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Achieving hierarchical nanomaterials from a bottom-up approach remains challenging. Here, we
report a closed-cage, onion nanostructure of covalent organic framework (COF) obtained through a
low-temperature solvothermal synthesis. Atomic resolution transmission electron microscopy revealed
the atomic arrangement in this COF onion, in which rich nitrogen was uniformly embedded in the
periodic porous graphitic framework. The COF onion structure displayed graphitic features at a
0.33 nm interlayer spacing with Van der Waals interactions predominated between the layers. The
onion layers exhibited significant heterogeneity in layer stacking by adopting a combination of
different stacking modes. Defects were also found, such as five- or seven-member rings deviating from
the perfect hexagonal lattice. These geometrical defects resulted in curving the 2D layers, which may
have promoted the formation of onion nanostructures through a layer-by-layer attachment. We
constructed a corresponding model that predicts COF onion properties. This novel onion exhibited a
bandgap value of 2.56 eV, resembling other carbon-based nanomaterials, suggesting potential
applications in sensors, photocatalysts, and nanoelectronics.
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Transmission electron microscopy (TEM)
Introduction
Although graphite, with two-dimensional layers stacking
together, is one of the stable forms of carbon under ambient con-
ditions, at the nanometer scale, it forms zero-dimensional struc-
tures, such as graphene quantum dots [1,2], and fullerenes [3–5].
Such dimension reduction brings new opportunities to access
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unusual material properties through the control of nanostruc-
tures [6,7]. For instance, carbon onion structures have incurred
great interest in the formation mechanism and structure–prop-
erty relationships. This virtue is not limited to carbon, and, in
recent years, onion structures have been made from numerous
compounds with layered two-dimensional nanostructures [8,9].
Onion nanostructures can exist in many 2D layers, such as gra-
phene [22], BN [23], MoS2 [24], WS2 [25], and Cs2O [26]. How-
ever, most of these syntheses involve high-temperature or
high-pressure processes, such as flaming, solar ablation, or deto-
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nation. Controllable fabrication of onion nanostructures in a
mild condition is of considerable scientific interest and has not
been achieved previously.

Covalent organic frameworks (COFs) are crystalline porous
polymers integrating organic units into extended periodic net-
works with atomic precision [10]. 2D COFs are obtained by cova-
lently assembling the organic monomeric units in the desired
geometry [11]. Due to the hybridized states (sp, sp2, sp3) of car-
bon [12–14] with diverse bonding in the COF structure, complex
nanostructures, such as spheres [15], belts [16], or microtubes
[17], have been achieved. These complex nanostructures possess
properties that differ significantly from their bulk counterparts
[18–21]. Considering the exceedingly designable architecture
and versatile applications of COFs, the controllable synthesis of
COF-based nanostructures is of prime importance. COF onion
structures, made frommetal-free, purely organic-based 2D frame-
works, may incur new insight into the formation mechanism
and the material properties. The synthesis and characterization
of such COF onions are, however, unprecedented and need to
be explored.

In this work, a novel carbon–nitrogen (CAN) COF onion was
obtained through a facile low-temperature solvothermal process.
We identified its atomic structure and deciphered its layer stack-
ing features via transmission electron microscopy (TEM).
Advanced chemical mapping coupled with electron energy-loss
spectroscopy (EELS) was employed to determine the elemental
and atomic bonding characters. The onion structure is highly
nitrogenous with distinct graphitic features in a combinational
stacking mode. The novel CAN COF onion presents a bandgap
at �2.6 eV owing to its intrinsic sp2 hybridized conjugated skele-
tons. We expect broad applications of these COF onions, such as
in sensors, photocatalysts, and nanoelectronics.

Results and discussions
Identification of a novel CAN COF onion
We previously synthesized a 2D pyrazine-fused porous graphitic
framework through a solvothermal process at 120 �C [27]. The
reversible condensation of 1,2,4,5-benzenetetramine (BTA)
tetrahydrochloride and hexaketocyclohexane (HKH) octahydrate
under basic conditions produced highly crystalline graphitic lay-
ers. Some of the products can exhibit the onion morphology
through a possible 2D transformation. By selecting the suitable
solvent (N-Methyl-2-Pyrrolidone, NMP) coupled with optimal
centrifuge procedures, we successfully separated the onion
phases and discovered a novel CAN COF onion, made from
metal-free, purely organic-based 2D frameworks (Fig. 1a).

Similar to traditional carbon onions, our COF onion consists
of concentric shells in a polyhedral shape (Fig. 1b). In Fig. 1c,
these 2D layers possess highly fused aromatic backbones, peri-
odic nanopores (�1.2 nm), and p-stacking columns with an
interlayer stacking distance of approximately 0.33 nm.We found
that the individual COF onion particle can possess a size up to
10 nm (Fig. 1d) with a central void. Different porosity may be
attained by adjusting the void size. There is a tendency for the
shell thickness to decrease with a larger void inside (Fig. 1e).
For example, the shell is 9 nm when the central void is
3.2 nm, compared with only a 4 nm shell grown on a 5.5 nm
void. This is presumably governed by the surface energy [28].
Although the onion particles display different features, the mea-
sured d spacing between two adjacent layers remains the same as
0.33 nm (Fig. 1f, using the intensity profiles), which agrees with
the interlayer distance of bulk COFs (Fig. S1).

Elemental and bonding structure of CAN COF onions
Highly concentrated COF onions were achieved through an opti-
mal centrifuge procedure and were illustrated in Fig. 2a (see
method for details). We observed that the onions display graphi-
tic layers at a 0.33 nm spacing indicated by the inserted FFT pat-
tern. The surface electrostatic potential is relatively high
considering the nanosize effect of onion particles, which can
induce the aggregation of COF onions. Similar clustering phe-
nomena have been reported in other carbon-based materials
such as nanodiamonds [29]. We performed quantitative analysis
on the COF onion aggregates (Fig. 2b) and found that the parti-
cles exhibit an average size of 5.7 nm, including a 1.7 nm graphi-
tic shell. Geometrically, the onions are primarily convex with a
polydispersity from 0.4 to 0.8 in the circularity. The average
aspect ratio is estimated at 1.8, representing an oval shape of
onion aggregates.

According to the energy dispersive spectroscopy (EDS) map-
ping in Fig. 2c, both carbon and nitrogen elements are uniformly
distributed in the COF onions. A rich nitrogen composition of up
to �25 % (At) was detected (Fig. S2). As each BTA molecule con-
tains 4 nitrogen atoms, the COF onion structure shares the for-
mula of (C5N2H1)n if it is fully decorated with nitrogen. This is
also consistent with the results from the full EELS spectrum in
Fig. 2d.

We applied electron energy-loss spectroscopy (EELS) to study
the interatomic bonding of the COF onions. Carbon and nitro-
gen are evaluated as the main chemical composition in the
COF onions (Fig. 2d). A sharp N K-edge demonstrated the high
concentration of nitrogen elements in the COF onion. The pro-
nounced peak at �20 eV in the low loss spectrum (Fig. 2e) was
assigned to the p + r plasmon owing to the collective oscillation
of p and r valence electrons [30]. Another peak at 6.5 eV is the
sign of p plasmon from the sp2 bonding in the COF onion, which
is common in graphite or other sp2- carbon-based materials [31].
We further examined near-edge fine structures between carbon–
nitrogen linkages. In detail, the peak at 286.8 eV represents
1 s ? p* transitions of sp2 carbon while the main edge at
�297 eV is due to 1 s ? r* transitions from sp3 bonds [32]. It
is reasonable that sp3 carbon single bonds remain in COFs due
to some structural defects [33]. Similarly, the nitrogen peak at
396.8 eV is ascribed to 1 s ? p* transition [34]. This strong nitro-
gen p* peak indicated significant nitrogen in sp2-bonded aro-
matic rings in the form of a pyridine structure [35,36]. The
findings in EELS confirm that carbon and nitrogen in COF
onions are dominated in the characteristic sp2 bonding, which
is consistent with the structure shown in Fig. 1.

The Fourier transform infrared (FTIR) spectrum (Fig. 2f) shows
the characteristic pyrazine stretching bands at 1238 cm�1 [37].
Different from the amorphous nitrogen-doped systems [38], we
have achieved a unique nitrogenous onion structure with
ordered atomic arrangements. 13C cross-polarization magic angle
spinning (13C-CP/MAS) NMR spectroscopy (Fig. 2g) further con-
firmed the formation of pyrazine linkages. The NMR spectrum
99



FIGURE 1

Discovery of a COF onion. (a) A schematic of the synthesis method. Condensation between 1,2,4,5-benzenetetramine tetrahydrochloride (BTA) and
hexaketocyclohexane octahydrate (HKH) under a basic hydrothermal environment leads to the formation of a COF onion. Note that potassium hydroxide
solution acts as the catalyst. (b) Illustration of a COF onion at different scales. Concentric shells with an interlayer spacing of 0.33 nm can be observed. (c) The
COF onion is composed of aza-fused aromatic backbones with well-arranged 1.2 nm pores. (d) High resolution transmission electron microscopy (HRTEM)
images of four representative COF onions. The onion exhibits a “void-shell” structure with graphite-like shells. Scale bars, 5 nm. (e) The relation between the
void size and shell thickness in different onions (the color is consistent with the border color in (d)). The porosity (the ratio between the void and the whole
onion, calculated by projected area) of the onion is labeled along with data points. The error bar is estimated by multiple calculations. (f) The distance
between the two layers is calculated at 0.33 nm based on the gray value intensity profiles in the highlighted regions in (d).
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showed resonances signaled at 108, 134, and 142 ppm, which
could be assigned to the pyrazine carbon atoms adjacent to the
nitrogen atoms, carbon atoms of the hexaazatrinaphthalene
nodes on vertices, and the unsubstituted carbon atoms of the
phenyl edge, respectively [39]. Both NMR and FTIR validated
the conjugated sp2 pyrazine structure in COF onions.
100
Stacking modes of CAN COF onion layers
In Fig. 3a, each graphitic layer in the onion was traced and color-
coded by its local curvature. The result indicates that the onion is
a polyhedron, with its terraces possessing higher curvature val-
ues. More specifically, the COF onion particle shows a fivefold
symmetry. It exhibits some inherent characters: the region in



FIGURE 2

The structural and elemental information of COF onions. (a) COF onions with an interlayer spacing of 0.33 nm. Scale bar, 10 nm. Inserted is its corresponding
FFT pattern. (b) Structure parameters of COF onions, including size, shell thickness, aspect ratio, circularity, and convexity, were calculated from (a). The entire
frame TEM image can be found in Supporting Information, as well as definitions of the parameters and calculation formulas. Each dot represents one
measurement, and the error bar is the standard deviation from the sampling. (c) Elemental mapping of COF onions. STEM-HADDF image and EDS maps of
carbon (red) and nitrogen (green). Two regions with or without onions are highlighted in boxes for further EELS measurements in (d). Scale bar, 50 nm. (d)
EELS spectra of COF onions and carbon film background. (e) Low loss spectrum of C with a sp2 peak distinguishable. The zero-loss line and the double
scattering contributions are subtracted from the data. Near-edge structure of the C K-edge and N K-edge after individual subtraction of an inverse-power-law
background. (f) The Fourier transform infrared (FTIR) spectrum of COF onions. The peak at 1238 cm�1 represents -C@N- linkages. (g) Solid-state 13C cross-
polarization magic angle spinning (13C CP-MAS) NMR chemical shift spectrum of COF onions. The states of carbons can be classified into the pyrazine carbons
adjacent to the nitrogen atoms (108 ppm), and carbons of the hexaazatrinaphthalene (HATN) cores on vertices (134 ppm), and the unsubstituted carbons of
the phenyl edge (142 ppm).
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the inner shell at a high curvature value may result in the outer
shell region becoming much curled accordingly. The evidence
manifests the possible mechanism of onion growth through a
layer-by-layer attachment. The onion structure was also con-
firmed by the simulated TEM image in Fig. 3b (also see Fig. S3).
The further tomographic analysis supports a real 3D onion struc-
ture by a series of tilting (Fig. S4).

The radial intensity profile in Fig. 3c exhibits three prominent
diffraction peaks. The broad peak at 0.12 Å�1 can be assigned to
the (100) facet, representing the structure facet with hexagonally
arranged pores of 1.2 nm. According to structural simulations
with different stacking configurations, the (001) at 0.3 Å�1 corre-
sponds to the p-p stacking of onion layers [40]. Moreover, the
peak at the spacing of 2.1 Å is consistent with the size of the aro-
matic pyrazine ring [27]. In Fig. 3d, the local interlayer spacing of
2D layers was captured (see more details in Supporting Informa-
tion). Van der Waals interactions are predominated between the
onion layers, and we found significant heterogeneity in the
stacking. As expected, the surface layers share a larger interlayer
spacing up to 0.5 Å, attributed to the surface energy-induced
reconstruction [41]. Defects or dislocations can also cause differ-
ent stacking configurations. For example, some local regions
such as the onion corners, boundaries, and terraces (see arrows
in Fig. 3d) also exhibit localized expansion. A bimodal distribu-
tion of interlayer spacing is noted in Fig. 3e. The first peak at
0.33 nm is the normal stacking, while the peak at 0.37 nm is
caused by the stacking distortion from the surfaces and bound-
aries [42]. The layer stacking mode is combinational. Here, we
postulate a model including AA, AB, and SP (saddle point) stack-
ing considering the large variety of interlayer spacing obtained.
The heterogeneous stacking of layers can be the inherent mech-
anism for forming onion structure through flexible conforma-
tion since abundant stacking faults can be commonly
distinguished in the COF onions (Fig. 3f).

Traditional onion nanostructures, including graphene
onions, and MoS2 onions are generated using high-
101



FIGURE 3

Layer stacking modes in COF onion. (a) Map of the graphitic layers in the onion structure color-coded by the local curvature. Scale bar, 5 nm. The original TEM
image and detailed image analysis method can be found in Supporting Information. (b) Multi-slice TEM simulation on a polyhedron onion, observed from the
[001] perspective. Scale bar, 1 nm. (c) Radial intensity profile of COF onion derived from the diffraction. Some peaks can be assigned to certain facets
according to diffraction simulations on different stacking modes of COF layers. (d) Mapping the interlayer spacing of the COF onion based on the magnified
region in (a). Scale bar, 2 nm. The spacing is calculated by the partitioned FFT analysis based on a 10x10 proportion step with an overlap of 10 pixels. More
details can be found in Supporting Information. (e) Distribution of the interlayer spacing, fitted using Gaussian functions. (f) Heterogeneity of layer stacking in
the onion structure. Defects and stacking faults are highlighted by arrows. Scale bar, 2 nm. The inserted is the corresponding FFT pattern, showing streaking
due to stacking faults.
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temperature/ high-pressure processes. Such methods provide
high-intensity shockwaves that cause local heterogeneity in the
system, which can lead to heterogeneous nucleation and growth.
We proposed that the formation of COF onions is also controlled
by the nanoscale heterogeneity and fluctuations in the basic
aqueous solution (Fig. 4) [43].

In detail, a homogenous solution can be obtained initially
upon the dissolution of BTA and HKH precursors in water. Then,
clusters containing oligomers appear with some ordering fea-
tures. Subsequently, discontinuous graphitic COF layers can be
observed from the supersaturated aqueous solution, and they
attached together to form an onion structure (Fig. 4a). Because
defects occur during the condensation, these graphitic layers
tend to fold to minimize surface energy according to our molec-
ular dynamics simulations (Fig. 4b). For example, some of the
COF flocs may contain five- or seven-member macrocyclic rings
that are prone to be stabilized as curved structures after a suffi-
cient structural relaxation. In detail, we observed the whole fold-
ing process of defected COF layers which are originally planar. It
was captured that the bending initiates at the five-member rings
and thus forms cone-like structures. These COF cones can be the
intermediates in the formation of COF onions. Such a process
can be super-fast within 2 ns to reach the equilibrium state. Note
that different defects can alter the shape of onions from spherical
to oval ones, leading to the final onion products of varying sizes
and circularities.
102
Interestingly, defects can promote the folding of layers to
achieve a higher curvature value, and accelerate the zip-up pro-
cess, which means the more defects in the COF structure, the
higher structural curvature may be achieved. Consequently, the
COF onions may grow layer by layer to form the nested layered
nanostructure (Fig. 4c). Firstly, the optimal interlayer spacing at
0.33 nm can be readily attained followed by a planar structural
adjustment, for example, through layer sliding, to accomplish
the complex interlayer stacking as demonstrated in Fig. 3.

We proposed a perfect COF onion belonging to the icosahe-
dral family (Fig. S5, also see detailed construction methods in
Fig. S6). Note that different onion models can be constructed
based on the geometry criterion [44]. Our COF onion model con-
sists of 12 pentagonal rings and hexagonal ones in a certain
number, which can be calculated using Euler’s theorem. The
hexagonal rings in the center are in a planar configuration, while
the pentagonal rings at vertices bend in an inward longitudinal
curvature. These pentagons can provoke the curving of the
COF nucleus into a bowl-shaped structure and thus zip up its
open edges, ending up with a closed onion structure during
the crystallization process [45].

Optical properties of COF onions
Furthermore, we investigated the optical properties of COF
onions for their potential applications. Direct UV–vis measure-
ment reflects a broad absorption (Fig. 5a) with an optical band-



FIGURE 4

Proposed formation pathways of COF onions in solution. (a) Schematic illustration of the growth mechanism of COF onions, including the nucleation of
oligomer clusters in the supersaturated aqueous solution; the formation of the graphitic layers; thickening of the onion fragments, and the closure of onion
particles. (b) Molecular dynamics simulations on COF fragments with a five-member ring defect. The initial folding occurs at the defect center. (c) Molecular
dynamics simulations on the stacking process of two COF layers. The configurations at different relaxation time are highlighted.
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gap of 2.56 eV. Some parameters such as the defect ratio, and the
curvature of the COF layers, were explored based on theoretical
calculations. After constructing a series of COF single layer mod-
els with different defects, we performed quantum chemistry cal-
culations to determine their optical bandgaps using the HOMO-
LUMO gap from the single point calculation. In Fig. 5b, the
bandgap increases at a higher defect ratio. The perfect COF layer
features a fully annulated aromatic skeleton, which is a sp2 con-
jugated structure with a dominantly p character. It possesses a
low optical bandgap at 1.38 eV (see the bulk layered COF in
Fig. 5d). As the defects are introduced into the structure, such
as five- or seven-member rings, the perfect hexagonal lattice
can be significantly distorted. More p-bonding transits into r

character due to the change from sp2 to sp3 hybridization, which
is consistent with the findings in our EELS analysis that some sp3

bonding characters were distinguished (Fig. 2). Therefore, the
bandgap increases with more defects present in the framework.
Accordingly, as the defects trigger the curvature of a flat COF
layer to form an oval structure (i.e., oval structure shares a larger
curvature than the flat COF layer), the bandgap also rises when
the structure is at a higher curvature value (Fig. 5c). This agrees
with the observations in the polyaromatic hydrocarbons
[46,47]. Note that the morphology of COF may be different even
using the same starting chemicals under different experimental
conditions; we found the synthesized bulk COF layers exhibit a
lower bandgap at 1.38 eV. This is reasonable concerning the
defect and curvature effects aforementioned. The findings also
indicate the opportunities to tune the bandgap of COF onions
through defect engineering inspired by the techniques used in
graphene nanoribbons [48–50]. We compared the optical band-
gap of COF onion with other carbon-based materials (Fig. 5d).
Its value is similar to fullerenes [51]. Although it may not be flu-
orescent, some methods like selective addition, by dividing its p-
conjugated system into small parts, can be promising to enhance
its fluorescent properties [52].

Meanwhile, the COF onion is surprisingly stable, and it
deforms at a high yield strength without crack propagation from
the fracture according to our molecular dynamics simulation
(Fig. S7). The exceptional plasticity of this COF onion could be
useful in nanoscopic pressure cells [56] or other flexible electron-
ics [57], which significantly extends the applications of carbon-
family materials.
103



FIGURE 5

Optical properties of COF onions. (a) Tauc plot calculated using an absorption coefficient a and photon energy hm (h, Planck constant; m, frequency) to
determine the optical bandgap of COF onions. Extrapolating the linear region (red line) estimates an optical bandgap of 2.5 eV. Inset, the Tyndall effect
confirms the colloidal nature of COF onions dispersions. (b, c) Theoretical calculations on how the defects affect the optical bandgap. (b) The relation
between defect ratio and the optical bandgap of the COF onion fragments. The defect ratio is defined by the fraction of non-six member rings such as five-,
seven-member rings, etc. A similar trend is found in polyaromatic hydrocarbons [47]. (c) The relation between dihedral angle and the value of optical
bandgap. Different configurations of the COF fragments are inserted. The dihedral angle is measured within the COF layers. A lower dihedral angle represents
a higher curvature of COF layers. (d) Comparison of the bandgap of COF onions against different carbon-based materials, including fullerenes [53],
nanodiamonds [54], monolayer amorphous carbon [55], and the bulk COF nanomaterial [27]. The error bar is estimated from multiple measurements.

R
ESEA

R
C
H
:O

rig
in
al

R
esearch

RESEARCH Materials Today d Volume 60 d November 2022
Conclusions
In summary, we have successfully synthesized a novel COF
onion nanostructure through a facile hydrothermal synthesis.
This COF onion contains orderly arranged carbon and nitrogen
in the aza-fused skeletons, and the size can also be controlled
with an average size of 5.7 ± 1.2 nm. The structure of the COF
onion is resolved by atomic-resolution TEM imaging and elec-
tron energy-loss spectroscopy, which reflects its graphitic layered
features and long-range periodicity. Defects, dislocations, and
stacking faults are also observed, which account for the forma-
tion of such exquisite nanostructures. The COF onion exhibits
an optical bandgap similar to other carbon-based nanomaterials,
indicating its significant potential in energy storage and catalysis
applications. This work reveals insightful information regarding
the atomic features of COF onion structures and informs our
understanding of their growth mechanisms.
Materials and methods
Preparation of COF onions
1,2,4,5-Benzenetetramine tetrahydrochloride (BTA, 12.8 mg,
0.045 mmol) and hexaketocyclohexane octahydrate (HKH,
104
9.3 mg, 0.030 mmol) were dissolved in water (2 ml) in a 5 ml-
Biotage vial. Note that 45 ll 4 M potassium hydroxide solution
was added as the catalyst. Then, the mixture was degassed by
freeze–pumpthaw for three cycles and sealed under vacuum.
The vial was heated in an oven at 120 �C for 3 days. Finally,
the precipitates were collected by centrifugation, filtration and
washed with water and methanol. The precipitates were re-
dispersed in N-Methyl-2-Pyrrolidone (NMP) and sonicated for
60 min at 30 �C. To separate the COF onions (�20 nm) from
the large bulk samples (�lm), we further centrifuged the disper-
sion at 10,000 rpm for 10 min (Fig. S8). The supernatant contain-
ing COF onions was kept and concentrated. Then the onion
sample was drop-casted onto a copper grid (Ultrathin C on lacey,
300 mesh Cu) for further TEM characterization.
Instrumentation
TEM images were acquired using a ThemIS transmission electron
microscope with a Thermo Fisher Scientific Ceta CMOS camera.
The microscope was operated at 300 keV with the Bruker SuperX
energy dispersive X-ray spectroscopy (EDS) detector, allowing
rapid chemical identification. Electron energy loss spectroscopy



R
ES

EA
R
C
H
:
O
ri
g
in
al

R
es
ea

rc
h

Materials Today d Volume 60 d November 2022 RESEARCH
(EELS) analysis was performed on FEI Tecnai F20 UT at 200 kV in
STEM mode with 0.15 eV energy resolution. The energy disper-
sion was set to 0.3 eV per channel for the full spectrum and
0.02 eV per channel for the near-edge structure of C and N K-
edges. Some definitions of the structure parameters and calcula-
tion formulas used for Fig. 2 image analysis can be found in
Fig. S9. The local interlayer spacing of 2D layers was calculated
based on the fast Fourier transform (FFT), using a “rolling win-
dow” algorithm through image partition (see more details in
Figs. S10–S15). The liquid-state UV–vis absorbance measurement
was performed on Cary 5000 UV–vis-NIR spectrometer, from 180
to 1000 nm at the step of 1 nm. Fourier transform infrared (FTIR)
spectra were recorded on a Perkin Elmer Spectrum One FTIR sys-
tem. The solid-state 13C cross-polarization magnetic angle spin-
ning (CP-MAS) NMR spectrum was recorded on the AVANCE II
500 (Bruker, Germany) at a magnetic field strength of 11.7 T.

Theoretical calculations
Optimized geometries of the COF fragments were determined
using the 6-311G(d,p) basis set and the B3LYP hybrid functional
using the Gaussian package. The theoretical optical bandgap is
estimated as the HOMO-LUMO gap determined from the
single-point calculation. Molecular dynamics simulations were
performed on the LAMMPS platform, using a Verlet algorithm
with a time step of 0.1 ps. The ReaxFF force field was chosen
[58]. A microcanonical ensemble was employed for 3 ns to relax
the structure. All the atomic configurations were visualized in
Vesta.
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