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Abstract

This work explores the functionalization of an organic-inorganic MoS2 lamellar com-
pound, prepared by a Chemical Liquid Deposition Method (CLD), that has an
interlamellar distance of ∼5.2 nm, using clusters of gold nanoparticles. The gold
nanoparticles have a mean diameter of 1.2 nm, a stability of ∼85 days, and a zeta
potential measured to be ζ = -6.8 mV (solid). The nanoparticles are localized in
the hydrophilic zones, defined by the presence of amine groups of the surfactant
between the lamella of MoS2. SEM, TEM, EDAX and electron diffraction provide
conclusive evidence of the interlamellar insertion of the gold nanoparticles in the
MoS2.
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1 Introduction

The study of the chalcogenide compounds has gained considerable interest
in recent times [1] and, in particular, the investigation of novel kinds of ap-
proaches in the synthesis of organic-inorganic lamellar compounds [2] has been
achieved using polymers [3], metals [4], organometallic compounds [5], and
surfactants [6]. It has also been reported that co-intercalation techniques em-
ploying lamellar compounds [7] resulted in the formation of nano-hybrids [8]
and their potential applications were also explored.

Over the last decade, the number of reports in the literature in the area of
nano-science has increased very rapidly [9]. A pertinent example is that of
nanoparticles and indeed their formation is one of the most interesting areas
in materials science due to their unusual properties, which can be considerably
different to those of their corresponding macro-crystalline bulk material [10].
These unique chemical and electronic properties have potential applications in
the fields of non-linear optics, luminescence, electronics, optoelectronics and
others [10,11]. Examples of typical routes to functionalize not only certain
nanocomposites, but also nanotubes [12], include acid-based wet-chemical ox-
idation, esterification, diimide activation, electrochemical modification, or hy-
drophobic adsorption of aromatic derivatives [13–17]. These techniques, how-
ever, typically entail multiple steps involving reflux reactions with strong acids
combined with ultrasonication, which are aggressive treatments.

The most relevant approach for the preparation of stable metallic colloids
using the Chemical Liquid Deposition method (CLD) in organic solvents is
based on the clustering of metal atoms at low temperature [10]. This method
has been used with volatile solvents to prepare several colloidal suspensions
of transition metals of the first and second-row [10,11]. The colloidal particles
thus obtained are free of interferences and impurities, in contrast to those
obtained from aqueous solutions.

In this paper we present results of an investigation towards of the functional-
ization of the Li0.1MoS2(HDA)2 lamellar compounds with gold nanoparticles
prepared with the Chemical Liquid Deposition method (CLD). Such a func-
tionalization approach enables the maturation of a simple and more readily
scalable derivatization method.

2 Experimental

Molybdenum disulfide powder (particle size < 2 mm) (Aldrich); Hexadecy-
lamine (HDA) 92%, n-butyl lithium and n-hexane solution (Merck) were used
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as received. Water was twice distilled and carefully degassed.

2.1 Synthesis of Lamellar MoS2 Compounds

The method employed for the synthesis of molybdenum disulfide nanocom-
posite was essentially the same as that described in [1]. Lithium intercalated
MoS2, previously prepared by direct intercalation of lithium using n-BuLi
(LixMoS2, x >> 1), is exfoliated by a 24 h moisture treatment. The product
is then prepared into an aqueous suspension. Amine-MoS2 nanocomposites
are prepared by addition of an aqueous solution of amine to the suspension
of exfoliated MoS2, followed by stirring of the reaction mixture at 323 K for
48 h.

2.2 Preparation of Au-acetone Colloid

The metal-atom reactor (3L) used was described elsewhere [10]. As a typical
example of preparation, 70 mg Au metal was placed into the alumina-tungsten
crucible. Dry acetone was placed in a ligand inlet tube and freeze-pump-thaw
degassed in several cycles. The reactor was pumped down to 4-5 mm Hg, while
the crucible was warmed to red heat. The vessel around the crucible was cooled
with liquid nitrogen and Au and acetone (100 ml) were deposited for a period
of 1 h using a current intensity of 40 A. The matrix was allowed to warm
under vacuum for 1 h; upon meltdown to room temperature, a purple colloid
was obtained. Subsequently the addition of nitrogen up to 1 atm, the colloid
was allowed to warm for another 0.5 h to room temperature. The solution was
siphoned into a flask cooled in atmospheric nitrogen from the acetone inlet.
The molarity of the metal-containing solution is ∼4 × 10−3 mol dm−3.

2.3 Incorporation of Gold Nanoparticles (Au-NPs) in Li0.1MoS2(HDA)2

20 mg of the Li0.1MoS2(HDA)2 was agitated for 4 h with a colloidal solution
of gold (Au-nanoparticles) in acetone at room temperature. In this case, the
solvent was added in excess to ensure the solvatation of the metal atoms.

2.4 Characterization of Samples

The morphology of the lamellar nanocomposite was examined by Scanning
Electron Microscopy (SEM) using a Philips XL-30 equipped with an Energy
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Dispersive Spectroscopy (EDS) detector. Transmission Electron Microscopy
was obtained on a JEOL JEM 1200 EXII operating at 100 kV.

2.5 Selection Area Electron Diffraction (SAED)

The electron diffraction of the nanoparticles was obtained using the JEOL
microscope internally calibrated with a gold standard (Merck, 99.99% purity;
120 kV, K = 3.848 cm Å). The diffraction patterns were obtained using a
limiting field aperture 20 mm. In this way, the diffraction from the grid is
avoided and the observed area is minimized. The chemical composition of
the samples was determined by elemental chemical analysis (SISONS model
EA-1108).

3 Results and Discussion

Figure 1 shows an SEM micrograph of the lamellar Li0.1MoS2(HDA)2. The
bulk laminarity of the nanocomposite is clearly observed. Previous X-ray dif-
fraction studies by our group show that the nanocomposite exhibits a high
degree of crystallinity evidenced by the observation of defined {00l} peaks [1].
From these {00l} planes, the interlamellar distance measured to be 5.17 nm.
The compound exhibits a 4.55 nm (∆c) difference in the interlamellar sep-
aration with respect to the pristine compound (0.615 nm) [1]. This distance
measurement is in good agreement with our previous report [18] on lamellar
MoS2. Figure 2 shows a TEM micrograph of the laminar nanocomposite and
associated electron diffraction pattern. Elemental analysis of the compound
Li0.1MoS2(HDA)2 yields the following, C: 56.8, N: 3.8, S: 9.0, H: 10.6 %, with
a theoretical percentage of N: 4.4, C: 60.5, S: 10.6, H: 9.6 %.

Observation of the organic-inorganic nanocomposite using electron microscopy
not only showed the presence of the lamellar structure but electron diffrac-
tion data also showed the presence of a ring indicative of the {100} plane
(Fig. 2) with a reinforcement at the corners of a hexagon (locally intense dif-
fraction spots) that arise from reflections of the {103} plane [19], outlined in
Table 1. Thus, these observations confirm the presence of a hexagonal phase
in the nanocomposite with a calculated lamellar distance of the {002} plane
measured to be 0.30 nm, in good agreement with our XRD observations [18].

The average particle size was determined using TEM, shown in Fig. 3. By esti-
mating the density, ρ, of gold nanoparticles as a function of diameter (shown in
Fig. 3b), an average size for the gold nanoparticles throughout the dispersion
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Fig. 1. SEM image of the Li0.1MoS2(HDA)2 lamellar product prior to funtionaliza-
tion with gold nanoparticles.

Fig. 2. TEM image of the Li0.1MoS2(HDA)2 compound prior to functionalization.
(inset) Electron diffraction pattern of the same lamellar nanocomposite.

is estimated at ∼1.2 nm. The measurements of the particle population diam-
eters are randomly chosen; an average of one hundred particles were counted
in each micrograph allowing for a relatively accurate estimated of the average
size. The histograms were obtained using the Origin 6 program [20] which
gives information on the particle size distribution.
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Phase dhkl/nm Diffraction Plane

MoS2 0.28∗ {002}

MoS2 0.22 {100}

MoS2 0.19 {103}

Table 1
Electron diffraction indexation of the observed planes of the Li0.1MoS2(HDA)2 com-
pound. ∗Calculated from the electron diffraction spot.

Fig. 3. Dark-field TEM image of the gold nanoparticles (Au-NPs) in acetone ([Au]:
4 × 10−3 mol dm−3) (A). Bright-field TEM micrograph of randomly dispersed gold
nanoparticles (B) and corresponding electron diffraction pattern (C). Histogram
of Au-NPs size distribution. Gaussian fits are overlaid for comparison giving an
average value of 1.2 nm for the nanoparticle diameter(D).
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Figures 3a and 3b show dark-field and bright-field TEM micrographs, respec-
tively, of the functionalized lamellar compound showing the presence of in-
terlamellar gold nanoparticles. A high degree of crystallinity was found using
electron diffraction (ED) and the polycrystalline nature of the gold nanopar-
ticles (Au-NPs) within the lamellar product is evidenced by the character-
istic ring patterns. Fig. 3c shows the electron diffraction pattern obtained
and five characteristic diffraction spots corresponding to the {200}, {220},
{311}, {200} and {400} planes of the fcc crystalline lattice were observed; the
assignation to crystal planes is outlined in Table 2. The electron diffraction
measurements of the Au-NPs show that they have an anisotropic crystalline
structure [21,22]. Figure 3d shows a histogram of measurements of individ-
ual gold nanoparticles made by TEM; the gold nanoparticles exhibit a mean
diameter of 1.2 nm, as outlined above. We found that the particle sizes in
this colloid are shorter than those of typical individual colloids showing lower
kinetic stability. Furthermore, the Au-nanoparticles/acetone metallic colloid
exhibits a zeta potential of ζ = -6.8 mV (solid), showing a high stability for
the measurement of electrophoretic mobility, a result comparable with previ-
ous reports [10].

Phase dhkl/nm Diffraction Plane Au Standard dhkl/nm

Au 0.16 {200} 0.16

Au 0.15 {220} 0.14

Au 0.12 {311} 0.11

Au 0.11 {222} 0.10

Au 0.10 {400} 0.08

Table 2
Electron diffraction indexation of the gold nanoparticles.

One particular difficulty in microscopically quantifying the effectiveness of
Li0.1MoS2(HDA)2 functionalization by bright-field TEM is that the presence
of the gold nanoparticles is not clearly visible, as apparent from Fig. 4a. By
employing dark-field imaging of the {002} reflection of gold (Fig. 4b), we ob-
served the presence of brilliant points (metallic particles) at the borders of
the layers. These regions correspond to the area where gold nanoparticles are
present. For instance, using electron diffraction we observed the presence of
two phases in the system: one containing the gold nanoparticles and the other
the MoS2 phase. The electron diffraction pattern is reproduced in Fig. 5a and
analytical details for the diffraction spot assignation are outlined in Table 3. A
schematic representation of the diffraction spots corresponding to both the Au
and MoS2 phase contributions is shown in Fig. 5b. This information conclu-
sively verifies the presence of gold nanoparticles in the system (on the surface
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or resident in the interlamellar space of the host), but due to the high gold
affinity of the thiols, it is difficult to ascertain the location of the nanoparticles
with high precision.

Fig. 4. TEM Image of the Li0.1MoS2(HDA)2 compound after the functionalization
with gold nanoparticles in bright-field mode (A); and dark-field mode (B).

Phase dhkl/nm Diffraction Plane Au Standard dhkl/nm

Au 0.21 {111}∗ 0.23

Au 0.19 {200} 0.16

Au 0.12 {111} 0.14

Au 0.10 {311} 0.10

Au 0.08 {222} 0.09

MoS2 0.14 {002} –

Table 3
Electron diffraction indexation of the functionalized Li0.1MoS2(HDA)2 compound
with gold nanoparticles (Au-NPs). ∗Calculated from the electron diffraction spot.

To determine the exact location of the gold nanoparticles, we analyzed some
areas using EDS, shown in Fig. 5c. The intense Cu signal is that of the Cu
grid. In spite of the presence of the intense copper peak, it was possible to
detect the presence of a small fraction of gold, indicating that the majority of
the gold nanoparticles are located inside the lamellar spacings. The presence
of the vanadium and calcium contributions arises from the trace impurities of
the as-received molybdenum disulfide (99% pure).

Careful examination of the electron diffraction spots in Fig. 5a shows evidence
of an hexagonal phase corresponding to the {0002} basal plane of MoS2 in a
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Fig. 5. (a) Electron diffraction pattern of the Li0.1MoS2(HDA)2 compound after the
functionalization with gold nanoparticles and (b) indexation of the contributions
from MoS2 and Au{111}. (c) Energy dispersion spectroscopy analysis of the same
compound.

similar position as those from the {200} plane of the polycrystalline fcc gold
nanoparticles (Table 3). Thus, the location of the gold nanoparticles is between
the hexagonally ordered MoS2 lamella in the vicinity of the hydrophillic zone
of the surfactant.

A possible scheme to explain the residence of the gold nanoparticles inside
the lamellar compound after functionalization is outlined in Fig. 6. In this
scheme, we propose that the residual negative charge (ζ-potential) on the
nanoparticle cluster by the presence of oxygen groups (keto, hydroxo) of the
surfactant in the nanoparticle/acetone colloid, corroborated by our previous
infrared analysis [10], facilitates their preferred nucleation and attachment to
the functionalized zones of the nanocomposite by the surfactant. The nega-
tively charged Au nanoparticles are localized in the hydrophilic zones, defined
by the presence of amine groups of the surfactant. Because we have not used
any molecular coupling agents to cap the nanoparticles themselves. We deduce
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Fig. 6. Schematic representation of the functionalization of the Li0.1MoS2(HDA)2
compound with gold nanoparticles and their position in the lamellar system. The
MoS2 is represented in the 1T conformation [1].

the presence of hydrophilic zones due to the presence of the surfactant to be
the locations where the gold nanoparticles are attached to the MoS2 lamella.

4 Conclusions

In this communication, we have successfully demonstrated the functionaliza-
tion of lamellar molybdenum disulphide nanocomposite using gold particles
prepared by the Chemical Liquid Deposition Method (CLD). We observed
the presence of the gold nanoparticles mainly inside the MoS2 lamella in the
vicinity of the hydrophilic zone of the surfactant. The next stage will involve
the improvement of the structural measurements using other complimentary
techniques, focusing on the particle-surfactant interface with the purpose to
explore their tribological properties.
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