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ABSTRACT: In this study, the uniform dense polydopamine
(PDA) coating was deposited on hyper-cross-linked polystyrene
nanospheres (HPSs) through the oxidative polymerization of
dopamine with polyethyleneimine (PEI), then which underwent
acidification and subsequent anion exchange with LiNTf, to
obtain HPSs@PDA electrolyte (HPSs@PDA-NTTf,). So, the multi-
element-doped carbon nanospheres (F,N,S-PCNs) were
synthesized through the carbonization of HPSs@PDA-NTf,,
demonstrating exceptional tribological performance. Compared
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to 500SN, the mean COF of nanolubricant (500SN + 2.0 wt.% F,N,S-PCNs) decreased from 0.181 to 0.110, and the wear
volume reduced by 90.3%. The load-carrying capacity of F,N,S-PCNs as lubricant additives is increased from 150N
(500SN) to 450N. The F,N,S-PCNs can infiltrate the contact area and adsorb on the friction pair surface, forming a physical
adsorption film that prevents the direct contact of surface. Additionally, the active elements (F,N,S) in F,N,S-PCNs undergo
tribochemical reactions with the friction pair under mechanical force and thermal effects to form a chemical protective film.
This dual effect significantly enhances the boundary lubrication performance of the lubricating oil. This study presents a
novel approach for synthesizing multi-element co-doped carbon nanospheres, significantly enhancing the effectiveness of

oil-based lubrication technology in the field.

KEYWORDS: carbon nanospheres, surface modification, element doping, lubricant additives, tribological behavior

1 Introduction

In the operation of mechanical equipment, friction is unavoidable
and can lead to material degradation, energy dissipation, equipment
failure, and environmental pollution [1, 2]. Lubrication technology
has been developed to reduce friction and prolong the operational
lifespan of mechanical equipment [3]. This technology primarily
involves forming a lubricating film between contacting surfaces,
with the aim of minimizing frictional forces and reducing wear.
Developing new lubricant formulations to achieve energy efficiency
is a key scientific task due to the performance limitations of existing
lubricants in various fields. Due to their unique physicochemical
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characteristics, nanoparticles such as metal [4], metal oxides [5],
metal sulfides [6], carbon nanoparticles [7], nanocomposites [8]
have been widely studied and employed as additives in the past few
years [9]. However, these nanomaterials tend to agglomerate in base
oil due to themselves high surface energy, which hinders the
achievement of optimal lubrication efficiency.

For decades, carbon materials (including graphene [10], carbon
nanotubes [11], nanodiamonds [12], and amorphous carbon [13],
among other variants) have been extensively studied in the fields of
tribology due to their diverse forms, excellent corrosion resistance,
outstanding mechanical properties, and high thermal conductivity
[14-16]. Liu et al. have developed a three-dimensional (3D)
graphene additive with tribological properties. When incorporated
into base oil, it can reduce the friction coefficient (COF) by 22%
and wear rate by 95% [10]. Additionally, Zhang et al. synthesized a
kilogram-scale of carbon dots (CDs) as a nano-additive, achieving a
substantial 75% reduction in the COF [17]. The rich and well-
established chemistry of carbon nanostructures offers endless
opportunities for properties tuning compared to other types of
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nanomaterials [18, 19]. These heteroatoms, such as fluorine (F),
nitrogen (N), phosphorus (P), sulfur (S), and selenium (Se), can be
individually or collectively incorporated into carbon frameworks
through the carbonization of heteroatom-rich precursors [20].
These heteroatoms have the ability to adjust the physical and
chemical properties of carbon, enhance its interaction with
lubricants, and improve its capability to form a protective film on
steel substrates [21]. Jin et al successfully synthesized N,S co-doped
carbon dots via laser treatment of heterocyclic aromatic
hydrocarbons, which exhibit outstanding anti-friction properties
(reducing the COF from 0.650 to 0.093) and exceptional anti-wear
properties (reducing wear volume by 92.0%) as a lubrication
additive [22]. Wang et al. fabricated amorphous carbon films co-
doped with F and S, achieving an exceptionally low steady-state
COF of 0.01-0.02 [23]. By means of controlled pyrolysis, polymers
can be converted into carbon materials with precise structures. In
comparison to traditional small molecular hydrocarbons, polymers
as carbon sources provide superior manipulation over the total
number of carbon and doped atoms, essential for creating carbon
materials with specific doping characteristics [24]. Additionally,
spherical nanoparticles demonstrate high load-bearing capacity and
extreme pressure characteristics in various tribological applications
due to their ball bearing effect in friction studies [9]. Polydopamine
(PDA), polymerized from dopamine under mildly alkaline
conditions, has the ability to create a PDA layer on different types
of nanomaterials [25]. Notably, PDA exhibits zwitterionic
properties with an isoelectric pH around 4.0. Due to these
zwitterionic properties [26, 27], PDA can undergo ion exchange to
form a PDA electrolyte [28].

Herein, we have developed dense and stable PDA coating on
hyper-cross-linked polystyrene nanospheres (HPSs) through the
oxidative  polymerization — of  dopamine, assisted by
polyethyleneimine (PEI) in a pH 8.5 Tris(hydroxymethyl)-
aminomethane (Tris) aqueous solution. The resulting PDA film
undergoes acidification and subsequent anion exchange with
LiNTf, to produce HPSs@PDA electrolyte (HPSs@PDA-NTHY,).
These were then carbonized at 400 °C to prepare multi-element
doping of carbon nanospheres (F,N,S-PCNs). Due to their small
size, the as-prepared FN,S-PCNs effectively penetrate the contact
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area and generate a positive lubricating effect. Driven by van der
Waals forces, the adsorption of FN,S-PCNs on the friction pair
surface directly reduces friction in the boundary lubrication state
and protects the surfaces from direct contact. The adsorbed
nanoparticles with active elements (F,N,S) undergo friction-induced
chemical reactions under mechanical force and thermal energy,
significantly improving the boundary lubrication performance of
the lubricant, this improvement is evidenced by a reduced COF to
0.110 and a 90.3% reduction in wear volume.

2 Experimental section

2.1 Materials

Potassium persulfate (AR), dopamine hydrochloride (98%), divinyl
benzene (80%), styrene (AR), ethylene imine polymer (M, 10,000,
99%) and bis(trifluoromethane)sulfonimide lithium salt (LiNTf,
98%) are obtained from TCI. Acetone (AR), hydrochloric (AR),
and ethyl alcohol (AR) are purchased from Aladdin. Tris ( AR,
99%) is acquired from Chemical Reagent Company of Shanghai
(Shanghai, China).

2.2 Preparation of polydopamine-modified HPSs

(HPSs@PDA)

The preparation methodology for polystyrene nanospheres (PS)
and HPSs remains consistent with our prior research [29]. The
HPSs (200 mg) and dopamine hydrochloride (80 mg) were
weighed and uniformly dispersed in 10 mL of anhydrous ethanol;
Disperse 80 mg of PEI in 20 mL of Tris aqueous solution.
Recombine the two aforementioned solutions at room temperature
and stir for 24 h. Upon completion of the reaction, the sample
underwent washing with water and ethanol to obtain the
HPSs@PDA. The detailed preparation procedure is depicted in
Scheme 1.

2.3 Preparation of HPSs@PDA-NT{, and F,N,S-PCNs

Disperse 150 mg of HPSs@PDA in 20 mL of an aqueous solution,
and adjust the pH of the solution to 4 using 0.1 M HCl. Add 30 mL
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Scheme 1 Schematic diagram of preparation F,N,S-PCNs.
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of ethyl acetate into the aforementioned dispersion solution.
Disperse 28.7 g of LiNTf, in 10 mL of an aqueous solution and
incorporate it into the aforesaid mixture, while vigorously stirring
for a duration of 24 h. After the completion of the reaction, the
sample is rinsed with water to obtain the HPSs@PDA-NTY, [28].
The PCNs, N-PCNs, and F,N,S-PCNs were obtained at 400 °C after
3 h of carbonization treatment for HPSs, HPSs@PDA, and
HPSs@PDA-NTY,, respectively (Scheme 1).

3 Results and discussions

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) facilitate the investigation into the structure and
properties of materials to explore the microscopic characteristics.
After undergoing carbonization treatment, the PCNs retain their
exceptional spherical structure (Fig. S1 in the Electronic
Supplementary Material (ESM)). A significant contrast difference is
manifested for the oxygen elements between the surface and
interior of HPSs@PDA, which is attributed to the formation of a
polymer coating via Michael addition and Schiff base reaction
between PEI and polydopamine on HPSs' surface (Fig. 1). After the
ion exchange with NTf,, new sulfur and fluorine signals were

HAADF %
HPSS@PDA 100 nm
100.nm

100 nm

detected in the HPSs@PDA-NTf,. Owing to the presence of the
surface coating, HPSs@PDA-NTT, retains its distinctive core-shell
structure (Fig. 1 and Fig. S2 in the ESM). The distribution of
oxygen elements in N-PCNs mirrors that of HPSs@PDA. This
similarity is attributed to the incomplete decomposition of the PDA
layer at 400 °C. The distribution of O, F, N and S in the F,N,S-
PCNs exhibited homogeneity, indicating that F, N and S were
integrated into the carbon nanospheres during carbonizing
HPSs@PDA-NTT, (Fig. 1 and Fig. S2 in the ESM). As revealed by
the TEM results of FN,S-PCNs, the core-shell structure of
HPSs@PDA-NTf, vanishes after undergoing high-temperature
carbonization, which may contribute to an augmented cracking of
PDA-NTT,, resulting in almost complete carbonization of the PDA-
NTf, coating.

The zeta potential serves as a crucial parameter for elucidating
the surface characteristics of nanospheres. The zeta potential of the
HPSs (-17.8 mV) was enhanced to 32.5 mV for HPSs@PDA and
43.3 mV for HPSs@PDA-NTT, (Fig. S3 in the ESM), conclusively
validating the successful completion of Michael addition/Schiff base
reaction, and decoration of PDA-NTH, electrolyte. After undergoing
high-temperature carbonization, the surface potentials of PCNs, N-
PCNs, and FN,S-PCNs were measured as —0.2, 11.7, and 18.1 mV,

HPSs@PDA-NTf,

F,N,S-PCNs

Figure1 High- angle annular dark field (HAADF) image and energy dispersive X-ray spectroscopy (EDS) mapping of HPSs@PDA, HPSs@PDA-NTTf,, N-PCNs and

F)N,S-PCNs.
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respectively (Fig. 2(a)). The chemical constituents of the samples are
elucidated via Fourier transform infrared spectroscopy (FT-IR)
spectra (Fig. S4 in the ESM and Fig. 2(b)). The adsorption peaks at
2854 and 2923 cm™ in the HPSs@PDA are associated with the
stretching vibrations of the C-H and C=C inherent to the indole
structures (Fig. $4 in the ESM) [28]. The adsorption peaks observed
at 1602 and 1513 cm™ correspond to the bending and shearing
vibrations of N-H, confirming the existence of imine and amine
moieties within the PDA units [28]. The peak observed at 1700 cm™
is due to the formation of C=N bond between PDA and PEI [25].
The HPSs@PDA-NTY, spectrum exhibits new absorption peaks at
1346 and 1056 cm™, due to the stretching vibrations of S=O and
C-F, respectively, which further confirms the successful grafting of
PDA-NTT, electrolyte. The N-PCNs exhibit new absorption peaks
at 850 (N-H), 1090 (C-N), 1445 (C-N), and 1600 (C=N) cm™,
providing evidence of successful nitrogen doping in the carbon
nanosphere [30-32]. Compared with N-PCNs, F,N,S-PCNs exhibit
new absorption peaks at 600, 1185, and 1240 cm™, owing to C-S,
C-S/C-N/C-O, and O=S=O stretching vibrations, respectively,
which confirm the successful sulfur doping into the carbon
nanosphere [33, 34]. The results depicted in Fig. 2(c) and Fig. S5 in
the ESM indicate the emergence of new N and F signals in
HPSs@PDA-NTf, and FN,S-PCNs. The sulfur signals are
prominently detected in the X-ray photoelectron spectroscopy
(XPS) high-resolution spectrum and the doping concentration of S
element in F,N,S-PCNs is 0.6 at.%. (Fig. 2(d) and Table S1 in the
ESM). The peaks observed at 164.0 and 168.5 eV in the S 2p;,
spectrum are assigned to the C-S-C and C-SO;-H bonds,
respectively [35]. The high-resolution C 1s XPS spectra of N-PCNs
(Fig. 2(e)) exhibit distinct peaks at 284.8 (C-C), 286.3 (C-O/C-N),
and 288.8 eV (C=0). The high-resolution C 1s XPS spectra of F,N,S-
PCNs exhibited novel binding energy at 291.5 eV (C-F,),

corresponding to the fine spectrum of F 1s (687.5 and 688.8 eV)
(the doping concentration of F is 4.3 at.%) (Fig. 2(f)) [36, 37].
Compared to N-PCNs (399.6 eV for C-N), the novel peaks
attributed to pyridinic-N (398.9 eV) and pyrrolic-N (400.8 eV)
emerged in the fine spectrum of FN,S-PCNs (Fig. 2(g)). Moreover,
the nitrogen content of F,N,S-PCNs increases to 4.6 at.% compared
to the 13 at% in N-PCNs (Table S1 in the ESM).
Thermogravimetric (TG) analysis is a pivotal analytical technique
that quantifies the mass change of materials as they undergo
controlled heating, enabling precise determination of their thermal
properties and compositional characteristics. Based on Fig. 2(h), it is
evident that PCNs, N-PCNs, and F,N,S-PCNs demonstrate
significant thermal decomposition at temperatures exceeding
400 °C. Furthermore, the thermal stability of F,N,S-PCNs (the mass
loss is 18.5 wt.%) surpasses that of PCNs (the mass loss is
38.6 wt.%) and N-PCNs (the mass loss is 44.2 wt.%) notably when
the temperature reaches 800 °C. The N, adsorption-desorption
isotherm depicted in Fig. S6 in the ESM demonstrates a significant
uptake of N, at low pressures (relative pressure P/P, = 0-0.1),
indicating the presence of a distinct microporous structure (around
1 nm) within the HPSs. The microporous structure of PCNs and N-
PCNss is not readily apparent, resulting in a reduction of the Bruner—
Emmet-Teller surface area (SBET) from 279.71 m*g" (HPSs) to
31.23 and 41.41 m*g", respectively, which may be attributed to the
blockage of pores by volatile and carbonaceous products generated
during thermal decomposition (Fig. 2(i) and Table S2 in the ESM)
[38]. The N, adsorption/desorption curves in Fig. 2(i), FN,S-PCNs
indicate a rapid increase in N, adsorption at relative pressure P/P, =
0-0.1, suggesting the presence of a substantial micropore structure
with the primary pore size distribution ranging from 0.5 to 0.8 nm.
SBET of EN,S-PCNs has increased to 398.57 m*g”, providing
further evidence that the PDA-NTf, coating layer on the
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nanospheres has completely disintegrated and that FN,S doping
has introduced a substantial number of microscopic pores into the
nanosphere.

Nanospheres exhibit a high surface energy, leading to a
pronounced tendency for agglomeration, which significantly limits
their compatibility with dispersants. Based on Fig. S7 in the ESM,
following a 48-hour exposure to room temperature, the 500SN +
PCNs and 500SN + N-PCNs displayed observable layering
phenomenon, while the 500SN + F,N,S-PCNs exhibited sustained
dispersibility stability. In these experiments, nanospheres were
utilized at different concentrations (1.0 wt.%-3.0 wt.%) under
constant conditions (150 N, 25 Hz, 50 °C) to determine the optimal
concentration for enhanced efficacy. Based on Fig. 3(a) and Fig. S8
in the ESM, the COF of the nanolubricant (500SN + 2.0 wt.% F,N,S-
PCNs) decrease from 0.146 to 0.110 and a reduction in wear
volume (5.0 x 10* um’) by 41.5% compared to 500SN + 1.0 wt.%
FN,S-PCNs. When the addition amount exceeds 2.0 wt.%, there is
a slight increase in the COF (0.115) and wear volume (5.3 X
10* pm?®) of 500SN + 3.0 wt.% F,N,S-PCNs. This phenomenon can
be attributed to the fact that at concentration of 2.0 wt.% F,N,S-
PCNs, the nanospheres in the contact area have already reached
saturation, rendering further increases in additive concentration
ineffective in enhancing lubrication [39]. The COF and wear
volume of 500SN, PCNs, N-PCNs and F,N,S-PCNs based lubricant
(with a 2.0 wt.% addition) are presented in Figs. 3(b) and 3(c). Prior
to 250 s, there was a marked increase in the COF of 500SN, 500SN
+ PCNs, and 500SN + N-PCNs to 0.360, 0.296, and 0.216
respectively. The mean COF of nanolubricant (500SN + F,N,S-
PCNis) resulted in a significant reduction to 0.110, representing a
decrease of 39.2%, 35.0%, and 31.7% compared to 500SN (0.181),
PCNs (0.169), and N-PCNs (0.161) respectively. The wear volume
of F,N,S-PCNs was reduced to 5.0 x 10* um’, compared to 500SN
(52 x 10° um’), PCNs (9.8 x 10* pm’), and N-PCNs (1.27 x
10° umy’), respectively, resulting in reductions of 90.3%, 49.0%, and
60.6%.

Figures 3(d)-3(f) illustrate an in-depth analysis of the tribological
behavior of different nanolubricant under extreme operating
conditions. Under high-pressure conditions, the load-carrying
capacity of FN,S-PCNs as lubricant additives is enhanced from 150
N (500SN) to 450 N. Under variable frequency conditions, the
mean COF of 500SN + EN,S-PCNs was reduced to 0.141

compared to that of 500SN (0.169), 500SN + PCNs(0.167), and
500SN + N-PCNs (0.165). Under varying temperature conditions,
the COF of 500SN, 500SN + PCNs, and 500SN + N-PCNs
increased to 0.60 (40 °C), 0.21 (50 °C), and 0.20 (40 °C) respectively.
500SN + F,N,S-PCNs demonstrated excellent high-temperature
resistance at temperatures below 70 °C, maintaining a COF of 0.12
or lower. Hence, EN,S-PCNs as nano-additives manifest
exceptional wear resistance and friction reduction properties, and
demonstrate good lubricating performance in extreme operating
conditions.

The wear process involves the continuous removal of a friction
pair's surface layer during relative motion, which is an inevitable
consequence of friction. Figure 4 illustrates the SEM images, as well
as the 3D profile morphology and its corresponding cross-sectional
wear morphology. As depicted in Fig. 4(a), the surface lubricated
with 500SN displayed irregular topography, with wear depth of
4.3 um and wear area of 600.9 pm’, which is due to the formation of
adhesion points resulting in severe wear on the friction pair surface.
When PCNs and N-PCNs are utilized as lubricant additives,
adhesive wear still occurs on the contact surface (Figs. 4(b) and
4(c)). However, owing to the nanospheres' size effect, they can
infiltrate the clearance between the friction pairs and adhere to the
surface, thereby diminishing surface roughness and preventing
direct contact between the friction pairs, ultimately mitigating
damage. Hence, wear depth lubricated with 500SN + 2.0 wt.%
PCNs and 500SN + 2.0 wt% N-PCNs is 24 and 3.6 um,
respectively, accompanied by wear area measuring 118.2 and
210.3 um’. Microgrooves develop on the worn surface lubricated by
500SN + 2.0 wt.% F,N,S-PCNs in the direction of friction due to
abrasive wear, accompanied by wear depth and wear area of
0.77 um and 47.7 uy’, respectively (Fig. 4(d)). As shown in Fig. S9
in the ESM, the mapping energy spectrum of the wear spot
exhibited an uneven distribution of C, N, O, and S, which could be
ascribed to the adsorption of FN,S-PCNs on the friction pair
surface, forming the deposition film, and the occurrence of
frictional chemical reactions between the active elements (F,N,S) in
the FN,S-PCNs and the friction pair (generating the chemical
protective film). The creation of the composite protective film
(consisting of the deposition film and chemical protective film)
prevents direct contact between the friction pair, leading to
significant reductions in both friction and wear. Hence, FN,S-
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Figure3 (a) COF curves for F,N,S-PCNs at varying concentrations. (b) COF curves and (c) wear volume of of 500SN, PCNs, N-PCNs and F,N,S-PCNs based lubricant
(with a 2.0 wt.% addition). The COF evolution curves for various lubricants under (d) high pressure, (e) different frequency, and (f) different temperature.
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Figure5 XPS fine spectra ((a) C 1s, (b) O 1s, (c) S 2p, (d) Fe 2ps,, and (e) F 1s) of wear scar based 500SN + 2.0 wt.% F,N,S-PCNss. (f) The intensity mapping of Raman

spectra on the worn surface lubricated by 500SN + 2.0 wt.% F,N,S-PCNs.

PCNs as lubricant additives can effectively reduce the depth and
area of wear, prevent adhesive wear, and achieve significant anti-
wear effects.

The chemical state of the worn surface was analyzed using XPS
and Raman, as depicted in Fig. 5 and Fig. S10 in the ESM, to
investigate the anti-friction and anti-wear mechanism. The C 1s
spectra exhibit distinct peaks at 284.7 eV for C-C, 286.3 eV for
C-0, and 288.8 eV for C=0, respectively, corresponding with the
O 1s spectra (5314 eV (C=0), 532.5 eV (C-0)), indicating the
deposition of carbon nanospheres on the worn surfaces (Figs. 5(a)
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and 5(b)). The N 1Is spectra is illustrated in Fig. S10 in the ESM,
with the pyrrolic-N peak discerned at 400.4 eV. The S 2p;, spectra
(Fig. 5(c)) exhibit a prominent SOF, signal at 169.9 eV [40]. As
illustrated in Fig. 5(d), the Fe 2p;, spectra exhibit distinct peaks
corresponding to FeO at 709.4 eV, FeOOH at 711.1 eV, Fe,0; at
713.0 eV, and FeF; at 714.9 eV, respectively, corresponding with the
O 1s (529.7 eV (metal oxide)) and F 1s (686.8 eV (metal fluoride))
spectra [41, 42]. The peak at 685.7 eV (C-F) suggests the deposition
of FN,S-PCNs on the friction pair surface (Fig. 5(e)) [43]. The
composition of the protective film was additionally examined
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through Raman spectroscopy, as shown in Fig. 5(f). In Fig. 5(f)),
depicts the intensity map of the D band (1350 cm™) is illustrated by
a predominantly bright color, indicative of high signal intensity and
extensive coverage. Analysis of three points in different color
regions reveals the presence of both the D band and G band in area
with varying intensities, indicating deposition of F,N,S-PCNs on the
friction pair's surface (Fig. S11 in the ESM) [44]. Additionally,
characteristic peaks for iron oxide are observed in the range of 200
to 600 cm™ (Fig. 5(f;)), suggesting the formation of a friction film
comprising carbon compounds and iron oxides on the wear trace.
In contrast, Fig. 5(f,)'s intensity map for the G band (1580 cm™)
shows significantly weaker signal intensity, dominated by green
hues with an absence of G bands in purple or green regions. The
intensity maps for both D and G bands indicate that most carbon-
containing compounds in the friction film are amorphous.
Consequently, F,N,S-PCNs as additives can adsorb onto the surface
of the friction pair to form a physical deposit film, while F,N,S-
PCNs can undergo chemical reactions with the friction pair to
create a chemical protective film containing sulfides, iron oxides,
metal fluorides, and carbon nitrides.

Therefore, Scheme 2 illustrates the friction mechanism of F,N,S-
PCNs as lubricant additives. Due to the small size -effect,
nanospheres are able to penetrate the gap between the friction pair
and adsorb onto the surface, thereby preventing direct contact
between the friction pair (adsorption effect). Some of the
nanospheres fill in the depressions on the friction pair, surface,
reducing surface roughness (mending effect). Additionally,
nanospheres that are adsorbed onto the friction pair form a physical
adsorption film, which undergoes chemical reactions with the
friction pair under mechanical force and heat to produce a
protective film composed of metal oxides, metal fluorides, sulfur-
containing compounds, and carbon nitride compounds (chemical
protective film). Through these mechanisms including mending
effect, adsorption effect, and chemical protective film, effective
lubrication and wear resistance are achieved.

4 Conclusion

In this study, a compact and stable PDA coating was fabricated on
HPSs using PEI as a crosslinking agent. After acidification
treatment, anionic exchange with LINTf, was performed, thereby

F,N,S@PCNs o &
\o ® o
<
® o
S e
@ @
& v 500SN
Mending effect

Smooth surface

Scheme2 Lubrication mechanism of F,N,S-PCNs as additives to 500SN.
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yielding HPSs@PDA-NTT,. By means of the carbonization at high-
temperature, FN,S-PCNs were fabricated. The tribological
performance of F,N,S-PCNs as a lubricant additive was thoroughly
analyzed under various condition. The experiment result indicate
that, compared to 500SN, the mean COF of nanolubricant (500SN
+ FN,S-PCNs) decreases to 0.11, resulting in a reduction of wear
volume by 90.3%, accompanied by a significant reduction in wear
width (82.1%) and wear area (92.1%). Due to the small size effect,
FN,S-PCNs are able to penetrate the gap between friction pairs and
adsorb onto the surface, forming a physical adsorption film to
prevent direct contact of friction pair. Additionally, these
nanoparticles undergo chemical reactions on friction pair surfaces,
generating a chemical protective film including metal oxides, metal
fluorides, sulfur-containing compounds, and nitrogen-carbon
compounds. The composite protective film, comprising a
deposition film and a chemical protective film, significantly
improve their tribological performance and anti-wear
characteristics. The novel method offers a groundbreaking
approach to fabricate carbon nanospheres doped with multiple
elements, enabling precise control over the doping process. Its
efficiency, controllability, and reproducibility open new avenues for
developing high-performance carbon materials with versatile
applications.

Electronic Supplementary Material: Supplementary material
(SEM, zeta-potential, FT-IR spectra, full XPS spectrum, BET and
the corresponding pore size distribution curves of samples, and the
wear volume of lower disks lubricated by 500SN with F,N,S-PCNs)
is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94906995.
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