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ABSTRACT The lubricating properties of graphite and graphene

{Graphend.e s ii:is
Narnoflake:

have been intensely studied by sliding a frictional force microscope
tip against them to understand the origin of the observed low
friction. In contrast, the relative motion of free graphene layers
remains poorly understood. Here we report a study of the sliding
behavior of graphene nanoflakes (GNFs) on a graphene surface.

Using scanning tunneling microscopy, we found that the GNFs show
facile translational and rotational motions between commensurate
initial and final states at temperatures as low as 5 K. The motion is initiated by a tip-induced transition of the flakes from a commensurate to an
incommensurate registry with the underlying graphene layer (the superlubric state), followed by rapid sliding until another commensurate position is
reached. Counterintuitively, the average sliding distance of the flakes is larger at 5 K than at 77 K, indicating that thermal fluctuations are likely to trigger

their transitions from superlubric back to commensurate ground states.
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nderstanding the relative motions of
two contacting surfaces is essential
for controlling friction and lubrica-
tion in mechanical systems.! An important
technique for nanotribological study is fric-
tional force microscopy (FFM), which makes
it possible to measure the lateral frictional
force between a sharp tip and a surface.'?
One of the most intriguing materials for
tribology is graphite, which has been widely
used as a solid lubricant in mechanical de-
vices. Its lamellar structure and weak bond-
ing between atomic layers facilitate shear
between adjacent layers, which is at the origin
of the low-friction characteristics. The sliding
between neighboring graphene layers is
of great interest, not only toward a deeper
understanding of nanotribological phenom-
ena but also for potential applications of
graphene flakes in nanolubrication, nano-
motors, and moveable components in nano-
electromechanical systems (NEMS).>™>
Most experimental studies of the frictional
properties of graphite are carried out using a
slider (the tip of the FFM),%” sometimes with
a graphene flake purposely attached to it,2
against a graphite or graphene surface.
For example, Dienwiebel et al. studied the
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friction between an FFM tip with an attached
flake and a graphite substrate and observed
the phenomenon of extremely low friction
or “superlubricity” 2~ 1°
tacting graphite layers were oriented relative

to each other to form an incommensurate

when the two con-

interface. The concept of superlubricity was
first proposed and investigated by Shinjo and
Hirano."""? Ultralow friction has also been
observed between the neighboring layers
in multiwall carbon nanotubes.'® Along the
same lines, it has been reported that micro-
meter size graphite flakes can retract back to
their initial positions after displacements from
their equilibrium configuration.'*'®
Recently, several theoretical studies have
discussed the sliding of free graphene layers
on graphite or graphene substrates, i.e., with-
out being attached to a slider.®"'® To date
however, very few experimental results have
been reported about the dynamics of free
graphene flakes and their motions when
displaced out of their equilibrium configura-
tion. Such studies, which could provide new
data for a more direct comparison with
theory, can be performed using noncontact
probes such as scanning tunneling micro-
scopy (STM) and noncontact atomic force
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Figure 1. Graphene nanoflakes (GNFs) formed by water-induced splitting of an epitaxial graphene layer on Ru(0001). (a) STM
image of the as-grown graphene film on the Ru surface before water adsorption. A few line defects are indicated by red circles.
(b) Water adsorption at 110 K caused the graphene film to split into numerous flakes, and some of them were displaced on top
of the first graphene layer, as indicated by the arrows. (c—e) Expanded STM images of the first graphene layer with a flake on
it, both showing similar Moiré patterns. The atomic lattice structures of the two graphene layers are shown in (d) and (e),
indicating that they are commensurately stacked. (f) Statistical size distribution of the flakes. Imaging parameters: (a) Vs =
150 mV, I, =15 pA; (b) Vs=—-2.5V, ;=5 pA; (c—e) Vs = —15 mV, I, = 500 pA.

microscopy (NC-AFM). STM studies are the subject of
the work presented here.

RESULTS AND DISCUSSION

Recently, we found that water can split an epitaxial
graphene layer on Ru(0001) along line defects, result-
ing in the formation of nanoscale flakes.?® Figure 1a
shows an STM image of the graphene layer grown on
a Ru(0001) surface. It exhibits a Moiré pattern with a
periodicity of about 3 nm that arises from the lattice
mismatch between the graphene and Ru substrate.?'
The expanded STM image in Figure 1d reveals its
atomic structure, which corresponds to a C(12x12)—
Ru(11x11)?" or C(25x25)—Ru(23x23)** superstruc-
ture. Some areas of the graphene are almost defect-
free, while defects such as dislocations?® and grain
boundaries®* are found in several areas of the film,
as shown in Figure 1a and Figure S1 in the Supporting
Information, where broken and stretched bonds are
expected to occur. After the adsorption of submono-
layer amounts of water at 110 K, the defective gra-
phene area was found to be split into fragments along
those line defects,?® as shown in Figure 1b. Some flakes
were detached from the Ru substrate due to water
intercalation and displaced to other areas, forming
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graphene nanoflakes (GNFs) sitting on top of the first
graphene layer (see more examples in Figure S2 in the
Supporting Information). The splitting of graphene is
facilitated by the strong bonding between graphene
and Ru, which expands and weakens the C—C bonds,*
thus enhancing their chemical reactivity.>° The in-
creased strain at the defects can further enhance their
reactivity and make them more fragile than the bulk.?’”

Figure 1c shows an STM image of a flake on top of
the first graphene layer, with an expanded view of their
lattice structures in Figure 1d and e, respectively. As
can be seen, the flake shows the same lattice orienta-
tion as that of the underlying graphene layer, indicative
of commensurate stacking, which is the most stable
configuration.?® The flake shows the same Moiré pat-
tern as the first layer, because it follows the corrugation
of the underlying graphene.?® The STM apparent
height of the second-layer graphene is around 1.8 +
0.1 A at negative sample bias voltages,* which is
smaller than the interlayer distance (~3.2 A)*' as the
second layer is less doped than the first one and has
smaller density of states near the Fermi level,> resulting
in the observed apparent height3* The size distribu-
tion of the flakes is shown in Figure 1f, with an average
dimension of 12.5 nm and a standard deviation of
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Figure 2. Successive STM images at 77 K of the same area obtained with a time interval of ~20 min, showing displacements of
the GNFs. Some flakes moved out of the area (indicated by red arrows in (a)), while others diffused into the area (indicated by
green arrows in (b)). Displacements of flakes within the area were also observed, as in the examples marked by circles. The
green circles indicate two flakes that were sitting next to each other in (a) but were separated in (b) after the scanning as one of
the flakes was displaced. The red circles show the same occurrence. Imaging parameters: Vs = —2.5V, I, = 5 pA.

Figure 3. STMimages showing the sliding behavior of GNFs on the graphene surface at 77 K. Similar displacements were also
observed at 5 K. (a—d) Successive STM scans of an area with Vs= —2.5V and I, =5 pA. Three flakes were initially observed in the
area (a); a fourth flake moved into the area, as indicated by the arrow in (b); this flake slid to the left (c), then displaced
downward and rotated by 60° (d). (e—h) Another series of images acquired with Vs = —15 mV and /, = 500 pA. Initially three
flakes, marked 1, 2, and 3, are present, with 1 and 3 partially overlapping (e). In the second image (f), flakes 1 and 2 slid to the
rightand overlapped, while flake 3 moved out of the area. Then flake 1 slid to the left side (g) and finally moved out of the area,

with flake 2 displaced to the left (h).

2.6 nm, which is determined by the density of line
defects in the as-grown graphene film.

Figure 2 shows two successive STM scans of an area
with a time interval of ~20 min. As can be seen, the
positions of the overlying GNFs have changed substan-
tially: some flakes moved out of the area (as indicated
by red arrows in Figure 2a), while others diffused into
the area (as indicated by green arrows in Figure 2b). In
other cases, shorter displacements within the area were
observed, as pointed out by the circles in two images.
For example, the green circles mark two flakes that
were sitting next to each other in (a) but were separated
in (b) as one of the flakes was displaced. The red circles
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show the same occurrence. We found that the sliding
directions of the flakes are random and are not corre-
lated with the scanning direction.

To follow in more detail the displacements of
the flakes, we acquired successive images of a specific
area and tracked the movement to determine the
perturbation that causes it. Figure 3 shows two series
of successive scans of an area. In the first series (a—d),
the images were acquired with a sample bias voltage
V= —2.5Vand tunneling current /;=5 pA, correspond-
ing to a gap resistance R = 500 GQ. Three flakes were
present initially in the area, two of them partially
overlapping in the upper part (a); in the next image a
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Figure 4. Proposed mechanism for the sliding of GNFs. (a) Schematic illustration showing that a flake rotates out of registry,
reaching an incommensurate state (the superlubric state), where it can slide easily until another commensurate position is
reached with either the same orientation or rotated by 60°. The commensurate—incommensurate transition is driven by van
der Waals interactions with the STM tip, and the return to commensurate state is triggered by thermal fluctuations. (b) Plot of
the interaction energy between a flake and a graphene surface as a function of the rotation angle, reproduced from ref 28

(with permission from Elsevier). The rotation axis penetrates th

rough the atom in the top layer marked by a blue circle in (a).

The four states of the flake marked in (a) are indicated respectively in the potential energy profile. (c) Average sliding

distances of the flakes at 5 and 77 K.

fourth flake was found that moved into the area, as
indicated by the arrow in (b); this flake slid first to the
left (c) and then downward, ending up in a position
rotated by 60° (d). The second series of images (e—h)
were acquired with V= —15 mV and /; = 500 pA (R =
30 MQ). The first shows three flakes marked 1,2, and 3,
with flake 1 overlapping flake 3 (e). In the next image
(f), flakes 1 and 2 slid to the right and end up over-
lapping, while flake 3 moved out of the area. Then flake
1 slid leftward by about 3 nm (g) and finally moved out
of the area, while flake 2 was displaced to the left (h).
In all these images the flakes always sit in commensu-
rate positions with respect to the underlying graphene
layer, either maintaining the same lattice orientation or
rotating by 60°, conforming to the energetically most
stable stacking.

To understand the diffusion process, we must con-
sider the interlayer energy landscape of the graphene
flakes as they move on the graphene layer. The easiest
sliding path should follow the lowest corrugation in the
energy landscape, and this necessarily involves incom-
mensurate states. Several theoretical studies have been
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reported on the interlayer potential landscape bet-
ween graphene layers.'®?%3**> While the different
calculation methods give rise to different energy values,
the interaction energy profiles are mostly consistent,
enabling the analysis of the easiest sliding path. For
example, Shibuta et al. used a Lennard-Jones potential
to calculate energy profiles for displacements along
various directions between two graphene layers® and
obtained a barrier of 0.15 meV/atom for translations
between commensurate states along the zigzag direc-
tion, while between incommensurate states (with
rotational angle 10° < 6 < 50°), the corrugation of the
energy landscape is less than 0.02 meV/atom. So, it is
clear that while the motion of a flake between com-
mensurate states is hindered by numerous energy hills,
it is much easier along a path connecting incommen-
surate states. Therefore we propose that the flakes first
switch from a commensurate to an incommensurate
registry with the underlying graphene layer (the super-
lubric state), followed by rapid sliding until another
commensurate position is reached, as schemati-
cally illustrated in Figure 4a. The rate-limiting step in

VOL.7 = NO.2 = 1718-1724 = 2013 @%{Q}

WWW.acsnano.org

1721



the diffusion process is the initial commensurate—
incommensurate transition, with a barrier of 0.13 meV/
atom according to the calculations in ref 28 (Figure 4b) or
0.37 meV/atom in ref 16.

We now discuss whether the transition is activated
by thermal fluctuations or by interaction with the tip.
Our first experiments were performed at T = 77 K,
corresponding to a thermal energy of kgT = 6.6 meV,
much lower than the transition barrier for flakes con-
taining 4000 atoms as in our study, so thermal excita-
tion is unlikely to activate the transition. To further
confirm this, we also performed experiments at 5 Kand
found that the flakes show similar sliding behavior
(Figure S3 in the Supporting Information). This defi-
nitely eliminates thermal agitation and leaves the
tip—sample interactions as the only possible source
of dragging force.3® The major interactions between
the tip and sample are electrostatic and van der Waals
forces, which will be considered here. The electrostatic
force Fejec = (1/2)(8C/82)(AV)?, with C and AV being the
capacitance and voltage difference between the tip
and sample, is parabolic with respect to the voltage.
The van der Waals force on the other hand depends
only on the tip—sample distance. We performed ex-
periments changing the imaging parameters from
(=25 mV, 5 pA) to (—2.5 V, 500 pA), which maintains
the same tunneling resistance (R = 5 GQ) and thus a
very similar tip—sample distance. Nevertheless, we
found that there was no difference on the flake dis-
placements, so the electrostatic force was excluded.
Instead, we found that the flake displacements depend
primarily on the tip—sample distance: the smaller the
distance, the easier the displacements, such as the
examples in Figure 3. Thus, we arrive at the conclusion
that the van der Waals force must be at the origin of the
initial motions. This interaction may result in vertical
displacement of the flakes®*® and weakening of the
interlayer binding,>**> thus facilitating the transition
to incommensurate states. An estimation of the van
der Waals force using our experimental parameters (tip
radius, tip—sample distance, and Hamaker constant)
does indeed give values in the range of several 100 pN
(see Figure S4 in the Supporting Information), which is
of the right order of magnitude.

Once activated to the incommensurate states, the
flakes can diffuse over a certain distance before they
are finally locked in their equilibrium configuration.*”
Their random sliding directions indicate that their
motions are not dominated by the STM tip anymore,
but statistical fluctuations. A measurement of the
stability of the superlubric state is obtained by measur-
ing the average sliding distance of the flakes. We found
that at 77 and 5 K the average displacements after
sliding are about 33 and 95 nm, respectively (Figure 4c).
Counterintuitively, the flakes exhibit a longer sliding
distance at a lower temperature. The lifetime of the
superlubric state, and thus the sliding distance, is

FENG ET AL.

determined by the rate of transitions back to the
commensurate ground states.>® Theoretical studies
by de Wijn et al. indicate that the stability of super-
lubric sliding depends on several parameters such as
temperature and flake size,***° with lower tempera-
ture and larger flake size being favorable for super-
lubric sliding. This is consistent with our observation
of longer sliding distance at lower temperature, as it
is thermal fluctuations that destroy the superlubric
sliding and cause them to return to ground states.
However, the effect of flake size on the stability of
superlubric sliding could not be verified here, as the
flakes in our study have a narrow size distribution
(12.5 + 2.6 nm).

Our study is significantly different from that in ref 8,
in which a graphite flake is fixed to the FFM tip and
forced to slide on the surface by the tip, so the
trajectory of the flake is restricted. In contrast, our
study deals with free flakes sitting on a graphene
surface that are only disturbed by the tip in the initial
stage, following afterward a free motion along path-
ways of minimum energy. It is also interesting to
compare our results with a previous study of the sliding
and rolling of carbon nanotubes on a graphite surface
using atomic force microscopy.*' Despite the similar
systems (both carbon nanostructures on a graphite/
graphene surface), they show distinct sliding behavior
on the surface, the GNFs moving much more easily
over longer distances.

Our findings provide insights for the rational design
and use of graphene flakes in nanomechanical appli-
cations, such as nanolubricants,®> nanomotors,**~**
and movable components in NEMS devices.* For ex-
ample, the translational and rotational motions of
GNFs can be employed for the design of nanoscale
engines.*? It is also suggested from our study that few-
layer graphene stacked with nanoscale flakes may
be a more effective nanolubricant than monolayer
graphene,® as nanoflakes can switch more easily to
incommensurate positions, in which their superlubric
sliding can greatly reduce the friction and wear, thus
contributing more to lubrication.

CONCLUSIONS

In summary, we have shown that the GNFs sitting on
a graphene surface exhibit a surprisingly facile sliding
behavior even at a low temperature of 5 K, a phenom-
enon that is at the heart of superlubricity inherent
in incommensurate interfaces. The flakes are stable
only in commensurate positions in relation with the
underlying graphene layer. Once switched to an
incommensurate state, the flakes diffuse over dis-
tances of more than 100 nm until another commen-
surate position is reached. Our direct observations of
the superlubric sliding of GNFs can help the under-
standing of nanotribological phenomena and their
applications in nanomechanical systems. Such a sliding
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behavior may also be a general phenomenon for
lamellar materials with a weak layer interaction, such
as molybdenum disulfide (MoS,)* and hexagonal

METHODS

The experiments were performed using a home-built,
low-temperature ultrahigh-vacuum (UHV) STM operated at a
base pressure below 3 x 107" Torr.*® The Ru(0001) surface was
cleaned first by argon ion sputtering at 1 kV, followed by annealing
and cooling cycles in a partial oxygen atmosphere to remove
carbon impurities from the surface. The remaining oxygen on the
surface was removed by annealing the sample to 1670 K in UHV.
The cleanness of the surface was confirmed by Auger electron
spectroscopy and STM. Epitaxial graphene was prepared by
exposing the Ru(0001) sample to ethylene at 1230 K (~2 x 1077
Torr, 2 min). The sample was then slowly cooled down and trans-
ferred to the STM stage located in a connected UHV chamber.
Water (Sigma Aldrich, deuterium depleted, 99.99995%) was pur-
ified by freeze—pump—thaw cycles and dosed through a leak
valve and a dosing tube pointing toward the sample at a defined
sample temperature. After the adsorption of submonolayer
amounts of water at low temperatures (~110 K), the graphene
film was found to be split along line defects into numerous flakes.
The study presented here focuses on the movements of the
resulting flakes on the surface. The STM imaging was performed
using electrochemically etched Pt—Rh (70—30%) tips at either
77 or 5 K. Most STM images presented here were acquired at 77 K,
unless otherwise mentioned.
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