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Abstract: Layered palygorskite (PAL), commonly called attapulgite, is a natural inorganic clay mineral 

composed of magnesium silicate. In this study, an aqueous miscible organic solvent treatment method is adopted 

to prepare molybdenum-dotted palygorskite (Amo-PMo) nanoplatelets, which greatly improved the specific 

surface area of PAL and the dispersion effect in an oil-based lubricant system. Their layered structure and 

size were confirmed using transmission electron microscopy (TEM) and atomic force microscopy. Following 

a tribological test lubricated with three additives (PAL, organic molybdenum (SN-Mo), and Amo-PMo), it was 

found that the sample of 0.5 wt% Amo-PMo exhibited the best tribological properties with a coefficient of 

friction of 0.09. Moreover, the resulting wear scar diameter and wear volume of the sliding ball surface were 

63% and 49.6% of those lubricated with base oil, respectively. Its excellent lubricating performance and 

self-repairing ability were mainly attributed to the generated MoS2 adsorbed on the contact surfaces during the 

tribochemical reaction, thereby effectively preventing the direct collision between asperities on sliding solid 

surfaces. Thus, as-prepared Amo-PMo nanoplatelets show great potential as oil-based lubricant additives, and 

this study enriches the existing application of PAL in industry. 
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1  Introduction 

Industries have been constantly seeking environmentally 

friendly and economical lubricants in an attempt to 

reduce energy waste caused by friction. In the past 

few years, nanomaterials (e.g., multilayer graphene [1] 

and two-dimensional layered molybdenum disulphide 

[2]) have been widely dispersed in lubricants because 

of their relatively weak intermolecular interactions [3] 

(i.e., van der Waals interactions) and the formation 

of a lubricating oxide layer on the worn surface to 

improve the anti-wear performance of sliding solid 

surfaces [4]. 

Recently, mineral clays have attracted considerable 

interest for use as lubricant additives due to their 

affordability and availability. Layered palygorskite 

(PAL) possesses an ideal layered structure with a two- 

dimensional (2D) flake morphology. The basic formula 

of PAL can be expressed as Mg2(H2O)4(Si4O10)2(OH)2. 

Because of its high adsorbing property and unique 

interlaminar structures, PAL has been widely in-

vestigated in fields such as catalysts [5], functionalized 

film [6], and nanocomposites [7], and PAL can be 

used for wastewater treatment [8] and pollutant 

adsorption [9] applications. SN-Mo facilitates passi-

vation and generates a more stable passivating oxide 

film on sliding surfaces [10]. However, SN-Mo does 

not disperse well in an organic solvent, which limits 

its tribological application as a lubricant additive. The 

aqueous miscible organic solvent treatment (AMOST) 

method enables nano-sized composite materials to be 

stably dispersed in organic solvents [11]. Some natural 
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mineral powders containing silicates, such as serpentine 

[12, 13] and PAL [14], can be used as self-lubricating 

materials and added to lubricant oils to form a self- 

repairing film with a certain thickness on the metal 

sliding surfaces. This self-repairing film is a hard and 

protective film formed by oxide [15]. PAL is currently 

used in drilling fluids to assist in removing cutting debris 

from the wellbore and to maintain debris dispersion 

[16]. Compound PAL and polytetrafluoroethylene 

(PEFE) were tested on a block-on-ring tribotester. The 

tribological properties of the heat treated and acid 

treated PAL were found to be superior to those of the 

untreated PAL. Filling the treated nano-palygorskite 

into PTFE make it possible to promote the formation 

of tribofilm on the surface [17, 18]. Nan et al. [19, 20] 

applied Cu and Ni nanoparticles to improve the 

tribological properties of based oil. A smooth tribofilm 

mainly composed of metal elemental and metal oxide 

was formed on the sliding surface. Tian et al. [21] 

investigated the use of spent methyl-violet (MV)-loaded 

PAL as multifunctional nanoparticles, which were 

synthesized by a simple one-pot approach with the 

assistance of AgNO3. The results revealed that the Ag (I) 

ions promoted the carbonation of the MV molecules 

and led to the formation of nanosized composites 

with excellent adsorption properties. However, some 

disadvantages exist with the aforementioned PAL 

application. For example, the dispersion effect of the 

lubricant additive is rarely considered. If the dispersion 

effect is not satisfactory, the lubricant additive cannot 

be applied to a mechanical industry. 

Here, we select the AMOST method to synthesize a 

new type of molybdenum-dotted PAL nanoplatelets. 

The as-synthesized samples, their morphologies 

and physicochemical characteristics are analyzed by 

transmission electron microscopy (TEM), scanning 

electron microscopy (SEM), atomic force microscopy 

(AFM), X-ray photoelectron spectroscopy (XPS), and 

the technology of dynamic light scattering (DLS). 

After Amo-PMo nanoplatelets are dispersed in the base 

oil, the relationship between surface functionalization 

and dispersion efficiency is investigated. Then, the 

friction and wear properties of lubricants with different 

Amo-PMo nanoplatelets are evaluated by a four-ball 

tribometer. Compared with synthetic additives and 

commercial additives, it is found that the Amo-PMo 

possesses a superior ability to increase the tribological 

properties of the lubricating fluid. The sliding contact 

surfaces are analyzed after the experiment to determine 

the composition of the tribofilm when the lubricant 

additive is added. Finally, based on these results, 

the tribological behavior is described and a potential 

lubrication mechanism of the nanoplatelets is 

proposed. 

2  Experimental 

2.1  Materials preparation 

SN 2011 non-sulfur-phosphorus organic molybdenum 

(SN-Mo) and 3-triethoxysilylpropylamine (APTES) 

were ordered from Gelest, and pure PAL (95%) was 

obtained from Dafang, Guizhou, China. The ULTRA-S 

150N base oil (Korea Sangyong brand), ethylene glycol, 

urea, acetone, anhydrous ethanol, and ethylbenzene 

were obtained from China National Pharmaceutical 

Co., Ltd. All the reagents were of analytical grade. 

Pure PAL was first suspended in 180 mL of a HCl (4 M) 

aqueous solution to achieve a concentration of 100 g/L 

and the solution was mechanically stirred at 900 rpm 

for 1 h. In addition, the acid-activated PAL was 

washed with ultrapure water until neutralized and 

then dried under a vacuum at 90 °C. The acid-activated 

sample was next placed in a muffle furnace and 

thermally activated at 400 °C for 1 h. The activated PAL 

was then formulated into a 20 mL aqueous solution 

(A) at a concentration of 40 g/L. Next, 2.8 mmol of 

CO(NH2)2 and different amounts of SN-Mo and 

APTES were dispersed in 80 mL of an ethylene glycol 

solution (B), and solution A was poured into solution 

B under nitrogen protection. A homogeneous mixed 

solution was obtained by sonication, and the aqueous 

mixture was transferred to a 100 mL teflon-lined 

autoclave and heated to 100 °C for 24 h. Finally, the 

reaction slurry was collected by centrifugation, washed 

with acetone, dispersed in the base oil, and stirred at 

room temperature for 1 h. The washing and dispersion 

process were repeated three times on the slurry. After 

washing, the slurry was dried in a vacuum oven for 

24 h. 

2.2  Tribological test and evaluation 

The base oil with Amo-PMo nanoplatelets was tested 

using a MS-10A four-ball tribometer (Xiamen Tenkey  
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Automation Co., Ltd., China). The temperature was set 

at 75 °C, the relative sliding speed was 1,200 r/min, 

the normal load was 400 N, and the running time  

of the test was 60 min. The ball diameter (φ), elastic 

modulus, Poisson’s ratio, and Rockwell hardness of 

GCr15 bearing steel were 12.7 mm, 210 GPa, 0.3, and 

64.66, respectively. The sample had a surface roughness 

of Ra 0.2 and a relative humidity of ~30%. The base 

oil was a hydroisomerizing waxy synthetic oil. The 

flash point, pour point, density, and sulfur content of 

the base oil were 232, –17 °C, 854.4 kg/m3, and < 1 ug/g, 

respectively. At the beginning of the test, the dynamic 

viscosity of the base oil was 29.5 cP at room temperature. 

Following the tribological test, the dynamic viscosity 

of the base oil was 17.5 cP at 75 °C. The dynamic 

viscosity of the lubricating fluid was tested at shear 

rates of 10 to 1,000 s–1. During the test of each dynamic 

viscosity, the viscosity did not change significantly 

with the shear rate, indicating that the lubricating 

fluid was a Newtonian fluid. All the experiments 

were run three times to ensure repeatability. Prior to 

the experiment, the steel bearing balls were washed 

with ethanol, petroleum ether, and acetone. After the 

experiment, the samples were ultrasonically cleaned, 

and the wear scars were observed using a three- 

dimensional (3D) white light interferometer (ZYGO 

NexView) and SEM (FEI QUANTA 200FEG). A Rigaku 

Miniflex X-ray diffractometer with a variable slit width 

was used to generate the X-ray diffraction patterns, and 

data were collected at a scanning rate of 2 (°)/min 

from 2θ = 5° to 65° with Co Kα radiation (λ = 0.17902 nm). 

The TEM images were obtained on a JEOL JSM2010 

transmission electron microscope with an accelerating 

voltage of 200 kV. An MFP-3D-SA model AFM system 

was used to examine the surface topography of the 

nanoplatelets deposited on mica wafers. SEM and 

energy dispersive X-ray spectrometry (EDS) analyses 

were performed on an FEI QUANTA 200FEG scanning 

microscope with an accelerating voltage of 30 kV. The 

surface chemical composition was explored by XPS 

with a PHI Quantera II spectrometer equipped with a 

monochromated Al K X-ray radiation source and a 

hemispherical electron analyzer. The XPS spectra were 

recorded in constant pass energy mode at a value of 

100 eV, and all the binding energies were calibrated 

using the C 1s peak at 284.6 eV as the reference. 

3  Results and discussion 

3.1  Chemical and structural properties of the Amo- 

PMo nanoplatelets 

The AMOST method was used to synthesize Amo- 

PMo. To confirm the crystal structure of PAL at different 

processing stages, we performed XRD measurements. 

In Fig. 1(a), the diffraction peaks of PAL were clearly 

similar to the typical diffraction peaks reported by 

Zhang et al. [22]. The diffraction peaks observed for 

the Amo-PMo sample were at 2θ = 23.3°, 27.3°, and 

39.1°, which were caused by MoO3, indicating that 

the synthesized material contained molybdenum. 

Because the characteristic peak of PAL did not change, 

the PAL structure was not damaged [23]. Figure S1 in 

the Electronic Supporting Material (ESM) shows that 

the acid activation treatment and thermal activation 

treatment cannot change the characteristic peak of 

PAL, which effectively explain the high corrosion 

resistance and good thermal stability of PAL. In 

addition, the difference between the synthesized 

Amo-PMo and PAL samples, as studied through Fourier 

transform infrared (IR) spectroscopy, is displayed  

in Fig. 1(b). The main difference between the two IR  

 
Fig. 1  Characteristics of the synthetic Amo-PMo nanoplatelets: 
(a) XRD spectra of synthetic Amo-PMo and PAL; (b) IR spectra of 
PAL and Amo-PMo; (c) HO–NH2 XPS spectra of the synthetic 
Amo-PMo nanoplatelets; (d) particle size of the unmodified PAL 
and modified Amo-PMo dispersed in the base oil after seven days. 
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spectra was the peaks at 885.5 and 915.8 cm–1, which 

corresponds to the stretching vibration of the Mo–O 

groups. These values accurately match the characteristic 

peaks of Mo. As lubricant nano-additives for com-

mercial applications, nanoplatelets should be well 

dispersed in the base oil. Here, the dispersion effect 

was investigated as 0.5 wt% additives were standing 

in the base oil for seven days. Considering that the 

unmodified PAL precipitated in the base oil (Fig. S2 

(ESM)) and the modified Amo-PMo solution exhibited 

a transparent brown appearance, it can be speculated 

that the surface of the PAL was modified by APTES. 

To investigate the presence of APTES functional 

groups on the surface of nanoplatelets, we cleaned 

the Amo-PMo material three times with ethanol by 

sonication for 20 min. Finally, APTES was shown to 

exist on the Amo-PMo surface by IR spectroscopy 

(Fig. 1(b)) and XPS (Fig. 1(c)). APTES underwent a 

hydrolysis reaction to generate active silanol inter-

mediates (Si–OH), which interacted with the surface 

hydroxyl groups of the PAL, resulting in a hydrophobic 

-NH2 terminal group on the surface of the PAL. The 

-NH2 terminal group of APTES would be oriented 

toward the base oil. Therefore, the hydrophobic 

surface of the nanoplatelets allowed the additive to 

be better dispersed in the base oil. We performed a 

dynamic light scattering experiment to analyze the 

particle size of the additive in the base oil after seven 

days (Fig. 1(d)). It could be seen that the average particle 

size of the modified PAL was approximately 127 m, 

whereas that of the unmodified PAL was 2,104 nm. 

We then observed that the lubricating fluid was still 

in a transparent state after 15 days (Fig. S2 (ESM)), 

which indicated that the synthetic additive could be 

well dispersed in the base oil within 15 days. 

The SEM image in Fig. 2(a) shows that the nano-

platelets had a different morphology and more curled 

edges (Fig. S3 (ESM)) as compared to the conventional 

PAL. The main reason was that when the synthetic nano-

platelets were thinner, the edges were easily curled. 

The TEM image in Fig. 2(b) shows the morphology and 

dimensions of Amo-PMo. These nanomaterials were 

well dispersed in the solvent and uniformly spread on 

the substrate. The TEM image in Fig. S4 (ESM) displays 

the untreated PAL morphology. In general, the PAL 

materials agglomerated and adhered to each other, 

whereas Amo-PMo did not appear to agglomerate. 

 

Fig. 2  Characteristics of the synthetic Amo-PMo nanoplatelets: 
(a) An SEM image of synthetic Amo-PMo; (b) a low magnifi-
cation TEM image of synthetic Amo-PMo; (c) an AFM image of 
the synthetic Amo-PMo nanoplatelets; (d) cross-sectional profile 
of the synthetic Amo-PMo nanoplatelets. 

APTES played a vital role in surface modification. To 

further confirm the thickness of the as-synthesized 

nanoplatelets, the samples were analyzed by AFM. The 

AFM image in Fig. 2(d) shows that the morphologies 

of the synthesized Amo-PMo nanomaterials were 

elliptical and their thicknesses were measured to be 

2.4±0.2 nm [24]. 

3.2  Tribological properties of the Amo-PMo nano-

platelets 

In this study, the samples were labeled PMonS (with n = 

20, 30, and 50), where n denotes the mass ratio of 

SN-Mo in the composite. To analyze the tribological 

properties of PAL, SN-Mo, and their synergistic effects, 

we tested 10 lubricants to determine if under the high- 

pressure conditions, these additives could still reduce 

friction. The coefficient of friction (COF) of the upper 

against the bottom GCr15 balls at the normal load of 

400 N at 75 °C is shown in Fig. 3. In the lubricating 

fluid, as the PAL content increased, the COF first 

decreased (0.50 wt% PAL) and then increased (0.75 wt% 

PAL), as shown in Fig. 3(a). When the additive content 

was low, the layered structure of PAL could enter the  
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Fig. 3  COF curves of the samples: (a) for different PAL contents; 
(b) for different contents of SN-Mo; (c) for different contents of 
Amo-PMo. 

contact areas between the two sliding surfaces. The 

interlayer sliding was relatively easy between the 

contact surfaces. However, when the additive content 

exceeded a certain amount, PAL was unable to enter 

the contact area, and the additive may be used as a 

three-body material, resulting in an increase in the 

COF [25]. The COF of the base oil with SN-Mo additive 

is shown in Fig. 3(b) and was much higher than that 

of the base oil. According to Hamrock–Dowson theory, 

the thickness of the lubricating film was 2.56 times 

of the surface roughness. Referring to the Streibeck 

curve, lubrication was known to be at the boundary 

of the mixed lubrication and elasto-hydrodynamic 

lubrication (EHL) regime, and as the viscosity in-

creased (Fig. S6 (ESM)), the COF also increased [26]. 

After the Amo-PMo nanoplatelets were dispersed in 

the base oil, the COF obviously decreased. When the 

lubricating fluid between the sliding surfaces was the 

base oil, the COF tended to increase at the beginning 

of the tribological test. It was reasonable to speculate 

that the relatively high COF during this period was 

perhaps caused by much more severe contact stress of 

point contact geometry combined with the third-body 

effect in the running-in regime [27]. As time elapsed, 

the COF slowly decreased after the running-in stage. 

When 0.5 wt% Amo-PMo was added, the COF tended 

to be lower and more stable than that of the base oil, 

and the COF was reduced by 15.99%. Zinc dialkyldith-

ophosphate (ZDDP) is commonly used as an organic 

lubricant additive, and its molecular formula is dis-

played in Fig. S7(c) (ESM). When ZDDP and graphene 

are used as lubricant additives, both will form a 

tribofilm on the sliding surfaces. The COF in these 

tests is shown in Fig. S7(a) (ESM). 

To observe and compare the anti-wear properties 

of these samples, their wear scars were measured, 

and the results are shown in Fig. 4. The images of the 

wear scars were obtained using an optical microscope 

(Figs. 4(a)–4(d)), and the 3D contour topographies were 

obtained using a 3D white light interferometer (Figs. 4(e) 

and 4(f)). Figure 4(g) shows the cross-section profile 

curve after the ball was worn. Figures 4(a)–4(d) show 

that when Amo-PMo was added to the base oil, the 

diameter of the wear scar became much smaller, and 

the wear scar showed no indication of furrows. Of 

the three samples with Amo-PMo, the ball tested 

with the PMo30S sample had the smallest wear scar. 

In fact, the size of the wear scar had a substantial 

relationship with the synergistic effect (SN-Mo/PAL 

ratio) of Amo-PMo. When used as a nano-additive, 

the PMo50S sample contained the most SN-Mo and 

was highly likely to scratch the sliding surfaces due 

to tumbling during the rubbing process [28]. 

The anti-wear properties of the 10 lubricant samples 

were evaluated to determine whether these additives 

could exhibit lower wear under high-pressure con-

ditions. The wear scar diameter was measured using 

an optical microscope, and the wear volume was 

measured using a 3D white light interferometer. 

Figure 5(a) shows the wear of PAL. The wear 

conditions of PAL were ultimately worse than those 

of the base oil, indicating that PAL could enter the 

contact zone within a certain range. However, the 

adsorption performance was poor (Fig. S9(b) (ESM)), 

as PAL could slip out from the contact zone, which 

increased the wear of the sliding surface. As shown 

in Fig. 5(b), the wear condition of SN-Mo on the metal 

sliding surface was better than that of PAL. It was 

reasonable to speculate that SN-Mo had excellent 

adsorption properties and could adhere to the grooves 

on the contact area to protect the worn surface. After 

the Amo-PMo nanoplatelets were added to the base oil, 
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Fig. 4  Optical images of the wear scars tested with (a) the base 
oil sample, (b) the PMo20S ball, (c) the PMo30S ball, and (d) the 
PMo50S ball. The 3D topography of the wear scars on the ball, 
which was lubricated with (e) the base oil and (f) PMo30S. (g) The 
line scans of the wear scars. 

the anti-wear properties of the lubricating fluid were 

significantly improved (Fig. 5(c)). The nanoplatelet 

that improved the anti-wear properties of the 

lubricant most significantly was PMo30S, the wear 

scar diameter and wear volume of which were 63.3% 

and 49.6% of those of the base oil, respectively. The 

wear volumes of the PMo20S and PMo50S balls were 

67,140.4 and 80,976.1 μm3, respectively, which were 

much smaller than that of the base oil (1,244,705.4 μm3).  

 

Fig. 5  Histograms of the wear spot diameter and wear volume 
loss rate for different lubricant contents: (a) PAL, (b) SN-Mo, and 
(c) Amo-PMo. 

To compare the anti-wear properties of commercial 

additives, the anti-wear properties of ZDDP and 

graphene are shown in Fig. S7(b) (ESM). 

3.3  Wear scar morphology and elemental valence 

study 

The physical morphology and structural changes of 

the contact surface can directly affect the tribological 

behaviors of the sliding surfaces. Therefore, further 

investigating the bottom balls is necessary. First, after 

the tribological test, the balls tested with the base oil, 

PAL, and PMo30S were selected, and their wear scars 

were observed using SEM and EDS mapping analysis. 

The results are shown in Fig. 6. Compared with the 

base oil, the Amo-PMo additives formed a dark 

brown and relatively dense protective film on the 

wear scar of the sliding surfaces. Figure 6(a) shows 

the SEM image of the base oil sample. The deep, 

rough, and relatively wide furrows suggested that  
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Fig. 6  SEM images of the surfaces after running for 1 h: (a) the 
base oil sample and (b) PMo30S ball. EDS mapping analysis for 
the wear surface lubricated by (c) the base oil and (d) 0.5 wt% 
PMo30S. 

the surface of the base oil sample ball was scraped by 

asperities and three-body particles. Figure 6(b) shows 

the surface image of the PMo30S sample ball. The 

shallow and relatively narrow furrows indicated that 

the surface was clearly covered by tribofilm. Figure 6(c) 

shows the EDS mapping images of the ball tested 

with base oil. The oxygen element distribution on the 

worn surface was not very uniform, indicating that 

the protective tribofilm lubricated by base oil was 

not formed. As shown in Fig. S8 (ESM), thin and long 

layered abrasion debris was present on the contact 

surface. This was a typical delamination wear resulting 

from surface crack generation and propagation. When 

the rough peak of the contact surface slid on a relatively 

smooth surface, the smooth surface underwent a 

cyclic load, causing shear plastic deformation and 

accumulation on the surface layer, which caused 

periodic dislocations on the metal surface layer. During 

the tribological process, dislocation accumulated at 

a certain depth below the surface, and then cracks 

were formed. Finally, the material between the crack 

and surface was peeled off in the form of layered 

wear debris [29]. 

To investigate whether chemical reactions occur on 

the worn surface, we performed XPS characterization 

on the experimental sample, including that on the 

bearing steel coated with the lubricating fluid containing 

additive, and the other on the tribofilm after the 

tribological test. The result is shown in Fig. 7. The 

molybdenum element in the coating layer was only 

the valence state of the original MoO3 of the additive 

[30]. After the tribological test, a small peak of the 

molybdenum (230.6 eV) appeared in the tribofilm, 

which corresponded to MoS2 of Mo 3d5/2. Because the 

generated MoS2 was found in the tribofilm, no MoS2 

component was present in the lubricating fluid. It 

was reasonable to speculate that the tribofilm was the 

product of a tribochemical reaction [31]. 

To understand the chemical composition of the 

tribofilm previously mentioned, we performed EDS 

mapping analysis and XPS characterization. Figure 8 

illustrates the EDS mapping results of the sliding 

surfaces, which showed that the elements presented 

on the wear scar surface included Mo, Si, Fe, O, and S. 

In addition, the Mo and S elements were uniformly 

distributed in the tribofilm, which indicated that 

Amo-PMo could be transferred to the contact surface 

by the tribochemical reaction. Figure S9 (ESM) shows 

EDS mapping images of the ball tested with the base oil 

and PAL samples. Compared with the Amo-PMo, the 

ball tested with PAL additives showed wider furrows on 

the sliding surfaces, and no Mg element distribution 

was present in the tribofilm, indicating that PAL 

could not be transferred to the worn surface. The 

oxygen element distribution on the worn surface 

was not very uniform, indicating that the protective 

tribofilm lubricated by PAL was not formed. XPS 

analysis was conducted to investigate the effects of 

the Amo-PMo additives on the elements on the worn 

surface and the valence changes to those elements. 

Note that, due to the accuracy limitations of XPS  

 
Fig. 7  XPS surface analysis of the samples: the coating and 
tribofilm. 
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Fig. 8  EDS mapping analysis for the tribofilm on the wear scars. 

devices, a large error occurred when the atomic mass 

fraction was less than 3%. However, based on an 

analysis of the valence bond of an element and the 

composition of a compound, the XPS system was still 

very accurate. Figure 9 shows the elemental XPS spectra 

of the bottom balls of the PMo30S sample after Ar+ in 

situ sputtering. Figure 9(a) shows the XPS spectrum 

of Fe 2p, and the largest binding energy peak was 

assigned to the Fe 2p1/2 band (710.5 eV), which also 

corresponds to the binding energy peak of Fe in FeO. 

The Fe 2p spectrum had a small peak at 720 eV, which  

 

Fig. 9  XPS spectra of the elements on the surface of the PMo30S 
sample: (a) Fe XPS spectrum, (b) Si XPS spectrum, (c) Mg XPS 
spectrum, and (d) Mo XPS spectrum. 

corresponds to the binding energy of monoatomic Fe 

and indicated that the content of monoatomic Fe in 

the tribofilm was low. Monoatomic Fe may have been 

present because of abrasive particles that fell off the 

asperities. The Fe 2p XPS spectrum exhibited a high 

intensity peak at 723.5 eV, which corresponds to Fe2O3 

of Fe 2p3/2 [32]. Figure S11(a) (ESM) shows the XPS 

spectrum of C 1s, in which the valence state of C 1s 

could be divided into two peaks corresponding to the 

two types of periodic structure. It could be observed 

that the C 1s largest binding energy peak was C–C 

(284.8 eV), which also corresponded to the binding 

energy peak of the base oil. A small peak was observed 

at 284.6 eV, which was a C–O [33]. Figure S11(b) (ESM) 

shows the XPS spectrum of O 1s with a peak binding 

energy of 531.80 eV and an accompanying peak at 

529.37 eV. The peak corresponding to O 1s was very 

wide, which indicated that O had multiple valences and 

O existed mainly as silicates. Under the thermochemical 

reactions, an oxidation reaction occurred on the sliding 

surface. The newly formed surface of the wear scar 

reacted with the zeolite in the PAL material and 

resulted in the formation of Fe2O3 [34]. The XPS 

spectrum of Si 2p shown in Fig. 9(b) exhibits a peak 

binding energy at 103.49 eV, indicating that Si was 

present in the form of SiO2 and silicates. Figure 9(c) 

shows the XPS spectra of Mg 1s and Mg 2p, and the 

peak binding energy were at 1303.9 and 50.1 eV, 

respectively, indicating that Mg existed in the form of 

MgO. Figure 9(d) shows the XPS spectrum of Mo 3d, 

in which the peak binding energy was at 231.1 eV, 

corresponding to Mo 3d5/2 of MoO3. The Mo element 

in the tribofilm exhibited a small peak of 230.6 eV, 

which corresponds to MoS2 of Mo 3d5/2. 

3.4  Film thickness calculation 

According to the Hamrock−Dowson theory of point 

contacts, the minimum film thickness min( )h  can be 

evaluated by the following equation [35]: 

  
0.68 0.49

0.68
min 0.073

3.63 1 e kU G
h R

W
    (1) 

where λ = hmin/σ, U = ηv/ER, G = αE, and W = F/ER2. 

Here, λ is the ratio used to determine the lubrication 

method of the contact area. When λ is less than 1, 

the lubrication regime is a boundary lubrication, but 
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when λ ranges from 1 to 3, mixed lubrication occurs; 

if λ is greater than 3, lubrication occurs by EHL or 

EHD [36–38]. In addition, σ is the roughness of the 

two sliding surfaces (~0.21 μm), and η is the dynamic 

viscosity of the lubricating fluid. At the beginning of 

the test, the base oil had a dynamic viscosity of 29.5 cP 

at room temperature. After the tribological test, the 

base oil had a dynamic viscosity of 17.5 cP at 75 °C. 

The dynamic viscosity of the lubricating fluid was 

tested at shear rates from 10 to 1,000 s–1 (Fig. S6 (ESM)). 

During the test of each dynamic viscosity, the viscosity 

did not change significantly with the shear rate, 

indicating that the lubricating fluid was a Newtonian 

fluid. Finally, v (~1.6 m/s) is the average tangent speed 

of the outer edge of the ball, E is the effective elastic 

modulus, α (1.5×10−9 Pa–1) is the viscosity–pressure 

coefficient [39], R (~12.7 mm) is the radius of the ball, 

F (400 N) is the load applied by the main shaft, and  

k (~1) is the ellipticity of the ball [40]. λ was calculated 

to be approximately 0.9688, and it can be concluded 

that the contact zone in the initial stage was in the 

boundary lubrication state, which indicated that the 

initial wear was severe. 

Following the friction test, a circular flat worn 

surface having a diameter of approximately 396 μm 

was produced, and thus, the Hamrock–Dowson film 

thickness formula was not suitable. However, in EHL 

theory, the deformation of the ball followed Hertzian 

contact theory, and an approximate method could be 

proposed to estimate the film thickness at the final 

stage, which is expressed by the following equation [41]: 

32 ( )
3
E rR

FR

*
* =                 (2) 

where r*  is the radius of the worn circular flat surface 

of the bottom ball, R is the radius of the bottom ball, 

and F is the load applied by the main shaft. According 

to the Hertzian contact theory, for the test of the 

PMo30S additive, Eq. (2) is substituted into Eq. (1). It 

can be concluded that a small amount of Amo-PMo 

hardly affects the oil film thickness. λ is approximately 

2.56, from which it can be inferred that the lubrication 

of the contact zone in the final stage occurs by mixed 

lubrication. 

As reported in Refs. [42, 43], the Young’s modulus 

and ultimate strength of monolayer nanoplatelets 

were much higher than those of steel. Klemenz et al. [44] 

provided evidence that as long as the 2D material was 

not destroyed, the 2D material could be an excellent 

coating with low friction and wear. According to the 

analysis, the ability of 2D material nano-additives to 

enter the contact area is a major concern. Fortunately, 

the synthesized Amo-PMo nanoplatelets have this 

ability. First, APTES modifies the surface of the PAL to 

make them float in the base oil without agglomeration. 

Second, thinner nanoplatelets can enter the contact area. 

In our study, as shown in Fig. 10(b), when micro peaks 

were moving toward each other, the nanoplatelets 

could enter the contact area. When two rough peaks 

were in contact, because of the presence of the nano-

platelets between them, they may not have contacted 

each other directly. After the two peaks separated, the 

nanoplatelets may have adhered to one of the peaks 

or returned (floated) into the lubricant. In addition, 

SN-Mo chemically reacted with Sx and adhered to 

the worn surface, thus reducing the amount of wear. 

Numerous micropeaks of the sliding surface were 

making contact and separating, so this process occurred 

numerous times. As long as Amo-PMo could enter the 

contact area, the sliding surface exhibited excellent 

anti-wear property. Regarding ordinary PAL, they 

were more easily pushed away due to their larger 

size, resulting in wear under high loads. 

 

Fig. 10  Schematics of the proposed lubrication mechanism of 
(a) PAL and (b) Amo-PMo nanoplatelets. 

4  Conclusions 

New type of molybdenum-dotted PAL nanoplatelets 

were synthesized using the AMOST method. The 

as-synthesized samples, their morphologies and 

physicochemical characteristics were analyzed by 
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TEM, SEM, AFM, XPS, and DLS. The synthesized 

nanoplatelets were of only a few layers. Compared 

with synthetic additives and commercial additives, 

it was found that the Amo-PMo possessed superior 

ability to increase the tribological properties of the 

lubricating fluid. Finally, these additives reduced 

the COF and wear scar diameter by 16% and 63%, 

respectively, compared to those under the base oil 

lubrication. Among these additives, the 0.5 wt% PMo30S 

lubricant additive exhibited excellent tribological 

properties and formed a more protective tribofilm 

than did the other additives during the tests. 
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