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Abstract

Supercapacitors, renowned for their high-power density, rapid charge/discharge capabilities, and exceptional cycling stability, have emerged
as promising solutions for sustainable and efficient energy storage. Among various electrode materials, carbon materials stands out due to
its abundance, excellent electrical conductivity, chemical stability and structural versatility. This review explores the design strategies,
performance optimization, and the expanding applications of carbon-based electrodes for supercapacitors. We first analyze the key factors
that impact the performance of carbon electrodes for supercapacitors, including pore structure, surface chemistry, electrical conductivity
and nanoscale architecture. Subsequently, we provide an in-depth analysis of recent advancements in the rational design of carbon
materials, focusing on strategies for optimizing pore architecture, functionalizing surfaces, enhancing conductivity and designing
nanostructures. By addressing performance limitations, the review highlights strategies that have significantly improved the efficiency of
carbon electrodes. Furthermore, we explore the practical applications of carbon-based supercapacitors in wearable electronics,
self-powered devices, and implantable systems. Lastly, we discuss the challenges and opportunities associated by carbon-based electrodes
from the perspective of electrode design and practical application.
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1. Introduction

The growing global demand for green renewable energy and high-performance energy storage systems has driven extensive
research into smart materials for electrochemical energy storage devices, including supercapacitors and metal-ion batteries!!l.
While lithium-ion batteries currently dominate the market for portable electronics and electric vehicles, their limitations, such as
short cycle life, thermal instability, and the dwindling availability of lithium, pose significant challenges. These concerns have
accelerated the pursuit of next-generation energy storage systems, with supercapacitors emerging as a promising alternative for
more sustainable energy solutions. Positioned between traditional capacitors and batteries, supercapacitors are renowned for their
exceptional power density, rapid charge/discharge capabilities, and remarkable cycling stability. These characteristics make them
highly suitable for a wide range of applications, from portable electronics to renewable energy systems!>l. However, despite their
impressive performance, supercapacitors still face critical challenges, particularly in terms of energy density and material
optimization.

The performance of supercapacitors is largely determined by their electrode materials, which directly influence energy storage
capacity, charge-discharge efficiency, and cycle stability. Fundamentally, research on supercapacitors primarily focuses on the
development of advanced electrode materials, as optimizing their composition and structure is key to overcoming existing
challenges in energy density and material efficiency. Therefore, an in-depth understanding of electrode materials and their
structure-performance relationships is crucial for enhancing supercapacitor efficiency and expanding their practical applications.
Among the various materials explored, carbon materials, conductive polymers, and metal compounds remain the most widely used
electrode materials for supercapacitors. Conductive polymers exhibit excellent supercapacitor performance over a wide potential
range (-1 to +1 V), making them suitable candidates for both positive and negative electrodes. However, conductive polymer
electrodes may experience expansion/contraction during ion intercalation/deintercalation processes, leading to mechanical
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degradation of the electrodes and poor cycling stabilityl®”). Similarly, mono- and binary metal oxides/hydroxides, metal sulfides, and
metal phosphides offer higher energy density due to their multiple oxidation states!®‘l. However, their structural instability under
repeated charge-discharge cycles results in rapid capacity fading. Moreover, their limited voltage window necessitates integration
with other materials, such as carbon-based structures, to enhance electrochemical performance and stability. In contrast, carbon
materials are particularly attractive for supercapacitors due to their abundance, high electrical conductivity, excellent chemical
stability, and adaptability to various operating conditions. They also exhibit a broad range of allotropes, morphologies, and
architecture, spanning from zero-dimensional (0D) to three-dimensional (3D) structures. Their versatility is further enhanced by their
ability to exist in various physical forms, including powders, fibers, foams, fabrics, and composites, making them highly suitable for
supercapacitor applications!'*'3l, The performance of carbon electrode depends not only on the surface properties but also on bulk
characteristics. Key factors affecting their efficiency include their specific surface area, pore size distribution, electrical conductivity,
morphology, structural architecture, and surface chemistry!'>"!5l. In particular, during rapid charge-discharge cycles, limited
electrolyte ion penetration into the bulk of the carbon material can reduce the effective utilization of available surface area. The
structure properties of carbon materials play a crucial role in determining their electrochemical performances. For instance, the pore
structure directly affects ion transport and charge storage, with well-optimized porosity enabling faster ion diffusion and higher
capacitancel'®'7l, Surface chemistry, particularly the incorporation of functional groups, can enhance capacitance through
pseudocapacitive interactions and wettability improvement!'sl. Electrical conductivity ensures efficient charge transfer within the
electrode material, minimizing resistive losses and enhancing rate performance and power density. Additionally, carefully designed
nanostructures maximize active surface area, optimize material stability, and enhance the overall electrochemical performances!'%2°],
Numerous studies have been dedicated to developing high-quality carbon electrodes with various morphologies/architectures, such
as spheres, nanofibers, sheet-like structures and carbon aerogels?!"?°l. These studies mainly focus on preparation techniques,
nanostructural modifications, and hybridization with psuedocapacitive/battery-type materials. However, a systematic analysis of
structure-performance relationship, particularly how specific structural characteristics such as pore architecture, surface chemistry,
and nanoarchitecture influence supercapacitor performance and the corresponding strategies to enhance these properties, remains
insufficient. Addressing this gap is essential for optimizing material design and guiding future advancements in high-performance
carbon-based supercapacitors.

In this review, we aim to fill this knowledge gap by providing a systematic analysis of the structure-performance relationship in
carbon electrodes for supercapacitors. We delve into the fundamental principles underlying these critical factors, including pore
structure, surface chemistry, electrical conductivity, and nanoscale architecture, as well as their impact on the performance of
carbon electrodes in supercapacitors, as depicted in Figure 1. We provide an in-depth discussion of recent advancements in the
rational design of carbon materials, focusing on optimizing pore architectures, engineering surface chemistry, enhancing electrical
conductivity, and utilizing nanostructure innovations. By integrating findings from recent research, we propose a comprehensive
framework that establishes a correlation between material properties and electrochemical performance, thereby providing critical
insights into potential strategies for addressing current limitations. Through a detailed examination of state-of-the-art research, we
highlight strategies that have successfully addressed performance bottlenecks and improved the overall efficiency of carbon-based
supercapacitors. Finally, we explore the applications of carbon-based supercapacitors and discuss their practical applications in
wearable electronics, self-powered devices and implantable devices. By bridging fundamental materials science with practical
applications, this review provides valuable insights to accelerate the development of next-generation carbon-based supercapacitor
materials, paving the way for more efficient and sustainable smart energy storage solutions.
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Figure 1. Illustration of the structure-performance relationship and their practical applications of carbon-based supercapacitors. 0D: zero-dimensional; 1D: one-dimensional;

2D: two-dimensional; 3D: three-dimensional.
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2. Charge Storage Mechanism of Supercapacitors

Supercapacitors store energy through two primary mechanisms: reversible ion adsorption at the interface between the electrode
material and the electrolyte (a purely physical process) or rapid and reversible Faradaic redox reactions occurring on the electrode
surface. Based on their energy storage mechanisms, supercapacitors are classified into three types: (1) electric double-layer
capacitors (EDLCs), (2) pseudocapacitors, and (3) hybrid capacitors. As shown in Figures 2a,b,c, the electrode materials for
supercapacitors are correspondingly divided into three categories: electric double-layer materials, pseudocapacitive materials, and
battery-like materials2l,

2.1 EDLCs

In EDLCs, charge storage occurs via reversible ion adsorption and desorption processes at the electrode-electrolyte interface. This is
a purely physical process that does not involve chemical reactions. Due to this characteristic, EDLCs exhibit higher cycling stability
and power density compared to other types of energy storage devices!?’”l. During charging, oppositely charged ions from the
electrolyte are adsorbed onto the electrode surface, forming a double layer at the interface. The performance of EDLCs is largely
influenced by the accessible surface area at the electrode/electrolyte interface. Carbon-based materials, including activated
carbonl?!l, graphenel?”), carbon nanotubes (CNTs)%, and carbon fibers®!l are widely used as electrode materials due to their high
specific surface areas and structural stability. However, since the process does not involve Faradaic reactions, EDLCs suffer from the
drawback of relatively low energy density.

2.2 Pseudocapacitors

Regarding pseudocapacitors, energy storage occurs through rapid and reversible Faradaic reactions (redox reactions) when a voltage
is applied, similar to the charge/discharge process in batteries, but without phase transitions in the electrode materiall*-3!l. Faradaic
reactions not only expand the operating voltage but also increase capacitance. Since energy storage occurs at the electrode surfaces,
pseudocapacitors offer much higher capacitance and energy density compared to EDLCs. However, the Faradaic reaction process is
generally slower than the physical process of charge adsorption/desorption, which leads to a reduced power density for
pseudocapacitors. Additionally, since the energy storage process occurs on the electrode surface, it often leads to material
degradation and lower cycling stability!?*l. Transition metal oxides, hydroxides, and sulfide capable of redox reactions are commonly
used as electrode materials for pseudocapacitorst®>33l, Recent studies have classified the phase-changing energy storage behavior of
electrode materials during redox reactions as battery-type capacitancel®l.

2.3 Hybrid capacitors

Although batteries and supercapacitors store energy through different electrochemical behaviors, their structural composition is
similar, making hybrid battery-supercapacitor devices feasible. Typically, a hybrid supercapacitor combines capacitor-type cathodes
and battery-type anodes, therefore, it is promising to integrate the high energy density of batteries with the high-power density and
long cycle life of supercapacitors!®>-3°, Metal-ion capacitors (lithium, sodium, potassium)*’-*°l, with a high voltage window of up to
4.5V, have been extensively investigated. However, the large radius of sodium ions and potassium ions may result in a slower ion
diffusion rate. Moreover, hybrid ion capacitors face difficulties in simultaneously achieving high energy density and high power
density, primarily due to the mismatch in capacity and kinetics between the anode and cathode materials.

The cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves provide insight into the performance of the three types
of electrode materials. For materials exhibiting a typical electrical double-layer response, the voltage and time on the GCD curve
show a linear relationship, resulting in a triangular-shaped GCD curve while the CV curve appears rectangular (Figure 2d). In contrast,
for pseudocapacitive and battery-like materials, the GCD curves exhibit a nonlinear voltage-time relationship and their CV curves
display redox peaks (Figure 2e,f). Especially for the battery-like materials, a distinct plateau appears in the GCD curves.

3. Critical Factors Affecting the Performance of Carbon Electrode Materials in Supercapacitors

Features of carbon materials, like porous architecture, electrical conductivity, surface chemistry, and nanoscale design are crucial in
determining their electrochemical performance. These factors collectively play a vital role in achieving high capacitance, high-rate
performance and energy density. The following section provides a detailed analysis of these aspects.

3.1 Porous structure

EDLCs store energy through ions adsorption on the surface of active materials, forming an electric double layer. The pore size and
porous architecture of carbon electrode materials play a crucial role in determining the contact area with the electrolyte, directly
impacting their specific capacitance and energy densityl*!l. Chmioja et al. explored the relationship between pore size and
capacitance in porous carbon electrodes!'?. As shown in Figure 3a, the normalized capacitance decreases as the pore size approaches
1 nm. However, when the pore size falls below 1 nm, the trend reverses, leading to a pronounced increase in capacitance as the pore
size decreases. This finding highlights the importance of subnanometer pores in enhancing specific capacitance. When the pore size
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significantly exceeds twice the solvated ions diameter, compact ion layers form along the opposing walls of the pore, maintaining
capacitance despite the absence of a diffuse charge layer. As pore size decreases to just below twice the ion size, capacitance declines
due to overlapping ion layers and reduced usable surface area. However, when pores become smaller than the solvated ion size,
capacitance increases sharply due to the distortion of solvation shells, allowing ions to approach the electrode surface more closely
and enhancing charge storage. Molecular dynamics simulations of microporous carbons provide an alternative perspective, revealing
that smaller pore sizes are advantageous for charge storage. Liu et al. demonstrated that while charging dynamics are constrained by
the pore-limiting diameter, equilibrium capacitance is not strongly linked to geometric properties like pore sizel*l. Instead,
capacitance strongly correlates with the charge compensation per carbon, a newly defined parameter representing the average
charge of electrode atoms surrounding a counterion. Higher charge compensation per carbon values indicate more efficient charge
storage, as stronger partial charges allow for greater ion adsorption (Figure 3b). These high charge compensation per carbon
adsorption sites are often found in areas with smaller curvature radii, allowing counterions to interact more effectively with multiple
sites and further enhancing charge storage.
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In particular, regarding aqueous electrolyte, density functional theory (DFT) calculations reveal that the pore diameters centered
around 0.7-0.8 nm and 1-2 nm are ideally suited for accommodating hydrated K* and H* ions!***3], Ultramicropores smaller than
0.5 nm significantly hinder the efficient utilization of surface area, as aqueous electrolyte ions are unable to access these tiny pores,
ultimately limiting the energy storage potential of EDLCs. Meanwhile, for organic electrolytes, mesoporous-scale pore sizes are
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required. The influence of pore regularity and morphology on ion-transfer resistance is less pronounced in aqueous systems
compared to organic systems. This is primarily due to the higher ionic conductivity of aqueous systems and the smaller sizes of
solvated ions in water relative to those in organic electrolytes!‘®l. In other words, the specific capacitance of porous carbon
electrodes is mainly influenced by the specific surface area of large micropores and small mesopores!‘’l. Thus, a combination of
abundant micropore larger than 0.5 nm and mesopores is crucial for achieving a high accessible surface area, which is essential for
an improving specific capacitance. Wei et al. synthesized hierarchical porous carbon with pore sizes ranging from 0.5 to 4 nm, which
are well-matched to the dimensions of solvated K*, H;0", and sulfate ions!*sl. This design greatly enhanced the specific capacitance
(400 Fgtat 1 A g'in 6 M KOH) and ensured efficient ion transport, with 62% capacitance retention at 30 A g'!. Additionally, it achieved
a high energy density of 11.05 Wh Kg! at a power density of 5,368 W kg™!. Zhang et al. tuned the porous structure of biomass-derived
carbons and highlighted the importance of a balanced pore structure for achieving high electrochemical performancel!*’l. They
revealed that a high micropore density increases surface area, an excess of micropores hinder mass transport. An ideal pore structure
with a micro-to-mesopore ratio of 2.38 optimizes the active surface area and creates efficient mass transport channels, resulting in
high capacitance (447 F g* at 0.5 A g'1), energy density (11.2 Wh kg'1), and power density (3.0 kW kg'!). For graphene materials, the
capacitance is directly proportional to the specific surface area, with gravimetric capacitance increasing as the surface area expands,
while the areal capacitance decreases with the specific surface area (Figure 3c,d)[?’l. Optimizing the pore architecture of carbon
materials is crucial for improving electrochemical storage performance. While large micropores and small mesopores may enhance
energy density, larger pore sizes may be more advantageous for power density. Further tuning of the pore structure in carbon
materials, specifically by designing carbon with numerous narrow and short pores, can simultaneously improve both energy and
power performance.

3.2 Surface chemistry

Heteroatom doping is a well-established strategy to enhance the surface properties of porous carbon materials by modifying their
structural and electronic characteristics. For instance, the incorporation of heteroatoms can significantly improve the conductivity of
these materials. Additionally, heteroatom doping offers synergistic benefits, such as enhancing electrode stability and wettability,
facilitating Faradaic reactions on the carbon surface, and contributing to additional pseudocapacitive behavior. It is widely
acknowledged that micropores in carbon materials cannot be fully wetted in aqueous electrolytes, limiting their accessibility and
utilization. Oxygen functional groups can enhance the wettability of micropores within carbon electrodes, thereby increasing specific
capacitance. Figure 4a shows the possible oxygen (O) and nitrogen (N) functional groups in carbon framework. Among these groups,
phenolic hydroxyl and carbonyl groups positively impact capacitance, while carboxyl groups, being structurally large and unstable,
impede electrolyte migration within the pores and are less effective in boosting overall capacitance!>°l.
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Faradaic reactions primarily occur at the edges of carbons materials. Nitrogen, with five valence electrons, acts as an electron donor
within the lattice, leading to a shift of the Fermi level closer to the valence band in carbon electrodes, thereby improving conductivity
within the carbon skeleton. Pyridone nitrogen and pyridinic nitrogen atoms stand out as the most influential, as they contribute
significantly to capacitance through faradic reactions in both acidic and alkaline electrolytes!®!-?l. Pyridone nitrogen atoms can be
viewed as pyridine nitrogen atoms with a neighboring carbon atom bonded to a hydroxyl group, allowing for interconversion
between pyridone and pyridine nitrogen atoms during electrochemical processes. Pyrrolic nitrogen is found in a five-membered ring
with one carbon replaced by nitrogen, and its conversion to a six-membered ring occurs only at high temperatures. As depicted in
Figure 4b, during reduction, pyridone nitrogen and pyridinic nitrogen are converted into N-6 and N-Q, while oxidation reverses the
process, regenerating pyridone nitrogen and pyridinic nitrogen!>?l. Although N-Q groups do not participate in Faradaic reactions,
they enhance capacitance by introducing positive charges, which facilitate improved electron transferl>!l. The redox reaction
mechanism of co-doped nitrogen and oxygen atoms is believed to involve attracting protons or enhancing the charge density of the
space charge layer, thereby promoting the oxidation/reduction of quinones and introducing redox activity from amine groups!**>3.

On the other hand, phosphorus (P) atoms can contribute to the stabilization of oxygen functional groups during electrochemical
charging and introduce additional active sites for ion adsorption thereby enhancing electrochemical performance. As shown in
Figure 4c, DFT calculations were also used to investigate the effects of P-dopingl°!l. The results indicate that the adsorption energies
of K and OH" on pristine carbon surfaces are relatively low, at -0.84 eV and -0.80 eV, respectively, leading to unstable adsorption. In
contrast, the adsorption energy of K* significantly increases to -3.06 eV, and for OH’, it rises to -5.25 eV on P-doped carbon surfaces,
demonstrating strong adsorption capability. Boron (B) atoms are more challenging to incorporate into the carbon lattice than
nitrogen atoms. Unlike N, which can easily interact with the stable carbon atoms in the six-membered ring, B tends to bond more
readily with reactive N atoms that have unpaired electrons. The B-N bonding configuration is thermodynamically more stable
compared to B-C and C-N bonds. That is to say, the introduction of B, with its electron-deficient outer shell, can stabilize active
nitrogen species in the carbon lattice by coupling with nitrogen, preventing their escape or conversion to inert forms. Sun et al.
synthesized B and N co-doped carbon materials with impressive conductivity (30 S cm™!) and a high nitrogen content (7.80 at%)>>l. DFT
simulations revealed that B lowers the energy levels of neighboring nitrogen species, particularly pyrrolic nitrogen, which enhances
their stability and boosts electrochemical performance. As a result, the nitrogen-rich porous carbon electrode exhibited a remarkable
capacitance of 412 Fg'at 1 Ag'in 1.0 M H,SO, and high durability with 97% capacitance retention after 10,000 cycles.

Regarding Zn-ion supercapacitors, Chu et al. examined the adsorption energies of zinc ions on both unmodified and functionalized
carbon surfaces, revealing that the introduction of N and O functional groups significantly enhances zinc ion affinity compared to
unmodified carbon (Figure 4d)°l. Among the functional groups, C=0 and pyrrolic-N exhibited the highest adsorption energies,
measured at -694.11 kcal mol ' and -687.28 kcal mol'!, respectively. Furthermore, simulations demonstrated that O-doped, N-doped,
and O, N co-doped carbon surfaces interact with Zn?' ions with adsorption energies of -95.35 kcal mol !, -124.38 kcal mol'!, and
-137.23 kcal mol!, respectively (Figure 4e). These findings highlight the critical role of C=0 and pyrrolic-N groups in enhancing Zn?
ion adsorption, offering valuable insights for optimizing functionalized carbon materials.

3.3 Conductivity

As electrode materials for supercapacitors, high conductivity plays a crucial role in reducing internal resistance (ohmic loss),
promoting electron transport, and minimizing both internal and charge transfer resistance within the electrodes. This is especially
crucial for rate capability and high power density, where rapid charge and discharge are required. Moreover, while energy density
primarily depends on specific capacitance and operating voltage, high conductivity is essential to ensure the efficient utilization of
the active area by facilitating the rapid transport of ions and electrons, thereby indirectly enhancing energy storage efficiency.

Traditional porous carbon materials usually have electrical conductivity lower than one siemens per meter (S m™!). The porosity and
surface properties of carbon materials can significantly affect the continuity and efficiency of conductive pathways. Controlling
porosity and pore size distribution, such as reducing excessive micropores or dead pores and increasing accessible mesopores and
macropores can enhance the connectivity of electronic pathways!>7-*)l. High-temperature (> 2,500 °C) graphitization can effectively
improve the ordering of carbon atoms, leading to increased graphitization and conductivity?’>°l. The development of well-ordered
graphitic crystalline regions within nanostructures is crucial for the efficient transport of electrons and ions. However, high
carbonization temperatures can lead to pore collapse, resulting in a decrease in surface area and pore volume. Removing surface
defects or excessive oxygen-containing groups (e.g., -COOH or -OH) reduces the hindrance to electron migration. For example,
removing the oxygen functional groups on graphene oxide endows the graphene fibers with excellent electrical conductivity of
1.06 x 10> S m 1601,

The introduction of heteroatoms (such as N, S, B, or P dopants) can modulate the concentration and mobility of electrons, thereby
enhancing conductivityl®!l. For example, N-doping improves electron transfer capabilities, creates asymmetric charge distribution,
and modifies spin density due to its high electronegativity (3.04). Sulfur (S) doping, with its electronegativity (2.58) close to that of
carbon (2.55), adjusts the electronic configuration of the carbon surface and the graphitic latticel®?. In contrast, P atoms, with a larger
atomic radius and lower electronegativity (2.19), distort the carbon lattice and introduce electrons into the structurel®’. Numerous
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studies have focused on single- and multi-heteroatoms doped carbon materials. It has been revealed that the electronic interaction
between N and B optimizes the conductivity of the material, accelerating charge transfer kinetics[°*-°°l. One-dimensional (1D) and
two-dimensional (2D) carbon architectures (such as CNTs and graphene) typically exhibit excellent electrical conductivity due to their
extended electron transport pathways and unique electronic structures. Liu et al. found that phosphorus-doped CNTs, offering
excellent electrical conductivity and an interconnected porous structure, facilitate efficient electron transfer from electroactive
materials to external circuits!®®. The high conductivity of P-doped CNTs also enables the rapid transport of electrons generated
within the electroactive components. As a result, the designed self-supporting film achieves enhanced specific capacitance.

3.4 Nanoarchitecture

The dimensional structure of carbon materials is a key factor in determining their performance in supercapacitors, as it affects
properties like specific surface area, pore structure, and electrical conductivity. For instance, 0D carbon materials, such as
carbon/graphene quantum dots and carbon nanospheres, have shown great promise in supercapacitors due to their exceptional
electrical properties and structural benefits. These include small size, excellent conductivity, large surface area, numerous active
sites, and superior solubility in various solvents. In particular, the ultrasmall dimensions of quantum dots grant them exceptional
electron transfer and storage capabilities, along with enhanced edge quantum effects[°7.%)1. 1D carbon materials, such as CNTs, carbon
nanofibers and graphene fibers, combine the effects of micro- and nano-scales, providing pathways for rapid ion and electron
transport along their axesl®>%l. 2D carbon materials, such as graphene, reduced graphene oxide, and carbon nanosheets, feature a
layered structure that offers a large accessible surface area for charge storage. Their excellent in-plane electrical conductivity
facilitates rapid electron and ion transport, while also ensuring efficient electrolyte access. This structure enhances ion adsorption,
boosts capacitance, and improves rate performance by enabling inherently fast electron and ion diffusion dynamics!’!72l. 3D carbon
materials (e.g., porous carbon materials, carbon aerogels, and carbon foams) characterized by interconnected porous channels and
high mechanical strength, can withstand stress changes, facilitate substantial contact between the electrode and electrolyte, and
improve electronic conductivity, significantly boosting the overall electrochemical performancel®®7%]. The design of nanostructures to
boost the performance of carbon materials will be systematically discussed in the following sections.

4. Strategies for Enhancing the Performances of Carbon Electrode Materials

4.1 Pore structure engineering

As outlined in Section 3.1, micropores and small mesopores are essential for enhancing capacitive performance, as they provide a
large accessible surface area for ion transport and charge storage. On the other hand, larger mesopores and macropores function as
ion reservoirs, helping to shorten the diffusion distance for ions to penetrate the material’s interior. This is particularly important for
maintaining capacitance at high current densities and boosting power density. As depicted in Figure 5a, Wen et al. explored the
relationship between the diffusion path and diffusion time, and revealed that abundant mesopores improved the diffusion coefficients
of SO,?" ions in lignin-derived porous carbons. The diffusion coefficients of electrodes carbonized at different temperatures were
2.53x10°m?s’t, 8.41 x 1071 m? s’1, and 7.46 x 101 m? s™!, respectively. These values are about 10 times higher than that of
commercial activated carbon (4.65 x 107! m? s™)[74l,
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Figure 5. (a) Diffusion coefficient of SO,* in cathodes base on mesopore dominated hierarchical porous carbon and activated carbon electrode. Reproduced with permission
from referencel’*. Copyright © 2023 Elsevier; (b) Surface area and total pore volume of juliflora wood waste-based carbon. Reproduced with permission from referencel’.
Copyright © 2021 Elsevier; (c) Nitrogen sorption isotherms; (d) Pore size distribution curves of KOH-activated carbon; (e) The relationship between specific capacitance, the
micro-to-meso-pore ratio, and the mass ratio of hemicellulose to KOH; (f) The impact of pore structure on the electrochemical performance. Reproduced with permission

from referencel®. Copyright © 2022 Elsevier.
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Hierarchically porous carbons, which integrate both microporous and mesoporous structures, achieve an optimal balance between
energy density and power density. This design outperforms carbons with a single pore size distribution (microporous, mesoporous,
or macroporous). The synergy between pore sizes enhances ion transport efficiency while maximizing charge storage capacity.
Numerous fabrication techniques have been developed to create hierarchical porous carbon architectures. Physical activation (e.g.,
CO0,, H,0) or chemical activation (KOH, ZnCl,, CaCl,, ZnC,0,, Cu(NO3),) is commonly employed to enhance specific surface areas and
tune the pore structure, especially for the porous carbons derived from biomass and industrial polymers!’>77), For physical activation,
the gases usually react with carbon to create micropores by etching the carbon framework at high temperatures. This method
produces carbon materials with excellent electrical conductivity and outstanding cycling stability; however, the limited control over
pore size distribution often leads to excessive microporosity, which can hinder ion transport and reduce rate performance.
Regarding chemical activation, activating agents react with carbon precursors at lower temperatures to create pores and enhance
the formation of hierarchical structures, allowing for better control over micropore and mesopore formation. This enhances charge
storage capacity and rate capability, but the introduction of heteroatoms functional groups may slightly reduce electrical
conductivity, and the durability is generally lower than that of physically activated carbon materials. The activation process, which
involves factors such as the amount of activator used and the activation temperature, can have a significant impact on the internal
pore structure of the resulting carbon material. For example, when the pyrolysis temperature remains below the boiling point of
7nCl, (732 °C), the activation process predominantly generates micropores. Increasing the concentration of ZnCl, tends to promote
the formation of larger mesopores or macropores. After activation, carbon materials typically exhibit a surface area exceeding
2,000 m? g'! and a pore volume larger than 1.0 cm?® g''. However, excessively high surface areas can lead to drawbacks, such as
increased vulnerability to electrolyte decomposition at dangling bond sites, decreased material density, and reduced conductivity.
Furthermore, the sieving effect of electrolyte ions may limit ion accessibility. Therefore, optimizing pore size and distribution is more
crucial than simply maximizing surface area to achieve the highest capacitancel*!l. Raja et al. activated prosopis juliflora wood waste
carbon blocks using KOH at varying pyrolysis temperatures (700-900 °C)l'°], Increasing the activation temperature significantly
increased the content of mesopores and pore volume, but it has little impact on the specific surface area (Figure 5b). Wei et al.
investigated the distinct roles of mesopores and micropores (Figure 5c,d,e). They adjusted the micropore-to-mesopore ratio by
tuning the weight ratio of partially dissolving hemicellulose to KOH. For example, when the mass ratio of pre-carbonized pecan shell
to KOH was 1:2, the resulting carbon (US-2), with a micropore-to-mesopore ratio of 2.38, demonstrated the highest specific surface
area of 1,785.6 m? g'! and an impressive specific capacitance of 447 F g at 0.5 A g’ in a 6 M KOH electrolyte, which remained 62.6% at
50 A g 'I*9], Recently, milder alternatives, such as gas-releasing agents (e.g., ammonium bicarbonate, zinc acetate, potassium acetate),
were also used to fabricate hierarchical porous carbons!’®l. Feng et al. employed three types of pore-forming agents (K,CO3, SiO,, and
7nC,0,) to fabricate lignin-derived porous carbons and investigated their impact on nanoporous structures!’’l. It was found that the
hierarchical porous structure, consisting of nanosheets formed via ZnC,0, activation, offered superior charge storage and ion
transport capabilities compared to the microporous structure created with K,CO; and the mesoporous structure produced using the
Si0, template method.

Template-assisted methods (e.g., silica, zeolite) have proven highly effective for designing tailored pore structures!’’. The removal of
the template generates numerous pores in the carbon material. However, due to the uniformity of templated pore structures,
multiple templates are often needed to achieve hierarchical porous carbons. In addition to pore structure and specific surface area,
pore volume is another critical factor that significantly influences the rate capability and specific capacitance of supercapacitors. The
overall pore volume determines the charge adsorption capacity, whereas the mesopore volume influences the electrolyte resistance.
A higher pore volume allows for sufficient space for electrolyte ions to effectively penetrate deeper pores. Liu et al. synthesized
micro-mesoporous carbon nanospheres featuring a surface area of 1,051 m? g'* and an exceptionally large pore volume of
3.684 cm?® g 8%, The substantial pore volume enables efficient charge storage and enhances electrochemical performance by allowing
rapid mass transport. As a result, the hierarchical porous carbon exhibits impressive specific capacitances of 309.4 Fg*at 0.5A gtin
1 M H,SO, which remains 75% when the current density increases to 50 A g, showcasing the enhanced rate performance. Table 1
sumimarizes the performance of carbon electrodes with different porous structures. Pore size distribution and specific surface area
are two critical factors influencing the performance of carbon materials in supercapacitors. Capacitance is closely linked to the
effective surface area, as a higher specific surface area provides more active sites, enhancing charge storage and boosting specific
capacitance. However, maximizing the surface area alone is not sufficient to achieve high-performance supercapacitors. Instead, an
optimized pore size distribution, particularly a well-balanced combination of micropores, mesopores, and macropores, is essential
for improving electrochemical performance. Micropores (> 0.5 nm) contribute to charge storage by providing abundant adsorption
sites for electrolyte ions, mesopores facilitate efficient ion transport, and macropores improve ion accessibility and minimize
diffusion resistance. A higher mesopore-to-micropore ratio has been demonstrated to significantly enhance the rate capability of
electrode materials, primarily due to improved ion diffusion kinetics and lowering transport resistance within the hierarchical
porous structure. A well-designed pore architecture ensures high capacitance, excellent rate capability, and long-term cycling
stability. By optimizing both pore size distribution and specific surface area, the overall efficiency and practicality of supercapacitor
materials can be greatly improved.
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Table 1. Comparison of the performance of carbon electrodes with different porous structure.
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Surface area/

Capacitances/

Energy Power

Fg'(at Rate % Device
m2 g (pore Pore size Activation density density -
Samples Micro/mesopores® Electrolyte current (current stability % Ref.
volume/ (nm) agent . ) (Wh kg (kW kg
density/ density/A g )®) (cycles)
3 A1 -1 -Ty(©)
cm=g) “1\(b ) )
Agh®
PF,,GO-HA 1,779 (1.78) 0.5-10 KOH 33/67 EMIMBF, 220 (1) - - - - [41]
Ti2AIC-derived 1,150 <1.0 - - 1.5M 140 (0.5) - - - - [42]
carbon TEABF4/AN
Biomass- 2,943 (1.83) 1.3-90 KOH - 6 MKOH  588(0.5) 76.9(0.5-10) 329 0172 947 [16]
derived (6,000)
hierarchical
porous carbon
N/O doped 761 (0.39) 0.7, ZnCl, 56/44 1MH,S0, 370(0.5) 80.8 (0.5-30) 103 0.12 92 [44]
porous 2-50 (10,000)
carbons
Sweet potato- 3,114 (-) 1.25,2.51 KOH - MH,SO, 532(1) 49.6 (1-30) 258-  0.25- 951 [45]
derived porous 11.9 13.1 (10,000)
carbon
N-doped 2,675 (1.06) 0.5-4 KOH 91/8 6 MKOH  400(1) 62 (1-30) 11.05 5368 90.7 [48]
porous carbon (10,000)
Biomass- 1,786 (-) 0.5-8 KOH 69/29 6 MKOH  447(0.5) 62.6 (0.5-50)  15.5- 0.062- 95/10,000 [49]
derived carbon 9.7 6.24
sheets
N-doped 892 (0.65) 1-100 Cadl, 29/71 6 MKOH  275(0.2) 81 (0.2-8) - - - [75]
hierarchical
porous carbon
Microporous 597 (0.67) 0.7-1.2 KOH 96/4 6 MKOH  256(0.2) 67 (0.2-20) - - - [76]
carbon
nanofibers
N-doped 826 (0.94) 0.5-100 nC,0, 18/62 6 MKOH  254(0.5) 79 (0.5-20) 542 0.5 95.2 [77]
lignin-derived (10,000)
porous
carbons
N doped 2,042 (-) 0.5-3,10-20 K;CgH-O5 - 6 MKOH 447 (0.5) 64.7 (0.5-10) 11.25- 0.25-5 804 [78]
porous carbon Zn (AC), 7.78 (10,000)
Hierarchical 1,051 (3.7) 09,3277 - - 1M H,50, 309.4(0.5) 75 (0.5-50) 27.8- 0.18-9 98.5 [80]
porous carbon 203 (10,000)

nanospheres

(a): Percent of pore volume contributed by micropores/mesopores; (b): The specific capacitance and rate performance listed were obtained from three-electrode system;
(c): The energy density and power density listed were obtained from symmetric supercapacitors based on the carbon materials mentioned in the first column.

4.2 High-content and multi-heteroatom-doping

Doping porous carbon materials with heteroatoms (such as N, P, S, and B) can significantly improve their conductivity and
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hydrophilicity, making them suitable for use in supercapacitors. There are two main methods for introducing heteroatoms into the
carbon framework: in situ doping and post-doping. In situ doping involves using heteroatom-containing carbon precursors,
catalysts, and other additives to construct the carbon framework. Post-doping involves activating the carbon framework with
heteroatom-containing gases or liquids to introduce heteroatoms. Among these, in situ doping is more convenient and generally
results in a higher content of heteroatoms compared to post-treatment methods. N is the most commonly used heteroatom for
doping. N-doped porous carbon materials can be synthesized using N-containing carbon sources such as polydopaminel8'],
3-aminophenol®?, glycinel®3], melaminel®l and metal-organic frameworks (MOFs)[#5. In general, the choice of dopant and carbon
source affects the uniformity and content of heteroatom doping. Thus, to incorporate more nitrogen into the carbon framework, a
carbon precursor with a high nitrogen content is required®*#’l. Wang et al. synthesized porous carbon with tunable nitrogen content
using high-nitrogen-content (36 wt%) fumaronitrile as the precursor!®’l. The nitrogen doping level (14-34 wt%) and doping types could
be modulated by tuning the synthesis temperature. The sample carbonized at 700 °C exhibited a specific capacitance of 400 F g'! at
1 Aglina6 M KOH electrolyte. However, studies using CV have shown that nitrogen-doped carbon electrodes do not exhibit distinct
redox signals, particularly when tested with alkaline electrolytes!>?l. Other heteroatoms like B, S, and P have also demonstrated
significant improvements in the performance of porous carbon materials. Since the atomic radii of S and P are larger than that of N,
they can create polarized lone pairs of electrons, which further enhance chemical properties and increase defects[>*.028%8%. Hajibaba
et al. synthesized S-doped porous carbon through electrochemical deposition!(®?l. The high sulfur doping (up to 25%) enhanced the
specific capacitance, increasing from 147 to 440 F g'' at 1 A g'! after undergoing the electrochemical doping process in 1.0 M H,SO,.
Computational analysis based on joint density functional theory demonstrated that introducing S outside the graphene structure
significantly boosts the capacitance. The presence of humps around ~0.1 and 0.3 V in the S-doped sample suggests pseudocapacitive
behavior (Figure 6a), attributed to faradaic redox reactions. P-doping also induced humps in the CV curves (Figure 6b), Zhou et al.
revealed that the pseudocapacitive contributions originating from P-doped porous carbon is 22.1% at 5 mV s 1[>4,
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Figure 6. (a) CV curves of S-doped porous carbon at 5 mV s and the possible faradic redox reactions. Reproduced with permission from referencel®”. Copyright © 2024
Elsevier; (b) CV curves of P-doped porous carbon at 5 mV s™. Reproduced with permission from reference®. Copyright © 2020 Elsevier; (c) CV curves of O, N co-doped QCDs.
Reproduced with permission from referencel®. Copyright © 2018 Elsevier; (d) EDLCs and pseduocapacitive contributions of P, N co-doped porous carbon. Reproduced with
permission from reference!®. Copyright © 2021 American Chemical Society; (e) Synthesis mechanism; (f) Element content analysis; (g) CV curves at 10 mV s™; (h) Capacitance
contribution of different heteroatoms doped carbons in 1 M H,SO,. Reproduced with permission from referencel®. Copyright © 2020 Elsevier; (i) Synthesis mechanism;
(j)) Element analysis; (k) CV curves of different heteroatoms doped carbons; () CV curves highlighting the diffusion contribution at 1 mV s ; (m) Normalized diffusion
contribution across a range of 1-20 mV s™'. Reproduced with permission from referencel’®. Copyright © 2023 John Wiley & Sons. CV: cyclic voltammetry; QCDs: quantum

carbon dots; EDLCs: electric double-layer capacitors.
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Compared to doping with a single heteroatom, dual- or multi-heteroatom doping can significantly enhance pseudocapacitance due
to synergistic effects[®®?%-°1], N and O functional groups significantly enhance the polarity and wettability of the electrode surface,
promoting improved electrolyte adsorption and infiltration and thereby contributing to substantial pseudocapacitance. DFT
calculations further reveal that N doping lowers the energy barrier for oxidation-state changes in carbonyl groups, thus enhancing
pseudocapacitive reactionsl’!. Li et al. synthesized graphene quantum dots (GQDs) with ultra-high N and O content (17.8 at.% and
21.3 at.%, respectively) by using pyrene as a precursor, and revealed that the pyrrolic-N and carbonyl components significantly
enhance the pseudocapacitive activity of the electrodes!’?. The CV curves of unannealed (N-O-GQD) and low-temperature-annealed
(N-O-GQD-400) display a typical pseudocapacitive feature in 1M H,SO, (Figure 6¢). The GQDs-based supercapacitors exhibit a
volumetric specific capacitance of 56.1 F cm™3 at 50 UA cm? and demonstrate a volumetric energy density of 7.8 mWh cm™ at
140.4 mW cm3. In addition, S/P can also be co-doped with nitrogen in the carbon framework, creating synergistic effects that further
enhance electrochemical performancel®’l. Liu et al. developed a self-supporting N,P co-doped carbon electrode using a
templating/activating carbonization process combined with vacuum filtration°!l. The introduction of phosphorus (2.1 at.%) and
nitrogen (4.1 at.%) heteroatoms significantly enhances the performance by providing abundant active sites. Quantitative analysis
revealed that pseudocapacitance contributed 22.9%-30% to the electrochemical behavior under alkaline conditions (Figure 6d).

During carbonization, the nitrogen content generally diminishes with rising temperatures!®’l. DFT analysis demonstrates that boron
doping reduces the energy levels of neighboring nitrogen species, particularly pyrrolic nitrogen, within the graphene framework,
thereby enhancing their stability®>l. Building on this concept, Yu et al. synthesized a ternary B, N, and P co-doped porous carbon
material (BNP-C) through a polymer dehalogenation method, achieving atomic compositions of 11.5% B, 1.1% N, and 0.8% P
(Figure 6e,0l°l, Comparative CV analysis at a scan rate of 10 mV s'! revealed that BNP-C exhibited superior electrochemical
performance compared to control samples (BN-C, PN-C, and NC), underscoring the synergistic effects of multi-element co-doping in
improving electrochemical activity. Moreover, BNP-C exhibits quasi-rectangular shapes with noticeable redox features between 0.2
and 0.4 V (Figure 6g), confirming the beneficial impact of heteroatom doping in enhancing pseudocapacitance. Accompanied by the
3D hierarchical porous structure and high specific surface area (1,118.5 m? g'1), BNP-C contribute to a high capacitance of 518 F gt at
0.5 A g1, while pseudocapacitance accounts for approximately 40.2% of the total capacitance as determined by the Trasatti method
(Figure 6h). As shown in Figure 6i, Yu et al. developed N/B/O co-doped layered porous carbons (BNLC-850) through carbonizing the
framework assembled from ammonium folate, gelatin and boric acid!'®l. The N-rich ammonium folate facilitates the formation of a
robust 3D cross-linked structure via boric acid-mediated hydrogen bonding and electrostatic interactions. The resulting BNLC-850
exhibited an impressive specific surface area of 1,822 m? g'!, a well-defined hierarchical porous structure, and significant heteroatom
content (12.65 at.% N, 5.67 at.% B, and 13.84 at.% O) (Figure 6j). The CV curves of the BNLC-850 electrode exhibit distinct humps,
attributed to the Faradaic reactivity of B/N/O doping groups (Figure 6k). Among these doping functionalities, 89.68% of the
pseudocapacitive sites are capable of directly participating in redox reactions. When used as an electrode, BNLC-850 showed a
capacitance contribution of 65.31% (solid pattern) at 1 mV st (Figure 61,m), and achieved an impressive specific capacitance of
525.2Fg*(351.9 F cm™) at 0.5 A g'! in KOH. DFT calculations confirm that ternary doping reduces adsorption barriers for K-ions.
Additionally, supercapacitors based on BNLC-850 demonstrate high energy density (41.2 Wh kg!) and robust performance even at
-20 °C. Table 2 summarizes previous research on the performance of carbon electrodes doped with different heteroatoms.
High-content and multi-heteroatom doping can significantly enhance specific capacitance and energy density by introducing
pseudocapacitance. However, excessive doping may increase ion diffusion resistance and induce electrochemical polarization,
potentially compromising rate performance. Additionally, heteroatom doping appears to affect cycling stability, with doped carbons
exhibiting around 90% stability after 10,000 cycles, compared to over 95% for pure carbon electrodes.

Table 2. Comparison of the performance of carbon electrodes doped with different heteroatoms.

Surface area/ Capacitances/
Rate % Energy Power Device
m2g”' (pore  Poresize  Heteroatoms Fg'l(at
Samples ) Electrolyte (current density density stability %  Ref.
volume/ (nm) doping (at.%) current
density/A g )@ (Whkg™® (kW kg™)®  (cycles)
cm3 g’ density/A g 1)@
N-doped 618 (0.67) 0.5-100 N (10.63) 1MH,SO, 589(0.5) 52 (0.5-128) 18.3-8.44 0.25-16.9 109.7 [13]
carbon (90,000)
nanofiber
P-doped 1,343 (1.35) 0.5-100 P(1.8) 6 M KOH 273.6(1) 73.9 (1-20) 7.12-59 0.5-43 94.9 [54]
carbon (40,000)
nanobowls
S-doped - - S (8.8) 1MH,S0, 440(1) 56.8 (1-10) 18.14-9.75  0.89-9.99 90 (5,000) [62]

activated
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carbon
N/O enriched 761 (0.39) 0.7, 2-50 N (3.02) 1MH,SO, 370(0.5) 80.8 (0.5-30) 10.3 0.12 92 (10,000) [44]
porous 0O (16.65)
carbons
B/N doped 3D 641 (-) 2.28 N (7.8) TMH,SO, 412(1) 69 (1-20) 18.47 0.3 97 (10,000) [55]
porous carbon B (2.19)
N/S doped 733 (0.65) 1.6-3.7 N (16.59) 6 M KOH 230(0.5) 74 (0.5-20) 8.3 0.1 94 (5,000) [63]
carbon S (0.06)
spheres
B/N/Fe-doped 722 (-) 0.2-20 N (3.2) 6 M KOH 306 (0.5) 81.6(0.5-10) 8.2 2.5 89.7 [64]
carbon B (7.6) (5,000)

Fe (1.9)
B/N/P-doped 1,118 (-) 1.0 N (1.1) 1MH,SO, 518(0.5) 50.7 (0.5-100) 12 0.7 91.6 [65]
carbon B(11.5) (5,000)

P (0.8)
N doped 1,293 (0.71) 0.7,1.3 N (20.87) 6 M KOH 400 (1) 65 (1-20) 18 0.325 97 (10,000) [87]
micropore-rich
carbon
N/P/O-doped 1,155 (-) 2.5-60 N (11.4) 6 M KOH 232 (0.5) 68.1(0.5-10)  7.84-5.94 0.6-3.0 89.1 [91]
carbon P (3.5) (5,000)
spheres 0 (6.7)
N/P doped 2,073 (1.35) 0.5-15 N (4.1) 2 M KOH 318 (1) 59.8 (1-100) 41.5-11.2 0.18-7.26 93.2 [94]
carbon P(2.1) (NPCN/MnO, (NPCN/MnO, (10,000)
nanosheets as positive  as positive

electrode) electrode)

N/B/O- 1822 (1.50) 2-100 N (12.65) 6 M KOH 525.2 (0.5) 67.7 (0.5-50) 14.72-10 0.10-49.6 92.1 [18]
enriched B (5.67) (10,000)
hierarchical 0(13.84)
porous
carbons

(a): Specific capacitance and rate performance listed were obtained from three-electrode system; (b): E and P values listed were obtained from symmetric supercapacitors
based on the carbon materials mentioned in the first column.

4.3 Engineering nanoarchitecture

4.3.1 0D carbon materials

Carbon/graphene quantum dots are a family of OD carbon-based nanoparticles (< 10 nm). They typically feature a nanocrystalline
core surrounded by an amorphous shell, which is rich in surface functional groupsl’®°7l. The choice of precursor is crucial as it
influences the size, shape, and surface functionality of the resulting carbon-/graphene quantum dots. Common precursors include
graphite, graphene oxide, and a variety of carbon-rich compounds such as CNTs, organic molecules, and biomass materials, have
been used to prepare carbon/graphene quantum dotsl’®%l. Highly crystalline GQDs, characterized by a rich edge position and a highly
crystalline core are more suitable for supercapacitor electrodel®’°2. Zhang et al. prepared GQDs with a size of 1-3 nm through a
top-down strategy”’l. The GQDs-based electrode demonstrated a specific capacitance of 297 F g'' at 1 A g'! and an impressive energy
density of 22.2 Wh kg™ at a power density of 10 kW kg™'. However, when bare quantum dots are used as electrode materials, their
charge transfer efficiency between particles is relatively low, and they are prone to detaching from the current collector surface.
Given the high-capacity performance enabled by the edge positions and surface functional groups of quantum dots, increasing
research efforts have focused on anchoring carbon quantum dots or GQDs into conductive carbon matrices. This approach aims to
develop high-performance composite materials or innovate new carbon-based structures. These structures utilize the unique
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properties of quantum dots, such as their large surface area, abundant functional groups, and quantum effects, to enhance the
performance and versatility of carbon-based materials. Notable examples include hierarchical porous carbons, graphitized carbon
frameworks, and composite materials with improved conductivity, ion transport, and surface reactivity. As depicted in Figure 7a,
Wei et al. developed a hierarchical porous carbon material through the pyrolysis of a composite consisting of N, P co-doped carbon
and GQDs embedded within a polyacrylamide hydrogel framework!!°’l. Carbon quantum dots with sizes of 5-8 nm can be found on the
carbon skeleton (Figure 7b), revealing that the P and N groups originating from the carbon quantum dot precursors effectively adjust
the electronic structure, generating electron-rich regions on the electrode surface. Its tunable surface chemistry and physical
properties facilitate the adsorption of abundant cations without compromising the density and conductivity of the electrode.
Consequently, an accelerated charge transfer process and a significant enhancement in the capacitance was achieved. The optimized
material exhibited an outstanding specific capacitance of 468 F gt in 3 M KOH, 510 F g'! in 4 M H,SO,, and 438 F g'' in 1 M Li,SO,
electrolytes (Figure 7¢), representing an increase of up to 70% compared to the sample in the absence of carbon dots. The crystallinity
of carbon dots is important in enhancing ion and electron transport. The carbon quantum dots/hierarchical porous carbon
composite maintains a retention rate of more than 80% at 30 A g* (Figure 7d).
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microscopy; GCD: galvanostatic charge-discharge.

The creation of hierarchical porous carbon networks from carbon nanodots/GQDs with high conductivity and mechanical stability
makes them suitable for electrochemical energy storage. Strauss et al. developed a laser-based technique to transform carbon
nanodots into 3D turbostratic graphene. This process involved the thermolysis of citric acid and urea, followed by infrared laser
irradiation!'°!l, The obtained 3D turbostratic graphene had a high active surface area of 230 m? g'! and a conductivity of 213 S cm'! at
optimal laser power. The hierarchical porosity, excellent electrical conductivity, and fast charge-discharge behavior favors an
improved specific volumetric capacitance of 27.5 mF dm™ at 560 A dm3, along with a high energy density of 24.1 mWh L
(17.7 Wh kg™') at a power density of 711 W L™* (2.55 kW kg™!). Tian et al. developed a conductive porous carbon material using
crystalline GQDs as the precursor and a block copolymer as a soft template through a micelle-induced assembly method!'°?. The
resulting material featured an interconnected mesoporous structure with high specific surface area (1,323 m? g') and impressive
conductivity (73 S m™!), which promoted efficient electron and ion transport even under high mass loading conditions. Performance
testing revealed an outstanding capacitance of 315 F g'* at 1 A g'! in 6M KOH, with excellent rate capability, retaining 67.3% and 54% of
its capacitance at 50 A gt and 100 A g%, respectively.

Porous carbon nanospheres are another type of OD carbon material. Carbon nanospheres exhibit inherent advantages in rapid charge
transport and storage due to their adjustable pore size distribution, tunable shell layers, and unique surface properties!'03.104],
Designing the structures of carbon nanospheres is crucial to enhance their electrochemical performance. The nanospheres can be
prepared through the direct carbonization of polymer spheres and hydrothermal carbonization of carbon precursors. For example,
Xue et al. synthesized N and O-rich carbon nanospheres by direct carbonization/activation of melamine-glyoxal polymers!'®l. Due to
their well-developed micro- and mesoporous structures, the carbon spheres achieved a specific capacitance of 344 Fgtat 1 Ag™.
However, their larger size (800 nm) increases the ion diffusion distance within the pores, resulting in limited capacitance retention
(62%) from 1 to 20 A g''. In contrast, smaller carbon spheres with optimized pore structures provide better accessibility for the
electrolyte solution to reach internal pores, reducing both mass transfer and charge transfer resistance. This enhancement effectively
improves capacitance and rate performance!!°°l. N-doped carbon nanospheres, with well-ordered mesoporous channels and a
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uniform size of 300 nm, demonstrate impressive performance by maintaining 66% of their capacitance even at a high current density
of 50 A g1l Liu et al. synthesized carbon nanospheres with controlled diameters ranging from 5 to 40 nm using an emulsion
polymerization method (Figure 7e,f), followed by a dual-step KOH activation!*’l. The ultra-small size and microporous/mesoporous
structure of the spheres contributed to their excellent high-rate performance, achieving capacitance retention rates of 70.5-81.6%
(Figure 7g). Reducing the nanosphere size from 40 nm to 5 nm significantly improved rate performance by enhancing ion transport
within the spheres. The optimized carbon nanospheres, with an average size of 5 nm, demonstrated exceptional performance,
achieving a specific capacitance of 272 F gt at 0.5 A g and retaining 81.6% of their capacitance even at a high current density of
200 A g'tin 1M H,SO,.

In addition to solid carbon nanospheres, hollow-structured carbon nanospheres offer a high surface-to-volume ratio that shortens
mass and charge transport paths. This structure also effectively mitigates the volume expansion of electrode materials during the
charge-discharge process, resulting in high capacitance retention and an extended cycle life. Hollow carbon spheres are usually
prepared using the template method. This process entails applying a carbon precursor onto a template surface, which is then
subjected to high-temperature carbonization!'°%-1%l, In contrast, soft templates (such as nano-emulsion droplets, micelles, and MOFs)
can be removed more easily through high-temperature pyrolysis(®3:!19. For hollow carbon spheres, parameters such as shell
thickness, surface roughness, pore size within the shell, and spatial structure play a critical role in influencing electrolyte transport.
Zhang et al. synthesized hollow N-doped carbon spheres through high-temperature pyrolysis of hollow zinc-based metal-organic
framework spheres!'’l. These spheres exhibited a specific capacitance of 254 F g at 1 A g'' in 6M KOH and retained 99.9% of their
capacity after 10,000 cycles. However, the microporous shell structure limited ion transport, resulting in only 61.3% capacitance
retention at 10 A g'%. To address this, Zhang et al. introduced hierarchical meso-macroporous structures into the shell of hollow
carbon spheres!’’l. The microporous-mesoporous-macroporous shell structure significantly enhanced the surface’s electrochemical
activity, facilitated ion and electron transport, and improved capacitance retention. At current densities of 10 A gt and 20 A g%, the
specific capacitance retained 81% and 76% of its value at 0.5 A g%, respectively. Additionally, it has been shown that rate performance
declines as shell thickness increases!!'!l. A thinner shell improves the rate performance of hollow carbon spheres. The capacitance
retentions of the thinnest shell samples reach 84.1% (0.5-10 A g'!), approximately 25% higher than that of thicker-shell hollow carbon
spheres. Overall, carbon spheres with small sizes, hollow architectures, and hierarchical porous structures can effectively promote
ion storage and electron transport, enhancing electrochemical activity and exhibiting high capacitive performance, fast ion diffusion
rate, and high stability.

43.21D

Although 0D materials offer a high specific surface area and a tunable structure, their lack of a continuous conductive network often
leads to low electrical conductivity, restricting their efficiency in electron transfer. In contrast, the unique advantages of 1D
nanostructured carbon electrodes lie in their ability to provide a continuous charge transport network and reduce contact
resistance, which is crucial for high-power-density supercapacitors.

4.3.2.1 CNTs

With their covalent sp? bonds, CNTs provide exceptional mechanical strength, thermal stability, and electrical conductivity, making
them highly valuable for energy storage applications. The specific capacitance of CNTs depends on their purity and morphology.
High-purity CNTs (free of catalyst residues and amorphous carbon) typically have a specific surface area of 120-400 m? g'! and a
specific capacitance of 15-80 F g ![11%113], To enhance the specific capacitance, CNTs can be activated with KOH to introduce a large
number of micropores while retaining the nanotube structure. This activation increases the specific surface area to around
1,035 m? g !l'!4l, Oxidation treatment with acids (e.g. sulfuric acid, nitric acid) can also be used to modify the surface morphology of
CNTs and introduce oxygen-containing functional groups, providing additional pseudocapacitance. However, excessive activation
can deteriorate their electrical conductivity. CNTs can grow directly on substrates without the need for additional binders, reducing
the resistance between the active material and the current collector while significantly simplifying electrode preparation. However,
the specific capacitance of pure CNTs as supercapacitor electrode materials remains relatively low. Furthermore, compared to
traditional electrode materials like activated carbons, the stringent synthesis conditions, complex preparation methods, and high
cost of CNTs make them difficult to commercializel!!5-116], Therefore, CNTs are often used as conductive substrates or structural
additives in flexible supercapacitors owing to their excellent electrical conductivity and outstanding mechanical properties!'!7.,

4.3.2.2 Carbon nanofibers

Carbon nanofibers are capable of integrating high performance and diverse functionalities. Electrospinning is a widely used and
effective method for fabricating carbon micro/nanofibers!'!®l. Polyacrylonitrile is extensively employed as a precursor for electrospun
carbon nanofibers!'!’l. Pure polyacrylonitrile-based carbon nanofibers exhibit a dense structure, resulting in limited ion diffusion
pathways and a significantly reduced accessible surface areal'?"l. As a result, the specific capacitance is only 173 F gt at 10 mA g™*. The
specific capacitance of carbon nanofibers can be enhanced through the introduction of porous structures, heteroatom doping, and
surface modification with active materialst'?!l. Various sacrificial templates, such as polymers!'?2:1231/ Si0, spheres!!?!l, and
polyacrylonitrile-containing copolymers!(?>12°, have been employed to fabricate porous carbon nanofibers. Each sacrificial material
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imparts distinct pore structures and properties to the resulting carbon nanofibers. For instance, incorporating poly(methyl
methacrylate) creates hollow structures and promotes the formation of mesopores. Poly(acrylonitrile-block-methyl methacrylate)
facilitates microphase separation, producing porous carbon nanofibers with interconnected micro-/mesoporous structures.
Meanwhile, the addition of polystyrene results in carbon nanofibers with independent nanochannels aligned along the fiber axis. The
porosity can be also enhanced through activation treatments. Different physical or chemical activation processes, such as those using
steam, CO,, or KOH/NaOH, can be applied to create pores within the carbon nanofibers!!?’-!?7l, For instance, porous hollow carbon
nanofibers can be fabricated by activating electrospinning carbon nanofibers with NaOH!'?8l. The sample carbonized at 800 °C
achieved a specific surface area of 2,628 m? gt and a maximum pore volume of 2.32 cm?® g''. Electrochemical tests revealed a high
specific capacitance of 330 F gt at 1 A ¢! with 65.3% capacitance retention at 20 A g°'. However, the resulting pores are
predominantly micropores with diameters smaller than 2 nm, making it challenging to precisely control pore size distribution and
overall porosity in the carbon nanofibers.

Engineering the internal and external porous structure is an efficient approach to improving the electrochemical performance of
carbon nanofibers. For instance, incorporating GQDs into electrospun carbon nanofibers significantly enhances their internal porous
structurel?l. The uniformly dispersed GQDs fulfill a dual function by reinforcing the structural framework and establishing a
conductive network!'?°l. During the preoxidation phase, the polyacrylonitrile matrix in precursor fibers exhibits reactive hydrogen
atoms on its molecular backbone. At elevated temperatures, these hydrogen atoms react with -OH groups on the GQDs through
dehydrogenation or dehydration processes. Consequently, GQDs act as cross-linking agents, bridging the molecular chains of
polyacrylonitrile and fostering the development of a dense, sturdy carbon framework (Figure 8a). Additionally, GQDs reduce the
crystalline domain size within carbon nanofibers by introducing extra nucleation sites, which promote grain refinement. The GQDs in
carbon nanofibers have a lattice spacing of 0.242 nm, corresponding to the (1100) crystal plane of graphite (Figure 8b). Compared to
pristine carbon nanofibers, the GQD-activated carbon nanofibers show a remarkable surface area expansion from 140 m? g! to
2,032 m? g!, along with notable improvements in conductivity and mechanical strength, which increase by 5.5-fold and 2.5-fold,
respectively. As an independent supercapacitor electrode, it delivers a specific capacitance of 335 F g at 1 A g'* (Figure 8c),
maintaining a capacitance retention of 77% at 100 A g'* and 45% at 500 A g! (Figure 8d). Remarkably, the symmetric device charges to
80% of its capacity in just 2.2 seconds, highlighting its potential for high-power start-up applications. The external porous structure
can also be designed to improve the capacitancel'*132l. Kim et al. grew highly porous N-doped CNTs on hollow carbon nanofibers
through a metal-organic framework-assisted thermal treatment method (Figure 8e)l'3!l. The N-doped CNTs, with lengths of 3 um and
diameters ranging from 5 to 20 nm densely cover the hollow carbon nanofibers (Figure 8f,g). The cross-sectional morphology reveals
the hollow carbon nanofibers core (highlighted by the yellow cursor) and the nanofibril sheath (indicated by the red cursor).
Transmission electron microscopy (TEM) images display a consistent cluster of highly porous CNTs, with Co nanoparticles, both single
and aggregated, firmly embedded within the CNTs (Figure 8h,i). The optimized carbon nanofibers achieve an exceptional capacitance
of 712 F g'* at 1A g! in an aqueous electrolyte, along with a rate performance maintaining 67.7% at 30 A g%

4.3.2.3 Graphene fibers

Graphene, with its unique sp?-hybridized two-dimensional planar structure, lightweight, exceptional strength (around 130 GPa), and
the highest electrical conductivity among known carbon materials due to its conjugated Ti-bond system, is an ideal material for
producing high-performance fibers. The graphene fibers are primarily derived from graphene oxide, which is soluble in organic
solvents. These graphene oxide fibers are then transformed into graphene fibers through suitable reduction techniques (e.g. chemical
reduction or high-temperature reduction). Gao et al. first prepared a liquid crystalline solution of graphene oxide and fabricated
graphene fibers using a wet-spinning method. The resulting fibers exhibited excellent tensile strength (140 MPa) and electrical
conductivity (2.5 x 10* S m )l!33l. Their mechanical properties (tensile strength up to 1.78 = 0.15 GPa) and electrical conductivity
(8 x 10° S mY) can be significantly enhanced through various approaches, such as increasing the size of graphene oxide sheets,
employing different coagulation baths, high-temperature post-treatments, and dopingl>®-13*13¢], While these strategies promote
graphitization within the fibers, enhancing their mechanical strength, modulus, and conductivity, they often come at a cost.
Graphene fibers with high conductivity frequently lose their porous structure, sometimes becoming more solidified. This
transformation limits electrolyte access to the outer surface of the electrode, drastically reducing the accessible surface area and ion
diffusion rates, which severely impairs their charge storage capacity and rate performance. To address this issue, improvements to
graphene fibers have focused on increasing the specific surface area of the outer surface and enhancing the internal pore
structurel'*°1, For example, fabricating graphene fiber electrodes with a hollow structure creates additional surface area within the
interior, enhancing electrolyte contact and significantly boosting their capacitive performancel'3’l. Chen et al. developed a scalable
non-liquid crystalline spinning process!!38l. As illustrated in Figure 9a, adjusting the pH to 11 with NaOH disrupts the
hydrogen-bonding network in the pristine liquid crystal phase, enhancing the flowability of the non-liquid crystalline graphene oxide
(GO) dispersion. The resulting fibers exhibit a bark-like surface microstructure, cross-sections with varied shapes, and densely packed
pores localized in specific regions (Figure 9b). By tuning the stretching ratio during the spinning process, the fibers achieve a
conductivity range of 815-1,530 S m™'. Loosely stacked graphene fibers exhibit numerous wrinkles on both their internal and external
surfaces. These fibers achieve a specific capacitance of 279 F g (340 F cm™) at 0.2 A g'* (0.244 A cm™) in 1 M H,SO,. Supercapacitors
based on these graphene fibers deliver a volumetric capacitance of 266 F cm™ and an energy density of 7.03 mWh cm™ at 0.244 A cm™.
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Leveraging the internal interfaces of the fibers to enhance electrochemical activity is crucial. The fibers feature a hierarchical porous
structure with pore sizes ranging from sub-nanometer to over 100 nanometers, providing efficient ion-accessible pathways for rapid
charge transfer. Qiu et al. proposed a straightforward magnetothermal microfluidic approach for the rapid expansion of internal
porous framework of graphene fiber to enhance ionic diffusion at the electrode/electrolyte interface and throughout the fiber’s
interior!'*°l. As shown in Figure 9c, graphene oxide and hydrogen peroxide were injected into a T-shaped channel and mixed under
intense ultrasonic treatment to form a well-dispersed solution. The dispersion was then directed into a stainless-steel tube. The
induction coil generated a magnetic field that rapidly heated the tube, reaching 90 °C in just a few seconds. This rapid heating
triggers an immediate reaction in the mixed dispersion, resulting in the formation of nanoporous structure. Meanwhile, carbon
atoms in the active defect regions of graphene oxide were oxidized and etched by H,0,, gradually forming nanopores. The resulting
graphene fiber features an interconnected hierarchical porous structure, with micro- to nanoscale pores distributed across both its
outer surface and interior (Figure 9d). It also demonstrated outstanding conductivity (13,290 S m!) and a significantly higher specific
surface area of 569 m? g'!, compared to pure graphene fiber (173 m? g'1). This led to an impressive capacitance of 2,760 mF cm? at
0.1 mA cm™. Urea was used as both a nitrogen source and a template to fabricate N-doped graphene fiber electrodes with
hierarchical micro-, meso-, and macropores!'*°l. Increasing the urea content further expanded smaller pores into macropores,
creating a more loosely stacked graphene sheet structure. As a result, the supercapacitors delivered a high areal capacitance of
1,217 mF cm™ at 0.1 mA cm™ and an energy density of 27 y{Wh cm™2 at a power density of 40 mW cm in polyvinyl alcohol/H;PO, gel
electrolyte.
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In addition, it has been demonstrated that when graphene consists of single or a few layers, the capacitance exhibits an unusual
increase, resembling battery-like behavior. This anomaly is likely attributed to the interaction between the p-band Fermi liquid and
the ions in the Helmholtz layer. As the number of graphene layers increases, capacitance decreases due to electrostatic shielding!??l.
To address this, various spacers have been introduced within graphene fibers to expand the interlayer spacing and enhance charge
storage capacity!!*!l. Partially unzipped carbon nanotubes have been utilized as spacers to prevent the restacking of graphene oxide
sheets (Figure 9e). The resulting reduced graphene oxide hybrid fiber minimizes “dead volume” and exhibits a uniform circular
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cross-section with a looser structure (Figure 9f). The study also revealed that using a high-concentration spinning solution improves
mass transfer, effectively reducing the formation of solely pores!!*?l. Carbon dots were also served as reinforcing nanofillers to
prevent the restacking of graphene sheets through a microfluidic techniquel!*3l. The strong interaction between carbon dots and
graphene leads to a dot-sheet structured fiber. The fabricated graphene fibers exhibit a wrinkled surface and a porous network, with
carbon dots uniformly embedded within the graphene nanosheets. This dot-sheet structure creates abundant micro- and mesopores,
significantly enhancing ion transport and charge storage. The resulting graphene fibers achieve a specific surface area of 435.1 m? g'%,
which is 1.8 times higher than that of pure reduced graphene oxide fibers, and deliver a capacitance of 607 mF cm™ at 0.1 A cm™ in
1 M H,S0O,, approximately three times greater than that of pure reduced graphene oxide fibers. This performance improvement is
largely attributed to the contribution of the carbon dots, which account for 22.1% of the total capacitance by facilitating hydrogen
bonding and dehydration-condensation interactions, thereby enhancing ion diffusion and charge accumulation.
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4.3.3 2D carbon materials

Unlike 1D carbon materials, whose surface area is highly dependent on their porous structure, 2D graphene/carbon sheets with
layered porous architectures offer a distinct advantage. Their large surface area is independent of pore structure, while their unique
architecture facilitates efficient electrolyte penetration and ion accessibility by minimizing ion transport resistance and shortening
diffusion distances. This makes them a promising solution for optimizing the balance between surface area and electrical
conductivity in carbon materials. Additionally, their high conductivity ensures low-resistance pathways for electron transport,
making them a compelling candidate for enhancing the performance of carbon-based electrodes!!*!l,

Biomass-derived carbon materials offer a unique advantage due to their naturally occurring hierarchical structures. These structures
can be preserved or further refined during pyrolysis to produce carbon nanosheets with high surface area and tailored pore
architectures. When heat-treated, especially in the presence of metal catalysts, the carbon in biomass undergoes graphitization and
bond rearrangement, resulting in the formation of graphene-like nanosheets. Metal catalysts play a crucial role in breaking and
reorganizing carbon bonds into the desired sheet-like structures. Additionally, chemical activating agents like ZnCl, or KOH can be
introduced during the pyrolysis process to create abundant pores and exfoliate the biomass into thin, nanosheet-like carbon
materials[!*>147], Lian et al. developed ultrathin carbon nanosheets with a controllable thickness using an ice-templated natural
biopolysaccharide gel as a precursorl®!l, Through selective co-doping with elements such as Fe, B, and N, structural defects were
introduced into the carbon lattice to enhance the material’s performance. B doping was found to preferentially convert pyrrolic
nitrogen into B-N sites, which possess lower energy barriers for adsorption, thereby improving the capacitive properties of B, N
co-doped carbon. Additionally, the electronic interaction between N and B optimized the material’s conductivity, accelerating charge
transfer kinetics. Iron acted as both an activator and a graphitization catalyst, enhancing the degree of graphitization while creating a
rich microporous structure on the nanosheet surface. These combined effects significantly increased the specific surface area and
electrical conductivity. The resulting Fe-CNB material achieved a capacitance of 306 F g'! at 0.5 A g'! and maintaining a high rate
performance of 79% at 10 A g™

As mentioned earlier, 2D graphene offers benefits like excellent electrical and thermal conductivity, along with impressive

mechanical strength. However, the strong van der Waals forces and TT-TT interactions cause reduced graphene oxide nanosheets to
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stack, which limits the effective use of their specific surface area and negatively affects performancel!'*®l. Functionalization, pore
introduction, or structural modifications to graphene layers can significantly improve the energy storage performance of 2D
graphene materials?>»!*°l. Graphene films are typically prepared from a graphene oxide dispersion, followed by various film
processing techniques such as vacuumn filtration, mechanical pressing, screen printing, or solvent evaporation-induced self-assembly.
The interlayer spacing, thickness, mechanical strength and electrical conductivity of the resulting films can be effectively tailored by
modifying the precursor suspension!'*?. However, due to the scrolling of monolayer graphene oxide and the decomposition of
oxygen functionalities during the reduction process, the resulting graphene often forms some isolated pores, which is not useful for
charge storage. By integrating the merits of graphite, graphene, and graphene oxide, Fu et al. developed surface-oxidized multilayer
graphene through electrochemical exfoliation of graphite papers in H,0, and (NH,),SO, solution!!>!l. The multilayer graphene
primarily consists of 4-5 layers with oxidized surface (oxygen content of 10%), while the interior remains largely unoxidized. The
graphene film combines high density, excellent charge transfer capabilities, and oxygen-active sites, achieving a capacitance of
164 F cm™ at 0.85 A cm™ in 3M KOH.

Introducing spacers between graphene layers is an effective way to mitigate stacking and aggregation. However, the compact and
continuous structure of graphene sheets significantly limits the vertical transport of electrolyte ions. To overcome this, creating
in-plane pores can enhance ion diffusion and provide additional active reaction sites, making it an effective strategy for enhancing
the performance of graphene-based supercapacitors. The generation of pores in graphene/carbon sheets via liquid-phase oxidation
or air oxidation has been widely reported!!>>"1>4, Xu et al. developed holey carbon sheets through a pyrolysis-leaching process using
potassium phthalimide as a precursor!'”l. During pyrolysis, potassium salts form and serve as in situ activation agents, promoting the
creation of highly porous carbon structures with a large surface area (Figure 10a). These holey carbon sheets exhibit a high specific
surface area of 1,004 m? g1, featuring hierarchical pores and O (10.2 at%) and N (6.64 at%) dopants. Scanning electron microscope (SEM)
and TEM images revealed the 2D nanosheet structure of the carbon nanosheets, along with the presence of numerous pores
distributed across their surface (Figure 10b). These structural features enable fast ion transport and abundant active sites, resulting in
exceptional performance (454 F gt at1 A g'!) even with thick electrodes and limited electrolyte. They also investigated the influence of
mass-loading on the capacitance performance and found that when the mass elevated to seven times (2.40 to 16.1 mg cm2), the
charge storage performance only decreased by 11.5% (Figure 10c).
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Figure 10. (a) Synthesis mechanism; (b) SEM and TEM images; (c) Capacity of different mass loading of holey graphene sheets. Reproduced from reference!”). CC BY 4.0;
(d) Schematic illustration; (e) Different shaped GFF; (f) SEM images; (g) Capacitance of H,O, activated GFF. Reproduced with permission from reference!’*®. Copyright © 2022

Elsevier. SEM: scanning electron microscope; TEM: transmission electron microscopy; GFF: graphene fiber fabric; GO: graphene oxide; GOFF: graphene oxide fiber fabrics.
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Building on the advantages of graphene-based materials, graphene fiber fabrics (GFFs), crafted from graphene fibers, have recently
gained attention as a promising 2D material. Gao et al. pioneered a wet-fusing assembly technique to develop GFFs by intertwining
graphene fibers, representing a significant advancement in the development of nonwoven graphene fiber materials!'>°.. They later
introduced hydrothermally activated GFFs with improved porous architectures, tailored specifically for supercapacitor electrodes. A
single 150 um-thick graphene fiber fabric (GFF) layer demonstrated a specific capacitance of 1,060 mF cm2 at 1 mA cm™ (244 F g'! at
0.1 A g’ and high rate performance (84% at 100 mA cm™) in 1M H,SO4['5°l. However, stacking multiple layers to enhance areal
capacitance posed a challenge, as it significantly reduced the rate performance. To address these limitations, Shao et al. incorporated
hydrazine into the coagulation bath to enable cross-linking and reduction of graphene fibers, resulting in a GFF with a mass loading
of 14.2 mg cm™. This GFF achieved a capacitance of 2,812 mF cm2 at 1 mA cm2 (220 F g'' at 1 A g'!) with a capacitance retention of 84%
at 10 mA cm in 1M H,SO,["57. As depicted in Figure 10d, Guan et al. introduced a novel approach for further enhancing GFF
properties through precise microfluidic assembly and H,0, etching techniques, creating an open interconnected porous structure
with a large accessible surface area of 221 m? g '['>%], This process enabled large-scale production (30 x 20 cm) and adaptability to
various shapes (Figure 10e,f), driven by the formation of tightly interfused junctions at fiber nodes through capillary forces and
hydrogen bonding interactions. The resulting GFF featured uniformly distributed graphene fibers, averaging 50 um in diameter, with
arandom in-plane alignment and noticeable wrinkles. These fibers were seamlessly fused at their intersections, forming strong and
well-defined junctions that improved structural integrity and performance. The porous architecture and interconnected pathways of
the GFF facilitated efficient migration and intercalation of electrolyte ions, leading to exceptional electrochemical performance. The
hydrothermally processed GFF (HP-GFF) achieved a specific capacitance of 1,248.5 mF cm™2 at 0.1 mA cm™2 (3129 Fgtat 0.1 A g’ and
demonstrated rate performance of ~ 63% at 100 mA cm in 1M H,SO, electrolyte (Figure 10g). These advancements highlight the
potential of GFFs as a flexible and scalable solution for high mass-loading and high-performance supercapacitor applications.

4.3.4 3D carbon materials

For advanced electrochemical applications, 3D carbon architectures stand out due to their interconnected porous networks and
robust mechanical properties. These architectures are designed to promote efficient ion transport through their interconnected
pores, enabling extensive interaction between the electrode and electrolyte. This structure not only enhances ionic accessibility and
diffusion rates but also supports rapid charge transfer by improving electronic conductivity, positioning them as excellent options for
high-performance electrode materials. Honeycomb-like hierarchical porous carbon is a typical 3D porous carbonl*®.. Such materials
can be fabricated through direct carbonization of some biomass materials with intrinsic porous structures, such as popcorn!!>%,
petroleum asphalt!'°%1°1] and chitosan!'®?l. Sun et al. developed N and O co-doped honeycomb-like carbon by crosslinking chitosan in
the array channels of mantis shrimp shelll'®?l, The removal of the mantis shrimp shell, followed by KOH activation, facilitated the
creation of numerous micropores (0.5-0.8 nm and 1.18-1.48 nm) and mesopores (~2.73 nm). The prepared hierarchical porous carbon
exhibited a high surface area of 2,951 m? g'! and pore volume of 1.84 cm?® g'. Based on these characteristics, the porous carbon
achieved a specific capacitance of 401 F g'! (0.5 A g'') in 6 M KOH and a rate performance of 70.3 % at 20 A g, and a high energy
density of 13.3 Wh kg ™! (145 W kg'!) in 6M KOH and 82.5 Wh kg™ (437.5 W kg'!) in organic electrolyte. Amino acids were also utilized as
structure-directing agents to crosslink chitosan, forming a honeycomb-like porous structure, while boric acid served as a reactive
template to generate additional pores!'®!. The resulting B/N co-doped porous carbons exhibited a high surface area of 2,362 m? g,
with dominant pore sizes below 2 nm and between 2 and 4 nm. These materials achieved a capacitance of 478 F g'* at 0.5 A g'!, while
maintaining 53.9% of their capacitance at 50 A g'*.

In addition, the direct carbonization of commercial melamine sponges or polyurethane sponges leads to the formation of lightweight,
durable free-standing N-doped carbon sponges with interconnected networks!'°5"1°7l, Xu et al. developed a 3D hierarchical carbon
material by integrating polyurethane sponge templating with KOH activation of GO platelets. In this process, the sponge template
guided the alignment of GO platelets along its structure, while KOH activation generated a network of micropores and mesopores
(0.48-4 nm) within the sponge during thermal annealing. This dual approach resulted in a highly porous carbon material with a
surface area of 2,582 m? g and excellent electrical conductivity (2.41 Q sq!). The 3D interconnected structure and internal porosity
significantly shortened ion transport distances, leading to outstanding electrochemical performance, including a specific capacitance
of 401 Fg'at5A g!in 1.0 M H,SO,, with 87% retention at a current density of 100 A g''[!*l. It was found that the pore size could be
tuned by varying the KOH-to-melamine sponge mass ratio. As the amount of KOH increased, both pore size and quantity expanded,
with the proportion of mesopores and macroporesincreasing from 27% to 34%1°L,

Freeze-drying is one of the most popular method for fabricating 3D carbon foam/aerogel®l. As shown in Figure 11a, Peng et al.
designed a carbon aerogel enriched with N, O, and S through a combination of soft templating, freeze-drying, and chemical
etching!'7%. The resulting carbon foam has an ultra-low density of just 20.9 mg cm™ (Figure 11b) and exhibits a macroporous structure
with interconnected mesopores and micropores, achieving an impressive specific surface area of 2,685 m? g''. SEM images
(Figure 11c¢) illustrate its macroporous architecture, which is formed by wrinkled carbon nanosheets densely populated with
mesopores (Figure 11d). The nanosheet thickness and mesopore size can be precisely controlled by varying the polymerization time.
Notably, a longer polymerization time results in thicker nanosheets and smaller mesopores, with the pore size shrinking from
18.4 + 4.4 nm to 8.8 + 2.4 nm as the duration increases from 1 to 20 hours. Additionally, TEM images confirm that these mesopores are
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vertically aligned channels with an approximate diameter of 10 nm, providing further structural insight. The N,0,S-enriched carbon
aerogel electrode demonstrates remarkable electrochemical performance, achieving 402.5F g'tat 1 A g in 6 M KOH, along with high
rate capability, maintaining 92.3% at 10 A g'! and 76.6% at 100 A g '. Considering the 3D hierarchical porous structure, which offer a
larger electrochemical active surface area that reduces ion diffusion resistance and distance, Yao et al. focused on carbon
aerogel-based supercapacitors used under ultra-low temperaturel'’!l. 3D printing and cellulose nanocrystal-based ink have been
employed to develop a multiscale porous carbon aerogel with an impressive surface area of 1,749.7 m? gt (Figure 11f). The cellulose
molecules, with six hydroxyl groups each, form strong hydrogen bonds both internally and with water, ensuring structural stability.
To produce a uniform and highly viscous ink, cellulose nanocrystals were combined with a silica microsphere suspension. In this
method, the cellulose nanocrystals act as the carbon precursor, while the silica microspheres serve as a hard template to create
macropores. Intricately designed structures were directly printed under ambient conditions, retaining their shapes with precision, as
depicted in Figure 11g. After freeze-drying, carbonization, removal of the silica template, and KOH activation, the resulting aerogels
exhibited multiscale pore structures of varying thicknesses (Figure 11h,i,j). The 3D-printed carbon aerogel demonstrated a
capacitance of 148.6 F g'! at a scan rate of 5 mV s at -70 °C. Table 3 and Table 4 provide an overview of previous research on the
gravimetric performance and areal/volumetric performance of carbon electrodes with different nanoarchitectures, respectively. The
selection of carbon precursors is crucial in defining the nanostructure and functional properties of carbon materials.
Biomass-derived precursors can be converted into diverse carbon nanostructures, including carbon dots, carbon nanosheets, and 3D
carbon materials, depending on the synthesis conditions. Their renewable nature and inherent heteroatom-containing functional
groups enable precise control over pore structures and surface chemistry through pyrolysis or hydrothermal carbonization.
Synthetic polymers such as polyacrylonitrile and melamine foam are widely used for producing carbon nanofibers and carbon foams,
respectively. These materials often require an additional activation process to optimize pore structures and increase surface area to
improve electrochemical performance. Graphene and its derivatives, such as graphene fibers and nonwoven fabrics, are primarily
synthesized from chemically derived graphene oxide, which ensures high electrical conductivity. Phenolic resins are commonly used
to produce spherical carbon materials, while MOFs serve as sacrificial templates to create hierarchical carbon structures with
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Figure 11. (a) Synthesis mechanism; (b) A digital image of N,0,S-enriched carbon aerogel sitting on a flower; (c) SEM image; (d) High-magnification SEM image; (e) TEM
images of N,0,S-enriched carbon aerogel. Reproduced with permission from reference!”"’. Copyright © 2019 John Wiley & Sons; (f) Synthesis mechanism; (g) Digital image
with a shape of “UCSC” and (h-j) top-view, cross-sectional and edge of a piece of carbon flake SEM images of 3D carbon aerogel. Reproduced with permission from
referencel’”"’. Copyright © 2021 American Chemical Society. SEM: scanning electron microscope; TEM: transmission electron microscopy; 3D: three-dimensional;

GO: graphene oxide; TMB: 1,3,5-trimethylbenzene; DA: dopamine; CNCs: cellulose nanocrystals.

Table 3. Comparison of the performance of carbon electrodes with different nanoarchitectures.

Capacitances/
Surface area/
o A Fg'(at A ~ Device
m< g~ (pore Poresize  Heteroatoms Rate % (current Energy density Power density
Samples ) Electrolyte current ] stability % Ref.
volume/ (nm) doping (at.%) density/A g ™)@ (Wh kg™)® (kW kg )®
density/ (cycles)
cm3g7) A
g
GQDs 203 (0.09) 1.5-18 - 2MKOH 297 (1) 54.1 (1-20) 41.2-22.2 0.5-10 97.6 [99]
(5,000)
N/P/O-doped  1025(0.559) 0.7-4.0 N (4.12) 3M 510 (1) 80.1 (1-30) 773 (PbO,as 9.9 (PbO, as 91 (5,000) [100]

carbon P (1.99) H,50,3 M 468 (1) 80.3 (1-30) positive positive
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dots/HPC

GQDs-derived

porous carbon

N/B doped
mesoporous

carbon spheres

N/O-doped
mesoporous
carbon spheres
(800 nm)

N/O-doped
mesoporous
carbon spheres
(100 nm)

N-doped
mesoporous
carbon spheres
(300 nm)

Ultrasmall
carbon
nanospheres
(5nm)

Hollow
N-doped
carbon spheres
(740 nm)

N/P-doped
hollow carbon

spheres

N-rich carbon

nanofibers

Hollow carbon

nanofibers

Carbon dots/
carbon

nanofibers

CNTs@hollow
carbon

nanofibers

Carbon

nanofiber

Biomass-

derived carbon

1,323 (0.86)

929 (0.96)

1,321 (1.66)

1,093 (1.76)

439 (0.33)

1689 (2.6)

1,492 (2.37)

649 (0.51)

1,262 (1.04)

2,628 (2.32)

2,032 (1.09)

812(1.18)

403 (-)

1,588 (1.02)

0.2-2,
5-15

33

0.54, 0.86-
1.27

4.0

5.0

0.5-1.2,
2-6

0.5-50

0.5-3.7,
250

<2nm,
5-15,

<2nm,
3-20

1.1,
1.3

0.5-15

0.7,
10-300

1-7

0(18.0)

N (2.19)
P (0.59)

N (7.97)
0 (10.16)

N (3.26)
0417)

N (5.33)
0 (5.31)

N (3.9)

N (8.03)
P (0.24)

N (6.41)

N (4.59)

N (13.5)

0 (10.68)

KOH

6 M KOH

6 M KOH

6 M KOH

™
H,S0,

6 M KOH

™
H,SO,

6 M KOH
™
H,S0,

6 M KOH

6 M KOH

6 M NaOH

6 M KOH

2 M KOH

6 M KOH

™
H,S0,

315(1)

271 (0.5)

334(1)

443(1)

288 (0.1)

272 (0.5)

2546 (1)
284.4 (1)

200 (0.5)

203 (1)

330 (1)

335(1)

712(1)

338(1)

407 (1)

67 (1-50)

80.8 (0.5-10)

61 (1-20)

75.8 (1-20)

66 (0.1-50)

81.6 (0.5-200)

61.3(1-10)
58.4 (1-10))

76 (0.5-20)

89.2 (1-10)

65.3 (1-20)

77 (1-100)

67.7 (1-30)

56 (1-20)

60.4 (1-20)

electrode)

9.21

7.3-4.4

9.23

23.4-10.9

7.1

9.3

6.4-5.1

13.95

13-10.9

3.73

20.1-14.7

14.35

electrode)

0.247

0.21-4.24

0.4

0.4-14

494

0.8

0.1-2.5

0.25

0.6-12

34.2

0.5-5

0.34

0.12

100
(10,000)

96
(10,000)

93.8
(10,000)

91.2
(5,000)

100
(25,000)

86.9
(10,000)

99.9
(10,000)

91 (5,000)

93
(10,000)

953
(10,000)

100
(10,000)

98.9
(10,000)

95
(10,000)

92.6
(20,000)

[102]

[103]

[105]

[106]

[107]

(171

[90]

[121]

[128]

[130]

[131]

[132]

[147]
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sheets

Carbon sheets

from biomass

N/O doped

carbon aerogel

N/B doped

carbon aerogel

3D hierarchical

porous carbon

N/O/S doped
hierarchical
porous carbon

foam

1,786 (-)

2,951 (1.84)

2,362 (1.45)

2,582

2,685 (1.39)

05-8 - 6 M KOH
0508 N(1.2) 6 M KOH
118148  0(10.1)
<2, N (8.8) 6 M KOH
2-4 B(2.3)
0.48-4 N (1.27) ™
H,50,

09, N (6.71) 6 M KOH
2.5-35 0 (4.52)

S (4.94)

447 (0.5)

401 (0.5)

478 (0.5)

401 (5)

402.5 (1)

62.6 (0.5-50)

70.3(0.5-20)

53.9 (0.5-50)

86.3 (5-100)

76.6 (1-100)

15.5-9.7

13.3-7.86

14.1-1.5

89-36.5 (in

TEABF,)

15.4

0.062-6.24

0.14-2.62

0.29-5.25

99-512 (in

TEABF, )

0.55

95/10,000 [49]

97.3 [163]
(10,000)

100 [164]
(10,0000)

- [168]
90 [170]
(20.000)

(a): Specific capacitance and rate performance listed were obtained from three-electrode system; (b): E and P values listed were obtained from symmetric supercapacitors
based on the carbon materials mentioned in the first column; GQDs: graphene quantum dots; HPC: hydroxypropyl cellulose; CNTs: carbon nanotubes.

Table 4. Comparison of the areal/volumetric performance of carbons electrodes with different nanoarchitectures.

Surface Device
Pore size Capacitances (at  Rate % (current ) ) -
Samples area/ Electrolyte Energy density® Power density®  stability %  Ref.
(nm) current density)® density)@
m2 g'1 (cycles)

N/O doped - - 1MH,S0,  92.5Fcm3 - 7.8 mWh cm3 140.4 mW cm=>  82.6 (5,000) [92]
GQDs (1 mvsT
Carbondots 230 - 0.1 M TBAPF, 27.5mF dm3 - 24.1 pWh cm3 711 mW cm™3 94.6 [101]
derived (560 mA cm™3) (20,000)
graphene
Graphene 356 - 1MH,SO, 340Fcm3 52.4 7.03 mWh cm3 57.7mWem3  92(1,000) [138]
fibers (0.244 A cm™) (0.244-2.44 A cm3)
Holey 569 2.92 1MH,SO, 2670mFcm? 714 335.8- 1.5-30 mW cm? 936 [139]
graphene (0.1 mA cm™2) (0.1-1 mA cm™2) 136.7 uWh cm™ (10,000)
fibers
CNTs/graphene 268 25350 1MH,SO, 62.1Fcm3 67(0.1-1 mAcm3) 8.63 mwWh cm> 2.03Wem 97.8 [142]
hybrid fiber (0.1 mA cm™) (20,000)
Carbon 435 1.2-953 1MH,SO, 607 mFcm™ 65.4 67.37- 1.5-15mWcm2  95(10,000) [143]
dots/graphene (0.1 Acm) (0.1-1 mA cm™2) 46.67 uWh cm™?
hybrid fiber
N,F co-doped 327 25127 1MH,SO,  2439mFcm?  80.8(10-100 pA  30.5-253 pWhcm? 1890 pWwcm?  91.3 [177]
Mesoporous (10 pA cm?) cm?) (10,000)
carbon fiber
Graphene film 480 - IMH,S0,  225mFcm? 61 0.22-0.11 mWhcm? 1-10.3mWcm? 994 [149]

(0.1 mA cm™?) (0.1-10 mA cm?) (20,000)
Multilayer - - 3M KOH 164 Fcm3 46 (0.85-17 Acm?3) 120.27 Wh L 641.4W L 943 [151]
graphene film (0.85 A cm™3) (10,000)
Hydrothermal 245 0.5-5 1M H,S0, 1,060 mFcm? 84 (1-100 mA cm™?) 23.5pWh cm 26.3 MW cm2 100 (50,000) [156]
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GFFs (1 mA cm?)

N,H, reduced 656 - IMH,S0,  2812mFcm?  84(1-10mAcm?) 28-11 uWh cm™ 254-4,950 yW 100 (10,000) [157]
GFFs (1 mAcm?) (PANI/GFF electrode) cm™

H,0, activated 221 1-50 IMH,SO,  1,2485mFcm? 63 35.8-102 yWh cm?  58.6-1.7 mW cm2 95 (60,000) [158]
GFFs (0.1 mA cm) (0.1-100 mA cm™)

(a): Specific capacitance and rate performance listed were obtained from three-electrode system; (b): E and P values listed were obtained from symmetric supercapacitors
based on the carbon materials mentioned in the first column; GQDs: graphene quantum dots; CNTs: carbon nanotubes; CFFs: graphene fiber fabrics.

5. Practical Application of Carbon-Based Supercapacitors

Supercapacitors designed for power systems typically exhibit high power density, fast charge/discharge capability, and excellent
mechanical durability. These characteristics make them ideal for powering small-scale applications such as model electric vehicles,
miniature elevators, and other lightweight mechanical systems. In recent years, the practical application of supercapacitors,
especially flexible ones, has gained significant attention. While maintaining the benefits of traditional supercapacitors, flexible
supercapacitors offer additional advantages, including exceptional flexibility, lightweight structures, and high compressive strength.
As a result, flexible supercapacitors have been widely adopted use in lightweight, flexible, and wearable electronic devices, including
smart textiles with embedded electronics, medical monitoring and implantable systems!!’>!73l. 0D carbon materials typically require a
conductive substrate and binder to establish a conductive pathway. In contrast, 1D and 2D carbon materials stand out due to their
exceptional flexibility, making them ideal candidates for directly constructing flexible supercapacitors!!’* 1751,

5.1 Wearable electronics

Micro-supercapacitors based on N-doped graphene fibers have demonstrated significant potential for powering audio-visual
electronics. For instance, one such device achieved an energy density of 46.9 uWh cm™ at a power density of 15 W cm™ in an organic
electrolytel'’°l. When integrated into woven fabric and connected in parallel, two micro-supercapacitors successfully powered an
audio system (Figure 12a). Similarly, fiber-shaped micro-supercapacitors mounted on flexible polyethylene glycol terephthalate, and
arranged in parallel or series, generated sufficient energy to illuminate 16 light-emitting diodes (LEDs), operate a monochrome
display, power a backlight, and support a multicolor display. They were also capable of efficiently running a wristwatch. The startup
currents required for these applications were approximately 3 mA for LEDs, 5 mA for the wristwatch, 12 mA for the backlight, and
25 mA for the multicolor display, as summarized in Figure 12b. Additionally, Wu et al. developed a fibrous supercapacitor utilizing N,F
co-doped mesoporous carbon fibers, which achieved an energy density of 30.5 uWh cm™ at a power density of 18 uyW cm™ with a
PVA/H;PO, electrolytel!’’l. Three large-sized supercapacitors (~ 60 cm in length) were connected in series and were integrated into
textiles, such as an ordinary sweater, and to power LEDs, as illustrated in Figure 12c. Another example of their practical application in
everyday scenarios is shown in Figure 12d.

Sweater

o — — -

LED Watch Monochrome Backlight Multi-color
display display

(2) Wearable energy-sensor system

¥ Micro circuits
3= with buletooth

Pressure module
i
N F-SCs
Mechanical sensor - *1 A
o

Figure 12. (a) Photographs of micro-supercapacitors integrated into woven fabrics, powering various electronics; (b) Current output of the micro-supercapacitors for

Pulse signals )
Time (s)

different devices. Reproduced with permission from reference!’®.. Copyright © 2017 John Wiley & Sons; (c) Images of weaving of three series-connected electrodes into
fabric and powering a LEDs; (d) Integrated into a sweater for daily use. Reproduced with permission from referencel’’”.. Copyright © 2021 John Wiley & Sons; (e) An electronic
watch powered by the watchband for 10 hours. Reproduced with permission from referencel’’®.. Copyright © 2017 John Wiley & Sons; (f) Heterostructured polymetallic
oxides and porous graphene fiber-based flexible supercapacitors powering a watch, badges, and luminous glasses. Reproduced with permission from reference!’?.,
Copyright © 2024 John Wiley & Sons; (g) Wearable energy sensor detecting wrist pulse and heart rate before and after exercise. Reproduced with permission from

referencel’®*, Copyright © 2020 John Wiley & Sons.
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Carbon cloth offers greater flexibility and durability compared to fibers-based supercapacitors, making it better suited for wearable
devices that require comfort and adaptability. Additionally, its woven structure provides better mechanical stability and facilitates
integration into fabrics, enhancing its practicality in wearable applications. Qin et al. fabricated a carbon microfiber cloth enriched
with N and O, featuring a high surface area and well-developed pore volumel'’8l. Symmetric fabric-based supercapacitor devices
utilizing these electrodes operated within a stable voltage window of 2 V and exhibited volume energy density of ~9.4 mW h cm™ at
high power density of ~13 mW cm™3. The devices also displayed exceptional flexibility, retaining 85% of their initial capacitance after
being bent to 720 for 200 cycles. Moreover, a device measuring 2 cm x 10 cm showcased its potential in practical applications by
powering an electronic watch as a wristband for around nine hours (Figure12e,e1,e2). Regarding practical applications in wearable
electronics and flexible fabrics, Hu et al. systematically investigated the impressive adaptability and performance of core-sheath
fibers composed of heterostructured polymetallic oxides and porous graphene fiber-based flexible supercapacitors under various
conditions, such as temperature adaptability, multi-washing test, and resistance to sweat erosion!!’’l. The results demonstrated that
the heterostructured fiber-based supercapacitor exhibits excellent temperature adaptability across a broad range (0-40 °C). Durability
tests under washing conditions indicated that the supercapacitor retains 96.3% of its initial capacity after multiple washing cycles,
meeting the cleaning requirements for fabric-based devices. Furthermore, the heterostructured fiber-based supercapacitors exhibit
remarkable resistance to sweat erosion. Even under exposure to artificial sweat concentrations up to 100 mg cm?, their
electrochemical performance remains stable. The fibrous heterostructured graphene fiber-based flexible supercapacitors are capable
of powering small wearable electronic devices, such as badges and luminous glasses (Figure 12f,f1,f2).

Wearable supercapacitors are also gaining increasing attention for integration with other device to effectively monitor human
motion and enabling human-machine interface technologies!'?"'%2l. Comfortable and intelligent flexible sensors are key contenders
for the next generation of wearable electronics, as they are capable of withstanding mechanical deformation and conforming to the
dynamic surfaces of human skin. The integrated system combines supercapacitor and a strain sensor. Wu et al. described the
capability of a wearable system to monitor pulse signals under different conditions!'®?. The system successfully recorded pulse signals
from the wrist under both normal and post-exercise conditions, with real-time display capabilities on a mobile phone. Moreover, it
effectively distinguished different heartbeat patterns. For instance, the signal frequency in a calm state was around 66 beats per
minute, aligning closely with the typical resting heart rate of a healthy individual. Huang et al. introduced an integrated sensing
system for motion monitoring and handwriting recognition!'*!l. The system utilized a specially engineered ionic hydrogel. This
hydrogel offers excellent environmental stability, mechanical toughness, and high ion conductivity, making it highly effective as both
an electrolyte for the supercapacitor and a functional component of the strain sensor. As an electrolyte for supercapacitors, the
hydrogel provided a wide operating voltage range (0-2.5 V), an impressive energy density of 81.46 mWh cm™2, and exceptional
deformation resistance. When employed as a strain sensor, it demonstrates reliable sensitivity across a broad strain range, along with
excellent durability and repeatability. The seamless integration of these features allows the hydrogel-based strain sensor to be
continuously powered by the flexible supercapacitor. This integrated system enables wireless and real-time monitoring of various
physiological signals, from subtle wrist pulses to large-scale joint movements (Figure 12g). Moreover, with the incorporation of
machine-learning algorithms, the system can interpret finger joint movements during handwriting and translate them into
recognizable letters.

5.2 Fully self-powered device

The functionality of a fully self-powered device that integrates solar energy conversion and storage is demonstrated in a system
where uses a solar cell to harvest solar energy, converting it into electrical energy, which is then stored as electrochemical energy in
a flexible supercapacitor. This system can be applied to self-powered strain sensing applications and self-powered mechanical
systems. The flexibility and robustness of supercapacitors allow them to seamlessly integrate into dynamic or compact designs while
providing stable and reliable energy output. The B-C carbon sheet-based supercapacitors demonstrate an impressive maximum
energy density of 167.05 mWh cm™ at a power density of 0.15 W cm3['8, Even at a significantly higher power density of 15 W cm3,
they maintain a commendable energy density of 80 mWh cm™3. This energy storage system based on anisotropic B-carbon
nanosheets, serves as a reliable power source for driving mechanical motions, as demonstrated in Figure 13a. For example, the device
successfully powers a small elevator, enabling it to lift a weight up to a height of 11 cm with remarkable efficiency. Notably, the
device showcases its stability by maintaining stable operation for up to 15 cycles, underscoring its potential for practical applications
in small-scale mechanical systems. Qiu et al. developed hierarchical carbon polyhedron/holey graphene core-shell microfibers,
achieving a maximum energy density of 335.8 UWh cm™ at a power density of 1.5 mW cm™'3°l, Impressively, an energy density of
136.7 UWh cm™ was maintained even at a higher power density of 30 mW cm™. The advanced system, combining a chip-based
supercapacitor, a solar cell, and an electric motor, demonstrates the feasibility of self-powered electric vehicles in a practical
application. When powered solely by the solar cell, the electric car moves efficiently under sunlight but gradually comes to a stop
when removed from the light source (Figure 13b). Due to the lack of an additional energy storage component, the car travels only a
short distance of ~20 cm. In contrast, incorporating the chip-based supercapacitors into the car enables effective energy storage
(Figure 13b). As a result, the car achieves a significantly extended range, traveling over 200 cm, highlighting its potential for
self-powered electric mobility. Additionally, this self-sustaining system can power devices with higher resistance, such as robotic
mechanisms (Figure 13c), further emphasizing its potential as a power source for intelligent robotics and other advanced
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Figure 13. (a) Photographs of self-powered elevator device. Reproduced with permission from reference!*!. Copyright © 2020 John Wiley & Sons; (b) Images showcasing the
movement of an electric car powered by a chip-based supercapacitor and a solar cell; (c) Images of a self-powered walking robot. Reproduced with permission from
referencel’*!. Copyright © 2020 John Wiley & Sons; (d) Photograph of a flexible integrated system featuring a supercapacitor embedded in a coat and a sensor applied to the
skin. The system'’s monitoring capabilities are illustrated through digital images and time-current response curves for various human motions; (e) Arm movement;

(f) Walking/running; (g) Frowning; (h) Speaking; (i) Wrist pulse. Reproduced with permission from reference!'®\. Copyright © 2020 Royal Society of Chemistry.

This technology has the potential to evolve into a fully self-powered system, enabling energy-autonomous e-skin for sensors!$>180l,
Huan et al. developed a flexible all-solid-state supercapacitor with an organohydrogel electrolyte to power a strain sensor(!*’l. The
integrated fully self-powered strain sensor demonstrated highly reliability in monitoring a wide range of human movements. As
shown in Figure 13d, the flexible system was mounted on the body to enable real-time motion tracking, exhibiting sensitivity to arm
bending. Increasing the angle from 45° to 150° caused the sensor to stretch, leading to a noticeable rise in current output (Figure 13e).
The sensor also showed consistent performance during repeated bending at fixed angles. When placed on the knee, it successfully
detected both low-frequency movements like walking and high-frequency motions like running. Figure 13f,g,h,i further illustrates its
ability to distinguish between motion speeds by analyzing changes in current response across different frequencies, highlighting its
effectiveness in identifying similar movements at varying intensities.
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5.3 Implantable devices

Supercapacitors are considered excellent candidates for biomedical applications, primarily as power sources for implantable
electronic devices owing to their high power capability, long cycle life, compact size, safety, excellent biocompatibility, reliability,
and environmental friendliness. Unlike rechargeable batteries, supercapacitors can charge and discharge much faster, enabling rapid
energy transfer. This feature is particularly valuable for implantable devices, where a fast response time is critical, for instance, in
emergency situations or when delivering treatments that require precise timing. Implantable medical devices require energy storage
systems that can function safely within the human body. When implanted in vivo, these devices inevitably come into direct contact
with blood, potentially triggering platelet activation, coagulation cascades, and inflammatory responses. Such adverse effects can
lead to thrombosis and embolism, significantly impairing device performance and even posing life-threatening risks to patients.
Therefore, beyond meeting energy storage requirements, implantable supercapacitors must exhibit exceptional anticoagulant
properties to prevent thrombosis and related cardiovascular complications post-implantation. He et al. found that the hydrophilic
nature of CNT surfaces played a pivotal role in promoting cell growth, as demonstrated in a comparative cell culture study conducted
over one, two, and three days (Figure 14a)l'88]. It was observed that cells cultured on hydrophilic CNTs exhibited a broader spindle
shape, indicating enhanced biocompatibility. The oxidized CNTs-based supercapacitor demonstrated impressive durability and
reliability, retaining nearly full capacitance even after 1,000 cycling (Figure 14b). Furthermore, the material exhibited excellent
adaptability in biological environments like serum and blood, achieving significantly higher specific capacitances (11.4 and 13 F g™
compared to its hydrophobic counterpart (Figure 14c). Cha et al. demonstrated a significant advancement in implantable energy
storage devices by using single-walled carbon nanotube (SWCNT) and oxidized SWCNT buckypaper electrodes integrated with
wireless charging capabilities!'®’l. Oxidizing SWCNTs not only enhanced hydrophilicity and removed impurities but also improved
performance in simulated physiological conditions. By assembling oxidized SWCNTs into binder-free buckypaper electrodes, the
device exhibited excellent stability and biocompatibility. It achieved an energy density of 7.12 mW h cm™ and power density of
500 mW cm™2. Notably, cytotoxicity tests confirmed the safety of electrodes over prolonged use, even after extensive
charge-discharge cycles, while maintaining structural integrity due to strong material interactions. Long-term in vivo studies further
validated their biostability and biocompatibility, with no signs of inflammation or tissue damage in mice over six months
(Figure 14d,e,f). The seamless integration of oxidized SWCNT electrodes with a wireless charging system enabled efficient power
delivery. When the supercapacitor was implanted in mice, mild-to-moderate inflammation was observed after seven days
(Figure 14g). However, the minimal inflammatory response and absence of fibrotic lesions after six months were encouraging (Figure
14h). The slightly reduced inflammation in the oxidized SWCNT group highlights the potential advantage of surface modification in
improving biocompatibility.

(@)~

Hydrophobic aligned Hydrophilic aligned (b)
CNT sheet CNT she

Glass

(d) " i ‘.rr
NW\ l 'l” :

‘a9
@ : Bioelectrode
@ D :10ns in body fluid

o
S

°
5
o

Day 1

o
o
2

g

- ]

1215012180 12510 12540" 12270
“Time (5)

Led
N
o

4

2500 ' 5000 7500 10000
Cycle number

> Capacitance retention(CIC,)
'

N’

~

Day2 o8 p
Blood
S o6
5
o4
o
ay3 > 02
ay
0.0
5 4 & 12 16 20 S
Time (s) O*ﬂCL‘T (day 7) W x
(l) ~ | —pss '\\’ '\\ \§.\ ‘v \
E 2l —Rat 1
2
£ -~ e
2 - . ]
%0 - | g
3 = | s
- (h)Sham.control aroup (day 30)SWCNT (day 30) el Ox-SWCNT (day 30) 77
£ ol 3 ZAOET L
52 T %«\S\‘I&M’mﬂé/ tinr
S - X, ¥ 4
08 04 00 04 08 ! g o = 2.
Potential (V) 2 = i SR s N
(k) 8’ (l) Control Implanted area
) r v
5 1of v , (m)origial ﬁm 6days  Bdoys  10days 12days
PN . W U -
H 08 |- = T o | /
H R > s d
5 06 3 % 4 o]
@ © Ty
§ 04 3 _ =~  —
- 0 7 14 2 ame e o
Time (day) L S _ B — A

Figure 14. (a) Fluorescent images of cells cultured on different substrate; (b) CV curves of oxidized CNTs-based supercapacitor in PBS solution; (c) GCD curves of oxidized
CNTs-based supercapacitor at 0.5 A cm™ in serum and blood. Reproduced with permission from referencel’*®. Copyright © 2017 Elsevier; (d) Illustration of a wireless

implantable energy storage system based on Ox-SWCNT buckypaper; (e) Image of the device stand on a dandelion head; (f) Supercapacitors implanted in mice after
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(g) 7 days and (h) 6 months. Reproduced with permission from referencel'®”. Copyright © 2022 Royal Society of Chemistry; (i) Photograph of the nicotinamide adenine
dinucleotide/benzoquinone/CNT yarn supercapacitor implanted into a rat; (j) Comparison of the CV curves of the supercapacitor in PBS and implanted in a rat;
(k) Capacitance vs time after implantation; (I) Histological analysis. Reproduced with permission from reference!*”. Copyright © 2021 John Wiley & Sons; (m) Biodegradation
process of the supercapacitor in gastric fluid and nutritional soil. Reproduced with permission from reference!’??. Copyright © 2019 Elsevier. CV: cyclic voltammetry;

CNTs: carbon nanotubes; PBS: phosphate-buffered saline; GCD: galvanostatic charge-discharge; SWCNT: single-walled carbon nanotube.

To further enhance the biocompatibility of devices, researchers have shifted their focus toward optimizing electrode materials. By
improving their properties of these materials, they aim to develop safer and more efficient solutions for biomedical applications.
Jang et al. introduced an implantable CNT yarn supercapacitor inspired by the redox mechanisms found in living cells!'°?l, The CNT
yarn electrodes were engineered by twisting CNT sheets and electrochemically depositing nicotinamide adenine dinucleotide and
benzoquinone to enable efficient redox shuttling. Under physiological conditions, such as phosphate-buffered saline and serum, these
nicotinamide adenine dinucleotide/benzoquinone/CNT yarn electrodes demonstrated a remarkable maximum areal capacitance of
55.73 mF cm2. Two flexible yarn electrodes were successfully implanted in parallel within the abdominal cavity of rats, as illustrated
in Figure 14i. The supercapacitor, placed in subcutaneous tissue, demonstrated electrochemical performance comparable to its
behavior in phosphate-buffered saline (PBS) solution (Figure 14j). Over a two-week monitoring period, the capacitance of the device
remained stable, retaining approximately 86.9% of its initial value from the day of implantation (Figure 14k). Additionally, there was no
significant difference in toluidine-positive cell counts between the control group (4.6 = 1.4) and the implanted area, indicating
minimal inflammatory response (Figure 141). Wang et al. developed a bioelectrode material with anticoagulant functionality by
incorporating heparin, a widely used clinical anticoagulant macromolecule, into the conductive polymer
poly(3,4-ethylenedioxythiophene)!'’!l. The resulting polymer poly(3,4-ethylenedioxythiophene) incorporating heparin material was
synthesized via in-situ polymerization to construct an integrated, anticoagulant supercapacitor. This innovative supercapacitor
demonstrated outstanding anticoagulant performance, with a coagulation time of 63.4 seconds and a hemolysis rate below 5%.
Additionally, it exhibited excellent electrochemical activity and cycling stability, making it a promising energy supply device for
implantable heart rate sensors. Moreover, for advanced electronic implantable devices applications, an ideal energy storage system
should inherently possess self-healing capabilities, retain stretchability after healing, and be biodegradability after use. To address
this challenge, a novel self-healing, stretchable, and biodegradable supercapacitors was developed using flour as the primary
component for both the electrodes and the electrolytel'??. The biodegradability of these SCs was evaluated in simulated gastric fluid
and nutrient-rich soil. Results showed complete degradation within 12 days in gastric fluid and 30 days in soil, as illustrated
in Figure 14m.

6. Conclusions and Perspective

6.1 Summary

Significant advancements have been made in optimizing pore architecture, surface chemistry, electrical conductivity, and
nanostructure to overcome the performance limitations of carbon-based supercapacitors. This review emphasizes the fundamental
principles and recent progress in the design of carbon materials for supercapacitors, as well as their practical applications. The pore
size and architecture of carbon electrodes are pivotal in determining the electrolyte contact area, thereby directly affecting specific
capacitance and energy density. Micropores in the range of 0.5-2 nm and mesopore with diameter of 2-5 nm are crucial for
enhancing charge storage, while large mesopores and macropores facilitate ion transport, significantly boosting rate performance.
Heteroatom doping, such as with O and N, improves electrolyte wettability and increases the accessible surface area of the electrode.
Elements like P, S, and B introduce pseudocapacitance, further enhancing specific capacitance. In particular, co-doping strategies,
such as the combination of B and N, have shown promise in stabilizing N atoms during carbonization and amplifying
pseudocapacitive contributions. However, excessive pseudocapacitive contributions can compromise cycling stability. Electrical
conductivity is another key factor, critically influencing both rate performance and power density. High-conductivity materials, such
as GQDs, CNTs and graphene, are frequently incorporated into composites to enhance the overall electrical properties of carbon
materials. Heteroatom doping also plays a role in modulating electron mobility and concentration, further improving conductivity.
Recent research has highlighted the synergistic integration of pore engineering and heteroatom doping as an effective approach for
creating ultrafast supercapacitors. Additionally, large particle sizes often impede ion transport and limit the utilization of internal
pore channels. To address this, tailoring the porous structure of the shell layer in carbon materials enhances electrolyte wettability,
increases active site availability, and creates efficient pathways for ion and electron transport. These advancements collectively
enable carbon materials to achieve high power density and excellent rate performance, even under high current densities.

Nanostructure design is a critical factor in optimizing the performance of carbon materials for supercapacitors. 0D carbon materials,
such as carbon/graphene quantum dots and carbon nanospheres, offer remarkable electrical properties and structural benefits,
including a high surface-to-volume ratio, excellent conductivity, and abundant active sites. The ultrasmall size of quantum dots
enhances electron transfer and storage by leveraging edge quantum effects; however, the absence of a continuous conductive
network restricts electron transport efficiency, and the lack of interconnected pores hinders ion diffusion, particularly in densely
packed configurations, thereby limiting rate performance. 1D carbon materials, including CNTs, carbon nanofibers, and graphene
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fibers, enable efficient electron transport along their longitudinal axes and often possess interconnected porous structures that
improve ion diffusion. Electrospun carbon nanofibers and graphene fibers are particularly notable for their tunable structures, which
can be optimized through generating pores, heteroatom doping, and the incorporation of active materials to enhance their specific
surface area and capacitance. Moreover, the fibrous networks formed can be directly employed as electrodes without requiring
additional binders or conductive additives. Despite these advantages, 1D materials generally exhibit a lower surface area compared to
2D and 3D counterparts, which limits their energy storage capacity. Additionally, achieving uniform pore size distribution and
preventing aggregation in dense assemblies remain significant challenges. 2D carbon materials, such as graphene, graphene oxide,
and carbon nanosheets, effectively balance surface area and conductivity, with their layered porous structures facilitating ion
diffusion by minimizing transport resistance and shortening diffusion paths, while their high conductivity ensures rapid electron
transfer. However, the tendency of 2D layers to restack during processing can dramatically reduce their effective surface area and ion
accessibility, while the absence of hierarchical pores in pristine 2D materials restricts electrolyte permeability and mass transport.
Strategies such as pore engineering, structural modifications, and functionalization of graphene layers can alleviate these issues, and
the incorporation of fillers such as carbon quantum dots or CNTs can further mitigate restacking and improve electrochemical
performance. 3D carbon materials, including porous carbons, aerogels, and foams, integrate hierarchical porous structures that
combine micro-, meso-, and macropores, offering a balance between ion accessibility and electrolyte transport. These materials
provide both high energy density, attributed to their large surface areas, and high-power density, resulting from efficient ion and
electron transport pathways. Nevertheless, their synthesis often involves complex procedures, and achieving uniform pore structures
with optimal conductivity remains a challenge. Furthermore, the mechanical stability of some 3D carbon materials under prolonged
cycling or high-current conditions presents an additional limitation.

6.2 Challenges

High porosity and high conductivity in carbon materials are essential for achieving high performance supercapacitors. Micropores
can store more charge, while mesopores and high conductivity facilitate rapid ions movement, enhancing power density. Ions
migrate through mesopores to reach micropores, and a higher mesopore content increases ion transport efficiency. High
conductivity facilitates ion mobility within the material structure. Therefore, integrating both characteristics within a single material
enables supercapacitors to achieve higher capacitance and improved power performance. However, these two properties are often
conflict. Materials with high conductivity, such as graphene or graphite, typically possess highly ordered crystal structures, whereas
materials with large surface areas often exhibit discontinuities in electron transfer. One way to overcome this challenge is by
synthesizing a composite of porous carbon and highly conductive carbons (such as CNTs or graphene), which promote electron
transport while maintaining porosity. Additionally, incorporating hierarchical porosity with 3D interconnected networks enhances
ion diffusion pathways and electrolyte accessibility, while combining different dimensional structures (e.g., dot-line-sheet
architectures) can further optimize charge storage and transport.

Although recent studies report that carbon materials can achieve high specific capacitance exceeding 500 F g%, this performance is
often achieved at the expense of electrode material loading, with typical electrode mass below 2 mg. For practical applications,
commercially available supercapacitors require electrode loadings above 10 mg cm™. Under such conditions, ion migration channels
become severely obstructed, and the utilization of bulk material is significantly reduced, leading to unsatisfactory capacitance and
rate performance. As the mass loading increases, most carbon materials exhibit a substantial decline in performance due to reduced
conductivity and blocked ion migration pathways. Consequently, porous carbon materials must achieve a balance between excellent
conductivity and stable ion migration dynamics. However, excessive porosity often disrupts the large-scale conjugated networks
required for electrical conductivity, resulting in lower conductivity overall. A major challenge under high material loading is
preserving efficient ion migration pathways, as thick electrodes require well-structured ion transport channels and ample electrolyte
reservoirs to maintain performance. To mitigate these limitations, 2D carbon architectures significantly enhance mass transport
efficiency and improve interfacial wettability, thereby expanding the accessible ion penetration domain within porous carbon
electrodes. This results in simultaneous improvements in charge storage density and dynamic response rate. Building upon the
enhanced ion accessibility enabled by 2D structural design, the targeted construction of highly active energy storage sites, e.g.,
through precise tuning of surface functional groups and gradient heteroatom doping, can effectively overcome charge transfer
resistance at the electrode/electrolyte interface. This strategy enables a balance between high areal capacitance and long-term
cycling stability. Furthermore, machine learning and Al-driven materials design offer powerful tools for discovering novel carbon
materials with tailored properties for specific applications.

Despite significant advancements, the energy density of carbon-based supercapacitors remains low. Current research has largely
focused on improving energy density through strategies such as increasing specific capacitance, widening the voltage window, or
incorporating pseudocapacitive or battery-like materials. However, these approaches often come at the cost of power density or
cycling stability. Without these core characteristics, supercapacitors risk losing their distinct advantages over battery-like energy
storage devices. In practical applications, high-power supercapacitors are indispensable for various uses, including heavy-load
operations, regenerative braking energy recovery, and load balancing in smart grids. Therefore, achieving a balance between high
power density and high energy density remains a challenge. Future studies should adopt a multifaceted structural engineering
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approach to optimize both charge storage and ion transport properties. This includes designing hierarchical porosity to enhance ion
accessibility while maintaining a high effective surface area for charge storage, introducing heteroatom doping (e.g., B, N, S, P
co-doping) to create additional redox-active sites that boost electrochemical performance, and developing advanced electrode
architectures (e.g., 3D printed electrodes and fiber-based electrodes) to ensure efficient ion diffusion and mechanical robustness
under high mass loading.

6.3 Commercial perspective

By the end of 2021, China’s supercapacitor market had grown to 17.6 billion Yuan, representing over 70% of the global market
sharel!?3191. The global supercapacitor market is projected to reach $5.2 billion by 2028, highlighting the growing demand for
standardized guidelines to enhance electrode performance. From both commercial and scientific perspectives, carbon-based
materials dominate supercapacitor electrodes due to their cost-effectiveness, high electrical conductivity, chemical stability, and
environmental sustainability. Among them, activated carbon is widely used in commercial supercapacitors, benefiting from its
natural abundance and well-developed porous structure for efficient charge storage, and mature production infrastructure, primarily
based on biomass precursors (e.g., coconut shells, wood pulp). Its affordability ($5-20 kg™') and exceptional cycling durability
(> 100,000 cycles with < 20% capacitance fade) further reinforce its market dominance.

However, traditional carbon materials face inherent limitations in achieve high energy density without sacrificing power density or
long-term stability, which restricts their application in high-energy storage systems. In response, advanced carbon materials such as
graphene, CNTs, and carbon aerogels have been explored for their superior electrochemical performance. Despite their potential, the
large-scale production and commercialization of advanced carbon electrodes for supercapacitors face significant economic
challenges, primarily due to high production costs, energy-intensive synthesis, and scalability limitations. For instance, graphene
synthesized via the Hummers method often suffers from environmental pollution and high production costs (> $200 kg!), CNT
production through CVD requires high energy input (> 800 °C) and the yield is quite low, and carbon aerogels, while demonstrating
excellent performance, struggle with scalability due to the high cost of supercritical drying, which accounts for 60-70% of total
manufacturing expenses. The commercialization of these high-performance carbon materials, depends on breakthroughs in scalable
production and cost-effective synthesis technologies.

The accelerating adoption of supercapacitors in electric vehicles, renewable energy storage, and industrial power backup systems is
driving the urgent need for cost-effective, high-performance carbon electrodes. As the market expands, investment in energy storage
technologies and electrode material advancements will be crucial. To achieve economic feasibility, future research should focus on
developing low-cost, scalable synthesis techniques such as biomass-derived carbons, low-energy catalytic growth, and automated
3D-printed electrode architectures.
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