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Abstract: Fluorographene, a new alternative to graphene, it not only inherits the 2-dimensional (2D) layered
structure and outstanding mechanical properties, but also possesses controllable C-F bonds. It is meaningful
to reveal the evolution processes of the tribological behaviors from graphene to fluorographene. In this work,
fluorinated reduced graphene oxide nanosheets (F-rGO) with different degree of fluorination were prepared
using direct gas-fluorination and they were added into gas to liquid-8 (GTL-8) base oil as lubricant additive to
improve the tribological performance. According to the results, the coefficient of friction (COF) reduced by 21%,
notably, the wear rate reduced by 87% with the addition of highly fluorinated reduced graphene oxide
(HF—rGO) compared with rGO. It was confirmed that more covalent C-F bonds which improved the chemical
stability of HF-rGO resisted the detachment of fluorine so the HF—rGO nanosheets showed less damage, as
demonstrated via X-ray photoelectron spectroscopy (XPS), Raman spectra, and transmission electron microscopy
(TEM). Meanwhile, the ionic liquid (IL) adsorbed on HE-rGO successfully improved the dispersibility of
F-rGO in GTL-8 base oil. The investigation of tribofilm by TEM and focused ion beam (FIB) illustrated that IL
displayed a synergy to participate in the tribochemical reaction and increased the thickness of tribofilm during
the friction process.
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1 Introduction functionalities such as anti-wear, anti-oxidation, anti-

corrosion, defoaming capability, viscosity modifier,

Compared with dry friction, lubricant plays a necessary ~ dispersant, and so forth [3, 4]. In the past few years, a

role in machinery, because it not only removes the
friction heat but also reduces unnecessary energy
loss by reducing the wear and friction [1, 2]. Adding
lubricant additive has been considered as an
indispensable strategy to enhance the tribological
performance of lubricant. As key composition of
lubricant, the lubricant additive owns many different
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lot of 2 dimensional (2D) layered materials including
tungsulite (WS,), molybdenum disulfide (MoS;),
graphitic materials, and hexagonal boron nitride
(h-BN) have been added to traditional lubricants
to improve their anti-wear and friction reduction
performances [5, 6].

Among them, graphene based materials are widely
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used for enhancing the lubrication properties of lubricant
as the lubricant additive because they are small sized
nanosheets with only a few nanometer thickness and
could easily enter the contact surface [7, 8]. For instance,
Li et al. [9] fabricated the highly exfoliated reduced
graphene oxide nanosheets (rGO) powders using KOH
which had a big specific surface area, small particle
sizes and a “loose book”-like structure by mixing
KOH and GO. The special microstructure made this
graphitic materials excellently enhance the tribological
performance of poly alpha olefin (PAO-6) and reduce
the coefficient of friction (COF) by about 43%. Hu et al.
[10] synthesized the covalently grafted graphene which
showed a superior dispersion in water using amino-
containing poly (ethylene glycol) and graphene, and
the sample showed an excellent reduction by 38.5%
compared with water. Besides, many researchers focused
on modifying graphene and designed some novel
graphene based materials [11]. Researches found that
many kinds of modified graphene nanosheets displayed
an excellent performance of friction reduction and
anti-wear as lubricant additives, such as graphene
oxide, hydrogenated grapheme, and fluorographene.
Yu et al. [12] explored a simple and effective method
to synthesize graphene oxide grafted by polyhedral
oligomeric silsesquioxane (POSS-GO) and revealed
that the lubricant with POSS-GO displayed lower
COF and wear rate than pure GTL-8 based oil. Fluoro
graphene (FG) as a novel graphene derived material
should be emphasized that it has high fluorine density
[13]. It not only holds the properties of graphene but
also possesses the characteristic of fluoride such as
excellent thermal and chemical stability, mechanical
strength, and large interlayer distance compared with
graphene [14]. It is these properties that endue FG
with marvellous tribological performance as lubricant
additive [15-17]. For instance, Hou et al. [18] prepared
FG by liquid-phase exfoliating from fluorinated
graphite, and the friction test results confirmed that
FG could greatly enhance the anti-wear property
compared with pure base oil. However, to the best
of our knowledge, the role of the fluorine content of
fluorinated graphene plays in the friction performance
is rarely researched. This problem greatly affects the
development of fluorinated graphene as an effective
lubricant additive and clarifies its applications.
Therefore, the tribological performance of fluorinated

graphite with different fluorine content deserves
further study.

At the present time, the methods for preparing F-G
could be mainly divided into two groups: fluorination
of G or rGO using F,, HF, fluoropolymers, or utilizing
plasma such as F,, CF,, and SF,, and exfoliation utilizing
fluorinated graphite [19, 20]. Compared with F-G
synthesized using exfoliation method, F-G prepared by
direct gas fluorination has uniform size distribution
and similar thickness. Furthermore, F/C ratios of F-G
synthesized by gas fluorination could be controlled
easily by regulating the heating temperature. It was
illustrated that F-G with higher F/C ratio excellently
enhanced the friction reduction and anti-wear pro-
perties as lubricant additive because there were more
covalent C-F bonds in C-F bonds which could ensure
a steady chemical properties during the friction
process. On the other hand, the size of F-G was reduced
with the increase of F/C ratio because of the special
properties of synthesizing method. The small size made
it possible for F-G to enter the contact area easily, and
thus improving the tribological properties of F-G.

In this work, we synthesized F-G with distinct F/C
ratios using direct fluorination of rGO using F,/N,
mixture, and studied tribological behaviors with the
change of fluorination degree of F-G. Furthermore,
it was illustrated that the higher fluorination degree
could enhance the tribological properties of F-G. As
a result, it was found that HF—rGO displayed excellent
tribological performance as lubricant additive. We
systematically investigated the tribological behaviors
of F-G and such observations of F-G provided a friction
mechanism for different F/C ratio and supported
excellent potential as lubricant additive. Besides, we
utilized IL to noncovalently graft the F-G to enhance
the dispersibility of F-G in lubricant and probed the
role of IL during the friction tests.

2 Experimental section
21 Materials

Powder of rGO was provided by Zhongshan
Photoelectric Material Co. Ltd., (Shandong, China) and
GTL-8 based lubricant oil which mainly composed of
hydrocarbon was supplied by the Shell China Ltd.
(Shanghai). Quinolizinium ionic liquids [MPIQU]J[NTH,]
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(IL) was obtained from Guizhou Normal College. All
other reagents were purchased from Aladdin Industrial
Corporation and used directly.

2.2 Preparation of F-G with different F/C ratios

The F-G was performed in a teflon autoclave using
a nitrogen-fluorine mixture (20 vol% F,). rtGO was
placed in the teflon autoclave, and the autoclave was
filled with a N,/F, mixture heated for 24 h. The heating
temperature was set to 50, 100, and 300 °C, and the
resulting samples were labeled as sample LF-rGO,
MEF-rGO, and HE-rGO, respectively, and the F/C ratios
were about 0.29, 0.44, and 1.53, respectively.

2.3 Synthesis of IL modified HF-rGO

First, a homogeneous dispersion was acquired by
dissolving 50 mg HF-rGO and 100 mg KOH in 100 mL
deionized water with ultrasonication for 30 min. Then,
100 mg IL was added to HF-rGO and KOH solution
with heating for 24 h at 70 °C and continues stirring,
as shown in Fig. 1. Finally, the IL modified HF-rGO
was gained by centrifugation, being washed using
ethanol and deionized water several times and dried
at 60 °C for 8 h in air. For convenience, the resulting
sample was labeled as sample HF—rGO+IL.

2.4 Fabrication of F-G with different F/C ratios and
HF-rGO+IL oil dispersions

To facilitate the gas to liquid-8 (GTL-8) base oil with
LF-rGO, MF-rGO, HF—rGO, and HF-rGO+IL, 3 mg
of LF-rGO, MF-rGO, HF-rGO, and HF-rGO+IL were

added into 10 mL GTL-8 base oil to ensure the same
concentration of 0.3 mg/mL were fabricated. The above
mixtures were ultrasonicated for 30 min to prepare
homogeneous dispersions.

2.5 Characterization techniques

The physical properties of F-rGO were investigated
by X-ray diffraction spectra (XRD D8 ADVANCE,
Bruker) and the scans were produced over the 20
range from 5° to 90° at a scanning rate of 0.09 (°)/s and
Raman spectroscopy (Renishaw inVia Reflex) with the
laser wavelength of 532 nm. The chemical properties
of F-rGO were performed using Fourier transform
infrared spectra (FTIR, NICOLET 6700 Fourier
transform spectrometer) with the range from 400 to
4,000 cm™ at the revolution of 1 cm™ to determine
the chemical structure of F-rGO and HF-rGO+IL. The
thermal properties of rGO, LF-rGO, MF-rGO, HF-
rGO, and HF—+GO+IL were investigated by thermal
gravimetric analysis (TGA) with the heating rate of
10 °C/min from 30 to 800 °C under air atmosphere.
An XPS (AXIS ULTRA DLD) was utilized to analyze
the chemical element of the F-rGO and HF-rGO+IL. To
evaluate the morphology and elemental composition
of F-rGO and the cross-section of tribofilm, TEM
(Talos F200x) was used. The cross-section of tribofilm
was formulated by a focused ion beam scanning
electron microscope (FIB-SEM, Auriga). The thickness
of F-rGO was gauged by scanning probe microscope
(SPM, Dimension 3100) and the size of F-rGO nanosheets
were emulated by the zeta potential analyzer (Zetasizer
Nano ZS). The morphology of wear traces were

HF=rGO+IL hybrids

Fig.1 Schematic illustration of the fabrication of HF-rGO+IL hybrids.
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performed with SEM (FEI Quanta FEG 250) under the
working voltage of 20 kV and the magnification of
200x and 800x.

UMT-3 (Bruker-CETR, USA) was chosen to evaluate
the tribological performances of F-rGO and F-rGO+IL
as GTL-8 base oil lubricant nanoadditives. In each test,
commercially available silicon nitride (Si;Ny) balls
with a diameter of 3 mm slide reciprocally under
a sliding frequency of 2 Hz and a point load of 10 N
against a polished 316L for 30 min. The COF was
recorded in situ by UMT-3 tribometer. For each
specimen, at least three times tests were repeated with
the same condition to get the repeatability of the data.
Before each friction experiment, the friction pairs
were all ultrasonically cleaned by ethanol. After the
tribological test, all sliding surfaces were washed by
ethanol using ultrasonication and the wear scars were
measured by Alpha-Step IQ profiler and 3D laser
scanning confocal microscopy (VK-X200K) to gauge
the wear traces depth and wear scars profiles.

3 Results and discussion
3.1 Structure and morphology of F-rGO

The content of fluorine displayed a great effect on the
color of F-rGO. rGO as the raw material showed a
black color, while rising the content of fluorination
led to a white color for HF—rGO (in this work, the F/C
ratio of HF-rGO was 1.53 proved by XPS and was
defined to be fully fluorinated graphene according to
Nair et al. [41]). Figure S1(a) (in Electronic Supple-
mentary Material (ESM)) showed the optical photos of
powdery rGO and F-rGO, and GTL-8 base oil mixed
with rGO, LF—rGO, MF-—rGO, HF—rGO, and HF-
rGO+IL. The color of HF-rGO was white while rGO,
LF-rGO, and MF-rGO almost displayed no obvious
difference. To test if the addition of IL would
enhance the dispersibility of HF-rGO in GTL-8 base
oil, a solution of 0.5 mg/mL HF-rGO and HF-—rGO+IL
in GTL-8 was prepared and then measured using laser
light scattering. Figure S1(b) in ESM showed the optical
images of the solutions after being kept at room tem-
perature for 7 days compared with freshly prepared
mixtures of HF-rGO and HF—rGO+IL. Few aggregation
was noticed for HF—rGO+IL according to few reduced
intensity of Tyndall effect. However, HF-rGO displayed

an obvious aggregation because of the severely
reduced scattering intensity. With aim to investigate
the dispersibility of HF-rGO and HF-rGO+IL in
lubricant, we shook lubricant oil contained HF-rGO
and HF—rGO+IL and then measured the mixtures using
laser light scattering. It was interesting to observe that
the intensity of Tyndall effect of mixture contained
HF-rGO+IL was obviously higher than HF-rGO,
which illustrated that HF—rGO+IL displayed a better
dispersibility in lubricant compared with HF—rGO.

The layered structures of F-rGO were investigated
by XRD pattern as shown in Fig. 2(a). Based on Bragg's
law, the reduced value of 20 indicated the larger
interplanar distance for F-rGO. According to Fig. 2(a),
the (001) diffraction peak of rGO, LF-rGO, MF-rGO,
and HF-rGO were located at 260 =16.84°, 13.95°, 13.86°,
and 13.52°, respectively. Then, the interplanar distance
of rGO, LF-rGO, MF—rGO, and HF—rGO were calculated
to be 0.41, 0.61, 0.62, and 0.65 nm, respectively. These
data clearly illustrated that the increased degree of
fluorination would give rise to large interplanar distance
due to electrostatic repulsive force originated from
fluorine atom [21], which meant an easier shear
capability to enhance lubricant performance of HF-
rGO [22].

Thermal stabilities of F-rGO with various fluorine
content were displayed using DTG curve shown in
Fig. 2(b). All curves in Fig. 2(b) could be divided into
four weight loss steps for different thermal stability
process. At the first stage from 0 to 200 °C, all samples
displayed thermal stability. There were a broad weight
loss which was observed for LF-rGO and MF-rGO,
it may be attributed to the thermal detachment of
residual oxygen-containing functional group and a
few C-F bonds with low stability such as ionic C-F
bonds. Meanwhile, rGO and HF-rGO still showed
thermal stability at the second step from 200 to 550 °C.
At the third stage from 550 to 700 °C, all samples
were found with a sharp weight loss due to the
detachment of fluorine from F-rGO [23], while it was
found that the corresponding temperature of maximum
decomposition rate was increased with degree of
fluorination. This illustrated clearly that thermal stability
of F-rGO was in closely positive correlation with the
fluorine content [24].

FTIR spectra were utilized for investigating the
chemical structures of F-rGO as shown in Fig. 2(c).
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Fig.2 (a) XRD patterns of rGO, LF-rGO, MF—GO, and HF—rGO. (b) DTG curves of LF-rGO, MF-rGO, and HF—+GO. (c) FTIR spectra

of rGO, LF-rGO, MF—rGO, and HF—rGO. (d) XPS spectra of HF-rGO and HF—rGO+IL. (e) DTG curves of HF—rGO and HF—rGO+IL.

(f) FTIR spectra of HF-rGO and HF—rGO+IL.

It was obvious that HF-rGO showed a sharp peak
at 1,215 cm™, which was attributed to the stretching
vibration of C-F bonds [25] while rGO showed almost
none peak at 1,215 cm™. The peak at 1,324 cm™ was
assigned to the stretching vibration of C-F located at
the margin of nanosheet and was only displayed by
HF-rGO [26].

To further investigate the HF-rGO and HF-rGO+IL
hybrid nanomaterial, XPS, TGA, and FTIR were utilized
as shown in Figs. 2(d)-2(f), respectively. Figure 2(d)
illustrated that nitrogen peak and sulfur peak were
clearly observed for HF-rGO+IL at 401.6 and 168.2 eV,
respectively, which may be originated from the
adsorbed NTf,". Furthermore, it was clearly that DTG
curve of HF-rGO+IL displayed two weight loss stages
which was due to the different thermal decomposition
steps (Fig. 2(e)). From about 300 to 500 °C, IL displayed
a sharp weight loss, meanwhile, HF-rGO+IL also
showed a weight loss which illustrated that the IL
molecules adsorbing the HF-rGO. Another weight loss
step from 500 to 700 °C for HF-rGO+IL was attributed
to fluorine detachment. FTIR spectra of the HF—rGO
and HF-rGO+IL were shown in Fig. 2(f). The peaks
of HF-rGO+IL appeared at 904, 1,180, and 1,481 cm™
were ascribed to S-N, -SO, [27], and C=N in the
quinoline ring. These results clearly demonstrated
that IL was successfully grafted on HF-rGO.

TSINGHUA
UNIVERSITY PRESS

With the aim to further measure element composition
and chemical bond of various fluorine content, XPS
spectra were utilized. C 1s, F 1s, and O 1s peaks were
clearly observed from the XPS survey spectra which
located at about 284.5, 687, and 533 eV, respectively,
as shown in Figs. 3(a;)-3(d;). Chemical composition
of F—rGO with different degree of fluorination calculated
by XPS spectra was listed in Table 1. Furthermore, the
high resolution XPS spectra of C 1s were displayed in
Figs. 3(a»)-3(d,). The C 1s spectrum was deconvoluted
to some symmetrical carbon bonds, such as C-C, C=C,
C-0, covalent C-F, semi-ionic C-F, and ionic C-F. The
peaks at 285.3 and 284.5 eV were attributed to C-C
bond and C=C bond, respectively [28-31]. Besides, the
peaks located at 291, 289, and 287 eV were ascribed
to the covalent C-F, semi-ionic C-F, and ionic C-F,
respectively. It could be clearly observed that the
content of covalent C—F was increased with the higher
degree of fluorination, which would enhance the
chemical stability and keep an easier shear capability
for HF-rGO to enhance the lubricant properties.
Different types of C-F bonds were shown in Fig. 3(e).

According to TEM images, AFM images, and size
measured by dynamic light scatteringin of rGO,
LF-rGO, MF-rGO, and HF-—rGO shown in Fig. S2 (in
ESM). There were no obvious distincts obtained from
TEM images. rGO, LF-rGO, MF—rGO, and HF—rGO
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Table 1 Chemical composition of rGO and F-rGO with different
degree of fluorination.

Atomic concentration (%)

Sample
C F o F/C
rGO 95.12 — 4.88 0
LF-rGO 69.83 20.74 9.43 0.29
MF-rGO 64.83 28.55 6.62 0.44
HF-rGO 38.44 59.07 2.49 1.53

showed an average thickness of 2.08, 2.48, 3.34, and
2.25 nm, respectively. Based on above-mentioned
interplanar distance according to XRD pattern of (001)
calculated by Bragg’s law, the thickness of rGO, LF-rGO,
MF-1GO, and HF—rGO were six to seven layers, four
to five layers, five to six layers, and three to four
layers, respectively. It illustrated that the rGO layers
were reduced with the increase of fluorine content.
The values of rGO, LF-rGO, MF-rGO, and HF-rGO
were 1,041, 967, 692.5, and 644 nm, respectively. Thus,
we could draw a conclusion that the size of F-rGO
decreased with the increasing degree of fluorination
which was related to more harsh surroundings needed

for the higher degree of fluorination [32]. The property
made HF-rGO enter the friction surface easily to
enhance the tribological properties.

3.2 Lubrication performance of GTL-8 base oil
mixed with rGO, LF-rGO, MF-rGO, HF-rGO,
and HF-rGO+IL

With the aim to study the tribological properties of
five samples as lubricant additives, a series of GTL-8
lubricants mixed with rGO, LF-rGO, MF-rGO,
HF-rGO, and HF—rGO+IL were prepared. The COF, the
cross-sectional profiles of the wear tracks, and wear
rate of Si;N, against 316L at 10 N with a frequency of
2 Hz were provided in Fig. 4. It could be observed
that the COF ended at 0.165 for pure oil, 0.141 for
rGO, 0.133 for LF-rGO, 0.118 for MF-—rGO, and 0.114
for HE—rGO (Fig. 4(a)). It was obvious that all the
COF of GTL-8 base oil mixed with rGO and F-rGO
displayed significant reduction compared with pure oil.
Meanwhile, the lubricant mixed with HF-rGO showed
obvious reduction in COF compared with GTL-8 mixed
with rGO, which illustrated that the property of

http://friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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oil, rGO, LF—rGO, MF-GO, HF-rGO, and HF—rGO+IL.

friction reduction showed an improvement with the
increasing degree of fluorination. According to the
cross-sectional profiles of the wear tracks (Fig. 4(b)),
both the depth and the width of wear surface for
HF-rGO were the smallest among all the samples. For
pure oil, the depth and width of wear track were 0.56
and 0.34 mm, respectively. With the addition of rGO, the
depth and width of wear track on 316L were decreased
to 0.42 and 0.31 mm, respectively. The depth and width

TSINGHUA
UNIVERSITY PRESS

of wear track for lubricant with HF-rGO were reduced
to 0.21 and 0.14 mm, respectively. The wear rate Ws
was obtained by the Eq. (1) [33].

Vv
F-L

Ws 1)
where V is the friction volume during the tribology
test, F is the point load, and L is the whole distance.
Calculations displayed that the wear rate of rGO,

@ Springer | https://mc03.manuscriptcentral.com/friction
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LF-rGO, MF-rGO, HF-rGO, and HF-rGO+IL were
25.1 x107,21.7 x 107, 4.86 x 107, 3.15 x 107, and 3.02 x
107 mm?/(N'm) as shown in Fig. 4(c). There seemed
to be a trend that the anti-wear performance got an
enhancement with the higher fluorine content. In
conclusion, the COF of GTL-8 contained HF-rGO
presented a 31% decrease compared to pure oil and
the wear rate presented a 90% decrease. Furthermore,
the COF of HF-rGO was reduced by 21% and the
wear rate was reduced by 87% compared with rGO.
These results could be attributed to smaller size, easier
shear capability, and higher chemical stability of
HF-rGO as mentioned above.

The tribological performances of HF-rGO+IL were
shown in Figs. 4(d)-4(f). It could be observed that
both the COF and the wear rate of GTL-8 contained
HF-rG+IL were slightly reduced compared with GTL-8
mixed with HF-rGO, which was due to the improved
dispersibility of HF-rGO+IL in oil.

To further explore the observed effect of GTL-8 base
oil contained rGO and F-rGO for enhancing tribological
properties, SEM was used to observe the morphology
of wear scars. SEM micrographs of wear traces with
magnification of 200x and 800x formed from pure oil,
GTL-8 contained rGO, LF—rGO, MF-rGO, HF-—rGO,
and HF-rGO+IL were shown in Fig. 4(g). It was
obvious that the width of wear scars were gradually
reduced for that from rGO to HF—rGO as lubricant
additive, which further illustrated that higher fluorine
content could enhance the anti-wear property of GTL-8.
As shown in SEM micrographs with magnification of
800x, it is clear to observe the wavy morphology such
as delamination and cracks due to chemical plastic
deformation on the worn surface marked by yellow
loops. This illustrated that the wear of 316L was
reduced with the higher fluorination degree of
lubricant additives, meanwhile, the surface of wear
traces became smooth. The three dimensional (3D)
profiles of wear scars on the 316L vividly displayed
that a wider and deeper wear scar formed on the
surface lubricated with GTL-8 containing rGO while
a narrower and shallower wear scar formed on the
surface lubricated with GTL-8 containing HF—rGO.
To summarize, the microscopy of worn surface
illustrated that the performance of anti-wear was
improved as the degree of fluorination increased.

The morphology of worn surface for HF-rGO and
HF-rGO+IL further illustrated that the HF—rGO+IL
could enhance the anti-wear property of GTL-8 base
oil compared with HF-rGO due to the noncovalently
graft of IL.

3.3 Friction reduction and wear resistance mechanism
analysis

The optical micrographs of the wear tracks formed
on the surface lubricated with GTL-8 oil containing
rGO and HFE-rGO were shown in Figs. 5(a;) and 5(b,),
respectively. It was obvious that the width of wear
track formed on the surface lubricated with HF—rGO
was much narrower than that with rGO, besides, it
also displayed more slight wear area (area with light
color) compared with that lubricated with rGO. To
further reveal the phenomenon, the wear area whose
size was 20 um x 20 um was observed using Raman
spectral maps with the characteristic Raman shift at
1,600 cm™. The Raman mapping image shown in
Fig. 5(ay) clearly displayed the strong intensity at
1,600 cm™ which was attributed to the G band of rGO.
It was clearly displayed that no obvious G band was
found compared with that lubricated with HF—rGO.
The Raman mapping image of wear track lubricated
with HF-rGO with the same condition was shown in
Fig. 5(b,). It was illustrated that HF-rGO showed less
structure defects [34] during friction process due to
the chemical stability of HF-rGO. On the other hand,
it could be owing to the small size of HF-rGO which
helps HF—rGO enter the contact surface more easily
during the friction process. In order to validate above
explanation, Raman spectrum images of rtGO and
HF-rGO before and after friction tests were displayed
in Figs. 5(a;s) and 5(b;). The rGO showed acquired
defects during friction process, as proved by the
increase of Ip/I; from 0.43 to 1.14 after sliding process
[35]. However, the increase of Ip/Ig for HF-rGO was
less compared with rGO, which further illustrated
that HF-rGO displayed a higher chemical stability
because of more covalent C-F bond contained in the
HF-rGO.

The surface microstructure and element of LF—rGO,
MEF-rGO, and HF-rGO before and after tribological
tests were investigated by TEM as shown in Fig. 6.
Before test, the LF-rGO, MF—+rGO, and HF-rGO sheets
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Fig. 5 Optical micrographs of worn surface on 316L lubricated by GTL-8 contained (a;) rGO and (b;) HF—rGO. Raman mapping
image of worn surface on 316L lubricated by GTL-8 contained (a,) rGO and (b,) HF—rGO. Raman spectra of worn surface on 316L
lubricated by GTL-8 contained (a,) rGO and (b,) HF—rGO.
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(Figs. 6(a;), 6(b;) and 6(c;)) displayed like a transparent
crumpled cloth with F/C increased from 0.15 to 0.85.
The surface microstructure of wear debris from the
wear tracks lubricated with GTL-8 containing LE-rGO,
MEF-rGO, and HF—rGO were observed in Figs. 6(a),
6(b,) and 6(cy)). It was obvious that LF—-rGO and
ME-rGO displayed severe aggregation with small size
and became a chunk with almost none wrinkle while
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Fig. 6 TEM images of (a;) LF-rGO, (b;) MF—rGO, and (c;) HF—rGO before friction test, (a,) LF-rGO, (b,) MF—rGO, and (c,) HF-rGO
after friction test. The inset tables were EDS data of wear debris.

HF-rGO could be found with less aggregation with
many dark areas and winkle [36]. These results
illustrated that LF-rGO and MF-rGO were severely
damaged during the friction process compared with
HF-rGO. To further research the mechanism of these
phenomenon, the element concentration of wear
debris after friction tests was evaluated. Compared with
the F/C before friction, all the F/C after tests decreased
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because of the detachment of fluorine during sliding
process; however, the minimal reduction of F/C was
displayed by HF—rGO due to the high chemical stability
resulted from strong covalent C-F bond.

In conclusion, HF—rGO displayed excellent tribological
properties as lubricant additive compared with rGO,
LF-rGO, and MF-rGO. There were three main factors:
First, the small size caused by the severe fluorination
process made the HF-rGO sheets enter the contact
area of friction easily; second, HF-rGO displayed
a large interlayer spacing because high degree of
fluorination made more fluorine enter interlayer of
rGO, which improved the shear capability of HF-Rgo;
besides, compared with other samples, HF-rGO showed
a higher chemical stability originated from the strong
covalent C-F bond, which confirmed that the fluorine
atomic detached difficultly during the friction process.
It meant that HF—rGO still showed high degree of
fluorination after tribological tests, which could bring
great crack resistance capability caused by the reduced
out-plane stress and in-plane stiffness [11]. The
corresponding schematic sketch was shown in Fig. 7.

To research the role of the IL played during the
friction test, a further research of the morphology and
composition for tribofilm were utilized by the FIB
and TEM to analyze the cross-section of wear track.
Obviously, protective tribofilm with a thickness of
50 nm evenly formed on the 316L substrate after friction
tests with lubricant of GTL-8 containing HF-rGO as
shown in Fig. 8(a;). The energy dispersive spectrometer
(EDS) linear analysis along the straight lines in yellow
was shown in Fig. 8(a,). The element of F was affluent
in the area of tribofilm, which illustrated that the

tribofilm formed by HG-—rGO was consisted of FeF,
with anti-scrach property [37]. To deeply understand
the tribological properties of HF—rGO+IL as lubricant
additives, a close TEM image was observed in Figs. 8(b;)
and 8(b,). Clearly, protection tribofilm with a thickness
of 50 nm formed on the wear surface which was
supposed to be that the presence of IL could improve
the thickness of protective tribofilm. The EDS linear
analysis along the straight lines in yellow suggested
that the tribofilm was consisted with Fe, O, F, N, and
S likely mixture of FeQO,, FeF,, FeN, and FeS [38-40].
These illustrated that IL participated in the formation
of tribofilm.

4 Conclusions

In this study, F-rGO nanosheets with different degree
of fluorination were prepared using direct gas-
flurination utilizing F,/N, mixture, and they were
added into GTL-8 base oil as lubricant additive to
improve the tribological performance. Compared with
pure lubricant oil, the COF was reduced by 30% and
wear rate was reduced by 90% with the addition of
HE-rGO. Meanwhile, compared with GTL-8 containing
rGO, the COF was reduced by 21% and wear rate
was reduced by 87% with the addition of HF-rGO.
The results were attributed to the excellent
tribological properties of HF-rGO. In regard to the
tribological mechanism, three main factors were drawn:
1) the nanosheets with small size entered contact
surface easily, 2) the large interlayer spicing made the
sample show great shear capability, and 3) more
concentration of covalent C-F bonds which improved

"~ Fatomic j"\ C atomic

Fig. 7 Schematic sketch of friction mechanism.
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Fig. 8 TEM images of tribofilm formed on wear scar lubricated by GTL-8 contained (a;) HF—rGO and (b;) HF—rGO+IL. EDS linear
scanning data of tribofilm formed on wear scar lubricated by GTL-8 contained (a,) HF—rGO and (b,) HF-rGO+IL.

the chemical stability of HF—rGO resisted the detachment
of fluorine so that the HF—rGO sheet displayed the
least damage. On the other hand, the IL adsorbed on
HF-rGO successfully improved the dispersibility of
HF-—rGO in the GTL-8 base oil. Furthermore, according
to the investigation of tribofilm, IL participated in the
tribochemical reaction and increased the thickness
of tribofilm during the friction process. This work
promised a new vista on fluorinated graphene as
lubricant additive in practical application.
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