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The rapid development of modern electronic technology is in urgent need of further breakthroughs to actualize high-energy, high-power, and long cycling energy storage equipment. Carbon-based supercapacitors (CSs) are potential high-power devices that can stock electrical energy at the electrode–electrolyte interface rather than by diffusing ions inside electrodes. However, the commercial CSs using active carbon (AC) suffer from restricted energy densities on account of relatively small specific surface area, poor porosity, and low electrochemical activity. In recent years, various tactics have been applied to enhance the electrochemical properties of carbon-based electrode, and fruitful successes have been achieved. This mini review first introduces the concerned charge storage mechanisms of CSs, which is followed by a straightforward summary of the pivotal factors affecting the electrochemical performance. Then, the novel fabrication strategies of porous carbon at different dimensions are exemplified and summarized to prepare large-capacitance electrodes. The current challenges and promising future research for exploiting the state-of-the-art supercapacitors are also discussed.
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INTRODUCTION
Along with the rapid consumption of fossil fuels and surging global warming problem, the need to develop sustainable energy becomes increasingly urgent. Exploring efficient energy storage systems is key to greatly promote the utilization of renewable resources and mitigate green-house effect (Cao et al., 2017; Chen et al., 2020; Zhang et al., 2020a). As essential energy storage devices, supercapacitors (SCs), like other energy storage systems, have been widely concerned by academia and industry, and specific power/energy density of various types of energy storage systems is shown in Figure 1 (Wu et al., 2020). Different from commercial rechargeable batteries that depend on the reaction mechanism of the bulk phase of electrode material, SCs have large power density, good rate capability, long circular life, and fast charge/discharge because their energy conversion takes place between the surface of the electrode material and the adsorbed electrolyte layer at the interface. Therefore, SCs have been broadly used for electric vehicles, shape memory, smart instruments, and military purposes by supplying back-up power and obstructing power outages (Luo et al., 2020; Wu et al., 2020; Yin et al., 2020). On basis of the energy storage mechanisms (faradaic or non-faradaic redox reactions) and electrode material constitutes (symmetric or asymmetric systems), SCs can be mainly divided into three types: electric double-layer capacitors (EDLCs), pseudocapacitors (PCs), and asymmetric hybrid capacitors (AHCs). For most of the advanced commercial SCs, a variety of carbon-based materials with disparate physical–chemical properties are used as representative active electrode materials (Faraji and Nasir Ani, 2015; Li et al., 2020a). Of these, active carbon (AC), owing to its merits of large specific surface area, low production cost, nontoxic nature, and easy availability, is widely identified as a practical electrode material. Although AC-based SCs typically have large power density (>10 kW kg−1), the lower energy density (<20 Wh kg−1) compared to lithium-ion batteries (>250 Wh kg−1) is considered a major barrier to their further application in large-scale energy storage (Gopalakrishnan and Badhulika 2018; Cheng et al., 2020; Luo et al., 2021).
[image: Figure 1]FIGURE 1 | Specific power/energy density of various types of energy storage systems (Wu et al., 2020).
To address this problem, designing poriferous carbonaceous materials with controllable morphology and nanostructures has been considered to be one of the most effective ways. Highly nanostructured carbon materials can significantly enhance the double-layer capacitance and rate properties of the porosint in contrast with their bulk counterpart. Particularly, well-designed carbon materials, with specific pore size distribution and 1/2/3-dimensionally inter-connective pores, have been identified as being among the most attractive electrode materials. Hierarchically porous carbonaceous materials have plenty of advantages for CS applications: 1) Interconnecting voids maximize the active sites of chemical reactions and shorten the diffusion paths for ions and/or electrons, facilitating electrolyte transport and infiltration (Li et al., 2020b; Liu et al., 2020). 2) The nanometer-sized edge regions form small lattices and grain boundaries, thus improving the electrochemical capacitance of the carbonaceous material (Pang et al., 2021). 3) Active ordered nanostructures have high electrical conductivity and maintain better mechanical stability during the cycle (Dubey et al., 2020; Zhu et al., 2020). 4) Porous structure can be used as a host material, allowing high-capacitance guest material to be evenly dispersed in the pores (Dong et al., 2018; Ma et al., 2019; Tang et al., 2020; Zhang et al., 2020c). Besides, fine nanopore structure design and internal size distribution of the electrode materials are also key to effectively utilize specific surface area and further improve the capacitive performance. It is mainly supposed that the existence of tiny micropores in carbon matrix can highly add the specific surface area that plays an important role in improving specific capacitance. Nevertheless, the micropores with intricate channels and porous structures are not always advantageous to the electrochemical express of carbon electrodes. Some works have reported that micropores could contribute to parts of specific capacitance via the desolvation of electrolyte ions at relatively low rates, while these pores are not available at a higher discharge current density, thus causing poor rate performance (Eliad et al., 2005; Tian et al., 2021). That is to say, the achievement of capacity is determined by the accessible and effective surface area of the porous carbon materials, while the absorbing and releasing behavior of charges at the interface is related to the intrinsic pore structures of the electrode materials. Moreover, the introduction of heteroatoms (B, N, O, P, etc.,) into carbon substrate has vast effects on the capacitive performance in both organic and inorganic electrolyte ions (Liu et al., 2022; Zhang et al., 2022). According to previous investigation, heteroatoms doping can change the crystalline structures and electron delocalization of the carbon materials by improving chemical stability, electrical conductivity as well as electron–donor characteristics, which can even lead to pseudocapacitive reactions.
Many studies have reported the successful conversion of various precursors like biomass and polymer into 1/2/3-dimensional carbon-based functional materials with reconstructive micro-/nanostructures and tunable surface chemistry properties through physical/chemical methods. In this mini review, we first demonstrate three types of reaction mechanisms and some important intrinsic characteristics for well-designed porous carbon-based materials. Then, we discuss the latest progress of preparing porous carbon at 1/2/3- dimension and their electrochemical performance in CS field. The unique properties and limitations related to different dimensions were discussed, and the benefits of these characteristics for SCs applications were highlighted. Finally, the present challenges and future development trends of advanced electrode materials are prospected.
ELECTRICAL CHARGE STORAGE MECHANISMS OF SUPERCAPACITORS
Electric double-layer capacitors
The deposition and removal of electrostatic charges in EDLCs are caused by the accumulation and withdrawal of dynamic electrons in both the cathode and anode, which in turn is elicited by applied potentials across the entire device. The negatively and positively charged surfaces are counterbalanced by seizing counter-ions from the electrolyte solution, generating a dynamically balanced double layer of opposite charges, with no electrons transmitted between the layers during the charging/discharging processes (Bleda-Martínez et al., 2005). Currently, almost all commercial SCs use carbon for charging and discharging of double layer. The electrochemical capacities of these systems are directly related to the electrostatic charges of counter-ions at the electrode/solution interface without charge transmission, which is a desirable capacitance process (Figure 2) (Bokhari et al., 2020). Due to the low cost, availability, and variety of precursor materials, AC is still the most widely used carbon material in SC application. The electric energy comes from an electrochemical double layer, compared directly with a traditional parallel plate capacitor. When the electrode surface charge is excessive or insufficient, reversely charged ions in the solution accumulate or disperse close to the electrode/electrolyte interface to maintain electrical neutrality.
[image: Figure 2]FIGURE 2 | Working mechanism of EDLCs (Bokhari et al., 2020).
In the case of CSs, the electrochemical double-layer behavior on the surface of porous carbon electrode is much more complicated than that on infinitely planar surface. Actually before 2005, enlargement of specific surface area was viewed as the only effective way to enhance the energy storage in EDLC. However, after 2005, the significance of pore size distribution and nanoengineering of carbon was regarded as a quite vital project in the electrochemical performance (Eliad et al., 2001; Eliad et al., 2005). The size of the aperture greatly affects the ability of ions to enter the aperture because it, if too small in that case, is inaccessible and cannot devote to the double-layer capacitance﻿ (Jiang et al., 2012). The microscopic thickness of the double layer relies on the size of solvated ions and the concentration of the electrolyte.
According to the equation: [image: image], εr and ε0 are the dielectric constant of double layer and permittivity of vacuum (F/m), respectively, A is the effective surface area (m2 g−1), and b and ao are pore radius and effective ion size, respectively. The stored specific energy and power are critical traits of CS devices along with others, such as circular life, self-discharge current, and Coulombic efficiency, for example. E = 1/2 CV2 and P = V2/4R, where C is the double-layer capacity in Farads, V is the rated voltage, and R is the resistance series resonance in ohms.
Pseudocapacitors
Another type of SC is PC, which appears on electrodes when the exertion of a potential generates faradaic current caused by electrosorption reactions that occur during chemisorption of electron-rich anions (e.g., B− and I−) (Yan et al., 2019; Ghotbi et al., 2021) or by the oxidation/reduction active substances (e.g., Co3O4, Nb2O5, RuO2, and other transition metal oxides) (Liu et al., 2008; Luo et al., 2017; Ma et al., 2019; Zhu 2022). In this electroadsorption reaction: M + A−⇌ MA(1−δ) + δ e−, A− anions on the electrode surface and the quantity of transferred δ e− are intensively relevant to the so-called “electroadsorption valence.” Besides, the exchange of charge across the double layers, rather than dispersing the charge statically over a restricted distance, leads to a reversible oxidation/reduction reaction (Oad + δ e− ⇌ Red). In this reaction, the amount of energy stored owing to δ e− transfer is obviously higher than EDLCs, even paralleled to that of a battery in some ways, because not only the electrode surface but also the interior electrode bulk are partially involved in charge storage (Figure 3). However, the slower reaction kinetics could lead to a loss of power density, and the cycling life of PCs is generally inferior to that of EDLCs due to structural changes caused by reversible reactions. Hybrid composite electrodes combining carbon with pseudocapacitive materials are promising to solve these problems, where carbon framework enhances the whole electrochemical performance of composite electrodes and the pseudocapacitance is attributed to conductive polymers or metallic oxides/hydroxides. In addition, in many reported porous carbon-based systems (Figure 4), electrosorption reactions arising from functional groups/heteroatoms greatly improve the pseudocapacitance characteristics of electrode materials. It is widely known that two different storage mechanisms, double-layer storage and Faraday capacitive behavior, always coexist in CS systems during charging/discharging. Generally, one storage mechanism is dominant and the other is weaker, depending on the nature of the material itself and the speed of the sweep. The comparison in terms of electrode materials, charge storage mechanism, and merits/shortcomings between EDLCs and PCs is shown in Table 1.
[image: Figure 3]FIGURE 3 | Energy storage mechanism demonstration and typical compounds: (A) pseudocapacitive-type materials and (B) battery-type materials (Zhu 2022).
[image: Figure 4]FIGURE 4 | Carbon materials with diverse morphologies doped with different heteroatoms at various content levels widely used in SCs (Feng et al., 2021).
TABLE 1 | Comparison of different characteristics of several types of SCs (Li et al., 2019a).
[image: Table 1]Asymmetric hybrid capacitors
AHCs are more progressive sort of SCs that can make up for the defects of limited energy/power density, cycle stability, and operating voltage of symmetric devices. Asymmetric systems are defined rather loosely, referring to any feasible chemical–physical (active mass ratio or thickness) or material distinctions of cathodes and anodes. Due to the synergistic combination of the working potential and electrochemical performance of individual electrodes, asymmetric system has extended working potential, better energy, and power density. For example, the asymmetric hybrid system in Figure 5 using battery-type cathodic materials and double-layer anodic materials shows high power and cyclic stability governed by the activated carbon electrode and high capacitance attributed to the faradaic electrode. The combination of double-layer carbon materials and pseudocapacitive materials is the most widely used to date (Yang and Zhou 2017; He et al., 2019; Chen et al., 2020), taking advantages of the best range of electrochemical activity related to each material for comprehensively improving the electrochemical performance of the whole device.
[image: Figure 5]FIGURE 5 | Illustration of electrochemical reaction process of NMMO/AC hybrid supercapacitor during charge and discharge (Zhao et al., 2020).
The main factors to be considered for AHC device design are the following: (1) electrode activity mass matching: m+/m− = (C+∆V+) / (C−∆V−) and the total capacitance calculation, where m (g) and V are the mass and working potential of cathode/anode, respectively, and C is the specific capacitance (F); (2) the Coulombic efficiency based on charge storage of two electrodes: Q+ = C+V+ and Q− = C− V−; (3) the working potential V = V+ + V−. V is usually restricted by the decomposition of the electrolyte or excessive oxidation/reduction of either electrode material. Therefore, using these equations, AHC device configurations can be designed in a better way.
EFFECT OF POROUS ELECTRODE STRUCTURE ON THE ELECTROCHEMICAL PERFORMANCE OF SUPERCAPACITORS
CSs mainly rely on the accumulation of charges at the electrode/electrolyte interface to store energy. Therefore, porous carbon used as electrode materials not only needs to provide an abundant nanometer-scale platform conducive to charge contact but should also have a well-designed pore structure beneficial for electrolyte wetting and rapid ion transfer. In addition, various organic/inorganic functional groups on the surface of carbon substrate also have a great influence on the electrochemical performance of SCs.
High specific surface area
According to the double-layer theory, a large surface area is required for a carbon-based electrode to achieve large capacitance with a large number of charged ions accumulating on the pore surface. The microporous structure plays a crucial role in high-energy storage by providing enough movement space by means of molecular sieve separation and controlled mass diffusion (Li et al., 2020a; Pang et al., 2021). For instance, AC-based materials have long been the priorities for SC electrodes due to their superior microporosity. These materials are usually derived from pre-carbonization process of multifarious detail carbon-rich precursors like porous polymer precursors (Lei et al., 2019; Lu et al., 2019; Lei et al., 2020) and consequent physical/chemical activation reaction to fabricate microporous structures. Physical activation is the most commonly employed preparation method for AC in large-scale industrial production. As is shown in Figure 6, the redox reaction between carbonaceous materials and activator like CO2, O2, and water steam (Nandi et al., 2012; Pallarés et al., 2018) occurs at a high temperature (700–1,300°C), leaving behind abundant pore structures on the surface and inside of carbon material, while chemical activation shown in Figure 7 refers to heat treatment process with chemical substances (KOH, H3PO4, ZnCl2, K2CO3, etc.,) at a relatively low temperature, forming rich pores and channels through a series of crosslinking or polycondensation reactions (A and Hegde, 2015; Li et al., 2015).
[image: Figure 6]FIGURE 6 | Carbonization of PAN monolith with CO2/air or air as activator (Nandi et al., 2012).
[image: Figure 7]FIGURE 7 | Activation process on ACs from fallen leaves by KOH and/or K2CO3 (Li et al., 2015).
Numerous experiments have showed that the electrical double-layer capacitance of most electrodes and their specific surface area is not a linear relationship, and the reasons may be that 1) when fabricating, different raw materials, activation process, and post-treatment methods will affect the structure of porous carbon. Even if the obtained specific surface area is similar, the efficiency of forming an electric double-layer may also be diverse; and 2) the size of ions in different electrolyte systems is obviously distinctive, especially hydrated ions and organic ions with larger diameters are difficult to enter micropores, and partial electrolyte ions are trapped as ineffective “dead mass” in the interior pores and channels. Therefore, the minimum micropore size that can be effectively utilized by the electrode will result in different actual capacitance.
Eligible pore size design
The purpose of adjusting the pore diameter of carbon material is to transport adequate electrolyte ions into the electrode so that the carbon surface can be fully utilized. Kornyshev’ group (Kondrat et al., 2012) analyzed the relationships among energy density, pore size, and voltage window (Figure 8). Collectively, at a certain pore size, the maximum energy density increases with the increasing opening voltage, and it reaches saturation at a high voltage when the pore could not continue to accommodate additional electrolyte ions. This saturation energy density increases (at high voltages) as the pores get larger because more charges can be stored. Thus, large pores are desirable at high voltages. However, at low voltages, the energy density for large pores is smaller because an electro-neutral region is formed at the center of the large pore, not contributing to energy storage.
[image: Figure 8]FIGURE 8 | (A) Energy density of carbon materials with different pore sizes depends on the potential window. (B) The optimal pore size increases with increasing operating voltage window and (C) passes a maximum (Kondrat et al., 2012).
Hierarchical porous architectures composed of interconnecting micro/meso/macro-pores are more preferable for high-performance CSs, considering the co-evolutionary effect of ample micropores as ion adsorption sites and interconnecting meso/macro-pores to ensure rapid ion transport to achieve significantly synergistic improvement of energy/power density. Precisely, the tiny micropores (<0.5 nm) mainly help to form a huge aggregation platform through the molecular sieve separation and controlled ion-diffusion, while the meso- (2–50 nm)/macropores (>50 nm) serve as shortcuts for ion diffusion to the precise micropores, which can minimize the transport path and interface resistance of electrolyte as shown in the model diagram in Figure 9 (Yang and Zhou 2017). Moreover, the wide-open and interoperable pore structures intensify the successive ion-diffusion dynamics within the hollows, and then they provide achievable possibilities of designing internal construction for compact devices with exceptionally large volume capacity. Therefore, the focus of current research is to explore high-quality precursors and develop simple and efficient preparation methods to achieve the overall control of the pore size distribution of carbon materials.
[image: Figure 9]FIGURE 9 | NPC electrodes of symmetric SCs rich in micropores/mesoporous/macropores (Yang and Zhou 2017).
Rich surface functional groups
The surface characteristics of carbon materials have vast effects on their capacitive behavior, such as the wettability, interface resistance, and self-discharge behavior. These properties are regularly relevant to impurity residues and functional groups on the surface of carbon matrix during synthesis. The electrochemical performance of the carbon-based electrode was improved via doping the carbon materials with heteratomic (B, N, O, P, etc.,) functions (Gao et al., 2019; Hu et al., 2019; Li et al., 2021). Carbon backbones doped with heteroatoms show great upgrades to the electrochemical performance of CSs. Taking the classical N-doping in graphene as an example (Figure 10), different doping sites have great influences on electrochemical properties of carbon matrix. First, miscellaneous heteroatoms are bound to the carbon substrates to generate positive partial charges on adjacent carbon atoms/heteroatoms with low Sanderson electronegativity, exposing polarized electrode surfaces, and these active sites promote their interactions with electrolyte ions and further boost adsorption. Second, heteroatoms act as electron donors to replenish lone pair electrons into the delocalized carbon matrix for enhancing intrinsic conductivity, and to lower the valence band, contributing to the long-term operation at the Fermi level and high electron cloud density. Third, the embeddedness of pseudo-active heteroatoms is beneficial to proton adsorption and enables bare carbon to possess significant Faraday pseudocapacitance due to electrochemical redox reaction.
[image: Figure 10]FIGURE 10 | Examples of distinctive N-containing functional groups in graphene (Yang and Zhou 2017).
As is shown in Figure 11, doping designs in carbon-based materials are multitudinous. The co/multi-doping of disparate heteroatoms (Deng et al., 2021) may induce collaborative contributions caused by spin and charge reallocation, which is beneficial for the dense electron activity density and hence enhances the overall electrochemical representation. However, excessive or highly active heteroatom doping under immature preparation methods and conditions may bring about the unformed porosity or skeleton collapse of the functionalized carbon, hence causing decayed performances. Therefore, plenty of research efforts emphasize on matching the suitable preparation methods and conditions according diverse precursor features to realize the synergistic advancement of heteratomic doping and porous structure. Functionalized carbon is usually prepared by special post-processing of the as-prepared carbon material or self-doping through thermal decomposition of heteroatom-rich precursors such as biomass sources and organic salts. The self-doping strategy is highly praised for allowing uniform distribution of heteroatoms and multiple species, whereas fairly limited to the thermodynamic stability of the reaction process and the structural stability of the precursors in contrary to widely used post-treatment methods.
[image: Figure 11]FIGURE 11 | Illustration of different doping designs in graphene (Hu et al., 2019).
In recent years, with explosive in-depth study, self-doping strategies have been subdivided into adding additional dopants (like melamine and phosphoric acid) to carbon precursors prior to pyrolysis, or directly pyrolyzing organic salt/polymer precursors composed of building blocks containing heteroatoms. Complementary dopants can not only supply a large number of exterior atoms but also act as catalysts, activators, or structurally oriented agents. Another ideal way to develop highly doped functionalized carbons is through straightforward pyrolysis of desirable metal organic framework (Chen et al., 2019), polymer precursors (Lei et al., 2019), etc.
DIFFERENT DIMENSIONS OF POROUS CARBON-BASED ELECTRODE MATERIALS FOR SUPERCAPACITORS
A large surface area is regularly advantageous for carbon electrodes as abovementioned, whereas the electrode capacitance does not always amplify along with increasing surface area because the electrolyte ions are not necessarily in full contact with all tortuous pore alleys and weeny micropore, especially when the surface area surpasses 1,500 m2 g−1. Constructing plentiful active adsorption sites on surface morphology will affect the ionic diffusion path, help alleviate the surface difficult-to-reach barrier to promote charge storage, and improve the structural stability. Great research efforts have accordingly focused on constituting multifarious carbon morphologies with the delicate control over the surface topography and internal texture. In general, carbon nanostructures with different morphologies, like one-dimensional (1D) nanofibers (Cai et al., 2016), nanotubes (Li et al., 2020b); two-dimensional (2D) nanosheets (Ran et al., 2021), graphene (Gopalakrishnan and Badhulika 2018); three-dimensional (3D) hierarchical porous (Liu et al., 2016), and core-shell structures (Zhu et al., 2020) have been extensively studied as high-performance CS electrode materials. These specially designed layered/hollow porous nanostructures have the advantages of more electroactive sites, ideal porosity, and larger electrode/electrolyte interfaces, which endow appreciable electrochemical performance.
One-dimensional porous carbon
The fiber structure has a high Young’s modulus (138 GPa) and strength (∼2–3 GPa), providing a great mechanical foundation for the progress of high-strength and even free-standing electrodes or membranes. At the same time, the 1D linear channel can offer a direct electron transfer path as opposed to a granular or spherical electrode (Hwang et al., 2020; Zhou et al., 2020). Hollow tubular structures can be regarded as electrolyte reservoirs with higher specific surface areas and more active sites (Cao et al., 2018; Yang et al., 2019). Therefore, 1D fibrous or tubular porous carbon materials are considered the most feasible electrode form and have been fabricated by various strategies for SCs.
Biomass precursors are the main source of fiber carbon with extensive availability, reproducibility, and low toxicity. Significantly, their inherent uniformity and fine biological structure are the natural advantages of preparing electrode materials with well-defined and controllable morphologies; the abundance of basic elements such as C, S, N, and P in living organisms endows biomass-derived carbon ideal surface properties. Cao et al. (Cao et al., 2018) reported the preparation of hierarchical porous N-doped carbon microtubules by low-temperature pre-carbonization and KOH chemical activation (Figure 12). The millimeter-long tubular carbon material provides ultra-long electron and ion channels, while a large number of nanoholes in the fiber walls generated by KOH activation allow ions to move quickly through the walls, enhancing the surface area for charge accumulation. In this work, as the electrode materials for SCs, the hollow carbon microtubes treated with 6 M KOH at 650°C (HCMT-650) show high-capacitance (292 F g−1) under the current density of 1 A g−1 and outstanding rate capability up to 10 A g−1. Kapok has the highest hollow rate (97%), providing greater available surface and shorter transport pathway. However, the naturally thin wall (only 0.74 mm) is prone to rupture by coinstantaneous activation and carbonization at a high temperature over 500°C. In order to preserve the natural hollow structure of kapok as much as possible, the preparation of kapok-derived hollow carbonaceous microtubules by pre-stabilization and simultaneous activation-carbonization with (NH4)2HPO4 is a feasible method. (NH4)2HPO4 is not only a poring agent and N/P source but also a critical cross-linking agent to fix the original structure and protect the hollow morphologies of kapok, improving designed carbon yield. SCs assembled by HCMT-650 electrode in 1 M TEABF4/PC electrolyte showed a great rate performance of 140 F g−1 at the current density of 1.0 A g−1 with 82% capacitance retention and large energy/power delivery of 48.3 W h kg−1 and 27 kW kg−1, respectively. These results indicate that the original porous tubular structures have superior morphologies for promoting both the rate performance and long lifespan of SCs. Therefore, the capacitive behavior of traditional AC with poor ionic dynamics can be prominently improved by appropriately designing the structure.
[image: Figure 12]FIGURE 12 | Schematic representation of the synthesis procedure for HCMTs (Cao et al., 2018).
In addition, some polymer precursors have also been investigated to fabricate nanotubes of polypyrrole (Zhang and Manohar 2005), polyaniline (Zhou et al., 2009), and covalent organic frameworks (Gole et al., 2018) through template-free self-assembly or soft /hard-template technologies. Yang’s group reported a hydrothermally self-templated synthesis process of polyimide nanotubes with a submicron-sized rectangular section. As is shown in Figure 13, naphthalene-1,4,5,8-tetracarboxylic dianhydride (NTCDA) was first hydrolyzed to its corresponding acid, and then, it interacted with 1,3,5-tris(4-aminophenyl) benzene (TAPB) by an acid–base reaction in water. The monomer salt precipitate obtained was dispersed in purified water and substantially transferred to a high-pressure reactor for hydrothermal polycondensation. More interestingly, after the pyrolysis of polyimide nanotubes at 800°C in argon, the hollow morphology of N-doped carbon tubes could be well preserved. The SCs in this work display specific capacitances of 147 and 110 F g−1 at the current density of 1.0 and 20 A g−1, respectively. The high capacitance retentions (about 75%) ﻿after a 20-fold rate increase indicate a high rate capability. The energy density of the whole device is 17.2 Wh kg−1 and 13.3 Wh kg−1, corresponding to the power density of 500 W kg−1 and 20,000 W kg−1, respectively.
[image: Figure 13]FIGURE 13 | Schematic illustration of (A) two-step synthetic routes and (B) the proposed formation mechanism of polyimide tubes (Lei et al., 2020).
Recent studies have reported that hybrid materials formed by combining graphene fibers and carbon nanotubes (CNTs) can boost the electrical and thermal conductivity, mechanical flexibility, and charge transmission benefiting from their strong π–π stacking. This phenomenon gives rise to an increase in conductivity of 450 ± 20 S cm−1, tensile strength of ∼630 M Pa as well as specific capacitance of ∼31.5 F g−1. Cheng’s group loaded CNTs on the substrate of two-dimensional graphene sheets by CVD process (Figure 14), and constructed CNTs-G hybrid fiber electrodes with great areal capacitance (1.2–1.3 mF cm−2) and excellent flexibility (the CV behavior is still unchanged even after 200 times of bending) (Cheng et al., 2013). Considering the risk of short circuit caused by exposed fiber electrodes, Kou et al. synthesized polyelectrolyte-coated graphene-nanotube sheath-core composite fibers by coaxial wet spinning assembly. The polyelectrolyte sheath can effectively provide the short-circuit protection in the hybrid fibers (Kou et al., 2014).
[image: Figure 14]FIGURE 14 | Diagram of preparation process: (A) GO+Fe3O4 in glass pipeline; (B) G/Fe3O4 fiber and (C) CNT/G fiber (Cheng et al., 2013).
However, the performance of these carbon-based nanofibers/tubes or hybrid fiber electrodes is still difficult to meet people’s increasing demand for high energy density. Hence, exploring 1D carbon materials combined with pseudocapacitive materials, such as Nb2O5 embedded strategy and RuOx(OH)y redox type, is of great significance to improve the energy density of SCs. The 1D tubular structure, especially CNTs, usually serve as an ion-buffering tank to promote the storage of charge on the inner surface and cut down the ionic diffusion path. Also, with good thermodynamic, electrical, and mechanical traits as well as surface properties, it is an ideal substrate material for filling inorganic species into internal tubular structures or attaching to the outer surface of CNTs. However, due to the weak and unclear interactions between CNTs and different inorganic species, uneven distribution of nanoparticles is a thorny problem; so, a new strategy for efficient combination of CNTs and functional materials remains a challenge.
Two-dimensional porous carbon
Two-dimensional (2D) carbon materials with rich sp2 hybridization possess the following merits: 1) The powerful in-plane covalent bond properties endow 2D-layered structures with large in-plane conductivity, which can speed up the electrons transfer in the plane (Gopalakrishnan and Badhulika 2018). 2) The special single/few-atom layered structure with nanoscale thickness and widely open plane not only provides a vast specific surface area and abundant active sites for great capacitance performance but also increases high electrode/electrolyte contact interfaces, decreasing ion-diffusion resistance for excellent power achievement (Bi et al., 2019; Zhang et al., 2020a). 3) For 2D graphene or carbon nanosheets with hierarchical pore structure, the internal incompact space can heavily buffer the volume expansion during the charging/discharging process, so as to achieve long-period stability (Li et al., 2019b). In recent years, graphene-like materials with representative 2D structures have been widely investigated as SC electrodes with appreciable capacitance performance.
For instance, Shao et al. reported a simple and cost-effective synthesis method of 2D-layered porous N-doped O-rich carbon nanosheets (NOCN) which is shown in Figure 15 (Ran et al., 2021). First, 4MgCO3·Mg(OH)2·5H2O (MCB) was inserted into the mixture precursor of urea and citric acid via dissolution and recrystallization. In the pyrolysis process, the intermediate products are evenly stripped by the gaseous substance, forming a 2D nanosheet structure. At the same time, the fabricated MgO and N atoms were in situ enclosed into the carbon framework, respectively. The optimized NOCN900 materials possess unique 2D lamellar features, high SBET of 1804.2 m2 g−1 as well as hierarchical pores. It deliveries a large specific capacitance (232 F g−1 at the current density of 0.5 A g−1) and a great capacitance retention (71.5% at the current density of 20 A g−1) in KOH electrolyte solution, which can be attributed to the fast ion diffusion conferred by the 2D architecture and the pseudocapacitance contribution from N/O co-doping group. The as-assembled SCs display the maximum energy density of 17 Wh kg−1 and maximum power density of 9000 W kg−1 in Na2SO4 neutral electrolyte. Also, it still maintains 92% capacitance even after 10,000 charge and discharging cycles, indicating its desirable cycling stability. This study provides a sustainable and cost-efficient approach for the application of 2D porous carbon electrode in the field of energy storage.
[image: Figure 15]FIGURE 15 | Schematic illustration of the synthetic procedure for NOCN (Ran et al., 2021).
In addition, numerous 2D graphene-like carbon nanosheets have been widely fabricated by high-efficiency processes using sustainable and inexpensive biomass as raw materials. Owing to their simple and economical manufacturing methods, these materials display an excellent potential for future CS development of 2D electrodes. Badhulika’s team studied a new peeled cucumber carbon source to prepare economic carbon nanosheets through controllable green synthesis strategies of carbon hydrogel and aerogel intermediate products (Figure 16) (Gopalakrishnan and Badhulika 2018). Compared with other traditional biocarbon synthetic strategies, this unique synthesis method is more convenient and environment-friendly. Carbon-based hydrogels and aerogels here are synthesized completely green, without the introduction of any toxic and expensive chemicals, while avoiding the usage of additional porogens such as KOH, ZnCl2, and CaO. In this context, the as-obtained graphene-like carbon flakes with numerous edge active sites have a capacitive performance of 143 F g−1 in three-electrode structure of the aqueous electrolyte, and the capacity retention rate of the nanosheet electrode is still up to 97% even after 1,000 charging/discharging cycles.
[image: Figure 16]FIGURE 16 | Schematic diagram for the synthesis route of carbon nanosheets from cucumber (Gopalakrishnan and Badhulika 2018)
Although the introduction of 2D graphene and its analogues aforementioned helps to promote the specific capacitance and cycling stability of the electrode, the irreversible restack and agglomeration of graphene layers during charge and discharge can affect their hierarchical porous architecture, thus impeding ion transport and electrolyte entry into the carbon network, further resulting in deterioration of the electrode performance. In addition, electrochemically active materials are difficult to be firmly embedded on flat graphene sheets, and inert additives and binders are always required, which can greatly affect the overall performance of the final electrode.
Three-dimensional porous carbon for supercapacitors
In contrast, 3D graphene frameworks with interpenetrating microstructures have displayed a great potential to achieve high-performance SCs. The unique 3D shape, high porosity structure, and excellent specific surface area not only supply an accessible region for electrolyte diffusion, a shortcut for charge migration, but also offer an excellent platform for the loading of active materials. Due to their superior electrical, physical, and mechanical manifestations, these 3D graphene frameworks can be directly used as non-binder, flexible, and free-standing SC electrode materials, which will achieve higher specific capacities, strong rate abilities, and reliable cycle performance (Zhou et al., 2019; Van Ngo et al., 2020; Zhang et al., 2020b; Yao et al., 2021). Nowadays, a variety of methods for synthesizing have been covered, such as hydrothermal method, templated method, chemical vapor deposition, freeze drying, and chemical crosslinking.
Liu et al. (Liu et al., 2022) fabricated polypyrrole nanoarrays (PPy NAs) via an oversimplified electrochemical deposition technique (Figure 17). O and N co-doped 3D carbon nanoarrays (D-CNAs) were carbonized to promote the electrical conductivity of the materials and enhance the charge storage capacity of EDLCs. In addition, the synergistic impact of O and N co-doping as well as the exposure of electrochemical active sites in 3D nanoskeletons reduces the charge transfer resistance, thus making D-CNAs a strong pseudocapacitance effect. Using pollution-free and resource-rich NaCl solution as the electrolyte, the capacitance of D-CNAs electrode can reach 480 F g−1 at 1 A g−1 with 77.1% capacity retention at 10 A g−1. The as-assembled symmetric D-CNA SCs have good cycle stability and great capacitance retention of 90% after 10000 cycles at 10 A g−1.
[image: Figure 17]FIGURE 17 | Growth process of carbon paper-based NAs: (A) ionization and adsorption of pyrrole and TsOH in an aqueous solution; (B) under an electric field, pyrrole and TsOH adsorbed each other on the carbon paper, resulting in an oriented arrangement and oxidized chain, finally forming nucleation growth sites; (C) electrodeposition of PPy NAs; and (D) carbonization to obtain D-CNAs (Liu et al., 2022).
Zhang et al. reported a 3D-printed porous carbon aerogel with ultrahigh surface area, which is prepared through the direct ink writing (DIW) approach using cellulose nanocrystal (CNC)–based ink in Figure 18. CNCs are combined with a silica microsphere suspension to fabricate a uniform and highly viscous ink, exhibiting shear thinning characteristics owing to H-bond fracture. CNCs are desirable materials for 3D printing attribute to their accessibility in nature and the peculiar properties in aqueous solution. First, abundant hydroxyl groups (six per unit) in cellulose molecule are bonded with water to form strong hydrogen bond, which greatly increases the water retention rate of cellulose matrix in aqueous solution even up to 98%. Second, nanocellulose can also work as a surfactant, assisting in the dispersion of various other materials in aqueous solution due to its extremely negative ζ potential (ca. −60 mV). Third, the high Young’s modulus of nanocellulose (ca.150 GPa) enables it to retain the original structure after drying and annealing. The prepared 3D-printed multiscale porous carbon aerogels have an open porous structure and excellent electrochemical properties at ultralow temperatures (−70°C). The assembled SCs in this work exhibit outstanding capacitance of 148.6 F g−1 at the scan rate of 5 mV s−1. More importantly, it still maintains a capacitance of 71.4 F g−1 at a high scan rate of 200 mV s−1, 6.5 times higher than that of the non-3D-printed carbon aerogels.
[image: Figure 18]FIGURE 18 | (A) Schematic illustration of the fabrication of 3D-printed multiscale porous carbon aerogels. (B) Digital image of the 3D-printed CNCs/SiO2 aerogels with a shape of “UCSC.” (C) Digital image of the 3D-printed multiscale porous carbon aerogels with different thicknesses (Yao et al., 2021).
Recently, some novel techniques have been reported to explore 3D-nanostructured hybrid composite by combining the 1D-CNTs with 2D-graphene sheets (Balamurugan et al., 2016; Gole et al., 2018). The hybrid 3D-graphene network creatively improves vast specific surface area to covalently anchor other 1D nanomaterials, and this provides a concept of “hierarchy” for carbon nanomaterials. In addition, the connection of CNTs with graphene sheets adds the basal plane spacing distance within graphene layers and also creates more defects that are quite favorable for charge transfer. ﻿Although a lot of progress has been made in the exploration of 3D porous carbon electrodes, they still have many restrictions for practical SC application caused by limited capacitance and numerous multi-macro pores which greatly lessen compaction density and result in the low areal/volume energy and power density. To overcome these problems, it is a promising direction to further improve the energy performance of SCs by combining preferable 3D networks with various pseudocapacitive materials to maximize the available specific surface area and realize the whole improvement of electrochemical performance.
SUMMARY AND OUTLOOK
In summary, we conclude the recent progress of porous carbon with different microscopic dimensions in CSs. Hierarchical porous carbon materials of different dimensions have various and unique properties, which enables them promising electrodes. As just noted in this mini review, 1D carbon structures have shorter incessant ion/electron transport routes, which is conducive to high rate capacities of CSs. Since the specific surface area of electrode greatly affects the electrochemical capacitance of energy storage device, investigations for improving the free diffusion of ions across the entire electrode and the surface reachability for the electrolyte are of great importance. The merits of 1D-carbon materials can be further amplified when using 2D graphene or carbon nanosheets as electrodes. With the increase of spatiality, the carbon facets having numerous effective electroactive sites are exposed to a large extent in the electrolyte solution, which can greatly promote overall performances of SCs. Thus, 3D-carbonous materials with interpenetrating microstructures have become one of the most promising candidate electrodes for the applications of high-performance CSs. Although many progresses have been made in recent years in the preparation of hierarchical porous carbon with different pore size distributions, dimensions, and surface properties for high-performance CSs, there are still some problems to be solved in the future:
1) Although SCs have the advantages of fast charging and discharging process and long circular life, they are still restrained by relatively low electrochemical capacitance, incomplete accessibility of active sites, and narrow operating voltage (the potential windows of the whole devices mentioned in this mini review (EDLCs and PCs) are all less than 2 V), significantly affecting the improvement of energy density and power density. In order to obtain high energy/power density, the design of novel electrode of carbon matrix composite material is an important direction for the development of SCs in the future. For example, carbon networks are combined with pseudocapacitive material to expand the working voltage, so as to further improve the capacitance of SC device. For pseudocapacitive materials, especially transition metal chalcogenides (TMCs), poor electrical conductivity and large charge transfer resistance caused by structure pulverization during cycling are the main factors limiting material properties. Therefore, the rational design of 1/2/3-dimensional carbon materials and TMCs as composite nanostructures to enhance electrochemical kinetics and decrease charge transfer resistance has great challenges. Porous carbon with a suitable pore size distribution could improve the contact between the active substance and electrolyte and reduce the ion transport length (“Different dimensions of porous carbon-based electrode materials for SCs” section). Also, the introduction of conductive polymer can improve the conductivity of TMC electrode and prevent TMC structure damage and dissolution in electrolyte.
2) Flexible carbon-based SCs are an important demand in the market expansion of electronic products. Developing common and effective fabrication strategies to weave them at an appropriate scale remains a challenge. Different dimensions of functionalized carbon can be combined to construct electrode materials for SCs with full use of each building block. These combinations could result in composite performance better than the individual components. In addition, flexible packaging improvements are also significant for the success of desirable flexible energy storage systems. A thinner, watertight/airtight, flexible package that protects electrolytes from bleeding will help improve their overall volumetric energy density and enable them more compatible. For instance, polydimethylsiloxane-based sealing plastics or other stretchable elastomers can greatly satisfy the requirements of mechanical properties. As for flexible electrodes based on biomass, textiles, polymers etc., they can be prepared by printing technology, chemical vapor deposition, electrostatic spinning technology, electrochemical deposition, and other methods. Flexible, stretchable electrodes are usually prepared by coating the electrode materials on stretchable matrix or embedding them in stretchable matrix. However, under strain, the electrochemical performance of flexible devices is often greatly affected and it is difficult to maintain stable cycling. Therefore, how to ensure the electrochemical achievement of flexible devices under limiting strain is still a challenge.
3) The industrial production of new electrode materials still faces some challenges. i) High specific surface area is the main characteristic that affects the capacitance of SCs. With high loading in commercial production, ultra-high specific surface area will inevitably lead to a significant decrease in volume/area energy density. Therefore, how to balance specific surface area and compaction density is a difficult problem. ii) Another factor restricting the industrialization development of novel materials for SCs is energy consumption and the high economic cost caused by the carbonization and activation process of electrode materials. Thus, it is critical to develop new simplified procedures. iii) Blade coating is the most widely used electrode slurry deposition process in large-scale production. However, it is hard to obtain ultra-thin electrodes with special patterns. Technologies currently under development, such as 3D printing and inkjet printing, are desirable options for implementing such electrodes.
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