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Abstract

Achieving macroscale structural superlubricity with two-dimensional (2D) materials
under ultrahigh contact pressure in ambient condition is particularly challenging.
Furthermore, the mechanisms underlying the disparate trans-scale tribological
behaviors of 2D materials continue to be a subject of debate. Here, we propose a novel
principle concerning pressure-induced dynamic structural evolution and tribochemical
behaviors of tribolayers to broaden the macroscale structural superlubricity. For the first
time, robust macroscale structural superlubricity with ultralow wear rate is realized by
2D material coating in ambient condition by sliding steel counterparts under ultrahigh
contact pressure. The results reveal that macroscale structural superlubricity of 2D
materials is highly dependent on the dynamic evolution of tribolayers nanostructures,
as well as the adsorption and tribochemical behaviors governed by extreme pressure.
These findings shed light on achieving robust macroscale structural superlubricity with

2D materials for harsh engineering conditions.

Keywords: Macroscale structural superlubricity; 2D materials; Ambient condition;
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1. Introduction

Industrial production typically involves a significant degree of energy consumption and
economic losses due to friction and wear [1]. Lubricants are widely used in engineering
applications to enhance the economic efficiency and service life of machines. However,
conventional lubricants do not meet the requirements of extreme environments,
including high vacuum and alternating high/low temperatures. Therefore, solid
lubricants have been developed for tribological applications in harsh environments. For
instance, coating materials such as MoS; [2, 3], diamond-like carbon [4-7], and
nanocomposites coatings [8, 9] are widely used in mechanical systems. Recently, the
tribological behaviors of two-dimensional (2D) materials, including transition metal
dichalcogenides [10-12], hexagonal boron nitride [13], graphene family materials [14-
18], and MXenes [19-23], have been widely evaluated owing to the ease of slippage
between the lattice layers, which are considered as a promising solution to reduce

friction and wear in real mechanical systems.[24, 25]

Superlubricity, referring to a lubrication state with virtually vanished friction (typically
defined as a coefficient of friction (COF) lower than 0.01), has attracted significant
attention from researchers. In 1990, Hirano and Shinjo [26] proposed the relationship
between friction and atomic locking. Structural superlubricity state achieved by
incommensurate contact was firstly theoretically predicted. In the subsequent studies,
it was proved that the superlubricity can be achieved by 2D materials [27, 28] or

heterojunctions [13, 29]. Among layered 2D materials, graphene family materials



exhibit superior properties, including high thermal conductivity, high tensile strength,
and high chemical stability. Previous studies have found that a significant reduction in
the COF can be achieved even with single-layer pristine graphene (PG) lubrication. [30]
In recent years, it has been reported that the superlubricity state can be realized at the
nano [31]and micro scales (usually with normal load in the orders of nN and uN) [32]
using graphene as a solid lubricant, which can be ascribed to the atomically flat surface,
low surface energy, and incommensurate contact between the lattice layers, facilitating
interlayer slippage. However, the macroscale COF with graphene family solid
lubricants is typically significantly higher than the nanoscale or microscale [33, 34].
The structural imperfections at the sliding interface, disordering, puckering, and edge
effects of graphene nanoflakes can lead to additional energy dissipation during
friction.[35] Besides graphene family materials, transition metal dichalcogenides
(TMDs) are widely used 2D materials as solid lubricants for vacuum conditions or inert
gas atmospheres [36]. Structural superlubricity can be also realized by sliding between
MoS; nanoflakes at the nanoscale [37]. Structural superlubricity can be achieved by
both the graphene family materials and TMDs at the nanoscale or microscale. However,
the tribological behaviors of these 2D materials exhibit significant differences at the
macroscale, where the underlying mechanisms for the mismatched trans-scale

tribological behaviors are not well understood.

For nanoscale/microscale tribological experiments, the structure of the sliding interface

can be precisely controlled. However, the dynamic evolution of the interfacial structure



under varied contact pressures is highly related to the macroscale tribological behaviors.
Currently, there is a lack of systematic investigation into the diverse dynamic structural
evolution of 2D materials as solid lubricants, resulting in an inadequate understanding
of the varied macroscale tribological properties of these materials. Recognizing the
influence of dynamic interfacial structural evolution on the macroscale tribological
behaviors of 2D materials under varied contact pressures holds significant importance

for engineering applications and scientific research.

Here, for the first time, we report a robust macroscale structural superlubricity with 2D
materials as solid lubricants by sliding steel counterparts under ultrahigh contact
pressure of up to ~3.55 GPa. Macroscale tribological behaviors of commonly used 2D
materials including graphene family materials (PG, graphene oxide (GO), fluorinated
graphene (FG)), and TMDs (MoS: and WS,) were tested under a wide of applied
normal loads. Detailed characterizations were conducted on the sliding contact surfaces
to understand the tribo-induced interfacial chemical and physical evolution under
different contact pressures and its influence on the macroscale tribological behaviors.
Our findings offer fundamental insights into the lubrication mechanisms of 2D
materials as solid lubricants under varied contact pressure, promoting their potential

engineering applications as solid lubricants.



2. Results
2.1 Solid lubrication and wear reduction behaviors

2.1.1 Comparison of graphene family coatings

The coatings were deposited onto engineering steel plates (details in the “Coating
preparation and characterization” section in Supporting Information) to investigate the
interfacial structural evolution and its impact on the macroscale solid lubrication and
wear reduction properties under a wide range of contact pressures (Fig. 1a). The 2D
materials used in this study can be mainly categorized as graphene family materials and
TMDs (Figs. S1 and S2). Hence, the properties of these two groups of materials are
presented separately, which makes the results more comparable, thus promoting the
understanding of the different tribological behaviors and the underlying mechanisms of

2D materials as solid lubricants.

The functionalization and contact pressure dependences of solid lubrication and wear
reduction behaviors of the graphene coatings (Fig. S3) were firstly evaluated by friction
tests under ambient condition (30£1°C; relative humidity of 40+10%) against
9.525 mm engineering steel balls as counterparts (Fig. S4). Interestingly, the graphene
coatings exhibited different responses to applied normal loads. Figures 1b and 1¢ show
the COF obtained in the tests using the deposited PG coating as a lubricant under
different normal loads. The average COF of PG coating at a normal load of 2 N was
0.102. The average COF slightly decreased to 0.090 at a load of 10 N and then slightly

increased to 0.107 at a load of 100 N. When the normal load was increased to 200 N,



the COF clearly rose during the friction test. The average steady-state COF of 0.259
was also higher than that at lower normal loads. We also found that stable lubrication
cannot be realized with PG coating under a normal load of 400 N. These results indicate

that the PG coating cannot provide sufficient lubrication under high normal loads.

For GO and FG coatings, the COFs decreased with an increase in the normal load. The
average COFs of the GO coatings (Figs. 1d and le) were 0.153, 0.140, 0.133, 0.126,
and 0.097 at normal loads of 2 N, 10 N, 100 N, 200 N, and 400 N, respectively. For GO
coating, the COF at 400 N was 36.60% lower than that at 2 N. For FG coating (Figs. 1f
and 1g), the average COFs at normal loads of 2 N, 10 N, 100 N, 200 N, and 400 N were
0.120, 0.084, 0.055, 0.048, and 0.041, respectively. FG coating also provided better
lubrication at a high normal load of 400 N, which mainly resulted in a 65.83% reduction
in the COF compared with that at a normal load of 2 N; furthermore, the COF was more
stable during the friction process (Fig. 1f). These results highlight the excellent
lubrication performance of FG coating as a solid lubricant, particularly at extremely
high normal loads. The lubrication lifetimes of the three coatings were also evaluated
at low and high normal loads (Fig. S5). At a low normal load of 2 N, PG coating could
only provide lubrication for approximately 2,500 s, whereas GO and FG coatings could
provide lubrication for over 18,000 s. For lubrication by FG coating at a normal load of
2 N, the COF slightly decreased after the initial 6,000 s friction process and a stable
lubrication state was maintained with an average COF of approximately 0.098. At a

high normal load, FG coating exhibited a longer lubrication lifetime than PG and GO



coatings, where the fluctuation of COF with FG coating can be attributed to the dynamic
removal and formation of tribolayers. The lubricating behavior of the graphene coatings
showed distinctly different responses to changes in the normal load. Among the three
solid lubricant coatings with different graphene nanoflakes, FG coating exhibited the

best lubrication performance, particularly at ultrahigh contact pressures.
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Figure 1. Schematic of the experimental setup (a), and the macroscale lubrication
behaviors of graphene coatings under varied normal loads (30+1 °C; relative humidity
of 40+10%; 12.56 mm/s). Variations in the COF and average steady-state COFs for
steel substrates covered with (b, ¢) PG coatings, (d, €) GO coatings, and (f, g) FG
coatings at different normal loads. The COF decreases with an increase in the normal
load for lubrication by GO and FG coatings. The error bars represent the standard
deviations. FG coating as a solid lubricant had the lowest COF at high normal loads
among the graphene coatings.



After determining the solid lubrication behaviors of the graphene coatings at different
normal loads, the features of the contact surfaces were analyzed. The optical images,
three-dimensional (3D) morphologies, and the wear rates (Fig. S6) of counterparts after
friction tests at loads of 2 N and 100 N were obtained to evaluate the antiwear behavior
of the graphene coatings at low and high normal loads, respectively. During the friction
test at 2 N (Figs. S7 and S8), transfer layers formed on the wear scars of the counterpart
steel balls, and tribofilms developed on the wear tracks on the steel substrates with
lubrication by PG, GO, and FG coatings, providing protection. This made it difficult to
observe the wear of both counterparts (Figs. S6 and S7). In contrast, the graphene
coatings exhibited different wear resistance behaviors at high normal loads (Figs. S6,

S9, and S10).

For PG coating at 100 N, the steel ball (Fig. S9a) and steel substrate (Figs. S9d and S9g)
exhibited severe wear, indicating the limited wear resistance of the PG coating at a high
normal load. However, for GO coating at 100 N, the wear of the steel substrate was
hard to observed (Figs. S9e and S9h), which can be ascribed to the protection of the
tribofilm comprising GO nanoflakes. For FG coating, only a slight wear (depth of
0.114 pm) was observed (Figs. S9f and S9i). The wear of the steel balls was also
significantly suppressed by the GO and FG coatings, which were reduced by 99.44%
and 98.35%, respectively compared with that of lubrication by PG coating (Figs. S6
and S9a—S9c¢). The relatively poor lubrication performance at high normal loads is one

of the most significant shortcomings of graphene family materials as solid lubricants



[38], which largely limits their engineering applications. Our results indicate that FG
coating, even when deposited using a simple drip casting method, can overcome this
limitation. Excellent tribological behaviors with a superlow friction coefficient (COF
of ~0.041) can be obtained at a normal load of 400 N (maximum contact pressure of

3.55 GPa based on Hertz contact theory).

2.1.2 Macroscale structural superlubricity achieved by TMDs coatings

In addition to graphene family materials, the lubrication behaviors of TMDs have also
garnered significant attention in recent years [39-41]. For 2D materials as solid
lubricants, environmental humidity has a significant on macroscale tribological
properties. Pristine graphene exhibits better lubrication and wear resistance behaviors
under relatively high humidity [42], while TMDs exhibit lower COF and longer
lubrication lifetime under vacuum/inert gas conditions without water molecules [43-
45]. We firstly conducted the macroscale friction tests of MoS> coating at 100 N under
relative humidity of 40%. The results indicate that the MoS> coating failed to provide
stable lubrication under such test conditions (Fig. S11). To better elucidate the contact
pressure dependences of solid lubrication and wear reduction behaviors of the TMDs

coatings, a lower relative humidity of 10+2% was chosen for the friction tests.

The COF versus time curves, with the lubrication of the WS coating, exhibit significant
fluctuation during the 1200 s friction tests under varied normal loads (Fig. 2a). The
average steady-state COF with the lubrication of WS, coatings at normal loads of 2 N,

10 N, 100 N, 200 N and 400 N were 0.134, 0.046, 0.018, 0.013, and 0.010, respectively
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(Fig. 2b). In contrast, MoS; coatings exhibited a more stable lubrication performance
(Fig. 2¢). The average steady-state COF with the lubrication of MoS: coatings at normal
loads of 2 N, 10 N, 100 N, 200 N and 400 N were 0.095, 0.046, 0.010, 0.007, and 0.004,
respectively (Fig. 2d). For both, the WS, and MoS; coatings, the COF decreased with
an increase in the normal load. Superlubricity can be achieved with the WS, coating
under a high normal load of 400 N, whereas with the MoS; coating it can be attained at
normal loads exceeding 100 N. Long duration friction test was also conducted for MoS:
coating under a normal load of 400 N, showing that the stable macroscale structural

superlubricity can be maintained for more than 15,000 s (Fig. 2e).

The wear rates (Fig. S12) of counterparts after friction tests for MoS; coatings at loads
of 2 N and 400 N were obtained to evaluate the antiwear behavior. Under a high normal
load of 400 N, a low wear rate of 1.20x 10° mm?/(N-m) was measured. The 3D
morphology (Fig. S13) and optical images (Fig. S14) reveal that tribolayers can be
formed on the counterpart surfaces under both low and high normal loads (2 N and
400 N, respectively). This formation of tribolayers successfully prevents direct contact

between asperities, resulting in significantly suppressed wear.
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Figure 2. Macroscale lubrication behaviors of TMDs coatings under varied normal
loads (24+1°C; relative humidity of 10+2%; 12.56 mm/s). Variations in the COF for
steel substrates covered with (a, b) WS> coatings and (¢, d) MoS; coatings at different
normal loads. The COF decreases as the normal load increases when lubricated with
WS, and MoS; coatings. Average steady-state COFs were obtained from independent
friction tests, where the error bars represent the standard deviations. Macroscale
structural superlubricity can be achieved by WS, and MoS: coatings. (¢) Robust
superlubricity under ambient condition can be realized with the lubrication of MoS>
coating for longer than 15,000 s.
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2.2 Tribolayer formation

To further elucidate the underlying mechanisms behind the different friction
phenomenon of solid lubrication coatings, state-of-art surface and interfacial
characterization techniques were used to investigate the chemical and structural
evolution of sliding contact surface induced by rubbing, thus to reveal the intrinsic
correlation between the interfacial structure and macroscopic solid lubrication
behaviors. It is well accepted that the tribolayers formed during friction play a critical
role in solid lubrication processes. Therefore, the morphology and chemical
composition of the contact surfaces of the counterparts in the friction tests were initially
characterized to examine the formation of tribolayers with different solid lubricant

coatings under varied contact pressures.

2.2.1 Pristine graphene coating

Initially, the friction-induced physical and chemical changes in the contact surfaces for
the PG coating were examined. After the tests at 2 N, the transfer layer can be detected
on the wear scar of the steel ball from the scanning electron microscope (SEM) image
(Fig. 3a). The energy dispersive spectrometer (EDS) mapping results (Figs. 3al-3a3)
confirm the presence of a high concentration of C in the wear region (Fig. 3al),
indicating the formation of a transfer layer composed of the PG nanoflakes. In addition,
the transfer layer in the wear region has a high concentration of O (Fig. 3a2), which can
be ascribed to partial oxidation of PG. To further confirm the chemical composition,

Raman spectra were obtained from different regions of the wear scar (inset of Fig. 3a;
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the regions for the Raman spectra are marked with the same color as the corresponding
Raman spectrum profile). The D and G peaks in the Raman spectra indicate the
presence of graphene nanoflakes in the wear scars. However, in contrast to the original
PG nanoflakes (Fig. S1i), the Raman spectra obtained from the wear region of the steel
ball had a higher Ip/I ratio, which can be ascribed to defects and partial oxidation of
the PG nanoflakes. The wear track on the steel substrate had a smooth surface without
visible grooves after the friction test at 2 N (Fig. 3b), which is consistent with the 3D
morphology results. The top layer of the PG nanoflake cluster were exfoliated; however,
a randomly distributed tribofilm containing PG nanoflakes was still observed in the
wear track center area, which was also observed at the edge of the wear track (Figs. 3b
and S15), as verified by both the EDS mapping (Figs. 3b1-3b3) and Raman spectra
(inset of Fig. 3b). In the regions without an obvious tribofilm, the characteristic Raman
peaks of the graphene structure can also be detected, although a low concentration of
graphene nanoflakes led to a relatively weak intensity. The results suggest that the PG
coating can effectively protect the friction pairs during friction tests at 2 N. In contrast,
when the friction tests were conducted at 100 N, wear of the steel ball can be clearly
observed (Fig. 3c). Although the presence of C in the transferred PG nanoflakes was
also detected in the wear scar area, a dense transfer layer was not uniformly formed on
the surface of the steel ball (Figs. 3c1-3c3; inset of Fig. 3¢), leading to severe wear of
the steel ball. A significant wear with a maximum depth of a wear track of
approximately 2 um (Fig. S9g) was also observed on the steel substrate with the PG

coating at 100 N (Fig. 3d). Clear grooves were detected in the contact region of the steel

14



substrate (Fig. S16), which can be attributed to the failure to form a dense tribofilm
containing PG nanoflakes in the wear track at a normal load of 100 N (Figs. 3d1-3d3),

leading to a relatively poor wear resistance behavior.

After the friction tests, the chemical composition of the wear track region was further
examined using X-ray photoelectron spectroscopy (XPS) to reveal the possible
tribochemical behavior (Figs. 3e—31). The original PG nanoflakes exhibited limited
oxidation before the tests. However, the rubbing process resulted in a significant
oxidation of the PG nanoflakes (Fig. 3h), with higher oxidation observed at 100 N
compared to 2 N. The C 1s spectra showed that the original PG nanoflakes had a high
concentration of sp>-bonded carbon. The peak for sp>-bonded carbon and a small peak
for C-O bonds were also observed in the C 1s spectra (Fig. 3e). In the friction test at
2 N, the concentration of sp?-bonded carbon decreased (Figs. 3f and 3i), indicating
damage to the graphene structure. Meanwhile, the appearance of the peak for C=0
bonds was accompanied by oxidation of the graphene nanoflakes by rubbing. The
concentrations of C—O and C=0O bonds after the friction test at 100 N were higher
compared with those after the test at 2 N, indicating that the rubbing process at higher

contact pressure resulted in more severe oxidation of PG.
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Figure 3. Characterization of the wear regions with PG coatings as solid lubricants
(2 N/100 N, 1200 s). (a) SEM image and Raman spectra of the wear scar on the steel
ball (2 N); EDS mapping of (al) C, (a2) O, and (a3) Fe. (b) SEM image and Raman
spectra of the wear track (2 N) on the steel substrate; EDS mapping of (b1) C, (b2) O,
and (b3) Fe. (¢) SEM image and Raman spectra of the wear region on the steel ball
(100 N); EDS mapping of (cl1) C, (c2) O, and (c3) Fe. (d) SEM image and Raman
spectra of the wear track (100 N) on the steel substrate; EDS mapping of (d1) C, (d2)
0, and (d3) Fe. C 1s XPS spectrum for (e) original PG nanoflakes, and the wear tracks
at normal loads of (f) 2 N and (g) 100 N. (h, 1) Comparison of the chemical composition

of the wear regions.
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2.2.2 Graphene oxide coating

The wear regions in GO coatings exhibited a distinct morphology compared to those in
PG coatings. After the friction tests of the GO coating at normal loads of 2 N (Figs. 4a,
4al-4a3) and 100 N (Figs. 4c, 4c1-4c3), a high concentration of C was detected on the
surface of the steel balls, suggesting that the transfer layers with GO nanoflakes can be
successfully formed during friction tests at both low and high normal loads, which was
also verified using the Raman spectra (insets of Figs. 4a and 4c). For the steel substrates
deposited with GO coating, the wear track regions at normal loads of 2 N (Figs. 4b and
4b1-4b3) and 100 N (Figs. 4d and 4d1-4d3) were mainly covered with densely stacked
GO nanoflakes, which effectively reduced the wear. The Raman spectra (insets of Figs.
4b and 4d) indicate that the Ip/IG ratio in the wear regions was slightly higher than that
of the original GO nanoflakes before the tests. This increase can be attributed to the

defects caused by the friction process.

XPS was used to evaluate the chemical composition of the wear region (Figs. 4e—4i).
The full spectral results show that the friction process resulted in a significant reduction
in GO (Figs. 4h), where the concentrations of O were similar in the wear tracks at 2 N
and 100 N. The C 1s spectra showed that the original GO nanoflakes had a high
concentration of sp>-bonded carbon, high concentration of C—O bonds, and relatively
low content of C=0 bonds (Figs. 4e and 4i). After the friction test at 2 N, peaks for sp*-
bonded carbon and O—C=0 appeared, whereas the concentration of C—O/C=0 bonds

decreased, corresponding to the reduction of GO (Figs. 4f and 4i). In contrast, the

17



concentration of C—O bonds significantly decreased after the friction test at 100 N, and

a new peak centered at 282.2 eV appeared (Figs. 4g and 41i), which can be ascribed to

the formation of C—Fe bonds [46].
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Figure 4. Characterization of the wear regions with GO coatings as solid lubricants
(2 N/100 N, 1200 s). (a) SEM image and Raman spectra of the wear scar on the steel
ball (2 N); EDS mapping of (al) C, (a2) O, and (a3) Fe. (b) SEM image and Raman
spectra of the wear track (2 N) on the steel substrate; EDS mapping of (bl) C, (b2) O,
and (b3) Fe. (¢) SEM image and Raman spectra of the wear scar on the steel ball (100 N);
EDS mapping of (c1) C, (c2) O, and (c3) Fe. (d) SEM image and Raman spectra of the
wear track (100 N) on the steel substrate; EDS mapping of (d1) C, (d2) O, and (d3) Fe.
C 1s XPS spectrum for (e) original GO coating, and the wear tracks at normal loads of
() 2N and (g) 100 N. (h, 1) Comparison of the chemical composition of the wear

regions.
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2.2.3 Fluorinated graphene coating

When lubricated with FG coating at 2 N, a transfer layer containing FG nanoflakes was
identified in the wear scar region on the surface of the steel ball (Figs. 5a and 5al-5a4).
Although the top layer of FG nanoflake cluster was exfoliated, the tribofilm containing
FG nanoflakes was formed on the surface of the wear track on the steel substrate at 2 N
(Figs. 5b and 5b1-5b4; Fig. S17). After the friction test at 100 N, the EDS mapping
results for the wear scar of the steel ball (Figs. Sc1-5c4) and wear track of the steel
substrate (Figs. 5d1-5d4) showed that the wear regions had a lower concentration of F
than the wear regions after the friction test at 2 N. In addition, the concentration of O
increased substantially in the wear regions at 100 N compared with that in the FG
coating before the test, suggesting that the rubbing process at a high normal load was
accompanied by severe oxidation. Quantitative EDS results were also obtained from
the wear scar to better elucidate the chemical composition of the wear region where the
C and F contents can be detected (Fig. S18). The high-resolution SEM-EDS images of
the wear track at 100 N showed that the regions with high concentrations of C were
randomly distributed in the wear track (Figs. S19 and S20). It can be concluded from a
combination of the EDS and Raman spectra results (insets of Figs. 5S¢ and 5d) that the
formation of the transfer layer and tribofilm for the FG nanoflakes on the surfaces of
the friction pairs can be realized at both a low normal load of 2 N and high normal load

of 100 N, providing excellent lubrication and wear resistance performance.

The chemical compositions of the wear track regions under lubrication by FG coatings
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at 2 N and 100 N exhibited significant differences (Figs. Se—51). The full spectra results
showed that the F content of FG nanoflakes decreased from 50.26% to 31.83% and
4.61% after the friction process at normal loads of 2 N and 100 N, respectively, whereas
the O content increased from 0.66% for the original FG nanoflakes to 7.40% and 24.07%
after the friction process at normal loads of 2 N and 100 N, respectively (Figs. 5k and
51). Elevated normal loads led to a more pronounced reduction and oxidation of FG
nanoflakes compared to that observed at lower normal loads. The C 1s spectrum
showed that the original FG nanoflakes have high concentrations of C-F and C-F;
bonds. Furthermore, a relatively low content of sp>-bonded carbon was observed (Figs.
5e). In the F 1s spectrum, a peak for F—C bonds was also simultaneously observed (Fig.
5h). After the friction test at 2 N, a peak was observed for sp>-bonded carbon, and the
area ratio of the peak for the C—O bonds increased from 9.07% in the original FG
nanoflakes to 25.10%. Meanwhile, the decrease in the concentration of C—F> bonds

indicates the breakage of C—F bonds in the basal plane.

In contrast, after the friction test at 100 N, a peak was observed for sp>-bonded carbon,
and a significant decrease in the concentration of C—F and C—F> bonds was observed.
Additionally, in the F 1s spectrum, a new peak for ionic F-Fe bonds occurred (Fig. 5j),
which can be ascribed to the breakage of F—C bonds and the tribochemical reaction as
a result of the rubbing process at high contact pressures. It should be noted that the
formation of F—Fe bonds contributes to the formation of FG-containing tribolayers on

their counterparts, leading to the enhanced tribological behavior of the FG coating.[46,
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47] Based on the results, it can be concluded that the exceptional solid lubrication
performance of the FG coating under ultrahigh contact pressure is closely associated
with the formation of distinctive island-like tribolayers through tribochemical reactions.
Additionally, the inherent low interlaminar shear strength between the lattice layers of
FG contributes to this performance. In comparison, the chemical inertness of PG
hindered the formation of robust tribolayers under ultrahigh contact pressures. On the
other hand, GO’s high interlayer shear strength induced by the O-containing groups

resulted in relatively poor solid lubrication behaviors when compared to FG.
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Figure 5. Characterization of the wear regions with FG coatings as solid lubricants
(2 N/100 N, 1200 s). (a) SEM image and Raman spectra of the wear scar on the steel
ball (2 N); EDS mapping of (al) C, (a2) O, (a3) Fe, and (a4) F. (b) SEM image and
Raman spectra of the wear track (2 N) on the steel substrate; EDS mapping of (bl) C,
(b2) O, (b3) Fe, and (b4) F. (¢) SEM image and Raman spectra of the wear scar on the
steel ball (100 N); EDS mapping of (c1) C, (c2) O, (¢3) Fe, and (c4) F. (d) SEM image
and Raman spectra of the wear track (100 N) on the steel substrate; EDS mapping of
(d1) C, (d2) O, (d3) Fe, and (d4) F. High resolution (e—g) C 1s and (h—j) F 1s XPS
spectra results for original GO coating, and the wear tracks at normal loads of 2 N and
100 N. (k, ) Comparison of the chemical composition of the wear regions.
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2.2.4 MoS; coating

MoS:> coatings were also investigated in addition to the graphene coatings discussed in
the previous section. As demonstrated in section 2.1.2, a robust superlubricity can be
achieved for MoS: coating under a normal load of 400 N. Therefore, the counterparts
after the friction tests under normal loads of 2 N and 400 N were compared to unveil
the interfacial structural changes induced by contact pressure and elucidate the
superlubricity mechanism under ultrahigh contact pressure. When lubricated with MoS:
coating at 2 N, tribolayers were formed on the surface of the counterparts, a fact
supported by both the SEM images (Figs. 6a and 6b) and the EDS mapping results (Figs
6al—-6a4 and 6b1-6b4). However, these tribolayers were not uniform and have varied
thickness as can be observed in Figure. 6al and 6bl. In contrast, under a high normal
load of 400 N, the tribolayers have more homogeneous structure (Fig. 6¢, 6¢1-6¢4, 6d

and 6d1-6d4).

The chemical compositions of friction pairs after the tests under 2 N and 400 N, were
further investigated (Figs. 6e—6j). The Mo 3d spectra were deconvoluted to differentiate
the Mo*" and Mo®", where the increased area ratio of the peak for Mo®* [48, 49] can be
attributed to the formation of MoOs by rubbing. It is interesting to note, that for both
counterpart surfaces after the friction tests under a high normal load of 400 N, the area
ratios of the peaks for Mo®" were all lower than that under a low normal load of 2 N
(Fig. 6j), indicating that the oxidation of MoS: nanoflakes can be suppressed by the

ultrahigh contact pressure, which can further explain the robust macroscale structural
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superlubricity over 15,000 s under a high normal load of 400 N (Fig. 2e).
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Figure 6. Characterization of the wear regions with MoS» coatings as solid lubricant
(2 N/400 N, 1200 s). (a) SEM image of the wear scar on the steel ball (2 N); EDS
mapping of (al) Mo, (a2) S, (a3) Fe, and (a4) O. (b) SEM image of the wear track (2 N)
on the steel substrate; EDS mapping of (b1) Mo, (b2) S, (b3) Fe, and (b4) O. (¢c) SEM
image of the wear scar on the steel ball (400 N); EDS mapping of (c1) Mo, (c2) S, (c3)
Fe, and (c4) O. (d) SEM image of the wear track (400 N) on the steel substrate; EDS
mapping of (d1) Mo, (d2) S, (d3) Fe, and (d4) O. High resolution (e—h) Mo 3d XPS
spectra results for the wear scars and wear tracks at a normal of (e, f) 2 N and (g, h)
400 N. (i, j) Comparison of the chemical composition of the wear regions, where the
elemental compositions in (i) are for the comparison between the ratios of Mo, S and

O.
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2.3 Pressure-induced tribolayer structural evolution

In addition to the formation of tribolayers, the nanostructure of these tribolayers plays
a critical role in influencing the macroscale solid lubrication behaviors. Among the
graphene coatings, FG coating exhibited the best lubrication performance under high
normal loads. To elucidate the underlying mechanisms of the stress dependent
lubrication behaviors of FG coating, the nanostructures of tribolayers were examined
by High-resolution transmission electron microscope (HRTEM) of the cross-sectional
lamellar samples extracted by focused ion beam (FIB) from the wear regions. After the
friction test at 2 N, a tribofilm can be observed between the steel substrate and the
deposited Cr protecting layer in the wear track (Figs. 7 and S21). Two different tribofilm
regions were identified in the high-angle annular dark-field (HAADF) scanning
transmission election microscope (STEM) image (Fig. 7a). The EDS mapping results
(Figs. 7b—7e) indicate that the black region of the tribofilm had a high concentration of
C, corresponding to FG nanoflakes, whereas the light gray region of the tribofilm had
high concentrations of Fe and O, corresponding to Fe oxides. The HRTEM images show
that the tribofilm had a thickness of approximately 20—40 nm, and the FG nanoflakes
and Fe oxide layers were alternately distributed within the tribofilm (Figs. 7f and 7g).
The TEM-EDS results suggest that the typical layered structure of FG was maintained
during the tests at a normal load of 2 N. In addition, the Fe oxide layers within the

tribofilm can be attributed to the structural transformation of wear particles.
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Figure 7. Cross-sectional analysis of the wear track on the steel substrate with FG
coating (2 N, 1200 s). (a) HAADF-STEM image and EDS mapping of (b) C, (¢) O, (d)
Fe, and (e) Cr. (f) Tribofilm containing FG nanoflakes formed during the friction
process, where the (g) layered structure of FG nanoflakes can be examined.

In contrast the tribofilm formed at a low normal load of 2 N, characterized by an
alternating nanostructure with FG nanoflakes and Fe oxides, the tribolayers formed at
a high normal load of 100 N exhibit a completely different nanostructure. The HAADF-
STEM image (Fig. 8d) and EDS mapping results (Figs. 8e—8h) of the wear scar on the
steel ball, revealed that the distributions of C (corresponding to FG nanoflakes), Fe, and
O (corresponding to Fe oxides) were uniform in the transfer layer formed at a high
normal load of 100 N, which can also be verified from the HRTEM image (Fig. 8i).
Similar results were obtained for the cross-sectional samples of the wear track on the
steel substrate (Figs. 8—80 and S22). These results confirmed the formation of
nanocomposite tribolayers with uniformly distributed FG nanoflakes and Fe oxides

under high contact pressure.
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Steel substrate

Figure 8. Cross-sectional analysis of the wear scar on the steel ball and the wear track
on the steel substrate with FG coating (100 N, 1200 s). (a, b) Location of the lamellar
sample extracted from the wear scar, and the (c) corresponding TEM image. (d)
HAADF-STEM image, and EDS mapping of (e) C, (f) O, (g) Fe, and (h) Cr. (i) HRTEM
image of the transfer layer. (j) HAADF-STEM image of the tribofilm on the steel
substrate, and EDS mapping of (k) C, (1) O, (m) Fe, and (n) Cr. (O) HRTEM image
acquired from the tribofilm region.

While FG coating can offer stable lubrication with a low COF of 0.041 under a normal
load of 400 N, there is still a gap to reach the superlubricity state with a COF lower
than 0.01. In contrast, robust superlubricity can be achieved with the MoS> coating. To
unravel the underlying mechanisms for the distinct macroscale tribological behavior
under high contact pressure, the nanostructures of the tribofilms lubricated with MoS>

coatings under 2 N and 400 N were further characterized. After the friction test at 2 N,
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a tribofilm can be observed in the wear track on the steel substrate (Figs. 9 and S23).
The HAADF-STEM image (Fig. 9b) and the corresponding EDS mapping results (Figs.
9c-9h) suggest that the tribofilm is composed of alternately distributed MoS;
nanoflakes (in upper and lower regions) and Fe oxide particles (in middle region of the
tribofilm). The typical layered crystal structure of MoS: can be clearly observed from
the HRTEM image (Fig. 9i-9k). Under a low normal load of 2 N, the nanostructure of
the tribofilms formed on MoS: coating was similar to that of FG coating. However,
with high normal loads, the nanostructure of the tribofilm on MoS: coating exhibited
significant difference from that of FG coating. Under a normal load of 400 N, the
tribofilm with a MoS: / Fe oxides / MoS; sandwiched nanostructure can be observed
(Figs. 10a—10g; Fig. S24). Moreover, under that high normal load, extremely thin
tribofilm with a few highly oriented MoS; layers can be observed (Figs. 10h and 101).
Most importantly, it should be noted that the layered structure of MoS; is highly aligned
with the sliding direction and can be retained even under a high contact pressure of

3.55 GPa.
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Figure 9. Cross-sectional analysis of the wear track on the steel substrate with MoS»
coating (2 N, 1200 s). (a) TEM image of the lamellar sample extracted from the wear
track, where the tribofilm region for HRTEM-EDS characterization is marked. (b)
HAADF-STEM image, and EDS mapping of (c) mixed elements, (d) Cr, (¢) Mo, (f) Fe,
(g) O and (h) S. (i-k) HRTEM images of the tribofilm.
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Figure 10. Cross-sectional analysis of the wear track on the steel substrate with MoS»
coating (400 N, 1200 s). (a) HAADF-STEM image, and EDS mapping of (b) mixed
elements, (c) Cr, (d) S, (e) Fe, and (f) Mo. (g, h) HRTEM images of two different
regions of the tribofilm. (i) Enlarged HRTEM image of the region marked in (h).

3 Discussion

The above results demonstrate that the ultralow friction of 2D materials as solid
lubricants is highly correlated with the formation of robust tribolayers tribochemical
reactions and the interfacial structural evolution. Generally, the tribolayers formed in-
situ during the rubbing process are critical for the tribological performance of those

materials.[50-52] For the graphene-based coatings used in this study (PG, GO, and FG),
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tribolayers can be formed at a low normal load, which can provide effective lubrication
and wear resistance. However, as the normal load increased to 100 N, the formation of
dense tribolayers with PG nanoflakes on the surface of the wear regions became
challenging, leading to severe wear of the counterparts. In contrast, with GO coating
acting as a solid lubricant, a dense tribofilm was formed over the entire wear track at a
normal load of 100 N, resulting in the least wear among the three graphene-based
coatings. With FG coating as a solid lubricant, island-like tribolayers with a relatively
small thickness were formed, which yielded the lowest COF among the graphene-based

coatings. The wear of the friction pairs was also significantly suppressed by FG coating.

The formation process of tribolayers and their effect on the lubrication and wear
resistance are important in solid lubrication phenomenon. In a macroscale tribological
system, the contact region can be regarded as a collection of several discrete
microcontact regions. The mechanism of tribolayer formation on contact asperities
under graphene lubrication has been investigated using atomic force microscope (AFM)
[53]. The study revealed that the formation of a tribolayer is a competition between the
interlayer force of the graphene layers and the interface force between graphene and the
surface of the contact asperities. A high interfacial force between the contact asperities
and the top-layer graphene can promote the exfoliation of graphene, and hence, the

tribolayer formation. [53]

In our study, the bonding and shear strengths between the surface of the steel
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counterparts and PG nanoflakes during the friction process at high normal loads were
lower than those of the GO nanoflakes (which can be attributed to the high surface
energy of GO) and FG nanoflakes (owing to the formation of ionic Fe—F bonds) [54].
Therefore, at high normal loads, it is difficult for robust tribolayers to be formed when
PG coating is used as a solid lubricant, leading to severe wear and additional energy
dissipation. In contrast, for GO coating, dense tribolayers are formed, which can be
ascribed to the strong adhesion between the counterpart surface and GO [55] and
between the GO layers itself, leading to suppressed wear and stable lubrication
performance. In contrast to the GO nanoflakes, the original FG nanoflakes exhibited
low adhesion to the steel counterparts. However, the ionic F—-Fe bonds formed under
high normal loads promoted the formation of tribolayers on the contact asperities.
Meanwhile, the adhesion strength and shear strength between the lattice layers of the
FG nanoflakes were lower than those of the PG and GO nanoflakes [56, 57], making it
difficult to form large-area tribolayers on their counterparts, similar to that of
lubrication by GO coating. This explains the formation of island-like tribolayers on the
contact asperities for FG coatings (Fig. 5). The tribolayers formed in situ transfer the
sliding between the counterparts to that between FG nanoflakes, where the interlayer
shear strength of FG is lower than those of PG and GO [57]. This dominance in
interlayer shear strength plays a crucial role in determining the macroscale lubrication

performance of the FG coating.

It is widely accepted that, for 2D materials as macroscale solid lubricants, the interlayer
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slippage between lattice layers predominantly governs the lubrication behavior.
Although GO and FG coatings can effectively provide lubrication even under a high
normal load of 400 N, achieving a low COF of 0.041 with FG coating, the COF with
the lubrication of graphene family coatings remains higher than that of MoS: coating
by more than an order of magnitude. Interestingly, both the molecular dynamic
simulation [58] and the density functional theory calculation [59] suggest that the
interlayer shear strength between PG lattice layers is lower than that of MoS: [60, 61].
The interlayer shear strength of PG can be further reduced by fluorination [57]. The
mismatch between the interlayer shear strength and the macroscale frictional
performance can be attributed to the dynamic interfacial structural evolution induced
by rubbing. For FG coating, the typical layered structure can be clearly observed from
the cross-sectional HRTEM images after the rubbing process under a low normal load
of 2 N (Fig. 7). However, the structure of FG nanoflakes deteriorated under a relatively
high normal load of 100 N (Fig. 8). Tribolayers composed of Fe oxide particles and
deteriorated FG nanoflakes were formed on the counterparts rather than layered
structures aligned with the sliding direction. In contrast, the layered lattice structure
was retained for MoS; coating under both a low normal load of 2 N (Fig. 9) and a high
normal load of 400 N (Fig. 10), which led to lower macroscale COF comparing with

the FG coating.

MoS; coating can provide superlubricity under ambient conditions with normal loads

higher than 100 N. Hertzian contact theory was used to explain the reduced COF under
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higher normal loads [62, 63]. Recently, the densification of the tribolayers formed in
situ and reorientation of the lattice layers have been considered as the predominant
mechanism for the reduced COF at high contact pressures.[52] With this mechanism, it
can be assumed that if the dense tribolayers with highly oriented layered phases formed
under high contact pressures contribute to the reduced COF at high contact pressures,
these tribolayers can still provide a lower COF when the applied normal load suddenly
decreases to a lower value. Hence in this work, additional friction tests with normal
loads varied during a single experiment were conducted to test the hypothesis (Fig. S25).
We observed, that the COF recovered from the superlubricity state to higher value,

reaching 0.05—0.06 when the normal load decreased from 400 N to 10 N.

It can be deduced that the shear strength at the sliding interface decreased through a
simple Hertzian contact theory calculation. The trend of decreased shear strength with
increased contact pressure becomes more pronounced when accounting for the real
contact area between rough surfaces [64]. However, it is likely that the observed
macroscale structural superlubricity of MoS; coating was not only due to the specific
contact mechanics conditions [65, 66] and resulting densification of the tribolayers and
lattice layers reorientation. Recent studies indicate that the real time response of
tribolayer nanostructures to the external stress also have potential impact on the solid
lubrication behaviors. Deng et al. [67] evaluated the nanoscale tribological performance
of chemically-modified graphite using AFM. An unusually negative coefficient of

friction was observed due to high adhesion between the AFM tip and the sample surface.
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This phenomenon depends on the ratio of adhesion between the AFM tip and samples
to the exfoliation energy of the chemically-modified graphite. This phenomenon was
attributed to the reversible partial delamination of the topmost single- or a few-layer
thick graphene clusters, where increased normal load at the asperities resulted in
suppressed deformability, and hence, a smaller energy loss induced by the displacement

of the deformed region.

Furthermore, elevated normal pressure can induce distinctive behaviors in 2D materials.
At the atomic scale, the dissipation of frictional energy is intricately connected to the
sliding potential energy between the lattice layers of 2D materials. Through dispersion-
corrected density functional calculations, it has been revealed that the sliding potential
energy can transition from being corrugated to substantially flattened with increased
contact pressure [68]. These mechanisms may also contribute to the macroscale

structural superlubricity observed in MoS; coating under ultrahigh contact pressure.

In addition to the nanostructure of tribolayers, the impact of environmental humidity is
in particular critical for the lubrication behavior of MoS». Previous studies reported that
superlubricity of MoS; based coatings is usually limited to vacuum conditions [69-71].
Under ambient condition, the dissociation of water molecules results in the formation
of Mo—O-Mo chemical bonds, whereas undissociated water molecules adsorbed
between lattice layers of MoSz contribute to increased friction, leading to the failure of

suprlubricity. [45] Our results demonstrate however, that macroscale structural
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superlubricity can be also achieved under ultrahigh contact pressures in ambient
conditions (Fig. 2). The diminished adsorption of water molecules under ultrahigh
contact pressure can be one of the mechanisms for the achievement of macroscale
structural superlubricity. On the one hand, diminished water molecules adsorption can
suppress the formation of defects and oxidation of MoS; nanoflakes by dissociated
water molecules (Figs. 6e—6j). On the other hand, the diminished water molecules
adsorption can also eliminate the frictional energy dissipation by physically adsorbed
undiminished water molecules between lattice layers. Hence, for the first time, we
present evidence that the inhibited influence of water molecules under ultrahigh contact
pressure is critical for achieving robust, long-duration structural superlubricity under
ambient conditions (Fig. 2e). Our findings reveal the underlying mechanisms for the
macroscale structural superlubricity under ultrahigh contact pressure, where the
formation of robust tribolayers, maintaining the easy-shearing plane between the lattice
layers of 2D materials, and the eliminated influence of external environment are all
critical. Meanwhile, the dynamic evolution of the interfacial structure governing
distinct macroscale lubrication behaviors of 2D materials as solid lubricants under
varied contact pressures was also elucidated. Our findings offer fundamental insights
into the lubrication mechanisms of 2D materials as solid lubricants under diverse
contact pressures, with implications for advancing their engineering applications in

harsh and complicated working conditions.

4 Conclusions
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Our work showcases the achievement of robust macroscale structural superlubricity,
characterized by a COF of approximately 0.004, between steel counterparts lubricated
with 2D materials under ambient conditions and an ultrahigh contact pressure of around
3.55 GPa. This represents a highly desirable macroscale lubrication behavior,
significantly expanding the potential of 2D materials as solid lubricants for engineering
applications. A thorough analysis reveals the dynamic interfacial structural evolution
under varied contact pressures, which is the primary factor influencing the diverse
macroscale lubrication behaviors of 2D materials. Furthermore, ultrahigh contact
pressure induces changes in adsorption and tribochemical behaviors, playing a critical
role in realizing macroscale structural superlubricity under ambient conditions. These
findings carry substantial significance for the future design and application of 2D

materials as solid lubricants in harsh and complicated working conditions.

Experimental procedures
Brief experiment setups are presented here, while very detailed procedures please find

in the first section of the Supporting Information.

Materials

AISI52100 steel plates and steel balls were used as counterparts. PG (product number
of XF182-1), GO (product number of XF002-1), and FG (product number of XF225)
nanoflakes powders were provided by XFNANO Materials Technology (China). TMDs

nanoflakes including MoS> (product number of M104968) and WS, (product number
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of T137743) nanoflakes were provided by Aladdin Scientific Corp., Shanghai, China.

Preparation of solid lubrication coatings and friction tests

Solid lubrication coatings of 2D materials were drip casted onto steel substrates.
Macroscale friction tests were conducted under a velocity of 12.56 mm/s, and normal
loads from 2—400 N (corresponding to Hertz contact pressures of 0.61-3.55 GPa) with
a universal microtribotester (UMT-3, Bruker, USA; ball-on plate mode). Each friction

test was repeated at least three times to obtain more reliable results.

Surface Characterization

The surface morphologies and wear rates of the counterparts after friction tests were
obtained using a 3D white light interferometer to investigate the anti-wear
performances of solid lubrication coatings. The topography and chemical composition
of the contact regions were observed using a FESEM-EDS. The chemical structures
and the concentration of different chemical groups were further characterized by Raman
and XPS. The lamellar samples of the contact regions were prepared by a FIB—-SEM
dual system, then characterized by HRTEM-EDS to further reveal the dynamic

evolution of tribolayers nanostructures.
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