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Abstract: This study presents an approach to enhance the performance of lubricating oils through
the environmentally friendly synthesis of cerium oxide (CeO2) nanoparticles using Moringa oleifera
leaf extract. These biosynthesized nanoparticles were thoroughly characterized for their structural
and thermal stability by utilizing X-ray diffraction, scanning electron microscopy, and transmission
electron microscopy. The CeO2 nanolubricants, prepared at various concentrations, displayed significant
improvements in viscosity, stability, and thermal conductivity. Specifically, the 0.15 wt% concentration
achieved the best performance, reducing viscosity to 9.79 pascal-second (Pa·s) at 80 ◦C while exhibiting
excellent dispersion and minimal sedimentation over time. The thermal conductivity tests revealed
a notable 43% increase in heat transfer efficiency at higher nanoparticle concentrations. Tribological
tests conducted using a tribometer demonstrated significant improvements in the lubrication properties.
The nanolubricant with a 0.15 wt% concentration of CeO2 nanoparticles achieved the lowest friction
coefficient, showing an approximate 26% reduction compared to the base oil, along with a notable
decrease in wear rate. This study demonstrates the potential of biosynthesized CeO2 nanoparticles
as effective, sustainable additives in lubricating oils, providing improved thermal, rheological, and
tribological properties and marking a significant step toward eco-friendly lubrication solutions.
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1. Introduction

In recent years, the use of nanoparticles in lubricants has revolutionized the field of
tribology, offering a path to significantly enhance lubrication performance by improving
properties such as friction reduction, wear resistance, and thermal stability. Lubricating oils
play an essential role in reducing mechanical friction, wear, and energy consumption in a
wide range of machinery across industries like automotive, manufacturing, aerospace, and
energy. As the demand for machinery has increased, traditional lubricants have struggled
to meet the higher performance expectations. Consequently, researchers have focused on
developing advanced lubricant formulations incorporating nanoparticles to address these
limitations. Nanoparticles exhibit unique properties due to their high surface area, chemical
reactivity, and size-dependent physical characteristics. These attributes make them highly
effective in improving the lubricant performance by modifying surface interactions between
moving parts and enabling better thermal management. A variety of nanoparticles have
been investigated as lubricant additives including zinc oxide (ZnO), copper oxide (CuO),
titanium dioxide (TiO2), molybdenum disulfide (MoS2), and silicon dioxide (SiO2), among
others. Each type of nanoparticle offers specific benefits, such as improving anti-wear
performance, reducing friction, or enhancing heat dissipation, making them promising
candidates for the development of high-performance lubricants. The common nanoparticle
properties and their functions in the lubricants are listed in Table 1.
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Table 1. Common nanoparticles used in lubricants and their properties.

S. No. Nanoparticle Properties Function in Lubricants References

1. Zinc Oxide (ZnO) High hardness, thermal stability,
chemically stable

Anti-wear, reduces friction under
extreme pressure [1–3]

2. Copper Oxide (CuO) High thermal conductivity, small size,
high surface energy

Enhances thermal conductivity, reduces
wear and friction [4,5]

3. Titanium Dioxide (TiO2) High hardness, excellent thermal
stability, photocatalytic properties

Reduces friction and wear, enhances
thermal conductivity [6–8]

4. Molybdenum Disulfide (MoS2) Layered structure, chemically stable, low
friction coefficient, high thermal stability

Reduces friction and wear, effective in
high-temperature applications [9,10]

5. Silicon Dioxide (SiO2) Thermal stability, low chemical reactivity,
high hardness

Forms protective film, reduces friction,
improves thermal stability [11,12]

6. Graphene High mechanical strength, excellent
thermal conductivity, low friction

Solid lubricant, reduces friction,
improves load-bearing capacity [13,14]

7. Tungsten Disulfide (WS2) Layered structure, high pressure
tolerance, low friction coefficient

Solid lubricant, reduces friction and wear
under high-pressure conditions [15,16]

Among the nanoparticles explored, cerium oxide (CeO2) nanoparticles are particularly
notable for their unique redox properties [17] and ability to form self-healing tribofilms [18]
on lubricated surfaces. CeO2 nanoparticles are unique in that they can switch between
Ce3+ and Ce4+ oxidation states [19,20], which enable them to repair damaged surfaces
by forming protective layers under frictional stress. Studies indicate that this adaptive
tribofilm formation helps to repair minor surface damage, enhancing surface stability by
creating a resilient protective layer [21]. Additionally, CeO2 nanoparticles exhibit a high
surface area and catalytic activity [22,23], which facilitate a better interaction with the lubri-
cating oil, reducing friction and wear at the nanoscale. This combination of redox-driven
tribofilm formation and surface area benefits makes CeO2 highly effective in improving
the tribological and thermal performance of lubricants. The tribological outcomes from
both assessments illustrate that CeO2 nanoparticles exhibit qualities conducive to reducing
friction and providing extreme pressure performance [24]. These properties contribute
to their ability to reduce friction and wear in tribological applications, which is critical in
industries where machinery must operate under extreme pressure and temperatures [25].
The inclusion of CeO2 nanoparticles in lubricants is part of a broader trend toward using
nanotechnology to enhance the performance and sustainability of industrial lubricants.
As industries seek to minimize their environmental impact, there is a growing demand
for lubricants that not only improve the machinery performance, but also reduce energy
consumption and emissions. This has spurred the development of eco-friendly nanolu-
bricants that leverage the unique properties of nanoparticles to reduce friction, wear, and
energy losses in mechanical systems. Moreover, by enhancing the thermal conductivity of
lubricants, nanoparticles like CeO2 can improve heat dissipation in machinery, preventing
overheating and reducing the risk of mechanical failure.

Traditional synthesis techniques for CeO2 nanoparticles typically involve the use of
chemical precursors and high-temperature processes [26]. In these methods, cerium salts or
compounds are subjected to high temperatures [27–29], resulting in the formation of CeO2
nanoparticles. While effective, these conventional techniques have certain drawbacks: they
often require the use of hazardous chemicals [30] and high energy input, leading to a sub-
stantial environmental footprint. Additionally, the by-products and waste generated during
these processes can contribute to pollution and environmental degradation [31]. On the
other hand, biosynthesis methods of nanoparticles offer a more environmentally friendly
alternative [32–34]. These techniques harness the power of biological organisms or natural
materials to facilitate the reduction and stabilization of cerium ions into nanoparticles.
One previous study [35] discussed the challenges of achieving precise and efficient in vivo
drug delivery using magnetic micro-/nanorobots. The proposed solution involves a novel
strategy using magnetic biohybrid microrobot multimers (BMMs) based on Chlorella cells.
Another study [36] utilized the aqueous seed extract of Nigella sativa for the green synthesis
of zero-valent iron nanoparticles (ZVI-NPs), demonstrating efficient heavy metal remedia-
tion in industrial wastewater. Characterized by various techniques, cylindrical ZVI-NPs
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with surface functional groups showed high removal efficiency, biological compatibility,
and potential anticancer properties, indicating their promising application for eco-friendly
heavy metal remediation. Such processes typically occur under mild conditions, reducing
the need for high temperatures and harsh chemicals [37]. As a result, biosynthesized CeO2
nanoparticles tend to have a lower inherent toxicity as well as a reduced environmental
impact compared to those produced through traditional chemical routes. The environ-
mental benefits associated with the use of biosynthesized CeO2 nanoparticles stem from
several scientifically grounded factors. First, the process of biosynthesis often involves the
use of natural sources or microorganisms to produce these nanoparticles. The resulting
CeO2 nanoparticles tend to have a lower level of inherent toxicity due to their biogenic
production, making them less harmful to ecosystems and living organisms when they
eventually enter the environment [38]. What distinguishes this study is its pioneering
approach to producing CeO2 nanoparticles using biosynthesis, which sets it apart from
traditional production methods known for their resource-intensive and environmentally
detrimental processes. Biosynthesis harnesses the capabilities of biological organisms to
generate nanoparticles, presenting a sustainable alternative that not only addresses con-
cerns related to the ecological impact of nanomaterials, but also aligns seamlessly with
the global drive toward environmentally conscious practices. The study, conducted on the
incorporation of biosynthesized CeO2 nanoparticles as additives in PAO oil, represents a
comprehensive exploration into the realm of lubrication science and materials engineering.

The primary objective of this research was to assess the effectiveness of biosynthesized
CeO2 nanoparticles as additives in PAO oil, focusing on improvements in friction, wear,
and thermal conductivity. These CeO2 nanoparticles, produced through environmentally
friendly methods, help to minimize the environmental impact of the production process.
The tribological performance of the CeO2 nanolubricants was evaluated using a reciprocat-
ing tribometer, which measures friction and wear under controlled conditions, providing
data on the coefficient of friction and specific wear rates. This study also investigated the
thermal conductivity of PAO oil enhanced with CeO2 nanoparticles, a critical factor for
high-temperature machinery. Efficient heat dissipation prevents overheating and ensures
both lubricant and machinery longevity. The high thermal stability of CeO2 nanoparticles
makes them particularly suitable for improving the thermal management of lubricants. Ad-
ditionally, this research explored the rheological properties of the CeO2-infused oil, which
affect the lubricant’s flow behavior under various temperature and pressure conditions.
Nanoparticles can alter the viscosity and flow characteristics, influencing the oil’s ability
to provide effective lubrication. By examining these properties, we aimed to understand
how CeO2 nanoparticles impact the overall performance of PAO oil. This research con-
tributes to the growing knowledge on the use of biosynthesized nanoparticles in lubricants,
offering both performance enhancements and more sustainable manufacturing practices.
The findings have implications for industries looking to improve efficiency while reducing
their environmental footprint, highlighting the potential of CeO2 nanoparticles as valuable
additives for next-generation lubricants.

2. Materials and Methods
2.1. Synthesis of CeO2 Nanoparticles

The synthesis of CeO2 nanoparticles, as illustrated in Figure 1, was adapted from
a previous study [39]. Fresh leaves of Moringa oleifera were selected and sterilized by
immersing them in a 1% sodium hypochlorite solution for 10–15 min, followed by thorough
rinsing with double-distilled water (DDW). The sterilized leaves were then dried in the
shade for 2–3 days. Once dried, the leaves were ground into a fine powder using a mixer
grinder. To obtain the methanolic extract, 25 mg of the powdered leaves were mixed
with 200 mL of methanol and left for 24 h. The resulting solution was filtered using
Whatman filter paper No. 1. For the synthesis, 1.86 g of cerium nitrate salt with high purity
chemicals was purchased from Sigma Aldrich and used without further purification. This
was dissolved in 50 mL of distilled water and stirred magnetically at 65 ◦C. Gradually,
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25 mL of the methanolic leaf extract was added dropwise to the cerium nitrate solution.
As the solution mixed, its color changed from dark brown to light brown, signaling the
progress of the reaction. The reaction was halted once the solution developed a sticky
consistency. The mixture was collected in a Petri dish and oven-dried at 80 ◦C. Afterward,
it was heated in a furnace at 400 ◦C. The dried material was finely ground using a mortar
and pestle, resulting in the formation of a yellow CeO2 nanoparticle powder that was
subsequently used for characterization.
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Figure 1. Biosynthesis process of CeO2 nanoparticles.

2.2. Structural Characterization

For the structural characterization of the CeO2 nanoparticles, a Panalytical (Almelo,
The Netherlands, XPERT PRO) X-ray diffractometer was employed using Cu-Kα radiation
(λ = 1.5406 Å) and operating within a 2θ range of 20 to 80◦. This XRD technique is highly
effective in revealing the crystalline properties of CeO2 nanoparticles including crystal size,
lattice parameters, and phase composition [22,40,41]. In addition, high-resolution imaging
was achieved using a UHR-FESEM (ultrahigh resolution field emission scanning electron mi-
croscope) Hitachi (Tokyo, Japna) SU-8600, which provided detailed insights into the surface
morphology and structural features [40]. For even more in-depth analysis, a TEM (transmission
electron microscopy) Hitachi H-7600 at 120 kV was utilized to closely examine individual
nanoparticles, further elucidating their nanoscale characteristics [42]. All the instruments are
sourced from Central Equipment Center (Yeungnam University, Gyeongsan, Republic of Korea).

2.3. FTIR

Fourier transform infrared (FTIR) spectroscopy was performed to identify the molec-
ular fingerprint of the synthesized CeO2 nanoparticles using a Perkin-Elmer (Waltham, MA,
USA, Spectrum 100) FTIR instrument sourced from Central Equipment Center
(Yeungnam University, Gyeongsan, Republic of Korea). This technique involves exposing
the nanoparticles to infrared radiation, allowing the instrument to detect the vibrational
modes within the material [43,44]. The high precision and sensitivity of the Perkin-Elmer
Spectrum 100 FTIR make it an excellent tool for capturing the absorbed emissions from the
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nanoparticles, offering valuable insights into their chemical composition and confirming
the purity of the synthesized samples. These findings are essential for understanding the
chemical characteristics and ensuring the high quality of CeO2 nanoparticles, supporting
their potential applications in nanotechnology.

2.4. TGA

Thermogravimetric analysis (TGA) was conducted to examine the thermal behavior
of the synthesized CeO2 nanoparticles using a TA Instruments (New Castle, DE, USA,
SDT Q600) sourced from Central Equipment Center (Yeungnam University, Gyeongsan,
Republic of Korea). This instrument is designed for precise analysis of thermal stability.
TGA was performed at a heating rate of 10 ◦C/min in a nitrogen-controlled environment,
allowing for the accurate tracking of mass changes relative to temperature. This approach
provides detailed insights into the material’s thermal decomposition [45,46]. The analysis
was carried out over a temperature range of 25 ◦C to 800 ◦C, enabling a comprehensive
assessment of the thermal stability profile of the CeO2 nanoparticles, which is essential for
understanding their performance under varying thermal conditions.

2.5. Rheological Properties

This study investigated the rheological properties of both pure oil and a range of nanolu-
bricants at temperatures of 40, 60, 80, and 100 ◦C. The Anton Paar (Graz, Austria, MCR 302e)
sourced from Central Equipment Center (Yeungnam University, Gyeongsan, Republic of
Korea), an advanced instrument designed for rheological analysis, played a pivotal role in this
examination. The measurements were carried out using a plate–plate setup with a 0.3 mm
gap, testing all concentrations of the nanolubricants. This thorough approach provides a de-
tailed understanding of how these fluids react to temperature variations, shear rates, and the
complex interactions between these factors. The Anton Paar (MCR 302e) excels in analyzing
the changes in viscosity of both pure oil and nanolubricants across different temperatures,
aiding in the optimization of lubrication strategies for diverse operational environments.

2.6. Thermal Conductivity

The thermal conductivity of both pure oil (PO) and various nanolubricants was assessed
to better understand their thermal properties by using the TEMPOS thermal properties
analyzer by Meter Group (Pullman, WA, USA) sourced from Energy Management and
Storage Laboratory (Yeungnam University, Gyeongsan, Republic of Korea). TEMPOS provides
a precise method for evaluating the heat transfer characteristics of lubricants. To ensure the
accuracy of the measurements, the instrument was first calibrated with a glycerin sample of
known standard thermal conductivity. Once validated, tests on the prepared samples were
conducted in “unattended mode”, allowing the device to automatically take multiple readings
at set intervals, ensuring reliable data collection. The analysis was performed at an ambient
temperature, enabling a comprehensive assessment of the thermal behavior of the lubricants.
The collected data, represented as average values, were plotted for detailed analysis. This
systematic approach, combined with the advanced functionality of TEMPOS, highlighted
subtle differences in thermal conductivity between pure oil and the nanolubricants, providing
a strong foundation for optimizing lubrication strategies across various applications.

2.7. Preparation of Nanolubricants

The nanolubricants were prepared by dispersing varying amounts of CeO2 nanoparticles into
PAO oil at concentrations of 0.05, 0.1, 0.15, and 0.2 wt%, as shown in Figure 2. Each mixture was
initially placed in an ultrasonication bath for 1 h to promote proper dispersion of the nanoparticles.
Following ultrasonication, the mixtures were subjected to vortex mixing for 15 min to ensure a
uniform distribution of the nanoparticles throughout the oil. To assess the stability of the prepared
nanolubricants, the samples were allowed to stand for 15 days. Figure 2 (Day 15) demonstrates
the dispersion stability of the nanolubricants, with only minor sedimentation observed, indicating
that the nanolubricants remained relatively well-dispersed over time.
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2.8. Experimental Setup for Tribology Test

The reciprocating tribometer used in this study was specifically designed for precise
tribological testing, allowing for a wide range of test configurations. It features a fixed
motor that provides vertical motion to the pin under controlled loads, while its detachable
components offer flexibility for various setups including pin-on-disc, reciprocating, and
rotating shaft tests. This adaptability allows the tribometer to be tailored to specific testing
needs, ensuring accurate and reliable results. Operating the tribometer is straightforward,
with a touchscreen control panel and specialized software that enables precise adjustments
of parameters such as load, frequency, stroke length, and test distance. Test data are auto-
matically saved in Excel format for easy transfer and detailed analysis. In this study, the
tribometer was used in the reciprocating configuration, where the pin moves vertically un-
der the applied load, and the plate moves horizontally to simulate real-world reciprocating
motion. To ensure the homogeneity of the prepared samples, 10 min of ultrasonication
followed by 5 min of vortex mixing was used immediately before testing. The pin and
sliding plate were made of heat-treated AISI 1045 steel with a hardness of 210 HB (Brinell
hardness) and a surface roughness (Ra) of 0.9 µm. The testing parameters included a 10 N
load, 3 Hz frequency, 25 mm stroke length, and a total running distance of 840 m, using a
steel-to-steel contact setup, as illustrated in Figure 3.
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3. Results
3.1. XRD Diffraction

Figure 4 presents the XRD pattern of the synthesized CeO2 nanoparticles, revealing
their crystalline structure. Prominent peaks were observed at 2θ angles of 28.40◦, 33.08◦, and
47.45◦, which corresponded to the (111), (200), and (220) crystallographic planes of CeO2,
respectively. These peaks indicate the high crystallinity of the sample and align with the
expected reflections for the face-centered cubic (fcc) phase structure of CeO2, as referenced by
JCPDS data card no. 34-0394 [47]. Additional diffraction peaks at 2θ values of 56.30◦, 59.17◦,
69.38◦, 76.77◦, and 79.00◦, corresponding to the (311), (222), (400), (331), and (420) planes,
further confirmed the complete crystallographic profile of the nanoparticles. The presence
of these well-defined peaks affirmed the structural integrity and uniformity of the CeO2
nanoparticles. Importantly, the absence of extraneous peaks confirmed the high phase purity
of the synthesized material, indicating that no secondary phases or impurities were present.
This XRD analysis elucidates the well-ordered crystalline structure of CeO2 nanoparticles,
validating both their structural integrity and purity. The data affirm the suitability of these
nanoparticles for potential applications in nanotechnology and materials science.
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3.2. Morphological Characterization

The morphological characterization of the CeO2 nanoparticles synthesized in this
study was carried out using SEM, EDX, and TEM analyses. These characterization tech-
niques provide critical insights into the structure, size, and elemental composition of the
nanoparticles. The SEM images in Figure 5 reveal the surface morphology and apparent
size distribution of the CeO2 nanoparticles at different magnifications. In Figure 5a, at the
1 µm scale, the particles appeared irregularly shaped and agglomerated, a common char-
acteristic for nanoparticles synthesized via biosynthesis due to their high surface energy,
which promotes clustering. At the 500 nm scale in Figure 5b, the individual particles were
more distinguishable within the agglomerates. Figure 5c provides a closer view at a 200 nm
scale, showing that the agglomerates were approximately 200 nm in size. It is important
to note that SEM captures surface features and may represent aggregated particle clusters
rather than individual nanoparticle sizes. Additionally, SEM samples typically require a
thin conductive coating (such as gold or carbon) to prevent charging effects, which may
slightly increase the apparent size of the particles due to the coating layer. The rough
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surfaces and stacked arrangement observed in the SEM images indicate a high surface area.
The energy-dispersive X-ray spectroscopy (EDX) spectrum in Figure 6 was acquired from
SEM mapping to confirm the elemental composition of the CeO2 nanoparticles. The EDX
spectrum showed prominent peaks corresponding to cerium (Ce) and oxygen (O), which
are the primary constituents of CeO2. The quantitative analysis revealed that Ce constituted
approximately 81.81% by weight, while oxygen made up 18.19%, aligning well with the
stoichiometric composition expected for CeO2. Less significant peaks for impurities or
other elements were detected, confirming the high purity of the synthesized nanoparticles.
The EDX mapping of the surface indicates a uniform distribution of cerium and oxygen
across the nanoparticles, further supporting the successful synthesis of CeO2 nanoparticles
with minimal contamination.
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Transmission electron microscopy (TEM) was employed to examine the finer details
of the CeO2 nanoparticles, providing high-resolution images of their internal structure, as
shown in Figure 7. In Figure 7a, a low-magnification image at the 200 nm scale showed that
the CeO2 nanoparticles tended to form clusters due to their high surface energy. However,
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Figure 7b, at the 50 nm scale, revealed the individual particle size within these clusters, with
particles ranging from 25 to 70 nm in diameter. TEM samples are prepared as ultra-thin
sections, allowing for the direct observation of the individual particles without requir-
ing a conductive coating, which enables a more accurate measurement of particle size.
Figure 7c,d, at higher magnifications (20 nm and 10 nm, respectively), highlights the crys-
talline structure of the nanoparticles, with visible lattice fringes in Figure 7d indicating high
crystallinity. The crystallites within the nanoparticles were between 20 and 60 nm in size,
suggesting that each nanoparticle was composed of smaller crystalline domains. Further-
more, EDX analysis from TEM mapping (Figure 8) showed that the EDX analysis conducted
during the TEM mapping, as shown in Figure 8, provided additional confirmation of the
elemental composition of the CeO2 nanoparticles. The EDX spectrum revealed distinct
peaks for cerium (Ce) and oxygen (O), with not much significant evidence of impurities.
The EDX elemental maps for Ce and O are shown in two different colors: green for Ce,
and orange for O. These maps indicated a uniform distribution of cerium and oxygen
across the nanoparticles, confirming that the CeO2 nanoparticles were homogeneous in
composition. The presence of less significant peaks of other elements in the EDX spectrum
further supports the conclusion that the nanoparticles were composed predominantly of
cerium and oxygen, in accordance with the expected CeO2 structure.
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3.3. FTIR Characterization

The FTIR analysis of CeO2 revealed a distinctive spectral profile, offering valuable
insights into its molecular composition. As depicted in Figure 9, the spectrum exhibited
key peaks at specific wavenumbers. A broad absorption band at 3396.09 cm−1 suggests
the presence of hydroxyl groups, indicative of surface adsorption or structural hydroxyl
moieties [38,48]. The peak at 1559.57 cm−1 corresponded to the symmetric stretching
of oxygen within the Ce-O bond, confirming the oxide nature of the cerium compound.
Additionally, peaks at 1318.34 cm−1 and 537.39 cm−1 can be attributed to lattice vibrations,
further validating the crystalline structure of CeO2. A notable peak at 1055 cm−1, while
less intense, may indicate C-O stretching or other minor functional groups present on the
nanoparticle surface. The peaks observed between 537.39 cm−1 and 460.4 cm−1, including
those at 417.9 cm−1, 413.79 cm−1, 410.45 cm−1, 407.19 cm−1, and 403.7 cm−1, are character-
istic of metal-oxygen (M-O) stretching vibrations specific to Ce-O bonds [38]. These lower
wavenumber peaks add to the comprehensive spectral data, reinforcing the structural and
chemical properties of CeO2 and confirming its purity and crystalline nature.
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3.4. TGA Analysis

The TGA graph illustrates the thermodynamic behavior of CeO2 nanoparticles in a
nitrogen-rich atmosphere. Figure 10 presents the relationship between weight loss and
temperature as well as the derivative of the weight loss curve. The red curve represents the
changes in sample mass, which can be attributed to thermal decomposition or oxidation
processes. Concurrently, the black derivative weight curve reflects the rate of mass loss
as a function of temperature. The CeO2 nanoparticles displayed a noticeable weight loss,
ranging from 100% to 94%, indicating thermal changes within this temperature range.
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Between the temperatures of approximately 50 ◦C and 300 ◦C, a weight loss of 4.51%
was observed. This weight loss was primarily attributed to the removal of surface-adsorbed
water molecules or moisture from the nanoparticle surfaces, indicating a dehydration
process. This phase marks the elimination of loosely bound water, which is a common
characteristic of nanoparticles with a high surface area [49,50]. A second, more gradual
weight loss of 1.26% occurred between 300 ◦C and 600 ◦C. This phase is associated with
the slight decomposition of CeO2 nanoparticles, most likely due to the loss of residual
organic components or minor oxygen loss from the lattice structure of the nanoparticles [49].
This further reduction in weight indicates the onset of more stable thermal decomposition
but remains minimal, demonstrating the excellent thermal stability of the biosynthesized
CeO2 nanoparticles. The derivative weight curve (red) showed two key peaks: one around
300 ◦C, corresponding to the initial weight loss phase (dehydration), and another smaller
peak around 500 ◦C, indicating the completion of the minor thermal degradation [51]. The
main peak near 300 ◦C is linked to the dehydration process, whereas the peak at 500 ◦C
suggests additional thermal changes, possibly related to structural adjustments within the
CeO2 lattice [19]. The weight loss in the second phase, from 300 ◦C to 600 ◦C, was likely
to be due to the slight decomposition of the CeO2 lattice, which results in the release of
oxygen. This phenomenon can be explained by the reduction of Ce4+ to Ce3+, with oxygen
loss from the lattice. The corresponding chemical equation for this process is as follows:

2CeO2 → Ce2O3 +
1
2

O2

This equation represents the reduction of cerium oxide (CeO2) to cerium(III) oxide
(Ce2O3), accompanied by the release of oxygen (O2). The minimal weight loss (1.26%)
observed during this phase reflects the high thermal stability of the CeO2 nanoparticles, as
only a minor decomposition occurred, which is in line with the expectations for high-quality,
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biosynthesized nanoparticles. The total weight loss of approximately 6% across the entire
temperature range (from 50 ◦C to 800 ◦C) reflects the high thermal stability of the CeO2
nanoparticles. When compared to previous studies [52] reporting weight losses of 12% or
higher under similar conditions, the lower overall weight loss in this study highlights the
superior thermal stability of the biosynthesized CeO2 nanoparticles.

3.5. Zeta Potential

Zeta potential measurements were performed using the Zetasizer Nano ZS by Malvern
Instruments (Almelo, The Netherlands) sourced from Central Equipment Center (Yeung-
nam University, Gyeongsan, Republic of Korea) to analyze the dispersion stability of the
CeO2-based nanolubricants. The zeta potential reflects the electrostatic interactions be-
tween particles in a suspension and is a key indicator of stability. Particles with high zeta
potential values repel each other, preventing aggregation, while lower values suggest a
tendency to cluster [53]. According to the literature, suspensions with a zeta potential
greater than 30 mV are considered stable, those between 40 and 60 mV have good stability,
and suspensions above 60 mV exhibit excellent stability [54]. Figure 11 presents the zeta
potential values for all concentrations of nanolubricants tested. Based on the data, all nanol-
ubricants exhibited zeta potential values exceeding 60 mV, indicating excellent stability.
This suggests that the CeO2 nanoparticles were well-dispersed in the PAO oil, with strong
electrostatic repulsion forces between them. However, there were variations in the zeta
potential values among the different concentrations. The 0.05 wt% and 0.15 wt% nanolu-
bricants exhibited the highest zeta potential values at 75.2 mV and 81.4 mV, respectively.
In contrast, the 0.1 wt% and 0.2 wt% nanolubricants showed lower zeta potential values
of 68.9 mV and 65.2 mV, respectively. Variations in zeta potential among concentrations
can be attributed to particle interactions. Higher concentrations may lead to closer particle
packing and reduced electrostatic repulsion due to a thinner electrical double layer (EDL),
thus lowering the zeta potential. The observed stability across all concentrations confirmed
that the CeO2 nanoparticles were well-dispersed in the PAO oil, with strong electrostatic
repulsion maintaining the suspension’s stability.
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3.6. Rheological Properties

The rheological properties of CeO2-based nanolubricants dispersed in polyalpha-olefin
(PAO) oil at various concentrations (0.05 wt%, 0.1 wt%, 0.15 wt%, and 0.2 wt%) were studied
across four temperatures (40 ◦C, 60 ◦C, 80 ◦C, and 100 ◦C), as shown in Figure 12. The
shear stress vs. shear rate plot (Figure 12a) demonstrated a positive linear relationship for
all concentrations and temperatures, suggesting Newtonian-like behavior at lower shear
rates and under moderate conditions [55,56]. At 40 ◦C, the highest shear stress values
were observed, with the 0.2 wt% CeO2 nanolubricant showing the greatest enhancement,
attributed to the increased particle–particle and particle–fluid interactions [57]. Pure PAO
oil exhibited the lowest shear stress response across all temperatures, highlighting the
reinforcing effect of CeO2 nanoparticles. As the temperatures increased to 60 ◦C, 80 ◦C,
and 100 ◦C, a general decrease in shear stress values was noted due to thermal softening,
which reduces fluid viscosity and decreases the energy required to shear the fluid. While
all concentrations maintained higher shear stress values than pure PAO, the differences
among them were less pronounced at higher temperatures.
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The viscosity vs. shear rate plot (Figure 12b) indicated a slight shear-thinning behavior
for all nanolubricants, particularly at higher shear rates. This subtle decrease in viscosity
with increasing shear rate is typical for nanolubricants and is desirable for high-shear
applications as it reduces resistance to flow under high shear conditions [58]. At lower
temperatures, the 0.2 wt% concentration exhibited higher viscosity compared to lower
concentrations and pure PAO, which aligned with the expectations since the addition of
CeO2 nanoparticles forms a more structured network, increasing resistance to flow. The
relatively stable viscosity at moderate shear rates suggests good nanoparticle dispersion.
With elevated temperatures (60 ◦C, 80 ◦C, and 100 ◦C), the viscosity decreased across all
samples due to the reduction in intermolecular forces and weakened nanoparticle–fluid
interactions. Despite this decrease, the 0.2 wt% concentration maintained a higher viscosity
than pure PAO, indicating resilience to temperature changes. All tested concentrations
showed promising behavior across the temperature range, contributing to the potential for
enhanced lubrication performance [59].

3.7. Viscosity Behavior and Temperature Dependency

The viscosity of fluids including nanolubricants with CeO2 nanoparticles depends
on various factors such as temperature, nanoparticle concentration, and molecular inter-
actions. Typically, as the temperature rises, the viscosity of a fluid decreases due to the
increase in kinetic energy, which weakens the intermolecular forces. However, the inclusion
of nanoparticles introduces additional interactions that influence this behavior [52,60].
Figure 13 presents the combined analysis of the dynamic viscosity, relative viscosity, and
viscosity index (VI) of CeO2-based nanolubricants across various concentrations (0.05 wt%,
0.1 wt%, 0.15 wt%, and 0.2 wt%) and temperatures (40 ◦C, 60 ◦C, 80 ◦C, and 100 ◦C).
As shown in Figure 13a, all tested nanolubricants exhibited a decrease in viscosity with
increasing temperature, a trend characteristic of most fluids due to the reduction in inter-
molecular friction. At 40 ◦C, the 0.1 wt% concentration showed a significant initial viscosity
(24.21 Pa·s) compared to the pure PAO oil (30.84 Pa·s), indicating enhanced nanoparticle
interactions. However, as the temperature increased to 60 ◦C, all samples including the
pure PAO displayed a sharp viscosity reduction, with the 0.1 wt% nanolubricant still
maintaining a relatively higher viscosity. At 80 ◦C and 100 ◦C, the viscosities for all concen-
trations converged, suggesting that the temperature dominates viscosity behavior at higher
temperatures. Figure 13b shows the relative viscosity of nanolubricants compared to the
base PAO oil. Relative viscosity increases with nanoparticle concentration due to enhanced
intermolecular interactions and the higher effective volume fraction in the fluid [61,62].
However, as the temperature rises, the relative viscosity decreases, reflecting reduced
intermolecular forces and greater molecular mobility. The non-monotonic trends, such as
the variations at 0.05 wt% between 40 ◦C and 100 ◦C, could be attributed to changes in
dispersion and nanoparticle aggregation [63]. The VI, depicted in Figure 13c, indicates
how fluid’s viscosity changes with temperature. Higher VI values suggest better viscosity
stability. The 0.1 wt% concentration achieved the highest VI, demonstrating improved
temperature resilience, while the 0.05 wt% concentration had a lower VI than pure PAO,
potentially due to weaker interactions or nanoparticle settling. The increased VI in other
concentrations was likely due to the structural changes induced by CeO2 nanoparticles,
which form interactions such as hydrogen bonds or dipole–dipole forces that enhance the
viscosity–temperature relationship [63–65].

The combined analysis in Figure 13 highlights that CeO2 nanoparticles can improve
the viscosity behavior and thermal stability of PAO oil, particularly at lower to moderate
temperatures. However, as the temperature increased, the effect of nanoparticle concen-
tration diminished, making the fluid’s inherent properties more influential. Selecting the
appropriate concentration is essential for optimizing the nanolubricant performance across
a range of operating temperatures.
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3.8. Thermal Conductivity Analysis

The examination of heat conduction properties in nanolubricants containing CeO2
nanoparticles demonstrated improved heat transfer capabilities. As shown in Figure 14,
there was a consistent increase in thermal conductivity with rising nanoparticle concen-
trations, except for the 0.1 wt% sample, which showed a lower value compared to the
0.05 wt% sample. This slight decrease could be attributed to nanoparticle agglomeration
at higher concentrations, which reduces the effective surface area for contact and heat
transfer between the nanoparticles and base oil [61]. The error bars presented in Figure 14
provide valuable insights into the variability of the measurements across different concen-
trations. For instance, the error margin was notably higher for the 0.05 wt% and 0.2 wt%
concentrations, indicating some variability in thermal conductivity values, potentially due
to differences in nanoparticle dispersion. This suggests that while CeO2 nanoparticles
enhance thermal conductivity overall, maintaining uniform nanoparticle dispersion is
essential to achieve consistent performance across different tests. Despite the observed
variability, the most significant improvement in thermal conductivity was observed with
the 0.2 wt% sample, reaching 0.12 W/mK—an approximate 43% increase compared to the
base oil (PO), which had a value of 0.05 W/mK. The enhancement in thermal conductivity
due to CeO2 nanoparticles can be explained by several factors including their inherently
high thermal conductivity, the formation of a conductive network within the nanolubricant,
and increased convection driven by the Brownian motion of the nanoparticles. Other influ-
ential parameters include nanoparticle size, shape, surface modification, base oil type and
viscosity as well as the temperature and shear rate of the nanolubricant [66]. This highlights
that incorporating CeO2 nanoparticles into PAO oil-based nanolubricants significantly
boosts their thermal conductivity at various concentrations.
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3.9. Tribological Properties

In this study, a reciprocating tribometer was employed to measure the coefficient of
friction (CoF) of both the pure oil (PO) and nanolubricants formulated with polyalphaolefin
(PAO) oil as the base and CeO2 nanoparticles as additives. The nanolubricants were pre-
pared with varying CeO2 concentrations (0.05, 0.1, 0.15, and 0.2 wt%), and each test was
performed three times to ensure data accuracy. The tribometer was run over a sliding
distance of 840 m, with data points representing the average CoF recorded every 40 m,
as presented in Figure 15. To eliminate potential confusion from transient fluctuations
observed at the beginning of each test, only the stable portion of the friction data is pre-
sented. During the initial stage, minor disturbances in the CoF were observed as the test
setup stabilized; these effects dissipated over time, leading to consistent and reliable data.
The error bars in the new figure illustrate the variability in CoF over the sliding distance,
with the standard deviations for the PO, 0.05 wt%, 0.1 wt%, 0.15 wt%, and 0.2 wt% CeO2
nanolubricants being 0.00592, 0.0042, 0.00782, 0.00975, and 0.00869, respectively. These
values reflect the consistency and reliability of the results, with lower standard deviations,
such as that for 0.05 wt% and PO, indicating more stable CoF values across the entire test.
The 0.15 wt% concentration continued to exhibit the lowest CoF, reinforcing its optimal
friction-reducing performance. The results clearly indicate that the CoF of pure PO was
consistently higher than that of the CeO2-based nanolubricants across all distances and
concentrations, demonstrating that the addition of CeO2 nanoparticles significantly re-
duced the friction between sliding surfaces. Several mechanisms may account for this
friction reduction. First, the formation of a protective tribofilm on the surface, facilitated by
the catalytic activity of CeO2 nanoparticles [52,67], plays a critical role. This tribofilm can
minimize surface roughness and prevent direct metal-to-metal contact, effectively lowering
the CoF. Second, the spherical morphology of CeO2 nanoparticles can contribute to a rolling
effect [68]. These nanoparticles act like nanoscale ball bearings, reducing the contact area
between surfaces and further decreasing friction. Another contributing factor is the polish-
ing effect of CeO2 nanoparticles [52], where the nanoparticles smooth out surface asperities
and remove wear debris, thus lowering the CoF even more. The data also revealed the
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concentration dependent behavior of the CoF. As the concentration of CeO2 nanoparticles
increased, the CoF decreased, reaching its lowest value at 0.15 wt%. However, a slight
increase in CoF was observed at 0.2 wt%, suggesting that there is an optimal concentration
of CeO2 nanoparticles for minimizing friction. Several factors could explain this trend. First,
the dispersion stability of the nanolubricants is critical. At higher concentrations, CeO2
nanoparticles may tend to agglomerate or settle, reducing their effectiveness in lowering
friction [69]. Second, as the concentration increases, the viscosity of the nanolubricants also
rises due to intensified interparticle interactions, which could increase the fluid resistance
and thereby raise the CoF [67]. Additionally, the balance between tribofilm formation and
removal must be considered. While higher concentrations of CeO2 nanoparticles promote
greater tribofilm formation due to increased catalytic activity [18], they may also enhance
the polishing effect, leading to the faster removal of the tribofilm. This creates a trade-off
between tribofilm formation and removal, influencing the overall CoF [70,71]. In conclu-
sion, this experiment demonstrates that incorporating CeO2 nanoparticles into PAO oil
effectively reduces friction, making it a promising additive for lubricant applications. The
nanolubricant with a 0.15 wt% concentration of CeO2 nanoparticles achieved the lowest
friction coefficient, showing an approximate 26% reduction compared to the base oil. This
friction reduction is likely due to a combination of factors including the formation of a pro-
tective tribofilm, the rolling and polishing effects of CeO2 nanoparticles, stable dispersion,
and balanced interaction between viscosity and tribofilm dynamics. The relatively low
standard deviation values across all concentrations support the consistency and reliability
of the tribological performance observed. These insights highlight the potential of CeO2
nanoparticles to significantly enhance the tribological performance of lubricants.
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3.10. Wear Analysis

The wear tracks were analyzed using the NANOSCOPE NS-3500 (Dallas, TX, USA),
a high-speed confocal laser scanning microscope (CLSM) designed for precise three-
dimensional (3D) measurements. This instrument captures real-time confocal microscopic
images using advanced optical scanning modules and sophisticated signal processing
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algorithms. The wear tracks generated by the tribometer were examined in both 3D and
2D profiles, as shown in Figure 16. The 3D surface topography provides an in-depth view
of the wear tracks, capturing details of surface texture and irregularities caused by friction,
while the 2D profiles provide precise cross-sectional data. These detailed wear profiles
are essential for accurately quantifying the wear volume and calculating specific wear
rates. The roughness parameters extracted from these profiles include the maximum mean
height (Ra), root mean square deviation (Rq), skewness (Rsk), kurtosis (Rk), maximum
peak height (Rp), maximum profile valley depth (Rv), and total profile height (Rt). These
results, plotted in Figure 17, demonstrate that the best roughness parameters were obtained
at the 0.15 wt% concentration, consistent with the CoF results, which also indicated the
maximum friction reduction at this concentration compared to the others.
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The data from the 2D profiles in Figure 16 were further analyzed to determine the wear
volume. The wear volume was assessed using ImageJ 1.54d software, which processed
the 2D profile data provided by the NANOSCOPE. The specific wear rate (SWR) was
calculated by multiplying the area measured with ImageJ by the wear track length to derive
the wear volume, then applying the Archard equation [72]. The SWR, which quantifies
the material loss per unit sliding distance and applied load, provides an indication of
wear resistance, with lower SWR values signifying superior performance. As shown in
Figure 18, the SWR of pure oil (PO) was significantly higher at 4.621 mm3/Nm compared
to all of the nanolubricants. This clearly demonstrates the beneficial effect of adding CeO2
nanoparticles to PAO oil in reducing wear. The wear rate progressively decreased as the
concentration of CeO2 nanoparticles increased from 0.05 wt% to 0.15 wt%, reaching the
lowest SWR of 2.408 mm3/Nm at 0.15 wt%. This indicates that the 0.15 wt% concentration
provided the optimal anti-wear performance by forming a protective tribofilm [52,73],
reducing metal-to-metal contact, and minimizing material loss. However, at the 0.2 wt%
concentration, the SWR increased slightly to 3.19 mm3/Nm, suggesting that higher concen-
trations of CeO2 nanoparticles may act as abrasive particles, leading to increased wear [74].
Therefore, controlling the concentration of CeO2 nanoparticles is crucial for optimizing tri-
bological performance. The inclusion of CeO2 nanoparticles at a concentration of 0.15 wt%
achieved the best balance between forming a protective tribofilm and minimizing abrasive
wear, yielding the lowest SWR and superior wear resistance. The relatively low standard
deviation values across all concentrations underscore the consistency and reliability of the
observed tribological performance.
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4. Conclusions

This study highlights the promising potential of biosynthesized CeO2 nanoparticles as
highly effective additives in polyalphaolefin (PAO)-based nanolubricants. The nanoparti-
cles were synthesized using an environmentally friendly biosynthesis process with Moringa
oleifera leaf extract, offering a sustainable and green alternative to conventional chemical
methods. This approach not only reduces the environmental impact, but also enhances
the nanoparticle properties, as confirmed by XRD and TEM, which demonstrated excel-
lent thermal stability, with only 6% weight loss observed during TGA. The inclusion of
CeO2 nanoparticles led to substantial improvements in the thermal, rheological, and tri-
bological performance of the nanolubricants. The 0.15 wt% concentration proved to be
the most effective, showing shear-thinning behavior and achieving the optimal viscosity
reduction, making it particularly suitable for lubrication at moderate temperatures. The
high zeta potential of 81.4 mV further confirmed the excellent dispersion stability of the
nanolubricants, ensuring minimal nanoparticle aggregation. Thermal conductivity tests
showed a 43% improvement, significantly enhancing the heat transfer capabilities of the oil.
Moreover, tribological tests revealed that the 0.15 wt% CeO2 nanolubricant exhibited the
lowest coefficient of friction, showing an approximate 26% reduction compared to the base
oil, along with a notable decrease in specific wear rate, reflecting superior anti-friction and
anti-wear properties. The biosynthesized CeO2 nanoparticles not only improved the perfor-
mance of the lubricant, but also promoted a more sustainable and eco-friendly production
process. The 0.15 wt% concentration emerged as the optimal formulation, offering a bal-
anced combination of nanoparticle dispersion, tribofilm formation, and viscosity reduction.
These findings underscore the potential of CeO2 nanoparticles synthesized through green
biosynthesis for developing advanced, environmentally conscious lubricants with better
stability, thermal efficiency, and wear resistance.
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