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Surface Defects as a Tool to Solubilize and Functionalize WS2 
Nanotubes  
Dmitri Spetter, Faegheh Hoshyargar, Jugal Kishore Sahoo, Muhammad Nawaz Tahir, Robert Bran-
scheid, Bastian Barton, Martin Panthöfer, Ute Kolb, Wolfgang Tremel* 

Dedication ((optional)) 

Layered transition metal dichalcogenides contain a number of crystal 
defects which significantly change their properties may be beneficial 
or detrimental for a specific application. We have prepared defect-
rich multiwalled WS2 nanotubes by reductive sulfidization of W18O49 
nanowires that were obtained solvothermally from tungsten chloride 
in different alcohols. The synthesis of the W18O49 nanowires was 
monitored and their morphological characteristics (e. g. length, 
rigidity and aspect ratio) are described in detail. The effect of mor-
phology of the nanowires on the synthesis of WS2 nanotubes was 
investigated in order to obtain WS2 nanotubes that are highly solvent 
dispersible. Dispersions of the WS2 nanotubes in organic solvents 
were very stable for several days. The nanotubes could easily be 
functionalized with noble metals, metal oxides and Janus-type met-
al@metal oxide nanoparticles. The synthesis of nano-wires and 
nanotubes and the immobilization of the nanoparticles is demon-
strated by transmission electron microscopy (TEM), high resolution 
transmission electron microscopy (HRTEM) combined with energy 
dispersive X-ray spectroscopy (EDX), electron diffraction, X-ray 
diffraction (XRD) and Raman spectroscopy. 

Introduction 
Transition metal dichalcogenides (TMCs) are in the focus of 
interest because of their exotic properties and many possible 
applications.[1-7] Ultrathin two-dimensional nanosheets of layered 
TMCs, nanotubes (NTs) or nested inorganic fullerenes (IFs) are 
allotropes of layered TMCs at the nanoscale[8-12] that have 
demonstrated great potential for applications in solid lubrica-
tion,[2,13-18] as cathode materials in rechargeable batteries,[19,20] as 
shock-resistant materials,[21,22] in sulfur removal catalysis and 
hydrogen evolution reactions.[23-27] Many properties of these 
nanomaterials such as tribological behavior, mechanical 
strength, electrical resistivity or optical and magnetic properties 
are related to their crystal structure, which is characterized by 
weak van der Waals forces between the MQ2 layers, which 
contain metal atoms (M) sandwiched between two chalcogen 
layers (Q).[28] TMCs contain defects that can significantly affect 
their mechanical strength, ionic or electronic transport, and other 
physical properties. The surface curvature in nanotubes and 
nested fullerenes induces elastic strain that requires the inser-
tion of new topological elements or defects to alleviate the strain 
induced by folding.[23] 
 

Defects moderate the chemical potential and affect the reactivi-
ty. Discrepancies between experiment and theory require TMCs 
– similar as carbon – to be viewed as real materials with defects 
rather than an infinitely large layered materials with perfect 
periodicity.[24,25] Defects residing in the MQ2 layers may be clas-
sified as 0-D (point defects, impurities, non-hexagonal rings), 1-
D (edges, grain boundaries), or 2D (stacking faults, solding etc.) 
which can arise as a result of thermal equilibrium or the kinetics 
of processing. In order to exploit applications of TMC nanostruc-
tures it is essential to control their defect density and interface 
structure. Although the surfaces of TMC nanomaterials have 
been tailored in different ways, little is known concerning their 
surface and defect structure. It has been demonstrated that 
point defects on the surfaces of chalcogenide NTs can be identi-
fied as reactive sites with chalcophilic markers such as gold 
nanoparticles.[26-28] In contrast, silane coating of WS2 NTs pas-
sivated point defects, and no binding of gold nanoparticles was 
observed. These findings suggest that a tailoring of layered 
metal chalcogenide surfaces requires surface defects and their 
functionalization density is proportional to the defect concentra-
tion. Therefore, there is a need to design synthetic methods 
which results in a maximum number of surface defects while still 
preserving the bulk characteristics. 
WS2 nanotubes have been prepared by a variety of methods, in 
general with the goal to obtain defect-free nanoparticles. Reduc-
tive sulfidization of WOx nanoparticles has proven to be the most 
efficient method for the synthesis of WS2 nanoparticles, either as 
inorganic fullerenes or nanotubes.[29-32] In addition, template-
assisted self-assembly,[33]  electron beam irradiation,[34] arc dis-
charge,[35-37] and laser ablation[38] have been employed. In this 
contribution we show that the structure of the metal oxide pre-
cursors has an effect on the defect density of WS2 nanoparticles 
obtained by reductive sulfidization. Heavily defected WS2 nano-
tubes were obtained by sulfidization of W18O49 nanowires that 
were prepared by solvolysis of WCl6 in different alcohols under 
solvothermal conditions or by hot injection. The as-synthesized 
nanowires with high defect levels had diameters between 10-
40 nm and lengths ranging from several hundreds of nanometer 
to few micrometers. The effect of the precursor morphology on 
the crystallinity, defect density and dispersibility of the NTs was 
studied. Defect-rich nanotubes could massively be functional-
ized with different types of metal nanoparticles. 

Results and Discussion 

W18O49 nanowires were prepared by solvothermal treatment 
of WCl6 and sulfidized subsequently with H2S to obtain WS2 
nanotubes. Figure 1 illustrates the synthetic route for the 
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preparation of the W18O49 nanowires and their conversion to 
WS2 nanotubes. In the first step, a tungsten chloride solu-
tion in ethanol was diluted with an alcohol (ROH, R = Me, 
Et, Pr and c-C6H11) and transferred into a Teflon-lined ves-
sel which was sealed in a stainless steel autoclave and 
subjected to a solvothermal treatment. After cooling to room 
temperature dark blue nanowires of W18O49 were obtained. 
In a second reaction step the W18O49 nanowires were used 
as precursor to synthesize WS2 nanotube by reaction with 
H2S for 30 min at 850°C. 
The as-synthesized nanowires and the resulting WS2 nano-
tubes were characterized by TEM and HRTEM. Figure 2 
shows an overview of TEM and high resolution (HR-TEM) 
images of the W18O49 nanowires obtained from methanol 
(Figures 2a and d), ethanol (Figures 2b and e), and propa-
nol (Figures 2c and f).  
The diameter and length of the nanowires could be tuned from 
10-40 nm and 1-10 µm, respectively, by changing the solvent 
(methanol to propanol). Nanowires obtained from propanol were 
uniform in diameter compared to those obtained from methanol 
or ethanol. The corresponding HRTEM images (Figures 2d-f) 
confirm a growth along the [010] direction (indicated by the 
arrow). 

 
Figure 1. Formation of W18O49 nanowires and their transformation to WS2 
nanotubes. 

 
Figure 2. TEM overview (a-c) and HRTEM images (d-f) of W18O49 nanowires 
obtained from (a) methanol, (b) ethanol and (c) propanol solution. The insets 
(d-f) to show the ED patterns. 

The Raman spectrum of the W18O49 nanowires reveals four 
main signals. The bands at 806 cm-1 and 695 cm-1 belong to 
W-O stretching modes, while 256 cm-1 and 187 cm-1 belong 
to O-W-O bending modes.[39] The bands at 806 cm-1 and 
695 cm-1, in particular, are broad because of a wide range 
of W-O-W bond lengths in the W18O49 structure. That can 

be attributed to the fact that the sub-oxides of tungsten 
(WOx) are of an oxygen deficient type, which results in a 
mixture of different oxidation states of the tungsten atoms 
ranging from W4+ to W6+.[40-43] 

The results of HR-TEM, XRD and Raman spectroscopy (Figure 
3) confirm that the samples obtained by solvothermal synthesis 
are single phase monoclinic W18O49. All as-synthesized nan-
owires synthesized in different alcohols exhibited the same 
phase (W18O49) based on XRD and Raman spectroscopy. 
Therefore, we present only a diffractogram and Raman spec-
trum of one representative product. 

	
Figure 3. (a) X-ray powder diffraction pattern and (b) Raman spectra of 
as-synthesized tungsten oxide nanowires using propanol as solvent. 
Both match with the diffractogram and the Raman spectrum of W18O49.	

Figure 4 shows TEM overview and HRTEM images of the 
WS2 nanotubes. The morphology and %yield of the WS2 

nanotubes obtained from the W18O49 nanowires synthesized 
in propanol (Figure 4c) was much better than for nanotubes 
synthesized from W18O49 nanowires obtained in ethanol 
(Figure 2b, e) and methanol (Figure 2a, b). 

 
Figure 4. (a-c) TEM overview and corresponding (d-f) HRTEM images of 
WS2 nanotubes obtained by sulfidization of W18O49 nanowires synthe-
sized in (a, d) methanol, (b, e) ethanol and (c, f) propanol. 

HRTEM revealed the presence of numerous defects on the 
outer surface of the nanotubes. One of the representative 
HRTEM image (Figure 4f) shows defects on the outer side 
(marked with arrows) while the inner surface is quite regu-
lar. Long (up to 4 µm), uniform and flexible WS2 nanotubes 
were obtained from W18O49 nanowires synthesized in pro-
panol with a conversion yield of ~100% (Figure 4c and 
Figure S3). Some morphological details of WS2 nanotubes 
made from W18O49 nanowires obtained under different con-
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ditions are summarized in Table S2. The X-ray diffracto-
gram in Figure S1 shows the presence of single-phase 2H-
WS2 (PDF-2 file card No. 08-0237). However, on comparing 
the XRD pattern with WS2 nanotubes reported by Houben 
et al. there might be also some stacking defects in the lay-
ers which could be attributed to 3R phase of WS2.[44]  
From a mechanistic point of view, the sulfidization can be 
assumed to start at the outer surface of the W18O49 nan-
owires. The defects are detected from the precursor nan-
owire (see Figure S4). WS2 nanotubes obtained from 
W18O49 nanowires made in ethanol and propanol showed a 
Moiré-like pattern-like structure (Figure 4b, c). The HRTEM 
image of the closed-tip nanotube (Figure 5b) revealed a 
hexagonal dot lattice inside the nanotube. These graphene-
type sheets (viewed edge-on) in the walls appear as dotted 
lines in Figure 5b and lead to a complex Moiré pattern simi-
lar to those observed in chiral multiwalled carbon nano-
tubes (MWCNTs).[43]  

	

Figure 5. (a) TEM overview image of a closed-tip WS2 nanotube show-
ing the Moiré-like dot pattern in its central part. (b) HRTEM image of the 
WS2 nanotube. (c) FFT of the area highlighted by the dashed red circle 
in (b). 

Fast Fourier transform (FFT) of the selected area (Figure 5) 
shows a doublet pattern with three rings (corresponding to 
d values of 2.76 Å, 1.64 Å and 1.4 Å) resulting from the 
(100), (106) and (114) planes of 2H-WS2, respectively. The 
presence of the Moiré-like pattern for the fully sulfidized 
WS2 sheets shows the polychirality of the multi-walled WS2 
nanotubes. It is worth to mention that W18O49 nanowires get 
fully sulfidized in 30 min and to the best of our analysis; we 
did not observe any remaining oxide in the core of nano-
tubes. We have also sulfidized W18O49 nanorods obtained 
by hot injection.[45] However, all attempts to convert these 
W18O49 nanorods to WS2 nanotubes were unsuccessful 
(only a 1-2% yield of WS2 nanotubes was obtained (Figure 
S5)). 

	
Figure 6. (a) Digital photograph showing the dispersibility of defect-rich 
WS2 nanotubes in dimethylsulfoxide (DMSO), dimethylformamide (DMF) 
and ethanol (EtOH) and (c = 0.1 mg/mL). 

Unlike WS2 nanotubes derived from small WO3 nanorods 
with an average length of 200 nm,[45] which can be solu-
blized only after functionalization with chelating ligands,[46,47] 
defect-rich WS2 nanotubes prepared from W18O49 nan-
owires (in this work) were soluble in a variety of solvents, 
and their suspensions were stable over time (Figure 6). 
These findings are in good agreement with a concept pro-
posed by Tenne and co-workers that defects are more 
prone to adsorb water molecules which makes the chalco-
genide particles highly soluble in polymeric solvents like 
DMF and DMSO. This phenomenon also explains the good 
dispersibility of the as-synthesized WS2 nanotubes. 

To demonstrate the concept of defect-rich nanotubes to 
achieve the high density of binding entities, as-synthesized 
nanotubes were reacted with different types of nanoparti-
cles including metal, metal oxide and Janus type nanoparti-
cles. In all cases, we achieved an almost full monolayer 
coverage, with nanoparticles on the side walls of the nano-
tubes (Figure 7). The overview TEM images (Figure 7a-c) 
confirmed almost all nanotubes to be uniformly coated with 
Pt@Fe3O4, MnO and Au nanoparticles, respectively. High 
resolution TEM images (Figure 7d-f) showed the binding of 
respective nanoparticles in a monolayer fashion. The high 
binding density of the nanoparticles suggests that defects-
rich nanotubes not only improve properties like solubility but 
also allow to obtain hybrid nanocomposites. HRTEM imag-
es (Figure S6) depicts the chemisorption of nanoparticles 
onto the defects rich sidewalls of WS2-nanotubes.  
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Figure 7. TEM images of WS2 nanotubes covered with monolayers of 
(a, d) Pt@Fe3O4 Janus particles, (b, e) MnO nanoparticles and (c, f) Au 
nanoparticles. 

Conclusion 

We have demonstrated a facile synthesis of tungsten oxide 
nanowires. The changes their morphological characteristics 
(length, rigidity and aspect ratio) are described in detail. 
These nanowires were used as precursors for the synthesis 
of highly defective - and thus functionalizable - WS2 nano-
tubes. Tungsten oxide nanowires synthesized in 1-propanol 
had the maximum number of dislocations. “Curved” and 
defective nanotubes were obtained after sulfidization. This 
allowed functionalization with noble metals, metal oxide and 
Janus-type metal@metal oxide nanoparticles.  

Experimental Section 

Solvothermal synthesis of W18O49 nanowires. The starting solution 
for all the experiments was prepared by dissolving 506.25 mg of 
tungsten hexachloride (98%, WCl6, ABCR) in 25 mL of ethanol 
(P.A. VWR) by sonication ([WCl6] = 0.05 M). Typically, the final 
solution was prepared by injecting 3.2 mL of the starting solution in 
a 50 mL Teflon-lined vessel containing 31.8 mL of the respective 
alcohol ([WCl6] = 0.0045 M). The Teflon-lined vessel was sealed in 
a stainless steel autoclave. Unless mentioned otherwise, the sol-
vothermal reaction was carried out for 10 h at 200 °C in an electric 
furnace. After the reaction, dark blue fluffy particles were collected 
by centrifugation, rinsed with ethanol three times and dried at 60 °C 
in vacuum. To study the influence of the concentration of the tung-
sten source on the morphology of the tungsten oxide nanowires, the 
final solution was also prepared in different concentrations (0.007 M 
and 0.0055 M) by injecting 5 mL and 3.9 mL of the starting solution 
into the Teflon-lined vessel containing 30 mL and 31.1 mL ethanol, 
respectively. To study the role of the alcohol on the growth and 
morphology of the tungsten oxide nanowires the reaction was car-
ried out with methanol (≥99.8%, Sigma-Aldrich), 1-propanol 
(≥99.5%, Sigma-Aldrich) and cyclohexanol (99%, ABCR) in an 
analogous manner, and the final solution was in turn prepared by 
injection of 3.2 mL of the starting solution into the Teflon-lined 
vessel containing 31.8 mL of the alcohols. 
Synthesis of W18O49 nanorods by hot injection. In a typical synthesis 
tungsten ethoxide (0.5 mL) was injected into a pre-heated solution 

of a mixture containing trioctyl amine (17.5 mL) and oleic acid (12.5 
mL) at 320 °C. The temperature was held for 5 min, followed by 
cooling to room temperature. The W18O49 nanorods were precipitat-
ed by addition of 15 mL of ethanol. The product was collected by 
centrifugation and washed with ethanol and acetone. 
Synthesis of WS2 nantubes by reductive sulfidization of W18O49 

nanorods/nanowires. The as-synthesized W18O49 nanowires/rods 
were placed in a corundum boat and kept inside a quartz tube 
which was flushed with argon for half an hour prior to the reaction to 
remove oxygen. The corundum boat was kept in the middle of the 
furnace and heated to 850 °C at the rate of 5 °C/min under a con-
stant flow of argon. Just before reaching to 850 °C, the argon was 
switched to H2S gas with a flow rate of 40 sccm and kept at this 
temperature for half an hour. The H2S flow was carefully controlled 
using a flowmeter. After half an hour, the furnace was cooled to 
ambient temperature at the rate of 5 °C/min under constant flow of 
argon. The resulting black powder was collected and used for the 
further characterization. 
Synthesis and immobilization of metal (Au), metal oxide (MnO) and 
Janus type metal@metal oxide (Pt@Fe3O4) nanoparticles onto WS2 
nanotubes.  
Gold nanoparticles, MnO and Pt@Fe3O4 were synthesized as 
reported previously.[48-52] In a typical experiment 3 mg of WS2 nano-
tubes were dispersed in 5 ml chloroform:ethanol (1:1) by sonicating 
the sample for 5-7 min. The solution was degassed under argon for 
10-15 min. In another centrifuge vial, 8 mg of nanoparticles were 
dissolved in 5 ml of chloroform (Au, MnO, Pt@Fe3O4). Subsequent-
ly, the solution was added dropwise to the degassed mixture of 
WS2 nanotubes over a period of 5-7 min. The reaction mixture was 
degassed again under argon for 5 min and put in a shaker for 2 h at 
room temperature (RT). After the reaction was complete, the un-
bound nanoparticles were washed out by centrifuging the sample 
three times at 4000 rpm for 10 min. Finally, the functionalized WS2 
nanocomposites were characterized by TEM/HRTEM combined 
with EDX. Samples for TEM were prepared by putting 1-2 drops of 
dispersed sample on a copper TEM grid followed by drying.   
Materials characterization. X-ray diffraction patterns (XRD) were 
recorded on a Siemens D5000 diffractometer equipped with a 
Braun M50 position sensitive detector in transmission mode using 
Ge (200) monochromatized CuKα radiation. Samples were pre-
pared between two layers of Scotch Magic Tape. Crystalline phases 
were identified according to the PDF–2 database using the Bruker 
AXS EVA 10.0 software. 
Transmission electron microscopy (TEM) and electron diffraction 
(ED) were performed on a Phillips EM-420 equipped with a slow 
scan CCD detector (1k x 1k) and a LaB6 electron gun operated with 
an acceleration voltage of 120 kV. TEM images were processed 
with the Gnu Image Manipulation Program GIMP Version 2.6.8 or 
with Image J Version 1.43u. High resolution (HR) images were 
taken with a Philips FEI TECNAI F30 ST electron microscope (field-
emission gun, 300 kV extraction voltages) equipped with an Oxford 
EDX (energy-dispersive X-ray) spectrometer with a Si/Li detector 
and an ultrathin window for elemental analysis and a STEM detec-
tor. TEM samples were prepared by dispersing the sample in etha-
nol and drop casting on 300 mesh carbon coated copper grids. 
Raman spectra were recorded with a Horiba Yvon Lab RAM HR 800 
spectrometer equipped with a microscope (Olympus BX41) and a CCD 
detector. The entrance slit was set to 100 µm, the laser focal spot was 2 
x 2 µm. A Nd:YAG laser (532.12 nm) with a laser power 2 mW was used 
for excitation. The laser light was focused onto the fine powder sample 
using a 50x long working distance objective. All Raman spectra were 
recorded in backscattering geometry at a resolution of 0.5 cm-1 in the 
range between 150 and 1000 cm-1, wherein at least 5 spectra for each 
sample where measured to improve the statistics. 
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