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O
ne-dimensional (1D) nanoribbons
of layered solids have gained a lot
of interest from both theoretical

and experimental points of view because
they exhibit unique and distinct properties
compared to their two-dimensional (2D)
counterparts.1,2 In contrast to semimetallic
2D graphene, graphene ribbons of sub-
10 nm width are semiconductors whose
band gap is inversely dependent on the
ribbon width.3,4 Similarly, boron nitride nano-
ribbons are semiconducting, while the 2D
boron nitride layers are insulating.5,6

Layers of transition metal dichalcogenides
(TMDs) such as MoS2 and WS2 are archetypi-
cal examples of inorganic analogues of
graphene.7�9 In contrast to the monoatom
thick graphene, the layer of a TMD is three
atoms thick with the composition MX2 where
M=Mo,W, Ta, Ti, NbandX=S, Se, Te. In TMDs,
each hexagonal layer of metal atoms (M) is
sandwichedbetween two layers of chalcogen
atoms (X). While the atoms within these
trilayer sheets are bonded covalently, the
weak bonding between adjacent sheets is
due to van der Waals interactions.7�9 Theo-
retical calculations reveal that the MoS2
nanoribbons are magnetic semiconductors
(armchair edges) ormetallic (zigzagedges),10�12

while the ultranarrow WS2 nanoribbons re-
main nonmagnetic semiconductors with nar-
row gap in the case of armchair edges or are
metallic (magnetic or nonmagnetic) when

they have zigzag edges in contrast to non-
magnetic and semiconducting bulk WS2.

13

Recently, there have been reports on the
synthesis of ultranarrow MoS2/WS2 nanorib-
bons inside carbon nanotubes11,13 and the
synthesis of microribbons of WS2.

14 However,
so far, there has been no report on the
synthesis of free-standing WS2 nanoribbons.
Though graphene nanoribbons could be

achieved through chemical synthesis15,16

(bottom-up approach), unzipping of carbon
nanotubes by various methods has been a
promising and efficient approach as these
routes are facile and result in high yield.1,2

More importantly, opening of carbon nano-
tubes of <100 nm in diameter and fewer
multiwalls can result in ribbons of mono- or
few layers with widths of only a few nano-
meters. Nanotubes could be unzipped by
plasma etching,17,18 chemical oxidation,19,20

intercalation and exfoliation,21�23 metal-cata-
lyzed cutting,24,25 electrochemical26 or sono-
chemical means,27,28 and laser-induced un-
zipping.29 Intercalation of alkali metal in the
nanotubes followed by violent exfoliation in
ethanol has been shown to result in high yield
of pristine nonfunctionalized ribbons of
graphene21,22 or boronnitride.23 TMDsare also
known to form nanotubes.30�32 Therefore, it
should be possible to form nanoribbons of
TMDs by unzipping the TMD nanotubes.
While synthesis of nanoribbons of TMDs,

such as WS2, is an important task, a far more
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ABSTRACT WS2 nanoribbons have been synthesized by chemical

unzipping of WS2 nanotubes. Lithium atoms are intercalated in WS2
nanotubes by a solvothermal reaction with n-butyllithium in hexane.

The lithiated WS2 nanotubes are then reacted with various solvents;
water, ethanol, and long chain thiols. While the tubes break into pieces

when treated with water and ethanol, they unzip through longitudinal cutting along the axes to yield nanoribbons when treated with long chain thiols,

1-octanethiol and 1-dodecanethiol. The slow diffusion of the long chain thiols reduces the aggression of the reaction, leading to controlled opening of the

tubes.
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important challenge is the unzipping of the highly
reactive and easy-to-oxidize WS2 nanotubes that
would establish the universal applicability of nanotube
unzipping in nanoribbon synthesis. In this article, we
demonstrate unzipping of multiwalled WS2 nanotubes
through intercalation followed by exfoliation. The de-
tailed theoretical verification of the process will sepa-
rately be presented elsewhere.

RESULTS AND DISCUSSION

Figure 1a is a bright-field TEM image of the as-
received pristine WS2 nanotubes (WS2-NTs). The tubes
are tens of micrometers in length and 20�80 nm in
diameter. The HRTEM image (Figure 1b) of an indivi-
dual WS2 nanotube (∼40 nm in diameter) displays
many layers, and the insets show the closed and open
ends of nanotubes.
Lithiated WS2-NTs (LixWS2-NTs) react violently with

water33,34 and ethanol, liberating H2 gas, as indicated
by the following chemical equations:

LixWS2 þ xH2O f WS2 þ xLiOHþ x=2H2 (1)

LixWS2 þ xC2H5OH f WS2 þ xC2H5OLiþ x=2H2 (2)

While the WS2-NTs are nearly fully destroyed, giving
rise to porous 1D structures decorated with broken
pieces of debris, in the case of water (Figure 1c), they
are less destroyed in the case of ethanol where a few
scroll-like WS2 are observed due to partial unzipping of
nanotubes along with their breaking into pieces
(Figure 1d). Ethanol (pKa = 15.9), being slightly less
acidic than water (pKa = 14), and, more importantly,
poorly diffusing due to its larger molecular size, seems
to cause less destruction to the nanotubes. This sug-
gests that diffusivity of the solvent molecules seems to
control the unzipping of the WS2-NTs. Therefore, we
wanted to explore the process of unzipping of the
LixWS2-NTs with larger solvent molecules. Due to the
high possibility of oxidation ofWS2, oxygen-containing
solvents are not ideal for the unzipping reaction. Hence
we chose thiols, such as octanethiol (pKa = 10.6) and
dodecanethiol (pKa = 10.5�11), to further investigate
the role of diffusivity of solvent molecules in the
process of unzipping of LixWS2-NTs. Though the thiols
are more acidic than water, their lower diffusivity
would reduce the rate of the reaction. The thiols would
react with LixWS2 according to the chemical equation

LixWS2 þ xRSH f WS2 þ xRSLiþ x=2H2 (3)

The low- and high-magnification SEM images of the
WS2 nanoribbons (WS2-NRs) obtained by reacting
LixWS2-NTs with octanethiol are shown in Supporting
Information, Figure S1b,c. WS2-NRs appear wider, thin-
ner, and more transparent compared to thick nontran-
sparent WS2-NTs (Figure S1a), suggesting that the
LixWS2-NTs are largely unzipped through longitudinal
cutting while retaining the 1D morphology and the

original length. The XRD pattern (Figure S1d) of the
WS2-NRs was indexed to hexagonal WS2 (JCPDF no.
87-2417). No peaks due to impurities were observed.
Similar results were observed in the case of unzipping
of LixWS2-NTs using dodecanethiol. For the sake of
brevity, we present the results of WS2-NRs obtained by
reacting LixWS2-NTs with octanethiol only.
The bright-field TEM images of WS2-NRs are shown

in Figure 2. Figure 2a,b reveals details of the pro-
cesses;initial burst (Figure 2a) and subsequent pro-
gress of the incision along the length of the tube
(Figure 2b);involved in splitting of the nanotubes to
ribbons. Figure 2c,d shows that unzipping of LixWS2-
NTs results in 1D nanostructures of increased width

Figure 1. Bright-field TEM (a) and HRTEM (b) images of
pristine WS2-NTs and TEM images of the products obtained
when LixWS2-NTs are reacted with water (c) and ethanol (d).

Figure 2. (a�d) Bright-field TEM images of WS2-NRs ob-
tained by unzipping LixWS2-NTs using octanethiol. The
arrows in (a) and (b) mark the incubation stages of the
unzipping process.
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(∼100 nm) and linear edges while retaining the micro-
meter length. In addition to curved (nanotrough) WS2-
NRs (Figure 2c), few flat WS2-NRs were also observed
(Figure 2d). Low-magnification bright-field TEM images
(Supporting Information, Figure S2a,b) show a large
number of curved and/or kinked WS2-NRs. The extent
of unzipping was evaluated from the TEM images of
the sample on several copper grids. We could hardly
see any LixWS2-NTs that remained unaffected, as 95%
of the LixWS2-NTs were unzipped to yield either flat or
curved WS2-NRs.
HRTEM images of the edges of curved WS2-NRs

(Figure 3a,b) clearly indicate that the ribbons aremulti-
layered (10�12 layers) with an interlayer spacing of 6.2
Å corresponding to the (002) planes of WS2. This
suggests that the reaction of octanethiol with LixWS2-
NTs causes longitudinal cutting of the tubes accom-
panied by little or no exfoliation. The curved nature of
the multilayered ribbons could possibly be due to the
residual strain between the unseparated layers.
Figure 3c,d shows the HRTEM images of the edges of
flat WS2-NRs showing the (101) in plane lattices and
crystalline wavy edges. The electron diffraction pattern
obtained from the same region (inset in Figure 3d) is
indexed to hexagonal WS2.
The AFM images (Figure 4) further support the TEM

observations. Figure 4a clearly reveals the longitudinal
unzipping of a LixWS2-NT. The smooth incision along
the length of the tube and the corresponding height
profile indicate that the reaction of LixWS2 with octan-
ethiol is well-controlled and facile. A ∼12 nm thick
WS2-NR (Figure 4b) indicates that the multiwalled
nature of the nanotubes is retained in the nanoribbons,
as observed in the HRTEM images (Figure 3a,b).
Figure 5 compares the Raman spectrum of WS2-NRs

with that of the WS2 bulk. WS2-NRs exhibit bands at
419.4 and 353.7 cm�1 due to A1g and E2g modes with
full width at half-maximum (fwhm) of 7.4 and
11.6 cm�1, respectively. Corresponding bands in the
case of bulk occur at 422.6 and 352.8 cm�1 with fwhm
of 3.9 and 9.7 cm�1. This clearly suggests softening of
A1g and E2g modes and phonon confinement in WS2-
NRs, as expected for few-layered nanosheets.35 Elec-
tron energy loss spectrum (EELS) of WS2-NRs shows
only characteristic W-M(4,5) and S-L(2,3) edges with no
signals due to impurities (Supporting Information,
Figure S3).
Composition analysis of WS2-NRs was carried out

using high-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) and EDS
elemental mapping. Figure 6a,d presents HAADF STEM
images of two different WS2-NRs: a curved one and a
flat one. The elemental maps of the constituting ele-
ments W and S (Figure 6b,c,e,f) clearly demonstrate a
well-defined compositional profile of [W/S = 1:2].
Chemical composition of the WS2-NRs was further

examined by X-ray photoelectron spectroscopy (XPS).

The W4f and S2p regions of the XPS spectra for WS2-
NRs are shown in Figure 7a,b. The W4f7/2 and W4f5/2
peaks appearing at 33.14 and 35.45 eV correspond

Figure 3. HRTEM images ofWS2-NRs obtainedby unzipping
LixWS2-NTs using octanethiol. (a,b) Partially wrapped rib-
bon edges showing a 6.2 Å interlayer separation; (c,d) fully
unwrapped ribbons revealing the atomically resolved basal
planes with a 2.66 Å fringe separation.

Figure 4. AFM images of WS2-NRs obtained by unzipping
LixWS2-NTs using octanethiol. Image in (a) reveals a tube
neatly unzipped along its length by octanethiol, and image
in (b) is of a flat WS2-NR.

Figure 5. Comparative Raman spectra of bulk WS2 (a) and
WS2-NRs obtained by unzipping LixWS2-NTs using octa-
nethiol (b).
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to W4þ. Similarly, the S2p3/2 and S2p1/2 peaks appear-
ing at 162.75 and 163.93 eV correspond to S2�. These
are in accordance with the 2H-WS2 phase.

36 Thus, the
XPS studies confirm that the WS2-NRs obtained by
unzipping LixWS2-NTs using octanethiol are free from
impurities and remain unoxidized.
In the case of the product obtained on reaction of

LixWS2-NTs with water, the W4f XPS spectrum
(Supporting Information, Figure S4) shows two sets of
peaks. The W4f7/2 and W4f5/2 peaks appearing at 33.74
and 35.93 eV correspond to W4þ, while the intense
peaks at 35.46 and 37.64 eV correspond to W6þ. The
S2p XPS spectrum (Figure S4) exhibits two doublets,
the intense one at 160.48 and 161.65 eV and the other
at 162.33 and 163.54 eV corresponding to 1T and 2H
phases of WS2, respectively.

36 In addition, a peak at
168 eV due to SO2 is observed in the expanded S2p XPS
spectrum (Supporting Information, Figure S4). These
results suggest that unzipping of LixWS2-NTs in oxy-
gen-containing solvents would result in a product that
is largely oxidized. WS2 is easily oxidized compared to
MoS2 because the heat of formation of oxide from
sulfide in the case of W is 15 kcal/mol higher than that
in the case of Mo.33

Reducing the aggression of the reaction between
the intercalated Li and the solvent seems to be the key
for the successful unzipping of the tubes. The molec-
ular sizes of the solvents employed in this work are as
follows: water �2.8 Å, ethanol �3.8 Å, alkyl chain
lengths of octanethiol �13.3 Å, and dodecanethiol
�15.2 Å (the size of the headgroup of the alkanethiols
is same as that of H2S, which is 3.8 Å). The interlayer
spacing of LixWS2-NTs is 11.4 Å and that of WS2
nanotubes is 6.2 Å (Supporting Information, Figure
S1d). Thus the gallery height (the gap between two
adjacent layers) is 5.2 Å. Water and ethanol molecules
that are much smaller than the gallery height are easily
accommodated in the interlayer space accounting for

their faster diffusion into the interlayer. The fast diffus-
ing water and ethanol react violently with the inter-
calated Li (reactions 1 and 2), causing complete/partial
destruction of the tubes. In the case of larger thiol
molecules, the headgroup (�SH) enters the interlayer
gallery first and the large alkyl chain tail blocks the
passage for next molecule. This causes slower diffusion
of the solvent molecules into the interlayer of LixWS2-
NTs and reduction of the aggression of the reaction
(reaction 3) leading to controlled scissoring of theWS2-
NTs to yield WS2-NRs.
In order to see if the aggression of the reaction

between the intercalated Li and the solvent is indeed
controlling the way in which the tubes break, the
aggression of the reaction between octanethiol and
LixWS2-NTs was increased by increasing the Li content
in LixWS2-NTs. In Table 1, we compare the results of the
reaction between LixWS2-NTs and octanethiol when x=
0.9 and 1.2. While Li0.9WS2-NTs obtained by lithiation at
80 �C were neatly unzipped on reaction with octa-
nethiol, Li1.2WS2-NTs obtained by lithiation at 100 �C
reacted more vigorously with octanethiol to give lar-
gely broken pieceswith a few unzipped structures. This
further confirms that the reaction needs to be less
aggressive for the successful unzipping of these reac-
tive tubes.

Figure 6. HAADF STEM images (a,d) and the spatially resolvedW (b,e) and S (c,f) elemental maps of theWS2-NRs obtained by
unzipping LixWS2-NTs using octanethiol.

Figure 7. Core level W4f (a) and S2p (b) XPS spectra of WS2-
NRs obtained by unzipping LixWS2-NTs using octanethiol.
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The probable mechanism of the tube unzipping
could be as follows. Initially, the octanethiol molecules
enter into the interlayer region of LixWS2-NTs through
some defect sites on the surface of the tubes and/or
through the open ends of the tubes, causing an
increase in the stress at the site of entry. This leads to
breaking of W�S bonds in the stressed regions. This
initial incision becomes the target for more octanethiol
molecules to enter and the building up of stress and
incision progress longitudinally. More details on the
unzippingmechanism, as revealedbymoleculardynamic
simulations, will be separately reported elsewhere.
The electrical properties of WS2-NRs were measured

using a “Nanofactory Instruments” scanning tunneling

microscopy (STM)-TEM holder integrated in the
HRTEM.37,38 As illustrated in Figure 8a, a WS2-NR initi-
ally attached to a gold counter electrode is brought in
contact with the STM tungsten tip, and subsequently,
current was measured at various potentials. Prelimin-
ary electrical measurements indicate that the repre-
sentative I�V curve is characteristic of an Ohmic
behavior, suggesting that the WS2-NR is a conductor
with resistance of 40 MΩ. Theoretical studies have
suggested that metallic WS2-NRs should have zigzag
edges.13 A detailed systematic investigation on elec-
trical transport of WS2-NRs could possibly give insights
into the relation between their electrical properties
and the width and nature of WS2 ribbon edges.

CONCLUSION

Near quantitative unzipping of multiwalled WS2
nanotubes has been achieved through Li intercalation
followed by the reaction of the intercalated Li and long
chain thiols. The extent of unzipping observed here is
far higher than the same observed in carbon nano-
tubes (CNTs) andboron nitride nanotubes (BNNTs). The
use of thiol solvents prevents formation of oxide
impurities. The fact that the bonding in WS2 is much
weaker than that in CNT/BNNT and the chalcogenide
system is chemically more fragile make the unzipping
of WS2 nanotubes quite significant.

METHODS

Lithiation of WS2 Nanotubes (LixWS2-NTs). Dry multiwalled WS2
nanotubes (500mg, 2 mmol) purchased fromNanoMaterials Ltd.
(Israel) were added to 20 mL of 0.17 M solution of n-butyllithium
(BuLi) in hexane, and the mixture was sealed in a Teflon-lined
autoclave (60mL capacity). The autoclavewas heated at 80 �C for
24 h and slowly cooled to room temperature. The black product
obtained was washed repeatedly with dry n-hexane to remove
unreacted BuLi and other soluble impurities and stored under
n-hexane. Hereafter, this sample is referred to as LixWS2-NTs. The
lithiation of WS2 tubes was also carried out at 100 �C to study the
effect of the Li content in LixWS2-NTs on the unzipping reaction.

Unzipping of LixWS2-NTs. About 100 mg of LixWS2-NTs was
transferred to a beaker containing 10mL of the desired solvent.
The reactions were carried out using various solvents such as
water, methanol, ethanol, octanethiol, and dodecanethiol. The
LixWS2-NTs were allowed to react with solvent without agita-
tion, or they were sonicated for 1 min in the solvent in separate
experiments. In all the cases, stable colloidal dispersions were
obtained. The solid products were coagulated from the disper-
sions by the addition of acetone. The coagulated solids were
filtered and dried under vacuum. In the case of reaction with
thiols, the products were washed repeatedly with small amounts
of ethanol�water mixture to remove lithium salts.

TABLE 1. Summary of the Effect of Lithiation Temperature on Unzipping of LixWS2-NTs

Figure 8. (a) TEM image of a ribbon connected to the
counter gold electrode and tungsten STM tip. The inset repre-
sents the experimental configuration. (b) I�V curve of a WS2-
NR obtained by unzipping LixWS2-NTs using octanethiol.

A
RTIC

LE



NETHRAVATHI ET AL. VOL. 7 ’ NO. 8 ’ 7311–7317 ’ 2013

www.acsnano.org

7316

Estimation of Lithium Content in LixWS2-NTs. The Li content in
LixWS2-NTs obtained under different reaction conditions was
estimated by ion chromatography using a Metrohm 861 ad-
vanced compact ion chromatograph with Metrosep C 250
cation column and conductivity detector. About 100 mg of
LixWS2-NTs was mixed with 25 mL of water to get a colloidal
dispersion. Twenty-five milliliters of acetone was added to the
dispersion to coagulate the solid. The supernatant was collected
by decantation. The solid was redispersed in water and coagu-
lated again by adding acetone. The supernatant was collected
as before, and this cycle was repeated six times. The collected
supernatant was evaporated to dryness, the solid residue was
dissolved in water, and the solution was suitably diluted for ion
chromatographic analysis.

Characterization. All the samples were analyzed by recording
powder X-ray diffraction (XRD) patterns using a PANalytical
X'pert pro diffractometer (Cu KR radiation, secondary graphite
monochromator, at a scanning rate of 2� 2θ/min). Scanning
electron microscopy (SEM) images were recorded on a Hitachi
S4800 electron microscope operating at 15 kV. Transmission
electron microscopy (TEM) images were taken with a JEOL-
3000Fmicroscope operated at 300 kV. Atomic forcemicroscopy
(AFM) images were acquired with a diNanoscope (digital
instruments/Vecco) operating in tapping mode, using a Si tip
cantilever with a force constant of 20 N m�1. Sample for AFM
analysis was prepared by spin coating an ethanolic dispersion of
WS2 nanoribbons at 3000 rpm onto a Si substrate. X-ray photoelec-
tron spectroscopy measurements were carried out with an ESCA-
Lab220i-XL spectrometer using a twin-anode Al KR (1486.6 eV)
X-ray source. All spectra were calibrated to the binding energy of
the C1s peak at 284.51 eV. The base pressure was around 3� 10�7

Pa. Raman spectra were recorded on a Horiba Jobin-Yvon T6400
Raman spectrometer using a 632 nm HeNe laser.
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