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Supercapacitors (SCs) have been widely investigated in the realm of energy resulting from their superior long lifespan and remarkable power density. However, their practical usage is limited because of the high effective resistance and relatively low energy density. Electrode material is crucial for determining the performance of SCs, so the innovation and development of advanced electrode materials is particularly important. Metal-organic frameworks (MOFs) and carbonaceous materials, including MOF-derived carbons and carbon nanotubes (CNTs), are befitting as electrode active materials for SCs on the strength of the unique features of high porosity, tunable structures, and easy formation of composites with other compounds. Hence, great efforts were devoted on the synthesis strategies and structural modifications of electrodes to enhance the performance of SCs. In this review, the recent innovations in the realm of SCs, including the application of pristine and derivatives of MOFs as SC electrode materials, were extensively studied. Furthermore, the functions and electrochemical performance of various MOFs and their derivatives (e.g., MOF-derived carbons) were analyzed accordingly. Lastly, the innovations and application of CNTs as SC electrode active materials are systematically summarized. This review highlights the electrochemical performance of some advanced MOF- and carbon-based materials, and the critical factors for SC electrode active materials to achieve excellent electrochemical performance in the application of energy storage systems.
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INTRODUCTION
With the rapid growth in the world population, and the fast development of science and technology, conventional energy sources (such as fossil fuels) are consumed rapidly, resulting in energy crisis and serious global warming. As a consequence, a lot of policies and laws have been introduced to reduce the emission of carbon dioxide (CO2), the main contributor to the greenhouse effect. These changes have urged researchers to seek for renewable energy resources. Renewable energies, especially solar, wind, ocean, and geothermal energy, have been developed rapidly in the past two decades. However, the main limitation of these renewable technologies is their inconsistent power output (Xiao et al., 2011). Therefore, this calls for reliable and efficient electrochemical energy storage systems (ESSs) for practical applications. Currently, batteries and SCs are the two main electrochemical energy storage devices. Though batteries with outstanding energy density have dominated the ESSs for decades, they are limited by the inferior rate capability due to the slow redox process and sluggish charge transport (Zheng et al., 2014; Kiani et al., 2015). It is hard to satisfy the energy requirements for sensing devices (Dalstein et al., 2016; Chocarro-Ruiz et al., 2018; Ko et al., 2018; Sezginel et al., 2018), light-emitting diode (Jayananda et al., 2018; Jayananda et al., 2020), digital cameras (Dalstein et al., 2016), regenerative braking system (Jin et al., 2015; Partridge and Abouelamaimen, 2019), and electrical vehicles (Jin et al., 2015). SCs are emerging as crucial ESSs since they can provide high power density and have long lifecycle as well as the capability of re-energizing in seconds (Kim et al., 2015; Wang et al., 2016; Gautham Prasad et al., 2019). Figure 1 shows a schematic illustration of the configuration for SCs.
[image: Figure 1]FIGURE 1 | A schematic showing a structure supercapacitor containing cell cases, current collectors, active materials, separator, and electrolyte.
In general, there are three different types of SCs based on interfacial physics and chemistry, namely, electrical double-layer capacitors (EDLCs) (Pavaskar et al., 2018; Gautham Prasad G et al., 2019), pseudocapacitors (Costentin et al., 2017), and hybrid capacitors (HCs) (El-Kady et al., 2015) as illustrated in Figure 2. EDLCs store charge through formation of static electrical double layer (known as Helmholtz double-layer) with a high diffusion rate, which enables them to exhibit high power density and excellent cyclability. Nonetheless, they are always characterized with much lower energy densities compared to the other two (Zeng et al., 2019). Unlike EDLCs, the working principle of pseudocapacitors involves reversible Faradic redox reactions, which lead to a higher capacitive capability (Jiang and Liu, 2019). Most of the pseudocapacitors, however, have low cyclic stability and power density (Salunkhe et al., 2017). HCs, formed by combining EDLCs and pseudocapacitors, are found to possess higher energy density and longer lifespan. Commonly, carbon-based active materials like CNTs, activated carbon (AC), graphene, and carbon black with large surface areas are suitable for EDLCs (Rakhi et al., 2012; Jiang et al., 2013; El-Kady et al., 2015; Xia et al., 2017), whereas conducting polymers (Boota and Gogotsi, 2019), transition metal oxides (TMOs) (Zheng et al., 2017), and hydroxides (Salunkhe et al., 2017) are mainly utilized for pseudocapacitors. Thus, it is necessary to explore advanced electrode active materials with high accessible surface areas and enhanced electrochemical performance.
[image: Figure 2]FIGURE 2 | The characteristics of conventional supercapacitors (SCs) like electrical double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors (HCs).
Metal-organic frameworks (MOFs) (Chen et al., 2018; Javanbakht et al., 2019), also quoted as coordination polymers, are constituted of porous crystalline materials and have attracted enormous attention for a variety of applications in drug delivery (Javanbakht et al., 2019), catalyst (Nadar and Rathod, 2018), gas storage and separations (Li et al., 2014; Kang et al., 2017; Chen et al., 2018), as well as sensors (Chocarro-Ruiz et al., 2018; Ko et al., 2018). Recently, they have been reported as electrode active materials with great promise for ESSs, especially for SCs. This is attributed to the ultra-large surface areas (∼10,000 m2 g−1), tunable pore sizes, various structures, and diverse functionalities (Schoenecker et al., 2012; Senkovska and Kaskel, 2014; Genesio et al., 2018; Ding et al., 2019). More significantly, MOFs are a type of bifunctional materials, which can be directly applied as both electrode active materials and templates to synthesize various nanostructures for electrochemical applications. Favorable products with desired structures could be generated through tuning the synthesis methods of MOFs. Taking pristine MOFs for example, the performance is determined by its physical properties such as the conductivity, particle size, specific surface area, as well as the distribution of internal pore size (Xia et al., 2015). Notably, during the electrochemical process, it has a preferable ionic transportation for loosely packed MOFs.
Besides these fascinating features of MOFs, electrical conductivity has been one of the most crucial challenges for their wide applications as most MOFs have been characterized by low electrical conductivity (10−8–10−6 S m−1) or even insulators (<10−8 S m−1). Hence, great efforts have been made to explore highly conductive MOF nanomaterials for further applications. Generally, the conductivity is limited by charge carriers; the higher charge mobility of the charge carriers, the higher electrical conductivity of MOFs. To date, several approaches have been developed to enhance the conductivity of porous MOFs, namely, formation of composite and post-synthetic modification (Sengupta et al., 2016; Meng et al., 2019). The electron mobility of MOFs could be improved by careful and precise selection of metal clusters and organic linkers, in which the constructed architecture could exhibit long-range charge delocalization through resonance or Π–Π stacking (Sun et al., 2013; Sun et al., 2015; Clough et al., 2017; Sun et al., 2017). Another potential and versatile approach is guest doping through either introducing guest molecules or other nanomaterials with excellent conductivity (Allendorf et al., 2015; Lin et al., 2018; Xie et al., 2020).
To date, more than 20,000 types of MOFs (Furukawa et al., 2013) have been explored in various fields, and the numbers are ever increasing. However, there are three main issues associated with MOFs that need to be addressed for effective applications as electrode active materials in SCs: (1) low stability (thermal, mechanical, chemical, and water stability), (2) poor conductivity, and (3) inferior specific energy density. In terms of the stability, it could be solved through creating hydrophobic interface (Yang et al., 2011). Due to the environmental concerns, the electrolytes for most SCs are water-based. As the electroactive materials are immersed in the electrolyte, substitution reactions might occur and result in the dissociation of MOFs, in which the water molecules or hydroxide would replace metal-coordinated ligands. Therefore, strengthening the coordination bonds between organic linkers and secondary building units (Yang et al., 2019) is another possible option. In addition, water stability of MOFs could be improved by modifying the surfaces of MOFs and their derivatives (Yang and Park, 2012; Shih et al., 2017). Furthermore, it is challenging to fabricate high acid/base stabilized MOFs as serious degradation on the pristine structure of MOFs might be encountered under the strong acidic or alkaline conditions. According to hard and soft (Lewis) acids/bases principles, hard acids/bases have a tendency to combine with hard bases/acids (h-h), while soft acids/bases prefer to bind to soft bases/acids (s-s) instead. The orbital and charge interactions are much stronger than that of either hard Lewis acids to soft bases or hard Lewis bases to soft acids (h-s). At the same time, the molecules are going to restrict the change of pH in a buffer solution when an acid/base is added. In this case, it is hence imperative to establish a proper strategy for enhancing the stability of MOFs in acidic/alkalescent solutions as they are composed of both acidic and alkaline functional groups (Gong et al., 2016; Yang et al., 2017; He et al., 2018).
In addition, MOF-derived carbon is another attraction in the field of ESSs by reason of the high porosity, conductivity, and stability. In general, carbon is one of the earliest and most used SC electrode active materials because of the natural abundance and low cost. Meanwhile, it possesses the advantages of excellent controllability, large surface area, and chemical stability; it hence becomes an ideal choice for ESSs. Recently, the emergence of CNTs (Cao et al., 2019a; Zhou Q. et al., 2019; Li and Xu, 2019) has provided new opportunities in electrochemical energy storage, as they exhibit excellent electrical conductivity (Herren et al., 2019; Kong et al., 2019), high specific surface areas (Kim et al., 2013; Yao et al., 2015), and tunable architectures (Wang et al., 2017c; Qin R. et al., 2019). The potential and application prospects of CNTs as electrode active materials for SCs hence have been studied intensively in recent years.
Over the past two decades, various methods have been adopted for applying porous MOFs and carbonaceous materials in electrochemical ESSs. In this review, the applications of MOF materials as SC electrode materials were discussed in two aspects: (1) the performance of pristine MOFs, which are employed directly as electrodes for SCs; and (2) the applications of nanoporous composites derived from MOFs (MOF-derived carbons). Moreover, the electrochemical performance of CNT nanocomposites as SC electrode active materials are reviewed comprehensively as well.
THE APPLICATION OF PRISTINE MOF NANOMATERIALS IN SCS
To date, there are plenty of MOF-based materials that have been developed and employed in miscellaneous fields. For instance, they can be utilized for gas separation and adsorption, photocatalysts, drug delivery, etc. (Campagnol et al., 2014; Stassen et al., 2015; Denny et al., 2018; Javanbakht et al., 2019; Liu et al., 2021a). Nonetheless, although MOFs composed of high-valence transition metal ions are viewed to exhibit high stability (Cavka et al., 2008; Li et al., 2016) and superior electrochemical performance (Yan et al., 2016; Wang et al., 2018), only limited literatures have been reported on these unique features. In principle, the electrochemical performance of SCs is significantly influenced by the selection of electrode materials, in which the MOF-based materials are found to exhibit a number of intriguing capabilities such as high porosity, excellent electrical conductivity, and large Brunauer-Emmett-Teller (BET) specific surface area. Besides, the selection of metal cations and organic ligands are also significant as the different connections between metal ions and organic linkers could lead to the formation of different porous architectures (as illustrated in Figure 3). Herein, the electrochemical performances of these nanocomposites are summarized in terms of (1) pristine MOFs that are exploited directly after being synthesized through various approaches, and (2) pyrolysis of MOFs to carbon nanomaterials with favorable intrinsic properties such as good conductivity and high stability (Bao et al., 2016; Huang et al., 2019; Yang et al., 2020).
[image: Figure 3]FIGURE 3 | MOFs with various skeleton structures fabricated utilizing different metal ions and organic linkers.
The Electrochemical Performance of Pristine MOFs
High-valence metal ions such as Zr4+, Cr3+, and Fe3+ are usually viewed as favorable cations to form stable coordination bonds among the resulting MOF materials since they possess high coordination numbers and charge densities (Liu L. et al., 2018; Sundriyal et al., 2018; Wang et al., 2020b). There are a number of studies that have been conducted on low valence-based MOFs, such as Mn2+, Cu2+, Zn2+, Co2+, and Ni2+ (Kannangara et al., 2019; Sundriyal et al., 2019; Wang et al., 2020c; Ma et al., 2021a). Nonetheless, majority of pristine MOF materials are found to exhibit low electrical conductivity and unstable structures during the long-term charging and discharging cycling. Figure 4 indicates a comprehensive development timeline of the synthesis methods developed for the synthesis of MOFs in the past two decades (Olajire, 2018). In this review, the electrochemical performances of some prominent examples in the latest few years are systematically summarized, the critical characteristics for MOFs to achieve remarkable electrochemical properties are discussed as well.
[image: Figure 4]FIGURE 4 | Timeline of the synthesis methods developed for the synthesis of MOFs in the past two decades. Adapted with permission from (Olajire, 2018). Copyright 2018, Elsevier.
UiO-66, a Zr-based MOF, has been studied recently as an electrode material for electrochemical capacitors, owing to its unique stability feature in aqueous environment (Liu X. et al., 2015; Lv et al., 2019; Shi et al., 2020). Nonetheless, the potential of the Zr-based MOFs as effective electrode material is greatly hampered by its low electrical conductivity and microporous structure with limited ion mobility (Goswami et al., 2018; Ray et al., 2021). Hence, to tackle these shortcomings, the UiO-66 nanomaterial with a hierarchical porous architecture was prepared through a solvothermal method at atmospheric pressure (Figure 5). (Gao et al., 2017) A calculated electrochemical capacitance at 0.2 A g−1 was 849 F g−1 in 6 M KOH, significantly higher than the bare UiO-66 material (101.5 F g−1) with microporous structure. This clearly indicated that the hierarchical porous structure was befitting to greatly improve the electrochemical performance of UiO-66. The unique architecture was not only able to enlarge the specific surface area and volume, and it has also shortened the ionic migration distance and decreased the diffusion resistance in-between the KOH and reactive sites of the electrode materials. As a result, the hierarchical porous structure is essential to ensure unimpeded channels for charge transfer process to take place and speed up the redox process.
[image: Figure 5]FIGURE 5 | Schematic illustration of the synthesis of UiO-66. Reprinted with permission from Gao et al. (2017). Copyright 2017, American Chemical Society.
Another similar study was conducted by Tan et al. (2015) with improved properties, while Zr-MOFs were synthesized without the addition of Zn(NO3)2. It delivered an electrochemical capacitance of 1,144 F g−1 at 5 mV s−1, which was considerably higher than that of UiO-66 (Gao et al., 2017). This was ascribed to two main reasons. Firstly, the homogeneous Zr-MOFs with small particle sizes of 100 nm could be beneficial to enhance the BET surface area, which was 1,047 m2 g−1. Such high surface area could efficiently store a large number of charges and eventually improved the capacitive performance. Secondly, the 3D structure of Zr-MOFs could reduce the diffusion resistance of the electrolyte and provide smooth channels for ion transport, since the recorded internal resistance (Rs) was only 0.42 Ω. More importantly, at 10 mV s−1 after 2,000 cycles in alkaline environment, it could maintain 57.2% of its starting capacitance, suggesting the high stability of the electrode active materials.
Besides, MOFs with low-valence cations are found to possess excellent capacitive capability and cyclability as well. For example, cobalt and nickel offer abundant redox-active sites and are readily to be employed for developing MOFs with good electrochemical performance. Cobalt-based coordination polymer with outstanding performance was synthesized through a facile synthesis route (Yang et al., 2017). An excellent electrochemical capacitance of 2,564 F g−1 at a current density of 1 A g−1 in 5 M KOH was recorded, and it could still achieve a capacitance of 1,164 F g−1 when the rate was enlarged to 20 A g−1, revealing the outstanding rate performance of the Co-MOF materials. There were three rationalizations that led to the electrochemical performance improvement. First and foremost, the existence of a large number of thin nanosheets has contributed to significant surface area enhancement. The large surface area was not only feasible to offer sufficient contact between electrode active materials and electrolyte; it had also shortened the migration distance of OH−. Besides, the as-synthesized Co-MOFs with a high conductivity of 3.75 × 10−3 S cm−1 could speed up the charge transfer in the interface between electrolyte and electrode, and eventually enhanced the specific capacitance. Furthermore, the large volume between interlayers, which were formed on the bc plane through the interaction of Co-O-Co chain and the double chains of CoO6, were capable to store electrolytes and improve the intercalation and de-intercalation efficiency of OH−. In addition, it exhibited a desired cycling stability where a maximum capacitance retention of 95.8% was obtained after 3,000 continuous charging and discharging cycles at 2 A g−1. The extraordinary cycling stability could be attributed to the unique layered structure with conductive network frames, in which the existence of terephthalate groups between the layers could serve as supportive pillars to avoid the collapse of the architecture.
Nickel-based MOFs have been widely explored as they are viewed to exhibit high electrolyte compatibility, excellent electrochemical performance and ultrahigh conductivity [up to 800 S m−1 (Dou et al., 2017)]. For instance, Nguyen and co-workers developed ultrathin 2D Ni3(2,3,6,7,10,11-hexaaminotriphenelene)2 {Ni3(HITP)2} via electrophoretic deposition (EPD) (Nguyen et al., 2019). The relevant synthesis process and electrochemical properties are illustrated in Figure 6A. At a scan rate of 0.1 mA cm−2 in 0.5 M Na2SO4, the areal capacitance of the as-obtained MOF material was 15.69 F cm−2. The superior capacitive performance was ascribed to the 3D porous Ni3(HITP)2 with micrometer-large pores (Figures 6B,C), in which the large pore sizes could offer enough interspace to store electrolyte and boost ion transport. Moreover, the electrode active material has shown an excellent capacitive behavior with high electrical conductivity, since the cyclic voltammetry (CV) curve with a closely quasi-rectangular shape was sustained at a very high rate of 4,000 mV s−1. More crucially, the structure of the active material was ultra-stable; approximately 84.14% of the starting capacitance was maintained over 100,000 charging and discharging cycles (Figures 6D,F) at a low rate of 1 mA cm−2. This was caused by the layer-by-layer nanosheets and the electrical double-layer capacitive behavior. Meanwhile, a low Rs of 1.47 Ω was recorded (Figure 6E), which might be elucidated by two factors: (1) the layer-by-layer nanosheets of Ni3(HITP)2 without any addition of binder, and (2) nanopores on the structure shortened electrolyte diffusion distance. This was among the most superior cycle life that has been reported on MOF-based SCs.
[image: Figure 6]FIGURE 6 | (A) The schematic illustration of synthesis Ni3(HITP)2 and the EPD process for synthesizing Ni3(HITP)2 SC electrodes, the SEM images of Ni3(HITP)2 film which was formed through EPD on Ni foam (10 µm) in (B) before cycling and (C) after 100,000 cycles. (D) The CVs after different cycles at a scan rate of 600 mV s−1. (E) Nyquist plot and (F) cycling stability until 100,000 cycles at 1 mA cm−2 of Ni3(HITP)2. Reproduced with permission from Nguyen et al. (2019). Copyright 2019, Elsevier.
It is also possible to employ Ni-MOFs as all-solid-state SCs since wearable device is another attraction in the application of electrochemical ESSs. Generally, all-solid-state SCs exhibit a relatively lower capacitive performance and cyclic stability due to the utilization of limited electrolyte as compared to normal SCs (Cheng et al., 2019). Recently, a layered nanosheet Ni-MOF was developed and utilized for flexible solid-state SC (Yang et al., 2020). The electrode material has shown a high electrochemical capacitance of 1,518.8 F g−1 at 1 A g−1, and a good rate performance of 483.3 F g−1 at a current density of 20 A g−1. Meanwhile, an outstanding capacitance retention of 95.5% over 10,000 cycles at 20 A g−1 was reported. These ultra-high electrochemical performances could result from the following factors: (1) The stable structure of Ni-MOFs in alkaline environment. (2) The large space offered between layers was beneficial to store electrolyte and enhance the facile intercalation and de-intercalation of OH−. (3) Unit cells were formed along the bc plane, essential in improving the transport of electron and diffusion of electrolyte. The electrochemical performance of some pristine MOFs commonly employed as SC electrode materials is illustrated in Table 1.
TABLE 1 | The summary of the electrochemical performance of pristine MOFs materials utilized as SCs electrode materials.
[image: Table 1]As a summary, the architectures of the synthesized MOFs have a crucial role to play in the electrochemical-related properties; it is hence necessary to understand the interactions between the active materials and electrolyte. Meanwhile, the other factors, including morphology, pore size, and porous structure, also need to be taken into consideration when selecting a core electrode material for SCs. These factors could substantially influence the diffusion rate of electrolyte and therefore affect the lifespan of the device.
The Electrochemical Performance of MOF-Derived Carbon Nanocomposites
Apart from the direct utilization of pristine MOFs, MOF materials have been employed as precursors to derive various carbon compounds. In recent years, carbonaceous materials, developed through direct carbonization from organic materials, have been widely investigated as electrochemical energy storage units, like fuel cells (You and Kamarudin, 2017), batteries (Yi-Ju et al., 2019), and SCs (Chang et al., 2017) due to their nontoxicity and excellent electrical conductivity. However, their potential applications are greatly limited by the low surface areas, non-uniform particle sizes, and chaotic structures (Wang C. et al., 2017). Therefore, to tackle these shortcomings, MOF-derived carbon nanocomposites with nanoporous architectures and ultra-large ionic accessible surface areas have been synthesized (Cao et al., 2017). Micro- and mesoporous carbonaceous materials such as graphene, AC, and CNTs have a significant role to play in SCs, since the large interspace offered is befitting to store enough electrolyte and shorten the diffusion path for ionic transportation (Bonaccorso et al., 2015). Besides, the in situ heteroatoms doping (such as P, F B, N, and S) in the prepared carbonaceous nanocomposites could be facilely achieved by selecting suitable MOF precursors, while the electrical conductivity, cyclability, and capacitive performance can be enhanced by the introduction of heteroatoms into highly nanoporous carbons (NPCs) due to the synergistic effect (Dai et al., 2018b; Gao et al., 2018; Ma et al., 2018; Kim et al., 2019). As MOF materials have a wide range of applications owing to their unique structures, MOF-derived carbons have also expanded their potential applications in SCs.
NPCs can be obtained from MOFs through a simple heat treatment, and these active materials often exhibit micro/mesoporous architectures and large specific surface areas, which are crucial characteristics to optimize the electrochemical performance for SCs. Thus, the as-derived carbon materials could have good electrochemical performance. NPC with interconnected hierarchical meso- and micro-porous architecture was synthesized by Chang’s team (Chang et al., 2017). The obtained capacitive performance was 425 F g−1 when the current density was 2 A g−1 in 1 M H2SO4, which was almost twice of MOF-derived TMOs (Liu Q. et al., 2015; Wang et al., 2017b). The capacitance was recorded as 244 F g−1 (57.4%) when the current density was increased up to 10 A g−1, which clearly indicated the good rate capability of MOF-525-derived NPC. The high capacitance could be caused by the pseudo-capacitance of functional groups and unique structure. Firstly, oxygen-containing groups, forming during the process of pyrolysis, were not only beneficial to generate pseudo-capacitance, but also enhanced the wettability of active materials. Nitrogen-containing functional groups could be responsible for the redox pseudo-capacitance due to the existence of pyridinic and pyrrolic groups. Secondly, the hierarchical micro- and meso-porous architecture with a large number of sp2 bonded carbon accelerated the diffusion of ions and eventually enhanced the capacitive performance. Lastly, it provided a large specific surface area of 786 m2 g−1, which provided sufficient electroactive sites for charge transport and interactions.
NPC could also be obtained from Zn-MOF at 800°C, and the performance was tested under the same condition, while it was mixed with 20% PVDF in N-methyl-2-pyrrolidone (NMP) as binder (Salunkhe et al., 2014). As the obtained material was fabricated into electrode for SCs, it delivered an electrochemical capacitance of 251 F g−1 at a scan rate of 5 mV s−1. Meanwhile, there was a capacitance retention of approximately 50% as a high rate of 1,000 mV s−1 was employed, which evidently revealed the excellent transport and conductive properties of the electrode. This was mainly ascribed to the high content of nitrogen (15%) and ultra-large BET specific surface area of 1,523 m2 g−1, because of the special microporous architecture, in which NPC exhibited uniform and symmetric geometry with polyhedral morphology. Additionally, it could maintain 92% of its original capacitive performance after 2,000 charging/discharging cycles at 7.5 A g−1, indicating a relatively great cyclic stability.
The electrochemical property of MOF-derived carbon can be further improved by the addition of heteroatoms that are derived from organic ligands. These heteroatoms are able to strengthen the interactions between ions and surfaces, which is beneficial to stabilize the porous structures. For instance, NC900, nanoporous nitrogen-doped carbon, was developed by heating its precursor, Cd-MOF {Cd(NIPA) (CH3CH2OH)3, NIPA: 5-nitroisophthalic acid}, at 900°C (Wang Y. et al., 2020). The as-obtained electrode possessed a specific capacitance of 367 F g−1 at 1 A g−1 and an efficiency of 95% was retained after 3,000 cycles in a three-electrode system, suggesting the nanoporous structure exhibited an excellent stability. Meanwhile, low Rs of 0.43 Ω and charge transfer resistance (Rct) of 4.57 Ω were recorded in the same study. The enhanced electrochemical performance was attributed to a nanostructure with an average pore size of 800 nm, which effectively improved the diffusion rate of electrolyte and offered higher number of active sites. In addition, when NC900 was employed to assemble an SC cell, it possessed a specific capacitance of 46 F g−1 at 0.5 A g−1 within a potential window of 1.6 V, while the energy and power densities were recorded as 6.3 Wh kg−1 and 246.9 W kg−1, respectively. After charging and discharging 1,000 cycles at 0.5 A g−1, a high retention of 96% was obtained.
In another study, waffle-like nanoporous carbons (WNPC) were synthesized (Figure 7) with high contents of nitrogen (7.5 wt%) and oxygen (9.1 wt%) and the electrochemical property of this material was tested in a three-electrode configuration using 1 M H2SO4 (Wu et al., 2020). During the electrochemical test, the CV curves of WNPC delivered a pair of redox peaks, which might arise from the pseudo-capacitance of doped oxygen and nitrogen molecules. In the meantime, the electrode presented a capacitance of 300.7 F g−1 at 1 A g−1 and retained 72% of its initial capacitance at a current density of 20 A g−1, which was higher than that of NPC, suggesting the fast electrode kinetics. Moreover, the efficiency loss was only 13% after charging and discharging for 10,000 cycles at 4 A g−1 within an operating voltage window of 0–1 V (vs. Ag/AgCl), indicating the excellent cyclic stability. Such outstanding performance was ascribed to the existence of micro- and mesopores, in which the mesopores were able to accelerate ionic diffusion, while micropores offered a large BET surface area of 594 m2 g−1. As WNPC was fabricated into SC electrode in 1 M organic electrolyte (TEABF4), the working potential was changed to 1.5–2.5 V in a two-electrode system. It was found that this device possessed an energy density and power density of 27 Wh kg−1 and 500 W kg−1 at 0.5 A g−1. Even though the current density was increased up to 4 A g−1, it was capable of maintaining a high energy and power density of 19.7 Wh kg−1 and 4,000 W kg−1, respectively. Furthermore, the excellent capacitance retention was just 2% lower than that in aqueous electrolyte over the identical current density, showing the favorable stability of WNPC.
[image: Figure 7]FIGURE 7 | A schematic illustration of the fabrication of sandwiched-like MOFs via in situ growth and the WNPC (Wu et al., 2020). Copyright © 2020 Wu, Chang, Chou, Huang, Liu and Peng.
Additionally, the stability of carbon derived from MOF materials for SC electrodes can be further enhanced through precise control of the structural pore size. For example, Liu and co-workers (Liu et al., 2021c) have synthesized ultra-microporous carbon nanoparticles from UiO-67 at a slightly low carbonizing temperature (750°C). The as-derived carbon was characterized with a pore size of 0.53 nm and a BET-specific surface area of 843 m2 g−1. Meanwhile, the recorded specific electrochemical capacitance of 256 F g−1 at 1 A g−1 in 6 M KOH was obtained, and the as-fabricated electrode could retain 91% of its starting value after 10,000 charging/discharging cycles at 2 A g−1. Hierarchically ultra-micropore and packing mesopore structure, which might lead to fast ion transfer and reduction of diffusion path, was the most dominant characteristic that is able to ameliorate the capacitive performances of the electrode.
Through rational designs, 3D hybrid-hierarchical porous carbon with high ionic accessible surface area and long-term cyclic stability was obtained from zeolitic imidazolate framework (ZIF)-8 (Bao et al., 2016). The derived hybrid-porous carbon displayed a high BET-specific surface area of 1,056.8 m2 g−1 and a pore volume of 0.693 cm3 g−1, resulting from both interconnected micro- and mesopore structures. Meanwhile, the electrochemical behavior was tested in a three-electrode configuration in 6 M KOH electrolyte solution. The acquired specific capacitance was 215 F g−1 at 5 A g−1 for this electrode. Most notably, this value was found to maintain at 100% even after 10,000 cycles under the same current density. The extraordinary stability was attributed to the micropore structures that able to facilitate the short distance between the surface of electrode and center of ions and hence boosted both charge and electrolyte transfer effectively. Simultaneously, macropore structures also offered an alternative channel for electrolyte ions to access the double-layer capacitive carbon materials, improving the electrode kinetics and the rate of electrochemical reactions.
It is also possible to employ MOF-derived carbon for flexible SCs. For example, N-doped carbon nanostructures with a specific surface area of 905 m2 g−1 were developed (Figure 8) by Tang et al. (2018). The large surface area was attributed to the co-existence of meso- and micropores. The acquired electrochemical capacitance was 244 F g−1 at 0.67 A g−1 and 139 F g−1 (56.97%) at an ultra-high current of 134 A g−1 within 0–1 V (vs. Hg/Hg2SO4). Additionally, the capacitance retention was as high as 98.5% over 10,000 charging and discharging cycles at a current density of 20 mA cm−2, suggesting the preferable electrochemical cyclic stability of N-doped MOF-derived carbon. The excellent capacitive performances were ascribed to three factors: (1) The binder-free carbon electrode reduced the interfacial resistance. (2) Micropores could provide large surface area and mesopores facilitated low-resistant ion transport channels for electrolyte. (3) The doped nitrogen atoms not only speeded up the kinetics of ion diffusion and transport of charges, but also enhanced the wettability and conductivity of the as-developed carbon materials.
[image: Figure 8]FIGURE 8 | The formation process of MOF-derived N-doped carbon nanomaterials (including its precursors, treatment conditions and the introduction of nitrogen), which shown outstanding rate performance and cycling stability. Such illustration would provide reader a clear guideline on how to design MOF-derived carbons as high-performance supercapacitor electrode materials.
Apart from symmetrical SCs, HCs with improved energy density without fading their power density have been widely explored. Through an “all in one” strategy, both NPCs and bimetallic oxides (ZnCo2O4) were obtained from the same precursor (He et al., 2020). The as-synthesized samples were analyzed in terms of pore size distributions. In the adsorption isotherm analysis, both NPC and TMO (ZnCo2O4) exhibited hierarchical porous architectures with macro-, meso-, and micropores. Hence, the BET surface areas of NPC and ZnCo2O4 were recorded at 1,137 and 440 m2 g−1, respectively, confirming that TMOs and NPC with a nanoporous structure could be obtained from the single precursor MOF. Meanwhile, ZnCo2O4 and NPC were recorded with a high capacitive performance of 420 F g−1 and 270 F g−1, respectively. The enhanced electrochemical properties could be ascribed to the hierarchically porous architectures where micropores were employed to accumulate ions while mesopore structures could improve the transfer of the ions. When HC (NPC//ZnCo2O4) was assembled by employing binary TMOs as cathode and NPC as anode, it delivered a maximum energy density of 28.6 Wh kg−1 at 100 W kg−1 within a broad electrochemical potential window of 0–1.45 V (vs. Hg/HgO) in 6 M KOH. An energy density of 18 Wh kg−1 was achieved when the power density was increased up to 2.5 kW kg−1. As shown in Figure 9, a low Rs of 1.12 Ω was obtained, which was lower than that obtained from both NPC and TMOs-based SCs.
[image: Figure 9]FIGURE 9 | Nyquist plots of three SCs fabricated based on TMOs and NPC derived from MOFs (the upper inset is the plots in the high-frequency region and the lower one is the equivalent circuit) (He et al., 2020). Copyright © 2020 He, Gao, Yao, Wu, Zhang, Huang, and Wang.
The electrochemical properties of some MOF-derived carbons utilized as SC electrode materials are summarized in Table 2. The recent trends in utilizing MOFs as precursors to derive highly porous carbonaceous materials evidently prove that it is one of the most effective strategies to achieve tremendous electrochemical performance. Also, it is obvious that the pore size distribution on carbon-based nanomaterials is one of the dominant factors to maneuver the electrochemical performance of energy storage devices. Therefore, to reach outstanding performance, MOF-derived carbon materials should possess several important characteristics. First, to store more charges in the interface between electrolyte and electrode, a high surface becomes significant. Second, to construct an efficient conductive network, these nanomaterials should exhibit excellent electrical conductivity. Third, to enhance its lifespan, an outstanding physiochemical property is crucial, coupled with high thermal and mechanical stability. Moreover, to enhance the energy density, heteroatom doping and/or combining with other pseudocapacitive materials are feasible. Most importantly, to facilitate the mass transport of charge carriers, a preferable range of pore size distribution is essentially critical for effective ion diffusion and storage during the electrochemical process.
TABLE 2 | The summary of the electrochemical performance of MOF-derived carbon nanomaterials as electrode active materials for SCs.
[image: Table 2]THE APPLICATION OF CARBON NANOTUBE NANOCOMPOSITES IN SCS
SCs with high power density (∼104 W kg−1) and ultralong cycle life (∼105) have become one of the most promising devices for ESSs. Nevertheless, most SCs are burdened by the low electrical conductivity and energy density. To handle these problems, great efforts have been devoted to fabricating new SC electrode materials with desired energy density as well as low cost. Carbonaceous materials, such as AC (Wang F. et al., 2020; Liu et al., 2020), graphene (Dai et al., 2018a; Manjakkal et al., 2018), carbon fibers (Ni et al., 2020; Yue et al., 2020; Li et al., 2021; Jiang et al., 2021), and CNTs (Wang et al., 2014; Zou et al., 2018; Cao et al., 2019b) with preferable conductivity and stability, have been widely investigated for SC electrodes. Among these carbon-based electrode active materials, CNTs with critical features like excellent electrical conductivity and controllable pore size are crucial for SCs. In addition, the electrochemical performance can be enhanced through introducing functional groups and heteroatoms on the surface of carbon-based nanomaterials (Qin T. et al., 2019; Wang et al., 2020d). This is because the integration of other nanomaterials is beneficial to significantly improve the conductivity as well as capacitive performance by reason of the synergistic effect.
The addition of CNTs not only is able to facilitate the electrical conductivity of SC electrodes but also improves the surface area and bring in carboxyl functional groups to enhance capacitive performance. For instance, CNT nanocomposites were loaded on AC to improve the electrochemical property of the as-developed electrodes (Huang et al., 2015). Particularly, a certain amount (0–20 wt%) of multi-walled CNTs (MWCNTs) was added into AC to fabricate SC electrode. The results indicated that the capacitive performance could be boosted as less than 10 wt% of MWCNTs was loaded, while no significant change was detected when the content of MWCNTs was more than 10 wt%. Most notably, the as-assembled SC exhibited an electrochemical capacitance of 102.5 F g−1 when 10 wt% of MWCNTs was used, which was approximately 15% higher than bare AC owing to the enhancement of surface area (Figure 10A). Unlike the capacitive performance, the conductivity, mechanical strength, and stability could be further improved when a large amount of MWCNTs was incorporated. Evidently, there was no decline of capacitance after 5,000 cycles at 500 mV s−1 in 4 M KOH (Figure 10B).
[image: Figure 10]FIGURE 10 | (A) The SEM images of (i) AC (96%); (ii) AC (94.04%) + CNTs (1.99%); (iii) AC (90%) + CNTs (6%); and (iv) AC (79.93%) + CNTs (16.03%). (B) The stability of as-synthesized electrode containing AC (90%) and CNTs (6%). Reprinted with permission from Huang et al. (2015). Copyright 2014, John Wiley and Sons.
Another similar study was conducted to investigate the impact on series resistance of AC coating with low loading of MWCNTs (Lei and Lekakou, 2013). It was found that the as-developed SC obtained a specific capacitance of 180 F g−1 at 10 mV s−1. Meanwhile, it could maintain 90% of its initial capacitance after 5,000 cycles when 0.15% MWCNTs were utilized. The amelioration of the electrochemical properties was principally accredited to the capability of the CNTs to reduce the electrical resistivity through shortening charge transfer path due to the residue of oxygen groups. Consequently, the incorporation of CNTs could enhance both the power density and energy density of the electrode. Moreover, the simultaneous addition of functional groups and heteroatoms was able to critically improve the power density. For instance, Wang and co-workers introduced hydroquinone (HQ) into aqueous electrolyte (1M H2SO4) and coated redox-active molecules on the surface of CNTs (Wang et al., 2014). As a result, the as-synthesized electrode (CNTs-T) possessed a superior electrochemical capacitance of 3,199 F g−1 in the modified electrolyte (1 M H2SO4 + 0.075 M HQ) as the scan rate was 5 mV s−1. Nonetheless, the retention efficiency was only 70% after 350 galvanostatic charge and discharge (GCD) cycles at 5 mV s−1.
Usually, hybrid carbonaceous nanomaterials with TMOs are promising electrode active materials to enhance the electrical conductivity and capacitive performance. ZnFe2O4-CNT (ZFO-CNT) nanocomposite electrode was synthesized through successive ionic layer adsorption and reaction method (Raut et al., 2018). It was found that ZFO-CNT electrode could deliver 217 mA h g−1 at 5 mV s−1 in 1 M KOH, and it could maintain 74.7% of the capacitance as the scan rate rose to 40 mV s−1. Such outstanding capacitive performance was the prominent outcome as a result of the highly contacted area and shortened charge transfer distance provided by ZFO nanoparticles. Meanwhile, the multiple oxidation states of these two metal ions (Zn and Fe) helped to enhance the electrochemical property. To further explore the electrochemical properties, a device containing ZFO-CNTs and polyvinyl alcohol-lithium chloride (PVA-LiCl) without separator was fabricated as well (Raut et al., 2018). This device provided a specific capacitance of 92.2 F g−1 at 0.35 A g−1. Additionally, approximately 72% of its starting capacitance was sustained over 2,000 cycles at the same current density. Furthermore, the as-synthesized device exhibited a relatively low resistance, in which the acquired Rs and Rct were 2.09 and 0.5 Ω, respectively. These results indicated that this unique synthesis approach could directly form an electrode without the application of any binder. More significantly, the synergy effect of the nanocomposite electrode could evidently result in superior charge storage performance.
In another similar study, TMOs with N-doped carbon-based nanomaterials with improved conductivity and higher structural stability were developed (Zou et al., 2018). Specifically, a core@shell architecture of Co-Co3O4 core nanoparticles in CNT-incorporated N-doped carbon (Co-Co3O4@CNT-NC) was fabricated through a simple pyrolysis method (Figure 11A). A promising specific capacitance of 851.4 F g−1 at 10 mV s−1 in 6 M KOH was reported for the core@shell electrode. In contrast, Co@CNT-NC and MF-C are only capable of providing a capacitive capability of 594.3 and 171.4 F g−1, respectively. It evidently implied that the combination of Co and Co3O4 could enhance the electrochemical performance due to the synergistic effect, as compared to the individual components. Meanwhile, the special architecture of tubular fibers and nanospheres was beneficial to improve the conductivity. In addition, multiple oxidation states of Co metal cations could enhance the capacitive performance. Furthermore, a low Rct of 0.2 Ω (as illustrated in Figure 11B) was recorded and the capacitance retention of 93.6% was achieved after 10,000 charging and discharging cycles at 1 A g−1, showing the favorable rapid charge and electrolyte transfer processes resulting from the unique structure.
[image: Figure 11]FIGURE 11 | (A) Schematic illustration of the synthesis of Co-Co3O4@CNT-NC and (B) EIS plots for various materials (upper inset is the equivalent circuit and the lower one is the impedance data in the high-frequency range). Adapted with permission from Zou et al. (2018). Copyright 2018, Elsevier.
The electrochemical performance of some CNTs applied as SC electrode materials studied in the literatures is outlined in Table 3. Overall, CNT as 1D carbonaceous nanomaterials have attracted great research attention for electrochemical ESSs in recent years, mainly due to the excellent physiochemical strength and great electrical conductivity characteristics. To further enhance the capacitive performance, pseudocapacitive active materials (like TMOs, conductive polymers) are utilized to mix with CNTs for enhancing the capacitive performance. Meanwhile, it is a possible route to improve the specific capacitance by a combination of high porous carbons and CNTs. It is reasonable as the inlay of CNTs in highly porous carbons is beneficial to construct porous architectures with better conductivity and stability, which could be helpful to enhance electrochemical performance. Furthermore, heteroatom doping is another efficient approach to achieve high electrode performance.
TABLE 3 | The electrochemical performance of carbon nanotube (CNT) nanocomposites as electrodes for SCs.
[image: Table 3]CONCLUSION AND FUTURE PERSPECTIVES
In summary, this review presents an overview of the development of high-performance MOF materials with micro- and mesoporous structures for the application of electrochemical ESSs, particularly for SCs in the recent decade. In addition, the application of the pristine MOFs materials and their derivatives, such as carbon materials derived from MOFs, have been presented. Even though it is obvious that MOF-based materials exhibit many positive aspects, including large surface areas, high porosity, and tunable sizes and structures, the application of MOFs in SC still faces a lot of challenges. For instance, most of the pristine MOFs are found to possess low conductivity and inferior cycling stability.
The performance of pristine MOFs and their derivatives (NPC) as electrode materials was discussed in detail. In general, majority of the pristine MOF materials possessed low conductivity, poor specific capacitance in aqueous-based electrolyte, and low operating voltage windows. Nonetheless, when TMOs and carbon derived from the MOF precursor are assembled into electrodes for HCs, significant enhancement in both electrochemical capacitance and cyclic stability are observed.
As illustrated by many previous studies, MOF materials with mesoporous (2–50 nm) structures displayed favorable performance in both specific capacitance and cyclic stability owing to the enhanced ionic transport and high accessible areas of the electroactive sites. It offers a promising route on the novel design of MOFs architectures for SCs, while most of the studies concentrate on low-valence-based MOFs; thus, it is necessary to explore the pristine MOFs with high-valence coordination such as Zr4+ and Cr3+ for SCs. As for nanocomposites derived from MOFs, an “all in one” strategy is an efficient approach to cope with low working voltage window and inferior performance issues. Most importantly, cyclic stability has become a main challenge for practical applications of MOF materials. Doping or co-doping of heteroatoms in MOF-derived NPC with excellent porosity is beneficial to facilitate the specific capacity and cyclic stability due to the synergistic effect.
Lastly, CNTs exhibit favorable features for ESSs, such as hollow structures formed by rolling single or multiple layers of graphene sheets, high mechanical strength, and excellent electrical conductivity. Furthermore, the integration of TMOs and conducting polymers with CNTs are found able to enhance the electrochemical performance tremendously, and it is hence able to exert the superiorities simultaneously. Therefore, composite materials with high performance and low cost can be synthesized for mass production. This also offers a promising alternative route for future application of CNTs in electrochemical storage development.
Though MOF materials exhibit numerous advantages and show tremendous potential in ESSs, there are still some persistent challenges that need to be tackled comprehensively. Therefore, in the future study, more investigations on MOF-based SC electrode materials should be explored to construct ideal energy storage devices. Firstly, the conductive mechanisms in MOF materials should be widely explored, particularly for high-dimensional MOFs (e.g., 3D). Meanwhile, the electrical conductivity of pristine MOFs can be enhanced by incorporating highly conductive nanocomposites due to synergistic effects. Secondly, most MOF nanocomposites cannot possess the properties of high energy density and power density simultaneously; it is hence crucial for researchers to systematically explore advanced characterization tools and electrochemical mechanisms. Additionally, studies on the electrochemical performance of MOFs with multi-metal ions and multi-organic ligands are still rare, and great efforts should be made on this aspect. Lastly, electrolytes have a significant role to play in the electrochemical performance. The electrochemical performances of most MOF nanomaterials are studied in aqueous and organic-based electrolytes and ionic electrolytes with distinctive electrochemical stability, and wide operating potential windows might able to offer realization on the development of a safe, durable, and sustainable SC system.
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