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ABSTRACT 

On graphite, friction is known to be more than an order of magnitude larger at step edge 

defects as compared to on the basal plane, especially when the counter surface slides from the 

lower terrace of the step to the upper terrace. For this observation, very different mechanisms have 

been proposed to explain this phenomenon, including atomic interactions between the counter 

surface and step edge (without physical deformation) and buckling or peeling deformation of the 

upper graphene terrace. Here, we use atomic force microscopy (AFM) and reactive molecular 

dynamics (MD) simulations to capture and differentiate the mechanisms proposed to cause high 

friction at step edges. AFM experiments reveal the difference between cases of no deformation 

and buckling deformation, and the latter case is attributed to the physical stress exerted by the 

sliding tip. Reactive MD simulations explore the process of peeling deformation due to 

tribochemical bond formation between the tip and the step edge. Combining the results of AFM 

experiments and MD simulations, it is found that each mechanism has identifiable, characteristic 
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features in the lateral force and vertical height profiles recorded during the step-up process. The 

results demonstrate that buckling and peeling deformation of the graphene edge rarely occur under 

typical AFM experimental conditions, and thus are unlikely to be the origin of high friction at step 

edges in most measurements. Instead, the high step-up friction is due to stick-slip behavior 

facilitated by the topographical change and atomic interactions between the tip and step edge 

without deformation of the graphene itself. 
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1 Introduction 

Friction at sliding solid-solid contacts is significantly influenced by the way the material in 

and around the contacting region responds to shear.1 For graphite and graphene, most studies have 

focused on the super-lubricious basal plane region and shown that shear-induced basal plane 

deformation (often referred as to puckering) can increase friction by one or two times.2-5 However, 

even higher friction arises at step edge defects where one graphene layer starts or ends.6-9 It was 

reported that the friction at step edges can be 20 to 60 times higher than that on the basal plane 

when sliding proceeds in the direction from a lower terrace to an upper terrace.6-7, 10 Understanding 

friction at these step edges is therefore critically important to understanding friction on graphite or 

graphene, as well as other two-dimensional (2D) materials that necessarily exhibit step edge 

defects. 

To explain high friction at step edges, several mechanisms have been proposed. These 

mechanisms can be generally categorized into two groups, depending on whether deformation of 

the upper graphene terrace occurs or not. In the absence of deformation, as illustrated in Figure 1a, 

resistance to sliding is attributable to the topographic height change at the step and to atomic or 

chemical interactions between the tip and the step edge. The topography change results in a 

resistive force when the tip ascends the step and an assistive force as it descends the step. In 

contrast, atomic or chemical interactions always lead to resistive force regardless of sliding 

direction. Early work explained the effect of atomic interactions using a Lennard-Jones potential, 

and attributed the high friction at the step edge to a high potential barrier on the upper terrace side 

and a deep potential well on the lower terrace side of the step edge.11-12 Then, our previous study 

showed that dangling bonds at step edges on graphene generated through mechanical exfoliation 

will be passivated with water molecules impinging from the gas phase, forming C-OH groups that 
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form hydrogen bonds with the oxide layer of the counter surface, leading to a resistive force.6-7 

Later, it was discovered that conformational changes of functional groups at the step edge, without 

deformation of the upper terrace, can also contribute to resistive force during the step-up process.13 

The second group of mechanisms involves deformation of the upper graphene terrace. Within 

this group, two possible modes have been proposed, buckling and peeling.14-19 In the case of 

buckling, the step is pushed up while the sliding tip is still on the lower terrace resulting in convex 

deformation of the upper terrace (Figure 1b). Such topographic deformation causes high friction 

because the tip must slide over the deformed upper terrace.14-18 In the case of peeling, the upper 

terrace end is pulled up by the tip (Figure 1c); such deformation can occur if chemical bonds are 

formed between the step edge and counter surface.19 Although buckling and peeling have been 

demonstrated in MD simulations,14, 16-19 these mechanisms are not directly corroborated by 

experimental evidence. Instead, experimental studies that propose buckling or peeling support the 

hypothesis based on folded or ruptured graphene step edges imaged after sliding.8, 19 However, 

such post-test analyses cannot determine if the mechanism was buckling, peeling, folding, or some 

other type of deformation. 

 

 
Figure 1. Illustration of different mechanisms proposed to cause the high friction at graphene step 
edges. (a) The upper terrace graphene layer does not deform due to interfacial shear. Or, 
deformation occurs and is the origin of the high friction, where the deformation can be (b) buckling 
or (c) peeling. The red dot in (c) indicates chemical bonds between the tip and the graphene edge. 
 



5 
 

In this paper, we further investigate the mechanisms for high friction at a single layer graphene 

step edge on a graphite surface. Although various mechanisms have been proposed in previous 

papers, no study directly compared all three possible cases illustrated in Figure 1, so the dominant 

mechanism has not been unambiguously identified. The scope of this study is limited to the case 

where high friction is observed during the ascending of the step without causing permanent 

deformation or damage to the step. Lateral force and height of the tip are monitored simultaneously 

in atomic force microscopy (AFM) experiments and reactive molecular dynamics (MD) 

simulations. The relationship between lateral force and height is found to be different for the 

different possible mechanisms, so these measurements can be used as a signature to identify the 

origins of high friction at graphene step edges. The observation-mechanism correlations shown in 

this study of graphene are likely extensible to other 2D materials as well. 

 

2 Materials and methods 

Experimental 

All measurements were performed with a commercial AFM system (Multimode, Bruker, US), 

operating in ambient environment. We used several Si AFM probes (ESP-V2, Bruker, US; nominal 

spring constant: 0.2 N/m, nominal tip radius: 8 nm) from the same batch purchased. The normal 

spring constant of the AFM probe cantilever was calibrated following the Sader’s method.20 The 

lateral sensitivity of the system was calibrated by rubbing the AFM tip against a diamond-like 

carbon film in n-pentanol vapor, for which the coefficient of friction is about 0.15 and wear is 

negligible.21-22  

For the friction test, a fresh graphite surface was prepared through tape-exfoliation of a 

highly-oriented pyrolytic graphite (HOPG) substrate in ambient air. The AFM tip was treated with 
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UV/ozone for 15 minutes to remove possible organic contaminants from the native oxide at the tip 

surface. Before the friction test, an exposed single-layer graphene step edge, which is nearly 

parallel to the AFM probe cantilever, was found on the graphite surface. The lateral force due to 

friction was measured while the AFM tip was sliding perpendicular to the graphene step edge and 

reciprocating between the lower and upper terraces at the same location. The sliding stroke across 

the step edge was 100 nm, the reciprocating frequency was 2.5 Hz, and thus the sliding speed was 

500 nm/s. The normal load applied to the AFM tip ranged from 2 nN to 26 nN. According to the 

Derjaguin-Muller-Toporov contact model,23 using the nominal tip radius, the contact pressure 

between the tip and the graphite basal plane was in the range from 1.7 to 2.7 GPa. Since the 

compressive strength of Si is reported to be 3.2 GPa, the upper limit of the applied normal load 

was kept at 26 nN (2.7 GPa) to avoid physical deformation and wear of the tip. The pull-off force 

of the AFM tip on the graphite basal plane were respectively measured before and after the friction 

test, and the value was kept around 7 nN (Figure S1), indicating that wear or damage of the AFM 

tip is negligible. Moreover, as shown in Figure S2, in multiple successive scans at the same 

location, the lateral force signal always begins to increase at the same lateral position, and the step-

down position does not change either, indicating that the upper terrace graphene layer remains 

intact.  

 

MD simulations 

The friction behavior of an amorphous silica tip apex sliding up a graphite step-edge was 

modeled using reactive MD simulations in LAMMPS code 24, and OVITO software 25 was used 

to visualize the results. The ReaxFF 26 force field used in this work was previously developed for 

a C/O/H/Si/F system.27 The force field parameters are a combination of parameters for C/H/O 28-
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29 and Si/C interactions,30 and were obtained by training against density functional theory (DFT) 

data. The ReaxFF force field is capable of modeling bond formation/breaking (chemical reactions) 

as well as bond stretching and bending (mechanical properties),31-32 and has been used previously 

to investigate mechanochemical reactions.33 Note that the ReaxFF force field used here was 

reported to overestimate the elastic modulus of pristine graphene.34 Figure S3 in the Supporting 

Information illustrates the setup used in simulations including an amorphous hydroxylated silica 

tip and a graphite substrate with an exposed single-layer step edge. This model has been used in 

our previous studies and details are reported elsewhere.6, 13  The silica surface is known to be 

passivated with hydroxyl groups if cleaned properly.35-37 To mimic the passivation of the silica tip 

surface, the under-coordinated silicon and oxygen atoms were terminated with hydrogen atoms. In 

a few simulations, several H/OH groups were intentionally removed from the surface of the silica 

tip, and three under-coordinated silicon atoms were left on the leading edge of the tip. Since 

previous studies38-39 reported the dissociation of water and hydroxylation at step edges, the 

terminal carbon atoms at the armchair step-edge40 were passivated by alternating H/OH groups. In 

order to facilitate the deformation of the upper terrace, a nonperiodic boundary condition was used 

in all directions. Throughout the simulation, the bottom-most graphene layer at each side of the 

step edge was kept fixed, and the top 0.5 nm of the tip was treated as a rigid body; all other atoms 

could move freely.  

Each simulation was performed in the following steps. First, the energy was minimized, 

followed by equilibration of the system until the potential energy reached a plateau. Next, the gap 

between the tip and substrate was decreased by lowering the top rigid part of the tip at a 10 m/s 

downward speed until the minimum distance between the tip and the substrate reached 0.3 nm. 

Then, a normal load of 5, 10 or 15 nN was applied to the top rigid part of the tip for 120 ps. Lastly, 
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the tip was dragged toward the step edge with a harmonic spring (spring constant of 6 N/m) at 10 

m/s. To maintain the temperature at around 300 K, the NVT (fixed number of particles, volume, 

and temperature) ensemble with a Langevin thermostat was applied to the unconstrained atoms, 

excluding the atomic velocities in the sliding direction. A 0.25 fs time step and a 20 fs thermostat 

damping factor were used in all simulations. The friction force during sliding was calculated by 

monitoring the sum of the force on the tip atoms in the sliding direction. Throughout the 

simulations, the covalent bonds between atoms were identified as those with a bond order of 0.3 

or larger. 

 

3 Results and Discussion 

Figure 2 shows the lateral force and height profiles of a Si AFM tip sliding across an exposed 

single-layer graphene step edge. Each line profile in this figure is the average of data collected in 

multiple scans (see Figure S2 in Supporting Information). During the step-up scan, a positive 

lateral force means resistance to the sliding motion of the AFM tip, and a negative lateral force 

corresponds to assistance to the motion. During the step-down scan, the sign of the lateral force 

has the opposite meaning, i.e., negative is resistive and positive is assistive. It should be noted that, 

in an AFM system, the magnitude of the lateral force (or lateral signal) reflects the degree of tilting 

of the AFM tip or the twisting of the AFM probe cantilever, and the recorded lateral position shows 

the relative position between the AFM probe cantilever and the sample stage. 

The deformation-free mechanism illustrated in Figure 1a is observed at low load conditions 

as shown in Figure 2a. In this case, the recorded height is close to a step function with height equal 

to the thickness of a single-layer graphene (0.34 nm). Likewise, the lateral force exhibits typical 

stick-slip behavior where the force initially increases linearly as the recorded lateral position of 
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the tip passes over the step edge and then drops back to the original value (which is the lateral 

force on the basal plane). The height profile shows that the tip “sticks” on the lower terrace while 

the lateral force is increasing, and then “slips” to the upper terrace when the lateral force drops. A 

dashed line parallel to the linearly increasing part of the lateral force signal is drawn in Figure 2a. 

The slope of this dashed line is the torsional spring constant (in nN/nm) of the AFM probe, which 

is the lateral sensitivity of the position sensitive detector (PSD) of the AFM system (in mV/nm) 

multiplied by the lateral force conversion factor of the AFM probe (in nN/mV). The lateral 

sensitivity and the conversion factor will not change as long as the AFM beam alignment is not 

changed substantially and the tip height does not decrease due to severe wear of the tip.41 In our 

previous work, stick-slip behavior was observed at exposed step edges with another AFM Si 

probe.13 The same AFM probe was also used to investigate the friction properties of a buried step 

edge. It was found that the buried step edge has exactly the same topographic dimensions as the 

exposed step edge, but does not result in stick-slip behavior.13 The main difference between the 

buried and exposed step edges is that the exposed step edge contains hydroxyl groups and thus is 

capable of forming transient hydrogen bonds with the AFM tip while the buried step edge is 

completely chemically inert. Therefore, it is believed that the magnitude of the maximum lateral 

force before the onset of slip is due to not only the topography at the step edge, but also chemical 

interactions between the step edge and the tip. This also explains why the tip apex is not stuck at 

the step edge and the lateral force does not show stick-slip behavior as the tip descends an exposed 

step edge. 
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Figure 2. Lateral force and height profiles of an AFM tip as it slides across an exposed step edge 
at applied normal loads of (a) 4.9 nN, (b) 9.8 nN, and (c) 24.4 nN. The data collected during step-
up are shown in red and the data during step-down are in blue. The height is set to zero when the 
tip is on the lower terrace. In the height profile, the dotted horizontal lines show the vertical 
positions of the lower and upper terraces. Note that the scale of the height profile in (c) is different 
from those in (a) and (b). The dashed line on the lateral force plot in (a) corresponds to linear fit 
of the increase of lateral force when the tip reaches and sticks at the step edge. Dashed lines in (b) 
and (c) have the same slope with the dashed line in (a). The gray shaded region in (c) identifies the 
nonlinear increase of lateral force with cantilever position, indicating step deformation. The orange 
shaded region indicates the gradual decrease of the tip height after the tip slips over the vertex of 
the buckled part of the upper terrace.  

 

At the intermediate load (Figure 2b), as the tip slides across the step edge, the height increases 

gradually rather than abruptly, and there seems to be an overshoot slightly higher than the thickness 

of a single graphene layer. However, the magnitude of the height overshoot is small and 

comparable to the thermal noise of the AFM system in our experimental conditions. Therefore, it 

is difficult to interpret the height data with confidence. Nevertheless, the lateral force at the 

intermediate load again exhibits stick-slip behavior at the step edge, and the increasing part of the 
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lateral force is nearly parallel to the dashed line. Therefore, it is believed that physical deformation 

of the upper terrace is still negligible.  

In contrast, at a higher load (Figure 2c), the increasing lateral force at the step edge can be 

divided into two parts. Firstly, the lateral force increases linearly and the slope is almost the same 

as the torsional spring constant of the AFM probe (indicated by the dashed line in Figure 2c), 

indicating that the apex of the tip does not move and the step edge is not deformed. In the second 

part (indicated by the gray shaded region in Figure 2c), the lateral force is still increasing, but the 

slope of the lateral force profile is smaller than that of the dashed line. This smaller slope means 

that the apex of the AFM tip is sliding from its original stuck position along the scan direction, but 

the tip still cannot slide freely as it does on the super-lubricous basal plane. Notably, the recorded 

height is significantly above the upper terrace when the recorded lateral force is below the straight 

dashed line. This means that the upper terrace of the step edge severely buckles (as illustrated in 

Figure 1b) and the tip is sliding over the buckled region. The onset of the lateral force decrease 

coincides with the decrease in the height profile. For the severe buckling case (Figure 2c), as the 

tip passes over the vertex and is descending the buckled region, the tip experiences a force assisting 

motion, so the recorded lateral signal becomes negative. Note that the descending distance 

(highlighted by the light orange shaded region in Figure 2c) is much shorter than the ascending 

distance (highlighted by the light grey shaded region in Figure 2c). This is because the buckled 

graphene layer elastically recovers once the tip passes over the vertex of the buckled upper terrace. 

This elastic recovery is confirmed by the data from the step-down scans (blue in Figure 2), where 

the lateral force remains ultralow, indicating that upper terrace is atomically flat. This is further 

corroborated by the observation that the onset of the lateral force increase in subsequent step-up 

scans occurs at the same horizonal position as in the previous scan (Figure S2). 
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Based on the data in Figure 2, one may speculate that buckling deformation is more likely to 

occur at higher applied normal loads, and that there will be a transition from no-deformation 

(illustrated in Figure 1a) to elastic buckling (illustrated in Figure 1b) as the normal load increases. 

To confirm this idea, five AFM probes (all from the same batch purchased from one vendor) were 

used to repeat the sliding test at various normal loads. The width (labeled Δx in Figure 2a) and 

maximum lateral force (labeled ΔL in Figure 2a) of the stick-slip pattern at the step measured from 

the five sets of tests are plotted in Figure 3. The width (Δx) is the distance the AFM probe moves 

while the tip apex is stuck at the step edge. 

 

 
Figure 3. Width (Δx) and maximum lateral force (ΔL) of the stick-slip behavior of multiple AFM 
probes at various applied normal loads. The data collected through at least 64 successive scans at 
each applied normal load are represented by one symbol. The error bars reflect the standard 
deviation of the data measured in different scans. Each symbol shape represents one AFM probe. 
The color of the symbols indicates the applied normal load as defined in the color bar. All AFM 
probes used in this experiment were from the same batch purchased and so should have similar 
cantilever size and tip geometry. 
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In Figure 3, most data falls on a single trend line. The ratio ΔL/Δx is effectively the average 

torsional spring constant of the five AFM probes. Since all these AFM probes were from the same 

batch, they should have similar tip geometry and cantilever dimensions. Moreover, their measured 

vertical spring constants (see the legend of Figure 3) are similar. Thus, it is reasonable to expect 

the torsional spring constants for the different probes to be similar to each other.42 This is consistent 

with the observation that the data collected from different AFM probes can be fitted with a single 

straight line. Therefore, all data points around the straight line represent cases of no buckling or 

negligible buckling (e.g. Figure 2a and 2b), and only the two points that are relatively far from the 

trend line correspond to severe buckling cases (e.g. Figure 2c). Given that significant buckling was 

never observed in our previous work with various types of AFM probes or reported by other groups, 

and only two out of sixteen measurements with five probes from the same batch used here show 

the severe buckling behavior, it can be concluded that severe buckling is quite rare compared to 

cases of no or negligible buckling.  

Considering the load for each case in Figure 3, it can be said that a relatively high load may 

result in buckling, but a high load does not necessarily lead to buckling. Therefore, the deformation 

of the upper terrace must be affected by other factors such as the nanoscale geometry of the AFM 

tip apex and the local structure or chemistry of the graphene step edge. However, these factors 

cannot be controlled reliably (or reproducibly) in AFM experiments. So just increasing the applied 

normal load does not guarantee the occurrence of buckling. It is also important to note that, the 

maximum lateral force of the severe buckling case (Figure 2c) is not necessarily higher than that 

of no or negligible buckling cases (Figure 2b). This is because when buckling occurs, the AFM tip 

apex slides on the buckled upper terrace instead of being stuck at the original step position, and 

hence the AFM tip is less tilted. Therefore, neither the magnitude of the applied normal load nor 
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the maximum lateral force can be used to determine whether buckling deformation occurs or not. 

Instead, the feature that is characteristic of buckling is lateral force increasing non-linearly as the 

AFM probe moves forward. Nevertheless, the rareness of observing the signature of buckling (i.e., 

non-linear increase of the lateral force signal) also indicates that buckling of the upper terrace is 

unlikely to be the dominant mechanism of the high friction at the step edge under typical AFM 

measurement conditions.  

Peeling deformation of the upper graphene layer (as illustrated in Figure 1c) has also been 

proposed as a cause of high friction at step edges.19 Although the AFM data shown in Figures 2 

and 3 can be fully described by the mechanisms of no deformation or buckling, the possibility of 

peeling should be tested independently to rule it out as a governing mechanism. In our experiments, 

we do not expect that wedge-type peeling can occur because the AFM tip is not sharp enough to 

go under and lift the upper terrace. However, peeling may occur when covalent bonds are formed 

between the step edge and the sliding counter surface. Such bonds bridging two surfaces can be 

formed through tribochemical reactions under interfacial shear.13, 33, 43-47 Since reactive MD 

simulation allows precise control of reaction sites on the sliding surfaces and monitoring of 

chemical bond formation during the sliding process, we use reactive MD simulations to investigate 

the peeling deformation. Note that reproducing stick-slip behavior 48 is not the main focus of the 

reactive MD simulations; instead, it is to identify characteristic features in the friction and 

topography profiles associated with peeling deformation caused by shear-induced interfacial bond 

formation.  

In our previous MD simulation using the same model system,6, 13 the atoms at the perimeter 

of the graphite substrate were fixed to mimic a long step edge, and no buckling or peeling was 

observed. Here, we changed the boundary conditions by making the perimeter atoms free, 
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effectively modeling a thin strip of graphene. Figures 4a-4c show the results from three simulations 

of a silica tip ascending an exposed single-layer graphene step edge under applied normal loads of 

5 nN, 10 nN, and 15 nN. In the fourth case, we intentionally create highly reactive sites in the front 

side of the tip to show the impact of the tribochemical bond formation (Figure 4d). During sliding, 

the lateral force, tip vertical position, and number of covalent bonds between the tip and the step 

edge are recorded as a function of tip lateral position. The lateral position tracks the mass center 

of the tip and it is set as zero when the mass center of the tip is above the last carbon atom of the 

upper terrace. The tip vertical position tracks the rigid top part of the tip and it is set to zero when 

the tip is on the lower terrace after initial loading. During step-up, the resistive lateral force starts 

to increase as the front part of the tip touches the step edge, and covalent bonds can be formed 

between the tip and step edge through tribochemical reactions. In Figure 4, the first covalent bond 

formation occurs at a lateral position of around -1.5 nm. These covalent bonds contribute 

significantly to the resistive lateral force because they cause displacement of the bonded atoms 

from their original positions as the tip moves until the bonds break.6, 13 As the applied normal load 

increases, the number of interfacial covalent bonds increases, resulting in higher lateral force. As 

the tip moves away from the step edge, the lateral force decreases gradually because the covalent 

bonds break one at a time. This gradual change of the lateral friction seems to be the characteristic 

feature of chemical contributions to friction; similar behavior is observed for the step-down friction 

measured in experiments (blue lines in Figure 2b) due to hydrogen bonding interactions of the OH 

groups at the step edge.6  
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Figure 4. Lateral force and vertical position of the tip, and number of covalent bonds between the 
tip and the graphene step edge when a silica tip sliding over an exposed step edge at applied normal 
loads of (a) 5 nN, (b) 10 nN and (c) 15 nN. (d) A tip with three reactive sites at the bottom sliding 
over an exposed step edge at an applied normal load of 15 nN. Snapshots of the simulations at 
select lateral position for each case are presented as well. 

 

Snapshots from the simulation are also shown in Figure 4 and Figure S4. When the applied 

normal load is 5 nN or 10 nN (Figures 4a and 4b), the number of the shear-induced covalent bonds 

is small, the peeling deformation of the upper terrace is negligible, and the deformed part of the 

upper terrace goes back to its original position after the covalent bonds break as the tip moves 

away from the step edge. When the applied normal load is 15 nN (Figure 4c and 4d), due to the 

large number of covalent bonds formed between the tip and the step edge, the entire upper terrace 
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is peeled upward when the tip is fully on the upper terrace (at 2.8 nm), and the covalent bonds do 

not break until the end of the simulation (at 3.5 nm).  

Unlike the buckling case observed in experiments (Figure 2c), the tip vertical position during 

the peeling process does not significantly surpass the original vertical position of the upper terrace. 

In fact, the simulated tip vertical position on the upper terrace is slightly lower than the expected 

0.34 nm (Figure 4c). As mentioned above, the recorded vertical position of the tip reflects the 

convolution of deformation or damage of the substrate and the bottom deformable part of the tip. 

As shown in Figure S5, the deformation of the top graphene layer during the sliding is the same 

for the lower and upper terrace regions. So, the recorded position being lower than the expected 

graphene layer thickness must be due to damage of the tip. In Figure S4c, it can be seen that the 

bottom part of the tip deforms due to chemical bonding with the step edge. Such deformation is 

much more severe when the load is increased (Figure S4a and S4b). The tip vertical position does 

not exceed the thickness of two layers (0.68 nm) even in the severe peeling case (Figure 4d). Note 

that, in all cases, the highest resistive lateral force appears before the vertical position reaches its 

maximum value. This may be another feature characteristic of tribochemical peeling deformation 

that could be used to determine if such deformation occurs or not during an experiment.  

The fact that peeling is observed readily in our simulations but infrequently in experiments 

could be attributed to the size scale difference between the two. Specifically, the topographical 

corrugation of the graphene layer is determined by the competition between the graphene-substrate 

adhesion (which depends on the size of the graphene), the tip-graphene interaction (which depends 

on the tip-graphene contact area) and the intrinsic strength of graphene. When the graphene layer 

is much larger than the tip contact area, only the part of the graphene inside and around the contact 

area can be deformed, and deformation is limited by the bulk material far from the contact area. In 
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contrast, when the graphene layer and the contact area are comparable in size, the entire graphene 

layer can be easily deformed by the tip. In our simulations, the stacked graphene layers are only 4 

nm wide and the width of the tip is 1.5 nm, and the sides of the graphene layers are not fixed (see 

Figure S3). As shown in Figure 4c, only about 10 covalent bonds between the step edge and the 

tip are enough to overcome the van der Waals interaction with the underlayer and peel up the 4 

nm wide top layer. More severe deformation of the graphene layer is observed when the graphene 

step edge is more reactive and more covalent bonds can form between the silica tip and the step 

edge (see Figure 4d and Figure S6). In most AFM experiments, the step edges can be considered 

to be infinitely long compared to the contact area of the AFM tip. In this case, the peeling of the 

upper terrace layer due to tribochemical reactions is unlikely because the large van der Waals 

interactions of the large graphene sheet along the step edge would work against lifting of the upper 

terrace layer. Thus, only molecular functional groups at the step edge are likely deformed.13 If 

significantly large number of covalent bonds were formed in AFM experiments to induce peeling, 

that may cause measurable changes of the tip surface and the step edge as well. However, no 

evidence of tip blunting or step edge alteration was found in our AFM experiments after hundreds 

of cycles of sliding (Figures S1 and S2). Tribochemical peeling may occur if the AFM tip slides 

at the corner site of the upper terrace where two steps meet and thus the graphene near the step 

edge can be considered to be very short,8, 49 but this deformation mode is unlikely to be the 

dominant mechanism responsible for the high friction during the step-up sliding at typical straight 

step edges seen in most experimental conditions.  

 

4 Conclusion 
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Based on the experimental and simulation results described in this paper, it can be concluded 

that an exposed graphene step edge exhibits much higher friction (or resistive lateral force) than 

the basal plane, even when there is no physical deformation or damage of the upper terrace layer 

at the step edge. The characteristic features of the lateral force and height profiles for three possible 

mechanisms causing high friction at the graphene step edge are summarized in Figure 6. When the 

upper terrace does not deform (Figure 6a), the lateral force (or lateral signal) exhibits the stick-slip 

behavior, i.e. a linear increase when the tip is stuck at the step followed by a sharp drop as it slips 

to the upper terrace. The slope of the linear increase is determined by the torsional spring of the 

AFM probe. The recorded height profile is very close to a step function in this case. When the 

upper terrace buckles due to physical stress (Figure 6b), the lateral force no longer increases 

linearly but still shows the sharp drop. In contrast to the no buckling case, the measured height is 

significantly above the vertical position of the pristine upper terrace since the tip is sliding on the 

buckled step. After passing the vertex of the buckled region, the tip experiences an assistive lateral 

force from the descending slope of the surface. Lastly, tribochemical covalent bond formation 

between the tip and the step edge can induce the peeling deformation of the upper terrace (Figure 

6c). In this case, the lateral force increases and decreases gradually, and the maximum resistive 

lateral force occurs before the maximum position in the height profile. The height profile does not 

significantly exceed the vertical position of the upper terrace at any point. 
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Figure 5. Schematics of a tip sliding across a single-layer graphene step edge from the lower 
terrace to the upper terrace for different friction mechanisms. (a) The tip exhibits stick-slip 
behavior and the step edge does not deform. (b) The upper terrace graphene layer is elastically 
buckled by interfacial shear and the tip slides over the buckled region leading to a height above 
the original upper terrace. (c) The upper terrace layer is peeled back due to shear-induced covalent 
bonds during the sliding motion because of the bonds, and the lateral force decreases gradually 
rather than sharply. The trends in lateral force and height characteristics of each mechanisms can 
be used as a reference to determine the origin of high friction measured at a step edge. 
 

 

These features can be used to determine which mechanism is responsible for high friction 

measured with an AFM tip ascending a long and straight edge of a single layer graphene on the 
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graphite basal plane. Our experimental results indicate that buckling of the graphene layer can 

occur, particularly at higher loads, but this occurrence is rare. Also, the magnitude of friction 

associated with buckling deformation is not necessarily larger than that of the stick-slip friction 

without physical deformation of the layer. The experimental data do not exhibit the features 

characteristic of tribochemical peeling deformation that are identified from MD simulations. 

Comparing all experimental and computational results, it is concluded that the most likely 

mechanism for high friction during the AFM tip step-up process at a graphene edge is stick-slip 

behavior. Here we showed that this behavior is caused by both the step topography and the 

chemical interactions between the functional groups at the step edge and the sliding tip,6-7, 10, 13 as 

opposed to the physical deformation of the graphene layer itself. These findings provide 

fundamental understanding of the mechanisms underlying high friction observed when graphene 

or graphite is used as a solid lubricant, and may be applicable to other 2D materials as well. 
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