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Nanocarbon products and graphene derivatives are often applied to base lubricants as an additive to reduce contact-
induced surface failures and improve the reliability of engineering applications. In this study, the effects of modified graphene oxide
(MGO) on the lubricity of the ionic liquid (IL), 1-heptyl-3-methyl imidazolium bis[(trifluoromethane)sulfonyl]amide
([C,C,im][NT£,]), are investigated through systematic experiments and material characterizations. To enhance the stability of
the dispersion of GO in the IL [C,C,im][NTf,] lubricant, 1-butyl-3-(9-carboxynonyl)imidazolium bromide (ILC,-COOH) is
covalently grafted onto GO, which produces ILC,-COOH-modified graphene oxide (MGO). The synthesized MGO/IL lubricant is
applied to the sliding contact between the stainless steel ball and the bearing steel plate. The measured friction and wear are analyzed
with respect to the MGO concentration and temperature. The experimental results support that MGO is an effective additive to the
IL [C,C,im][NTf,] lubricant in decreasing the friction, and its benefit is more obvious at the higher temperature. From the analysis
of the 3D surface profilometer and scanning electron microscopy (SEM) measurements, it is found that the abrasive type of wear is
dominant on the worn surface. If the MGO concentration is appropriately controlled, MGO additive can be beneficial in decreasing
the wear at the higher temperature.
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Graphene and its derivatives (i.e., graphene oxide (GO) and

The presence of friction and wear on the contacting surface is
one of the key issues in a transportation system affecting its
fuel efficiency and performance.’ Researchers have been
working on new lubrication technologies to enhance fuel
efficiency and extend the service life of machines, which is
usually achieved by dissipating heat from contact interfaces,
inhibiting corrosion like oxidative events, and removal of
contaminants (foreign particle, oxidized product, etc.), along
with minimizing friction and wear. In general, frictional heat is
omnipresent at the rubbing contact interface, which changes
the viscosity and promotes auto-oxidation of the lubricant at
elevated temperatures. To address the design requirements of a
lubrication system, various types of additives have been studied
such as antiwear component, friction-modifier, corrosion-
oxidation inhibitor, detergent, dispersant, and so on.
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reduced graphene oxide (RGO)) have been studied as an

7

additive to lubricants.>™” Due to their superior thermal

conductivity and low plane-shear resistance, they can improve
the tribological performance of a surface-contact device.””>"’
When graphene particles are applied to a liquid lubricant, the
dispersion quality is challenging because of the inherent

chemical inertness and 77—z stacking interaction between
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Figure 1. 1-Heptyl-3-methylimidazolium bis[ (trifluoromethane)sulfonyl]amide, [C,C,im][NTf,]: (a) molecular structure and (b) synthesis.

graphene sheets.'” In the case of GO as an oxidized derivative
of graphene, GO shows excellent dispersibility in polar
solvents. The presence of oxygen rich groups (i.e., hydroxyl
and epoxy) on the basal plane along with smaller fractions of
carboxyl, carbonyl, and phenol groups at the sheet edges makes
GO hydrophilic, which allows better interfacial interaction with
polar solvents.'” Compared to GO, reduced graphene oxide
(RGO) contains a smaller number of oxygen functionalized
groups, which accordingly reduces the polar interaction
capacity, thereby preserving similar configuration and proper-
ties with pristine graphene.

Ionic liquids (ILs) have been evaluated as an alternative or
additive for high-performance synthetic lubricants.'”™* ILs
exhibit exceptional characteristics including high thermal
stability, high polarity, low melting point, nonflammability,
and negligible volatility, which make them an excellent
candidate for lubricants compared to conventional oils and
greases.> ™' ILs are defined as organic salts with melting
points below 100 °C. They are also referred to as room
temperature ILs (RTILs) if their melting points are at or below
room temperature. An IL is typically comprised of a large
asymmetric organic cation and an inorganic anion. Due to the
nature and structure of the ions involved, forming a regular
crystalline structure is difficult in ILs, which make them liquids
at room temperature.”” When ILs are applied on a metal
surface, the inorganic anions are anchored and strongly bonded
to the exposed metal surface, while the cations form a layer
over the anions, making an ordered layered structure.'®™*’
These absorbed layered structures effectively prevent direct
solid-to-solid contact at low contact load conditions. At higher
contact load conditions, these layered structures can be broken
and decomposed leading to tribochemical reactions with the
metal by the local high contact stress and temperature rise,
which can create a protective tribofilm on the metal surfaces,
thereby reducing the friction and wear.'®*"**

Given that steel is a popular material in machines,
researchers have investigated the properties of ILs as a
lubricant for steel—steel contact."®**** Various types of anions
and cations have been used to synthesize ILs to address a
specific tribological performance.'® It was observed that
imidazolium-based ILs provide good thermal stability.”* ILs

with hydrophobic anions such as tetrafluoroborate ([BF,]™)
and hexafluorophosphate ([PF4]”) cause a corrosion on the
steel surface under humid conditions, whereas bis[tri-
(fluoromethane)sulfonyl Jamide ([NTf,]”) shows better ther-
mo-oxidative stability and tribological performance."®**** 1t
was also found that ILs with longer alkyl chains are beneficial
for improving the friction of steel—steel contacts."®

Several nanomaterials such as nanodiamond, carbon black,
and silicon nitride have been applied as an additive to IL
lubricants, all of which helped to reduce the friction and wear

26—28

of contacting solids. Graphene has also been investigated

as an additive to IL lubricants decreasing the friction and wear

if its wt % is appropriately controlled.”* ™'

To improve the
dispersibility of graphene derivatives in base oils, its surface is
modified using IL surfactant producing IL-functionalized
graphene derivatives. Researchers have studied IL-function-
alized graphene derivatives as an additive for various types of
base lubricants such as synthetic oil, formulated oil, and
#2738 and found that these additives worked

well as a wear inhibitor and friction reducer. However, there

deionized water

have been few works reported for IL-functionalized graphene
derivatives as an additive for base IL lubricants.

In this study, the monocationic ionic liquid (MIL), 1-heptyl-
3-methylimidazolium bis[(trifluoromethane)sulfonyl]amide
([C,C,im][NT£,]), is synthesized as a base lubricant, while
modified graphene oxide (MGO) is manufactured as an
additive. The MGO/IL is applied to a steel—steel contact as a
lubricant. Using a ball-on-flat linear reciprocating tribometer,
its lubricity (i.e., friction and wear) is analyzed with respect to
the concentration of MGO additive and the temperature. The
wear mechanism and volume of the tested samples are
analyzed using an optical 3-D profilometer and scanning
electron microscopy (SEM). Compared to other related works,
the unique feature of this study is the application of MGO as
an additive for IL base lubricant and the measurements of its
lubricity at a wider range of temperatures.
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Figure 2. (a) Synthesis of surfactant ILC,-COOH; (b) production of modified graphene oxide (MGO).

lonic Liquid (IL). The IL used in this study has an
asymmetric imidazolium cation and [NTf,]™ as the anion as
shown in Figure la. Its synthesis is a two-step process as
schematically shown in Figure 1b. This procedure has been
optimized by Quitevis and co-workers in their previous
works.”~*" A total of 1 equivalent of 1-methylimidazole and
1.0S equivalent of 1-bromoheptane were added to 50 mL of
acetonitrile, and the solution was left to stir overnight at 60 °C
under nitrogen. '"H NMR showed that the crude product is the
desired intermediate, [C,C,im][Br], with slight impurities,
confirming complete consumption of 1-methylimidazole. The
reaction mixture was washed with S0 mL of a 3:1 (v/v)
mixture of hexane and dichloromethane three times and left to
stir in hexane at room temperature overnight to remove the
unreacted halide. The product was concentrated in vacuo on a
rotary evaporator. The resultant IL was used in the second step
of the synthesis without further purification. The second step
involved a metathesis reaction in which 1 equivalent of
[C,C,im][Br] and 0.97 equivalent of lithium bis[tri-
(fluoromethane)sulfonyl]amide (LiNTf,) were mixed in
aqueous solution and left to stir overnight at room temper-
ature. The two-phase system was then repeatedly washed with
distilled water until no bromide ions were detected by the
silver nitrate test. The excess water was removed by benzene
azeotrope by using a Dean—Stark trap. The crude product was

decolorized by stirring in activated carbon and acetonitrile for
96 h and then filtered through a gravitational column that was
packed with glass wool, sand, 10 cm of aluminum oxide
(activated, basic, 50—200 yum), and S cm of Celite 545 and
again sand on the top, using acetonitrile as the eluent. After
removal of the solvent using a rotary evaporator under the
reduced pressure, a colorless liquid of [C,C,im][NTf,] was
formed. The complete drying and removal of residual benzene
was carried under vacuum at 70 °C, which was confirmed by
measuring water content (below 100 ppm) using Karl Fischer
titration. The final purity of the IL was confirmed by ‘H NMR
(see Figure S1 and NMR data in the Supporting Information).
Quitevis and co-workers previously showed the procedure for
the synthesis and purification described above yields an IL with
purity >99% as confirmed by elemental analysis and electro-
spray ionization mass spectrometry.A'1

Graphene Oxide (GO) and Reduced Graphene Oxide
(RGO). Using the modified Hummer’s method,”” GO and
RGO were synthesized following the procedures illustrated in
Figure S3 and S4 in the Supporting Information. To obtain
GO, 180 mL of sulfuric acid (H,SO,, 98%) was mixed with 20
mL of phosphoric acid (H;PO,) with a 9:1 volume ratio and
left to stir for 15 min. A total of 1.5 g of graphite powder was
added to the acid solution, followed by the slow addition of 9.0
g of KMnO, with continuous stirring. The mixture was left to
stir continuously for 72 h to allow enough time for the graphite
to be oxidized in the presence of KMnO,. A total of 4 mL of
hydrogen peroxide (H,0, 30%) was then added to terminate
the oxidation reaction. Upon successful oxidation, the solution
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turned golden-yellow in color. After confirming the color
change, the solution was rigorously washed with deionized
(DI) water and hydrochloric acid (HCl, 30%) and again with
DI water. The solution was then centrifuged at 4,500 rpm until
the pH became neutral (approximately 10 min). After the
centrifugation, the supernatant was oven-dried at 45 °C for 24
h to produce GO.

RGO was obtained through the exfoliation of GO via a
stepwise increase in temperature.”” The oven-dried GO
obtained via the synthetic process (Figure S3 in the Supporting
Information) was exfoliated with DI water using ultra-
sonication. The mixture was oven-dried with the temperature
increments of 25 °C at every 10 min until reaching 300 °C in 2
h. This procedure eliminates most of the oxygen functional
groups in GO to produce RGO.

Modified Graphene Oxide (MGO). As an additive to IL
lubricants, GO has a critical issue of bad dispersibility. To
improve its dispersibility, surface modification was conducted
using a surfactant. In this study, the surfactant, 1-butyl-3-(9-
carboxynonyl)imidazolium bromide (ILC,-COOH), was
synthesized by heating a 1:1 molar ratio of 1-butylimidazole
and 10-bromodecanoic acid in an oil bath at 120 °C for 9 h, as
shown in Figure 2a.*" The purity of the surfactant was
confirmed by "H NMR (see Figure S2 and NMR data in the
Supporting Information). Based on the technique developed
by He et al,” MGO could be obtained following the
procedure outlined in Figure 2b. A 1:1 (w/w) ratio of GO
and the surfactant ILC4-COOH were mixed with methanol via
ultrasonication for 1 h. The mixture was stirred for 12 h under
nitrogen at room temperature to ensure complete reaction.
Ethyl acetate was used to wash the solution to remove excess
surfactant. The solution was oven-dried at 80 °C for 24 h,
which produced ILCy-COOH modified graphene oxide MGO.

Viscosity Measurements. The viscosities of the pure IL
[C,C,im][NTf,] and the MGO/IL lubricant were measured as
a function of temperature using a TA Instruments Discovery
HR-3 rheometer and a double-wall concentric cylinder
Couette cell with shear rates varying from 10 to 1000 s~
The viscosity was measured from 298.15 to 373.15 K for the
0.1 wt % MGO/IL lubricant, while it was measured at 298.15
and 373.15K for the IL. (The viscosities of the IL and 0.1 wt %
MGO/IL lubricant are listed in Table S1 of the Supporting
Information.) Figure 3 shows the viscosities of the IL and 0.1
wt % MGO/IL lubricant plotted as a function of temperature,
as well as the viscosity of the IL obtained from a previous
study.”® The dashed lines through the data are fits of the
Vogel—Fulcher—Tammann (VET) equation:*”**

T—To] (1)

where parameters 7y, B, and T, are given in Table S2 in the
Supporting Information.

From the results in Figure 3, the values of the viscosity of the
IL obtained in the current study at 298.15 and 373.1S5 K are in
good agreement with the values obtained by Xue et al.*® within
the +2 mPa-s experimental error of the measurements. This
provides support for the comparison between the viscosity of
the IL obtained by Xue et al.*® and that of MGO/IL obtained
in the current study being valid. The plot as well as Table S3 in
the Supporting Information indicate the viscosity of 0.1 wt %
MGO/IL is lower than that of the neat IL. Based on the fits of

n=n, exp[

250 |- 8 [C,C,im]INTF)] i
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Figure 3. Comparison of viscosity values of neat [C,C,im][NTH]
from the current study (X points) and literature values from Xue et
al* (square points) and 0.1 wt % MGO/[C,C,im][NTf,] lubricant
(triangle points). Dashed and solid lines correspond to fits of the VFT
equation (eq 1) to the viscosity values.

VFT equation to the viscosities of MGO/IL and the neat IL,
this difference holds outside the region of measured viscosities.
These results indicate adding MGO to the IL lowers the
viscosity by at most 13% (see Table S3 in Supporting
Information).

Thermal Gravimetric Analysis (TGA). The thermal
stabilities of the IL and the 0.1 wt % MGO/IL lubricant
were examined using a Shimadzu DTG-60H thermogravi-
metric analyzer under ambient air with a controlled flow rate of
10 mL/min. An empty alumina pan was used as the reference
and a second alumina pan was used as the sample holder. The
weights of the samples ranged from S to 10 mg Two
measurements were done on each sample using the dynamic
method where the samples were heated from 25 to 600 °C.
The onset temperature, T,,., corresponding to the
intersection of the zero-mass loss baseline and the tangent
line of mass loss, and the 10% mass loss temperature T, are
given in Table S4 in the Supporting Information.

The dynamic TGA curves at 10 K/min for the IL and the
0.1 wt % MGO/IL lubricant are shown in Figure 4. For the
neat IL the values of T, for the 2 runs were 404 and 405 °C,

onset

whereas for the 0.1 wt % MGO/IL lubricant the values of T,
for the 2 runs were 395 and 398 °C, indicating that the thermal
stability of neat IL is greater than that of the 0.1 wt % MGO/
IL lubricant by 8 °C. This result is also consistent with values
of Toy being greater for IL (387 °C for both runs) than for the
0.1 wt % MGO/IL lubricant (382 and 387 °C). Based on
TGA, both the IL and the 0.1 wt % MGO/IL should be
thermally stable during the friction and wear measurements
performed at elevated temperature of 100 °C.

XRD, SEM, and FTIR of the Synthesized Graphene
Derivatives. The synthesized GO, RGO, and MGO were
characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier transform infrared (FTIR)
spectroscopy. The XRD spectra of graphite, GO, and RGO,
which were obtained using Rigaku Ultima III in the range of 26
from 5° to 60°, are shown in Figure 5. The XRD spectrum of
graphite (gray) has a very narrow-intense peak at a 26 of
26.21°. This peak corresponds to the (002) planes of the
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Figure 5. XRD spectra for graphite, GO, and RGO.

graphene layers. However, the XRD spectrum of GO (brown)
shows a narrow-intense peak at 20 of 8.55°. During the
oxidation process, the graphite structure expands because
oxygen-containing groups are incorporated between the carbon
layers. Due to this structural change, the narrow-intense peak
of GO is shifted far from the graphite peak. In the case of
RGO, as the oxygen-containing groups are eliminated
following the process in Figure S4 in the Supporting
Information, a narrow-intense peak is observed at 26 =
23.11° close to the graphite peak.*”°

SEM images for the bulk GO and MGO samples shown in
Figure 6 were obtained using a Zeiss Crossbeam 540 FIB-SEM
at 1K, 3K, and 10K times magnifications. The SEM images
show striking differences in the surface morphologies of GO
and MGO. At 1 K magnification, SEM images show the surface
of GO to be continuous and that of MGO to be disordered. At
3 K magnification, the SEM images show the surface of GO to
be comprised of overlapping, slightly wrinkled layers on the
order of 20—30 um in size whereas that of MGO to be
comprised of roughly shaped fragments, with some less than 10
pm in size.

The FTIR spectra for graphite, GO, ILCy-COOH, and
MGO, shown in Figure 7 were obtained using a Thermo
Scientific iSS FTIR spectrometer with the high performance
iD7 ATR accessory. The spectrum of graphite is smooth,
lacking any spectral features. In contrast, the spectrum of GO
which results from the oxidation of graphite by strong mineral
acids with strong oxidizing agents such as in the Hummer
process has many vibrational bands associated with aromatic
regions with nonoxidized rings and regions with aliphatic six-
membered rings with oxygen functionalities such a 1,2-
epoxides and hydroxyl groups in the basal-plane and carbonyl,
carboxyl, and hydroxyl groups at the edges. For example, the
1148 and 1387 cm™" bands correspond to the epoxy (C—O—
C) stretching mode located over the basal plane of GO; the
1251 and 1714 cm™' bands correspond, respectively, to
phenol-related (C—OH) groups and carboxyl (—COOH)
groups located on the edge of the GO sheets; and the 953 and
1624 cm™' bands correspond to the C=C vibrations of the
graphene skeleton. The broad band between 3300 and 2500
cm™! corresponds to the O—H stretch. Superimposed on the
O—H band are intense bands at 2980 and 2882 cm™!
corresponding to C—H vibrations associated with the aliphatic
six-membered rings with oxygen functionalities.’

As one would expect given its molecular structure, the FTIR
spectrum of ILCy-COOH is complex. Despite its complexity,
there are several vibrational bands that can be assigned to
functional groups in this surfactant. For example, the carboxyl
OH stretch is a very broad band in the region 3300—2500
cm™! centered at ~3000 cm™. Superimposed on the OH band
are sharp bands in the 2900—2800 cm™' region which are
associated with the C—H vibrations corresponding the CH;
and CH, groups in the butyl and nonyl chains in ILCy-COOH,
as well the aliphatic six-membered rings in the basal plane of
GO.

In the case of the spectrum of MGO, the bands are due to
oxygen functional groups on graphite layers but also bands due
to the surfactant, ILCo-COOH.™ ILC,-COOH is assumed to
be covalently linked to the GO flakes via an esterification
reaction between the carboxyl group of the surfactant and the
OH groups on GO. Figure 8 shows a comparison of the
spectra of MGO and ILC,-COOH in the 2000—500 cm™
spectral fingerprint region. Common to both spectra are strong
bands at 1724 and 1708 cm™' associated with the C=0
stretching in MGO and ILCy-COOH, respectively. Clearly, the
presence of the strong C=0 stretching band in these spectra
indicates that GO has been modified. Despite the spectral
congestion in this region, there are groups of bands that allow
us to determine how the surfactant is bonded to GO. The
region of 1440—750 cm™' is unique to the carboxyl group,
where bands at 1400 and 846 cm™' are attributed to bending
vibrations of OH and the band at 1166 cm™ is attributed to a
C—O stretching vibration. Upon esterification these OH bands
disappear and are replaced by aromatic ester bands, which
typically occur in the 1330—1000 cm™' region and are
associated with C—O stretching.

Raman Spectra of the GO and MGO. To understand the
effect of grafting the surfactant IL onto GO, the Raman spectra
of GO and MGO were recorded using a Raman microscope as
described previously.”** A brief description of the Raman
microscope and analysis of the spectra is described in the
Supporting Information.

Figure 9 shows the Raman spectra of GO and MGO. The D
(1325-1336 cm™) and G (1600 cm™) bands as typical
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Figure 6. SEM images of GO (la—c) and MGO (2a—c) at 1K, 3K, and 10K magnification. The bars indicating the scales of the images at these

magnifications are, respectively, 10 ym, 2 ym, and 1 pm.

characteristics of carbon materials are evident.”* The intensity
of the D-band relative to that of the G-band is commonly used
as a measure of the quality of graphene and graphene
derivatives, reflecting the disorder due to edges, ripples, and
defects, such as organic dopants. Compared to the spectrum of
pristine GO, the greater breadth of features in the spectrum of
the MGO sample indicates an increased degree of disorder in
the processed material.>®

The degree of disorder can be better quantified by
deconvolving the spectra into component bands, G, D, D¥,
D’, and D" as shown in Figure 9, where the D, D*, D’, and D"
bands correspond to various types of defects.”” The D-band
has been associated with breathing modes in the C—C ring
structure, whereas the G-band is a Raman mode associated
with C(sp*)—C(sp?) bond stretching vibrations and therefore
the graphitic structure. An increase in the ratio of intensity of
the D*-component band to that of the G-component band is
associated with an increase in the number of sp® bonds. Also
increasing the contribution of the D”-component band to the

spectrum, which leads to the broad shoulder between to two
main features in spectrum of MGO, is associated with
decreased crystallinity.”*Table S5 in the Supporting Informa-
tion gives the relative areas of these various component bands.

Interestingly, the area of the D-component band relative to
that of the G-component band (see Table S4), Ap/Ag, is equal
to 3.78 in the case of MGO, whereas it is equal to 5.00 in the
case GO. This difference in the values of Ap/Ag seemingly
suggests the degree of disorder of MGO is lower than that of
GO, which is counterintuitive, if one assumes that grafting of
the surfactant IL onto GO leads to increase in defects and
disorder. However, the D-component band is associated with a
specific defect that is correlated to breathing modes in the C—
C ring. A more accurate reflection of the defects and disorder is
given by the sum of the contributions of the D, D”, D', and D*
component bands relative to that of the G-component band,
ie, (Ap + Aps + Ap + Ap«)/Ag. This ratio is equal to 5.25 in
the case of MGO and equal to 5.59 GO, which suggests that
the effect of grafting the surfactant IL onto GO is to distribute
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Figure 8. FTIR spectra of ILC5-COOH and MGO in the 2000—500
cm™! fingerprint region. The spectra are shifted vertically from their
original positions to show more clearly the characteristic bands of the
carbonyl and ester groups.

the defects in GO to other types of defects in MGO. For
example, if one considers the D”-component band, the area
ratio Ap./Ag is equal to 0.895 in the case of MGO and equal to
0.559 in the case of GO, which suggests an increase of disorder
due to grafting of the surfactant IL onto GO. Moreover, if one
considers the D*-component band, the area ratio Ap«/Ag is
equal to 0.0824 in the case of MGO versus 0.0132 in the case
of GO. This suggests an increase in the number of sp* bonds,
which is consistent with grafting of the surfactant IL to GO.
Changes linked to increasing D-band prominence have also
been observed in Raman spectra after IL processing of GO and
associated with IL grafting at GO edge sites.”>” Ryu et al.”’
additionally observed a slight (~6 cm™) downshift in the G

1000 1250 1500 1750 2000
Wavenumbers (cm™')

1000 1250 1500 1750 2000
Wavenumbers (cm™')

Figure 9. Raman spectra of GO and MGO with component bands
obtained from deconvolution of the spectra.

band peak following grafting of alkylamine moieties to GO.
The peak analysis in Table S5 reveals a similar downshift of ~8
cm™" following grafting of the surfactant IL onto GO.
Stability of GO/IL and MGOY/IL Lubricants. To test the
relative stability of GO/IL and MGO/IL lubricants, 0.1 wt %
concentration of GO and MGO was prepared by sonicating
capped vials containing 0.003 g of GO or MGO in 3 g of the IL
for 1 h. Figure S5 in the Supporting Information shows
pictures of the samples 0, 1, 2, and S h after sonication. MGO/
IL is a better dispersed mixture as compared to GO/IL and
remains well dispersed even after S h as indicated by the
MGO/IL sample being a uniformly black dispersion, whereas
the GO/IL sample being slightly discolored with particles of
GO present at the bottom of the vial. To quantitatively
confirm these visual images of the dispersions, the turbidity of
the dispersions was determined by measuring the apparent
absorbance of the dispersions relative to that of the pure IL at
600 nm by using UV—vis spectroscopy as a function of time for
300 min after sonication. Because GO and MGO have no
absorbance at this Wavelength,58 the apparent absorbance
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should originate from light scattering from the suspended GO
or MGO particles. Figure S6 in the Supporting Information
shows that the turbidity of the MGO/IL dispersion is ~4.5
times that of the GO/IL dispersion, which is consistent with
the MGO/IL sample being a better dispersed mixture
compared to the GO/IL sample. Moreover, the turbidity of
the mixtures showed no significant decrease during the period
of the measurement. We conclude from this test that the
MGOY/IL lubricant is stable during the hour-long wear-friction
measurements.

As GO and RGO have a low dispersion quality with the IL
[C,C,im][NTf,], MGO was used as its additive. The friction
and wear of MGO/IL lubrication system was evaluated using a
ball-on-flat linear reciprocating tribometer as shown in Figure
10 (see ref 62 for further details).

\glidmg
direction

Figure 10. Ball-on-flat linear reciprocating tribometer: (a) temper-

ature controllable motorized linear sample stage, (b) microstage to

adjust the normal load, (c) tip holder and cantilever with two strain
. . L 62

gauges, and (d) high resolution digital camera.

The lower flat sample is made of bearing steel (AISI 52100),
and the upper tip is a 440C stainless steel ball with a diameter
of 48 mm. To minimize the effects of initial surface
topography on the resulting friction and wear, the flat bearing
steel was precisely polished using Knuth Rotor from Struers
and sandpapers of grit size 320, 400, 800, 1500, and 3000,
which provided a consistent surface roughness, i.e., root-mean-
square (rms) roughness of ~20 nm. Under the contact load of
200 gf (= 1.96 N, producing the nominal contact pressure of
623 MPa), the linear sliding speed was set to S mm/s with the
stroke of S mm. From the viscosity of applying lubricants
(Table 3S in Supporting Information) and contact parameters,
the Stribeck (or Hersey) number was calculated to be 4.47 X
107% ~ 8.20 X 107". This indicates that the lubrication regime
in this experiment is boundary lubrication. The detailed
information on the contact load selection and the resulting
lubrication regime are found in the Supporting Information.

The bidirectional strain gauge system on the cantilever
measures the in situ forces in normal and tangential (friction)
directions. The sample temperature was controlled from room
temperature (RT) to 100 °C under the relative humidity (RH)
< 30%. It is noted that as conventional lubricants typically start
their thermal degradation at the temperature of 100 °C ~ 200
°C,**7%" we selected 100 °C as the comparing high
temperature to RT. As an additive to the IL [C,C,im][NT,]
lubricant, the concentration of MGO was varied from 0 to 0.5
wt %. Before the lubricated contact test, the mixture of IL and
MGO was ultrasonicated for 1 h at room temperature to
generate a uniform and satisfactory dispersion. Based on the

experimental design matrix in Table 1, the friction and wear
performance of the MGO/IL lubricant was analyzed with

Table 1. Experiment Design Matrix with the Variable of the
Concentration of MGO and Temperature

Lubricant Temperature MGO
1L RT 0
1L RT 0.1 wt %
1L RT 0.5 wt %
1L 100 °C 0
IL 100 °C 0.1 wt %
1L 100 °C 0.5 wt %

respect to the concentration of MGO and temperature. For
each set of experimental conditions, three repeated tests were
performed at different locations to enable statistical analysis.
After finishing each set of experiments, the surface wear of the
flat bearing steel sample was quantified using a 3-D surface
profilometer (Bruker Contour GT surface profiler), while the
wear mechanisms were determined by SEM measurements.
The more detailed information on the tribometer and
experimental procedure are provided in Figure S7 in the
Supporting Information.

Figure 11 summarizes the measured COF values with elapsed
contact time. First, as shown in Figure 11a, the IL lubricant
without MGO additive (black solid line, black open square
marker) showed a gradual increase in the COF value with
elapsed time from 0.094 to 0.101 at room temperature. When
0.1 wt % MGO was applied to the IL as an additive, the 0.1 wt
% MGO/IL lubricant (black dotted line, black open circle
marker) showed a smaller COF value than the one from IL
without MGO. The COF value slightly increased in the
beginning of contact but quickly stabilized and saturated to a
value of ~0.087. The MGO flakes in the IL can carry out two
roles at the interface. First, they can be placed in between the
two contacting surfaces preventing the direct solid—solid
contact. Then, the smaller interlayer shear of the MGO flakes
can produce less tangential force resulting in lower COF.
Second, the MGO flakes at the interface can act as a third-body
particle, which may have a negative impact on the friction,
producing abrasive types of wear. Therefore, at the room
temperature with 0.1 wt % MGO additive, the COF reduction
by MGO’s interlayer shear would be more dominant than the
COF increase by the third-body abrasion, which could lead to
the lower COF. When the MGO concentration increased to
0.5 wt % (black dashed line, black open triangle marker), it
showed a smaller COF than the IL without MGO additive but
higher COF than the IL with 0.1 wt % MGO. This implies
that, with the excess amount of MGO additive, the
contribution of the third-body abrasion might increase,
which could result in the limited improvement of COF by
MGO. The increase of the third-body abrasion at the 0.5 wt %
MGO can be evidenced by the wear volume measurement in
Figure 13. From the COF data in Figure 11a, it could be found
that not only inclusion of MGO into the IL lubricant is
effective to reduce the COF, but it also produces less variation
in the COF values with elapsed contact time.

https://doi.org/10.1021/acsaenm.2c00177
ACS Appl. Eng. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaenm.2c00177/suppl_file/em2c00177_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaenm.2c00177?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.2c00177?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.2c00177?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaenm.2c00177?fig=fig10&ref=pdf
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.2c00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(@) 0.1
0.1
A__&_—j,-_&._-ﬁ
0.09 _ A
§ k—’@' ...... @ eeeee @eeeeee @-eeeene @ -eeeen R @
0.08
—=— MIL_RT_0%
0.07 - /= MIL_RT_0.5%
<@+ MIL_RT_0.1%
0.06 . - L
0 2 4 6 8
Sliding distance (m)
(b) 0.11
—=— MIL_100_0%
- =-MIL_100_0.5%
01 -+®--MIL_100_0.1%
0.09
w
o
(&)
0.08
0.07
0.06

Sliding distance (m)

Figure 11. Measured COF values with the elapsed contact time at (a)
room temperature and (b) high temperature of 100 °C. The error
bars are the standard deviation of the measured COF values.

At the higher temperature of 100 °C, the value of COF
(Figure 11b) was lower than the value of COF at room
temperature (Figure 1la) due to the favorable tribofilm
formed on the steel surfaces.”>”®* At boundary lubrication, the
IL and MGO at the interface can make chemical reactions with
the steel, forming a tribofilm on the surfaces that favorably
reduces the friction, which is promoted at the higher
temperature. In Figure 11b, the COF value decreased in the
beginning of contact, which could be attributed to the run-in
behavior of the contacting surfaces. Then, the IL lubricant
without MGO additive (red solid line, red open square

225.7 nm
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- 0316 0633 0949  1266mm 0316 0633
3353 nm
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" || %
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marker) showed an increasing trend of COF with the sliding
distance from 0.065 to 0.090. Considering the IL lubricant film
becomes thinner at higher temperature, the stainless-steel ball
and the flat bearing steel can develop more solid—solid
contacts causing the surface wear, which accordingly can
increase the COF with elapsed contact time. When 0.1 wt %
MGO was applied to the IL as an additive, the MGO/IL
lubricant (red dotted line, red open circle marker) showed a
smaller COF value than the one with IL without MGO.
Despite the thinner lubricant film at the higher temperature,
the value of COF at the higher temperature was stable with
limited variation with elapsed contact time just like the value of
COF at room temperature. For the case of MGO
concentration of 0.5 wt % (red dashed line, red open triangle
marker), the COF is slightly higher than the value with 0.1 wt
% MGO, but the difference is statistically insignificant. This
indicates that, in spite of the increased amount of MGO
additive, the MGO flakes at the interface might be still
beneficial to decrease the COF due to the limited work of
third-body abrasion at the higher temperature of 100 °C.

These experimental results therefore strongly support that
MGO is an effective additive to the IL [C,C,im][NTH]
lubricant in decreasing the friction of the steel—steel contact,
and its benefit is more obvious at the higher temperature. It
should be noted that to achieve the expected lubricity of
MGO/IL lubricant, the amount of MGO additive may need to
be adaptively controlled depending on system parameters such
as materials, contact load/speed, operating temperature, and so
on.

The wear of the postexperiment bearing-steel sample was
quantified using the 3D surface profilometer (Contour GT by
Bruker). Figure 12 shows representative wear tracks formed on
the bearing steel surface after the sliding contact experiments.
From the qualitative comparison of wear track images, it seems
to show that the inclusion of MGO increases the surface wear
at room temperature, but it does not significantly change the
surface wear at 100 °C.

In this study, the 3-D surface scanning function in the
Contour GT enabled the quantitative calculation of the wear
volume of the bearing steel sample by comparing the wear
track profile to the noncontact area. Figure 13 summarizes the
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Figure 12. Wear track formed on the bearing streel sample after the experiment: At room temperature, (a) IL without MGO, (b) IL with 0.1 wt %
MGO, and (c) IL with 0.5 wt % MGO. At 100 °C, (d) IL without MGO, (e) IL with 0.1 wt % MGO, and (f) IL with 0.5 wt % MGO. The images

were measured using the Bruker Contour GT Profilometer.
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Figure 14. SEM and EDS analysis of the bearing steel surface after experiments at room temperature: (a—c) for the IL without MGO (neat IL) and
(d—f) for the IL with 0.1 wt % MGO. (a) and (c) are SEM (SE mode) images, (b) and (e) are EDS data, and (c) and (f) are the element mapping

images for Cr using backscattered electron (BSE) images.

measured wear volume with respect to the MGO concen-
tration and temperature. At room temperature (RT), the
inclusion of 0.1 wt % MGO in the IL as an additive did not
significantly change the wear volume compared to the wear
volume for the IL without MGO additive. However, when the
MGO additive was increased to 0.5 wt %, it significantly
increased the surface wear. This change of wear volume with
the MGO concentration can be explained by the physical role

of MGO during the surface contact. As discussed in Section
3.1, not only can MGO flakes at the interface prevent the
direct solid—solid contact (reducing wear), but they can also
produce a third-body abrasive wear (increasing wear).
Therefore, if an excessive amount of MGO additive is applied
in the IL, the contribution of the third-body abrasion can be

more dominant at room temperature, which can negatively
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impact the tribological performance, increasing both friction
and wear.

Next, at the higher temperature of 100 °C, first it was found
that the wear volume increased by more than a factor of 3
compared to the wear volume at room temperature. This could
be attributed to the more direct solid—solid contacts because
of the thinner IL lubricant film at the interface. The inclusion
of MGO in the IL produced smaller wear volume than the IL
without MGO additive. Even though the difference of wear
volumes is statistically insignificant, it implies that the MGO
flakes in the IL might be working more as a wear inhibitor at
the higher temperature. Because of the thinner IL lubricant
film at 100 °C, the interface might have limited room for the
MGO flakes to act a third-body particle, which could result in
the lower wear volume.

The wear mechanism of the bearing steel sample was
characterized using SEM/EDS measurement. Figure 14
compares the wear track formed on the bearing steel surface
obtained from the IL without MGO additive (Figure 14a—c)
and with 0.1 wt % of MGO additive (Figure 14d—f) at room
temperature. The SEM images (Figure 14a,d) were used to
analyze the wear mechanism. For all test conditions, it was
found that the dominant types of wear were the abrasive wear
and material smearing. The material smearing is typically
caused by the plastic deformation during the sliding contact,
while the abrasive wear is developed by the contact induced
shear stress. The MGO used in experiments is comprised of
molecularly thin flakes, which facilitate the tangential motion
of the contacting surfaces due to the smaller interlayer shear.
Even though MGO can decrease the friction as shown in
Figure 11, its flakes can act as third-body particles at the
interface that can cause a plowing or abrasive type of wear
because of its high material strength in the plane direction.
Therefore, under the MGO/IL lubrication, the surface wear of
bearing steel could be explained by the combined effects of
abrasion by the direct steel—steel contact, abrasion by the
MGO flakes, and material smearing by the contact stress. The
EDS data (Figure 14b,e) confirmed the material composition
of the contact pair (440C stainless steel ball and AISI 52100
bearing steel plate). Also, element mapping for Cr (Figure
14¢,f) was conducted using the backscattered electrons (BSE)
image, and it was found that the big dark spots in SEM images
were not contact-induced products but Cr concentration of the
bearing steel.

Systematic experiments and material characterizations were
conducted to investigate the friction and wear performance of
the MGO/IL lubricant with respect to the MGO concen-
tration and temperature. The synthesized MGO/IL lubricant
was applied to the sliding contact between a stainless-steel ball
and a bearing steel plate. When 0.1 wt % MGO was added to
the IL, it showed a lower COF than that of the IL without
MGO at both RT and 100 °C. The wear volume did not
change much at RT, but it slightly decreased at 100 °C.
However, when the MGO concentration increased to 0.5 wt %
in the IL, it significantly increased the wear volume at RT.
Therefore, from the experimental data in this study, it could be
concluded that if the MGO concentration is appropriately
controlled, the MGO can be an effective additive to the IL
[C,C,im][NTH,] lubricant by decreasing the friction without
sacrificing the wear performance and its benefit as a friction

reducer and wear inhibitor can be further enhanced at the
higher operating temperature condition.
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