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Abstract

Porous carbon materials are extensively utilized in electrochemical double-layer ca-
pacitors (EDLC) thanks to their significant surface area, remarkable electrical con-
ductivity, excellent structural integrity, and affordability. However, the synthesis of

DOI: 10.26855/¢a.2025.10.018 carbon materials with heteroatom doping and hierarchical porous structures at low
energy consumption and high efficiency remains a significant challenge. This paper
reports a neoteric approach for the successful preparation of hierarchical porous
carbon nanospheres (HPC) through hydrothermal carbonization of natural glucose
followed by activation with KOH. The as-prepared HPC materials exhibit a maxi-
mum specific surface area of 998.01 m?/g and distributions of pore size in the ranges
of 1.2-2.07 nm and 2.4-3.64 nm. The activated carbon nanospheres demonstrate
capacitance of 246.6 F/g (current density of 0.5 A/g), along with excellent high-rate
performance (retaining 81.9% of capacitance of 20 A/g) and good cycling stability
(after 6000 cycles, the capacitance retention rate is close to 80.8%). This highly
conductive porous carbon nanosphere material, characterized by hierarchical poros-
ity and heteroatom doping, holds promise as a potential material candidate in the
field of EDLC.
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1. Introduction

For the past few years, to meet the needs of rapid industrial development while minimizing damage to the natural
environment, developing emerging energy sources to replace fossil fuels such as coal and petroleum has become a
highly popular research topic. Lithium-ion batteries featuring high energy density have been successfully applied
in wireless electronic products and portable audio-visual equipment. However, during the charging and discharging
process, lithium-ion batteries generate induced currents that reduce active materials. Additionally, their slow energy
input/output rates and low power density have to some extent restricted their scope of application [1]. On the con-
trary, supercapacitors' power density of up to kilowatts per kilogram and cycle stability exceeding one hundred
thousand times, which can shorten the charging time by more than 50% and significantly improve the energy utili-
zation efficiency and response speed of the equipment [2].

Based on their operational mechanisms, supercapacitors can be classified into two primary types: Faradaic pseu-
docapacitors and electric double-layer capacitors. The former, through rapid, reversible redox reactions occurring
on the electrode surface, stores charge, whereas electric double-layer capacitors achieve charge storage via the
physical adsorption and desorption of interfacial charges between the electrode and electrolyte [3]. Notably, alt-
hough reversible redox reactions or ion insertion/extraction mechanisms occurring at the boundary between the
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electrode and the electrolyte are surface-confined and highly reversible phenomena, they inherently involve changes
in chemical bonding and minor structural modifications in the material, such as lattice expansion or contraction [4].
Repeated and prolonged charging and discharging cycles can lead to the gradual degradation of active materials,
structural collapse, phase transformation, or failure in the contact with the current collector. In contrast, double-
layer capacitors only rely on the physical adsorption/desorption of ions at the surface, without involving chemical
reactions or changes in the bulk structure [5]. Meanwhile, the reactions on the electrode surface of high-rate (fast
charging and discharging) may not be fully carried out [2]. Therefore, the cycle life, power density, and rate capa-
bility of double-layer capacitors typically far exceed those of pseudocapacitors. The properties of electric double-
layer supercapacitors, such as specific capacitance and charge-discharge capability, are closely related to the elec-
trode materials [6, 7]. In 1957, activated carbon was utilized as the electrode material in the first commercial electric
double-layer capacitor, achieving a specific capacitance of 10-20 F/g [8]. With the continuous deepening of research,
porous carbon materials have significantly enhanced the specific capacitance and cycle life of supercapacitors, thus
becoming a popular research field [2, 8]. Carbon aerogels have the advantage of an extremely high specific surface
area. However, their preparation process usually involves multiple steps such as gel formation, supercritical (or
freeze) drying, and high-temperature pyrolysis. This results in high energy consumption, excessive porosity of car-
bon aerogels, low carbon content per unit volume, and thus low volumetric specific capacitance [9]. Carbon nano-
tubes possess high electrical conductivity, which is beneficial for the rapid conduction of electrons. However, their
surfaces are hydrophobic, prone to inter-twining with each other, resulting in low packing density, and thus restrict-
ing the energy storage per unit volume [10, 11].

In contrast, carbon nanospheres possess advantages such as excellent specific surface area, controllable pore
structure, extremely high physicochemical stability, and low cost. The spherical particles of carbon nanospheres are
easy to be closely packed in the electrode, which can significantly enhance the volumetric energy density of super-
capacitors [12]. In addition, the carbon nanospheres themselves possess good structural integrity, and polarization
and volume expansion during the cycling process are more easily controlled [13, 14]. Therefore, carbon nanospheres
represent a highly promising electrode material for supercapacitors. Mesoporous (2-50 nm) carbon nanospheres
(MCNS) combine the advantages of 2D materials with the robust stability of 3D network architectures. These unique
structural characteristics position MCNS as a strong contender for supercapacitor applications [15]. It was found
that the supercapacitor assembled with MCNS with a diameter of about 65 nm as the electrode can achieve an
energy density of 62.8 W-h-kg™ and a power density of 162 W-kg™' and exhibits good cycle stability [12]. The
macropores (>50 nm) of carbon nanospheres provide spacious ion transport channels and can serve as "reservoirs"
to accommodate large amounts of electrolyte, functioning to buffer volume changes, improve transport efficiency
under high current conditions, and assist ion diffusion. Micropore construction is beneficial for increasing specific
surface area and providing abundant active interfaces for high-capacity energy storage. Therefore, carbon nano-
spheres with hierarchical porous structures simultaneously containing micropores, mesopores, and macropores ex-
hibit higher specific surface areas and rapid transport channels, synergistically enhancing capacitance, rate perfor-
mance, and cycling stability [16].

In recent years, numerous studies have explored synthesis methods and potential applications of carbon nano-
spheres with controlled pore sizes to achieve enhanced capacitive storage performance. Common synthesis ap-
proaches for carbon nanospheres include arc discharge [17], chemical vapor deposition [18], emplate method [13],
and hydrothermal method [19]. Although significant progress has been made in the synthesis, preparation, and pro-
duction of carbon nanospheres, the existing synthesis routes often result in a wide or multi-peak distribution of pore
diameters, making it difficult to precisely prepare a series of samples containing only micropores, mesopores, or
macropores within the same system [20]. Therefore, finding a simple and environmentally friendly method to pre-
pare hollow hierarchical porous carbon spheres remains a major challenge that urgently needs to be addressed.
Additionally, doping non-carbon atoms such as nitrogen, oxygen, or sulfur into activated carbon can generate addi-
tional chemical reactive sites on the material surface, thereby promoting the formation of pseudocapacitance and
enabling the adjustment of the electronic structure of the carbon material to enhance its conductivity. For instance,
carbon nanospheres doped with N/O heteroatoms can achieve a specific capacitance of 145.4 F/g (current density
of 1A/g), which is significantly better than that of carbon nanospheres without foreign atoms. This improvement is
mainly attributed to the pseudocapacitive effect resulting from the interaction between the N-5/N-6 structure and
the C=0 group [3].

Based on the above discussion, this study proposes a very simple, environmentally friendly, and cost-effective
synthesis strategy for preparing N/O-doped multi-level porous carbon nanospheres (HPC) and using them as elec-
trode materials for electrochemical double-layer capacitors (EDLC). Hexadecyltrimethylammonium bromide
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(CTAB) is used as a surfactant, and glucose, a renewable precursor, undergoes degradation and polymerization
reactions through a hydrothermal process to form spherical resin precursors. The precursor is then subjected to
centrifugation to cause the oligomers inside to undergo phase separation, and subsequently, KOH chemical activa-
tion is used to adjust the pore structure of the material. Additionally, the oxygen elements originally present in
glucose and the nitrogen elements in CTAB can be in-situ co-doped with N/O during the synthesis process, signif-
icantly improving the electrochemical performance.

2. Materials and Methods

2.1 Materials and reagents

Only analytical grade reagents (with a purity of = 98%) were used without further purification procedures.
2.2 Materials synthesis

2.2.1 Synthesis of HPC

In 70 milliliters of ultrapure water, add 1.37 millimoles of CTAB and heat it to 70°C for dissolution. Then add 0.056
millimoles of glucose, stir evenly, and transfer it to the reaction vessel. After reacting at 180°C for 6 hours, the
precursor was washed with deionized water and centrifuged to collect its product. Dry it at 60°C for 12 hours. Weigh
0.5 grams of the precursor powder and uniformly mix it with 2.5 millimoles of potassium hydroxide powder. Put it
into a tubular furnace and increase the temperature at 10°C/min to 800°C and keep for 2 hours. Once the reaction is
completed, collect the black powder, rinse it with HCI to neutrality, and clean it with ultrapure water and ethanol
every three times before drying at 60°C for 10 hours. The dried product is labeled as HPC-800. And follow the same
preparation process to prepare the reaction products at 700°C and 900°C, labeled as HPC-700 and HPC-900.

2.2.2 Electrode preparation

The conductive carbon black, polytetrafluoroethylene emulsion, and prepared samples were combined in a mass
ratio of 1:1:8. Subsequently, ethanol was incorporated, and the mixture was ground to obtain a consistent slurry.
This slurry was then applied to foam nickel using a scraper. The coated area was approximately 1 cm?. The foam
nickel with the HPC sample attached was further dried at 60°C for 12 hours. After removal, it was compressed under
a pressure of 10 MPa using a press machine to obtain the HPC electrode.

2.3 Material characterization

The surface structure and crystalline arrangement of the HPC material were investigated using a scanning electron
microscope (SEM, JEOL F200) and X-ray diffraction (XRD, Bruker D8). To analyze the elements present on the
material's surface, X-ray photoelectron spectroscopy (XPS, Thermo Fisher Nexsa) was employed. Raman parame-
ters were acquired using a DXR2xi polarized microscope. Furthermore, the specific surface area and pore size dis-
tribution of HPC were assessed through nitrogen adsorption isotherm testing.

2.4 Electrochemical measurements

The electrochemical measurements were carried out using the Shanghai Chenhua CHI660D electrochemical work-
station. Using the electrode prepared by HPC as the working electrode, a platinum sheet and mercury/hydrogen
peroxide electrode (Hg/HgO) were the reference and auxiliary electrodes to form a three-electrode system. In the
capacitance performance test of the three-electrode system, cyclic voltammetry (CV) tests were conducted at dif-
ferent scan rates, and galvanostatic charge-discharge (GCD) tests were carried out at different current densities (the
test range was -1 to 0 V). The electrochemical impedance spectroscopy (EIS) test was conducted at an open-circuit
voltage within the frequency range of 10-2 to 106 Hz. In addition, based on the GCD test, 6,000 cycle stability tests
were performed [21].

For the dual-electrode system, its specific capacitance (Cg, Fg™) is evaluated using formula 1, energy density (E,
Wh kg™) is evaluated using formula 2, and power density (P, W kg™) is evaluated using formula 3. The cycle
stability is evaluated based on the comparison of the specific capacitance after long-cycle tests with the initial spe-
cific capacitance [22].

IxAt
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Among them, I represent the response current (A), AV is the potential difference during the cyclic voltammetry
test (V), and m is the mass of an electrode (g).

3. Results and Discussion

3.1 Materials characterization

Figure 1. SEM micrographs of HPC-700(a), HPC-800(b) and HPC-900(c).

Morphology of the HPC with different activation temperatures was characterized by SEM and presented in Fig.
1. The diameters of the nanospheres formed by hydrothermal carbonization of glucose at different temperatures are
approximately between 140 and 320 nm. A certain degree of agglomeration was observed in HPC-700 synthesized
at 700°C; however, in HPC synthesized at 800°C and 900°C, the dispersibility of the nanospheres was significantly
improved. This improvement may be related to the carbonization process at higher temperatures, which promotes
structural uniformity and stability. The results indicate that temperature has a significant influence on the morphol-
ogy and dispersibility of HPC, and good dispersibility is beneficial to ion transport. Furthermore, compared with
HPC-900 (Figure 1c¢), the surface of HPC-800 in Figure 1b is obviously attached with a layer of carbon film, which
is attributed to the lower activation temperature. The presence of this carbon film helps to enhance electron transport.
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Figure 2. XRD profiles (a), Raman plots (b), (c) XPS survey, and isotherms of adsorption and desorption of N2 (inset: size
distribution of pores) (d).
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Figure 2a presents the XRD patterns of three materials. All three materials exhibit similar crystalline structures,
with two broad characteristic peaks observed around 23° and 43°, which correspond to the (002) and (100) diffrac-
tion planes of partially ordered graphitic carbon, respectively (JCPDS No. 41-1487) [23]. The presence of a broad
(002) diffraction peak between 15° and 30° indicates that the crystalline structure of the samples is primarily com-
posed of an amorphous carbon framework, while the weak peak appearing near 43° corresponds to the (100) dif-
fraction peak of graphitic structures in sp? carbon materials [24], suggesting the carbonization degree of the carbon
materials has increased. As the activation temperature increased, the (002) peak of the HPC material exhibited a red
shift phenomenon, indicating that the interlayer spacing of HPC gradually decreases and structural ordering in-
creases with increasing activation temperature. This phenomenon is closely related to lattice collapse and atomic
doping during the activation process.

The Raman spectra of HPC samples prepared at different activation temperatures are presented in Figure 2b. All
samples exhibit a D-band at the peak position of 1350 cm™', which corresponds to scattering signals arising from
defects or structural disorders, and a G-band at the peak position of 1590 cm™!, generated by vibrations of sp>-bonded
carbon atoms [25]. The ratio of the peak intensity of the D-band to that of the G-band (ID/IG) is indicative of the
material's level of graphitization; the lower the ID/IG values, the higher the degree of graphitization of carbon
materials [26]. For the HPC-700, HPC-800, and HPC-900 samples, their ID/IG values are 0.87, 0.93, and 0.97,
respectively, indicating that KOH activation has a significant effect in optimizing the graphitization of the carbon
material. The degree of graphitization of the HPC-900 sample is the lowest among all samples, suggesting that with
the increase in activation temperature, the number of defects and impurity atoms generated by the sample during
high-temperature activation increases [16]. Therefore, the preparation conditions of HPC samples have a significant
impact on their performance, and optimizing the activation temperature is an important factor for improving the
performance of carbon materials.

As depicted in Figure 2c, characteristic response peaks of C 1s, N 1s, and O 1s were observed at approximately
284.8 €V, 400.2 eV, and 532.6 eV, respectively [27], confirming that nitrogen and oxygen from CTAB and glucose
had been successfully incorporated in situ into the carbon framework of HPC. The N: adsorption-desorption exper-
iment intuitively revealed that HPC-800 exhibits both Type I and Type IV isotherm characteristics (Figure 2d). In
the P/Po range below 0.1, the adsorption capacity shows an almost vertical increase, indicating the presence of an
abundant microporous network within HPC-800 [28]. A distinct H3-type hysteresis loop is observed when P/P,
ranges from 0.9 to 1, which demonstrates the existence of mesopores in HPC-800 [29]. The specific surface area of
HPC-800 was 998.01 m%*g. Meanwhile, the pore size distribution of this material was calculated using the density
functional theory method (inset of Figure 2d). The pore size of HPC-800 ranges from 0.42 to 2 nm, and the mesopore
size is 2 to 2.07 nm. This wide specific surface area and hierarchical porous structure provide convenience for
potential electrostatic double-layer active sites and ion transport channels, making it an ideal electrode material for
capacitors.

3.2 Electrochemical performance characterization

The electrochemical performance of HPC-700, HPC-800, and HPC-900 was evaluated via typical CV measure-
ments. Figure 3a shows the CV curves obtained under the scan rate of 100 mV/s (versus Hg/HgO reference elec-
trode). The shapes of all the CV curves are very close to those of rectangles, and this quasi-rectangular feature
indicates excellent electrochemical performance. Under the same scanning rate and potential window, the specific
capacitance is proportional to the integral area of the CV curve [30]. In contrast, the HPC-800 exhibited the largest
CV curve area among all the samples, indicating a higher charge storage capacity. To further evaluate the rate
performance of HPC-800, we conducted cyclic voltammetry tests at different scan rates, as shown in Figure 3b.
With the scan rate increased, the symmetry of the CV curve gradually decreased. This phenomenon was mainly
since as the scan rate increased, the electrolyte ions had difficulty effectively diffusing into the interior of the carbon
material, resulting in an intensified polarization effect and thereby reducing the utilization rate of the double-layer
capacitance. It is worth noting that when the scan rate increased, the current density of the CV curve showed a
nearly linear relationship with the scan rate, indicating the excellent rate performance of HPC-800. Such results
imply that the electron and ion transport speeds in HPC-800 are relatively fast, further verifying its potential [31].
Figure 3¢ presents the GCD curves of all carbon samples measured when the density of 0.5 A/g. It is evident that
all GCD curves exhibit an almost linear profile with shapes resembling isosceles triangles. This characteristic indi-
cates that these carbon samples possess excellent electrochemical reversibility, suggesting that during the charging
and discharging process, the transfer and storage of charges are highly efficient, and can effectively support the
performance of the battery [32]. The decrease in current density shows a relatively consistent trend across all
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samples, but the changes are not significant. This indicates that the overall resistance of the electrode material is
small, and its power characteristics are excellent. In particular, HPC-800 demonstrated the longest charging and
discharging time among all tested samples, suggesting that its specific capacitance value is at the highest level
among all samples. Figure 3d shows the charging and discharging curves of HPC-800 as the current density in-
creases from 0.5 A/g to 20 A/g. With the increase in scan rate, the charging and discharging times gradually shorten,
which is due to the reduction in specific capacity caused by the higher current density. The corresponding specific
capacitance can be calculated using formula 1. Figure 3e presents the specific capacitance performance of all carbon
samples at different current densities. Among these, the specific capacitances of the three types of materials are
203.6 F/g, 246.6 F/g, and 172.4 F/g at a current density of 1 A/g, respectively. It is worth noting that the specific
capacitance of HPC-800 only slightly decreases from 273 F/g at low current density (current density of 0.5 A/g) to
202 F/g at high current density (current density of 20 A/g), indicating its excellent electrochemical stability. In this
study, the capacitance retention rate of HPC-800 was evaluated at a current density of 10 A/g. As can be observed
from Figure 3f, after 10,000 cycles, the capacitance retention rate of HPC-800 was approximately 87.6%. These
results indicate that HPC-800 has good cycle stability and efficient electrochemical performance.
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Figure 3. CV curves of three types of materials prepared at 10 mV/s. (a) CV curves of HPC-800 at different scan rates rang-
ing. (b) Charge-discharge curves of the prepared three types of materials at a current density of 0.5 A/g. (¢c) CV curves of
HPC-800 measured from 0.5 A/g to 20 A/g. (d) Specific capacitances of all carbon samples. (e) Stability of HPC-800 over 6000
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To further understand the conductivity and ion diffusion characteristics at the electrode/electrolyte interface, EIS
analysis was employed to elaborate on the carrier dynamics of several carbon materials. The Nyquist diagrams of
HPC-700, HPC-800, and HPC-900 in Figure 4a all exhibited similar three regions: the small arc in the high-fre-
quency region, the nearly vertical 45° line in the medium-frequency region, and the nearly vertical straight line in
the low-frequency region. The arc-shaped part is related to the charge transfer dynamics between the carbon material
and is equivalent to the equivalent series resistance (Rs), while the other two regions correspond successively to the
charge transfer resistance (Rct) and the ionic diffusion impedance [2, 10] From a quantitative analysis perspective,
the total resistance (the sum of Rs and Rct) of the three electrode materials is all lower than 0.8 €, indicating that
the electron transmission in the electrode is relatively smooth. The linear part of HPC-800 has a more inclined trend,
indicating that its carbon sample has the fastest diffusion rate. To evaluate the operating performance of the electrode,
based on formula 2-3, the energy density (Figure 4b) under different average power densities (P) was calculated
from the charge and discharge data at different current densities. At a current density of 0.5 A/g, the energy density
and power density of HPC-800 reached 8.44 Wh/kg and 250 W/kg, respectively. Even at a high current density of
10A/g, the electrode prepared by HPC-800 still achieves an energy density of 5.97 Wh/kg and a power density of
10 kW/kg. This indicates that HPC-800 has extremely excellent electrochemical performance. And this outstanding
performance is closely related to its multi-level pore structure. The rich and multi-layered pore structure effectively
shortens the diffusion path of ions.

4. Conclusions

The dual-doped with mixed atoms hollow hierarchical porous carbon nanospheres were synthesized by obtaining
the precursor through a hydrothermal reaction using glucose and the surfactant CTAB, followed by centrifugal
phase separation and KOH activation. The optimized sample HPC-800 has a high specific surface area (998.01 m%/g)
and a multi-level porous network structure (pore diameters ranging from 1.2 to 2.07 nanometers and 2.4 to 3.64
nanometers), and abundant nitrogen and oxygen dopants. These characteristics not only facilitate the formation of
a larger surface area but also significantly promote the rapid transfer of ions and electrons, thereby effectively
improving the charge storage capacity. The HPC-800 electrode has a specific capacitance of up to 275 F/g and still
maintains a discharge rate performance of 202 F/g even at a high current density. Moreover, the prepared capacitor
device can store 8.44 Wh/kg of energy at a power density of 250 W/kg and still maintain 80.8% of the initial value
after 6000 cycles, demonstrating an extremely long cycle life. This indicates that the hollow hierarchical porous
carbon structure has a promising prospect in high-power supercapacitors, and this discovery may provide important
references and guidance for the construction of electrodes in charge storage systems, promoting the development of
high-performance capacitors.
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