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wear life is desired. [ 6 ]  In short, the most 
important quandary with all of these con-
ventional solid lubricants has been how 
long the solid lubricant coatings will last. 
Additionally, in some specialty applica-
tions such as protective coatings for mag-
netic disc drives, an extremely thin coating 
(down to nm or less) providing low fric-
tion and wear characteristics is an essen-
tial requirement. [ 7,8 ]  

 Given the recent advances in the syn-
thesis of graphene, [ 9 ]  several studies 
have been carried out demonstrating the 
unique nanomechanical and nanotri-
bological properties of single and few 
layer graphene. [ 10–12 ]  While a few studies 
including our own have recently demon-
strated the potential of few-layer graphene 
(pure or in additive form) in signifi cantly 
reducing wear and friction in mechanical 
systems, [ 13–16 ]  there are no reports on stud-
ying tribological behavior of single layer 
graphene at macroscales. From a funda-
mental scientifi c perspective, the origin 
of such dramatic improvements in wear 
resistance still remains an open question. 

Moreover, such an incredible wear resistance of few-layer gra-
phene has raised the question as to how many sliding passes it 
would take to wear off one monolayer of graphene. 

 Here, we report the results of our tribology tests on a one 
layer thick graphene confi ned between a steel ball and a steel 
disk. Our previous studies suggest an inherent operational 
limitation of few-layer graphene imposed by the test environ-
ment; [ 14 ]  it was shown that to work in humid environment, 
graphene requires occasional replenishment in the sliding 
contacts. To overcome this limitation and to elucidate the role 
of test environment, we performed our tests for both single 
layer graphene and few-layer graphene exposed to two different 
gases: hydrogen and nitrogen.  

  2.     Results and Discussion 

  2.1.     Graphene Lifetime in Hydrogen Environment 

 We experimentally demonstrate a unique tribological prop-
erty of a single graphene layer: the lifetime of a monolayer of 
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  1.     Introduction 

 Solid lubricants, such as, graphite, hexagonal boron nitride, 
molybdenum disulfi de, boric acid are traditionally used by 
industry to combat friction and wear in a variety of moving 
mechanical assemblies. [ 1–4 ]  They can be applied as thin or 
thick solid coatings or burnished and sprayed onto surfaces to 
achieve lubricity. [ 5 ]  In all of these practices, the durability or life-
time remains as an important issue when especially very long 
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graphene in hydrogen is shown to be more than 6400 cycles 
despite rather high contact pressure of 0.5 GPa between a steel 
ball and a steel disk. Most importantly, the 3D profi le images 
demonstrate no evidence of any measurable wear on rubbing 
surfaces of steel disks. This fi nding suggests that the extraor-
dinarily protective stability and wear resistance of graphene 
as a coating originates at the level of a single monolayer. As 
demonstrated in  Figure    1  , even one atom thick layer of gra-
phene is shown to be suffi cient to stop wear of rubbing disk 
surfaces and at the same time, keep friction constant and low 
(i.e.,  µ  ≈ 0.22). As soon as the graphene layer wears out, friction 
increases steeply.  

 On Figure  1 a, we show that the coeffi cient of friction for 
single layer graphene in-between two sliding steel interfaces is 
low and steady. The lifetime of this one layer graphene is nearly 
6400 cycles when the test is performed in hydrogen environ-
ment (900 mbar) with exceptionally low wear rate of the steel 
ball side (Figure  1 b) and with few-layer (3–4 layer thick fl akes) 
graphene, the wear life can be further extended to 47 000 cycles 
with the wear rate of ball side reduced by almost 4 orders of 
magnitude (while no measurable wear could be recorded on 
the steel disk side). In the absence of graphene, a steel ball 
sliding against a steel disk in hydrogen environment results in 
the coeffi cient of friction increasing rapidly, within 300 cycles 
after starting the test and stabilizes to a high value of  µ  ≈ 1. 
This high friction leads to substantial amount of wear on rub-
bing surfaces of both the ball and the disk side as shown in 
Figure  1 b. 

 In contrast, the wear mark on the ball side after such a long 
test in hydrogen environment in the presence of graphene is 
small and mostly identifi ed by the Hertz contact diameter 
during sliding, which is ∼60 µm for the test (for details See Sup-
porting Information). The steel ball wear rate with graphene 
in Figure  1 b overestimated due to not taking into account the 
ball's elastic deformation under such high contact pressure. 
Therefore, the actual reduction in the wear rate is even more 
substantial than 4 orders of magnitude. 

 Raman mapping ( Figure    2  ) presents the evolution of the 
wear track coated with a single graphene layer during the 

sliding process in the hydrogen environment. 
The peak intensity of D (at ≈1360 cm −1 ), 
G (at ≈1590 cm −1 ), and 2D (at ≈2720 cm −1 ) 
bands of graphene after an initial period of 
sliding (after 1000 cycles), in the middle of 
sliding (after 4000 cycles) and at the end of 
the tribological test (after 6500 cycles) are 
shown in Figure  2 b,  2 c, and  2 d correspond-
ingly. During continuous sliding, graphene 
gradually becomes damaged and highly dis-
ordered. This process results in a decrease in 
the 2D peak intensity, which is indicative of 
a loss of crystalline structure. Concurrently, 
the D-peak intensity increases, which indi-
cates the defective or disorder nature of the 
graphene resulting perhaps from a mechan-
ical rubbing action. Meanwhile, at the end of 
the test, when all the graphene is removed 
from the wear track, the 2D mapping indi-
cates no carbon presence in the wear track, 

but only on its sides.   
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 Figure 1.    a) The coeffi cient of friction and b) wear rate for steel against steel sliding tribo-pairs 
in absence of graphene and in presence of single layer and few-layer graphene in hydrogen 
environment. The linear speed for all three tests in hydrogen environment was 9 cm/s.

 Figure 2.    a) The coeffi cient of friction and the wear track evolution of 
the graphene-coated sample after b) 1000, c) 4000, and d) 6500 cycles 
is presented. Insets in (a) show typical Raman spectra from the wear 
track at the different time of the test. Cross-section line-profi les of the 
wear tracks are obtained using a 3D profi lometer. The scale bar is 50 µm. 
Insets in (a) show the characteristic Raman signatures of the wear track 
before, during, and after the test. The linear speed for the test in hydrogen 
environment was 9 cm/s.
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  2.2.     Graphene Lifetime in Nitrogen Environment 

 On the contrary, the single layer graphene does not survive for 
the long period of time in the case of dry nitrogen environment, 
which is provided as a reference to demonstrate the unique way 
by which hydrogen facilitates the extraordinary wear resistance 
of graphene. The coeffi cient of friction increases after several 
hundred cycles, indicating removal of graphene protection 
layer from the wear track ( Figure    3  ). It should be mentioned 
that for a few-layer graphene this lifetime can be extended, [ 15,16 ]  
though it still remains considerably shorter than for graphene 
in hydrogen environment. Such a dramatic difference in the 
frictional behavior and lifetime of single layer graphene in the 
presence of hydrogen but not in nitrogen environment raises 
the question about the ambient gas effect on the atomic-scale 
friciton and wear mechanisms.   

  2.3.     Environment Infl uence on Graphene 

 To better understand the origin of these differences, we per-
formed reactive molecular dynamics simulations to model 
atomistic interactions during graphene’s sliding behavior in 
different gaseous environments under severe contact pressure 
( Figure    4  ).  

 Sliding process under severe contact pressure of ≈0.5 GPa 
results in the partial rupture of graphene’s honeycomb struc-
ture and leads to graphene fl akes formation. When this frac-
tured and defective graphene sheet is exposed to hydrogen, we 
see that hydrogen atoms occupy the reactive carbon edges of 

the fl akes (Figure  4 c,d). Hydrogen passivation stabilizes the 
defect sites on the fl ake, thus protecting the underlying sur-
face from further damage. Hydrogen passivation of defect sites 
in other carbon systems such as diamond-like carbon (DLC) 
fi lms [ 17 ]  and in diamond fi lms [ 18 ]  and its effect in reducing 
adhesion and friction in self-mated contracts have been shown 
before, however, in this case, we observe that hydrogen pas-
sivation of graphene protects it from disintegration and helps 
in extending the wear life, which is unique and not observed 
before. The dynamical evolution of the passivation effect by 
hydrogen can be seen in Supporting Information. In case of 
dry nitrogen, almost no such passivation or repair of torn or 
broken graphene monolayers occurs and thus graphene experi-
ences increasingly more fragmentation and loses its protective 
character upon cycling. Simulations suggest that nitrogen gas 
is mostly physisorbed [ 19 ]  and does not react with carbon atoms 
at the edges of the fl akes (Figure  4 e,f). Failure to stabilize the 
defect sites results in rapid disintegration of defective graphene 
under high contact pressure and fi nally leads to formation of 
amorphous carbon (Figure S4 in Supporting Information). 
Indeed, Raman mapping (Figure  3 c) of the wear track after the 
test in nitrogen indicates that carbon is still partially present 
at the wear track in the form of amorphous carbon which is 
not able to protect the sliding steel interfaces from high fric-
tion and wear. [ 20 ]  Graphene disintegration in nitrogen results 
in the exposure of bare steel surface area to the sliding contact 
and leading to higher friction and wear. The above scenario also 
holds true under conditions of low load when graphene defects 
are randomly distributed (see Movies S1,S2 in Supporting 
Information). 

 We believe that the role of hydrogen is 
twofold: fi rst, as a reactive gas it removes 
the excess of oxygen from the steel surfaces, 
thus suppressing iron oxides formation, [ 21,22 ]  
which is also supported experimentally by 
the fact that Raman spectrum of the wear 
track at the end of the test shows no iron 
oxide signature (≈1090 cm −1  and below). [ 14 ]  
Secondly, when and if graphene layer is 
damaged or ruptured, it instantly passi-
vates the dangling carbon bonds and thus 
stabilizes the atomic array of graphene by 
forming covalent C-H bonds at the edges. 
The breaking and formation of bonds could 
be energetically favored due to the high con-
tact pressures at the sliding interface. Indeed, 
it has been shown in previous DFT studies 
that the defect centers and edge sites repre-
sent stable chemisorption sites for hydrogen. 
While activation energies on pure graphene 
is ≈1.5 eV per hydrogen atom, it is much 
lower on defective sites (for example, 0.30 eV 
for SW defects, 0.93 eV for bivacancies). [ 23,24 ]  
In general, consistent with our predictions, 
it has been shown in several previous theo-
retical studies that saturating graphene edges 
with hydrogen lowers its energy and leads to 
a more stable structure. [ 25,26 ]  We believe that 
our simulation results suggest one possible 
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 Figure 3.    a) The coeffi cient of friction and b) wear rate for steel against steel sliding in presence 
of single layer graphene in dry nitrogen environment. Insets in (a) show typical Raman spectra 
from the wear track at the different time of the test. c) The chemical state of graphene in the 
wear track after 1500 wear cycles is presented by D,G, and 2D peak mapping. The cross-section 
line-profi le of the wear track is obtained using 3D profi lometer. The scale bar is 50 µm. The 
linear speed for the test in nitrogen environment was 7.8 cm/s.
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scenario of hydrogen passivation helping to extend the life-
time of graphene within the wear track. Other scenarios can 
also exist. For example, an improved tribological performance 
of hydrogenated graphene was predicted by density functional 
theory (DFT) simulations [ 27 ]  which attributed the observed 
frictional improvement to electronic contributions. Other pos-
sibilities also exist, including hydrogen induced formation of 
sp 3 -like clusters [ 28,29 ]  shown theoretically where interaction of 
hydrogen with few-layer graphene can induce formation of sp 3 -
like clusters through domino effect. Formation of extremely 
thin sp 3  rich layer could potentially increase the wear resist-
ance. Although it is unlikely for this mechanism to manifest 

in a single graphene layer, it nonetheless 
remains an interesting possibility and cannot 
be ruled out in our case, which begs for more 
experimental and theoretical investigation in 
this direction. 

 An indirect evidence for chemically 
bonded hydrogen with graphene at the 
edges, is provided by the Raman analysis 
shown in Figure  2 . The prominent D (at 
≈1360 cm −1 ) band and the appearance of the 
D’ (≈1630 cm −1 ) and D+D’ (≈2960 cm −1 ) bands 
are generally related to the point defects in 
the basal plane or edges of single-crystalline 
graphene domains, [ 20 ]  which are observable 
for hydrogen terminated graphene. [ 30 ]  Also, it 
was shown [ 31,32 ]  that D’ peak (≈1630 cm −1 ) is 
much more pronounced in case of vacancy-
type defects, resulting in lower  I  D / I  D’  ratio in 
the order of ≈4, which increases up to ≈13 
for the case of primarily sp 3  defects . Careful 
inspection of the Raman spectra for the wear 
track after 4000 cycles in hydrogen environ-
ment (Figure  2 a) indicates the high intensity 
ratio of  I  D / I  D’  (≈12), which corresponds to the 
defects primarily arising from sp 3  bonds, in 
our case C-H bonds formation. Raman anal-
ysis of the wear tracks after the COF increase 
in nitrogen environment indicates formation 
of amorphous carbon with  I  D / I  G  ≈ 2 (in com-
parison to  I  D / I  G  ≈ 0.5 for hydrogen environ-
ment), which corresponds to higher sp 2 /sp 3  
ratio in case of nitrogen than sp 2 /sp 3  ratio for 
hydrogen run. [ 33 ]   

  2.4.     Effect of Wear on the Electronic 
Properties of Graphene 

 To demonstrate the practical applicability 
of this extraordinary wear resistance of gra-
phene and to further quantitatively evaluate 
the microstructural effects arising from 
the wear in the two different environments 
(hydrogen vs nitrogen) on the electrical 
conductivity, we perform non-equilibrium 
Green's function (NEGF) calculations using 
density functional theory (DFT). The NEGF-

DFT technique used to evaluate the electronic transport 
employs a two-probe system; semi-infi nite left- and right-elec-
trode regions are in contact with a confi ned central scattering 
region. The NEGF-DFT calculations are carried out with the 
central scattering region representing the graphene sheets sub-
jected to wear in the two different environment. In the case of 
pristine defect free graphene, as expected, we observe that the 
 I – V  characteristics are ohmic ( Figure    5  ).  

 Figure  5  shows conductivities for the two graphene sheets 
which have undergone wear in hydrogen and nitrogen 
atmosphere. It can be clearly seen that the graphene sheets 
which have undergone little structural wear in the hydrogen 
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 Figure 4.    Graphene modifi cations under different atmospheres: a) Initial graphene sheet con-
fi guration, b) graphene ruptured under 0.5 GPa load in vacuum. c,d) Exposure to hydrogen 
atmosphere under no load results in hydrogen bonding to carbon atoms to stabilize the edges 
of graphene. e,f) In case of nitrogen atmosphere, no nitrogen bonding with the free carbon 
atoms at the edges of the fl akes is observed and shown nitrogen is primarily physisorbed on 
the graphene surface. Green color corresponds to hydrogen atoms bonded to carbon and blue 
color corresponds to nitrogen atoms in close proximity to graphene sheet. Note, that only the 
atoms within 2 Angstrom distance from the surface of the graphene are shown for the sake 
of clarity.
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environment still maintain their ohmic characteristics and 
show very little change in their electronic conducitivity. In 
contrast, the graphene sheets that were subjected to wear in 
a nitrogen environment are highly defective and therefore 
a signifi cant deviation from ohmic behavior is observed. The 
reduced wear of graphene translates into improved electrical 
characteristics and demonstrates that the observed improve-
ments in wear performance have an important role to play in 
the area of fl exible electronics. This also demonstrates that 
the wear resistant graphene layers have a signifi cant potential 
as stretchable and fl exible electronic materials with possible 
applications ranging from fl exible sensor tapes for monitoring 
structural integrity, active antennas, printer cables, and fl exible 
components for communications (cell phones), neural probes, 
biotic-abiotic interfaces, and painless drug delivery systems. [ 3 ]    

  3.     Conclusion 

 In summary, our fi ndings indicate that the macroscale wear 
resistance of single layer graphene is truly extraordinary when 
compared to other commonly used solid lubricants. The wear 
rate of the commonly used steel protective thin fi lm coatings, 
such as MoS 2  [ 34 ]  and diamond like carbon (DLC), [ 35 ]  usually 
varies as 10–1000 monolayers per 1000 cycles depending on 
the operating conditions. We have thus demonstrated another 
facet of one-atom thick graphene layer's extraordinary property, 
which suppresses both friction and wear of the underlying sur-
face and stays for as long as 6400 cycles. Thus, apart from being 
one of the strongest materials known, [ 36,37 ]  our study indicates 
that graphene is also the most wear resistant material ever 
known. We show by means of NEGF-DFT calculations that the 
improved wear resistance preserves the electronic properties 

of graphene and has signifi cant potential in the area of fl exible 
electronics.  

  4.     Experimental Section 
  Deposition of Single and Few-Layer Graphene on Steel Substrate : The 

majority of the tribo tests were concentrated on using single layer 
graphene between two sliding steel interfaces. Single layer graphene 
fi lm was grown on copper foil using the widely established chemical 
vapor deposition method. [ 38,39 ]  Thickness of as-grown graphene was 
checked using Raman Spectroscopy. After deposition the graphene 
layer is removed from one side of copper foil using oxygen plasma 
reactive ion etching (RIE) procedure. To provide a mechanical support 
to graphene during transfer process a ≈300 nm thick poly(methyl 
methacrylate) (PMMA) protective layer is used. After that, the Cu foil 
was etched with ammonium persulfate (0.1  M , Sigma Aldrich) and the 
PMMA/graphene fi lm was rinsed in distilled water and lowered on 
stainless steel (440 C grade) substrate with rms roughness  R  q  = 20 nm. 
The PMMA protective layer was removed using acetone to provide a 
single-later graphene on steel fl at sample. Special care was taken to 
make sure that there is no left-over PMMA on the surface and it was 
confi rmed by extensive Raman mapping of the surface ( Figure    6  ).   
 In case of few-layer graphene coating on the steel surface, graphene 
few-layer fl akes were deposited on the steel substrate from graphene 
containing ethanol solution and then ethanol is evaporated in dry 
nitrogen fl ow. Solution-processed graphene was prepared by chemical 
exfoliation of highly oriented pyrolytic graphite (HOPG) and was 
then suspended in ethanol (Graphene Supermarket Inc.). The weight 
concentration of graphene was 1 mg/L containing mostly single layer 
graphene. Small SPG amount (10–15 drops or 0.5–0.75 mL of solution 
per 1 cm 2 ) was applied on the highly polished surfaces of stainless 
steel plates in a colloidal liquid state and the liquid ethanol part was 
evaporated in dry nitrogen environment to prevent graphene oxide 
formation. The procedure resulted in few-layer (3–4 layers) graphene 
fl akes on the steel substrate. 
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 Figure 5.    Theoretical estimates of graphene sheet conductivities after 
undergoing wear in two different environments (hydrogen vs nitrogen). 
First-principles based non-equilibrium Green’s function calculations of 
the conductivity are used to evaluate the electronic properties and to 
demonstrate the practical applicability of the improved wear resistance 
in the area of fl exible electronics.

 Figure 6.    Schematic of the experimental setup and the Raman spectra 
of transferred single-layer graphene on steel (a and b) and few-layer gra-
phene (c and d) correspondingly.
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  Tribological T  ests Procedure : The counterpart in the tribological tests 
was a stainless steel ball (440 C grade) of 9.5 mm diameter with rms 
roughness  R  q  = 15 nm measured by the 3D profi lometer. Macro-scale 
tribological tests were performed in dry hydrogen (900 mbar) and dry 
nitrogen (900 mbar) environments at room temperature using a CSM 
tribometer with a ball-on-disk contact geometry. The normal load during 
the tribotests was 1 N (Hertz maximum contact pressure 0.5 GPa) at a 
speed of 60 rpm, and the radius of the wear track varying from 5 mm 
up to 15 mm (the linear speed varied from 3 cm/s up to 9 cm/s). The 
assessment of the wear volume of fl at was very diffi cult as wear was 
manifested as deep scratches and could not be fi t into a reliable wear 
equation. To estimate the wear volume for the balls after the tribo tests, 
we used the following equation:
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  d  is wear scar diameter and  r  is the radius of the ball. 

  Optical Microscopy and Raman Spectroscopy : The imaging of the wear 
scars was performed with an Olympus UC30 microscope. The wear rates 
on the ball and the fl at sides were determined with a 3D non-contact 
MicroXam profi lometer. Characterization of deposited graphene layer 
and wear debris after the tribotests is performed by an Invia Confocal 
Raman Microscope using the blue laser light ( λ  = 442 nm). The 
accumulation time for each spectrum in the single scan mode and for 
the mapping is 10 s. 

  Molecular Dynamic Simulations : Reactive molecular dynamics (MD) 
simulations with dynamic charge transfer between atoms is used to 
investigate the effect of gas phase environment on the fracture and 
passivation mechanisms under GPa loads. To simulate the graphene 
interaction with hydrogen and nitrogen environment after a wear 
cycle, we utilize molecular dynamic (MD) simulations employing a 
reactive force-fi eld (ReaxFF) potential model that allows for variable 
and dynamic charge transfer between atoms. In particular, reactive 
force-fi eld (ReaxFF) implements the feature of quantum chemistry 
calculations, including molecular association/dissociation and charge 
transfer between cations and anions, and therefore ensure a more 
accurate description of the oxidation simulation. By calculating many-
body interactions of a single particle, characteristics of quantum 
chemistry effect are employed in multiple-components of particle 
interactions as shown in Equation   3  , such as bond energy, over/under 
coordination, lone-pair energy, valence angle, torsion, hydrogen bond, 
van der Waals, and Coulomb: [ 40 ] 

 

E E E E E E
E E E E

total bond over under lp val

tors H vdw Coul

= + + + +
+ + + +  

 (3)
 

 Additionally, the temporal charges of cations/anions are calculated 
using the electro-negativity equalization method as shown in Equation   4  :
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 In the above equation,  q ,  χ ,  η ,  Tap(r) ,  γ , and  k  c  are ion charge, electro-
negativity, atomic hardness, 7th order taper function, shielding 
parameter, and dielectric constant, respectively. Detailed implementation 
and development of ReaxFF models for C-H-N interactions can be found 
in the work by van Duin et al. [ 41 ]  It is capable of treating both metallic 
and ceramic systems as well as bond formation and bond breakage 
involved in the graphene nucleation and growth processes. Additionally, 
it can take into account the presence of multiple coordination as well 
as valence states when the graphene fi lm interacts with hydrogen 

and/or nitrogen. The simulation set-up and computational details are 
summarized in supporting information. 

  Calculation of Electric Conductivity using NEGF-DFT Simulations : 
The electronic transport of the graphene junctions (pristine as well as 
those undergoing wear in hydrogen and nitrogen environment) was 
investigated in order to reveal the conductivity mechanism and the I-V 
characteristics. The calculations were performed with the ATK package, 
in which the DFT is combined with non-equilibrium Green's function 
method to calculate the electronic and transport properties of nanoscale 
systems. The current  I ( V ) is determined by the transmission coeffi cient 
 T ( E , V ), which is a function of the energy  E  and bias voltage  V , through 
the Landauer-Büttiker formula, ∫= −I V e h T E V f E f E El r( ) (2 / ) ( , )[ ( ) ( )]d  
where  f   l / r   is the Fermi distribution function of the left/right electrodes. 
In the calculation, the local density approximation in the form of the 
Perdew and Zunger exchange-correlation functional is used. Only 
valence electrons are self-consistently calculated in the calculation, and 
the atomic cores are described by standard norm conserving pseudo-
potentials. The valence wave functions are expanded by localized 
numerical (pseudo) atom orbitals, with the single zeta plus polarization 
basis set for Au atoms and the double zeta plus polarization basis set 
for amorphous carbon. The  k -point sampling is 2, 2, and 100 in the  x ,  y , 
and  z  directions, where  z  direction is the transport direction, which was 
enough to give the converged results. Before calculating the electron 
transport properties, we fi rst carried out MD simulations as described in 
the previous section to generate the various confi gurations.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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