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During high temperature pyrolysis of polymer thin films, nano-
crystalline graphene with a high defect density, active edges and
various nanostructures is formed. The catalyst-free synthesis is based
on the temperature assisted transformation of a polymer precursor.
The processing conditions have a strong influence on the final thin film
properties. However, the precise elemental processes that govern the
polymer pyrolysis at high temperatures are unknown. By means of
time resolved in situ transmission electron microscopy investigations
we reveal that the reactivity of defects and unsaturated edges plays an
integral role in the structural dynamics. Both mobile and stationary
structures with varying size, shape and dynamics have been observed.
During high temperature experiments, small graphene fragments
(nanoflakes) are highly unstable and tend to lose atoms or small
groups of atoms, while adjacent larger domains grow by addition of
atoms, indicating an Ostwald-like ripening in these 2D materials,
besides the mechanism of lateral merging of nanoflakes with edges.
These processes are also observed in low-dose experiments with
negligible electron beam influence. Based on energy barrier calcula-
tions, we propose several inherent temperature-driven mechanisms of
atom rearrangement, partially involving catalyzing unsaturated sites.
Our results show that the fundamentally different high temperature
behavior and stability of nanocrystalline graphene in contrast to pris-
tine graphene is caused by its reactive nature. The detailed analysis of
the observed dynamics provides a pioneering overview of the relevant
processes during ncg heating.
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Introduction

Even after more than a decade since its first successful exfoli-
ation, graphene continues to be an interesting material for
different technological applications because of its unique
properties."” Different fabrication techniques have been devel-
oped to produce graphene with varying size, shape and prop-
erties.* However, extended application of graphene is still
hindered by the challenges in transferring defect and contam-
ination free graphene to various substrates for reliable device
fabrication. Graphitization of polymer thin films to synthesize
graphenoid (graphene like) materials has emerged as an easy to
fabricate alternative for graphene for various applications.**
The method provides the flexibility of growing on different
substrates with defined thickness and also for patterning to
achieve different shapes.>® Recently, thin graphitized films with
comparable electrical and optical properties to graphene, were
fabricated by pyrolysis of polymer thin films.®” The catalyst-free
growth results in a material with domain sizes of a few nano-
meters, which has been termed nanocrystalline graphene (ncg).
The ease of fabrication, control over size, shape and thickness,
and the possibility to tailor the properties by varying the poly-
mer precursor and the graphitization conditions has made this
material a potential alternative for polycrystalline graphene in
areas such as electronics,”® photonics,*® strain sensing,® and
transparent conducting electrodes.**°

Graphitization of polymers by pyrolysis at high temperatures
to produce graphite or bulk glassy carbons is a well-established
process.”*™ Various experimental methods like X-ray diffrac-
tion,™ Raman spectroscopy” and transmission electron
microscopy (TEM)' have been used to study and understand
the graphitization process in detail and different models have
been proposed.’**® Graphitization at small length scales has
gained importance because of the developments in carbon
micro electro mechanical systems and nano electro mechanical
systems (C-MEMS and NEMS).* A proper understanding of the
graphitization process is important to tailor the structure and
properties for different applications. Low-voltage transmission
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electron microscopy is a versatile tool for sub-angstrom level
characterization of graphene and other related materials
without inducing significant damage to the material.**>
Improvements in in situ low-voltage HRTEM capabilities
enabled a detailed examination of transient stages in various
dynamic processes at different spatial and temporal scales,
which are otherwise difficult to observe and analyze in these
carbon nanostructures.>*>¢

In previous work, we studied the graphitization and
domain growth of free-standing nanocrystalline graphene thin
films prepared by vacuum annealing of a photoresist inside
a TEM and followed the process by various in situ TEM tech-
niques. The in situ studies showed that the graphitization
process is highly dynamic with a number of intermediate
reactions leading to the formation of different carbon nano-
structures. The catalyst-free transformation of amorphous
carbon on the top of graphitic substrates results in the
formation of carbon nanostructures with different size, shape
and mobility.*” In situ high temperature studies on ncg provide
the possibility to understand the stability, dynamics and
reactions of these nanostructures and their interaction with
the graphitic substrate. Analyzing these interactions can help
to understand the fundamental mechanisms that control
graphene growth at high temperatures and thus can be used to
tailor its properties.

Even though a lot of research has been performed in the
area of high temperature behavior of graphene using in situ
TEM techniques, most of the studies have been carried out on
single layer graphene with a focus on the stability and
dynamics of individual defects or small groups of
defects.”>**° In situ TEM studies of the behavior of small
carbon nanostructures on top of a graphitic substrate were
mostly carried out at room temperature and the trans-
formations were driven by electron beam induced effects.’***
The ncg films with a high density of defects, active edges and
carbon nanostructures employed in this study provide
a completely different system to study the high temperature
dynamics and reactions of carbon nanostructures.

Here we conduct a series of in situ high temperature exper-
iments. From time resolved HRTEM data, we identify several
characteristic processes and assess their roles in the polymer
pyrolysis supported by molecular dynamics simulations to
complete the nanoscopic picture. Furthermore, we investigate
the influence of the electron beam by experiments with drasti-
cally reduced radiation dose. They reveal that atom rearrange-
ment and transfer processes are inherent temperature-driven
processes. Theoretical energy barrier calculations support this
observation and various atom rearrangement pathways are
proposed. Especially, we discuss the facilitating/catalyzing
effect of reactive defect sites and edges on atom transfer
processes. Overall, the analysis of the numerous observed
processes during the heating experiments illustrates the
different high temperature behavior of ncg compared to coarse
grained polycrystalline graphene. Our study gives a detailed
insight into the nanoscale processes during pyrolysis and forms
the basis for future work towards application in device
manufacturing.
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Experimental
Preparation of freestanding nanocrystalline graphene

The commercially available photoresist, microposit S1805, was
used as carbon source for the preparation of nanocrystalline
graphene. The photoresist was diluted with propylene glycol
monomethyl ether acetate (PGMEA) 1:12 to control the
viscosity and film thickness. The resist was spin coated onto
a MEMS based heating chip (Protochips Inc.) at 8000 rpm for 30
seconds and then baked at 160 °C for 3 minutes resulting in
a thin film completely covering the heating chip. The chip was
transferred to a heating holder (Aduro 500 by Protochips Inc.).
The initial heating was carried out inside a pumping station
(Gatan Inc.) at 10”7 mbar at a temperature of 600 °C for 5 hours
(heating rate 10 °C per minute) to prevent contamination of the
TEM by the large amount of gas released during the initial
stages of graphitization.

In situ TEM investigations

An aberration corrected (image) Titan 80-300 TEM (FEI
Company) operated at 80 kV equipped with a US1000 slowscan
CCD (Gatan Inc.) camera was used for imaging. The in situ
heating experiments were carried out at a heating rate of 10 °C
per minute. The pre-carbonized samples were heated inside the
TEM with the electron beam turned off until the desired
temperature was reached. The same heating rate of 10 °C per
minute was used in all experiments. The beam was blanked in
between image acquisition to minimize beam-induced effects.
Images were acquired with an interval of 5 s with a 1 s exposure
time. The dose for each single high-resolution TEM image
varied between 2.0 x 10’ e nm 2 and 4.1 x 10° e nm >
depending on the magnification. We have carried out 16
different heating experiments at various temperatures using 4
different samples. Out of more than hundred different events
observed during heating, 30 independent events were analyzed
in detail to understand the main structural changes occurring
during heating.

Computational methods

The molecular dynamics simulations where conducted with the
LAMMPS package® using the AIREBO force field for hydrocar-
bons.** Nudged elastic band (NEB) calculations® and steered
molecular dynamics (SMD) simulations were carried out with
the ASE package®® in conjunction with the semi-empirical solver
MOPAC (MOPAC2016, Version: 18.117L),*® using the PM7
functional.** For the NEB calculations spring constants of
0.01 eV A~! and a convergence criterion of fi., = 0.1 eV A~?
were used, the transition states were determined with a climb-
ing image. The visualizations in this work were created with the
OVITO software.**

Results and discussions
Migration and merging of graphene flakes

Fig. 1 shows the migration and merging of a small graphitic
flake at 1200 °C. The flake was not visible during the first 118

This journal is © The Royal Society of Chemistry 2019
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Fig. 1

(a—g) Migration and merging of a nano-flake during heating at 1200 °C. The time stamp corresponding to the snap shot of the observed

dynamics is shown as label in each micrograph. The initial merging is fast, occurring between frame (d) and (e). (h) shows a snapshot of a flake
(diameter of approx. 3 nm, hydrogen-free edge) pinned to defects in the substrate in a MD simulation at 1500 K.

frames (590 s) of observation (ESI Video S1t) and suddenly
appeared in the next frame (Fig. 1b). The flake is stable at this
position for the next 20 frames (100 s), ‘jumps’ to a nearby
position and comes back to the original position in the next two
frames (Fig. 1c¢/d). The flake is pinned to the initial position for
the next 84 frames (420 seconds) and finally ‘jumps’ and
attaches to an edge, which is around 10 nm away, and rapidly
merges with the edge thus extending the grain (Fig. 1e). The
merging of the flakes happen within two frames (Fig. 1e and f)
and is followed by a fast rearrangement of the newly formed
edge of the carbon grain. This observed migration is different
and slower than the previously reported high mobility of carbon
nanostructures and graphene nanoflakes on top of a graphitic
substrate with weak interactions between nanostructures and
substrate.**>** Previous experimental observations have shown
a super fluidic behavior of graphene nanoflakes (GNF) even at
temperatures as low as 5 K.** Similarly, theoretical calculations
show a high diffusion coefficient of (6.7 + 0.6) x 10 ® cm® s *
for GNF on top of defect-free graphene substrates at 300 K.**
This is consistent with our molecular dynamics studies (MD) at
1500 K, which also show fast diffusion of GNF on top of gra-
phene (ESI Video S27). Considering this high mobility of GNF
on top of graphene, it would not be possible to image this
migration at high temperatures with our current exposure time
of 1 s. However, in case of nanocrystalline graphene, the gra-
phene substrate is highly defective and the defects limit diffu-
sion by locally pinning GNFs. MD simulations of GNFs on
substrates with point defects show bond formation of the
reactive flake edge with unsaturated substrate atoms (Fig. 1f
and ESI Video S37). It is known that the strain fields near defects
in the graphene lattice can even induce vertical displacements
of carbon atoms close to the defect.** Also, the nanoflake edges
are highly reactive and constantly rearranging at high temper-
ature (ESI Video S11) which can facilitate bond formation and
therefore pinning of the GNF. Since the defect density is high,

This journal is © The Royal Society of Chemistry 2019

there can be simultaneous bond formation at more than one
site further reducing the mobility of the flake. This means that
migration on highly defective nanocrystalline graphene is
dominated by a hopping between defects, which depends on
the nature and density of the defects. Out of the different
observed events in our experiments, both the migration
distance and the frequency of events vary significantly,
depending on the size of the flake and presumably the defect
density of the substrate.

Merging of flakes is initiated by bond formation between the
active edges when they get close to each other. The MD simu-
lations show this initial bond formation upon contact between
the edge atoms of two similar sized flakes heated on the top of
a graphitic substrate followed by formation of further bonds
(ESI Video S47%). The frequency of merging events depends on
the mobility of the nanoflakes and the availability of suitable
edges nearby. As the structure of ncg is a complex stack of
graphitic domains with a lot of free edges, it is difficult to
precisely determine the layer on which a flake is moving based
on the TEM images. The edges that are visible near the flake
might be above or below the GNF and thus be out of the reach
for the flake. The images show that, during migration, the
nanoflakes exhibit strong vibrations and rotations, which is in
agreement with nanoflakes being known to show strong struc-
tural fluctuations at high temperatures. Previous ab initio
calculations revealed strong out-of-plane vibrations for the
edges of an isolated nanoflake at high temperatures.*® Our MD
simulations also show strong vibrations for the substrate and
the nanoflake at high temperature (ESI Video S2t). These fast
changes compared to the exposure time sometimes result in
fuzzy edge structures in the experimental images. Nano-
structures with stable size and edge contrast were also observed
during heating (ESI Fig. 11). The size of these nanostructures is
in agreement with fullerene-like structures, which might have
formed during the initial stages of graphitization. These close

Nanoscale Adv., 2019, 1, 2485-2494 | 2487
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caged structures also migrate and are pinned by defects, but
merging was not observed for these kinds of structures.
Furthermore, it has been shown in a number of studies that few
layer graphene can contain back-folded edges or bilayers,***
which are presumably also present in the nanocrystalline gra-
phene investigated here. These structures are known to be more
stable and less reactive and we suggest that the shape and size
stability can be attributed to closed cage and folded structures.

Apart from edge fluctuations of the nanoflakes, the large
flake edges also seem to be highly dynamic and constantly
rearranging. Moiré patterns are observed intermittently indi-
cating distinct commensurate arrangements between the layers
leading to some superstructures as observed previously in
bilayer graphene.* The fast dynamics and the high reactivity
indicates that these types of edges are not folded edges, but
unsaturated ones with highly reactive dangling bonds. It should
also be noted that the additional mass from the merging flake
leads to a big step in the edge of the graphene crystallite, which
is quickly distributed to the side, reducing the overall edge
curvature until a new dynamic equilibrium is reached with
a more or less flat edge (Fig. 1g). These observations show the
highly dynamic and reactive nature of edges in graphene at high
temperatures, which are critical for the high temperature
dynamics of nanocrystalline graphene.

Our experiments also reveal cases where a flake merges
with the step edge underneath, which results in a vertical mass
transfer. Fig. 2 shows such a merging event of a small flake
sitting on top of an edge and merging completely with the
graphene layer underneath (ESI Video S1t). Unlike the rapid
movement and merging observed for the lateral merging in
Fig. 1, in this case the merging is slow and progressive. The
flake exhibits uniform Fresnel contrast at the edge until
Fig. 2c. Afterwards, the edge of the upper flake attaches to the
step edge below (Fig. 2d). Subsequently, the edge of the upper
flake slowly disappears as the flake is completely merging with

View Article Online

Communication

the edge below. This means that the rearrangement and
bonding mechanism is different in this type of merging. In
order to move vertically at a step edge, the reactive edges of the
flake and the step underneath must overlap and form a cova-
lent bond, which could be observed in a MD simulation of the
process (Fig. 2r). In order for the flake to fully merge with the
edge underneath, the initial bonding has to shift leading to
a transfer of the atom along the edge and a new bond has to be
formed with another atom in the flake. This vertical merging
requires a coordinated rearrangement at larger scales in
contrast to the lateral rearrangements in the previous case. In
the experiment, this slows down the vertical rearrangement to
a time scale of several minutes, in contrast to the fast lateral
merging shown in Fig. 1.

Dynamics and size evolution of graphene flakes

In addition to the above described size increase due to
merging of graphene flakes, we observed both a gradual mass
loss and a gradual mass increase of nanoflakes in close prox-
imity to each other. Fig. 3 shows an image series of such
a shrinkage/growth process recorded at 1200 °C in 5 s intervals
(ESI Video S5t1). A gradual size reduction is observed for the
small flake (indicated by white arrows) before it attaches and
merges with an edge (b-g). During the same time, a big flake
(indicated by black arrow) close to the shrinking flake is
growing (h-m). This is one example illustrating that small
flakes tend to lose atoms while the large ones grow under the
same illumination and temperature conditions. A similar
shrinking of a flake during migration can be observed in the
ESI Fig. 2 and Video S61 where a flake moves along an edge on
which the flake is sitting and loses atoms. At the same time, we
can observe a growth in an adjacent large flake sitting on the
same edge.

Fig. 4(a-f) shows the dynamics of a nanostructure pinned at
an edge, which gradually disappears over a time interval of 14

Fig. 2

(a—q) Slow merging of a nanoflake with an edge in the layer underneath during heating at 1200 °C, the time interval is shown as label in

each micrograph. (r) shows a MD simulation of pinning of a flake (dimensions of approx. 5.5 x 5 nm?, hydrogen-free edges) to the step edge

below at 1500 K.
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Fig.3

(a) HRTEM image of an area in which shrinkage of a migrating flake (indicated by the white arrow) and growth of a larger flake (indicated by

black arrow) has been observed simultaneously. (b—g) shows the mass loss during migration of the flake and (h—m) the growth of the large flake

by extending the edge.

minutes (ESI Video S7t). The nanostructure is not migrating or
merging with the edge, but is rather pinned to a region and
gradually shrinks in size and finally disappears. In the same
frames, one can observe an active region in the adjacent edge,
which is no longer continuous and seems to open up by the
addition of atoms. Also, in this case the structure seems to sit on
an edge which is connected to the large flake where the addition
of atoms is happening (Fig. 4g). All of these examples suggest
a mass transfer by individual atoms or small groups of atoms
detaching from an unstable small nanostructure and attaching
to a nearby stable large flake. This phenomenon looks similar to
an Ostwald-like ripening, where small particles shrink and
larger particles grow driven by the higher thermodynamic
stability of the larger particles.

Fig. 4

It is worth noting that the size reduction is observed in
structures that are pinned to edges and defects (the structure in
Fig. 1 also shows a reduction in size before it merges). As
observed in the vertical merging, during pinning, there can be
an atom transfer from the flake to edges and defects. We
assume two different types of transfer happening: (1) transfer of
atoms to underlying defects in the substrate accompanied by
healing the defects and (2) transfer of atoms to an active edge
below or nearby, where the atom can either migrate along the
edge by edge diffusion to another connected flake or can be
attached to the same edge extending the edge. This means that
the highly active edges can act as a diffusion pathway for the
atoms detaching from the flakes. Similarly, an extended defect

(a—f) HRTEM image of a slowly shrinking pinned nanostructure (marked by white arrow) at 900 °C and of an active region (marked by black

arrow) in the adjacent layer where atoms are attaching, leading to a growth at the edge. The initial edge profile is overlaid on the following time
steps to visualize the growth of the flake. (g) HRTEM image taken after the series acquisition, which shows the presence of a connecting edge

between the shrinking nanoflake and the growing large flake.

This journal is © The Royal Society of Chemistry 2019
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structure like a line defect or a grain boundary may also act as
a possible reactive site for atom transfer and further diffusion.
The effect of the defect density and the availability of active
free edges on the behavior of the carbon nanostructures can be
observed in ESI Fig. 3 and Video S87. Here, two similar sized
GNF behave differently when observed at the same conditions.
While the isolated flake, which is far from any edges, is stable
with negligible mass loss, the flake which is close to an edge
loses atoms quickly and migrates out of the field of view. The
flake near the edge will have the combined effect of the electron
beam and nearby reactive sites which increase the removal rate,
while the isolated flake is only affected by the beam. It is also
worth noting that when two similar sized flakes get close
together, in our observations, they always merge and we did not
observe a continuous mass transfer in that case (ESI Fig. 47).
For the analysis of these experiments, it is important to
consider the influence of the electron beam on the processes.
The high-energy electron beam is known to induce defects and
structural changes in graphene and carbon
structures.”>*>*° There are a number of studies on purely beam
induced transformations of carbon nanostructures on top of
graphitic substrates at 80 kv.*****' This means that the beam
can have considerable effects on the dynamics of carbon
nanostructures. The threshold for knock-on damage in gra-
phene is just above 80 kV, therefore it is typically considered
‘safe’ to image graphene at 80 kV.>®* However, the threshold for
knock-on damage at edges and defects in graphene is consid-
erably lower (around 50 kV 2°) resulting in some sputtering of
edge atoms at 80 kv, which will contribute to the observed size
reduction of graphene flakes. Moreover, ionization due to
inelastic scattering can result in a transition of an electron in
a bonding state to an antibonding state, which can lower the
activation energy for bond rearrangement or breakage.**
Furthermore, electron beam sputtering can also act as a source
to add new atoms or remove atoms. A high amount of ad-atoms
have been observed previously during in situ heating of gra-
phene in the TEM.” These ad-atoms are highly mobile on top of
the graphitic substrate and can attach and heal vacancies and
nanopores at high temperatures.*® Besides sputtering, residual
hydrocarbon impurities in the TEM column can also be a source
for ad-atoms.*®**** The hydrocarbon impurities in the TEM
column can be cracked and act as a carbon source, graphitizing
on a graphitic substrate with and without the support of
a catalyst.>»>® Experimental evidence in our investigations
shows that the sample surface contains a large amount of highly
active ad-atoms. This can be seen form the rapid filling of a hole
during the initial period in Video S1,f where a hole of ~2 nm
diameter was completely filled in less than a minute. Another
beam induced effect that can contribute to the reactions is the
activation of oxygen, hydrogen and metallic impurities in the
column by the electron beam. This can result in etching of
graphene edges. Strong effects of catalytic etching and the edge
structure on the addition and removal of carbon atoms have
been explained well, both experimentally and theoretically, in
previous studies of CVD grown graphene.®® In that study,
increasing the hydrogen flow resulted in a reduction in flake
size due to etching of the edge by atomic hydrogen formed

nano-
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because of the catalytic dissociation by platinum. The study also
shows the effect of the edge structure and curvature on the etch
rate.>* The electron beam is known to trigger similar dissocia-
tion of oxygen, hydrogen and water present inside the TEM
column®” and can lead to an etching of the graphene edges. The
edge structure, local curvature of the edges™ and the higher
energy per atom™ results in higher probability to lose atoms for
a small nanoflake compared to larger flakes. Our steered
molecular dynamics (SMD) simulations (ESI Fig. 5t) also show
the effect of local curvature on the atom displacement from an
edge. This means that the electron beam can have a prominent
effect on the observed dynamics and it is important to separate
the effects due to temperature and due to the electron beam for
the observed processes. Therefore, we performed heating
experiments with the electron beam off for very extended times
to eliminate/reduce the effect of the beam. In addition, we
looked at electron beam damage at room temperature to further
judge its effect (ESI Fig. 67).

‘In sitw’ heating with the electron beam off

To estimate the effects of the electron beam during the high
temperature dynamics studies, we investigated the sample
without electron beam illumination, just taking an image of the
same area before and after heating for an extended period.
Fig. 5 shows three such sets of images before and after heating
with the electron beam off. Comparing Fig. 5a and b, we clearly
observe migration of domains (indicated by a blue arrow)
without the presence of the electron beam. This is similar
during heating at 1200 °C for 20 minutes, where a nanoflake
(indicated by a blue arrow) present in image c vanishes from the
field of view during heating. This flake might have merged with
the edge beneath it or has migrated to some other location. The
flakes marked by green arrows are examples for merging
without the presence of the electron beam. Flakes marked by
red arrows in Fig. 5 exhibit a change in shape and reduction in
size and the ones marked by white arrows show an increase in
size. This shows that shrinking and growth of domains can also
happen without the beam. The observed reduction in size is
caused by detachment of atoms or groups of atoms, while an
increase in size can be caused by the addition of atoms or by
merging with a mobile flake. It is difficult to identify the active
regions in a growing flake with this very large acquisition
interval and with the dynamic nature of the edges, but these
beam off heating results clearly show that the basic processes
observed during heating with continuous imaging also occur
without the electron beam, thus confirming that they are
inherent temperature driven processes.

In the graph of Fig. 5 the reduction in flake size without the
electron beam and during continuous exposure is compared. It
can be clearly seen from the comparison that the dynamics are
significantly accelerated by the electron beam. This might be
partially due to sputtering of atoms at the edges of the graphene
flakes, but probably more important due to inelastic interaction
with the electron beam, resulting in the graphene flakes in an
exited state thus lowering the activation energy for further
reactions.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 BF-TEM images of the same region before and after 20 minutes of heating at 900 °C (a, b), (¢, d) and (e—g) at 1200 °C. The graph shows
the percentage of reduction in size of selected graphene flakes during heating with the electron beam on (black) and off (red).

During beam off condition, we reduced the dose by more
than three orders of magnitude, therefore the beam-induced
effects are negligible. Changes in size are also observed
during beam off heating, but the dynamics are slower compared
to the beam on experiments. This is expected since the absence
of the beam reduces the elastic and inelastic scattering effects,
which can slow down the observed dynamics. It is worth noting
that similar to the case of continuous exposure, in beam off
experiments, the flakes showing a size reduction are sitting
either on or nearby an edge. This suggests that the highly active
edges play an important role in the detachment of atoms from
the flakes.

Modelling of atomic rearrangements

To complement the MD simulations of the flake migration/
merging and for a more detailed analysis of the activation
energies associated with the structural changes and size
reduction of the graphene flakes, we conducted Nudged Elastic
Band (NEB) calculations using a semi-empirical electronic
structure method (see Methods section and ESIt). Experimen-
tally, we observe a continuous change in the edge structure both
in small and large flakes during continuous imaging. Edge
diffusion of an ad-atom and the reconstruction of a 6-
membered ring to a 5-membered ring (Fig. 6a/b) are two
examples of processes at the graphene edge. The process rates
can be estimated using the Arrhenius law for thermally acti-
vated processes given by

v =1 e_["i—AT] (1)

The prefactor vy, which corresponds to a trial rate, can be
estimated by the typical frequency of in-plane and out-of-plane
optical phonon frequencies of graphene (=0.45 x 10'* Hz *°).
The activation energies E, of 0.58 eV for the edge diffusion
process and 1.76 eV for the ring reconstruction process

This journal is © The Royal Society of Chemistry 2019

obtained by the NEB calculations (Fig. 6a/b) result in process
rates on the order of 10° and 10° Hz respectively at 1200 °C. This
indicates that edge diffusion and rearrangement of atoms along
the graphene edge are thermally activated processes observable
without the influence of the electron beam at the timescale of
the experiment. In fact, the frequency is so high, so that we will
not be able to image a single defined state of the edge structure
in our high temperature in situ TEM experiments.

To understand the observed changes in flake size with time,
we carried out NEB calculations, limiting the removal processes
to single atoms from a graphene flake in order to maintain
computational accessibility. For a mono-atomic process of
directly removing an atom from a graphene edge, the NEB
calculation yields a high activation barrier of 9.17 eV (Fig. 6c).
Compared to the thermal energy kg7 of 127 meV at 1200 °C, this
leads to a negligible small exponential factor in eqn (1). Thus,
the high activation barrier is prohibitive to observe this process
just by thermal activation. However, temperature driven atom
removal processes are possible, if other reactive species are
involved which lower the activation barrier, such as defects in
the substrate or hydrogen-cleaved step edges. An example is an
atom transfer process to a point defect site (Fig. 6d). Here, the
pinning process to the initial bound state has a negligible
energy barrier and is thereby mainly limited by the availability
of reactive sites. The initial pinning is followed by several
rearrangement processes lowering the energy (ESI Fig. 127).
Finally, the depinning process with simultaneous atom loss has
a barrier of 2.47 eV, which is thermally accessible under the
experimental conditions. This barrier will vary depending on
the coordination and nature of the reactive site and can
temporarily cause stationary nanoflakes. Single point defects
can therefore lead to a continuous shrinkage of a mobile flake,
saturating defects along its hopping path. Observed continuous
atom loss of stationary flakes involves transfer to reactive step
edges, where the high mobility along edges can enable
a continuous atom transfer and diffusion. Similarly, an
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Fig. 6 NEB determined activation energies E4 for different processes: (a) edge diffusion of an ad-atom (E4 = 0.58 eV), (b) 6- to 5-membered ring
reconstruction (Ex = 1.76 eV), (c) atom removal from a zig-zag edge (Ep = 9.17 eV), (d) pinning—depinning process with atom transfer from edge
to vacancy (Ea pinning = 0.015 €V < kgT and Ea gepinning = 2.47 €V). For detailed energy profiles see ESI Fig. 2.+

extended defect structure like a line defect or a grain boundary
may also act as a possible reactive site for atom transfer and
further diffusion. With these results, we believe that highly
defective graphene systems can show inherent temperature-
driven Ostwald-like ripening even in the absence of electron
irradiation.

Apart from providing significant insight in to the high
temperature dynamics of ncg, the present results help to
understand in detail the pyrolysis of polymers leading to the
formation of bulk graphitizing and non-graphitizing carbons.
The high-resolution images confirm that fullerene-like struc-
tures, previously reported'® in the TEM studies of glassy
carbons, are formed by the catalyst-free transformation of
amorphous carbon during the pyrolysis. Different types of cage-
like structures with varying size and shape are formed during
the pyrolysis and, unlike the nanoflakes, these structures seem
to be stable and can stay isolated without merging with the
active edges. Merging of domains shows that not only the
oriented domains can merge laterally but also the misoriented
domains can grow by vertical merging. This kind of vertical
merging is important in graphitizing carbons, which can be
completely graphitized at very high temperatures. Apart from
the merging of domains, with the highly defective bulk struc-
ture, we think that Ostwald-like ripening can also be a contrib-
uting growth mechanism because of the large number of
available nearby active sites and diffusion pathways.

Overall, these results show that the high temperature
behavior of the nanocrystalline graphene is different from
pristine graphene. The high density of defects, carbon nano-
structures and active edges greatly influences the dynamics and

2492 | Nanoscale Adv., 2019, 1, 2485-2494

reactions of the carbon nanostructures and the growth of
domains. The growth mechanisms observed are similar to the
two well-known growth mechanisms for nanoparticle growth:
Smoluchowski ripening, where growth occurs by migration and
merging of small clusters®*® and Ostwald ripening,* where
large clusters grow preferentially by the “dissolution” of small
ones. Even though there are reports on migration and merging
of carbon nanoflakes/nanostructures on top of graphitic
substrates observed inside the TEM,?*>3¢%¢ there has not been
clear experimental evidence for Ostwald ripening in these 2D
materials. The main reason for this is probably the high
mobility of carbon nanostructures on top of defect-free
graphitic substrates, which makes migration and merging
favorable, whereas Ostwald ripening is not possible without
defects. However, in the present study, as the migration is
hindered by pinning and with the presence of a large number of
defects, Ostwald ripening can also be observed as a mechanism
contributing to the growth of the graphene nanoflakes. As our
simulations show, the high activation energy for the direct atom
removal from the flake is reduced significantly in the presence
of nearby defects and atoms can further diffuse along extended
defects, such as reactive edges.

Conclusions

We conducted time resolved HRTEM investigations to unravel
the dynamics of nanocrystalline graphene (ncg) during in situ
heating. One key outcome of this study is the role of reactive
defects and edges, which are present in ncg, on fundamental
processes at high temperature. Among others, we analyzed one
major graphene growth mechanism - the diffusion of

This journal is © The Royal Society of Chemistry 2019
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nanoflakes with subsequent lateral merging into larger
domains - and identified pinning of the flake to reactive sites
along its path as the rate limiting process. Similarly, during
vertical merging, when a nanoflake is sliding from a step edge,
covalent bonds that are formed between the crossing unsatu-
rated edges slow down the process. Additional to the merging
processes, we also observed atom transfer between the struc-
tures, in particular an Ostwald-like growth mode, where nano-
flakes shrink in favor of larger structures. From our energy
barrier calculations, we concluded that defects can lower the
activation barrier of an atom transfer process to a value which is
accessible in the experimental time frame. Furthermore, in low-
dose heating experiments with negligible electron irradiation,
we confirmed that the observed processes are inherent
temperature-driven processes. It can be summarized, that the
high temperature behavior of ncg is fundamentally different
from defect-free graphene. The comprehensive analysis of
elemental processes during heating of ncg in this work lays an
important cornerstone for future improvement of process
control, bringing this fabrication method one step closer to
industrial application.
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