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control the properties of 2D nano-

meter-scale materials, similar to the
surface atoms of 3D nanostructures.’? For
example, it was predicted that engineering
the edge structure of a graphene nanoflake
can open an energy gap in graphene nano-
ribbons (GNR)? that is exquisitely sensitive
to atomic disorder*® and that a unique spin
state exists at the edges of zigzag GNRs with
half-metallic behavior under an applied
electric field.° Although crystallographically
oriented edge structures were occasionally
observed (by micromechanically exfoliating
graphene flakes,”® by etching holes with
oxidants,” by irradiating with an electron
beam,'® and by etching trenches in multi-
layer graphene flakes with nanoparticles'),
experimental success in controlled synth-
esis of graphene flakes with accurate edge
atom arrangement has been limited. Having
graphene flakes with defined edge config-
urations would provide a path toward great-
erinsightinto the role of edges in the transi-
tion from 2D extended monolayer properties
to 1D nanoribbon behavior, which is of prac-
tical and fundamental importance. Here we
report the formation of graphene structures
dominated by zigzag edge structures. Ex-
perimental characterization and computer
modeling are combined to reveal the me-
chanism of zigzag edge selectivity and the
formation of highly crystalline graphene.

E dge atoms and their arrangement can

RESULTS AND DISCUSSION

Chemical vapor deposition (CVD) of gra-
phene on polycrystalline Cu foil is a low-
cost approach to the synthesis of large-
area graphene.'>'® Others have reported
the growth of regular hexagonal graphene
crystallites with edges mostly aligned along
the zigzag direction, although this obser-
vation was complicated by damage to the
hexagons incurred during transfer to the
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ABSTRACT

The properties of a graphene nanostructure are strongly influenced by the arrangement of the
atoms on its edge. Growing graphene nanostructures with specified edge types in practical,
scalable ways has proven challenging, with limited success to date. Here we report a method
for producing graphene flakes with hexagonal shape over large areas, by a brief chemical
vapor deposition growth at atmospheric pressure on polished Cu catalyst foil, with limited
carbon feedstock. Raman spectra show evidence that the edges of the hexagonal crystallites
are predominantly oriented along the zigzag direction. Density functional theory calculations
demonstrate that the edge selectivity derives from favorable kinetics of sequential
incorporation of carbon atoms to the vacancies in nonzigzag portions of the edges, driving
the edges to pure zigzag geometry. This work represents an important step toward realization
of graphene electronics with controlled edge geometries, which might find use in digital logic
applications or zigzag-edge-based spintronic devices.

KEYWORDS: graphene - chemical vapor deposition - zigzag edges - density
functional theory - growth mechanism - carbon adatom

electron microscopy support.' We recently
developed'® an atmospheric pressure CVD
method to grow high-quality graphene,
which involves the use of an electropol-
ished, very smooth Cu catalyst surface and
a very low concentration of carbon in the
feedstock gas. To investigate this growth
method further, we quenched the reaction
before a full graphene monolayer is grown
on the Cu catalyst. Figure 1a provides scan-
ning electron microscopy (SEM) images of
graphene flakes produced in a 5 min growth
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Figure 1. Graphene flakes with hexagonal shapes. (a) SEM
images of graphene flakes on Cu foil. Arrows indicate Cu
grain boundaries. (b) Higher magnification SEM images
show that the graphene flakes retain their hexagonal shape
when crossing grain boundaries. Inset shows the statistics
of angles between two edges. (c) Graphene flakes with
~70 um diameter. Inset shows a hexagram shape stacked
with a hexagonal flake. (d) Raman spectra taken at locations
A and B in panel (c), compared to that from a single-layer
graphene flake obtained by mechanical exfoliation.

using 41 ppm of methane as carbon feedstock. The
graphene crystallites are predominantly hexagonal in
shape, with 120° angles between adjacent edges (see
histogram in inset of Figure 1b). The graphene hexa-
gons are apparently only weakly coupled to the Cu
surface, as they are frequently observed to have grown
across Cu grain boundaries and on rougher regions of
the surface (Figure 1b). Flakes as large as ~75 um in
diameter (Figure 1c) may be grown simply by control-
ling the growth time. Other 6-fold symmetric struc-
tures were also observed, as shown in the inset of
Figure 1¢, where a stack of a hexagram and hexagon is
seen.

This hexagonal shape is very different from the
curved shapes reported to grow on other close-packed
single-crystal surfaces of metals, such as Ru(001)'®"’
and Ir(111)."® For example, graphene seeds grown on
Ru(001) show strong coupling to the substrate, result-
ing in graphene flakes with unsymmetrical shapes.
Hybridization of the out-of-plane graphene s orbitals
with metal d bands is apparently strong enough to
disrupt graphene growth when it reaches a step
edge.'® In addition, the hexagonal graphene shapes
in Figure 1 are strikingly different from crystallite
shapes observed after Cu-catalyzed CVD growth under
high vacuum, even though the process was otherwise
similar to that used here. High-vacuum CVD growth is
reported to result in graphene crystallites that grow
into four-lobed (“flower-like”) structures, until inter-
rupted by other graphene seeds or by Cu surface
imperfections.'*'?2° Theoretical and experimental in-
vestigations show that the flower-like structure arises
from growth that is dominated by edge kinetics with
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Figure 2. Schematic view of angles formed between two
graphene edges. Graphene flakes with solely armchair or
solely zigzag edges are hexagonal in shape, while angles
formed where a zigzag edge meets an armchair edge are
(2n —1) x30°(n=1,2,..).

an angularly dependent growth velocity, where the fast
growth direction is not aligned with a high-symmetry
axis of graphene. Each lobe generally has a different
crystallographic orientation, so these graphene flower-
like flakes are not single crystals.?°

Figure 2 illustrates the possible angles between
graphene edges that are aligned with the zigzag or
armchair directions. For graphene flakes with only pure
zigzag or armchair edges (left and right images in
Figure 2a, respectively), the angles formed between
the edges are 2n x 30° (n = 1, 2, 3, ..). In contrast,
graphene flakes with neighboring zigzag and armchair
edges will have angles of (2n — 1) x 30° (e.g., 30°, 90°,
150°). This simple analysis leads to a straightforward
but useful conclusion: flakes with 6-fold symmetric
shapes, such as hexagon and hexagram, could be
bounded by only zigzag or only armchair edges. As
described below, we have experimental evidence from
Raman spectroscopy that the edges of the hexagonal
crystallites produced in this work are predominantly
zigzag in their orientation, in agreement with our com-
putational investigations on stabilities of intermediate
structures of edge growth.

The Raman spectrum shown in the middle panel of
Figure 1d was taken at location A of Figure 1c and is
typical of a large number of spectra taken at positions
away from the edges of the graphene flakes. These
spectra are essentially identical to the Raman spectrum
“fingerprint” characteristic of single-layer graphene
samples produced by the standard micromechanical
exfoliation process (bottom panel of Figure 1d). This
indicates that the hexagonal flakes are single layers;'”
in combination with the preceding geometrical analy-
sis, this finding suggests that their edges are likely
dominated by either zigzag or armchair structures. In
addition, the ratio of the D to G peak intensity /(D)//(G)
may be used to identify zigzag edges,”?' which give
very low /(D)/I(G) values near 0.05 for graphene flakes
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Figure 3. Raman map of hexagonal flakes of CVD-grown
graphene collected using a laser excitation wavelength of
532 nm. (aand b) D and G band intensity map for a flake with
six corner angles all close to 120°. (c and d) D and G band
intensity map for a flake with one corner angle that differs
significantly from 120°.

obtained by micromechanical exfoliation, in contrast
to intensity ratios near 0.3 reported for rounded edges
or armchair edges.® The /(D)//(G) values obtained from
single spectra taken at the edges of hexagonal gra-
phene flakes, as well as those obtained from Raman
mapping as described in the next paragraph, are
typically less than 0.1, as shown in the top panel of
Figure 1d. The fact that we observe a slightly higher
I(D)/I(G) ratio than the earlier reports presumably
reflects the presence of more defects in our samples,
compared to exfoliated flakes, due to a combination of
the intrinsic properties of CVD graphene and the acid
treatment used in the transfer from the Cu growth
substrate. This provides strong evidence that the edges
of the hexagonal graphene flakes are predominantly
zigzag.

Raman mapping with an illumination wavelength of
532 nm was also performed to gain structural informa-
tion regarding the graphene edges. Figure 3 shows
spatial maps of the D- and G-band Raman intensities
for a flake with nearly perfect hexagonal structure, as
well as a flake with one corner whose angle signifi-
cantly differs from 120°. In both flakes, the D-band
intensity is predominantly localized at the edge, while
the G-band intensity increases from the edge to the
center, as more carbon atoms are illuminated by the
laser. For the flake with all six angles close to 120°
(Figure 3a,b), no significant D-band intensity variation
is observed on the six edges, indicating the homo-
geneity of the edge structure. After subtraction of
the Raman background, the observed values of the
I(D)/I(G) ratio at the edges are in the range 0.05—0.1,
consistent with the Raman spectra of Figure 2d, taken
at a slightly different laser wavelength of 514 nm. In
contrast, for the irregularly shaped graphene flake
(Figure 3¢,d), the two edges that define the angle that
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significantly differs from 120° have significantly larger
D-band intensity than the four other edges, with an
I(D)/I(G) ratio of approximately 0.25. The Raman data
alone do not allow us to assign the edge geometry
conclusively, but it is highly likely these two edges are
neither pure zigzag nor armchair. Our assignment
of the zigzag edge geometry for graphene flakes
with regular hexagonal geometry is consistent with
electron diffraction data obtained by others from
graphene crystallites derived using a similar growth
process.'*

Density functional theory (DFT) calculations were
performed to determine the geometries and energe-
tics of various graphene nanoflakes, to understand
relationships between fragment shape, edge type,
and interaction with a copper slab. Our DFT calcula-
tions are performed with a plane-wave basis set? and
pseudopotentials,®*?** using the generalized gradient
approximation (GGA-PBE).? Details of the methods are
presented in the Supporting Information. We exam-
ined the energetics of straight edges and then studied
the stability of adatoms attached at straight edges or at
boundaries between adjacent zigzag and armchair
edges.

The total energy of an adsorbed graphene flake
relative to an isolated extended graphene sheet and
a bare Cu substrate can be expressed as

Eror = gvdWS+5edgeL
= &wwS+ (Spedge —é&c —cull (1)

Here, £,qw is the van der Waals interaction energy?® per
unit area, &Peqqe is the edge formation energy of
pristine graphene, and &g_c, is the average bonding
energy of the graphene edge to the Cu substrate per
edge unitlength. L and S are, respectively, the length of
the edge and the surface area of the graphene flake.
Because &,qw has no dependence on edge type, we
ignored this term in our analysis. We calculated the
edge formation energy (e°eqqe) Of pristine graphene by
determining the energy difference between graphene
nanoribbons (GNR and Egyg)® and graphene (G, £g), per
GNR edge length:

spedge = (Eonr _EG)/L (2)

Figure 4a, along with Figure S1 in the Supporting
Information, illustrates the atomic models we used to
calculate the energies of graphene edges on a Cu slab.
We chose the (100) face of Cu since our Cu foil surface
was predominantly (100).>” We examined two relative
angles, Og/c, = 0° and 45°, between the graphene
edges and the square lattice of Cu(100), as well as
several geometries for each of these angles. We calcu-
lated that the edge formation energy &°cqqe and bind-
ing energy &g_c, for the armchair (zigzag) edge were
1.00(1.13) and 0.65(0.74) eV/A, respectively. Conse-
quently, the net gqqqe Values for armchair (zigzag) are
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Figure 4. DFT-calculated stability of single carbon atom attachment at graphene edges in contact with Cu(100) surface.
(a) Armchair and zigzag edges for a nanoflake oriented with an edge parallel to a Cu nearest-neighbor chain (denoted as
Oa/cu = 0°, where g/, is the angle between the edge and the Cu chain). (b) Energies of a carbon adatom attached at zigzag
and armchair straight edges with reference to separately adsorbed atom and edges (i.e., 0 eV). Results are presented for
Oc/cu = 0° and 45°. (c) The energies of adatom attachment to boundaries between adjacent armchair and zigzag edges with
angles (Oac/zz) of 90° and 150°. Gray, black, and black dots represent nonedge atoms, edge atoms, and adatoms, respectively.
Results indicate that monatomic attachment to the zigzag edge or AC/ZZ boundary is energetically unstable, but single atoms

bind to the armchair edge.

1.00-0.65 = 035 eV/A = 0.86 eV per edge atom
(1.13-0.74 = 0.39 eV/A = 0.83 eV per edge atom). In
agreement with previous reports,?® these energies
indicate that the zigzag and armchair edges have
almost the same net formation energy on Cu, and,
thus, neither edge is significantly favored. Additionally,
the positive values of e.qqe sShow that the longer edges
have higher net energy, and thus straight edges are
preferred over curved ones.

In practice, graphene flake growth is more likely to
be a nonequilibrium process, such that the kinetic
conditions or the intermediate states may well play a
vital role in graphene growth, perhaps even more
important than the energetics of perfect edges. The
key feature of the experimental method was to lower
the carbon flux. Since the densities of clusters and
monomers depend on the concentration of carbon
precursors, we hypothesize that there is a growth
mechanism in which the cluster density plays a critical
role, namely, the shapes of graphene are different
depending on whether they grow predominantly by
cluster attachment or by monomer attachment. To test
this hypothesis, first-principles calculations of the sta-
bility of adatoms attached at various edge geometries
are performed. The energy (E) of an adatom attached at
the edge is calculated as follows:

E = Ecirjcu —Eojeu —EC™" —EC* (3)

Eis the energy relative to separately adsorbed C atoms
and graphene fragments. Eg1,c, and Eg,c, are the
total energies of adsorbed graphene fragments with
and without an adatom, respectively. EC™ is the
energy of an isolated carbon atom, while EC%* is the
adsorption energy of a carbon atom on a Cu(100)
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Figure 5. Edge-converting and zigzag edge growth me-
chanisms. (a) Schematic drawing of the mechanism by
which nonzigzag edge is converted to zigzag. Gray lines
indicate pre-existing graphene flake, sites labeled 1 are the
stable sites where monomers can bind to the flake, and sites
2 (3) are sites where monomers can bind once the sites 1 (2)
are occupied. Each new atomic row completes one fewer
hexagon than the previous one, until the armchair edge
disappears. 90° and 150° angles between edges are con-
verted to 120° by monomer attachment at stable sites.
(b) The growth mechanism of zigzag edges by monomer
attachment is preceded by cluster attachment. Gray is a
zigzag edge, black is an attached cluster, sites 1 are stable
monomer sites, and sites 2 are stable monomer sites when
sites 1 are occupied.

surface, 6.10 eV. Figure 4b and c illustrate the calcu-
lated energies for the straight, zigzag, and armchair
edges and boundary sites between them.
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We draw attention to two findings: (1) monomers
(single carbon adatoms) at zigzag edges are energeti-
cally unstable, while those at the armchair edges are
stable, regardless of Og,c.; and (2) monomers at the
armchair/zigzag (AC/ZZ) boundaries are unstable re-
gardless of Oxc/zz, the angle between the two edges.
The fact that monomers are unstable at any edge is
surprising, because the C—C bond is much stronger
than the C—Cu bond. For example, the formation
energy of graphene from our calculation was 5.16 eV/
bond, while the adsorption energy of a carbon mono-
mer on Cu(100) was about 1.22 eV/bond (monomers
are adsorbed at the 5-fold hollow site on the Cu
surface, with 6.10 eV of adsorption energy).

Here, we assert a seemingly paradoxical attribute of
monomer attachment to edges: monomer attachment
at an armchair edge shortens the armchair edge but
lengthens the zigzag edges. This phenomenon takes
place when the aforementioned stabilities of mono-
mers meet the honeycomb lattice of graphene. Mono-
mers can grow armchair edges. However, the attach-
ment of monomers shortens the edge, since the
monomers are stable only inside the armchair edge
(e.g., sites 1 in Figure 5a), and thus new edge bound-
aries move inward to the armchair edge. Each new
atomic row completes one fewer hexagon than the
previous one, until the armchair edge disappears. This
process is illustrated in Figure 5a. In this way, any
nonzigzag edge segments, which must have an arm-
chair segment, at least in part, will be filled out and
converted to zigzag edge by monomer attachment.

Because monomers are unstable at the zigzag
edges, cluster attachment is a key step for the growth
of zigzag-edged graphene, but it need not be the
dominant process of the growth. If a cluster attaches
at the straight zigzag edge, stable binding sites for
monomers are provided adjacent to the cluster.
Figure 5b illustrates consecutive addition of atoms to
the zigzag edge. After a cluster (black) attaches to the
zigzag edge (gray), stable sites for monomer attach-
ment (sites 1) are provided, and then additional stable
sites (sites 2) become available after sites 1 are occu-
pied. Monomers continue to attach adjacent to the
growing cluster, until a whole zigzag chain is added to
the pre-existing edge. We observed from the calcula-
tions using a six-unit cell-long zigzag edge that a
Cs cluster is stably attached to the zigzag edge of
Oc/cu = 0° Cs5 attachment to the zigzag edge has an
energy 0.29 eV lower than when adsorbed on the Cu
substrate. Moreover, the attachment of an adatom to
this configuration, 6g,c, = 0° is the most unstable
(Figure 4b); thus we expect that the critical cluster
size of stable attachment is Cs or smaller, depending
on Og/cu.

The key connection between this theoretically de-
duced mechanism of zigzag edge formation and our
experimental findings of zigzag edges is the low carbon
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Figure 6. Altered growth conditions led to irregularly
shaped graphene flakes. (a) Loss of symmetry due to high
carbon source concentration (410 ppm). (b) Localized
growth on micrometer-scale Cu grooves present on an
unpolished copper substrate. Inset shows the loss of sym-
metry when edges between flakes are close.

source concentration. The proposed mechanism oc-
curs when sequential monomer attachment to the
graphene edges occurs frequently, with cluster attach-
ment occurring rarely. Clearly, this situation can be
brought about by the use of a very low carbon
feedstock concentration. Conversely, if the rate of
growth by cluster attachment exceeds the rate of edge
smoothing by monomer attachment, an irregular edge
will be formed. Loginova et al. have shown that five-
atom cluster attachment is the main process involved
in CVD graphene growth on Ru(0001) surfaces?® and
that this leads to graphene edges that are not straight.
These observations were modeled by Zangwill and
Vvedensky,*® whose analysis shows that inclusion of
cluster and adatom attachment is required to explain
all the experimental data, in accord with the growth
mechanism proposed here.

The effect of carbon feedstock concentration is
corroborated by our experimental results. As shown
in Figure 6a, when a higher feedstock concentration of
410 ppm was used, the graphene seeds tended to lose
their symmetry, and they took on a variety of shapes.
The angles between neighboring edges were ran-
domly distributed, with curved edges also frequently
seen. Uniformity of the catalytic substrate also has
an effect on graphene flake growth. As shown in
Figure 6b, graphene flakes frequently grew preferen-
tially on protruding parts of textured regions when as-
provided (unpolished) substrates were used for the
growth. On such samples, the graphene flakes were
often packed along micrometer-scale grooves in the
substrate. It was also observed that the regular hex-
agonal symmetry of the flakes was lost when they grew
close to each other, possibly due to anisotropic carbon
flux or spatially varying potential energy for adatoms
within the very narrow channels between flakes. Our
DFT calculations indicate that the adsorption energy
of the carbon atoms on the Cu(100) surface is 0.74 eV
higher than on the Cu(111) surface. This kind of orientation-
dependent energy could lead to higher carbon con-
centration in grooves compared to flat regions of the
substrate. An additional origin for the observed effects
might be that rougher Cu surfaces are more reactive

VOL.5 =

NO.11 = 9154-9160 =

AN

WWww.acsnhano.org

9158



than the Cu atoms in flat crystal planes, so that gra-
phene seeds are more easily nucleated or pinned on
such sites. The loss of hexagonal symmetry that ac-
companies increased carbon feedstock concentration
or Cu roughness is consistent with our main experi-
mental findings and proposed mechanism that low
carbon flux leads to preferential monomer binding at
armchair edges, promoting the growth of graphene
flakes with pure zigzag edges.

CONCLUSIONS

In summary, we report a method of achieving con-
trol of the edge geometry of graphene crystallites and
results of computational investigations that provide
substantial insight into the growth mechanism. Atmo-
spheric pressure CVD using polished catalytic Cu foil
and low carbon feedstock concentration yields regular
hexagonal graphene flakes as large as 100 #m on a
side, with edges dominated by the zigzag direction, as
evidenced by Raman spectroscopy and in agreement

METHODS

Gases, including methane (purity 99.999% and 1% in
argon), argon (99.999%), and hydrogen (99.999%) was pur-
chased from GTS-Welco Inc. Cu foil (50 or 25 um thick) was
purchased from Alfa Aesar Inc. or McMaster-Carr Inc. Immedi-
ately before graphene growth, Cu foils were cleaned by sonicat-
ing in acetic acid for 5 min to remove the oxide layer. Solvents,
including 100% ethanol, acetone, chemicals such as FeCls-
6H,0 and HCl, and all other chemicals if not specified were
purchased from Thermo Fisher Scientific Inc. All chemicals, if not
specified, were used without further purification.

Procedures for electropolish of Cu foil, chemical vapor
deposition growth of graphene films, and PMMA method for
graphene film transfer are reported in previous publications.'

Raman Spectroscopy. Raman spectra of graphene samples
on SiO,/Si or PDMS substrates were obtained using a 514 nm
excitation wavelength laser under a 100x objective. The laser
power was kept below 4 mW to avoid damage to the sample.

Raman mapping measurements were preformed with an
upright NTEGRA Spectra system (NT-MDT, Moscow, Russia),
with lateral spatial resolution of ~400 nm. A green laser (1 =
532 nm) was used for excitation. All optical measurements were
performed using a 100%/0.7 long working distance objective. A
Peltier-cooled CCD detector (Andor Technologies, Ireland) with
1024 x 256 pixels was operated at —55 °C.

Supporting Information Available: Details of DFT calcula-
tions. This material is available free of charge via the Internet
at http://pubs.acs.org.
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