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Nowadays, higher requirements are put forward to the storage and utilization of energy, and supercapaci-
tor is a kind of energy storage electronic devices. The resulting CA-N, with a specific surface area of 320.6
m?/g and a pore volume of 0.28 cm?/g, demonstrated a remarkable supercapacitance of 283.3 F/g. As a
mesoporous material, CA-N offers numerous channels for the diffusion and absorption of electrolyte ions.
Furthermore, it exhibited an impressive capacity retention rate of 98.48% after 5000 charge-discharge
cycles. These outstanding electrochemical properties highlight the potential of CA-N for applications in

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
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Nowadays, with the utilization of fossil fuels, environmen-
tal issues and energy crises have become increasingly severe.
Consequently, higher requirements have been placed on the de-
velopment of renewable energy sources as well as the storage
and utilization of energy [1-3]. Various methods for energy stor-
age have been proposed; for example, batteries can store large
amounts of energy, but they have several drawbacks such as short
lifespan and rapid capacity decay [4]. Supercapacitors, on the
other hand, are electronic devices that can store and release large
amounts of energy in a short period of time. Due to their advan-
tages of fast charging and discharging rates, high energy density,
good cycle stability, and environmental friendliness, superca-
pacitors are gradually gaining attention [5-7]. Therefore, further
research and development of supercapacitors to improve their spe-
cific capacitance and cycle stability are of great significance [8,9].

Supercapacitors can be classified into three main categories
based on their charge storage mechanisms: Electric double-layer
capacitors (EDLCs), pseudocapacitors (PCs), and hybrid supercapac-
itors (HSCs) [2]. Among these, EDLCs are renowned for their excel-
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lent cycle stability, which stems from their ability to store energy
through physical processes occurring between the electrolyte and
the electrodes [10]. Carbon materials, including carbon nanotubes,
activated carbon, and graphene, are widely used as electrode ma-
terials in EDLCs due to their unique properties [11,12]. In particu-
lar, activated carbon is a popular choice for EDLC electrodes ow-
ing to its large surface area and excellent electrical properties. This
material is typically produced through either physical or chemical
processes. The physical process involves thermal treatment of acti-
vated carbon precursors at high temperatures (700-1200 °C), while
the chemical process involves reacting carbon materials with acti-
vating agents such as urea or potassium hydroxide at lower tem-
peratures [13]. The activation process leads to the formation of a
porous structure, which can be categorized into micropores, meso-
pores, and macropores. These pores play a crucial role in deter-
mining the electrochemical performance of the electrode material
[14].

Traditional carbon materials used in supercapacitors often orig-
inate from fossil fuels, which can contribute to energy crises and
environmental pollution. As a result, there is a growing interest in
utilizing biomass as a sustainable alternative energy source [15-
18]. Biomass-derived materials are biodegradable and environmen-
tally friendly, and they have been successfully applied in various
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electronic devices [19-22]. A noteworthy example is the work by
Li et al., who synthesized nitrogen-doped activated carbon mate-
rials using agricultural waste corncob as the precursor and am-
monia gas as the nitrogen source [23]. The resulting supercapac-
itor exhibited a specific capacitance of 185 F/g at a current density
of 0.4 A/g and retained 76.3% of its capacity after 8000 cycles at
a current density of 1.6 A/g. This study demonstrates the poten-
tial of using biomass-derived carbon materials to fabricate high-
performance, sustainable supercapacitors.

Cellulose, the most abundant natural polymer, can be utilized
as an activated carbon material for supercapacitor electrodes [24-
26]. Elemental doping in carbon-based supercapacitor materials
can significantly enhance the capacitance-related properties of the
materials, with nitrogen doping being the most widely applied
[27-29]. Nitrogen atoms, compared to other atoms, have similar
valence electrons and atomic radii to carbon atoms, making doping
more readily achievable [30]. The introduction of nitrogen atoms
into the carbon network disrupts the sp? carbon planes, leading
to an increase in disordered carbon, which in turn enhances the
electrochemical activity and accessibility of the electrode surface.
The incorporation of different nitrogen functional groups, such as
graphitic nitrogen, pyrrolic nitrogen, and pyridinic nitrogen, not
only contributes to increased specific capacitance but also im-
proves the electrical conductivity of the carbon aerogels. Graphitic
nitrogen enhances conductivity, while pyrrolic and pyridinic ni-
trogen provide additional active sites for charge storage, thereby
increasing the total capacitance [31,32]. For example, Chen et al.
synthesized nitrogen-doped porous carbon using regenerated cel-
lulose, which exhibited a relatively high specific capacitance of 193
F/g at 0.5 A/g and excellent cycling performance [12].

Herein, we prepared a kind of N-doped carbon aerogel CA-N
through a simple method using nanocellulose as electrode mate-
rial for supercapacitor. The carbon aerogels (CAs) were synthesized
using TEMPO-oxidized nanocellulose (TOCN) as the raw material.
The TOCN was then mixed with urea and heat-treated at high tem-
peratures to obtain various nitrogen-doped carbon aerogels. To de-
termine the nitrogen-doped carbon aerogel with the best electro-
chemical performance, electrochemical tests were conducted using
a three-electrode system. The results indicated that a maximum
nitrogen content of 6.55% was achieved, which imparted a signif-
icant pseudocapacitive effect to the material. Additionally, it ex-
hibited low resistance and a relatively high specific capacitance of
283.3 F/g. Furthermore, the nitrogen-doped carbon aerogel (CA-N4)
exhibited excellent cycling stability, maintaining 98.5% of its spe-
cific capacitance after 5000 cycles.

Firstly, under the catalysis of TEMPO, the cellulose raw material
is oxidized by sodium hypochlorite to convert some of the hydroxyl
groups on the fiber surface into sodium carboxylate, and further
nanosized cellulose fibers are obtained through high-pressure ho-
mogenization. Further, the TOCN dispersion was cross-linked in an
acidic environment for 24 h to obtain TOCN hydrogels. After wash-
ing with pure water to remove any residual chemicals, the TOCN
hydrogels were immersed in tertiary butanol to replace the water
within the gels with tertiary butanol (in order to prevent disrup-
tion of the fiber network caused by the crystallization and expan-
sion of water during the freezing process of the hydrogels). The
TOCN gels were then fully frozen in a refrigerator before being sub-
jected to freeze-drying to obtain cellulose aerogels.

As shown in Fig. 1, the aerogels obtained above were placed in
a tubular furnace under an argon atmosphere. They were heated
from room temperature to 750°C (with a heating and cooling rate
of 5°C/min) and maintained at this temperature for 2 h. The result-
ing carbon materials were referred to as carbon aerogels (CAs). For
N-doping, the CAs were ground using an agate mortar, and urea
was added in varying mass ratios (CA/urea=1:10, 1:20, 1:30, 1:40,
1:50). The mixture was then ground until evenly dispersed and

Fig. 1. The synthesis process of preparing nitrogen-rich doped carbon aerogel using
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Fig. 2. SEM image of (a) CA, (b) CA-N4, (c) CA-N5. An additional SEM image of (d)
CA-N4 along with its corresponding element mapping images for (e) carbon (C),
(f) nitrogen (N), and (g) oxygen (0). (h) N, adsorption/desorption isotherms and (i)
Barrett-Joyner-Halenda (BJH) pore size distributions for CA and CA-N4.

placed in a tubular furnace. It was heated to 750°C (with the same
heating and cooling rate of 5°C/min) and maintained for 2 h to ob-
tain nitrogen-doped carbon aerogels. The resulting aerogels were
named CA-N1, CA-N2, CA-N3, CA-N4, and CA-N5, corresponding to
the respective urea mass ratios.

Figs. 2a—c display the microstructure of CA, CA-N4, and CA-N5,
respectively. It is evident that the carbon nanofibers are intercon-
nected to form a 3D network structure, demonstrating that the 3D
structure is well-preserved through the freeze-drying method. The
carbon aerogels are composed of nanofibers with a high aspect ra-
tio, with lengths of approximately 1-2um and diameters of about
5nm. After heat treatment with urea, the 3D network structure
of the carbon aerogels remains intact, and the structure becomes
denser as the N content increases. In CA-N5, some flake-like struc-
tures can be observed, which may be attributed to the increased
amount of urea providing additional carbon and nitrogen elements
to compensate for any element loss during the treatment process
[12]. Based on the electronic scanning diagram of the CA-N4 sam-
ple (Fig. 2d), Figs. 2e-g exhibit the element distribution of CA-N4.
The presence of C, N, and O elements is clearly visible, and the dis-
tribution of nitrogen elements is relatively uniform, indicating that
nitrogen can be successfully doped into the carbon aerogel through
heat treatment of CA with urea.

To investigate the alterations in the pore structure of carbon
aerogels following nitrogen doping, we conducted nitrogen ad-
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Fig. 3. (a) XRD patterns, (b) Raman spectra, (c) XPS spectra and (d) N 1s spectra of
the CA and CA-N.

sorption and desorption tests on both pristine carbon aerogels
and their nitrogen-doped counterparts. Fig. 2h illustrates that both
samples exhibit characteristics of mesoporous materials. The pure
carbon aerogel boasted a specific surface area of 334.6 m?/g and
a pore volume of 0.30 cm3/g, while the nitrogen-doped variant,
designated as Ca-N4, exhibited a slightly reduced specific surface
area of 320.6 m?/g and a pore volume of 0.28 cm3/g. These find-
ings underscore the inherently rich pore structure and high specific
surface area of carbon aerogels.

As depicted in the pore size distribution graph in Fig. 2i,
the pores in the carbon aerogel are predominantly concentrated
within the 2-5nm range. Furthermore, the presence of micropores
and macropores complements the mesoporous structure, offering
numerous pathways for electrolyte ion diffusion and absorption.
Specifically, the macropores facilitate the retention of electrolyte
ions and shorten the ion transport distance, thereby ensuring rapid
electrolyte diffusion. Micropores, on the other hand, contribute
to the high specific surface area and provide active sites that
enhance charge storage. Due to the secondary high-temperature
sintering process, the specific surface area and porosity of
the nitrogen-doped carbon aerogel samples experienced a slight
decrease. However, considering the performance enhancement
achieved through nitrogen doping, this level of sacrifice is deemed
acceptable.

To further investigate the impact of nitrogen doping on the
characteristics of carbon aerogels, the samples were analyzed us-
ing X-ray diffraction (XRD) and Raman spectroscopy, as presented
in Fig. 3. The XRD patterns (Fig. 3a) reveal broad peaks at approx-
imately 23.4° and 45.3°, which correspond to the (002) and (100)
graphite planes, respectively. This indicates a low degree of graphi-
tization within the carbon materials [33]. Fig. 3b displays the Ra-
man spectra of the carbon aerogel (CA) and nitrogen-doped carbon
aerogel (CA-N) samples. The D-band at 1335cm™! represents lat-
tice defects and disorder in the carbon atoms, while the G-band
at around 1590cm™! indicates the symmetry and crystallinity of
the carbon atoms. The ratio of the intensities of the D-band to the
G-band (Ip/Ig) reveals the degree of disorder in the material. The
Ip/Ig values for CA, CA-N3, and CA-N4 are 2.27, 2.53, and 3.01, re-
spectively. This increase in disorder is attributed to the nitrogen
doping process, which may disrupt the sp? carbon plane, leading
to an increase in disordered carbon.
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To analyze the element composition and content, X-ray pho-
toelectron spectroscopy (XPS) measurements were conducted. As
shown in Figs. 3c and d, the XPS spectrum of the CA-N4 sam-
ple exhibits an additional N 1s peak alongside the C and O peaks
at 282.78eV and 530.28eV, respectively. This confirms the suc-
cessful incorporation of nitrogen into the carbon aerogel through
heat treatment. The N 1s peak of CA-N4 can be deconvoluted into
three components at 399.68, 398.48, and 396.58 eV, correspond-
ing to graphitic N, pyrrolic N, and pyridinic N, respectively [33,34].
Pyrrolic N and pyridinic N are known to contribute to higher spe-
cific capacitance, while graphitic N enhances the electrical conduc-
tivity of the materials. This multi-level nitrogen structure is advan-
tageous for improving the electrochemical performance of the ma-
terials. For the CA-N4 sample, a nitrogen content of 6.55% was de-
tected, indicating successful nitrogen doping.

To study the electrochemical properties of the materials, a
three-electrode test system with 6 mol/L KOH as the electrolyte
was employed to test CA (pure carbon) and CA-N. Fig. 4 presents
the CV curves of each sample recorded at various scanning rates.
Fig. 4a shows that the CV curve of pure carbon CA exhibits a rect-
angular shape, which is characteristic of ideal capacitive behavior.
Figs. 4b-f display the CV curves of CA-N, which also maintain a
rectangular shape, indicating that it exhibits typical double-layer
capacitance. The energy storage mechanism of these capacitors
is based on physical energy storage, involving electron transport
within the electrode and ion transport at the interface between
the electrolyte and the electrode. At scanning rates ranging from
10mV/s to 100 mV/s, the CV curves of all samples retain good sym-
metry and a rectangular shape, demonstrating that CA-N possesses
good electrical conductivity. Generally, the area under the CV curve
is indicative of the specific capacitance of the material. As shown
in Figs. 4b-f, the area of the CV curve increases with the amount
of urea used during heat treatment, suggesting that the specific ca-
pacitance of the electrode material also increases accordingly.

For an ideal double-layer supercapacitor, the constant current
charge-discharge curve exhibits a symmetrical triangular shape,
and the material’s potential is linearly related to time during the
charge-discharge process. The specific capacitance can be calcu-
lated using the following formula (Eq. 1):

At
C=1 AV (1)
where C represents the specific capacitance of the electrode mate-
rial, I is the applied current, At is the discharge time, AV is the
potential difference within the voltage window, and m is the mass
of the active material on the electrode surface.

Fig. 5 displays the charge-discharge curves of CA (pure car-
bon) and CA-N at various current densities. The constant current
charge-discharge curves of both the pristine carbon aerogel and
the nitrogen-doped carbon aerogel (CA-N) maintain a linear and
symmetrical triangular shape, indicating that CA-N behaves as an
ideal double-layer supercapacitor. Using the aforementioned for-
mula (Eq. 1), the specific capacitances of CA, CA-N1, CA-N2, CA-N3,
CA-N4, and CA-N5 at a current density of 0.5 A/g were calculated
to be 47.3, 97.5, 187.5, 251.8, 283.3, and 140.6 F/g, respectively.

Electrochemical impedance spectroscopy (EIS) is indeed a cru-
cial technique for analyzing the impedance characteristics of elec-
trodes and their surfaces. The Nyquist impedance plot typically
consists of two regions: the high-frequency region and the low-
frequency region. In the high-frequency region, the intercept on
the real axis (Z') represents the series resistance (Rg), which in-
cludes the resistance of the electrolyte, the contact resistance at
the electrode-electrolyte interface, and the internal resistance of
the electrode material. For CA and CA-N1 to CA-N5, the Rs values
are 3.77, 3.79, 3.29, 3.11, 0.497, and 0.3 €2, respectively, all of which
are below 5 Q. The semicircle observed in this region corresponds
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Fig. 4. Cyclic voltammetry (CV) cures of (a) CA, (b) CA-N1, (c) CA-N2,

(d) CA-N3, (e) CA-N4, (f) CA-N5.
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to the charge transfer resistance (Rct) at the electrode-electrolyte
interface. A smaller semicircle diameter indicates a lower R, sug-
gesting better charge transfer kinetics. In the low-frequency region,
the impedance plot typically displays a Warburg-type curve, which
is related to the diffusion of electrolyte ions within the electrode.
The projection length of this curve on the X-axis (real axis) reflects
the ion diffusion resistance. A steeper slope (i.e., higher slope) in
this region indicates more efficient ion transport within the elec-
trolyte.

(e) CA-N4, (f) CA-N5. Nyquist impedance spectra of CA and CA-N (g), cycling stability of

As shown in Fig. 5g, the ion diffusion resistance of CA-N sam-
ples after nitrogen doping is smaller compared to the pristine
CA sample. This observation suggests that nitrogen doping helps
to improve the conductivity of carbon aerogels, reduce the in-
ternal resistance, and enhance the ion transport efficiency. These
improvements contribute to the enhanced electrochemical perfor-
mance of the nitrogen-doped carbon aerogels. In summary, the EIS
results confirm that nitrogen doping of carbon aerogels leads to
reduced internal resistance, improved conductivity, and more effi-
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cient ion transport, all of which are beneficial for enhancing the
electrochemical performance of supercapacitors.

In summary, nitrogen-doped carbon aerogels were successfully
synthesized through a blending and heat treatment process, uti-
lizing urea as the nitrogen source. The resulting CA-N maintains
the same three-dimensional network structure as the pristine car-
bon aerogel (CA), boasting a specific surface area of 320.6 m?/g
and a pore volume of 0.28 cm3/g. The pore size distribution is pri-
marily concentrated within the 2-5nm range, classifying it as a
mesoporous material. This structure, combined with the presence
of micropores and macropores, provides ample channels for effi-
cient charge transfer. The introduction of nitrogen doping adds a
degree of pseudocapacitive effect to the carbon network, enabling
it to achieve higher specific capacitance performance while main-
taining high cycling stability. This provides a feasible solution for
the application of carbon-based supercapacitors. Specifically, the
CA-N4 sample exhibits a high specific capacitance of 283.3F/g at
a current density of 0.5 A/g. Impressively, even after 5000 charge-
discharge cycles, the capacity retention rate remains at an out-
standing 98.48%. These results underscore the excellent cycling
stability of the nitrogen-doped carbon material. Given its environ-
mentally friendly nature and superior electrochemical properties,
the N-doped carbon aerogel holds great promise for applications
in the field of energy storage.
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