
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/1
2/

20
24

 4
:2

0:
21

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biofunctional few
aSchool of Chemistry, University of Manches

UK. E-mail: robert.dryfe@manchester.ac.uk
bLaboratory of Polymers and Biomaterials, F

Via Morego, 30, Genoa, Italy
cNational Graphene Institute, University of

M13 9PL, UK

† Electronic supplementary informa
10.1039/c9ra07764b

Cite this: RSC Adv., 2019, 9, 37061

Received 25th September 2019
Accepted 6th November 2019

DOI: 10.1039/c9ra07764b

rsc.li/rsc-advances

This journal is © The Royal Society of C
-layer metal dichalcogenides and
related heterostructures produced by direct
aqueous exfoliation using phospholipids†

Aled T. Williams,a Roberto Donno, b Nicola Tirellib and Robert A. W. Dryfe *ac

We report a novel, inexpensive and green method for preparing aqueous dispersions of various

biofunctional transition-metal dichalcogenides (MoS2, WS2, TiS2 and MoSe2) and their related

heterostructures directly via ultrasonic exfoliation mediated by the presence of phospholipids. The

dispersions predominantly consist of few-layer flakes coated with 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), as confirmed by Raman, photoluminescence and X-ray photoelectron

spectroscopies. The phospholipid coating renders the flakes biofunctional, which coupled with the

unique properties of transition-metal dichalcogenides and their heterostructures, suggests this method

will have great potential in biological applications.
Transition-metal dichalcogenides (TMDCs) and other species of
layered inorganic compounds are currently attracting much
interest as the next generation of two-dimensional (2D) mate-
rials beyond graphene.1 These materials, notably MoS2, WS2
and hexagonal boron nitride (hBN), have already found appli-
cations in elds such as optoelectronics and energy storage due
to their unique physical properties.2–6 Structurally, TMDCs are
2D layers of transitionmetal atoms, M, each covalently bound to
two chalcogen atoms, X, and held together by van der Waals
forces. The combination of metal and chalcogen inuences the
electronic properties of the material, for example TiS2 is
a semimetal whilst MoS2 is a semiconductor in its naturally
occurring, 2H, phase.7 In addition to MX2 compounds, similar
structures are also embodied by hBN, Bi2Te3, transition-metal
oxides, silicene, germanene and phosphorene (exfoliated
black phosphorus) providing a range of new 2D materials for
exploitation based on their individual attributes.1,8 There is also
growing interest in hetero-structures formed from these mate-
rials, i.e. stacked combinations of different 2D species, offering
further diversity in the properties that can be harvested from
these layered materials.2,9–11

Solution processing of 2Dmaterials is essential for industrial
applications12 where the time-intensive and costly approaches
of micromechanical cleavage and chemical vapour deposition
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hinder the commercial viability of some technologies. Several
liquid-phase exfoliation methods have been reported over
recent years, the majority of which have been based on earlier
methods applied to the exfoliation of graphite.13,14 Notably,
direct sonication of bulk powders in high boiling-point (HBP)
solvents such as N-methyl-2-pyrrolidone (NMP) has been shown
to produce monolayer to few-layer (layer number, n # 3)
dispersions of TMDCs and other layered inorganic materials
with reasonable stabilities and concentrations (up to 40 mg
mL�1).15,16 However, direct sonication using HBP solvents raises
obvious economic, environmental and safety concerns and
furthermore, HBP solvent residues in thin lms fabricated from
such dispersions can be difficult to remove, which can be
detrimental to subsequent applications in electronics.17 Alter-
native preparation techniques, such as chemical and electro-
chemical Li-intercalation18–20 and various surface
functionalization strategies using organic molecules,19,21 oen
involve multiple steps and undesirable reaction conditions.

Aqueous exfoliation methods can address many of these
issues. However, successful liquid-phase exfoliation requires
that the enthalpy of mixing per unit volume associated with the
dispersal of the 2D akes is close to zero, and it has been shown
that for TMDCs22 optimal solvents are characterized by surface
tensions in the region of 40 mJ m�2, with water falling outside
this range at 72.75 mJ m�2 (at 20 �C).23 However, aqueous
dispersions of hydrophobic akes can be stabilized electro-
statically or sterically, and a number of recent reports detail the
use of surfactants or polymers in facilitating the aqueous exfo-
liation of layered inorganic materials via the application of
ultrasonic energy.24–28 Herein, we report on a new exfoliation
method, where phospholipids are used as electrostatic stabi-
lizing agents in preparing aqueous dispersions of TMDCs
RSC Adv., 2019, 9, 37061–37066 | 37061
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Fig. 1 (A) UV-vis absorbance spectra of the aqueous DOPC/2D-
material dispersions (from top to bottom): MoS2 (black line), MoSe2
(green line), TiS2 (red line), WS2 (purple line) and hBN (blue line). The
stacked spectra are in proportion to each other. (B) C1s XPS spectrum
of a DOPC/MoS2 dispersion drop cast onto Si/SiO2 substrate. In the
fitting, the green line corresponds to the C–C sp2 peak, the red line to
the C–C sp3 peak, the blue line to the C–O/C–N peak and the purple
line to the O–C]O peak. (C) Mo3d XPS spectrum of a DOPC/MoS2
dispersion drop cast onto Si/SiO2 substrate. In the fitting, the orange
line corresponds to the S2s peak, the purple line to the Mo4+3d5/2
peak, the red line to the Mo4+3d3/2 peak, the blue line to the Mo6+3d5/2
peak and the green line to the Mo6+3d3/2 peak. (D) S2p XPS spectrum
of a DOPC/MoS2 dispersion drop cast onto Si/SiO2 substrate. The
fitting is for the S2p doublet, with the red line depicting the S2p3/2 peak
and the green line the S2p1/2 peak.
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directly via sonication of the bulk materials. Phospholipids
have the additional advantage of imparting bio-compatibility to
the 2D materials. We also demonstrate that the mixing and
subsequent sonication of these dispersions result in the
formation of hetero-structured materials, whose optoelectronic
characteristics can be modied by the respective ratios of the
parent materials.

Briey, our method involves sonicating MX2 powders in
ultra-pure water containing phospholipid for 12 h, followed by
a centrifugation to purify the dispersions from large aggregates
(full details can be found in the ESI†). We have previously
described how this procedure can be applied to graphene
exfoliation,29 where we have shown that the amount of 2D-
material dispersed was dependent on the phospholipid
concentration and the uidity of the phospholipid aliphatic
chains. Herein, we report that the same method can be used to
produce meta-stable aqueous dispersions for each TMDC
tested, namely MoS2, WS2, TiS2 and MoSe2, as well as hBN. For
the dispersions characterised in this study, MX2 and hBN
powders were sonicated in ultra-pure water with 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) at a concentration of 0.2 mg
mL�1, resulting in dispersed concentrations in the range of
0.01–0.1 mg mL�1, depending on the 2D material used. DOPC
was selected as the lipid of choice on the basis of our graphene
dispersion work,29 as the uidity of this phospholipid chain was
shown to impart a good level of dispersion stability compared to
other phospholipids. Thermogravimetric analysis (TGA) per-
formed on freeze-dried dispersions of MoS2, WS2 and TiS2
suggest that the method typically produces fresh dispersions
containing 10–20% weight of dispersed 2D-material (refer to
Fig. S1 in the ESI†), comparable to that observed for graphene
dispersions produced by the same method.29

Ultraviolet-visible (UV-vis) spectroscopy conrmed the pres-
ence of dispersed few-layer MX2 species, with the following
characteristic major absorption peaks: 393, 450, 608 and
665 nm for MoS2;3,30,31 412, 697 and 805 nm for MoSe2;3,32

593 nm for TiS2 33 and 624 nm for WS2.3,30 No absorption peaks
could be discerned from the Rayleigh scattering in the spectrum
for hBN. The spectra are presented in Fig. 1A together with
photographs of the dispersions.

Hydrodynamic diameter values obtained via dynamic light
scattering (DLS) measurements are presented in Table 1,
providing rough estimates (between tens and hundreds of nm,
due to the approximations in the technique) of colloid size
which were found to be comparable to those observed for gra-
phene dispersions produced by the same method.29 The
dispersed TMDCs were characterized by negative z potential
values at neutral pH (see Table 1), although smaller in magni-
tude to those observed for the graphene dispersions (�34 mV).
Shorter-term stability is expected as a result of this observation
and this is conrmed by comparison of the time-dependent
reductions in optical density presented in Table 1. It is worth
noting that the TiS2 dispersions, approximately 12 h aer
preparation, produce a strong sulphurous odour: it is known
that this material is prone to oxidation in aqueous solution,
most likely via the following reaction:34
37062 | RSC Adv., 2019, 9, 37061–37066
TiS2 + xH2O / TiS2�xOx + xH2S

As the hBN dispersions were found to precipitate at
a signicantly faster rate to the other 2D materials, no further
characterisation work was conducted on hBN dispersions as
part of this study.

X-ray photoelectron spectroscopy (XPS) was used to conrm
the presence of DOPC and MX2 in the dispersions; refer to
Fig. 1B–D (and Fig. S2–S4 in the ESI†). For DOPC, the C1s
spectrum for all samples (dispersions of MoS2, MoSe2, WS2 and
TiS2) showed peaks representatives of DOPC at average binding
energies of 284.5 eV (C–C sp2), 285.3 eV (C–C sp3), 286.9 eV
(combined signal for C–O and C–N) and 289.2 eV (O–C]O).29

Furthermore, the phosphorous and nitrogen peaks were found
to be present at similar percentage atomic concentrations
appearing at average binding energies of 134.0 eV and 134.9 eV
(P2p3/2 and P2p1/2) and 402.9 eV respectively (N1s). For MoS2,
the Mo3d3/2 and Mo3d5/2 doublet peaks were located at 232.6 eV
and 229.5 eV respectively, with the S2s peak at 226.7 eV and the
S2p doublet at 163.5 eV and 162.3 eV (S2p1/2 and S2p3/2). These
binding energies are indicative of the expected Mo4+ and S2�

chemical states.35–38 However, the presence of a peak at 235.6 eV
is indicative of the Mo3d3/2 doublet peak for Mo6+, and tting
reveals the complementary Mo3d5/2 peak at 232.5 eV, which
strongly suggests that MoO3 is present at approximately the
same concentration as MoS2 (percentage atomic concentrations
This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of z potential and DLS hydrodynamic diameter values (D) as measured for various 2D-material/DOPC aqueous dispersions, as
well as stability data in the form of reduction in optical density versus day 0 (ODR)

Material z (mV) D (nm) ODR day 10a ODR day 20a ODR day 30a ODR day 50a

MoS2 �20 142 8% 16% 32% 71%
MoSe2 �28 164 14% 23% 34% 87%
TiS2 �19 495 56% 69% 81% 92%
WS2 �15 255 14% 29% 51% 85%
hBN �23 295 70% 74% 80% 85%
Graphene �34 190 — 11%b 25%b 43%b

a Optical density measured at A608 (MoS2), A805 (MoSe2), A565 (TiS2), A624 (WS2), A300 (hBN) and A660 (graphene), where subscripts are wavelengths in
nanometres. Graphene data at A660 taken from ref. 29. b Optical density data for graphene measured at A660 at time points: 22, 41 and 56 days.

Fig. 2 (A) Raman spectra (532 nm excitation) of the DOPC/MX2
dispersions drop cast onto Si/SiO2 substrates, corresponding (from top
to bottom) to MoS2 (black line), MoSe2 (green line), TiS2 (red line) and
WS2 (purple line). (B) UV-vis spectra of the following aqueous DOPC/
2D-material dispersions (from top to bottom): MoS2 (black line), 1 : 1
WS2 : MoS2 heterostructures (blue line), 2 : 1 WS2 : MoS2 hetero-
structures (green line), 3 : 1 WS2 : MoS2 heterostructures (red line) and
WS2 (purple line). (C) Typical Raman and PL spectra (532 nm excitation)
measured for the following DOPC/2D-material dispersions drop cast
onto Si/SiO2 substrates (from top to bottom): MoS2 (black line), 1 : 1
WS2 : MoS2 heterostructures (blue line), 2 : 1 WS2 : MoS2 hetero-
structures (green line), 3 : 1 WS2 : MoS2 heterostructures (red line) and
WS2 (purple line). (D) Histograms showing the relative proportions of
dominant peak intensities in the Raman (E12g and A1g) and PL spectra
(lmax) of aqueous DOPC-mediated dispersions of 1 : 1, 2 : 1 and 3 : 1
WS2 : MoS2 heterostructures. Instances where the peak intensities
arising from WS2 are greater than those from MoS2 are binned on the
left-hand side (red columns) with the converse case binned on the
right-hand side (blue columns); a bin size of 48 measurements (at
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of 47% Mo4+ and 53% Mo6+).37–40 The Mo6+ state was more
heavily detected for the MoSe2 dispersions (percentage atomic
concentrations of 11% Mo4+ and 89% Mo6+). The Mo3d3/2 and
Mo3d5/2 doublet peaks for Mo6+ appear at 236.1 eV and 232.9 eV
respectively, the same doublet peaks for Mo4+ being found at
lower intensities at 232.5 eV and 229.4 eV, with the Se3d3/2 and
Se3d5/2 doublet peaks appearing at 56.6 eV and 55.8 eV.36 For
WS2, two chemical states were also detected for tungsten, W4+

and W6+. The W4f5/2 and W4f7/2 doublet peaks expected for WS2
are observed at 34.6 eV and 32.7 eV with the S2p doublet peaks
appearing at 163.4 eV and 162.2 eV (S2p1/2 and S2p3/2). The
W4f5/2 and W4f7/2 doublet peaks characteristic of the W6+

chemical state are seen at 38.1 eV and 36.0 eV, and represent the
dominant binding energies of the W4f signal (percentage
atomic concentrations of 12% W4+ and 88% W6+),35,36,41 which
coupled with the weak S2p signal suggests that the samples
contained signicant amounts of WO3. For TiS2, the Ti2p1/2 and
Ti2p3/2 doublet peaks appear at 464.8 eV and 459.1 eV respec-
tively, with the S2p doublet peaks appearing at 165.2 eV and
163.9 eV (S2p1/2 and S2p3/2). These binding energies are indic-
ative of the expected Ti4+ and S2� chemical states.42,43 However,
as with that observed for the WS2 sample, a weak S2p signal
intensity was observed when compared to the Ti2p signal
intensity. This observation, in conjunction with the dispersion
stability data, suggests that oxidised titanium is also present in
signicant quantity. The partial oxidation of the TMDCs,
detected by the XPS, could explain the lower long-term stability
of the DOPC-stabilised dispersions relative to the graphene
sample (see Table 1). Consistent with this, it is noted that the
TiS2 sample has the lowest level of dispersion stability.

Raman spectroscopy was used to further characterise the
DOPC/MX2 dispersions and to conrm the presence of few-layer
akes. Analysis was performed on drop-cast samples using Si/
SiO2 substrates. For MoS2, spectra diagnostic of few-layer akes
predominated with the A1g and E1

2g typically appearing at
406 cm�1 and 382 cm�1 respectively, separated by 24 cm�1,
yielding maximum photoluminescent (PL) emission at 675 nm
(1.84 eV), which is consistent with literature values for few-layer
MoS2.44–49 Similarly, the spectra measured for the WS2 samples
were found to be representative of few-layer material,47–52 with
A1g and E1

2g appearing at 419 cm�1 and 351 cm�1 respectively,
separated by 68 cm�1 and yielding maximum photo-
luminescent (PL) emission at 633 nm (1.96 eV). Few-layer akes
This journal is © The Royal Society of Chemistry 2019
were also detected for MoSe2 and TiS2. For MoSe2, this was
conrmed by the following representative peaks: 351 cm�1

(B1
2g), 285 cm�1 (E1

2g) and 241 cm�1 (A1g)48,49,53 and for TiS2:
377 cm�1 (A2u), 333 cm�1 (A1g) and 233 cm�1 (Eg),33,49,54 with the
A1g : A2u peak intensity ratio at approximately 2.0 (compare to
a value of 1.6 measured for the bulk powder starting-material).33

Weaker PL emissions were observed for the samples derived
from the MoSe2 and TiS2 dispersions, as compared to those
different sample spots) was used in all instances.

RSC Adv., 2019, 9, 37061–37066 | 37063
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from MoS2 and WS2 dispersions. Fig. 2A and S5–S8 in the ESI†
give typical examples of the Raman and PL spectra measured.

Finally, atomic force microscopy (AFM) performed on drop-
cast samples of DOPC/MoS2 dispersions (clean mica
substrates were used) showed structures similar to those
observed for graphene dispersions produced by the same
method,29 with an average height of 40 nm. The AFM height
images showed objects characterized by “steps” with a height of
5 nm (or multiple of 5 nm), which is a thickness comparable to
that of a DOPC bilayer;55–58 refer to Fig. S9 in the ESI† for further
details.

Supplemental to the novel properties offered by true 2D
materials and their few-layer counterparts, mixed van der Waals
stacking of different 2D materials to form heterostructures,
endow few-layer materials with scope to impart bespoke prop-
erties.2,9–11,38,59 In addition to our method detailed above for the
production of aqueous DOPC/MX2 dispersions, we also present
a fast and single-step method to prepare aqueous DOPC/
heterostructure dispersions. Briey, the method involves mix-
ing the desired parent DOPC/MX2 dispersions at specic
volume ratios, aer which the mixtures are sonicated for 10
minutes to facilitate the de-stacking and subsequent re-stacking
of the parent layers into hetero-layered stacks. The method was
used to prepare aqueous DOPC/WS2 : MoS2 dispersions, where
the resulting optoelectronic properties were found to be tune-
able to the relative quantities of the parent dispersions used.
UV-vis spectroscopy (Fig. 2B) was used as a simple screening
tool for the selection of appropriate volume ratios of DOPC/WS2
(x) and DOPC/MoS2 (y) dispersions to produce heterostructure
dispersions with desired optoelectronic properties. For
example, the UV-vis spectrum of the DOPC/WS2 : MoS2 disper-
sion prepared using the x : y ratio at 2 : 1 was found to be
intermediate in character between those of the parent disper-
sions, with akes (deposited on Si/SiO2 substrates) also dis-
playing intermediate character with regard to Raman and PL
response; refer to Fig. 2C. Further illustration of this optoelec-
tronic tuning is shown via the histograms presented in Fig. 2D,
which are based on Raman and PL data measured from a total
of 48 akes per DOPC/WS2 : MoS2 dispersion (x : y ratio at 1 : 1,
2 : 1 and 3 : 1). The measured akes were categorised into two
conditions: one where the Raman (A1g and E1

2g) and PL (lmax)
intensities were greater for peaks emanating from WS2
(approximately 419 cm�1 for A1g, 350 cm�1 for E12g and 633 nm
for PL) and the other where the intensities were greater for
peaks emanating from MoS2 (approximately 407 cm�1 for A1g,
383 cm�1 for E1

2g and 675 nm for PL). As expected, the intensities
of the peaks arising fromWS2 become greater as x increases and
as such, the ndings show that manipulation of the x : y volume
ratio allows for the tuning of the predominant optoelectronic
properties of heterostructure akes.

Conclusions

In summary, a simple method has been presented to produce
aqueous dispersions of phospholipid-coated few-layer
transition-metal dichalcogenides (MoS2, WS2, TiS2 and MoSe2)
via single-step exfoliation of the bulk starting materials in
37064 | RSC Adv., 2019, 9, 37061–37066
water. Furthermore, the resulting dispersions can be subse-
quently mixed at pre-dened volume ratios to produce hetero-
structured dispersions thereby allowing for the tuning of the
optoelectronic properties. The phospholipid coating renders
the akes biofunctional, which coupled with the unique prop-
erties of transition-metal dichalcogenides, indicates the great
potential of this method for use in biological applications, for
example in vivo sensing or drug transport.
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