in
certain fields.”) However, investigations on IGAs have been
significantly hindered by the practical difficulties in the
preparation and assembly of these 2D nanomaterials.

Only a few approaches to obtain few-layered IGAs have
been reported. Mechanical exfoliation!""'®! was first used to
obtain layered IGAs from their bulk materials.”!”! Other
approaches that are being explored include chemical syn-
thesis®'®1l and liquid exfoliation.”’ Coleman et al. recently
reported a surfactant-free liquid-exfoliation method which
can produce few-layered nanosheets of IGAs dispersed in
various organic solvents.”! Thermodynamic analysis sug-
gested that, because of the high surface energy of IGAs, the
best solvents are likely to have high boiling points.”**! Using
nonvolatile solvents makes it difficult to process IGAs into
devices,?"? due to the difficulties in the removal of solvent
and the occurrence of aggregation during the slow solvent
evaporation. To date, liquid exfoliation of layered MoS, and
WS, in volatile solvent has met with very limited success.

Herein we demonstrate a versatile and scaleable mixed-
solvent strategy for liquid exfoliation of IGAs, including WS,,
MoS,, and BN, in volatile solvents. By choosing solvents with
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appropriate composition, highly stable IGA suspensions can
be obtained in low-boiling solvent mixtures, which can then
be easily used in further applications.

The dispersion of nanomaterials in liquids can be partially
predicted by the theory of Hansen solubility parameters
(HSP),>%24 which is a semi-empirical correlation developed
to explain dissolution behavior.! Three HSP parameters are
used to describe the character of a solvent or material: dp, Op
and Oy, which are the dispersive, polar, and hydrogen-bonding
solubility parameters, respectively. The dissolution process is
one of adaptation between the HSP parameters of solvents
and solutes. The HSP distance R, is used to evaluate the level
of adaptation [Eq. (1)].

R, = [4(0p s —0Opsois)” + (Opsoty—Opsotu)” + (Orrsory =i so1a) ] 1)

The smaller the R, value, the higher the expected
solubility. If the HSP parameters of a nanomaterial are
known, the R, value can be used as a guide for finding a single
efficient solvent for its dispersion.

Besides single-component solvents, HSP theory can be
also applied to solvent mixtures, in which each of the three
HSP parameters for a solvent mixture is a linear function of
composition [Eq. (2)]

6blend = Z (Z)n.compan,comp (2)

where ¢ is the volume fraction for each composition. There-
fore, Equations (1) and (2) enable us to predict the solubility
of different nanomaterials in various solvent mixtures, which
effectively allows us to design ideal solvent systems. Herein,
as a proof of concept, we demonstrate how two “poor”
solvents, ethanol and water, can be designed to give high
solubility to various IGAs. More details on the calculations of
R, values between different solvent mixtures and IGA
materials are given in the Supporting Information.

Figure 1 shows photographs of suspensions containing
MoS,, WS,, and BN nanomaterials in different ethanol/water
mixtures. Pure ethanol and pure water can hardly disperse
any IGAs, but the IGAs exhibit significantly different
dispersion properties in ethanol/water mixtures with different
compositions. At an appropriate ethanol/water ratio, dark
green dispersions of MoS, and WS, (Figure 1a and b) and a
“milky” BN dispersion (Figure 1¢) were obtained, that is,
high concentrations of MoS,, WS,, and BN nanomaterials can
be successfully dispersed in the mixtures of two poor solvents.
These suspensions were highly stable, and showed no
precipitation after being stored for a week under ambient
conditions.
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Figure 1. Photographs of a) MoS,, b) WS,, and c) BN dispersions in
various ethanol/water mixtures, which have been stored under ambient
conditions for a week. The absorbance of the MoS,, WS,, and BN
suspensions in ethanol/water mixtures with different composition are
shown as dots, and the calculated R, values as solid lines, in d—f).

Figure 1d-f clearly show that the concentrations of the
IGAs dispersions are strongly dependent on the volume
fraction of ethanol in water. Such composition-dependent
dispersion can be understood by the HSP theory, as different
ethanol/water mixture have different R, values, which can be
calculated by using Equations (1) and (2). Figure 1 reveals a
strong correlation between the calculated R, and the dis-
persion concentration. As shown in Figure 1d, when MoS, is
dispersed in different solvents, the smallest calculated R,
occurs for the 45 vol % ethanol/water mixture. Consistently,
the experimental dispersion concentration in the 45 vol %
mixed solvent is the highest. The highest concentration of
MoS, in ethanol/water was estimated to be 0.018+
0.003 mgmL~', which is approximately 13 times higher than
that in pure ethanol and 68 times higher than that in pure
water.

Similar to MoS,, dispersion of WS, and BN also showed
good consistency with the trend predicted by the HSP theory.
In Figure le, the dispersion of WS, reaches its maximum
concentration in 35 vol % ethanol/water, and corresponds to a
mass concentration of 0.032+0.003mgmL~". Figure 1f
shows that the highest concentration of BN dispersion was
obtained in 55 vol % ethanol/water with a mass concentration
of 0.075 £ 0.003 mgmL ', which is 37 times higher than that in
isopropyl alcohol.”!

The morphology of the IGAs obtained from the mixed-
solvent exfoliation procedure was studied by TEM, which
revealed that the majority of the nanomaterials are present as
two-dimensional thin sheets in the dispersion. Figure 2a—c
confirm that the exfoliated nanomaterials exist as thin sheets
with sizes varying from 100 nm to several micrometers.
Folded edges with more than three layers were rarely
observed, that is, the liquid-exfoliation process was highly

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

006

9k 2 80 ¥0 00

Figure 2. HRTEM images of MoS, (a), WS, (b), and BN (c) nano-
sheets. The insets show the corresponding electron diffraction images.
The scale bars are 100, 50, and 200 nm, respectively. d—f) Atomic-
resolution HRTEM images.

efficient for obtaining few-layer sheets.” "] Besides, some
fragments smaller than 50 nm were found to be adsorbed on
the large sheets (Figure2a and c). High-resolution TEM
(HRTEM) images (Figure 2 d—f) provide more detailed
structural information.>#%! The electron diffraction pattern
indicated that the hexagonal lattices of the obtained IGAs
were not damaged during the mixed-solvent exfoliation
process. From atomic-resolution images, the lattice constants
of MoS,, WS,, and BN were obtained to be 3.06, 3.13, and
2.42 A, respectively, which are consistent with previously
reported values.!'>23

Atomic force microscopy (AFM) measurements indicated
that the thickness of the MoS, sheets was around 2-4 nm
(Figure 3a). Given that the thickness of an MoS, monolayer is
about 0.9-1.2 nm,"! this suggests that the obtained MoS,
sheets consist of 3-4 monolayers. Similarly, the thickness of
WS, (ca. 3 nm, Figure 3b) and BN (3-4 nm, Figure 3c) sheets
indicate that they also exist as few-layer nanosheets.

As colloidal particles often carry electrical charges in
aqueous solution, zeta potentials of the samples were
measured. The dispersed MoS,, WS,, and BN are all
negatively charged, with zeta potentials of —20.7, —43.5,
and —9.47 mV, respectively. The high surface charge ensures
that the nanosheets repel each other in the dispersion, which
explains their high stability. Owing to the high stability,
volatile nature of the solvent, and the relatively high
concentration, the dispersions are ideal for deposition of
IGA thin films on various substrates by solution-processing
methods, such as solution casting and filtration.®!

Since the IGA nanosheets are negatively charged in the
dispersions, electrophoretic deposition was used to deposit
thin films of the nanosheets (Figure 4).°Y Figure 4b shows
that uniform thin films of the MoS,, WS,, and BN nanosheets
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Figure 3. Left: Representative AFM images of MoS, (a), WS, (b), and
BN (c) nanosheets on mica. The scale bars are 500, 50, and 400 nm,
respectively. Right: Height profiles along the white lines shown in the
AFM images.

can be deposited onto various substrates, such as indium tin
oxide (ITO) and Ti, under a dc field of 60 Vem™'. SEM
images (Figure 4c) confirm that the films consist of micro-
scopic nanosheets uniformly deposited on the substrates.
Electrophoretic deposition requires only a small amount of
the dispersion, and the thicknesses of the films can be well
controlled by means of the deposition time.

The thin films of IGAs prepared by electrophoretic
deposition were tested for their photocurrent response
(Figure 5). The thin films were irradiated with a 500 W Xe
lamp and the photoconductivity response was recorded at a
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Figure 4. a) Scheme of electrophoretic deposition. b) Photograph of
deposited films on Ti and ITO substrates (60 Vcm ™' for 1 min).

c) SEM images of MoS,, WS,, and BN nanosheets deposited on Ti
substrate by electrophoresis. The scale bars are 2 um.
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Figure 5. Photocurrent response of the MoS, (a) and WS, (b) thin
films (black curves) deposited on ITO by electrophoretic deposition.
The response curves of their corresponding bulk materials are also
shown for comparison (gray curves). The curves have been offset for
clarity.

potential of 0.5 V. Both MoS, and WS, nanosheets showed a
clear response to changing photointensity, and photocurrents
of 0.42 and 1.92 pA, respectively, were found. Under the same
conditions, spin-coated thin films of MoS, and WS, bulk
powders gave current responses of only 0.07 and 0.08 pA,
respectively. The thin film of BN sheets did not exhibit
observable photocurrent response due to its large band gap.
The dramatically enhanced photocurrent response can be
attributed to the change from indirect to direct band structure
when bulk MoS, and WS, are exfoliated into monolayer or
few-layer nanosheets.*>>

As demonstrated above, two solvents previously thought
to be “poor” can be combined into “good” solvents for
exfoliating IGAs. This mixed-solvent method is versatile and
scalable. Using low-boiling solvent mixtures to disperse IGAs
offers several obvious advantages, including low cost, lower
toxicity, freedom from additives, easy removal, and better
biocompatibility.”’ Owing to the generic nature of the HSP
theory, the mixed-solvent dispersion method can be regarded
as a general approach toward the dispersion of various
nanomaterials. As the number of possible solvent mixtures is
virtually limitless, the mixed-solvent strategy effectively gives
researchers great freedom in designing ideal solvent systems
for each specific application. We anticipate that fast advances
in areas like film formation, composite processing, and device
fabrication involving layered IGAs will stem from these
results.
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Experimental Section

All chemical reagents were of analytical grade and were obtained
commercially. MoS,, WS,, or BN powder (30 mg, 1-6 pm, Aladdin
Reagent Inc.) was added to 25 mL flasks. 10 mL of ethanol/water with
EtOH volume fractions of 0 to 100 % was added as dispersion solvent.
The sealed flask was sonicated for 8 h, and then the dispersion was
centrifuged at 3000 rpm for 20 mins to remove aggregates. The
supernatant was collected and UV/Vis spectra were measured to
evaluate dispersion concentration.

Tapping-mode AFM (Agilent SPM 5500), HRTEM (Tecnai-G2-
F30), and field-emission SEM (Hitachi S4800) were used to study the
morphology of the nanomaterials. Zeta potentials were collected by a
Nano ZS 3600 (Malvern Instruments Ltd.).
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