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Abstract

:

Lithium-ion capacitors (LiC) are promising hybrid devices bridging the gap between batteries and supercapacitors by offering simultaneous high specific power and specific energy. However, an indispensable critical component in LiC is the capacitive cathode for high power. Activated carbon (AC) is typically the cathode material due to its low cost, abundant raw material for production, sustainability, easily tunable properties, and scalability. However, compared to conventional battery-type cathodes, the low capacity of AC remains a limiting factor for improving the specific energy of LiC to match the battery counterparts. This review discusses recent approaches for achieving high-performance LiC, focusing on the AC cathode. The strategies are discussed with respect to active material property modifications, electrodes, electrolytes, and cell design techniques which have improved the AC’s capacity/capacitance, operating potential window, and electrochemical stability. Potential strategies and pathways for improved performance of the AC are pinpointed.
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1. Introduction


The global transition toward clean and sustainable energy sources has accelerated the electrification of modern-day technologies, particularly in automotive and uninterruptible power supply where fossil fuel energy sources have previously dominated. Energy storage devices, such as lithium-ion batteries (LiB) and supercapacitors (SC), are vital to achieving this rapid transition but are limited by the former’s low specific power and the latter’s low specific energy [1,2]. However, a breakthrough in 2011 by Amatucci et al. led to the development of a hybrid energy storage device identified as a lithium-ion capacitor (LiC), which combines electrodes from SC and lithium-ion batteries (LiB) as the cathodes and anodes, respectively, while using similar battery-type electrolytes with wide operating potential windows [3]. Therefore, the LiC possessed higher energy density than SC and higher power density than LiB without the self-discharge problems of the former and with a longer cycle life than the latter [3,4,5].



The demand for lithium has experienced an exponential increase due to the continued electrification of modern society and global population growth. The lithium supply risk has thus necessitated the research and adoption of alternative metals such as sodium, potassium, and aluminum, which can utilize similar mechanisms and reduce the lithium dependence [6,7]. Hence, some of these alternatives will also be discussed in this work, and the strategies outlined can be applied interchangeably.



Conventional SC electrodes incorporated in LiC facilitate high-power densities due to their surface charge storage phenomena [5,8,9]. However, activated carbon (AC) remains the most commercially feasible large-scale alternative compared to other capacitive cathodes such as graphene, carbon aerogels, carbon nanotubes, and nanofibers due to the complexity associated with incorporating such exquisite cathodes in mass production. On the contrary, AC is favored by the relative ease of fabrication, availability of raw materials, and process scalability. For example, several companies, such as Haycarb, Beyonder, Jacobi, and Norit Carb, have successfully manufactured AC from precursors such as coconut shells, sawdust, and petroleum coke in continuous commercial processes. In addition, other precursors such as algae [10], brewery wastes [11], corncobs [12], tobacco leaves [13], rice husk [14], and lignin [15] have been used to produce high-quality AC in lab-scale research with optimization strategies to synthesize AC from diverse biomass wastes while achieving excellent performance.



AC produced from brewery wastes possessed a surface area of 3600 m2/g, pore volumes of 1.8 cm3/g, and textural features of visible cavities and open channels inherited from the precursor [11]. The high surface area and accessible pores enabled superior rate performance with minor capacity fade even after a 40-fold increase in the scan rate. The AC produced from the activation of corn cob hydrolysis products is characterized by extensive microporosities with surface areas up to 2300 m2/g, pore volumes of 0.93 cm3/g, and minimal mesoporosity [12]. Using a two-step activation procedure involving hydrothermal carbonization and subsequent activation, the microstructure of the AC transforms from micrometer-sized spherical particles of varying dimensions to macrometer-sized monolith fragments possessing extensive microporosity. Algae, as a precursor, yields AC with inherent nitrogen doping which can be controlled by optimizing the proteinous nutrients during algae cultivation. However, the porosity of the formed AC is affected by excessive residual metal content which hinders the activation intensity while the inherent nitrogen-doped functionalities are unstable during pyrolysis. Rice husk and tobacco leaves possess inherent silica and atomically dispersed alkali metals, respectively [13,14]. The inherent silica in rice husk enables templated pore creation of beneficial micropores with a narrow pore size distribution while the dispersed alkali metals in tobacco facilitate self-activation by simple carbonization without using externally introduced activation agents. Therefore, the nature of the precursor can significantly influence the properties of the synthesized AC, as will be discussed extensively in Section 2.4.



The renewed focus on sustainable energy storage solutions has spurred interest in carbon-based energy storage devices such as AC/hard carbon (HC) LiC manufactured from sustainable biomass precursors without transition metals. The use of AC as a cathode material is beneficial for achieving sustainable and economical high-powered energy storage devices. For example, wastes and processing by-products such as sawdust and coconut shells, which would have been burnt or deposited in landfills, can be converted into valuable electrode materials for high-power energy storage devices.



When evaluating AC for LiC, the primary parameters considered are its ability to store charge (capacity/capacitance), operating potential range, and electrochemical stability over time. These properties affect the energy, power, and electrochemical stability of the resulting LiC. However, given the non-faradaic surface charge storage phenomena, the AC cathode possesses significantly lower capacity than the faradaic battery-type anode materials incorporated in LiC. Moreover, since the capacity of the LiC is determined by the relation 1/CLIC = 1/Canode + 1/Ccathode, increasing the capacity of the AC becomes vital toward increasing the overall capacity of the LiC. The energy density of LiC is also proportional to the capacitance and square of the operating potential window. Wide operating potential windows can facilitate increased energy density but the electrochemical stability of the electrode at the AC surface can limit the performance. Therefore, to improve the performance of LiC, it is necessary to focus on improving the capacity and electrochemical stability of the AC cathode.



Previously, Dubey et al. [16] reviewed various AC synthesis strategies that yielded favorable morphologies for increased power and energy density. Zou et al. [17] reviewed the application of carbon materials in LiCs. However, only a limited section was devoted to the cathode. Han et al. [18] conducted a comprehensive review of material design strategies and the performance of different cathode and anode material pairs in LiCs. Dos Reis et al. [19] reviewed the application of biomass produced via different synthesis methods in energy storage devices and the effects of their properties on performance. In most of these works, limited attention was devoted to the AC cathode compared to the anode counterparts. Furthermore, in the few reviews highlighting the cathode, the discussion has predominantly been the review of various material synthesis strategies. Here, we discuss strategies regarding the recent progress in material synthesis, electrode, electrolyte, and cell design which have enhanced the performance of the AC cathode incorporated into the LiCs. A schematic of the approach is displayed in Figure 1.



By not only focusing on the material design, this review provides a broad perspective on enabling the efficient integration of AC in LiC through favorable synergies with other components. The application of these highlighted techniques during the design and fabrication of LiC will facilitate enhanced performance while mitigating potential issues associated with the AC cathode. In the concluding aspect, further areas requiring attention and future research are highlighted.




2. Material Optimization


AC is synthesized by subjecting a carbon precursor to a controlled heating procedure in the presence of physical or/and chemical activation agents [20,21,22]. The nature of the activating agent determines the classification of the activation process, broadly categorized into physical activation, chemical activation, or a combination of the two. Excellent reviews exist on producing AC from various biomass sources using physical or chemical activation processes [23,24,25]. The activation process aims to produce high surface area materials with tailored pores with dimensions suited to the electrolyte moieties to be adsorbed. Parameters such as the precursor type, activation temperature, activation time, and activating agent concentration are varied during the activation process to optimize the resulting AC’s surface area and pore size distribution [13]. The surface area and pore size distribution of the AC correlate with the adsorption capacity for electrolyte moieties given the double layer phenomena, where the obtainable capacitance C (F) is determined from the equation C = ε(A/d) [26,27]. The constant ε represents the product of the electric constant and relative permittivity, A represents the area of the plates, and d represents the distance between the plates. Therefore, the amount of charge stored can be converted to capacity (mAh) by multiplying the capacitance obtained by the potential window. This section will discuss strategies for improving AC’s performance enabled by different material optimization techniques.



2.1. Activation Process Optimization


AC cathodes, by virtue of the surface charge storage phenomenon, require a high surface area with pores consisting of micropores (<2 nm) for adsorption of electrolyte ions, mesopores (2–50 nm) to facilitate ion diffusion and accessibility to the micropores, and macropores (>50 nm) to serve as electrolyte reservoirs and to enhance ion diffusion to the mesopores and micropores. However, these characteristics necessitated the continuous search for optimum activation procedures initially focused on increasing the surface area and optimizing the pore size distribution. As a result, high specific surface areas of up to 3000 m2 g−1 were achieved using various chemical activation methods, including KOH activation, combined KOH-KCl activation, H3PO4 activation, and ZnCl2. Some excellent reviews on the different mechanisms of the activation agents have been published [21,22,23,24,28,29]. These high surface area ACs have yielded specific capacitances of up to 160 F g−1 within the operating potential window of 0–2.7 V in organic electrolytes. However, it was noticed that further increases in surface area do not translate into higher specific capacitance [30]. Furthermore, the extensive activation treatments broaden the pore size distribution, leading to the abundance of ineffective pores that are smaller than the de-solvated electrolyte ion. Moreover, the existing micropores may widen into mesopores due to the intensive gasification of the carbon matrix. The extensive activation also reduces the carbon content in the matrix as numerous mesopores and macropores are created, reducing the density of the AC. This also affects the electrical conductivity due to a large interparticle gap within the carbon structure and a disconnect within the electronic structure. Consequently, low electrode densities often accompany very high specific surface area AC and may result in poor volumetric performance.



Concerning the electrolyte, the high porosity would necessitate increased electrolyte volume in the cells, which may impact the energy density due to the increased weight [4]. Furthermore, the high surface area may also serve as an active site for accelerated electrolyte decomposition, decreasing the cycle life. Khomenko et al. [31] compared the cycle life of two ACs cycled in organic electrolytes. Figure 2a shows the cycling stability tests of two different ACs: Maxsorb and Super 50 with surface areas of 3487 and 1402 m2 g−1 cycled at different upper cut-offs, respectively.



The results in Figure 2a revealed that the AC with the highest surface area had the highest capacity fade. Although a high surface area is required for adsorption, carefully controlled activation procedures are necessary to modulate the surface area and create pores with diameters similar to the electrolyte ions. An AC with pores of similar diameters to the electrolyte ions was reported to have increased capacitance [33]. The discovery that ions could access pores smaller than the solvated ion size further underscores the need for the activation of process optimization [34]. Likewise, controlled mesoporosity formation and tailored microporosity could facilitate increased volumetric performance through enhanced electrode densities.



Several activation techniques have recently yielded ACs with superior gravimetric and volumetric electrochemical performance beyond the typical physical or chemical activation procedure with steam or singular chemical agents. Eleri et al. [32] used a non-destructive activation method to synthesize high-performance AC from sawdust with reduced defects, high surface area, increased microporosity, and high electrode density with optimized mesoporosity. The non-destructive activation (NDA) method incorporated an Al additive in KOH chemical activation acting as an oxygen scavenger to reduce the oxides’ extensive gasification of the carbon matrix. The modified activation procedure ensured that exfoliation due to potassium intercalation into the carbon matrix was the dominant mechanism, creating more micropores and reducing gasification-induced mesoporosity. The NDA carbon also exhibited superior performance in the cycling stability test than the reference sample as shown in Figure 2b. The improved performance can be attributed to reduced defective sites on the NDA carbon which are active sites upon which electrolyte degradation is accelerated compared to the reference sample. Zheng et al. [35] incorporated a surfactant-modified KOH activation process in synthesizing in situ nitrogen-doped activated porous carbons with a controlled pore size, which could function as dual anode and cathode materials in a 4.5 V LiC. The porous carbon was obtained from the carbonization of polypyrrole (PPy) prepared with the surfactant cetyltrimethylammonium bromide (CTAB) and subsequent KOH activation of the carbonized material. The surfactant-modified KOH activation process influenced the pore size distribution of the carbon by creating mesopores in the spaces occupied by the decomposed surfactant and controlling the porosity formation. Specific capacities reaching 80 mAh g−1 at 0.1 A g−1 in the potential window 2–4.5 V were achieved using this material in the half-cell configuration with 1M LiPF6 EC:DEC (1:1) vol% electrolyte. On the contrary, the AC synthesized without the surfactant possessed a higher surface area (2528.0 m2 g−1 compared to 1894.9 m2 g−1) but poor electrochemical performance due to hindered ion diffusion, nonuniform pore size distribution, and ineffective micropores. Again, this further amplifies the need for optimized pore size distributions in contrast with solely achieving high surface area through extensive activation.



AC is structurally classified as an amorphous disordered material that relies on ion adsorption/desorption as the charge storage mechanism. However, it has been demonstrated that introducing some degree of ordered structures through partial graphitization while maintaining sufficient porosity can also increase the capacity of the AC by enabling intercalation within the ordered structure. Sun et al. [36] synthesized an ordered–disordered hybrid AC cathode as opposed to the typical disordered AC. The ordered–disordered hybrid AC was produced by simultaneous nitrogen doping, in situ graphitization, and subsequent activation of a Ni and Zn citrate composite prepared using a one-step solvothermal route. A schematic of the activation procedure is shown in Figure 3a.



The graphitization degree was controlled by modifying the ratio of the incorporated Zn and Ni elements. The latter two were subsequently removed by acid leaching after the activation process. High-resolution transition electron microscopy (HR-TEM) images of the produced AC showing the ordered structure surrounded by an amorphous phase are presented in Figure 3b–d. The ordered–disordered AC enabled dual charge storage mechanisms through anion intercalation and the typical adsorption and desorption, realizing a specific capacity of 130 mAh g−1 in the potential window 2–4.6 V. The assembled LiC had an energy density of 23.5 Wh kg−1 at a power density of 40.6 W kg−1. Moreover, the presence of the ordered structure also decreased the self-discharge while the porous and amorphous nature alleviated the volume swelling commonly encountered in ordered carbon. Cho et al. [37] also developed similar ordered–disordered carbon, named as partially graphitic carbon, which combined shallow intercalation and double-layer adsorption as the charge storage mechanism.



In a notable work, Jain et al. [38] reported on the synthesis of a high specific surface area and mesoporosity-rich AC that achieved a specific capacity of 70 mAh g−1 in the potential window of 2.0–4.0 V using the electrolyte 1M LiPF6 in EC:DMC (1:1). The AC was produced using a modified ZnCl2 activation method. The precursor material was pre-treated with H2O2 and then hydrothermally carbonized in an autoclave. The carbonized material was impregnated with ZnCl2 and a processing agent benzene tetracarboxylic acid (BTA) before drying and subsequent activation. The pre-treatment step with H2O2 enhanced the mesoporosity and the oxygenated surface functionalities onto the carbonized material while the processing agent BTA enabled increased mesopore surface area during activation. Furthermore, the introduced surface functionalities improved the efficacy of the ZnCl2 activation agent by promoting nucleophilic attraction of the Zn2+ to the free electron pairs of the oxygen atoms, thereby ensuring greater access to the precursor surface and facilitating dehydration of the biomass material in the activation step.




2.2. Functionalization and Doping


The nature of chemical functionalities at the surface and doped elements within the carbon matrix can influence the electrochemical performance of AC. Surface functionalities could be inherited from the precursor material or deliberately introduced during the activation or post-treatment activation procedures. As a result, benefits such as enhanced conductivity, improved wettability, and increased active sites for pseudocapacitive Li+ storage can be obtained [39]. This section discusses the effect of heteroatoms such as N, B, O, F, S, and P on the AC’s performance in nonaqueous electrolytes.



2.2.1. Nitrogen


Nitrogen functionalization has been particularly popular due to improved charge carrier transport caused by increased contributions of p- electrons to the П system following the positive synergy between the N atom and carbon lattice [39,40,41]. This therefore enables an increased sorption capacity toward the anion when combined with appropriate pore size distributions [42,43]. The electron-donating abilities induced by nitrogen functionalization create additional electroactive sites, thereby improving the AC’s electrochemical reactivity, surface polarity, electrical conductivity, and wettability [44]. Li et al. [45] synthesized nitrogen-doped AC from corn cobs with a very high surface area of up to 2900 m2 g−1. The nitrogen-doped AC exhibited an initial specific capacity of 129 mAh g−1 at 0.4 A g−1 in the half-cell configuration using an organic electrolyte and operating potential window of 2–4.5 V. Yang et al. [46] synthesized nitrogen-doped porous carbons using urea as nitrogen dopant and glucose as a precursor. The nitrogen-doped porous carbon realized a specific capacity of 62 mAh g−1 in the potential window 3–4.6 V compared to 38 mAh g−1 obtained from a commercial AC at similar conditions. Furthermore, specific energies of 83.25 W h kg−1 at a 25 kW kg−1 power density were achieved using the nitrogen-doped porous carbon as the cathode and MnO-graphene composite as the anode. The impressive performance was attributed to the well-developed interconnected pore structure and active N-sites in the AC that facilitated capacitive and redox reactions during charge storage. Lota et al. [43] investigated the influence of nitrogen content in AC samples on the performance of capacitor systems using aqueous and organic electrolytes. A clear correlation between increased capacities and nitrogen content was obtained in aqueous media. However, in the organic media, increased nitrogen content resulted in a capacitance increase only when matched with appropriate pore size distribution.




2.2.2. Boron


Boron functionalization is another method of increasing the electrochemical reactivity of the AC by modifying the carbon electronic structure. Functionalization with boron increases the density of charge carriers in the carbon matrix after the substitution and improves the electronic conductivity due to the p-type characteristics [47]. Since boron atoms possess one electron deficient in the valence layer and are less electronegative than carbon, the presence of boron (an electron acceptor) in the carbon matrix induces a shift in the fermi level to the conducting band, thereby modifying the carbon electronic structure and improving properties related to the electrochemical efficiency and chemical reactivity [48,49,50]. Furthermore, the crystallinity of the carbon structure is improved and the oxidation rate of the matrix is lower due to the decreased electroactive sites for oxygen chemisorption [49,50,51,52]. Boron functionalization and the consequent formation of borates on the carbon structure also reportedly induce pseudocapacitive charge storage on the carbon surface [51] together with the improved electrical conductivity of the electrode that enhances the high-rate performance.



Jiang et al. [53] reported the effect of dual doping of boron and nitrogen on the performance of LiC in organic electrolytes. Doping with boron enabled a widened operating potential window of up to 4.8 V and improved electrode conductivities and electrochemical performance. Furthermore, the presence of boron atoms on the cathode promoted the adsorption of PF6 anions, as revealed by DFT calculations of the adsorption energy. The boron-doped cathode possessed lower adsorption energy compared to the undoped alternative. Therefore, the electropositive boron atoms created a net positive charge on the electrode and, in that way, reinforced the ability of the electrode to lose electrons while facilitating the intense attraction of the PF6 anion. Consequentially, incorporating the boron-doped cathode in the LiC architecture delivered a specific energy of 200 Wh kg−1 at 239.9 W kg−1 with a capacity retention of 80% after 7000 cycles. Zhu et al. [54] obtained a high capacity of 190.2 mAh g−1 after dual boron–nitrogen doping of a zinc ion capacitor cathode. The dual doping strategy increased anion adsorption and chemical interactions with Zn2+ at the electrode/electrolyte interface.




2.2.3. Oxygen


Surface oxygen functionalities present a dilemma for AC regarding irreversible or reversible redox reactions with the nonaqueous electrolytes commonly used in LiC. Liu et al. [55] reported that oxygen functionalization facilitated improved capacitance in AC electrodes used in LiC. Commercial ACs were functionalized by ammonium persulfate and sulfuric acid treatment. The functionalized AC displayed superior capacities of 78 mAh g−1 when tested in half cells with a lithium counter electrode and an organic electrolyte of 1 M LiTFMS/diglyme. The authors proposed that the improved performance was caused by reversible pseudocapacitive reactions between Li+ ions and C=O functional groups introduced after the functionalization treatment. However, the functionalized AC displayed lower capacity retention during continuous cycling than the pristine AC. This behavior was further attributed to detrimental irreversible redox processes which may have contributed to lower cyclic stability. Moreover, these redox processes were assumed to be finite and occurred during a transition period in the first few cycles, beyond which stable cycling was attained. A related study by Li et al. [56] also using ammonium persulfate and sulfuric acid functionalization of a commercial AC, revealed that oxygen functionalities improved the performance in the aqueous 6 M KOH electrolyte but not the organic electrolyte 1M Et4NBF4/PC, as shown in Figure 4a. Therefore, the beneficial effect of oxygen functionalities concerning nonaqueous electrolytes may be restricted to AC electrodes cycled in electrolytes with Li+ ions as the adsorbed/desorbed species during charge storage. This was further demonstrated by Zhang et al. [57] who used the electrolyte 1 M LiPF6 in EC:EMC (3:7). The effect of surface oxygen functionalities of the AC was investigated in lithium half cells and symmetric AC/AC cells. It was interesting to observe the positive pseudocapacitive impact of oxygen functionalities arising from faradaic reactions with Li+ ions. The charge and discharge potential profile of the AC electrode with 4.26 wt.% oxygen was examined in the three-electrode configuration. Figure 4b,c shows the potential profiles in the first cycle sweep obtained from different electrolytes. Three regions are identified which correspond to incremental capacity by adsorption/desorption in I, combined adsorption/desorption and pseudocapacitance in II, and irreversible oxidation/reduction in the electrolyte solvent in III.



The Initial reactions between the surface oxygen functionalities and electrolyte moieties affect the initial coulombic efficiency, capacitance retention, potential profile, and subsequent formation of soluble redox products such as organic and hydrogen peroxides. These redox products can shuttle between the positive and negative electrodes due to their strong coordinating ability to Li+. Furthermore, changes in the electrolyte solubility arising from the continued accumulation of such redox products may cause the precipitation of insoluble deposits (lithium salts) at the AC surface, thereby blocking the pores and accessible surface area and reducing the capacity of the AC. The irreversible reactions can be identified by the deviation of the charge and discharge profile from the expected linear lines due to the reversible double-layer adsorption and desorption of electrolyte ions. Nevertheless, the potential profile of the AC gradually reverts to a linear shape upon continued cycling due to the depletion of the irreversible surface oxygen functionalities and the formation of a protective solid electrolyte interface layer. Pseudocapacitive reactions with surface oxygen functionalities of the AC are proposed to occur via the following reactions (1)–(4) [57]:


On the positive electrode: 2[C*]−OH−2e−⇄ [C*] −O−O− [C*] + 2H+



(1)






On the negative electrode: 2[C*] = O+ 2Li+ +2e− ⇄ Li+ [C*]− −O−O− [C* ]− Li+



(2)






Li+ [C*]− −O−O− [C*]− Li+→2 [C*]−O− Li+



(3)






R1−O−O−R2 + 2Li+ + 2e− ⇄ R1−O−Li+ + R2 −O−Li+



(4)




where [C*] represents the sp2 carbon situated at the edges of the graphene moieties capable of delocalizing the charge. Equations (1) and (2) are reversible processes responsible for the pseudocapacitance through reactions of the surface oxygen bonded to the graphene moieties capable of delocalizing charge. However, Equation (3) expresses the irreversible formation of an insoluble lithium salt which is terminated by the reaction described in Equation (4). The expression R1−O−O−R2 represents probable soluble redox species such as organic peroxides and hydrogen peroxide, where R1 and R2 are organic functional groups inherent to the AC’s surface chemistry. Therefore, Equations (3) and (4) postulate the irreversible reactions responsible for the low initial coulombic efficiency in the first and subsequent cycles prior to depletion of the surface functionalities.



To confirm the existence of the reversible pseudocapacitive phenomena, three potential windows were examined that encompassed PF6 adsorption and desorption (3.1–4.2 V) above the open circuit potential (OCP), Li adsorption and desorption below the OCP (1.5–3.1 V), and combined PF6 and lithium adsorption/desorption (1.5–4.2 V), as presented in Figure 4d. From Figure 4d, expectedly, the widest potential window (1.5–4.2 V) exhibited the largest capacitance of 150 F g−1. On the other hand, the potential window (3.1–4.2 V) had a slightly increased initial capacitance than 1.5–3.1 V but later stabilized to similar values. Since the AC specific capacitance by double layer adsorption and desorption is independent of the potential window, the increased capacitance using 1.5–4.2 V can undoubtedly be attributed to reversible pseudocapacitance through equations 1 and 2. Therefore, oxygen functionalities have been demonstrated to be beneficial by facilitating capacitance increase through pseudocapacitance [57].



Ding et al. [58] further validated the existence of pseudocapacitive reactions with oxygen functionalities that could influence the capacitance of AC cycled in nonaqueous electrolytes of lithium salts. In this work, a commercial AC was functionalized by deliberate treatment with nitric acid, sulfuric acid, hydrogen peroxide, and di-functionalized via heat treatment under hydrogen/argon gas. Figure 4e,f shows the results from the electrochemical testing of these samples in 1M LiPF6 in EC:DMC(1:1) (LP30) and 1M LiTFSI in EC:DMC(1:1) (LiTFSI) electrolytes. The beneficial effects of surface oxygen functionalities were again demonstrated by an increase in the AC-specific capacitance through pseudocapacitance. All the functionalized AC had a lower surface area than the di-functionalized AC due to the oxidation treatment. However, despite the higher surface area of the di-functionalized AC, the functionalized AC had much higher specific capacitance even with the lower surface area. Furthermore, the nitric acid-treated AC had the highest capacitance and C=O groups among the functionalized samples. The effect of surface functionalities was also noted in the investigated electrolyte stability windows, as shown in Figure 4g,h. The di-functionalized AC had the narrowest electrolyte stability window due to the higher number of reactive sites caused by the hydrogen reduction treatment. Among the functionalized samples, the nitric acid-treated AC had the narrowest electrolyte stability window, which can be related to the C=O groups at the surface. Therefore, functionalization can increase the specific capacitance through reversible pseudocapacitance but may also impact the electrolyte stability window. Meanwhile, the absence of stabilized functional groups at the surface following reductive treatment would create highly reactive sites that can accelerate electrolyte decomposition and reduce the electrolyte stability window. This work further confirmed that the pseudocapacitive behavior was related to Li+ ions and that the respective anions do not partake in the pseudocapacitive reactions [58]. Additionally, intermediate surface oxidation with the optimum oxygen functionalities can ensure increased capacitance through pseudocapacitance without negatively impacting the cycle life. Nevertheless, the specific content or nature of oxygenated surface functionalities that can facilitate pseudocapacitance without affecting long-term cyclability through irreversible faradaic reactions remains a question to be answered. The results from the cycling stability test conducted on these samples are presented in Figure 4i. During the cycling stability tests, the H2O2-treated AC had the highest capacitance retention rate which was superior to the pristine AC or difunctionalized AC. Meanwhile, the nitric acid-treated AC with more C=O functionalities had the lowest capacity retention rate during the long-term cycling.




2.2.4. Fluorine


Fluorine functionalization has been reported to facilitate improved affinity for organic electrolyte ions on the AC surface [59]. Doping with fluorine amplifies the electroactive sites and impacts some electronegativity onto the carbon surface. Zhou et al. [59] synthesized fluorine-doped AC that achieved a high specific capacitance of 168 F g−1 using an organic electrolyte 1M tetraethylammonium tetrafluoroborate in propylene carbonate (1M TEA BF4 in PC) and symmetric cell configuration. The improved performance with high fluorine content was caused by the synergy between increased surface area and favorable surface chemistry. DFT calculations showed that the affinity for the TEA+ ions was increased with fluorine doping compared to the pristine material. However, the existence of pseudocapacitive contributions of fluorine is yet to be confirmed.




2.2.5. Phosphorous


The electron-donating ability and large covalent radius of phosphorous make it an attractive heteroatom for doping carbon matrices. Phosphorous doping was reported to facilitate improved performance through enhanced pseudocapacitive reactions and improved electronic conductivity caused by the electron-donating ability of phosphorous [60,61]. In addition, the much larger covalent radius of phosphorus (107 ± 3 pm) compared to carbon (73 ± 1 pm) creates defects on the carbon surface after doping [62]. These defects may serve as active sites where charges are concentrated, facilitating charge transfer reactions [61]. Furthermore, phosphorous doping expands the interlayer spacing of the carbon lattice due to the larger atomic radius than the carbon matrix, thereby favoring more adsorption of sodium or lithium ions [63,64]. Gao et al. [60] synthesized AC from starch, using phytic acid as an activation agent and phosphorous dopant. The AC displayed a high specific capacity of 81.7 mAh g−1 at 0.05 A g−1 and good rate capability in the potential window 2–4 V in Li half cells using 1M LiPF6 in EC:DMC:EMC (1:1:1) electrolyte. The high capacity achieved was attributed to the combined effect of pseudocapacitance and electrochemical double-layer capacitance from the synergy between the appropriate pore size distribution and high phosphorous content.




2.2.6. Sulfur


Sulfur functionalization on the AC surface induces electron delocalization of carbon backbones, thereby creating more electroactive sites that increase wettability and improve conductivity. The electron delocalization occurs due to the overlap between an electron pair on the p-orbital in sulfur and the П orbital of the sp2 hybridized sites in the AC. Sulfur-containing materials, like thioglycolic acid and thiourea, can be used as dopants to impact sulfur functionalities in carbon matrixes. Thangavel et al. [65] obtained a specific capacitance of 252 F g−1 at 0.5 A g−1 in a sodium ion capacitor after nitrogen and sulfur codoping of the cathode with thiourea. The improved performance was attributed to the enhanced synergetic effect of the dual heteroatom elements. The sulfur heteroatoms enhanced the space utilization and promoted the electrosorption of the electrolyte ions while nitrogen enabled increased electron transport and rapid ion transport kinetics inside the pores [65,66,67].



Different heteroatoms have been reviewed in the previous section, highlighting the improved AC performance through enhanced space utilization, decreased adsorption potentials, or pseudocapacitance during charge storage. Heteroatoms such as oxygen, phosphorus, nitrogen, and boron have reportedly exhibited increased capacitance through pseudocapacitance, although to varying degrees. Moreover, the positive pseudocapacitive effect is mainly observed while using aqueous electrolytes. However, pseudocapacitance has also been reported in organic electrolytes, particularly when matched with appropriate pore size dimensions. A capacitance increase is often accompanied by decreased cycling stability for heteroatoms like oxygen. On the contrary, nitrogen, boron, and phosphorus exhibit pseudocapacitance without the accompanying loss in cycling stability. The pseudocapacitive effects of fluorine and sulfur remain unconfirmed, but they are beneficial for enhancing space utilization, improving surface chemistry, and promoting the electrosorption of electrolyte ions.



In summary, heteroatom doping in the carbon matrix can improve the performance of the AC through various means. However, further studies are needed to compare the efficacy of heteroatom doping in organic electrolyte systems, in particular, using Li-ion or other alkali metal ion salt that can exhibit peculiar pseudocapacitive behaviors with surface functionalities.





2.3. Surface Hydrophobization


The interactions between the electrolyte solvent and active material surface can influence the performance of the electrochemical energy storage devices. The wettability can affect the surface area utilization and accessibility to the pores. Poor wettability can result in high internal resistance and lower capacitance despite the capacitive material possessing sufficient surface area and pores [68,69,70,71]. Hence, increasing the wettability is an efficient technique to improve the performance of the AC. Wei et al. [71] demonstrated a unique approach to increasing the wettability of active materials in organic electrolytes through surface modification with a surfactant (sodium oleate). The surfactant enabled the attachment of non-polar organic functional groups to the AC surface, thereby increasing the surface hydrophobicity and affinity to the organic solvent. The modified material consequentially displayed improved capacitance, reduced internal resistance, and higher energy and powder densities than the unmodified material. Similarly, improved performance through surface modifications using Vinyltrimethoxysilane surfactant has also been reported [70,72]. Surface modifiers containing the silane functional group with only a methyl and alkoxy group bonded to the silicon atom can effectively facilitate increased hydrophobicity at the surface. Nevertheless, the surface modification process can reduce the AC’s surface area and limit accessibility to the pores if the grafted surface modifiers possess too large a molecular size.




2.4. Precursor Optimization


Precursor materials can affect the final properties of the produced AC. Parameters such as the carbon content, organic and inorganic matter content, heteroatoms, precursor carbon structure, and the interactions between the precursor carbon matrix and activation agent would determine the qualities of the synthesized activated carbon [22]. AC produced from naturally occurring precursors, such as biomass materials, often retain the inherent structure of the original biomass material. The activation process typically occurs via crosslinking, dehydration, exfoliation, or gasification of the precursor matrix depending on the type of activation agent [73]. These processes are broadly summarized by the reduction in the oxygen content of the precursor through the removal of volatiles and moisture as well as some of the precursor’s carbon content as the pores are being created. The precursor’s carbon, oxygen, and volatile matter content can therefore affect the efficacy of the activation process [22]. The activation agent is often more attracted to the oxygen radicals of the precursor, thereby increasing the activation intensity and reducing the activation duration needed for achieving particular burn-off rates. Precursor materials with high volatile content, such as biomass-based materials, often possess higher surface areas than synthetic materials (e.g., organic polymers) [22,74]. Although the removal of volatiles during the carbonization/pyrolysis process is strongly related to the activation temperature, the macrostructure and nature of crosslinks between the precursor crystallites can affect the diffusion of the activation agent, which in turn dictates the porosity formation [75]. Precursors containing crystallite structures with several aromatic layers are reportedly more difficult to activate due to stronger covalent bonds among the carbon atoms in the layers [76]. In contrast, precursors containing carbon atoms with unsaturated bonds (mainly at the edge) are considerably more reactive and easily activated [76].



Comparing biomass-based precursors and others such as petroleum coke, residues, and synthetic organic polymers, the former possesses relatively higher ash content and inorganic impurities from fertilizers and nutrients absorbed from the soil. The latter is somewhat purer with low inorganic contents and often results in AC with higher yields due to the increased carbon content. However, high ash content and mineral impurities are detrimental to the performance of the AC. Their presence in the AC can lead to high self-discharge and poor electrochemical cycling stability, attributed to parasitic reactions between the metals and electrolytes [77]. Moreover, the high ash content in the precursor can reduce the effect of the activation agent, thereby hindering pore formation and necessitating high concentrations of the activation agent to achieve the desired activation degree [78].



The precursor can also influence the surface chemical functionalities and heteroatoms present in the AC. Several biomass precursors possess heteroatoms, such as nitrogen, sulfur, and the typical carbon, hydrogen, and oxygen, as elemental constituents. Li et al. [79] synthesized high-performance N-doped AC (8 wt.% N) with a hierarchical porous structure from eggshells (possessing 12–15 wt.% N) by simple carbonization without any doping agent. Naturally N-doped AC has also been synthesized from silk fibroins [80,81], fish scales [82], and prawn shells [83]. Biomass protein precursors, such as broad beans and chicken bones, contain sulfur and can produce sulfur-doped AC [66,84]. Fruit seeds and pulps are excellent natural phosphorous dopants [85].



Some precursor materials can also undergo self-activation without the need for activation agents. The absence of activation agents can enable controlled porosity generation in the AC with well-distributed pores. Klezyk et al. [13] synthesized AC from tobacco leaves and stem wastes without any activation agent. The synthesized AC had a narrow pore size distribution and excellent electrochemical performance in both aqueous and organic electrolytes. The success of the self-activation could be linked to the presence of well-distributed alkalis in the precursor on the atomic scale. Moreover, the evolved gases during the carbonization treatment can simultaneously participate in the activation process during the carbonization step. Therefore, self-activating precursors present a facile approach toward achieving narrow pore distribution due to the atomically dispersed nature of the alkali metals and the absence of external activation agents that may contribute to uncontrollable gasification rates. Similar self-activating abilities have been demonstrated by seaweed and proposed to occur in biomass precursors that contain naturally embedded elements such as Na, K, Ca, and Mg [86]. Synthetic materials such as polyvinylidene chloride have also demonstrated excellent self-activating properties, achieving high-performance AC without an additional activation step [87].



Atomically dispersed elements in precursors have also aided the activation process by serving as templates during porosity formation. Xue et al. [14] reported that the templating behavior exhibited by silica present in rice husk precursors during the synthesis of AC. The silica nanoparticles were selectively leached using NaOH and KOH treatment before activation. A detailed study was conducted on the effectiveness of silica embedded in the rice husk and on the surface. Nanoparticle silica embedded in the rice rusk was revealed to favor porosity formation through a templating and synergetic effect with alkali activators that ensured more active sites during activation. In contrast, the silica present at the surface reduced the efficiency of the activation agent and the produced AC had decreased porosity and a decreased templating effect. Niu et al. [88] reported the self-activating effect of hydroxyapatite found in animal bones which enabled the synthesis of high-performance cathodes (109 mAh g−1 at 0.1 A g−1 in the potential window 2.0–4.5 V) after a simple pyrolysis step.



In summary, the precursor’s nature can affect AC’s quality. Other notable works synthesizing high-quality AC from different precursors are summarized in the following. Quian et al. [89] synthesized high-performance AC from petroleum asphalt using potassium bicarbonate as an activation agent. The AC had a specific capacity of 92 mAh g−1 at 0.1 A g−1 in the operating potential window 2.0–4.5 V using the electrolyte 1 M LiPF6 in EC:DMC:EMC(1:1:1) vol%. Yang et al. [90] synthesized AC from corn cobs using sulfuric acid as an activation agent. The obtained AC possessed a specific capacitance of 251 F g−1 at 0.3 A g−1 in the operating potential window 2.0–4.5 V while using the electrolyte 1 M LiPF6 in EC:DMC(1:1). Sennu et al. [91] synthesized AC from Prosopis juliflora using the typical KOH activation at 900 °C. The produced AC had in situ heteroatoms from the precursor (N, S, and Ca) which enabled a specific capacity of 98 mAh g−1 at 0.1 A g−1 in the operating potential window 2.0–4.0 V.





3. Electrode Optimization


After synthesizing the active material, the electrode is the next critical step influencing performance. During electrode fabrication, the AC powder is mixed with selected binders, ensuring good adhesion between the particles and the current collector. Moreover, the electrode can be fabricated with a dissolving solvent to aid the dispersion of the particles, binder, and additive composites which are often introduced to optimize the performance. This section discusses the influence of parameters such as binders and hybrid composites consisting of carbon materials or high-capacity bi-functional cathodes on the performance of the AC.



3.1. Bi-Functional Hybrid Composites


Despite the advances in the activation process discussed previously, the capacity of AC remains limited compared to intercalation-type battery cathodes like lithium iron phosphate (LFP) (160 mAh g−1). Recently, researchers have implemented composite mixtures of AC with conventional battery-type materials as bi-functional hybrid cathodes to increase the capacity and energy density of the LiC cathode. Benefits such as increased cathode composite conductivity, improved rate performance, enhanced power, and energy density were obtained when these hybrid composite electrodes were integrated into the LiC architecture. Chen et al. [92] used a hybrid cathode mixture consisting of AC and LiNi0.6 Co0.2 Mn0.2 O2 (NCM) and HC as the anode to achieve simultaneous higher power and energy density than the conventional NCM/HC battery at high C-rates. The improved energy and power density of the hybrid cathode were ascribed to the properties of the AC, such as mesoporosity, surface area, and enhanced electrode conductivity. The mesopores served as electrolyte reservoirs facilitating fast lithium diffusion while the high surface area contributed to the increased capacity through double-layer charging. However, optimizing the AC content in the electrode was essential to achieving such improved capacity. Shellikeri et al. [93] investigated the performance of an AC/LFP (80/20) wt.% bi-functional cathode paired with a pre-lithiated HC anode in the fabrication of LiC. SEM images obtained from the hybrid cathode are presented in Figure 5a. The AC occupied the spaces between the LFP particles which promoted faster kinetics during charge and discharge at high c-rates. Three-electrode cell measurements probed the individual capacity profiles of the electrodes, as presented in Figure 5b. The cathode exhibited a dual charge storage mechanism, with the capacity contribution in zone a (2.2–3.45 V) and c (3.45–3.8 V) due to the AC while zone c with the plateau at 3.45 V is from the LFP. Cycling stability tests conducted on the hybrid cathode are presented in Figure 5c.



A capacity retention of 94% was obtained for the hybrid cathode after 1000 cycles at 1C while the pure LFP cathode realized 76% capacity retention after a similar duration. In the high C-rate cycling using 43C, a capacity retention of 76% after 20,000 cycles was obtained using the hybrid cathode; in contrast with 47% obtained by pure LFP after a similar duration. Therefore, the hybrid LFP and AC composite synergistically enhanced the energy and power density of the LiC compared to using singular AC or LFP as cathode materials. Furthermore, the beneficial effect of the hybrid cathode was more noticeable at high C-rates where the FePO4 (FP) phase plagued by low conductivity cannot be discharged entirely due to increased concentration gradient from Li salt deficiency. The AC in the composite delayed the overpotential of the LFP, improved the conductivity of the FP phase, and enhanced Li-ion transport at high current densities. Granados-Moreno et al. [95] adopted a similar bifunctional blend of AC/LFP using a 60 wt.% AC and 40 wt.% LFP composite. This composite blend achieved a specific capacity of 102 mAh g−1 at 0.25 A g−1 and 80 mAh g−1 at 30 A g−1. A similar work using AC/LFP composites by Bockenfeld et al. [96] further highlighted the positive synergy between the AC and LFP. Diluting the LFP with the AC yielded higher specific capacity than pure LFP at high C-rates. The authors attributed to the improvement to the favorable ratio of Li-ions in the electrolyte within the pores and in the active material when the LFP was mixed with the AC. Moreover, the AC/LFP composites had improved conductivity and favorable morphology because the LFP particles, which were smaller and less porous, could occupy the spaces between the AC particles, enabling adequate contact between the two active materials. Sun et al. [97] investigated the effect of different ratios of LiNi0.5Co0.2 Mn0.3O2 powders (NMC) blended with the AC as bifunctional cathodes for LiC. A 25 wt.% NMC content was determined as the optimum blend which yielded a higher specific capacity than the pure AC (60.5 vs. 38.6 mAh g−1) in the potential window 2.5–4.1 V. The hybrid AC/NMC blend enabled a 36% increase in the volumetric energy density without sacrificing the power density or cycle life compared to the pure AC cathode. Hagen et al. [94] used a similar AC/NCM (75/25 wt.%) ratio in laminate pouch cells and compared the performance to a conventional LiC using the AC as a cathode. SEM images obtained from the hybrid AC/NMC cathode are presented in Figure 5d. The NMC particles are dispersed around the AC which enables a good composite blend that would promote superior volumetric performance. The charge and discharge profiles of the conventional LiC and hybrid LiC with the AC/NCM cathode are shown in Figure 5e while the discharge capacities at various currents are compared in Figure 5f. The hybrid LiC electrode had a capacity of 74 mAh g−1 which was 57% higher than the capacity of the conventional AC cathode. This resulted in a 50.5% increase in specific energy. However, the power performance was marginally impacted due to the limitations of the battery type electrode. Yu et al. [98] adopted lithium nickel cobalt aluminum oxides (NCA) as the battery-type cathode for bifunctional cathode composite blends with the AC.



The bi-functional hybrid electrode composite fabrication method can likewise affect the performance. A layer-by-layer spray printing approach was applied in developing smart multi-layer architecture electrodes incorporating dual composite materials in both the anode and cathode with an excellent energy density of 110 Wh kg−1 and power density of 15 kW kg−1 [99]. The LiC anode consisted of a spray-painted thin layer of discrete high-capacity Si (5 wt.%) at the lithium titanate (LTO) electrode surface. The same technique was applied in the cathode, which consisted of the AC and a thin spray-painted layer of LFP, but in a sandwich configuration of multi-stacked layers of spray-painted LFP and AC. The achieved high power density was enabled by optimizing the applied Si layer thickness and LFP layer thickness in the AC electrode composite sandwich. Hence, active materials with faster kinetics can be sandwiched between others with slower kinetics to improve the energy and power density.




3.2. Hybrid Composite with Other Carbon Materials


To achieve sufficient surface area and porosity in the synthesized AC, the precursors are often subjected to harsh gasification in the activation process, distorting the carbon structure and producing disjointed pores. Pores of varying dimensions are often created without sufficient interconnectivity when the activation methods do not include templating for tailored micropore formation. The presence of randomly created pores with insufficient interconnectivity can result in poor conductivity of the AC and inaccessibility of electrolyte ions into the pores. Moreover, while aiming to further increase the surface area, the existing micropores may collapse into mesopores and macropores from over-activation, consequentially reducing the electrode density and volumetric performance. Therefore, hybrid compositing with other carbon materials has been explored to increase the conductivity of the AC electrode and electrode density and improve the volumetric performance. Commonly incorporated carbon materials include carbon black, carbon nanotubes (CNTs), carbon nanofibers (CNFs), and carbon nanoonions (CNOs).



CNTs are widely renowned for their peculiar aspect ratios and extended graphitic layers, enabling increased conductivity and exceptional mechanical strength [100,101]. These properties facilitate improved percolation compared to typical carbon blacks when incorporated as nanotexturing composites in electrodes. Moreover, the entanglement of CNTs in the electrode composite can create open mesoporous networks, promoting the easy access of electrolyte ions to the active material. Incorporating CNTs as nanotexturing composites with the AC has yielded more superior performance than the typical carbon black often utilized [102].



CNOs in the family of carbon nanomaterials possess a very large external surface area consisting of circular stacks of carbon spheres resembling multi-walled fullerenes [103,104]. Compared to conventional carbon blacks, they possess smaller particle sizes (10 vs. 30–40 nm) and lower electrical conductivity (~3 vs. 8–50 S m−1) [105,106,107]. This smaller particle size can facilitate improved performance through easier homogenous distribution in the AC electrode, filling the interparticle voids and enhancing the conductivity. However, the ease of large aggregate formation (up to 100 nm) may present a challenge while using such materials [105].



Overall, compositing the AC with other carbon materials can result in a carbon electrode sheet with decreased interparticle void spaces. The nanoparticles filling the void spaces must be efficiently distributed with optimized percentages (2–5%) to avoid incessant agglomeration and electrode inhomogeneity. Efficiently distributed nanoparticles enable increased conductivity for the electrodes. However, a decrease in surface area with increased nanoparticles is expected. Therefore, the benefits of compositing become obvious at high current densities where the effect of electrode resistance is magnified and the capacity retention is enhanced. In contrast, no noticeable impact is expected at low current densities, and a slight decrease in capacity may occur with a reduced AC percentage in the composite.




3.3. Binders


Binders perform an essential role in the electrode fabrication and proper functioning of electrodes for LiC. They serve as the holding agent, securing the active materials together while simultaneously providing a conductive pathway for ionic species. The appropriate selection of binders can influence the AC electrode’s mechanical strength, electrode stability, self-discharge, and ionic and electrical conductivity. Typical binders used in AC electrode fabrication include polyvinylidene difluoride (PVDF), carboxymethyl cellulose/styrene-butadiene rubber (CMC)/SBR, polytetrafluoroethylene (PTFE), polyacrylic acid (PAA), and sodium alginate. The impact of these binders on the performance of AC has been investigated by several researchers. Chen et al. [108] compared the performance of electrodes fabricated using three binders AC/PTFE, AC/PVDF, and AC/CMC/SBR, using the organic electrolyte 1M TEABF4 in PC and symmetric supercapacitor configuration. It was revealed that CMC/SBR possessed the best wettability and lowest contact angle in the electrolyte. The fluoropolymers, PTFE and PVDF, had lower wettabilities due to high surface energy. Furthermore, nitrogen physisorption analysis of the AC powder and AC electrode with different binders revealed decreased porosity and surface area due to the binders. The physisorption isotherms are presented in Figure 6a. The lowest surface area was obtained from the PVDF binder while the CMC/SBR had only a minor decrease compared to the pristine AC. These microstructural differences influenced the rate performance and interfacial impedance, especially at high charge and discharge rates. The compared electrochemical impedance spectroscopy (EIS) spectra and rate performance of the different binders are presented in Figure 6b,c. The AC with CMC/SBR exhibited superior performance compared to the rest, having the lowest interfacial impedance and best capacity retention. Moreover, the CMC/SBR had the lowest self-discharge among the binders, attributed to the ease of mass transport within the macropores/mesopores favoring homogenously adsorbed ions during charging. The homogeneously charged surface reduced the self-discharge caused by ion redistribution in the electrode.



Tran et al. [109] investigated the influence of the binders PTFE, PVDF, PAA, alginate, and PAANa (sodium polyacrylate) on the performance and cycle life of AC electrodes used in LiC. The exceptional performance of the green alginate was highlighted. Stress relaxation tests conducted during the investigation of the rheological properties revealed that the alginate based slurry remained stable whereas the PVDF/NMP slurry viscosity decreased with time. Although the authors did not disclose the reason for the unstable viscosity of the PVDF/NMP binder, we infer that certain factors related to the ability to withstand mass or phase segregation could have affected the stability of the slurry over time [110]. Since similar active materials (activated carbon) were used and the only difference was the binder, the binder interaction with the particle and ability to flocculate into larger and heavier viscoelastic masses may have caused some sedimentation, which led to a decrease in the slurry viscosity [110]. Changes in slurry viscosity are significant problems encountered while upscaling electrode slurry formulation. Hence, alginate-based binders are advantageous over typical PVDF/NMP slurries. Additionally, the water-based nature eliminates the need for adapting special process operating conditions, such as those required for PVDF while using NMP solvent. Regarding cycling performance, the alginate binder AC electrode was more stable than the PVDF. Figure 6d shows the compared equivalent series resistance (ESR) as a function of cycle number. The lowest ESR was obtained using the alginate binder. Therefore, appropriate binder selection is essential for improved electrochemical performance.



The dissolving solvents for the selected binder also play a critical role in the active material–binder interactions and the surface chemistry of the resulting electrode. Generally, electrodes could be manufactured using dissolving solvents such as water and NMP or without dissolving solvents in dry electrodes. The environmental concerns regarding using NMP have encouraged the adoption of water-based electrode formulations. In large-scale manufacturing, a solvent recovery system must be installed for NMP recovery, which increases process costs and requires high temperature for its removal. Water-based slurries, on the other hand, do not face such restrictions. However, the drying process consumes about 40% of the energy requirements in the process line [111,112]. Electrodes manufactured using the water-based process are also plagued by the changes in surface chemistry related to the oxidization of the AC upon contact with moisture. Therefore, hydrophilic groups are formed on the high surface area alongside confined moisture in the pores that are difficult to remove without extensive drying procedures. When using organic electrolytes such as the widely utilized LiPF6 salt, the tendency for hydrolysis is increased, which consequently causes the electrolyte degradation and cell capacity to fade if optimized formation procedures are not conducted.



Moreover, lots of gas generation is expected during the formation step as the electrolyte hydrolysis reactions are accelerated. On the contrary, the surface of the AC electrode with NMP is more hydrophobic; issues regarding confined moisture in the pores are minimal. However, NMP has a high boiling point of 202 °C [111] which means that some of the NMP may remain in the AC pores if extensive drying procedures are not incorporated. Remnant solvents in the pores can cause increased pressure buildup in cells since they diffuse and affect the device’s operation. Given these limitations, dry electrodes involving no dispersing solvents are promising alternatives that eliminate drying and solvent recovery costs. Moreover, the dry electrode method can enable the realization of high areal capacity electrodes which are often difficult to attain using the slurry methods due to viscosity and flowability issues. Furthermore, the hydrophobic surface chemistry inherited from the polymer binder is preserved and the surface chemistry remains unmodified without any solvent, thus improving the wettability in organic electrolytes.





4. Electrolyte Optimization


Electrolytes are indispensable components in energy storage devices. Electrolytes enable the operation of energy storage devices by performing diverse roles, such as facilitating ion transfer between cathodes and anodes, stabilizing electrode surfaces, and promoting electrochemical stability and device performance [113,114]. The electrolytes used in LiC consist of a salt of the corresponding metal ion dissolved in a solvent or solvent combination, with or without additives. These electrolyte constituents are optimized to influence the conductivity, viscosity, density, operating potential window, and operating temperature. Factors such as the metal ion transport between the cathode and anode, cathode and anode interfacial stability, device cycle life, energy, and power density are hence affected by the nature of the electrolyte.



4.1. Electrolyte Solvents


Electrolyte solvents dissolve the electrolyte salt to enable dissociation into mobile conducting ions enclosed by a solvation shell. The nature of the dissolving solvent affects the electrolyte classification, which could be aqueous or nonaqueous, an ionic liquid, or solid-state electrolytes without any dissolving liquid solvent. The latter two are not widely applied in LiC due to the rigorous preparation conditions, high costs for the ionic liquids, and poor conductivity of the solid-state polymer electrolytes at low temperatures. Meanwhile, the aqueous electrolytes are limited by the decomposition potential of water at 1.2 V which restricts the operating potential window. Even though very high conductivity and high capacitances can be obtained using such electrolytes, the resulting energy density remains constrained due to the low operating potential window. Nonaqueous electrolytes, on the other hand, yield lower capacitance from the bulkier solvated ions dimensions but higher energy densities due to the wider operating potential window. Hence, the solvent choice can significantly affect the performance of the device. Additionally, other benefits such as the formation of ternary graphite intercalation compounds in graphite anodes used in sodium-ion capacitors have been achieved through optimized glyme-solvated electrolytes [115]. In the absence of such ternary graphite compounds, the binary counterparts would intercalate between the graphene layers, thereby resulting in exfoliation, instability, and, consequently, negligible energy storage capacity in the graphite anode.



Among the nonaqueous electrolytes, carbonate solvent-based electrolytes are widely adopted in LiC due to their ability to operate at higher maximum potentials (>4 V) compared to conventional supercapacitor solvents such as acetonitrile (~2.7 V). The latter solvent is unstable at potentials below 0.5 V vs. Li but possesses higher conductivity and superior low-temperature performance than the former. However, the ion–solvent interaction can influence the AC’s rate performance, especially at high C-rates. Carbonate solvents, such as EC, possess significantly larger dipole moments and bind more strongly to the Li cation than acetonitrile. Therefore, the strong coordination of EC to Li impacts the difficulty in the desolvation process by the surrounding electric field. This can interfere with the specific capacitance at high C-rates since the optimum pore size for the maximum power density is affected. The pore size of the AC must accommodate the dimensions of the solvated ion and allow for free diffusion of charges without affecting the double layer. Decaux et al. [116] investigated the influence of these two solvents on the performance of AC electrodes. It was revealed that larger pore dimensions in the range of 1.1 to 1.3 nm are needed to achieve increased capacity when using carbonate solvents. On the contrary, the easily de-solvated acetonitrile solvent required smaller pore dimensions (0.7–0.8 nm) to achieve the maximum specific capacitance.



Although high conductivity in electrolytes is required for high-power and high-rate cycling, the electrochemical stability at the electrode surface is equally important. Surface functionalities introduced deliberately or inadvertently during the AC production can affect the electrochemical stability.



The choice of solvent can also promote ion adsorption on the AC surface by optimizing the initial electrode potential. ho Lee et al. [117] reported on the effect of tetrahydrofuran (THF) on the AC capacity. The authors showed that adding THF to the electrolyte (1M LiBF4 in EC:DEC(3:7)vol%) resulted in a shift in the electrolyte electrostatic potential, increased ionic mobility, and easier adsorption of the BF4 anion on the AC electrode surface. ho Lee et al. [118] also reported enhanced rate performance of an AC/Li LiC achieved via the addition of 1,3,5-trifluoro benzene (TFB) in the electrolyte (1M LiBF4 in EC:DEC(3:7)vol%).



The electrochemical stability of the chosen solvent can influence the stability of the electrolytes. Aqueous solvents are limited by the decomposition of water at 1.2 V, which causes severe gas evolutions when operating at these limits. On the contrary, organic solvents typically operate at wider potential windows and have varying oxidative and reductive stabilities depending on the solvent or solvent combinations. The oxidative and reductive stability of the solvents can be estimated from the density functional theory calculations of their respective highest occupied molecular orbital (HUMO), lowest unoccupied molecular orbital (LUMO), and experimental examinations using typical inert working electrodes like glassy carbon or platinum [119]. However, the actual stability on the carbonaceous AC electrode differs from such experiments due to the carbon electrode/electrolyte interactions which limit the operating potential window and stability following oxidation of the surface at high potentials. Since similar LiB electrolytes are used in LiC, various researchers have investigated the oxidative and reductive stabilities of different electrolyte solvents and solvent combinations [113,120,121]. Carbonate solvents such as cyclic and linear carbonates like ethylene carbonate (EC), propylene carbonate (PC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), and di ethyl carbonate (DEC) are usually the preferred alternatives due to the relatively higher operating potential windows and the ability to form passivation films on the negative electrode. However, these solvents typically decompose on the high surface area of the AC and such reactions are exacerbated by surface oxygen functionalities and confined moisture in the pores [122]. The decomposition products affect the morphology of the AC and reduce the available surface area and pores for the charge storage [123]. Other solvent types, such as the sulfonated derivatives, sulfone, and dimethyl sulfide have been reported to exhibit higher oxidative stabilities than the carbonate solvents [114]. However, these classes of solvents typically have higher viscosities and necessitate mixtures with low-viscosity solvents to maximize the operating temperature window. Recently, very promising fluorinated solvents have demonstrated excellent oxidative and reductive stabilities due to the strong electronegativity of fluorine that influences the LUMO and HUMO [124,125]. Therefore, they exhibit higher oxidation stabilities than typical carbonate solvents and can form fluorine-rich and stable interfaces on the negative electrolyte that synergistically enhance the cycle life [125].




4.2. Electrolyte Salts


Several metal-ion salts have been investigated with different degrees of dissociating ability, capacity, and conductivity in carbonate solvent blends. Using Li-salts as an example, LiPF6, LiTFSI, LiFSI, LiCF3SO3, LiClO4, and LiBF4 are some notable examples that have been explored. Amatucci et al. [3] emphasized the importance of optimizing the electrolyte salt capacity and molecular weight in hybrid ion capacitors. The electrolyte salts LiPF6, LiCF3SO3, LiClO4, and LiBF4 were revealed to possess capacities of 176, 272, 252, and 286 mAh g−1, respectively. Moreover, using electrolyte salts with a high molecular weight could decrease the energy density of the LiC. Furthermore, the anions, in particular, influence the obtainable capacity of the AC electrode. The variation in electrochemical performance of the AC electrode using different lithium salts in the electrolyte can also be correlated with the dimension of the de-solvated anions (Figure 7a). Kato et al. [126] examined the influence of Li-salts with various anions on the performance of AC/LTO LiC. The rate performance of the different electrolytes is presented in Figure 7b. As expected, the Li-salt with the largest de-solvated anion dimension had the lowest capacity. However, LiBF4, with the smallest de-solvated anion dimension, did not possess the largest specific capacity. The authors emphasized that the discrepancy was due to the lower conductivity of the LiBF4 electrolyte which was attributed to the lower dissociation constant observed for the BF4− anion compared to the others. Therefore, the importance of selecting appropriate electrolyte salts with de-solvated anion dimensions suited to the AC pores and an optimum balance in conductivity is further demonstrated.



Researchers have implemented dual anion salts to maximize the available capacity through the adsorption of ions of various dimensions. In a notable work, Zhang et al. [120] investigated the electrochemical performance of electrolyte salt blends consisting of NEt4BF4 and LiPF6 dissolved in singular PC or EC:DMC (1:1) compared to singular LiPF6 or LiBF4. LiBF4 exhibited inferior performance due to the highest equivalent series resistance and lowest conductivity, necessitating the substitution with NEt4BF4. The rate performance of the electrolytes in different potential windows covering anion and cation utilization is displayed in Figure 7c,d. It was interesting to observe that the capacitance of the electrolyte blend (NEt4BF4 and LiPF6) was higher than the singular LiPF6 at low current densities. However, at high current densities, the opposite occurred. This may have been caused by increased competition between the dual anions at the AC pore entrance, creating a sieving effect and consequentially slightly lower capacity than singular LiPF6. Moreover, the solvation shell contributed by the dissolving solvent also affected the performance and electrochemical stability.



The various alkali metal salts (derivatives of Li, Na, and K) possess different stabilities and distinct electrochemical performances when used as electrolyte salts with the same AC and organic solvents. Stpie et al. [127] investigated the electrochemical behavior of AC when exposed to different electrolytes based on Li, Na, and K salts containing the anions (PF6, FSI, and TFSI) in similar solvents. The rate performance of the compared cations is presented in Figure 7e while the anions comparison with K is presented in Figure 7f. It was revealed that electrolytes based on the K-salts exhibited superior performance with higher ionic conductivity and faster ion diffusion within the AC micropores. Moreover, the larger K cation and “softer” character compared to Li facilitated less interaction with the electrolyte decomposition active sites on the AC and displayed a lower desolvation energy. Meanwhile, the strong acidic character of Li and binding energy to the solvent caused the increased presence of solvents in the AC pores where most decomposition reactions occur. The ease of desolvation of the K cation reduces the amount of solvent in the pores; thus, solvent decomposition occurs mostly at the external surface.




4.3. Electrolyte Dielectric and Viscosity


Properties of the electrolytes, such as dielectric, viscosity, and conductivity, have also been demonstrated to affect the self-discharge, rate performance, and electrochemical stability of the AC cathode. Eleri et al. [128] revealed that the electrolyte dielectric can influence the electrochemical stability of the AC cathode. Increasing the electrolyte dielectric improved the anion oxidative stability at the double layer region by modifying the solvation shell and increasing the resistance to oxidation during polarization at high energies. However, the increased dielectric leads to increased solvation energies and high viscosity [129,130]. Moreover, increased solvation energy results in high charge transfer resistance at the anodes due to high activation energy for desolvation, impacting the rate performance at high current densities [129,131]. Nevertheless, the cycling stability and coulombic efficiency of the cells with high dielectric solutions are superior to low dielectric electrolytes. The impacted rate performance at high current densities using high dielectric electrolytes could be mitigated by adequately tuning the AC pore size to enable the optimum adsorption of solvated and de-solvated ions and sufficient mass balancing on the anode.



Although a high dielectric is needed to achieve adequate salt dissociation, low dielectric electrolytes have also been optimized to reduce the solvation energies and improve the dissociation rate and conductivity through dual-cation systems. Chikaoka et al. [132] achieved a very high power density and improved stability in an AC/LTO LiC by using a dual-cation low-dielectric electrolyte. The electrolyte consisted of a mixture of spiro-(1,1)-bipyrrolidinium tetrafluoroborate (SBPBF4) and LiBF4 dissolved in DMC. The dual cation system eliminated the phase separation behavior and ion pairs caused by the single cation dissolution in the low dielectric DMC. Therefore, the low dielectric dual cation electrolyte had improved power density due to the low viscosity and improved conductivity.





5. Cell Design Optimization


The hybrid nature of LiC necessitates meticulous design to counter the imbalance of the capacitive AC cathode and the energy-dense intercalation type anode. The imbalance is due to the sluggish kinetics of the anode, in contrast with the rapid charge storage by ion physisorption occurring on the AC cathode. Consequentially, inadequate cell design can present issues such as underutilized potential windows, electrode potential encroachment into unsafe electrolyte decomposition regions, poor cycle life, and limited energy and power density. The following section discusses recent cell design strategies to improve the performance of the AC.



5.1. Capacity Balancing


Capacity balancing is a fundamental step required for the optimum performance of LiC due to the mismatch between the capacity of the AC cathode and the significantly larger anode material. High-power symmetric SC utilizes a 1:1 direct cathode: anode balance, which guarantees high power along with the rapid physisorption kinetics of the AC material [133,134]. However, if such ratios are utilized in LiC, for example, using the AC cathode (specific capacity <60 mAh g−1) and the HC anode (specific capacity >360 mAh g−1), the AC capacity would be completely charged before the anode. Moreover, the energy density is reduced since the anode potential is underutilized and may swing toward unstable regions where electrolyte degradation is accelerated [135].



It has been demonstrated in several works that a cathode:anode mass ratio >4 is required to achieve very high energy density in LiC [8,136]. Using such high mass ratios enables complete utilization of the anode capacity since an equal charge balance can be achieved between the AC cathode and the battery-type anode, improving the device capacity and energy density. Dsoke et al. [136] explicitly highlight the effect of the electrode mass ratio on the performance of AC/LTO LiC. The authors compared the performance of LiC of different electrode mass ratios, starting from the classically balanced mass ratio of 4.17:1 derived from the experimentally obtained AC electrode capacity of 38.36 mAh g−1 and LTO electrode capacity of 160 mAh g−1. Therefore, the AC electrode thickness was increased to 4.17 times the initial mass while the LTO mass was kept constant. The schematics of the cells are presented in Figure 8a. Figure 8b,c shows the capacity retention and Ragone plots of AC/LTO LiCs assembled with different mass ratios and a symmetric AC/AC supercapacitor cell for comparison.



As the AC/LTO mass ratio increased, the energy density increased while the capacity retention decreased. It is worth noting that the cycle life of LiC with a very high energy density deteriorates faster when such high mass ratios are utilized to achieve a similar capacity as the LiB counterparts. Moreover, the overall energy density of the cell is also significantly reduced after accounting for the weight of active materials which are mostly subjected to weight and thickness constraints.




5.2. Operating Potential Window Regulation


The operating potential window influences the capacity, electrode stability, and achievable energy and power density. Operating beyond stable limits can lead to encroachment into regions where electrolyte decomposition may be accelerated at the upper or lower vertex potentials. Furthermore, the anodes deliver distinct electrochemical performance depending on the potential window [137]. Therefore, investigating the operating potential window of the AC and selecting appropriate regions on the anode where kinetics mismatch can be alleviated is necessary. Jin et al. [137] demonstrated a practical matching approach for selecting an appropriate potential region during the design and fabrication of an AC/HC LiC. The authors first determined the appropriate operating potential region of the HC anode using a combination of galvanostatic charge and discharge analysis (GCD), galvanostatic intermittent titration technique (GITT), and electrochemical impedance spectroscopy (EIS) conducted at different potentials to observe the corresponding distinct electrochemical processes. After evaluating the appropriate region, the HC anode was pre-lithiated to enable operation within the chosen region and matched with the appropriate mass balance to the AC cathode and working potential. Incorporating these processes improved the energy density, power density, and life cycle.



Several operating potential limits for the AC cathodes have been utilized in various research, ranging from 1.5 to 4.6 V. Increasing the operating potential window enhances the capacity until a trade-off at these limits where further increased potential does not correspond to increased capacity. Moreover, electrolyte decomposition is accelerated at these limits and accompanied by severe passivation of the AC electrode surface by electrolyte decomposition products. The cycling stability is also affected by faradaic processes whose magnitude may vary based on the chosen potential window. Zhang et al. [138] investigated the capacity retention of AC/HC LiC cycled in different potential windows, namely 2.0–4.0 V and 2.2–3.8 V. The capacity retention was 73.8% after 80,000 cycles in the former and 94.5% of the initial value after 200,000 cycles in the latter. The selection of safe operating potential windows depends on the evaluation method, an objective widely explored by various researchers [139,140]. Sun et al. [141] reported a method for determining the operating potential of the AC cathode without the influence of the anode. The authors established that the stable potential limits can be obtained using the energy efficiency and the criterion that the second derivative of the S value plotted against the vertex potential, d2S/dU2 < 0.05. The operating potential limit of the AC in their study was determined to be 2.2–3.9 V. However, these operating potential limits depend on the nature of the electrolyte (organic solvent and salt) and operating temperature. Other parameters such as the presence of oxygenated functional groups on the AC surface, binder type (CMC/SBR vs. PTFE), and aluminum current collector (etched vs. carbon coated) can significantly influence the operating potential window of the AC. Compared to the alternatives, superior stabilities are obtained using coated collectors and PTFE binders [141].



Although the AC-specific capacity can be increased by utilizing more expansive potential windows, the oxidative stability is adversely affected at too high potentials. At the same time, the reversibility is impacted at low potentials. The impacted oxidative stability is associated with the oxygen functionalities discussed earlier that are responsible for increased capacitance through pseudocapacitance but impact cycling stabilities. Zhang et al. [142] deduced the following mechanism via which the oxidative stability is affected by oxygen functionalities when operating at high potentials. When the AC electrode is cycled at high potentials, the oxygen functionalities likely present in the form of ketones, ethers, lactones, carboxyls, etc., and are oxidized at such high potentials to form CO2 and H2O. The H2O hydrolyses the LiPF6 salt and further reacts with the lithiated negative electrode to form Li2O and H2. Therefore, large amounts of gases are generated together with the detrimental HF that causes interfacial instabilities and further depletes the active Li+ ions. At lower potentials, increased Li+ trapping occurs on the micropores due to the poor Li reversibility caused by the reactions with oxygen functionalities on the AC. These limitations have consequently led to manufacturers adopting the operating potential window 2.2–3.8 V as the recommended limit in dual carbon LiC, whereby appreciable capacity is maintained without compromising the cycling stability of the cell. By retaining this limit, oxidation reactions on the AC surface and lithium trapping at too low potentials by the reduced surface functionalities are minimized.




5.3. Pre-Lithiation


In contrast with the battery counterparts, LiC possesses no metal-ion source other than the metal ions in the electrolyte. However, during the initial cycling process, the formation of SEI on the anode and cathode can rapidly deplete the already-limited metal ions in the cell. Therefore, a pre-lithiation step is necessary to increase the availability of metal ions for charge storage. The pre-lithiation also mitigates against metal-ion depletion after the SEI formation on the anodes, resulting in enhanced cycling performance without a change in the materials or device structure [143]. Moreover, sufficient metal ions allow the AC cathode to operate at a widened potential window through the adsorption of metal cations below the OCP and anions above the OCP. As a result, the capacity of the AC cathode is increased and the resulting energy density for the LiC is enhanced. Pre-lithiation also facilitates safe anode utilization within the typical electrolyte decomposition limits <0.8 V by forming an initial SEI with the excess metal ions.



The process of pre-lithiation is commonly achieved using various electrochemical or direct contact pre-metalation techniques [143,144]. Central to each method is a sacrificial metal cation source where cations migrate from and to the anode either under the influence of an externally applied electrochemical driving force or by internal or external short-circuiting after direct contact. The pre-lithiation step could also be conducted as a pre-assembly procedure where the anode is pre-cycled with the metal cation source and the potential is regulated to the desired pre-lithiation degree before disassembly and reassembly of the final full cell with the intended cathode. In this case, two cell assembly steps are needed, which may complicate assembly line procedure in full-scale manufacturing and present additional contamination risks. Moreover, the direct contact method is usually conducted with the corresponding pure metal as the metal cation source. Consequently, the direct contact method is often uncontrollable, with a nonuniform degree of pre-lithiation since the strategy relies on direct contact between the metal and anode with no external controlling force. Moreover, the risk of thermal runways, fire hazards, and others associated with handling the highly reactive pure metal is significant and may pose serious concerns during large-scale assembly.



In response to the above concerns, a new pre-lithiation technique was developed which involves incorporating inorganic or organic sacrificial compounds containing the metal cations as an alternative to using the highly reactive pure metal during pre-lithiation [144,145,146]. These sacrificial compounds are composited in the AC cathode during the electrode fabrication process. The selection of sacrificial cathode pre-lithiation additives is based on the ability to irreversibly de-lithiate in the working potential window of the cathode and exhibit high volumetric or gravimetric capacity while remaining electrochemically, chemically, and thermally stable under electrode processing conditions and after the de-lithiation. Examples of such additives include Li2MoO3 [147], Li5FeO4 [148], Li2DHBN [149], Li3N [150], Na2S [151], NaCN [152], NaNH2 [153], Na2C4O4 [154], Li2C4O4 [146], and Li2C4O6 [155].



Park et al. [147,148] used Li2MoO3 and Li5FeO4 as sacrificial pre-lithiation additives mixed with the AC electrode during the fabrication of LiC. However, the oxidation of these materials occurred at high potentials (4.7 V) which are in regions where electrolyte oxidation is prominent; the AC surface can easily be passivated at the detriment of the surface charge storage capacity. Moreover, there is a remnant inactive mass in the cell which subsequently decreases the specific energy of the LiC. The sacrificial salts, therefore, show more promise because they produce no residues after de-metalation. The listed ternary salts only produce N2 and CO2 gases which can be removed during the formation step. This is particularly important when using capacitive materials since any residue after the de-lithiation can block the pores or contribute to inactive masses in the cell. Arnaiz et al. [146] demonstrated an effective pre-metalation strategy using Li2C4O4 and the K and Na derivatives as sacrificial pre-metalation additives mixed with the AC cathode and paired with an HC anode. Cyclic voltammetry (CV) and galvanostatic charge and discharge analysis conducted on the composite Li2C4O4, conductive additive, and binder (65:30:5 mass ratio) are presented in Figure 9a,b. The results revealed the irreversible capacity (375 mAh g−1) provided by the composite during the first cycle, as further evidenced by the broad peaks which diminished severely in subsequent cycles. Hence, confirming that the Li2C4O4 is able to irreversibly oxidize in the first cycle and is completely consumed after the 10th cycle. The AC/Li2C4O4 composite CV curves are displayed in Figure 9c. Similar first-cycle broad peaks are observed, attributed to the irreversible oxidation of the Li2C4O4. These broad peaks were absent in the 10th cycle, with the CV profile exhibiting the typical regular box-like characteristics of the AC.



Furthermore, it was revealed in this work that the pre-lithiation process did not affect the performance of the AC. On the contrary, the rate performance of the recovered AC after the de-lithiation of the Li2C4O4 agent was superior to the AC without the pre-lithiation, as shown in Figure 9d. Post-mortem electrode examinations revealed void spaces in the AC after the pre-lithiation attributed to the oxidation of Li2C4O4 in the electrode. The cycled pre-lithiated electrode further exhibited microstructural changes, evidenced by the creation of additional meso and macroporosity in the AC. These microstructural changes on the AC electrode were beneficial for improved electrolyte accessibility and superior rate performance.



Although the sacrificial salts show more promise, it is desirable in production lines to avoid extra gas formation after the pre-lithiation process. Recently, Pan et al. [152] effectively pre-sodiated the anode in a sodium ion capacitor by mixing the AC cathode with sodium cyanide (NaCN) as a pre-sodiation additive. The oxidation of the NaCN occurred at 2.9 V vs. Na/Na+ with a capacity of 547 mAh g−1 without any gas evolution.



Some sacrificial pre-lithiation additives can serve as dual-functioning additives to pre-metalate the anode while increasing the capacitance of the AC through pseudocapacitance. Zhang et al. [156] demonstrated the use of Li-rich Li2CuO2 as a cathode prelithation additive during the fabrication of AC/graphite LiC. The AC/Li2CuO2 cathode composite was revealed to behave as a pure capacitor when cycled between 2.8 and 4.2 V, yielding similar capacitance and capacity as the AC/Li half-cell. However, when the operating potential window was changed to 2.0–4.0 V, the remnant Li2CuO2 provided extra capacitance through pseudocapacitive behavior (increased from 150 F g−1 to 189 F g−1) after irreversible delithiation in the first cycle (342 mAh g−1).





6. Outlook and Perspectives


Different strategies enabling the increased performance of the AC cathode, when used in LiC, have been discussed. These strategies encompassed material, electrode, electrolyte, and cell design optimization techniques which enabled increased capacity, operating potential window, and stability of the AC cathode. Among the precursors, self-activating precursors present an opportunity to create high-performance AC with optimized pore size distribution by a simple controlled carbonization step. However, they are often plagued by heterogeneously distributed concentrations of atomically dispersed alkali metals. We propose an approach adapted from the self-activating biomass precursors whereby synthetic precursors are developed with nanoscale/atomically dispersed alkali metals. Using such synthetic precursors and controlled percentages of the dispersed alkali metals will enable the production of high-quality AC with controlled pore size distribution and high purity.



Introducing some degree of graphitization in the AC presents another approach for enhancing the capacity. However, care should be taken to optimize the graphitization degree to improve the capacity without affecting the rate performance. The implementation of this technique will enable a hybrid charge storage mechanism consisting of shallow intercalation and the typical ion adsorption/desorption in the AC pores.



The beneficial effects of functionalization, particularly the oxygen functional groups, were demonstrated by many studies. Oxygen functionalization can be beneficial and likewise detrimental to the performance. However, a critical understanding of these redox processes occurring on the electrode surface following reactions with the electrolyte at different potentials is needed. This could be achieved via in situ studies by analyzing reaction products generated during electrochemical cycling and relating such products with the performance of the AC.



On the electrode level, compositing with bi-functional electrodes presents a rational strategy to improve the AC’s capacity but with slight decrease in the rate performance. However, nanostructuring during active material synthesis can improve the rate performance of the composites. The high-capacity battery-type cathode could be nanosized and coated with a carbon precursor, which can later be activated. Hence, creating a bi-functional active material consisting of an inner core of high-capacity battery-type cathode and an outer shell of AC will enhance the charge storage kinetics.



Lastly, a fundamental understanding of the AC and battery-type electrode interaction is lacking, especially at the electrode–electrolyte interface. The influence of chemical cross-talks between the reaction by-products formed after reactions between the AC surface functionalities and the electrolyte needs to be investigated. These by-products can possibly migrate to the battery-type anode and negatively affect the SEI properties. Similarly, the SEI film forming additives introduced to influence the anode SEI may likewise affect the AC performance due to chemical cross-talks. Although it is widely accepted that the AC stores charge through ion adsorption in the double layer, the passivation film forming abilities of carbonate solvents may alter the performance. Hence, the broad question is whether the AC electrode–electrolyte interface can be influenced by film forming additives to delay electrolyte degradation or increase the operating potential window. If so, the consequences of such film-forming additives on the capacity/capacitance and the effect on the charge storage mechanism need to be understood.



In this review, we have outlined several strategies by which the performance of the AC cathode can be enhanced beyond the typical activation method optimization. These techniques mentioned, together with the future research directions, can facilitate improved performance of the AC cathode and subsequential energy and power density of the LiC.
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Figure 1. Schematic illustrating strategies toward improved performance of the AC cathode. 
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Figure 2. (a) Cycle life comparison of Super 50 and Maxsorb using 1 M Et4NBF4 in acetonitrile. The cells are cycled with different cut-off voltages (Umax) at a current density of 650 mA g−1. Reprinted from [31], copyright (2008), with permission from Elsevier. (b) Cycle life comparison of AC produced by a modified activation method (NDA025) and the reference sample (REF) using 1 M TEABF4 in PC. Retrieved from [32], copyright (2020), with permission from Elsevier. 
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Figure 3. (a) Schematic of the preparation procedure. (b–d) High-resolution transition electron microscopy (HR-TEM) images of the prepared ordered–disordered carbon. Reprinted from [36], copyright (2022) with permission from Elsevier. 
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Figure 4. (a) Effect of oxygen content on cycle life in organic and aqueous electrolytes, reprinted from [56], copyright (2020), with permission from Elsevier. First cycle charge and discharge profile of fresh AC electrodes using three-electrode cell configuration with a lithium reference electrode in (b) 1M LiPF6 in EC/DMC (3:7) electrolyte and (c) 1M TBABF4 in EC/DMC (3:7) electrolyte. (d) Comparison of cycle life at different potential windows, reprinted from [57], copyright (2017), with permission from Springer. Effect of various surface functionalities on the performance of the AC in (e) LP30 and (f) LiTFSI electrolytes. Cyclic voltammetry obtained using (g) LP30 and (h) LiTFSi electrolyte. (i) Effect of surface functionalities on the cycle life, reprinted from [58] (CC-BY). 
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Figure 5. (a) SEM images obtained from a hybrid LFP/AC electrode composite. (b) Capacity contribution for the individual electrodes in the hybrid cell. (c) Capacity retention of the hybrid LFP/AC LiC, retrieved from [93], copyright (2018), with permission from Elsevier. (d) SEM images obtained from the hybrid AC/NMC cell. Comparison of the (e) charge and discharge curves and (f) discharge capacity at different currents of the hybrid AC/NMC cell and conventional LiC cell, reprinted from [94], copyright (2018), with permission from Elsevier. 
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Figure 6. (a) N2 physisorption isotherms of various samples. (b) EIS Nyquist plots, (c) Specific capacitances at various current densities for cells cycled in 1 M TEABF4/PC electrolyte, reprinted from [108], copyright (2023), with permission from Elsevier. (d) Evolution of the ESR for the corresponding cells cycling between 0 V and 2.8 V at a specific current I = 1.39 A g−1 in 1 M LiPF6/EC/DMC. Reprinted from [109], copyright (2017), with permission from Elsevier. 
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Figure 7. (a) De-solvated anion sizes and structures of some lithium salts. (b) Rate performance comparison of the different electrolytes, reprinted from [126], copyright (2019), with permission from Elsevier. Gravimetric specific capacitance of AC electrodes in different electrolytes. (c) Electrodes cycled between 3.1 V and 4.1 V vs. Li+/Li. (d) Electrodes cycled between 2.9 V and 1.9 V vs. Li+/Li, reprinted from [120], copyright (2016), with permission from Elsevier. (e,f) Rate capabilities of symmetric AC//AC capacitor cells in different electrolytes, reprinted from [127] (CC-BY). 
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Figure 8. (a) Schematic of AC/LTO systems balanced with an AC/LTO mass ratio of 4.17, 1.54, and 0.72. (b) Capacity retention of the cells after 1000 cycles at 10C. (c) Ragone plots of AC/LTO LiC assembled with different mass ratios. Reprinted from [136], copyright (2015), with permission from Elsevier. 
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Figure 9. Electrochemical characterization of the as-prepared Li2C4O4 salt mixed with conductive carbon and binder in a 65:30:5 mass ratio. (a) Cyclic voltammetry (CV) at 0.1 mV s−1 and (b) galvanostatic charges at C/10. Electrochemical characterization of the as-prepared ACLi2C4O4 electrode: (c) CV at 0.1 mV s−1, inset: galvanostatic charge at C/10, and (d) specific capacity values at different current densities for the ACLi2C4O4 and the ACreference electrodes. Retrieved from [146], copyright (2020), with permission from Royal Society of Chemistry (RSC). 






Figure 9. Electrochemical characterization of the as-prepared Li2C4O4 salt mixed with conductive carbon and binder in a 65:30:5 mass ratio. (a) Cyclic voltammetry (CV) at 0.1 mV s−1 and (b) galvanostatic charges at C/10. Electrochemical characterization of the as-prepared ACLi2C4O4 electrode: (c) CV at 0.1 mV s−1, inset: galvanostatic charge at C/10, and (d) specific capacity values at different current densities for the ACLi2C4O4 and the ACreference electrodes. Retrieved from [146], copyright (2020), with permission from Royal Society of Chemistry (RSC).



[image: Batteries 09 00533 g009]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
e g os

w. & om

T % om

w4 om

SpnctcCuet 3

E 3141V U

§Z © =
oF e -

et
P

“ s ben 2918V . )

0.
6 5 10 15 20 25 %
Cycle Number
St Cunet 1A 5"
§«

Discharge Capacitance / F g
osussssizsii






media/file4.png
5 e Upge = 2.5V
oy 0 0000000 O—CO 0O OO T30
g‘ Mgy = 4.0V
L —h— iy

E R S N S
g
Q 0 Upas = 2.5V
5 ~eo o U, =30V
.
0

T @

En ! !

0 500 1000 1500 2000 2500 3000
Cycle Number

Capacity retention (%)

110

105 -
100 9
95 1
90 -
85 1
80 4

197

70

® REF
® NDAO025

(b)

0

1000 2000 3000 4000 5000
Time (s)





nav.xhtml


  batteries-09-00533


  
    		
      batteries-09-00533
    


  




  





media/file18.png
Current (mA)

&

L 4 'l

- 3.0 - 3?5 ljﬂ -
Potential (V vs. Li"/Li)

4.5 5.0

0.1mvs' .

Potential (V vs. Li"/Li)

Potential (V vs. Li"/Li)

Specific capacity (mAh g”)

L R
'ﬁ-u'F—_’_/i—_ c“.u -
35k .
3.0} (b) 4
| —1"cycle
23 — 2" cycle
—— 5" cycle
20} — 10" cycle
100 200 300 400
Specific capacity (Ah g, ¢ o)
1m i | r 1 v L T v L] i | v L T r | T
' 'Acrﬂrm
"IN e
60 Kﬁ_‘_ﬂ
“ (d)
20
ﬂ I T (T TR R T R T R T
e 1 2 3 4 S5 6 T 8 9 10
Current density (A g, )






media/file16.png
Capacity Retention / %

LTO Activated Carbon

Electrode Elactrode current
current l Separator collector
collector ‘ ¥

.

Hoo e .
20 pm 243 pm

() [Achm = 4.1?]

H

| l
[ l
20 pm B5 pm
[aciTo=154]
H

=

20um 40 pm

[.F'.GJ'LTD = U.TE]
110 110
100 100
9% %0 o 1004 1n 10 min 80 sbc
- o 1 -l
w o m 1 .*~-_‘.». i 5 m
0 70 ; \ yr— TaA_ -
[ L S e L
60 0 & N X
- -
> . 50 2 ﬁ 104 (C) ..‘ v
&0 | 40 % | .
X 30 2 e ACNAC 1
' W -8~ ACM.TO (ratio & 17)
o{ . il S
10+ w ACLTO mass rase 072 10 VACHTO (i) 72) .
0 at o gt _at @ o8 _a. B _lufilar Bl o 1 e -~ T - v ~ ~
O 100 200 300 400 500 600 700 B00 900 1000 100 1000 10000

cycle number

Specic Power (Wikg)





media/file2.png
| * High energy density
Improved cathode performance — * High power density
| * Long cycle life






media/file5.jpg





media/file3.jpg
rreT——
s

oA

§ : M;,j;‘;:jjéé.m

EE
")

o

o





media/file1.jpg
s, 0 e O

« Longeyelelife






media/file7.jpg
A

~6mLKOH
- 1L ELNBE P

‘Specific capacitance (F g°)

T o0 2 W






media/file10.png
Capacity Retention / %

Cell Voltage (V)

140 o DO S o e ) |00
120 |
i 96 % 94 % | g0
100 Y Y
{ & I
804 = = = = = = = = | = = = - - - - - - 60
| | ;
60 -
‘ (¢) : - 40
40 - |
‘ ! - 20
204 LFP20 / Hard carbon Full Cell
1 Cycled at 1C I
0 - T T T T T 0
0 250 500 750 1000
Cycle #
381 —=— Conventional LIC
sl —— Hybrid Cell
34+
3.2+
3.0F
28 f(€)
26
2 4 |4 80 mA Charge-Discharge
2‘2 1 L M | M | M 1 M
0 30 60 90 120 150 180

Time (min)

Coulombic Efficiency / %

h)

Discharge Capacity (mA

.0 LCATHODE, |
- 20% LFP/80%AC
5

Time / Hrs

120
A4 —m— Conventional LIC with AC
100 V\ —w— Hybrid Cell with NMC:AC (25:75)
[ v
80 \
.-H._‘___'
60 = \w%
a0t (1)
20 -

0 PR | . | IR | M| s [ | P | N
00 05 10 15 20 25 3.0 35 40 45
Current (A)





media/file12.png
o
(o
=
2
-
@
0
| -
o
W
o
31
= 200} : —o— AC+PVDF
3 : —a— AC+PTFE
o : —— AC+CMC+SBR
E 0Op: . A . A .
< 00 02 04 06 08 1.0
Relative pressure (P/Pg)
150
—9— AC+PVDF
-—q25 (C) -2 AC+PTFE
5? —9— AC+CMC+SBR
";'1!]0
=
T
_-E 5
ﬁ 50}
o
O 25
u & & ™ ™ M
0 5 10 15 20

Current density (A/g)

20
(b) -2— AC+PVDF
2= AC+PTFE
15} == AC+CMC+SBR
=
£
o
=10}
M
E
- 5t
n e

5 10 15 20
Re(Z) (Ohm)

(d)

AC/AC in Lﬂu
12 | LiPFJEC/DMC
1=1.39Ag"
E=0-28V






media/file9.jpg
Capacity Retention /

38|
35|
34
32|
30]
24|
24|
24
22|

Cell Voltage (V)

1
©

I
LFP20/ Hard carbon Ful Cell
Cyeledat1C
P )
Cycle #
(©)
0 CrargeDscharge
% w0 %0 120 10 180

Time (min)

Cell Voltage /| V

8070570715 20 25 30 35 40 45
Current (A)





media/file0.png





media/file14.png
Anions in Li salt

Desolvated anion size (nm)

PFg A 051
clo; A& 049
TSI (a) ,z"k 0.79
BF, .& 0.48
Specific Current /mA g’
554 Py e 140 280 1400 2800 5540 554
v L4 hd L A L A A | - L L 4 hd L} | hd )
140 cycles between 3 1- 4.1V (vs Li"LI)
. .
120} -
ik
DEE22tRttRRtttttitt FReTY
- 100 &
= Seeee
! sasaniane
’ () o
60 b ey
L = UPFJECOMC oneae
O 4 ® Bend C-ONC atose
Py l”.)":
! v Blena®C XEXX
204
3
o & A . A . A . A . A a ' v | . A . 4
0 5 10 15 20 el 0 35 40 45
cycle number
Specific Current /mA g
554 28 %e 140 280 1400 2000 5540 5%
v T T T v T T - e iy T o 1
40 » cycles between 2.9 - 1.9V (vs. Li'L)
-
120 &
R Aa
C o RTTPRE e b eaatt
80 & (d)
- CAAAAS T TYY
o ® LPFEC.OMC 111
§ ® BendEC-DMC vYYY
b - LP‘,&’C ““‘
N0 - v Benda¥C
. YTYYY
o - A . A - A A A . A o A A - A = ']
0 5 10 15 20 25 X » &0 45
cycle number

. . “ 01Ag?
' '
g 0.2Ag" O1Ag
w“'amosu!
: 20‘,“ sosee
e 1 P
S b
§ 10- ( ) secee
g ® LPF, ® LIBF, » LCIO, ® LITFSI
0 - ————
o 0 5 10 15 20 25 30
Cycle Number
Specific Current /A g
120 oA‘ A 0} A ‘p A 2g e 59 A ‘9 A o-‘ 2
= 110-:
Eioo:
SR LLLLL P TTTT T FHH
& 904 !"‘!
8 o
' . .
§ 60 4 * LiPF, (e) . AMAAL
& - KPF,
§ 30 -
@ 204
o
10 4
0 v - . - ’ -
0 5 10 15 20 25 30 35
040} 4 08 . 19 , 20 , S0 . % ., o1 ,
= 110 4
o 1004
w 1
3 TN, M
8 B0 4 .“.‘.....
& A‘A“.'...
—3 me sesee
8 0 AMAAAL
50 4
§ ol s kers (D)
g ¢ KTFSI
& i ~ KFSI
20 4
o 10 4
o na L L { - L L s
0 5 10 15 20 25 3 3%

cycle number





media/file8.png
Specific capacitance (F g )

e R 233383

C/Fg'AC

150

100

(a)

—

=== 6 mol/L KOH
-.-1moI/LEt,NBF,/PC
I A - |
6 8 10 12
Oxygen content (%)

N AT R L AR L

|
14

1

AAAAAAAAAAAAAAAAAAA
AAAAAA