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G
iven its fairly recent experimental
discovery in 2004,1 research on gra-
phene has become a major field of

nanoscience and created very strong inter-
disciplinary interest, due to graphene's
exceptional properties. Besides its high
strength and stiffness, which make gra-
phene highly appealing for application in
composite materials, strong effort goes into
pushing forward nanoelectronic applica-
tions due to the observation of near-ballistic
transport at room temperature, extremely
high intrinsic carrier mobilities, and superb
thermal conductivity.2-6 Owing to the fact
that truly two-dimensional graphene is a
semimetal, it needs to be processed into
graphene nanoribbons (GNRs) in order to
open a band gap and thus accomplish
its integration in semiconducting nano-
electronics.7,8 To take advantage of gra-
phene's extreme properties, it is imperative
that the edges of such nanostructured
graphenes are crystallographically well-
defined and, ideally, atomically smooth to
reduce the negative impact of edges on
electrical and thermal conduction proper-
ties via scattering of electrons and acoustic
phonons on the edges.6,9-12

Graphene edges have been widely
studied using (high-resolution) transmis-
sion electron microscopy ((HR)-TEM),13-16

scanning tunneling microscopy (STM),17-20

and Raman spectroscopy.21,22 However, not
many studies can be found in literature on
the edges of structured graphenes. Here,
quality control is mainly based on Raman
spectroscopy.23 Also low-magnification
microscopy;for example, atomic force
microscopy (AFM) or scanning electron mi-
croscopy (SEM);has been carried out,
which may show smooth edges on a micro-
scopic scale, but has not yet revealed

the edge smoothness at the atomic
level.24-26

A variety of methods have been intro-
duced to structure graphene, including
electron beam lithography,7,8 scanning tun-
neling microscope lithography,27 sono-
chemical methods,24,28 carbo-thermal reduc-
tion of SiO2,

29 and bottom-up growth.30,31

GNRs have also been reported from unzip-
ping carbon nanotubes (CNTs) by various
methods.32-35 However, the process con-
ditions applied may affect the structure of
the GNRs in away, inducing defects instead
of just opening up the CNT.32-34 The re-
ported top-down approaches have not yet
demonstrated control at the atomic level,
with the possible exceptions of the sono-
chemical method24 and the carbo-thermal
reduction of SiO2,

29 where quality control
with Raman spectroscopy22,29 was indica-
tive of smooth zigzag edges. However,
direct imaging of the atomic structure
and knowledge of the smoothness of the
edges on the atomic level has yet to be fully
realized.
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ABSTRACT Nanostructured graphene and graphene nanoribbons have been fabricated by

catalytic hydrogenation, and the edge smoothness has been examined via direct imaging with

atomic resolution. When abstaining from solvents during sample preparation, the prepared

nanoribbons possess clean edges ready for inspection via transmission electron microscopy (TEM).

Edges with subnanometer smoothness could be observed. A method has been developed to make

catalytic hydrogenation experiments compatible with TEM, which enables monitoring of the

nanoparticles prior to and after hydrogenation. In this way, etching of free-standing few-layer

graphene could be demonstrated. Our results enable evaluation of the degree of edge control that

can be achieved by means of catalytic hydrogenation.
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Recently, catalytic etching of graphite or graphene
by metallic and nonmetallic nanoparticles has been
considered to be a key technology for the fabrication
of graphene nanostructures and the tailoring of
GNRs.25,26,36-39 In brief, when exposed to hydrogen
under elevated temperatures, the nanoparticles act as
knives and cut through the carbon they are in contact
with, leaving pronounced etch tracks along specific
crystallographic directions. It is this intrinsic crystal-
lographic etching that is the reason for the popularity
of catalytic hydrogenation methods in graphene
nanostructuring. Thorough characterization and eva-
luation of the atomic structure of the nanoribbon
edges with imaging techniques has, however, not yet
been accomplished.
Here, we report on catalytic hydrogenation experi-

ments catalyzed by gas-phase-prepared cobalt nano-
particles. We successfully processed nanostructured
graphenes and GNRs with clean edges ready for
inspection using low voltage HRTEM (LV-HRTEM). In
this way, edges with subnanometer smoothness could
be observed. Further, amethod has been developed to
make catalytic hydrogenation experiments compa-
tible with TEM, and thus, the experimental steps
of catalytic hydrogenation could be monitored
throughout the process and the etching of free-stand-
ing few-layer graphene (FLG) could be demonstrated.
These results allow us to evaluate the degree of
edge control that can be achieved by catalytic
hydrogenation.

RESULTS AND DISCUSSION

In order to find the best possible etching conditions
and suitable starting materials, we have investigated
different types of catalyst particles as well as different
graphite precursors under various process tempera-
tures. The respective results, together with TEM micro-
graphs, are summarized in the Supporting Information.
They led to the conclusion that the best results with
regard to the formation of microscopically straight
edge patterns are obtained using highly oriented
pyrolytic graphite (HOPG) as graphite precursor in
combination with gas-phase-prepared Co nanoparti-
cles. With the general aim of this work in mind, that is,
the evaluation of edge smoothness obtained from
catalytic hydrogenation, “bulk” catalytic hydrogena-
tion experiments (namely, experiments that are not
directly carried out on a TEMgrid but on larger Si chips)
pointed to another obstacle that needed to be ad-
dressed. In the process of examining the catalytically
etched samples, carbonaceous residue, especially at
freshly etched graphene edges, often hindered proper
characterization of the actual edge structure. This is not
surprising since the catalytic etching process essen-
tially creates highly reactive dangling bonds that will
react with any debris in close vicinity. If a cleaner
graphene flake was produced, the hydrogen present

in the hydrogenation reaction may saturate the dan-
gling bonds instead, leaving a cleaner edge.
Therefore, in our experiments fabricating few-layer

graphenes, we concentrated on producing graphenes
with as little carbonaceous residue attached to them as
possible. In general, using solvents (especially ones
with a high boiling point) increases the amount of
debris. Hence, using gas-phase-prepared catalyst par-
ticles instead of wet chemically prepared particles is
one step toward cleaner edges. Further, typical sol-
vents for graphite liquid phase exfoliation (e.g., N-
methylpyrrolidone) have a high boiling point (TB ∼
203 �C) which intrinsically yields graphenes covered
with residual species.40 We therefore prepared me-
chanically exfoliated graphene from HOPG flakes by
simply crushing a HOPG flake with mortar and pestle
and collected the smaller pieces with methanol (TB =
64.7 �C) which is much more volatile. This procedure
yields TEM transparent graphite sheets as well as a
significant amount of FLG sheets consisting of approxi-
mately 5-10 layers of graphene (see Supporting In-
formation for layer number determination).
The schematics in Figure 1 summarize the sample

preparation steps. Perforated Si3N4 membrane TEM
grids (Figure 1a) can easily withstand a high-tempera-
ture treatment, and contamination stemming from the
grid during such experiments can be neglected (as
opposed to heating standard TEM mesh grids which
are coated with a perforated amorphous carbon film).
Therefore, this approach enables one to monitor the
different experimental steps of catalytic hydrogena-
tion as schematically highlighted in Figure 1b-d.
Figure 1b depicts a pristine FLG flake as deposited
from the methanol solution and suspended across the
hole in the Si3N4 membrane. Catalytic hydrogenation

Figure 1. Schematic of sample preparation: (a) perforated
Si3N4 TEM membrane grid; (b) FLG as deposited from
methanol solution and spanned across the hole in the Si3N4

membrane; (c) deposition of catalyst particles (Co
nanoparticles); (d) anisotropic etch track formation in H2

atmosphere at elevated temperatures through particles
residing close to a graphene edge.
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requires a catalyst. In our experiment, catalytic Co
nanoparticles are deposited from the gas phase and
randomly land on the FLG flake as well as the Si3N4

membrane (Figure 1c). Upon exposure to hydrogen at
elevated temperature, particles that are placed close to
a graphene edge then act as knives and anisotropically
etch the FLG flake (Figure 1d).
As an example, Figure 2 shows a TEM micrograph of

a pristine FLG flake as derived from placing a few drops
of the graphene containing methanol solution onto a
perforated Si3N4 TEM grid. The colored boxes in Figure 2
represent the sample areas that have been investi-
gated in greater detail and are presented in Figures 3
and 4.
Figure 3a shows the section marked light blue in the

flake in Figure 2 after deposition of gas-phase-pre-
pared Co nanoparticles. The isolated catalyst particles
have a mean diameter of 7.6 nm and are randomly
spread over the FLG flake. A graphene step edge can
be observed in the image, and some particles;
marked with red circles;are placed at this step edge
or in close vicinity, which is interesting in that catalytic
etching usually commences at an exposed graphite or
graphene edge due to interaction with the dangling
bonds at that edge. Figure 3b shows the same flake
section after exposing the sample to hydrogen at
800 �C for 1 h. Clearly four etch tracks, starting from
the step edge, have evolved during the hydrogen
treatment. The particle positions in Figure 3a correlate
with the etch track starting points as highlighted by
the dotted red circles in Figure 3b, indicating that the
particle has to find an edge in order to initiate the
lateral process of etching. Three pronounced tracks go
along the same crystallographic direction forming two
nanoribbons, supported by graphene, with widths of
roughly 5 and 11 nm. The particle residing within the
middle track (track 2) most probably formed through
coalescence of surrounding particles (marked with
white arrows in Figure 3a) after track formation. A
fourth track at the bottom right of the image exhibits

an etch direction which differs by 60� with respect to
the other three tracks. This indicates that the etch
tracks are commensurate with the graphite lattice.
Analysis of the fast Fourier transformations (FFTs) of

high-resolution TEM images reveals that in these ex-
periments etching preferentially occurs along the
Æ1120æ directions, the so-called zigzag directions, ide-
ally leaving zigzag edges behind. Figure 3c presents a
high-resolution TEMmicrograph of the sectionmarked
orange in Figure 3b (rotated clockwise by 50�).
Figure 3d,e depicts FFT-enhanced high-resolution
TEM micrographs of the areas marked yellow and
green in Figure 3c, respectively, together with their
FFTs as insets. The FFT of the area marked yellow (inset
in Figure 3d) reveals the crystal orientation of the
“underlying” graphene layers, that is, the layers which
have apparently supported the particles during the
catalytic hydrogenation process. The six FFT reflexes
markedwith yellow circles arise from the {1010} lattice
planes, indicating the Æ1010æ armchair directions. In
Figure 3e, a Moir�e pattern becomes apparent, and in
the corresponding FFT (inset in Figure 3e), a second set
of six spots is observed;marked with green circles;
which is rotated by 20� with respect to the first set of
reflexes. Figure 3e and its FFT contain the crystallo-
graphic information of both the underlying graphene
layers and the top layers forming the step edge. Both
Moir�e pattern and the rotation of the FFT spots are
indicative of a rotational stacking fault.41 The green
arrows in the FFT represent the Æ1120æ zigzag direc-
tions within the top etched graphene layers, one of
which coincides with the etching direction (green
arrow in Figure 3c).
While the contrast of tracks 1 and 2 appears as bright

as that of the underlying FLG sheet, the etch track
located farthest to the right among the three adjacent
tracks (track 3) in Figure 3b exhibits a less pronounced
contrast, which indicates that the top graphene layers
are only partly etched with respect to the underlying
FLG sheet and the track is not as deep as in the two
other cases (tracks 1 and 2). FFT analysis within track 3
also reveals both sets of FFT spots, indicating that the
stacking fault lies somewhere within the graphene
layers between underlying layers and the top layers
etched by particle 3 (cf. Figure S3c in the Supporting
Information). Most likely, it is placed at the interface
between the underlying FLG sheet and the top FLG
sheet that forms the actual step edge.
Another interesting result can be derived when

taking into account the pristine particle sizes. While
the deeper tracks 1 and 2 are formed by the smaller
particles, the shallower track 3 is etched in a place
where more catalyst material is available. Therefore,
the common picture of the catalyst particle diameter
simply determining the track width and depth should
be revisited. Future in situ TEM studies on catalytic
hydrogenation are mandatory in order to deeper

Figure 2. Suspended FLG flake as derived from placing a
few drops of the methanol solution onto a perforated Si3N4

TEMmembrane grid. The areasmarkedwith squares are the
ones examined in more detail and presented in Figures 3
and 4.
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understand and gain control over the underlying
processes. Further, the present analysis also demon-
strates that determining the etch direction from the
underlying graphite may not always give a correct
answer as rotational stacking faults have to be taken
into account.
A second scenario that is observed investigating

catalytic hydrogenation of suspended FLG is depicted
in Figure 4. Figure 4a shows a section of the flake
marked with a purple rectangle in figure 2 after
deposition of gas-phase-prepared Co nanoparticles.
This graphene sheet does not exhibit a step edge.
Yet, some catalyst particles can be found close to the
sheet edge some of which are highlighted with red

circles. Remarkably, after catalytic hydrogenation at
800 �C for 1 h, some of these particles have formed
straight etch tracks that go through all the layers of the
FLG sheet (Figure 4b). The particles etching tracks
remain attached to the graphene interface despite
having no support beneath and do not drop through
the sheet. Therefore etching of free-standing FLG via
catalytic hydrogenation has been demonstrated for
the first time.
Comparing Figure 4a,b, the appearance of the cat-

alyst material changes notably. With a few exceptions,
the catalyst particles have moved away from their
original position even when they did not etch a track.
Further, the catalyst particles in Figure 4b, especially

Figure 3. Use of robust perforated Si3N4 TEM grids enables one to monitor the different process steps of catalytic
hydrogenation: (a) FLG flake after deposition of gas-phase-prepared Co nanoparticles; (b) FLG flake after catalytic
hydrogenation at 800 �C for 1 h; (c) HRTEMmicrograph of the area marked orange in panel b; the image is rotated clockwise
by 50�; (d,e) FFT-enhanced HRTEM micrographs and their FFTs (as insets) of the areas marked yellow and green in panel c,
respectively. All circles in the FFTs resemble armchair directions in the graphite lattice. In the FFT of panel e, two sets of
armchair directions are observed, which is indicative of a rotational stacking fault. The green arrows in panel e resemble the
graphite zigzag directions with respect to the green circled armchair spots, indicating that the etching direction is a zigzag
direction.
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the ones that have etched tracks, have coalesced, now
forming larger particles with a mean diameter of 10.8
nm and a much larger diameter distribution as com-
pared to the pristine particles which had a mean
diameter of 7.6 nm. This coalescence may be the
reason for the zigzag direction being the preferred
etching direction as opposed to previous reports,
where small nanoparticles (Ni and Co) with diameters
below 10 nm showed preferential etching along the
armchair directions,25,38 which has also been sup-
ported by kinetic Monte Carlo simulations.25 Addition-
ally, the number of catalyst particles is significantly
reduced during the hydrogen treatment. However,
quantitatively, the depletion of catalyst material, as
derived from the total particle volume (assuming
spherical particles) per unit area, before and after the
hydrogen treatment only amounts to 8.2%.
In the lower left area of the flake, etching has

occurred in a more irregular way. Straight etch tracks
can only be observed over short distances, and the
(coalesced) particles appear to have “mopped up” a
surrounding area much rather than etched a track, as
previously reported.38 While in Figure 4a a fine cover-
age with an amorphous layer can be noticed, these
amorphous species become more apparent in
Figure 4b. Possibly the particles have pushed these
species aside and, when loaded with too much matter,
were deflected off their course. (Note that Figure 4b
has been imaged after extensive HRTEM characteriza-

tion. Despite the low accelerating voltage used in our
TEM studies, the long exposure to the electron beam
affects the sample, leading to atom displacement and
roughening of the flake surface and graphene edges.)
The approach of using gas-phase-prepared catalyst

nanoparticles in combination with graphenes pre-
pared using a solvent with a low boiling point yields
catalytically etched graphenes, where the edges are
free of adsorbates and, as a result, are ready for
characterization via HRTEM. It should be pointed out
that the method of catalytic hydrogenation itself also
provides easy distinction between folded and non-
folded graphene edges by simply tracing an etch track.
Figure 5 presents HRTEM micrographs of typical gra-
phene edges after catalytic hydrogenation. Figure S4 in
the Supporting Information shows the corresponding
overview TEM micrographs in which the investigated
edges are marked with colored arrows, and the corre-
sponding HRTEM micrographs and FFTs (Figure 5a-i)
are framed with the respective color. The greater part
of the edges appears to be free of residue as opposed
to samples where wet chemically prepared catalyst
particles were applied (cf. Figure S1e). This enables one
to nonambiguously determine the edge roughness.
For better clarity, the roughnessmeasurementmarkers
are not included in Figure 5 but are instead presented
in Figure S5 in the Supporting Information, which also
displays the marked areas from which the FFTs were
determined.
The etch track in Figure 5a was formed by a particle

that was still supported by underlying graphene layers.
While the track appears to be straight on a microscopic
level (Figure S4a), it reveals some discontinuity at the
atomic scale. The bottom (green) edge is smooth at the
left-hand sidewith a roughnessof approximately 1.0nm.
Further to the right, the same edge appears to be bent
slightly and the roughness increases to 1.5 nm (Figure
S5a). In contrast to this, the top (blue) edge is terraced;
that is, the top graphene layers seem to be etchedmore
than the layers further down. The total roughness of the
terraced edge amounts to ∼3 nm (Figure S5a), while
each terrace itself exhibits a roughness which is compar-
able to the bottom edge (i.e., e1.5 nm).
The edges presented in Figure 5c-i were formed via

particles etching though thewhole sheet of FLG, which
were only attached to the sheet by the actual parti-
cle-carbon etch interface. It is even easier to deter-
mine the roughness of this type of etched graphene
edge as compared to the previous case of etching with
supported particles. Again, the edges appear to be free
of residue. Along the same etch track, some graphene
layers in the FLG sheet seem to be etched further than
others (Figure 5c), however, in this case not in a
terraced manner. Typically, the roughness is of the
order of 1-2 nm (Figure S5), which is comparable to
the values for the “green” edge as well as those for the
terraces of the “blue” edge (Figure 5a). Further, edge

Figure 4. Catalytic etching of free-standing FLG: (a) FLG
flake after deposition of gas-phase-prepared Co nanopar-
ticles and (b) after catalytic hydrogenation at 800 �C for 1 h.
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analysis also reveals that the edge roughness obtained
is not regular. At the atomic scale, there are no

oscillations detectable as, for example, in the case of
previously observed sawtooth-type edges in extended

Figure 5. LV-HRTEM micrographs of etched graphene edges: (a) etch track with a smoother (bottom) and a terraced (top)
edge formed from etching with a particle supported by underlying graphene layers and (b) corresponding FFT; (c-i)
graphene edges as obtained from etching though all the layers of FLG and respective FFTs; (j) HRTEMmicrograph of the same
edge as in (h) after significant exposure to the electron beam. Due to the electron beam irradiation during HRTEM imaging,
the sample is affected and the edge significantly roughens as compared to the pristine edge.
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graphene sheets.14 The edges do not seem to follow
any patterning or faceting, not even on a short scale,
and also do not show a preferential edge termination
despite the default zigzag orientation of the etch track.
The edges appear to be random, possibly because the
moving particle re-deposits carbon at the edge that
then may randomly rearrange itself.
Nevertheless, subnanometer smoothness can be

obtained via catalytic hydrogenation. In the best case
scenario of our present study (Figure 5h) a subnano-
meter edge smoothness of ∼0.6 nm has been ob-
served over an edge length above 25 nm. This smooth-
ness value roughly compares to 4 times the
carbon-carbon distance in graphite (aC-C = 0.142
nm). Some shorter regions along this edge are nearly
atomically smooth, which again highlights the poten-
tial of the catalytic hydrogenation process.
In order to determine reliable edge roughness va-

lues, it is imperative to take great care when interpret-
ing the HRTEM micrographs. Figure 5j shows the same
edge as Figure 5h after approximately 4 min of HRTEM
imaging. The edge roughness has increased by 50%
during this exposure to electron irradiation. Further, on
the right-hand side of the edge, individual stacks of
graphene layers have become apparent with strong
lines of contrast (black ellipse). This also explains why
we decided to carry out high-resolution edge charac-
terization prior to taking overview micrographs.
Clearly, the edge roughening as well as selective
removal of monolayers in the FLG sheet by means of
electron-beam-induced sputtering can be recognized
in the overview in Figure S4b.42

In comparison, GNRs fabricated via STM lithography
or via cutting carbon nanotubes using particles show
edges that appear to be highly corrugated,27,35,43 while
some regions along the edges of our catalytically cut
FLG sheets are nearly atomically smooth. Here studies
on single-layer graphene together with in-depth struc-
tural edge characterization are needed to further sub-
stantiate the potential of the catalytic hydrogenation
process. These results, however, demonstrate that
HRTEM allows one to obtain much greater detail in
observing the atomic edge structure as compared to

previous studies using SEM, AFM, and STM which also
predominantly focused on determining the edge or-
ientation, not the actual edgemorphology.25,27 Follow-
ing from this, GNRs fabricated via different approaches
(e.g., sonochemically or through etching with an Ar
plasma) also have to be studied with high spatial resolu-
tion in order to be able to nonambiguously relate, for
example, Raman measurements to the atomic edge
structure.22 So far, this was often hindered due to instru-
mentational reasons (e.g., a too large AFM tip radius).24

CONCLUSION

We have fabricated nanostructured graphenes and
GNRs via catalytic hydrogenation and examined the
edge smoothness using LV-HRTEM. The amount of
debris attached to freshly etched edges can be sig-
nificantly reduced when abstaining from solvents dur-
ing sample preparation, which is key to the fabrication
of etched nanographenes with edges that are almost
totally devoid of contamination and therefore allow for
clear imaging and quantitative evaluation of their
roughness. This enabled the first high-resolution study
of the edges of nanostructured graphene using a direct
imaging technique. Subnanometer edge smoothness
has been obtained over a significant graphene edge
length. Our studies also clearly highlight the benefits of
using perforated Si3N4 TEM membrane grids for cata-
lytic hydrogenation studies. In this way, we were able
to monitor the nanoparticles prior to and after the
hydrogenation step. We further observed two etching
scenarios. In the first case, catalyst particle etches into
the graphene sheets from a step edge while still being
supported by underlying graphene layers. In the sec-
ond case, we were able to demonstrate catalytic etch-
ing of free-standing FLG for the first time where the
catalyst particles fully etch through all of the layers of
the FLG sheet, having no support beneath. Further, the
use of Si3N4 grids will not only allow for in situ
hydrogenation studies on suspended graphene sheets
but also opens up the possibility for future work on
electronic characterization of nanostructured gra-
phenes and subsequently facilitate the direct correla-
tion of atomic edge structure and electronic properties.

METHODS
Highly oriented pyrolytic graphite (HOPG, from SPI supplies,

SPI-2 grade) served as a precursor to mechanically exfoliate
graphene. A larger HOPG flake was scratched off the HOPG
block using a razor blade and crushed with mortar and pestle.
Bigger HOPG pieces were removed with tweezers, while the
smaller pieces were collected using methanol. For hydrogena-
tion studies, a few drops of this methanol solution were placed
onto a perforated Si3N4 TEM membrane grid (cf. Figure 1a,b).
Si3N4 grids canwithstand high process temperatures. Therefore,
this approach allows for the preparation of samples where the
graphene flakes can be examined prior to particle deposition
and between particle deposition and the hydrogenation pro-

cess, which is usually carried out at temperatures above 600 �C.
TEM investigation always showed a mixture of thicker (but
mainly TEM transparent) graphite pieces as well as a significant
amount of few-layer graphene (FLG). This process of course is
not designed to achieve high-yield graphene production. How-
ever, for the purpose of these studies, residual carbon resting on
the FLG flakes, which may hinder proper TEM investigation of
the graphene edges, was observed to be significantly less.
Methanol is more volatile as compared to popular solvents
used in liquid phase exfoliation. These solvents (e.g., N-
methylpyrrolidone) typically have a rather high boiling point
and thus leave behind a lot of carbonaceous species on the
FLG surface.40,44

A
RTIC

LE



SCHÄFFEL ET AL. VOL. 5 ’ NO. 3 ’ 1975–1983 ’ 2011 1982

www.acsnano.org

Catalytic cobalt nanoparticles have been synthesized via
inert gas condensation based on magnetron sputtering and
simultaneously deposited onto the graphite precursor
(Figure 1c) as well as a carbon-coated copper TEM reference
grid.45,46 The nanoparticles grow from a supersaturated metal
vapor generated by dc sputtering from a cobalt target at a
pressure of p = 1.5 mbar. The deposition time was 100 s. Upon
sample transfer, these cobalt particles spontaneously oxidize.47

When exposed to H2 in the hydrogenation process, the particles
are then reduced to metallic cobalt.47

Catalytic hydrogenation represents the decomposition
(etching) of graphitic carbon in hydrogen atmosphere in the
presence of a catalyst particle forming a hydrocarbon (CH4) as
reaction product (Figure 1d). We performed catalytic hydro-
genation experiments in a horizontal CVD reactor equipped
with a movable sample rod with an inner diameter of 23 mm.
The Si3N4 grids were placed in an Al2O3 crucible and transferred
into the sample rod. The oven was heated to 800 �C in Ar
atmosphere. Once the temperature was reached, the gas atmo-
sphere was switched to an Ar/H2 gas mixture containing 25%
H2. The sample rod was then transferred into the hot oven zone
and left for 1 h. The experiments were carried out at atmo-
spheric pressure with a gas flow rate of 600 sccm. From scaled-
up experiments, it is known that methane is the main reaction
product.36 Previous TEM studies further showed that the Co
nanoparticles are in the metallic hexagonally close-packed
phase during the hydrogenation process. During sample trans-
fer, the particles appear to partly reoxidize. Carbide phases have
not been detected in these studies.38,47

Conventional transmission electron microscopy of graphitic
samples at standard accelerating voltages of 200 or 300 kV leads
to sample destruction, which wouldmake the investigation and
evaluation of graphene edges difficult. At voltages below the
so-called knock-on damage threshold for graphitic materials
(i.e., 86 kV),48 conventional microscopes lack the resolution to
atomically resolve the graphene lattice and the graphene edges.
Only with the development of aberration correctors, atomic resolu-
tion imaging of carbon nanostructures, including graphene and its
edges, became accessible.13,14,49 Owing to graphene's pronounced
susceptibility to radiation damage, structural and morphological
investigations of the graphene edge were conducted using a JEOL
JEM-4000EX TEM operated at 80 kV. High-resolution work was
carried out using an image-corrected FEI Titan3 80-300 microscope
operated at 80 kV with beam current densitiese0.1 pA 3 nm

-2.
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