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Single atoms are the ultimate minimum size limit for catalysts. Graphene, as an
exciting, ultimately thin (one atom thick) material can be imaged in a transmission

electron microscope with relatively few imaging artefacts. Here, we directly

© Tsinghua University Press observe the behavior of single Cr atoms in graphene mono- and di-vacancies

and Springer-Verlag GmbH and, more importantly, at graphene edges. Similar studies at graphene edges

Germany 2017 with other elemental atoms, with the exception of Fe, show catalytic etching
of graphene. Fe atoms have been shown to both etch and grow graphene. In

KEYWORDS contrast, Cr atoms are only observed to induce graphene growth. Complementary

in situ transmission electron theoretical calculations illuminate the differences between Fe and Cr, and confirm

microscope (TEM), single Cr atoms as superior catalysts for sp? carbon growth.
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1 Introduction their synthesis with atomic precision, as by their very

nature, 2D materials’ structure—property relationships
The current revolution in the synthesis of two- are sensitive at the single atomic level [1]. Thus,
dimensional (2D) materials dictates a core need for  synthesis/engineering approaches for such materials
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need to eventually provide atomic precision. Post-
engineering approaches can be considered top down,
while straightforward synthetic approaches are bottom
up [1,2]. Moreover, the most successful synthetic
approaches all use catalysts. The ultimate catalyst is a
single atom, as it maximizes catalytic efficiency [3-5].
In addition, it potentially offers growth precision at
the atomic scale. In order to achieve such control, it is
of key importance to understand how single atoms
(usually transition metals) interact with unsaturated
bonds from the 2D material, in particular, the addition
and removal of the 2D material being grown. To date,
most studies have been conducted with graphene,
as this is the godfather of 2D materials. Numerous
studies have examined atoms in graphene vacancies,
in particular, using aberration-corrected transmission
electron microscopy (TEM), which allows one to
examine single-atom layers without significant imaging
artefacts. Examples can be found in a review article
by Sun et al. [6]. Studies examining single atoms
at the edges of graphene are fewer. Most of these
demonstrate the catalytic etching of graphene. Examples
for the catalytic etching of graphene by single atoms
under electron beam irradiation include Cr, Ti, Pd, Ni,
Al, and Au with a condensed scanning electron beam
[7], and Si with a parallel imaging beam [8]. Fe atoms,
on the other hand, have been observed to both etch
and grow graphene under a parallel electron beam
in TEM [3]. In this work we examine Cr atoms in
graphene vacancies and at graphene edges while
under electron beam irradiation in a TEM with an
electron acceleration voltage of 80 kV. We compare
the behavior of the Cr atoms in vacancies and at
graphene edges with the published data for Fe [3, 9]
and with complementary theoretical calculations. Cr
is shown to be a more stable and efficient catalytic
atom than Fe.

2 Result and discussion

Initially, we examine single Cr atoms incorporated in
single and double vacancies in graphene, then focus
on the catalytic growth of graphene by Cr atom(s) at
graphene open edges. Details of the sample preparation
are provided in the supplementary information, as
well as in a previous report [10]. In brief, graphene
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grown over Cu by chemical vapor deposition (CVD)
was transferred to a lacy carbon-Cu TEM grid. The
grid and graphene were then placed in a vial with a
nominal amount of Cr acetylacetonate (acac). The vial
was evacuated to ~10° mbar and then sealed. The
sealed vial was then annealed at 170 °C for 12 h, during
which the Cr(acac);sublimes and decomposes, leaving
Cr on the graphene surface. Energy-dispersive X-ray
(EDX) spectroscopy and local electron energy loss
spectroscopy (EELS) were carried out to confirm the
deposited material on the graphene is chromium [10]
(Fig. S1 in the Electronic Supplementary Material
(ESM)). Moreover, to further confirm the atoms we
observe in this TEM study are Cr rather than Cu
(from the CVD-grown graphene over Cu), Fe (from
the FeCl etchant to remove Cu during the transfer
process), or Si from the CVD reaction tube, we com-
pared the relative intensities of the C-Cr atoms in the
TEM micrographs with those from the multislice image
simulations for Cr, Cu, Fe, and Si (see Fig. S2 in the
ESM) [9, 10]. The relative intensities comparison is also
in agreement with the analytical studies confirming
that the observed atoms in our study are Cr.

Figure 1 shows the two types of vacancy states
that we commonly observed of Cr atoms embedded
in graphene, namely, single vacancies (Fig. 1(a)) and
divacancies (Fig. 1(d)). Supporting image simulations
(Figs. 1(b) and 1(e)) confirm the structure of the defect

Figure 1 Configuration of a single Cr atom in graphene single-

and double-vacancies. (a)—(c): HRTEM image, image simulation,
and stick-and-ball model of a single Cr atom at a graphene
double vacancy (DV). (d)—(f): HRTEM image, image simulation,
and stick-and-ball model of a single Cr atom at a graphene single
vacancy (SV). Scale bar = 5 A.
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(Figs. 1(c) and 1(f)) for single and divacancies, respec-
tively. Various other examples can be found in Figs. S3
and 54 in the ESM.

These defects are similar to those found for Fe atoms
in graphene by the Warner group [9]. In that study,
they also used parallel electron illumination at 80 kV,
and the Fe atoms were shown to migrate relatively
easily. In our case, though the current density of our
electron beam is several orders of magnitude larger
(nA as opposed to pA), for the most part the defects
were stable even after irradiation for well over 60 s
(Fig. S5 in the ESM). Only once did we observe a Cr
atom migrate from a vacancy. This is presented in
Fig. 2, and shows that the Cr atom exchanges position
with a carbon atom (Figs. 2(a) and 2(b)). Supporting
image simulations and stick-and-ball models confirm
the Cr configuration in a single vacancy in the graphene
(Figs. 2(c), 2(e) and 2(f) respectively). This is rather
different from the case for Fe atoms, where it was
shown that the divacancies can reconstruct relatively
easily to change their orientation, or even change to
a single vacancy configuration (Fig. 2(g)). Given the
stability of the Cr atoms in our irradiation studies
with higher electron current densities compared to Fe
atoms, this suggests a larger binding energy for Cr
than for Fe.

First-principle calculations based on the density
functional theory (DFT) were implemented to inves-
tigate both the energetic and kinetic stability of Cr
and Fe in both mono- and divacancy configurations.
For energetic stability, the binding energy (E.) is
defined as

Ey = (E(A) + E(Gr-V)) — E(A+Gr-V) 1)

where E(A), E(Gr-V), and E(A+Gr-V) are the total
energies of single Cr or Fe atoms, graphene with a
mono- or divacancy, and a Cr or Fe atom embedded
in the graphene vacancy, respectively. The DFT
calculations showed a slightly higher binding energy
for Cr as compared to Fe. For single vacancies, the
binding for Cr and Fe are 10.165 and 10.005 eV,
respectively, while for di-vacancies they are 8.663 and
8.210 eV. With regard to kinetic stability, we used the
nudged elastic band (NEB) approach to compare the
energy barrier for the site exchange (Cr-C) for a single
vacancy. The data (Fig. 2(h)) shows the process is more
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Figure 2 Site exchange between single Cr and C atoms, single
vacancy, while under electron beam irradiation. (a) and (b): HRTEM
images of single Cr atom at graphene SV before and after
exchange. Image simulations (c), (d), and stick-and-ball models (e),
(f) correspond to the TEM images in panels (a) and (b), respectively.
Arrows indicate the position of the Cr atom before and after
exchange, dotted circles indicate the original position of the Cr
atom. (g): Stick-and-ball models showing the exchange of an Fe
atom between a single vacancy and a double vacancy. This behavior
was not observed with Cr. (h): Energy barrier comparison for SV site
exchange between Cr (blue) and Fe (orange) atom. Scale bar =5 A.

difficult (larger barrier) for Cr than for Fe, which is
consistent with the calculated larger binding energy
for Cr than for Fe. Both the energetic and kinetic
stability calculations suggest that Cr atoms in graphene
vacancies are more stable than Fe atoms.

We now turn to the dynamic behavior of single Cr
atoms at the edge of graphene. Typically, the atoms at
graphene edges migrate in no particular direction
along the graphene edge while irradiated. The captured
migrations (1 frame per second) upon closer examination,
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for all our observations across nine different studies,
show that after migration, new carbon atoms had
been inserted between the Cr atoms’ initial and final
positions, forming new hexagonal structures at the
graphene edge, leaving a zig-zag edge termination.

A zig-zag edge termination is not unexpected, as
this is the lowest energy configuration compared
with armchair or chiral edge terminations [11]. An
example of this process with additional micrographs
to highlight the incorporated C atoms upon Cr
migration can be seen in Fig. 3. Further examples are
provided in Figs. 56 and S7 in the ESM. A simple
statistical analysis of the number of new hexagons
forming at the open graphene edge varied between
one and six for a one-frame-per-second micrograph
capture rate. At times, several Cr atoms in close vicinity
could be observed to migrate, and in a similar fashion
to single Cr atoms, new carbon hexagons were
observed at the graphene edge (see, for example,
Fig. S8 in the ESM).

The fact that we always encountered graphene
growth under the conditions in which we observe the
Cr atoms is remarkable. This is not only because
the catalytic role of a single atom is usually to etch
graphene, but also because under these conditions,
the electron beam can sputter the unsaturated graphene
edge atoms [12]. The in situ electron microscopy data
suggests that Cr atoms are highly efficient as single-
atom catalysts for the growth of graphene.
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To better comprehend the catalytic role of Cr atoms
on graphene, we conducted molecular dynamic (MD)
simulations for both Fe and Cr, as Fe atoms have
been shown to also catalytically grow graphene, albeit
less efficiently [3]. Figure 4 summarizes the MD data.
The MD simulations show catalytic growth for both
Cr (Figs. 4(a)-4(d)) and Fe (Figs. 4(e)—4(h)), where
new hexagon structures form at the graphene edge as
new C is added. A more in-depth analysis of the Cr
and Fe atoms diffusion at the graphene edge shows
that Fe is significantly more dynamic than Cr, both
from a temporal and spatial perspective. Over the
examined time frame, the maximum diffusion distance
for Cr does not exceed 8 A, whereas Fe reaches well
over three times that (28 A). In addition, the oscillatory
frequency of Cr at a graphene edge is far less than
that of Fe. This data is presented in Figs. 4(i) and 4(j)
for Cr and Fe, respectively. The significant difference
between Fe and Cr can be attributed to their energetic
and kinetic stability, as discussed above.

An efficient single-atom catalyst should have a good
balance between stability and migration. Stability is
required as a nucleation site so as to attract additional
C atoms for the catalytic growth process, while the
ability to migrate is necessary to keep the catalyst atom
active along the graphene edge and avoid poisoning.
Our MD simulations show that Cr is relatively stable
(with an average stability of ~ 4.0 ns before migration)
but still capable of diffusing, while Fe is less stable

@)

Figure 3 Catalytic growth of graphene by a single Cr atom at the graphene edge under electron beam irradiation. (a)—(c), with partial
stick-and-ball models to aid viewing (d)—(f), image simulations of the growth process (g)—(i), and complete stick-and-ball models (j)—(1).
The blue ball indicates Cr, whereas red balls and green arrows signify new C atoms. All scale bars are 1 nm.
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Figure 4 Stick-and-ball models from MD simulations for a Cr atom (a)~(d) and Fe atom (e)—(h) at a graphene edge, showing catalytic
growth of graphene. Comparison of the diffusion activity of Cr and Fe atoms at the graphene edge (i), (j) and relative occurrence of new

hexagon formation at the graphene edge (k).

(with an average stability of < 1 ns before migration)
and hence less efficient as a nucleation catalyst.
We also examined the occurrence of new hexagon
formation at the graphene edge for the cases of Cr
and Fe, presented in Fig. 4(k). The relative occurrence
of new hexagon formation for single-, double-, and
triple-hexagon formation was significantly more
frequent for the case of Cr than Fe, indicating that Cr
is a more efficient single-atom catalyst for graphene
growth than Fe.

3 Conclusion

This finding is particularly interesting when one
considers that pure Fe is an exceedingly good catalyst
for carbon nanotube [13, 14] and multi-layer graphene
[15] growth by CVD. There is almost nothing in the
literature for Cr; we found only one article indicating
carbon nanotube/fiber growth, and the authors
highlighted that growth from Cr differed from the
other transition metal catalysts [16].

While here we examine only a single Cr atom
(against Fe), we postulate that Cr may also be highly
capable as a catalyst to add C to a growing carbon
nanotube/fiber as a cluster, but that the rate of carbon
incorporation relative to carbon removal is so high
that the catalyst cluster is overwhelmed by excess
carbon addition, and is, in essence, poisoned. The
concept of poisoning without carbon etching is well
known, and it is for this reason that etchants are often
added into the reaction for efficient carbon nanotube
growth [17]. Hence, it may be that when using pure
Cr clusters for carbon nanotube growth, sufficient
etchants need to be included in the reaction. However,
as a single atom under our in sifu TEM conditions, Cr
is a highly efficient catalyst for sp? carbon growth.

4 Methods

4.1 Sample preparation

Two graphene samples were prepared by thermal
CVD over Cu foil [18]. The graphene was then
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transferred onto standard Cu lacy carbon TEM grids.
The transfer involved spin coating the graphene with
PMMA and then etching the Cu foil away with FeCl,.
The PMMA graphene was then transferred to the TEM
grid after the poly(methyl methacrylate) (PMMA)
was removed with hot acetone vapor. The sample
was then annealed in high vacuum (~10° mbar)
overnight at 250 °C to minimize PMMA residue. After
this, the TEM grid/graphene sample was placed in a
quartz vial with a nominal amount of Cr(acac); and
evacuated to ~10° mbar. The quartz vial was then
sealed and annealed at 175 °C This process sublimes
and decomposes the Cr(acac), to deposit Cr atoms on
the graphene. X-ray dispersion spectroscopy and
electron energy-loss spectroscopy confirmed the
presence of Cr on the graphene.

4.2 TEM studies

An FEI Titan cubed with a Cs corrector for the objective
lens was used. The electron acceleration voltage was
80 kV and the current density was typically 3.8 nA/nm?.
The multislice high-resolution TEM image simulations
were conducted using JEMS software. All the simulation
parameters were equivalent to those used in the TEM
experiments. The acceleration voltage was 80 kV.
The energy spread was set to 0.2eV. A chromatic
aberration, Cc, of 1 mm was set, and the spherical
aberration, Cs, was set at 1 um. Typically, the focus
was 2-3 nm with a defocus spread of 2 nm. Low-pass
filtering was applied to the micrographs to reduce
noise. The filtering does not affect the final resolution
of the images.

4.3 Image simulation

All image simulations used the same parameters and
conditions to those used in the TEM experiments.
The multislice HRTEM image simulations were
implemented using JEMS software. An accelerating
voltage of 80 kV (energy spread of 0.2 eV) was used
for the simulations. Cc and Cs were fixed to 1 mm and
1 pm, respectively. A defocus of 2-3 nm and defocus
spread of 2 nm was implemented. These values are
consistent with the experimental conditions used.

4.4 Theoretical calculations

The first-principle calculations were carried out by
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using the VASP code [19,20] with the standard
frozen-core projector augmented-wave (PAW) method.
The cut-off energy for the basis functions was 400 eV.
The general gradient approximation of Perdew, Burke,
and Ernzernhof (PBE) [21] was used for functional
exchange-correlation. For energetic calculations, the
atomic positions are fully relaxed for each calculation.
The k-points mesh was chosen such that the product
of the number of k-points and the corresponding
lattice parameter is at least 40 A. The MD simulations
are performed based on the Born-Oppenheimer
approximation (BOMD). Following previous work
[3], we fixed the substrate C atoms and performed
the MD simulation under T = 6,000 K to mimic the
impact of electron beam illumination. For diffusion
barrier calculations, the nudged elastic band (NEB)
approach [22] with eight images is employed to search
the optimal diffusion.
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