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ABSTRACT: We  report  the  friction  behavior  of  graphene  edges  within  a
carbon  film,  which  encompasses  structures  ranging  from  amorphous
carbon  (a-C)  to  graphene  nanocrystalline  carbon  (GNC).  Structural
characterization revealed that vertically growing graphene nanocrystallites
were  implanted  into  the  a-C  structure,  exposing  high-density  layer  edges
on  the  film  surface.  Atomic  force  microscopy  (AFM)  nanofriction  tests
highlighted the nature of graphene edge friction. Firstly, the edge friction of
GNC films was tested in a critical-contact state, and the results showed that
graphene  edges  exhibited  lower  friction  forces  than  did  a-C  edges.
Secondly, the surface friction of GNC films was investigated in a full-contact
state,  revealing  that  the  edge  friction  of  graphene  nanocrystallites
regulated  the  surface  friction  of  GNC  films.  As  the  edge  density  of  graphene  nanocrystallites  increased,  the  nanofriction  force  of
GNC  films  decreased.  Finally,  the  mechanism  of  the  regulated  friction  behavior  was  attributed  to  the  number  of  edges  of  the
graphene nanocrystallites, which provided plentiful sp2 C dangling bonds with weak bonding interactions and edge quantum wells
with  low  surface  potentials  for  lowering  friction.  These  findings  shed  light  on  the  importance  of  graphene-related  materials  and
their high-density edges in the structural design and nanofriction application of carbon films.
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1  Introduction
With  the  rapid  development  of  nanotechnology,  emerging
nano/micro devices have expanded human cognitive horizons and
enhanced  living  experience  [1−3].  In  small-scale  applications,
friction forces play an important role in surface driving, terminal
actuation, and contact protection for micro/nanosystems, such as
nanoactuators, microgrids, and small robots [4−6]. Both scientific
and  industrial  communities  have  attempted  to  determine  the
origin  of  friction  to  control  the  surface  friction  force  [7−9].
However,  controlling the nanofriction force is  still  challenging in
probing and understanding the nature of surface friction.

Friction  is  a  resistance  process  of  contact  and  sliding  surfaces.
As  two  surfaces  approach  and  contact,  the  atoms  at  the  surface
terminal  play  a  crucial  role  in  surface  interactions,  such  as
molecular  forces  (van  der  Waals  forces),  electrostatic  forces,
bonding  forces,  etc.,  and  then,  relative  motion  occurs  at  the  two
surfaces,  and  those  surface  interactions  become  resistance  forces
[10−12]. At the atomic scale, the friction force highly depends on
surface  interactions,  which  are  regulated  by  individual  atoms
within  surface  structures  [13−15].  However,  complex  surface
structures always lead to unpredictable and uncontrollable friction
forces.

Over the past few decades, numerous nanofriction studies have
focused  on  graphene  and  related  two-dimensional  (2D)  carbon
materials (mainly composed of sp2 hybridized C atoms) because of
their perfect layer surfaces and potential  nano/micro applications
[16−18].  In  those  graphene-related  surfaces,  the  in-plane  layer
structure  provides  weak  van  der  Waals  forces  for  low-friction
behavior,  and  the  layer  surface  wrinkles  and  structural  defects
control the friction state [19−21]. Among those studies,  few have
reported the edge friction behavior of graphene-related materials,
especially the layer edges on the out-of-plane surface, due to scale
restrictions. Recently, graphene edges and their defects have been
reported  to  have  an  enhancement  effect  on  electricity  and  show
great  potential  in  the  application  of  electronic,  photoelectric,
electromagnetic,  and  other  devices  [22−24].  The  investigation  of
the  nanofriction  behavior  of  graphene  edges  to  support  and
develop  applications  is  urgently  needed.  In  recent  work,  we
reported  a  graphene  nanocrystallite  carbon  (GNC)  film  with  a
hybrid  structure  of  vertically  growing  graphene  nanocrystallite-
implanted  amorphous  carbon  (a-C)  phases  with  high-density
graphene  edges  exposed  on  the  top  surface  [25].  This  special
surface structure provides a chance to probe the friction behavior
of  graphene  edges.  Additionally,  a-C  materials,  as  important  2D
anti-friction  coatings,  often  present  incoherent  surface  states  for
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predicting and controlling surface  friction forces  because of  their
complex components of sp2- and sp3-hybridized C atoms [26−28].
However, the GNC film has a regulated surface structure ranging
from  the  a-C  state  to  the  GNC  state  for  potential  control  of  the
nanofriction  behavior.  Therefore,  a  thorough  investigation  into
the  nanofriction  behavior  of  GNC  surfaces  with  structural
evolution  from  a-C  to  GNC  is  of  great  significance  in
understanding the nature of edge friction.

In  this  study,  a  GNC  film  was  obtained  using  an  electron
cyclotron  resonance  (ECR)  plasma  system.  The  structural
evolution  and  friction  behavior  of  high-density  graphene  edges
within  GNC  surfaces  were  investigated.  The  friction  force  at  the
atomic  scale  can  be  controlled  by  the  edges  of  graphene  on  the
film surface. The corresponding mechanism was also discussed.

2  Structure of GNC film
Figure 1 shows the surface fabrication, structure, and morphology
characterization of the GNC films. As shown in Fig. 1(a), a GNC
film  was  deposited  on  a  p-silicon  wafer  via  low-energy  electron
irradiation,  which  was  conducted  in  an  ECR  Ar  plasma  [25].
During the Ar plasma, a positive bias was applied to the deposited
Si wafer fixed on the steel substrate to achieve electron irradiation.
According  to  the  electron  irradiation  energies  of  20,  50,  and
80  eV,  different  GNC  films  were  obtained  and  defined  as  e+20,
e+50, and e+80 samples, respectively. For comparison, an a-C film
was  obtained  under  ion  irradiation  mode  with  an  irradiation
energy  of  10  eV  (defined  as  the  i−10  sample),  which  was
conducted  with  a  negative  substrate  bias.  The  cross-sectional
structure  of  the  GNC  film  was  characterized  by  a  transmission
electron  microscope  (TEM;  Titan  Cubed  Themis  G2  300,  FEI)
along  with  a  focused  ion  beam  (FIB;  Scios,  FEI).  In  the  cross-
sectional TEM images (Fig. 1(a)), the low-magnification image of
the electron irradiation film (e+50 sample)  revealed that  the film
thickness was approximately 100 nm, and the high-magnification

images  of  the  middle  zone  (zone  I)  and  bottom  zone  (zone  II)
revealed  that  some  layer  structures  were  regularly  arranged  into
the  amorphous  phase  and  perpendicular  to  the  Si  wafer  (this
vertically growing mode is defined as “standing”). The interplanar
spacing  of  the  multilayer  structure  was  approximately  0.36  nm,
corresponding  to  the  multilayer  graphene  phase.  Essentially,  the
multilayer graphene arrangement belonged to one nanocrystalline
structure.  Thus,  a  GNC film with “standing” (vertically growing)
graphene  nanocrystallites  was  obtained  through  electron
irradiation.

Figure  1(b)  shows  the  surface  structures  of  the  a-C  and  GNC
films,  which  were  analyzed  via  top-view  TEM  observation  and
Raman  spectra  analysis.  The  ion  irradiation  film  (i−10  sample)
was amorphous without any discernible nanostructural features in
the  high-resolution  TEM  image,  and  the  amorphous  phase
marked  zone  1  presented  a  vague  ring  in  the  fast  Fourier
transform (FFT) image. The Raman spectrum of the i−10 a-C film
displayed  a  single  band  at  approximately  1,550  cm−1 and  an
absence  of  an  obvious  2D  band  at  approximately  2,700  cm−1.  In
contrast,  the  electron  irradiation  films  (e+20,  e+50,  and  e+80
samples)  all  contained  graphene  nanocrystallites  randomly
distributed among the film structure and the graphene layer edges
exposed  on  the  top  surface  in  the  top-view  TEM  images.  In  the
FFT images, the multilayer graphene phase (marked as zones 2, 4,
and  6)  and  the  amorphous  phase  (marked  as  zones  3,  5,  and  7)
presented  two  bright  points  and  one  vague  ring,  respectively,
which  suggested  the  presence  of  graphene  nanocrystallites  in  the
amorphous  structure.  The  Raman  spectra  of  the  GNC  films  all
displayed  two  independent  D  and  G  bands,  located  at
approximately 1,350 and 1,580 cm−1, respectively, along with a well-
defined  2D  band  located  at  approximately  2,700  cm−1.  Typically,
the  D  band  and  the  G  band,  originating  from  the  phonon
resonance  of  defects  or  edges  in  nanocrystalline  structures,  are
used to evaluate the state of graphene nanocrystallites, and the 2D
band,  originating  from  the  two-phonon-involved  double
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Fig. 1    Surface fabrication, structure, and morphology characterization of GNC films. (a) Film fabrication and cross-sectional TEM observations; (b) top-view TEM
observations and Raman spectra analyses of different GNC films.
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resonance  between  the  graphene  layers,  is  used  to  analyze
multilayer  graphene  [29].  The  clearly  separated  D  and  G  bands,
along with the obvious 2D band in the Raman spectra, confirmed
that  the  GNC  films  were  composed  of  one  graphene
nanocrystalline  structure  containing  many  structural  defects  and
edges.  Consequently,  the  GNC  film  was  a  coupling  structure  of
“standing” graphene  nanocrystallites  implanted  into  the
amorphous phase.

Compared  with  those  of  the  GNC  films,  the  graphene
nanocrystalline state, as well as the edge structure, intensified with
increasing electron irradiation energy. In the e+20 GNC film, the
TEM  image  revealed  that  slight  graphene  nanocrystallites  with
many  layer  edges  randomly  appeared  in  the  full-field  view,  and
the nanocrystallite sizes were 1–2 nm, indicating that high-density
edge structures began to form on the carbon surface. The Raman
spectra  revealed  two divided D and G bands  along with  a  vague
2D  band,  also  indicating  the  initial  presence  of  a  graphene
nanocrystalline  structure  in  the  carbon  film.  In  the  e+50  GNC
film,  the  TEM  image  revealed  that  large-scale  graphene
nanocrystallites  were  distributed  in  an  ordered  manner,  the
nanocrystallite size increased to 3–5 nm, and the number of layers
increased.  The  increased  crystallinity  of  the  graphene  layer
structures  led  to  more  high-density  edges  being  exposed  on  the
top  surface.  The  increased  D  band  density,  decreased  G  band

density,  and  distinct  2D  band  density  in  the  Raman  spectra
indicated  the  presence  of  more  graphene  nanocrystallites  in  the
carbon film. In the e+80 GNC film, the TEM image showed that
long-range  graphene  nanocrystallites  with  high-density  edges
appeared  in  the  carbon  structure,  with  the  nanocrystallite  sizes
enlarging to 8–15 nm and the layer numbers approaching 10. The
high  D  and  2D  bands  in  the  Raman  spectra  indicated  that  the
e+80  sample  contained  many  high-density  edges  of  graphene
nanocrystallites  on  the  carbon surface.  In  addition,  the  increased
ID/IG value  (intensity  ratio  of  D  and  G  bands)  from  0.86  to  1.86
confirmed  that  more  large-scale  graphene  nanocrystallites  with
abundant  structural  edges  and  defects  formed  in  the  GNC  film,
and the increased I2D/IG value (intensity ratio of 2D and G bands)
from  0.08  to  1.57  suggested  an  increase  in  the  number  of
graphene layers [30]. Thus, the states of graphene nanocrystallites
and their high-density edges in the GNC film could be controlled
by adjusting the electron irradiation energy.

3  Friction of graphene edge within GNC film
Figure  2 presents  the  friction  behavior  of  the  graphene  edges
within the GNC films. The friction behavior of the graphene edges
was  tested  via  an  atomic  force  microscope  (AFM;  Dimension
Icon,  Bruker)  equipped  with  a  16-nm-diameter  silicon  probe
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Fig. 2    Friction behavior of graphene edges in GNC films. (a) Detection method for friction force of graphene edges; (b–d) nanofriction curves from trace and retrace
scans for noncontact, critical-contact, and full-contact states; scanning size was 20 μm × 20 μm, and scanning speed was 1 μm/s. Test temperature was 25±2 °C, and
relative humidity was 20%–30%.
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(CONTV-A)  operating  in  contact  mode  at  a  scan  frequency  of
1.0 Hz. During the AFM friction tests, the normal force gradually
increased from 0 to 20 nN as the AFM tip approached, contacted,
and compressed the GNC film surface. Lateral force was detected
in noncontact, critical-contact, and full-contact states between the
tip and film surfaces. This enabled the observation of nanofriction
behavior  for  graphene  edges  in  the  critical-contact  state  and  for
the  carbon  film  in  the  full-contact  state.  The  detailed  testing
procedure  is  shown  in Fig.  2(a).  The  lateral  force  was  calibrated
with  a  silicon  grating  (Mikromasch  TGF11)  by  a  wedge
calibration method [31, 32]. The friction signal was acquired from
the lateral force data in both the trace and retrace scans.

Figures 2(b)–2(d) illustrate the AFM friction signals  of  carbon
films  sliding  against  a  silicon  tip  under  the  non-contact,  critical-
contact,  and  full-contact  states,  respectively.  In  the  non-contact
state,  as  the  tip  approached  the  film  surface,  the  AFM  friction
signals  were  close  to  zero,  with  normal  forces  of  13,  14,  13,  and
13 nN for the i−10, e+20, e+50, and e+80 samples, respectively, as
shown  in Fig.  2(b).  Considering  the  AFM  height  images
(Fig. S1(a) in the Electronic Supplementary Material (ESM)), both
the undetected friction and height signals indicated that the tip did
not contact  the film surface.  As the tip began to contact  the film
surface,  the  AFM  friction  signals  (Fig.  2(c)),  as  well  as  the  AFM
height  signals  (Fig.  S1(b)  in  the  ESM),  began  to  register,  with
normal  forces  of  14,  15,  14,  and 14 nN for the i−10,  e+20,  e+50,
and e+80 samples, respectively. In the critical-contact state, the tip
just  contacted  and  slid  against  the  structural  edges  on  the  peak
surface,  reflecting  the  friction  behavior  of  the  graphene  edges.
Figure  2(c)  shows  that  the  a-C  edge  structure  (i−10  sample)
exhibited a high friction force (Ff) of 3.10 nN, while the GNC edge
structures  exhibited  low Ff values  of  3.21,  2.92,  and  1.84  nN,
corresponding to the e+20, e+50, and e+80 samples,  respectively,
indicating that the edges of the graphene nanocrystallites led to a
decreasing  friction  force.  Furthermore,  as  the  tip  completely
contacted  and  compressed  the  film  surface,  the  AFM  friction
signals  are  shown in Fig.  2(d),  with  a  normal  force  of  20  nN.  In
the  full-contact  state,  the  tip  compressed  on  the  film  surface,
including  the  whole  graphene  and  a-C  structures.  As  shown  in
Fig.  2(d),  the  AFM  friction  signals  revealed  that  the  a-C  film
exhibited mild friction data with a low Ff of 3.75 nN, whereas the
GNC films presented severe friction data with high friction forces.
A comparison of the different GNC films revealed that as the edge
states of the graphene nanocrystallites increased, the friction force
decreased, with Ff values of 6.01,  5.07,  and 3.86 nN for the e+20,
e+50, and e+80 samples, respectively.

Based on the frictional results in the critical-contact state, when
the  edge  structure  transitioned  from  a-C  to  GNC,  the  graphene
edges  exhibited lower  friction forces  than the  a-C edges,  and the
corresponding mechanism is illustrated in Fig.  3.  When a critical
normal  load  was  applied  on  the  tip–film  sliding  system,  the  tip
surface  contacted  and  slid  over  the  morphological  peaks  of  the
carbon  surface.  Under  this  condition,  the  detected  friction  force
originated  solely  from  the  edge  structure  of  the  peak  surface
terminals,  disregarding  the  overall  surface  morphology.  During
this  critical  contact  state,  the actual  interaction between Si  and C
atoms determined the edge friction behavior. As shown in Fig. 3,
the  contact  between  Si  and  C  atoms  at  peak-surface  terminals
often  involves  dangling-bond  interactions,  which  are  considered
the origin of the friction force. In a pure a-C system, the a-C edge
structures primarily exposed the terminal sp3 C atoms, and as the
Si  surface  contacted  those  a-C  edges,  the  sp3 C  atoms  formed
dangling bonds with the Si atoms, resulting in a high nanofriction
force  due  to  the  dominant  sp3 C–Si  interactions.  In  contrast,  the
GNC system, with its graphene nanocrystallites, created numerous
high-density  graphene  edges,  exposing  abundant  terminal  sp2 C
atoms with dangling bonds in the atmosphere. As the tip surface
contacted those graphene edges, the sp2 C atoms interacted weakly
with  the  Si  atoms.  This  weaker  sp2 C–Si  interaction,  compared
with  sp3 C–Si,  contributed  to  the  reduction  in  friction  forces
[33, 34].  Additionally,  the edge and defect structures of graphene
nanocrystallites can trap extra electrons due to the quantum well
effect [35], reducing the potential of the contact edges and further
lowering  friction  at  the  nanoscale,  as  suggested  by  simulation
studies  [36, 37].  Furthermore,  the  ordered  arrangement  of
graphene edges  on the  top surface  might  also  facilitate  smoother
tip–film  sliding.  Consequently,  the  high-density  edges  of  the
standing graphene nanocrystallites exhibited lower friction forces.

4  Graphene  edge-regulated  surface  friction  of
GNC films
Next, the role of graphene edges in the surface friction of carbon
films  was  investigated.  Based  on  the  frictional  results  under  a
normal force of 20 nN (Fig. 2(d)), the nanofriction behavior of the
carbon  surface  was  further  tested  under  larger  normal  forces  in
the  full-contact  state.  The  tests  were  conducted  under  varying
normal forces of 30, 40, 50, 60, and 70 nN, employing two applied
modes:  constant  value  mode  and  4  μm-step  varied  value  mode.
Figures  4(a)  and 4(b)  show the  friction  image  (lateral  force)  and
the  calculated  friction  curve  of  the  GNC  films  in  a  4  μm-step
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Fig. 3    Mechanism of graphene edges on GNC surface providing low nanofriction behavior. (i) Dangling bonds of sp3 C atoms from a-C edge terminals strongly interact
with Si atoms from tip surface; (ii) dangling bonds of sp2 C atoms from high-density graphene edge terminals have weak interactions with Si atoms. Quantum wells at
edges and defects trap extra electrons, reducing surface potential and resulting in a low contact interaction.
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varied normal force mode. As the applied normal force was varied
from  30  to  70  nN  with  an  increment  of  10  nN/4  μm,  the
nanofriction force at the tip–film interface presented an increasing
trend with each step. Similar to the results shown in Fig. 2(d), the
i−10 a-C film presented mild friction data, whereas the GNC films
presented severe friction data. The fluctuation in the AFM friction
data was proportional to the roughness of the surface. Figure 4(c)
summarizes  the  calculated  average  friction  force  and  friction
coefficient with different normal forces in a constant value mode.
The a-C film exhibited a  low nanofriction force,  with an average
friction coefficient of 0.17±0.01. In contrast, the GNC film showed
high  nanofriction  forces,  with  average  friction  coefficients  of
0.26±0.09, 0.23±0.07, and 0.20±0.03 for the e+20, e+50, and e+80
samples, respectively.

Based on the above frictional results in the full-contact state, the
surface friction force of  the GNC films tended to decrease as the
density  of  the  graphene  nanocrystallite  edges  increased,  and  the
underlying  mechanism  is  discussed  in Fig.  5.  During  the  full
contact state, all the atoms at the contact point contributed to the

surface friction force. As illustrated in Fig. 5, a 16-nm-diameter tip
made contact  with  the  carbon surface,  where  both  sp2 and sp3 C
atoms  interacted  with  Si  atoms  at  the  contact  point.  The
proportion  of  these  atoms  determined  the  surface  friction  force.
According  to  the  frictional  results  of  edge  structures,  the  sp2 C
atoms  from  graphene  edges  could  provide  a  weaker  dangling-
bond interaction with Si atoms than the stronger interaction from
the  sp3 C  atoms  in  the  a-C  structure.  Thus,  the  density  of  the
graphene  nanocrystallite  edges  directly  influenced  the  surface
friction  force  of  the  GNC  film:  higher  graphene  edge  density
resulted in a lower surface friction force. However, the GNC film
exhibited a greater surface friction force than the a-C film, which
seemed inconsistent with the edge friction force. This discrepancy
could  be  attributed  to  the  surface  morphology.  The  GNC  films
had  far  rougher  surfaces  than  the  a-C  film  (see  the  AFM  height
image  in  Fig.  S1  in  the  ESM),  contributing  to  a  greater  surface
friction  force.  Therefore,  the  high-density  edges  of  the  graphene
nanocrystallites  in  the  GNC  film  effectively  controlled  the
nanofriction behavior of the carbon surface.
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Fig. 4    Nanofriction behavior of GNC surfaces with different normal forces. (a) AFM friction image (lateral force) in trace direction; (b) AFM friction curves in trace
direction; (c) typical results of friction force vs. normal force.
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Fig. 5    Mechanism of graphene nanocrystallite edges regulating friction force of GNC surface. Nanofriction force of carbon surface was a coupling result of dangling-
bond interaction of sp2 C and sp3 C atoms, which originated from graphene and amorphous structure edges. High density of graphene edges provided more sp2 C atoms
for lowering the friction force.
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5  Conclusions
In conclusion,  to explore the friction behavior of  graphene edges
within a carbon surface, pure carbon films with surface structures
ranging  from  amorphous  to  nanocrystalline  graphene  were
fabricated  in  an  ECR  plasma  system.  The  GNC  film  structure
featured vertically growing graphene nanocrystallites implanted in
the a-C phase, with high-density edges exposed on the top surface.
The  edge  and  surface  friction  behaviors  of  the  GNC film sliding
against the AFM Si tip were investigated under the critical-contact
and  full-contact  states,  respectively,  revealing  the  nature  of  the
graphene edges and their roles in regulating the friction behavior
of the carbon surface. The conclusions are summarized as follows:
(1)  Graphene  edges  exhibit  lower  friction  forces  than  a-C  edges.
(2) The friction behavior of the carbon surface can be adjusted by
graphene edges:  The more edges  of  the graphene nanocrystallite,
the  lower  the  nanofriction  force  of  the  carbon  surface.  (3)  The
mechanism  of  regulating  friction  behavior  involves  the  edges  of
graphene  nanocrystallites  providing  plentiful  sp2 C  atoms  that
form  dangling  bonds  with  Si  atoms  through  weak  bonding
interactions and controlling the surface potential, thereby lowering
the nanofriction force. This work is essential for the development
of graphene and its related structural edges in the structural design
and nanofriction applications of carbon films.
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