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Abstract Nanowires and nanotubes decorated with

gold nanoparticles are known for their excellent sensing

and catalytic properties. However, the decoration of

transition–metal dichalcogenide nanotubes can be very

complex. Here we report on a simple procedure that

enables efficient production and purification of thin

bundles of Mo6SyIz (8.2 B y ? z B 10) nanowires

decorated with gold nanoparticles and their transfor-

mation to gold-decorated MoS2 nanotubes. We isolated

several hundred milligrams of nanowire bundles that

were several microns long with average diameters of

around 40 nm, and formed a stable dispersion in water

without added surfactants. Gold nanoparticles were

directly deposited on the nanowire bundles either in a

solution or on a substrate at room temperature in a

single-step reaction without any additional reducing

reagents. The number of gold nanoparticles on a

nanowire bundle is controlled by changing the concen-

tration of chloroauric acid HAuCl4�3H2O in the solu-

tion. Since the nanowires can serve as precursor crystals

for fabrication of nanotubes, we were able to transform

gold-decorated nanowires and produce gold-decorated

MoS2 nanotubes.

Keywords Nanowires �Nanotubes � Self-decoration �
Gold nanoparticles

Introduction

Inorganic nanowires, nanotubes, nanorods, and nano-

belts have recently attracted considerable attention

mainly due to their electronic and optoelectronic

properties that make them suitable for applications in

nanodevices and nanosensors (Burda et al. 2005;

Hernández-Vélez 2006; Yogeswaran and Chen 2008;

Ramgir et al. 2010). Because of their very high

surface-to-volume ratios, these quasi-one-dimensional

materials are much more sensitive to external influ-

ences than similar two-dimensional thin films. A slight

change in coating significantly changes their electrical

properties, enabling detection of single molecules

(Wanekaya et al. 2006; Lee et al. 2012). Another very

promising possibility of using inorganic nanowires as

sensors is by decorating them with gold nanoparticles

(Joshi et al. 2009; Singh et al. 2011; Syed and Bokhari

2011). Gold nanoparticles are a very frequent and

important tool in nanotechnology, mainly due to their

chemical stability, bio-compatibility, their easy sur-

face functionalization or bio-conjugation, and surface-

plasmon resonance (Daniel and Astruc 2004; Xia and

Halas 2005; Homola 2008). Besides, they easily form

Au–S bonds with molecules that contain thiol group

(–SH). Gold-decorated nanowires are thus very suit-

able for a broad set of different applications, including

molecular recognition and biomolecular sensing (Syed

and Bokhari 2011).

It has been shown previously that Mo6SyIz

(8.2 B y ? z B 10) nanowires have unique optical
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and electronic properties (Gadermaier et al. 2007;

Vrbanič et al. 2007) and can act as precursor material

for bulk production of several types of molybdenum-

based nanowires and nanotubes (Remškar et al. 2009;

Domenici et al. 2011). Standard procedure for the

production of Mo6SyIz (8.2 B y ? z B 10) nanowires

is a single-step process: elements are heated to above

1,000 �C in an evacuated quartz ampoule (Vrbanič

et al. 2004). The product materials have a diameter of

several hundred nanometers and the vast majority of

the material is not dispersible in polar solvents.

Synthetic methods using a two-zone furnace with a

temperature gradient enable production of thinner and

shorter bundles (Remškar et al. 2011). In this case, the

material is produced directly from the elements at a

molar ratio Mo:S:I of 6:3:9. However, the obtained

bundles with the diameters of around 100 nm and

lengths up to 10 lm are still poorly dispersible in

water. Another method (Kovič et al. 2012) enables

synthesis of yet thinner bundles that grow in a

hedgehog-like morphology. In this case, the starting

materials were previously synthesized bundles of

nanowires with larger diameters. Both methods yield

materials that contain large amounts of impurities and

a procedure for isolation of thinner bundles and thus

production of pure material has not yet been presented.

It has been shown previously that sulfur atoms at

the ends of nanowires can form covalent bonds with a

gold surface or with thiol groups of large biomolecules

(Ploscaru et al. 2007). However, the method in which

the nanowires are just mixed with the solution of

prepared gold nanoparticles turned out not to be very

effective as only a small fraction of nanowires had

gold particles attached, either to the ends or to the

surface (Compagnini et al. 2010). A simpler and

slightly more efficient method is based on adding

different amounts of HAuCl4 to the dispersion of

nanowires in boiling water in the presence of a

reducing agent (Zhang et al. 2010).

Here we report on a different procedure for

production and isolation of thin bundles of Mo6SyIz

(8.2 B y ? z B 10) nanowires and on their very

efficient decoration with gold nanoparticles. The goal

of the synthesis is to produce thin nanowires, soluble

in water without added surfactants. Good solubility is

required for uniform distribution of gold nanoparticles

on the nanowire surface. Decoration with gold is done

in a single step at room temperature without reducing

agents, and results in decoration of both side walls and

ends of bundles. Using water solution of HAuCl4 as a

source of gold, the bundles can be self-decorated

either in water dispersion or when previously depos-

ited on a substrate. Number of gold nanoparticles on

nanowires is controlled simply by changing the

concentration of HAuCl4.

The obtained nanowires can be further sulfurized to

gold-decorated MoS2 nanotubes. This is especially

important as the layered transition-metal dichalcoge-

nide nanotubes often show high inertness to chemical

and biological functionalization, limiting their poten-

tial for applications (Tahir et al. 2006). As the Mo6SyIz

(8.2 B y ? z B 10) nanowires serve as precursors for

other types of molybdenum-based nanomaterials, we

can implement the same procedure for obtaining a

variety of other gold-decorated molybdenum-based

nanowires and nanotubes.

Experimental and characterization

Sample preparation

Bundles of Mo6SyIz (8.2 B y ? z B 10) nanowires

were synthesized directly from the elements in a one-

step procedure. In a typical experiment, 1,500 mg of

molybdenum (Aldrich, 99.98 %), 417 mg of sulfur

(Aldrich, 99.98 %) and 661 mg of iodine (Aldrich,

99.999 %), all in powder form, were sealed in a quartz

ampoule and placed in a two-zone furnace. The

ampoule was left for three days in a temperature

gradient with lower temperature being 750 �C and

higher temperature 850 �C. At lower temperature end

of the 25-cm long ampoule, a free-standing foil

composed of vertically aligned nanowires was

obtained (up to 10 wt%). At the higher temperature

end, the remaining material was a dark-brown powder.

We have shown previously that the obtained powder

consists of bundles of nanowires, molybdenum grains

and MoS2 crystals (Rangus et al. 2008). The collected

powder was washed several times with ethanol to

remove weakly bound iodine. Dried material was then

put in acetonitrile and sonicated in a low-power

ultrasonic bath (40 W, 40 kHz) for 15 min, yielding a

stable dispersion of the material. After sonication, the

supernatant was extracted and separated by centrifu-

gation (1,0309g for 15 min) to remove heavier MoS2

crystals and molybdenum grains. The remaining

material was microfiltrated and dried at 50 �C, with
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resulting yield around 10–15 wt%. From this material,

which was completely dispersible in acetonitrile,

isolation of thinner bundles was performed by further

centrifugation: first at 3,5009g to remove any remain-

ing heavier aggregates and larger bundles; then the

supernatant was extracted and centrifuged at

8,0009g for 10 min. The supernatant from the second

step contained smaller impurities, mostly parts of

broken nanowire bundles and MoS2 flakes. The

remaining sediment was re-dispersed in acetonitrile

using mild ultrasonic agitation for 10 min. The final

concentration of nanowire bundles in acetonitrile was

estimated to be up to 70 mg/l. The acetonitrile

dispersion was finally microfiltrated and the material

was dried at 50 �C.

The first step toward a successful decoration of

nanowire bundles with gold was to verify if the

nanowires had enough redox potential for reducing

[AuCl4]- in aqueous solution without added reducing

agents. We put 50 mg of unpurified nanowire powder

obtained directly from the synthesis into 20 ml of

2.5 mM solution of HAuCl4 (Aldrich, HAuCl4�3H2O)

in ultra-pure water (18.2 MX-cm, Millipore purifica-

tion system) for 1 h. The solution of HAuCl4 was

initially light yellow with pH of about 5.0. After

adding the nanowire powder, the yellow solution

became more transparent and the color of the powder

changed from dark brown to reddish brown within a

few minutes. This clearly indicated reduction of

chloroauric acid and suggested successful decoration.

For decoration of purified nanowire bundles,

around 20 mg of Mo6SyIz (8.2 B y ? z B 10) were

first dispersed in 1,000 ml of ultra-pure water and

ultrasonicated for 30 min. Later 10 ml of HAuCl4
solution in water were added to the dispersion under

ultrasonic agitation and the reaction took place during

45 min. Two different concentrations of HAuCl4 in

water were used (0.25 and 2.5 mM) to study the

influence of concentration on the number and size of

gold nanoparticles deposited on the nanowire surface.

The resulted Mo6SyIz (8.2 B y ? z B 10)/Au com-

posites were collected by centrifugation at 3,4609g,

rinsed three times with ultra-pure water and dried at

50 �C. The obtained material was easily re-dispersed

in water, ethanol or acetonitrile.

To coat the nanowires with gold nanoparticles not

in a solution but deposited on a substrate, two sets of

samples were prepared. The first set was made by

spraying the stable suspension of nanowires in

acetonitrile with an airbrush onto a silicon wafer (N-

type h100i, 2.5 cm 9 2.5 cm), which was previously

washed with acetone and ethanol. By adjusting the

spraying parameters, such as the nozzle size, air flow

rate, dispersion concentration, and the distance

between nozzle and substrate, quite uniformly depos-

ited nanowire bundles were obtained with little

agglomeration. The evaporation of the solvent during

the spraying process was accelerated by heating the

substrate with a back-heating source to approximately

60 �C. The silicon substrate with deposited nanowires

was then dipped into the solution of HAuCl4 in water

without stirring. After 45 min, the sample was care-

fully removed from the solution, rinsed several times

with ultra-pure water and dried at 50 �C.

The second set of samples was prepared by

applying diluted dispersion of purified nanowires in

acetonitrile directly onto a Formvar/carbon coated

copper grid (400 mesh, Electron Microscopy Sci-

ences). Excess dispersion was removed with a filter

paper and the sample was left to dry. The grids with

deposited nanowire bundles were then immersed into

0.0025 and 0.025 mM solutions of HAuCl4. These

concentrations of chloroauric acid were the same as

when preparing the first set of samples. After 1 h, the

grids were taken out of the solution, careful rinsed

with ultra-pure water and dried at 50 �C.

Transformation of decorated Mo6SyIz (8.2 B y ?

z B 10) nanowires to MoS2 nanotubes was done with

sulfurization at 800 �C in flowing Ar gas containing

2 % of H2S and 1 % of H2 as described previously

(Remškar et al. 2009). The transformation reaction

time was 1 h.

For cyclic voltammetry measurements, stable

round nanowire films with a diameter of around

5 mm were prepared from 70 ml of stable dispersion

of nanowires in acetonitrile (40 mg/l) by passing a

microfiltration system. The sample was prepared by

fixing the film onto the working electrode of a ceramic

patterned electrode (Au, Pine Research Instrumenta-

tion) with 3 ll of conductive gold paste. The working

electrode with the attached film was insulated at the

sides with Torr Seal epoxy resin.

Characterization

The materials were observed and analyzed by scan-

ning electron microscope (SEM, Jeol JSM-7600F)

equipped with energy-dispersive spectrometer (EDS),
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and high-resolution transmission electron microscope

(HR-TEM, Jeol JEM-2100F, 200 keV) with selected

area electron diffraction (SAED). TEM grids were

prepared from nanowire dispersions immediately after

sonication by applying 30 ll of diluted dispersion

(5 % mixture in isopropanol) to a Formvar/carbon

coated copper grid. The diameters of nanowires,

nanotubes and gold nanoparticles were determined

using Image Pro Analyzer. Distributions in particle

size were obtained by evaluating at least 100 nano-

particles per sample.

Samples were also characterized by X-ray powder

diffraction (XRD) at room temperature using a Bruker

AXS D4 Endeavor diffractometer with Cu-Ka1 radi-

ation and Sol-X energy-dispersive detector within the

angular range 2h from 10� to 70� with a step size of

0.02� and a collection time of 2 s at a rotation of 6 rpm.

In addition, a HP 8453 UV–Vis spectrophotometer was

used to collect data from samples, dispersed in water.

The absorption spectra were recorded for wavelengths

from 200 to 1,000 nm (±1 nm).

Cyclic voltammetry was performed by a Metrohm

Autolab PGSTAT302N high current potentiostat/gal-

vanostat using tetrabutylammonium perchlorate

(0.1 M) in acetonitrile as the electrolyte. The cyclic

voltammograms of the films were obtained from

single-piece complete three-electrode cells with a

sweep rate of 100 mV/s in the range -2 V \ U \
1 V. The cycle and experiments were repeated several

times ([20) to ensure the stability of the electrode and

reproducibility of the result.

Results and Discussion

Mo6SyIz (8.2 B y ? z B 10) nanowires

Dark-brown powder that remained at the hot zone of

the chemical transport reaction is shown in Fig. 1a.

The SEM image shows bundles of nanowires that

grow on unreacted molybdenum grains. The majority

of the bundles are self-organized in a hedgehog-like

shape. To confirm the composition of this material,

X-ray diffraction was performed and the obtained

pattern is presented in Fig. 1b. The XRD spectrum

clearly shows the presence of unreacted molybdenum,

however, also distinct peaks that can be contributed to

Mo6SyIz (8.2 B y ? z B 10) nanowires and MoS2 are

visible.

By changing the molar ratio of sulfur and iodine in

the initial mixture, we were able to synthesize bundles

with different diameters. Since our goal was to

synthesize nanowire bundles as thin as possible to

achieve a stable water dispersion and increase the

surface-to-volume ratio, we tried several different

ratios of reaction parameters. We discovered that the

diameters of bundles strongly depended on the ratio

between molybdenum, sulfur, and iodine in the

starting mixture, and that the yield of the transported

material depended on the reaction time. Seven differ-

ent molar ratios were tested at a couple of different

reaction times. While some mixtures did not produce

nanowires at all (the ones with less sulfur and more

iodine), we obtained the largest mass yield of the

Fig. 1 SEM image of the synthesized material obtained directly from the chemical transport reaction (a). XRD of the same material

(b) showing its composition: Mo6SyIz (8.2 B y ? z B 10) nanowires (asterisks), MoS2 (squares), and Mo (circles)
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bundles in the material at a molar ratio molybde-

num:sulfur:iodine of 6:5:2 at a reaction time of 72 h.

However, the average diameter of these bundles was

rather large, about 150 nm. By keeping the molar ratio

of the starting mixture and reducing the reaction time

to 60 h, we were able to obtain thinner bundles.

Although the thickest ones still had a diameter of up to

100 nm, the majority of the bundles was around

60–70 nm thick at a length of up to 5 lm. At these

reaction conditions, around 95 wt% of the total

synthesized material remained at the hot end of the

ampoule.

The experiments described above were all made

with 150 lm molybdenum powder. However, we find

that the grain size of the powder influences the

diameters of the synthesized nanowire bundles. Using

1–2 lm molybdenum powder (Sigma-Aldrich, molyb-

denum powder 1–2 lm, 99.9 %) at the same condi-

tions, we were able to achieve bundles with typical

diameter of 40–50 nm. In addition, yield of the

synthesized Mo6SyIz (8.2 B y ? z B 10) bundles

grown on the surface of smaller molybdenum grains

almost doubled to about 20 %.

After the synthesis and after each step of the

purification procedure, SEM was carried out to

investigate the composition of the sample. The

material obtained after the first microfiltration is

shown in Fig. 2a and the corresponding XRD image

in Fig. 2c. The SEM image shows large nanowire

bundles with impurities that can be identified by XRD

Fig. 2 SEM images of Mo6SyIz (8.2 B y ? z B 10) nanowire

bundles after the first (a) and after the final microfiltration (b).

Corresponding XRD spectra are presented in (c, d). Both spectra

show the presence of MoS2; however, the amount of MoS2 after

the final microfiltration is reduced
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as MoS2. Following the centrifugation at 3,5009g,

during which the larger bundles and heavier impurities

sedimented, there was another centrifugation at

8,0009g. The sediment after the second centrifugation

contained thin Mo6SyIz (8.2 B y ? z B 10) bundles

with smaller diameters and significantly fewer impu-

rities (Fig. 2b). However, the XRD pattern of the

purified nanowires (Fig. 2d) still shows the presence

of MoS2. These XRD patterns show an excellent

agreement with previously published XRD spectra of

Mo6S3I6 (Vrbanič et al. 2004) and Mo6S4I6 (Remškar

et al. 2011). This further confirms the idea that

nanowires of different stoichiometry grow in skeletal

structures composed of one-dimensional polymer

chains of Mo6–chalcogen–halogen clusters, which

differ only in the site occupied by sulfur and iodine

(Meden et al. 2005).

Morphology of one of the thinner synthesized

nanowires as seen with high-resolution TEM is

presented in Fig. 3a: well crystallized with a high

aspect ratio, grown in a longitudinal direction along

the [001] axis. Surface of the nanowire is relatively

clean without any significant depositions of amor-

phous coating. Selected area diffraction pattern

(SAED) obtained on a single nanowire (Fig. 3b)

shows consistency with previously published data

obtained on bulk material by X-ray diffraction

(Vrbanič et al. 2004; Meden et al. 2005). Their data

were used to draw the circles that coincide with the

observed pattern.

Decoration of nanowires with gold nanoparticles

Our goal was to decorate Mo6SyIz (8.2 B y ? z B 10)

nanowires with gold nanoparticles. The result of the

initial experiment, which was carried out to verify the

possibility of decoration in water at room temperature

without a reducing agent, is shown in Fig. 4a. One

clearly sees the nanowire hedgehog densely covered

with gold nanoparticles, leading to the conclusion that

the method was successful. We find that gold nano-

particles appear on nanowires already after a couple of

minutes, whereas a prolonged (overnight) deposition

results in whole nanowires covered with gold.

A proof that the observed material are indeed

Mo6SyIz (8.2 B y ? z B 10) nanowires covered with

gold is given by the energy-dispersive X-ray spectrum

(EDS), shown in Fig. 4b.

Decoration of purified nanowires was done by

stepwise introducing HAuCl4 to the dispersion.

Mixtures were prepared by adding up to five times

10 ml of 0.25 mM solution and up to three times

10 ml of 2.5 mM HAuCl4 in water to 1,000 ml of the

dispersed nanowires (20 mg/1,000 ml). Formation of

gold nanoparticles occurred at room temperature and

was visible as changes in the color from yellow to

Fig. 3 TEM image of a Mo6SyIz (8.2 B y ? z B 10) nanowire

bundle (a) and SAED pattern (b). The bundle shown is one of

the thinner ones with the diameter of around 8 nm. The

diffraction pattern is consistent with previously published data

obtained by bulk X-ray diffraction (Vrbanič et al. 2004; Meden

et al. 2005), depicted as gray circles. For clarity, the circles fade

out so that the observed pattern is visible
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brown-yellow when adding lower-concentration solu-

tion, and yellow to violet-red when adding higher

concentration solution of gold complex. Such color

transitions are characteristic for changes that occur in

the oxidation state of gold ions and the formation of

gold nanoparticles in solution (Njoki et al. 2007). The

changes are best seen by UV–Vis spectroscopy, as

shown in Fig. 5. Absorption spectra were recorded for

aqueous dispersion of Mo6SyIz (8.2 B y ? z B 10)

nanowires before and after adding HAuCl4 solution

of different concentrations. Initially, the nanowire

dispersion displayed strong absorption bands at

around 290, 460, and 690 nm. After adding the

lower-concentration solution, the spectrum is almost

indistinguishable from the original spectrum. Only by

adding five times 10 ml of the 0.25 mM solution, a

broad and weak band centered at about 540 nm

appears. The peak is more prominent if 10 ml of

2.5 mM chloroauric acid are introduced into the

dispersion, which turns orange. By further adding

chloroauric acid, the final dispersion becomes reddish

with a very strong absorption band at 540 nm. These

bands, which can be assigned to the plasmon band of

gold nanoparticles, agree very well with the optical

signatures of spherical gold nanoparticles in solution

(Njoki et al. 2007). Njoki et al. have also shown that

the wavelength of the surface-plasmon absorption

band depends on the particle size and the maximum

absorption wavelength kmax increases with increasing

diameter: from 519 nm for a diameter of around

20 nm to 569 nm for particles with a diameter of

around 100 nm. The dependence can be described by a

polynomial cubic curve y = y0 ? ax ? bx2 ? cx3

(y0 = 518.8, a = - 0.0172, b = 0.0063, and c =

- 0.0000134) yielding the average particle diameter

in our samples of about 64 nm (for kmax = 540 nm).

The average size of deposited gold nanoparticles was

determined more accurately using microscopic meth-

ods. Figure 6a shows a SEM image of gold-decorated

Mo6SyIz (8.2 B y ? z B 10) nanowires (prepared with

2.5 mM HAuCl4) dispersed in isopropyl alcohol and

deposited on a silicon wafer. One clearly sees individual

Fig. 4 SEM image of Mo6SyIz (8.2 B y ? z B 10) nanowire hedgehog covered with gold nanoparticles (a) and EDS spectrum

confirming the composition of the obtained material (b)

Fig. 5 UV–Vis spectra of dispersions of gold-decorated

nanowires. Three peaks are visible on pure nanowires (a), but

when increasing the amount of the added chloroauric acid, a

prominent peak emerges at around 540 nm that corresponds to

gold nanoparticles (b–e)
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nanoparticles that are mostly spherical with diameters in

the range of 10–65 nm. We find that by decreasing the

concentration of HAuCl4, the size of the gold nanopar-

ticles remains almost unchanged, however, their num-

ber decreases significantly. At larger concentrations of

chloroauric acid, some additional larger agglomerates

are formed on the surface of nanowires.

A more precise size measurement was obtained from

high-resolution TEM images (Fig. 6b). TEM images of

decorated nanowires prepared with 0.25 and 2.5 mM

Fig. 6 SEM (a) and TEM (b) images of gold-decorated

Mo6SyIz (8.2 B y ? z B 10) nanowires. Several TEM images

were recorded at low (c) and high (d) concentrations of HAuCl4
in water. By zooming in, the diameters of the gold particles were

measured. Analyzing over a hundred particles for each

concentration, the histograms for lower (e) and higher (f) con-

centration were obtained. The average particle diameters are

19.2 and 23.3 nm, respectively
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HAuCl4 in water are shown in Fig. 6c and d, respec-

tively. By zooming on each particle and obtaining

images similar to Fig. 6b, we were able to measure the

diameters of individual particles. Around 100 nanopar-

ticles were randomly chosen from each sample and the

obtained particle-size distributions are shown in Fig. 6e

and f for 0.25 and 2.5 mM HAuCl4 in water, respec-

tively. The average diameter is found to be 19.2 nm for

lower and 23.3 nm for higher concentration. Agglom-

erates with diameters larger than 72 nm, which repre-

sent around 3 % of all the particles, were excluded from

the calculation of average diameters. We observe that

the measured diameters differ significantly from the

ones calculated from the UV–Vis spectra. However,

one should note that in our case the nanoparticles

interacted with and were attached to the nanowires

instead of being in a water dispersion, and moreover,

they were not monodisperse.

Sturdiness of deposition of gold nanoparticles on

nanowires against ultrasonication has also been studied.

Already during the decoration, the nanowire bundles

were ultrasonicated to insure uniform distribution. We

have verified and confirmed that the gold remained

bound to the bundles even after 1 h of additional

ultrasonication. The material is thus very stable and can

be used in further experiments, dispersed in polar

solvents (such as water, acetonitrile, isopropanol or

ethanol). Also, we observed no difference in stabilities

of the dispersions of nanowires and gold-decorated

nanowires. Both remain stable for weeks in a 20 mg/

1,000 ml dispersion without added surfactants.

In further experiments, a dispersion of purified

nanowires was sprayed onto a silicon wafer using an

airbrush spraying technique (Madaria et al. 2011).

Keeping the nozzle-substrate separation at 5 cm, we

were able to cover a surface of several cm2 with

nanowires. Shorter distances resulted in a non-uniform

distribution of bundles and in formation of larger

agglomerates as the air flow disturbed the sprayed

solution before the solvent could evaporate. The

uniformity of the deposition was improved by

decreasing the concentration of nanowires in acetoni-

trile to around 1 mg/l and by decreasing the nozzle

diameter. The latter, however, yielded a lower depo-

sition rate. Using this technique, we were able to

achieve a uniform deposition of almost isolated

Mo6SyIz (8.2 B y ? z B 10) bundles over the entire

substrate with only small agglomerates. There was no

apparent difference in the density of the nanowire

bundles or in the formation of agglomerates between

different regions of the sample. In the next step, silicon

wafer with nanowire bundles was immersed in an

aqueous solution containing HAuCl4 and the obtained

material is shown in Fig. 7. We noticed that while the

bundles were decorated, the number of gold nanopar-

ticles was significantly lower than on bundles deco-

rated in dispersion at the same concentration of

HAuCl4 and at the same reaction time (see Fig. 6a).

The density of nanoparticles on nanowires was further

reduced if lower concentrations of chloroauric acid

were used, however, the average diameter remained

practically unchanged.

Instead of spraying the nanowires onto a silicon

wafer, we also applied diluted dispersion of nanowires

directly onto a copper mesh. The mesh was immersed

into HAuCl4 solution and a TEM image of a decorated

bundle is shown in Fig. 8. Individual gold particles are

visible on the bundle as well as larger aggregates,

composed of individual nanoparticles. When compar-

ing these decorated nanowires with the ones deposited

onto silicon wafer under similar conditions (temper-

ature, reaction time, concentration of HAuCl4), we

find the density of nanoparticles to be substantially

higher. This is mainly because the bundles deposited

on a substrate have a much smaller surface area

accessible and because attachment to a substrate can

influence the reactivity of the nanowires. One should

Fig. 7 SEM image of an agglomerate of Mo6SyIz (8.2 B y ?

z B 10) nanowires that were sprayed onto a silicon wafer,

dipped into the 0.025 mM solution of chloroauric acid and left

to dry. The close-up (inset) shows gold nanoparticles attached to

the surface of nanowire bundles
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note that while the densities of gold nanoparticles on

nanowire bundles were higher if the decoration took

place in a dispersion, the decoration of nanowires that

have previously been deposited on a surface or on a

grid has a much larger practical value for potential

applications.

The underlying mechanism of nanowire decoration

with gold nanoparticles can be understood by studying

the reducing ability of Mo6SyIz (8.2 B y ? z B 10)

nanowires. We therefore performed cyclic voltamme-

try measurements and determined the oxidation and

reduction potentials of the nanowires. We observed

the reduction peak at ?0.71 ± 0.07 V and the oxida-

tion peak at -0.83 ± 0.05 V relative to the standard

hydrogen electrode. Taking into account that the

reduction potential for [AuCl4]- in aqueous solution is

1.002 V (CRC Handbook 2001), we propose the

following redox reaction for the decoration process,

where Mo6SyIz (8.2 B y ? z B 10) nanowires are

abbreviated as MoSI (NW):

AuCl4½ ��þ 3MoSI NWð Þ ! Au0

þ 3MoSI NWð Þþþ 4Cl�:

Since the surface layers of nanowire bundles are

composed of iodine and sulfur atoms, the nanowires

themselves serve as capping agent stabilizing the gold

nanoparticles after the reduction of [AuCl4]-.

While we believe that the redox reaction is the main

mechanism for the stable decoration of the nanowires,

dangling bonds at the ends of individual nanowires can

also contribute to the successful decoration with gold

nanoparticles. Unlike other crystalline nanowires,

these molecular nanowires are namely composed of

repeating molecular units, consisting of clusters,

which are joined together by sulfur bridges (Nicolosi

et al. 2007). Individual wires terminate with sulfur

atoms and since the nanowires are of different lengths

and shifted relative to each other, there exist many

dangling bonds forming additional reaction sites

capable of reducing [AuCl4]-.

Transformation of decorated Mo6SyIz

(8.2 B y ? z B 10) nanowires to decorated MoS2

nanotubes

We have shown previously that Mo6SyIz (8.2 B y ?

z B 10) nanowires can be used as precursors for

production of MoS2 multi-wall nanotubes (Remškar

et al. 2009). It has later been shown that sulfurization

of thinner bundles (diameters of around 100 nm)

synthesized at chemical transport reaction conditions

also leads to formation of MoS2 nanotubes (Remškar

et al. 2011). The obtained nanotubes preserved the

hedgehog-like shape of the precursor nanowires.

Using gold-decorated nanowires as precursors, we

performed sulfurization under the same conditions as

Remškar et al. to see if gold nanoparticles remained

attached during the reaction. The obtained material is

shown in Fig. 9, showing SEM and TEM images of the

multi-wall MoS2 nanotubes decorated with gold nano-

particles. The diameters of the nanotubes, which

retained the shape of the precursor bundles, were

typically between 20 and 40 nm at a wall thickness of

5-10 nm. Although the walls often showed imperfec-

tions, the (002) planes running parallel to the tube growth

were easily identifiable. From a close-up of the edge of

the nanotube (Fig. 9b inset), the spacing between the

planes was measured and found to be 0.62 nm, which is

in excellent agreement with the data found in the

literature (Therese et al. 2006). While the majority of

gold nanoparticles remained well preserved during the

sulfurization, we observed some particles attached to the

nanotubes that were significantly larger than the average

ones. Their appearance can be explained by partial

coalescence of the attached nanoparticles.

Fig. 8 TEM image of a nanowire bundle with gold nanopar-

ticles. The nanowires were deposited directly to the Formvar/

carbon coated copper mesh and dipped into a 0.025 mM

solution of HAuCl4. Individual gold nanoparticles are observed

as well as larger agglomerates. Gold nanoparticles appear also

on the surface of the copper grid as can be seen in the

background in the lower part of the figure
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The products were further analyzed by X-ray

powder diffraction (Fig. 9c). The majority of the

peaks in the spectrum can be assigned to MoS2

nanotubes (according to JCPDS-No. 77-1716); how-

ever, three intense peaks corresponding to the (111),

(200), and (220) Bragg reflections on gold nanocrys-

tals were also observed. In addition, EDS was

performed on the synthesized material (Fig. 9d) to

prove that iodine was completely removed during the

sulfurization process with only molybdenum, sulfur

and gold showing in the spectrum. This confirms that

pure MoS2 nanotubes decorated with gold nanoparti-

cles were obtained.

We have also verified and confirmed that gold

nanoparticles remained bound to the MoS2 nanotubes

even after 1 h of additional ultrasonication, similar as

the original Mo6SyIz (8.2 B y ? z B 10) nanowires.

Conclusions

We presented a simple yet efficient method for synthesis

and purification of bundles of thin Mo6SyIz (8.2 B y ?

z B 10) nanowires. The synthesized nanowires were

much thinner than obtained by other methods (40 nm in

comparison to a hundred or several hundred nm) and

were in contrast fully dispersible in water without added

surfactants, which is crucial for homogeneous decora-

tion. The nanowire dispersion remains stable for at least

several weeks. This facile and efficient process enables

Fig. 9 Decorated nanowires were transformed into decorated

MoS2 nanotubes. SEM (a) and TEM (b) images of decorated

nanotubes. Inset shows a close-up on the wall of the tube that

was used to determine the interlayer spacing. XRD (c) and EDS

(d) confirmed that the transformation from nanowires to

nanotubes was complete as only decorated MoS2 nanotubes

were observed
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production of several hundred milligrams of nanowire

bundles at a time, which makes the material and the

described procedure even more attractive for possible

industrial applications.

The decoration was done in a simple and conve-

nient wet-chemical method that enables efficient self-

decoration of nanowires with gold nanoparticles at

room temperature without any additional reducing

reagents. We were able to successfully decorate

nanowires with gold both in the solution and on a

substrate and have shown that the decorated nanowires

form a stable dispersion in polar solvents. The

described procedure is one of the few examples of

redox templating at room temperature without use of

reducing agent to produce metal-decorated nanowires.

In addition, we have shown that using gold-

decorated nanowires as precursor material, gold-

decorated MoS2 nanotubes dispersible in different

polar solvents can be obtained. By reducing the

diameters of the nanowires, we were able to obtain

very thin gold-decorated nanotubes. The presented

method facilitates functionalization of otherwise bio-

logically and chemically inert nanotubes and opens

new perspectives for fabrication of different nanode-

vices, including biological nanosensors.
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(2007) Equilibrium and non-equilibrium optical properties

of MoSI nanowires. Phys Status Solidi B 244:4152–4156
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Coleman JC, Mihailović D (2004) Air-stable monodi-

spersed Mo6S3I6 nanowires. Nanotechnology 15:635–638
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