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Abstract

Constructing and characterizing hierarchical nanomaterials such as onion nanostructures from
the bottom up remains challenging. Herein, we report a closed-cage, onion-like structure of
covalent organic framework (COF) obtained through a low-temperature solvothermal synthesis.
Extensive transmission electron microscopy analysis revealed the atomic arrangement of this
unique COF onion with embedded rich nitrogen in a periodic pyrazine-fused porous graphitic
framework. The COF onion structure displayed aza-fused graphitic features in a complex
stacking mode. Some defects in the form of five- or seven-member rings and the interlayer
stacking faults can be essential to form such distinctive nanostructures. We constructed a
corresponding model that predicts COF onion properties following experimental observations.
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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1. Introduction

Although graphite, with two-dimensional layers stacking together, is one of the stable forms of
carbon under ambient conditions, at the nanometer scale, it forms zero-dimensional structures,
such as graphene quantum dots," fullerenes*" , etc.’®” Such dimension reduction brings new
opportunities to access unusual materials properties through the control of nanostructures.!*"!
This virtue is not limited to carbon, and, in recent years, onion-like structures have been made
from numerous compounds with layered two-dimensional nanostructures."*' For instance,
onion-like structures derived from layered two-dimensional nanostructures have incurred great
interest in the formation mechanism and structure-property relationships.

Covalent organic frameworks (COFs) are crystalline porous polymers integrating organic units
into extended periodic networks with atomic precision.!"***! 2D COFs are obtained by covalently
assembling the organic monomeric units in the desired geometry.'*'*? Due to the hybridized
states (sp, sp%, sp’) of carbon'**! with diverse bonding in the COF structure, complex
nanostructures, such as spheres,** belts,'® or microtubes,**! have been achieved. These
complex nanostructures possess properties that differ significantly from their bulk counterparts
with layered 2D structures. 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 from metal-free, purely organic-based 2D frameworks,
may incur new insight into the formation mechanism and the material properties compared to
their counterparts made of inorganic 2D layers. The synthesis and characterization of such COF
onions are, however, unprecedented and need to be explored.

In this work, a novel carbon-nitrogen (C-N) COF onion was obtained through a facile low-
temperature solvothermal process. We identified its structure and deciphered its layer stacking
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
complex stacking mode. The novel C-N COF onion presents a bandgap at ~2.6 eV owing to its
intrinsic sp? hybridized conjugated skeletons. We expect broad applications of these COF onions,
such as in sensors, catalysts, and electronics.

2. Results and Discussions

2.1. Identification of a novel C-N COF onion

We previously developed a facile method for synthesizing 2D pyrazine-fused PGF-1 (porous
graphitic framework, PGF).PY. The reversible condensation of 1,2,4,5-benzenetetramine (BTA)
tetrahydrochloride and hexaketocyclohexane (HKH) octahydrate under basic hydrothermal
conditions produced highly crystalline PGF-1 (Figure S1). By selecting the suitable solvent (N-
Methyl-2-Pyrrolidone, NMP) coupled with optimal centrifuge procedures, we successfully
separated the phases and discovered a novel C-N COF onion.



Onion-like nanostructures exist in many materials commonly known as 2D layered structures,
such as graphene,**?* BN,>3¢ MoS,,171 WS,,40411 Cs,0,1* etc.***! Most of these syntheses
involve high-temperature or high-pressure processes, such as flaming, solar ablation, or
detonation. Controllable fabrication of onion-like nanostructures in a mild condition is of
considerable scientific interest and has not been achieved previously.

Similar to traditional carbon onions, our COF onion consists of concentric shells in a polyhedral
shape (Figure 1a). In Figure 1b, these 2D layers possess highly fused aromatic backbones,
periodic nanopores (~1.2 nm), and 7-stacking columns with an interlayer stacking distance of
approximately 0.33 nm, which is distinctly different from the other reported onion-like
nanostructures. We found that the COF onions have a uniform size from 20 to 30 nm (Figure 1c¢)
and a central void in most individual particles. Different porosity can be attained by adjusting the
void size. There is a tendency for the shell thickness to decrease with a larger void (Figure 1d).
For example, the shell is 9 nm when the central void is 3.2 nm, compared with a 4 nm shell
grown on a 5.5 nm void. This is presumably governed by the minimization of surface energy.""!
Although the onion particles display different features, the measured d spacing between two
adjacent layers remains the same as 0.33 nm (Figure 1e), which agrees with the interlayer
distance of bulk COFs (Figure S2).
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Figure 1. Discovery of COF onion. (a) Illustration on a COF onion at different scales.
Concentric shells with an interlayer spacing of 0.33 nm can be observed. (b) The COF onion is
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composed of aza-fused aromatic backbones with well-arranged 1.2 nm pores. (c¢) 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. (d) The
relation between the void size and shell thickness in different onions (the color is consistent with
the border color in (¢)). 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. (e) The distance between the two layers is calculated at 0.33 nm in the
highlighted regions in (c¢).

2.2. Elemental and bonding structure of C-N COF onions

Highly concentrated COF onions were achieved through an optimal centrifuge procedure and
were illustrated in Figure 2a (see method for details). We observed that the onions display
graphitic layers at a 0.33 nm spacing indicated by the inserted FFT pattern. The surface
electrostatic potential is relatively high considering the nanosize effect of onion particles, which
induces the aggregation of COF onions. Similar clustering phenomena have been reported in
other carbon-based materials such as nanodiamonds.*”” We performed a quantitative analysis on
the COF onion aggregates (Figure 2b) and found that the particles exhibit an average size of 5.7
nm, including a 1.7 nm graphitic 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) mapping in Figure 2¢, both carbon and
nitrogen elements are uniformly distributed in the COF onions. A rich nitrogen composition up
to ~25% (At) was detected (Figure S3). As each BTA molecule contains 4 nitrogen atoms, the
COF onion structure is fully decorated with nitrogen, in the formula of (CsN,H,),. This is also
consistent with the results from the full spectrum in Figure 2d.

The Fourier transform infrared (FTIR) spectrum (Figure S4) shows the characteristic pyrazine
stretching bands at 1238 cm™.*¥! Different from amorphous nitrogen-doped systems,**~"! we have
achieved a unique nitrogenous onion structure with ordered atomic arrangements. *C cross-
polarization magic angle spinning ("?*C-CP/MAS) NMR spectroscopy (Figure S4) further
confirmed the formation of pyrazine linkages. The “C-CP/MAS NMR spectrum 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.”!!

We applied electron energy-loss spectroscopy (EELS) to study the interatomic bonding of the
COF onions. Carbon and nitrogen are evaluated as the main chemical composition in the COF
onions (Figure 2d). The sharp N K-edge, which doesn’t exist in the background region, excludes
the artifacts from carbon film as the COF onion sample is drop-casted on the ultrathin carbon-
supported copper grid. The pronounced peak at ~20 eV in the low loss spectrum (Figure 2e) was
assigned to the m+0 plasmon owing to the collective oscillation of 7t and o valence electrons.
Another peak at 6.5 eV is the sign of 7t plasmon from the sp* bonding in the COF onion, which is
common in graphite or other sp>- carbon-based materials.”*! We further examined near-edge fine



structures between carbon-nitrogen linkages. In detail, the peak at 286.8 eV represents 1s—>7*
transitions of sp? carbon while the main edge at ~297 eV is due to 1s=>¢* transitions from sp’
bonds.”**1 It is common that sp® carbon single bonds remain in COFs due to the structural
defects.” Similarly, the nitrogen peak at 396.8 eV is ascribed to 1s=>7* transition.”” This
strong nitrogen 71* peak indicated significant nitrogen in sp?-bonded aromatic rings in the form
of a pyridine structure.”®* The findings in EELS confirm that carbon and nitrogen in COF
onions are in characteristic sp? bonding, which is consistent with the structure shown in Figure
1.
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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
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background. (e) Low loss spectrum of C with an sp? 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.

2.3. Stacking modes of C-N COF onion layers

In Figure 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, and its terraces possess higher curvature
values. More specifically, the COF onion particle shows a five-fold symmetry. It exhibits
inherent characters: the region in 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 layer-by-layer attachment. The onion structure was also confirmed by
the simulated TEM image in Figure 3b (also see Figure S5). The further tomographic analysis
supports a real 3D onion structure by a series of tilting (Figure S6).

The radial intensity profile in Figure 3¢ exhibits three prominent diffraction peaks. The broad
peak at 0.12 A can be assigned to the (100) facet, representing the front view of the structure
with hexagonally arranged pores of 1.2 nm. According to structural simulations with different
stacking configurations, the (001) at 0.3 A corresponds to the - stacking of onion layers. 66"
Moreover, the peak at the spacing of 2.1 A is consistent with the size of the aromatic pyrazine
ring.®" In Figure 3d, the local interlayer spacing of 2D layers was captured (see more details in
Supporting Information). 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 A, attributed to the surface strain-induced
reconstruction.!® Defects or dislocations can also cause different stacking configurations. For
example, some local regions such as the onion corners, boundaries, and terraces (see arrows in
Figure 3d) also exhibit localized expansion. A bimodal distribution of interlayer spacing is noted
in Figure 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 boundaries.!® The layer stacking mode is
complicated. Here, we postulate a model including AA, AB, and SP (saddle point) stacking
considering the large variety of interlayer spacing obtained. The heterogeneous stacking of layers
can be the inherent mechanism for forming onion structure through flexible non-planar
conformation since abundant stacking faults can be commonly distinguished in the COF onions
(Figure 3f).
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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 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.



Oligomers

Figure 4. Schematic representation of the process of crystallization and formation of COF
onions. Four stages including (a) Supersaturated aqueous solution with oligomers (dark regions);
(b) Formation of the graphitic nucleus with defects during the polymerization (bottom inserted:
mishap of connectivity that cause the loss of in-plane order); (¢) Growth and (d) layer thickening
of the onion nanoparticles. Scale bars, 5 nm.

Traditional onion-like nanostructures, including graphene onions, MoS, onions are generated
using high-temperature/ high-pressure processes. Such methods provide high-intensity
shockwaves and cause local heterogeneity in the system, which leads 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 (Figure 4).1%

In detail, an initial solution containing oligomers can be produced upon the dissolution of BTA
and HKH precursors in water. Then, the COF layers nucleate from the supersaturated aqueous
solution. Because defects occur during condensation, these graphitic layers tend to fold to
minimize surface energy. For example, some of the COF flocs may contain five- or seven-
membered macrocyclic rings that can be stabilized as curved structures after sufficient structural
optimization (Figure S7). These cone-like structures can be the intermediates in the formation of
COF onions. Note that the different defects can alter the shape of onions from spherical to oval
ones, leading to onions of varying sizes and circularities. This also explains the heterogeneity of
onion aggregates in Figure 2. Consequently, the COF onions may grow layer by layer to form
the nested layered nanostructure.

We proposed a perfect COF onion belonging to the icosahedral family (Figure S8, also see
detailed construction methods in Supporting Information).””’ Note that different onion models
can be constructed based on the geometry criterion.¢” Our COF onion model consists 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
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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.!"”

2.4. Optical properties of COF onions

Furthermore, we investigated the optical properties of COF onions for their potential
applications. Direct UV-Vis measurement shows a broad absorption (Figure Sa) with an optical
bandgap of 2.5 eV, which is similar to fullerenes (Figure 5b)./! The COF onion is surprisingly
stable and deforms at a high yield strength, without crack propagation from the fracture
according to our molecular dynamics simulation (Figure S9). The exceptional plasticity of this
COF onion could be useful in nanoscopic pressure cells'® " and flexible electronics.”'7? Some
other applications such as porous hosts for drug delivery,”* high-capacity cathodes for batteries,
Bl and electrocatalysts are also highlighted (Figure S10)./7+7!

a
COQF onion
morphous carbor

3 T

W Bulk COF
o Fullerenes
>

s 1

2.0 2.2 2.4 2.6 2.8 , Nanodiamonds
Energy (eV)

Figure 5. Optical properties of COF onions. (a) Tauc plot calculated using an absorption
coefficient a and photon energy hv (h, Planck constant; v, 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)
Comparison of the bandgap of COF onions against different carbon-based materials, including
fullerenes, 7% nanodiamonds,”””® monolayer amorphous carbon,”” and the bulk COF
nanomaterial.”"! The error bar is estimated from the measurements.

3. 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 spectroscopy,
which reflect its graphitic layered feature and long-range periodicity. Defects, dislocations, and
stacking faults are also observed, which account for the formation 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.

4. Experimental details

Preparation of COF onions. 1,2,4,5-benzenetetramine tetrahydrochloride (BTA, 12.8 mg,
0.045 mmol) and hexaketocyclohexane octahydrate (HKH, 9.3 mg, 0.030 mmol) were dissolved
in water (2 ml) in a 5 ml-Biotage vial. Note that 45 ul 4 M potassium hydroxide solution was
added as the catalyst. Then, the mixture was degassed by freeze-pump-thaw 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 and filtration, washed with water and methanol. The
precipitates were re-dispersed in N-Methyl-2-Pyrrolidone (NMP) and sonicated for 60 min at 30
°C (Figure S11). To separate the COF onions (~20 nm) from the large bulk samples (~um), we
further centrifuged the dispersion at 10,000 rpm for 10 min (Figure S12). The supernatant
containing 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.

TEM characterization. TEM images were acquired using a ThemlIS 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 (EELS) analysis was
performed on FEI Tecnai F20 UT at 200 kV in STEM mode with 0.15 eV energy resolution. The
energy dispersion 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.

UV-vis spectroscopy. 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.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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This paper demonstrates a low-temperature solvothermal method of nitrogen-rich covalent
organic framework (COF) onions. The atomic structure and the bonding features are revealed by
high resolution transmission electron microscopy (TEM) and electron energy-loss spectroscopy
(EELS). The novel COF onion provides potential applications in batteries and catalysts.
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