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Abstract: Hybrid molybdenum disulfide (MoS,)-MXene (Ti3C,) was added as an additive in SAE
5W-40-based engine oil in an attempt to reduce interfacial friction between contact surfaces. It was
found that the coefficient of friction (COF) and wear scar diameter (WSD) were reduced by 13.9% and
23.8%, respectively, with the addition of 0.05 wt.% MoS;-Ti3C;, compared to base engine oil due to
the interlaminar shear susceptibility of MXene. However, we postulate that the high surface energy
and presence of -OH, -O and -F functional groups on the surfaces limited the dispersibility and
stability of MXene in base oil, while high activity of MoS; nanoparticles due to large surface area
and vigorous Brownian motion prompted fast settling of nanoparticles due to gravitational force.
As such, in the present study, hybrid MoS,-TizC, were amine-functionalized to attain stability in
SAE 5W-40-based engine oil. Experimental findings indicate that amine-functionalized 0.05 wt.%
MoS,-TizC; exhibited higher COF and WSD, i.e., 12.8% and 12.3%, respectively, compared to base oil
added with 0.05 wt.% unfunctionalized MoS;-TizC,. Similarly, Noack oil volatility was reduced by
24.6% compared to base oil, indicating reduced oil consumption rate, maximal fuel efficiency and
enhanced engine performance for a longer duration.

Keywords: MXene; MoS;; tribology; nanolubricant; superlubricity

1. Introduction

In automotive engines, parasitic energy loss due to friction and wear of worn sur-
faces remains a major concern. According to studies, the overall power produced by the
engine can be reduced by 17-19% due to frictional losses, whereas 33% of fuel energy in
passenger automobiles is squandered to reduce frictional losses [1,2]. The high frictional
losses result in higher engine wear, failures of steady running components, higher energy
consumption and fuel energy loss [3]. As such, employing lubricants can effectively reduce
friction and wear, fulfilling the low carbon emission and fuel economy requirements in car
engines. Generally, lubrication can be categorized into four regimes—(i) boundary lubrica-
tion, (ii) elastohydrodynamic lubrication, (iii) hydrodynamic lubrication and (iv) mixed
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lubrication. Engine and transmission systems in cars operate under all the aforementioned
lubrication regimes.

Recent studies have reported that adding nanomaterials as lubricant additive can
potentially improve tribological behaviour, such as the wear and friction properties of
commercial lubricants. This is because, besides affecting the physiochemical properties of
engine oil, nanoparticles could minimize possibilities of asperities direct contact (i.e., val-
leys between asperities of frictional surfaces filled) to form a tribo-boundary film on worn
surfaces to enhance tribological behaviour of an engine, i.e., via boundary lubrication
conditions [4]. For instance, in a study by Ali et al., coefficient of friction (COF) of SAE
5W-30 oil was reduced by 50% and 45% with the addition of TiO, and Al,O3; nanoparti-
cles, respectively [5]. In other studies, Li et al., reported that the addition of 0.1 wt.% of
Zr0,-5i0; nanoparticles reduced COF of base oil by 16.24% [6], while Ali et al., [1] reported
that the addition of graphene improved anti-friction and antiwear properties by 29% and
22%, respectively.

Today, the family of 2D materials has been augmented by MXene made of 2-dimensional
transition metal carbides, nitrides or carbon-nitrides with a general formula M;,,1 Xn Tx
where M represents the transition metal (n = 1,2 or 3), X denotes C and/or N while Ty
represents the termination group (e.g., OH, -O or -F) [7-10]. MXene is produced from the
MAX phases, where A layers (i.e., group IIIA or IVA element) of My,;1 Xy are removed by
selective etching. In addition to energetic and catalytic applications, the lamellar TizC,,
as the most representative member of the MXene family, are particularly interesting for
tribological purposes owing to its graphite-like structure with low shear strength and self-
lubricating properties [11,12]; all of which were verified by density functional calculation
and molecular dynamic simulations [13]. In a study by Liu et al., it was reported that the
addition of 0.8 wt.% TizC, reduced the COF of PAOS oil by 9.6% [14]. In another study by
Gao et al., it was reported that TizC,Tx-based nano additives reduced the wear volume of
base oil by 87% with a high load carrying capacity (i.e., 500 N) [15]. Despite the tremendous
potential of MXene, studies on tribological behaviour of TizC,, particularly as an additive
(or hybrid additive) in gasoline engine oil, remain limited.

In view of these limitations, the present study aims to investigate the tribological be-
haviour of hybrid molybdenum disulfide (Mo0S,)-Ti3C, as an additive in SAE 5W-40-based
engine oil. The hexagonal crystal structured MoS; is a very stable compound made of
Mo atoms sandwiched between double layers of sulphur atoms and linked via van der
Waals forces [16-18]. MoS, exhibits low COF owing to the ease of its basal plane shearing,
particularly under vacuum conditions. Studies have reported that (MoS,) is capable of
imparting excellent lubrication at high contact stress by the mechanism of settling a solid
lubricant layer on the contact surfaces [19]. As such, the present study aims to investigate
the effect of hybrid MoS;-Ti3C, additive on the coefficient of friction, wear scar diameter,
viscosity index, oxidative induction time (OIT) and Noack volatility of SAE 5W-40-based
engine oil. To explore the stability of nanoparticle dispersion in base oil (i.e., sufficient
repulsive interaction to counter agglomeration) and the subsequent increase in tribological
behaviour, the effect of amine functionalization of M0S,-TizC, was also studied in detail.

2. Materials and Method
2.1. Materials

All chemicals used in this experiment were analytical grade and used as received.
Ammonium molybdate tetrahydrate (NH4)6Mo;0,4-4H,0) purchased from Fisher Chem-
icals (Chicago, IL, USA), titanium aluminium carbide (Ti3AlC;) purchased from Xiamen
TOB New Energy Technology (Xiamen, China), thiourea (SC(NH;),) purchased from R&M
Chemicals (Dundee, UK), octadecylamine (C1gH3yNH>), ethanol (C;HsOH), lithium fluo-
ride (LiF), hydrochloric acid (HCl) and ethanol purchased from Sigma-Aldrich, St. Louis,
MO, USA were used for MoS,-TizC; hybrid nanoparticle synthesis. The lubricant oil used
was gasoline engine oil, SAE5W40.
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2.2. Synthesis of MXene (Ti3C)

The microwave-hydrothermal synthesis method was used to synthesize TizC, since
it is advantageous compared to conventional etching or delamination process due to
remarkably reduced synthesis time, energy requirement and high quality of MXene that
can be produced in bulk quantities. The procedure has been described in detail in our
previous study [20,21]. A total of 1.6 g of LiF was dissolved in 10 mL of 9M HCl by stirring
for 15 min at room temperature. Later, 1 g of Ti3AlC; was slowly added to the mixture
and left to stir at room temperature for another 30 min. The mixture was later sonicated
for 30 min and transferred into the advanced microwave synthesis platform (Milestone,
flexiWAVE, Bergamo, Italy). The mixture was heated for 30 min at 40 °C and left to cool
naturally at room temperature once the synthesis was completed. The synthesized sample
was centrifuged and washed with distilled water and ethanol to attain pH of >5.0, then
sonicated in Argon (Ar) atmosphere for an hour and later centrifuged to separate the
precipitate from the supernatant where finally, the supernatant will be freeze-dried to
extract TizC, powder.

2.3. Preparation of MoS;-TizC, Hybrid Nanoparticle

The hybrid MoS,-TizC, nanoparticles were also synthesized by advanced microwave
synthesis method. A total of 3.70758 g of (NH4)6Mo07;0,4-4H,0O and 6.8508 g thiourea
were slowly added in 105 mL of deionized water and continuously stirred for 30 min to
obtain a homogeneous solution. Later, 1 g of Ti3C, powder was dissolved in the mixture
by sonicating for 30 min. The mixture was then transferred into the advanced microwave
synthesis platform (Milestone, flexiWAVE, Italy) and heated for 15 min at 200 °C. Upon
completion of synthesis, the reaction mixture was left to cool naturally to room temperature
and later centrifuged and washed with distilled water and ethanol and finally freeze-dried
to obtain MoS,-TizC; particles.

2.4. Synthesis of Amine-Functionalized MoS,-Ti3Cy Hybrid Nanoparticle

Amine-functionalized MoS,-Ti3C; hybrid nanoparticles were synthesized by adding
1 g of M0S,-Ti3C, in 100 mL of DI water and stirred continuously for 30 min. Later, 2 g of
octadecylamine was added to 100 mL ethanol and stirred until all solutes were completely
dissolved. Both these solutions were slowly mixed and heated at 40 °C under constant
stirring for 24 h. The as-formed amine-functionalized MoS;-Ti3C, hybrid nanoparticles
were washed with DI water to remove unreacted octadecylamine and freeze-dried to obtain
the functionalized MoS,-Ti3C;, hybrid nanoparticle.

2.5. Characterizations

The morphology of MoS,, Ti3C; and hybrid MoS,-Ti3C, particles was obtained using
FEI Quanta 400F, Fremont, CA, USA, at 20 kV. XRD analysis was performed using a
PANalytical X-ray Diffractometer using copper material to generate X-rays with wavelength
(K alpha) of 1.54 A and filtered through Ni using an operational voltage of 45 kV and
current of 27 mA. The samples were scanned from 20 to 80 degrees at a step size of
1 degree/min and divergence slit of 0.9570 degrees. Raman spectroscopy analysis was
performed using a stellar-Pro ML150 laser coupled to an optical microscope (Leica DM
2500 M) with Renishaw He-Ne laser with 633 nm wavelength as excitation source while
zeta potential measurements to evaluate the stability of lubricants were determined using
Zetasizer Nano (Malvern, Worcestershire, UK).

The Ducom four-ball tribotester TR-30L was used to analyze the tribological behaviour
of nanolubricants, such as coefficient of friction (COF) and wear scar diameter (WSD).
Before performing each tribological experiment, the steel balls were washed in ethanol and
dried to avoid contamination. The hardness, density and diameter of the steel balls were
1 HRC, 7.79 g/cm?® and 12.7 mm, respectively. The test was conducted according to ASTM
4172-94, where the rotational speed, applied load, time, and temperature were 12,000 rpm,
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392.5 N, 3600 s and 75 °C, respectively. The coefficient of friction was calculated using
Equation (1)

”= 2.22707% )

where p represents the coefficient of friction, T represents the average frictional torque
in kg-cm, and p is the load exerted while performing the test. The viscosity index was
calculated according to ASTM D2270 based on kinematic viscosity at 40 °C and 100 °C.
Kinematic viscosity in the present study was calculated according to Equation (2).

_n 2
0= 2)

where v, u and p represent kinematic viscosity, dynamic viscosity and density, respectively.
Densities of the lubricant were determined using Anton Paar (DMA 4500 M) at 40 °C
and 100 °C. Oxidation induction time (OIT) were determined using TA Instrument’s
High Pressure Differential Scanning Calorimeter (HP-DSC) 25P with ultrahigh purity
(UHP) grade oxygen gas in an airtight sample chamber with flow rate of 50 mL/min,
pressure of 500 psi and isothermal temperature of 200 °C with ramping rate of 10 °C/min.
Approximately 3.2 mg of oil samples equilibrated at 50 °C were used for the testing. The
relationship between kinetic rate constant and temperature in kinetic expressions, which
governs OIT measurements, was based on the Arrhenius equation. Sample volatility was
determined according to ASTM D6375 using Noack analysis. Approximately 40 mg of
samples were heated to 249 °C at 65 °C/min with a continuous air purge at 150 mL/min
using the NETZSCH TGA (TG 209 F3 Tarsus). The samples were held isothermally at
249 °C for 15 min, and percentage mass loss was determined at Noack reference time
(t = 11.7 min), as specified by analyzing a Noack reference oil (RL-N).

3. Results and Discussion
3.1. Morphology and Characterization

The structure and composition of bulk MAX phase precursor, MXene sheets and the
synthesized hybrid MoS,-TisC, were characterized by SEM and EDX, as shown in Figure 1.
From Figure 1A, the microstructure of bulk MAX phase precursor TizAlC, shows solid
and stacked multilayer nanosheets, while Figure 1B shows the SEM image of Ti3AlC; after
etching and exfoliation with HCI-LiF via microwave-assisted hydrothermal synthesis. The
MXene sheets in Figure 1B showed crumpled structures with thinner and few layered
structures, indicating the successful formation of thin layers of 2D MXene nanosheets by
excluding Al element from packed MAX layers during the etching and exfoliation process.
Additionally, it can be seen in Figure 1C,D that the hybrid MoS;-Ti3C, was properly
formed where MoS; and a densely aligned enclosed surface of Ti3C, MXene. The MoS,
nanoparticles were uniformly distributed, well faceted, densely grown, semi-vertically
and interleaving lamellar nanosheets with rough edges, which ascertains the nanosheet
morphology of MoS,. The edge-oriented structure of MoS, is highly desirable to expose
more active sites to enhance tribological behaviour [22]. The EDX spectrum and elemental
mapping are shown in Figure 1E,F, ascertaining the existence of sulphur, molybdenum
and titanium and the successful formation of hybrid MoS,-Ti3C; via microwave-assisted
hydrothermal synthesis method.
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Figure 1. SEM images of (A) Ti3AIC; MAX phase (B) Ti3C,; MXene (C,D) Low and high magnification
images of hybrid MoS,-Ti3C, (E,F) EDX spectra of hybrid MoS;-TizC.

Figure 2 shows the XRD spectrum of MoS;, TisC, and MoS;-TisC, composites, which
is used to characterize the phase and crystal structure of the samples. From the XRD
spectrum (Figure 2A), the diffraction peaks located at 14.1, 33 and 59.1 degrees can be
attributed to the (002), (100) and (110) peaks of pure hexagonal MoS; in accordance with
JCPDS 371492 [21,23]. The diffraction pattern of Ti3C, MXene shows peaks at 9, 19.4, 27 and
61 degrees which correspond to (002), (006), (008) and (110) crystal planes, respectively.
Previous studies have reported the (002) peak shift of Ti3CpTx composites when deposited
with MoS; (i.e., downshifted from 8.96 to 7.33 degrees after deposition with MoS,) [24].
This was attributed to the interlayer spacing of both MoS, and Ti3C; MXene, which
was expanded simultaneously by the formation of MoS;-Ti3C, composite due to ion
intercalation and integrated 2D layer stackings [24,25]. However, in the present study,
the peak shift was minimal (i.e., from 9 to 8.6 degrees), indicating that MoS; did not
significantly impact the interlayer distance of MoS, and TizC, MXene.
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Figure 2. (A) XRD spectrum and (B) Raman analysis of MoS,, Ti3C, and MoS,-TizC,.

Figure 2B shows the Raman spectrum of MoS,, TizC, and MoS;,-Ti3C, composites.
The MoS, samples have shown characteristics at 377 cm ! and 403 cm ™!, corresponding to
Epg and Ajg vibration peaks, respectively. The Ajg vibration mode is favoured for edge-
terminated structures owing to polarization dependence [25]. The relative intensity of Ajg
to Epg can be used to describe the MoS; planes where in the present study, the A14/Epg ratio
was approximately 1.7 indicating an edge-enriched MoS, structure. On the other hand,
characteristic peaks of TizC, were observed, such as at 208 cm ! and 719 em ! which
correspond to the Ajg symmetry out-of-plane vibrations of Ti and C atoms, while the peak
at 272 cm~! and broad peak at 622 cm~! corresponds to the Eg group vibrations including
the in plane shear modes of Ti, C and surface functional group atoms [26,27]. Notably,
Ti3C; related peak (e.g., 622 cm 1) diminished in the MoS,-Ti3C, due to the high surface
coverage of MoS, and the intrinsically weak signal nature of Ti3C; [25]. Nevertheless,
the co-existence of peaks of MoS; and TizC; in the MoS;-Ti3C, ascertains the successful
preparation of the composite.

3.2. Tribological Behaviour

Figure 3 shows the coefficient of friction (COF), average wear scar diameter as well as
SEM images of the wear surfaces of Mo0S,-Ti3C,-based nanolubricant. From Figure 3A,B,
it can be seen that COF of the base o0il was 0.108. The addition of M0S,-TizC, gradually
reduced the COF of nanolubricant by 13.9% when 0.05 wt.% MoS,-Ti3C, was added.
Sliding off the nanosheets at the asperities and deformed surfaces of individual nanosheets
produces a protective layer (i.e., tribofilm) which effectively reduces COF while providing
an excellent ability to withstand shear failure [28,29]. The hybrid MoS,-Ti3C; also covers
the plateau region between rough asperities, which assists in forming robust tribolfilm on
the steel surface. The formed tribofilm effectively prevents the occurrence of tribo-oxidation,
which in turn reduces the COF.
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Figure 3. (A) Coefficient of friction (COF) against time for base oil with unfunctionalized MoS;-TizC,
and functionalized MoS,-Ti3C; (indicated by letter F). (B) COF and (C) average wear scar diameter
of unfunctionalized and functionalized MoS;-Ti3C;,-based nanolubricant. (D-F) SEM images of the
wear surfaces of base oil without additive, base oil with unfunctionalized MoS,-TizC, and base oil
with functionalized MoS,-TizCy, respectively.

It should be noted that reduction in COF of the nanolubricant when added with
0.005 wt.% MoS,-Ti3C, was insignificant (i.e., 5.1%), which can be due to insufficient con-
centration of nano-additive to support the formation of a uniform and dense friction film
between the sliding pair [30]. It is also noteworthy that functionalized MoS,-TizC,-based
nanolubricant exhibited significantly lower COF compared to the unfunctionalized counter-
part. For instance, adding 0.05 wt.% of functionalized MoS;-TizC; decreased the coefficient
of friction by 24.9% when compared to base oil (without additives). However, the COF
for lubricants added with both functionalized and unfunctionalized additives showed
a declining tendency above 0.05 wt.% MoS,-Ti3Cy. This phenomenon can be related to
the possible agglomeration of nanoparticles due to strong van der Waals or Coulombic
attractive interactions at contact compulsion, which inhibits their performance at the fric-
tion interface.
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Figure 3C shows the wear scar diameters of MoS,-TizC,-based nanolubricant mon-
itored using an optical profilometer, while Figure 3D-F shows the SEM images of wear
scar created on the ball bearing during tribological testing. From Figure 3B, it can be seen
that the wear scar diameter of the base 0il was reduced when added with MoS,-TizC,
nanoparticles. The reduction in wear scar diameters was more significant for the func-
tionalized Mo0S,-Ti3C,-based nanolubricant. For instance, the wear scar diameter of base
oil was reduced by 23.8% and 33.2% when added with 0.05 wt.% of unfunctionalized
and functionalized MoS,-TizC;, nanoparticles, respectively. In our previous study, it was
reported that the addition of 0.05 wt.% functionalized MoS, reduced the COF and WSD
of base oil by 10.3% and 10.6%, respectively [21], significantly lower than COF and WSD
reduced in the present study (i.e., 24.9% and 33.2%, respectively) at a similar concentration
of functionalized hybrid MoS,-Ti3Cy. The excellent abrasive resistance can be attributed to
the synergistic role of MoS; and TizC;, nanoparticles, which form a thin lubricating layer be-
tween the contact surfaces to reduce contact pressure and frictional torque. These findings
were ascertained by the SEM images of the wear scar where surface of ball bearing with
base oil without additives exhibited darker concentric grooves (darker furrow is deeper
while brighter furrow is shallower) (Figure 3D) while the addition of unfunctionalized
MoS,-TizC, nanoparticles (Figure 3E) did not show significant appearance of the dark
concentric grooves indicating lesser abrasive wear. When the lubricant was combined with
functionalized MoS,-TisC, nanoparticles (Figure 3F), bright and smooth wear tracks were
visible, indicating a decrease in the contact surfaces between the steel balls. It is postulated
that the planar geometry of MoS; nanosheets allows them to penetrate easily and readily
slide between the oil surface. Moreover, the nanosheets provide a continuous layer on the
sliding surfaces due to their excellent adherence to contacts. This phenomenon is related
to the mending effect of MoS,-Ti3C,, where the nanoparticles occupy the scratched, worn
surface to avoid direct contact between the two surfaces, reducing the wear scar diameter.

Figure 4 shows the zeta potential and visual observation (for sedimentation) of unfunc-
tionalized and functionalized MoS,-Ti3Cy-based nanolubricant after 14 days. Zeta potential
measurements which measure the potential difference between the surface of nanoparti-
cles and a stagnant layer of lubricant attached to the particles, are important quantitative
indicators to measure the dispersion stability of nanofluids. It accurately represents the
magnitude of electrostatic charge between nanoparticles dispersed in the lubricant. In the
present study, the zeta potential of both unfunctionalized and functionalized MoS;-TizC,-
based nanolubricant after 14 days was higher than 60 mV. Previous research has shown
that dispersion with a greater zeta potential magnitude (whether negative or positive) is
electrically stable, whereas lower zeta potential magnitudes signal probable agglomera-
tion or flocculation in the fluid. Dispersion with zeta potential >60 mV was considered
extremely stable, while dispersion with a zeta potential of 40-60 mV was considered to
exhibit physical stability and dispersion with zeta potential <20 mV has limited stability
with high possibilities of nanoparticle agglomeration in the lubricant [31,32]. As such, zeta
potential values obtained in the present study (i.e., >60 mV) indicates the excellent stability
of M05S,-Ti3C5 in the lubricant.

It is also evident from the visual observations of nanolubricants where MoS; nanopar-
ticles were stable in the nanolubricant after 14 days. However, nanolubricant reinforced
with 0.05 wt.% and 0.1 wt.% MoS;-Ti3C, showed visible sedimentation after 14 days.
This observation is ascertained by the zeta potential measurements, which were reduced
by 78.8% and 69.6% when added with 0.1 wt.% of unfunctionalized and functionalized
MoS;-TizCy, respectively. This indicates that at higher concentrations (>0.05 wt.%), there is
limited nanoparticle movement which hinders the growth of energy barrier and leads to
particle agglomeration and sedimentation.



Lubricants 2023, 11, 47 9 of 14

.y 800 ~ 80

. ® Unfunctionalized MoS2/MXene E > . g o °

; Functionalized MoS2/MXene é Exce”ent Stabl]lty Oo o
} = 000

£ 600 i S 60 fmmmmmmmmmmmmememoe

= " = . »

o= 3 t Physical stability

§ 400 . 2* 40 -

IS : g |

s 2 o -

§ 200 o | 5 flimitedstabiliy § ,k:

| 2 1
0

[

0.005  0.01 0.05 0.1
wt. % MoS,/MXene

Manipulating Variable

Base o1l added with unfunctionalized MoS,/MXene nanoparticles
E After 14 days

Figure 4. (A) Zeta potential of unfunctionalized and functionalized MoS,-Ti3C,-based nanolubricant
(B) Schematic representation illustrating stability and zeta potential ranges (C,D) Visual observation
of unfunctionalized MoS;-Ti3C;-based nanolubricant before and after 14 days (E,F) Visual observation
of functionalized MoS,-Ti3C,-based nanolubricant before and after 14 days.

3.3. Viscosity Behaviour and Oxidative Induction Time (OIT)

Figure 5 shows the kinematic viscosity of unfunctionalized and functionalized MoS,-
Ti3Cy-based nanolubricant analyzed at 40 °C and 100 °C according to ASTM D445. Figure 5
shows that kinematic viscosity of all synthesized nanolubricant in the present study con-
forms to viscosity class SAE 5W40 lubricant, which indicates synthetic, multigrade lubricant
with high shear (HS) stable polymer from group III. The decreased kinematic viscosity with
an increase in temperature is due to the reduced attractive binding energy between the
molecules when temperature rises [33]. As such, from the kinematic viscosity results, it
can be ascertained that MoS,-Ti3C, nanoparticles are effective as viscosity modifiers in the
nanolubricant when temperature varies.
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Figure 5. Variation of kinematic viscosity with temperature for (A) unfunctionalized and (B) func-
tionalized MoS,-TizC,-based nanolubricant.

The importance of reducing CO, emissions from automobiles has urged the need to
develop engine oils that exhibit improved fuel-saving performance, which can be envisaged
by developing engine oil with high viscosity index (VI). Figure 6 shows the variation in
viscosity index with nanoparticle concentration for unfunctionalized and functionalized
MoS,-TizCy-based nanolubricant. Figure 6 shows that the VI of base oil increased by
3.1% and 4% when added with 0.01 wt.% of unfunctionalized and functionalized MoS,-
Ti3Cy, respectively. Functionalization has modified the surface of the nanoparticles, so
they remain well dispersed in the lubricant. Moreover, the higher VI of all MoS;-Ti3Cp-
based nanolubricant compared to base oil indicates the lower viscosity change in lubricant
at fluctuating temperatures where MoS;-Ti3C, particles ensured consistent and stable
lubricative properties across a wide temperature range. The MoS,-TizC; particles provided
excellent resistance to thinning of lubricant film for optimized fuel consumption in the
engine. Generally, engine oils tend to be more viscous at a lower temperature, raising drag
inside the engine. Engine oil with high VI will have lower viscosity at lower temperatures,
which translates into enhanced fuel-saving performance. As such, Mo0S,-TizCy-based
nanolubricant synthesized in the present study show great potential for use within the
automobile industry.

Figure 6C shows the oxidation induction time (OIT) of the MoS,-Ti3C,-based nanolu-
bricant synthesized in the present study, where the induction time accurately represents
their oxidative stability. In the automobile industry, oxidation of lubricants is caused by
intense temperature, high load and continuous contact with air. The oxidation process leads
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to accelerated engine oil degradation, affecting the performance, innate high efficiency
and lifespan. Based on Figure 6C, it can be seen that OIT improved with the addition of
MoS,-Ti3C; as an additive in the engine o0il, where maximum OIT improved by 17.8% with
the addition of 0.01 wt.% functionalized MoS;-TizC,. The synergistic interaction between
molybdenum dialkyldithiocarbamate (MoDTC) and zinc dialkyldithiophosphate (ZDDP)
due to MoS, production, alongside the antiwear/antioxidant (i.e., ability of phosphate to
digest oxides) behaviour and extreme pressure characteristics of ZDDP has been reported
previously [34,35]. Generally, lubricants undergo a three-step oxidation process, i.e., (i) initi-
ation to produce free radicals, (ii) propagation, where free radicals combine with oxygen to
produce peroxide radicals and (iii) termination stage, where two radicals combine to form
a stable molecule. It is postulated that the synergistic effect of MoS, with ZDDP promotes
hydrogen donation, which stops the radical propagation stage, and increases the OIT [21].
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Figure 6. (A) Variation of viscosity index with nanoparticle concentration for unfunctionalized and
functionalized MoS;-Ti3Cy-based nanolubricant (B) Schematic illustration describing relationship
between engine oil viscosity and temperature, adapted with permission from ref. [36] (C) OIT analysis
of unfunctionalized and functionalized MoS,-TizCy-based nanolubricant.

3.4. Noack Volatility

Figure 7 shows the Noack volatility analysis of unfunctionalized and functionalized
MoS;,-Ti3Cp-based nanolubricant synthesized in the present study. Noack volatility (evapo-
rative loss) of engine oils is important to determine the rate of oil evaporation at very high
temperatures and additional oil consumption as a result. For instance, when volatility is
low, more oil will stay in the engine with its ideal viscosity for a longer duration. How-
ever, when volatility is high, oil loss occurs easily, resulting in a viscosity increase, which
leads to reduced fuel economy due to an increase in parasitic load. From Figure 7A,B,
it can be seen that adding MoS;-Ti3C, nanoparticles up to 0.05 wt.% reduced the Noack
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volatility of lubricants. The decrease in volatility was more significant for lubricants added
with 0.05 wt.% functionalized MoS;-Ti3C, nanoparticles, where Noack volatility was re-
duced by 24.6% compared to the base o0il. The reduced oil volatility indicates the reduced
oil consumption rate, maximal fuel efficiency and enhanced engine performance for a
longer duration.
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Figure 7. (A) TGA Noack analysis showing mass loss across time MoS,-TizC,-based nanolubricant
(B) Effect of varying concentrations of unfunctionalized and functionalized MoS,-Ti3C;-based nanol-
ubricant on Noack volatility (C) Schematic illustration showing low, medium and high volatility
of lubricants at specified Noack reference time (D) Noack volatility of various commercially avail-
able SAE 5W-40 lubricants in comparison to MoS;-Ti3C,-based nanolubricant in the present study
(i-e., 0.05 wt.% functionalized MoS,-TizC,-based nanolubricant).

Figure 7D shows the Noack volatility of various commercially available SAE 5W-40
lubricants compared to 0.05 wt.% functionalized MoS,-Ti3C,-based nanolubricant synthe-
sized in the present study. Regardless of the testing standard, it is noteworthy that all the
lubricants exhibited Noack volatility of <15%; since any volatility >15% is considered high
and will not pass the crucial oxidation test, IIG engine test and does not adhere to the
requirements of API oil guidelines [37]. On the other hand, General Motors and European
automobile manufacturer’s association (ACEA) have established specifications to limit
maximum Noack volatility at 13%. In the present study, we report Noack volatility of the
synthesized MoS;-TizC;-based nanolubricant to be 10.7, which is lower than many commer-
cial SAE 5W-40 engine oils such as Duragard® Diamond Synthetic, Wakefield Diesel Engine
Oil or Castrol EDGE among others. Although the Noack volatility can be further improved
to meet the standards of several commercial engine oils such as Havoline® ProDS® or
RAVENOL VDL, it is nonetheless plausible to claim that proper use and further research on
functionalized MoS;-TizC,-based nanolubricant can allow tremendous synergistic benefits
between reduced volatility, excellent abrasive resistance and friction modifier to reduce
micro-pitting by minimizing local stresses near the surfaces (i.e., lowered friction).
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4. Conclusions

In conclusion, the present study has successfully reported hybrid MoS,@TizC, MXene
as an effective anti-friction additive with enhanced tribological performance in SAE 5W-
40-based engine oil. Amine functionalization showed better dispersibility, stability and
tribological behaviour in the engine oi. For instance, the coefficient of friction was reduced
by 24.9% compared to base oil with the addition of 0.05 wt.% functionalized MoS,-Ti3C,.
Similarly, wear scar diameter of base oil was reduced by 23.8% and 33.2% when added with
0.05 wt.% of unfunctionalized and functionalized MoS,-TizC, nanoparticles, respectively.
Moreover, OIT improved by 17.8% with the addition of 0.01 wt.% functionalized MoS,-
TizC;. Based on Noack’s analysis, the volatility of MoS,-TizCp-based nanolubricant was
10.7, which is lower compared to many commercial SAE 5W-40-based engine oil. The
reduced oil volatility indicates the reduced oil consumption rate, maximal fuel efficiency
and enhanced engine performance for a longer duration.
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