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ABSTRACT: Here, we report a general and facile method
for effective layer-by-layer exfoliation of transition metal
dichalcogenides (TMDs) and graphite in water by using
protein, bovine serum albumin (BSA) to produce single-
layer nanosheets, which cannot be achieved using other
commonly used bio- and synthetic polymers. Besides
serving as an effective exfoliating agent, BSA can also
function as a strong stabilizing agent against reaggregation
of single-layer nanosheets for greatly improving their
biocompatibility in biomedical applications. With signifi-
cantly increased surface area, single-layer MoS, nanosheets
also exhibit a much higher binding capacity to pesticides
and a much larger specific capacitance. The protein
exfoliation process is carefully investigated with various
control experiments and density functional theory
simulations. It is interesting to find that the nonpolar
groups of protein can firmly bind to TMD layers or
graphene to expose polar groups in water, facilitating the
effective exfoliation of single-layer nanosheets in aqueous
solution. The present work will enable to optimize the
fabrication of various 2D materials at high yield and large
scale, and bring more opportunities to investigate the
unique properties of 2D materials and exploit their novel

applications.

S ince the pioneering discovery and extensive investigation of

graphene,’ single- and few-layer nanosheets of transition
metal dichalcogenides (TMDs) have also been attracting great
attention due to their semiconducting characteristic, sizable
bandgap, large surface area, and promising applications in
sensing, catalysis, and composite and energy storage.””*
Through breaking weak van der Waals forces between adjacent
layers in TMDs, the exfoliated nanosheets confine their electrons
to adopt wave function in 2D and turn the indirect bandgap of
bulk into the direct one (1.2 to 1.9 eV for single-layer MoS,).’
Over the past years, a great deal of effort has been made to
develop various approaches for reliable and scale-up production
of atomically thin TMD nanosheets.* ' Among them, micro-
mechanical cleavage has been widely applied to produce single-
and few-layer TMD flakes of high purity and cleanliness in
limited quantity.®” Liquid-phase routes have also been
demonstrated by directly sonicating TMDs in properly selected
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solvents such as N-methylpyrrolidone,® dimethylformamide,’
and a mixture of ethanol and water,'® which can exfoliate TMDs
and also stabilize the resultant nanosheets due to their close
surface energies. The method has recently been extended to
produce few-layered TMDs by the use of surfactants (e.g.,
sodium cholate) in water'' or polymers (e.g, polystyrene) in
tetrahydrofuran.'” Currently, Li-ion intercalation is used to
produce single-layer TMDs with organic alkaline metal
compounds such as organolithiumand*~"* and sodium
naphthalenide'® in organic solvents, which usually result in
structural and electronic deformations of TMD nanosheets from
their bulk."” So far, it is very challenging to readily produce highly
dispersed single-layer TMD nanosheets in solutions, which will
be of importance to study the physical and chemical properties of
TMDs and exploit their novel applications. In this research, we
demonstrated a cumulative layer-by-layer exfoliation route to
produce single-layer MoS, nanosheets in aqueous solution at
high yield by using specific protein, bovine serum albumin (BSA)
as an effective exfoliating agent. The resultant single-layer
nanosheets are stabilized against reaggregation via the strong
binding of BSA, exhibiting good biocompatibility, high binding
capacity to pesticides, and large specific capacitance. This protein
exfoliation process has been further extended to produce other
single-layer TMD nanosheets and graphene.

Experimentally, 50 mg of MoS, powder was first dispersed in
10 mL of distilled water containing 10 mg of BSA. After
sonicating in a sonic bath for 48 h, single-layer MoS, nanosheets
were obtained in water after removing nonexfoliated MoS,
(Figure Sla). The BSA-dispersive MoS, nanosheets are very
stable after storing for a year, and their high dispersibility was not
influenced when changing pH from 0 to 14 (Figure S2). The
MoS, nanosheets were first imaged by low-resolution trans-
mission electron microscope (TEM) to show the presence of
extremely thin 2D flakes with an average size of 100 X 120 nm
(inset of Figure 1a). Their high-resolution TEM image clearly
shows hexagonally symmetric structure of MoS, (Figure 1a). The
lattice spacing of 0.27 nm is assigned to (100) atomic planes of
MoS,.” Fast Fourier transform shows the hexagonal spot pattern
(inset in Figure la). These indicate that the obtained MoS,
nanosheets were not damaged during sonication,10 retaining
their single crystalline nature."> The high-resolution TEM image
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Figure 1. High-resolution TEM images of single-layer MoS, nanosheet
at (a) its center and (b) edge exfoliated by using BSA. Insets are the
corresponding low-resolution TEM image and fast Fourier transform
pattern. (c) AFM image of single-layer MoS, with a thickness of 0.65
nm.

at the edge of nanosheets was observed to exhibit the formation
of single-layer nanosheets (Figure 1b). Atomic force microscopy
(AFM) imaging further confirmed the production of single-layer
MoS, nanosheets with the thickness of 0.65 nm (Figure 1c)."®
The adsorbed BSA was easily distinguished from the underlying
MoS, layer as light spot, which was measured to be ~10 nm in
average (Figure S3). The exfoliation from bulk MoS, to single-
layer MoS, nanosheets was further demonstrated by their X-ray
diffraction (XRD) (Figure S4a). The XRD pattern of the single-
layer MoS, nanosheets did not show any of the reflection peaks
from bulk MoS,, indicating that there is no stacking of layers
along ¢ direction (ie., the production of single-layer nano-
sheets).!® Furthermore, a fluorescent emission at 678 nm
appeared after the exfoliation of bulk MoS, to single-layer
nanosheets, due to the transition from indirect to direct band
(Figure S4b).’

Furthermore, Raman spectrum of single-layer MoS, nano-
sheets was measured to give bands at 382 and 408 cm™" (Figure
$5), which are associated with the in-plane vibration (E',,) and
out-of-plane vibration (Alg) modes, respectively.'” In addition,
UV—vis absorption spectrum of single-layer MoS, nanosheets
clearly exhibits two peaks at 605 and 666 nm (Figure S1b), which
are attributed to the direct excitonic transitions at the K point of
Brillouin zone.”® In comparison to bulk MoS,, the absorption
peak of single-layer MoS, blue-shifts from 687 to 666 nm (Figure
S6) due to the great decrease in the number of layers.”' The
absorption peak of BSA at 278 nm is clearly observed after
dilution for five times (Figure S1b), indicating the formation of
BSA-adsorbed MoS, nanosheets. The mass measurement
showed that 6.19 mg of BSA was bound to 13.61 mg of MoS,
nanosheets (the weight ratio of BSA and MoS, is 45%, in
agreement with the estimated one by thermogravimetric analysis
in Figure S7). The resulting concentration of MoS, nanosheets in
water was calculated to be 1.36 mg/mL with an exfoliation yield
at 27.2%, which is much higher than 0.3 mg/mL obtained by
using N-methylpyrrolidone,” and 0.5 mg/mL by using
surfactants."' Tt is estimated that there are ~120 BSA on each
nanosheet, exhibiting that each BSA of 56 nm?” takes up ~100
nm? on the surface. In addition, the bound BSA can be partially
removed via more rounds of high speed centrifugation with water
via centrifugal force, and this process will cause some
reaggregation of the MoS, nanosheets due to the lack of the
surface-protective BSA. Here one can see that BSA is an effective
exfoliating and stabilizing agent for producing highly dispersible
single-layer nanosheets in water through its binding on MoS,.

‘When sonicating MoS, powder to produce nanosheets, UV—
vis absorption spectra of the resulting MoS, nanosheets were
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Figure 2. (a) UV—vis absorption spectra of the exfoliated MoS,
nanosheets in water after sonication for different times. (b) Temporal
evolution of the absorption intensity at 666 nm with the increase of
sonication time. Inset is the optical images of the exfoliation solutions
after different sonication time. (c) Schematic for the BSA-induced
exfoliation of single-layer MoS, nanosheets under sonication.

MoS; powder

monitored at the predetermined time interval (Figure 2a). The
absorption intensity of MoS, nanosheets was quickly increased in
the first 35 h and then leveled off, reaching the equilibrium in
exfoliating MoS, nanosheets. Figure 2b clearly showed the linear
relationship of the absorption intensity with sonication time.
One can see that the amount of exfoliated MoS, nanosheets
linearly increased with sonication time within the first 35 h
(Figure Slc shows the linear relationship between the absorption
intensity and the amount of exfoliated MoS, nanosheets),
indicating the layer-by-layer exfoliation of bulk MoS, into single-
layer nanosheets. The exfoliation rate is calculated to be ~7.5 X
10" single-layer MoS, nanosheets per hour. Through the
experimental observation and temporal evolution, the following
process is proposed to exfoliate MoS, powder for the formation
of single-layer MoS, nanosheets in water (Figure 2c). After
adding MoS, into BSA solution, BSA molecules are stably bound
to the surface of MoS, crystals via the strong hydrophobic
interaction, while polar groups of BSA are exposed externally in
water (refer to theoretical simulation below). Upon sonication,
the surface layer of MoS, crystals adsorbed with BSA can slide
gradually and irreversibly as the freshly exposed surfaces are
immediately covered by free BSA, eventually leading to the
exfoliation of bulk MoS, into the single-layer MoS, nanosheets in
water (Figure $8).2* The exfoliating process proceeds repeatedly
with sonication time to produce high-yield single-layer MoS,
nanosheets in water. The single-layer MoS, nanosheets are
conveniently obtained in aqueous solution of BSA at a
concentration of less than 2 mg/mL, while the multilayered
nanosheets are produced at concentrations of ~2—4 mg/mL.
There are no dispersed nanosheets to be produced at higher
concentration of BSA due to the severe self-aggregation of BSA
(Figure S9—S14). It is noted that the layer-by-layer exfoliation is
only achieved under sonication with low energy density by using
a sonic bath instead of a sonic tip (Figure S15).

Besides BSA, other polymers including poly(acrylic acid)
(PAA) and polyvinylpyrrolidone (PVP) were also used to
exfoliate MoS, powder under the identical procedure for
applications (Figures S16 and S17). First, different polymer-
adsorbed MoS, nanosheets were tested with colorimetric MTT
assay (Figure 3a).? Single-layer BSA-bound MoS, nanosheets
(MoS,—BSA) showed much higher viability of fibroblast cells
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Figure 3. Biocompatibility, adsorption, and capacitance of single-layer MoS,—BSA nanosheets in comparison with bulk MoS, and other polymer-
adsorbed MoS, nanosheets. (a) Biocompatibility of bulk MoS, and various polymer-adsorbed MoS, nanosheets via MTT assay. (b) Bound amount of
2,4-DA at different concentrations on bulk MoS, and various polymer-adsorbed MoS, nanosheets. (c) Cyclic voltammetry curves of bulk MoS, and

various polymer-adsorbed MoS, nanosheets at scan rate of 100 mV/s.

than PAA-adsorbed, PVP-adsorbed MoS, nanosheets (MoS,—
PAA, MoS,—PVP), and bulk MoS,, indicating its high
biocompatibility for potential biomedical applications. With
extremely high surface-to-volume area, the single-layer MoS,
nanosheets possess high-capacity absorption of toxic and
hazardous targets (Figure S18). Figure 3b shows that the
bound amounts increased in an order of MoS,—BSA > MoS,—
PAA =~ MoS,—PVP > bulk MoS, at different concentration of
2,4-DA. Interestingly, the bound amounts by MoS,—BSA
increased much faster with the increase of 2,4-DA concentration
than other materials, exhibiting its much higher binding capacity
for target accumulation and solution assay.** Furthermore, the
cyclic voltammetry curves were measured by using MoS,-coated
glass carbon electrode as working electrode (Figure 3c),
exhibiting that the MoS,—BSA nanosheets have the largest
specific capacitance.”>*® The specific capacitance of MoS,—BSA
nanosheets is 36 F/g at scan rate of 100 mV/s (Figure S19),
which is 2.8, 3.0, and 9.0 times as high as that of MoS,—PAA,
MoS,—PVP, and bulk MoS,, respectively. Moreover, the specific
capacitance of MoS,—BSA nanosheets is greatly larger than that
of pure BSA (Figure S20), indicating the major contribution
came from single-layer MoS, nanosheets. In addition, the specific
capacitance increased with the decrease of the scan rate (Figure
S21). At 5 mV/s, the capacitance of MoS, nanosheets reached
180 F/g, which is larger than the reported value of 106 F/g for
the MoS, flakes-constructed microspheres.”®

To understand the exfoliation of MoS, nanosheets, density
functional theory (DFT) was used to simulate the binding
energies of special groups of BSA on MoS, layer (Figure 4a and
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Figure 4. Binding of BSA on MoS$, layer. (a) Comparison on the binding
energies of different functional groups of BSA on MoS, layer. [MoS, ] is
the binding energy between two adjacent MoS, layers. (b) Schematic for
the binding of BSA on MoS, layer with benzene rings and disulfides.

Table S2). Each BSA contains 583 amino acids (Table S1),%
including 27 phenylalanine and 35 cysteine that can form 17
disulfide bonds while retaining one free thiol group. The binding
energies of the nonpolar benzene rings and disulfides on MoS,
layer are 0.64 and 0.51 eV (Figure 4a), which are much larger
than those of polar groups including carboxyl, amino, thiol,
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hydroxyl, and amide groups. Therefore, the benzene rings and
disulfides can more strongly bind on the MoS, nanosheets via
hydrophobic interaction (Figure 4b), while the polar groups of
BSA are externally exposed to water. It was demonstrated that
after adding BSA and MoS, powder in water, the nonpolar
benzene rings and disulfides of BSA can thus stably bind on the
layered MoS,, facilitating the exfoliation to form the BSA-
adsorbed MoS, nanosheets under sonication (Figure S8). This is
definitely benefited from the much smaller binding energy
between two neighboring MoS, layers (0.21 eV) than the
binding energies of BSA on MoS§, layers.

The simulation and analysis above can further be used to
understand the exfoliation of MoS, nanosheets by using other
additive agents. With polar groups, small molecules, including
glutathione, methacrylic acid, glycine, and citric acid, did not
show their ability to exfoliate MoS, nanosheets in water due to
their weak binding affinity to MoS, (Figure 4a). Similar results
were obtained when using benzoic acid, phenylacetic acid,
aniline, phenethylamine, and phenylalanine that possess both
polar groups and nonpolar benzene rings. These molecules can
bind on MoS, with the benzene rings (Figure S22), but MoS,
cannot be exfoliated under sonication due to their small
molecular weight. It can see that the large molecular weight of
BSA plays an important role in the exfoliation of single-layer
nanosheets. In comparison to BSA, the synthetic and
biopolymers including PAA, PVP, chitosan, and gelatin produced
a lower concentration of MoS, nanosheets (Figure $16). Also,
these polymers produced multilayered MoS, nanosheets (Figure
S17) due to the absence of strongly hydrophobic segments.
Similarly, other proteins like fibroin without benzene rings*® did
not successfully produce single-layer MoS, nanosheets as well.

The protein exfoliation can be extended to other layered
materials. As revealed by DFT simulation, the benzene rings and
disulfides also have higher binding affinity to WS, layers (Figure
$23). So, BSA has ability to effectively exfoliate WS, crystals.
TEM observations show the morphology of nanosheets and the
lattice fringe of 0.27 nm corresponds to (100) planes of WS,
(Figure S24a,b).”® UV—vis absorption spectrum of WS,
nanosheets exhibits a strong peak at 629 nm from WS, (Figure
$24¢).*® The absence of XRD peaks of bulk WS, indicates the
production of single-layer WS, nanosheets (Figure S24d).
Similarly, the benzene rings also have much higher binding
affinity to WSe, layers as compared to other groups (Table S3),
facilitating the effective exfoliation of WSe, nanosheets. Overall,
protein exfoliation is a general approach to exfoliate various
TMD nanosheets in water.

Furthermore, graphite was successfully exfoliated into
graphene with the use of BSA in water and further explained
by DFT simulation (Figures S25 and S26). The benzene rings
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have much higher binding affinity to TMD nanosheets as
compared to other groups including peptide bonds (Figure 4a).
Interestingly, the nonpolar peptide bonds possess much higher
binding affinity to graphene as compared to other groups
including benzene rings (Figure S25). This shows that the
peptide bonds play a major role in the exfoliation of graphene,
whereas the benzene rings and disulfides are more important to
form single-layer TMDs. As BSA comprises all the benzene rings,
disulfides, and peptide bonds, it can exfoliate both TMDs and
graphite to their nanosheets. In comparison, fibroin only
effectively exfoliated graphite to graphene, while it cannot
successfully exfoliate TMDs. This is because fibroin comprises a
large number of peptide bonds in its backbones but does not
contain benzene rings.*®

In conclusion, we report a facile and general method for
effectively exfoliating various layered materials (e.g,, MoS,, WS,,
WSe,, and graphite) in water by using BSA into single-layer
nanosheets. It was demonstrated that BSA was adsorbed on
MoS, layers to greatly improve biocompatibility. Moreover, the
BSA-bound MoS, layers exhibit a higher binding capacity to
pesticides and a larger specific capacitance. The protein-induced
layer-by-layer exfoliation process was revealed by various control
experiments and DFT simulations. It is interesting to find that
benzene rings and disulfide groups of protein have much higher
binding affinity to TMD nanosheets, while peptide bonds have
much higher binding affinity to graphene as compared to other
groups. As a consequence, BSA can effectively exfoliate various
TMDs and graphite into monolayer nanosheets. In contrast,
other proteins like fibroin can only exfoliate graphite into
graphene. The present work will enable the optimization of the
fabrication of more 2D materials, provide insights to better
understand their physical and chemical properties, and offer
more opportunities for their applications.
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