Direct observation of sub-nanometer edge smoothness of catalytically etched suspended few
layer graphene
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Due to the fact that truly two dimensional graphene is a half metal graphene width confinement through
nanostructuring is needed to open a sufficient band gap for transistor operation at room temperature [1].
Further, it is imperative that the edges of such nanostructured graphenes are crystallographically well
defined and, ideally, atomically smooth to reduce the negative impact of edge effects on electronic and
thermal conductivity [1, 2].

Recently, catalytic etching of graphite or graphene by metallic and non-metallic nanoparticles has been
suggested to be a key technology for the fabrication of graphene nanostructures and nanoribbons [3].
When exposed to hydrogen under elevated temperatures the catalytic particles act as knives and cut
through the carbon they are in contact with, leaving pronounced etch tracks along specific
crystallographic directions. This intrinsic crystallographic etching makes catalytic hydrogenation
methods so popular in graphene nanostructuring.

Graphene edges have been extensively studied using low voltage high resolution transmission electron
microscopy (LV-HRTEM) [4], scanning tunneling microscopy [5] and Raman spectroscopy [6]. However,
not many studies can be found in literature on the edges of nanostructured graphenes. Here, quality
control is mainly based on Raman spectroscopy. Low magnification microscopy has also been carried
out, which may show smooth edges on a microscopic scale, but has not yet revealed the edge
smoothness at the atomic level. Thorough characterization and evaluation of the atomic structure of
nanoribbon edges with direct imaging techniques has not yet been accomplished.

Here, we present results from catalytic hydrogenation experiments catalyzed by gas-phase prepared
cobalt nanoparticles. We successfully processed nanostructured graphenes and GNRs with clean
edges ready for inspection using LV-HRTEM. In this way edges with sub-nanometer smoothness could
be observed over a significant edge length (see figure 1). Further, we have employed rigid perforated
SizNy membrane TEM grids to achieve compatibility of catalytic hydrogenation experiments with TEM. In
this way the experimental steps of catalytic hydrogenation could be monitored throughout the process
and the etching of suspended few layer graphene has been demonstrated. These results allow one to
evaluate the degree of edge control that can be achieved by catalytic hydrogenation.
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Figures

Figurel: a) LV-HRTEM micrograph of a sub-nanometer smooth edge of suspended catalytically etched few layer
graphene; b) The same image as in a — here, the scale bar and the measurement marker from roughness
determination have been included; ¢) Fast Fourier transformation of the area marked orange in b. The yellow lines
represent armchair (ac) directions, the red line represents a zigzag (zz) direction of the graphene crystal lattice.
From this the etching direction has been determined to be along a zigzag direction.



