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A B S T R A C T

The hydrothermal, and co-precipitation methods were used to synthesize bismuth telluride (Bi2Te3) nanosheets,
and silver molybdate (Ag2MoO4) nanoparticles, respectively to improve the tribological activity of lubricating
oil. Being a hexagonal 2D structure, Bi2Te3 nanosheets are considered to be tribologically active. With a purpose
to have the tribological activity of high order, an attempt has been made to decorate Bi2Te3 nanosheets with
Ag2MoO4 nanoparticles in the form of nanocomposite Ag2MoO4/Bi2Te3. The morphological analysis of
Ag2MoO4/Bi2Te3 nanocomposites using HR-SEM, TEM, and HR-TEM, confirms a uniform distribution of nano-
particles throughout the Bi2Te3 nanosheets. The tribological efficacy of the extensively analyzed nanomaterials
was assessed in base lube (paraffin oil) at an optimized concentration, 0.03 % w/v, employing a four-ball tester
executing ASTM D4172 and ASTM D5183 tests. Based on the analyzed tribological data, mean wear scar
diameter (MWD), coefficient of friction (COF), and seizure load, synthesized nano additives exhibited superior
tribological performance compared to the base oil. The antiwear and antifriction efficiency was found in the
following order- Ag2MoO4/Bi2Te3 ≫ Ag2MoO4 > Bi2Te3, and Ag2MoO4/Bi2Te3 ≫ Bi2Te3 > Ag2MoO4,
respectively.
The nanocomposites demonstrated significantly enhanced tribological activity attributable to the synergistic

interaction between noncovalently bonded nanosheets and nanoparticles. All constituent elements, elemental
composition, and metal oxides (Bi2O3, TeO2, Ag2O, MoO3, MoO2, and Fe2O3) formed in the tribofilm, have
collectively contributed to the lubrication, were validated through energy-dispersive X-ray spectroscopy (EDX)
and XPS techniques. The SEM and AFM investigations of the lubricated surface verified the result of antiwear and
antifriction.

1. Introduction

The field of tribology deals with the investigation of friction, wear,
and lubrication, which plays a key role in ensuring the effective opera-
tion of various mechanical components such as bearings, piston rings,
and gears. Moreover, aside from its applications in engineering,
tribology also extends its reach to various aspects of our everyday lives,
including contact lenses and cosmetics. The direct association of
tribology with energy and fuel efficiency further emphasizes its signif-
icance in light of global challenges, such as the depletion of finite natural
resources like fossil fuels and minerals and the continuous rise in CO2

emissions leading to global warming [1]. In the current situation, it has
been recognized that friction and wear significantly contribute to a
decrease in energy efficiency, thereby prompting the exploration and
development of more environmentally friendly lubricants [1,2].

The nanoparticles made by nontoxic elements, generally do not
impose any adverse effect on the environment compared to traditional
lubricant additives [2]. It is well documented in various research articles
that the blends of nanoparticles lead to a reduction in friction and wear
by serving as load-bearing material, and tribosinterization [3–6].
Various lubrication mechanisms, such as the mending, the rolling, and
the polishing effect through the formation of a protective film, have
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been suggested to elucidate the function of nanoparticles in lubricating
oil [3,7,8]. Lots of metal, metal oxide, and binary metal oxides are used
as lubricant additives under different tribo-conditions [6,9–11]. The
binary metal oxides are well known for their environmental adaptability
as nano additives and have good tribological performance at high tem-
peratures. Examples of such oxides include; AgMoxOy, AgVxOy, and
CaWxOy, which have been shown to possess low friction coefficients
ranging from 0.2 to 0.4 at temperatures above 500 ◦C [12,13]. Hao et al.
(2021) investigated that during the NiCoCrAlYTa/Ag/Mo composite
coating when the temperature increases up to 600 ◦C, the external
diffusion and oxidation processes of both silver (Ag) and molybdenum
(Mo) contribute to the in situ creation of Ag2MoO4 on the surface of the
coating. The stratified nature of Ag2MoO4 allows for the development of
a consistent lubricating film at 800 ◦C, consequently enhancing the
ability of the composite coating to exhibit superior tribological charac-
teristics [14]. Yang et al. (2021) reported synergistic lubrication through
the incorporation of Ag and Ag2MoO4 nanoparticles within
plasma-sprayed YSZ coatings at 800 ◦C [13].

Two-dimensional (2D) nanomaterials like graphene, transition metal
dichalcogenides (TMDs), and hexagonal boron nitride (h-BN) have
experienced a significant surge in popularity owing to their properties
and applicability in domains such as sensors, catalysis, optoelectronics,
electronics, energy storage devices like- Li-ion batteries, solar cells, and
reinforced ceramics, as well as biomedical and tribological applications
[15–17]. In conjunction with nanoparticles, numerous 2D layered ma-
terials including tungsten disulfide (WS2), hexagonal boron nitride
(h-BN), molybdenum disulfide (MoS2), and graphene-based materials,
are also utilized multiple times as lubricant additives. These materials
exhibit distinctive structures with a remarkable specific surface area,
robust in-plane rigidity, and feeble interlayer interaction [18–21].

In the midst of inorganic nanomaterials, chalcogenides of bismuth
(Bi2X3, X = O, S, Se, and Te) are cost-effective and have controllable
shape and size, high stability, narrow bandgap, high ionic conductivity,
and environmentally sustainable properties [22,23]. The frictional
properties of mixtures containing bismuth sulfide (Bi2S3) in
vinyl-terminated silicone fluid (PDMS-Vi) were investigated through
block-on-ring tests (polymer/steel) and Reichert’s test on steel-steel
tribo-system [24]. The formation of in situ Bi2S3 was observed during
the tribological test of bismuth carboxylate-polysulfide combinations as
additives in extreme-pressure conditions [25]. The tribological studies
of Bi2S3 as a solid lubricant [26] at a temperature of 580 ◦C, and Bi2S3
soft coatings [27] were assessed through reciprocating sliding tests.
Nivedita et al. (2023) investigated the antifriction and antiwear prop-
erties of Bi2Se3 nanosheets used as additives in paraffin base lube [28].
The Bi2Te3 is extensively utilized in a wide range of applications such as
photocatalysts [29], thermoelectric materials [30,31], dielectric [32],
photodetectors [33,34], electrochemical sensors [35], supercapacitors
[36], and recently in biomedical fields [37,38]. but no studies were
reported in the field of tribology. Since Bi2S3 and Bi2Se3 are tribologi-
cally active and Bi2Te3 belongs to the same family with analogous
characteristics in various domains, it is anticipated that Bi2Te3 may
exhibit good tribological properties.

The nanoparticles (NPs) and nanosheets (NSs) show the phenomena
of agglomeration and restacking, respectively, making it hard to
disperse in the base oil [11,39,40]. To address this issue, numerous re-
searchers have successfully demonstrated that the formation of nano-
composites can reduce its aggregation and restacking and enhance the
dispersion in base oil [10,41–43]. The preparation of nanocomposites
also enhances the tribological properties by leveraging the synergistic
effects of nanosheets and nanoparticles [13,44,45]. Our research group
synthesized nanocomposites of Bi2Se3/Bi2WO6 and Bi2Se3/N-Doped
Bi2WO6 and investigated the tribological properties as additives in the
paraffin base oil and found increased lubrication efficiency compared to
its individual components [28].

This investigation explored the tribological characteristics of
Ag2MoO4 nanoparticles as well as Bi2Te3 nanosheets, along with their

nanocomposites (Ag2MoO4/Bi2Te3) in paraffin base lube. The tribolog-
ical properties of the various synthesized additives at different concen-
trations were analyzed using a four-ball wear test machine. The worn
surfaces lubricated with different nano additives were analyzed using
atomic force microscopy (AFM) and scanning electron microscopy
(SEM). The elemental composition of the tribofilm formed on the
lubricated surface with Ag2MoO4/Bi2Te3 nanocomposites was deter-
mined using X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDX).

2. Experimental section

2.1. Materials

All the chemicals utilized in this research work are analytical grade
and used directly. Na2MoO4.2H2O, Bi2O3, PVP, and NaBH4 were pur-
chased from CDH, whereas TeO2 and AgNO3 were procured from TCI
and qualigens, respectively.

2.2. Synthesis of nano additives

2.2.1. Synthesis of Bi2Te3 nanosheets
The Bi2Te3 nanosheets were synthesized using a previously reported

methodology [32]. For synthesizing Bi2Te3 nanosheets, 0.466 g Bi2O3,
0.4788 g TeO2, 0.64 g NaOH, and 1.7 g PVP were used as precursors.
Firstly, 36 ml ethylene glycol was used to dissolve 1.7 g of PVP with the
help of sonication. After that, in the prepared PVP solution, both Bi2O3
and TeO2 were dissolved completely by vigorous stirring. Later on,
NaOH dissolved in 4 mL DI water was mixed in the prepared solution
and stirred for 40 min to obtain a uniform solution. Further, the reaction
mixture was transferred to a 100 ml Teflon-lined autoclave and heated
in a hot air oven at 200 ◦C for 4.5 h. When the autoclave was cooled
down to room temperature (R.T.), the synthesized nanosheets were
washed with moderate acetone solution several times and dried at 60 ◦C
for 6 h to obtain black-colored Bi2Te3 nanosheets.

2.2.2. Synthesis of Ag2MoO4 nanoparticles
The aforementioned co-precipitation method was utilized to syn-

thesize Ag2MoO4 NPs without adding surfactant [46]. Initially, the so-
lution of Na2MoO4.2H2O (1 mM) and AgNO3 (2 mM) was prepared with
10 ml DI water by stirring for 30 min. Thereafter, the solution of
Na2MoO4.2H2O was poured dropwise in the AgNO3 solution and stirred
vigorously at R.T. for 60 min. The resulting sediment was washed
repeatedly using DI water and centrifuged to remove any impurities. To
obtain the Ag2MoO4 NPs, the precipitate was dried in a vacuum oven at
60 ◦C up to 24 h.

2.2.3. Synthesis of Ag2MoO4/Bi2Te3 nanocomposites
A similar method was utilized for fabricating the nanocomposites as

described previously [47]. The (0.6 g) synthesized Bi2Te3 NSs dispersed
in the mixture of water and ethanol (1:1 ratio) using ultra-sonication for
2 h. After that, (1.18 g) of AgNO3 was added while continuing sonicat-
ion. After the sonication process, the prepared solution of
Na2MoO4.2H2O (0.84g Na2MoO4.2H2O in 35 ml DI water) was poured
dropwise in the prior solution and stirred continuously for 2 h. The
obtained mixture was then washed with ethanol and water consecu-
tively before being dried in the oven at 80 ◦C for 24 h. The schematic
presentation for the synthesis of the Ag2MoO4/Bi2Te3 nanocomposites is
presented in Scheme 1.

3. Result and discussion

3.1. Morphology and microstructure of the synthesized nano additives

The prepared nano additives; Bi2Te3 NSs, Ag2MoO4 NPs, and
Ag2MoO4/Bi2Te3 nanocomposites were characterized using various
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state-of-the-art techniques, like p-XRD, HR-SEM, UV/visible, FT-IR, and
TEM/HR-TEM. Additionally, XPS has been used to characterize the
chemical composition of Ag2MoO4/Bi2Te3 nanocomposites.

Fig. 1a displays the X-ray diffraction analysis of the synthesized nano
additives; Ag2MoO4, Bi2Te3, and Bi2Te3/Ag2MoO4. As demonstrated by
Fig. 1a, the diffraction peaks of Ag2MoO4 NPs observed at 16.39◦,
27.07◦, 31.81◦, 33.33◦, 38.80◦, 42.39◦, 47.86◦, 50.03◦, 55.92◦, 58.80◦,
63.35◦, 65.82◦, 66.70◦, 70.25◦, 76.76◦, and 79.05◦, which can be
indexed as (111), (220), (311), (222), (400), (331), (422), (511), (440),
(531), (620), (533), (622), (444), (642) and (731), planes respectively.
The sharp XRD peaks confirmed the purity and crystallinity of Ag2MoO4
NPs having a spinel, cubic structure matched with JCPDS card No-08-
0473 [46]. The XRD pattern of Bi2Te3 shows diffraction peaks at
17.58◦, 23.70◦, 27.90◦, 38.12◦, 41.52◦, 45.02◦, 50.50◦, 54.09◦, 57.03◦,
62.39◦, 66.08◦, 67.08◦, 70.50◦, 72.98◦, and 75.16◦ corresponding to
(006), (101), (015), (1010), (1011), (110), (0015), (013), (205), (1016),
(0210), (1115), (0120), (125), and (2110) planes (JCPDS card
No-15-0863) [6]. Almost all the peaks of constituents nanomaterials
were present in the XRD of Ag2MoO4/Bi2Te3 nanocomposites confirm-
ing the successful synthesis of nanocomposites.

The FT-IR spectra of Bi2Te3, Ag2MoO4, and Bi2Te3/Ag2MoO4 are

shown in Fig. 1b. A clear peak at 823 cm− 1 in the FT-IR spectra of
Ag2MoO4 nanoparticles demonstrates, the anti-symmetric stretching
vibrations of the O–Mo–O bond. Moreover, a notable peak at around
1642 cm− 1 along with a broad peak within the 3200-3400 cm− 1 range,
corresponds to the bending and stretching vibrational modes of the
hydroxyl group of water molecules (due to the atmospheric moisture),
respectively [48]. The FT-IR spectrum of bismuth telluride (Bi2Te3)
demonstrates a broad subtle absorption peak at approximately 3290
cm− 1, which can be attributed to the presence of the hydroxyl (-OH)
group due to moisture. Another low intense peak, falling around 1010
and 1592 cm− 1, is indicative of a C–H bond, and the carbon-oxygen
(C––O) bond, respectively. A strong peak around 638 cm− 1 is attrib-
uted to the Bi–O bond within the material [49]. The FT-IR spectrum of
Bi2Te3/Ag2MoO4 nanocomposites shows the presence of almost all the
peaks of constituent materials with slight shifting validating the syn-
thesis of nanocomposites.

The HR-SEM images of Ag2MoO4, Bi2Te3, and Ag2MoO4/Bi2Te3 have
been recorded to analyze the morphological and microstructural fea-
tures, as shown in Fig. 2 (a,b & d). HR-SEM image of Ag2MoO4 showed
spherical nanoparticles as evident in Fig. 2a and on the other hand, a 2D-
hexagonal layered structure with approximately 500 nm width, and

Scheme 1. Schematic presentation for the synthesis of Ag2MoO4/Bi2Te3 nanocomposites.

Fig. 1. (a) XRD patterns and (b) FT-IR spectra of Ag2MoO4, Bi2Te3, and Bi2Te3/Ag2MoO4.
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10–15 nm thickness of Bi2Te3 NSs was confirmed in Fig. 2b [32]. The
EDX spectrum of Bi2Te3 nanosheets is displayed in Fig. 2c. The tribo-
logical performances are affected by the thickness and size of NSs, the
thinner the nanosheets, the better they penetrate the sliding interfaces
[11]. The HR-SEM image of the Ag2MoO4/Bi2Te3 nanocomposite
(Fig. 2d) synthesized via in situ co-precipitation, shows nanoparticles
grown on Bi2Te3 nanosheets. This confirms the successful formation of
the nanocomposites, as both nanoparticles and nanosheets are clearly
visible. EDX analysis of prepared Ag2MoO4/Bi2Te3 demonstrated that all
elements such as Ag, Mo, O, Bi, and Te are present in the prepared

nanocomposites as shown in Fig. 2e. The elemental mapping of prepared
Ag2MoO4/Bi2Te3 nanocomposites is displayed in Fig. S1 (Supplemen-
tary Materials File).

TEM images of the synthesized nanoadditives have also been
captured to analyze the refined morphology, as illustrated in Fig. 3(a–c)
and HR-TEM Fig. 3 (a1-c1). The spherical shape of nanoparticles is
evident in the TEM image of Ag2MoO4 as displayed in Fig. 3a and has an
average particle size of around 12 nm as shown in the inset of Fig. 3a. An
analysis of the HR-TEM image of Ag2MoO4 nanoparticles is displayed in
Fig. 3a1, which showed uniform lattice fringes having a d-spacing of

Fig. 2. HR-SEM images of (a) Ag2MoO4 (b) Bi2Te3 (c) EDX of Bi2Te3 (d) HR-SEM image, and (e) EDX-spectra of Ag2MoO4/Bi2Te3 nanocomposites.

Fig. 3. TEM images of (a) Ag2MoO4 (b) Bi2Te3 (c) Ag2MoO4/Bi2Te3 and HR-TEM image of (a1) Ag2MoO4 (b1) Bi2Te3 (c1) Ag2MoO4/Bi2Te3.
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0.222 nm, closely corresponds to (400) planes, as documented in the
JCPDS card number 08–0473 [50].

Furthermore, the TEM image confirms a hexagonal layered structure
of Bi2Te3 NSs as shown in Fig. 3b. Investigation of the HR-TEM image of
Bi2Te3 (Fig. 3b1), displays structurally uniform lattice fringes spaced at
0.215 nm corresponding to the (11 20) planes in compliance with the
previous reports [31,32]. The Ag2MoO4 nanoparticle anchored onto the
Bi2Te3 nanosheets in the Ag2MoO4/Bi2Te3 nanocomposites is illustrated
in Fig. 3c. The HR-TEM images of the Ag2MoO4/Bi2Te3 nanocomposites
indicate that the interlayer spacing of the Bi2Te3 related to the (1120)
plane has slightly increased from 0.215 nm to 0.247 nm, (Fig. 3c1). The
augmentation in the distance within layers of the (1120) plane of Bi2Te3
NSs suggests that nanosheets have effectively interacted with Ag2MoO4
NPs in nanocomposite formation [28,51]. The polycrystalline charac-
teristics of the prepared nano additives were demonstrated by the
selected area electron diffraction (SAED) patterns, as shown in the inset
of Fig. 3(c1).

The chemical states of the elements present in the Ag2MoO4/Bi2Te3
nanocomposites have been examined using X-ray photoelectron spec-
troscopy (XPS). With the help of peak fir software, Fig. 4(a–e) represents
the core-level spectra of Bi 4f, Te 3d, Ag 3d, Mo 3d, and, O 1s respec-
tively. Specifically, the XPS peaks of Bi 4f were observed at 157.07 and
162.44 eV, as shown in Fig. 4a, demonstrating good alignment with the
binding energies of 4f7/2 and 4f5/2, respectively, confirming the presence
of Bi+3 in Bi2Te3 [28,52]. In addition, the appearance of Te 3d peaks at
574.99 and 585.44 eV related to Te 3d5/2 and Te 3d3/2, respectively
along with TeOx peaks at 571.7 and 581.94 eV in Fig. 4b [53]. In the XPS
spectrum of Ag 3d (Fig. 4c), the occurrence of two peaks at 367.8 and
373.8 eV corresponds to Ag 3d5/2 and Ag 3d3/2, respectively [54].
Meanwhile, in the core-level spectra of Mo 3d, the existence of Mo 3d5/2
and Mo 3d3/2 peaks at binding energies of 231.25 and 234.35 eV,
respectively, as illustrated in Fig. 4d [54]. The spectrum of oxygen 1s
(Fig. 4e) shows two peaks at 530.8 and 528.9 eV validating the metal
oxide (AgMo–O) bond and O–H bond, respectively [46]. The survey
spectrum of Ag2MoO4/Bi2Te3 nanocomposites is displayed in Fig. 4f.

3.2. Dispersion stability assessment of nanofluids

The long-lasting dispersion stability of the prepared nano additives is
important and makes a substantial contribution to minimizing friction
and wear. The dispersion stability of these nano additives in paraffin oil
(PO) was achieved by diluting the optimized concentration up to 10
times using UV/visible spectroscopy (S2). The measurement of the
absorbance value of the nano lubricants was recorded in the range of
300–700 nmwavelengths initiated from 0 to 96 h at fixed time intervals.
The graphical representation of the changes in relative absorbance with
settling time (h) is shown in Fig. S2a. A decline in relative absorbance
over time is expected for all nano lubricants, however, this reduction is
least pronounced for the Ag2MoO4/Bi2Te3 nanocomposites. It is evident
that the highest degree of dispersion stability is manifested for the most
efficacious additive Ag2MoO4/Bi2Te3, nevertheless, the other additives
also have an adequate level of stability. The inset of Fig. S2a illustrates
the absorbance of Ag2MoO4/Bi2Te3 nanocomposites for a duration
extending from 0 to 96 h. Fig. S2b shows the images of PO and its blends
with various nanoadditives captured initially and after 10 days.

3.3. Sample preparation and assessment of tribological characteristics

The characteristics of the PO utilized as a base oil are provided in the
supporting information (S1.2) file in the present investigation. For
optimizing the concentration of nano lubricants, 1-h ultra-sonication has
been carried out at ambient temperature and a series of blends including
as-synthesized nano additives in PO were prepared at 0.000, 0.015,
0.03, 0.06, and 0.09 %w/v. The antiwear characteristics for all combi-
nations were executed on a Four-Ball Tester machine using ASTMD4172
test conditions. Additionally, load ramp assessments were conducted
following the regulations of ASTM D5183 norms. The experimental
details regarding the test procedures are depicted in S1., while their
related tribological parameters are delineated in S1.3. The analysis of
the worn surfaces after tribological tests was performed using AFM,
SEM, and XPS techniques (S1.4).

Fig. 4. XPS spectra of Ag2MoO4/Bi2Te3 nanocomposites (a) Bi 4f (b) Te 3d (c) Ag 3d (d) Mo 3d (e) O 1s and (f) survey spectrum of Ag2MoO4/Bi2Te3.
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3.3.1. Analysis of optimal concentration of nano lubricants
Regarding the efficacy of nanoadditives, optimization of concentra-

tion is very important. The optimization process included an anti wear
test using ASTM D4172 test norms (operating at 1200 rpm, applying a
load of 392 N for 1 h) on blends of nano additives with varying con-
centrations (0.000, 0.015, 0.03, 0.06, and 0.09 % w/v) in PO. The
corresponding mean wear scar diameter (MWD) values are depicted in
Fig. 5a. A noticeable decrease in MWD values compared to the base
lubricant was observed for all concentrations of the nano additives
under investigation. However, all tested nano additives exhibited anti-
wear properties at each concentration, albeit with varying degrees of
effectiveness. The MWD of pure paraffin oil was recorded as 0.735 mm.
The higher value of MWD of base lube indicates that all additives exhibit
superior antiwear characteristics compared to the base oil. The MWD
values showed a decreasing trend from the plain PO to higher concen-
trations of 0.015 and 0.03 % w/v, with a subsequent increase for the
upcoming concentrations, except for Ag2MoO4 (lowest MWD at 0.06 %
w/v). Therefore, 0.03 %w/v was identified as the optimal concentration
for tribological assessments of all the nano additives. The sequence of
decreasing MWD values was as follows: Bi2Te3 (0.590 mm), Ag2MoO4
(0.500 mm), and Ag2MoO4/Bi2Te3 (0.355 mm). Thus, the Ag2MoO4/
Bi2Te3 nanocomposites showed the most significant decrease in MWD
compared to all other tested nano additives.

3.3.2. Antiwear and antifriction properties
The antiwear activity of blends containing all additives in paraffin oil

(PO) was examined using the standard test ASTM D4172. The key pa-
rameters, MWD, and the average coefficient of friction (COF) were
presented in a bar graph for all the nano additives (Fig. 5b).

The bar graph shows that MWD consistently decreased compared to
pure PO (0.735 mm) in all the nano additives. The percentage reduction
in MWD follows the sequence of Bi2Te3 (19.7 %), Ag2MoO4 (31.97 %),
and Ag2MoO4/Bi2Te3 (51.7 %). In Fig. 5b, a significant drop in the
average COF of PO (0.0756) was detected when the additives were
present. The percentage reduction in average COF lies in the following
order: Ag2MoO4 (24.823 %), Bi2Te3 (32.050 %), and Ag2MoO4/Bi2Te3
(47.578 %).

Fig. 5c displayed the variation of coefficient of friction with sliding

time for both the PO and the blends incorporating nano additives at an
optimized concentration of 0.03 % w/v on a 392 N load. Initially, there
is a notably high COF for the base lubricant and its additive mixtures due
to the absence of a tribo chemical film. As in situ tribofilm formation
commences, the COF decreases and stabilizes upon the completion of the
tribofilm. The remarkable efficacy of nano additives as friction and wear
modifiers is evidenced by the smooth trajectory of the COF curve, con-
trasting with the erratic behavior observed in the case of PO. The
characteristics of the tribofilm are reflected in the consistency of the COF
curve. In the case of Ag2MoO4/Bi2Te3 nanocomposites, the interaction
between Ag2MoO4 NPs and Bi2Te3 NSs results in the formation of an
adhesive, uniform, and durable tribofilm which effectively minimizes
the direct contact of matting surfaces and reduces the MWD and COF
values remarkably.

3.3.3. Load-carrying ability
To study the load-carrying capability of prepared nanolubricants a

standard ASTM D5183 test was utilized. This test was performed under
specific conditions: a 392 N load, 600 rpm, 75 ◦C temperature, and for a
1-h period to complete the running-in period at the optimal additive
concentration. Following this, a steady-state test was conducted by
gradually adding a 98 N load every 10 min until a sudden increase in
frictional torque value culminated in seizure load as illustrated in
Fig. 5d. The graph displaying frictional torque versus time and load,
clearly shows that at a 1078 N load, there is a sharp rise in frictional
torque value for PO, resulting in the surface seizure. This particular load
is identified as the seizure load, where the tribofilm stops to function,
and the lubricant becomes inadequate to sustain the load. The presence
of additives delays the failure, of tribofilm which occurs comparatively
at a higher applied load. The enhancement in load-bearing capacity of
the PO with admixtures was deduced from seizure loads: plain PO (1078
N), Bi2Te3 (1666 N), Ag2MoO4 (2450 N), and Ag2MoO4/Bi2Te3 (2646
N). Therefore, the superior load-carrying capacity is evident for the
Ag2MoO4/Bi2Te3 nanocomposites.

3.3.4. Frictional power loss
The frictional power loss (P) calculations of the base oil in the

presence and absence of nano additives have been done by utilizing

Fig. 5. (a) Optimization of additive concentration, (b) Represents average COF and MWD as a bar diagram, (c) illustrates COF over sliding duration, and (d)
Compares frictional torque against load and time for plain PO and various additives following ASTM D5183 standards.
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equation (1). The obtained results are provided in S1.3.3

P=0.221× 3.6× μ MJ (1)

where μ represents the coefficient of friction,
Based on the data in Table S1, the base oil showed the highest power

consumption at 0.0601 MJ. However, there was a significant reduction
in power consumption for its mixtures with various nano additives, and
a notable decrease in power consumption was observed: 0.0452 for
Ag2MoO4, 0.0408 MJ for Bi2Te3, and 0.0315 MJ for the Ag2MoO4/
Bi2Te3 nanocomposites. As a result, the Ag2MoO4/Bi2Te3 nano-
composite is associated with the lowest power consumption, leading to
the highest level of energy conservation.

3.4. Morphological analysis of the wear scar surface

Surface analysis techniques such as SEM and AFM were employed to
study the worn areas on steel balls exposed to nano additive blends after
ASTM D4172 tests. Fig. 6(a–d) shows SEM images of the worn tracks
lubricated with pure paraffin oil (PO) and its mixtures with various nano
additives (0.03 % w/v).

The SEM micrograph of the base lubricant reveals a highly rough
surface, with severe scratches. In contrast, the addition of nano additives
significantly improved the smoothness of the worn surface enhancing
the observed tribological properties of the nano additives. The MWD
measurements in the inset images of Fig. 6(a–d), correlate well with
surface uniformity. The MWD values show notable reductions; PO
(0.735 mm), Bi2Te3 (0.590 mm), Ag2MoO4 (0.500 mm), and Ag2MoO4/
Bi2Te3 (0.355 mm). A magnificent smooth surface is achieved through
the use of blends containing Ag2MoO4/Bi2Te3 nanocomposites. The EDX
(Fig. 6 e) and elemental mapping (Fig. S3) of the depleted surface
lubricated with the Ag2MoO4/Bi2Te3 nanocomposites revealed the
presence of all constituent elements; Bi, Te, Ag, Mo, and O, indicating
their successful adsorption on the worn track.

The roughness of the lubricated surfaces of steel balls with and
without nano additives during the ASTMD4172 test was examined using
contact-mode AFM. The 3D AFM images of the worn scar surfaces are
depicted in Fig. 7a-d, showing the surface roughness values for various
mixtures, Sq and Rq, area roughness, and line roughness, respectively. A
huge reduction in Rq (919-56 nm) and Sq (626-60 nm) values was
observed on going from the plain PO to Ag2MoO4/Bi2Te3

nanocomposites. The utilization of the nanocomposites as an additive
resulted in a remarkably smooth surface with minimal roughness, as
depicted in Fig. 7d. Therefore, the AFM findings align well with the
analysis of SEM results.

3.5. XPS analysis of the tribofilm

After the ASTM D4172 antiwear test, the XPS spectra of the wear
track lubricated with Ag2MoO4/Bi2Te3 nanocomposites were examined
to analyze the chemical states of elements present in the in situ formed
tribofilm.

The deconvoluted core-level spectra of Ag 3d, Mo 3d, O 1s, Bi 4f, Te
3d, C 1s, and Fe 2p were presented in Fig. 8a-g using peak-fit software.
Fig. 8a displays the XP spectrum of Ag 3d, wherein the Ag 3d 5/2 and 3d
3/2 peaks present at binding energies of 368.21 and 374.28 eV, respec-
tively, due to the formation of Ag2O [54,55,56]. The XPS graph of Mo 3d
is represented in Fig. 8b and shows binding energies at 232.5 and 235.5
eV corresponding to Mo 3d5/2 and 3d3/2 respectively suggesting the
formation of MoO3, additionally one peak around 230.36 eV, is due to
the MoO2 formation [57]. In Fig. 8c, the spectra of O 1s is shown, which
is almost similar to the O 1s spectra of the nanocomposite [46]. Fig. 8d
represents the core-level spectra of Bi 4f showing peaks at 158.34 and
163.68 eV corresponding to Bi 4f7/2 and 4f5/2, respectively, validating
the formation of Bi2O3 [58]. The formation of the Bi–O bond is plausibly
ascribed to the oxidation of Bi2Te3 under the tribo-test conditions. XPS
of Te 3d is shown in Fig. 8e, where the existence of Te 3d5/2 and 3d3/2
peaks at binding energies of 574.54 and 585.03 eV, respectively is
ascribed due to the Bi–Te bond. In addition, two peaks around 572.26
and 587.89 eV are present due to the formation of tellurium oxides
during the antiwear test [53,59]. Fig. 8f shows the XPS spectra of C 1s,
originating from the carbon component of the base oil (paraffin oil),
including binding energies at 284.1 and 287.4 eV, corresponding to C–C
and C–O bonds, respectively [10]. The XPS investigation indicates that
tribochemical oxidation results in the oxide formation of silver, mo-
lybdenum, bismuth, and tellurium. Additionally, the Fe 2p spectrum
showed peaks at 711.14 and 724.68 eV for Fe 2p3/2 and Fe 2p1/2,
respectively, with a peak around 719.33 eV, validating the Fe2O3 for-
mation on the surface of the steel ball [10,28,51]. Thus, the assessment
of the tribofilm through XPS suggests that tribofilm contains tri-
bochemically oxidized metal oxides such as Ag2O, MoO3, MoO2, Bi2O3,

Fig. 6. (a–d) SEM images of lubricated surfaces of PO and with its admixtures (0.03 % w/v), at 2.00K × magnification with an inset of the wear scar at 100 × (e)
EDX spectrum of the wear track lubricated with Ag2MoO4/Bi2Te3 nanocomposites.
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TeO2, Fe2O3, etc., which collectively contribute to significant improve-
ment in the tribological activity of nanocomposites.

3.6. Plausible lubrication mechanism

The in situ formed tribofilm on the lubricated surface during the
antiwear test plays a crucial role in comparing the lubrication perfor-
mance of different nano lubricants. At first, there is no tribofilm on the
worn surface, and the nano additives just stick to the surfaces physically.
Later on, chemical interactions start, leading to the formation of tribo-
film under tribo-stress conditions. The movement of Bi2Te3 nanosheets
over each other is facilitated by the presence of weak van der Waals
forces between them, leading to their intrinsic lubricity. The incorpo-
ration of nanoparticles between the nanosheets of Bi2Te3 prevents the
clustering of nanosheets. The sliding motion is expedited by the layered
structure of Bi2Te3, and the reinforcement of Ag2MoO4 nanoparticles in
between the Bi2Te3 nanosheets functions as spacers, thus alleviating the
re-stacking phenomenon. Additionally, the nanoparticles strengthened
the nanosheets and hindered their clustering, thereby improving their
dispersion in the base lubricant. Conversely, a simultaneous decrease in
the agglomeration of nanoparticles was observed due to the presence of
nanosheets. These nanoparticles work as nano-bearings, positioned be-
tween the nanosheets and the nearby surfaces, thereby reducing friction
and wear. Nanoparticles fill the asperities on the contact surfaces, and
nanosheets form a protective layer, preventing direct contact between
the surfaces. Their synergistic effect can lead to improved load-carrying
capacity, reduced friction, and enhanced wear resistance. As a result, the
sliding movement was further facilitated, leading to an enhancement in
lubrication. Furthermore, the nanoparticles contributed to improving
the lubrication by undergoing tribo-sinterization on the contacting
surfaces. The outstanding tribological performance of the

nanocomposites is elucidated through a proposed mechanistic diagram
displayed in Fig. 9.

The XPS analysis of the tribochemical film developed on the depleted
surface lubricated with blends of Ag2MoO4/Bi2Te3 nanocomposites
during the ASTM D4172 test demonstrates the presence of various metal
oxides, including Bi2O3, TeO2, Ag2O, MoO3, MoO2, and Fe2O3. The
interaction between these components has produced a synergistic
outcome resulting in a notable enhancement in the tribological behavior
of nanocomposites.

4. Conclusions

The hydrothermal, and co-precipitation methods were used to syn-
thesize Bi2Te3 nanosheets, and Ag2MoO4 nanoparticles, respectively. The
Ag2MoO4/Bi2Te3 nanocomposites were prepared employing an in situ co-
precipitation strategy. Various state-of-the-art techniques (HR-SEM with
EDX, TEM, HR-TEM, FT-IR, and p-XRD) were used to characterize the
synthesized nano additives. Additionally, the XPS analysis has been uti-
lized to investigate the chemical states of elements present in
Ag2MoO4/Bi2Te3 nanocomposites. The structure of the nanocomposites
shows that the nanoparticles are decorated onto the nanosheets and are
attached by weak physical interactions. The nano additives stayed stable
in paraffin oil for 96 h, as shown by absorbance measurements using UV/
visible spectroscopy. Evaluation of the antiwear and antifriction perfor-
mance of the synthesized nanomaterials using the ASTM D4172 norms,
and load-bearing capability (ASTM D5183) test at an optimized con-
centration of 0.03 %w/v on a four-ball tester machine reveals the supe-
rior tribological properties of Ag2MoO4/Bi2Te3 nanocomposites. The SEM
and AFM investigations of the wear pathway corroborate the result of
antiwear and antifriction. XPS analyses of the wear track reveal that the
tribofilm comprises Ag2MoO4, adsorbed Bi2Te3, and Fe2O3. The

Fig. 7. 3D AFM images of the wear track with PO and its blends at the optimal concentration (0.03 % w/v): (a) PO, (b) Bi2Te3, (c) Ag2MoO4, and (d) Ag2MoO4/
Bi2Te3 nanocomposites.
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combined influence of tribosinterization and rolling mechanisms
augmented the lubrication performance of the nanoparticles. The nano-
particles served as spacers between the nanosheets, thereby regulating
their stacking configuration. The excellent triboactivity of the Ag2MoO4/
Bi2Te3 nanocomposites can be attributed to the synergistic interactions
between the nanoparticles and nanosheets. The proposed nanocomposite
may have great potential as an efficient antiwear and antifriction agent
for tribological applications.
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