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Abstract: This review compiles data from 77 articles on the tribological properties of
fluorinated carbons CFx. Covalent grafting of fluorine atoms improves the tribological
properties. The C-F bonding plays a key role in reducing friction. The tribological stability
of CFx, along with their ability to form protective films from the very first cycles, provides
a significant advantage in reducing wear and extending the lifespan of mechanical com-
ponents. The role of the presence of fluorine atoms, their content, their distribution in the
carbon lattice, and the C-F bonding, as well as the dimensionality and the size of the mate-
rials, are discussed. Some ways of improving lubrication performance and investigating
friction-reducing properties and mechanisms are proposed.
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1. Introduction

Solid lubricants are described as materials that are intentionally introduced or formed
on the contact surfaces in relative motion in order to decrease friction and wear, providing
protection from damage [1]. They are then widely used in modern industries such as auto-
motive, aerospace, and aviation. Material shaping, metallurgy, and machining industries
are other applications where lubrication plays a key role. Very severe operating conditions
are often found, such as elevated temperatures, ultrahigh vacuum, heavy loads, extreme
radiation, and chemical reactivity environments [2]. Such conditions drive the research
for the development of new lubricants. Dry and chemically immobilized lubrication is
expected to be an alternative to traditional wet lubricant oils. In such a context, fluorinated
carbons or CFx appear as key materials. Fluorination of carbonaceous materials decreases
the surface energy and reduces the micro-wear on an atomic scale. Graphite fluorides
(GFs) have been well-known for a long time as excellent solid lubricants. GFs burnished on
stainless-steel disks exhibit lower friction coefficients and wear than graphite and MoS,,
especially at temperatures around 400 °C [3,4]. GFs exhibit extreme plasticity within lubri-
cated contact [2]. The effect of humidity on the tribological properties of GFs is lower than
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that of graphite or MoS; [2]. The oxidation in air of covalent GFs starts above about 450 °C,
and low molecular weight fluorocarbons are then altered. However, fluorinated carbons
cannot be applied under aqueous environments due to their high hydrophobicity. Whereas
petroleum cokes have low lubricating ability, fluorinated cokes exhibit good tribological
properties. Nevertheless, those properties are lower than the ones of GFs and fluorinated
graphitic carbons (both with equivalent results) [5], evidencing an effect of the structural or-
der. Those GF characteristics represent the state-of-the-art, which needs to be surpassed by
taking advantage of the versatility of both the fluorination of carbonaceous (nano)materials
and their exfoliation, starting with fluorinated precursors. Better-performing CFx-based
solid lubricants allow severe friction conditions to be addressed. In the present review,
different strategies to enhance the tribological properties of CFx will be discussed. Figure 1
summarizes most of them. The change of the fluorine content, x in CFx (x = F/C molar
ratio), will be discussed first. The decrease of the stacking via exfoliation of GFs or fluorina-
tion of graphene-type materials is another route to enhance the lubricating properties as
well as the use of nanometric CFx.
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Figure 1. Our strategies to improve the tribological properties of fluorinated (nano)carbons.

2. Fluorination and Materials

The fluorination methods of porous carbons and carbonaceous fibers were recently
reviewed [6,7], evidencing their versatility and the extraordinary diversity of the resulting
materials. In this section, we will focus only on new developments, in particular, to
prepare quasi-pure (CoF)n [8,9] and routes devoted to the preparation of solid lubricants.
Table 1 gives the most significant examples. The preparation of fluorinated graphene was
detailed in recent reviews [10,11]. The hydrophobic surface of CFx can be changed to add
hydrophilic functionalities, e.g., with fluorinated nanotubes (CNTs), in order to increase
the dispersion in water. Even with small amounts of modified F-CNTs (0.15 wt%), the
tribological properties of water-based lubricants are notably enhanced with 81% and 97%
decreases in friction coefficient and wear rate, respectively, compared to pure water [12].
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Table 1. Some fluorinated carbons, their synthesis route, and fluorine content (F/C) when available.

Notation Temperature (°C) or Method F/C Range Reference

(CF)n 600-650 1 [13-16]
(CoF)n 390-450 0.5 [15]

RTGF RT followed by post-fluorination 0.4-0.9 [16,17]
Graphite fluoride Mechanochemistry with polyethylene 0.5-0.6 [18]

Fluorinated RT or exfoliation of (CF)n 0.05-1.0 [10,19]

Graphene
F-Diamane Exfoliation 0.5 [20]
Carbon nanofibers 380-490 0.08-1.0 [21]
Graphitized carbon blacks 340-480 0.08-0.89 [22]
Carbon Nanodiscs 280-450 0.17-0.90 [23]
F-Graphene Activation of dormant radicals Very low [24]
F-Graphene Microwave-assisted liquid-phase 0.51 [25]
F-Graphene Ionothermal synthesis Supposed to be 1 [26]
F-Graphene Hydrothermal reac-tic-)n w-ith hydrofluoric and 0.04-0.22 [27]
nitric acids
Ultrasonicating fluorinated graphite in

F-Graphene hyd;gazine hydrateg ’ [28]
F-Graphene Exfoliation 0.62 [29]
F-Graphene Mechanochemistry with ammonia carbonate [30]
Graphite fluoride-PTFE Defluorination through gamma radiation [31]

3. Tribological Properties
3.1. Method

Among the different methods, the tribological properties of the (nano)carbons can be
evaluated using a ball-on-plane reciprocal tribometer consisting of a steel ball (AISI 52100)
rubbing against a steel plane (AISI 52100) (Figure 2). A high roughness of the plane favors
the adhesion of the tested fluorinated carbons, which are deposited onto the plane. A
burnishing method can be carried out; it consists of the crushing of (nano)material powder
between two planes, leading to surface films of thicknesses in the 1-3 mm range. The
surfaces must be then polished in order to obtain adequate roughness of both the ball and
the plane, typically 20 nm and 200 nm RMS, respectively. After the application of a normal
load Fy;, typically of 10 N, a sliding movement is applied thanks to a tangential force Fr,
which is measured with a computer-based data acquisition system. The sliding speed of the
ball on the plane is fixed (e.g., 6 mm/s). Those conditions result in a contact area diameter
of 140 pm and a mean contact pressure of 0.65 GPa (according to Hertz theory). The friction
coefficient is defined as Fr/Fy. At the beginning of the tribological experiment, when
the loaded sphere on plane contact was established, one drop of pentane (boiling point of
36.8 °C) was added in order to improve the feeding of the sliding contact with particles and
then to facilitate the formation of the tribofilm. The intrinsic friction coefficients in the air of
the various CFx are then measured just after pentane evaporation. Long-term experiments
are necessary to evaluate the evolution of the tribological properties and quality of the
tribofilms as a function of the cycle number.
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Figure 2. Ball-on-plane reciprocal tribometer (a) and representative examples of the evolution of the
friction coefficient according to the presence of a volatile solvent (b), aspect of the wear scar obtained
at 100 cycles of friction (c), and evolution of the Raman spectra during friction (d).

3.2. Fluorine Content

In any fluorinated carbonaceous compound, the ratios of carbon atoms to their fluorine
counterparts are of utmost importance to highlight. At a given F/C molar ratio, when it
is lower than 1, the distribution of F atoms must be considered. For instance, in the case
of F/C = 0.5, F can be located either on the surface in a core-shell model or in the whole
volume for a (CoF)n structural type. Watanabe et al. [13] show how specific F/C ratios need
to be expressed and enunciated for all fluorinated carbon materials since the fluorine atoms
change their characteristics [31,32]. Taking an example of nanometric carbons with the
same F/C of 0.5, i.e., fluorinated single-walled carbon nanotubes (SWCNT), their structure
was preserved up to the main composition CFy5, but the fluorination rate of SWCNT
bundles was decreased with distance from the SWCNT surface to its core. It is important
to note that the fluorination rate depends also on the degree of its dispersion [33]. In
this section, the effect of how the fluorine content and fluorine location can drastically
change the intrinsic properties of the material will be presented. To emphasize this fact,
fluorinated graphitized carbon blacks (GCBs) [22] and fluorinated carbon nanofibers [21,34]
are considered. As seen in Figure 3, starting at low fluorine content, fluorinated GCBs
and nanofibers show quite a high friction coefficient, i.e., 0.120 and 0.138, respectively.
Once further fluorinated, both exhibit lower coefficients. As the ratio of F/C increases,
so do their respective friction coefficients, demonstrating the effect of fluorine content on
the tribological properties of the materials. At 0.15 and 0.33 F/C ratios for fluorinated
nanofibers and GCBs, respectively, the friction coefficients attain a plateau; this minimum
indicates that a minimum of fluorine is needed at the surface to decrease the surface energy.
As a matter of fact, the mechanism of gas/solid fluorination [32] starts on the surface, while
the bulk of the material is further fluorinated when the temperature, pressure, and/or
duration increases. This is further explained in literature as more thermal energy [35,36] or
pressure [37] is needed to fluorinate at higher ratios, meaning more energy to fluorinate
the structure of the carbon graphite. Other types of carbon materials follow this general
trend about the benefits of the presence of fluorine atoms. For instance, the fluorination of
silicon-containing carbon film decreases the surface energy and reduces the micro-wear
on an atomic scale [38]. When compared to oxidation and nitrogen ion implantation,
fluorination allows the friction coefficient of chemical-vapor-deposited diamond films to
be reduced [39]. The lowest surface free energy is achieved for fluorinated diamond film.
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Figure 3. Friction coefficients of GCBs and Carbon Nanofibers.

The dependence of the friction coefficient on the F/C ratio could be more complicated.
With fluorinated diamond-like carbon [40], F incorporation would be chemically beneficial
because of the decrease of surface free energy and passivation of C with high energy bonds.
Nevertheless, it appears structurally disadvantageous because both the carbon atomic
density and H content decrease. The friction performances are more affected by humidity
for fluorinated films with a low F concentration than for either highly fluorinated films
(high F concentrations) or non-fluorinated films.

The case of fluorinated graphitized carbon blacks well evidences the impact of the
fluorine atoms’ location on the friction coefficient [22]. In order to change the thickness of
the fluorinated shell around the nearly spherical core of GCBs, fluorination was performed
with molecular F; and atomic fluorine (released by the thermal decomposition of a solid
fluorinating agent [6]; the processes are called direct (F;) and controlled (F-) fluorination,
respectively. In Figure 4, the samples from two fluorination techniques have been compared
to show how the type of fluorination impacts the tribological properties of the same

material.
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Figure 4. Correlation between the thickness of the fluorinated shell (obtained from TEM; a represen-
tative example is given on the left side) and friction coefficient according to the fluorination method,
either with molecular fluorine (direct) or atomic fluorine (controlled). Arrows show the region of
interest or magnification.
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The friction coefficient changes with the thickness of the fluorinated shell. Early
friction reduction mechanisms for fluorinated carbon blacks are linked to surface effects.
After an initial decrease of the friction coefficient, which is due to low surface energy
from the presence of F atoms, the values stabilize once the layer reaches a thickness of
12-14 nm (about 30 C-F layers for a chemical composition CFjg). The interparticle interac-
tions explain the differences between the samples from the two fluorination processes. At a
high F/C ratio, the lower intrinsic friction coefficients for the case of controlled fluorination
are explained by less delamination of the external fluorinated layers, unlike in direct fluori-
nation, where such delamination occurs. Controlled fluorination conditions always appear
milder than the use of molecular fluorine [6].

Several factors have been found to influence the friction coefficient of fluorinated
diamond-like carbon films (F-DLC), i.e., the ratios of sp? to sp> hybridized carbons, the
mechanical and chemical interaction through the ball-on-plane test, and defects either
hydrogen [41] or alloy. Rubio-Roy et al. [40] analyzed the resulting materials synthesized
by plasma fluorination for their response to mechanical stress. Contrary to sp? carbon-
based materials, as discussed previously, the friction coefficient increases with the fluorine
content; the films exhibit a plateau at F/C = 0.5. Coupled with higher humidity, this
increase is dampened, with a friction coefficient close to 0.15 at low fluorination rates. The
values are even maintained at 60% and 80% humidities as the fluorination rate increases.
It is theorized that humidity allows a thin layer of water molecules to be formed at the
surface of the film, masking the differences and defects on the surface, while the fluorinated
parts imply multiple competitive mechanisms, such as the chemical benefits of fluorine but
decreasing atomic C density.

3.3. Effect of the Size and Dimensionality

Fluorinated carbon structures exist with different dimensionalities, and their proper-
ties are correlated directly to the size of the material used. 0D (fluorinated spherical carbon
blacks) [22], 1D (fluorinated nanotubes, nanofibers) [21,42], and 2D (fluorinated graphene,
fluorinated nanodiscs) [10,19,23,43,44] exist, having their own properties and applications.
The fluorinated materials discussed here, i.e., 0D fluorinated spherical carbon blacks [22],
1D fluorinated nanotubes, nanofibers [21,42], and 2D fluorinated nanodiscs [23,44], ex-
hibit similar covalent C-F bonding and closed structures at a given fluorination rate [44]
that allows their tribological properties to be compared. The shape factor of fluorinated
nanocarbons influences the tribological properties of the material. As shown in Figure 5,
when the F/C ratio exceeds 0.15, the incorporation of fluorine atoms into the carbon lattice
facilitates easy cleavage in graphitized carbon blacks (GCBs) and carbon nanofibers (CNFs).
On the contrary, no improvement in friction coefficients was noted for nanodiscs after
fluorination, likely due to the excellent tribological properties of the non-fluorinated initial
material. The flat morphology with a large diameter/thickness ratio strongly induces
an orientation of the nanodiscs parallel to the sliding surfaces. Moreover, their extended
graphitic structure with a c-axis perpendicular to disc faces seems to induce easy cleavage
along sliding directions parallel to the disc surfaces.

Regarding 1D with a smaller size than nanofibers, i.e., carbon nanotubes, the fric-
tion coefficients for pristine, chemically cut, and fluorinated SWNTs were found in the
0.002-0.07 range [45]. Whatever the surface chemistry, their tribological properties are
partly related to the degree to which they can fill in pits and scratches and between sur-
face asperities, etc., between sliding surfaces. Fluorination acts in two different manners:
(i) mild (CyoF composition), it allows SWNTs bundles to be broken without significant tube
wall degradation, favoring the filling of the rugosity, and (ii) more severe (CoF and CsF), it
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alters the graphitic quality of the tubes, leading to a poorer lubricating ability. Moreover,
the highly fluorinated tubes appear less resilient towards deformation and fragile.

>F/C
0 ~0.15 ~0.65 ~0.75 ~1

" 0.12+0.001; 0.075+0.001; 0.065 +0.001 ; 0.070 + 0.001 3 0.070 £ 0.001

0.14+0.02 ;0.085+0.001 3 0.075+0.015 3 0.080 +0.001 30.080 +0.005

o

0.08 +0.01 50.075 +0.015 3 0.085 + 0.005 3 0.080 + 0.005 3 0.095 +0.005

Figure 5. Friction coefficients of FGCBs (0D), FCNFs (1D), and fluorinated nanodiscs (2D), based on
the fluorination rate [44].

3.4. C-F Bonding

In order to evidence the effect of both the C-F bonding and the presence of the sp?
carbon phase in graphite fluoride, samples of graphite fluorinated at room temperature
have been considered. Such conditions allow the fluorination to be achieved with elemental
fluorine only if gaseous species are added as catalysts, i.e., HF and MF, (IFs, BF3, CIFy);
those gaseous fluorides are introduced either with gas or formed in situ [16]. The resulting
room-temperature graphite fluorides (RTGFs) exhibit C-F bonds with weakened covalence
(semi-covalent) and the maintenance of sp? hybridization for the carbon atoms. In order to
progressively convert both the C-F bonding into pure covalency and sp? C into sp®, a post-
fluorination in pure F, gas was performed in a wide temperature range, i.e., 150-550 °C.
This is the single study in the literature about the tribological properties with progressive
change in the nature of graphite fluoride from “semi-covalent” to covalent [17].

The intrinsic tribologic properties of the tested graphite fluorides clearly demonstrate
that the friction reduction process is not directly related to the fluorine content or the
fluorination-induced interlayer distance expansion, as the friction coefficients appear the
highest for the greatest F/C ratios and interlayer distances. All the raw and post-fluorinated
RTGFs present good intrinsic friction properties, better than pristine graphite (Figure 6).
The lowest friction coefficients were obtained for low and intermediate post-fluorination
temperatures as p remained in the same range of 0.055-0.06. For RTGFs post-fluorinated at
temperatures higher than 450 °C, an increase of u was observed (0.09-0.1).

Low friction coefficients were obtained when a significant amount of graphene planes
was maintained, i.e., for post-fluorination temperatures lower than 450 °C. This corresponds
to partially post-fluorinated materials where graphitic domains exist, and C-F bonding is
semi-covalent. The rapid increase of the friction coefficient was correlated to the increase
of C-F covalency and a decrease of the graphitic domains; such characteristics have been
extracted from NMR and Raman data, respectively. Regarding the changes according to
the friction duration, also evidenced by Raman spectroscopy (regarding D and G bands), a
partial re-building of graphitic domains occurred and resulted from C-F bond breakings
induced by the friction process.
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Figure 6. Evolution of the intrinsic friction coefficient according to the post-fluorination temperature
(case of RTFs prepared with the presence of BF3 and CIF;3 catalysts [17].

Long-term friction experiments completed by Raman analyses of the tribofilms evi-
denced that the friction processes induced a breaking of covalent C-F bonds and a partial
re-building of graphitic structure in the covalent GF (post-fluorinated at high temperature),
leading to an improvement of the tribological properties of the tribofilm. In the case of
semi-covalent GF (low post-treatment temperatures), the presence of intercalated fluorides
and the semi-covalent C-F bonds allowed the released fluorine atoms to be trapped in the
structure and/or to form new C-F bonds. The tribological performances of the tribofilm are
then very stable.

3.5. Stacking

It is expected that the stacking of fluorinated carbons can change their friction coef-
ficients. Fluorinated graphene [46-48] as well as fluorinated graphite both show slight
variations in their characteristics. The layered structure of FG allows for effective shear
between layers, promoting a low-friction environment during sliding. This mechanism is
particularly beneficial in applications where sliding contact is prevalent, such as an addi-
tive to lubricants. The interlayer interactions can facilitate smooth motion. Furthermore,
the sp® hybridization from fluorine bonding introduces localized defects and functional
groups, which can influence the material’s mechanical properties, making it more adaptable
under stress.

Extremely low surface energy and interlaminar shear strength are reached through
the fluorination of carbonaceous 2D materials with low stacking, i.e., fluorographene or
fluorinated graphene, either single or with few layers. The chemical interaction between
the fluorocarbon sheets and steel promoted the formation of a robust tribofilm on the
substrate and transfer layer on the counterpart ball, which dominantly determined the
lubrication performance and wear resistance. Those benefits are perfectly evidenced by
the case of fluorinated nanoflakes, which were mechanically exfoliated from a fluorinated
graphite and then uniformly deposited on a stainless-steel substrate by electrophoretic
deposition [49]. Excellent lubrication performances were achieved under different contact
pressures, i.e., a decrease of the friction coefficient by about 54% and 66% compared to
those of the pristine graphene and graphene oxide coatings, respectively.

Using fluorinated graphene obtained from the thermal exfoliation of graphite fluoride
(exGF) for tribological analysis, comparing the material directly to its un-exfoliate equal is
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needed. As shown in Figure 7, fluorinated graphene exhibits low variations in its friction
coefficients, staying at 0.08 as the cycle number increases [19]. Exfoliation and defluorina-
tion occurred simultaneously during the thermal shock, resulting in exGF with low fluorine
content, i.e., with a composition close to CF g5 starting from CF;. It is important to note
that, despite the massive defluorination, the excellent lubricating performances did not
deteriorate because of the weakening of the interparticle interactions due to the exfoliation
process. Exfoliated structure may facilitate the formation of a homogeneous and stable
tribofilm even if the fluorine content is low.
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Figure 7. Evolution of the coefficient of friction with cycle number for raw and thermally exfoliated
graphite fluoride [19].

4. Mechanism for the Reduction of the Friction

The friction reduction mechanism of graphitic carbons has been generally attributed
to the exfoliation of the particles and the liberation of graphitic stacks or even graphene
sheets. However, the presence of intact particles in the tribofilms was noticed in different
studies, as in the case of carbon nano-onions [50]. Based on the literature, it is reasonable to
assume that the friction reduction mechanisms are due to direct interparticle interactions in
the early stage of friction and that the carbon phases undergo structural evolution during
the tribological process.

The beneficial effect of fluorination on the friction properties of graphitic carbons is
underlined in Figure 8, presenting friction coefficients recorded at three cycles for pristine
and fluorinated graphitized carbon blacks and carbon nanofibers. A drastic decrease of
the friction coefficient is observed for the fluorinated structures due to the lowering of
the surface energy of the particles, resulting in a decrease of interparticle interactions and
consequently leading to an easier and more rapid formation of the tribofilms.
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0.12 4 I
0.10
0.08 I
0.06
0.04 -

0.024
0+
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GCBs FGCBs CNFs FCNFs

Figure 8. Friction coefficients recorded at three cycles for pristine and fluorinated GCBs and CNFs
(F/C = 0.9 for both FGCBs and FCNFs).
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SEM analyses confirm that the tribofilms are composed of individual particles dis-
persed in a disordered matrix [22]. Raman spectroscopy appears as a powerful technique
to investigate the structural evolution of the particles during the friction process. Indeed, a
downshift of the D band is observed for fluorinated carbon phases compared to pristine
ones. The investigation of the position of the D band of initial fluorinated carbons and
associated tribofilms would, in consequence, give information about the influence of the
friction process on the fluorine content. In the case of FGCBs and FCNFs, the D band is
shifted towards high wave numbers during the friction experiments [21], suggesting a
partial defluorination of the carbon phases. The friction coefficient remains stable during
the defluorination process, indicating that the friction reduction properties are mainly due
to the carbon matrix for long-term friction experiments.

The friction mechanisms are different in the case of PTFE. The friction coefficient
(in the 0.2-0.3 range) is higher and depends on the sliding direction compared to PTFE
bulk orientation [51] High wear is observed. The PTFE chain undergoes scission during
the friction process, creating groups (CFs*, CoF5*) and fluorine ions, which react with
the metallic elements of the surface to form a transfer film [52]. In the case of graphitic
nanocarbons, the higher reactivity of the C-F bond and the adsorption facility of 2D carbon
materials enhance their excellent intrinsic tribological properties and limit wear during the
friction process.

5. Nano-Tribology

Several papers investigated [53,54] frictional behaviors at the nanoscale of fluorinated
carbon materials thanks to Atomic Force Microscopy (AFM). Kwon et al. [55] have shown
that friction on fluorinated graphene is ~6 times larger than on pristine graphene in ultra-
high vacuum and that fluorination slightly reduces the adhesion force. The total lateral
stiffness recorded on fluorinated graphene was evidenced to be about five times larger than
that of the pristine material [56]. Moreover, by correlating those results with molecular
dynamics simulations, Li et al. [56] proposed that friction enhancement results from in-
creased corrugation of the interfacial potential due to the strong local charge concentrated
at fluorine sites. Zeng et al. [57] have focused their studies on the effect of dynamic sliding
on pull-off and slide-off forces. A larger enhancement of slide-off force than the pull-off
force was observed after dynamic friction sliding. This result was attributed to the coupling
of dynamic tip sliding and surface energy. The wear of fluorinated graphene nanosheets
deposited on silicon surfaces was investigated by Liu et al. [58]. who showed that the wear
resistance of FG is improved when the thickness decreases. Those results were correlated
with the increase of the substrate underneath surface energy due to the interfacial charge
transfer between FG and the substrate that affects the strength of FG adhesion.

Thomas et al. [21] have measured the intrinsic friction properties of fluorinated carbon
nanofibers by AFM. The F/C molar ratio was 0.15 (from NMR data). TEM measurement
allowed them to determine that the core was constituted of numerous randomly oriented
graphitic domains, and fluorine atoms were only present in the external shell, whose
thickness ranges between 30 and 40 nm. Figure 9a,b show respectively the AFM topographic
image of fiber cut by FIB and the topographic profile correlated to the friction coefficient
evolution as a function of sliding distance. A friction coefficient of 0.20 &= 0.05 was measured
for the graphitized core, whereas the friction coefficient of the fluorinated surrounding
shell is 0.35 £ 0.05. The highest friction coefficient was recorded outside the fiber on the
embedding resin.
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Figure 9. (a) Figure AFM topographic image of fiber cut by FIB, (b) topographic profile correlated to
the friction coefficient evolution as a function of sliding distance.

6. Composites

A few composites with CFx fillers have been reported for enhancing mechanical and
anti-wear properties of polymeric materials with Ultra-High-Molecular-Weight Polyethy-
lene (UHMW-PE) [18], polyamide 66 (PA66) [59], polyimide (PI) [60] and polytetraflu-
oroethylene (PTFE) matrix [61]. The size and surface area of the fillers play a key role.
Comparing micrometric graphite fluoride (GF) and nanometric and high surface fluori-
nated graphene (FG), the second gave the best results for reduction of the friction of PA66
at low concentrations (0.5 wt% into PA66), i.e., about 18% reduction in friction coefficient
and about 43% reduction in wear rate when compared to the PA66 matrix. At relatively
high concentrations (1.0 wt%), GF exhibited a better reinforcement effect than FG thanks
to a uniform dispersion in the PA66 matrix (37% reduction in friction coefficient and 46%
reduction in wear rate). Covalent bonds allow adhesion of fluorinated graphene oxide with
PI matrix, resulting in enhanced mechanical and wear resistance of the nanocomposites
(about 33% decrease of friction coefficient and 81% reduction of wear rate under dry friction
when compared to the pure PI) [60]. The interaction between the fillers and the matrix
via hydrogen bonding in the CFx-UHMW-PE composites was proposed to explain the
enhancement of the tribological properties [18]. The formation of a uniform and complete
transfer film on the friction interface via the tribochemical reactions results in a low friction
coefficient (0.131) in PTFE/Fluorinated graphene composite [61]. Fluorinated MWCNTs
have been used as additives to decrease the friction coefficient. The use of F-MWCNTs as
an additive to the nanocomposite material with bismaleimide/cyanate resin allows for a
decrease in wear rate since the fluorinated carbon acts as a load transfer component, thus
acting upon the stiffness and toughness of nanocomposites [62].

7. Dispersion in Liquid Lubricating Solutions

In the presence of liquid, fluorinated carbon particles present excellent friction proper-
ties and can be used as lubricant additives. The tribological behaviors of different shapes
of fluorinated nanocarbons have been investigated in the presence of pentane [44]. All
the experiments show an important reduction of the friction coefficient value around 0.06,
which remains stable until pentane evaporation is attributed to the simultaneous presence
of the solid particles and the liquid in the sliding contact (see Figure 2). Moreover, beneficial
effects on the stability of carbon particle dispersion in solvent have been demonstrated
for lubrification [12,25,63-65]. Fluorinated carbon nanofibers have higher dispersion con-
centrations in organic solvents without surfactants. No significant modifications in their
physicochemical properties upon aging have been noted. Fluorination increases the surface
polarity of the carbon particles, leading to the formation of active sites for hydrogen bond-
ing and facilitating interactions with organic molecules. Fluorinated carbon nanostructures
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have been proposed as potential candidates for a new generation of friction-modifying and
anti-wear additives.

Lubricating oil additives have been extensively explored for friction and wear-
reduction properties. Many studies investigated the use of fluorinated carbon particles as
lubricant additives. Fluorinated graphene (FG) as an additive has high efficiency due to its
small size, high strength, and layered structure [26]. Ci et al. showed that a higher ratio of
covalent C-F bonds improves the chemical stability of highly fluorinated reduced graphene
oxide (HF-rGO), limiting the release of fluorine atoms [66]. Chen et al. showed that for
the optimum addition of 1 wt% of FG in poly «-olefin base oil, the average reduction of
friction coefficient was 12.3%, and the wear rate decreased by 87% compared to pure PAO6
(Poly Alpha Olefin) [63]. The FG nanosheets quickly entered the sliding contact and mainly
participated in the lubrication film formation. Nomede-Martyr et al. worked with fluori-
nated carbon nanofibers (CF g5) and moringa oil as lubricant additives in dodecane [34].
They showed that fluorination enhanced the lubricating performances of carbon nanofibers.
In the presence of CF g5, the friction coefficients are similar, whatever the percentage of
moringa oil added in the blend, compared to pristine carbon nanofibers ones (Figure 10).

Dispersion in organic solvents
: -
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Figure 10. Dispersion of fluorinated nanofibers (CFj g5) in organic solvents. Friction coefficient values
obtained for mixtures containing fluorinated carbon nanofibers.

For tribological applications, the introduction of functionalized groups into the car-
bon lattice allows such materials to be used in water-based lubricants. According to Fan
et al. [24], fluorinated graphene oxide (FGO) is highly interesting for its hydrophilicity
related to the amount of fluorine present on the material’s surface. When used as the water
lubrication additive for ceramic-steel contact, hydroxyl-modified fluorinated graphene
(HOFG) can improve the pure water’s load-bearing capacity significantly [25]. FGO and
OHEFG present better tribological properties in aqueous lubricants [25] compared to fluori-
nated graphene, whose dispersion in H,O is difficult. The presence of oxygen functional
groups in FGO enhances its surface interactions with lubricating fluids, promoting bet-
ter dispersion and stability in aqueous environments. These oxygen groups can create
a smoother and more adaptable surface, which reduces the contact area and friction be-
tween sliding surfaces. FGO coupled with acrylic acid showed those particularities due
to the self-lubricating nature of the material. With sp® hybridized carbons and an inter-
layer distance of around 8 A, interlayer interactions, and stacking are made obsolete, thus
managing to have a fluorinated graphene material that is both hydrophilic and has low
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friction coefficients of 0.1~0.2 close to that of fluorinated graphene. Ye et al. developed a
hydrophobic urea-modified fluorinated graphene (UFG) to increase the hydrophobicity
of fluorinated graphene [66]. They showed a concentration of UFG aqueous dispersion of
1 mg/mL, good dispersibility in water, and the best antiwear ability with a 64% decrease in
the wear rate. He et al. proposed a surfactant-assisted method to physically modify FG
in order to improve its dispersibility in water [29]. They showed that 0.3 wt% of FG and
0.6 wt% of surfactant in water-based lubricant leads to over 90% reduction of friction and
wear rate compared to pure water.

8. Conclusions and Perspectives

Throughout this review, the benefits of the tribological properties of the presence of
fluorine are highlighted. The review demonstrates the crucial role of the C-F bonding
and structural parameters in the tribological performances of fluorinated carbons. The
semi-covalent C-F bonds play a central role in reducing friction. These bonds, which
are less rigid than covalent bonds, allow a degree of flexibility in the arrangement of the
graphite sheets, facilitating the formation of homogeneous transfer films on the surfaces in
contact. The tribological stability of fluorocarbon compounds, combined with their ability
to form protective films from the very first cycles, is a significant advantage for reducing
wear and extending the life of mechanical components. Although the CFx materials
reported in the literature have has shown remarkable performance, it is essential to continue
optimizing fluorination conditions (temperature, duration, type of catalyst). Control of
these parameters would allow the properties of CFx to be customized to meet specific
needs, particularly in long-term or high-load applications. Particular attention should be
paid to the breaking processes of C-F bonds under tribological stress. These mechanisms
play a key role in the evolution of the compounds’ properties and their ability to reform
aromatic structures after friction. A more detailed understanding could develop even
better-performing and more durable materials.

Both the dynamic friction and the adhesive strength between the contact surfaces may
be investigated using atomic force microscopy. As a representative example, the friction as
a function of load exhibits a nonlinear dependence with graphene oxide, which evidences
a strong adhesion. On the contrary, a linear dependence is found for the case of fluorinated
graphene in accordance with weak adhesions [57].

Numerous development routes are conceivable. Among them, ultra-low friction
behavior was achieved thanks to the co-doping with fluorine and sulfur of amorphous
carbon films [67] some doping includes modifications of fluorinated nano-objects with H
atoms [68]. Negatively charged surfaces are formed by both the delocalized n-system con-
taining ‘thiophene-S” and C-F bonds. The electrostatic repulsion between sliding surfaces
results in low adhesion and ultra-low friction. New routes of co-doping (nano)carbons
would be investigated to take benefit of the simultaneous presence of F and S, N, or B ele-
ments [69,70]. N- or S- doped nanocarbons can be used as precursors for mild fluorination;
the fluorination conditions must be tailored in order to maintain S and N atoms. A gaseous
mixture of F; and BF3 can be used for the F and B co-doping using gas/solid fluorination
of (nano)carbons.

Future developments may combine fluorinated carbons with other bidimensional
materials. A synergetic effect between fluorinated graphene and MoS; nanoflakes favors
excellent tribological properties with a CoF of 0.036 [71]. Both components of the nanocom-
posite act on the enhancements. Whereas MoS, nanoflakes provide lubrication because of
the easy-shear property, the hydrophobic nature of fluorinated graphene allows the influ-
ence of external humidity on MoS; nanoflakes to be suppressed. Moreover, the formation
of a tribofilm is favored, leading to a much lower friction and longer lifetime. The same
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benefits were achieved with fluorinated graphene oxide nanosheets in copper metal matrix
composites [72]. The formation of continuous and adhesive tribofilms at the interface,
thanks to an adequate microstructure of the h-BN/graphite fluoride composites, is also
at the origin of their synergistic lubrication mechanism [73]. Because of the diversity of
both the shapes and dimensionalities of fluorinated nanocarbons, an ideal combination
would be searched in order to amplify the synergetic effect. Numerous combinations of 2D
nanomaterials, hBN, WS,, and MoS; can be considered. Fluorinated diamane (F-diamane)
appears to be of great interest [74]. Diamane is a 2D structure involving only a bilayer
of C with sp? hybridization over a large surface area. DFT calculations have confirmed
the existence of such material, and theoretical properties calculated by PES methods show
friction coefficients as low as 0.08. Fluorine atoms “passivate” the diamane sheets, enabling
them to exist at ambient pressure and temperature, thus maintaining the sp® hybridization
despite the metastable nature of the diamane nanosheets [75]. The tribological properties
both at the micro and nanoscale are still unknown and need to be studied. Nanocomposites
of F-diamane with hBN or MoS; are also promising materials for lubrication.

To the best of our knowledge, the gases emitted during lubrication with CFx are still
poorly characterized, and the understanding of tribochemical mechanisms needs to be
improved. This lack of knowledge is linked to the diversity of fluorinated (nano)carbons. It
is important to determine whether the gases emitted belong to the per- and polyfluoroalkyl
substances (PFAs) family, whose effects on the environment and human health are currently
the subject of much debate. In recent years, numerous publications that reported the
biological properties of PFAs and are well-reviewed in reference [76] are generally limited to
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonates (PFOS). Data on short-chain
PFAs are much less available despite their solubility in water and the increasingly wide
spectrum and volume of their use. Moreover, PFAs are being used in mixtures with varying
compositions, making toxicological evaluations much more difficult. The tribometer could
be coupled with gas analysis equipment such as infrared and mass spectroscopies. In a
more general trend, the cytotoxicity of fluorinated (nano)carbons must be studied in the
context of lubrication. Cell viability works indicated that the toxicological effects induced
by the fluorinated carbons are dependent on the dose, size, shape, and fluorine content of
the CFx [77]. In the same study, the authors verified that CFx has insignificant interactions
with the cell viability assays.
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