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Wet-chemical bottom-up synthesis methods for two-dimensional
(2D) layered materials are less explored than the top-down exfolia-
tion of bulk materials. Here, we set out to synthesize a graphyne-type
material by a wet-chemical synthesis method using Sonogashira—
Hagihara cross-coupling polycondensation of a multifunctional
monomer, 2, bearing alkyne and vinyl bromide functionalities. Spec-
troscopic and chemical analysis revealed that upon C-C bond
formation, an unanticipated Bergman cyclization occurred to give an
aromatic 2D porous carbon material (2D-PCM). 2D-PCM is a black
material with graphene-like layers and a bulk structure that is similar to
irregular graphite. It is porous with a hierarchical pore structure and an
apparent Brunauer—Emmett-Teller surface area of 575 m? g The
material has excellent electrochemical performance as an electrode in
supercapacitors with a specific capacitance of 378 F g*1 at the current
density of 0.1 A g%, which surpasses state-of-the-art carbon mate-
rials, suggesting that wet-chemical methods might give functional
benefits over top-down processing routes.

Carbon materials such as diamond, graphite and amorphous
carbon have long been exploited for their specific properties,
such has hardness (diamond) or electric conductivity (graphite,
amorphous carbon). Recently, new carbon allotropes such as
graphene, buckminsterfullerene, carbon nanotubes, and
schwarzites have been discovered and these have received much
interest for their potential applications." Graphene possesses
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high electrical conductivity, mechanical flexibility, and high
chemical stability, and has been used in many advanced
applications.>* The relatively low surface area of graphene,
however, limits its efficiency in energy storage devices.* To
overcome this drawback, significant attention has been focused
on the preparation of high surface area 2D porous carbon
materials that exhibit electrical conductivity.” 2D carbon mate-
rials can be synthesized by either top-down or bottom-up
approaches.® Top-down methods extract 2D carbon from bulk
materials, using methods such as exfoliation, while bottom-up
methods commonly use chemical vapor deposition, template
methods, or carbonization.” Bottom-up wet-chemical synthesis
approaches are less explored in this context, and carbon allo-
trope graphdiyne-type materials have only very recently been
reported using such methods.>® In principle, wet-chemical
synthesis methods allow for a degree of structural diversity
and fine tuning of properties such as porosity. Also, new high
carbon-content materials have the potential to exhibit high
charge-carrier mobilities and good physicochemical stability,
which are desirable properties applications such as gas storage
and separation,' photocatalysis," photodetectors,'” and energy
storage and generation,"” for instance in Li-ion batteries,"
supercapacitors,* fuel cells,* and perovskite solar cells.”

In this work, our initial goal was to synthesize a graphyne-
type material using a Sonogashira-Hagihara cross-coupling
reaction using a A,B,-type monomer, 2, bearing both bromide
and alkyne functionalities (Fig. 1a). The TMS-protected
precursor, 1, was synthesized using a previously reported
method" and deprotected to afford 2 which was used directly in
a Pd(0)-catalysed Sonogashira-Hagihara cross-coupling poly-
condensation reaction at 150 °C. A black powder (2D-PCM) was
formed, which after Soxhlet extraction to remove any unreacted
monomers or oligomers, was found to be insoluble in THF,
toluene, N,N-dimethylformamide, and N-methyl-2-pyrrolidone.
2D-PCM was stable under a variety of conditions, including in
1 M aqueous H,SO4, 6 M aqueous KOH, and 1 M Na,SO,
aqueous solution. Analysis by solid-state Magic Angle Spinning
(MAS) Nuclear Magnetic Resonance (NMR), X-Ray
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Fig. 1 (a) Synthesis of 2D-PCM; (b) photograph of 2D-PCM; (c) stack

plot of the 13C NMR spectra of 2D-PCM recorded at 9.4 T and under
magic angle spinning (MAS) at 10 kHz. (i) Directly excited **C NMR
spectrum, (i) 3C cross polarisation (CP) NMR spectra obtained at
contact times of 2 ms (top) and 50 ps (bottom). Further experimental
details are given in the ESI.{ The asterisks (*) at 30 ppm denote spin-
ning sidebands from the sp>-hybridized carbons at 130 ppm.

Photoelectron Spectroscopy (XPS), Fourier Transformation-
InfraRed (FT-IR) and chemical functional group tests revealed
that very few sp-hybridized carbons were present in the mate-
rial, which consisted mainly of sp*hybridized carbons. We
tentatively ascribe this to an in situ Bergman cyclization that
occurs after the initial Sonogashira-Hagihara cross-coupling
reaction to give a polyaromatic 2D porous carbon material.
Bergman cyclization' has been used previously in the poly-
condensation of aromatic diynes and multi-ethynyl aromatic
compounds at high temperatures to yield layered poly-
phenylenes®® and amorphous conjugated microporous poly-
mers, respectively.”® A reaction temperature of 150 °C was
required for this Sonogashira-Hagihara cross-coupling/
Bergman cyclization cascade reaction, but this temperature is
much lower than normally required for Bergman cyclization
reactions or the bottom-up synthesis of 2D carbon materials
from organic precursors.”” Sonogashira-Hagihara coupling of
the alkyne with the vinyl bromide results in an intermediate
enediyne that is poised for Bergman cyclisation. Unactivated
enediynes require high temperatures to undergo Bergman cyc-
lisation, but the temperature can be reduced significantly in the
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presence of metals via chelation-controlled cyclisation.”® We
propose that the palladium catalyst used for the Sonogashira-
Hagihara reaction also promotes the Bergman cyclisation
through chelation of the enediyne and enables the polymeri-
sation to occur at relatively low temperature in high yield. We
investigated the polymerisation reaction at various tempera-
tures ranging from 20 °C to 200 °C and found 150 °C to be
optimal for both yield and materials properties. No reaction was
observed in the absence of palladium catalyst, further sup-
porting the proposed cascade reaction sequence of palladium-
catalysed cross-coupling followed by Bergman cyclization.

The C MAS NMR spectrum of 2D-PCM obtained under
direct *C excitation (Fig. 1c(i)) showed a dominant signal
centred around 130 ppm that showed that the material was
composed almost entirely of sp>-hybridized carbons.?* This was
supported by the '>C spectra obtained under cross polarisation
(CP) from 'H (Fig. 1c(ii)), which indicated that this "*C reso-
nance arises from carbons that are strongly coupled to 'H; that
is, most likely protonated carbons. The signal is fairly broad
with a full width at half maximum of around 25 ppm, strongly
indicating inhomogeneous broadening and distribution of **C
chemical shifts that supports some significant structural
disorder. Two very small >C signals were also observed around
170 and 20 ppm (Fig. 1c(i)), which were tentatively assigned to
some residual N,N-dimethylformamide from the synthesis of
2D-PCM. Within the signal-to-noise of the directly excited "*C
NMR spectrum obtained (see Fig. S3t for an additional spec-
trum obtained with a longer recycle delay that would favour the
detection of unprotonated carbons), no sp-hybridized carbons
were observed in the 60-85 ppm region that would be expected
for highly conjugated systems such as polyynes* and poly-
enynes (e.g., poly(diacetylene)*® and poly(triacetylene)),”” thus
ruling out a graphyne-type material. To further probe the
absence of alkyne groups and sp-hybridized carbons, a number
of chemical functional group tests were performed
including bromination, azide-alkyne cycloaddition reaction
with an azo-dye, and oxidation with potassium permanganate
(Fig. S6-S111): all of these tests proved negative for alkyne
groups.

The morphology of 2D-PCM was studied by scanning elec-
tron microscope (SEM) and transition electron microscope
(TEM). This bulk material has macroscopic order and layers
that are clearly visible in the SEM and TEM. Such well-defined
layers are not typically observed for carbon materials made by
wet-chemical synthesis. SEM images of the material showed
that the material was composed of micrometre-sized, smooth-
surfaced sheets that were stacked together (Fig. S12at).
Several sheets were found to be irregularly aggregated at the
region near the edge of this bulk material (Fig. 2a and S12bf¥).
Another twisted edge of one of the aggregates gave a clearer
cross-sectional view of the sheet-by-sheet aggregated structure
(Fig. 2b). It appears that slits between the sheets of 2D-PCM
provide extra pore structures, which might contribute to the
total specific surface area and, hence, energy storage applica-
tions.”> TEM images showed that the aggregated sheets are
formed by layer-by-layer stacking of thin, flexible and wrinkled
graphene-like 2D layers (Fig. 2¢, d and S137).

This journal is © The Royal Society of Chemistry 2021
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Fig.2 (a and b) Scanning electron microscope of 2D-PCM at different
magnifications; (c and d) transmission electron microscope images of
2D-PCM at different magnifications.

Powder X-ray diffraction (PXRD) of 2D-PCM shows two broad
peaks at 22° and 40°, which can be assigned to the (002) and
(100) planes in the structure®® (Fig. 3a). This indicates an overall
3D amorphous structure of bulk material was formed by the
irregular stacking of layers that are formed during the wet
chemical synthesis. Raman spectroscopy of 2D-PCM reveals
three prominent peaks at 1365 cm ™', 1575 cm ™ * and 2800 cm ™ *
that are assigned to D band, G band and 2D band characteris-
tics based on comparison with other 2D carbon materials
(Fig. 3b).*** The D band corresponds to the breathing vibration
of sp” carbon domains and the intensity is strongly associated
with structural defects, while G band corresponds to the first-
order scattering of the E,, mode for in-phase stretching vibra-
tion of sp”> carbon domains.*® The intensity ratio of D band to G
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Fig. 3 (a) PXRD pattern of 2D-PCM; (b) Raman spectrum of 2D-PCM;
(c) full XPS spectrum shown from 0 up to 1100 eV and (d) in the C 1s
region 2D-PCM with fits.
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band is 0.83, indicating a relatively ordered structure in the bulk
material. A broad 2D peak at 2800 cm ™" indicates that a multi-
layered structure exists.** These results are consistent with the
layered structure observed by SEM and TEM. X-ray photoelec-
tron spectroscopy (XPS) shows that 2D-PCM is mainly
composed of carbon. A small amount of oxygen could be
observed, which was also observed by energy dispersive X-ray
spectroscopy (Fig. 3c and S47). The existence of oxygen can be
attributed to absorbed atmospheric O, and/or oxidization on
the surface when the sample is exposed to air.” The C 1s curve-
fit spectrum (Fig. 3d) shows two sub-peaks, C=C at 284.9 eV
and C-O at 287.0 eV.** IR spectra revealed absorption bands
around 1436 cm~ ' and 1622 cm™ ' that were assigned to the
skeletal vibrations of the aromatic rings and stretching vibra-
tions of C=C bonds (Fig. S5t). A very weak absorption band
located at 2170 em™ "' is assigned to C=C bond stretching
vibrations indicating the presence of some sp-hybridized
carbons—most likely terminal alkyne end groups—at
a concentration that could likely not be detected by solid-state
NMR.

The porosity of 2D-PCM was investigated by nitrogen
adsorption/desorption experiments at 77 K. An apparent Bru-
nauer-Emmett-Teller surface area (SAggr) of 575 m* g~ was
determined from the nitrogen sorption isotherm (Fig. 4a) with
a total pore volume of 0.4 cm® g~ * at P/P, = 0.99. The nitrogen
adsorption isotherm shows a steep uptake in the low relative
pressure range (P/P, < 0.01), indicative of micropores.*® At
higher relative pressure, the isotherm shows a continuous rise
with a H4-hysteresis loop indicating the presence of slit-like
mesopores.** We propose that these slit-like pores stem from
the irregular aggregation of the layers, as observed in the SEM
and TEM images. Pore size distributions were calculated from
the nitrogen sorption isotherms using non-local density func-
tional theory (NL-DFT) carbon slit pore model. 2D-PCM exhibits
a considerable fraction of micropores with a pore width range of
0.9 to 2 nm, and a proportion of mesopores with pore width
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Fig.4 (a) Nitrogen sorption isotherm of 2D-PCM measured at 77 K; (b)
pore size distribution of 2D-PCM calculated via a NL-DFT model based
on the N; sorption isotherm; (c) CO, adsorption of 2D-PCM measured
at 273 K; (d) pore size distribution curve of 2D-PCM calculated via
a NL-DFT model based on the CO, adsorption isotherm.
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between 2 to 6 nm (Fig. 4b). Besides the micropores and mes-
opores, which are formed by irregular aggregation, we postulate
that 2D-PCM might also have intrinsic ultramicropores within
its molecular network. Nitrogen adsorption experiments are not
suitable for the pore size analysis of these ultramicropores, and
we therefore carried out CO, adsorption measurements (Fig. 4c
and S16t) to probe this intrinsic ultramicroporosity.*® The pore
size distribution curve derived from the CO, adsorption
isotherm shows ultramicropores with pore widths of 0.36, 0.55
and 0.82 nm (Fig. 4d).

For supercapacitance measurements, a conventional three-
electrode set-up with 2D-PCM as the working electrode was
fabricated.®® Cyclic voltammetry (CV) curves at different scan
rates (5 mV s~ to 200 mV s~ ') showed a quasi-rectangular
shape suggesting electric double-layer capacitive characteris-
tics (Fig. 5a). Weak redox peaks superposed in the CV curves
indicate faradaic pseudocapacitance during the charge-
discharge process, which may be a result of the small amount of
oxygen in the structure. Galvanostatic charge-discharge tests
were carried out to further verify this observation. Fig. 5b shows
the typical charge-discharge profiles at the current density from
0.1 Ag ' to 10 A g . At the large current density, the curves
show nearly symmetrical triangular shapes, suggesting fast ion
and electron transport within the 2D-PCM electrodes. The
specific capacitance calculated by the slope of discharge curve
at the current density of 0.1 A g~ is approximately 378 F g™,
which is higher than many state-of-the-art 2D carbon-based
materials including reduced graphene oxide (42 F g™ %), 2D
porous carbon nanosheets (244-304 F g ' at 0.1 A g !),¥
nitrogen-doped holey graphitic carbon (206 Fg~"at 0.1 Ag™"),*®
2D conductive MOFs and 2D COFs (256-396 F g~ ' at
0.2 A g ')** (for more details see Fig. S171 and for a compre-
hensive compilation of literature data see Table S1t). The
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specific capacitance has a value of 175 F g~ ' even when the
current density is increased to 10 A ¢~ ', indicating a good rate
performance (Fig. 5¢).*> The maximum power (4.3 kW kg™~ ') and
energy density (69.4 kW h kg~ ') were calculated based on the
Ragone plot (Fig. S18f). We believe that this high specific
capacitance can be attributed, in part, to the high surface area
and hierarchical pore structure, which provides a large elec-
troactive electrode/electrolyte interface and enhanced electron
and ion transport within the material. High surface areas have
been shown to be beneficial for electrode materials in Li-ion
batteries’* and supercapacitors.”” We attribute the weak
alkyne stretching vibration band in the FT-IR spectra to
incomplete Bergman cyclization at the edges of the material. It
is conceivable that these residual alkyne linkages may be
lowering the atom density and increasing the theoretical
capacity,® when compared with purely sp>hybridized carbon
materials such as graphene. The inherent 2D layered structure
is likely to improve the conductivity, promoting fast charge
transmission.

The kinetic behaviour of 2D-PCM was studied with electro-
chemical impedance spectroscopy (EIS) in the frequency range
100 kHz to 0.01 Hz. Nyquist plots show a small quasi-semicircle
in the high-frequency range, followed by a straight sloped line
in the low-frequency region (Fig. 5d). The intercept with the Z/
axis is around 0.45 Q, representing internal resistance that
derives from the resistance of the electrolyte. The diameter of
the high-frequency semi-circle corresponds to the charge
transfer resistance (Rcp) of the electrode kinetics. 2D-PCM
possesses a Ror of 0.30 Q, which is significantly lower than that
of other 2D porous materials, including graphene coupled
porous polymers (0.69 Q),** Aza-CMP (1.40 ©Q)* and graphdiyne
(14.7 Q).* In the low-frequency region, 2D-PCM displays linear
plots with a relatively large slope, indicating a low diffusive
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(a) Cyclic voltammograms; (b) galvanostatic charge—discharge curves; (c) specific capacitance at various current densities; (d) Nyquist

plots with the inset showing the enlarged part of the high-frequency region; (e) imaginary part capacitance—frequency curves of 2D-PCM
electrode; (f) capacitance of 2D-PCM for a 2500-cycle charge—discharge stability tested at a current density of 1 A g™,
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resistance of electrolyte ion within the hierarchical pores. The
imaginary part capacitance-frequency curves derived from
Electrochemical Impedance Spectroscopy (EIS) profiles can be
used to evaluate the charge-discharge performance of electrode
materials (Fig. 5e). The location of the peak in the curves
represents the relaxation frequency (fz), at which purely resis-
tive behaviour is transformed into purely capacitive behaviour.
Calculated from the reciprocal of 27tfg, the relaxation time 7y of
2D-PCM is 0.51 s, indicating a fast charging and discharging
capability and thus a high-power density. We also assembled
a two-electrode system supercapacitor device and tested the
stability by cycling experiments. 2D-PCM exhibited excellent
performance stability without loss in capacitance after 2500
charge-discharge cycles at current density of 1 A g~ (Fig. 5f).
Overall, 2D-PCM exhibited good energy storage performance
with excellent cycle life.

Conclusions

In summary, a bulk polyaromatic 2D porous carbon material
(2D-PCM) was synthesized using a Sonogashira-Hagihara cross-
coupling polycondensation reaction with a A,B,-type monomer
containing both bromide and alkyne functionalities. Spectro-
scopic and chemical analysis of the material determined that
the expected graphyne-like material was not obtained, but
rather a polyaromatic material containing sp*-hybridized
carbons. We propose that this is the result of a Bergman-type
cyclization after the Sonogashira-Hagihara coupling reaction.
SEM and TEM images reveal well-defined stacked layers that are
similar to irregular graphite.*” 2D-PCM is highly porous with
a hierarchical pore structure and a Brunauer-Emmett-Teller
surface area of 575 m* g ', and has excellent electrochemical
performance as an electrode in supercapacitors with a specific
capacitance of 378 F g~ ' at the current density of 0.1 A g™,
which surpasses many state-of-the-art carbon materials.
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