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Abstract: Chemical decoration of defects is an effective way to
functionalize graphene and to study mechanisms of their
interaction with environment. We monitored dynamic atomic
processes during the formation of a rotary Si trimer in
monolayer graphene using an aberration-corrected scanning-
transmission electron microscope. An incoming Si atom
competed with and replaced a metastable C dimer next to
a pair of Si substitutional atoms at a topological defect in
graphene, producing a Si trimer. Other atomic events including
removal of single C atoms, incorporation and relocation of a C
dimer, reversible C—C bond rotation, and vibration of Si atoms
occurred before the final formation of the Si trimer. Theoretical
calculations indicate that it requires 2.0 eV to rotate the Si
trimer. Our real-time results provide insight with atomic
precision for reaction dynamics during chemical doping at
defects in graphene, which have implications for defect nano-
engineering of graphene.

P ure graphene has limited practical applications due to its
low carrier density, zero band gap, and chemical inertness.
Local structures of graphene can be modified to obtain useful
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properties!'! and applications such as semiconductor nano-
devices,” batteries,”! and chemical separation.! Chemical
treatment is one of the practical methods to functionalize
graphene. The single-atom thickness nature of graphene
makes it an ideal medium for revealing its own defect
structure, bonding and dynamics on the atomic level.”) The
ability to directly observe reactions on the atomic level, which
has long been expected in many areas of science and
technology, can significantly advance our understanding on
the physical and chemical mechanisms controlling the for-
mation of functional structures.”>® However, atom-by-atom,
real-time monitoring of the chemical processes that produce
heterogeneous structures remains challenging, even for the
monolayer two-dimensional materials, including graphene,®
although atom-by-atom structural characterization has been
realized.” In this report, we demonstrate that annular dark-
field (ADF) imaging using an aberration-corrected scanning
transmission electron microscope (STEM) provides a feasible
in-situ way to monitor the atomic sequence of Si-graphene
reactions at topological defects and the dynamics of the
resulting structures with all relevant atoms resolved and
identified.

Graphene samples were reduced from graphene oxide.®
Atomic-scale observations were performed using an aberra-
tion-corrected STEM operated at 60 kV, in order to reduce
beam etching. A detector half-angle range of 58-200 mrad
was used to record ADF images. This imaging setting, in
combination with a double Gaussian filter to remove noise
and probe tail effects in the high-resolution ADF images
(Supporting Information (SI) Figure S1, S2), is able to realize
atom-by-atom identification of all atoms in monolayer
materials.” To obtain in-depth understanding of mechanisms
controlling the formation of the observed structures, as well as
their dynamical behaviors, first-principles calculations based
on density functional theory,”) were performed.

Figure 1 and Supporting Movie S1 show the atomic
structures of a complex topological defect with two heavier
substitutional atoms in monolayer graphene and the struc-
ture’s dynamic evolution. The heavier atoms are determined
to be Si based on intensity quantification and electron energy-
loss spectroscopy measurements (SI Figure S2, $3).1' Silicon
impurities were likely introduced from the glassware used to
process the graphene.'!! The STEM-ADF image in Figure 1a
shows two silicon atoms, Si; and Si, in substitutional sites in
a 555-777 complex defect consisting of three dislocations
(each of which is a paired pentagon and heptagon ring of
atoms'®'?). After 24s of observation, the carbon atom
labeled C; was removed due to knock-on damage, and the
configuration relaxed to the 555-666 structure shown in
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Figure 1. Lattice dynamics during the formation of a Si trimer in
monolayer graphene. a) t=0's, a 555-777 defect with two Si substitu-
tional atoms. b) Rotation of the Si dimer after losing a carbon atom at
t=24s. c) Incoming of a carbon dimer at t=62 s. d) Loss of one
carbon atom and relocation of a carbon dimer at t=69 s. e) Reversible
bond rotation of the relocated carbon dimer to (d) in the next ca.

20 min. f) Atomic vibration upon the incoming of a third Si atom at
t~24 min. The extremely bright intensity peaks at the upper right
corner in (a) and (b) are due to adsorption of Si atoms on graphene.
The silicon atoms shown in panel (f) were excluded from image
filtering, in order to reserve the streaks produced by the jumping of Si
atoms (a corresponding unfiltered image is given in SI Figure S4). In
(f), it is extremely hard to extract information for carbon atoms C; and
C, that interact with the Si atoms dynamically, due to the high
intensities from the moving Si atoms. Dotted lines outline the
characteristic structures, 555-777, 555-666 and 5-8-5.

Figure 1b, through a counterclockwise 60° rotation of the
triangle of C,-Si;-Si, around its center. At some point a carbon
dimer (C; and C,) was incorporated into the relatively larger
opening to the right of the Si atoms with the C;—C, bond
inclined, as demonstrated by the shorter C;—C, distance of
about 1.1 A (i.e. 0.3 A less than C—C bonds in graphene)
measured in Figure 1c. The C;—C, dimer could not stay at the
original incorporated position, and it was quickly relocated to
the left side of the two Si atoms, forming a 5-8-5 config-
uration, as shown in Figure 1d. The relocation of the C;—C,
dimer pushed the two Si atoms rightwards. In addition, atom
C, was lost accompanying the C;—C, relocation. Dynamically
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Figure 2. Rotation of the Si trimer. a) t=0s. b) t=67 s. White dots
and circles outline the armchairs which support the Si trimer. The Si
trimer moves from one set (panel a, dot) to the other set (panel b,
circle) of armchairs through a rotation by 60°. One of the silicon
atoms is in the graphene plane, according to first-principles calcula-
tions as shown in Figure 3c.

reversible transformations between the 5-8-5 and 555-777
structures then continued for about 22 min through 90° bond
rotation of C;—C, (Figure 1d,e).

The incoming of another Si atom disturbed the C—C bond
rotation, and induced further structural modification at the
topological defect, as shown in Figure 1f The horizontal
streaks in Figure 1 f indicate that this third silicon atom was
attracted to the defect and hovered in the area for some time
until it was finally incorporated into the underlying structure
to form a silicon trimer (Figure 2). Those bright streaks were
produced when the atom stayed at a given position for
a period longer than that for the scanning electron beam to
pass the atom. If the Si atom jumped away once the scanning
electron beam arrived, black streaks would appear on the
ADF image. Atoms Si; and Si, also kept on moving back and
forth in the horizontal direction when the third silicon atom
was hovering. The third Si atom was not knocked away by the
incident scanning electrons, which can be attributed to the
strong attraction between the silicon atom and the topological
defect (SI Figure S5).°° The attraction potential not only
reduces the jump distance of the activated Si atom, but also
can pull it back quickly to the topological defect, if it is not
deviated too far by the scanning electron beam.

The maximum energy that a 60 keV electron can transfer
to a carbon atom is 11.6 V.l This energy is below the mean
displacement energy of 14.1 eV for edge carbon atoms,! but
above the calculated energy of 3.9eV for C;—C, bond
rotation.[™ Therefore, the energy transferred from an inci-
dent electron is most likely to result in C;—C, bond rotation,
instead of removal of the dimer from the graphene. Whatever
the mechanism is, the C;—C, dimer appeared to be stable and
kept rotating under the electron beam, until the arrival of the
third silicon atom. First-principles calculations (SI Figure S6)
show that substitution of a carbon atom by a silicon atom
entails an energy increase of only 0.7 eV at the 555-777 defect.
Therefore, one adsorbed Si atom in the vicinity would move
toward the topological defect by the strong attraction energy
between them (SI Figure S5), and subsequently replaced the
less stable C;—C, dimer. The third Si atom was not incorpo-
rated into the topological defect immediately upon its arrival
(Figure 1 f), which is most likely that there was not enough
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place when the C;—C, dimer was still there. The replacement
was probably assisted by energy transfer from the incident
fast electrons.

The resulting silicon trimer continues to rotate by 60° or
multiples of 60°, while the surrounding carbon atoms remain
in their lattice sites, as shown in Figure 2 and Supporting
Movie S2. The two structures shown in Figure 2 are energeti-
cally equivalent (degenerate) with six-fold rotational symme-
try. This Si trimer-graphene system is very robust, since no
knock-on damage occurred under the intense electron beam
for an observation period of over 12 min. The long lifetime of
the silicon trimer under the 60 kV electron beam is in stark
contrast to the high mobility of other defects in pristine
graphene.P®'?! The silicon trimer shown in Figure 2 can also
be similarly created by removing a hexagonal ring of carbon
atoms from a graphene layer,”'¥ then filling the pore with
three silicon atoms. It can be expected that controlled
replacement of carbon atoms by Si atoms may produce in-
plane dots, wires, or arrays that can be used to fabricate useful
nanostructures or nanodevices based on a graphene mem-
brane.

The fully relaxed structures for the complex with a carbon
dimer parallel and perpendicular to a silicon dimer (Fig-
ure 1d,e) are shown in Figure 3a and b, respectively. The
carbon dimer is displaced out of the graphene plane, while the
silicon dimer remains basically in the graphene plane in both
cases. The 90° rotation of the carbon dimer results in the
transformation of a 5-8-5 defect structure (Figure 1d and 3a)
to a 555-777 configuration (Figure 1¢ and 3b), increasing the

R

Sis)  Si2

A
Sit

Figure 3. Calculated three-dimensional structures for monolayer gra-
phene with Si atoms. a) 5-8-5 defect with a Si dimer. b) 555-777
defect with a Si dimer. c) Si trimer. Numbers in panels (a) and (b)
indicate the corresponding Si—Si bond lengths in picometers. Insets
are the corresponding local side views of the defect structures.
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distance between the two silicon atoms by 0.1 A, which is
consistent with experimental observations. In the case of the
silicon trimer, one silicon atom (Si,) remains basically in the
graphene plane, while the other two (Si; and Si;) stay about
0.9 A out of the graphene layer on opposite sides of the
graphene layer, as shown in Figure 3c. First-principles
calculations also show that the silicon trimer practically
does not move perpendicular to the graphene layer during the
rotation (SI Figure S7). The deviation of atoms Si; and Sis
from the graphene layer is attributed to their preferred sp®
hybridization (SI Figure S8).

The binding energy of Si atoms in the trimer to graphene
is calculated to be about 8.8 eV which is much higher than the
maximum energy of about 5.0 eV that can be transferred from
60 keV electrons to a silicon atom.["” Therefore, the Si trimer
structure is durable under the electron beam. The energy
barrier to rotate the silicon trimer was calculated to be about
2.0 eV (Figure 4¢) using the nudged elastic band method,”
which corresponds to a tangential force of 4.3 nN parallel to
the graphene layer pushing the silicon trimer to do a stepwise
rotation of 60° (Figure 4a—-d) in about 140 femtoseconds
(Supporting Information)."! The energy (2.0 eV) required to
rotate the Si trimer is even much lower than that (3.9 eV) to
rotate the C;—C, dimer shown in Figure 1d and e, while whole
carbon hexagonal rings in graphene are practically non-
rotatable. Therefore, replacing a carbon hexagonal ring with
a silicon trimer has produced a terahertz (10" Hz) rotary
structure with relatively low friction in graphene. During our
STEM observations, the electron beam can transfer kinetic
energy to any silicon atom in the trapped trimer and make it
move. This generates a torque on the trimer that results in
rotation. The observed dynamic behavior of the Si trimer
under the scanning electron beam is more or less similar to
the current-driven rotation of molecules under the tip of
a scanning tunnelling microscope.® The rotary silicon trimer
may have potential applications in bridging media separated
by the impermeable graphene membrane. A previous paper
reported transition of a Si; cluster trapped in a graphene pore
between two structures with different energy due to the
jumping of one Si atom between two positions, while the other
five Si atoms kept stationary.!'"”! The rotation of the whole Si
trimer as a result of cooperative movement of all three atoms
is different from the structural transition of a Siz cluster
produced by the oscillatory motion of only one silicon atom.

It has been demonstrated that doping can modify the
electronic structure and catalytic behavior of graphene.!"®! For
example, first-principles calculations showed that doping
single Si atoms in graphene could reduce the dissociation
barrier of O, from 3.18 eV to 0.21 eV."® Our experimental
results on the atomic structure and dynamic behavior of Si
dopants at topological defects in graphene may have impli-
cations for better understanding and modeling of catalytic
behavior of doped graphene. Furthermore, grafting or grow-
ing other nanomaterials, like a carbon nanotube (CNT), to an
embedded dopant cluster would produce a graphene—dopant—
CNT hybrid nanostructure.*?!

In summary, we have demonstrated that in-situ aberra-
tion-corrected STEM enables atomic level monitoring of
critical steps in the process of forming a rotary Si trimer

Angew. Chem. 2014, 126, 9054 —9058


http://www.angewandte.de

a) b -
Cé Cy Cg Cyq
e
Si, €Sif i3 &S
Cox 3 Co Cy Co
|2‘— in
D on a8 /o5
C) d
Ceg C1 Cé C1
13 13
Cy , —4C2 Cs _ Z
il ca Jf
e)
20
>
Q2
B 1.5
©
m 1.0
>
>
L5
i
0.0

Migration Path

Figure 4. First-principles calculations on the rotation of the Si trimer
embedded in monolayer graphene. a—d) Four relaxed atomic structures
during a clockwise 60° rotation of the silicon trimer. e) Calculated
energy barrier for rotating the trimer by 60° with an inset (upper left)
showing the top and side views of atomic structure at a rotation angle
of 30° (indicated by a green triangle), and an inset (upper right)
showing the distribution of P, partial electrons (yellow) for atoms at
the defect shown in panel (a) (see S| Figure S8 and S9 for details on
the electronic structure). Si atoms are shown in blue. Atom Si, is in
the graphene plane. There are six equivalent orientations for the Si
trimer to fit in with the graphene pore. Letters “a”-“d” and blue
squares in panel (e) indicate the corresponding states shown in panels
(a)—(d). All the silicon atoms make bonds with two carbon atoms
when they are at the armchair position. Only one of the two Si—C
bonds for each Si atom is broken, as indicated by arrows in panel (a),
to facilitate the rotation. Additionally, atoms Si; and Si; keep bonded
to atom Si, during the rotation. At the transition state with a rotation
angle of 30° all the three Si atoms bonded to each other, as shown by
the inset at the upper left corner in (e).

through Si-graphene reactions at a topological defect in
a graphene monolayer. Our real-time observations shed light
on understanding of chemical reactions to functionalize
graphene and other two-dimensional materials on the
atomic level. The experimental observations on the incorpo-
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ration and relocation of a C dimer, and the dynamic jump of
the adsorbed Si atom before it was incorporated into the
topological defect provide direct evidence on dynamic
interactions between dopant atoms and defects with high
reactivity in graphene, which may be common in other two-
dimensional materials or surfaces of bulk materials. Problems
of surface chemistry are expected to be greatly helped by the
ability to see where and how a single foreign atom interacts
with the surface.
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