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Abstract: In today’s fast, globalised world, lubrication has become essential in enhancing engine
efficiency, including in the marine sector. While the number of fishing vessels increased, so did the
environmental pollution issues, due to inefficient engines. An outboard engine oil’s tribological,
oxidation and thermal conductivity behaviour play a crucial role in improving the quality of an
outboard engine’s life. In this research, TizCy Tx MXene nanoparticles with different interlayer spacing
were synthesised via an advanced microwave-hydrothermal approach. Later, the nanoparticles were
dispersed in TC-W outboard engine oil to formulate the Ti3C, Ty MXene nanolubricant with different
concentrations. The results show that nanolubricant with a 0.01 wt.% Ti3C, Tx MXene concentration
with higher interlayer spacing reduced the coefficient of friction, and the average wear scar diameter
by 14.5% and 6.3%, respectively, compared to the base o0il. Furthermore, the nanolubricant with a
0.01 wt.% concentration of the Ti3C,Tx MXene nanoparticle showed an improvement of 54.8% in
oxidation induction time compared to the base oil. In addition, MXene nanolubricant established a
more than 50% improvement in thermal conductivity compared to the base oil.

Keywords: MXene; tribology; nanolubricant; oxidation; thermal conductivity

1. Introduction

The rapidly expanding numbers of engine-powered fishing vessels, seafood industries
and sea transport in international trade have resulted in a rise in the use of marine engines,
which reward the world with beneficial effects on economic growth [1]. However, the
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offering does not come empty-handed, and there is a high price we have to pay. Human
health, aquatic life, and the air and marine environment have all been compromised due to
the poisonous emissions from inefficient marine engines and lubricants [1-4]. Therefore,
improved marine engine oil is extremely important for enhancing engine performance
and efficiency. Enhancing marine lubrication is expected to reduce wear and friction,
extend the life of the mechanical components, increase fuel efficiency, and lower emissions.
Furthermore, improved lubrication protects health and the environment, especially for
populations living near ports and coasts, including aquatic species, in agreement with the
United Nations Sustainable Development Goals (SDGs); in particular, for SDG 14, which is
focused on “Life Below Water,” it is crucial to explore innovative solutions that can mitigate
marine pollution and promote sustainable practices, as well as SDG 13, climate action,
SDG 14, underwater life and SDG 15, life on land [5].

Researchers have shifted their focus onto harnessing nanomaterials to enhance tradi-
tional lubricants and optimise engine performance, due to the rapid growth of nanotech-
nology. It is feasible to improve lubrication, boost fuel efficiency, and extend engine life
by introducing nanotechnology nanoparticles into the outboard engine oil and ultimately
contribute to reducing marine pollution [6,7]. Nanolubricants are specially engineered at
the nanoscale, allowing them to offer enhanced lubricating properties compared to conven-
tional lubricants. These nanoscale additives possess unique characteristics that minimise
friction and wear between engine components [8-10]. By reducing friction, nanolubricants
help optimise the engine’s mechanical efficiency, improving fuel economy and reducing
emissions. In addition to their superior lubricating properties, nanolubricants exhibit
enhanced thermal stability. The nanoscale structure of these lubricants enables better heat
dissipation, reducing the risk of thermal degradation and maintaining optimal operating
temperatures within the engine [11,12]. This improved thermal stability translates to more
efficient engine performance and longevity.

Nanotechnology is the manipulation and control of materials at the nanoscale level,
which is generally between 1 and 100 nanometres. Materials have distinctive character-
istics at this size that differ from their bulk counterparts. The capacity to manufacture
nanoparticles with specific properties and functions has opened up new possibilities for
improving lubricants in various applications [13]. The incorporation of nanoparticles into
engine oil has various prospective benefits. Firstly, nanoparticles can minimise friction
between moving engine parts by generating a protective coating that lowers metal-to-metal
contact, thus reducing wear and tear [14,15]. Additionally, these nanoparticles can improve
thermal conductivity, allowing for improved heat dissipation and lower operating tem-
peratures. This characteristic is especially important for outboard engines used in harsh
maritime conditions. Furthermore, the unique physicochemical features of nanoparticles
can improve the engine 0il’s detergency and dispersibility, boosting its capacity to remove
and suspend pollutants [16].

Furthermore, emerging research suggests that incorporating 2D MXene additives
into marine engine oils holds great potential in addressing tribological problems [17] and
significantly reducing pollution. MXenes are two-dimensional (2D) materials with layered
transition metal carbides, nitrides, or carbonitrides. These 2D materials are typically pre-
pared by etching initial materials known as MAX phase, represented by the generalised
formula M,,,1AX,. Here, “M” stands for the transition metals, “A” is an element from
group 12 to 16 of the periodic table, “X” can be either carbon (C) or nitrogen (N), while “n”
in this formula can range from 1 to 3 [18-21]. Ti3C,Tx MXene, in particular, has received
a lot of interest in recent years due to its exceptional features, including strong electrical
conductivity, thermal stability, and excellent mechanical strength [22,23]. These properties
make it an intriguing choice for adding to engine oil in order to improve lubrication and
reduce engine friction. Dispersing Ti3C,Tx MXene nanoparticles into engine oil has many
potential advantages [24]. These nanoparticles can build a strong protective coating on
the engine surfaces, minimising friction and wear between moving parts. The TizC,Tx
MXene’s peculiar 2D structure helps it to adhere tightly to surface imperfections, encourag-



Lubricants 2023, 11, 264

30f19

ing improved lubrication and lowering the risk of surface damage. Furthermore, MXenes’
excellent thermal conductivity allows for effective heat dissipation, which aids in tempera-
ture management and prevents excessive engine overheating [25,26]. The TizC,Tx MXene
nanoparticles also have intrinsic tribological qualities, such as strong load-bearing capacity
and good anti-wear capabilities. Their inclusion in engine oil can result in lower frictional
losses, increased fuel economy, and a longer engine life [27].

Until recently, various synthesis approaches have been developed to achieve MXene
production. Conventional wet-chemical etching at room temperature, involving hazardous
HF etchant, offers a simple and accessible method but a toxic handling environment, and
lacks control over morphology and homogeneity [28,29]. Hydrothermal and solvothermal
heating methods enable the formation of crystalline MXenes at controlled temperatures and
offer versatility, but they require specialised equipment and longer reaction times [30-32].
On the other hand, the electrochemical process provides precise control over MXene proper-
ties, but is limited to precursor materials stable under electrochemical conditions [33]. While
the minimal intensive layer delamination (MILD) synthesis approach offers safer handling
conditions and well-delaminated MXene sheets with preserved morphology, the formation
of MXene sheets can be relatively slow, leading to extended synthesis durations [28,34].
Notably, the microwave-assisted hydrothermal method presents a compelling advantage
in the characterisation of MXenes [34,35]. By utilising microwave irradiation during the
hydrothermal synthesis, this method offers rapid synthesis times, improved crystallinity,
enhanced homogeneity, and controlled morphology of the resulting MXenes [34,36-38].
According to Numan et al. [34], using microwaves together with the hydrothermal method
facilitates the efficient energy transfer and heating of the reaction mixture, promoting the
formation of high-quality MXene layers. Unlike the conventional hydrothermal method,
the microwave-assisted hydrothermal technique combines heat from microwave irradi-
ation and the hydrothermal process, providing a short heating time and reducing heat
losses [39,40]. Furthermore, the rapid synthesis and low operating temperature of the
microwave-assisted hydrothermal method, which is from 35 to 200 °C [35], hinders the
exposure of MXene to long and high heating temperature, which possibly increases the
tendency of oxidation, as in the hydrothermal approach.

This work adopted a novel method to synthesise TizC,Tx MXene nanoparticles with
a variable interlayer spacing, utilising an advanced microwave-hidrothermal synthesis
platform which significantly decreased synthesis time and energy consumption. This study
aims to examine and understand the underlying process by which the addition of Ti3C; Ty
MXene improves base oil performance. Various characteristics, such as the coefficient of
friction (COF), average wear scar diameter (WSD), oxidation induction time (OIT), and
thermal conductivity, were carefully investigated to attain this aim. The ultimate goal is
to understand better the impacts of Ti3C,Tx MXene additions on engine oil behaviour,
which might lead to new high-performance lubricants. Using Ti3C,Tx MXene additives,
the findings of this study will provide essential insights into the performance enhancement
of engine oil, which demonstrate great promise in mitigating tribological problems and
overcoming pollution challenges. Through concerted efforts and interdisciplinary research,
we can pave the way for a cleaner and more sustainable future for our marine ecosystems.

2. Materials and Methods
2.1. Materials

Materials used to prepare the MXene powder included titanium aluminium carbide
(Ti3AlC;, Mesh 400, 99.9%) purchased from Xiamen Tob New Energy Technology Co., Ltd.,
Xiamen City, Fujian Province, China, hydrochloric acid, HCI (37% v/v, Merck, Rahway, NJ,
USA), lithium fluoride, LiF (300 mesh), and ethanol (96%) purchased from Sigma Aldrich,
Petaling Jaya, Selangor, Malaysia. The lubricant oil used was outboard engine oil with
certified TC-W specifications by National Marine Manufacturers Association, NMMA. All
chemicals were of analytical grade and were used without further purification.
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2.2. Synthesis of TizCy Ty MXene

Ti3C,Tx MXene was synthesised using an advanced microwave hydrothermal synthe-
sis platform (Milestone, flexiWAVE, Sorisole (BG), Italy). Ti3CyTx MXene was produced
in situ HF by combining LiF and HCI. A total of 2.5 M LiF was added and dissolved in
10 mL of 6 M and 9 M concentrated HCl in a Teflon tube to prepare a 6 M-TizC,Tx MXene
and 9 M-Ti3C,Tx MXene, respectively. A total of 0.5 g of MAX phase was progressively
added to the LiF/HCl solution, to avoid risky exothermic reactions. The mixture was then
magnetically stirred for 30 min, followed by 30 min of sonication. The combined solution
was then transferred into an advanced microwave hydrothermal for time-effective etching.
Using an advanced microwave-assisted hydrothermal approach, synthesis was carried
out at 30 °C with a reaction time of 10 min. Figure 1 shows the illustration of TizC,Tx
MXene synthesis via advanced microwave-hydrothermal synthesis. When the reaction was
completed, the acidic mixture was washed and rinsed a few times with deionised water
and ethanol, before being centrifuged for 5 min at 5000 rpm using a Sartorius centrifuge
(Goettingen, Germany). The supernatant was discarded, and the washing process was
repeated until a stable black MXene colloidal solution was attained. The MXene solution,
which is devoid of the aluminium layer and any subsequent products, was then taken as
pure MXene. After that, this solution was applied to the MXene layer’s delamination or
opening process. In order to obtain the MXene powder, a freeze dryer was used to carry out
the freeze-drying process. The synthesis methodology has been adopted from our previous
work [34,41].
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Figure 1. Schematic illustration of Ti3C, Tx MXene synthesis via advanced microwave-hydrothermal syn-
thesis.

2.3. Characterisation

The phase structure and crystallinity of as-synthesised 6 M-TizC,Tx MXene and 9 M-Ti3CpTx
MXene nanosheets were analysed using an X-ray diffractometer (XRD, BRUKER D8 advance)
with Cu K« radiation (U =40 kV, I = 30 mA, and A = 0.154 nm). The 20-degree patterns
were observed between 5 and 80° at a 5°/min scanning rate. Energy-dispersive X-ray spec-
troscopy (EDX, Quanta 400F, Cambridge, MA, USA) was used to determine the elemental
composition of the MXene. The morphology characterisation of Ti3C,Tx MXene nanosheets
was examined utilising field emission scanning microscopy (FESEM, ZEISS SUPRA 55VP).



Lubricants 2023, 11, 264

50f19

2.4. Formulation of Ti3C, Ty MXene Nanolubricant

The nanolubricant samples were formulated by dispersing 0.005 wt.%, 0.01 wt.%, and
0.05 wt.% as-synthesised 6 M-TizCoTx MXene and 9 M-Ti3Cy Tx MXene powder in 100 mL
TC-W certified outboard engine oil by NMMA. In order to ensure homogenised dispersion
of nanoparticles and obtain stability, oil samples were subjected to sonication using a water
bath sonicator for 30 min and further homogenised for 10 min utilising a high shear lab
mixer. For each concentration, three samples were prepared and repeatedly measured to
minimise the errors and inconsistencies, ensure reliability and maintain quality control.

2.5. Physiochemical Characterisation of TisC,Ty MXene Nanolubricant

A stability test was conducted using Zeta Potential (Malvern Zetasizer 3000HSA)
for each oil sample, to ensure the stability of TizCyTx MXene nanolubricant and no MX-
ene flocculation build-up in the oil. A viscometer (Viscometer SWM 3000, Anton Paar,
Graz, Austria) was utilised to measure the density, kinematic viscosity, and viscosity in-
dex of the formulated 6 M-Ti3C,Tx MXene and 9 M-Ti3;C,Tx MXene nanolubricant. The
kinematic viscosity of the oil samples was measured at temperatures of 40 °C and 100 °C.
Kinematic viscosity in the present study was calculated according to Equation (1):

o="1 )

P
where v, i and p represent kinematic viscosity, dynamic viscosity and density, respectively.
The viscosity index (VI) is the rate of viscosity change as a function of temperature. In
essence, VI is necessary to determine whether the lubricant satisfies the asset’s requirements,

depending on the operating temperature range. The VI was determined according to the
standard ASTM D2270 and calculated using Equation (2):

L-U

I =
v L-H

x 100 ()

where U denotes the oil’s kinematic viscosity at 40 °C, whereas L and H are the reference
oil’s kinematic viscosities at 40 °C and 100 °C, respectively, as determined by ASTM D2270.

2.6. Four-Ball Tribotesting of Ti3C,Tx MXene Nanolubricant

The tribological testing was conducted using a four-ball tribometer (DUCOM)), fol-
lowing standard testing ASTM D 4172, to investigate the friction and wear properties of
nanolubricant with different Ti3C,Tx MXene concentrations. The temperature used was
75 °C, the rotational speed was 1200 rpm, and the applied load given to the other three balls
was 392.5 N. The test was performed for 3600 s. Carbon—chromium steel balls were used
in this test. Table 1 shows the mechanical properties of the balls used. After the testing,
the image of the wear scar on the metal balls was analysed using field emission scanning
electron microscopy and energy-dispersive X-ray spectroscopy (FESEM and EDX, Quanta
400F, Cambridge, MA, USA). The mechanical properties of the carbon-chromium steel balls
used in the test are shown in Table 1.

The coefficient of friction was calculated using Equation (3):

”= 2.22707% ®)

where y represents the coefficient of friction, T denotes the average frictional torque in
kg-cm, and p is the load applied while performing the tribotest.
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Table 1. Mechanical properties of the carbon-chromium steel ball-bearing used in four-ball tribotesting.

Mechanical Properties Value
Hardness (H) 1 HRC
Density (p) 7.79 gm/cm3
Surface roughness (Ra) 0.22

2.7. Oxidation Analysis of TizsC,Ty MXene Nanolubricant

MXene nanolubricants and outboard engine oil samples were measured to determine
their oxidation induction time (OIT). The differential scanning calorimetry (DSC) method,
following standard procedure ASTM 6186, was utilised to study the oxidative stability
of nano marine oil. The tests were conducted using high-pressure differential scanning
calorimeters (HP-DSC 250, from TA Instrument, Cheshire, UK). In this experiment, oxygen
pressure was set and maintained at 200 psi throughout the experiment. A total of 3 mg of
each sample was inserted into a standard aluminium pan as a test cell, while an empty pan
was used as a reference. Both were used for oxidation testing and placed in a DSC cell. The
DSC lid was closed, and oxygen was purged into the system until the pressure reached
200 psi. In the isothermal procedure, the measurements were performed at a temperature
of 185 °C for 70 min. The DSC curve appeared in the form of exothermic heat flow during
the initial state of the oxidation reaction, indicating the oxidation process. The oxidation
induction time, which is the time required to begin the oxidation process of a sample,
was determined from the DSC curve. Based on this curve, the point of intersection of the
extrapolated baseline and the tangent line, which is the leading edge of the exothermal
peak, represented the OIT.

2.8. Thermal Conductivity Analysis of Ti3C,Tx MXene Nanolubricant

The good thermal conductivity of lubricating oil is the key to the excellent performance
of the lubricating oil. The thermal conductivity of lubricating oil samples with different
concentrations of Ti3C, Tx MXene was evaluated using laser flash analysis, LFA HyperFlash,
NETZSCH, Germany. In this experiment, samples were filled into the sample ring evenly.
Before the sample holder components were assembled, the top and bottom sealing discs
were sprayed with graphite to promote absorption. The sample was then subjected to laser
flash analysis, LFA. Heating was applied from room temperature to 100 °C at a rate of
10 °C/min. The experiment was conducted in a nitrogen atmosphere.

3. Results and Discussions
3.1. Chemical and Structural Characterization of Nanomaterials

The phase structure, crystallinity, morphology and elemental composition of bulk
MAX phase precursor and as-synthesised 9 M-TizC,Tx MXene, as well as 6 M-TizCyTx
MXene nanosheets, were characterised by XRD, FESEM, and EDX; these are presented
in Figure 2. The XRD patterns in Figure 2A were observed to validate the formation
of 9 M-Ti3C,Tx MXene and 6 M-TizCyTx MXene from MAX phase TizAlC,. The XRD
result evidently exhibits that the Ti3C,Tx MXene is effectively attained from the etching
and exfoliating of the MAX phase through advanced microwave-assisted hydrothermal
synthesis. The XRD data for the MAX phase diffraction (002), (004), (101), (103), (104),
(105), (109), and (110) planes are observed at 9.7°,19.2°, 34.1°, 39.0°, 41.9°, 56.5°, and 60.4°,
respectively, consistent with the standard (JCPDS No.52-0875). After going through the
advanced microwave-hydrothermal synthesis, most of the sharp peaks at Ti3AlC, almost
disappeared, and , sharp diffraction peak at 9.64° 20, corresponding to the (002) diffraction
plane, are gradually shifted from 9.64° to 6.13° and 6.54° for 9 M-TizC,Tx MXene and 6 M-
Ti3CyTx MXene, respectively. The (002) plane broadened and shifted towards a lower angle,
suggesting that the grain size reduced and the nanosheet spacing of MXene increased, in
agreement with the previous literature [34,42]. According to the Bragg formula, the c-lattice
parameters for 9 M-Ti3C,Tx MXene and 6 M-TizC,Tx MXene are about 24.73 A and 22.10 A,
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respectively. The result indicates that, with higher HCl concentration, in this case 9 M, more
H* ions are provided by HCl to react with fluoride salt to form HF. Sufficient HF eases
the etching of Al and expands the interlayer spacing between MXene sheets easily [43].
Furthermore, a higher amount of H* in 9 M HCI promotes hydrophilicity. H* attracts
more water molecules to intercalate between MXene nanolayers during etching, resulting
in an increased expansion of interlayer spacing compared to the lower concentration of
HCL. Figure 2B,C,F depict the morphological structure of MAX phase Ti3AlC;, 9 M-Ti3C,Tx
MXene and 6 M-Ti3C,Tx MXene, respectively, after going through etching and exfoliation
with HCl/LiF via advanced microwave-assisted hydrothermal synthesis. In Figure 2B, the
bulk MAX phase precursor TizAlC, microstructure shows a solid and stacked multilayer
nanosheet structure. In contrast, in Figure 2C,F, crumpled MXene sheets can be seen,
signifying the exclusion of the Al element from packed MAX layers throughout the etching
and exfoliation. The result demonstrates an effective formation of thin layers of 2D MXene
nanosheets using an advanced microwave-assisted hydrothermal approach. The elemental
mapping of both MXenes in Figure 2D,G shows the uniform spatial distribution of Ti, C,
F, Cl, O, and Al. To validate the XRD and FESEM result, the EDX elemental spectrum in
Figure 2E,H demonstrates that both MXene samples contain Ti, C, F and a small amount of
O, Cl, and Al elements. The EDX analysis verifies the formation of MXene and the removal
of most Al elements from the MAX phase.
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Figure 2. Structural characterisation of as-synthesised TizCyTx MXene. (A) XRD diffractogram
of MAX phase, 9 M-TizC,Tx MXene and 6 M-TizC,Tx MXene. (B) FESEM micrographs of MAX
phase. (C) FESEM micrographs of 9 M-TizCyTx MXene. (D) 9 M-Ti3C,Tx MXene corresponding EDX
elemental mapping. (E) Elemental composition of 9 M-TizC,Tx MXene calculated from EDX analysis.
(F) FESEM micrographs of 6 M-Ti3C,Tx MXene. (G) Corresponding EDX elemental mapping of
6 M-TizC,;Tx MXene. (H) EDX spectra of 9 M-Ti3C,Tx MXene and 6 M-TizC,Tx MXene, respectively.

3.2. Physiochemical Characterisation of Nanolubricant

The zeta potential measures the strength of the electrokinetic potential, such as the
attractive and repulsive interactions between particles suspended in a dispersion [44,45].
The size of the zeta potential value will determine whether the dispersion is relatively
stable. The larger the absolute magnitude of the zeta potential, the stronger the dispersion
will resist aggregation, resulting in a more extended period of stability. On the other hand,
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the dispersion is more likely to coagulate, and its stability time is shortened when the
absolute value of the zeta potential is closer to 0 mV. Figure 3A explains the stability ranges
of the zeta potential. For zeta potential values between 0 and £5 mV, the dispersed phase
strongly tends to agglomerate; for values between £10 and +30 mV, an incipient instability
is indicated; for values between +30 and £40 mV, moderate stability is identified; for
values between 40 and +60 mV, good stability is specified; and for values higher than
£61 mV, excellent stability is signified. Thus, nanolubricant stability is significantly affected
by their electrokinetic properties. Due to the strong repulsive forces exerted by the high
surface charge density, the probability of flocculation is reduced [45-47].
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Figure 3. (A) Schematic illustration explaining stability and zeta potential ranges. (B,C) The zeta
potential of 9 M-TizCp Tx MXene and 6 M-Ti3C,Tx MXene nanolubricants before 14 days, after 14 days,
and after 30 days.

Figure 3B shows the zeta potential of 9 M-TisC,Tx MXene and 6 M-Ti3C,Tx MXene
nanolubricant before 14 days, after 14 days, and after 30 days. In this study, the zeta poten-
tial of MXene nanolubricant dispersion shows >61 mV, presenting the excellent stability
of both 9 M-Ti3C,Tx MXene and 6 M-Ti3C,Tx MXene, regardless of the concentration,
before and after 14 days. However, the stability of MXene nanolubricant deteriorates after
30 days, where zeta potential is less than 30 mV, indicating coagulation of MXene nanopar-
ticles occurred after one month. It is also observed that the zeta potential value almost
linearly decreased with TizC,Tx MXene concentration. This suggests that there is restricted
nanoparticle mobility at higher concentrations, which inhibits the building of the energy
barrier and causes particle agglomeration and sedimentation. In other words, the stearic
repulsion between nanoparticles rises with concentration, causing them to aggregate and
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reduce the zeta potential value. According to Said et al. [44], when particle concentration
rises, the average static surface-to-surface spacing decreases, which causes the particle to
cluster. Thus, high spacing between the particles for 9 M-Ti3C,Tx MXene and 6 M-TizC,Tx
MXene would be ineffective.

Figure 4 presents the kinematic viscosity of MO, 9 M-TizC,Tx MXene, and 6 M-
Ti3C,;Tx MXene nanolubricants tested at 40 °C and 100 °C. The results show a trend
of reduction in kinematic viscosity when the temperature rises. With the increment in
temperature, the thermal energy induces higher kinetic energy towards molecules, which
causes rapid and mobile movement. The attractive binding energy between the molecules
decreases, significantly reducing the kinematic viscosity [11,48]. Therefore, the kinematic
viscosity findings show that MXene nanoparticles assist in modifying the viscosity of the
nanolubricant when the temperature changes. In addition, the kinematic viscosity shows
little increase after adding different concentrations of MXene nanoparticles. There are
no significant changes between the kinematic viscosity of 9 M-Ti3C,Tx MXene and 6 M-
Ti3CyTx MXene nanolubricants, due to minimal differences in interlayer spacing of MXene
nanosheets, which is considered a negligible factor influencing the kinematic viscosity of
the lubricant. Thus, the reduction in kinematic viscosity suggests that MXene nanoparticles
work as an increasing catalyst as the concentration of MXene increases, regardless of the
size of the c-lattice parameter.
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Figure 4. Kinematic viscosity at 40 °C and 100 °C of (A) 9 M-Ti3C,Tx MXene nanolubricant and (B) 6
M-Ti3C, Tx MXene nanolubricant.

Furthermore, the demand for engine oils with higher fuel-saving efficiency has been
driven by the need to reduce CO, emissions from marine transportation. The implemen-
tation can be anticipated by developing an engine oil with a high viscosity index (VI).
In general, engine oils become more viscous at lower temperatures, increasing engine
drag. High VI reduced oil viscosity at lower temperatures, improving fuel-saving effi-
ciency. Figure 5 exhibits the variation in viscosity index with different concentrations of 9
M-TizC,Tx MXene and 6 M-Ti3C,Tx MXene nanolubricants. Figure 5 reveals that adding
0.01 wt.% of 9 M-TizCyTx MXene and 6 M-Ti3C,Tx MXene elevated the VI of base oil by
1.14% and 0.76%, respectively. Compared to base oil, MXene nanolubricants show slightly
higher VI, which offers low viscosity change at varying temperatures, improved thinning
resistance, and preserved protective oil film strength under high pressure and temperature.
This finding demonstrates that using MXene nanoparticles in outboard engine oil poten-
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tially enhances the viscosity index and increases engine oil preference for high-temperature
use.

.
0.05% MXMO Ss%6

1.00%

0.01% MXMO

0.005% MXMO

MO

6M-TizC2Tx B 9M-TizC2Tx

133 134 135 136 137 138

Viscosity Index

Figure 5. Viscosity index of the nanolubricant with 9 M-TizC,Tx MXene and 6 M-Ti3CpTx MX-
ene nanolubricant.

3.3. Tribological Analysis of Ti3C, Ty MXene Nanolubricant

As is well known, adding excessive or insufficient nano-additives with the ideal
interlayer spacing of MXene can cause lubricating oil performance to be compromised.
The coefficient of friction (COF) and average wear scar diameter (WSD) of MXene nanolubri-
cant with different interlayer spacing and concentrations of TizC,Tx MXene nanoparticles
in outboard engine oil are therefore used to determine the optimal interlayer spacing and
concentration. The results are shown in Figure 6. As depicted in Figure 6A, the COF of
the base oil is 0.1252. The COF first decreased when 9 M-0.005 wt.% and 9 M-0.01 wt.% of
MXene were added to the base oil. Nanolubricant with 9 M-0.005 wt.% of Ti3C,Tx MXene
contains an adequate number of nanoparticles to promote formation of a protective layer
between the mating surfaces. Building a tribofilm comprised of nanosheets helps mitigate
the friction caused by the slippage of the individual layers of nanosheets [49]. Further
addition of MXene concentration, 9 M-0.01 wt.%, shows a significant decrement of COF,
possibly attributed to the optimal amount of nanosheets to form a homogenous tribofilm
during sliding and deformation of individual nanosheets, which results in a reduction in
friction between mating surfaces. However, the COF started to increase when the concen-
tration reached up to 9 M-0.05 wt.%, which can be attributed to the flocculation of Ti3C,Tx
MXene nanoparticles, dramatically expanding the nanoparticle size. Consequently, the
nanoparticles cannot enter the tiny space between the friction contact, leading to higher
COF [8,49,50].

It should be noted that adding 6 M-TizC,Tx MXene, with lower interlayer spacing, into
base oil exhibits the same COF reduction trend, with an insignificant percentage of COF
decrement (less than 10%). This may be due to deficient interlayer spacing to facilitate lower
shear strength, which promotes better lubricity to reduce friction, compared to 9 M-Ti3C,Tx
MXene nanoparticles with higher interlayer spacing. On the other hand, 6 M-0.01 wt.%
Ti3CyTx MXene nanolubricant also demonstrates the highest improvement in COF amongst
other 6 M concentrations, suggesting that 0.01 wt.% of MXene is the optimal amount to
establish a uniform tribolayer between mating surfaces. Overall, MXene additive nanolu-
bricants with varying concentrations and interlayer spacing assist in reducing COF and
wear, showing potential as an anti-friction and anti-wear agent. In evaluation with other
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reported studies, a comparison table showing our results and the tribological performance
of other nanomaterials is attached in Appendix A.
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Figure 6. (A) The coefficient of friction of 9 M-Ti3CpTx MXene and 6 M-TizC,Tx MXene nanol-
ubricants. (B) The average wear scar diameter of 9 M-TizCyTxy MXene and 6 M-Ti3CyTx MXene
nanolubricants.

Figure 6B presents the average wear scar diameter (WSD) with varying MXene ad-
ditive concentrations in outboard engine oil. The WSD of the ball without any addition
of MXene additive is 818 um. Figure 6B shows that 0.005 wt.%-0.05 wt.% of 9 M-and
6 M-TizC,Tx MXene additive dispersed in outboard engine oil improved WSD from 0.6%
to 6.3% in comparison with base oil, while higher improvement in WSD is shown by
9 M-Ti3C,Tx MXene nanolubricant compared to 6 M-Ti3C, Tx MXene nanolubricant; how-
ever, no significant difference in WSD reduction associated to the variation in interlayer
spacing. The result also demonstrates 0.01 wt.% 9 M-TizC,Tx MXene additive establishes
the lowest average WSD. The decrease of WSD of 0.01 wt.% 9 M-Ti3C,Tx MXene is at-
tributed to the forming of a thin lubricating layer between the contact surfaces, which helps
minimise contact pressure and frictional torque [47]. Furthermore, the occurrence of the
mending effect can promote the reduction in the average WSD. This effect occurs when the
2D nanoparticles accumulate and deposit in the tiny cracks and ridges of mating surfaces,
smoothing them out and lowering the average WSD. This mechanism and result are in
agreement with former studies [8,41,51,52].

These findings were further confirmed with FESEM and EDX analyses on the steel
ball surface, as shown in Figure 7. In Figure 7A, the surface of the ball bearing with base oil
with no addition of MXene shows darker concentric grooves, indicating a deeper furrow.
The lowest WSD was chosen to compare with the WSD of a non-additive nanolubricant. In
Figure 7B, with 0.01 wt.% 9 M-TizC,Tx MXene additive, the scar under FESEM observation
appears to be brighter, representing a shallower furrow. Bright and smooth wear tracks
appeared when the lubricant with Ti3C;Tx MXene nanoparticles was mixed, demonstrating
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a reduction in the contact surfaces between the steel balls. It is hypothesised that MXene
nanosheets can easily slide and infiltrate the oil surface due to their two-dimensional
structure. Additionally, nanosheets offer a continuous layer on sliding surfaces because of
their excellent contact adherence. This behaviour is associated with the mending property
of TizC,Tx MXene. The nanoparticles repair the scratched and worn surfaces by being
deposited into worn surfaces, while building a protective layer to eliminate direct contact
between the two contact surfaces, minimising the wear scar diameter. The adherence of
Ti3C,Tx MXene nanoparticles on the cracks assists in a reduction in the depth of the grooves,
as evidenced in Figure 7D by the presence of Ti element in the EDX elemental spectrum
of the scar on the steel ball. In comparison, no Ti element was observed on the steel ball
scar with the base oil lubricant in Figure 7C. The experimental tribological results above
suggest that, with an optimal concentration of 0.01 wt% TizCyTx MXene in the outboard
engine oil, COF and WSD can be significantly improved.
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C 154 04
Cr
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cps/eV
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Figure 7. FESEM images of wear scar diameter with (A) base oil and (B) 9 M-0.01 wt.% MXMO. EDX
elemental spectra of the wear scar with (C) base oil and (D) 9 M-0.01 wt.% MXMO.

According to the previous study, the development of tribofilm and the mending effect
is the fundamental mechanism for reducing frictional wear in the case of Ti3C,Tx MXene
nanolubricant. The two-dimensional plane structure of TizCoTx MXene allows it to glide
between the oil surface easily. Furthermore, when the concentration of Ti3C,Tx MXene
grows, it will agglomerate and precipitate, increasing wear and friction between mating
surfaces. The wear process of TizC,Tx MXene nanosheets is related to the segregation
of interlayers into different layers [53,54] due to reduced van der Waals or Coulombic
repulsive interactions at contact points. Thus, a higher interlayer spacing with lower van
der Waals interaction easily disintegrated into individual layers and quickly adhered to
the worn surface, promoting better lubricity to the contact surface, resulting in higher
improvement in COF and wear compared to TizC,Tx MXene with lower interlayer spacing,
as supported by the previous literature [55]. Thus, the findings show that adding TizC,Tx
MXene to the lubricant substantially enhances its tribological properties.
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3.4. Oxidation Analysis of TizsC,Ty MXene Nanolubricant

High loads and temperatures and continuous air contact are the main contributors to
the oxidation of lubricants in the transportation industries, including marine transportation.
Oxidation accelerates the degradation of base oils and additives, decreasing their efficiency,
performance, and life expectancy. Figure 8 displays the oxidation induction time (OIT) of
9 M-TizC; Tx MXene nanolubricant since 9 M-Ti3C,Tx MXene nanolubricant consistently
shows better physiochemical and tribological properties compared to 6 M-TizCoTx MXene
nanolubricant. The results show OIT enhancement by adding 9 M-TizC,Tx MXene to the
outboard engine oil. Compared with base oil, the OIT improves by 35.1%, 54.8% and
30.1% for 0.005 wt.%, 0.01 wt.% and 0.05 wt.%, respectively. Amongst other concentra-
tions of nanolubricant formulation, the nanolubricant with 0.01 wt.% 9 M-Ti3C,Tx MXene
nanoparticles was found to enhance theOIT by the most suggesting that this concentration
is the optimal concentration of MXene additive in the outboard engine oil, which offers the
anti-oxidation effect that can expand lubricant service lifespan.

Oxidation Induction Time (OIT)

N
h

o
—]

[a—y
(9]

—
(—]

wn

0.1%

MO 0.005%MXMO 0.01%MXMO 0.05%MXMO

Figure 8. The oxidation induction time (OIT) of nanolubricants with different MXene concentrations.

3.5. Thermal Conductivity Analysis of Ti3C,Ty MXene Nanolubricant

In order to reduce the heat generated by the moving components of an engine and
overcome mechanical fatigue, a good lubricant is required to possess a high level of thermal
conductivity [12]. The thermal conductivities of Ti3CpTx MXene with TC-W certified out-
board engine oil samples for different concentrations are plotted in Figure 9A as a function
of temperature from 40 °C to 100 °C. The influence of concentration and temperature on
the thermal conductivity of Ti3CyTx MXene nanolubricant was analysed. The standard
deviations for the thermal conductivity of the samples are £0.002. The result shows that the
thermal conductivity of Ti3C,Tx MXene nanolubricant samples almost linearly increased
with Ti3C,Tx MXene concentration from 0.005 wt.% to 0.05 wt.% in engine oil. The high
concentration of Ti3CyTx MXene dramatically increases with the content of TizC,Tx MX-
ene nanoparticles in the oil sample. The sample of oil with 0.05 wt.% of TizC,Tx MXene
exhibits the maximum thermal conductivity, which is 0.14 W/m K at 40 °C, and increases
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to 0.28 W/m K at 100 °C, with 59% and 69.7% of thermal conductivity enhancement,
respectively, as shown in Figure 9B. With higher concentrations of MXene and uniformly
dispersed ultra-high thermal conductivity nanoparticles, the nanoparticles are easily con-
nected with each other to enhance heat dissipation. In other words, the molecular collisions
between the base oil and more nanoparticles led to higher thermal conductivity. [49,56,57].
In addition, TizC,Tx MXene nanosheets offer a high aspect ratio due to the size and layer
morphology, which provide an increased contact interface to improve the thermal conduc-
tivity of lubricants with a higher amount of MXene nanoparticles [12,48]. Furthermore, the
improvement in thermal conductivity of TizC,Tx MXene nanolubricant is associated with
the vast basal plane of TizC,Tx MXene sheets present in outboard engine and the intense
heat conductivity across the basal plane of Ti3C,Tx MXene nanoflakes [58,59]. These planes
have a high density of delocalised electrons, and can transfer heat quickly and efficiently
through the material, which significantly improves the thermal conductivity of TizC,Tx
MXene nanolubricant.
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Figure 9. (A) Thermal conductivity of TizC,Tx MXene with outboard engine oil as a function of
temperature for the varying MXene concentrations of 0.005, 0.01, and 0.05 wt.%. (B) Percentage of
thermal conductivity enhancements of TizC,Tx MXene with outboard engine oil as a function of
temperature for different concentrations.

Figure 9 shows that thermal conductivity also increases with temperature elevation.
The molecules in base oil obtain a high-velocity vibration as the temperature rises. Dispers-
ing Ti3CpTx MXene nanoparticles in outboard engine oil also induces a random collision;
striking and hitting nanoparticle surfaces causes the Brownian motion effect. Under the
high-temperature condition, the Ti3C,Tx MXene nanoparticles gain more energy, and the
Brownian motion effect becomes more intense, which results in a fascinating phenomenon
known as thermophoresis [49,59,60]. Thermophoresis is the movement of particles brought
on by a temperature gradient in the fluid. Brownian motion and thermophoresis both
promote particle collision, though thermophoresis may sometimes have a more substantial
impact. These particle collisions often result in an increase in thermal conductivity.

It is also worth noting that, at low temperatures, the lubricant’s viscosity is higher,
which can limit the mobility of the TisC,Tx MXene nanosheets in the lubricant. This can
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decrease the effect of Brownian motion and the lubricant’s thermal conductivity because
the Ti3C,Tx MXene nanoparticle transport between the MXene layers is decelerated. As the
temperature increases, the lubricant’s viscosity decreases, allowing for greater mobility of
the Ti3C, Tx MXene nanosheets. This leads to an increase in the thermal conductivity of the
lubricant attributed to the high Brownian motion effect [61-63].

4. Conclusions

The current work has effectively established TizCyTx MXene nanoparticles as a po-
tent anti-friction, anti-oxidant, and excellent thermal conductor additive with improved
tribological, oxidation, and thermal conductivity performance in outboard engine oil. In
the tribological analysis, nanolubricant with 0.01 wt.% concentration of TizCyTx MXene
nanoparticles shows outstanding results in reducing the friction coefficient and average
wear scar diameter, with 14.5% and 6.3% decrement, respectively, compared to the base
oil. This is due to the tribofilm and mending effect, which promotes the formation of a
protective film between the frictional surfaces and the deposition of nanoparticles in the
cracks and ridges, decreasing the COF and average WSD. Furthermore, the addition of 0.01
wt.% Ti3C,Tx MXene nanoparticles depict significant increases in OIT by 54.8% compared
to base oil, revealing its anti-oxidation effect that can extend lubricant service duration.
For the thermal conductivity analysis, the deployment of Ti3C,Tx MXene nanoparticles
shows an increasing trend in thermal conductivity as the number of nanoparticles increases.
This can be explained by the high aspect ratio and the large basal plane of Ti3CpTx MXene
nanoparticles, the effect of Brownian motion, and the thermophoresis phenomenon, which
enhanced the thermal conductivity with increasing nanoparticles and temperature.
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Appendix A
. . ] Enhancement of Tribological Properties
Material Base Fluid Concentration Reference
COF Wear
MXene TizC, Tx nanosheets ( AP?S:E ZCC;TX) 0.8 mg/mL 34.74% 45.58% [64]
MXene Ti3C2TX DI- HzO 5wt.% 20% 48% [65]
MXene Ti3C2TX PAOS base oil 0.8 wt.% 9.5% 7.7% [66]
TizCyTx Outboard oil 0.01 wt.% 0.8% - [1]
. ) . o 29.1% (with 20N Depth: 30 um
TiO, /TizCy Tx Oil 1.0 wt.% load) Width: 280 um [67]
. . o around 20% (with
TizC,(OH), 100SN base oil 1.0 wt.% 15N load) - [68]
Ti3Co Ty Liquid paraffin 1.0 wt.% 49.6% - [69]
KTO-TizC,y Ty PAOS base oil 1.0 wt.% 30.6% - [55]
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TDPA-Ti3C, Castor oil 0.1 wt.% 27.9% 55.1% [70]
DDP-TizC,Tx 500SN base oil 0.3 wt.% COF: 0.11 87% [71]
MXenes/MoS, Liquid paraffin 5.0 wt.% 39% - [72]
heterojunction
T3 Tx /Mo, 150SN base oil 0.3 wt.% 39% 85% (73]
heterojunction
MXene-HS PAO 10 1.0 wt.% COF: 0.12 82% [74]
. . SAE o o o
Hybrld MOS2@T13C2 5W-40-based engine oil 0.05 wt.% 13.9% 23.8% [47]
MoS, SAE 20W50 diesel 0.01 wt.% 19.24% 19.52% [49]
engine oil
WS, Base oil + PVP 1.0 wt.% 33% 45% [75]
surfactant
Multi-layered graphene PAO2 oil 0.05 wt.% 78% 16% [76]
Graphene nanoplatelets . o o o
(GNPs) Palm oil TMP 0.05 wt.% 5% 15% [77]
Graphene nanoparticle (GP) Synthetic oil, PAO4 0.01 wt.% 78% (at 60-100 °C)  90% (at 60-100 °C) [78]
Graphene PAO4 oil 0.01 wt.% 50% greater than 50% [79]
Graphene Vegetable oil - Frorg 8'7018425 to From 414 to 374 [80]
GO DI-H20 26.1% 39.4% [81]
0.03 (2.3 times
GO DI-H20 0.1 wt.% lower than 0.5 wt% - [82]
ND)
o ) No obvious wear
GO DI-H20 0.1 wt.% COF: 0.05 after 60 000 cycles [83]
. o COF: 0.121
CNT Pure palm oil 2 wt.% (APE-10) - [84]
MXene Ti3Cy Tx Tew Ouﬂi)‘i’f‘rd CNEME 001 wt% 14.5% 6.3% Our work
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