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Graphene, two-dimensional sp2 carbon atoms arranged in a
honeycomb lattice, attracted worldwide interest after its

discovery.1,2 Intrinsically, graphene is a layered structure, quite
stiff and exceptionally strong. The fundamental physical proper-
ties of graphene especially mechanical strength,3 tensile stress,
thermal conductivity and aspect ratio are enormously high.
These excellent properties of graphene make it an advantageous
candidate for various applications such as conducting graphene
polymer composites for EMI shielding,4 strain sensor,5 energy-
related applications,6 and in the bio field.7 Many methods,
including one-step and two-step approaches, have been devel-
oped for preparing graphene. The one-step process associates the
direct conversion of graphite into graphene occurs,8 whereas in
the two-step process, initially graphite is converted into graphite
oxide, and it is further converted into graphene by thermal or
chemical reducing agents.9�11 Recently, we have reported a
versatile method for production of highly conducting and ultra-thin
graphene by exfoliation of graphite oxide using focused solar radia-
tion (Solar exfoliation technique).12 Oxygen containing functional
groups present in the graphite oxide is inherently present in the
graphene9,10 prepared by the thermal exfoliation of graphite oxide,
thus making the graphene partially hydrophilic in nature. On the
other hand, the present approach for preparing graphene via solar
exfoliation of graphite oxide removes 97% of oxygen from the basal
planes of graphite oxide, which makes the sample hydrophobic and
help in preparing oil-based nanofluids without any surface treatment.

Friction and wear are the two major causes for energy and
material losses in mechanical processes. Lubrication is a principal
focus to improve energy efficiency and mechanical durability.
Irrespective of the finishing of any metal surface, it contains
ridges, valleys, asperities and depressions.13,14 To improve the
effective functioning of mechanical components or two surfaces
in contact, better lubricant along with chemical additives is
required. In military combat operations, extreme tribological

environment is required.15 For the protection of mechanical
components, from friction and wear in aerospace, automotive,
military, and various industrial applications, an efficient lubricant
is demanded. Moreover, the technology of protecting machines
entirely depends on the quality of lubricants. The addition of
nanomaterials as additives in base lubricant oil is a rapidly
progressing field of research, because nanomaterials are different
from traditional bulk materials due to their extremely small size
and high specific surface area.16Different researchers have tried a
variety of nanomaterials (carbon nanotubes, fullerenes and graphite
nanosheets) dispersed base oils to improve the antiwear and
friction reduction.17,18 Philip et al.19 have studied effect of
graphite and carbon nanofibers as additives on the performance
efficiency of gear pump driven hydraulic circuit using ethanol
solution. They claim that both graphite and carbon nanofibers
dispersions in ethanol within a concentration range of 195�
1500 ppm can maintain hydraulic circuits with increase pump
efficiency without modifying the viscosity of the ethanol. Zhang
et al.20 has reported 17 and 14% reduction in frictional coefficient
and wear, respectively, with oleic acid-modified graphene as
lubricant additive. Ou et al.21 studied tribological properties of
reduced graphene oxide (RGO) sheets on silicon substrate
synthesized via covalent assembly. Based on chemical absorption,
they have attached reduced graphene oxide to the silicon
substrate and microtriboligical behavior of the sample has been
evaluated by AFM technique. They attributed the friction reduc-
tion and antiwear ability of RGO to its self-lubricating property.
Similarly, Lee et al.22 have demonstrated the generality of the
tribological results on thinnest graphene sheets, which indi-
cates that this may be a universal characteristic of nanoscale
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ABSTRACT:Ultrathin graphene (UG) has been prepared by exfoliation
of graphite oxide by a novel technique based on focused solar radiation.
Graphene based engine oil nanofluids have been prepared and their
frictional characteristics (FC), antiwear (AW), and extreme pressure
(EP) properties have been evaluated. The improvement in FC, AW, and
EP properties of nanofluids is respectively by 80, 33, and 40% compared
with base oil. The enhancement can be attributed to the nanobearing
mechanism of graphene in engine oil and ultimate mechanical strength of
graphene.
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friction for atomically thin materials weakly bound to substrates
using frictional force microscopy. Filleter et al23,24 studied
friction and dissipation in epitaxial graphene films on SiC using
AFM technique and suggested that graphene films could be used
to further reduce friction on SiC surfaces and there are many
studies on frictional force microscopy (FFM) of molecules
(polymer, single molecules) on different substrates.25�28 Lin
et al.29 studied the tribological behavior of the lubricating oil
containing modified graphene platelets (MGP) was investigated
by four ball machine. Pu et al.30 reported tribological properties
of functionalized graphene-ionic liquid nanocomposite films on
silicon substrates. In this report, the nanofrictions of the lubrica-
tion films were measured using a homemade colloidal probe
mounted on the same AFM in contact mode. All these reports
show microtribological properties of graphene films over differ-
ent substrates. From an application point of view, liquid-based
nanolubricants are technologically important because of their
usage in various industries. Even though reports were already
present on liquid-based nanolubricants, they suffer from low
efficiency. Hence, it is always essential to improve the efficiency
of lubricants. Therefore, we have chosen ultrathin graphene as
additive without surfactant or dispersant in engine oils to improve
the frictional characteristics and antiwear properties of engine oil.

In the present case, we have prepared highly deoxygenated,
less defective ,and super hydrophobic graphene by exfoliation of
graphite oxide using focused solar electromagnetic radiation.
Without modifying the surface of the graphene, we could
successfully disperse this graphene in engine oil with different
volume fractions by probe sonicating the nanofluids. Further,
after 7 days, we have studied the coefficient of friction, antiwear,
and extreme pressure properties of these nanofluids.

’EXPERIMENTAL SECTION

Synthesis of Graphite Oxide and Graphene. Graphite Oxide
(GO) was prepared according to Modified Hummers method.31 Gra-
phite (SP-1, Bay Carbon) was used as the starting material. Briefly,
graphite was ground with NaCl and washed with DI water followed by
filtration. After drying, the filtrate was stirred with conc. H2SO4 for 8 h.
KMnO4 (6 g) was gradually added while the temperature was kept at less
than 20 �C. The mixture was stirred at 40 �C for 30 min. Ninety-two
milliliters of water was added to the above solution and heated to
∼100 �C. This was diluted by adding 280 mL of water followed by the
addition of 30% H2O2. The mixture was washed followed by repeated
centrifugation and filtration (first by 5% HCl and then with water). The
final product was washed and dried in a vacuum. GO was spread over
Petri dish and kept under sunlight. A convex lens of diameter 90 mm was
used to focus the incoming radiation from the sun. The power of the

focused radiation was ranging from 1.77 to 2.03 W and temperature raised
to more than 150 �C within 2�3 s. Material was collected after solar
exfoliation and used directly without any modification to the surface.
Characterization Techniques. The Powder XRDmeasurements

were performed with PANalytical X’Pert Pro X-ray diffractometer with
nickel-filtered Cu Kα (1.54 Å) radiation as the X-ray source. The pattern
was recorded in the 2θ range of 5� 40� with a step size of 0.016�. FTIR
study was performed with Perkin-Elmer spectrum one spectrometer in
the range of 400�4000 cm�1 using KBr pellet. Field emission scanning
electron microscopy (FESEM, Quanta 3D) imaging was used to
examine the morphology of the synthesized samples. EDX analysis
was performed with Li doped Silicon X-ray detector equipped with
FESEM. High-resolution micrographs were obtained with FEI Tecnai
G2 transmission electron microscope operated at 200 keV. The samples
were dispersed in ethanol and drop cast over holey carbon coated copper
grid (200 mesh). The samples were dried overnight in ambient atmo-
sphere. The AFMmeasurements were performed in tapping mode using
Park systems XE-100. For imaging, samples were placed on freshly cleaved
HOPG surface by spin coating from a suspension at 2000 rpm for 20 s.
Suspensions were prepared by mixing 1 mg of graphene with 10 mL of N,
N-dimethyl formamide (DMF) by ultrasonication for 15min. This suspen-
sion was diluted to a concentration of 0.02 mg/mL. Probe sonicator
(Sonics, 500 W) was used for the dispersion of graphene in commercial
engine oil for 60 min. Four ball tester (Magnum Engineers, Bangalore,
India) was used for studying the tribological properties of graphene based
engine oils. Test balls are chrome alloy steel, made from ANSI standard.
Tribological Characterization. The frictional coefficient, wear

scar test, and nonseized load of the lubricating oils with additives were
evaluated by a four-ball test machine (Magnum Engineers, India). The
load carrying capacity was determined according to the ASTM standard
(D 2783). The tester was operated with one steel ball under load rotating
against three steel balls held stationary in the form of a cradle. The
rotating speed is 1760 rpm. The friction and wear tests were performed
with the same machine at a rotating speed of 600 rpm and under a
constant load of 392 N for test duration of 60 min at a temperature of
75 �C (ASTM standard D 5183). Before operating the machine with the
test balls, we cleaned the components ultrasonically with petroleum
ether and rinsed with ethanol and finally dried. Three 12.7 mm diameter
steel balls were clamped together and covered with the nanolubricants to
be evaluated. Experimental set up of the tribotester is shown in Scheme 1
along with schematic view of four-ball assembly. Inset of optical image
shows the ball cup in four ball tester.

Figure 1 shows the morphology of the graphene prepared by
exfoliation of graphite oxide by focused solar radiation. High resolution
FESEM image as shown in figure 1a clearly demonstrate that synthesized
graphene sample was of ultrananometer dimensions and flat single flakes
can be seen. Figure 1b shows TEM image of graphene which depicts the
morphology of the graphene. The thickness of graphene sheets mea-
sured using HRTEM lattice imaging came out to be less than 2 nm as

Scheme 1. Four-Ball Tester and Schematic of Ball-Pot Assembly in Four-Ball Tribotester
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shown in Figure 1c, indicating the ultrathin nature of the present solar
exfoliated graphene sheets. Figure 1d�f shows the morphology and
cross sectional profile, 3D view of graphene sample in noncontact mode
of AFM. The average thickness of the graphene came out to be
1�2 nm12 which is consistent with the TEM studies. The AFM 3D
image shows the graphene islands at different locations.

Figure 2 shows the powder X-ray diffractograms of graphite oxide and
synthesized graphene. The spectrum of GO exhibits a single peak at 10.6�
for 2θ corresponding to d spacing of 8.36 Å. The increase in d-spacing value
of GO can be due to the incorporation of epoxide, hydroxyl and carbonyl
functional groups32,33 between typical graphene sheets in graphite to
integrate the water molecules trapped between oxygen containing func-
tional groups in GO sheets. Because of the rapid heating of GO in the
presence of focused solar radiation, the decomposition rate of the oxygen-
containing groups ofGOexceeds the diffusion rate of the evolved gases back

to the material, thus yielding pressure that surmounts the van der Waals
force holding the graphene sheets together in GO.34The XRD of graphene
gives the complete reduction of GO, as it does not have a peak at 10.6�, yet
shows a weak and broad peak C (002) around 25�. The width of the
graphene peak can be due to the small size of the layers or a relatively short
domain order of the stacked sheets, each of which broadens the XRD peak.
Figure 2b shows the energy dispersive analysis of X-ray spectra of graphite
oxide and graphene. In the case of graphite oxide, two visible peaks namely
carbon and oxygen are appearing at 0.262 and 0.542 eV, respectively.On the
basis of the intensity of these elements, the weight ratio of carbon and
oxygen is calculated to be 70:30 and after reduction and exfoliation of
graphite oxide by focused sun light, this ratio increased to ∼96:4.

FTIR spectrum of graphene (Figure 3), clearly demonstrates that it
does not contain any carboxyl and epoxide functional groups, which
confirms its hydrophobicity. Different concentrations of graphene

Figure 1. (a) High-resolution scanning electronmicrograph of the graphene, (b) transmission electronmicrograph of the graphene, (c) lattice planes of
graphene, (d) atomic force microscope image of graphene in noncontact mode, (e) sectional profile of AFM image, and (f) 3D AFM image of graphene
showing the islands of graphene.
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dispersed engine oil nanofluids are shown in the inset of figure 3 to
commemorate the stability of the nanofluids. Water droplet on vacuum
infiltrated graphene film was also shown, which is highly hydrophobic in
nature.

The maximum, nonseized load can be defined as the load carrying
capacity of the lubricant. The nonseized load for bare lubricant (base
oil) is 550 N and as the concentration of graphene increases in the base
oil, load carrying capacity increases initially and further decreases with
increase in concentration. Much higher value in load carrying capacity
of 935 N for optimal concentration of 0.025 mg/mL of solar graphene
in base oil was observed. Lin et al.29 reported with the addition of 0.075
wt % MGP to the base oil, load carrying capacity was increased from
418.5 N (for base oil) to 627.2 N (0.075 wt % MGP) and our results
shows much higher performance in load carrying capacity. When the
load increases, elastic deformation of the graphene takes place and it
will reduce the buffering friction. And also, since thickness of graphene
layers in the present case is 1�2 nm, this can form a nanobearing
between moving surfaces. This may result in sliding when excess load
is applied. Hence, added additive to the base oil can act as mechanical
reinforcing element during friction and can therefore strengthen the
load carrying capacity of the nanolubricants. When the graphene
concentration is 0.025 mg/mL in base oil, the load carrying capacity
is maximum. The excessive additive in base oil decreases the load
carrying capacity. This can be understood as follows. When the
additive is in excess, the formation of lumps in the friction interfaces
will result in worse lubricating efficacy. This will further become
substantial and decrease the seizing load value. Wear scar diameters

of SS balls with different concentrations of graphene in base oil are
shown in Figure 4. It is clear that as the graphene concentration
increases in the base oil, wear scar diameter (WSD) decreases. For
instance, 0.025 mg/mL concentration, WSD reduces to 0.343 mm
from 0.512mmof base oil. There is a correlation between load carrying
capacity and WSD of graphene based engine oil nanofluids. Hence,

Figure 2. (a) Powder X-ray diffractograms of graphite oxide and graphene, (b, c) energy-dispersive X-ray analysis spectra of (b) graphite oxide and
(c) solar graphene.

Figure 3. Fourier transform infrared spectrum of graphene; inset shows
photographs of graphene-dispersed engine oil nanofluids along with
water droplet on graphene film.

Figure 4. Wear scar diameters of stainless steel balls nano lubricated by
(a) pure engine oil, (c) engine oil with 0.0125 mg/mL of solar graphene,
(e) engine oil with 0.0250 mg/mL of solar graphene; (b, d, f) magnified
images of a, c, and e, respectively.
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there is an inverse relation between load carrying capacity and wear
scar diameter.

Coefficient of friction (COF) for all the graphene based nanolubri-
cants including base oil was measured using four ball tribotester and the
results are displayed in Figure 5. The frictional coefficient of base oil was
about 0.1. When the graphene concentration increases in the oil, initially
COF decreases and reduces drastically to extremely low value at
particular concentration and further it increases with increase in con-
centration of graphene in base oil. This enhanced decrement in frictional
coefficient of graphene-oil nanolubricants can be attributed to the
layered structure of graphite and due to its self-lubrication. Since, the
present graphene consists of 1�2 nm layers as single flakes, it can act as
nanobearing between moving parts and can reduce the friction. In the
case of frictional coefficient analysis of MGP based nanolubricants, COF
was decreased from 0.17 to 0.19 (base oil) to 0.12 (0.075 wt % MGP)

reported by Lin et al.29 Frictional studied reported by Pu et al.30 are
completely based on solid lubricants. Nanofriction of the lubrication
films were measured using a homemade colloidal probe mounted on
the same AFM in contact mode. Since, the testing method and
analysis are completely different from the present study, comparable
comparison between the results cannot be made. Figure 6 depicts the
comparison in temperature of engine oil and graphene-oil as a
function of normal load recorded during the experiment. In the case
of base engine oil, the temperature increases to 60 �C at 1400 N load,
but in graphene-oil 2 (0.025 mg/mL) the temperature stays around
35 �C at 1400 N load. It can be due to the polishing effect, due to
which the friction coefficient decreases and hence the temperature
increase is small with nano-oil. On the other hand, in the case of base
engine oil, the frictional force on time was increased and hence, the
temperature increases rapidly.

Figure 5. Tribological properties of graphene based engine oil nanofluids. (a) Coefficient of friction, (b) wear scar diameter, and (c) load capacity.

Figure 6. Comparison in surface temperature of raw oil, nano-oil 1
(0.0125 mg/mL), and nano-oil 2 (0.0250 mg/mL) as a function of
normal load.

Figure 7. Coefficient of friction of graphene-based engine oil nano
fluids with different concentrations of graphene (nano oil 1, 0.0125mg/mL
of graphene in engine oil; nano-oil 2, 0.025 mg/mL of graphene in
engine oil).
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It is quite interesting to discuss the lubrication mechanism in
graphene-based engine oil nanofluids. The above tribological experi-
mental results suggest that both friction and wear can be dramatically
improved for the optimal concentration of graphene in engine oil.35

Solar graphene can be easily dispersed without any surfactant in the
oil-based lubricants and the oil was stable for one month without
much sedimentation. Even though the surface of the steel ball was
looking smooth, when we observed its micrometer and nanoscale
image, the surface was complicated with ridges and valleys. When
these two solid surfaces were in contact, microscopically, rubbing of
these ridges develops friction between the surfaces. But when we add
ultrathin graphene to the base oil, it fills up the micro- and nanogaps
of the rubbing surfaces so that it avoids direct contact of the two
surfaces and reduces the friction and as shown in Figure 7, the
frictional coefficient decreases dramatically for optimal concentra-
tion and it is constant over a period of frictional time of 60 min. A
continuous lubricating film comprising of graphene was formed in the
oil of rubbing surfaces. We propose that sliding is the main mechan-
ism behind reducing friction in the case of graphene-based engine oil
nanofluids. The geometry of the graphene is planar, it can easily slide
between the surfaces in the oil. We could achieve best results for the
optimum concentration of graphene in the base oil. Further, an
increase in concentration will result in aggregation and coagulation of
graphene, which will increase the wear and friction between surfaces.
The noticeable decrement in wear scar diameter of steel balls can be
due to the penetration of 1�2 nm graphene sheets into the contacts
easily and improves the antiwear property. In the case of other carbon
nanostructures like in carbon nanotubes, it is well-known that roller
bearing effect is the main lubrication mechanism behind reducing
friction and also there are predictions of atomistic simulations on
carbon nanotubes under shear forces on tribological properties.36�38

Analysis of the wear scar surfaces after friction confirmed that the
outstanding lubrication performance of MGP could be attributed to
their small size and extremely thin laminated structure, which allow
the MGP to easily enter the contact area, thereby preventing the
rough surfaces from coming into direct contact. During friction, the
nanometer sized particles viz. carbon nanotubes and carbon nanofi-
bers (CNFs) will first fill the microgap of the rubbing surfaces thereby
forming self-assembly of lubricating thin film.19 The phenomena of
roller-bearing effect in CNTs and CNFs may improve the lubricating
performance of the lubricants.

In conclusion, ultrathin graphene has been prepared by solar
exfoliation technique. Different concentrations of graphene were
dispersed homogeneously in base oil by probe sonication. At lesser
concentrations of solar graphene, the tribological properties of
graphene-engine oil nanolubricants improved enormously. For
0.025 mg/mL of graphene in engine oil, FC and WSD were reduced
by 80 and 33%, respectively. This clearly demonstrates that complete
reduction in frictional coefficient has been observed in the case of
graphene based engine oil without modifying the surface. It was also
observed that FC and WSD increases with the increase in concentra-
tion of graphene, which can be attributed to the coalesce and
segregation of particles. Formation of nanobearing between the balls
plays a major role in reducing the friction and wear. The excellent
performance of graphene on tribological properties of these oil-based
nanofluids is attributed to the ultimate mechanical strength and
topological structure of graphene.
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