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ABSTRACT
This article reports a strategy to use nitrogen-doped carbonmaterials as electrodes for supercapaci-
tors. Depending on the carbon precursor, the porous structure is changed with specific surface area
reached up to 2270m2 g−1. The capacitance of carbonmaterials used as electrodes is related strictly
to pore size. The microstructure and nitrogen functionalities enable a high capacitance (327 F g−1)
and cycle durability. The nanoporous carbon electrode exhibits long-term cycle life and high cycle
stability with a retention of 86% of its initial after 10,000 cycles in neutral electrolyte. Highly porous
carbons are thus considered a promising material for supercapacitors.
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1. Introduction

Recently, composite carbon materials have become a
subject of special interest as potential electrode materi-
als for batteries and energy storage devices [1,2]. Com-
posites with transition-metal oxides were investigated
as alternative materials for supercapacitor electrodes to
improve the specific capacitance and the energy density
[3,4], however, due to their high price, composites and
hybrids with heteroatoms have also been studied [5–7].
Recent reports demonstrate that doping nitrogen onto
the surface of carbon gives rise to charge delocalization
and thereby facilitates selective adsorption and trans-
fer [8,9]. In general, nitrogen doping can be achieved
through post-treatmentwith smallmolecular agents such
as urea, melamine, and ammonia gas [10–13]. Some
recent research also suggests that heteroatom doping
can increase the conductivity of porous carbon materials
[14,15].

The pivotal and novel idea for forming hybrid materi-
als from carbon nanotubes on a porous carbon surface
using the thermal conversion of poly(furfuryl alcohol)
was described in our first paper in this field [16]. Recently,
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we reported amethod of preparing activated carbon con-
taining nitrogen using chitin, chitosan, lysine, and green
algae as carbon source [17,18]. The obtained materials
had many advantages, including their very high nitrogen
content; however, treating the carbon surface with fur-
furyl alcohol reduced the specific surface area. Therefore,
to consider the potential use of these carbons in electro-
chemistry, additional activation processes were required,
which were in turn used in the research presented in this
publication.

The good performance of a supercapacitor depends
on the proper structure of the electrode and also on the
content of additional functional groups, which directly
affect the transport of ions and also has a positive effect
on the load stability of the electrode materials and pro-
mote the uniform intensity of the internal electric field.
Compared with two-dimensional graphene, carbon nan-
otubes also 3D materials [19] are used for such devices
due to their unique mechanical or electronic proper-
ties. The adequate density of carbon nanotubes results
in uniform distribution of ionic charge, electric field
strength is increased thus improving electrochemical

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
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properties. However, once a certain value of nanotube
density is exceeded, the opposite effect can be achieved
to the expected effect causing a reduction in the capac-
ity/capacitance of the supercapacitor [20]. Limitations
thatmay occur in the use of hybrids containing transition
metals are, in addition to price and safe synthesis, one
can also mention the difficulty in obtaining the appropri-
ate structure and properties. Therefore, researchers are
trying to find solutions that effectively counteract the
various limitations [21,22]. The paper described by He
et al. [23] presents metal-free structures of porous car-
bon materials that work effectively in high-performance
supercapacitors while showing stability and featuring an
uncomplicated synthesis method. The synthesis is based
on the formation of nanoporous carbon materials with-
out metal–organic structures (MOFs) which is an attrac-
tive approach and can be a major challenge that we have
addressed.

In this work, carbon obtained from green algae and
gelatin was activated through chemical treatment, using
the same amount of activator with carbonization tem-
perature of 800°C. The influence of synthesis conditions
on the porous structure was investigated. The structure
and properties of the obtained highly porous materials,
to be used as supercapacitor electrodes, were evaluated
in neutral electrolyte. Both types of prepared electrodes
possessed micropores and mesopores. Electrochemical
properties dependent on the used type of carbon and
electrolyte were identified, such as capacitance and rate
performance. It was observed for electric double-layer
supercapacitors that low nitrogen content in electrodes is
sufficient for efficient energy storage. The porous struc-
ture of the electrodes used had the greatest influence on
their properties.

2. Materials andmethods

2.1. Preparation of carbonmaterials

Porous carbonmaterials were synthesized in a templating
process using silicon dioxide described in our previous
paper [24,25]. The first step of the synthesis procedure is
described in the Supplementary Information. In the next
step, in order to increase the specific surface area, the
obtained materials were mixed with potassium hydrox-
ide in a mass ratio of 1:4. The mass was then carbonized
at 800°C in a tube furnace in a N2 atmosphere at a
rate of 10°Cmin−1 and kept there for 1 h. After acti-
vation, the samples were washed with distilled water to
remove KOH and other impurities until pH stabilized at
7. This was followed by drying at 120°C overnight, even-
tually producing porous carbons. A series of samples was

prepared with carbonization temperature 800°C, and the
resultant products were denoted as 1NCA-T, 2NCA-T,
and 1NGA-T, 2NGA-T, where A—stands for a carbon
material after potassium hydroxide activation, T—stands
for the activation temperature denoted as 800 in the
samples’ names.

2.2. Characterizationmethods

The morphology of the carbons was characterized
using a high-resolution transmission electron micro-
scope (HRTEM, FEI Europe production, Tecnai F20 X-
Twin model) with an acceleration voltage of 200 kV.
Nitrogen, carbon, and hydrogen content was determined
using a CHN VarioElemental analyser. In order to anal-
yse the surface composition of the obtained materi-
als, X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using the PHI5000 VersaProbe
II Scanning XPS Microprobe spectrometer with a high-
performance monochromatic Al Kα X-ray source. XPS
spectra were taken after all binding energies were refer-
enced to the C1s neutral carbon peak at 284.8 eV. Nitro-
gen adsorption–desorption measurements at −196°C
were performed with ASAP2020 Plus, Micromeritics.
Before each measurement, a sample was outgassed
in a vacuum at 200°C for 24 h. The specific surface
area was calculated using the Brunauer–Emmett–Teller
(BET) method and pore size distribution was cal-
culated using the density functional theory (DFT)
method.

3. Electrochemical measurements

3.1. Three-electrode configuration

The electrode materials were prepared by mixing the
activematerial, carbonblack, andpoly-vinylidenefluoride
(PVDF) with the weight ratio of 8:1:1 in ethanol and then
coating the graphite foil current collectors with this mix-
ture. Finally, the fabricated carbon electrodes were dried
at 60°C for 24 h. Three-electrode configuration measure-
ments were performed in 0.2M K2SO4 electrolyte with
Ag/AgCl (3M KCl) and platinum mesh as a reference
and a counter electrode, respectively. All the electro-
chemical measurements were carried out on a poten-
tiostat/galvanostat (BioLogic VSP 2078) using cyclic
voltammetry (CV) and galvanostatic charge–discharge
(GCD). CV of each three-electrode setup was investi-
gated from −1 to +1V vs. Ag/AgCl (3M KCl) with
a scan rate of v = 50mV s−1. GCD was performed
in the same potential range at a current density of
j = 3mA cm−2.
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3.2. Two-electrode configurationwith neutral
electrolyte

The symmetric two-electrode supercapacitors were
assembled using two electrodes with exactly the same
mass of the active material, which was coated onto the
graphite foil current collectors. The mass loading of
the deposited layers of carbon materials ranged from
7.2 to 11mg cm−2 (1NCA-800–7.9mg cm−2, 2NCA-
800–11mg cm−2, 1NGA-800–9.3mg cm−2, 2NGA-800–
7.2mg cm−2). A glass fiber separator soaked with 0.2M
K2SO4 was placed between the two electrodes, each of
them the size of 20mm× 20mm. Afterwards, the casing
foil was welded on three sides using a plastic foil welder,
and finally the setup was sealed using a vacuum packing
machine. For the obtained supercapacitors, GCD mea-
surements (1000 cycles) were performed. Electrochem-
ical tests were conducted with current density values in
the range of 1–10A g−1, with the voltage value of 1V. The
equations for calculation of specific capacitance, energy
density, and power density can be found in the Supple-
mentary Information. Moreover, EIS was performed for
two of the best materials in a frequency range between
20 kHz and 1Hz with a voltage amplitude of 10mV at an
open circuit potential.

4. Results and discussion

4.1. Materials characterization

The porous structure was observed through HRTEM
for both green algae-based and gelatine-based samples,
which is depicted in Figure 1. HRTEM images show
that carbon samples exhibited a uniform porous struc-
ture with a rough surface and a great number of pores of
various sizes.

The silicon dioxide was easily removed from all sam-
ples; the 1-NC and 2-NC samples (Figure 1(a,b)) exhibit
a smaller total pore volume (detailed description of V t
and BET can be found in the Supplementary Informa-
tion and Table S1) than the 1-NG and 2-NG samples
(Figure 1(c,d)), which were characterized by the presence
of thinner walls.

A chemical activation process involving carboniza-
tion and KOH activation was employed to produce
a high specific surface area and highly porous struc-
ture. The 1NCA-800 and 2NCA-800 samples after
KOH activation had porous surface with variable pore
size (Figure S1(a,b)). The figures indicate that the
samples had a rough surface with many pores. It
is also possible to distinguish cavities on the sur-
face of the 1NGA-800 and 2NGA-800 samples (Figure
S1(c,d)).

In general, the surface properties of electrode mate-
rials are a crucial factor affecting electrochemical per-
formance and thus the energy storage abilities of carbon
materials that store charges through the formation of an
electrical double layer (EDL). Figure 2 shows the nitro-
gen adsorption–desorption isotherms (Figure 2(a,b)) of
the N-containing carbons and the calculated pore size
distributions (Figure 2(c,d)).

The presented isotherm plots can be described as type
IV isothermswith hysteresis loop, suggesting bothmicro-
and mesoporous nature of the samples. The pore size of
samples obtained in the NC series (Figure 2(c)) ranges
mainly from 0.5 to 2 nm with a high degree of microp-
orosity development and from 2 to 14 nm which confirm
the presence also of mesopores. The NG series (Figure
2(d)) the pore size distribution is in the same region as
for NC series from 0.5 to 14 nm. It is well known that
mesopores play an important role in promoting fast ion
adsorption in the bulk of the material [26,27].

An XPS survey was employed to confirm the pres-
ence of the elements and the existence of their corre-
sponding forms. One sample from each NG and NC
series was selected for analysis; as shown in the survey
spectra for the two samples (Figure S2(a,d)), signals of
carbon and oxygen were detected. The high-resolution
XPS spectra of the C1s and O1s regions are illustrated
in Figure S2(b,e) and (c,f), respectively. Both samples
1NCA-800 and 2NGA-800 show similar C and O signals
in the XPS spectra. Different binding energies indicate
that the C atoms were linked with one O atom by a single
bond, or with two O atoms. Detailed information about
the deconvolution of C1s and O1s is described in the
Supplementary Information. 1NCA-800 shows an oxy-
gen content of 6.5 at.%, while 2NGA-800 has an oxygen
content of 9.2 at.%. Because the amount of N-doped can-
not be reliably detected in wide scan XPS, we employed
combustible elemental analysis to obtain accurate mea-
surements of the concentration of these trace element.
The nitrogen content of all samples was identified by
elemental analysis (Table S1 in the Supplementary Infor-
mation). The amounts of N-doped approximately the
same for the analysed series, and a little bit more for
NCA samples than NGA series. For the activated with
KOH samples the highest amount of nitrogen is for the
sample of 1NCA-800 (0.72wt.%). As aforementioned, the
proper surface area, pore volume, and nitrogen content
can all have a positive impact on increasing the capac-
itance of the electrode. The nitrogen content affecting
capacitance is, as it has been reported that nitrogen atoms
are electrochemically active due to being electron-rich
[28,29].

The results of theX-ray powder diffraction analysis are
shown in Figure S3(a,b). Figure S3(a) shows the results
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Figure 1. HRTEM images of: (a) 1NC, (b) 2NC, (c) 1NG, and (d) 2NG.

for materials obtained from natural algae before activa-
tion with two characteristic peaks at 24.1° and 43.3° asso-
ciated with overlapping aromatic structure from graphite
as graphene layers. Figure S3(b) shows the results for
materials obtained from gelatine before and after acti-
vation with the same two characteristic peaks which
indicate that before activation we have more ordered
crystallographic structure than after activated materials.
The materials before activation have a structure con-
sisting of several layers of stacked graphene sheets. The
broad peak at the angle two theta value from 20 to
25° can be attributed to the small dimensions of the
crystallites, which are perpendicular to the graphene
sheets [30,31].

The Raman spectra shown in Figure S3(c,d) indicate
that there are three characteristic bands for graphene (D,
G, and 2D-band) in all samples before and after acti-
vation. The D-band is responsible for the sp3 hybrid
structure of defining defects in the disordered carbon
structure, while the G-band is responsible for the sp2

hybrid structure of carbon of highly ordered graphite
layers [32].

4.2. Electrochemical performance for a
three-electrode configurationwith neutral
electrolyte

The CV profiles of the carbon materials in the neutral
electrolyte (0.2M K2SO4) are presented in Figure 3(a). It
can be seen that the highest density current was achieved
for both 1NCA-800 and 1NGA-800 electrode materi-
als and that each curve shape indicates energy storage
through an EDL rather than through pseudocapacitance.
However, after several GCD cycles were performed, it can
be observed that each electrode material is characterized
by an increasing capacitance value, probably related to
the activation processes due to electrolyte ion intercala-
tion. On the basis of the three-electrode measurements,
it can be said that after 100 GCD cycles, carbon materi-
als are characterized by an enhanced capacitance (Figure
3(b)).
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Figure 2. (a,b) Adsorption–desorption isotherms of N2 measured at −196°C on porous carbon materials. (c,d) Pore size distributions
(PSDs) were obtained by the NLDFT method.

Figure 3. (a) Cyclic voltammetry curves recorded for carbon materials in 0.2M K2SO4 (at a scan rate of v = 50mV s−1) and (b) areal
capacitance calculatedon thebasis of 100galvanostatic charge/discharge cycles for carbonmaterials at a current density j = 3mA cm−2.

4.3. Electrochemical performance of a
two-electrode configurationwith neutral electrolyte

In order to evaluate the long-term performance of the
analyzed materials, 1000 GCD cycles were performed
in a two-electrode configuration in 0.2M K2SO4 with
the carbon materials deposited onto graphite foil. In
Figure 4, the specific capacitance for 1000 cycles for each
electrode material is shown together with the inset pre-
senting chronopotentiometry curves before and after the
GCD test. More detailed capacitance results are shown

in Table S2 in the Supplementary Information. As shown
in Figure 4, the highest capacitance was obtained for the
1NCA-800 electrode material, which is consistent with
the results obtained in three-electrode measurements.
However, it is also characterized by the lowest capacitance
retention value, though it is considerably high. The most
promising capacitance retention can be distinguished for
the 2NGA-800 carbon material, but in this case, spe-
cific capacitance was the lowest. Worth noting is the fact
that the 1NGA-800 electrode material was characterized
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Figure 4. Specific capacitance plotted as a function of the number of GCD cycles for (a) 1NCA-800, (b) 2NCA-800, (c) 1NGA-800, and (d)
2NGA-800 (insets: GCD curves before and after charge/discharge tests recorded at a current density of 5 A g−1) measured in 0.2M K2SO4
electrolyte.

by both considerably high capacitance retention and
high specific capacitance value, thus presenting possibly
the best overall electrochemical performance. The high-
est capacitance, equal to 361 F g−1 at current density of
5A g−1, was determined for 1NGA-800 sample with high
accessible surface area of 1642m2 g−1. Furthermore, an
analysis was performed regarding physicochemical prop-
erties and elemental composition, and their relation to
the electrochemicalmeasurements.When comparing the
results from Table S1 in the Supplementary Informa-
tion, it can be seen that higher capacitance values were
obtained with increasing nitrogen content in the sample,
which is consistent with a number of literature reports
[33–36].

Moreover, it can be observed that the materials with
the highest specific surface area (2NCA-800 and 2-NGA-
800) are characterized by reduced capacitive properties,
which indicate that a common statement that higher
BET specific surface area contributes to higher capac-
itance values, is not always true. Those materials also
have a larger micropore surface, which confirms that a
large specific surface area does not necessarily mean an
improved capacitance. Moreover, materials with mod-
erate micropore volumes (1NCA-800 and 1NGA-800)

result in enhanced electrochemical properties, whereas
too small and too high volume is not beneficial and a clear
correlation may be seen. Finally, it may be concluded
that the total (%) contribution of micro- and mesopores
may have some influence on capacitance retention, as
the results indicate that their ratio of equal contribution
(1:1) results in the highest capacitance retention, andwith
the progressive domination of micropores, the capaci-
tance retention decreases. It is known that mesopores
play a crucial role in energy storage processes due to their
fast ion transport and charge storage ability [37,38]. The
capacity variation at different discharge current densi-
ties (Figure S4 in the Supplementary Information) reveals
that the supercapacitor device based on the N-doped car-
bon materials has a small internal resistance, which is
beneficial for high power discharge in practical appli-
cations. It can be observed on the Ragone plot, which
presents the power density and energy density of the
device at different current densities, that the energy den-
sity value is comparable with the reference values (which
are presented in Table S3 in the Supplementary Infor-
mation). The results are presented in Figure 5(a) and
they are consistent with the results above, namely both
1NCA-800 and 1NGA-800 are characterized by the most
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Figure 5. (a) Ragone plots for carbon materials in symmetric supercapacitors measured in 0.2M K2SO4 electrolyte and (b) specific
capacitance plotted as a function of the number of GCD cycles of 1NCA-800 and 1NGA-800 for 10,000 cycles.

promising properties for application in supercapacitors.
The comparison of the overall electrochemical perfor-
mance for the studied carbon materials is presented in
Table S3 in the Supplementary Information, together
with literature reports on carbon electrode materials.
Multiple charge–discharge cycles (10,000 cycles) were
performed in a two-electrode configuration for N-APC-
800 and N-APC-900 in order to examine the stability of
symmetric supercapacitors (Figure 5(b)) made for two
types of the carbon materials (the best). The capacitance
retention between the 1st and the 10,000th chronopo-
tentiometry cycle was equal to 86% for 1NGA-800 and
64% for 1NCA-800. It is noteworthy that the decrease
of the capacitance is the highest at the beginning of the
charge–discharge tests, and then the capacitance stabi-
lized after approximately 1000 cycles for 1NGA-800 and
2000 cycles for 1NCA-800. This means that the capaci-
tance drop is related to some irreversible reactions on the
material surface.

Moreover, the areal and volumetric capacitance was
also calculated based on the GCD curves. The thick-
ness of the layers was 29 and 21μm for 1NCA-800
and 1NGA-800, respectively, which was estimated using
the DektakXT profilometer. The 1NCA-800 exhibits
areal and volumetric capacitance of 498mF cm−2 and
17 F cm−3, and the 1NGA-800-based supercapacitor
shows 602mF cm−2 and 28 F cm−3, respectively (after
5000 cycles). The results of the areal and volumet-
ric capacitive performance of the doped carbon-based
supercapacitors have been included in the Supplemen-
tary information (see Figure S5). Both materials in the
symmetric supercapacitor system were also character-
ized by a quite high-reaching coulombic efficiency during
multiple cycles
(Figure S6).

Figure S7 shows the electrochemical impedance spec-
tra recorded for the 1NCA-800 and 1NGA-800-based
symmetric supercapacitors at an open circuit potential

(in a frequency range from 20 kHz to 1Hz). In the high-
frequency region, which represents the charge transfer
resistance at the electrode–electrolyte interface, no semi-
circle was observed. On the other hand, the decreased
slope in the low-frequency region indicates that there is a
deviation from capacitive to pseudocapacitive behaviorA
small diameter or the absence of the semicircle indicates
the small charge transfer resistance due to the porous
structure of the materials [39,40].

A voltage leakage test was carried out for the selected
electrode material (1NGA-800), as well, by charging the
constructed supercapacitor with a current density of
2A g−1 at 1V of operating voltage. In the next step,
open circuit potential was measured for about 500 s, and
finally, a discharge with a current of 2A g−1 was per-
formed. As can be seen, the potential has not changed
significantly (only by about 6%) during the OCP mea-
surement and maintained the prior value, indicating
good stability of the electrode material under charging
conditions (see Figure S8).

5. Conclusion

In summary, nitrogen-doped porous carbons with high
surface areas were prepared from gelatine and green
algae—inexpensive, environmentally friendly, and
renewable precursor. The investigated carbon electrodes
with a low nitrogen content show that textural param-
eters are crucial factors influencing the samples’ capac-
itance values. The carbon’s BET surface area reached
2270m2 g−1 with a nitrogen content of 0.52wt.%. The
beneficial effect of nitrogen being substituted for car-
bon in the carbon layer is connected with enhancing the
conductivity of the materials and increasing the active
surface area accessible to the electrolyte by improving the
wettability of the electrodes. Moreover, it also exhibits
an attractive performance rate (after 10k cycles) in that
the specific capacitance remains 86% (287 F g−1) at a
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current density of 5A g−1. The superior capacitive per-
formance and low-cost and facile fabrication method
of the nanoporous activated carbon electrode make it
a very promising candidate for SCs applications. These
results might be attributed to the unique structural and
compositional features of materials, such as high spe-
cific area, desirable pore size distribution and sufficient
electrochemically active sites.
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