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Composites containing resins

and carbon nano-onions

as efficient porous carbon materials
for supercapacitors
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Karolina H. Markiewicz?, Artur P. Terzyk® & Marta E. Plonska-Brzezinska™

Herein, we report the functionalization of carbon nano-onions (CNOs) with the hydroxyaryl group
and subsequent modifications with resins: resorcinol-formaldehyde using porogenic Pluronic F-127,
resorcinol-formaldehyde-melamine, benzoxazine made of bisphenol A and triethylenetetramine,
and calix[4]resorcinarene-derived using F-127. Following the direct carbonization, extensive
physicochemical analysis was carried out, including Fourier transform infrared, Raman and X-ray
photoelectron spectroscopy, scanning and transmission electron microscopy, and adsorption-
desorption of N,. The addition of CNO to the materials significantly increases the total pore volume
(up to 0.932 cm3 g1 for carbonized resorcinol-formaldehyde resin and CNO (RF-CNO-C) and

1.242 cm? g™ for carbonized resorcinol-formaldehyde-melamine resin and CNO (RFM-CNO-C)), with
mesopores dominating. However, the synthesized materials have poorly ordered domains with some
structural disturbance; the RFM-CNO-C composite shows a more ordered structure with amorphous
and semi-crystalline regions. Subsequently, cyclic voltammetry and galvanostatic charge-discharge
method studied the electrochemical properties of all materials. The influence of resins’ compositions,
CNO content, and amount of N atoms in carbonaceous skeleton on the electrochemical performance
was studied. In all cases, adding CNO to the material improves its electrochemical properties. The
carbon material derived from CNO, resorcinol and melamine (RFM-CNO-C) showed the highest specific
capacitance of 160 F g at a current density of 2 A g%, which is stable after 3000 cycles. The RFM-
CNO-C electrode retains approximately 97% of its initial capacitive efficiency. The electrochemical
performance of the RFM-CNO-C electrode results from the hierarchical porosity’s stability and the
presence of nitrogen atoms in the skeleton. This material is an optimal solution for supercapacitor
devices.

Modern societies depend on fossil fuels and suffer from all problems related to pollution, global warming,
increasing fuel costs, and geopolitical issues. Due to the increasing demand for high-power efficient energy stor-
age, electrochemical supercapacitors (SCs) development has attracted much attention in recent years. The main
reason is that SCs have many applications in industrial fields, mainly for the automotive industry (i.e., electric
vehicles) and military purposes!=. The SC devices can operate at high power rates compared to batteries*”’.
However, the charge they can store is 3-30 times lower>”8. SCs are attractive because they offer unique solu-
tions better than electrolytic capacitors and batteries, characterized by different storage mechanisms. Technical
drawbacks of conventional storage devices are limited capacity and life storage. Therefore, many efforts were
made to discover SC of high power density, low input resistance, extended lifetime, quick charge-discharge, and
environmental friendliness®'2 The most promising materials seem to be carbon nanomaterials®"?, conducting
polymers'*'®, metal oxides!®!’, and their composites'®, and some less studied materials like covalent organic
frameworks or metal-organic frameworks!*?, black phosphorus, or metal nitrides*"*2.

Carbon materials are widely used in capacitors because of their morphological versatility and low cost®*?*.
In this group, carbon nanostructures (CN) exhibit many features like different shapes, sizes, hybridization states,
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heteroatom content, and microtexture, which play a crucial role in the properties and specific applications*?>.

High surface areas, pores of sizes suitable to store different ions, and electrodes’ polarizability and electrical con-
ductivity are crucial for charging electric double layers (EDL) efficiently”. The most studied forms of nanocarbon
being close to finding practical applications in electric capacitor devices are graphene?®?, carbon nanotubes
(CNTs)?3% and carbon nano-onions (CNQOs)3!-33,

CNOs are carbon allotropes possessing a unique structure with concentric graphitic layers*. Non-modified
CNOs exhibit a specific surface area calculated by using the Brunauer-Emmett-Teller model (Szzr) equal to
380-520 m? g~! depending on the annealing temperature and the specific capacitance (Cg) value of 30 F g!
31, SCs are characterized by easy access for ions at the interface between carbon and electrolyte, high power
density, and almost unlimited cyclability®>**. Many CNO-derived materials exhibit excellent electrochemical
performance®*7*, For example, chemical activation of carbon nanostructures can afford a few times larger
capacity than non-modified ones*. The CNO surface, rich in unsaturated bonds, allows for their functionaliza-
tion with various functional groups enhancing electrochemical properties.

It was reported by Veldsquez et al. that the presence of pyrene moieties on the CNO surface caused the
increase of the Cg by ca. 138%™. Interestingly, Zhang et al. described the preparation of a CNO/graphene hybrid
as an ultrahigh-rate SC. The ultrafast ion transportation performance was possible due to the structural inter-
connection between the CNO, their surface curvature, and the covalent bonding between graphene and CNO*.
Furthermore, the porous texture of the composites enhances their electrochemical performance and specific
capacitance*"*. The nanostructural polyaniline, synthesized as nanotubes, used for the preparation of the com-
posite containing conducting polymer and the oxidized CNO, allows obtaining material with more than three
times higher capacitance than amorphous polyaniline reaching 946 F g™* 4.

The preparation of porous carbon materials by pyrolysis of a polymeric network assembled on nanocarbon
and its application as an efficient material for SC was performed. The synthesis of well-controlled porous carbon
materials may be achieved by hard- or soft-templating processes**. The soft-templating method involves the
application of the carbon-source component (i.e., phenolic resin) in the presence of the pore-forming agent
(i.e., surfactants) or the application of some specific block copolymers*>*. The hard-templating is based on
synthesizing the carbon-source component with the presynthesized hard templates (i.e., silica), carbonization,
and removal of the template*>~*. Activation methods with oxidizing gases or chemicals are frequently used to
enhance the porosity”’.

Carbon nanostructures used as electrodes in SCs are mainly graphene“&‘”, CNTs*%°! and fullerenes®2. The
application of CNOs is very rarely reported. For example, Fulvio et al. described the synthesis and pyrolysis of
nanocomposite made of phenolic resin, Pluronic F-127, and CNO and its further evaluation for energy storage™.
They showed that the resistivity and capacitance of final carbon materials could be modified due to changing
the ratios of resin to CN. However, the range of CNO content was high, equal to 5-75 wt%, in the starting
synthesized gels before the thermal treatments. Furthermore, our group developed polymer-templated carbon
materials derived from star-block copolymers and CNOs***°. The hierarchical distribution of CN, in the amount
of only ca. 5%, in a porous carbon matrix was responsible for increasing of the porosity and Cg value compared
to pristine pyrolyzed polymers™.

Herein, we report the CNO functionalization with the hydroxyaryl groups and its involvement in the synthe-
ses of resins organized on the surface of the nanostructural carbon: (1) resorcinol-formaldehyde with the applica-
tion of porogenic Pluronic F-127, (2) resorcinol-formaldehyde-melamine, (3) benzoxazine made of bisphenol
A and triethylenetetramine, and (4) calix[4]resorcinarene-derived resin with the application of F-127. Such an
approach allowed for synthesizing materials with different porosity and amount of N atoms in the carbonaceous
skeleton. Following the direct carbonization, all materials were characterized by several physicochemical meth-
ods and were examined as materials for SC. To our knowledge, the synthesis of CNO-doped porous carbons of
benzoxazine type or derived from calix[4]resorcinarene or melamine has never been reported.

50,51

Experimental section

Materials. Commercially available nanodiamond (ND) powder with a crystal size between 4 and 6 nm (Car-
bodeon pDiamond®Molto and ND content greater than 97 wt%) was used for the preparation of the CNO nano-
structures. The modified Kuznetsov method for the preparation of CNO by applying an annealing treatment
under an inert atmosphere and reduced pressure of ultradispersed ND particles was used*”**. CNO were dried
in a furnace at 120 °C overnight before use. DMF (POCH S.A., Poland) was distilled over P,O; (pure, Honeywell,
USA), and dried over molecular sieves 4 A (POCH S.A., Poland) before use. Na,CO; (=99%, Aldrich, Ger-
many), NaOH (97%, Aldrich, Germany), resorcinol (99%, Aldrich, Germany), HCHO (37 wt% in H,O, Aldrich,
Germany), Pluronic F-127 (PEO,y-PPO,,-PEO, (s, Mw=12,600 g mol™!, pure, Aldrich, Germany), melamine
(99%, Aldrich, Germany), bisphenol A (97%, Aldrich, Germany), triethylenetetramine (TETA, mix of isomers,
Aldrich, Germany), p-aminophenol (=98%, Aldrich, Germany), NaNO, (pure, Biomus, Poland), NaN; (pure,
Aldrich, Germany), benzaldehyde (>99%, Aldrich, Germany), silica gel (0.040-0.063 mm, Merck, Germany),
hexanes (Stanlab, Poland), ethyl acetate (AcOEt, POCH S.A., Poland), HCI (35-38%, Chempur, Poland), tolu-
ene (Stanlab, Poland), MeOH (Chempur, Poland), EtOH (POCH S.A., Poland), dioxane (Stanlab, Poland) were
used as received. Water was distilled using DE 10 Plus distiller. p-Azidophenol, phenylcalix[4]resorcinarene,
resorcinol-formaldehyde resin (RF), resorcinol-formaldehyde-melamine resin (RFM), benzoxazine resin (BX),
and the phenylcalix[4]resorcinarene-derived resin (CLX) were synthesized using adapted literature procedures
(detailed procedures are given in SI). Deuterated solvents, chloroform-d (CDCl;), and dimethylsulfoxide-dj
(DMSO-d,) were purchased from Euroisotop (United Kingdom).
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Methods. High-resolution transmission electron microscopy (HRTEM) was performed using a Titan G2
HRTEM microscope (FEI Company) equipped with a field emission gun (FEG). The electron beam accelerating
voltage was 300 kV. HRTEM imaging of the sample microstructure was performed in a bright field mode using
a CCD camera as detector. Before analysis, the samples were ground in an agate mortar to a fine powder. Into
the obtained powder, 99.8% EtOH (POCH, Poland) was poured to form a dispersion, which was placed in an
ultrasonic homogenizer for 10 s. The resulting slurry was taken with a pipette and placed on the Cu grids (200
mesh/inch) coated with carbon-stabilized formvar (Ted Pella, USA) until the solvent was evaporated.

The scanning electron microscope (SEM) measurements were performed using an INSPECT S50 micro-
scope (FEI, Japan). The accelerating voltage of the electron beam was 15 keV. Before the measurements, an Au
layer with a thickness of 7 nm was sputtered on the surface of the analyzed materials that formed a film on the
conductive carbon base.

X-ray photoelectron spectroscopy (XPS) was performed using an ultrahigh vacuum chamber (PREVAC)
with base pressure below 107 mbar using an Al Ka nonmonochromatic radiation source (1486.7 eV; 12 kV;
12 mA; VG Scienta SAX 100) and monochromator (VG Scienta XM 780). Detection of emitted photoelectrons
was performed using a Scienta R4000 hemispherical analyzer. A low-resolution survey run (0-1200 eV) at pass
energy of 200 eV was carried out. The Cls, Ols, and N1s high-resolution spectra were recorded at pass energy of
50 eV at RT. All the spectra were fitted by Shirley background subtraction before Gaussian-Lorentzian functions
using CasaXPS software (Casa Software Ltd.).

The room-temperature Raman spectra were taken with a Renishaw, inVia confocal spectrometer (United
Kingdom). The parameters used for the Raman measurements were as follows: laser with a wavelength of 785 nm
(2.33 eV), power of the laser beam of 2 mW, and spectral resolution of 2 cm™. The spectra obtained after nor-
malization were analyzed using OMNIC spectroscopy software.

Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo Scientific Nicolet IN10 MX
microscope (USA). The spectra were recorded in a KBr pellet using a microscope in a transmission mode. The
spectra were collected at a resolution of 4 cm™, and 64 scans were averaged to obtain a single spectrum.

'H NMR spectra were recorded on an Agilent VNMRS system operated at 500 MHz. Chemical shifts § are
given in ppm, referenced to the solvent peak of CDCl;, defined at § = 7.26 or DMSO-dj, defined at § = 2.50. The
following abbreviations were used for multiplicities: d (doublet), m (multiplet).

Materials were pyrolyzed using a Carbolite Gero STF 16/180+ 3216 Controller tube furnace. The resins with or
without the CNOs were pyrolyzed in a tube furnace at 800 °C for 3 h in an Ar atmosphere. Ramping and cooling
down were carried out in an Ar atmosphere as well, and the rate of both heating and cooling was 10 °C min™".

To determine the pore size distributions of the materials low-temperature (77 K) N, adsorption-desorption
isotherms were measured using ASAP 2020 (Micromeritics, USA). Next, the Brunauer-Emmett-Teller (BET)
surface area (Sggy) using the appropriate model®” together with the procedure proposed by Rouquerol et al. was
calculated®®. Pore size distribution (PSD) curves were calculated via the nonlocal Density Functional Theory
(DFT) for slit-like carbon pores®*-°1.

The PGSTAT 302N potentiostat (Autolab B.V., Metrohm, Utrecht, the Netherlands) connected with a three-
electrode system consisting of a glassy carbon electrode (GCE, 10 x 2 mm) used as a working electrode, a Ag/AgCl
reference electrode and an auxiliary Pt mesh electrode were used in cyclic voltammetry (CV) measurements. For
the galvanostatic charge/discharge (GCD) tests, a symmetrical configuration of two identically modified GCE
electrodes was used to ensure the most reliable results. Before starting the measurements, the surface of the GCE
was modified by deposition of 15 pL of a dispersion containing the synthesized material in EtOH (3 mg mL™")
with the addition of a small amount of conductive carbon paint (CP, SPI Supplies, USA). Then the solvent was
evaporated at RT. The electrolyte used in all electrochemical analyzes was 0.1 M KOH solution.

Synthetic procedures. Synthesis of functionalized carbon nano-onions (ffCNO). The CNO nanoparti-
cles were dried in an oven (120 °C) overnight. Next, CNO (50 mg) was sonicated in anhydrous chlorobenzene
(10 mL) under an Ar atmosphere for 30 min. p-Azidophenol (250 mg) was added, and the suspension was
stirred for 24 h at 130 °C. After cooling, the reaction mixture was sonicated and centrifuged, followed by the
separation of CNO from the dispersion. The purification process was repeated several times using DMF, tolu-
ene, and MeOH. The product was dried on a vacuum pump and then in a furnace (120 °C) to give 50 mg of the
product as a black powder.

Synthesis of the composite containing resorcinol-formaldehyde resin and CNO (RF-CNO). Na,COj; (6 mg) was
dissolved in HCHO (37 wt% in H,O; 1.13 g). f~CNO (15 mg) was added and the reaction mixture was sonicated
for 5 min., followed by stirring for 30 min. at 25 °C. Resorcinol (1.1 g) was added and the reaction mixture was
stirred for 1 h at 25 °C. Next, a solution of Pluronic F-127 (0.80 g) in H,0 (4 mL) and EtOH (6 mL) was added,
followed by the addition of 2 M HCI (1 mL). The reaction mixture was stirred for 1 h at 25 °C, affording the
resin precipitation, and the reaction mixture was left without stirring overnight at the same temperature. The
solution was then decanted and the gel was air-dried at 25 °C for 24 h and 80 °C for 24 h, resulting in 1.64 g of
a black rigid gel.

Synthesis of the composite containing resorcinol-formaldehyde-melamine resin and CNO (RFM-CNO). f-CNO
(25 mg) was added to 0.05 M aqueous NaOH (1 mL). The dispersion was sonicated for 5 min., followed by stir-
ring for 10 min. at 60 °C. Then, HCHO (37 wt% in H,0; 1.5 mL) and H,O (2.5 mL) were added to the reaction
mixture and it was stirred for 30 min. at 25 °C. Next, resorcinol (0.991 g) and melamine (0.126 g) in 0.05 M
NaOH (1.0 mL) were added and the reaction mixture was stirred for 10 min. at 60 °C. The resulting suspension
was sealed in a glass tube and heated for 24 h at 50 °C in the furnace, followed by 5 days of heating at 80 °C. The
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resulting resin (black hydrogel) was purified for 3 days in acetone (replacing solvent every 8 h). The material was
then filtered off and air-dried at 25 °C for 18 h, and then at 80 °C for 12 h, resulting in 1.38 g of a brown powder.

Synthesis of the composite containing benzoxazine resin and CNO (BX-CNO). f-CNO (20 mg) was suspended
in dioxane (1 mL), followed by sonification for 15 min. at RT. Then, HCHO (37 wt% in H,O; 0.1 g) was added,
followed by sonification for 30 min. at RT. Next, the solution of bisphenol A (340 mg) in dioxane (2 mL) and
HCHO (0.386 g) were added, followed by the dropwise addition of TETA (0.22 mL) maintaining the tempera-
ture below 10 °C. The reaction mixture was stirred for 1 h at RT. The resulting suspension was sealed in a glass
tube and heated for 72 h at 80 °C in the furnace, affording a black hydrogel. Subsequent oven-drying at 80 °C
afforded 2.80 g of a black product.

Synthesis of the composite containing calix[4]arene-based resin and CNO (CLX-CNO). f~CNO (20 mg) was sus-
pended in 5% aqueous NaOH (1.7 mL) and the suspension was sonicated for 30 min. at RT. Then, HCHO (37
wt% in H,0; 0.1 mL) was added and sonification was continued for 30 min. Next, phenylcalix[4]resorcinarene
(0.92 mg) was dissolved in the solution of Pluronic F-127 (0.92 g) in 5% aqueous NaOH (5 mL) and EtOH
(1.7 mL), and added to the CNO dispersion, followed by dropwise addition of HCHO (0.32 mL). The suspension
was heated for 48 h at 90 °C, and the resulting precipitate was cooled down and washed with H,O. Next, it was
dried at 100 °C for 10 h, affording ruby powder (1.55 g).

Synthesis of carbon materials (RF-CNO-C, REM-CNO-C, BX-CNO-C, CLX-CNO-C). 'The CNO-based resins
were pyrolyzed in a tube furnace at 800 °C for 3 h in a stream of argon. Ramping and cooling down were carried
out in a stream of argon as well, and the rate of both heating and cooling was 10 °C per minute.

Results and discussion

Synthesis of resins and carbon materials.  The syntheses of resins hierarchically organized on the CNO
surface were performed, forming a nanocarbon network. Initially, CNO was functionalized with the 4-hydroxy-
phenyl azide, affording f~CNO. This modification was confirmed by Raman spectroscopy (Fig. 1a). Generally,
two “G” and “D” lines characterize carbon materials. For the single crystal of graphite, one line at 1580(+5)
cm™! (“G” band) is observed®. A single line of the diamond at 1332 cm™ (“D” band) is related to translational
symmetry®. The ratio of intensities of these two bands (Ip/I;;) provides a quantitative description of the carbon
microstructures (e.g., crystalline order, in-plane crystal size, amount of sp? or sp* hybridized carbon atoms). For
non-modified CNO, the G and D bands were observed at 1596 and 1299 cm™, respectively (Fig. 1A). The addi-
tional peak at 2595 cm™! corresponds to the second-order Raman spectrum, which is detected at approximately
twice the wavenumber of the D band. For f~-CNO, peaks assigned as D, G, and 2D were slightly shifted to higher
wavenumbers, 1307, 1597 and 2616 cm™!, respectively.

The ratio of intensities between the D and G bands (I)/I;) depends mainly on the amount of sp? and sp?
hybridized carbon atoms in CNs, which may be a confirming parameter of the covalent functionalization of the
CNO®. In our case, the ratio of I;/I; decreased from 2.42 for CNO to 2.08 for f~CNO, which is directly related
to an increase of the sp>-hybridized carbon atoms number due to the formation of phenyl-substituted aziridine
rings on the CNO surface. Furthermore, the FTIR analysis of the f~CNO (Fig. 1b) shows the characteristic
stretching vibrations of -OH for Ar-OH moiety at 3417 cm™ ®. The vibrations at 1214 cm™ may indicate the
presence of C-O or the formation of the C-N bond of the aziridine ring. The vibrations at 827 cm™ can be
assigned to new C-H bonds of Ar-OH on the modified CNO surface. The presence of Ar-OH moiety ensures
the formation of a covalent linkage between the spherical CNO and the substrates involved in resin formation
(phenolic condensation).
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Figure 1. (a) Raman and (b) FTIR spectra of CNO and f~-CNO.
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Next, four monomers were used to synthesize the composites and additional carbon materials differing in
N content. In some cases, an external porogenic agent (Pluronic F-127) was used. Each polymer synthesis was
initiated by a hydro- or solvothermal reaction of the f~CNO with formaldehyde under primary conditions. This
reaction guarantees the participation of the f~-CNO in polycondensation reaction to form p-CNO, rather than
simply agglomeration of the functionalized CNOs, which results in the lower reactivity of phenol compared
to resorcinol derivatives. The condensation reactions of the p-CNO with various hydroxyaryl monomers and
formaldehyde with or without amines led to the formation of several CNO composites containing (Fig. 2):
(1) resorcinol-formaldehyde (RF-CNO), (2) resorcinol-formaldehyde-melamine (RFM-CNO), (3) benzoxa-
zine (BX-CNO), and (4) calix[4]resorcinarene-derived resins (CLX-CNO). Subsequently, the composites were
pyrolyzed at 800 °C for 3 h in an Ar atmosphere forming the carbon materials: RF-CNO-C, RFM-CNO-C, BX-
CNO-C, and CLX-CNO-C. For comparison, subsequent reference polymeric materials (RF, RFM, BX, CLX)
and carbons (RF-C, REM-C, BX-C, CLX-C) were also synthesized (synthetic procedures, NMR and IR spectra
of pristine resins before and after pyrolysis are given in SI). The weight loss of the material after pyrolysis was
always more significant for the composites. The preliminary studies using pristine resins helped us calculate
weight loss during pyrolysis and design experimental conditions for the syntheses of the composites, in which
the CNO content was close to 5 wt%. Only in the case of BX-CNO the weight loss is almost four times higher
than that, indicating the high impact of CNO presence by hindering the bond’s formation, thus affording a more
thermally unstable structure.

Structure of resins and carbon materials. All composites and the carbonaceous materials were ana-
lyzed by FTIR spectroscopy (Fig. 3). RF-CNO is characterized mainly by bands at 3250, 2870, 1607, 1447, 1075,
and 838 cm™!, which can be assigned to stretching vibrations of -OH, vibrations of the C=O and C=C groups,
bending vibrations of C-H (sp?), presence of the ether and phenyl moieties, and vibrations of C-H in the aro-
matic ring, respectively (Fig. 3a). After pyrolysis of the composite giving RF-CNO-C, the spectrum is mainly
dominated by vibrations at 3425, 1667, 1617, and 669 cm™*, which can be assigned to the presence of the ~-OH,
C=0, C=C, and C-H group (Fig. 3a). For RFM-CNO resin, which possesses many N atoms in the network, the
vibrations at 3425 and 1227 cm™! were detected beside the bands characteristic for RE-CNO. These peaks can
be attributed to vibrations of the -NH or C=N groups (Fig. 3a). For RFM-CNO-C, the most intensive vibrations
were observed at 3679, 3421, 1617, and 1363 cm™!, which can be attributed to the -NH, —-OH, C=N, C=C, C=0,
and -CH groups (Fig. 3a). The two strong signals located at 2830 and 1364 cm™! attributed to the stretching and
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Figure 2. Representation of the CNO functionalization and synthesis of the composites containing CNO and
resins.
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Figure 3. FTIR spectra of (a) RF-CNO, RF-CNO-C, RFM-CNO, RFM-CNO-C, and (b) BX-CNO,
BX-CNO-C, CLX-CNO, CLX-CNO-C.

the bending vibrations of ~-CH are present in TETA (BX-CNO, Fig. 3b). These infrared absorption bands distin-
guish this composite from those previously discussed.

After pyrolysis of BX-CNO, spectral analysis of BX-CNO-C shows the bands at 3424, 1616, 1358, and
706 cm™!, which indicate the presence of the -OH, C=C, ~CH (sp* and sp®) groups, that were the most ther-
mally stable (Fig. 3b). The spectrum resembles the RM-CNO composite for the CLX-CNO, except for the bands
at 1363 and 703 cm™, which may be assigned to the -CH (sp? and sp?) vibrations (Fig. 3b). Pyrolyzed material
(CLX-CNO-C) possesses vibrations at 3397, 1647, 1617, and 1364 cm™, typical for the carbonaceous skeleton
containing the -OH, C=C, C=0, and -CH groups (Fig. 3b).

Raman spectroscopy was applied to analyze the composites containing CNO and polymers and their derived
carbon materials (Fig. 4). The presence of the CN disorder induced the D and G bands characteristic for the
CNO structure. These bands indicate the presence of the CNO in the composite and are dependent on the CNO
wt% (Table 1).

Among polymers before pyrolysis, the D and G bands were noted only for BX-CNO, possessing the highest
content of CNO in the material (CNO wt% =17.9%) (Fig. 4). The Ip/I; intensity ratio of BX-CNO is equal to
1.98 and lower than the reference f~-CNO (I,/I;=2.08; Fig. la). It indicates that due to the polycondensation
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Figure 4. Raman spectra of BX-CNO, RF-CNO-C, RFM-CNO-C, BX-CNO-C, and CLX-CNO-C.
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Micropore volume | Mesopore volume Total pore volume

Material Residual mass (%)* | wt% CNO® | Sz (m?g™") | (cm’g™) (cm®g™) (cm®g™)

RE-C 21.8 - 688 0.244 0.317 0.561

RF-CNO-C 24.6 3.7 723 0.253 0.406 0.659

RFM-C 51.1 - 647 0.203 0.729 0.932
RFM-CNO-C 37.9 5.6 923 0.269 0.973 1.242

BX-C 34.0 - - - - -

BX-CNO-C 4.0 17.9 - - - -

CLX-C 27.7 - - - - -

CLX-CNO-C 24.7 5.2 - - - -

Table 1. The compositions of the composite and the textural parameters determined by adsorption—
desorption of N,. *Residual mass (%) = (my:mc)-100%, where m, is mass of the material obtained by pyrolysis,
m, is mass of the polymer or composite before pyrolysis. "wt% CNO = (mcyo:m,)-100%, where mcyo is the mass
of CNOs subjected to the synthesis, m, is the mass of pyrolyzed material.

reaction, the number of aromatic bonds of f~-CNO further increases, which results in a decrease in the Ip/I;
ratio. All carbon materials after pyrolysis (RF-CNO-C, RFM-CNO-C, BX-CNO-C, and CLX-CNO-C) possess
wide overlapping bands at ca. 1315 and 1590 cm™ (Fig. 4), which may be assigned to carbon atoms with sp?
and sp? hybridization, respectively. These vibrations are characteristic of the carbon materials synthesized by
transforming organic polymers into the carbonaceous skeleton®. As a result of the overlapping of these vibra-
tions with the D and G bands of CNO, the CNO presence in the structure of the pyrolyzed composites cannot
be unequivocally confirmed.

To describe the elemental surface composition of all CNO-derived materials (RF-CNO-C, RFM-CNO-C,
BX-CNO-C, CLX-CNO-C) X-ray photoelectron spectroscopy (XPS) was used (Table 2). The distribution of ele-
ments was defined due to the deconvolution of the high-resolution spectral regions Cls, Ols, and N1s (Fig. 5 and
Figure $4, SI). The percentages and assignments of species are given in Table 2, while the details of curve fitting
are summarized in Tables S2-54, SI. The results indicate that all studied materials contain carbon atoms in the
amount of 85-92% and oxygen in the amount of 6 to 13%. The RFM-CNO-C, BX-CNO-C, and CLX-CNO-C
materials contain N atoms (2-4%, Table S1, SI), which is related to the presence of this element in the structure
of the f~CNO and the resin’s substrates. All materials have a similar pattern of distribution of functional groups
and defects. The peak at ~ 284.3 eV can be assigned to the sp? hybridized C atom. The peaks at ~ 284.9, ~ 285.6,
and ~ 286.3 eV are related to the C-H sp?, C-C sp?, and C-OH or C-N moieties. The structures also contain
negligible ether (~ 287.0 eV) and carbonyl groups (~ 287.8 eV). Interestingly, there are many vacancy-like defects
in the graphitic lattice (~ 283.8 eV) equal to 12-14% (Table 2 and Table S2, SI).

An O1s XPS analysis shows that the ether and epoxy groups (~532.7 eV) are dominant in RF-CNO-C, RFM-
CNO-C, BX-CNO-C, and CLX-CNO-C materials. Furthermore, there are numerous carbonyl (~531.1 eV),
hydroxy (~ 531.7 eV), and phenol (~ 534.2 eV) groups in various proportions (Table S3, SI). The deconvolu-
tion of N1s XPS spectral regions of RFM-CNO-C and BX-CNO-C indicates the presence of NH, (~ 398.4 eV)
and protonated amine (~ 400.7 eV) in equal proportions. The XPS spectrum for CLX-CNO-C can be resolved

Concentration (%)
Region Peak | BE (eV) Assignment Ref. | RF-CNO-C | RFM-CNO-C | BX-CNO-C | CLX-CNO-C
Cls A 2849+0.1 |C-H sp3 o7 7.1 10.4 16.8 10.9
B 284.3+0.1 | C=Csp? 68,69 71.2 65.7 51.2 63.0
C 285.6+£0.1 | C-Csp’ 0869 145 57 10.4 7.0
D 286.3+0.1 | C-OH, C-N 68,69 3.0 3.2 5.8 4.1
E 287.0+£0.1 | C-O-C 68,69 1.0 13 1.7 1.9
F 287.8+0.1 | C=0 08691 0.5 0.4 15 1.5
DCS |283.8+0.1 | Defectsin carbon structure |7 12.8 13.5 12.6 11.7
Ols A 531.1+0.1 | C=0 7 24.3 24.0 14.7 29.1
B 531.7+0.3 | C-OH %73 21.5 19.4 16.3 19.5
C 532.7£0.3 | C-O-C, epoxy 72731 49.7 45.0 45.5 389
D 534.2+0.3 | Ph-OH 71 4.5 11.5 23.6 12.5
Nis A 398.4+0.2 | -NH, 7 - 50.3 52.1 40.5
B 400.7+0.1 | Protonated amine 7 - 49.7 48.0 24.1
C 399.6+0.1 | Imine & - - - 354

Table 2. Distribution of elements obtained from the deconvolution of the Cls, Ols, and N1s spectra by XPS.
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Figure 5. XPS spectra of the (a) RF-CNO-C (C 1 s), (b) RF-CNO-C (O 1 s), (c) REM-CNO-C (C 1 s), (d)
RFM-CNO-C (O 1 s), (¢) REM-CNO-C (N 1 s).

into three regions corresponding to the NH, (~ 398.4 eV), protonated amine (~ 400.7 eV), and imine groups
(~399.6 eV) (Table S4, SI).

The morphology of selected materials was studied by scanning electron microscopy (SEM) (Fig. 6). CNO
forms aggregates of spherical shape, varying in size from several hundred nanometers to several tens of microm-
eters. The surface of these forms is not smooth but porous, which is characteristic of carbon nanostructures
(Fig. 6a). Polymeric materials create an entirely different structure. A significant difference can be seen in the
case of RF-C and RF-CNO-C (Fig. 6b and Figure S4a, SI). Both materials have a smooth surface of the large
aggregates. The composites containing CNO, RF-CNO, and RF-CNO-C, have a smooth, uniform texture with
some macropores (Fig. 6¢ and Figure S4b, SI). Similarly, RFM and RFM-C structures have a uniform, smooth
surface without pores marked (Fig. 6d and Figure S4c, SI). The REM-CNO and RFM-CNO-C materials have
patchy, heterogenous appearances with visible pores (Fig. 6e and Figure S4d, SI). The most porous morphology
was observed for BX-C (Fig. 6f), which has a spongy granular structure. In the case of pyrolyzed CNO-based
benzoxazine resin (BX-CNO-C), some aggregation of the structure was observed (Fig. 6g). The CLX-based
material forms the needle- and flake-like structures (Fig. 6h), and after the addition of the CNO and further
pyrolysis (CLX-CNO-C), it became more compact and less porous (Fig. 6i).

Furthermore, high-resolution transmission electron microscopy (HRTEM) studies were performed to get
additional structural information at the nanoscale (Fig. 7). Although all materials exhibit a compact homoge-
neous aggregate structure (Fig. 7d-g), structural differences are revealed when comparing composites with the
pristine CNO (Fig. 7a-c and inset of Fig. 7d) or polymeric materials (insets of Fig. 7d-f).

The HRTEM image of RF-CNO-C proves the homogenous structure of the materials (Fig. 7d,e). The poly-
meric RF chains create poorly ordered domains on the CNO’s surface, on which small areas are visible, for which
the parallel arrangement of polymer chains is found (Fig. 7e). Although the spherical CNO nanostructures are
poorly visible, in the lower-resolution images (Fig. 7d), it is evident that the CNO is surrounded by a polymer,
reproducing the spherical structure of the CN (Fig. 7a).

For comparison, we presented pristine RF-C (insets of Fig. 7d,e), where it is visible that the polymer itself
creates an amorphous structure throughout the volume. Also, in the high-resolution image in Fig. 7e, the lack
of amorphous structure in the composite indirectly confirms the presence of CNO in the entire material. The
polymer chains forming on the surface of the CNO have a more ordered structure.

Besides the features mentioned above, the RFM-CNO-C composite creates a more orderly structure for which
they stand out in amorphous and semicrystalline regions with well-marked ribbons (Fig. 7e). Again, when we
compare the composite material with the pristine polymer REM-C, we find that the material is ordered when
CNO is added. Pristine polymer is amorphous, and the composite has distinct areas where spherical aggregates
form (Fig. 7f), formed by CNOs surrounded by the polymer. For the higher magnification of TEM, large spaces
with semicrystalline properties resembling diamond domains were found in the structure (Fig. 7g). Although
the TEM images do not show CNO structures with distinct spherical graphene layers, it should be remembered
that RF or RMF polymerization is carried out on the CNO surface. Therefore, composites have a system similar
to a ‘core-shell’; the ‘core’ is CNO, and the ’shell’ is made of a polymer layer.

The textural parameters calculated from the N, adsorption-desorption data are summarized in Table 1.
At the same time, the N, adsorption-desorption isotherms and the cumulative and differential pore size dis-
tribution (PSD) curves are shown in Fig. 8. The RF-C, RF-CNO-C, RFM-C, and RFM-CNO-C materials are
porous, while no significant adsorption was observed for BX-C, BX-CNO-C, CLX-C, and CLX-CNO-C. The
Brunauer-Emmett-Teller surface area (Sgzr) values for RF-C and RFM-C materials are similar and equal to 688
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Figure 6. SEM images of (a) CNO, (b) RF-C, (c) RF-CNO-C, (d) RFM-C, () RFM-CNO-C, (f) BX-C, (g)
BX-CNO-C, (h) CLX-C, and (i) CLX-CNO-C.

and 647 m? g!, respectively (Table 1). The addition of CNO to the resin’s matrix increases the Sg;r value to 723
m? ¢! (RF-CNO-C) and 923 m* g”' (RFM-CNO-C).

The N, adsorption-desorption curves recorded for all porous materials (RF-C, RF-CNO-C, RFM-C, and
RFM-CNO-C) are of type IV, according to the IUPAC classification (Fig. 8a,b) that indicates the coexistence of
micropores and mesopores in the structure of the analyzed materials’®. Adsorbents characterized by a bimodal
texture are regarded as hierarchical porous materials’”. The plateau for RF- and RFM-based carbon materi-
als observed at low pore width values indicate the homogeneous distribution of micropores in these systems
(Fig. 8c,d). On the other hand, a plateau at higher pore width values, confirming a homogeneous distribution
of mesopores, can only be observed in the case of material based on RF (in the range of 6-20 nm, Fig. 8c). The
total pore volumes for RF-C and RFM-C were calculated to be 0.561 and 0.932 cm® g™!, respectively (Table 1).

For both types of materials, the mesopore volume predominates, but in the case of RF-C, it is a slight pre-
dominance, while in the case of RFM-C, it is more than three times higher value (Table 1). Interestingly, the
CNO addition to the materials increases the total pore volumes remarkably (0.659 cm® g™! for RE-CNO-C and
1.242 cm?® g™! for REM-CNO-C). Both materials’ micropore and mesopore volumes rise, but the mesopore
volume increase is more significant. The CNO addition to the carbon matrix slightly influences the pore width
(Fig. 8e,f). The RF-C, RF-CNO-C, RFM-C, and RFM-CNO-C materials have micropores of a diameter of ca.
0.5 nm in a narrow range. The majority of mesopores of both RF-C and RF-CNO-C materials are in the limited
range of c.a. 5.5-6.5 nm.

In contrast, the RFM-C and REM-CNO-C possess the most larger mesopores in the diameter range of
8-11 nm. In the case of both RF and RFM systems, the CNO presence causes a slight shift of mesopore width
to the higher values. In conclusion, RFM-CNO-C has the largest surface area and pore volume values with
a predominance of mesopores. These textural properties should affect the electrochemical performance of
RFM-CNO-C.

Electrochemical performance of the hierarchical porous materials. Cyclic voltammetry (CV)
measurements were carried out with the working electrode modified with the pyrolyzed materials with a poten-
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Figure 7. HRTEM images of (a-c) pristine CNO, (d, ¢) RF-CNO-C (inset: pristine RF-C), (f, g) RFM-CNO-C
(insets: (f) pristine RFM-C and (g) pristine CNO) at the different magnifications.

tial range from -200 to 700 mV (vs. Ag/AgCl) at a sweep rate of 50 mV s}, which is shown in Fig. 9a-d. The
quasi-rectangular shape of the CV curves indicates the capacitive nature of the studied materials resulting from
the electrical double layer (EDL) charging process®>’®. A much higher charge transfer resistance was observed
for CLX-C and CLX-CNO-C than in the other materials (Fig. 9b). The BX-C and BX-CNO-C materials also
exhibited lower capacitive current values (Fig. 9a).

For these two series of non-porous materials, which determined the Sz value was close to zero, the Cg values
were calculated based on Eq. (1), ranging from 10 to 34 F g™'. The C; value was calculated based on the mass of
the deposited material on the electrode surface, m, within the potential range, AE=(V,-V), according to the
following formula:
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Figure 9. CV measurements were performed in a three-electrode configuration. (a-d) CV curves of all
synthesized materials after pyrolysis recorded in 0.1 M KOH at 50 mV s7". (e) CV curves recorded at the
different scan rates for RMF-CNO-C. (f) Dependence of the current vs. the square root of the scan rate for the
selected materials.
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where i symbolizes current and v is scan rate. The CNO addition resulted in a slight increase in the electrochemi-
cal capacitance, which is essential information in the context of the potential use of the obtained composites
in SCs (Figs. 9 and 10, Table 3). The CV measurements recorded the highest capacitive currents for the RF-C,
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Figure 10. GCD measurements were performed in a two-electrode configuration. (a) GCD curves of selected
materials recorded in 0.1 M KOH at the current density of 2 A g™. (b) Ragone plots for selected materials. (c)
GCD curves of RFM-CNO-C recorded in 0.1 M KOH at the different current densities: (1) 9; (2) 8; (3) 7; (4)
6; (5) 5; (6) 4; (7) 3;and (8) 2 A g". (d) Capacitance retention as a function of cycle number for RFM-CNO-C
in 0.1 M KOH at the current density of 9 A g'. Inset: First 10 galvanostatic GCD cycles recorded for REM-
CNO-C.

SBET Csa Csb Ed¢nn‘ P P densil P
Material (m? 1) (Fg) (Fg) (Wh kg) (W kg )
RF-C 688 105 54 2 0.44
RF-CNO-C 723 165 85 3 0.47
RFM-C 647 133 69 2 0.47
RFM-CNO-C 923 278 160 5 0.43

Table 3. Specific capacitance, energy and power density values calculated from the GCD studies. *Specific
capacitance calculated from CV curves at the sweep rate of 50 mV s™! (three-electrode configuration).
Calculated based on Eq. (1). "Specific capacitance calculated from GCD studies at the current density of 2
A ¢! and potential window from 0 to+700 mV (two-electrode configuration). Calculated based on Eq. (2).
“Egensity and Py, calculated from GCD studies at the current density of 2 A g™\

RF-CNO-C, RFM-C, and RFM-CNO-C materials. The Cg values calculated using the CV method are 105, 165,
133, and 278 F g7, respectively (Table 3). One aspect must be emphasized when analyzing the C; values with BET
(Table 3). Apart from the porosity, the C, value is also influenced by the pseudocapacitance, which is frequently
related to heteroatoms in the material. Comparing the RF-C material with RMF-C, the latter has N atoms in its
backbone. Doping carbon materials with nitrogen atoms improves the surface polarization of the material, its
conductivity and electrochemical activity significantly. Moreover, introducing nitrogen atoms often results in
pseudocapacitance in addition to the existing double-layer capacitance characterizing the carbon material. An
improvement in the wettability of the material is observed, which also increases the C; value.

An increase in the C, value was also observed after the CNO addition. These results closely correlate to the
textural properties calculated for the hierarchical porous materials, in which the CNO addition increased the
total pore volume of the materials (Tables 1 and 3). The correlation between the scan rate (from 5 to 200 mV s™!)
and the capacitive current was also investigated (Fig. 9f). The CV curves obtained for the selected RFM-CNO-C
material are shown in Fig. 9e. The analysis was carried out at the potential of 200 mV vs. Ag/AgCl.

An increase in the scan rates does not affect the shape of the CV curves. The rectangular shape voltammo-
grams were observed even at high scan rates suggesting rapid charging/discharging properties. The CV analysis
shows a linear relationship between the capacitive current and the square root of the polarization rate, which led
to the conclusion that the charge storage mechanism is a diffusion-controlled process (Fig. 9f).
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Subsequently, the selected materials were subjected to galvanostatic charge-discharge (GCD) tests in two-
electrode symmetrical configuration at different current densities in the range of 2-6 A g™! (Fig. 10). The capaci-
tances at different current densities were determined (Eq. 2) and are summarized in Table 3, and Table S5 in
SI. The C, value was calculated based on the mass of the deposited material on the electrode surface, m, within
the potential range (AV=(V,-V,)), measuring the current value (i) and discharge time (¢,), according to the
following formula:

ity
C = AV (2)

For all porous materials, high reversible specific capacitances were observed at 2 A g: RF-C of 54 F g™,
RF-CNO-C of 85 F g™!, RFM-C of 69 F g}, and RFM-CNO-C of 160 F g"!. When the current densities increase
to 6 A g7', the Cg values for all porous materials decrease to c.a. 50% of their initial values. Moreover, the GCD
cycles recorded in a wide potential window (from 0 to 700 mV) showed nearly symmetric triangular curves that
prove the EDL capacitive nature of the studied materials. The slight deviations from the ideal triangular profile
were observed for the lower current densities approaching the value of 2 A g™', resulting from the difference in
the micro and mesopores’ participation in the electrode layer charging (Fig. 10a,c).

The values of energy density (Ejs,) and power density (P, determined on the GCD studies are sum-
marized in Table 3, and the relationships between them are presented on a Ragone plot (Fig. 10b). The maximum
E jensiry was 5 Wh kg™ at a power density of 0.43 kWh kg™ for REM-CNO-C. For other materials, the E,q;, values
varied from 1 to 4 Wh kg™, with high, almost unchanged the P,,,;, values ranging from 0.44 to 1.9 kWh kg™".
The Ej,, value was significantly increased, suggesting that REM-CNO-C offers remarkable charge storage in
an aqueous electrolyte. The RFM-CNO-C material was further studied at the different current densities ranging
from 2 to 9 A g (Fig. 10c), and its cycling stability at the current density of 9 A g™! (Fig. 10d). RFM-CNO-C
exhibited the Cg value of 160 F g™! at a current density of 2 A g™! that tends to be stable. After 3000 cycles, the
RFM-CNO-C electrode maintains about 97% of its initial capacitive efficiency. The results revealed excellent
cycling stability of the RFM-CNO-C electrode, which can be attributed to the stability of the hierarchical porosity.

The specific capacitance value of RFM-CNO-C is very high compared to other composites consisting of
carbonized polymers and carbon nanostructures (Table S6, SI). Among the hybrid materials, the most com-
monly used is graphene coated with various polymer-derived materials. However, the amount of graphene in
these materials is much more significant than the carbon nano-onion in RFM-CNO-C (5 wt% CNO). Moreover,
adding only a tiny amount of CNO results in an improvement in electrochemical performance.

Conclusions

In summary, we developed a series of hierarchical porous carbon materials derived from resins and spherical
carbon nanostructures that have been prepared through a combination of condensation polymerization in the
presence of CNO and pyrolysis. The CNO was covalently functionalized before the polycondensation reac-
tion. The obtained carbon materials possess poorly ordered domains with some structural disorder. It must
be highlighted that the REM-CNO-C composite exhibits a more orderly structure in which amorphous and
semicrystalline regions are present. Interestingly, the CNO addition to the materials remarkably increases the
total pore volumes (to 0.932 cm® g™! for RF-CNO-C and 1.242 cm® g™! for RFM-CNO-C). The micropore and
mesopore volumes rise in both materials showing the best textural performances, but the mesopore volume
increase is more significant.

Depending on the porosity, pore volume, heteroatom content, and morphology, all nanostructured carbon
exhibited good electrochemical performance. The carbon material derived from CNO, resorcinol, and melamine
(REM-CNO-C) showed the highest Cg value of 160 F g™! at a current density of 2 A g™! that tends to be stable
after 3000 cycles. The RFM-CNO-C electrode maintains about 97% of its initial capacitive efficiency. The results
revealed excellent cycling stability of the REM-CNO-C electrode, which can be attributed to the strength of the
hierarchical porosity owing to its unique structural features and good electrochemical properties, making it
promising electrode material for SC devices.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasonable
request.

Received: 23 November 2022; Accepted: 20 April 2023
Published online: 24 April 2023

References

1. Zhao, J. & Burke, A. F Review on supercapacitors: Technologies and performance evaluation. J. Energy Chem. 59, 276-291 (2021).

2. Poonam, S. K., Arora, A. & Tripathi, S. K. Review of supercapacitors: Materials and devices. . Energy Storage 21, 801-825 (2019).

3. Sahin, M., Blaabjerg, F. & Sangwongwanich, A. A comprehensive review on supercapacitor applications and developments. Energies
15, 674 (2022).

4. Zhai, Z. et al. A review of carbon materials for supercapacitors. Mater. Des. 221, 111017 (2022).

5. Fic, K., Lota, G., Meller, M. & Frackowiak, E. Novel insight into neutral medium as electrolyte for high-voltage supercapacitors.
Energy Environ. Sci. 5, 5842-5850 (2012).

6. Fic, K., Platek, A., Piwek, J. & Frackowiak, E. Sustainable materials for electrochemical capacitors. Mater. Today 21, 437-454 (2018).

7. Wang, Q, Yan, J. & Fan, Z. Carbon materials for high volumetric performance supercapacitors: Design, progress, challenges and
opportunities. Energy Environ Sci. 9, 729-762 (2016).

8. Liu, C.-F, Liu, Y.-C,, Yi, T.-Y. & Hu, C.-C. Carbon materials for high-voltage supercapacitors. Carbon 145, 529-548 (2019).

Scientific Reports |

(2023) 13:6606 | https://doi.org/10.1038/s41598-023-33874-w nature portfolio



www.nature.com/scientificreports/

9. Miao, L. et al. Design of carbon materials with ultramicro-, supermicro- and mesopores using solvent- and self-template strategy
for supercapacitors. Microporous Mesoporous Mater. 253, 1-9 (2017).

10. Wang, Q. et al. Three-dimensional flower-like and hierarchical porous carbon materials as high-rate performance electrodes for
supercapacitors. Carbon 67, 119-127 (2014).

11. Wang, J., Zhang, X, Li, Z., Ma, Y. & Ma, L. Recent progress of biomass-derived carbon materials for supercapacitors. J. Power
Sources 451, 227794 (2020).

12. Dong, X. et al. High volumetric capacitance, ultralong life supercapacitors enabled by waxberry-derived hierarchical porous carbon
materials. Adv. Energy Mater. 8, 1702695 (2018).

13. Chen, J. et al. N/P co-doped hierarchical porous carbon materials for superior performance supercapacitors. Electrochim. Acta
271, 49-57 (2018).

14. Wang, K., Wu, H., Meng, Y. & Wei, Z. Conducting polymer nanowire arrays for high performance supercapacitors. Small 10, 14-31
(2014).

15. Wang, Y., Ding, Y., Guo, X. & Yu, G. Conductive polymers for stretchable supercapacitors. Nano Res. 12, 1978-1987 (2019).

16. Cottineau, T., Toupin, M., Delahaye, T., Brousse, T. & Bélanger, D. Nanostructured transition metal oxides for aqueous hybrid
electrochemical supercapacitors. Appl. Phys. A 82, 599-606 (2006).

17. An, C, Zhang, Y., Guo, H. & Wang, Y. Metal oxide-based supercapacitors: Progress and prospectives. Nanoscale Adv. 1, 4644-4658
(2019).

18. Frackowiak, E., Khomenko, V., Jurewicz, K., Lota, K. & Béguin, F. Supercapacitors based on conducting polymers/nanotubes
composites. J. Power Sources 153, 413-418 (2006).

19. Wang, K.-B., Xun, Q. & Zhang, Q. Recent progress in metal-organic frameworks as active materials for supercapacitors. Energy
Chem. 2, 100025 (2020).

20. Wang, L. et al. Metal-organic frameworks for energy storage: Batteries and supercapacitors. Coord. Chem. Rev. 307, 361-381
(2016).

21. Gonzélez, A., Goikolea, E., Barrena, J. A. & Mysyk, R. Review on supercapacitors: Technologies and materials. Renew. Sust. Energy
Rev. 58, 1189-1206 (2016).

22. Najib, S. & Erdem, E. Current progress achieved in novel materials for supercapacitor electrodes: Mini review. Nanoscale Adv. 1,
2817-2827 (2019).

23. Frackowiak, E. Carbon materials for supercapacitor application. Phys. Chem. Chem. Phys. 9, 1774 (2007).

24. Frackowiak, E. & Béguin, F. Carbon materials for the electrochemical storage of energy in capacitors. Carbon 39, 937-950 (2001).

25. He, Y. et al. An overview of carbon materials for flexible electrochemical capacitors. Nanoscale 5, 8799 (2013).

26. Huang, Y, Liang, J. & Chen, Y. An overview of the applications of graphene-based materials in supercapacitors. Small 8, 1805-1834
(2012).

27. Cao, X, Yin, Z. & Zhang, H. Three-dimensional graphene materials: preparation, structures and application in supercapacitors.
Energy Environ. Sci. 7, 1850-1865 (2014).

28. Pan, H., Li, J. & Feng, Y. P. Carbon nanotubes for supercapacitor. Nanoscale Res. Lett. 5, 654-668 (2010).

29. Du, C. & Pan, N. Supercapacitors using carbon nanotubes films by electrophoretic deposition. J. Power Sources 160, 1487-1494
(2006).

30. Shi, K., Ren, M. & Zhitomirsky, I. Activated carbon-coated carbon nanotubes for energy storage in supercapacitors and capacitive
water purification. ACS Sustain. Chem. Eng. 2, 1289-1298 (2014).

31. Plonska-Brzezinska, M. E. & Echegoyen, L. Carbon nano-onions for supercapacitor electrodes: recent developments and applica-
tions. J. Mater. Chem. A 1, 13703 (2013).

32. Borgohain, R,, Li, ], Selegue, J. P. & Cheng, Y.-T. Electrochemical study of functionalized carbon nano-onions for high-performance
supercapacitor electrodes. J. Phys. Chem. C 116, 15068-15075 (2012).

33. Gao, Y. et al. Chemical activation of carbon nano-onions for high-rate supercapacitor electrodes. Carbon 51, 52-58 (2013).

34. Huang, J. et al. Curvature effects in carbon nanomaterials: Exohedral versus endohedral supercapacitors. J. Mater. Res. 25, 1525-
1531 (2010).

35. Dhand, V., Yadav, M., Kim, S. H. & Rhee, K. Y. A comprehensive review on the prospects of multi-functional carbon nano onions
as an effective, high-performance energy storage material. Carbon 175, 534-575 (2021).

36. Plonska-Brzezinska, M. E. Carbon nano-onions: A review of recent progress in synthesis and applications. ChemNanoMat 5,
568-580 (2019).

37. Mykhailiv, O. et al. Improvement of the structural and chemical properties of carbon nano-onions for electrocatalysis. ChemNa-
noMat 3, 583-590 (2017).

38. Plonska-Brzezinska, M. E., Molina-Ontoria, A. & Echegoyen, L. Post-modification by low-temperature annealing of carbon nano-
onions in the presence of carbohydrates. Carbon 67, 304-317 (2014).

39. Velasquez, J. D., Tomczykowa, M., Plonska-Brzezinska, M. E. & Chaur, M. N. Evaluation of the covalent functionalization of carbon
nano-onions with pyrene moieties for supercapacitor applications. Materials 13, 1141 (2020).

40. Zhang, C., Du, H., Ma, K. & Yuan, Z. Ultrahigh-rate supercapacitor based on carbon nano-onion/graphene hybrid structure toward
compact alternating current filter. Adv. Energy Mater. 10, 2002132 (2020).

41. Mykhailiv, O., Imierska, M., Petelczyc, M., Echegoyen, L. & Plonska-Brzezinska, M. E. Chemical versus electrochemical synthesis
of carbon nano-onion/polypyrrole composites for supercapacitor electrodes. Chem. Eur. J. 21, 5783-5793 (2015).

42. Papathanassiou, A. N., Plonska-Brzezinska, M. E., Mykhailiv, O., Echegoyen, L. & Sakellis, I. Combined high permittivity and high
electrical conductivity of carbon nano-onion/polyaniline composites. Synth. Methods 209, 583-587 (2015).

43. Olejnik, P.,, Gniadek, M., Echegoyen, L. & Plonska-Brzezinska, M. Nanoforest: Polyaniline nanotubes modified with carbon nano-
onions as a nanocomposite material for easy-to-miniaturize high-performance solid-state supercapacitors. Polymers 10, 1408
(2018).

44. Benzigar, M. R. et al. Recent advances in functionalized micro and mesoporous carbon materials: Synthesis and applications. Chem
Soc Rev 47, 2680-2721 (2018).

45. Wang, H. et al. Polymer-derived heteroatom-doped porous carbon materials. Chem. Rev. 120, 9363-9419 (2020).

46. Zou, Y. et al. Sp*-hybridized carbon-containing block copolymer templated synthesis of mesoporous semiconducting metal oxides
with excellent gas sensing property. Acc. Chem. Res. 52, 714-725 (2019).

47. Xu, M. et al. Tailoring porous carbon spheres for supercapacitors. Nanoscale 10, 21604-21616 (2018).

48. Zhang, H. et al. Fabrication of high density and nitrogen-doped porous carbon for high volumetric performance supercapacitors.
J. Energy Storage 47, 103657 (2022).

49. Li, Q. et al. Controllable construction of hierarchically porous carbon composite of nanosheet network for advanced dual-carbon
potassium-ion capacitors. J. Colloid Interface Sci. 621, 169-179 (2022).

50. Fu, X., Chen, A., Yu, Y., Hou, S. & Liu, L. Carbon nanotube@N-doped mesoporous carbon composite material for supercapacitor
electrodes. Chem. Asian J. 14, 634-639 (2019).

51. Du,J, Liu, L., Wu, H. & Chen, A. N-doped Yolk-shell carbon nanotube composite for enhanced electrochemical performance in
a supercapacitor. Nanoscale 11, 22796-22803 (2019).

52. Benzigar, M. R. et al. Highly crystalline mesoporous Cg, with ordered pores: A class of nanomaterials for energy applications.
Angew. Chem. Int. Ed. 57, 569-573 (2018).

Scientific Reports | (2023) 13:6606 | https://doi.org/10.1038/s41598-023-33874-w nature portfolio



www.nature.com/scientificreports/

53. Fulvio, P. E et al. “Brick-and-mortar” self-assembly approach to graphitic mesoporous carbon nanocomposites. Adv. Funct. Mater.
21, 2208-2215 (2011).

54. Siemiaszko, G. et al. Polymeric network hierarchically organized on carbon nano-onions: Block polymerization as a tool for the
controlled formation of specific pore diameters. ACS Appl. Polym. Mater. 4, 2442-2458 (2022).

55. Siemiaszko, G., Hryniewicka, A., Breczko, J., Brzezinski, K. & Plonska-Brzezinska, M. E. Carbon nano-onion induced organization
of polyacrylonitrile-derived block star polymers to obtain mesoporous carbon materials. Chem. Commun. 8,9 (2022).

56. Kuznetsov, V. L., Chuvilin, A. L., Butenko, Y. V., Mal’kov, L. Y. & Titov, V. M. Onion-like carbon from ultra-disperse diamond.
Chem. Phys. Lett. 222, 343-348 (1994).

57. Thommes, M. et al. Physisorption of gases, with special reference to the evaluation of surface area and pore size distribution (ITUPAC
technical report). Pure Appl. Chem. 87, 1051-1069 (2015).

58. Rouquerol, J., Llewellyn, P. & Rouquerol, E. Is the BET equation applicable to microporous adsorbents? In: Studies in Surface Sci-
ence and Catalysis 49-56. (Elsevier, 2007).

59. Lastoskie, C., Gubbins, K. E. & Quirke, N. Pore size distribution analysis of microporous carbons: A density functional theory
approach. J. Phys. Chem. 97, 4786-4796 (1993).

60. Tarazona, P. A density functional theory of melting. Mol. Phys. 52, 81-96 (1984).

61. Olivier, J. P. Modeling physical adsorption on porous and nonporous solids using density functional theory. J. Porous Mater. 2,
9-17 (1995).

62. Ferrari, A. C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon coupling, doping and nonadiabatic effects.
Solid State Commun. 143, 47-57 (2007).

63. Prawer, S. et al. The Raman spectrum of nanocrystalline diamond. Chem. Phys. Lett. 332, 93-97 (2000).

64. Bobrowska, D. M. et al. Carbon nanoonion-ferrocene conjugates as acceptors in organic photovoltaic devices. Nanoscale Adv. 1,
3164-3176 (2019).

65. Sidir, I, Giilseven Sidir, Y., Gobi, S., Berber, H. & Fausto, R. Structural relevance of intramolecular H-bonding in ortho-hydroxyaryl
schiff bases: The case of 3-(5-bromo-2-hydroxybenzylideneamino) phenol. Molecules 26, 2814 (2021).

66. Mohamed, M. G. et al. High-molecular-weight PLA-b-PEO-b-PLA triblock copolymer templated large mesoporous carbons for
supercapacitors and CO, capture. Polymers 12, 1193 (2020).

67. Koinuma, M. et al. Analysis of reduced graphene oxides by X-ray photoelectron spectroscopy and electrochemical capacitance.
Chem. Lett. 42, 924-926 (2013).

68. Rabchinskii, M. K. et al. From graphene oxide towards aminated graphene: Facile synthesis, its structure and electronic properties.
Sci. Rep. 10, 6902 (2020).

69. Radaelli, G. et al. Highly effective antiadhesive coatings from pH-modified water-dispersed perfluorinated acrylic copolymers:
The case of vulcanizing rubber. Adv. Mater. Interfaces 3, 1600069 (2016).

70. Chiang, Y.-C., Chen, Y.-J. & Wu, C.-Y. Effect of relative humidity on adsorption breakthrough of CO, on activated carbon fibers.
Materials 10, 1296 (2017).

71. Oh, Y. . et al. Oxygen functional groups and electrochemical capacitive behavior of incompletely reduced graphene oxides as a
thin-film electrode of supercapacitor. Electrochim. Acta 116, 118-128 (2014).

72. Larciprete, R., Gardonio, S., Petaccia, L. & Lizzit, S. Atomic oxygen functionalization of double walled C nanotubes. Carbon 47,
2579-2589 (2009).

73. Barinov, A. et al. Initial stages of oxidation on graphitic surfaces: Photoemission study and density functional theory calculations.
J. Phys. Chem. C 113, 9009-9013 (2009).

74. Arrigo, R. et al. Tuning the acid/base properties of nanocarbons by functionalization via amination. J. Am. Chem. Soc. 132,
9616-9630 (2010).

75. Raicopol, M., Andronescu, C., Atasiei, R., Hanganu, A. & Pilan, L. Post-polymerization electrochemical functionalization of a
conducting polymer: Diazonium salt electroreduction at polypyrrole electrodes. J. Electrochem. Soc. 161, G103-G113 (2014).

76. Wang, Y. et al. Insights into the adsorption mechanism of tetracycline on hierarchically porous carbon and the effect of nanoporous
geometry. Chem. Eng. J. 437, 135454 (2022).

77. Jagiello, J., Chojnacka, A., Pourhosseini, S. E. M., Wang, Z. & Beguin, F. A dual shape pore model to analyze the gas adsorption
data of hierarchical micro-mesoporous carbons. Carbon 178, 113-124 (2021).

78. Gogotsi, Y. et al. Carbon electrodes for energy storage: general discussion. Faraday Discuss 172, 239-260 (2014).

Acknowledgements

We gratefully acknowledge the financial support of the National Science Centre, Poland, grant #2017/25/B/
ST5/01414 to M.E.P-B. We gratefully acknowledge Prof. Luis Echegoyen from University of Texas at El Paso for
providing the CNOs. The research was carried out with the equipment purchased thanks to the financial support
of the European Regional Development Fund (POIG.02.01.00-06024/09, Maria Curie-Sklodowska University,
Poland) and the Operational Program Development of Eastern Poland 2007-2013 (POPW.01.03.00-20-034/09-00
and POPW.01.03.00-20-004/11-00, University of Bialystok, Poland).

Author contributions

M.E.P-B. conceived and supervised the project. G.S. and A.H. developed and synthesized carbon materials. G.S.
performed structural analysis of all samples. J.B. performed the electrochemical experiments and analysed the
data. A.I. and A.P.T. conducted the N2 adsorption-desorption measurements and analysed the data. KH.M
performed Raman spectroscopy and analysed the data. All authors discussed the results and wrote the paper.

Funding
Grant #2017/25/B/ST5/01414 (National Science Centre, Poland, M.E.P-B).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-33874-w.

Correspondence and requests for materials should be addressed to G.S. or M.E.P.-B.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:6606 | https://doi.org/10.1038/s41598-023-33874-w nature portfolio


https://doi.org/10.1038/s41598-023-33874-w
https://doi.org/10.1038/s41598-023-33874-w
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:6606 | https://doi.org/10.1038/s41598-023-33874-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Composites containing resins and carbon nano-onions as efficient porous carbon materials for supercapacitors
	Experimental section
	Materials. 
	Methods. 
	Synthetic procedures. 
	Synthesis of functionalized carbon nano-onions (f-CNO). 
	Synthesis of the composite containing resorcinol–formaldehyde resin and CNO (RF-CNO). 
	Synthesis of the composite containing resorcinol–formaldehyde-melamine resin and CNO (RFM-CNO). 
	Synthesis of the composite containing benzoxazine resin and CNO (BX-CNO). 
	Synthesis of the composite containing calix[4]arene-based resin and CNO (CLX-CNO). 
	Synthesis of carbon materials (RF-CNO-C, RFM-CNO-C, BX-CNO-C, CLX-CNO-C). 


	Results and discussion
	Synthesis of resins and carbon materials. 
	Structure of resins and carbon materials. 
	Electrochemical performance of the hierarchical porous materials. 

	Conclusions
	References
	Acknowledgements


