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The covalent triazine frameworks (CTFs) were organized
three-dimensionally on the carbon nano-onion (CNO)
surface, creating CTF-CNO systems with organized
hierarchical porosity. High porosity, about 2000 m? g7, the
presence of interconnected pores and highly graphitized
domains, and a high percentage of the pyridinic-N, the
pyrrolic-N, and graphitic-N atoms significantly increased
the electrochemical performance of the obtained
composites. The efficient combination of all these factors
made composites excellent electrode materials. Due to
these features, the CTF-CNO materials showed attractive
properties for practical applications in electrochemistry.
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Covalent triazine frameworks (CTFs) constitute an emerging class of high-performance materials due to
their porosity and the possibility of structural control at the molecular or atomic level. However, use of
CTFs as electrodes in supercapacitors is hampered by their low electrical conductivity and a strong
stacking effect between adjacent CTF sheets. Herein, two series of hybrid carbon nano-onion-based
CTFs are designed and successfully synthesized using an ionothermal process at 700 °C. The CTFs
could undergo framework growth in two or four directions, which was related to a defined number of
nitrile groups in the substrate. CTF counterparts without carbon nano-onions were also synthesized as
reference materials. The carbon nanocomposites exhibited excellent specific capacitances, with the
highest value exceeding 495 F g™, It should be emphasized that the specific capacitance value of hybrid
materials was 1.5-2 times higher than that of the reference CTFs. This study examined the factors
responsible for such a significant increase in electrochemical efficiency. This strategy has significantly
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expanded the scope and application of CTFs as electrode materials for electrochemical energy storage
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1. Introduction

The demand for advanced materials used for power devices is
constantly growing, and the focus is on the search for safer and
more efficient solutions. These include, among others, capaci-
tors that are counted to future technology and devices with
unique electrochemical properties that can store a large
amount of electric charges. In most cases, the maximum charge
is related to the electrode surface area, accessibility to electro-
lyte ions, surface morphology, and electrical conductivity.'
According to energy storage mechanisms, capacitors can be
classified as electric double-layer capacitors (EDLCs) and
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pseudocapacitors.” EDLCs are superior to conventional bat-
teries due to their valuable properties, such as high power
density, long durability, and fast charging-discharging.’ The
search for improving EDLC performance is directly connected
to the development of novel materials for electrodes, which will
ensure the appropriate operational parameters of the devices.
So far, carbon materials focusing on nano-structured and nano-
engineered forms have been commonly used in energy storage
devices, including supercapacitors (SCs)."">* A sizeable active
surface area and high porosity should primarily characterize
the electrode material made of nanoscale materials—theoreti-
cally, the higher the surface area and electrolyte concentration,
the higher the capacitance values.

In connection with the above guidelines, we proposed a
combination of carbon nanostructures and spherical multilayer
fullerenes (called carbon nano-onions, CNOs) with covalent
triazine frameworks (CTFs) to create nanocomposites for
SCs.>® The combination of materials with differential chemical
characters increases the capacity and porosity of electrodes,
reaching better electrochemical performances.” Moreover, com-
bining faradaic and non-faradaic processes in SCs can achieve
higher energy and power density while maintaining long-term
electrochemical stability. Our studies show that using CNOs
during the synthesis of macromolecular systems may organize
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the organic framework of oligomers,® polymers>'® or CTFs®
and alter the uniform distribution of pores and pore sizes
(micropores (<2 nm), mesopores (2-50 nm) and macropores
(> 50 nm)) within the materials. Additionally, the combination
of two components also guarantees an increase in the total
porosity of the material, which is critical when using them as
electrodes in SCs.

We are using CNOs obtained via thermal annealing of
nanodiamonds, which leads to the formation of nanostructures
of small sizes (diameter in the range of 5-6 nm)."* The CNO is a
zero-dimensional carbon nanoparticle with a multilayer sphe-
rical graphite structure of 1.4-50 nm in diameter."* The large
graphite surface of CNOs (with sp*hybridized C atoms) enables
the formation of supramolecular systems using covalent'>™*
and non-covalent functionalization, for example, through elec-
trostatic, van der Waals, and n-n interactions.'**® These func-
tionalizations allow controlling of the physical and chemical
properties of carbon nanostructures, which in turn enable their
versatile applications.n**7721

We used nitrogen-rich triazine units that form CTFs to
modify the CNO surface.>® CTFs are stable and can withstand
harsh acidic or alkaline conditions that are destructive to
other porous organic polymers. CTFs possess highly conjugated
structures and exhibit semiconductive properties, making it
possible to use them in SCs. Notably, the high N atom content
and the large surface area must be considered to achieve high
efficiency in energy storage devices.>” The first reports of the
application of CTFs as SCs date back to 2012.>*>° There have
been few reports of CTFs with specific capacitance values
exceeding 500 F g™, ie., anthracene-based CTFs,*® a series
of bicarbazole-based CTFs,”” pyrene-functionalized CTFs,?®
and polyethynylbenzonitrile-derived frameworks.?® Other CTFs
with relatively high capacitance include tetracyanoquinodi-
methane,*® bipyridine,*" halogen-substituted derivatives,** and
pyridine.*® These materials have suitable N atom contents,
hierarchical micro-mesoporous properties, and high specific
surface areas with abundant channels for charges, resulting in
remarkable cycle stability, high capacity retention, and excellent
coulombic efficiencies.

Herein, we design CTFs with different pore diameters and
their hybrids with CNOs. Symmetrically substituted moieties
with nitrile groups were used to obtain the desired CTFs. One of
them, ie., tetraarylpyrrole[3,2-b]pyrrole, was applied for the
first time by our group as a core in a CTF structure.® It is well
known that a small amount of the CNO is enough to markedly
increase the surface area of the hybrid material and improve its
electrochemical properties.®*

2. Results and discussion

2.1. Syntheses of CTF and CTF-CNO materials

Four compounds were selected for syntheses of pristine CTFs
and CNO-based CTFs. Two of them, namely 1,4-dicyano-
benzene (2CN-1)*>*° and 7,7,8,8-tetracyanoquinodimethane
(4CN-1),*° are known as building blocks of organic skeletons,
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forming two-dimensional (2D) macrostructures with a repeat-
ing structural organization (Fig. 1). We used known substrates
to study the effects of CNO additives on the structural and
chemical properties of the synthesized materials. The other
two monomers are pyrrolopyrroles, such as 1,4-bis(6-methyl-
benzo[d]thiazol-2-yl)-2,5-bis(4-cyanophenyl)-1,4-dihydropyrrolo-
[3,2-b]pyrrole (2CN-2) and 1,2,4,5-tetrakis(4-cyanophenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole (4CN-2), which have never been
used for these purposes. The new monomers differed in the
number of benzonitrile groups substituted in the pyrrolopyr-
role core. 2CN-2 and 4CN-2 contained two and four benzonitrile
substituents, respectively. Additionally, in the 2CN-2 structure,
two benzothiazole substituents are linked to the pyrrolepyrrole
core. These substrates synthesized CTFs covalently attached to
the CNO surface (CTF-CNO).

Given the experimental determination of the structure, it
was expected that tetraaryl-substituted 1,4-dihydropyrrolo[3,2-
b]pyrrole monomers with four -CN groups would form a more
cross-linked, less ordered framework.>® Conversely, such a
skeleton should have a higher N atom content. Adding rela-
tively large CNO structures can result in the framework orga-
nization in the three-dimensional (3D) architecture, where the
CNO may separate the adjacent CTF sheets. It is very desirable
in the case of amorphous frameworks composed of substrates
with four -CN groups. Moreover, the nanostructural carbon size
may induce a specific orientation of the framework in space.

Pyrrolepyrroles were synthesized in a condensation reaction
using iron(m) perchloride hydrate as a catalyst using a simple,
straightforward methodology.*” Pyrrolopyrrole-based and com-
mercially available substrates were pyrolyzed at 700 °C with
ZnCl, in an ionothermal process to obtain pristine CTFs
(Fig. 1). The covalently modified CNOs (CNO-CN, 5 wt%)>* were
pyrolyzed with the appropriate monomers to obtain the hybrid
CTF-CNO materials. ZnCl, can act as a catalyst, solvent, and
porogen.

2.2. Structural characterization of CTF and CTF-CNO

Fourier transform infrared (FTIR) spectroscopy was used to
evaluate the synthesis of CTF and CTF-CNO. The trimerization
of all the substrates was confirmed by FTIR spectroscopy
(Fig. 2). The complete trimerization of the monomers was
indicated by the absence of a carbonitrile band at 2230 cm™*
in the spectra of the formed materials (Fig. 2A-C, respectively).*
Furthermore, all CTFs gave rise to a band at approximately
1630 ecm ', the characteristic of the C=N stretching vibration,
indicating the successful formation of triazine graphitic-like
domains (Fig. 2B and C).*® This band may also be attributed to
aromatic C—=C skeletal vibrations, indicating the presence of
a graphite structure.’* Moreover, the bands between 1550 and
1120 em ™! correspond to the N-doped graphitic domains, which
are related to graphitic C—C vibrations, N—H stretching, C-N
stretching of aromatic amines in benzenoid units, and in-plane
distortion vibrations of the C-H bonds in benzene rings.**"*! The
broad overlapping bands in the range of 2900-2800 cm ™' were
attributed to stretching deformation vibrations of aromatic C-H,
suggesting the presence of sp*-hybridized carbon atoms in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative schematic synthesis of CTF and CTF—CNO materials.
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Fig. 2 FTIR spectra of (A) monomers, (B) CTF materials and (C) CTF-CNO
materials.
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CTF and CTF-CNO materials (Fig. 2B and C).** Moreover, a broad,
strong band extending from 3600 to 3000 cm™ " was attributed
to the stretching vibrations of N-H and aromatic (—C-H)
groups and their intra- and intermolecular hydrogen bonding
(Fig. 2B and C).

The solid-state >*C NMR measurement further confirmed
the structures of CTF and CTF-CNO materials. As shown in
Fig. S6 (ESIt), aromatic regions are located in the range of
140 to 110 ppm in all spectra of CTFs. Moreover, the chemical
shifts at 165-170 ppm are present that can be assigned to
the carbon signal from triazine rings.** Although the relative
intensity of this peak is small, its presence indicated the
formation of triazine rings. The signal constituting the aro-
matic region becomes broader for CTF-CNO hybrids (CTF-2CN-
1-CNO and CTF-4CN-1-CNO), which may indicate a higher
degree of carbonization.** In the spectra of pyrrolo[3,2-b]pyr-
role-based CTFs (pristine and hybrids of CTF-2CN-2 and CTF-
4CN-2), there are more aromatic carbon signals, which is
related to the presence of pyrrole carbons (see the spectrum
of the substrate 2CN-2, Fig. S2, ESIY).

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the elemental compositions of the CTF and CTF-CNO
materials. The results indicated that all the studied materials
contain C and N atoms with contents between 82 and 91 at%
and 4 and 9.5 at%, respectively (Table S1, ESIT). The distribu-
tion of elements was defined due to the deconvolution of the
high-resolution spectral C 1s (Fig. S5, ESIf) and N 1s (Fig. 3)
regions. The C 1s XPS analysis showed that all the materials

Mater. Adv., 2024, 5,1065-1077 | 1067
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Fig. 3 XPS N 1s spectra of the CTF and CTF—CNO spectral regions.

had a similar distribution pattern of functional groups and
defects (Fig. S5 and Tables S2, S3, ESIt). The prominent peak at
~284.5 eV was assigned to the sp>hybridized C atom in C=C
(graphitic/aromatic structure).>**>*® The peaks at ~285.0,
~285.6, and ~286.4 eV were related to the C-H sp*, C-C sp°,
and C=N moieties, respectively (Tables S2 and S3, ESI{).*®
There were also peaks attributed to C-O-C, C=0, and C-N-C
groups, with a total content below 10 at%.*>*® It should
be noted that CTF-2CN-2 triazine has a significant content of
C-N-C groups in its structure (~288.9 eV),*® compared to other
triazines, corresponding to approximately 5 at%.

All the materials also containing some defects (~283.8 eV),
which in the CTF, were mainly related to the presence of single
and double C vacancies.*”*® After the covalent immobilization
of the CTF sheets on the CNO surface, the number of defects
in the materials increased, which was mainly attributed to
the disruption of the C—C bonds with sp>hybridization in
the CNO.

An increase in sp>-hybridized C atoms and a decrease in sp*-
hybridized C atoms for the pair of CTF-2CN-2-CNO and
CTF-2CN-2 and a couple of CTF-4CN-2-CNO and CTF-4CN-2
(Tables S2 and S3, ESIt), respectively, displayed improvement
in graphitic-like domains in the systems. The opposite trans-
formation of C atoms was observed for CTF-2CN-1 after CNO
addition (CTF-2CN-1-CNO). Moreover, the elemental composi-
tions of CTF materials were analyzed by elemental analysis, and
the results are summarized in Table S1 (ESIf), along with the
distribution of elements obtained from XPS. The number of N
atoms expressed as a percentage determined by elemental
analysis and XPS is almost always consistent. By elemental
analysis, we also confirmed the presence of sulfur atoms
for CTF-2CN-2 and CTF-2CN-2-CNO at 9.23 and 11.36%,

1068 | Mater. Adv, 2024, 5,1065-1077

respectively. We observed some discrepancies in the amount
of determined carbon. These differences may result from the
nature of the measurements of both methods and their accu-
racy. XPS is the surface analysis of materials. The elemental
analysis leads to the complete degradation of the materials and
determines the content of individual elements in the entire
volume.

The deconvoluted XPS spectra for the N 1s binding state
indicated that N was present in four different chemical environ-
ments in the CTF and CTF-CNO materials (Fig. 3 and Tables S4,
S5, ESIT). Three peaks, namely, pyridinic-N in the covalent triazine
skeleton (~398.3 eV),*>* pyrrolic-N (~400.0 eV),”" and tertiary
amine in a graphitic network (graphitic-N, ~401.2 eV), were
dominant in the spectra of all the synthesized materials.>"?
The pyridinic-N atoms were the main contribution, with a content
of approximately 40 at% for all the materials, excluding CTF-2CN-
2, for which this value was approximately 31 at%, followed by
pyrrolic-N (about 28-34 at%) and graphitic-N (about 21-25 at%)
(Tables S2-S5, ESIT). The graphitic-N atoms were originated from
sp>-hybridized N, bonded with three adjacent sp>hybridized C
atoms.” The N atoms were partially bound in the hexagonal
network of graphene. The N atoms appearing in a much smaller
amount from 4.1 to 7.1 at% were assigned to the quaternary
graphitic N atoms (~402.8 eV).’>>

High-resolution transmission electron microscopy (HRTEM)
studies were performed to analyze the structural organization
of the CTF, as well as the effect of adding CNOs to the 2D
triazine frameworks. Amorphous phases and crystalline zones
were present in all the synthesized materials.>® This hetero-
geneity in structure may result in higher structural stability and
higher conductivity of the hybrid materials. Moreover, the
HRTEM images of CTF-CNO hybrids showed the presence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CNOs and graphene ribbons in the structure (Fig. 4F), which
increased the crystallinity of the materials. Scanning transmis-
sion electron microscopy (STEM) in conjunction with energy-
dispersive X-ray (EDX) spectroscopy was used to evaluate the
distribution of atoms constituting the synthesized materials
and their elemental homogeneity (Fig. 4G and H). The STEM-
EDX maps recorded after scanning the CTF-4CN-2-CNO surface
show the distribution of the C and N atoms in the material,
with a significant predominance of C. The N atoms were not
evenly distributed in the material.

Fig. 4G clearly shows areas with a large amount of N
(marked in purple) and darkened areas, which indicate the
lack of N. The violet regions, indicating the presence of N
atoms, replicated the skeleton of the CTF; therefore, the shaded
areas correspond to pores present in the material, which were
interconnected. The material’s structure with interconnected
pores is expected to favor the transport of ions to the electrode
surface, which should effectively affect the electrochemical
properties of the material.>® In short, in the case of electrodes
with many interconnected pores, an even distribution of con-
tact between the electrode and the electrolyte is ensured,
improving the mass transfer of electrolyte ions into the
electrode.”>” At the same time, in the case of materials with
high graphitization and porosity, during repeated charging and
discharging of the electrodes, they maintain a 3D structure very
well, which ensures their high mechanical stability. Thus, a
further advantage of such electrodes is that their porous con-
struction allows the interconnected walls to expand into
the open pores, preventing the walls from pulverizing while
exhibiting an extremely high level of structural integrity.>”>®

Our X-ray powder diffraction (XRD) experiments indicated
the transformation of nanodiamond (ND) particles into CNOs

© 2024 The Author(s). Published by the Royal Society of Chemistry

at 1650 °C (Fig. 5), at which point we synthesized CNOs. The
XRD patterns of the ND and CNO show the presence of a
mixture of various phases with different intensities for both
materials. For the ND, the most substantial reflection at
approximately 20 = 43.8° corresponded to the diffraction on
the (111) basal plane of the diamond structure.” A broad peak
in the 20-27° range was also observed, suggesting a certain
amount of a graphite-like phase.®®®" For the CNO nanostruc-
tures, these two reflections were also present in similar degrees
of theta angles, but their intensity and nature differed. An asym-
metric second peak with a maximum of approximately 43.0° was
observed, which was attributed to the (002) and (100) graphite
planes.®” The broad asymmetric peak centered at approximately
23-27° suggests contributions of some sp>-bonded carbons in the
CNO structures. Its asymmetry can be divided into two subpeaks
characteristic of turbostratic and graphitic carbon.®*®* For all CTF
and CTF-CNO materials, these relatively broad peaks attributed to
sp>- and sp*>-hybridized C atoms were also predominant. Diffrac-
tion broadening originates primarily from the size of the grains.
However, a further influence of strains and defects in the semi-
crystal material on diffraction broadening cannot be excluded and
requires additional studies.

Some other reflections, which were sharp with low intensity,
were observed for CTF-2CN-1-CNO and CTF-4CN-2-CNO. The
peaks at 27.6° and 28.9° were attributed to a layered structural
motif, stacked chains of s-triazine and tri-s-triazine units,®™®’
which can be attributed to a pseudo-(002) stacking motif of
the graphitic carbon nitride (g-C3;N,) domains, similar to
the turbostratic phase of graphite.®® The interlayer stacking
reflection is the characteristic of conjugated aromatic structures —
polymerized triazine- and tri-s-triazine-based g-C;N,.°>”° This
arrangement is so-called triazine-based g-C3N,.°>”" These motifs

Mater. Adv,, 2024, 5,1065-1077 | 1069
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1-CNO, CTF-4CN-2 and CTF-4CN-2-CNO.

can be formed under several conditions, including the appropri-
ate number of N atoms relative to the number of C atoms, the
pyrolysis temperature, the pore structure, the planarity of the
triazine ring, etc. The other two signals for CTF-2CN-1-CNO and
CTF-4CN-2-CNO were the observable characteristics of the graphi-
tic structure. These results reveal the (101) and (004) reflections at
47.4° and 56.29° (CTF-2CN-1-CNO) and 56.09° (CTF-4CN-2-CNO)
and the characteristic of g-C;N,.”> These microstructures suggest
the presence of highly graphitized domains in the materials.

The CTF and CTF-CNO materials decompose almost totally
in an air atmosphere, showing one significant weight loss
between 430 and 700 °C with the maximum degradation at
540-610 °C (Fig. S10, ESIt). The second, much smaller degrada-
tion of up to 10% of the materials occurs up to 250 °C, with a
maximum at about 140 °C. The more significant weight loss
is observed for nanocomposites containing CTF-4CN-1 and
CTF-4CN-2, e.g., systems containing more heterocyclic rings
in the skeleton. It should be emphasized that this stage is
observed in both pristine CTFs and nanocomposites and has an
analogous course. This proves that the CTF and CNO after the
pyrolysis process at high temperatures indicate a high chemical
and structural similarity of the obtained carbonaceous materials;
the CTF is subject to the graphitization process. Both the CTF and
the CNO are made of pentagonal and hexagonal carbon rings.
Generally, pyrolyzed materials show high thermal stability up to
600 °C, and their decomposition profiles are similar, degrading
continuously over the entire temperature range applied. The CTF
and CTF-CNO materials pyrolyzed at high temperatures have
a high degree of structural organization and graphitization,
resulting in increased thermal stability.

2.3. Textural and electrochemical characteristics of CTF and
CTF-CNO

Low-temperature nitrogen adsorption-desorption isotherms
were measured at —196 °C. Using Brunauer-Emmett-Teller
(BET) theory, the surface area (Sger) was calculated via
the approach proposed by Rouquerol et al.”® The pore size
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distribution (PSD) was calculated by nonlocal density func-
tional theory (DFT) for slit-like carbon nanopores.”*”® Consi-
dering the mechanism of these processes, the differential PSDs
were analyzed (Fig. 6 and Fig. S7, ESIf), and cumulative
nanopore volume distributions (Fig. S7, ESI{) and the micro-
pore (Vmicro) and mesopore (Vineso) values were calculated
(Table 1).

Most of the nitrogen adsorption-desorption curves shown in
Fig. 6 (CTF-2CN-1, CTF-2CN-2, and CTF-4CN-2) are type IVa
isotherms according to the IUPAC classification and the char-
acteristic of materials with a predominance of mesopores.
The exception is the type I isotherm recorded for CTF-4CN-1
(Fig. 6C), which suggests the microporous nature of this
sample. The addition of CNOs impacted the CTF material
porosity, and the observed effect strongly depended on the
synthesized systems’ structural geometry. Namely, the diameter
of the CTF ring (see Fig. 1) determined the total pore volume,
including the share of micro- and mesopores and Sgpr (see
Table 1). There is an ongoing debate over applying the BET
evaluation to evaluate the specific surface area of materials with
a relevant proportion of micropores and small mesopores.””"”®
Despite these doubts, we decided to use this model because
it allows us to compare our results with the literature data
(Table S6, ESIf), and the obtained surface area is in fact
apparent. In the case of CTF-2CN-1-CNO and CTF-4CN-1-CNO
materials containing smaller CTF rings in their structures
(Fig. 1), the introduction of CNOs increased Sggr (Table 1).

In contrast, the CTF-2CN-2-CNO and CTF-4CN-2-CNO
materials, with a larger diameter of the CTF rings, exhibited
lower Sggr values than the corresponding CTFs without CNOs
(Fig. 1 and Table 1). In addition, it should be emphasized that
the increase in porosity observed for the CTF-2CN-1-CNO and
CTF-4CN-1-CNO systems originated via a different mechanism
because of the diverse nature of the pristine CTF, namely, the
nanoporosity (micro- and mesoporosity with pores having
diameters smaller than ca. 100 nm). For the CTF-2CN-1-CNO
system, the appearance of CNOs led to a reduction in the Vieso

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 N, adsorption—desorption isotherms and differential pore size distributions (inset) of the analyzed materials: (A) CTF-2CN-1 and CTF-2CN-1-
CNO; (B) CTF-2CN-2 and CTF-2CN-2-CNO; (C) CTF-4CN-1 and CTF-4CN-1-CNO; and (D) CTF-4CN-2 and CTF-4CN-2-CNO.

Table 1 Textural characteristics of nanopores determined from low-temperature adsorption—-desorption of N,

Material SBET (1’1’12 g71) Vmicro (Cm3 g71) Vmeso (C’m3 gil) Vtotal [cm3 gil)
CTF-2CN-1 1612 0.55 0.52 1.10
CTF-2CN-1-CNO 2143 0.88 0.22 1.10
CTF-2CN-2 2260 0.62 1.09 1.71
CTF-2CN-2-CNO 1625 0.53 0.82 1.35
CTF-4CN-1 1835 0.82 0 0.82
CTF-4CN-1-CNO 2126 0.96 0 0.96
CTF-4CN-2 1962 0.63 0.73 1.36
CTF-4CN-2-CNO 1786 0.55 0.78 1.33

value, indicating a transformation of mesopores into micro-
pores (Table 1, Fig. 6A inset and Fig. S6, ESIf). For the
remaining systems in which the decrease in the nanopore
volume occurred after CNO addition; for example, in the
CTF-4CN-1-CNO system, the result was mainly caused by the
decline in the Vipicro and Vineso values (Table 1, Fig. 6C inset and
Fig. S6, ESTY).

The nanopore diameters of all the studied systems were very
similar. Namely, three groups of small ultramicropores (width
smaller than 0.7 nm) with diameters of approximately 0.5 nm,
and supermicropores with diameters of 1.4 nm and 1.8 nm were
observed. Except for two microporous systems, the mesopore

© 2024 The Author(s). Published by the Royal Society of Chemistry

diameters were about 2.75 nm and 3.5 nm. The only exception
was CTF-2CN-2-CNO, where mesopores of approximately 3.5 nm
were not observed in the structure.

The cyclic voltammetry (CV) curves of all the synthesized
CTF and CTF-CNO materials (Fig. 7A-D) indicated the capaci-
tive nature of these materials, which is promising in the context
of their potential use in SCs. On the other hand, the observed
deviations from the shape of a perfect rectangle suggest the
poor electrical conductivity of the tested material and the
pseudocapacitance contribution in the electrode processes.

The last one is most likely due to the presence of N atoms
in the skeleton of the synthesized CTF. Specifically, the CV

Mater. Adv,, 2024, 5,1065-1077 | 1071
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root of the scan rate at 0.2 V.

Table 2 Specific capacitances, energy densities and power densities calculated from the CV and GCD studies

Material Cs calculated from CV (F g ) Cs calculated from GCD (F g ) Es (Whkg) Ps (Wkg™ )
CTF-2CN-1 204 =+ 10 81+5(8AgY 2 1712
CTF-2CN-1-CNO 366 =+ 10 137 £ 8(8AgY 6 1996
CTF-2CN-2 294 + 15 133+5B8AgY 5 1842
CTF-2CN-2-CNO 486 + 12 205+ 10 (8 Ag Y 8 2007
CTF-4CN-1 250 =+ 12 114 +10(8A g Y 3 1674
CTF-4CN-1-CNO 495 + 15 303+ 6(2Ag Y 13 522
278 £12 (4 Ag Y 12 1033
258 +12 (6 Ag ") 10 1500
237+11(8AgY) 9 1970
CTF-4CN-2 255 =+ 10 123 +10(8Ag Y 4 1771
CTF-4CN-2-CNO 393 + 10 171+ 5(8Ag Y 6 1933

recorded for the CTF and CTF-CNO in 1 M H,SO, solution
exhibited deviations from a rectangular shape due to the
protonation/deprotonation of N atoms with electron lone pairs
exposed to an acidic solution.”® It should also be emphasized
that the addition of CNOs caused a significant increase in the
electrochemical capacitance values of the composites com-
pared to those of the corresponding pristine CTFs. The highest
specific capacitances (Cs) calculated from CV measurements
are summarized in Table 2, with values of 366 F g~ ' (CTF-2CN-
1-CNO), 393 F g ' (CTF-4CN-2-CNO), 486 F g ' (CTF-2CN-2-
CNO) and 495 F g~ ' (CTF-4CN-1-CNO). The influence of the
scan rate on the current value, as recorded on the electrodes
modified with the obtained materials, was also investigated.
The CV recorded for the selected CTF-4CN-1-CNO material is

1072 | Mater. Adv.,, 2024, 5,1065-1077

shown in Fig. 7E. The analysis showed a linear relationship
between the current recorded at 0.2 V vs. Ag/AgCl and the
square root of the scan rate (Fig. 7F), which proves that the
observed process was diffusion-controlled.

Further investigation of the mechanism of the electrode
process was performed using electrochemical impedance
spectroscopy (EIS). The Nyquist plots obtained for CTF and
CTF-CNO materials differed in the spectrum range (Fig. S9,
ESIT). The loop corresponding to the contact resistance
between the electrode and the porous modifier layer, observed
at high frequencies, was more significant in the EIS spectra
recorded for pristine CTFs (Fig. S9A, ESIf). In turn, at low
frequencies, the behavior of electrodes modified with CTF-CNO
materials was strongly controlled by diffusion. It is evidenced by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) and (B) GCD curves of different materials recorded in 1 M H,SOy, at a specific current of 8 A g~*. (C) GCD curves of CTF-4CN-1-CNO materials

at different specific currents. (D) Ragone plots of the specific energy and power of CTF-CNO materials. (E) Capacitance retention as a function of cycle
number for CTF-4CN-1-CNO materials at a specific current of 16 A g™ (inset: first and last 10 GCD cycles).

the slope of the linear part of the Nyquist plot close to 45 degrees
(Fig. S9B, ESIf). The impedance spectra of CTF-4CN-1-CNO
recorded at different potentials (Fig. S9C, ESIt) confirm that this
material can be used in the potential window from —0.6 to +0.6 V.
The electrical equivalent circuit proposed for the obtained elec-
trodes consists of a constant phase element (CPE) representing
the capacitance, solution resistance (Rg), charge-transfer resis-
tance (R.), and the Warburg impedance (Zy) representing the
transport of counter-ions through the layer during its charging
(Fig. S9C inset, ESIt).

To confirm the electrochemical properties of the materials,
they were also subjected to galvanostatic charge-discharge
(GCD) tests with two-electrode configurations (Fig. 8A and B).
In a wide positive potential window (0 to +0.6 V vs. Ag/AgCl), the
GCD cycles showed a triangular shape with a slight deviation
from a perfect profile observed in the part of the curve corres-
ponding to the discharge process. The conclusions drawn from
the GCD tests are similar to those obtained by the CV analysis.
Namely, the studied materials showed a capacitive nature, but
the course of the charging and discharging processes also
indicated the participation of some pseudocapacitive currents.

The Cg values determined from the GCD measurements at a
current density of 8 A g~' were lower than the Cs values
calculated from the CV curves (Table 2). This discrepancy
results from relatively high current density and using a two-
electrode configuration in the GCD electrochemical studies (CV
measurements were carried out using a three-electrode system).
The Cg values were also calculated for CTF-4CN-1-CNO at

© 2024 The Author(s). Published by the Royal Society of Chemistry

different current densities (Fig. 8C). The Cs value was 303 F g~
at 2 A g, 66% of this value (237 F g ). It indicates that the
interconnected micropore structure provides an efficient pathway
for the electrolyte ion movement through the porous carbon
materials.

Analysis of the GCD cycles recorded for the CTF-CNO
materials at different current densities, an example of which
is shown in Fig. 8C, also allowed us to determine the values of
energy density (Egensity) and power density (Pgensity) (Table 2).
The high active surface area of the porous electrodes increased
Egensity, While the charge storage mechanism of EDL led to a
high Pgensity-~ The relationship between these parameters is
presented in Ragone plots (Fig. 8D). High values of Egensity
indicate the excellent prospects of using the obtained struc-
tures to form SCs. For the material showing the best electro-
chemical properties (CTF-4CN-1-CNO), we also tested the
capacitive retention after 10000 cycles at a current density of
16 A g ' (Fig. 8E). The capacitive retention was maintained at
91% of its initial value (Fig. 8E), and the shape of the recorded
curves remained unchanged.

The Cg values calculated for the obtained materials in an
aqueous acidic solution were much higher than those typically
reported for carbon-based SCs (50-200 F g ').%° In theESI, T we
also showed a summary of the specific capacitance for other
triazine systems in correlation with the materials obtained by
our group (Table S6, ESIt). The Cs values of CTF and composite
materials (CNO-CTF) are in the upper limit of the specific
capacitance value, and a value of 303 (2 A g~ ") recorded in the

Mater. Adv,, 2024, 5,1065-1077 | 1073
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two-electrode system for CTF-4CN-1-CNO is the highest value
recorded in the literature. The Cs values usually correlate
with the specific surface area ranging from approximately
500 m? g~ ' to 1000-2000 m> g~ . For our materials, with Sgpr
values ranging from 1800 to 2200 m* g~ !, we achieved higher Cg
values within the 200-500 F g~ ' range for a three-electrode
system and up to 300 F g~* for a two-electrode system. The
highest Cs value was obtained for the CTF-4CN-1-CNO material,
for which Sgpr was 2126 m> g ', indicating the substantial
contribution of microporosity.

3. Experimental

3.1. Materials

4-Cyanobenzaldehyde (98%), 4-cyanoaniline (98%), 2-amino-6-
methylbenzothiazole (98%), 1,4-dicyanobenzene (98%), 7,7,8,8-
tetracyanoquinodimethane (98%), iron(in) perchlorate hydrate
Fe(ClO,4);-H,O (crystalline), diacetyl (pure), and anhydrous zinc
chloride (98%) were purchased from Sigma-Aldrich, USA. Gla-
cial acetic acid (99.5-99.9%), methanol (99.8%), THF (99.5%),
ethanol (96%), and concentrated hydrochloric acid (HCI) were
purchased from Avantor Performance Materials Poland S.A.
Toluene (99.8%), acetonitrile (99.8%), and dichlorobenzene
(99%) were purchased from Sigma-Aldrich, USA. All reagents
and solvents were used as received. Nanodiamond (ND, pow-
der, 97 wt%, Carbodeon Diamond ®Molto) with a crystal size of
4.2 + 0.5 nm was used for the preparation of CNOs (annealing
treatment under an inert atmosphere and reduced pressure of
ultradispersed ND particles).®"

The CTFs were labeled according to the number of nitrile
groups (-CN). The CTFs with two -CN groups were denoted
as 2CN-X (1,4-dicyanobenzene and 1,4-bis(6-methylbenzo[d]-
thiazol-2-y1)-2,5-bis(4-cyanophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole),
and those with four -CN groups were denoted as 4CN-X (7,7,8,8-
tetracyanoquinodimethane and 1,2,4,5-tetrakis(4-cyanophenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole), where X is 1 for known materials and
2 for new materials (pyrrolopyrrole-based).

All CTFs were synthesized by grinding the monomer with
ZnCl, under inert conditions and placing the mixture in a
quartz test tube. A significant excess of ZnCl, (5 weight, 5-23
molar equivalents, depending on the monomer’s molar mass)
was necessary to achieve complete dissolution. A Carbolite Gero
STF 16/180 tube furnace was used for performing pyrolysis
(with 3216 Controller).

3.2. Synthetic procedures

3.2.1. Synthesis of N-(4-cyanophenyl)aziridine-CNO (CNO-
CN). CNOs (60 mg) were dispersed in dichlorobenzene (50 mL)
by ultrasonication for 30 min. Then, 4-azidobenzonitrile
(240 mg) in dichlorobenzene (10 mL) was added, and the
mixture was heated at 120 °C for 12 h.** The reaction mixture
was then ultrasonicated for 1 h and centrifuged for 10 min. The
black powder collected at the bottom of the tube was washed
three times with toluene and three times with methanol and
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then dried overnight in an oven (120 °C) to produce modified
CNOs (70 mg).

3.2.2. General procedure A for the synthesis of tetrasub-
stituted 1,4-dihydropyrrolo[3,2-b]pyrroles. 4-Cyanobenzaldehyde
(1048 mg, 8 mmol) and the appropriate aromatic amine (8 mmol)
were added to a mixture of glacial acetic acid (8 mL) and toluene
(8 mL). The mixture was stirred at 50 °C for 1 h. Then, Fe(ClO,);
H,0 (6 mol%, 170 mg, 0.48 mmol) was added, followed by diacetyl
(344 mg, 4 mmol). The resulting mixture was stirred at 50 °C in an
open flask under an air atmosphere for 12 h.

2CN-2. 1,4-bis(6-methylbenzo/d[thiazole-2-yl)-2,5-bis(4-cyano-
phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole. General procedure A
was followed with 2-amino-6-methylbenzothiazole (1312 mg,
8 mmol). After the reaction, the solvents were evaporated, and
the product was purified by crystallization from acetonitrile.
After drying under vacuum, a yellow solid was obtained with
a yield of 22% (1053 mg). 'H NMR (500 MHz, CDCl;) d: 9.27
(s, 2H), 8.25 (d, J = 8.3 Hz, 4H), 8.05 (d, J = 8.3 Hz, 4H), 7.87
(m, 4H), 7.37 (d, J = 8.3 Hz, 2H), 2.46 (s, 6H) ppm; *C NMR
(126 MHz, CDCl;) 0 = 170.0, 166.0, 149.8, 138.8, 136.0, 134.9,
133.5,130.8, 128.8, 123.0, 122.5, 118.8, 115.3, 21.6 ppm; HRMS
(TOF AP+): m/z caled for C36H,3N6S,: 603.1426 [M + H]'; found:
603.1434.

4CN-2. 1,2,4,5-tetrakis(4-cyanophenyl)-1,4-dihydropyrrolo[3,2-
b]pyrrole. General procedure A was followed with 4-cyano-
aniline (944 mg, 8 mmol). After the reaction, the precipitate
was filtered off and washed with water and acetonitrile. The
product was purified by crystallization from acetonitrile. After
drying under vacuum, a yellow solid was obtained with a yield
of 39% (792 mg). The '"H NMR and *C NMR spectra were
consistent with those previously reported.>” HRMS (ESI*): m/z
caled for C34H;gNg: 501.1593 [M]"; found: 501.1596.

3.2.3. General procedure B for the synthesis of CTFs. The
ground mixture of a substrate (200 mg) and dry ZnCl, (5-23 eq.)
was placed in a quartz test tube under inert conditions, which
was flame-sealed under vacuum and slowly heated to the
desired temperature (700 °C) in a tube furnace (a heating rate
of 1 °C per minute and then 48 h at the desired temperature).
After cooling, the tube was opened, and the black monolithic
material was ground thoroughly, washed with diluted HCI for
24 h several times with water and THF, and then dried at 120 °C
overnight.

CTF-2CN-1. General procedure B was followed with dicyano-
benzene (2CN-1, 200 mg, 1.56 mmol) and ZnCl, (1062 mg,
7.81 mmol, 5 eq.) to afford 154 mg of the product (77% yield)
after purification and drying.

CTF-4CN-1. General procedure B was followed with 7,7,8,8-
tetracyanoquinodimethane (4CN-1, 200 mg, 0.98 mmol) and
ZnCl, (1067 mg, 7.84 mmol, 8 eq.) to afford 196 mg of the
product (98% yield) after purification and drying.

CTF-2CN-2. General procedure B was followed with 1,4-bis(6-
methylbenzo[d]thiazole-2-yl)-2,5-bis(4-cyanophenyl)-1,4-dihydro-
pyrrolo[3,2-b]pyrrole (2CN-2, 200 mg, 0.33 mmol) and ZnCl,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1032 mg, 7.59 mmol, 23 eq.) to afford 182 mg of the product
(91% yield) after purification and drying.

CTF-4CN-2. General procedure B was followed with 1,2,4,5-
tetrakis(4-cyanophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (4CN-
2, 200 mg, 0.39 mmol) and ZnCl, (1066 mg, 7.84 mmol,
20 eq.) to afford 190 mg of the product (95% yield) after
purification and drying.

3.2.4. General procedure C for the synthesis of CTF-CNO.
The ground mixture of a substrate (100 mg), modified CNOs
(CNO-CN, 5 mg), and dry ZnCl, (5-23 eq.) was placed in a quartz
test tube under inert conditions, and the tube was flame-sealed
under vacuum and slowly heated to the desired temperature
(700 °C) in a tube furnace (a heating rate of 1 °C per minute and
then 48 h at the desired temperature). After cooling, the tube
was opened, and the black monolithic material was ground
thoroughly and subsequently washed with diluted HCI for 24 h
several times with water and THF and then dried at 120 °C
overnight.

CTF-2CN-1-CNO. General procedure C was followed with
dicyanobenzene (2CN-1, 100 mg, 0.78 mmol), CNO-CN (5 mg),
and ZnCl, (531 mg, 3.91 mmol, 5 eq.) to afford 72 mg of the
product (69% yield) after purification and drying.

CTF-4CN-1-CNO. General procedure C was followed with
7,7,8,8-tetracyanoquinodimethane (4CN-1, 100 mg, 0.49 mmol),
CNO-CN (5 mg), and ZnCl, (533 mg, 3.92 mmol, 8 eq.) to afford
100 mg of the product (95% yield) after purification and drying.

CTF-2CN-2-CNO. General procedure C was followed with 1,4-
bis(6-methylbenzo[d]thiazole-2-y1)-2,5-bis(4-cyanophenyl)-1,4-di-
hydropyrrolo[3,2-b]pyrrole (2CN-2, 100 mg, 0.17 mmol), CNO-CN
(5 mg), and ZnCl, (520 mg, 3.82 mmol, 23 eq.) to afford 90 mg of
the product (86% yield) after purification and drying.

CTF-4CN-2-CNO. General procedure C was followed with
1,2,4,5-tetrakis(4-cyanophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole
(4CN-2, 100 mg, 0.2 mmol), CNO-CN (5 mg) and ZnCl, (533 mg,
3.92 mmol, 20 eq.) to afford 95 mg of the product (90% yield)
after purification and drying.

4. Conclusions

In conclusion, we successfully synthesized pristine CTFs using
1,4-bis(6-methylbenzo[d]thiazol-2-yl)-2,5-bis(4-cyanophenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole (2CN-2) and 1,2,4,5-tetrakis(4-
cyanophenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole (4CN-2) forming
macrostructures with a repeating structural organization. This
synthesized CTF was organized in a 3D manner on the CNO
surface, creating CTF-CNO systems with the organized hier-
archical porosity. This was achieved by adding only 5% by the
weight of the CNO. A high porosity, about 2000 m* g~ *, and
interconnections between micropores and mesopores signifi-
cantly increased the -electrochemical performance of the
obtained composites. The Cs value was increased 1.5-2 times
compared to the reference CTF value, reaching 495 F g~ in
the three-electrode system in 1 M H,SO, (CTF-4CN-1-CNO).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Using the GCD method in a two-electrode system, the Cs value
of the same system was 303 (2 A g~ '), reaching the highest value
from the literature data for triazine systems. For the material
showing the best electrochemical properties (CTF-4CN-1-CNO),
we also tested the capacitive retention at a current density of
16 A g~ ' that was at 91% of the initial value after 10 000 cycles,
and the shape of the recorded curves remained unchanged.

Apart from high porosity, several factors may be responsible
for such a significant increase in electrochemical performance.
The presence of highly graphitized domains characterized the
CNO-CTF materials we obtained, the interconnected pores
preventing the walls of the pores from pulverizing while exhib-
iting an extremely high level of structural integrity, morpho-
logical heterogeneity resulting from the simultaneous
presence of amorphous phases and crystalline zones that
may result in higher structural stability and higher conduc-
tivity of the hybrid materials, a high percentage of the
pyridinic-N, pyrrolic-N and graphitic-N atoms, which are
responsible for the pseudocapacitance in materials. The
efficient combination of all these factors made composites
excellent electrode materials. Due to these features, the
CTF-CNO materials showed attractive properties for practical
applications in electrochemistry.
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