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Friction-induced wear is a major cause of energy consumption and equipment failure and graphene as a novel
solid lubricant has become a hot topic in tribological engineering. Micro/nanoscale and macroscale super-
lubricity has been observed from graphene-based solid lubricants and the ability to mass produce high-quality
graphene by chemical vapor deposition (CVD) is attractive, especially for applications requiring operation
under harsh working conditions. This comprehensive review discusses the relationship between the structure and

friction properties of solid graphene lubricants, mechanisms of macroscale superlubricity, applications pertaining
to harsh working conditions, strategies to prolong macroscale superlubricity, as well as challenges in order to
provide guidance for future research and development of graphene-based solid lubricants.

1. Introduction

Climate change poses significant global risks, making the develop-
ment of green and low-carbon energy systems key to achieving carbon
neutrality [1]. Mechanical components used in aviation, aerospace,
marine, and automotive application fields, such as bearings, gears, and
valves, are frequently subjected to complex chemomechanical in-
teractions (Fig. 1a) [2-7]. These components often experience tribo-
logical degradation through friction and wear, which are responsible for
50-60 % of the energy loss as well as mechanical failures [8]. Therefore,
there is an urgent need to develop precise, high-speed, high-torque,
high-performance, safe, and durable drivetrain components. In contrast
to liquid lubricants, solid lubricants are more suitable for moving
components working under harsh conditions due to their superior
chemical stability and environmental friendliness [9,10]. In fact, dense,
uniform, and large-area solid lubricants deposited by vacuum vapor
deposition techniques are very useful in improving the quality and
lifespan of industrial components [11].

Graphene has garnered increasing research interest for tribological
applications due to its high strength, easy shearing, low surface energy,
easy dissipation, impermeability, and chemical stability [12-15]. The
micro/nanoscale frictional properties on nearly perfectly smooth and
tiny graphene surfaces have been studied by atomic force microscopy
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(AFM) and the micro/nanoscale friction properties and mechanisms
have been discussed [16-20]. Macroscale graphene has been applied to
bearings, gears, and seals [21], and the external effects of pressure,
temperature, humidity, and adsorption molecular on the lubrication
mechanism of graphene lubricants are quite complex [22]. Recently,
while some reviews have summarized the macroscale lubrication of
graphene solid lubricants [23-28], comprehensive overviews of its
structural properties, lubrication mechanisms and applications are still
lacking.

Recent advances in large-scale graphene fabrication, coupled with
the development of ultra-sensitive devices detection technologies, has
enabled the exploration and precise measurement of superlubricity [29,
30]. Structural superlubricity refers to the state where friction is nearly
zero due to the counteraction of lateral forces between atoms of two
ideal, flat, rigid crystalline surfaces that slide each other in an incom-
mensurate manner [31]. This superlubricity state is subsequently char-
acterized by a sliding coefficient of friction (COF) less than 0.01 [32].
For example, carbon nanotubes exhibit superlubricity on the centimeter
lengths, but exhibit a scale limit in the nanometer range in two di-
mensions perpendicular to the axial direction [33]. Building on the
pioneering work of Motohisa Hirano’s group at Japan’s Interdisciplinary
Research Laboratories [32], Quanshui Zheng’s group at Tsinghua Uni-
versity [34], and Martin Dienwiebel’s group at Leiden University [35],
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systems with micro/nanoscale superlubricity containing graphene/-
graphene, molybdenum disulfide (MoS3)/MoS;, inhomogeneous gra-
phene/MoS,, and graphene/hexagonal boron nitride (h-BN) have been
observed [36-38]. However, adsorbates, edge defects, and deformations
can impact superlubricity through induced disorders, limiting the
macroscale research progress [39]. A milestone came from Ali Erdemir’s
group at Argonne National Laboratory in 2015 with the constructing of
incommensurate graphene, diamond nanoparticles, and diamond-like
carbon (DLC) spheres interface can yield macroscale superlubricity
[40]. Subsequently, Jianbin Luo’s group at Tsinghua University, and Li
Ji’s group at the Lanzhou Institute of Chemical Physics further advanced
the research on graphene macroscale superlubricity [41,42]. While re-
views have detailed developments for structural superlubricity across
scales, the macroscale superlubricity and mechanisms of graphene solid
lubricant are still not well understood [43]. Furthermore, the super-
lubricity mechanism differences between micro/nanoscale and macro-
scale. For instance, tribofilm reduces friction on the macroscale, but
increases friction on the microscale in the form of enhanced adhesion
[13]. This is because microscale friction mainly depends on the atomic
contact area changes in contrast to macroscale friction that emerges
from the interactions at the interface and surface properties [44].
Considering only a few friction-reducing mechanisms at the micro/-
nanoscale is insufficient for industrial applications given the complex
interplays between variables cross-scale involved. Therefore, a good
understanding of superlubricity mechanisms on both scales is
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imperative to applications for harsh working conditions.

Controlling the fabrication of large-area and high-quality graphene is
expected to realize macroscale superlubricity applications. Traditional
"top-down" synthesis methods like mechanical and chemical exfoliation
and epitaxy are, however, inefficient and prone to contamination
[45-47]. Alternatively, chemical vapor deposition (CVD) provides a
viable route to produce extensive, uniform graphene in a controlled
manner [48]. However, differences in CVD equipment and deposition
parameters can affect defects, impurities, wrinkles, and sizes, impacting
superlubricity performance [49]. Therefore, it is important to fathom
how the CVD thermodynamic and kinetic influence the interfacial
structure and tribological properties. In this review, the relationship
between the graphene surface/interface structures and tribological
properties is analyzed. Additionally, the development of macroscale
superlubricity and the mechanism behind the across-scale superlubricity
of graphene solid lubricants are described. Furthermore, the potential
application of graphene solid lubricant focusing on components working
under harsh conditions and the key factors of graphene growth structure
and tribological properties by CVD technology are summarized. Finally,
the challenges facing graphene solid lubricants and future research di-
rections for engineering applications are discussed.

Fig. 1. An overview of graphene solid lubricants: (a) Potential application of bearings in fields such as aircrafts, energy components, and automobiles; (b) Me-
chanical properties such as high strength, easy shearing, low surface energy, easy dissipation, impermeability, and chemical stability; (c) Surface characteristics and
interfacial non-covalent and covalent interactions. [(a) adapted with permission from Ref. [2], copyright 2023, Elsevier, Ref. [3], copyright 2019, MDPI, Ref. [4],
copyright 2012, Elsevier, Ref. [5], copyright 2022, Elsevier, Ref. [6], copyright 2020, MDPI, Ref. [7], copyright 2020, TTP].
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2. Structural effects on frictional properties of graphene solid
lubricants

Graphene has excellent mechanical properties but the graphene
surfaces and interfaces impact the friction properties. Surface defects,
grain boundaries, crystallinity, wrinkles, number of layers, substrate
roughness, and interfacial covalent or non-covalent interactions influ-
ence tribological characteristics. A thorough analysis of surface and
interface structure, and how these relate to friction can help optimize
graphene design in macroscale lubrication applications.

2.1. Frictional properties of graphene

Graphene has ideal frictional properties including high in-plane
strength [12], low shear strength [13], high surface area [50], high
thermal conductivity [14], and impermeability [15], as shown in
Fig. 1b. This stems from the crystalline perfection with no defects, va-
cancies, or pores [51]. The geometric structure, energy calculation, and
mechanical parameters are discussed in this section.

Graphene has the honeycomb atomic arrangement with sp2 hybrid-
ized carbon atoms forming a two-dimensional (2D) planar structure. The
electronic configuration of carbon is 1522522px2py, with two electrons in
the 1 s orbital and two paired electrons in the 2 s orbital, while the
remaining two electrons occupy the 2p orbitals [52]. The similar en-
ergies of the 2 s and 2p orbitals induce hybridization and free electron
motion. Specifically, the 2 s orbital hybridizes with the 2p, and 2p, or-
bitals, producing three equal sp? hybrid orbitals separated by 120° and
forming ¢ bonds. Additionally, the remaining p, orbitals stack perpen-
dicularly and form weak z bonds between neighboring carbon atoms
[53]. Graphene also possesses high thermal conductivity due to heat
transport by delocalized 7 electrons. [54]. The weak van der Waals
(vdW) interaction between in-plane and out-of-plane carbon atoms
(~2 eV/nm between layers) enables easy shearing under forces [55].
Microscale measurements have revealed several key structural param-
eters of graphene such as an interlayer thickness of 0.34 nm, a hexagonal
carbon unit cell of 0.05 nm?, and an areal density of 0.77 mg/m? [56].
Because of its lightweight, less than 4 g of graphene can cover a soccer
field, which can minimize direct contact between friction interfaces. The
C-C bond length in graphene is 0.142 nm, with a lattice constant of
0.246 nm and a vdW radius of 0.011 nm [57]. Consequently, the
diameter of the hexagonal carbon rings is only 0.064 nm. Being just
larger than hydrogen (0.053 nm) and helium (0.028 nm) molecules, this
small dimension allows graphene to effectively block even the smallest
gas molecules from diffusing, giving rise to high interlayer chemical
stability [58]. Mechanical tests have demonstrated outstanding struc-
tural stability including the C-C bond strength of 4.9 eV, breaking
strength of 43 N/m, in-plane strength of 130 GPa, and Young’s modulus
of 1 TPa [59]. These properties, together with the small dimension of
0.064 nm for carbon rings provide high energy barriers against atom-
ic/molecular penetration or bond rupture, as evidenced by calculations
showing barriers of 11 eV and 5.6 eV for helium and oxygen respectively
[60,61]. The unique structural and frictional properties of graphene
produce outstanding lubrication.

2.2. Surface/interface structure and frictional properties of graphene

In reality, graphene often contains surface defects like vacancies,
dislocations, and grain boundaries introduced during fabrication or
from the environment [62]. It may thus have polycrystalline, wrinkling,
and different thickness and roughness. Additionally, graphene can form
non-covalent interfacial interactions including vdW, ion-x, n-n stacking,
hydrogen bonding, and electrostatic forces with other materials and
molecules, as well as covalent interfacial interactions via chemical
bonding, as shown in Fig. 1c [63]. These factors introduce complexity
and heterogeneity into practical graphene systems, significantly
impacting their mechanical properties and friction behavior. Therefore,
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a thorough grasp of structural features and interfacial interactions is
critical.

The thermal conductivity is impacted by various structural factors
including the number of layers, defects, edge morphology, roughness,
and grain boundaries. The number of layers influences the conductivity
that decreases with additional layers due to interlayer phonon scattering
[64,65]. For example, the thermal conductivity decreases from 2800 to
1300 W/mK from bilayer to four-layer graphene [66]. Surface defects
and edge perturbations can impact phonon transportation. Defects
scatter heat flow and the thermal conductivity declines from 1800 to
400 W/mK with increasing vacancy defects [67]. Zigzag edges have
higher curvature and irregularity favorable to boundary scattering
compared to armchair edges [68,69]. Edge roughness and grain
boundaries below the phonon mean free path likewise decrease the
conductivity by phonon scattering. [70,71]. These factors impair the
ability of graphene to dissipate heat under high-temperature friction
conditions and influence its performance as discussed in Section 4.1 with
regard to the macroscale friction applications at elevated speeds and
temperatures.

The elastic modulus and tensile strength are affected by the defect
density, spacing, grain boundaries, and grain size [72,73]. The defect
density substantially reduces the modulus more than individual defects,
as demonstrated by that a large defect density decreases the modulus,
which is also correlated with the defect position and spacing being lower
near stressed regions [74-76]. The strength notably decreases when
defects are in proximity due to interactions between defects. [77].
Polycrystalline graphene exhibits greater temperature and strain sensi-
tivity than single-crystalline graphene on account of its lower strength
[78,79]. Moreover, strength is lower in small-grained material as small
grain sizes cannot accommodate strained heptagons compared to large
grains. [80,81]. Therefore, graphene is prone to friction damage under
heavy loads, a topic that will be covered in Section 4.2.

The excellent chemical stability and impermeability of graphene
depend on various structural factors including defects, adsorbates,
dangling bonds, and wrinkles [82,83]. Defects, vacancies, and dangling
bonds readily absorb metal/non-metal atoms and functional groups such
as hydroxyl, carboxyl, and oxygenated groups to enhance the local
reactivity via ion-r interactions [84-87]. Furthermore, severe wrinkling
increases the reactivity of graphene, and large curvature areas exhibit
enhanced reactivity when the ratio of the wrinkle height to radius ex-
ceeds 0.07 [88]. Impermeability mainly depends on the wettability and
ionic interactions [89]. Rough substrates and wrinkles lower the water
contact angle to improve impermeability, and negatively charged ions
interact electrostatically to enhance the hydrophobicity, while posi-
tively charged ions decrease the surface charge and weaken imperme-
ability. [90,91]. These structural factors influence the chemical
reactivity and physical properties of graphene under special tribological
environments such as vacuum, inert gas, or electromagnetic fields, as
discussed in Sections 4.3 and 4.4.

2.3. Interfacial interaction and frictional behavior of graphene

The frictional properties are largely governed by interfacial in-
teractions including strong chemical interactions and relatively weaker
interactions. Strong chemical interactions include chemical adsorption
reactions where atoms or molecules form strong chemical bonds with
graphene, are particularly prevalent in materials such as oxidized gra-
phene and fluorinated graphene [92,93]. These interactions signifi-
cantly enhance friction force by effectively ‘locking’ the graphene onto
substrate or counterparts. For instance, Li et al. have observed ninefold
increase in friction force in fluorinated graphene compared to pristine
graphene, attributed to intense localized charges at fluorine sites
inducing interface potential corrugations [94]. This observation aligns
with findings from Zeng et al., who have reported that fluorination en-
hances out-of-plane stiffness and interface potential corrugations,
thereby strengthening interfacial interactions during sliding [95].
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Similarly, Ko et al. have reported a sevenfold increase in friction force in
oxidized graphene relative to pristine graphene, a consequence of
increased out-of-plane elasticity due to oxygen-induced atomic chemical
modifications on the graphene surface [96]. Weaker interactions such as
vdW, 7-n, and ion-n interactions allow for less resistance and provide
better lubrication because the contacts are not as rigid [97,98]. This can
result in lower contact resistance beneficial to smooth sliding [13,99].
Non-covalent interactions such as hydrogen bonding, electrostatic, and
hydrophobic interactions also impact friction. For instance, hydrogen
bonding in defective graphene facilitates the formation of C-H bonds
with carbon atoms at defect edges, which passivates the friction inter-
face, thereby mitigating strong interactions, and concurrently enhancing
both chemical stability and wear resistance [100-102]. Electrostatic
interactions play a key role in determining the friction between gra-
phene and charged materials, while hydrophobicity can impact liquid
environment friction properties, as verified by the positive correlation
between the number of interface chemical bonds and frictional force
[103,104]. Therefore, the collective effects of various interfacial in-
teractions dictate the tribological response.

Studies in different environments have revealed strong influences by
atmospheric molecules. Berman et al. have studied the macroscale
friction of single-layer graphene in hydrogen (Hs) and nitrogen (N3)
atmospheres and revealed that Hy passivates dangling bonds in frac-
tured graphene to improve the structural stability and lubrication, but
this phenomenon is not observed with N». [101]. Li et al. have examined
the friction in air and N3 and found that the environment influences
characteristics by passivating edge defects and interlayer forces with the
aid of water molecules [105]. Severe oxidation can lead to mechanical
interlocking at friction interfaces, thereby reducing interlayer sliding
and increasing adhesion wear, as reported by Xiao et al. [106]. Liu et al.
have produced graphene oxide (GO), pristine graphene (PG), and fluo-
rinated graphene (FG) coatings with diminishing hydrophilicity and
discovered that FG coatings have the lowest friction attributable to
reduced interlayer interactions from fluorine-induced repulsion [107].
The weak van der Waals forces between bilayers enable easy top-layer
sliding and improve the stability as observed by Dwivedi et al. [108].
Jia et al. have observed that superlubricity originates from extremely
weak interfaces [109]. Compared to uniform interfaces, vdW hetero-
interfaces handle twisted contacts better with significant lubrication
[43,110]. Notably, the interfacial chemistry affects friction by control-
ling attraction and contact areas between sliding layers. A thorough
understanding of the relationship between interfacial interactions and
friction is crucial to advanced tribo-chemical systems.

3. Research progress and mechanism of superlubricity in
graphene

Achieving “zero” friction and wear has been a long-term goal for
ensuring mechanical component durability. The superlubricity from
micro/nano to macroscales has garnered research interest. The timeline
of key breakthroughs in cross-scale superlubricity and macroscale
superlubricity of graphene is illustrated in Fig. 2. The micro/nano and
macroscale superlubricity mechanisms are discussed in this section.

3.1. Cross-scale development of superlubricity in graphene

Early research focused on establishing superlubricity between two
atomically clean incommensurate planes to address the cross-scale
challenge. Pioneering work by Martin Dienwiebel’s group in 2004
explored the relationship between the relative rotational angle and
friction of graphite/graphite thin films leading to the concept of
incommensuration lattice contact and nanoscale structural super-
lubricity [35]. The friction is influenced by the atomic matching of
interlayer planes as the contact area increases. The friction spike phe-
nomena occurs at 0° and 60° commensurate contact states, whereas
friction approaches zero for the incommensuration states. Miiser et al.
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have observed that superlubricity is limited to the nanoscale due to
symmetry and dimensions [111]. Not until 2012 did Quanshui Zheng’s
group confirmed the existence of microscale superlubricity through
shear-induced graphite exfoliation, where two graphite mesas with
single crystalline surfaces exhibited self-retracting behavior during
sliding due to clean contact interfaces [34]. This self-retraction depends
on the incommensuration interlayer atomic arrangements and hexago-
nal symmetry, thus yielding shear forces three orders lower in any
extension direction versus locked directions. Subsequently in 2013,
Zhang et al. have produced centimeter-long double-walled carbon
nanotubes (DWCNTs) with the pristine atomic structures, employing a
silicon (Si) nanowire cantilever to verify the intershell zero friction to
experimentally support macroscale superlubricity [112]. The incom-
mensuration intershell contact is independent of length, such that dur-
ing pulling, the inner shell inherently self-retracts into the outer shell to
produce inherent superlubricity.

Significant progress has been made in achieving macroscale super-
lubricity. Pioneering work by Ali Erdemir’s group in 2015 proposed
modifying the contact geometry by observing graphene preferentially
rolling around diamond nanoparticles on DLC surface, thus opening new
avenues for graphene macroscale superlubricity research [40]. This is
due to graphene patches forming nanoscrolls around diamonds to
decrease contact area, and sliding on DLC surfaces to maintain incom-
mensurate contact. Subsequently, Saravanan et al. in 2016 leveraged
highly extended layer-by-layer deposition to fabricate poly-
ethyleneimine (PEI)/GO films exhibiting ultra-low coefficient of friction
(COF) below 0.01 due to the formation of carbon nanoballs [113]. Gong
et al. in 2017 have combined pulsed current plasma CVD and
mid-frequency non-equilibrium magnetron sputtering to synthesize
graphene sheets and MoSz (GL/MoSy) thin films, where the
nano-stratified structure not only lowers the contact area but also
modulates the interlayer interactions to achieve macroscale super-
lubricity with COF of 0.004 in humid air [114]. Li et al. in 2018 have
decomposed large contact areas into numerous discrete contacts
through multilayered graphene nanoflakes (MGNFs) and realized tran-
sient macroscale superlubricity with COF as low as 0.001 [115].
Building upon this, Berman et al. in 2019 prepared graphene/ Fe iron
nanoparticle (NP) films where "onion-like" carbon nanostructures are
formed under high contact pressures and nitrogen, showing super-
lubricity with COF of 0.009 due to the lower interfacial adhesion friction
[116]. In 2020, significant attention was directed towards graphene
macroscale superlubricity. Zhang et al. have used plasma deposition to
fabricate a graphene-coated plate/microsphere/sphere (GCB/GCS/GCP)
superlubricity system where exfoliated graphene flakes aid microsphere
rolling and contact under atmospheric and high loading conditions
[117]. Androulidakis et al. have mechanically exfoliated and deposited
two randomly stacked centimeters-long graphene layers to realize
superlubricity through disrupted shearing and lowered interlayer shear
stress [118]. Jiang et al. have prepared MoSW,/graphene nano-
composite thin films by spray coatings to attain superlubricity with COF
of 0.008 through the formation of friction-transforming mem-
brane-nanoscrolls-membrane heterocontact structure in the argon (Ar)
atmosphere [119]. Li Ji’s group have constructed micro-asperities
topography on substrates using a femtosecond pulsed laser to achieve
COF below 0.001 for 1.0 x 10° cycles under Ny conditions with a
spray-coated graphene/MoS; composite [42]. This is attributed to
micro-asperities topography transforming macroscale contact into
microscale point contact, a Ny atmosphere pre-run that organizes the
ordered interlayers, and the heterogeneous covalent/ionic of graphe-
ne/MoS; facilitating incommensurate contacts with weak interactions.
In 2021, Huang et al. have spray-coated MXene/graphene onto silicon
dioxide with a superlubricity of 0.0067 + 0.0017 due to a protective
tribofilms [120]. The following year, Li et al. have prepared graphe-
ne/SiO, nanocomposite coatings by spray coating. The spherical SiO;
nanoparticles and graphene enhance macroscale superlubricity,
achieving a COF ranging from 0.006 to 0.008 [121]. This enhancement
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Fig. 2. Timeline of key breakthroughs in the development of superlubricity across different scales and macroscale graphene superlubricity. [Adapted with permission
from Ref. [35], copyright 2004, APS. Ref. [34], copyright 2012, APS. Ref. [112], copyright 2013, Springer Nature. Ref. [40], copyright 2015, AAAS. Ref. [113],
copyright 2016, ACS. Ref. [114], copyright 2017, Elsevier. Ref. [115], copyright 2018, Elsevier. Ref. [116], copyright 2019, Wiley-VCH. Ref. [117], copyright 2020,
Wiley-VCH. Ref. [118], copyright 2020, Springer Nature. Ref. [119], copyright 2020, Elsevier. Ref. [42], copyright 2020, Wiley-VCH. Ref. [120], copyright 2021,
Elsevier. Ref. [121], copyright 2022, Springer Nature. Ref. [122], copyright 2022, Wiley-VCH. Ref. [102], copyright 2023, Elsevier].
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stems from the nanoparticles’s dual role in enabling nanoscrolls through
applied forces and acting as load bearers during friction process. Also in
2022, Li et al. have deposited transition metal dichalcogenides (TMDC)
heterostructures of MoSg, WS5, and MoS onto amorphous carbon (a-C)
by spinning to attain COF of 0.006 under vacuum [122]. This ultra-low
friction results from the capture of wear debris between TMDC layers
that polish a-C rough nascent surface, the formation of graphene/TMDC
heterostructures that reduce strong interfacial interactions, and the
creation of multi-point lamellar tribofilms that decrease contact area. In
2023, Fan et al. have in situ grown high-quality hydrogenated graphene
coatings on WC/NiCo materials by hot filament CVD (HFCVD) with
self-duration and self-healing through strong C-H bonds and chem-
isorbed hydrogen atoms with a COF of 0.009 under ambient conditions
[102]. Representative studies from 2015 to 2023 have successfully
produced graphene solid lubricant and demonstrated macroscale
superlubricity using various fabrication techniques. However, most
research to date has been limited to the laboratory scale under
controlled dry and low-load environments. To realize the practical po-
tential of superlubricity, further work is needed to enhance the stability
and durability under more complex field conditions. It is also important
to investigate across-scale superlubricity mechanisms of graphene solid
lubricant to establish a robust theoretical foundation guiding macro-
scale applications.

3.2. Micro/nano-scale superlubricity mechanism of graphene

The atomic model and energy dissipation model provide comple-
mentary explanations for the micro/nanoscale superlubricity of gra-
phene. The atomic model emphasizes the arrangement and interactions
of graphene surface atoms and elucidates the role of atomic-scale
structure and mechanics. The energy dissipation model focuses on en-
ergy transfer and dissipation across the surface, highlighting the
dynamical characteristics of energy transmission and loss. An integrated
understanding of these perspectives offers micro/nano-scale insights
into the exceptional superlubricity of graphene.

3.2.1. Atomic model

The Prandtl-Tomlinson (PT) and Frankel-Kontorova (FK) models are
essential theoretical frameworks for the atomic-scale friction mecha-
nism. The PT model describes how a nanotip oscillates in a sinusoidal
potential energy landscape. It relates the friction coefficient 1 to energies
stored in the tip-surface interaction and restoring forces. Based on the n
value, the model distinguishes between the superlubricity and stick-slip
friction regimes. When 1 < 1, superlubricity sliding occurs, and n > 1
indicates stick-slip friction [123]. The FK model consists of a chain of
harmonically coupled particles subjected to a periodic potential and
introduces the concepts of commensurability ratio (Q) and critical
spring constant (k¢) [124]. When the spring constant exceeds the critical
value (k > k), the model predicts a transition to a superlubricity state
[125]. The PT model sheds light on the superlubricity conditions based
on stick-slip regimes, and the FK model explains the superlubricity
concerning structural commensurability and threshold mechanical
forces. All in all, the PT and FK models enhance our understanding of the
atomic-scale friction behavior by providing an important theoretical
foundation.

3.2.2. Energy dissipation model

The energy dissipation model describes energy transfer and conver-
sion by considering electron-phonon coupling, out-of-plane deforma-
tion, and non-conformal contact. One aspect is electron-phonon
coupling, which refers to the interaction between lattice vibrations and
electrons [126,127]. Researchers have explored modulating
electron-phonon interactions through doping, choosing substrates, and
altering graphene size/shape to introduce influence energy dissipation
[128-130]. Both in-plane and out-of-plane deformations of graphene
affect energy dissipation. In-plane deformation occurs along the lattice

Tribology International 198 (2024) 109896

plane, whereas out-of-plane deformation occurs perpendicular to it.
Owing to weak interlayer interactions, graphene is prone to perpen-
dicular deformations. Therefore, suppressing these out-of-plane de-
formations can reduce lattice distortions and dissipation, thereby
enabling superlubricity [131]. Researchers have studied controlling
local deformation and relaxation using properties such as the thickness,
substrate, strain, temperature, sliding rate, and functionalization to
achieve micro/nanoscale superlubricity [132-135]. Additionally,
incommensuration contact represents a superlubricity mechanism
where non-matched atomic configurations accumulate elastic energy
instead of rapidly dissipating it to reduce friction [136-139]. Both ho-
mogeneous and heterogeneous graphene systems provide pathways to
realize such incommensuration superlubricity. Fig. 3 summarizes the
studies of homogeneous graphene, graphene-inert metal, and hetero-
geneous graphene-2D material structure systems exhibiting incom-
mensuration superlubricity. Feng et al. have studied the superlubricity
behavior where the transition from commensurate to incommensurate
contact between graphene nanoflakes and surface, as shown in Fig. 3a
[140]. Li et al. attribute graphene superlubricity to dispersive in-
teractions forming asymmetric interfaces between nanosheets and SiO»
probes [141]. Similarly, Jianbin Luo’s group have achieved ultra-low
0.003 friction coefficients at given relative surface rotation angles
using a graphene-coated microsphere probe homogeneous graphene
structure, as shown in Fig. 3b [41]. The superlubricity mechanism
provides a homogeneous interface between graphene and non-layered
materials for friction increases. Studies comparing the vdW forces in
graphite/h-BN and graphite/MoS, show lower interactions for hetero-
geneous interfaces than graphene interlayers, as shown in Fig. 3¢ [142].
When graphene forms heterogeneous structures with molybdenum
(WSy) or other 2D materials, the interlayer sliding barrier is significantly
lower than that in homogeneous structures, thereby facilitating mis-
matched incommensuration contact formation independent of sliding
angles, as shown in Fig. 3d [34,143]. Kawai et al. have investigated the
superlubricity of graphene nanoribbons on gold (Au) surfaces (Fig. 3e)
[144], while others have examined ultra-low friction on inert metals like
Pt (Fig. 3f) [145,146].

The key conditions for graphene superlubricity on the micro/nano-
scale include smooth defect-free surfaces, minimal interfacial bonding,
and incommensuration contact. First of all, pristine surfaces without
defects or deformations are necessary to eliminate physical locking
forces during sliding. Secondly, the sliding must occur between pure
graphene layers with no strong chemical bonds across the interfaces.
Thirdly, the contact being in an incommensurate state can further
reduce atomic interactions. The synergy of these conditions serves to
maximize frictional energy dissipation by minimizing mechanical hin-
drance, chemical bridging, and interatomic interactions, thus account-
ing for exceptional frictionless behavior at small scales.

3.3. Macroscale superlubricity mechanisms and influencing factors of
graphene

Compared to micro/nano-scale, the macroscale superlubricity of
graphene involves additional factors such as material composition,
surface morphology, environmental conditions, loads, and interfacial
chemistry. The macroscale superlubricity mechanisms of graphene can
be summarized as i) incommensuration contact, ii) chemical reactions
during tribofilm formation, self-orders sliding, and hydrogen passiv-
ation through bond formation/breaking, and iii) Microstructural trans-
formations under stresses, including strain engineering and micro-
bearing rolling. The correlations between those influencing factors
and mechanisms of macroscale superlubricity are summarized in
Table 1.

3.3.1. Incommensuration contact mechanism
Incommensuration contact mechanisms involve graphene surfaces
with mismatched crystals through rotational symmetry, lateral
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Fig. 3. Graphene superlubricity incommensuration systems: (a, b) Homogeneous graphene/graphene structure; (c, d) Heterogeneous graphene/2D materials
structure; (e, f) Graphene/inert metal materials structure. [140], copyright 2013, ACS. [41], copyright 2017, Springer Nature. [142], copyright 2019, Springer
Nature. [143], copyright 2020, ACS. [144], copyright 2016, AAAS. [145], copyright 2022, ACS].

(a) [(a) adapted with permission from Ref. (b) (b) adapted with permission from Ref. (c) (c) adapted with permission from Ref. (d) (d) adapted with permission from
Ref. (e) (e) adapted with permission from Ref. (f) (f) adapted with permission from Ref.

Table 1
Correlations between influencing factors and mechanisms of macroscale
superlubricity.
Factors Detailed description Mechanism
Material Use of materials like Incommensuration contact
composition graphene, DLC, MoS, etc. mechanism
with low shear strength and
mismatched lattice
structures
Surface Smooth and minimized Microstructural
morphology direct contact transformation mechanism
Environmental Temperature, pressure, Chemical reaction mechanism
conditions humidity and gases influence
tribofilm stability
Loads Stress-induced structural Microstructural
arrangement and interlayer transformation and
sliding incommensuration contact
mechanisms
Interfacial Adjustments of interfacial Chemical reaction mechanism
chemistry interactions at sliding

interface

orientation, or lattice spacing to achieve macroscale superlubricity.
Androulidakis et al. have shown that randomly stacked graphene bi-
layers create an incommensurate state between the layers on the
macroscale, which is important to superlubricity (Fig. 4a) [118].
Moreover, Li et al. have proposed micropatterning steel surfaces with
graphene/MoS, coatings, leveraging heterogeneous covalent/ionic
interaction to reduce contact and interaction between layers (Fig. 4b)
[42]. This design achieves macroscale superlubricity with a COF of
0.007 in rough steel-steel friction and advances macroscale superlubriity
applications for steels. In investigations of macroscale superlubricity
mechanisms, researchers have identified incommensurate contact as a
crucial factor influencing friction performance [40,122]. To realize
wider superlubricity applications, researchers have established design
standards for graphene heterostructure incommensuration mechanisms.
The standards specify that heterostructures must possess intrinsic
interfacial incommensuration to inhibit interlayer interactions, have
low interlayer binding energy to reduce out-of-plane interferences, and
exhibit high in-plane stiffness to offset interfacial deformation [125].
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Fig. 4. Macroscale superlubricity mechanism of graphene: (a, b) Incommensuration contact mechanism; (c, d) Frictional chemical reaction mechanism and (e, f)
Microstructural transformation mechanism. [118], copyright 2020, Springer Nature. [42], copyright 2020, Wiley-VCH. [122], copyright 2022, Wiley-VCH. [5],
copyright 2022, Elsevier. [40], copyright 2015, AAAS. [117], copyright 2020, Wiley-VCH.].

(a) [(a) adapted with permission from Ref. (b) (b) adapted with permission from Ref. (c) (c) adapted with permission from Ref. (d) (d) adapted with permission from
Ref. (e) (e) adapted with permission from Ref. (f) (f) adapted with permission from Ref.
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3.3.2. Chemical reaction mechanism

Tribofilm formation is an important chemical reaction mechanism in
the superlubricity process, involving interfacial oxidation and reduction
during friction and generating carbon films covering the sliding inter-
face. These films fill surface roughness, reduce direct contact, and enable
macroscale superlubricity. Li et al. have studied the macroscale friction
behavior of self-assembled graphene and found intermittent super-
lubricity between graphene and highly ordered pyrolytic graphite
(HOPG) substrates with a COF of 0.001 through tribofilm formation
[115]. Yin et al. have used graphene quantum dots on DLC films to
realize macroscale superlubricity under high speed/load and N5 condi-
tions [147]. Their research shows that tribofilms containing amorphous
carbon and SiOyx are key to macroscale superlubricity. Li et al. have
transformed TMDC/a-C wear products (a-CWPs)/TMDC multilayers into
graphene/TMDC laminated tribofilm during friction and revealed the
important role of transferred graphene films in macroscale super-
lubricity (Fig. 4c) [122]. Additionally, self-ordered slipping mechanisms
form laminated structures with negligible interfacial friction on gra-
phene surfaces. Liu et al. have discovered that weakly chemically
bonded and ordered graphene/MoS; interfaces promote stable macro-
scale superlubricity during friction [148]. Hydrogen passivation in-
volves chemical reactions between hydrogen and graphene surfaces,
which can stabilize interfaces by passivating surface defects and
dangling bonds. Li et al. have achieved macroscale superlubricity from
graphene/MoS;, under a 15 N load using a stable fullerene-like hydro-
genated carbon (FL-C:H) substrate, as shown in Fig. 4d [5]. Li et al. have
used substrates to achieve superlubricity and other researchers have
shown intrinsic interface stability through in situ hydrogen passivation.
For example, Fan et al. have passivated graphene edges and bonds with
hydrogen during in situ fabrication, formed strong C-H bonds within the
hydrogenated graphene structure, and enabled durable macroscale
superlubricity [112].

3.3.3. Microstructural transformation mechanism

Strain engineering and micro-bearing rolling play important roles in
enabling macroscale superlubricity of graphene through microstructural
transformation. Strain engineering modifies the lattice arrangement,
spacing, and local geometry by applying external strain/deformation,
allowing further control over the interface microstructure. Androulida-
kis et al. have demonstrated this by applying controlled tensile strain to
induce misalignment, wrinkles, and incommensuration stacking to
overcome the limitations of the graphene superlubricity [118]. The
micro-bearing rolling mechanisms provide another pathway to facilitate
macroscale superlubricity. They function by converting frictional shear
stress into rolling motion through nanoscale asperity contact, thus
reducing direct collisions and contacts between sliding surfaces. Berman
et al. and Li et al. have combined graphene with nanoparticles to form
nanoscroll structures under shear force that serve as critical
load-bearing elements, as shown in Fig. 4e [40,121,149]. Additional
micro-bearing rolling effects are provided by edge scrolling and
encapsulation during friction. Jiang et al. have shown that MoWS,/-
graphene composites promote the transition to a steel/rolling layer/-
steel interface during steel/steel friction [119]. Furthermore, Li et al.
have discovered graphene nanoscrolls generated between graphitic and
fullerene-like carbons under friction to dilute interlayer shear contact
areas and realize macroscale superlubricity [150]. Zhang et al. have
enhanced the superlubricity with graphene-coated microspheres that
buffer the stress and prevent concentration, as shown in Fig. 4f [117].

On the macroscale, graphene’s superlubricity still follows the
fundamental mechanism of weak interlayer sliding. Appropriate stra-
tegies can be adopted to regulate the macroscale interface structure: (i)
Constructing incommensuration structures and utilize the natural
incommensurability of 2D materials to enable stable superlubricity, (ii)
in situ fabrication of self-passivating graphene coatings through surface
modification techniques, and (iii) Design of high load-bearing interfaces
to improve the durability of superlubricity. Combining graphene with
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nanoparticles or dividing the substrate surface into microscale points
where each point represents individual rough contact while their
collection represents mesoscale contact can bridge the gap between
micro-nanoscale to macroscales, thus facilitating the development and
application of graphene superlubricity on the macroscale.

4. Potential applications of graphene solid lubricant under
harsh working conditions

With advancement in deep-sea engineering, deep-earth exploration,
aerospace exploration, nuclear energy application, and high-speed
railway system, ensuring the reliable operation of mechanical compo-
nents such as gearboxes, bearings, and valves under harsh working
conditions—high temperature, heavy load, high speed, vacuum, and
special atmospheres—has become critical [151]. Traditional liquid
lubrication has limitations in these challenging environments, making
graphene solid lubricant a promising solution [152,153]. Therefore, the
development of high-performance graphene solid lubricants capable of
withstanding harsh working conditions is of great significance for in-
dustrial applications.

4.1. Potential application of graphene solid lubricants under high speed
and temperature

Operating under high speed and temperature conditions poses
challenges for mechanical components. Rapid overheating at high
speeds increases failures, while temperature rise degrades the geometry
accuracy and accelerate wear over time. Graphene is an effective solu-
tion due to its high thermal conductivity and chemical stability. The
lubricating ability under high speed and temperature conditions are
shown in Table 2. Wang et al. have deposited graphene coatings on
journal bearings by CVD, showing ultra-low friction even after extensive
start-stop cycles attributed to stress homogenization [7]. However, wear
increases linearly during thermal decomposition as covalent bonds form
between dangling bonds and environmental molecules. Aliyu et al. have
found that ultra-high molecular weight polyethylene (UHMWPE)/-
graphene nanoplates (GNPs) reduce wear by 51 % at a speed of 1 m/s,
though wear still rises with speed presumably due to amplified heat
generation [154]. Others focused on improving heat dissipation. Nemati
et al. have prepared polytetrafluoroethylene (PTFE)/graphene oxide
(GO) composite coatings on stainless steel by spin coating, achieving an
excellent COF of 0.1 and superior wear resistance at 400 °C due to the
uniform dispersion of GO that reinforces the PTFE matrix [155]. Like-
wise, Wang et al. have dip coated expanded graphite (EdG)/sodium
metasilicate (NSO) composites to reduce steel friction and wear by 85 %
and 60 % at 850 °C through uniform dispersion to form protective tri-
bofilms [156]. Shukla et al. have plasma sprayed GNPs-CeO, coatings
that decrease friction and wear at 600 °C because the GNPs act as the
bridge to maintain uniform tribofilms and inhibit particle fracture
[157]. Enhanced oxidation and degradation resistance have been
observed. Xu et al. have fabricated multi-layer (MLG)/TiAl coatings on
disks using spark plasma sintering demonstrating ideal friction up to
400 °C, a phenomenon ascribed to the ability to resist oxidation [158].
NiAl composites with graphene nanoplatelets (NAG) coatings deposited
by Ibrahim et al. exhibit excellent lubrication below 400 °C, possibly
due to increased degradation at higher temperature [159]. Yang et al.
have introduced composites of SnAgCu, Al;03, and graphene into Ti
alloy microchannels by infiltration and sintering, showing friction sta-
bility to 450 °C from thermal degradation resistance [160].

4.2. Potential application of graphene solid lubricants under heavy loads

Operating mechanical equipment under heavy loads presents chal-
lenges such as fatigue damage, plastic deformation, thermal effects, and
increased wear failure risk. Graphene has properties like high in-plane
strength and a large specific surface area that enable it effectively to
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Table 2

Potential application of graphene solid lubricants under high speed and high temperature conditions.

Reference

Negative factor

Favorable factor

Service
life

COF

Friction parameters

Synthetic
method

substrate

Graphene system

Extreme

condition

[71

homogenization of
contact stress

200

0.00078

Journal bearing wear tester, start-stop test, 20-22 °C, 50 + 5 %RH

CVD

CuAl10Fe3

Graphene

High speed

cycles

[154]

High mechanical thermal

100 m
properties

0.015-

Mechanical engineering department (KFUPM), AISI 4140 steel disc
counterface, 1-2 m/s, 0.1-1 MPa, room temperature, 59 + 3 % RH

Drop casting
Reciprocating tribometer, stainless steel ball, 400 °C, 5 N, 4 mm/s,
4 mm

Al

UHMWPE/GNPs

0.007
0.1

[155]

Homogeneous dispersion deformation

1000
cycle

Spin coating

Stainless steel

PTFE/GO

High

temperature

[158]

oxidation

High conductivity

0.36

HT-1000 ball-on-disk tribometer, SizN4 ball, @ 6 mm, 0.2 m/s,

Spark plasma
400 °C, 10N

sintering

HT-1000

MLG/TiAl

[159]

Stress

Tribofilm

/

0.25-0.6

Spark plasma HT-1000 ball-on-disk tribometer; SisN4 ball; @2 mm , 0.2 m/s;
sintering 12N, 400 °C

NiAl

NAG

concentration

[156]

Tribofilm

900

0.08

Bruker UMT Tribolab tribometer, high speed steel ball, 36.35 mm,

850 °C, 10 N, 0.094 nm

Mild steel Drop casting

EdG/NSO

cycles
/

[157]

Three body wear

Uniform tribofilm

0.25-0.35

TR-20LE-CHMS800 tribometer, WC ball, 36 mm, 40 N, 250 rpm,

600 °C

Plasma sprayed

Gritblasted

steel

Ce0,/GNPs

[160]

peeling

Inoxidizability

/

0.22-0.26

MFT-5000 tribometer, SisNy4 ball, 6 mm, 50-55 %RH, 0.2-0.35 m/s,

450 °C, 16 N

Spark plasma
sintering

Ti alloy

SnAgCu/Al,03/

Graphene
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disperse stresses, form protective layers, and bear loads, as shown in
Table 3. Garcia et al. have applied a CHCl/ethylene glycol/graphene
composite coating on steel by drop casting [161]. Owing to the low
shear strength, the coating exhibits low friction (0.01) and a long life-
time exceeding 12,633 m under a heavy load. Yin et al. have deposited
graphene quantum dot (GQD) modified DLC films on steel bearings
using ion plasma and solution methods [147]. The coatings achieve
superlubricity under a load of 1.61 GPa and dry nitrogen as GQD
degradation forms amorphous carbon transfer films. Lu et al. have
fabricated graphene nanoplatelets reinforced NigAl metal matrix com-
posites (GNMMCs) using laser deposition [162]. The incorporation of
GNPs confers increased plastic deformation resistance, allowing defor-
mation to progressively expand from coarse to fine grains under high
compressive loads to maintain excellent wear resistance. Wang et al.
have drop casted NayCos-graphene coatings on steel discs and provided
effective lubrication under a 2.06 GPa load ascribed to its strong adhe-
sion, friction film formation, and high load-bearing capacity [163]. Wu
et al. have prepared TiOy-reduced graphene oxide (TiO; @RGO) rein-
forced polyimide composites and found that the wear rates decrease to
one-tenth of pure polyimide under 300 N loads [164]. This is because
the large surface area of the graphene nanosheets enables the formation
of compressible/elastic nanoclusters. Incorporating graphene in various
forms exploits its stress-dissipating, tribofilm-forming, and
interface-reinforcing properties consequently enhancing the perfor-
mance of mechanical components under heavy loading conditions.

4.3. Potential application of graphene solid lubricants under vacuum and
nitrogen environment

High-pressure forging, nuclear engineering, and space exploration
equipment in harsh environments such as high vacuum, inert gases, and
external fields present challenges. The high in-plane strength, chemical
stability, and resistance to degradation in vacuum and N environments
make graphene a potentially promising lubricating material, as shown in
Table 4. However, the interlayer chemical interactions can concentrate
stress and cause delamination. Li et al. have deposited graphene/MoS;
heterostructures on carbon substrates by spraying [5]. These coatings
exhibit superlubricity in vacuum, attributed to the high elastic defor-
mation that disperses stresses and the absence of environmental water
molecules. Further explaining the negative effect of water molecules,
they enhance chemical interactions at the graphene friction interface,
leading to a pinning effect between graphene and environmental mol-
ecules. This effect impedes lubrication by favoring interlayer adhesion
over sliding, consistent with the findings of Arif et al. [165]. Shi et al.
have deposited graphene/DLC coatings on Si and steel by magnetron
sputtering and spraying [166]. The resulting microstructural changes
such as scrolling, micro bearings, and asymmetric shear enable low
friction in vacuum. Berman et al. have chemically transferred graphene
to stainless steel and observed low friction due to the protection inhib-
iting oxide/nitride formation at sliding interfaces in vacuum and Ny
environments [167]. Yang et al. have self-assembled SiO, modified GO
on Si and PTFE substrate, which exhibits outstanding lubrication in Ny
and leverages mechanisms such as shielding, self-lubrication, rolling,
sliding, and embedding at the friction interface [168]. It is noted that
vacuum and nitrogen environments can sometimes adversely affect the
lubrication performance of graphene coatings. The coatings excel in the
presence of oxygen and water molecules, which can passively interact
with edge dangling bonds and defects to reduce friction [105]. For
instance, Wang et al. have fabricated metal ion (A13+, Ccu?*H-modified
graphene coatings on steel by spin coating and found that graphene
lubrication performs well in air but fails in vacuum without passivation
[169]. Notably, AI** can enhance adhesion, load transfer, and graphene
site passivation to further improve graphene lubrication in vacuum.
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Table 3
Potential application of graphene solid lubricants under high load conditions.
Extreme Graphene substrate Synthetic method Friction parameters COF Service Favorable factor Negative Reference
condition system life factor
High load ChCl/ethylene H-60 SAE Drop casting CETR-UMT-2 tribometer, 0.01 12633 Low shear strength / [161]
glycol/ O1 Steel 22°C, 50 %RH, 120 N
graphene
GODs/DLC Bearing Ion vapor TRB3 tribometer, 1.61 GPa, 0.014 45 m Tribofilm Covalent [147]
steel deposition and 15 cm/s, Ny, bearing steel ball, bonds
chemical solution @6 mm, 20 °C
method
GNMMCs NizAl alloy  Laser melt MFT-5000 tribometer, SizN,4 0.3 1000 m Deformation Peeling [162]
deposition ball, @6 mm, 30 N, 35-55 %RH, strength
0.2m/s
NayCO3/ 316 Drop casting Bruker UMT tribometer, 0.3 / Stronger adhesion, / [163]
graphene stainless stainless steel ball, 22.5 soft tribofilm
steel +1.5°C, RH 60 =+ 2 %,
2.06 GPa, 0.094 m/s, 15 mm
TiO, @RGO Pl stainless  Drop casting spray Ring model and wear tester, 0.23 / High specific surface  / [164]
steel deposition 0.42 m/s, 300 N, 23 °C, 20 area, nanocluster,
+ 5 %RH tribofilm
Table 4
Possible application of graphene solid lubricants under vacuum, N, electric, or magnetic conditions.
Extreme Graphene substrate Synthetic method Friction parameters COF Service Favorable factor Negative Reference
condition system life factor
Vacuum MoS,/ FL-C:H and a- Spraying UMT-3 tribometer, vacuum, room 0.009 10,000 Stress dispersion Water [5]
Graphene C:H temperature, steel balls, @3 mm, cycles molecule
9.42 cm/s, 15N, 5 mm
GO-AIP* SAF 2507 Spin-coating CSM vacuum tribometer, AISI 0.2 3600 Passivation Chemical [169]
52100, bearing steel ball 0.25 N, cycles reactivity
10 mm/s, 20 %RH, 5 mm,
5 x 10~° mbar vacuum
Graphene/ 9Cr18 Magnetron UMT-3 high vacuum tribometer, 0.05- 1696 m Micro-bearing Flaking [166]
DLC sputtering and 5 x 10-5 mbar vacuum, 9Cr18 0.15
spraying method bearing steel ball, #6 mm, 1 N,
500 r/min.
Vacuum/ Graphene 400 C Chemical CSM high vacuum tribometer, N,  0.15- 600 Low shear / [167]
Ny Stainless exfoliation 2N, 9.4 cm/s, vacuum 0.3 cycles
steel
N, GS-PTFE Si and PTFE Self-assembly TRB3 ball-on-disk tribometer, 0.2 8400 High mechanical flaking [168]
1N, 27 °C, 22 %RH, PTFE and cycles strength
GCr15 ball, N,
Electric GNC Si ECR plasma Ball-on-plate tribometer, GCr15 0.03- / Tribofilm, peeling [170]
field sputtering system  ball, ¥6.35 mm, 3 N, 5 mm/s, 0.05 electron
20 mm, 23-26 °C , 30-40 %RH , transport
0.5A channel
Cu/ H65 Brass Drop casting Ball-on-flat, H65 Brass contact 0.17- / Expan graphene Friction- [171]
graphene pair, 25°C , 60 + 10 %RH , 2N, 0.2 induced
3mm, 0.2A,1A,2A,3A vibration
Magnetic MGO Galvanized Drop casting HSR-2 M tribometer, GCrl5, @6 0.121 / Tribofilm / [172]
field sheets mm, 3 N, 220 rpm, 0 mT, 20 mT, adhesion

40 mT

4.4. Potential application of graphene lubricant under electric and
magnetic conditions

In the evolution of electromechanical systems, the quest for materials
that can provide efficient lubrication under the influence of electric or
magnetic fields is pivotal. Graphene, with its exceptional electrical
properties and thermal conductivity, emerges as a promising candidate
to address these challenges, as shown in Table 4. Sun et al. have
deposited graphene nanocrystalline carbon (GNC) films on silicon by
electron/ion beam irradiation and revealed that those films have high
conductivity, shortened running-in periods, and reduced electrical/
mechanical energy consumption [170]. Additionally, the accumulation
of rapidly transferred carbon debris at the interface plays a crucial role
in achieving low friction. Wang et al. have drop casted graphene coat-
ings onto brass to decrease the friction coefficients and contact resis-
tance since larger currents suppress friction-induced vibrations [171].
Specifically, the reduced contact pressure and more uniform pressure
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distributions in high currents allow graphene coating expansion and
enhance the contact with counterparts and expression of conductivity
and lubrication properties. Bai et al. have chemically grafted Fe3O4
nanoparticles onto magnetized GO (MGO) and deposited them on
galvanized sheets [172]. The inclusion of Fe304 nanoparticles augments
the adhesion capabilities when exposed to magnetic fields, which in turn
bolsters the anti-friction properties.

In summary, traditional liquid lubricants fall short in extreme envi-
ronments characterized by high temperature, heavy load, high velocity,
vacuum, and other specialized conditions. As discussed, graphene solid
lubricants effectively reduce friction at macroscale application and
expand the lubrication boundaries of equipment operating under harsh
conditions. However, to broaden the stable industrial application of
graphene solid lubricants under actual working conditions, key issues
need to be addressed. These include developing methods to enhance the
bonding strength, load capacity, and durability of in-situ deposited
graphene coatings on industrial substrates. Additionally, understanding
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the effects of harsh operating conditions on the lubrication performance
and mechanisms is crucial for controlling the industrial-grade graphene
superlubricity.

5. CVD synthesized graphene solid lubricant for tribological
properties

Using controlled CVD methods to grow high-quality and large-area
graphene solid lubricants with superlubricity and durability is key to
macroscale applications under harsh working conditions. Given the
sensitivity of tribological properties to the surface structure, layers, size,
crystallinity, and chemical properties of graphene must be controlled.
This is a guide for graphene solid lubricant synthesis to realize durable
lubricity systems in a controlled manner.

5.1. Design and features of CVD equipment

There are three main steps in the CVD process of thin film growth: (i)
transport of reactants, (ii) chemical reaction, and (iii) removal of reac-
tion by-products [173]. CVD equipment involves a gas transport system
that delivers gaseous reactants in a controllable manner, a reaction
chamber system and vacuum system that provide an enclosed chemical
reaction environment, an energy system that provides energy for the
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chemical reaction, an automatic control system that controls the reac-
tion pressure and gas discharge, and a waste gas treatment system. CVD
can be categorized based on the reaction pressure: atmospheric pressure
CVD (APCVD), low-pressure CVD (LPCVD), and ultra-high vacuum CVD
(UHVCVD) (Fig. 5a) [174]. LPCVD and UHVCVD produce better gra-
phene film quality than APCVD due to reduced side reactions and more
uniform precursor concentration [175]. A lower pressure also improves
the growth efficiency and thickness uniformity on large areas. To pro-
vide the high temperatures required for graphene growth, common
heating methods include hot wall CVD (HWCVD), cold wall CVD
(CWCVD), and HFCVD, as shown in Fig. 5b. In HWCVD, resistive heating
of the entire reactor allows temperatures over 1000 °C but the long
ramping time from room temperature limits the efficiency [176].
Additionally, deposited contaminants flaking from heated walls impact
the uniformity. To address these issues, CWCVD has been proposed to
selectively heat the substrate instead of the whole system and reduce the
ramping time significantly. [177]. However, larger temperature differ-
ences between the substrate and walls can cause non-uniform deposi-
tion. CWCVD using heating methods such as magnetic induction or
halogen lamps can improve the efficiency but quality control still relies
on HWCVD.

Resistively heated HWCVD is the most common method In HFCVD,
the precursors such as carbon and hydrogen gases are decomposed at the

Fig. 5. Schematics of the diagram of equipment and growth process principles for large-scale production of CVD graphene. (a) Schematic diagrams of HWCVD,
LWCVD, APCVD, LPCVD, and UHVCVD systems; (b) Schematic diagram of the HFCVD system; (c) Schematic diagrams of PECVD, MPCVD, and RPECVD systems; (d)
Schematic diagrams of B2BCVD and R2RCVD systems. In the B2B process, Cu substrates are stacked to increase the production capacity, while in the R2R process, the
Cu foil is moved continuously in the furnace; (e) Schematic diagram illustrating the growth steps, processing parameters, and characteristics of graphene in the

CVD chamber.
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hot filaments at a temperature up to 2000 °C to produce the carbon
sources that diffuse and deposit on the substrate surface for graphene
growth, and the substrate temperature varies with the filament distance
and power [178,179]. Reducing the graphene growth energy con-
sumption and enabling lower temperature synthesis on substrates with
poor heat resistance are industrially desirable. Traditional thermal CVD
is challenged at low temperatures due to high activation energies.
Notably, plasma technology effectively enables low-temperature growth
by substituting electron kinetics for heat [180]. Plasma methods include
microwave plasma CVD (MPCVD), plasma-enhanced CVD (PECVD), and
remote plasma-enhanced CVD (RPECVD), as shown in Fig. 5c [181]. By
introducing active plasma species, PECVD lowers the reaction temper-
ature, accelerates surface diffusion, and makes graphene synthesis on
temperature-sensitive substrates possible [182]. Moreover, the in situ
growth of high-quality graphene on temperature-sensitive industrial
substrates poses a challenge in balancing growth temperature and
quality [183]. Lowering the temperature while maintaining the quality
requires continuous progress to overcome the technical hurdles, an
important focus for further research.

Large-scale graphene production techniques have evolved from
traditional hot CVD to lower-temperature PECVD, with the goal of
enabling industrial-level batch manufacturing through roll-to-roll (R2R)
and bench-to-bench (B2B) processes (Fig. 5d). These techniques aim to
address the limitations of traditional quartz tube-based CVD in terms of
size and uniformity. The B2B process stacks Cu foil layers separated by
graphene sheets, significantly increasing the graphene yield per batch.
Bae et al. have demonstrated a B2B system wrapped with quartz tubes of
7.5in. in Cu foil and suspending it in a larger quartz tube of 8 in. to
maximize the graphene film area and uniformity [184]. Xu et al. have
used the B2B process by stacking Cu foils layer-by-layer and separating
them with graphene paper to increase the graphene area per batch and
scale up production by 20 folds [185]. By optimizing the metal foil
thickness and spacing, ultra-large graphene films can be grown in
relatively compact reactors. R2R is more suitable for continuous,
high-throughput manufacturing and enables wafer-scale synthesis with
yields over 30 times higher than that of conventional methods. Appli-
cations have been demonstrated in flexible electronics such as touch
screens and OLEDs [186]. However, high temperature and plasma
collaboration are still required to facilitate efficient, growth across long
rolls. Researchers have adopted the MWCVD system at 400 °C with 8
linear antennas and a 2.45 GHz microwave generator for rapid, uniform
heating of wide rolls [187]. Alternative joule heating-based R2R systems
have also been proposed for rapid growth at 1000 °C through direct
resistive heating of Cu [188]. Growing graphene directly on Cu poses
challenges due to Cu softening at high temperatures. To address this,
APCVD has been tested using roll-encapsulated Cu for in-situ heating,
growth, and cooling. While this protected the Cu, growth remained
non-uniform under the limitations of APCVD [189]. Recently, a
concentric tube CVD R2R reactor has been designed with separate
annealing and growth zones. In this system, the Cu substrate undergoes
spiral polishing to promote highly uniform graphene synthesis [190]. In
summary, both B2B and R2R enable large-area high-throughput gra-
phene film growth.

While CVD allows for large-area production of high-quality graphene
thin films, direct growth of graphene on large areas on various industrial
substrates remains a challenge. The key issues are that most industrial
substrates cannot withstand the high temperature required for conven-
tional CVD growth. The B2B and R2R processes also depend on Cu foils
as the intermediate transfer carrier. Direct in situ growth of graphene on
wear-resistant component substrates like machine parts can eliminate
complex transfer steps and avoid potential issues during transfer. This
will help to fully realize the macroscale superlubricity properties in real
applications. The goal of advancing CVD equipment and processes is to
develop methods for direct, large-area deposition of high-quality gra-
phene on any substrates.
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5.2. CVD graphene growth thermodynamics, kinetics and factors

Thermodynamics and kinetics jointly govern graphene growth and
features during CVD, as shown in Fig. 5e. Thermodynamics assesses the
feasibility and directionality of the reaction by calculating the energies
and stabilities and predicting the optimal conditions and pathways.
Kinetics reveals growth rates and mechanisms from rate constants and
pathways to provide timescale and steps. Integrated thermodynamics-
kinetic analysis enhances our understanding of the optimal conditions,
mechanisms, and rates in a more complete way crucial to the control of
high-quality graphene production and applications.

5.2.1. Thermodynamic process in CVD graphene growth

Thermodynamic processes describe whether chemical reactions will
occur under certain conditions. Hydrocarbons, such as methane (CHy),
ethanol (CyHsOH), acetylene (CyHj), and benzene (CgHg), are
commonly used as carbon sources. However, breaking C-H bonds, which
can require up to 414 kJ/mol of energy, typically occurs at high tem-
peratures [173]. To lower the growth temperature, various catalysts are
used to lower the activation energy barrier. Therefore, thermodynamic
calculations can provide insights into the activation energy and relative
stability of active carbon species during graphene synthesis. Recent
studies have highlighted how different substrates and carbon precursors
influence the growth temperature and energy consumption of the gra-
phene growth process, as shown in Fig. 6a [191]. For instance, Liu et al.
have found that graphene synthesis is more energy efficient on metal
substrates compared to oxide or nitride substrates using the same carbon
source [192]. Additionally, CcHg and CoH; decrease the required growth
temperature [193]. Carbon precursors with inherently lower bond
dissociation energies, such as ethane (CyHg), toluene (CyHg), and pyri-
dine (CsHsN) have also been employed to lower the activation tem-
perature [194,195]. Complementing these findings, Davies et al. have
analyzed the thermochemical vapor-phase equilibrium and reported
that CH4 begins cracking at 250 °C, leading to increased hydrogen
concentrations in equilibrium at 450 °C [196]. Further decomposition
occurs with increasing temperature until a minimum is reached at
1200 °C. Moreover, CgHg is present between 300-800 °C, with CyHo
being the most stable active carbon source below 1000 °C, followed by
ethylene (CaHy) [197,198]. Ding et al. have calculated the binding en-
ergy (Eb) to evaluate the thermodynamic lifetime of active carbon
species on metallic catalysts, as shown in Eq. (1) [199]:

Ey, = Ey+Ecy, —Er 1)
where Ey, Ecy;, and Er represent the binding energies on the metallic
substrate, CH;, and the given structure respectively. As shown in the
graph, for different metallic substrates, with i increasing to 4, the
binding energy of CHj is the lowest, indicating the weakest interaction
between metal and methane molecules and the minimum activation
energy required, suggesting that the thermal decomposition of CHj is
relatively facile on metallic substrates. The interaction between C and
metal can be calculated based on the width and energy of the d-orbitals
of the metal to evaluate the thermodynamic lifetime of C on metallic
substrates [200]. According to Eq. (2), both the temperature and binding
energy determine the thermodynamic lifetime. Tighter binding carbon
sources mean stronger interactions between carbon atoms and the
metallic substrate, resulting in a longer thermodynamic lifetime at
higher binding energies [199].
Ep

7T =10exXp(+——)

The Arrhenius Eq. (3) can be used to explain how lowering the
activation energy leads to a lower activation temperature [176].

—Eq
k = AeRrT

3)
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Fig. 6. (a) Activation energy for CVD graphene formation; (b) Schematic and coverage morphology of the single-layer graphene on Cu/Ni (111) alloy foils for 1 min,
2 min, 3 min, and 5 min, respectively; (c) Schematic and coverage morphology of the multi-layer graphene on NiCo alloy for 0 um, 0.4 pm, 0.7 pm, and 1 um solid
solution depths. [191], copyright 2021, Wiley-VCH. [221], copyright 2018, ACS. [225], copyright 2024, Elsevier.

(a) Thermodynamic effects of the carbon source and substrate on graphene growth. (b) [(a) adapted with permission from Ref. (¢) (b) adapted with permission from

Ref. (d) (c) adapted with permission from Ref.

where k is the rate constant, R is the gas constant, T is the reaction
temperature, E, is the decomposition activation energy, A is the pre-
exponential factor. and k bears an exponential relationship with E,.
When the activation energy decreases, the rate constant increases and
the reaction rate accelerates. This means sufficient reactivity of active
carbon species can still support graphene growth even at lower tem-
peratures. The stability of active carbon species on the substrate can be
determined by the relative Gibbs free energy (AG), as shown in Eq. (4)
[199]:

AGy = Er — Ey + AFyp — Nejt, — Nty )
where AF,; is the vibrational contribution to AGy, n. and ny represent
the numbers of carbon and hydrogen atoms in the substance, and y, and
uy are the chemical potentials of carbon and hydrogen, respectively,
which depend on the growth temperature and partial pressures of
methane and hydrogen gas.

5.2.2. CVD thermodynamic effects on structure and tribological properties
of graphene

The carbon sources and catalytic substrates play an important role in
controlling the surface quality, uniformity, and layer numbers of gra-
phene during the thermodynamic process of growth. Carbon sources can
exist in solid, liquid, or gaseous states, each participating differently
during synthesis. Solid carbon sources vaporize upon heating and enter
the reaction zone carried by a carrier gas [201]. The rate of vaporization
and resulting gaseous carbon concentration vary with the temperatures.
For example, Wu et al. have used solid polystyrene as the carbon source
to produce a single-crystal graphene coating on a Cu substrate using
elevated temperature vaporization [202]. As the carbon source tem-
perature increases, more carbon volatilizes, leading to a gradual rise in
the layer number of graphene coatings. Liquid carbon sources are
introduced by injection, with the concentration determined by the in-
jection rate [194]. Common liquid carbon sources include CyHsOH,
C;Hg, and cyclohexane (CgHis). Lisi et al. have generated high-quality
graphene coating with clean surfaces using Cu and CoHsOH [203].
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Gaseous hydrocarbons, the most prevalent carbon sources, like CHy,
CoHj, propane (C3Hg), and CoHg, enter directly [204]. Wassei et al. have
examined the effects of these alkanes on layer formation and found that
methane typically forms monolayers, ethane can yield single or bilayers,
and propane produces uneven multilayers [205]. This indicates
shorter-chain alkanes promote the growth of high-quality, uniform
graphene coatings.

Catalytic substrates for graphene synthesis can be classified into two
main categories: low-activity insulators and high-activity metals. In-
sulators such as SiO3 [206], h-BN [207], and Al;O3 [208] are extensively
researched for their capacity to support in-situ growth, eliminating the
need for additional transfer during the fabrication of electronic device
[209]. However, the growth of graphene on insulators faces significant
challenges. The low catalytic activity results in slower growth rates and
lower quality graphene compared to that deposited on metal catalysts
[210]. To improve the nucleation and growth of high-quality graphene
on insulators, researchers have adopted various strategies, including the
introduction of catalytic gases [211], utilization of traditional external
metal catalysts [212], and the application of electromagnetic induction
heating systems [213]. Despite these advancements, the complexity of
these methods continues to impede their macroscale application in the
field of graphene solid lubricants. Metals such as Cu and Ni belong to the
former due to their high catalytic ability, typically yielding graphene
with superior quality [214]. For low carbon solubility metals like Cu,
surface carbon is directly consumed by surface diffusion, where carbon
species adsorb to form nucleation sites that grow into graphene by
additional carbon accretion [215,216]. High solubility metals like Ni
fully dehydrogenate active carbon into dissolved atomic carbon, which
later precipitates during cooling to form graphene [217]. Thus, surface
diffusion favors single/few layers while precipitation enables multi-
layers [218]. Kim et al. have deposited graphene on Cu and Ni metal
catalysts using CVD and found that the multilayer graphene grown on Ni
exhibited a lower COF and enhanced wear resistance compared to that
grown on Cu [219]. In addition to single metal catalysts, alloyed sub-
strates have been studied to synthesize graphene. As aforementioned, Cu
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exhibits weaker catalytic activity and lower solubility than Ni, thus
hindering multilayer growth with Cu alone. Leveraging the advantages
of both, Cu-Ni alloys have been employed, with nickel promoting
interface charge transfer and surface activity for uniform, high-quality
graphene, as shown in Fig. 6b [220-223]. Zou et al. have employed
CVD to grow high-quality and uniform graphene coatings on NiCu alloy,
achieving lower COF and wear rates [224]. Additionally, Fan et al. have
exploited the competitive catalytic reaction of NiCo alloys to deposit
conformally encapsulated and high-coverage graphene coatings directly
on hard substrates by HFCVD, as shown in Fig. 6¢ [225]. These coatings
exhibit superior lubricity and durability in industrial applications.
Alloying provides a means to modulate the interfacial interactions and
optimize graphene synthesis by balancing various substrate character-
istics. The other properties of the catalytic substrate, such as the thermal
expansion coefficient and crystallinity, also influence the formation of
graphene by impacting thermal and lattice mismatch during growth
which in turn affects the distribution and density of surface defects [101,
226].

5.2.3. Kinetic process of CVD graphene growth

The key steps in CVD graphene growth kinetics include nucleation,
growth, self-assembly, and agglomeration, influenced by substrate car-
bon solubility, catalytic activity, temperature, and gas pressure. The
growth rate depends on the diffusion and consumption of active carbon
species at the substrate surface, as shown by Egs. (5) and (6) [175]:

Frass transport — hg(cg - Cs) )

F, surface reaction — kscs (6)
where Figss transport @nd Foyrface reaction denote the flux of active carbon
species through the boundary layer and consumed in graphene growth,
respectively. hg is the mass transfer coefficient, k; is the surface reaction
constant, and C; and C; represent the concentration of active carbon
species in the gas phase and substrate surface, respectively. Generally,
the CVD system pressure determines the boundary layer thickness and
carbon collisions and diffusion rates, thereby affecting the mass trans-
port rate. The substrate properties like catalytic ability and carbon sol-
ubility, determined by unoccupied d-orbitals, also influence the surface
reaction rates. For instance, Cu lacks unoccupied d orbitals and has low
carbon solubility thus exhibiting weaker catalytic ability [227].
Conversely, Ni, with strong interaction between its d orbitals and car-
bon’s p orbitals along with higher carbon solubility, shows higher the
surface reaction rates [228]. During nucleation, classical nucleation
theory is shown in the following:

E4es — E; — AG*

N = AP(T)exp( XT

) @)
where N represents the nucleation rate, A is a constant, k stands for the
Boltzmann constant, T signifies temperature, P denotes the pressure, Eges
is the energy of surface desorption, Ej is the activation energy for surface
diffusion, and AG* is free energy. The classical nucleation theory shows
that the nucleation rate (N) depends on factors such as temperature,
pressure, and substrate interactions based on the equations involving
constants, the Boltzmann factor, and free energy [229,230]. After
nucleation, epitaxial growth occurs as carbon species diffuse and attach
to graphene edges, consequently slowing with expanding area due to
limited species/diffusion [231]. Eventually, the rates of growth and
etching reach a dynamic equilibrium. The coverage area of graphene on
the substrate is determined by the temperature-dependent equilibrium
constants and the partial pressure of the carbon source and hydrogen
gas, as shown in the following equation [232]:

Py,

2 ®

Ag=1—— it
K1K>K3pgPcy,

where Kj, Ky, and K3 are the adsorption and desorption equilibrium
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constants of CHy4, Ho, and carbon species at the graphene edge. Finally,
the self-assembly and agglomeration process, influenced by substrate
crystal orientation, grain boundaries, and size, determines the quality
and performance of graphene growth [233-235].

5.2.4. CVD kinetic effects on structure and tribological properties of
graphene

The kinetics parameters, such as working pressure, temperature,
time, gas flow ratios, and cooling rate influence the properties and
structure of CVD graphene. Bhaviripudi et al. have observed significant
variations in formation even at constant thermodynamics in different
environments [175]. Specifically, LPCVD shows 95 % monolayer
coverage versus APCVD due to excess carbon precursors from a high
pressure, leading to the growth of few-layer hexagonal structures with
AB Bernal stacking [236]. The ratio of the precursor gases also impacts
the surface concentration of carbon species on the metal catalyst, and
consequently the quality of the resultant graphene. Son et al. have
synthesized high-quality graphene at a low total pressure with opti-
mized CH4:Hj ratios [237]. In another study, the films morph from
irregular nanosheets to a uniform hexagonal morphology when the ratio
is changed to 1:12.5 (Fig. 7a) [238]. Tripathi et al. have adjusted CH4
flow rates from 50 to 200 sccm in CVD to deposit graphene on gray cast
iron and found that the lowest flow rate produced the most uniform
graphene with superior friction performance [239]. Moreover, Shen
et al. have found that reducing working pressure from 4000 Pa to 600 Pa
in CVD increased the number of graphene layers, with bilayer graphene
showing optimal lubricity and wear resistance [178].

Hydrogen is often used in CVD growth of graphene to serve the dual
roles of a surface activator and etchant. As an activator, Hy stimulates
carbon source activation and growth through reactions on the catalyst
surface [240]. Specifically, Hy decomposes into active H atoms on the Ni
catalyst surface, triggers CH4 decomposition into reactive CHs, (CHy)s,
and (CH)s radicals, and drives graphene formation [241]. Moreover,
hydrogen acts as an etchant and moderates the grain size and
morphology of graphene [242]. Owing to graphene’s structural irregu-
larity, hydrogen selectively etches weak C-C bonds to aid the production
of uniform and fine grains [243]. A suitable hydrogen amount can also
diminish the defect density and improve the crystal quality [244].
However, excessive Hy flow may lead to increased roughness and
wrinkling of graphene [245]. Hydrogenated graphene coatings grown at
moderate hydrogen flow rates (1000 sccm) exhibit excellent surface
quality (0 <Ip/Ig <0.21) and smoothness, thus maximizing the benefits
of macroscale superlubricity, as shown in Fig. 7b [102].

CVD synthesis of graphene typically requires a high temperature
(~1000 °C), potentially inducing thermal shrinkage of the cooling
substrate and consequent graphene wrinkling [246]. Therefore, judi-
cious control of the growth temperature and time is pivotal. The optimal
growth temperature for graphene varies with the catalyst substrate: >
800 °C for Ni, 850-1000 °C for Co/Fe, and 900-1050 °C for Cu [173]. A
higher temperature (>1035 °C) fosters the formation of low-density
graphene nuclei and larger grains, but rougher surfaces from metal
evaporation [247]. Conversely, lower temperature (<800 °C) produces
a transition in graphene grains from hexagonal to dendritic structures
and amorphous carbon films [248]. The carbon sources also influence
the growth temperature. Sun et al. have synthesized large-area single--
crystal graphene using ethane as a carbon precursor instead of methane
and found that graphene growth requires > 900 °C with methane, but
only 750 °C with CyHg [249]. Li et al. have employed PMMA, poly-
styrene or CgHg as the carbon sources to synthesize graphene by thermal
decomposition in the temperature range of 800-980 °C, as shown in
Fig. 7c [194]. Moreover, these carbon sources allow for the growth of
centimeter-scale monolayer graphene films at a temperature as low as
400 °C. The growth time and temperature are also crucial to graphene
growth. Singh et al. have investigated the impact of growth temperature,
CyH;, flow rate, and reaction time on graphene synthesis using CVD and
found that optimal conditions—850°C, 6 sccm CpHp, and
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Fig. 7. Kinetic effect on CVD graphene growth. (a) Graphene morphologies using various pressure and CH4/Hj ratio; (b) Raman spectra and mapping of graphene
grown at 400 sccm, 1000 scem, and 1500 sccm hydrogen flow rates; (¢) Graphene morphologies and Raman spectra of sample grown at 1000 °C, 800 °C, 700 °C, and
400 °C; (d) Graphene morphologies and layers number evolution with time; (e) Graphene morphologies and nucleation site density under different cooling con-
ditions. [238], copyright 2012, ACS. [102], copyright 2023, Elsevier. [194], copyright 2011, ACS. [252], copyright 2020, Springer Nature. [259], copyright 2014,

ACS].

(a) [(a) adapted with permission from Ref. (b) (b) adapted with permission from Ref. (c) (c) adapted with permission from Ref. (d) (d) adapted with permission from

Ref. (e) (e) adapted with permission from Ref.

10 min—yielded high-quality graphene with reduced friction and wear
rates [250]. Longer time enlarges the graphene grains without altering
the thickness on Cu, but on Ni, it increases the amount of dissolved
carbon into the substrate and adds the number of graphene layers. Boyd
et al. have found reduced defects and high-quality single-crystal gra-
phene with extended Cu growth time [180]. Similarly, Park et al. have
observed improved quality, larger grains, and formation of large-area
graphene films by reducing the growth temperature and extending the
growth time [251]. Nguyen et al. have shown that time enables island
merging into continuous monolayer graphene films on the Cu-Si alloy
substrate, as shown in Fig. 7d [252]. Moreover, Won et al. have
deposited graphene on Cu substrates using CVD and found that
extending growth time from 5 to 20 min significantly improved the
coating’s uniformity and quality, thereby enhancing wear resistance
[253]. The cooling rates modulate the graphene quality by governing
carbon diffusion and segregation during CVD growth kinetics. The
mechanisms differ between Ni and Cu substrates. Graphene formation
relies more on carbon segregation/deposition on Ni but surface nucle-
ation sites on Cu, implying that cooling rate alterations impact the
nucleation density, growth rate, and layer number of graphene [254,
255]. A faster cooling rate curbs carbon segregation in high-solubility
metals like Ni, favoring high-quality monolayer and bilayer graphene
[256]. For example, during thin Ni layer deposition on SiO3/Si sub-
strate, rapid cooling can decrease carbon diffusion to suppress multi-
layer graphene formation [257]. As the carbon concentration drops from
the metal surface to the substrate, a faster cooling rate produces
quenching effects to slow carbon migration to the metal surface and
reduce the nucleation density [258]. Conversely, slower cooling pro-
vides time for carbon permeation into the substrate and elevates the
nucleation density as shown in Fig. 7e [259]. By compromising the
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crystallinity, this enhances multilayer formation. Under optimal mod-
erate conditions, high-quality multilayers can be synthesized by
balancing these effects.

In summary, the thermodynamics and kinetics in CVD graphene
growth render the process complex with multiple steps. Comprehending
these critical stages and influencing factors allows for better control and
optimization of CVD graphene deposition. This enables the fabrication
of large-scale, high-quality coatings of graphene on various substrates
for applications requiring superlubricity.

6. Conclusions and outlooks

Graphene solid lubricants with superlubricity properties remain at
the conceptual and micro/nanoscopic design stage as evidenced by
extensive simulations and experiments. Current research efforts have
focused on elucidating the macroscale superlubricity mechanisms
including the incommensurate structures, chemical interactions, and
microstructural effects. While macroscale experiments demonstrate the
feasibility, bridging the scaling gap between micro/nanoscale and
macroscale superlubricity mechanisms necessitates further investiga-
tion. Closing this gap between scales would help in developing graphene
coatings for macroscale applications. Additionally, the service life of
graphene solid lubricants is a major factor limiting engineering appli-
cations. It is necessary to figure out how to maintain stable friction
reduction or superlubricity under harsh conditions. CVD techniques
have been improved for the large-scale fabrication of graphene coatings,
but the in situ growth of large-area, high-quality, and uniform graphene
coatings on industrial substrates remains a challenge. To facilitate the
large-scale engineering application of superlubricity in graphene solid
lubricant, several issues must be addressed through promising avenues.
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(1) High-quality, large-area, and uniform graphene solid lubricants
with weakened interfacial interactions are key to macroscale
superlubricity. Optimizing the CVD processes and assessing B2B
and R2R approaches are important to ensure scalable graphene
deposition. However, in situ graphene growth on industrial sub-
strates remains challenging.

Graphene superlubricity follows the basic mechanism of inter-
layer weak interactions during sliding at the interfaces, but the
mechanism of macroscale superlubricity may not be universally
applicable on the micro/nanoscale. Combining graphene with
nanoparticles or dividing substrate surfaces into numerous
microcontact regions may be effective strategies to obtain cross-
scale superlubricity.

Under harsh conditions, the bond strength between the graphene
coating and the substrate is critical for the durability and reli-
ability. Further research elucidating the superlubricity perfor-
mance and mechanisms of graphene under high temperature,
high speed, high load, high vacuum, inert gases, electric fields,
and magnetic fields are needed for the industrial application of
graphene solid lubricants under harsh conditions.

Extending the macroscale graphene superlubricity lifetime is
crucial. Covalent or non-covalent modification of graphene sur-
faces with nanoparticles or heterogeneous 2D materials, as well
as the introduction of high-bearing phases, are important
research areas for effective increase of the macroscale super-
lubricity lifetime of graphene.

Exploring how natural organisms achieve ultra-low friction by
modifying surface structures may offer valuable insights into
mechanisms of superlubricity, facilitating the development of
innovative biomimetic designs in lubrication filed.

Integrating sensors and microprocessors to dynamically monitor
and adjust the structural and properties of graphene under
various conditions may enable the development of intelligent
lubrication systems.

Exploring the integration of multifunctional features such as
corrosion resistance, thermal stability, and electromagnetic
shielding into graphene solid lubricant may enhance their
versatility and appeal for diverse industrial applications.
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Although graphene coatings for industrial solid lubrication are still
being developed, the worldwide need for energy and precise equipment
provides a favorable environment. Graphene solid lubricants are ex-
pected to overcome the limitations and transition from the laboratory to
market applications in the future.
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