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In situ modified multilayer graphene toward high-
performance lubricating additive

To address the poor dispersibility and incompatibility of graphene toward potential applications, we propose an
approach to prepare high-density modified graphene sheets by combining solvent exfoliation of graphite with

chemical modification of ionic liquids (ILs). Graphite is exfoliated into graphene sheets along with in situ
moadification in ILs-containing solution, and ILs—modified multilayer graphene (MLG) is formed because as-
exfoliated graphene sheets with the charged groups of ionic liquids can undergo self-assembly together
through electrostatic interaction. Here, three ILs—modified MLG was prepared using different alkyl

imidazolium ILs, and their structures and tribological properties were investigated in detail. High-density
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coverage of IL cation and anion moieties is achieved, remarkably enhancing the dispersibility of the

graphene in lubricant. MLG hybrid nanofluids show excellent friction-reducing and anti-wear ability for the

DOI: 10.1039/c7ra03920d

rsc.li/rsc-advances

1. Introduction

Friction consumes a large portion of energy and wear causes
serious loss and damage to materials, so it is of great importance
to control friction and wear for energy conservation and long-term
reliability."” The primary method for alleviating the detrimental
effects of friction is to use lubrication. With the constant
consumption of lubricants over time, mechanical systems could
suffer the effects of unwanted friction, excessive wear, and lubri-
cation failure, which has been troubling us for many years. The
selection of appropriate lubricants and additives for all interact-
ing surfaces will play a significant role in reducing friction and
wear, increasing service intervals and enhancing durability.** To
address the challenges in friction and wear, lubrication systems
must be constantly renewed and improved. Fortunately, graphene
as a lubricant additive has entered people's field of vision. Gra-
phene as a one-atom-thick sp> carbon layered material and as
mother of all graphitic nano-materials, has attracted intensive
attention across academia and industry due to its impressive
properties including excellent thermal conductivity, novel
mechanical properties, large theoretical specific surface area
compared to the in-plane value of graphite.*” These performance
characteristics can stimulate a keen interest in widespread
applications of graphene for biological sensors, super capacitors,
optical devices, nano-composite materials, thermal materials, and
so forth.*** Unfortunately, the disadvantages of graphene which
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contact of steel/steel because of the synergistic effect of a physical adsorption film and a tribo-chemical
reaction film on the sliding surfaces.

are low reactivity, poor stability and dispersity have impeded its
wide application and the further development of graphene and
graphene-like materials.

Graphene is chemically insert due to its 7 electrons being
delocalized over the entire 2D network.™ In recent years, a great
deal of efforts have been made to deal with these issues and
expand the applications of graphene materials. Park et al.***®
pointed out that graphene could be modified by surfactant and
hydrophilic functional groups. Fan et al'®" proposed two
approaches for the modification of graphene including the
covalent combination of functional groups and the non-
covalent adsorption of small molecules. Graphene with high
specific surface area and surface energy allows it to readily
adsorb various functional groups on the basal plane by non-
covalent bond originating from weak van der Waals force or
interaction of small molecules,”™'® which makes it hold
a promise to keep the initial graphene structure. Covalent
functionalization is attributed to a strong and irreversible bond
between the functional groups and graphene. Early surface
modification techniques used chemical oxidation methods to
improve the dispersion and compatibility with other materials,
these approaches require precise equipment with prolonged
reaction time to reduce agglomerates due to the -7 interaction
between graphene layers, and harsh solvents such as hot nitric
acid or sulfuric/nitric acid mixtures to introduce some oxygen-
containing groups on the basal plane of graphene
layers.**>'*2® Thus, the coverage of functional groups using
traditional chemical modification only happened to the loca-
tion of oxygen-containing groups in graphene, which leads to
the relatively poor dispersion and solubility, thereby impeding
the widespread applications.

RSC Adv., 2017, 7, 24399-24409 | 24399


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra03920d&domain=pdf&date_stamp=2017-05-04
http://orcid.org/0000-0001-7101-6577
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03920d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007039

Open Access Article. Published on 04 May 2017. Downloaded on 1/15/2026 5:06:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Ionic liquids (ILs) are ionic salts in which a relatively large
organic cation and a weakly coordinating inorganic anion are
protected against forming a regular crystalline, thus retaining
their liquid phase at a high/low temperature as the name indi-
cates.”* Given the unique performance characteristics including
high thermal stability, negligible low volatility, and miscibility
with a range of organic compounds as well as tunable structure
and performance by varying the cation or anion and their
combination, ILs as “green” and versatile solvents have attracted
intensive interest in synthesis, purification, chemical and catalytic
reactions as well as lubrication.>** Tunckol et al.* reviewed the
preparation, characterization and potential application of carbon
nanomaterial-ionic liquid hybrids, and enumerated the main
synthetic routes of graphene-ILs and carbon nanotube-ILs. ILs
have become novel candidates to modification of graphene, for
example, alkyl imidazolium ILs as a class of electrolyte have been
used to exfoliate graphite into multi-layer graphene (MLG).>*®
Hence, supposing that modification of graphene occurs during
the manufacturing process of the material, the coverage of func-
tional groups can reach the optimal value on the basal plane of
graphene, which will dramatically tailor the physical and chem-
ical properties of materials.

In this study, a moderate electrochemical approach was
applied to prepare three ILs-modified graphene sheets using
alkyl imidazolium ILs solutions including 1-butyl-3-methyl
imidazolium hexafluorophosphate (LP104), 1-hexyl-3-methyl
imidazolium tetrafluoroborate (LB106), and 1-octyl-3-methyl
imidazolium tetrafluoroborate (LB108). These ILs-modified
graphene sheets were comprehensively investigated by surface/
interface analysis and transmission electron microscope, and
their tribological properties were evaluated as a comparison
with neat ILs, friction mechanism was explored by surface/
interface analysis.

2. Experimental procedure

2.1 Preparation of modified multi-layers graphene by ionic
liquids

According to the previous reported literatures,”**3*3* three
alkyl imidazolium ILs (LP104, LB106 and LB108) were synthe-
sized, and their chemical structures are shown in Fig. 1. High-
purity graphite (99.9%) robs were commercially obtained. The
ILs-modified MLG was prepared according to our previous
study.'® First, ILs solution as the electrolyte was prepared by
adding 10 mL of ILs into 80 mL deionized water, then two high-
purity graphite robs as anode and cathode were inserted into
the electrolyte with the parallel distance of 6 cm depended on
the diameter of beaker. Second, the applied voltage of 15 V was
applied to the two graphite electrodes by a SMD-30 CNC double

N N | N @ N
R \/@ SRy Rl/ \/@ R,
BF, PE

Fig.1 Chemical structures of LB106 (R, = CgH43, R» = CH3), LB108 (R,
= C8H17, RZ = CH3) and LP104 ILs (R1 = C4H9, R2 = CH3)
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pulse power supply for an hour. As a result, the anode graphite
rob was exfoliated layer by layer in the electrolyte. After chem-
ical electrolysis, the solution became black and appeared some
solid sediment at the bottom of the beaker. Then the solution
was centrifuged with the speed of 3000 rpm for 10 minutes to
obtain the precipitates. Finally, the precipitates were washed
with absolute ethanol and ethyl acetate several times, after
drying in a vacuum oven for 24 hours at 80 °C under 0.08 M Pa,
the ILs-modified MLG was successfully prepared. The modified
MLG sheets by LP104, LB106 and LB108 ILs were abbreviated
MLGM14 YV MLG™1%¢"%Y and MLG™'%1Y] respectively. In
addition, the lubricants comprised of ILs and well-dispersed
MLG were prepared by rotary evaporator at 80 °C for 2 hours
for removing deionized water. LP104 with MLG"""%*"V was
abbreviated as LP104". Similarly, LB106 with MLG"P*%***Y
and LB108 with MLG"?'**"*V were abbreviated as LB106"*Y and
LB108"Y, respectively.

2.2 Characterization of ILs-modified MLG

The morphology and structure of the ILs-modified MLG were
observed with JEM-2100F transmission electron microscope
(HRTEM). Raman spectra were measured by Renishaw inVia
Raman microscope with 532 nm laser excitation. Fourier trans-
form infrared (FTIR) spectra were recorded in the wavenumber
range of 4000-500 cm ™ with Nicolet 5700 Fourier transform
infrared analysis (FTIR). The thermal stability of MLG was
analyzed using a STA 449C thermo-gravimetric analyzer (TGA) at
a heating rate of 10 °C min " in flowing air. Lubricants with ILs—
modified MLG were measured on a Shimadzu UV-2600 spectro-
photometer to evaluate the dispersibility. Their functional groups
of the samples were analyzed by Thermo Scientific ESCALAB
250Xi X-ray photoelectron spectroscopy (XPS) using Al-Ka radia-
tion as the excitation source. The binding energies of the target
elements were determined at a pass energy of 20.0 eV, with
a resolution of about +0.3 eV, using the binding energy of
contaminated carbon (C 1s: 284.8 eV) as the reference.

2.3 Friction tests

The tribological properties of lubricants were evaluated on the
reciprocating UMT-2MT sliding tester at different applied loads
and room temperature. The friction pairs were composed of the
upper pressing AISI 52100 steel ball with standard diameter of 6
mm and the lower stainless steel disk. The friction tests were
conducted at the applied loads of 5 N, 10 N, 15 N and 20 N,
sliding speed of 300 rpm, traveling distance of 5 mm for 60 min.
The surface contact resistance value of the lubricants during the
friction process was also measured by UMT-2MT sliding tester
using single-crystal Si(100) wafers as lower specimens. Mean-
while, the tribological behavior of lubricants under high
vacuum (3.2 x 107> Pa) was investigated by a self-made rota-
tional ball-on-disk vacuum tribometer with the applied load of 5
N, all else being equal.

The tribological behaviors of lubricants under high applied
load were evaluated on an optimal-SRV-1V reciprocation friction
tester at room temperature with a ball-on-block configuration.
AISI 52100 steel ball with diameter of 10 mm, hardness 710 HV

This journal is © The Royal Society of Chemistry 2017
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as upper specimens slides reciprocally at an amplitude of 1 mm
against the stationary lower AISI 52100 steel disk with ® 24 x
7.9 mm, hardness of about 618 HV and roughness of about
10.0 nm. All the tests were set at the applied load of 200 N,
frequency of 25 Hz for 60 min. Prior to the friction and wear test,
the lubricants were added to the contact area of friction pairs.
The friction coefficient was recorded automatically by
a computer connected to the tester during the experimental
process. After friction tests, the lower specimens were cleaned
ultrasonically several times in baths of acetone and were dried
with pure nitrogen for surface analysis. Each friction test was
repeated three times under the same conditions in order to
ensure repeatability. The wear volume of the lower specimens
were measured using a MicroXAM-3D surface mapping micro-
scope profilometer according to the cross sectional area multi-
plied by the length of wear track.

2.4 Characterization and analysis

The morphologies and element composition of wear surfaces
were measured by JSM-7001F scanning electron microscope
(SEM, JEOL, Japan) with Oxford-Max50 INCA-250 Energy
Dispersive Spectrometer (EDS). The chemical states of typical
elements on the wear surfaces were analyzed by Thermo
Scientific ESCALAB 250Xi X-ray photoelectron spectroscopy
(XPS) using Al-Ka irradiation as the exciting source. A pass
energy of 20.0 eV determined the binding energies of the target
elements, with the resolution of around +0.3 eV, and the
binding energy of carbon (C 1s: 284.8 eV) as the reference.

3. Results and discussion
3.1 Analysis of modified multi-layers graphene

ILs-modified MLG can be prepared by the method of solvent
exfoliation of graphite in ILs solution with the assistance of an
applied voltage of 15 V. Given that the types of ILs could not only
affect the efficiency of exfoliation and modification, but also
determine the structure and physicochemical properties of
MLG. TEM as a powerful tool was used to obtain an intuitional
insight into the morphology and structure of the ILs-modified
MILG. MLGLB106715V, MLGLBIOBJSV and MLGLP104715V was Char‘
acterized by TEM, and Fig. 2 provides the TEM images of the
three ILs-modified MLG. Observing the image of MLG"®'%*1%V|
it presents an obvious graphene-like structure with a smooth
finish and adsorbs some ILs-capped carbon particles on the
basal plane. Focusing on the TEM image of MLG"'**™V it
shows a cross-linked graphene structure with lots of wrinkles
because more fluorine ions were generated by the electrolysis of
LP104 and these ions dramatically enhance the electrostatic
interaction of the charged graphene sheets. Keeping eyes on the
TEM image of MLG"®'°*"*V it presents the relatively intact
graphene structure with some overlap and curve, its high
magnification TEM image shows some amorphous regions
among crystalline domains because high modification density
indeed induces the formation of amorphous regions, and also
indicates that the ILs-modified graphene is multilayers. The
result suggests that the cation and anion moieties of ILs and

This journal is © The Royal Society of Chemistry 2017
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their physicochemical performance affect the modification
density and structure of as-exfoliated graphene sheets.

Raman spectroscopy as an important analysis technique has
been employed to probe into the Raman mode of graphene-like
materials. For sp> hybridized carbon such as graphene and
CNTs, Raman spectroscopy can provide a great deal of informa-
tion according to the characteristic peaks including G band (at
1580 cm ™, in-plane vibration of sp” carbon atoms) and 2D band
(2670 cm ™', two phonons double resonance Raman scattering
process) and D band from introduction of defects, which can
illustrate the clustering of the sp® phase, crystal disorder, the
presence of sp>-sp’ hybridization, defects, the introduction of
chemical impurities, and so forth.*>>** Besides, the intensity ratio
of I,p/I; is far more than 1 for single layer graphene with a sharp
and symmetric 2D peak.’® Fig. 3a presents the Raman spectros-
Copy Of MLGLP104_15V, MLGLB106-15V and MLGLB108_15V. It iS
confirmed to be multilayer graphene structure by the major
Raman features G band (~1580 cm™') and 2D band (~2688
em™ ) as well as the intensity ratio of Lp/Ig (much less than 1).
The MLG""**1V exhibit a strong D peak at 1343 cm™ " due to
vibrations of carbon atoms with dangling bonds at the graphene
edge and wide 2D peak at 2688 cm™* due to the frequent intro-
duction of sp>-hybridized carbon atoms into the sp>-hybridized
graphene layers, illustrating that moieties of ILs have adsorbed or
inserted into the basal and inter-layer of graphene. Fig. 3b shows
the FTIR spectra of three ILs-modified MLG to confirm the
presence of ILs functional groups. The characteristic peaks of
MLG™%*"Y appear at 827 cm ™" and 1169 cm ™!, which is due to
the P-F stretching vibration of the anion moiety and the
appearance of C;HgN,~ from LP104 ILs. The peak of MLG"®'%*">Y
and MLG"®'%"%V at 1057 cm ™" is assigned to the B-F stretching
vibration of the BF, anion moieties. The C-N band on the
imidazolium ring has the characteristic peak at 1572 cm™ . The
peaks at the range of 2926-3171 cm ' are attributed to C-H
stretching of the alkyl chains on the cation moieties."”* The
result confirms that anion and cation moieties of ILs exist in the
MLG. TGA has played an important role to investigate the
thermal stability of materials, Fig. 3c shows TGA curves of three
ILs-modified MLG. Compared with their TGA curves, their
thermal decomposition is at the temperature range from 343 °C
to 384 °C, while the decomposition temperature of neat ILs
including LB106, LB108 and LP104 is at the temperature range
from 356 to 422 °C, which has been reported in the previous
work.'*"7** With the increase of temperature, MLG"*'**"%V firstly
decomposed at around 343 °C because the applied voltage of 15V
has caused the electrolysis of LP104, and the mass loss derives
from the thermal desorption and decomposition of functional
groups. LB106 and LB108 ILs-modified MLG with longer alkyl
chain and BF, moieties have higher thermal stability, whose
mass loss is also due to the thermal decomposition of anion and
cation moieties. The substantial mass loss of ILs-modified gra-
phene accounts for 80% of the initial mass, which is due to the
pyrolysis of anion and cation moieties of ILs, rather than the
removal of the labile oxygen-containing functional groups, since
oxygen-containing functional groups decompose at the lower
temperature of around 200 °C,* while the thermal loss of cova-
lently bound functional groups occurs at relatively high

RSC Adv., 2017, 7, 24399-24409 | 24401
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temperature range, which is consistent with the thermal

MLG.

decomposition temperature of neat ILs. Hence, according to the

TGA curves, it is confirmed that graphene sheets have been
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modified in high density (about 80%) using solvent exfoliation of
graphite with chemical modification of ILs under the working
potential of 15 V. Such high density modification is realized

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra03920d

Open Access Article. Published on 04 May 2017. Downloaded on 1/15/2026 5:06:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Cls . Cls
——MLG™ " MLG115Y
= =
= <
o ~
£ £
[72] w
s :
~ =
= =
1 1 1 1 1 L L
294 291 . 288 285 282 279 276 296 292 288 284 280
Binding energy/eV Binding energy/eV
Cls 15V —y
MLGP5 Fls 685.2¢V——
! LRB106-15V
: MLGI B108-15V
1 ] -]
. s — MLG
=S = ; o
c‘. = 4 MLGLI '104-15V
= e ]
> > !
= = .
& = :
0 1
£ = '
— = H
o 1
I
e
292 290 _288_ 286 284 282 280 92 690 638 636 634 682 680 68

Binding energy/eV Binding energy/eV
Nis 398.9¢V— o Bls  _ oumweis 1859ev
—MLG"~ ) MLG S
MLGLB!I]S-IS\ |

LP104-15V

———MLG

Intensity/a.u.
Intensity/a.u.

185 180

PR SRR WP VRSN W VR WSS Wa— - L L
406404 402400 398 396 394 302 39 200 5. . 19
Binding energy/eV Binding energy/eV
F2p 135.6V
MLGLPIIM-IS\'
3
&
s
>
=
w2
=
D
3
=
L /
W/\% %W
1 L

T 138 135 132 1% 126
Binding energy/eV

Fig. 4 X-ray photoelectron spectra of typical elements including C, F, N, B and P on the ILs—modified multilayer graphene (MLG-8106-15V,

MLGLP104—15Vand MLGLBIO8—15V).

through ILs adhering to the surface or inserting into the inter- the capability of the ILs to disperse ILs-modified graphene.
layer of graphene by chemical reaction and physical adsorption.  Fig. 3d gives the UV-vis absorption spectra of lubricants with ILs-
UV-vis absorption spectroscopy was employed to gain insightinto  modified MLG after storage for seven days. The UV-vis spectra of

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 24399-24409 | 24403
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Fig.5 Evolution of the friction coefficient (a) with the applied loads, contact resistance (b) of lubricants for the contact of steel/Si at applied load
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Fig. 6 3D morphologies of the worn surfaces on the steel substrates lubricated by lubricants at the applied load of 20 N.

ILs-modified graphene using three ILs exhibit the same charac- absorbance intensities, it is noticed that LB106™Y gives the

teristic peaks at 231 nm, which can be attributed to # — m* highest absorption intensity because it has the best dispersing
transitions of aromatic C-C bonds.** Compared with these ability, thereby dispersing the largest amount of LB106 ILs-

24404 | RSC Adv., 2017, 7, 24399-24409 This journal is © The Royal Society of Chemistry 2017
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200 N.

Fig. 8 SEM micrographs with low and high magnification of the worn surfaces lubricated by ILs with modified MLG at the applied load of 200 N.
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modified graphene into the LB106. By contrast, the dispersibility
of LP104 ILs-modified MLG is inferior to that of LB106 and
LB108 ILs-modified MLG with long alkyl chain. So, UV-vis
adsorption spectroscopy illustrates the dispersion and compati-
bility of ILs-modified graphene in lubricant, and the results
ensure that ILs-modified graphene has long-term stability in the
lubricants.

XPS spectra can provide a deeper sight into the chemical
state of modified elements in the ILs-modified MLG. Fig. 4
provides the XPS spectra of typical elements on ILs. The
strong and symmetrical C 1s peak at 284.8 eV is identified as C
in air, using the binding energy of 284.8 eV as the reference.
The relatively weak C 1s peaks appear at the binding energy of
286.8 and 288.7 eV, which is attributed to the C-O and C=0
bonds, respectively.'* It is possible to occur the interaction of
as-exfoliated graphene and oxygen atoms from the electrol-
ysis of water due to the high applied voltage of 15 V, which
could lead to the formation of such bonds on graphene's
basal planes and edges. A relatively strong C 1s peak of
MLG"P161%V [ocates at 280.9 eV, originating from the alkyl
chains of ILs. The F 1s peaks locate at 685.2 eV, which indi-
cates the presence of F~ from the coverage of BF,  and BFs~
moieties of ILs.* The weak N 1s peaks at around 398.9 eV are
assigned to C-N bond of imidazolium ring (C;H4N,) of ILs.
The B 1s peaks at 185.9 eV are ascribed to B-F bond from the
anion moieties of LB106 and LB108 ILs. A strong P 2p peak of
MLG"1%415V 3t 185.9 eV is attributed to P-F bond from PFy~
anion of LP104 ILs.** Combined with these results of experi-
mental characterization and analysis, it is illustrated that the
anion and cation moieties of ILs including alkyl chains,
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imidazolium ring, BF,  and BF,s have efficiently attached to
the basal planes or interlayer of graphene by physical
adsorption and covalent binding, and high density modifi-
cation of ILs allows the MLG to have good dispersion and
compatibility in lubricant, which is favorable to enhance the
tribological performance.

3.2 Tribological properties of the lubricants

The tribological properties of the lubricants with ILs-modified
MLG (LP104"*Y, LB106"*Y and LB108"") were evaluated at the
applied load of 5 N, 10 N, 15 N and 20 N, with neat ILs (LP104,
LB106 and LB108) as a comparison. The average friction
coefficient values are shown in Fig. 5a. The LB106"" and
LB108"Y present lower friction coefficient value than LB106
and LB108 because the lubricants composed of ILs and ILs-
modified MLG have better friction-reducing behavior, and ILs-
modified MLG can provide an easy-shearing film on the sliding
surfaces. Contact resistance of the lubricants during the
sliding process is showed in Fig. 5b, the contact resistance
reduces in the following sequence: LB106"Y > LB108"V >
LP104"Y, which provides a real-time information on the
conductivity of the lubricant film. The lubricants with ILs-
modified MLG display lower and more smooth contact resis-
tance curves with small fluctuation, illustrating that ILs-
modified MLG can enhance the conductivity of lubricants
through the synergy of the electrical conductivity of graphene
and ionic conductivity of ILs, because the ILs have high ion
conductivity, while intact graphene could offer extraordinary
carrier mobility. Fig. 5c and d show the friction curves of the

Lptogs
C

N

Fig.9 EDS elemental surface distribution images of the worn surfaces lubricated by ILs with modified MLG and neat ILs at the applied load of 200

N.
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lubricants under high vacuum and the corresponding wear order of magnitude as a comparison with neat ILs. The 3D
volume of the substrates. ILs-modified MLG can greatly morphologies of the worn surfaces on the steel substrates are
enhance the friction and wear ability of lubricant, which shown in Fig. 6. It can be observed that the worn surfaces
reduces the friction coefficient, increases its stability almost lubricated by lubricants with ILs-modified MLG are relatively
without fluctuation and reduces the wear volume about 1 rough and appear obvious bulges on the sides of wear tracks in
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Fig. 10 XPS photoelectron spectra of typical elements on the worn surfaces lubricated by neat ILs and ILs with modified MLG.
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the sliding direction, which is attributed to the deposition of
ILs-modified MLG and the interaction of functional groups
and steel substrates.

Friction curve and wear volume of the lower disk lubricated by
neat ILs and ILs with the modified MLG are shown in Fig. 7.
Compared with their friction behaviors, it can be seen that the
ILs-modified MLG has lower friction coefficients than neat ILs
and the friction coefficient is more stable from starting-up and
running-up stage to the end. By contrast, the friction coefficient
of LP104"V is the smallest (about 0.078), and the related wear
volume reduces by 74%, while LB106"*Y and LB108"*" reduce the
wear volume by 83% and 71%, respectively. The results indicate
that ILs-modified MLG could greatly reduce the friction and
wear. So ILs-modified MLG possesses excellent tribological
properties. Fig. 8 shows the SEM images of worn surfaces lubri-
cated by ILs with modified MLG, the worn surfaces have relatively
narrow wear tracks with some bulges in the sliding direction,
which could be due to the formation of a protective layers derived
from ILs-modified MLG. In particular, once a dense protective
film was formed on the sliding surfaces, it can significantly
enhance the friction-reducing and anti-wear behaviors.

3.3 Analysis of friction mechanism

To collect more direct evidences on the excellent tribological
performance of ILs-modified MLG, EDS was used to analyze the
chemical composition of worn surfaces. Fig. 9 shows the
elemental distribution of the worn surfaces to provide a deeper
insight into the typical elements of functional groups. It can be
inferred that a dense protective layer has formed on the sliding
surfaces including C, F, N, B and P from ILs and Fe from the
steel substrate, suggesting that the interaction of typical
elements and metal atoms has happened.

To further understand the excellent friction-reducing and
anti-wear mechanism, XPS as a powerful tool was employed to
investigate the chemical state of typical elements on the worn
surfaces, thereby verifying the existence of any possible tribo-
products. Fig. 10 presents the XPS spectra of C 1s, O 1s, Fe
2p, F 1s, N 1s, B 1s and P 2p on the worn surfaces. The C 1s
peaks at 286.1 eV are ascribed to the C-N bonding from the
imidazolium ring of ILs.*® The O 1s peaks appearing at 532.3 eV
illustrate that the worn surfaces have complex oxide species.
The Fe 2p peaks at 710.9 eV and the low binding energy F 1s
peaks at 684.6 eV are attributed to FeF, due to the chemical
reaction between F~ of ionic liquids and Fe element during the
sliding process.’”?®* The high binding energy F 1s peaks at
686.5 eV are assigned to the B-F and P-F bonding from the
anion moieties of ILs. The N 1s peaks appear at 399.8 eV, which
may be identified as C-N bonding and the transformation of
nitrogen into amine.*>*° The relatively weak and wide B 1s peaks
at 190.3 eV ensure that Fe,B or B,O; appears on the worn
surface.*»*> The P 2p peaks appear at 133.1 eV, it can be sure
that P-O bonding and FePO, have been generated on the wear
tracks.** According to XPS spectra of these typical elements, it
can be confirmed that a protective film has been formed on the
contact area of friction pairs during the sliding process, and the
protective film is composed of physical absorption including
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ILs and ILs-modified MLG, and tribo-chemical reaction prod-
ucts including FeF,, Fe,B, FePO, and complex oxides on the
worn surface.

Combined with the characterization and analysis of ILs-
modified MLG and their tribological performance, illustrating
that modification of graphene sheets is efficient and high-
density by alkyl imidazolium ILs during the process of prepa-
ration. High-density coverage of anion and cation moieties of
ILs remarkably improve the dispersibility in lubricants, and is
favorable to enhances the thermal stability, conductivity and
tribological properties of the hybrid nanofluids originating
from the physicochemical properties of graphene. So, ILs-
modified MLG hybrid nanofluids show excellent friction-
reducing and anti-wear ability for the contact of steel/steel at
high/low applied loads or under high vacuum conditions, which
mainly depends on the synergistic effect of physical adsorption
film and tribo-chemical reaction film on the sliding surfaces.
Liquid lubricants can afford good lubrication in the starting-up
and running-in stages and mild friction conditions due to the
formation of a thin oil-film on the contact area. ILs-modified
MLG as additive could fill between surfaces asperities, with the
increase of friction heat and mechanical force under harsh
conditions, anion moieties of ILs were decomposed into active
ions, and these ions can readily react with metal atoms on the
steel substrates, thereby forming the anti-scratch tribo-
chemical reaction products. So the synergy of physical absorp-
tion film of ILs and ILs-modified graphene and tribo-chemical
reaction film of anti-scratch components can effectively prevent
the mating surfaces from straight asperity contact, thereby
significantly enhancing the tribological performance. Hence the
ILs-modified MLG as an “green” advanced materials can
expand the wide range of applications.

4. Conclusions

Intensive efforts have been made to successfully prepare ILs-
modified MLG using solvent exfoliation with the assistance of
applied voltage, their structure and performance characteristics
were investigated in detail. The conclusions can be drawn as the
following:

(a) High-density modification of graphene sheets by alkyl
imidazolium ILs during the process of preparation is achieved
using solvent exfoliation with the assistance of applied voltage
in ILs solution.

(b) ILs-modified MLG has good dispersion and excellent
friction-reducing and anti-wear abilities at coupling conditions
including high/low applied loads and high vacuum.

(c) Excellent tribological behaviors of ILs-modified MLG are
attributed to the synergy of physical absorption film (composed
of ILs and MLG) and tribo-chemical reaction film (comprised of
fluoride, phosphate and complex oxides) on the sliding
surfaces.
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