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Abstract: One of the promising approaches to achieving large scale superlubricity is the use of junctions between 

existing ultra-flat surface together with superlubric graphite mesas. Here we studied the frictional properties 

of microscale graphite mesa sliding on the diamond-like carbon, a commercially available material with a 

ultra-flat surface. The interface is composed of a single crystalline graphene and a diamond-like carbon surface 

with roughness less than 1 nm. Using an integrated approach, which includes Argon plasma irradiation of 

diamond-like carbon surfaces, X-ray photoelectron spectroscopy analysis and Langmuir adsorption modeling, 

we found that while the velocity dependence of friction follows a thermally activated sliding mechanism, its 

temperature dependence is due to the desorption of chemical groups upon heating. These observations indicate 

that the edges have a significant contribution to the friction. Our results highlight potential factors affecting this 

type of emerging friction junctions and provide a novel approach for tuning their friction properties through 

ion irradiation. 
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1  Introduction 

Graphite has been used as a solid lubricant and known 

to show ultralow friction since ancient times [1]. 

With the development of nanotribology over the past 

20 years, a new intriguing frictional property of this 

old material was discovered, termed as superlubricity. 

The relatively strong intralayer bonding and weak 

interlayer interaction lead to almost frictionless 

sliding at the incommensurate contact between 

single crystalline graphite surfaces, i.e., to the state 

called superlubricity [2]. This idea was firstly predicted 

theoretically [3, 4] and later confirmed by experiments 

with nanoscale graphitic contacts under restricted 

environments such as dry nitrogen [5] and ultrahigh 

vacuum [6]. Considering the practical importance of 

having a frictionless interface, it is easy to understand 

the great efforts which have been made during the last 

decades to achieve robust superlubricity on larger scale 

and under ambient conditions [7−17]. An important 

step in this direction has been made recently, when 

so-called self-retraction experiments with graphite 
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mesas provided a direct evidence of superlubricity in 

micrometer graphitic contacts [7]. It was shown that 

the ultralow friction observed in these experiments 

relies on using atomically smooth, single crystalline 

structure of the mesa surfaces placed in an incom-

mensurate contact. 

To widen the scope of possible applications of the 

microscale superlubricity, the frictional properties of 

graphite mesa in contact with other materials should 

be investigated. In fact, microscale heterojunctions of 

graphite and other materials including h-BN [18], 

MoS2 [19−21], mica [22], diamond-like carbon [23, 24] 

have been fabricated by transferring graphite mesas 

onto the target surface. These heterostructures open 

wide opportunities for tuning interfacial frictional 

properties. Diamond-like carbon (DLC), which is widely 

used as coating material due to its unique mechanical, 

optical, electrical, chemical, and tribological properties 

[25−28] is a promising candidate for transfer target. 

The sizes of DLC films can easily reach macroscopic 

scale while remaining very smooth [29]. Thus, studies 

of the tribological property of the graphite-DLC 

heterojunctions are of particular interest. Investigations 

of the temperature and velocity dependence of friction 

may provide significant insights into the mechanisms 

of sliding friction [18, 30−33], however such measure-

ments have not yet been carried out for graphite/DLC 

heterojunctions. 

In addition to studies of velocity and temperature 

dependence of friction, investigations of the effect  

of irradiation on friction may provide an essential 

information on mechanisms of sliding friction, since 

this method allows to tune the chemistry and structure 

of surfaces at atomic scale in a controllable way. It is 

usually considered that irradiation causes a disorder 

on surfaces, however recent experiments on electron or 

ion irradiation demonstrated that graphitic systems 

exhibit a unique self-healing phenomenon, where a 

fast diffusion of carbon atoms in the layered structure 

leads to healing the defects introduced by irradiation 

[34, 35]. Thus it would be interesting to investigate 

the effects of irradiation on the sliding friction in the 

graphite/DLC heterojunction. 

In this paper, we investigated the temperature and 

velocity dependence of friction for microscale graphite/ 

DLC heterojunction. The interface is composed of a 

single crystalline graphene and DLC surfaces with 

roughness less than 1 nm. The logarithmic dependence 

of friction on velocity observed in our experiments is 

consistent with the mechanism of thermally activated 

friction, and the temperature dependence of friction 

is explained using a Langmuir adsorption model, 

which describes adsorption and desorption of gas 

molecules on the edges of graphite mesa. It is found 

that Argon plasma irradiation can effectively tune 

the frictional properties of the heterojunctions. X-ray 

photoelectron spectroscopy (XPS) characterizations 

revealed that Argon plasma irradiation removes the 

oxygen from the graphite edges, and converts part of 

sp2 carbon states into the sp3 states. 

2 Experimental procedures 

Graphite/DLC heterojunctions were fabricated using 

the technique developed in a previous publication [23]. 

Briefly, square shaped graphite mesas (typical height 

of 1 μm and side length of 4 μm) were fabricated 

through electron beam lithography and reactive ion 

etching (RIE). The so-called self-retraction phenomenon 

reported in former publications [8] allowed us to 

select self-retractable graphite mesas with atomically 

smooth and single crystalline contact surfaces. The 

self-retractable graphite mesas were then transferred 

onto a DLC surface using a tungsten tip attached to a 

nano-manipulator (Kleindiek MM-3A) to form the 

heterojunctions under ambient conditions. The DLC 

surface was prepared in the same way as reported in 

a previous publication [23], i.e. by cutting a DLC slice 

without lubricant from a hard disk drive (manufactured 

by the West Digital Corporation) into smaller pieces 

with sizes of 1 cm × 1 cm. Here we used the a-C:N type 

DLC, for which the sp3/sp2 ratio is 56% and ID/IG of 

Raman spectrum is 0.64. 

After transferring the graphite mesa on DLC, the 

temperature and velocity dependencies of friction in 

the heterojunctions were investigated using an atomic 

force microscope (AFM) (NT-MDT) with a heating 

stage and an environmental chamber, as shown in 

Fig. 1(a). The sample was first annealed at 150 °C and 

then cooled down naturally to room temperature. 

To keep the relative humidity at low level (<5%), dry 

N2 was pumped into the chamber throughout the 

annealing and the measurement processes. To measure 

the friction of heterojunctions at different temperatures,  
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the samples were heated to the target temperature T 

(ranging from room temperature to 150 °C, in a random 

order) and equilibrated for 30 minutes before measuring 

friction. Then the graphite mesa was pressed by the 

AFM tip from the top, with a typical normal load of 

56.5 μN. Under such a normal load, the static friction 

at the interface between the AFM tip and the mesa 

top surface was usually larger than the friction at the 

mesa-DLC interface. Thus, when the AFM tip was 

scanned laterally with a speed V, the mesa slide against 

the DLC surface, and the corresponding lateral force 

was measured. The average friction force is calculated 

as 
Forward Backward

( ) / 2F f f  , as shown in Fig. 1(b). 

Similar friction measurements were also conducted 

with graphite mesas exposed to Argon plasma irra-

diation. For these mesas, the experimental process 

was the same except that Argon plasma irradiation 

with energy of 300 eV and beam density of 0.5 mA/cm2 

was used to irradiate the edges of graphite mesa for a 

duration of 30 seconds before transferring the mesa  

onto the DLC surface. The typical lateral force versus 

displacement curves for mesas obtained after Argon 

plasma irradiation of DLC are similar to those for 

mesas without Argon plasma treatment, as shown in 

Fig. 1(c). The measurements corresponding to Figs. 1(b) 

and 1(c) were both performed at temperature of T = 

29 °C with sliding velocity of V = 2 μm/s. 

3 Experimental results 

For all systems studied at T = 150 °C before irradiation 
we found a friction coefficient of about 0.008, indicating 

a superlubric state of graphite/DLC heterojunctions. 

The velocity dependencies of friction force measured 

for temperatures ranging from room temperature to 

150 °C are plotted in Fig. 2. For all investigated tem-

peratures the presented results show a logarithmic 

increase of friction with velocity v. Such observations 

are consistent with the oretic predictions of Prandtl- 

Tomlinson (PT) model of thermally activated friction 

[36, 37]. Similar velocity dependencies of friction have 

been previously found in scanning probe microscope 

 

Fig. 1 (a) Schematic experimental setup. The graphite/DLC heterojunction was mounted on the AFM with a heating stage and an 
environment chamber filled with N2. The friction was measured by sliding the graphite mesa against the DLC surface using the AFM tip; 
typical lateral force versus displacement curves for mesas before (b) and after (c) Argon plasma irradiation. The average friction force is 
calculated as Forward Backward( ) / 2 F f f . 

 

Fig. 2 Velocity dependence of friction at different temperature for mesas not exposed (a) and exposed (b) to Argon plasma irradiation. 
The slope of the logarithmic dependence of friction on velocity increases after irradiation. 
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experiments, where the frictional contacts are usually 

in the nanoscale range [38, 39]. Here we report that 

the friction of microscale graphite/DLC heterojunctions 

show logarithmic velocity dependence, suggesting 

thermally activated sliding mechanism. Moreover, 

our experimental results show that the slope of the 

logarithmic dependence increases by about 120% after 

the Argon plasma irradiation, indicating an increase of 

sliding energy barriers. The reason will be explained 

below. 

While the velocity dependence of friction of graphite/ 

DLC heterojunctions follows predictions of conventional 

thermally activated model of friction, its temperature 

dependence cannot be described by this model. 

Figure 3(a) shows that for mesas not exposed to irradia-

tion the friction force decreases with temperature 

for T < 100 °C, and then saturates as temperature 

increases (T > 100 °C). The frictional behavior of mesas 

after Argon plasma irradiation is similar, but the data 

are more scattered (see Fig. 3(b)). The effect of water 

evaporation on friction can be excluded since N2 
atmosphere was kept throughout the experiments, 

and annealing at 150 °C was performed before all 

experiments.  

To understand the effect of temperature on friction, 

XPS measurements were conducted, using the same 

experimental procedures as described in Ref. [23]. 

Briefly, since the size of the XPS spot is typically 

much larger than the size of graphite mesas, a direct 

characterization of graphite mesa edges is difficult. 

To solve this problem, we fabricated a larger graphite 

sample (with size of 1 cm) following exactly the same 

procedures for the graphite mesa fabrication. The side 

surface of this graphite sample was characterized by 

XPS both before and after the Argon plasma irradiation 

treatment. Thus, we believe that the XPS characterization 

of these graphite samples reasonably reflects properties 

of graphite mesa edges before and after the Argon 

plasma treatment. 

The XPS spectra of the graphite edges before and 

after irradiation are shown in Fig. 4(a), peaks corres-

ponding to O1s (532.7 eV), N1s (398.5 eV), and C1s 

(284.8 eV) can be identified in the spectrum before 

the irradiation, while after the irradiation, the N1s peak 

disappears and the height of O1s peak decreases. 

More specifically, it is shown that the fraction of 

oxygen drops from 18.9% to 0.53% after irradiation. 

Interestingly, the previous publication [23] has shown 

that the reactive ion etching process used for the 

fabrication of graphite mesa produces a considerable 

amount of oxygen at graphite edges. Here we found 

that the oxygen can be efficiently removed by the 

Argon plasma irradiation. Analyzing the components 

of the C1s peak, we estimated the relative fraction  

of carbon atoms in sp3 and sp2 states, as shown in 

Figs. 4(b) and 4(c). The one with a binding energy of 

284.5 eV corresponds to the C−C sp2 bonds in the 

graphitic network, and the peak at 285.1 eV is attributed 

to the carbon bonds with sp3 hybridization. The  

two peaks with binding energy equal to 286.5 eV and 

288.3 eV correspond to C–O and O–C=O bonds, 

respectively [40–42]. It should be noted that the ratio 

of sp3 carbon to sp2 carbon increases from 1.41 to 2.73 

after irradiation. Before the irradiation, a considerable 

amount of C–O and C=O bonds were found, whereas 

after the irradiation the amount of C–O bonds reduces 

significantly and no evidence of presence of C=O 

bonds are found. Overall, our results suggest that 

Argon plasma irradiation removes most of the oxygen 

from the graphite edge and converts part of the sp2  

 

Fig. 3 Temperature dependence of friction at different velocity for mesas not exposed (a) and exposed (b) to Argon plasma irradiation.
Friction decreases at low temperatures, and then levels with increasing temperature. 
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carbon into sp3 carbon. The former effect leads to the 

reduction of the friction while the latter one enhances 

it due to the higher fraction of hydrocarbons. The 

competing effects of the two different chemical changes 

on friction lead to larger scattering in friction after 

irradiation as shown in Fig. 3. 

4 Model simulations 

Based on the XPS analysis shown above, we may 

conclude that significant changes in friction of graphite/ 

DLC heterojunctions, which are induced by irradiation, 

may result from the effect of irradiation on the chemical 

structure of the graphite edges. Thus, the temperature 

dependence of friction may be caused by the adsorption 

and desorption of the chemical groups at the graphite 

mesa edges. Since the experiments were conducted 

under N2 atmosphere, the amount of adsorbed molecules 

is very low. Under these conditions, it is reasonable 

to assume that the friction force is proportional to the 

amount of molecules adsorbed at the edges [43, 44]. 

To estimate the effect of temperature on the amount 

of adsorbed molecules, we used a classical Langmuir 

adsorption model for two types of molecules [24, 

45-47]. The adsorbates which could be present at 

the mesa edges include H2 released from DLC under 

heating, hydroxyl groups exhibited by the XPS spectra 

and hydrocarbons which are inevitably present.  

For the ith (i = 1, 2) type of adsorbate, its adsorption 

and desorption rates can be expressed as follows 

[47-49]:  

0

ads a ads B
exp( / )i i

i
k p k E k T  ,           (1) 

0

des d des B
exp( / )i ik k E k T  ,            (2) 

where 
ads

iE , 
des

iE , and 
i

p  are the adsorption energy 

barrier, desorption energy barrier, and the partial 

pressure of the ith type of adsorbate. 0

a
k  and 0

d
k  are 

prefactors, 
B

k  is the Boltzman constant, and T is the 

absolute temperature. 

Based on the absolute rate theory (ART), the kinetics 

of adsorption/desorption processes can be captured 

by the Wigner-Polanyi expression for the rate of 

adsorption [49]: 


 



     
 


2

ads des
1

d
1 ( 1,2)

d
i ii

i i
i

k k i
t

,     (3) 

here 
i

  is the fractional surface coverage of the ith type 

of adsorbate, t is time. It should be noted that in Eq. (3) 

we extended the original form to be suitable for multi- 

type of adsorbates. At equilibrium, 


 
d

0 ( 1,2)
d

i i
t

, we 

can easily get the Langmuir isotherm from Eq. (3) as, 

 

Fig. 4 XPS data for the graphite mesa edges. (a) XPS spectra of graphite edge before and after Argon plasma irradiation, and table
showing a percentage of elements present at the edges. C1s spectra of the graphite edge before (b) and after (c) irradiation. 
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here, 
tot 1 2

     is the total coverage.  B

ad e (
iQ

i k Tr i  

1,2)  is the ratio between the rate of adsorption and 

desorption and 
des ads

( 1,2)i i

i
Q E E i    is the adsorp-

tion heat for the ith type of adsorbate. 

As discussed above, the friction is proportional to 

the number of adsorbates at the edges of graphite mesa, 

thus to reveal its intrinsic dependence on temperature, 

the friction is normalized to its value at T = 302 K 

as * / (302 K)f f f  for different sliding velocities. We 

use Eq. (4) to fit the normalized friction force. 

To reveal the effect of temperature on friction, we 

show in Fig. 5 the temperature dependence of the 

normalized friction forces (symbols), where the forces 

measured for different velocities were normalized to 

their values found for T = 302 K. Then, the upper and 

lower bounds of normalized experimental data were 

fitted to the total adsorbate coverage calculated 

according to Eq. (4). The fitting of experimental data 

obtained before the Argon plasma irradiation yields  

 

Fig. 5 Temperature dependence of the normalized friction forces 
(symbols) measured for different velocity for mesas before (a) and 
after (b) Argon plasma irradiation. The solid curves are fitting 
results according to Eq. (4). 

4 3

1
4.17 10 1 10p      , 9 8

2
1 10 2.99 10p      , and 

1
0.01 0.0334Q   eV, 

2
0.309 0.353Q   eV. We note  

that for both upper and bottom bounds the estimated 

adsorption heats 
1

Q  and 
2

Q  match the literature 

values for adsorption heat of H2 on graphite [50] and 

hydroxyl groups at the edges of graphite mesa [51]. 

After the Argon plasma irradiation, the fitting yields  
4 3

1
1.04 10 7 ,4.7 10p      8 7

2
2.99 10 8 ,1.1 10p       

and 
1

0.0154 0.0336Q   eV, 
2

0.22 0.231Q   eV, where  

1
Q  and 

2
Q  match the literature values for adsorption 

heats of H2 and hydrocarbon on graphite [50]. The 

absence of hydroxyl groups after irradiation is consistent 

with our XPS characterization, which shows that Argon 

plasma irradiation reduces the amount of oxygen. This 

analysis, shows that the levelling off of the friction force 

observed with increasing temperature occurs as a result 

of desorption of hydroxyl groups (before irradiation) 

and hydrocarbon molecules (after irradiation), while 

the H2 molecules remain adsorbed by the edges. 

5 Conclusions 

In conclusion, by investigating the temperature and 

velocity dependence of friction for microscale graphite/ 

DLC heterojunctions, we found that the velocity 

dependence follows the thermally activated sliding 

mechanism, whereas the observed temperature 

dependence cannot be explained based on existing 

theories. To reveal the mechanism of friction in these 

heterojunctions, we further studied the effects of Argon 

plasma irradiation on friction. Using XPS analysis of 

graphite mesas and Langmuir adsorption model, we 

conclude that the observed temperature dependence 

of friction is determined by the desorption of chemical 

groups from the edges of graphite mesa that occurs 

with increasing temperature, which largely affect 

the frictional properties. Our results provide insights 

into the origin of frictions in the graphite/DLC hetero-

junctions, which have the potential for practical 

applications, and offer a viable approach for tuning 

the frictional properties via Argon plasma irradiation. 
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