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characterization of a covalent
edge-functionalized lipoic acid–MoS2 conjugate†

Misoon Jeong, Somin Kim and Sang-Yong Ju*

Covalent functionalization of semiconducting MoS2 is important in order to broaden the optoelectronic

applications of this material. In the current study, we developed a one-step method for covalent edge

functionalization of semiconducting MoS2 with lipoic acid (LA). The process, which utilizes a simple

sonochemical aqueous dispersion approach, generates a LA–MoS2 conjugate that has a few layered

nanoflake structure with a width of a few hundred nanometers and that display an intact crystalline basal

plane. The MoS2 conjugate has the tendency to stack and fold with random relative angles owing to the

presence of LA edge linked groups.
Introduction

Molybdenum disulde (MoS2), a widely studied transitionmetal
chalcogenide, has gained extensive interest over the last
decade.1 Aside from its concurrent applications, such as
a lubricant2 and catalyst,3 MoS2 has semiconductor properties.
When combined with its ability to be grown and deposited over
large areas,4 MoS2 holds high potential for use in eld effect
transistor and sensor applications.5,6

The optoelectronic property of MoS2 is a consequence of
the fact that it possesses polytype lattice structures
including 1T (one layer per repeat unit, octahedral coordi-
nation), 2H (two layers per repeat unit, trigonal prismatic
coordination) and 3R (three layers per repeat unit, trigonal
prismatic coordination),7,8 whose Arabic number indicates
layer number per repeat. While the 1T phase exhibits
metallic properties, the thermodynamically stable 2H
phase9,10 displays semiconducting properties which cause
a change in the bulk indirect band gap structure to a mono-
layer direct band gap structure.11,12 As a result of these
features, it is possible to control the optoelectronic proper-
ties of MoS2 by altering layer numbers,6,11 doping,13

changing the polytype,9,14–16 introducing functionality17 and
strain.18,19

A large effort has been made to devise methods to disperse
MoS2 in various media in order to broaden its practical appli-
cations. Various solution exfoliation procedures, including
those that involve the use of metal intercalation,14–16 organic
solvents,20–22 and covalent17,23,24 and noncovalent25,26 function-
alization. Representative of these approaches are exfoliation
ty, 50 Yonsei-ro, Seodaemun-Gu, Seoul

(ESI) available: UV-vis-NIR extinction
al table, FT-IR spectra, TGA analysis,
I: 10.1039/c6ra00901h

55
techniques that rely on reduction of MoS2 by using alkali metals
(i.e., Li and Na).14–16 These methods produce the metallic
monolayer 1T phase of MoS2 predominantly. Unfortunately,
additional thermal annealing on a substrate14,17 or chemical
functionalization17,24 is required to convert the monolayer 1T
phase into the semiconducting 2H phase. A majority of the
approaches to covalent functionalization of MoS2 utilize initial
metal-based, pre-exfoliation to generate the 1T phase followed
by reactions with, for example, alkyl halides,17 diazonium salt24

thiols,18 and lipoic acid (LA)27,28 to produce the semiconducting
phase. However, this chemical covalent functionalization tech-
nique produces MoS2 with a high degree of defects on its basal
plane.24 Consequently, a facile solution-based approach for the
preparation of chemically functionalized semiconducting MoS2
with a small number of defects is needed in order to extend
applications of this material.

In the study described below, X-ray diffraction (XRD), high-
resolution (HR) TEM and X-ray photoelectron spectroscopy
(XPS) were employed to investigate in depth the local MoS2
structure in a conjugate with LA and structure–property rela-
tionships. For this purpose, MoS2 was functionalized with LA
using sonochemical aqueous dispersion based procedure. The
results of XRD analysis showed that the LA–MoS2 conjugate
forms an one layer per repeat, trigonal prismatic 1H structure
with random stacking and folding. Close inspection of HR-
TEM images reveals that stacked and folded LA–MoS2 has
a twisted layer conguration and an edge covalent linkage
between MoS2 and LA, along with an intact crystalline basal
plane. The material was shown by using by XPS analysis to have
10% degree of covalent edge functionalization. Finally, the
combined results of atomic force microscope (AFM) and
Raman studies show that the LA–MoS2 conjugate has a nano-
ake like, few-layered structure with a width of a few hundred
nanometers.
This journal is © The Royal Society of Chemistry 2016
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Results and discussion

Lipoic acid (LA) (Fig. 1a) is an important naturally occurring
organosulfur compound that is required in a number of
biochemical process involved in aerobic metabolism and it used
as antioxidant.29 LA has been utilized as a ligand for coordina-
tion with quantum dot. In addition, it has been linked to the
CdSe core–ZnS shell using a disulde bond. Coordination to LA
causes the stabilities of quantum dots to be enhances and it
creates a site for chemical functionalization.30 Therefore, bio-
logically compatible LA is expected to covalently-link MoS2, and
provide anionic stable dispersion due to carboxylic acid moiety
of LA, which can be further functionalized by carbodiimide
chemistry. This conjugate will be useful for Bio-23,27 and opto-
electronic24 applications. Unlike in earlier studies where a two-
step approach was used to form the IT MoS2 polytype, in the
current investigation LA was used directly to covalently edge-
functionalize and disperse as-supplied MoS2 (as-MoS2) in
aqueous media. A facile sonochemical method was utilized for
this purpose. As illustrated in Fig. 1a, sonication of a mixture of
LA and as-MoS2 with an average size of ca. 6 mm in deionized
water for 3 h, followed by adjusting the pH to 6.5, and subse-
quent centrifugation (optional) produces a stable (up to few
months) aqueous dispersion.

Zeta (z) potential values of the dispersion [Fig. S1 of ESI†]
range from �41 to �31 mV, irrespective of centrifugation speed
[3 to 100kg, where g is gravitational force (9.8 m s�2)] used. The
negative sign of the z values originate from the fact that LA–
MoS2 in the dispersion contains carboxylate groups (Fig. 1a).
Importantly, it is known that when its absolute z value is greater
than 30 mV, a dispersion maintains good colloidal stability.31

The reason for being slight decrease (from �41 to �31 mV) in z

potential values as increasing g force seems to originate from
stacking degree of edge-functionalized LA–MoS2 conjugate as
will be explained in later section. It is well-known that higher
centrifugal force precipitates large MoS2 bundles. Therefore,
bundled LA–MoS2 which is abundant in lower g force has
stacked LA–MoS2 with large number of edge-functionalized
carboxylate, leading to higher z value whereas few-layered LA–
MoS2 obtained by higher g force has smaller z value.

The optimal dispersion protocol was obtained by changing
sonication time and LA amount. Fig. S2a and b† show UV-vis-
NIR extinction spectra by varying sonication time (0.5, 1, 3,
and 6 h) and LA amount (0.5, 1, 5, 10, 80 mM), respectively.
Fig. 1 (a) Schematic illustration of covalent edge functionalization of
the LA–MoS2 conjugate. q denotes the twist angle between two MoS2
layers. (b) Photograph of the LA–MoS2 dispersion in water.

This journal is © The Royal Society of Chemistry 2016
While increasing LA amount results in slightly increased optical
density of extinction spectra, prolonged sonication time leads to
proportional optical density increase of the resulting disper-
sion. This suggests that sonication time is more effective to
achieve higher yield of LA–MoS2 conjugate dispersion than
varying LA amount. Finally, the dispersion containing the LA-
functionalized MoS2 conjugate (Fig. 1b), prepared by optimal
condition (i.e., 3 h sonication of a mixture of 5 mM LA, 50 mg
MoS2 in 30 mL water with pH 6.5, followed by 1 h 10kg centri-
fugation), has a dense greenish black color.

Information showing that LA-functionalized MoS2 has
randomly-stacked trigonal prismatic 1H conguration was ob-
tained by using XRD. A thin lm of LA–MoS2 was prepared by
transferring a mat obtained by ltering a dispersion through
a solvent-dissolvable membrane to a glass substrate (see
Experimental). The XRD pattern of the as-MoS2 powder, utilized
as a control (Fig. 2a), displays various and strong (hkl) peaks.
Analysis of the diffractogram suggests the existence of not only
interlayer ordering such as (00l) but also in-plane related higher
ordering (i.e., (113), (134), etc.), the intensities and positions of
the peaks match those of semiconducting 2H MoS2 (red) that
has a P63/mmc space group [provided by Joint Committee on
Power Diffraction Standards (JCPDS) card no. 37-1492]. The
strongest (002) peak in the pattern is positioned at 14.34� and
corresponds to d(002) ¼ 6.17 Å of the 2H MoS2 structure.

In contrast to that of as-MoS2, the XRD pattern of the LA-
functionalized MoS2 is consistent with the existence of
a randomly stacked 1H structure devoid of interlayer ordering,
as shown in inset of Fig. 2b. XRD pattern of LA–MoS2 (Fig. 2b)
contains broadened peaks for (002), weaker higher order (00l)
MoS2 peaks (see �10 spectrum), and the absence of peaks
associated with various (hkl) diffractions except for the (00l)
peaks. The fact that in-plane 2H MoS2 ordering [i.e., (hkl)], does
not occur in LA–MoS2 yet out-of-plane ordering is retained in
the latter material indicates that the random stacking of layers
takes place in LA–MoS2. Folding and stacking of MoS2 are
Fig. 2 XRD patterns of (a) as-MoS2 powder and (b) LA–MoS2 film. The
peak pattern given in red in (a) is the XRD intensity spectrum of 2H
MoS2 powder obtained from JCPDS card. Insets in (a) and (b) are
pictorial illustrations of the alignments of MoS2 suggested from each
XRD pattern.
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spontaneous processes, which have been observed previ-
ously.24,32 Because the surface energy (46.5 mJ m�2 at 298 K)33 of
the basal plane of few-layered MoS2 is markedly different from
that of water (72 mJ m�2), edge-functionalized exfoliated LA–
MoS2 seems to have a tendency to stack and fold with random
congurations in an aqueous environment. A similar trend
exists in edge-functionalized graphene,34,35 whose XRD pattern
contains a (001) diffraction peak position that is the same as
that of graphite, a broadened (00l) diffraction peak, while
various (hkl) diffraction peaks are absent. Based on the XRD
observations, it appears that chemical modication of MoS2
with LA leads to formation of an edge-functionalized crystalline
structure (right inset of Fig. 2b).

Moreover, although the position of the (002) peak in the XRD
pattern of LA–MoS2 is similar to that of as-MoS2, its full-width at
half maximum (FWHM: 0.48�) is greater than that (0.16�) of the
(002) peak of 2H as-MoS2. Analysis using Debye–Scherrer's
equation,36 which shows that the crystallite domain size is
inversely proportional to the FWHM, broadening of (002) peak
in the XRD pattern of LA–MoS2 suggests that it exists in smaller
size crystals compared to as-MoS2. In addition, the similarity
between its (002) peak position and that of as-MoS2 indicates
that negligible LA intercalation between basal plane of MoS2
layers exists in LA–MoS2. This observation contrasts starkly with
those made in studies of basal-plane metal-intercalated MoS2,37

whose XRD (002) peak position is shied to a smaller angle.
In Fig. 3 are displayed TEM images of the LA–MoS2 conju-

gate. Analysis of the images shows the stacking and folding
congurations of this material along with the edge location of
the functionality. The low magnication TEM image (Fig. 3a)
contains several few-layered MoS2 akes with lateral lengths of
several hundred nanometres. LA–MoS2 nanoakes exhibit
dominant stacking and folding features. In addition, straight
lines (red arrows) seen in the images originate from folded
Fig. 3 TEM images showing the morphologies of LA–MoS2 flakes. (a) Low
of (b) basal plane, and (c) folded edges. Inset: Fourier transform pattern
structures (yellow marker) on the MoS2 plane.
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MoS2 edges and the irregular boundary stems from bare edges.
The basal plane of a LA–MoS2 ake (Fig. 3b) is comprised of
a hole-free, well-arranged hexagonal MoS2 sheet along with
minor organic residues on the surface. The fact that that crys-
talline LA–MoS2 is free of basal defects contrasts with the
properties of materials made from lithiatedMoS2 by using other
basal plane functionalization methods.24,32 Materials made
using these approaches have basal planes that contain holes
and cracks.24 This nding suggests that the basal plane of MoS2
in akes of the LA–MoS2 conjugate remains unreacted during
the functionalization process. This result is consistent with the
observation that position of the (002) peak in the XRD pattern of
LA–MoS2 is similar to that of as-MoS2. The corresponding fast
Fourier-transform (FFT) image contains two sets of intensity-
different six-fold symmetry patterns. The six-fold symmetry
originates from the (100) diffraction that has a relative rotation
angle of ca. 15.4�. Thus, the MoS2 layers are randomly stacked
during functionalization with LA (see additional TEM images in
Fig. S2b and d of ESI†). The combined results demonstrate that
LA edge functionalization is benign method that preserve the
in-plain crystallinity of MoS2.

Consistent with the observations summarized above is the
fact that the folded edges (Fig. 3c) of the LA–MoS2 conjugate are
relatively clean and contain fewer functional groups. Interest-
ingly, closer inspection of the folded edges reveals that the edge
terrace of the MoS2 layers (red arrows) and folded vertex (yellow
arrows) possess a large number of physisorped LA, suggesting
that functionalization by LA occurs at dangling bond sites of
MoS2 edge. The bare edge (Fig. 3d) of the conjugate also
contains irregularly-shaped physisorped LA at the end of the
crystalline MoS2 boundary, along with aforementioned twisted
few-layered MoS2 with a rotation angle of 18.6� (inset). More-
over, localized folding features exist on the MoS2 sheet (Fig. 3e)
with ca. 6.5 Å spacing, which closely matches the XRD
magnification TEM image of several LA–MoS2 flakes. HR-TEM images
. (d) Edges of twisted few-layered LA–MoS2, and (e) localized folded

This journal is © The Royal Society of Chemistry 2016
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determined interlayer distance of 6.2 Å. The variation in the
layer spacing between folds is likely a consequence of
differently-spaced twisted MoS2 layers,38 along with the acute-
ness of the folded structure. Overall, direct evidence has come
from the TEM analysis to show that LA–MoS2 nanoakes have
a randomly-rotating stacked and folded layer conguration with
various types of edge LA-functionalization including bare,
terrace, and folded apex.

The results of XPS studies provide information about the
nature of the covalent edge functionalization in the LA–MoS2
conjugate. In Fig. 4a and b are displayed the Mo3d, S2s, and S2p
regions of the XPS acquired using as-MoS2 and LA–MoS2
samples. Deconvolution using a voigt t shows that the Mo
spectrum of as-MoS2 is comprised of peaks at 232.7 and 229.5
eV (red lines), which agree well with the expected 2H MoS2
doublet peak arising fromMo4+3d3/2 and 3d5/2 as a consequence
of spin–orbit coupling.39 The 0.78 ratio of the areas in the
d doublet of the individual peaks is slightly larger than the
predicted value of 0.66.40 Similar to that observed for Mo, the
S2p doublet in the spectrum of as-MoS2 is comprised of two
major peaks at 163.6 and 162.4 eV, which correspond to 2p1/2
and 2p3/2, respectively, associated with the 2H phase. It is
noteworthy that oxidation-related peaks of Mo (ca. 236 eV) and S
(ca. 168 eV) are negligible.

The Mo3d spectrum of LA-functionalized MoS2 (Fig. 4b)
contains peaks at 232.7 and 229.6 eV, which are nearly identical
to those of the as-MoS2 2H peaks. This nding indicates that
covalent functionalization of MoS2 by LA does not alter innate
2H polytypes. The position of the S2s peak is increased by ca. 0.9
eV and its intensity is enhanced in comparison to that (226.7 eV)
of as-MoS2. The reason for the intensity increase is associated
with the extra sulfur contained within unreacted LA.

The S2p spectrum reveals three sulfur species in LA–MoS2
conjugate. The deconvoluted S2p spectrum is comprised of
Fig. 4 XPS of (a) as-MoS2 and (b) LA–MoS2. Black dots: original data,
grey curves: integrated value of voigt curve fitting.

This journal is © The Royal Society of Chemistry 2016
three sets of doublets (Fig. 4d, purple, green, and red with 1.0,
1.4, and 1.1 eV doublet peak separations, respectively). The
lower binding energy doublet (red) is comprised of peaks at
163.4 and 162.4 eV that are nearly identical to the position of the
peaks in the 2H MoS2 doublet. Purple doublet (164.7 and 163.6
eV) is upshied by 1.2 eV as compared to that of the 2H MoS2
doublet and originates from unbound, excess LA, based on its
position.41

Green doublet upshied by 0.7 eV as compared to that of 2H
MoS2 doublet originates from covalently conjugated sulfur
between LA andMoS2. Green doublet positions (162.7 and 164.1
eV) are situated between doublets originating from excess LA
(purple doublet) and 2H MoS2. This doublet are alike that of
alkyl-functionalized S2p of MoS2 (i.e., 162.9 and 164.0 eV),17,24,40

indicating successful edge covalent functionalization of LA on
MoS2 by forming Mo–S-alkyl covalent bridge. A comparison of
the area of the functionalized sulfur doublet peak (green) with
those associated with the 2H structure (red) indicates that ca.
10% of total sulfur content stems from covalent functionaliza-
tion. In addition, the large oxidation peak of S2p (inset of
Fig. 4b) observed at 168.7 eV originates from sulfate species
formed from LA42 upon exposure of the sample to air and
water.43 The presence of sulfate derivatives of LA–MoS2 could be
responsible for additional anionic dispersion stability in the
water.

Further characterizations of covalent LA–MoS2 conjugate
were performed with Fourier Transform Infrared spectroscopy
(FT-IR) (see Experimental for sample preparation). Fig. S4a to c†
shows IR spectra of as-MoS2, LA salt, and LA–MoS2 conjugate. IR
spectrum from MoS2 shows at baseline except 464 cm�1, cor-
responding to Mo–S stretch vibration.44 On the other hands, LA
salt and LA–MoS2 share similar vibrational features originating
from LA. LA salt sample shows stretch vibration of aliphatic
C–H at 2926 and 2853 cm�1, and LA–MoS2 shows those features
at 2924 and 2854 cm�1.23 In addition, LA salt shows a broad
carboxylate stretch band at 1564 cm�1, and LA–MoS2 displays
the same band at 1556 and 1624 cm�1.45 These results indicate
that LA are successfully functionalized onto MoS2. Moreover,
unlike the case of LA salt, LA–MoS2 shows strong protonated
and salt form of sulfate peak at 1261, 1089 and 1049 cm�1, in
line with previous sulfate peak on LA-quantum dot conjugate,42

conrming the sulfate moiety formation discussed in the XPS
result. The magnied IR spectra from 400 to 600 cm�1, due to
low response of S–S bond shows that LA salt displays multiple
peaks (486 and 449 cm�1), corresponding to S–S stretch vibra-
tion of LA.45 The reason for being two peaks seems to originate
from isomer of lipoic acid we used. In the meanwhile LA–MoS2
displays only 470 cm�1, originating from Mo–S stretch vibra-
tion, without any bands from S–S stretch. This indirectly
supports that S–S bond disappears by conjugating LA with
MoS2. Moreover, the LA functionalization degree of the result-
ing LA–MoS2 conjugate was conrmed by using TGA analysis.
Fig. S5† shows weight (wt) loss trace of LA–MoS2, along with
those of LA salt and as-MoS2 for comparison, with 5 �C ramping
rate under nitrogen atmosphere. First, LA salt shows three
major wt losses at 262, 437, and 722 �C, whose remaining wt%
are 91.6, 58.7, and 31.8, respectively. For comparison, as-MoS2
RSC Adv., 2016, 6, 36248–36255 | 36251
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starts to show gradual weight loss at 475 �C, which is similar to
that of MoS2 in the literature.32,46 On the other hand, LA–MoS2
shows 98.9% remaining weight at 262 �C which corresponds to
rst wt loss of LA salt. Based on this, we estimate that sulfur of
MoS2 is functionalized with LA by 8.7%, which is in good
agreement with 10% functionalization determined by XPS
results.

AFM analysis conrms that the formed LA–MoS2 akes
mainly consist of a few layers. For obtaining accurate
measurements, the LA–MoS2 sample was dropcast on piranha-
cleaned 285 nm thick SiO2/Si substrate. The resulting sample
was washed with copious amounts of water and dried (see
Experimental for detail). Inspection of the height topography
(Fig. 5a) show that the LA–MoS2 akes are irregularly shaped
(see Fig. S3† for additional AFM image) in a manner that is
similar to dispersed MoS2 akes generated by using sono-
chemistry.26 In some cases, the LA–MoS2 nanoakes form large
aggregates (Fig. S3b†). Finally, the akes (Fig. 5b) have an
average height of 2.0 nm, which corresponds to that of trilay-
ered MoS2.6,47

The Raman spectrum (Fig. 5c) of LA–MoS2, excited by 532
nm, contains a band at 383.7 cm�1, corresponding to an in-
plane E12g mode, and at 405.6 cm�1 for an out-of-plane A1g
mode.42,43 It is well-known that as the layer numbers of MoS2
increase the respective E1

2g and A1g peaks shi to lower and
higher frequencies. Moreover, the interpeak separation can be
used to determine the numbers layer that exist in the nano-
ake.47,48 By using this relationship, the observed peak separa-
tion of ca. 22 cm�1 corresponds to three layers6,47 value that
compares well with that determined from AFM measurements.
Height prole analysis of 50 different akes shows that height
Fig. 5 (a) AFM height topography of LA–MoS2 flakes on a 285 nm thick
SiO2/Si substrate. (b) Height profile along yellow line in (a). (c) Raman
spectrum of circled part in (a) excited by using a 532 nm laser. (d)
Height and (e) length histograms of 50 different LA–MoS2 flakes.
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(Fig. 5d) is 1.8 nm, the full-width at half maximum is 0.6 nm,
and the average lateral length (Fig. 5e) is ca. 240 nm. The latter
value is much smaller than that of as-MoS2 (ca. 6 mm).

Following an evaluation of its solid properties, LA–MoS2
dispersion was subjected to optical characterization. In Fig. 6a
is given the UV-vis-NIR extinction spectra of aqueous the LA–
MoS2 dispersion following centrifugation at 10 000g. Bands in
the extinction spectrum of the dispersion are centred at 387,
431, 609, and 667 nm that lie on top of broad extinction band.
The four peaks correspond to D, C, B, and A excitons of MoS2
(ref. 12, 49 and 50) in that order. Those positions are in good
agreement with those (ca. 610 and 660 nm) observed in chem-
ically exfoliated few-layered MoS2.39,40 This observation supports
the conclusion that the LA–MoS2 conjugate has a few-layered
structure. As seen by inspection of the energy dispersion
diagram displayed in Fig. 6b, while the D and C excitons orig-
inate from indirect transitions at a near zone center G and L in
the Brillouin zone,49 the A and B excitons11,12 stem from direct
transitions at zone boundary K due to spin–orbit coupling
separated by ca. 160 meV. Under 635 nm laser irradiation, the
sample of LA–MoS2 displays strong scattering (data not shown).
The fact that extinction spectrum extends beyond the band edge
(660 nm) suggests that this materials is comprised of particles
that have a sufficiently large size to scatter incident light.
However, the LA–MoS2 sample does not photoluminescence at
660 and 840 nm, which would originate from direct and indirect
transitions.11 The absence of emission is presumably a result of
the stacking and folding nature of the conjugate. In any event,
analysis of the extinction spectrum provides information that is
in line with the results of the TEM and AFM experiment and
suggests that the LA–MoS2 conjugate is composed of particles
whose sizes are comparable to the excitation light of a few
hundred nm.

The remaining question to be answered is how MoS2 sheet is
only edge-functionalized with LA. Previous work has suggested
unstable Mo-terminated edges with higher sulfur affinities.23,51

Highly energetic ultrasonication renders various vacancies,
defects, and tears in MoS2. For instance, when MoS2 sheet is
torn upon sonication (Fig. 7a), it produces both sulfur
Fig. 6 (a) UV-vis-NIR extinction spectra of LA–MoS2 (solid) and LA
(dash). (b) The corresponding energy dispersion in the Brilloiun zone.
C.B. and V.B. denote conduction and valence bands, respectively.

This journal is © The Royal Society of Chemistry 2016



Fig. 7 Suggestedmechanism for edge functionalization of LA with Mo
edges of MoS2. (a) Sonication-assisted MoS2 tearing, producing S- and
Mo-terminated edge. (b) Preferential Mo edge functionalization with
dihydrolipoic acid due to favourable geometry.
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terminated and Mo terminated edges. Mo terminated edges
need energetically favourable “dimeric sulfur” (i.e., two sulfurs
connected to same Mo), according to theoretical calculation.51

Energy gain for Mo edge to form dimeric sulfur is ca. 269 kJ
mol�1,51 and is enough to form two Mo–S bonds of LA (Fig. 7b).
Moreover, the distance between the nearest sulfurs linked to
a Mo in 2H MoS2 sheet is ca. 3.17 Å. This is similar distance
(3.29 Å) between sulfur moieties of dihydrolipoic acid whose
conguration was obtained by energy-minimization at the
Hartree Fock (HF)/STO-3G level of theory (see Experimental).
This can facilitate LA functionalization to MoS2 edges without
additional energetic cost. Moreover, the aforementioned
random stacking of LA–MoS2 sheet is also expected to assist
edge functionalization by protecting basal plane. This is in good
agreement with favourable edge functionalization over basal
plane observed in previous literature.52–55
Conclusions

In the investigation described above, we have devised a simple,
one-step, sonication method to produce a lipoic acid edge-
functionalized, semiconducting MoS2 dispersion. In this
process, LA covalently bonds to the edges of MoS2 to produce
a LA–MoS2 conjugate that has stacked and folded layers aligned
with a random relative rotation angle owing to the absence of
basal plane chemical functional groups. The dispersion
behaves as a stable anionic colloid because of the presence of
the carboxylate moiety of the LA component. That LA–MoS2
possesses a relative rotation angle is evidenced by the inter-
esting (00l) XRD pattern, along with twisted six-fold symmetry
pattern observed by using HR-TEM. Especially, interesting is the
fact that covalent linked LA groups are localized along various
edges of the conjugate (i.e., bare, terrace, and vertex edges). The
LA–MoS2 conjugate displays typical few-layered characteristics
such as the height of the akes being ca. 2.0 nm and a Raman
interpeak separation of 22 cm�1. This study provides a protocol
for fabrication of edge-functionalized MoS2 with high degree of
crystallinity. This nding should serve as a method for forming
solution-processable chemically functionalized MoS2 which has
This journal is © The Royal Society of Chemistry 2016
potentially important uses in optoelectronic and biochemical
applications.

Experimental
1. Materials and methods

MoS2 powder [Cat. #: 69860, size: ca. 6 mm (max. size: 40 mm)]
was obtained from Sigma Aldrich. Isomeric mixture of LA (DL-a-
LA, 98%) was purchased fromWako Pure Chemicals. Deionized
water having resistance greater than 18.2 MU was used to
disperse MoS2. z potentials were acquired using a Zen3600
zetasizer (Malvern instruments). The sample was introduced
into a zeta dip cell (ZEN1002) with thermal controller and
stabilized at 25 �C in order to reach thermal equilibrium. The
potential values were determined by averaging the results of
several measurements. Raman measurements were made using
a custom-made setup with 532 nm laser and 1800 lines per mm
grating, according to previous work.56 Prior to Raman and AFM
measurements, a 150 mL sample was dropcasted on a 285 nm
thick SiO2/Si substrate (P

++-doped, Shinetsu) and then subjected
to drying by using a nitrogen stream. A 50 mW laser was used to
prevent unwanted sample damage. UV-vis-NIR extinction
spectra were acquired using a JASCO V-770 with a cuvette having
1 cm path length. For the FT-IR and TGA measurements, the
ltered LA–MoS2 sample on a lter paper was washed with
copious amounts of water and ethanol several times, in order to
remove unreacted LA. LA was neutralized to form LA sodium
salt by reacting with sodium hydroxide, for comparison purpose
of LA–MoS2 salt form. Samples are ground with completely
dried KBr power to produce a pellet for IR measurements. FT-IR
spectra were acquired with Vertex 70 (Bruker) and were ob-
tained by 32 times accumulation. TGA measurements were
conducted by TGA-50 (Shimadzu). Temperature of the samples
in an aluminium fans was raised from rt to 900 �C with
a ramping rate of 5 �C under nitrogen atmosphere. Energy
minimization of dihydrolipoic acid was conducted in vacuum
by using Gaussian 09W57 with HF/STO-3G basis set.

2. Preparation of LA–MoS2 conjugate

Optimal method is following. A 32 mg (0.15 mmol) sample of LA
was added to 30 mL deionized water and the pH of the resulting
solution was adjusted to 6.5. Aer LA was completely dissolved,
50 mg of MoS2 was added. The resulting mixture was tip-
sonicated (probe tip diameter: 13 mm, VCX 750, Sonics &
Materials) for 3 h at 300 W. The upper 80% supernatant was
collected aer 10kg centrifugation using a xed angle rotor
(Hanil supra 22k). For centrifugal force dependent measure-
ments, samples were collected aer various centrifugal forces
(3, 10, 15, 30, 50, and 100kg) using an optional swing-bucket
rotor (SW41 Ti, Beckman Coulter).

3. LA–MoS2 lm preparation

Film preparation followed a procedure developed in our earlier
work.58 A 10 mL aliquot of the LA–MoS2 conjugate dispersion
was subjected to 10kg centrifugation and ltered through
a mixed cellulose ester membrane (pore size: 0.2 mm, lot. #:
RSC Adv., 2016, 6, 36248–36255 | 36253
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00728200, Advantec). Washing the precipitate with copious
amounts of water was utilized to remove excess LA. Before the
LA–MoS2 lm on the membrane was completely dried, the
sample side on the membrane was rmly pressed onto
a piranha-cleaned slideglass, and then placed into acetone-
vapor reux chamber overnight so that the membrane slowly
dissolved away. The resulting lms were used for XRD
measurements.

XRD measurements: X-ray diffractograms of the samples
were obtained via Rigaku Ultima IV using Cu Ka radiation (l ¼
1.541 Å) and scan speed of 2� min�1. The sample on a slideglass
was placed onto the XRD mount. The resulting spectra were
compared with standards in JCPDS PDF No. 37-1492.
4. TEM measurements

HR-TEMmeasurements were conducted using either JEOL JEM-
ARM 200F or JEOL 2100, with 200 kV acceleration voltage.
Copper TEM grids covered with an ultra-thin carbon support
lm on a lacey carbon support [LC200-Cu (Lot#: 110727), 200
mesh, Ted Pella] were used. A 20 mL LA–MoS2 sample was
dropcast on the TEM grid. Aer 3 min of incubation, and excess
dispersion was removed by wicking off with Kimwipers and
water washing.
5. XPS measurements

XPS data were acquired with K-alpha (Thermo Scientic, U.K.).
A monochromatic X-ray source (Al Ka line: 1486.6 eV), whose
beam size is 400 mm, was used with power of 12 kV and 3 mA.
Survey scans were acquired with 100 eV pass energy at resolu-
tion of 1 eV. Detailed scans were obtained at 20 eV pass energy
with a resolution of 0.05 eV. The acquired spectra were baseline-
subtracted using Shirley prole. C1s carbon peak (284.8 eV) of
adventitious carbon and LA were used as internal references for
as-MoS2 and LA–MoS2, respectively.
6. AFM measurements

AFM measurements were conducted using a commercial AFM
(Nanowizard I, JPK instrument) installed onto an inverted
microscope (Zeiss). Al-coated silicon AFM cantilevers (spring
constant: 13–77 N m�1, frequency range: 200–400 kHz, App-
Nano) were used to obtain tapping mode imaging, whose pixel
size are 512 � 512. Polynomial attening routine was applied to
height topography.
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Figure S3. Additional TEM images (a-d).
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