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lubrication between articular cartilage surfaces.
Biological lubrication at such synovial joints,
despite many decades of study, is not yet well
understood at the molecular level (29-37). Recent
models have focused on the role of pressurized
interstitial water (37) and of macromolecules at the
outer cartilage surface (30). Our system of syn-
thetic polyzwitterionic brushes polymerized from
molecularly smooth mica surfaces does not have a
clear analog at the cartilage surface, at which
macromolecular components of the cartilage and
the synovial fluid surrounding it are likely to be
present [including proteins, hyaluronic acid, proteo-
glycans, glycoproteins, and lipidic molecules (30)].
The detailed role of these in the lubrication process,
as well as of the cartilage substrate itself, has yet
to be clarified. Moreover, cartilage is softer and
much rougher than mica, though at these high
pressures it may deform affinely (30); experiments
on similarly soft and roughened brush-coated sur-
faces could potentially provide insight into the
mechanisms that are operative in cartilage-cartilage
friction. The highly hydrated PC-like monomers
on our pMPC chains provide very efficient lubri-
cation. The structure of these is similar to that of
lipid headgroups, which provides some context
for the recent controversial suggestion that lipid
multilayers may have a role in mediating syn-
ovial lubrication (29), particularly in view of re-
cent findings on the mechanism of boundary
lubrication under water (/7). Finally, although
our polyzwitterionic brushes have no direct analog
at cartilage surfaces, our results underline the pos-
sible importance at such surfaces of highly hy-
drated macromolecules in both chondroprotective
and lubrication roles.

We have shown that brushes of a biocom-
patible polyzwitterion, pMPC, are capable of pro-
viding extremely efficient lubrication in aqueous
media with coefficients of friction i ~ 0.001 at
mean pressures up to 7.5 MPa, which are com-
parable to values in human synovial joints. We
attribute the low friction at the high pressure
primarily to the lubricating action of tenaciously
attached but labile water molecules about the
strongly hydrated MPC monomers. Our results
may have relevance for boundary lubrication in
human-made systems in aqueous or physiological
media, as in biomedical devices, in which friction
and wear are often an issue.
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Controlled Formation of Sharp
Zigzag and Armchair Edges in
Graphitic Nanoribbons

Xiaoting Jia,* Mario Hofmann,? Vincent Meunier, Bobby G. Sumpter,3 Jessica Campos-Delgado,*
José Manuel Romo-Herrera,* Hyungbin Son,? Ya-Ping Hsieh,? Alfonso Reina,® Jing Kong,?

Mauricio Terrones,* Mildred S. Dresselhaus®>*

Graphene nanoribbons can exhibit either quasi-metallic or semiconducting behavior, depending on the
atomic structure of their edges. Thus, it is important to control the morphology and crystallinity of these
edges for practical purposes. We demonstrated an efficient edge-reconstruction process, at the
atomic scale, for graphitic nanoribbons by Joule heating. During Joule heating and electron beam
irradiation, carbon atoms are vaporized, and subsequently sharp edges and step-edge arrays are
stabilized, mostly with either zigzag- or armchair-edge configurations. Model calculations show that the
dominant annealing mechanisms involve point defect annealing and edge reconstruction.

raphene, a single sheet of graphite, has

attracted a lot of research interest since it

first became experimentally accessible in
2004 (1-5). Its two-dimensional (2D) structure
and the near massless behavior of its charge car-
riers provide unique transport properties. Graphene
nanoribbons, which are quasi-1D graphene nano-
structures, exhibit a bandgap between the valence
and conduction band states. The bandgap depends
on both the edge type and ribbon width (6), which
is typically a few nanometers, making graphene

nanoribbons a very interesting material for po-
tential electronics applications (7). Theoretical and
experimental studies show that the edges of
graphene nanoribbons strongly influence their
electronic and magnetic properties (8, 9). There-
fore, much effort has been devoted to studying
the edges in graphitic nanomaterials (/0—18).
Although atomically smooth edges are essential
for many applications, it is difficult to produce
such edges by conventional physico-chemical
methods. For example, lithographic etching and
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chemical methods usually provide rough edges
(19) that contribute to carrier scattering. Further-
more, characterizing the edges and identifying
the edge structure has been a challenge.

With an integrated transmission electron
microscope—scanning tunneling microscope (TEM-
STM) system [see supporting online material
(SOM)], we are able to produce atomically smooth
zigzag or armchair edges from defective rough
edges that are observed in specially prepared gra-
phitic nanoribbons (20). The graphitic nanoribbon
samples are produced by a chemical vapor depo-
sition process (20), as summarized in the SOM
(fig. S1A). An individual nanoribbon sample is
attached to the sample holder at one end and to
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the STM tip at the other end; these ends also
serve as the two electrodes. As we apply a volt-
age (up to 1.6 V) over the length (315 nm) of a
66-nm-wide ribbon, the current (/)-versus—voltage
(V) curve shows (Fig. 1A) the onset of a nonlinear
regime (at 1.6 V), where the resistance decreases
with increasing input energy (Fig. 1B). As current
flows, the degree of crystallinity of the ribbon im-
proves rapidly (Fig. 1, C and D), and the sample
thickness decreases, until all the graphene layers
evaporate and the sample breaks from the middle
(fig. S1B). From the edge terminations observed
in Fig. 1E, we conclude that the majority of edges
are either zigzag or armchair after Joule heating.

It is important to note that in the lower voltage
(quasi-linear) regime below 1.6 V (see Fig. 1A),
carbon atoms mainly vaporize because of knock-
on effects caused by the electron irradiation (27),
and edges start reconstructing via Joule anneal-
ing. However, at higher applied voltages (1.6 V),
the preferred reconstruction-crystallization effects
induced by the high temperature caused by Joule
heating are seen in going from Fig. 1, C to D,
indicating that the activation energy of atoms
forming zigzag or armchair edges is lower than
for other edge configurations. Other types of edges
are seen infrequently because a mixture of zigzag
and armchair edges is metastable due to an en-
ergy penalty at the edge junctions. Figure 1F de-
picts the reconstructed graphitic material shown

in Fig. 1D. The measured in-plane lattice spacing
for our ribbons is 0.24 + 0.02 nm, consistent
(within the accuracy of our TEM measurements)
with literature values for graphite [which is /3¢,
where a. . is the nearest-neighbor carbon-to-
carbon distance (22)]. As a result of carbon atom
vaporization and Joule heating, the defective gra-
phitic edges in the as-grown nanoribbon sample
crystallize (fig. S2) and finally become atomically
sharp and highly crystalline. The maximum length
of the smooth edges observed after the process in
Fig. 1E is ~29 nm. The mechanism of recon-
struction or crystallization for the nanoribbons and
edges is attributed primarily to the carbon atom
vaporization, the current flow along the ribbon
and edges, and the high temperature associated
with the resistive Joule heating (see SOM).

The graphitization steps of carbon at high tem-
peratures have been described by Goma and
Oberlin (23, 24). Here the graphitization process
culminates in the thermal crystallization of wavy
and wrinkled layers into long in-plane crystalline
domains by ~2100°C with c-axis stacking order
starting to develop above 2300°C and identified
with crystalline graphite. For our ribbon samples,
we observed the transformation of AA stacking into
ABAB stacking, and we attribute these trans-
formations mainly to the high temperatures reached
(above 2000°C) in the nonlinear voltage regime. To
verify that a high temperature is achieved by

Fig. 1. Crystallization and edge formation in graphitic nano-
ribbons. (A) / versus V curve during Joule heating, indicating
three regimes: (i) a linear regime from 1 to 1.25 V, (ii) a slowly
increasing slope regime from 1.25 to 1.6 V, and (iii) a rapidly
increasing slope regime at 1.6 V. (B) Resistance versus input
energy at 1.6 V applied bias. (C) Ribbon sample before Joule
heating, showing very few zigzag (pink lines) and armchair
edges (green lines). (D) The same ribbon sample after Joule
heating (for 10 min at 1.6 V), in which most of the edges seen
are either zigzag or armchair edges, as indicated in (E). The inset
hexagons indicate the zigzag- or armchair-edge orientations asso-
ciated with the lattice patterns in (C) and (E). (F) High-magnification
image of the annealed sample showing that well-defined zigzag-
armchair and zigzag-zigzag edges are formed. The green hexagons
in (E) help with the identification of the atomic structure at the
armchair and zigzag edges. Scale bars in (C), (D) and (E), 4 nm;
in (F), 1 nm.
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resistive Joule heating in the suspended graphitic
nanoribbons, Pt nanoparticles were deposited on an
as-prepared ribbon (fig. S4). Upon Joule heating
(with an applied bias below 2V), the Pt nano-
particles evaporate from the center region of the
nanoribbon surface (fig. S5), thus indicating that a
high temperature is achieved by Joule heating along
the freely suspended ribbon (see SOM).

The dynamics of the edge reconstruction are
shown in Fig. 2, A to D, and fig. S3. In Fig. 2, A

to D, we see a time resolved sequence of a three-
layered graphene edge structure placed on top of
another few-layered graphene sheet with a zigzag-
armchair-zigzag-armchair edge configuration form-
ing 150° angles (note that the angles between zigzag
and armchair edges can be 30°, 90°, or 150°). As we
apply a bias voltage of 1.6 V (high annealing
temperatures), the armchair edge above the zigzag
edge starts to evaporate, resulting in the upward
movement of the zigzag edge (red arrows) with a

REPO

speed of 2.3 nm/min. This low speed at the inves-
tigated high temperatures indicates that the neces-
sary activation energy is much larger than the
activation energy of defect migration observed by
Jin et al. (25) in carbon nanotubes. Eventually, as
shown in Fig. 2D, the armchair edge is eliminated,
and the lower zigzag edge joins with the upper zig-
zag edge and forms a stable zigzag-zigzag junction.

In Fig. 2E, the edge motion direction and
speed are plotted for 14 experiments over the

RTS I

Fig. 2. Edge motion under Joule heating inside the TEM. (A)
Three-layer zigzag-armchair-zigzag-armchair edge array.
The red arrow indicates the position of the zigzag-armchair
edge junction at the beginning of the annealing process.
After some time of Joule heating, the junction moves up [(B)
and (C)], keeping the short zigzag-edge length almost
unchanged. Eventually, the zigzag edge joins with the upper
zigzag edge, forming a stable zigzag-zigzag-armchair edge
array (D). The sketches on the left of (A) and on the right of
(D) are the simulated structures of (A) and (D), respectively.
(E) Plot of the speed (in the radial direction) and angle (in
the counterclockwise direction) of the edge motion relative
to the current and heat flow directions. (F) A scenario for
the motion of carbon atoms near edges and edge junctions,
as C, dimers are evaporated from edges. As a row of the E
carbon atoms near the zigzag edge move away from the
edge (first white colored balls and then red colored balls)
upon heating, the zigzag-armchair edge junction (indicated by
a black arrow) moves upward by 3a.... Scale bar in (A), 2 nm.
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[nm;l min]  direction of cument

Fig. 3. Electronic and transport properties of
graphene nanoribbon heterojunctions based on
a single m-orbital tight-binding model (the
Fermi energy is located at £ = 0 eV). (A to C)
Three models considered here where the details
of the edges are highlighted in red. In each
case, the two electrodes consist of two zigzag-
edge nanoribbons [N, = 44 and 24, using
notation from (29)]. The electronic properties of
the individual electrodes are represented in (D)
and (E) for the large and small ribbons, respec-
tively. The conductance corresponding to systems
(A) to (Q) is presented in (F). For system (C), the
amplitude of the scattered wave function (current-
carrying state) is shown in (G); it is normalized
such that the maximum amplitude is 1. The figure
in (G) confirms that, close to the Fermi level, the
current-carrying state in the zigzag taper is localized
along the zigzag edges (zero amplitude at the inner
part of the figure) and that the tapered part of the
junction presents a high electrical resistance.
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ribbon sample, similar to that shown in Fig. 2, A
to D. From Fig. 2E, we see that the edge motion
mostly follows either zigzag or armchair crystal-
lographic orientations, and that the speed of
edges moving along the heat flow direction O
(from the middle of the ribbon to the two elec-
trodes acting as heat sinks) is higher (2 nm/min)
than that along the current flow direction J (from
the STM probe to the sample holder) when the
two are antiparallel (1 nm/min). Edge motion
along other directions is not favored. A scenario
for the dissociation of carbon atoms from edges
and the resulting motion of the edge junctions is
given in Fig. 2F.

The reason why thermal energy is dissipated
at an edge hetero-junction is because it is the
location of the largest electrical resistance. There-
fore, quasi-metallic [zigzag-edged or one-third of
armchair-edged graphene nanoribbons (26)]
systems should be preferred. Joule heating in-
volves both current flow and atomic vibrations.
Carbon nanoribbons do not show any specific
phonon associated with a given edge type (there
is no special phonon localized on the edges them-
selves) (27). Point (localized) defects are associ-
ated with large amplitude vibrations, and these are
likely to be annealed first. In addition, zigzag-
edged graphene ribbons are the only graphene
structures which have electronic states that are
localized along their edges (9). Because the elec-
tronic dispersion is quite large (Fig. 3, D and E),

Fig. 4. Edge arrays and
their time evolution. (A) The e
experimental edge-to-edge
distances in the edge arrays
show three peaks at 0.34,
0.38, and 0.43 nm. These
peaks correspond to the off-
set of two adjacent AB stacked
zZigzag edges, AB stacked arm-
chair edges, and AA stacked
zigzag edges, respectively, as
indicated in the inset of (A).
(B) Of all the edges obtained
from analysis of Fig. 1D, the
percentage of AB stacked zig-
zag edges increases from 17
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the electronic flow in zigzag-edged nanoribbons
occurs mainly along these zigzag edges. When a
zigzag edge meets a non-zigzag edge, the elec-
tronic flow is reduced, and the system acts as if a
large resistance were introduced at the junction.
Therefore, heating will result and will cause elec-
tron flow away from the edge junction or, if
enough energy is dissipated at the junction, will
result in a modification of the structure. In that
case, provided that sufficient energy is dissipated
in this manner, the atomic structure will rearrange
locally (fig. S6) until electronic flow is reestab-
lished. Starting from a zigzag edge, this can take
place if the structure is annealed into a zigzag
edge. For this reason, zigzag-zigzag junctions are
the favored junction formation (Fig. 1). This zig-
zag edge formation mechanism is therefore local,
because it is due to a high local resistance at the
edge intersection.

To verify this hypothesis, we considered the
three junctions shown in Fig. 3, A to C, which dif-
fer in the structure of the tapered edge: In Fig. 3A,
the junction is made by an armchair edge, whereas
the junctions in Fig. 3, B and C, are a mixture of
edge geometries. The conductance of the hetero-
junctions between zigzag and armchair edges is
considerably reduced because of the fact that trans-
mission is hindered on those non-zigzag edges
where no electronic state is present. The scattering
amplitude of a current-carrying state close to £ =
0 eV is shown in Fig. 3G, highlighting the ap-

edge-to-edge
distance

0.38 nm

0.34 nm

5

AB armchair AA zigzag

Es;nrn “““‘ 0.426 nm

—4=AH stacking
zigzag edge

~8~ AR stacking
tigzag edge

2.5 5.0 75 100

time [ min]

pearance of a large, localized resistance where
the zigzag edge is interrupted. In turn, this resist-
ance results in local heating and subsequent an-
nealing into an all-zigzag edge system.

A nonlocal transformation mechanism can be
invoked to account for the formation of semi-
metallic conducting armchair edges. For larger
current flow, the structure can also anneal into a
conducting armchair-edge system, as the current
is allowed to flow, albeit not along the edges
themselves. The effect is nonlocal in nature be-
cause, even though the edge structure governs the
semi-metallicity of the whole structure, the cur-
rent flow in the nonlocal case mostly appears away
from the edges.

Experimentally, we found that more zigzag
edges are initially formed at high temperatures,
which is an indication that local processes are
dominant. Conversely, armchair-edged ribbons,
although found in less abundance, are considerably
longer (Figs. 1 and 2), lending support to an oper-
ative nonlocal mechanism. Also, it is important to
note that armchair edges evaporate easily when
compared with the zigzag edges (Fig. 2). Molec-
ular dynamics calculations (fig. S6) show that a
C—C unit located at the armchair edge dissociates
preferentially; the energy required to vaporize a
C—C unit from the armchair edge is 6.7 eV, where-
as that of a zigzag edge is considerably higher
(~11 eV).

The Joule annealing process and its associ-
ated current flow create stable “edge arrays” (see
Fig. 1D and Fig. 2, A to D). These edge arrays
indicate that an offset is present between the
edges of two adjacent layers. The results of a care-
ful measurement of the edge-to-edge distances in
these edge arrays is plotted in Fig. 4A, which
shows clear peaks at 0.34-, 0.38-, and 0.43-nm
edge-to-edge distances. These distances corre-
spond to the offset of adjacent edges of differ-
ently stacked graphene layers (Fig. 4A). Of
particular interest, the evolution of the edge arrays
(Fig. 4B) after 10 min of irradiation and Joule an-
nealing shows a clear increase for the AB stacked
zigzag edges and a decrease of the AA stacked
zigzag edges. This observation is attributed to the
fact that the ABAB stacked configuration is ther-
modynamically more stable than AA stacking (25)
and is consistent with the Goma-Oberlin mech-
anism (23).

We demonstrated the efficient shaping of gra-
phitic nanoribbon edges into zigzag or armchair
edges via Joule heating inside a TEM-STM sys-
tem. This structural transformation is mainly attri-
buted to the vaporization of carbon edges that
reconstruct at high temperatures, in which the re-
sistive Joule heating and the preferred current flow
along specific edges play a vital role. The theoret-
ical edge evolution model reveals that the specific
edge formation is stimulated as a means to provide
an easy path for current flow between intersecting
zigzag and conducting armchair edges. This means
that the efficient formation of all zigzag-edge rib-
bons could be achieved by careful limitation of the
flowing current. These results open up a possible
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way of generating atomically well-defined edges
that make graphene-based electronics possible.
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Graphene at the Edge:
Stability and Dynamics

Caglar O. Girit, Jannik C. Meyer,"? Rolf Erni,> Marta D. Rossell, C. Kisielowski,? Li Yang,™?
Cheol-Hwan Park,*> M. F. Crommie,? Marvin L. Cohen,%? Steven G. Louie,>? A. Zettl?*

Although the physics of materials at surfaces and edges has been extensively studied, the
movement of individual atoms at an isolated edge has not been directly observed in real time. With
a transmission electron aberration—corrected microscope capable of simultaneous atomic spatial
resolution and 1-second temporal resolution, we produced movies of the dynamics of carbon atoms
at the edge of a hole in a suspended, single atomic layer of graphene. The rearrangement of bonds
and beam-induced ejection of carbon atoms are recorded as the hole grows. We investigated the
mechanism of edge reconstruction and demonstrated the stability of the “zigzag” edge
configuration. This study of an ideal low-dimensional interface, a hole in graphene, exhibits the

complex behavior of atoms at a boundary.

raphene, a single atomic layer of carbon

atoms bonded in a hexagonal lattice, is

one of few materials that are stable in
two dimensions (/) and free-standing when sus-
pended (2). This unexpected stability (3), combined
with its exotic band structure and other unusual
physical properties (4), has led to a considerable
amount of experimental research (5—17). Of the
many theoretical studies of graphene, a substan-
tial portion are devoted to the physics of graphene
edges, whose structure in narrow graphene ribbons
is predicted to have a major impact on their elec-
tronic properties (12, 13). Experimental studies of
the graphene edge have lagged behind, mainly due
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to the difficulty of atomically resolving and char-
acterizing the boundaries of graphene sheets, but
would give insight into the one-dimensional (1D)
interface of a purely 2D structure.

The traditional method of obtaining atomic
resolution on surfaces and edges is scanning tun-
neling microscopy (STM) or atomic force micros-
copy (AFM). Although there are several atomically
resolved AFM/STM studies of graphene (/4-16),
as well as studies of step edges in graphite (17),
there are several problems in observing dynamics
of the edge atoms with scanning probe techniques.
First, typical scan speeds are on the order of mi-
nutes to hours, which may be too slow to capture
the movement of atoms. Second, the highest res-
olution and stability is obtained at cryogenic tem-
perature, where the dynamics may be frozen out.
Finally, the sample is usually on a substrate, which
can strongly influence the behavior of atoms both
in the bulk and at the edge. To observe dynamics
on a time scale of seconds, the only alternative to

scanning probe microscopes with comparable
spatial resolution is the transmission electron mi-
croscope (TEM). Indeed, the dynamics of atom
columns composed of heavy atoms were observed
in this manner (/8).

Traditional TEMs lack the necessary resolu-
tion at the low operating voltages required to
avoid immediate sample damage. Previous 100
to 200 kV TEM studies of few-layer graphitic
materials showed that some microscopes have
difficulty resolving the lattice and are not capable
of atomically resolving edges (/9-27), making
image interpretation ambiguous. By using the
Transmission Electron Aberration-corrected Mi-
croscope monochromated (TEAM 0.5) (22), ca-
pable of sub-Angstrom resolution even at 80 kV,
we imaged every carbon atom in the lattice of
suspended single-layer graphene (23). We em-
ployed the same microscope to record the dy-
namics of carbon atoms on the edge of a hole in
a graphene sheet. The sample was prepared as
described previously (24), and details of the mi-
croscope configuration can be found in (23). The
entire experiment was conducted in the high-
vacuum environment (<10~ mbar) of the micro-
scope chamber.

Movie S1 shows the evolution of the hole within
a suspended graphene sheet. Each frame averages
1 s of exposure, and the frames themselves are 4 s
apart. The carbon atoms are shown as white because
the spherical aberration was chosen to be negative
(25). The spatial sampling is 26 = 4 pm/pixel,
determined by fitting for the measured atomic po-
sitions and using the known atomic spacing of
1.42 A. Figure 1A shows the first frame of the
sequence. The hole, initially formed through pro-
longed irradiation by the electron beam, is clearly
visible near the center of the frame and is sur-
rounded by the hexagonal carbon lattice. The struc-
tures lining the boundary of the frame are adsorbates
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