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Abstract

Because graphene is carbon material and has excellent mechanical characteristics, its use as ultrathin
lubrication protective films for machine elements is greatly expected. The durability of graphene strongly
depends on the number of layers and the load scale. For use in ultrathin lubrication protective films for machine
elements, it is also necessary to maintain low friction and high durability under macroscale loads in the
atmosphere. In this study, we modified the surfaces of both monolayer and multilayer graphene by fluorine
plasma treatment and examined the friction properties and durability of the fluorinated graphene under
macroscale load. The durability of both monolayer and multilayer graphene improved by the surface fluorination
owing to the reduction of adhesion forces between the friction interfaces. This occurs because the carbon film
containing fluorine is transferred to the friction-mating material, and thus friction acts between the two carbon
films containing fluorine. On the other hand, the friction coefficient decreased from 0.20 to 0.15 by the fluorine
plasma treatment in the multilayer graphene, whereas it increased from 0.21 to 0.27 in the monolayer graphene.
It is considered that, in the monolayer graphene, the change of the surface structure had a stronger influence on
the friction coefficient than in the multilayer graphene, and the friction coefficient increased mainly due to the
increase in defects on the graphene surface by the fluorine plasma treatment.
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1. Introduction

Graphene was discovered in 2004 by exfoliating the surface of graphite, and it has since been attracting
attention in various research fields. Graphene is the two-dimensional monolayer or multilayer carbon sheets
having thicknesses of only several atoms. The carbon atoms are sp>bonded to each other, and thus graphene
has excellent chemical stability, thermal conductivity, electronic mobility, transparency, and mechanical
strength [1]. It is expected that because of these characteristics, graphene, which has a high fracture strength of
approximately 130 GPa and a Young’s modulus greater than 1 TPa [2], will be applicable to ultrathin lubricant
protective films for machine elements, such as micro-molds, microelectromechanical system (MEMS) devices,
and magnetic disks. As for the friction properties of graphene, many studies have been carried out under
nanoscale load by means of friction measurements using atomic force microscopy and molecular dynamics
simulations, and it has been reported that the more the graphene layers are, the less the friction coefficient of
graphene is [3-5]. The application of graphene to ultrathin lubricant protective films could be achieved if low
friction is maintained with a smaller number of layers. Furthermore, it is necessary to clarify the friction and
durability characteristics of graphene not only under nanoscale load but also under macroscale load in order to
use it as lubricant protective films for machine parts, as mentioned earlier.

In order to develop new functionality while maintaining the properties of graphene, modification of
graphene with other atoms (e.g., hydrogen, fluorine, nitrogen) using plasma treatment is being vigorously
explored [6-10]. Most studies on the friction properties of graphene modified with other atoms are performed
under nanoscale load, and it has been reported that the modification of graphene with fluorine makes the
graphene surface three-dimensional, thus increasing the friction coefficient [11-15]. On the other hand, as far
as the authors know, the friction properties for graphene modified with fluorine atoms under macroscale load
have not been reported. Though three-dimensional atomic structure of fluorinated graphene film is critical
mechanism for the high friction properties under nanoscale load, it is reasonable to assume that we can achieve
low friction under macroscale load by modifying graphene with fluorine because it is well known that low
friction is provided by adding fluorine to amorphous carbon films under macroscale load [16-18].

The purpose of this study is therefore to clarify the tribological properties under macroscale load of

monolayer and multilayer graphene whose surfaces were modified by fluorine plasma treatment.

2. Experimental

Both monolayer and multilayer graphene were synthesized on Cu foil using thermal chemical vapor
deposition (CVD) technique [19]. A mixture of CH, and H, was used as the source gas. Table 1 and Fig. 1
show, respectively, the conditions and the temperature history of the synthesis of graphene. First, after
annealing the Cu foil in a H, atmosphere at 1000°C, graphene was synthesized on the Cu foil by flowing CH,4
gas. Monolayer and multilayer graphene were synthesized both by folding and not folding, respectively, the Cu
foil [20]. After the transfer of the synthesized graphene onto the SiO; substrate [21], fluorine plasma treatment
was performed on the graphene surface using bipolar plasma based ion implantation (bipolar PBII) [22]. The

monolayer thickness of the graphene was measured using noncontact mode atomic force microscopy.
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Plasma treatment was performed using CF, as a source gas, and the conditions are given in Table 2. The
fluorinated graphene was evaluated by Raman spectroscopy (wavelength: 532 nm) and X-ray photoelectron
spectroscopy (XPS). The Cls peaks in the XPS spectra were deconvoluted to Lorentz-Gaussian peaks with a
Shirley background. The bipolar PBII method is a technique of ion implantation in which a positive voltage is
first applied to the substrate to produce plasma in the peripheral area of substrate, and then ions in the plasma
are incident on the negatively biased substrate. Note that the process can also be applied to
three-dimensionally shaped structures.

Two kinds of sharp peaks, the G and 2D peaks, appear in the Raman spectrum of graphene [23]. The G peak,
which comes from all carbon six-membered ring and chain sp? bonds, appears near 1580 cm ™. On the other
hand, the 2D peak, which comes from the vibration of the whole sheet structure with the sp? bonds of the
carbon six-membered ring, appears near 2700 cm . The intensity ratio between the 2D and G peaks,
1(2D)/1(G), indicates the number of graphene layers: a ratio of over 5/3 corresponds to a monolayer, a ratio of
approximately 1 corresponds to two layers, and a ratio of less than 1/2 corresponds to three or more layers [24].
Furthermore, the D peak, which comes from the breathing mode of the six-membered ring of graphene,
appears near 1350 cm ', and we can evaluate the defect in graphene from the intensity ratio between the D and
G peaks, 1(D)/I(G). When graphene is modified with other atoms, including fluorine, sp® bond turns to sp®
bond and the D peak appears. Furthermore, the intensity of the 2D peak decreases in comparison to that of the
G peak by the modification with other atoms [6, 25]. It is known that fluorinated graphene returns to the
pristine graphene by annealing it in vacuum for 45 minutes at 697°C [6]; thus, we can determine whether the
six-membered ring structure of graphene is destroyed by plasma treatment.

The friction properties and durability of graphene before and after the fluorine plasma treatment were
studied by means of ball-on-disk-type friction testing. The friction test was performed in the atmosphere with a
friction velocity of 60 rpm, a load of 0.98 N, and bearing steel balls (JIS SUJ2, ASTM 52100) 5 mm in
diameter as the friction-mating material. Because the friction properties of a carbon-based material strongly
depend on the relative humidity [26, 27], the relative humidity was set to 30% by a humidity generator in the
friction testing of this study. The friction coefficients were obtained by averaging the friction coefficients

during the stable period before the destruction of graphene.

3. Results and discussion
3.1 Synthesis and fluorine plasma treatment of graphene

Figures 2(a) and (b) show the Raman spectra of the multilayer and monolayer graphene, respectively,
synthesized by thermal CVD. In Fig. 2(a), the number of layers in the multilayer graphene is 2 or 3, as judged
from the 1(2D)/I(G) ratio [24]. Figures 3(a) and 3(b) show the AFM image of the boundary between the
transferred monolayer graphene sheet and SiO, substrate and the measured thickness of the graphene,
respectively. The measured thickness of the monolayer graphene was 0.78 nm, which is comparable to the

measured thickness of monolayer graphene, 0.9 nm, by Ishigami et. al. using AFM in air [28]. These values
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are relatively large compared to the layer-to-layer spacing in bulk graphite, 0.34 nm. Ishigami et. al. reported
that this discrepancy is attributed to the presence of ambient species between SiO, and the graphene sheet.

Figures 4(a) and (b) show the Raman spectra of the multilayer and monolayer graphene, respectively, after
the fluorine plasma treatment. The D peak increased and the 2D peak decreased after the fluorine plasma
treatment in both the monolayer and multilayer graphene, and these results are resemble those reported by
Chen et al., where the fluorine plasma treatment was performed by reactive ion etching [6].

Table 3 shows the surface atomic composition of the multilayer and monolayer graphene after the
fluorination as measured by XPS. The results confirm that the surfaces of both the multilayer and monolayer
graphene contained a certain amount of fluorine. Because the surfaces contained less fluorine than the theory
predicted [29], it is unlikely that the entire surface of the graphene was modified by fluorine. It is worthy to
note that the fluorine content of the multilayer graphene is higher than that of the monolayer graphene. One
possible region is that the thickness of monolayer graphene is so thin that the substrate (SiO,) chemistry is
reflected more on the spectrum. In a result, the fluorine content of the monolayer graphene is relatively
reduced, while Si and O contents are considerably enhanced. Furthermore, the measured atomic ratio of Si and
O in case of the monolayer graphene is about 1:2, which is the composition of SiO, substrate. Other possible
reason is the increase of defects in the surface of the monolayer graphene by the fluorine plasma treatment. In
case of the multilayer graphene, even if the defects are generated on the uppermost surface, the second or the
third layer of the graphene sheet is fluorinated.

Figure 5 shows the C1s and F1s peaks of the multilayer graphene after the fluorination. The C1s spectrum
contains peaks at binding energies of 285.7, 287.7, 290.0 and 292.5 eV, indicating C-CF, CF, CF, and CF;
bonds [30, 31], respectively and the F1s peak is seen sharply, suggesting the presence of chemical bonds
between C and F. In addition, it can be said that the modification with fluorine through the fluorine plasma
treatment using CF,4 gas by the PBII technique resulted in a mixture of CF and CF, bonds.

Figure 6 shows the change of the Raman spectra of monolayer graphene modified with fluorine after
annealing in vacuum for 45 minutes at 700°C. Figure 6(a) shows the spectrum after fluorine plasma treatment
and Fig. 6(b) shows the spectrum after the vacuum annealing. Because the D peak decreases and the 2D peak
increases through the annealing in vacuum and we can confirm the Raman spectrum of graphene that
resembles that of graphene before modification with fluorine, it is clear that the structure of graphene was not
destroyed by the plasma treatment. However, the D peak, which indicates graphene defects, was slightly larger
than the original D peak of graphene [Fig. 2(b)]; this shows that some defects were created by the plasma

treatment.

3.2 Friction and durability properties

Figure 7 shows the results of the friction tests before and after the fluorine plasma treatment of both the
monolayer and multilayer graphene. Regarding the durability improvement by the fluorine plasma treatment,
the graph shows that the durability of the fluorinated multilayer graphene lasted approximately 10 times longer

than that of the untreated multilayer, whereas the durable time of the fluorinated monolayer was approximately
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4 times longer than that of the untreated monolayer. Figure 8 shows the Raman spectra of the transfer layer on
the steel ball surface, while low friction was maintained in the multilayer graphene before (Fig. 8(a)) and after
(Fig. 8(b)) the fluorine plasma treatment. Raman spectroscopy was measured in the central part of the worn
surface of the steel ball. From the fact that the sharp D, G, and 2D peaks are observed in both Raman spectra
before and after the fluorine plasma treatment, it is understood that the transfer layer was an amorphous carbon
film with a graphene structure. Table 4 presents the XPS results, showing the change in the atomic
composition of the wear track in the fluorinated multilayer graphene. These were measured before the friction
test and after sliding of 350 and 600 cycles (refer to Fig. 7(c)). Although the fluorine content of the graphene
surface decreased through the friction test, fluorine was still observed on the sliding surface when low friction
was sustained at the 350 cycles. As shown in Fig. 6, because fluorinated graphene was transferred to the steel
ball surface and then the sliding occurred between the fluorinated graphene and the transfer layer that is the
mixed structure of the fluorinated amorphous carbon and fluorinated graphene, a low friction could be
achieved.

Jaoul et al. performed friction experiments in a dry environment between fluorinated amorphous carbon
films and a steel ball (100Cr6 steel) surface. They reported that the durability of the film improved and the
friction coefficient decreased by adding fluorine [16]. In addition, Rubio-Roy et al. performed friction
experiments between fluorinated amorphous carbon films and tungsten carbide balls in a N,+H,O environment
and reported that the incorporation of fluorine was chemically beneficial (that is, there was a decrease of
surface free energy and passivation of carbon with high-energy bonds) [17]. Also in our study, it is considered
that as the mixture of fluorinated graphene and fluorinated amorphous carbon was transferred to the steel ball
surface, the surface energy decreased, similar to the friction behavior of the fluorinated amorphous carbon film,
and the decrease of the adhesion between the friction surfaces led to high durability.

As for the friction properties, the friction coefficient decreased from 0.20 to 0.15 by the fluorine plasma
treatment in the multilayer graphene, whereas it increased from 0.21 to 0.27 in the monolayer graphene. In the
case of multilayer graphene, similar to the friction behavior that contributed to the durability, the fluorinated
carbon film was transferred onto the steel ball surface. Friction acted between the carbon films with
terminating fluorine atoms, and the friction coefficient decreased because of the decrease of the adhesion force
between the friction surfaces. In the case of monolayer graphene, it is thought that the change of surface
structure had a somewhat greater influence on the friction coefficient in comparison to the case for multilayer
graphene. As shown in Fig. 4, some quantity of defects indicated by the D peak remained, after the annealing
in vacuum. Also in the study of Chen et al. [6], the D peak was greater in the graphene annealed in vacuum
after the fluorination as compared to the graphene before the modification with fluorine. It is likely that the
increase of the friction coefficient of monolayer graphene was mainly due to the increase of defects in the
surface by the fluorine plasma treatment. In the case of multilayer graphene, even if defects remained on the

uppermost surface, the second or the third layer of the graphene sheet maintained low friction.

4. Conclusions



Through fluorine plasma treatment of the surfaces of both monolayer and multilayer graphene, we studied
the friction properties of the fluorinated graphene under macroscale load. The obtained conclusions are as
follows:

(1) The multilayer and monolayer graphene surfaces were successfully modified with fluorine using the
bipolar PBII.

(2) In multilayer and monolayer graphene, a transfer layer, which had a mixture of fluorinated graphene and
amorphous carbon, was built up in the friction interface by the fluorine plasma treatment. As a result, the
surface energy decreased and the durability of the graphene improved. In addition, the increase in the
durability by fluorine plasma treatment was greater in the multilayer graphene.

(3) Inthe multilayer graphene, the friction coefficient decreased because the surface energy (adhesion) in the
friction interface decreased as a result of the fluorine plasma treatment. On the other hand, in the
monolayer graphene, the change of the surface structure influenced the friction properties more strongly in
comparison to the multilayer graphene, and the main cause of the increase of the friction coefficient was

likely due to the increase of defects in the monolayer graphene surface by the fluorine plasma treatment.
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Figure captions

Fig. 1 Temperature history of graphene synthesis using thermal CVD.

Fig. 2 Raman spectra of graphene: (a) multilayer graphene and (b) monolayer graphene.

Fig. 3 (a) Noncontact mode AFM image of the boundary between the transferred monolayer graphene and SiO,
substrate and (b) the measured thickness of the graphene.

Fig. 4 Raman spectra of graphene: (a) fluorinated multilayer graphene and (b) fluorinated monolayer graphene.
Fig. 5 XPS (a) C1s and (b) F1s peaks of fluorinated multilayer graphene.

Fig. 6 Raman spectra of (a) the fluorinated monolayer graphene and (b) after the vacuum annealing of the
fluorinated monolayer graphene by thermal treatment.

Fig. 7 Friction coefficients of (a) multilayer graphene, (b) monolayer graphene, (c) fluorinated multilayer
graphene, and (d) fluorinated monolayer graphene.

Fig. 8 Raman spectra of the transfer films on the steel balls (a) before the fluorination and (b) after the

fluorination (inset: optical microscope images of the transfer films).



Table 1 Conditions of graphene synthesis by thermal CVD.

Thickness of copper foil
Annealing of Cu foil Precursor gas

Temperature
Time
Pressure
Synthesis of graphene Precursor gas
Temperature
Time

Pressure

25 um
H

2

1000 °C
40 min

65 Pa

A mixture of CH, and H,

1000 °C
60 min

130 Pa

Table 2 Conditions of fluorine plasma treatment by PBII.

Precursor gas
Pulse frequency
Positive pulse voltage
Negative pulse voltage
Treatment pressure

Treatment time

CF,
1000 Hz
1.5kV
-0.5 kV
0.4 Pa

55S




Table 3 Composition (at.%) of fluorinated graphene surface measured by XPS.

C @) F Si

Multilayer graphene 56.3 16.2 24.0 3.5

Monolayer graphene 58.4 25.9 6.2 9.5
Theoretical value 66.7 - 33.3 -

Table 4 Composition (at.%) of the wear track in the fluorinated multilayer graphene surface.

C @) F Si Fe

Before sliding 56.3 16.2 24.0 35 0
After 350 cycles 60.9 29.6 6.0 2.4 1.1
After 600 cycles 10.9 55.0 11 319 1.1
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