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A B S T R A C T

The use of MoS⁠2 nanoparticles as additive to lubricating oils is restricted by their low stability in oily media,
which limits their use despite the enormous benefits associated with their intrinsic properties in terms of re-
duction of friction and wear coefficients. In this context, we investigated the effect of morphologies (platelets
vs spheres) and surface functionalization of nanoparticles on the stability of their suspensions in poly-α-olefins
(PAO) with various viscosities, which are base oils used in wind turbines. The particles were characterized by
XRD, FTIR, scanning electron microscopy, atomic force microscopy and dynamic light scattering, and the sta-
bility of the resultant formulations was followed by optical (non-contact) measurements. It was found that the
dispersions had similar stability despite the larger size of platelet-like particles compared to spherical ones (1–5
μm vs 600–800 nm). The dispersibility could be increased through grafting of alkylsilane on the surface defects
(the longer the alkyl chain, the more stable the formulation) and with the increase of the oil kinematic viscosity
(from 34 to 1705 cps at 25 °C).

1. Introduction

Fluid lubricants are used in almost every moving mechanical system,
particularly in transmission and rotational bearings, in order to reduce
friction and wear, and thus to ensure longer durability and less frequent
equipment maintenance.

The development of advanced lubricants, operating over a broad
range of temperature as well as in humid and oxidizing conditions, re-
mains challenging. Indeed, lubricant properties should neither be al-
tered by solidification at low temperature nor by the drop of viscosity
at high temperature [1]. To do so, advanced additives with antifriction
and antiwear properties have been developed, among which MoS⁠2 re-
mains the most widely studied [2]. The interest of those particles is es-
sentially due to their layered hexagonal crystal structure, with strong
intra-layer covalent bonds and weak inter-layer van der Waals bonds,
which decrease friction between the interfaces [3].

Moreover, it was previously reported that embedding those crys-
talline domains within amorphous MoS⁠2 structures might further im

prove frictional properties [4]. This was explained by the facilitated ex-
foliation of the external layers of the particles due to the defects of the
amorphous matrix, as well as by the increased contact area of the mi-
crocrystalline domains of the additives compared to perfectly crystal-
lized particles [5]. On the other hand, an increase of the contact sur-
face area and hence of the frictional properties can be reached by de-
creasing the size of the particles down to the nanoscale. This could be
explained by the fact that the increase of surface area leads to an in-
crease of surface energy and thus to a global enhancement of the ad-
sorption of nano-additives on metal surfaces [6]. Besides, the small size
of the particles should insure higher dispersion stability, which is of
paramount importance for proper nano-lubricant formulations. Another
parameter that may influence both frictional properties and stability of
the oily dispersions is the shape of the particles (i.e., platelet-like or
spheres) [7]. Lubrication mechanism involving platelet-like particles is
indeed characterized by their sliding and shearing due to the van der
Waals forces between the lamellar layers, which improve their tribo-
logical performances [8]. In the case of spherical particles, the lubri-
cation efficiency is attributed to their chemical inertness, as well as to
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rolling, sliding and exfoliation mechanisms [6,9]. Another difference be-
tween the two friction mechanisms as a function of shape is the pressure
contact between the particles and the contact zone. Spherical particles
exhibit a point contact with the counter-surface, while platelets have
a planar contact [10]. It is thus difficult to predict the friction proper-
ties only based on particle’s shape. Although layered spherical particles
are the most common shapes in lubricant formulations, some studies re-
ported that platelet-like particles were able to induce similar effect.

MoS⁠2 nanoparticles with various sizes, morphologies, and struc-
tures can be prepared by different techniques such as solvothermal
process [11], hydrothermal process [12], or chemical vapor deposition
(CVD) [13]. Nevertheless, whatever their shape, the preparation of lu-
bricant nano-additives needs to overcome the crucial problem of sedi-
mentation in oil. Especially in the case of wind turbines for example,
since a shutdown for a few hours or days annually is necessary either
because of inappropriate airflow (wind too weak or too strong) or be-
cause of maintenance and repair [14]. Hence, one of the key points is to
enhance the dispersibility and the stability of the formulations, and thus
the tribological properties of nano-lubricants [15,16]. For this purpose,
various dispersants could be used to increase the stability of those kinds
of formulations, as seen in Table 1.

Indeed, dispersing agents have been found effective in improving the
stability of nanoparticles dispersed in nonpolar media, the hydrophilic
part of the dispersing agent either physisorbing at the surface of the
nanoparticles or reacting with surface defects and thus reducing their
surface energy and consequently their tendency to agglomerate. Mean-
while, the hydrophobic part might improve the compatibility between
solid-liquid interfaces and thus improve the dispersion in nonpolar or-
ganic solvents. For instance, the functionalization of IF-WS⁠2 nanoparti-
cles with alkoxysilane groups (i.e., octadecyl-, dodecyl-) allowed reduc-
ing the reactive sites exposed on the surface of the nanoparticles and
thus led to more stable dispersions in oily suspensions [28]. Similar re-
sults were obtained by Kumar et al [27] who showed that the func-
tionalization of micro-MoS⁠2 particles by trichlorooctadecylsilane permit-
ted stable dispersions in base oils as well as significant improvement of
anti-wear, anti-friction and extreme-pressure properties. So far, our pre-
vious work showed that alkyl-silane groups increased the dispersability
of MoS⁠2 particles in various poly-α-olefins PAO base oils [29,30]. Be-
yond alkyl-silane groups, other coatings have been found to be effective
in improving hydrophobicity (i.e. melamine-formaldehyde with [31] or
without [32,33] vulcanized silicon rubber) or dispersibility of MoS⁠2 par-
ticles (long chain alkyl-thiol [17,20], oleylamine [19] or sodium dode-
cylsulfate [21],).

In this context, we investigated the stability of MoS⁠2 microparticles
in four PAO base oils of various viscosities. Particular attention was

paid to the influence of the alkyl chain length on the dispersibility of
the resultant additives. This issue was addressed for two kinds of par-
ticles, having either a platelet-like (p-MoS⁠2) or a spherical morphology
(s-MoS⁠2), the latter being synthesized by the solvothermal method. As
reported elsewhere, the latter limits the use of chemicals and the pro-
duction of solid waste, and also allows energy savings [11]. Regarding
environmental impacts, in addition to the aforementioned advantages,
the use of Life Cycle Assessment approach revealed that the adopted
solvothermal method is “greener” than the most relevant preparation
methods reported in literature [34].

2. Experimental part

2.1. Materials

All reagents were purchased from Sigma Aldrich and used without
further purification. Platelet-like MoS⁠2 particles were also purchased
from Sigma-Aldrich under the reference 804169. Contrary to the
provider’s specifications, the sample contained less than 10% of 50 nm
particles, the rest being platelets of about 1–5 μm (see SEM character-
isation). PAO base oils were graciously provided by Chevron Phillips
Chemical Company LP. Details on their physico-chemical properties are
given in table SI1.

2.1.1. Synthesis of MoS⁠2 microparticles (s-MoS⁠2)
In a typical solvothermal procedure, [11] 0.10 g of

(NH⁠4)⁠6Mo⁠7O⁠24.4H⁠2O, 0.04 g of S, 0.75 g of LiOH.H⁠2O, 0.05 g of
(NH⁠4)⁠2CO⁠3 and 6 mL of N⁠2H⁠4.H⁠2O were introduced in a lab-made
Teflon-lined stainless steel autoclave. Ethylenediamine was then added
to fill up to 80% of the total volume of the autoclave (190 mL). The
solvothermal treatment was performed at 190 °C for 24 h. The autoclave
was then cooled down to room temperature. The black product was re-
covered by centrifugation and washed with acetone and distilled water.
The resultant powder was dried under vacuum at 75 °C for 3 h. The yield
was quasi-quantitative.

2.1.2. Silane coating of MoS⁠2 nanoparticles
Two silane derivatives, octadecyltrichlorosilane (ODTS, C⁠18H⁠37SiCl⁠3)

and octyltrichlorosilane (OTS, C⁠8H⁠17SiCl⁠3), were used to hydrophobize
the surface of MoS⁠2 particles by adding 1 wt.% of alkyltrichlorosilane
(ODTS or OTS) to poly-α-olefin oil containing 0.1 wt.% of MoS⁠2 parti-
cles. The mixture was sonicated (using a 200 W Sonopuls HD 2200 de-
vice used at 45% of its nominal power) for 15 min, and then magneti-
cally stirred for 2 h at room temperature.

Table 1
Overview of previously reported formulations of MoS⁠2 particles as additives in lubricant oils: morphology, synthesis, dispersing agents and stability.

Morphology of MoS ⁠2 Synthesis method Average size Surfactant/ dispersant Lubricant Stability Ref.

nanosheets Hydrothermal – Octadecanethiol polyol ester 11 days [17]
Nanosheets –

(Sigma-Aldrich)
– Polyhydroxy-polyglycerol PBS buffers 1 week [18]

Nanosheets Solvothermal method Lateral size 20-30 nm Oleylamine Paraffin oil 7 days [19]
Nanosheets Reverse microemulsion 100 nm Dodecanthiol Base olefin 24 h [20]
Platelets –

(Sisco Research Laboratories Pvt)
90 nm Sodium Dodecyl Sulfate Coconut oil

Paraffin oil
100 days [21]

Nanospheres Wet chemical synthesis 20 nm Sodium Dodecylsulfate SAE engine oil – [22]
Nanoparticles Ball milling 100-500 nm Lecithin Poly-α-olefin base oil – [23]
Nanoparticles –

(M. K Impex)
50 nm APTMS, SPAN 80, OTS, PTS, PTCS 500 N-Base oil 15 days [24]

flower like Solvothermal 150/350 nm Succinimide Blend of PAO4 and PAO40 – [25]
Microspheres Solvothermal 1-3 μm Cyanex 301 Liquide paraffin – [26]
microlayered particles –

(Sigma-Aldrich)
2 μm Trichloro-octadecylsilane mineral base oil N-150 28 days [27]

APTMS: Aminopropyltrimethoxysilane; SPAN 80: Sorbital monooleate; OTS: Octadecyltrimethoxysilane; PTS: Perfluorodecyltriethoxy-silane. PTCS: Perfluorooctyltrichlorosilane.
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2.2. Characterization methods

2.2.1. X-ray diffraction (XRD)
The phase purity and crystalline structure of the MoS⁠2 particles were

studied by XRD using a Bruker D8 ADVANCE ECO diffractometer with
Cu/Kα radiation (λ = 0.154 nm) operating at 35 kV and 35 mA. The
Bragg’s angles between 4° and 80° were scanned at a rate of 0.04°/s.

2.2.2. Scanning electron microscopy (SEM)
The morphology of the MoS⁠2 samples was observed with a Hi-

rox SH-4000 M electron microscope equipped with an energy-dispersive
X-ray (EDX) spectrometer.

2.2.3. Atomic force microscopy (AFM)
AFM observations were performed on a Nanosurf FlexAFM C3000

operating at room temperature at 150.97 kHz and 800 mV, in phase con-
trast mode, using a NCLR cantilever. The AFM specimens were prepared
by dispersing a small amount of MoS⁠2 powder in ethanol, placing one
drop of this dispersion on a lacey Mica film and allowing solvent evap-
oration.

2.2.4. Fourier-transform infrared spectroscopy (FTIR)
FTIR analysis was performed on a Jasco 410 spectrometer at a spec-

tral resolution of 4 cm⁠−1. 2 wt.% of MoS⁠2 powder was thoroughly ground
and mixed with dry KBr and pressed into disks before analysis.

2.2.5. Dynamic light scattering (DLS)
The size distribution of the particles was measured by DLS on a

Malvern Zetasizer 300HSA operating at an angle of 90°. The samples
were diluted before analysis, due to the opacity of the as-prepared sus-
pensions. The values of viscosity at 25 °C were settled at 34 cps for PAO
4, 66 cps for PAO6, and 97 cps for PAO 8. Measurements in PAO65 were
not possible due to the too high viscosity of this oil (1705 cps at 25 °C),
which prevented the movement of the particles and hence the measure-
ment of their sizes.

2.2.6. Multiple light scattering
The stability of the suspensions was determined using an optical an-

alyzer (TURBISCAN LAB from Formulaction, L’Union, France), based on
a light-scattering detection method. Before measurements, the suspen-
sions were submitted to a continuous high-intensity ultrasound probe
of 400 W used at 20% of its maximum power during 3 min. Then, they
were poured into special cylindrical glass vials of height and internal di-
ameter of about 55 and 25 mm, respectively, which were immediately
installed in the instrument, previously conditioned at 25 °C. The stability
of the suspensions was analyzed based on transmission (T) and backscat-
tering (BS) profiles as responses to applied pulses from a near-infrared
(λ = 850 nm) laser diode. The mobile detection head scanned the sam-
ple tube along its vertical axis every 3 min during the first 24 h, every
30 min during the next 48 h and every 3 h during the next 120 h (8 days
in total), gathering T and BS data at sample heights separated by 20 µm.
For better detecting the various destabilization phenomena that may oc-
cur in the present suspensions as a function of time, the T and BS pro-
files were analyzed in Delta (Δ) mode. In this mode, one of the profiles
(by default, the first one) was used as a reference corresponding to the
initial state of the suspensions. This profile was then subtracted to all
the other ones, thus emphasizing the changes. Doing so, it is expected
that when some destabilization phenomenon takes place in the suspen-
sion, the delta transmission (ΔT) and the delta backscattering (ΔBS)
vary along the height of the suspension as well as a function of time. If
the suspension was completely stable, no change of ΔT and ΔBS would
be observed.

Another tool for studying the stability of suspensions can also be
used, called Turbiscan Stability Index (TSI). Since any destabilization
phenomenon occurring in a suspension has an effect on T and/or BS
signal intensities during time, the formulation with the highest inten-
sity variation is therefore the least stable. The TSI simply sums up the
evolution of T or BS light at every measured position (h), based on a
scan-to-scan difference, over total sample height (H), and thus reads:

(1)

The TSI is thus a single dimensionless parameter allowing the rapid
comparison and characterization of the physical stability of different
formulations. The lower the changes of transmission and/or backscat-
tering intensity, the lower its value and hence the more stable is the for-
mulation. According to the manufacturer of the Turbiscan device, the
TSI scale is such that values from 0 to 0.5, 0.5–1, 1–3, 3–10 and above
10 correspond to extremely stable, stable, moderately stable, poorly sta-
ble and unstable formulations, respectively. Destabilization can be seen
by naked eye for TSI typically above 3. Finally, destabilization kinetics
can be obtained by plotting the TSI values as a function of time.

3. Results and discussion

3.1. Bare MoS⁠2 particles

The morphology of MoS⁠2 particles was investigated by SEM and AFM
(Fig. 1). Both techniques showed that MoS⁠2 particles prepared by the
solvothermal method displays a polydisperse size distribution centered
on about 800 nm. The commercially available particles, p-MoS⁠2 (pur-
chased from Sigma-Aldrich, ref. 804169) appeared on SEM micrographs
as disordered sheets with obvious tendency to aggregation. AFM cliché
confirmed the lamellar morphology of p-MoS⁠2 and clearly showed the
staking of layers of a few microns in thickness.

The crystalinity and phase purity of microparticles were assessed by
XRD. Fig. 2 displays the XRD patterns of spherical and platelet-like MoS⁠2
particles and, for comparison, the one of 2H-MoS⁠2 in its most stable
hexagonal crystalline structure. The XRD pattern of s-MoS⁠2 shows three
broad peaks at 15.5°, 34° and 42° that might be ascribed to the 002,
100 and 103 reflections characteristic of MoS⁠2 hexagonal structure. The
pattern of indicates a poorly crystalline molybdenum disulfide structure
and the lack of long-range ordering. On the contrary, the XRD pattern
of platelet-like particles, p-MoS⁠2, is characteristic of a highly ordered
hexagonal MoS⁠2 structure, similar to the one of 2H-MoS⁠2.

EDX analysis allowed verifying the chemical composition of the par-
ticles. The as-synthesized spheres exhibited only two peaks correspond-
ing to the presence of only molybdenum and sulfur (Fig. SI3), with
an atomic ratio Mo:S of 1:1.9 (Table S2). For p-MoS⁠2, EDX data re-
vealed the presence of oxygen in addition to molybdenum and sulfur
with atomic ratios Mo:S of 1: 1.38 and Mo:O of 1:0.4 (Fig. S1 (B), Table
S3).

Further characterization of the particles was achieved from FTIR.
Fig. 3 (left) shows the IR spectra of s-MoS⁠2 spheres. The band at
470 cm⁠−1 can be assigned to the stretching vibrations of Mo-S [17]. The
band at 534 cm⁠-1 is assigned to bridged S⁠2

⁠2- species, while the bands
at 636, 1050, 1132 and 1451 cm⁠−1 can be ascribed to sulfates. [11,35]
A strong band at 799 cm⁠-1 was also observed and can be due to the
symmetrical and asymmetrical stretching vibrations of cis dioxo group
MoO⁠2

⁠2+ [36]. The presence of these bands confirms that the synthe-
sized molybdenum disulfide oxidized in contact with air, and/or hy-
drolyzed. The bands observed at 1508, 1576, 1636 cm⁠−1 are due to the
presence of ammonium ions resulting either from the precursor or elec

3
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Fig. 1. SEM (top) and AFM (down) images of MoS⁠2 particles revealing two morphologies: spheres for s-MoS⁠2 (left) and platelets-like for p-MoS⁠2 (right).

Fig. 2. XRD patterns showing poorly crystalline spherical s-MoS⁠2 and highly crystalline
platelet-like p-MoS⁠2 particles as compared with 2H-MoS⁠2 in the most stable hexagonal
structure.

trolyte decomposition. [37] The broad bands observed between 3200
and 3500 cm⁠-1 might be due to adsorbed H⁠2O. [20]

The IR spectra of p-MoS⁠2 particles (Fig. 3 right) show the presence
of IR bands of low intensity at 468 cm⁠−1 attributed to Mo-S bond. [11]
Other bands at 1128 and 1395 cm⁠−1 can be assigned to sulfate species
[38]. The band of low intensity appearing at 1644 cm⁠-1 and the broad
peak observed about 3441 cm⁠−1 were attributed to O–H group [39].

The appearance of hydroxyl groups indicated by the bands between
3200 and 3500 cm⁠−1 on the IR spectra of both kinds of nanoparticles
studied, s-MoS⁠2 and p-MoS⁠2, might be due to the adsorption of water
molecules on the surface of these particles during their exposure to air,
which makes their surface more hydrophilic and therefore their suspen-
sion more unstable in oily media.

3.2. Functionalized MoS⁠2 particles

The functionalization of particles with alkyltrichlorosilane (OTS
(-C⁠8) and ODTS (-C⁠18)) (Fig. 4) was followed by FTIR (Fig. 3). The two
new bands in the 2850-2950 cm⁠−1 region appeared for both materials
upon functionalization and were assigned to the symmetric and asym-
metric stretching vibrations of methylene groups [28] from the disper-
sants (Fig. 3). The IR bands located at 1460 and 1374 cm⁠−1 were attrib-
uted to modified p-MoS⁠2, whereas the band at 1365 cm⁠−1 correspond to
s-MoS⁠2 are attributed to Si-C vibrations. [40] A new band characteristic
of Si-O vibration also appeared at around 1060 cm⁠−1 confirming once
again the grafting of alkoxisilane onto MoS⁠2 particles [41]. One can also
note the disappearance of the bands between 3200 and 3500 cm⁠−1 at-
tributed to the hydroxyl groups of adsorbed water vapor, and a slight
displacement in the others peaks after chemical modification of the
nanoparticle surface, which suggests that the silane groups attached to
the surface of the synthesized MoS⁠2 and replaced the water molecules
adsorbed by the alkyl silane groups. This phenomenon was previously
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Fig. 3. IR spectra of s-MoS⁠2 (A) and p-MoS⁠2 (B) particles before and after functionalization with trichloroalkoxilsilane (OTS (-C⁠8) and ODTS (-C⁠18)).

Fig. 4. Schematic representation of the surface modification of MoS⁠2 particles with
alkyl-silanes dispersants.

reported for WS⁠2 nanoparticles and it was associated to the defects of
the surface [28].

A first evaluation of the functionalization impact on particles aggre-
gation was assessed by dynamic light scattering measurements. The par-
ticle size distribution of s-MoS⁠2 particles was determined in three lubri-
cating poly-α-olefin oils (PAO4, PAO6 and PAO8), whose physico-chem-
ical properties are given in Table SI1. Bare synthesized particles showed
a unimodal size distribution centered on 1002, 908 and 1287 nm in
PAO4, PAO6 and PAO8, respectively. The addition of 1 wt.% of disper-
sant (-C⁠8 or –C⁠18) significantly reduced the average size of those ag-
gregates and improved their distributions, as shown in Fig. 5. For in-
stance, with -C⁠8, the size distribution was centered on 796, 858 and
785 nm in PAO4, PAO6 and PAO8 oils, respectively. The use of a more

hydrophobic grafting agent, such as ODTS (-C⁠18), led to even smaller
sizes of 658, 716 and 657 nm in the same oils, respectively. These re-
sults demonstrate the dispersing power of alkyl-silanes and especially
the positive effect of the hydrocarbon chain length for improving the
dispersibility of these nanoparticles in PAO base oils.

Further evaluation of the functionalization impact on particles ag-
gregation and sedimentation and thus on the stability of the formula-
tions was assessed by multiple-light scattering using the Turbiscan de-
vice. The instabilities that can be encountered in the suspensions at
room temperature can be observed in the typical Δ-transmission (ΔT)
and Δ-backscattering (ΔBS) profiles shown in Fig. 6 as a function of time
(corresponding to curves of different colours from blue at instant 0 to
red at 8 days) and as a function of height (corresponding to the horizon-
tal axis). The sedimentation of the particles can be identified at the bot-
tom of the sample holder (typically at less than 2 mm of height from the
bottom in this example) by a positive peak of ΔBS that becomes higher
and broader with time. The process of clarification can be observed in
the rest of the glass tube. It begins with a progressive decrease in the
ΔBS profile and after some time, the light can pass throughout the sus-
pension and the T detector becomes able to record the ΔT profile. Once
transmitted light is detected, the BS signal is no more studied because it
interferes with the reflection of the light going across the sample.

Finally, a third phenomenon of destabilisation can be observed in
the clarification regime; it is detected as a little decrease in ΔT signal
and an increase in the ΔBS that might be due to the agglomeration of
the particles.

The Turbiscan Stability Index (TSI) is related to the variation rate
of T and BS intensities with respect to the initial ones. The more they
change, the higher is the TSI and the less stable is the suspension. The
curves of TSI of all suspensions at room temperature are shown in Fig.
7 as a function of time. As a general trend, the TSI decreased with the

Fig. 5. Size distribution of s-MoS⁠2-based particles as determined by DLS in 3 PAO base oils (PAO4, PAO6 and PAO8): (black) bare s-MoS⁠2, (red) s-MoS⁠2-C⁠8 and (blue) s-MoS⁠2-C⁠18.
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Fig. 6. Typical Δ-transmission (ΔT) and Δ-backscattering (ΔBS) profiles of suspensions of bare s-MoS⁠2 particles in PAO4 base oil all over the height of the suspension (here 37 mm), and
as a function of time. The colours change from blue (at instant 0) to red (at 8 days) (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 7. Variation of TSI values of bare and hydrophobized s-MoS⁠2 and p-MoS⁠2 in PAO base oils as a function of time.

increase of viscosity, thus evidencing of the stability of the suspensions.
For instance, TSI values of bare p-MoS⁠2-based formulations recorded at
t = 4 days decreased from 58 in PAO4 to 44 in PAO6 and to 30 in PAO8,
whereas the kinematic viscosities of those oils were 34, 66 and 97 cps
for PAO4, PAO6 and PAO8, respectively. Moreover, the stability of bare
p-MoS⁠2-based formulation dramatically increased (TSI = 2) in PAO65,
a highly viscous oil of kinematic viscosity of 1705 cps at room temper-
ature. As a matter of fact, all formulations had roughly similar stability
in PAO65 and, after visual inspection, appeared to remain stable for at
least 1 year.

On the contrary, in the least viscous oil, PAO 4 kinematic viscos-
ity of 34cps), only the formulations containing functionalized particles
with ODTS (C⁠18) were stable for a few days, whereas bare particles sed-
imented during the first hours. Thus, it can be seen on Fig. 7 that for
bare particles formulations in PAO4, TSI values are higher than 50 af

ter 4 days. However, grafting long-chain alkyl moieties on the surface
of those particles decreased by at least one decade within the same
period. The hydrophobization of the particles not only increased their
compatibility with the hydrophobic poly-α-olefin oil, but also reduced
the surface energy and thus the attractive forces leading to aggrega-
tion. Indeed, better stability was observed for suspensions containing
MoS⁠2 modified with ODTS than with OTS. This can be justified by the
length of the hydrocarbon chain of ODTS (C⁠18) leading to a more hy-
drophobic character than that of OTS (C⁠8), and therefore increasing the
overall hydrophobicity of the grafted MoS⁠2 surface, hence the higher
stability and compatibility with PAO oils. For example, in the case of
s-MoS⁠2-based dispersions in PAO4, it can be observed that the TSI de-
creased with increasing the alkyl chain length from 58 (bare s-MoS⁠2)
to 8 (s-MoS⁠2-C⁠8) and to 5 (s-MoS⁠2-C⁠18). A similar behavior was ob-
served in the other oil phases and also for platelet-like particles. In all
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cases, the lowest TSI values (between 1–5) and thus the most stable
formulations were obtained for particles functionalized with octadecyl
moieties.

Particle shape and size are two other parameters influencing the sta-
bility of dispersions. Here platelet-like particles of 1–5 μm were com-
pared with smaller, spherical particles of about 800 nm in diameter. In-
terestingly, it appears that despite the difference of size, both types of
formulations exhibited similar stability. This can be attributed to the
effect of MoS⁠2 particles sizes, apparently, due to higher density of ac-
tive sites predisposed for adsorption of various species including impu-
rities, which leads to increase the particle weighing, and consequently
increase the sedimentation rate [42].The latter can be additionally, en-
hanced by the drag force exerted depending on the involved particles
sizes and shapes. If one defines the drag force F⁠D applied by the medium
(PAO) to the suspended particles as follows: [43]

(2)

where C⁠d is the coefficient of drag, ρ is the density of the fluid, w⁠s is the
velocity settling of particle, and A is the cross-sectional area of the parti-
cle, then it can be seen that the drag force depends on the density of the
fluid and the coefficient of drag. The density of oils increases from the
least viscous, PAO4 to the most viscous, PAO65, while the coefficient of
drag depends on the particle shape [44].

Generally, it is well known that the drag force increases as func-
tion of projected area which is more important for irregular than spher-
ical shape, especially if this projected area oriented in the direction of
fall [41,45]. Thus, the drag force applied to the platelet-like particles is
higher than that applied to the spheres, In other words, the displace-
ment of the platelet-like particles is more affected by the drag forces of
the medium, and thus their sedimentation rate is reduced with respect
to spherical particles. This may explain the convergence of stability de-
spite the difference of particles sizes.

4. Conclusion

Various poly-α-olefins were used as continuous phase to formu-
late of MoS⁠2 microparticles-based lubricants. Excellent dispersibility and
long-term stability was observed for the particles modified with oc-
tadecyl-moieties. The influence on the stability of each parameter of
the formulation was highlighted, and revealed that both the viscosity
of the base oil and the hydrophobization degree enhance the stabil-
ity of the dispersions. Interestingly, similar stability was obtained with
platelet-like particles up to 5 μm in length as for sub-micrometer spheri-
cal particles. Despite the difference in the average size between the par-
ticles studied, the stability results could be due to drag forces applied by
the lubricating medium on the surface of the particles, which highlights
the effect of morphology in improving the stability.

Straightforward applications of those microparticles and their
nanoscaled counterparts should be found in tribology and more particu-
larly in intermittent mechanical devices such as wind turbine.
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