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A B S T R A C T   

Owing to its low friction coefficient, nanosized MoS2 is as an excellent lubricant additive that can enhance the 
durability and efficiency of internal combustion engines. Herein, we investigate the application of MoS2-based 
materials as additives for a 10W-40 engine under different working conditions. To improve rheological and 
tribological properties, the heterogeneous nucleation was used to deposit MoS2 nanoparticles on surface of 
different carbon nanomaterials, such as graphene oxide, reduced graphene oxide, and carbon nanotubes, using 
an impinging jet reactor. Adding MoS2-based nanomaterials enhanced the rheological and tribological properties 
of the engine oil. At temperatures above 0 ◦C, adding hybrid materials decreased the friction factor between the 
engine oil and nanosuspension by up to 55%.   

1. Introduction 

Development of new oil-based additives with excellent lubricant 
rheology, low friction factor, surface geometry, and low cost of their 
production is crucial for producing more durable internal combustion 
engines with enhanced efficiencies [1]. Additives are primarily used to 
reduce friction and protect moving engine elements against wear, 
improve fuel economy, and reduce pollution from the emitted gases [2, 
3]. Friction reduction can be achieved by improving the viscometric 
properties of engine oils and by controlling the surface interactions 
between the additives in the oil and the components of the lubricated 
engine [4]. 

Over the last few years, various types of additives in engine oils, such 
as zinc dialkyl-dithio-phosphates, graphite, tungsten disulfide, and 
molybdenum disulfide (MoS2) [5–8], have been tested. In particular, 
nanosized MoS2 is considered a promising lubricant additive. Mono-
layers of MoS2 consist of covalently bonded S–Mo–S, forming a sand-
wich structure. Moreover, single layers of MoS2 are bonded by van der 
Waals interaction, resulting in a low friction coefficient [9–11]. Owing 
to this unique property, MoS2 has several applications such as lubricant 
additives [5,12], self-lubricating coatings [13–15], and solid lubricants 
[16]. Yi et al. investigated the tribological behavior of three types of 

MoS2 particles (i.e., flower-like, microspheres, and nanosheets) [17]. 
They established that all the synthetic MoS2 particles can enhance the oil 
lubricating property. The MoS2 particles in their study were synthesized 
through the common hydrothermal method; this method is not universal 
and scalable, which can cause problems in the commercialization of this 
method [17]. Kosky et al. demonstrated that MoS2 nanolubricants 
induce less friction and wear factors than the base lubricants; however, 
the nanoparticles tend to sediment, when the oil is stationary [18]. 
Therefore, it is necessary to use the surfactant-modified nanoparticles or 
to dope MoS2 with other materials to obtain a stable nanosuspension 
with excellent viscometric properties and successfully decrease the 
friction factor. Both aforementioned problems (scalability of production 
method and obtaining stable suspension) can be addressed by devel-
oping a novel, low-cost, and scalable method for the preparation of MoS2 
nanoparticles and its derivatives. 

One of the approaches for enhancing the tribological and rheological 
behaviors of MoS2 nanolubricants is combining the MoS2 nanoparticles 
with carbon nanomaterials (CNMs) [19–22]. CNMs, such as 
graphene-like materials, have been widely studied as a solid or colloidal 
liquid lubricant owing to their superior tensile strength and high flexi-
bility [23–25]. However, only the synergetic effect of the hybrid nano-
structure of MoS2/CNMs may have a significant impact on the properties 
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of engine oils. Further, the CNMs can increase the dispersion stability of 
the MoS2 nanoparticles, thereby enhancing its positive impact on the 
tribological properties of the engine oils. Song et al. synthesized 
MoS2/graphene oxide (GO) materials via hydrothermal reduction [26]. 
They proved that the presence of GO in MoS2/GO provides a long-term 
dispersion stability to the material, and it significantly improves the 
lubricity of the material by reducing the friction and wear parameters 
[26]. Gong et al. synthesized MoS2/Gr, in which MoS2 was deposited on 
graphene sheets, through a decomposition method [20]. It was found 
that nanosized MoS2 on graphene exhibited enhanced tribological per-
formances compared to reference lubricants under the same conditions 
[20]. Zhang et al. synthesized reduced GO (rGO)/MoS2 and carbon 
nanotubes (CNTs)/MoS2 using the hydrothermal method [21]. They also 
proved that the addition of the CNMs improves the tribological prop-
erties of the MoS2-based nanosuspension [21]. These studies show that 
the application of MoS2/CNMs as oil additives could be a breakthrough 
in the engine industry; however, to achieve this, a cheap, easy, and 
scalable method is required for the production of MoS2/CNMs. 

In this study, we demonstrate a novel, scalable, and facile method for 
the preparation of additives for engine oils. Our approach is to use a 
primary homogeneous nucleation process for the production of MoS2 
particles and a heterogeneous nucleation for the production of MoS2 
nanoparticles on carbon materials as a nucleation surface. In particular, 
the heterogeneous nucleation process requires strictly controlled pro-
cess conditions. A foreign substance (in our case carbon nanomaterials) 
present in the supersaturated solution reduces the nucleation energy and 
thus the nucleation occurs earlier than the homogeneous nucleation. In 
this way, the surface of carbon materials can be coated with strongly 
bound MoS2 nanoparticles. 

Jet reactors are suitable for the controlled production of such par-
ticles. The widespread use of jet reactors in industrial practice is evi-
denced by their simple design that allows easier scale-up and 
implementation in industry, as well as the ability to mix reacting liquids 
almost instantaneously. The high mixing potential is related to the for-
mation of an area of high energy dissipation rate in the impingement 
zone of inlet streams. Each fluid element flowing into the system must 
pass through this area, without being able to bypass it. The area with 
high energy dissipation rates is formed due to the change of kinetic 
energy of the inlet streams into a highly turbulent flow. This is caused by 
collisions and a rapid change in the flow direction of the inlet streams in 
a small space of the reactor. It helps to obtain materials with desired and 
repeatable properties, including nanoparticles with a low tendency to 
agglomerate and a narrow size distribution [27–30]. 

The main application of the jet reactors, besides using them as pre- 
mixers, can be found in pharmaceutical, catalytic and fluid lubricants’ 
industries for particles and nanoparticles production. In this study, we 
explore the application of MoS2-based nanomaterials obtained in an 
impinging jet reactor as an engine oil additive. So far, we have not seen a 
comparison of different carbon materials as nucleation surfaces for MoS2 
nanoparticles. Hence, MoS2 nanoparticles were deposited on GO, rGO, 
and CNTs and compared as additives to engine oil. Furthermore, we 
investigate the effect of the physicochemical properties of the nano-
materials on the tribological and rheological behaviors of the modified 
engine oils. Physicochemical analysis of the obtained MoS2-based ma-
terials was performed through various analytical techniques, such as 
laser diffraction and dynamic light scattering for particle size distribu-
tion (PSD), X-ray diffraction (XRD), Fourier-transform infrared (FT-IR) 
spectroscopy, thermogravimetric analysis (TGA), Raman spectroscopy, 
and scanning electron microscopy (SEM). The tribological behavior of 
the modified oils was investigated at certain temperatures (i.e., − 10 ◦C, 
0 ◦C, 25 ◦C, 75 ◦C) and in a wide range of sliding velocities; the tem-
peratures represent the operating conditions of engines. Furthermore, 
we investigated the rheological properties of the oils at the same tem-
peratures. The results were compared to the basic 10W-40 oil and a basic 
oil with the addition of reference MoS2 nanoparticles (obtained from 
Sigma-Aldrich). This comprehensive analysis provides information for 

various industries not only in terms of the engine oils used in cars but 
also for more advanced technologies, such as aircraft turbines and 
turbocharged engines. 

2. Experimental details 

2.1. Molybdenum disulfide 

Molybdenum disulfide nanoparticles were obtained by primary ho-
mogeneous nucleation through wet chemical synthesis (Eq. (1) and Eq. 
(2)), as described in the literature [31–33]. The reaction was performed 
in the impinging jet reactor with a tangential geometry, using ammo-
nium heptamolybdate tetrahydrate (NH4)6Mo7O24⋅4H2O (HMA), 
ammonium sulfide (NH4)2S (AS), and citric acid C6H8O7 (CA). The ob-
tained suspension of the MoS2 nanoparticles was purified and crystal-
lization was conducted through annealing for 1 h at 850 ◦C under an 
argon flow [31]. 

(NH4)6Mo7O24 + 21(NH4)2S  ̅̅̅̅̅̅̅̅̅→H3O+

7MoS2↓ + 7S↓ + 24H2O

+ 48NH3↑, (1)  

(NH4)2S+ 2C6H8O7→H2S↑ + 2C6H7O7NH4. (2)  

2.2. Carbon nanomaterials (graphene oxide, reduced graphene oxide, and 
carbon nanotubes) 

0.34 wt% aqueous suspension of GO was synthesized using the 
modified Hummers’ method, as described in Refs. [34,35]. To obtain 
GO, the graphite powder (Acros Organics) was oxidized by sulfuric acid 
(H2SO4) and potassium permanganate (KMnO4) in the presence of so-
dium nitrate (NaNO3). The rGO was obtained through the chemical 
reduction method using hydrazine hydrate solution (NH2NH2⋅H2O) in 
an alkaline environment (1 M NaOH), according to Ref. [34]. Multiwall 
carbon nanotubes (CNTs) were purchased from CNT Co., LTD. (Korea). 
The CNTs were grown via the chemical vapor deposition method, and 
their purity was 93 wt%. The average diameter of the purchased 
nanotubes was in the range of 10–40 nm, and their length was up to 25 
μm. 

2.3. Hybrid nanostructures 

The MoS2/CNMs hybrid nanostructures were obtained using 
controlled heterogeneous nucleation via wet chemical synthesis (as 
described in a previous study [36]). The reaction was performed in the 
impinging jet reactor. Hybrid nanostructures were prepared in the 
assumed mass ratio of 30:1 (MoS2:CNMs), where the mass of the MoS2 
particles was estimated based on the stoichiometry of the reaction 
equations (1) and (2). Next, the obtained nanostructures were purified 
and annealed for 1 h at 550 ◦C to remove unbounded sulfur from the 
MoS2/CNMs structures. 

2.4. Nanosuspensions 

The obtained MoS2 nanoparticles and hybrid nanostructures were 
investigated as additives for the 10W-40 engine oil. Nanosuspensions 
were prepared by adding to the 10W-40 oil 1 wt% of the additives: 
synthesized MoS2, reference MoS2 (Sigma-Aldrich <2 μm, 98%), and 
hybrid nanostructures (i.e. MoS2/GO, MoS2/rGO, and MoS2/CNTs). 

2.5. Material characterization 

Since the tribological properties of MoS2-based materials depend on 
their structure (i.e. number of layers, crystal structure) and chemical 
composition (especially if there are any oxides present in the sample, 
because they may deteriorate the tribological behavior of MoS2) it is 
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necessary to study the prepared materials for these properties. Also, a 
thorough material characterization will give information about the 
chemical compositions and structures of the obtained materials, since 
the proposed synthesis procedure is a novel method for obtaining both 
MoS2 nanoparticles and MoS2/CNMs hybrid nanostructures. Different 
analytical techniques, such as PSD, XRD, FT-IR, TGA, Raman spectra, 
and SEM were used for the characterization of prepared materials. 

For the direct products of the synthesis, PSDs were obtained using a 
laser diffraction particle size analyzer (LS 13 320 from Beckman Coulter 
Life Sciences). The characteristic size, λ 10, of the synthesized products 
was calculated using method of moments (Eq. (3)). 

mk =

∫∞

0

λkf(λ)dλ for  k = 1, 2, … (3) 

X-ray powder diffraction (XRD) analyses of the synthesized MoS2 
nanoparticles and the hybrid nanostructures (MoS2/GO, MoS2/rGO, and 
MoS2/CNTs) were performed using a Panalytical X’Pert Pro diffrac-
tometer with a copper lamp CuKα1. Furthermore, the Scherrer equation 
(Eq. (4)) was used to calculate the average size of the crystallites. 

D=
kλ

βcosθ
(4) 

The FT-IR spectroscopic analyses of the hybrid nanomaterials and 
the CNMs (GO, rGO, and CNTs) were conducted using a Nicolet iS10 
spectrometer (Thermo Scientific). For the measurement each sample 
was mixed with 100 mg of dry KBr powder (0.5 wt%) and pressed into 
pellets. The measurements were performed in the range of 500–4000 
cm− 1 with a resolution of 4 cm− 1. 

The thermogravimetric analyses of the hybrid nanostructures and 
the MoS2 nanoparticles were conducted using a TGA/DSC 3+ analyzer 
from Mettler Toledo. The samples were heated from 30 ◦C to 1600 ◦C at 
a heating rate of 20 ◦C/min in a 30 ml/min-argon flow. 

The Raman spectra of the hybrid nanostructures were measured 
using an inVia Raman microscope from Renishaw system. The samples 
were used for measurements as prepared without any additional treat-
ment. For each sample, the Raman spectra were obtained from five 
different spots. The measurements were performed with a 633 nm laser 
at 5% power; each measurement consisted of 10 counts for 10 s. 

The morphology and microstructure of the hybrid nanostructures 
were analyzed through scanning transmission electron microscopy 
(STEM) using a Cs-corrected Hitachi HD-2700 microscope operated at 
an accelerating voltage of 200 kV. Prior to the analyses, the samples 
were sonicated in ethanol, and the suspension drop was casted onto a 
carbon-coated copper grid and dried under ambient conditions. 

2.6. Friction test—Stribeck curve 

The tribological properties of the nanosuspensions were analyzed in 
an MCR tribometer—T-PTD 200—with a ball-on-three-pins setup 
(Fig. 1). The Stribeck curve presents a relationship between friction 
factor μ and sliding velocity vS. The measuring ball was fixed to the 
measuring shaft, which was pressed onto the three pines with a defined 
normal force FN. The tribological normal load, FN,tribo, was calculated 
based on the normal force (Eq. (5)). Further, frictional force FF was 
calculated based on the measurements from the rheometer torque, M 
(Eq. (6)). The friction factor was defined as a ratio of FF and FN,tribo (Eq. 
(7)). The measuring ball with a radius of r = 6.35 × 10− 3 m rotates with 
a speed of n; hence, the sliding velocity, vS, can be calculated as per Eq. 
(8). The tribological measurements were performed using a normal force 
of 10 N and a sliding velocity from 1 × 10− 7 to 1 m/s at different 
temperatures, i.e. − 10 ◦C, 0 ◦C, 25 ◦C, and 75 ◦C. Before the measure-
ments, the nanosuspensions were dispersed and degassed in an ultra-
sonic bath for 15 min and with the use of an ultrasonic homogenizer 
(UP400S, Hielscher) for another 15 min. Each measurement was per-
formed with a new set of balls and pins that were made of 100Cr6 steel; 
the measurements were repeated three times. The prepared nano-
suspensions were compared to the basic 10W-40 oil. 

FN,tribo =
FN

3 cosα, (5)  

FF =
M

3 r  sinα, (6)  

μ =
FF

FN,tribo
, (7) 

Fig. 1. Scheme of the ball-on-three pins geometry for tribological 
measurements. 

Fig. 2. Schematic diagram of the cylinder and cup for rheological measure-
ments (re - measuring cup radius, ri - measuring bob radius, L - measuring 
bob length). 
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vS =
2π
60

n  r  sinα and α = 45◦ (8)  

2.7. Rheological properties 

The rheological properties of the nanosuspensions were measured in 
an MCR 302 rheometer (from Anton Paar) with a measuring cylinder 
(CC28.7–15) and a measuring cup (CC27). This system is illustrated in 
Fig. 2. The cylinder was placed in the cup and rotated with an angular 
velocity of ω (Eq. (9)), which is based on the speed of n. The radius ratio 
was defined as the ratio of measuring cup radius re and measuring bob 
radius ri (Eq. (10)). The shear stress was calculated from torque M, and 
effect correction factor CL was equal to 1.2 (Eq. (11)). The measurements 
were performed at different temperatures (− 10 ◦C, 0 ◦C, 25 ◦C, and 
75 ◦C). Before the measurements, the nanosuspensions were dispersed 
and degassed in an ultrasonic bath for 15 min and with the use of an 
ultrasonic homogenizer (UP400S, Hielscher) for another 15 min. Each 
measurement was performed three times. Further, the prepared nano-
suspensions were compared to the basic 10W-40 oil. 

ω=
2 π
60

⋅n, (9)  

δ=
re

ri
(10)  

τrep =
1 + δ2

2 δ2 ⋅
M

2 π L ri
2 CL

, (11)  

˙γrep =ω⋅
1 + δ2

δ2 − 1
(12)  

2.8. Dispersion stability 

Dispersion stability is a relevant factor influencing the tribological 
properties of oils. Due to the agglomeration tendency of MoS2 and its 
further sedimentation, various methods are used to overcome this 
problem, such as addition of a dispersing agent or surface modification 
of MoS2 particles. In this study, the MoS2 nanoparticles were deposited 
on carbon nanomaterials (i.e. GO, rGO, CNTs). The high surface area of 
carbon nanomaterials allows to obtain hybrid nanomaterials with 
smaller particle size, which prevents the agglomeration of MoS2, 
resulting in better dispersion in the oils than the nanosuspension with 
pure MoS2. To investigate the sedimentation behavior of the prepared 
nanosuspensions, their dispersion stability was investigated. The nano-
suspensions with the addition of reference MoS2, synthesized MoS2, 
synthesized hybrid nanomaterials: MoS2/CNTs, MoS2/GO, and MoS2/ 
rGO were kept in the heating bath at 75 ◦C for 1 h. After 1 h, which 
contributes to the time of the tribological measurement, the samples 
were tilted in order to observe the formed sediment. 

3. Results and discussion 

Fig. 3 shows the PSDs of the synthesized MoS2-based nanomaterials. 
PSD analysis was carried out to obtain information about the average 
particle size of the synthesized MoS2 particles and MoS2/CNMs hybrid 
nanostructures. The results obtained from this analysis allowed to check 
if: (1) MoS2 particles have a tendency to agglomerate, (2) the addition of 
the carbon nanomaterials changed the nucleation from a homogenic to a 
heterogenic process leading to smaller MoS2 particles that cover the 
carbon surface. The characteristic sizes, λ10, of MoS2, MoS2/CNTs, 
MoS2/GO, and MoS2/rGO were 0.243, 0.121, 0.082, and 0.201 μm, 
respectively. Although the particles of pure MoS2 were nanosized, which 
was confirmed in a previous study [31], their tendency to agglomerate 
results in a larger characteristic size of MoS2. The addition of CNMs to 
the reaction results in a smaller particle size of the synthesized MoS2 
nanoparticles. The smallest particle size was obtained for the MoS2 
nanoparticles deposited on GO. This might be related to the hydrophilic 

Fig. 3. PSD profiles by number of MoS2, MoS2/CNTs, MoS2/GO, and 
MoS2/rGO. 

Fig. 4. XRD patterns of the synthesized MoS2 and the hybrid nanomaterials 
(MoS2/CNTs, MoS2/GO, and MoS2/rGO). 
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nature of GO owing to the presence of many oxygen-containing func-
tional groups in its structure. GO exhibits the best dispersion in an 
aqueous solution, in which the synthesis is performed. The presence of 
various functional groups (such as epoxides, alcohols, and carboxylic 
acid) might also act as nucleation sites for the formation of MoS2 
nanoparticles, thereby resulting in smaller sizes. The results demon-
strate that the addition of the CNMs is also responsible for a lower 
agglomeration tendency of the MoS2 particles; however, some agglom-
eration occurs for hydrophobic carbon material, such as rGO and CNTs, 
compared to that for hydrophilic GO. The presence of agglomerates may 
have a significant impact on the tribological properties of nano-
suspension, resulting in higher friction factors of the nanosuspensions. 

XRD analysis allowed to determine the crystal structure, crystallinity 
and average crystallite size (affecting number of layers) of the obtained 
MoS2 particles and MoS2 deposited on carbon nanomaterials. The syn-
thesized MoS2 particles were identified as bulk 2H–MoS2, in accordance 
with the presence of the characteristic peaks observed in the XRD 

pattern (Fig. 4). The average calculated size of the prepared MoS2 
crystallites was 12 nm in the a-direction and 9 nm in c-direction. The 
average MoS2 crystallite sizes of the hybrid nanostructures are in the 
range of 1.5–9 nm because during their synthesis, the CNMs serve as 
nucleation sites for MoS2 growth, resulting in smaller average crystallite 
sizes, better dispersion of the particles, and lower agglomeration. This 
may result in better tribological and rheological properties. The hybrid 
nanostructures exhibit lower crystallinity than synthesized MoS2 owing 
to lower annealing temperatures. Since the prepared hybrid nano-
structures are partially amorphous it is difficult to observe the presence 
of molybdenum oxides in the sample by using XRD analysis. 

FT-IR spectroscopy allowed for an analysis of the chemical compo-
sition of the prepared materials. It was necessary to determine if during 
the preparation of the hybrid nanostructures the carbon was still present 
in the samples (because it might have been decomposed during 
annealing) and if any chemical changes that might influence the tribo-
logical properties of the obtained materials. In Fig. 5, the FT-IR spectra 

Fig. 5. FT-IR spectra of (a) GO and MoS2/GO, (b) rGO and MoS2/rGO, and (c) CNTs and MoS2/CNTs.  

Fig. 6. (a) TGA and (b) DTG thermograms of MoS2 nanoparticles (synthesized and reference) and the hybrid nanostructures (MoS2/GO, MoS2/rGO, and 
MoS2/CNTs). 
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of the CNMs and the corresponding hybrid nanomaterials exhibit char-
acteristic absorption peaks of O–H stretching at 3200–3600 cm− 1, 
carbonyl groups C––O at 1710–1740 cm− 1, alkoxy groups C–O at 
1300–1420 cm− 1, carboxyl groups C–O at 1050–1150 cm− 1, and two 
neighboring aromatic C–H at 800–840 cm− 1 [37]. In the case of 
MoS2/CNMs, similar peaks can be observed, which suggests that during 
the reaction, the MoS2 nanoparticles were successfully deposited on the 
carbonaceous surface, and the carbon materials were not removed 
during the purification. However, the peaks of the hybrid nanostructures 
exhibit less intensity, which indicates the reduction of the CNMs that 
may have occurred during annealing. Furthermore, a weak peak at 
~900–1000 cm− 1 can be observed, particularly in the MoS2/GO and 
MoS2/rGO samples, suggesting that during the synthesis, the CNMs 
could be additionally functionalized by adding HMA and AS, which can 
form C–N and C–S bonds, respectively. Additional functionalization of 
the carbon nanomaterial can lead to a change in the interaction between 
MoS2 particles and the carbon surface, which might result in different 
tribological behavior comparing to MoS2. 

Thermogravimetric analysis was performed to check the purity and 
thermal stability of the obtained materials. Impurities coming from the 
synthesis procedure (e.g. sulfur) might deteriorate the tribological 
properties of the MoS2-based materials. The results of TGA of the syn-
thesized MoS2, reference MoS2, and synthesized hybrid nanostructures 
are shown in Fig. 6a, and those of the derivative thermogravimetric 
analysis (DTG) are shown in Fig. 6b. The TGA curves of the synthesized 
MoS2 first exhibit weight loss at approximately 450 ◦C, which corre-
sponds to the presence of unbound sulfur in the MoS2 structure [31]. The 
intense weight loss is noticeable at 1400 ◦C and is associated with the 
decomposition of MoS2. Furthermore, the synthesized MoS2 has a 
similar TGA curve compared to the reference MoS2, except for one step 
of decomposition at a higher temperature, which may indicate higher 
purity of the synthesized MoS2. In the case of the MoS2/rGO structure, a 
small weight loss at 300 ◦C is observed, which can be attributed to the 
removal of oxygen-containing functional groups. For the MoS2/GO 
sample, an initial weight loss is observed at 100 ◦C, which is related to 
the evaporation of adsorbed water owing to the hydrophilic nature of 
GO. Further weight loss at 300 ◦C is associated with the removal of 
oxygen-containing functional groups from the GO structure. The sig-
nificant weight loss above 400 ◦C occurs as a result of the oxidation of 
MoS2 to MoO3 [38,39]. This is observed only for the MoS2/GO sample, 
where the oxygen-containing functional groups from GO were removed 

during heating; these functional groups are responsible for the oxidation 
of MoS2 under TGA conditions. Moreover, in this sample, a significant 
weight loss at 1400 ◦C is visible, suggesting a decomposition of the re-
sidual MoS2 nanoparticles. For MoS2/CNTs, the thermogram has a 
different shape compared to other samples. In this sample, some weight 
losses were observed at up to 300 ◦C, which might be related to water 
removal from the sample and the decomposition of the amorphous 
carbon that was present in the CNTs after the production process. 
Another significant weight loss is observed at approximately 450 ◦C, 
which is probably connected to the removal of the sulfur that was left 
after the synthesis of the MoS2/CNTs sample. The most significant 
weight loss is observed at approximately 900 ◦C, which is connected to 
the decomposition of the CNTs. Interestingly, it is the only sample where 
decomposition of MoS2 is observed at 1050 ◦C, thereby indicating the 
lower thermal stability of the MoS2. 

Raman spectroscopy can give information about the phase compo-
sition of the prepared samples, especially to determine if there are any 
molybdenum oxides present in the materials. It also can confirm the 
presence of the carbon materials in the hybrid nanostructures. The 
Raman spectra of the hybrid nanostructures (Fig. 7) exhibit character-
istic peaks for the Mo-based specimens (i.e., MoS2 and MoO3) and 
characteristic D and G bands for the CNMs, i.e., at ~1350 cm− 1 and 
~1590 cm− 1, respectively. For the MoS2/rGO and MoS2/CNTs samples, 
two strong peaks located at ~378 cm− 1 and ~403 cm− 1 are visible and 
can be assigned to the E1

2g and A1g vibrational modes of bulk MoS2, 
respectively. Moreover, the distinct peaks at 448 cm− 1 and 633 cm− 1 are 
attributed to the 2LA(M) and A1g + LA vibrational modes of MoS2, 
respectively. For both samples, very weak intensities of the D and G 
bands of the CNMs suggest that the carbon surface is covered with the 
MoS2 nanoparticles. Additional peaks located at ~187 cm− 1 and ~227 
cm− 1 have been reported in the literature as disorder-induced Raman 
scattering in MoS2 materials. For all three samples, two weak peaks 
located at ~823 cm− 1 and ~992 cm− 1 can be observed. They corre-
spond to the stretching vibrations of Mo––O bonds of MoO3 [40,41]. The 
presence of MoO3 in the samples may be caused by the oxidation of 
MoS2 during synthesis or by the laser irradiation during Raman mea-
surements. The Raman spectrum of MoS2/GO is different from those of 
the other two samples. The peaks from the Raman spectrum of MoS2 
(~378 cm− 1 and ~403 cm− 1) are very small and barely visible, whereas 
those of the MoO3 species and the carbon D and G bands dominate the 
spectrum. This result suggests that the sample has the lowest content of 

Fig. 7. Raman spectra of the hybrid nanostructures (a) MoS2/GO, (b) MoS2/rGO, and (c) MoS2/CNTs.  
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Fig. 8. STEM images of (a–c) reference and (d–f) synthetic MoS2 particles, (g–i) MoS2/CNTs, (j–l) MoS2/rGO, and (m–o) MoS2/GO nanohybrids.  
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MoS2 and consists of the MoO3 particles that could have been formed as 
a result of partial oxidation of MoS2 by the oxygen-containing groups 
from the GO structure during annealing of the sample at 550 ◦C. 

The morphologies of the MoS2 particles and the hybrid nano-
structures samples were characterized using STEM. As shown in Fig. 8a, 
the commercial reference MoS2 sample has a form of agglomerates of 
flakes (Fig. 8b and c) with a smooth surface whose size ranges from 1 to 
5 μm. A high-resolution STEM image of the reference MoS2 (Fig. 8c) 
indicates that the layer spacing of lamellar MoS2 has a characteristic 
multilayered structure (more than 20 layers), is well defined, and varies 
from 0.3 nm to 0.52 nm. The structure of synthetic MoS2 is significantly 
different than that of the reference MoS2 (Fig. 8d–f). The synthetic 
material forms agglomerates (Fig. 8d and e), with smaller sizes, i.e., 
100–500 nm. The agglomerates consist of nanosized layered flakes 
(4–15 layers) (Fig. 8f), with sizes ranging from 10 to 30 nm. The lamellar 
spacing of the MoS2 flakes is also different than reference MoS2 and 
varies between 0.5 nm and 0.8 nm. 

The structure of the MoS2/CNTs sample shows that the CNTs are 
evenly covered with the nanosized MoS2 particles (Fig. 8g–i); however, 
some MoS2 agglomerates can still be observed in the microstructure 
(Fig. 8 g and h). The interfacial combination between the CNTs and 
MoS2 is tight, which indicates that no gaps can be observed (Fig. 8i). The 
structure of MoS2/rGO is similar to the MoS2/CNTs. The flakes of rGO 
are covered with the nanosized MoS2 flakes (Fig. 8j-l). For both the 
nanostructures, MoS2 has a form of 4–10 layered nanoflakes (Fig. 8i and 
l) with a lamellar spacing of ~0.6 nm. The structure of MoS2/GO differs 
significantly from MoS2/CNTs and MoS2/rGO. No characteristics for 
MoS2 lattice fringes with a high lamellar spacing (0.5 nm–0.8 nm) can be 
found on GO flakes (Fig. 8 m-o). At the same time, the high-resolution 
images of the MoS2/GO nanohybrids reveal that the GO flakes are 
partially covered with nanosized (10–20 nm) nanoparticles (Fig. 8n and 
o). The lattice parameter of these crystalline particles varies between 
0.27 nm and 0.25 nm (Fig. 8o), which correspond to the (100) and (102) 
planes of MoS2, respectively. 

Fig. 9. Stribeck curves of 10W–40 oil, nanosuspensions of 10W–40 + 1 wt% of reference MoS2, synthesized MoS2, MoS2/GO, MoS2/rGO, and MoS2/CNTs at 
temperatures of (a) − 10 ◦C, (b) 0 ◦C, (c) 25 ◦C, and (d) 75 ◦C. 
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The Stribeck curves for each nanosuspension and the 10W-40 engine 
oil at different temperatures are shown in Fig. 9. For the temperatures of 
− 10 ◦C and 0 ◦C, the friction coefficients decrease with the increase in 
the sliding speed because the flow of the nanosuspensions and 10W-40 
oil operates in the mixed lubrication regime. The 10W-40 oil has the 
highest friction coefficient at both the temperatures. It can be observed 
in Fig. 9 that the use of the additives in the oil reduces the friction factor. 
At low sliding velocities, the best tribological behavior is exhibited by 
the hybrid nanostructures, particularly by the nanosuspension contain-
ing MoS2/rGO. At the lowest sliding velocities of − 10 ◦C and 0 ◦C, the 
friction factor decreased by up to 26% and 39%, respectively. This might 
be connected to the structure of the obtained materials – where the 
distance between MoS2 layers in hybrid nanostructures is greater than 
for MoS2 nanoparticles leading to better tribological properties. Also, 
the MoS2/rGO sample has the highest purity of all the hybrid materials 
and contains a low amount of molybdenum oxides that might deterio-
rate the samples tribological behavior. At higher sliding velocities, a 
predominance of the hydrodynamic film is expected. The hydrodynamic 

film thickness using the Brewe, Hamrock and Taylor (1979) [42] and 
Brewe and Hamrock (1982) equations [43]. For higher sliding velocities, 
the film thickness is between 1 and 2 μm and obviously decreases with 
fluid viscosity. Consequently, the friction coefficient remains signifi-
cantly low. Upon addition of the reference MoS2 particles, the nano-
suspension exhibits the best tribological behavior at these conditions. 
Moreover, the nanosuspensions with hybrid nanostructures exhibit 
slightly deteriorated tribological behaviors. This might be connected to 
the rheological properties (Fig. 10) of the analyzed oils, where at lower 
temperatures the viscosity is higher and can lead to a thicker hydrody-
namic film at higher sliding velocities, where for these conditions 
reference MoS2 exhibits better structural properties than the prepared 
hybrid structures. For higher temperatures, i.e., 25 ◦C and 75 ◦C, in the 
entire range of sliding velocity, the best tribological properties are 
demonstrated by the nanosuspensions containing the hybrid nano-
materials. The reduction of the friction factor compared to the 10W-40 
oil is up to 55%. Nevertheless, the nanosuspension containing synthe-
sized MoS2 exhibits deteriorated tribological properties than the 

Fig. 10. Flow curves of 10W–40 oil, nanosuspensions of 10W–40 + 1 wt% of reference MoS2, synthesized MoS2, MoS2/GO, MoS2/rGO, and MoS2/CNTs at tem-
peratures of (a) − 10 ◦C, (b) 0 ◦C, (c) 25 ◦C, and (d) 75 ◦C. 
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10W-40 oil, which is probably due to the agglomeration tendency of the 
MoS2 nanoparticles that is greater at higher temperatures. The MoS2 
nanoparticles precipitated onto the CNMs facilitate the obtaining of 
enhanced tribological properties owing to the lower particle size, 
reduced agglomeration, and slower tendency to sediment from suspen-
sions in a wide range of temperatures and sliding velocities. 

The rheological behaviors of the 10W-40 oil and the nano-
suspensions containing 1 wt% of each type of additives used in this 
study, at various temperatures (− 10 ◦C, 0 ◦C, 25 ◦C, and 75 ◦C), are 
presented in Fig. 10. At lower temperatures (i.e., − 10 ◦C and 0 ◦C), the 
nanosuspensions with the addition of MoS2/CNMs exhibit better rheo-
logical properties than the 10W-40 oil and the nanosuspension with 
synthesized MoS2. At higher temperatures, the nanosuspension with 
synthesized MoS2 exhibits the highest viscosity. At 75 ◦C and low values 
of shear rate, the samples containing MoS2/CNTs and MoS2/GO have 
exhibited deviations, probably because at lower viscosity, the inhomo-
geneous geometry of the obtained samples might influence the obtained 
results. This phenomenon is not observed at higher values of shear rate; 
thus, the operation of the engine will not be affected as the engines run 
at higher revs at higher temperatures. The addition of the hybrid 
nanostructures obtained through the wet chemical synthesis in the 
impinging jet reactor causes a slight decrease in viscosity especially for 
lower velocity at every temperature. The decrease of the oil viscosity can 
lead to deterioration of the tribological properties by thinning the 
lubricating film. However, nanosuspensions with hybrid nanostructures 
exhibit a lower friction factor compared to the base oil, because despite 
the reduction in film thickness, additives containing MoS2 start to play a 

decisive role. Due to the small volume of the lubrication film, the con-
tent of nanoparticles increases (due to internal forces) and is higher than 
the average value in the whole volume. Hence, the decrease of the vis-
cosity of the oil with the addition of MoS2/CNMs leads only to the 
improving of its hydrodynamic properties. Therefore, the nano-
suspension with MoS2/CNMs can be used in typical car engines and 
advanced technologies with different operating parameters. 

The dispersion stability can affect the tribological and rheological 
properties of the modified oil. Sedimentation of the suspended particles 
gives information that agglomeration has occurred. The performed 
measurement lasted 60 min, so it resembled the conditions of the 
rheological and tribological tests at 75 ◦C. As can be seen, in Fig. 11a and 
b there is no visible difference between samples at the beginning and 
after 60 min of the measurement when the suspensions were kept in the 
upright position. However, when the flasks were tilted, for both oils 
modified with MoS2 nanoparticles (reference - Fig. 11c, and synthesized 
nanoparticles - Fig. 11d) a sediment layer at the walls could be observed. 
For the samples where MoS2/CNMs hybrid nanostructures were used for 
the suspension (Fig. 11e,f,g), no sediment layers on the walls would be 
observed, meaning that heterogenous nucleation of MoS2 nanoparticles 
on the carbon surface leads to a better dispersion stability. This could be 
one of the reasons for obtaining better tribological results for the hybrid 
nanostructures compared to pure MoS2 nanoparticles. 

4. Conclusions 

Herein, MoS2 nanoparticles and MoS2 deposited on GO, rGO, and 

Fig. 11. The stability test of the samples (a) at the time 0 and (b) after 1 hour; the formed sediments of (c) synthesized MoS2, (d) reference MoS2 (e) MoS2/rGO, (f) 
MoS2/GO, (g) MoS2/CNTs. 
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CNTs were successfully synthesized using an impinging jet reactor. This 
novel method with the use of the impinging jet reactor allows us to 
control the process conditions easily. Moreover, the reactor helps in 
obtaining materials with desired and repeatable properties, including 
nanoparticles with a low tendency to agglomerate and a narrow size 
distribution of the synthesized MoS2 nanoparticles, which was 
confirmed via PSD, XRD, and SEM analyses. Heterogeneous nucleation 
yielded particles coated with strongly bound MoS2 nanoparticles. The 
smallest particle size was obtained for MoS2 deposited on GO. The FT-IR 
analysis revealed that the CNMs were not removed; however, their 
reduction may have occurred. Furthermore, during the synthesis, the 
CNMs could be additionally functionalized by HMA and AS, thereby 
forming C–N and C–S bonds, respectively. Raman spectroscopy revealed 
that MoS2 was partially oxidized to MoO3, particularly in the case of 
MoS2/GO. The synthesized MoS2 nanoparticles deposited on the CNMs 
are amorphous, which was confirmed by the XRD and SEM analyses. The 
nanosuspension with synthesized MoS2 exhibits degraded tribological 
properties and higher viscosity than the 10W-40 oil, which is probably 
due to the agglomeration tendency of the MoS2 nanoparticles that is 
greater at higher temperatures. The addition of the hybrid nano-
structures obtained via the wet chemical synthesis in the impinging jet 
reactor improved the tribological and rheological behaviors of the base 
oil at every temperature. Therefore, the nanosuspension containing 
MoS2/CNMs can be used in typical car engines and advanced technol-
ogies with different operating parameters. 
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