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Abstract

:

Capacitive deionization (CDI) has gained a lot of attention as a promising water desalination technology. Among several CDI architectures, multichannel membrane CDI (MC-MCDI) has recently emerged as one of the most innovative systems to enhance the ion removal capacity. The principal feature of MC-MCDI is the independently controllable electrode channels, providing a favorable environment for the electrodes and enhancing the desalination performance. Furthermore, MC-MCDI has been studied in various operational modes, such as concentration gradient, reverse voltage discharging for semi-continuous process, and increase of mass transfer. Furthermore, the system configuration of MC-MCDI has been benchmarked for the extension of the operation voltage and sustainable desalination. Given the increasing interest in MC-MCDI, a comprehensive review is necessary to provide recent research efforts and prospects for further development of MC-MCDI. Therefore, this review actively addresses the major principle and operational features of MC-MCDI along with conventional CDI for a better understanding of the MC-MCDI system. In addition, the innovative applications of MC-MCDI and their notable improvements are also discussed. Finally, this review briefly mentions the major challenges of MC-MCDI as well as proposes future research directions for further development of MC-MCDI as scientific and industrial desalination technologies.
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1. Introduction


Capacitive deionization (CDI) has drawn increasing interest in water desalination, wastewater treatment, and resource recovery [1,2,3,4]. CDI is considered more versatile than other water treatment technologies because it is an energy-efficient and eco-friendly process that does not require extreme temperatures or pressures or use of chemicals [5,6,7,8]. Along with the simplicity of the process, the relatively small size of the module allows for simple adaptation for decentralized water treatment and in combination with other desalination technologies, including multistage flash distillation and reverse osmosis (RO) [9,10].



Over the last few decades, CDI has become remarkably advanced with various types of electrodes including capacitive electrodes with carbonaceous materials (i.e., activated carbon, carbon aerogel, carbon nanotubes, and graphene) [11,12,13,14,15] and faradaic electrodes with battery and battery-like materials (i.e., sodium manganese oxide, molybdenum disulfide, Mxene, silver/silver chloride, and Prussian blue analogs) [16,17,18,19,20]. These electrode materials have led to novel systematic developments. For instance, with the modification of carbonaceous electrodes, flow-by CDI [21], flow-through CDI [22], and inverted CDI (i-CDI) [23] were introduced. With the development of faradaic electrodes, hybrid CDI (HCDI) [16,24], cation intercalation desalination (CID) [25], rocking-chair CDI (RCDI) [17], and desalination battery (DB) [26] have been widely researched. Instead of a static electrode, the flowable electrode was employed in CDI, resulting in a continuous desalting system such as flow-electrode CDI (FCDI) [27] and fluidized bed CDI [28]. In addition, the introduction of ion exchange membranes in CDI (MCDI) allowed not only enhanced desalination capacity and charge efficiency by blocking the co-ion repulsion but also a significantly improved stability by reducing the side reactions such as oxygen reduction and carbon oxidation reactions [1,29].



In particular, the systematic development in CDI has been accelerated by the theoretical approaches to understand the electrochemical behavior of ions on the porous carbonaceous electrodes. For instance, the modified Donnan model is considered as fundamental knowledge of the ion sorption mechanism on porous electrodes, which explains the desalination performance and the relationship among charges, feed concentrations, and operation voltages [30]. Several theoretical studies discovered that the desalination performance of CDI was directly related to a correlation of the pore size distribution and the ion removal capacity [31]. All of these theoretical investigations provide one of the most important criteria for choosing an appropriate material and for considering the synthetic method of electrodes in CDI.



Nevertheless, CDI suffers from the following fundamental limitations: (1) CDI is plausible for treating low concentrated water (ex. Brackish water) compared with other water treating technologies such as the RO. (2) However, such low feed salinity causes the limited ion removal capacity because the electrical double layer (EDL) could not be sufficiently formed in the nanopores of the porous electrodes. (3) CDI in aqueous media is operable only in a narrow range of operational cell voltage (Ecell < 1.23 V vs. normal hydrogen electrode, NHE), and thus the choice of electrodes as well as ion removal capacity are severely restricted [1,2]. Recently, in order to overcome these limitations, multichannel flow stream membrane CDI (MC-MCDI) was proposed as an innovative concept of cell design in CDI. MC-MCDI utilizes two independent flow streams for electrodes and treating water, resulting in a favorable environment for the formation of EDL [15,32,33,34,35]. Through several systematic studies, MC-MCDI has not only successfully been demonstrated as an alternative of conventional CDI systems, but also utilized in various applications. Therefore, this review actively described the major principles of MC-MCDI including schematics and operational methods and addressed its applications. To gain a better insight into MC-MCDI, conventional CDI was also intensively studied in terms of standard analysis metrics as well as various types of cell designs. The major challenges and future research direction for further development of MC-MCDI are also discussed.




2. Capacitive Deionization (CDI)


2.1. Basic Principle and Operational Features


CDI is an electrochemical ion separation process using not only the ion ad/desorption into the EDL formed on the capacitive electrodes [1] but also faradaic reactions of pseudo-capacitive and battery electrodes [4]. Commonly, CDI is comprised of a pair of porous electrodes such as activated carbons, current collectors, and a channel for treating water [2], which is a simple cell structure to stack multiple cells for industrial applications.



Conventional CDI is operated in two consecutive steps, the charging and discharging processes (Figure 1). During the charging step (purification of water by inducing electrical energy), ions in aqueous media are removed by the adsorption within the EDL or by faradaic reactions such as intercalation, pseudo-capacitive, and redox reactions [8]. During the discharging step, (regeneration of electrodes by the electrical short-circuit or the reversed electrical energy), the immobilized ions are released, leading to the production of concentrated effluent [18]. Consumed energy during the charging step could be partially recovered during the discharging step, as encountered in energy storage devices. CDI is a considerably more energy-efficient process than other desalination technologies [36,37].




2.2. Standard Analysis Metrics


The desalination performance of CDI is often determined by standard analysis metrics such as salt adsorption capacity (SAC), salt adsorption rate (SAR), charge efficiency, and energy consumption (Table 1) [1,2]. SAC represents the amount of removed ions divided by the total mass of electrode materials during the charging process (Equation (1)). In particular, the maximum salt adsorption capacity (mSAC, SAC obtained at the equilibrium state) is useful to explore the sorption capacity without the influence of system parameters. Note that the SAC is affected by the operational conditions [1]. SAR expresses the ratio of removed ions to the operation time (Equation (2)) to show the rate capability of the system. Since the SAR is influenced by various operational parameters, including cell architecture, electrode thickness, porosity, and pore structures, it is a useful parameter to optimize the system [38]. Then, the correlation between SAC and SAR can be presented in the CDI Ragone, allowing systematic understandings and comparisons among several types of CDI systems [39].


  SAC   ( mg / g )   =      M  N a C l   ·   ∫      (   C 0    −    C t   )  · ν · d t  m   



(1)






  SAR   ( mg / g / s )   =      M  N a C l   ·   ∫      (   C 0    −    C t   )  · ν · d t    m  w k   · t    



(2)




where C0 and Ct are the initial and effluent concentrations (mM) which were converted from the measured conductivities, ν is the volumetric flow rate (L/min), MNaCl is the molecular weight of NaCl (g/mol), m is the total mass of the carbon electrodes (g),    m  w k     is the total mass of the working electrodes (g), and t is the operation time for the charging step or the total desalination cycle(s).



Charge efficiency and energy consumption are the parameters to evaluate how efficiently CDI is operated (Equations (3) and (4)). Charge efficiency is derived by the ratio of the removed ions to the invested electric charge, while the energy consumption represents the energy required to remove a single ion [1,2]. Since the charge efficiency shows the degree of electric charge utilized to remove the ions, it is a major index to determine the presence of parasite reactions as well as energy consumption [40]. The energy consumption in kT is the thermodynamic energy consumption based on the specific Gibbs free energy of separation, offering the scientific evidence to compare the energy efficiency of CDI systems with that of other desalination technologies [41].


  Charge   efficiency   =     S A C · m    M  N a c l     /  (      ∫     I d t  F   )   



(3)






   Energy   consumption   ( k T )   =    V n    ∫     I d t     ( at   CV   mode ) ,    I n   ∫    V d t   ( at   CC   mode )   



(4)




where F is the Faradaic constant (96,485 C/mol), I is the current (A) during the charging step, V is the voltage (V), and n is the total number of ions desalinated during the operation. 1 kT is equivalent to 2.48 × 103 J/mol for the case of removing NaCl. Note that CV stands for the constant voltage operation, while CC stands for the constant current operation.




2.3. Operational Mode


There are two types of electric operational modes: Current control or voltage control (Table 2). For the charging step, the system could be operated by either the constant current (CC) or the constant voltage (CV). Note that the CV mode is widely used in CDI operation due to the practical advantages such as easy to execute and fast ion removal rate, whereas the CC mode results in the consistent quality of desalinated water using less energy [36]. During the discharging steps, there are three types of operational modes, such as reversed current, zero voltage (short-circuit), and reversed voltage modes. Zero voltage operation is the most commonly used operation for the regeneration of electrodes without consuming extra energy. For the complete regeneration of certain electrodes, reversed current or voltage modes could be used [15,17].



Along with the electric operational modes, there are three conditions for flowing the feed solutions: Semi-batch, single-pass, and batch modes. The system with the semi-batch mode is fed the solution from the reservoir where the treated water is re-entered (Figure 2). It is often used to analyze the equilibrium state for different electrode materials or systems [2,34]. For more practical approaches, the single-pass mode is introduced, in which the feed solution continuously inflows so that the equilibrium concentration is reached at the end of the ad/desorption processes [1,34]. Batch mode refers to the system feeding a certain volume of the feed solution, and thus the concentration of feed solution keeps decreasing [17,42]. Between the three processes, batch mode is the simplest operation mode, while the single-pass mode is the most common for the practical studies.




2.4. Advancement of Capacitive Deionization (CDI) and Its Limitations


CDI is developed in various types of electrodes and architectures, as depicted in Figure 3. First, electrodes can be categorized by two ion removal mechanisms: The capacitive and faradaic electrodes. In the category of capacitive electrodes, the EDL is formed on the surface of the electrode by applying electrical energy. Therefore, without charge transfer reactions, the ions are preferentially ad/desorbed into the EDL formed at the interface of the electrode surface and the water stream [4]. Porous carbonaceous materials like activated carbon, activated carbon fiber, carbon aerogels, carbon nanotube, and graphene have been utilized as capacitive electrodes, and they are widely used as electrodes in conventional CDI [11]. In the category of faradaic electrodes, the ions favorably interacted with the surface and lattice of the electrodes, resulting in the insertion of the ions into the lattice structures by the changing oxidation state or redox reactions. Accordingly, their ion removal capacity can be much larger than that of capacitive electrodes [43]. Battery and battery-like materials such as sodium manganese oxide, Prussian blue analogs, 2D materials (e.g., Mxene, titanium disulfide, and molybdenum disulfide), and silver/silver chloride have been utilized as faradaic electrodes in CDI [4,18,20].



Second, the classification of electrodes originates from the mobility of the electrodes. Instead of static-electrodes, flow-able conductive particles have been employed in CDI cell architectures, known as flow-electrode CDI (FCDI) [1,27]. This concept is similar to the slurry-based energy storage systems, such as electrochemical flow capacitors and semi-solid lithium-ion batteries. The FCDI exhibits two major unique features and functionalities compared with the static-electrode CDI cell architecture: (1) FCDI is able to desalinate feed water continuously because the charged activated carbon particles can be sustainably discharged downstream of the cell, and (2) a continuous supply of discharged carbon particles leads to a higher ion adsorption capacitance than static-electrode CDI. Therefore, FCDI can desalinate highly concentrated feed water.



The introduction of ion exchange membranes not only allows a significant enhancement of desalination performance in conventional CDI but also leads to various types of cell architectures such as hybrid CDI (HCDI) [16], cation intercalation desalination (CID) [25], multichannel flow stream membrane CDI (MC-MCDI) [15], and battery desalination combined with the oxidation processes [44]. Due to the permselective characteristics of ion exchange membranes, membrane-involved CDI reveals high charge efficiency and enhanced salt removal capacity. By reducing co-ion repulsion and ion swapping (Figure 4), additional ions could be captured to balance the charge neutrality in the macropores of electrodes or at the interface of membranes and electrodes [30].



Despite of numerous efforts on the advancement of electrode materials and architectures, CDI has crucial limitations for its industrial applications as listed below:



● Discontinuous desalination process



Conventional static-electrode CDI is operated in a sequential charging and discharging steps, resulting in the production of fresh and concentrated water, respectively. This intermittent operation causes discontinuous production of clean water [45].



● Low concentration of the feed water



For most of static-electrode CDI, the energy consumption strongly depends on the salt concentration of the feed water because CDI desalinates ions from the feed water, while other desalination technologies like reverse osmosis and multi-stage flash separate water molecules from the ions [1]. Thus, CDI is compatible and energy-efficient only for desalinating low concentrated feed solutions. However, low feed salinity hinders the formation of the EDL in the nanopores of the porous electrodes, resulting in limited ion removal capacity [5].



● Limited operation voltage regime



Despite the significant development of electrode materials and cell architectures, the CDI operation is limited to the operational voltage of approximately 1.23 V vs. NHE due to the theoretically stable potential window in aqueous media without side reactions [33]. Assuming that the EDL capacitor is proportional to the cell voltage, CDI seldom holds the SAC over 20 mg/g.



● Limitation of Flow-electrode CDI



Although FCDI has overcome several limitations seen in the static-electrode CDI, it is also hindered by various obstacles, including relatively high energy consumption associated with the regeneration of the charged carbon particles, agglomeration of the carbon slurry, and extremely low conductivity of the flow electrodes [1]. It is evident for the FCDI system that the leakage currents can never be as small as those observed in static-electrode systems, which reduces the overall efficiency of the system.





3. Multi-Channel Membrane CDI (MC-MCDI)


3.1. Cell Configuration and Key Advantages


To overcome the limitations of static- and flow-electrode CDI, a unique cell architecture, known as MC-MCDI, has recently been designed (Figure 5). The MC-MCDI cell consists of the middle and the side channels as the feed and electrode channels, respectively. The two channels were separated by a pair of anion and cation exchange membranes (AEM and CEM) (Figure 5A). In the side channels, porous carbon electrodes are attached to current collectors made of titanium mesh. The side of the current collector is coated with rubber to press on the ion exchange membrane and seal the middle and the side channels (Figure 5B,C). As such, both the feed stream and electrolyte can be independently controlled, providing a favorable environment for the formation of the EDL. The cell design of MC-MCDI involves several advantages and has distinctive features compared to the conventional CDI architectures as follows:



● Enhanced desalination performance



MC-MCDI involves an advantageous configuration of the membrane CDI (Figure 5A). For example, the major benefits of membrane CDI are the enhancement of charge efficiency and salt removal capacity because the added membranes block co-ion repulsion, which causes the undesirable current during the charging step. As shown in Table 3, MC-MCDI results in enhanced SAC compared with MCDI and CDI, showing a two to five times greater ion removal capacity. Moreover, the system maintains high charge efficiency (>90%), indicating that the system is operated efficiently with a small amount of side reactions. Additionally, by using concentrated solutions in the side channels, the porous electrodes could form the EDL even in nanopores, therefore, enhancing the ion removal capacities [15].



● Semi-continuous desalination



Two stream channels in MC-MCDI allow for semi-continuous production of clean water, thereby overcoming one of the major limitations for the static-electrode CDI. As mentioned, for the static-electrode CDI, the repeated cycling between adsorption and desorption causes discontinuous production of fresh water [45]. In the case of MC-MCDI, however, separated middle and side channels could be alternately desalinated and regenerated. In other words, one channel is desalinated, while the other channel is regenerated. Therefore, the cell can produce clean water regardless of the charging and discharging processes, resolving the limitation of intermittent CDI operation [32].



● Multifunctional system



MC-MCDI could be utilized not only in the desalination of brackish water but also in cases such as purification of highly concentrated feed water, up-concentration of certain ions, and possibly selective ion removal. For instance, the MC-MCDI system can be used for treating the concentrated wastewater from the reverse osmosis process. It could also be used for up-concentration of valuable ionic contents such as Li+ and Co2+, as well as for desalting KOH and H2SO4 or NaCl and KCl by changing operating conditions without using any additional industrial processes.




3.2. Operational Studies and Principle of Mechanism


With its key advantages, MC-MCDI has successfully been demonstrated as next-generation cell architecture by various operational studies. In general, MC-MCDI provides a high saline environment to electrodes in the side channels, while the low saline water is fed into the middle channel as treating water. Both channels are independently controlled and separated by ion exchange membranes [32]. The salinity gradient between channels enhances desalination performance with an unprecedented improvement in SAC, high charge efficiency, and low energy consumption (Figure 6) [15]. Particularly, under reverse-voltage operation of +1.2 V for charging and −1.2 V for discharging, MC-MCDI can be operated as a semi-continuous desalination process for the production of clean water with even greater enhanced desalination performance. As a result, under reverse-voltage operation, MC-MCDI resulted in approximately four times greater desalination performance than the system under operational condition for conventional CDI (see Figure 6A,D).



The enhancement of desalination performance in MC-MCDI is mainly attributed to the enhanced intrinsic capacitance of the porous carbonaceous electrodes in the high saline environment. Additionally, considering the mechanism of the reverse-voltage operation shown in Figure 7, further enhancement can be interpreted by the block of co-ion repulsion, additional ion flux for charge neutrality, and the double-ion ad/desorption processes. During the first half-cycle (i.e., charging step), co-ions are released from the pores of carbonaceous electrodes in the side channels, while the ion exchange membrane blocks those ions due to its permseletivity property. This characteristic phenomenon allows additional migration of counter-ions from the middle channel to balance the charge neutrality in the side channels. Consequently, the feed stream in the middle channel is desalinated, while the side channel is concentrated. During the second half-cycle (i.e., discharging step), co-ions can migrate from the side channels to the middle channel through the ion exchange membrane, producing concentrated effluent in the middle channel and desalinated solution in the side channels.



Furthermore, the benefit of the salinity gradient in MC-MCDI was also thoroughly examined in battery electrodes like Prussian blue analogs (Figure 8A) [35]. Although the battery type electrodes have garnered attention because of their high ion removal capacity, the mass transfer at the interface of the electrode and low saline feed is too limited to maintain the long-term stability. As shown in Figure 8B, using the MC-MCDI, ion removal capacity, and the maximum salt removal rate demonstrated to a three-fold increase as the side channel concentration increased from 10 to 1000 mM, preventing performance degradation over 100 cycles [35].



It is clear that the salinity gradient in MC-MCDI could improve desalination performance such as ion removal capacity, charge efficiency, and mass transfer. It should be noted that the exceptional desalination performance is accomplished with a simple operational condition and without a complicated cell module or any additional electrode modifications.




3.3. Applications of MC-MCDI


Besides high saline solution, various types of solutions, such as an organic electrolyte and a redox couple, can be introduced as a supporting electrolyte in the side channels of MC-MCDI [33,34,51]. Using various supporting electrolytes, MC-MCDI reaches beyond the confines of its conventional operations, including the extension of cell voltage [33], ion removal assisted by the redox couple reaction [34,51], and continuous desalination [34]. MC-MCDI with organic electrolyte as the supporting electrolyte could optimize the cell voltage up to 2.4 V which is a two-fold increase in a stable operating cell voltage (Vcell = 1.2 V) of CDI for water desalination [33]. For instance, the cation side of the side channel is filled with the aqueous medium, while the anion side of the side channel is filled with the organic electrolyte such as propylene carbonate. As a result, highly enhanced SAC (63.5 mg/g) was achieved with comparable energy consumption and high charge efficiency (Table 3). Since the charge is linearly proportional to the operation voltage (Gouy–Chapman–Stern theory), the extended cell voltage significantly increased the desalination capacity of the porous carbon electrode. In addition, the MC-MCDI could utilize the redox couple such as iodide and ferrocyanide, to further enhance the desalination performance along with the use of the adsorption capacity (Figure 9A) [33,51]. The system, assisted by the redox reaction, showed a remarkable desalination performance even over long-term operation with its fast kinetics and high reversibility governed by thin-layer electrochemistry [52]. Predominantly, the reversible redox reaction along the side channels allowed sustainable desalination of the treating water. This application highlights that the MC-MCDI with the redox could be developed as a desalination system for highly concentrated water up to seawater level [34].





4. Conclusions and Future Prospect


With significant growth in the CDI field over the past few decades, a tremendous research effort has provided various scientific and industrial breakthroughs in CDI technologies by exploring new electrode materials, as well as theoretical studies. Additionally, significant improvements have been made with the systematic advancement such as MCDI, HCDI, i-CDI, and FCDI. In particular, MC-MCDI opens various opportunities and shows many possibilities to overcome key limitations of the conventional CDI with a unique cell architecture using multichannel.



Despite its compelling desalination performance, further investigations should be performed to investigate the practical use of MC-MCDI. For further success of MC-MCDI as the next-generation of CDI architecture, the following issues must be studied and resolved by future research: (1) A relatively complicated cell design is vulnerable to expand its desalination capacity by stacking the multiple-unit-cells, (2) it remains unclear if the ion removal mechanism originates from the electrosorption in nanopores of the carbon electrode or just from ionic movement through the membrane due to the electrical field, and (3) its performance is still limited because the studies were exclusively evaluated with the porous carbonaceous materials. Moreover, it is important to conduct system optimization as well as various parameter studies of the MC-MCDI for practical use of the system. In conclusion, it is very promising that MC-MCDI is an innovative CDI system not only to enhance the desalination performance but also to expand the scope of the CDI system beyond the low salinity desalination.
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Figure 1. Schematic illustration of basic cell configurations and operations in capacitive deionization (CDI). 
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Figure 2. Conditions for flowing the feed solutions: Semi-batch, single-pass, and batch modes. 






Figure 2. Conditions for flowing the feed solutions: Semi-batch, single-pass, and batch modes.



[image: Applsci 10 00683 g002]







[image: Applsci 10 00683 g003 550] 





Figure 3. Fundamental development of the cell architectures in CDI using the static and flow electrodes. 
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Figure 4. Ion removal mechanism of CDI with charge compensation on pores in the porous carbon electrode: (A) Ideal ion adsorption, (B) presence of the ion swapping, and (C) presence of the co-ion repulsion. 
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Figure 5. Basic cell architecture of multichannel membrane CDI (MC-MCDI) using channels and ion exchange membranes: (A) Conceptual scheme, (B) frame components, and (C) exploded view of cell assembly (Reprinted with permission from Reference [32]). 
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Figure 6. Desalination performance of multichannel membrane CDI (MC-MCDI) with a concentration-gradient operation between the middle and the side channels under zero voltage operation (ZV, +1.2 V vs. 0 V) (A,B) and reverse voltage operation (RV, +1.2 V vs. −1.2 V) (C,D). The M5S5 and M5S1,000 indicate the concentration of the middle (5 mM NaCl) and side channel (5 mM NaCl or 1000 mM NaCl) (Reprinted with permission from Reference [15]). 
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Figure 7. Ion removal mechanism of MC-MCDI in semi-continuous operation: Anion exchange membrane (AEM) and cation exchange membrane (CEM), and MC and SC denote the middle and side channels, respectively. (Reprinted with permission from Reference [32]). 
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Figure 8. (A) Schematic illustration and (B) desalination capacity as well as the maximum salt removal rate of multichannel membrane CDI (MC-MCDI) using battery type electrodes (Reprinted with permission from [35]. Copyright (2019) American Chemical Society). 
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Figure 9. (A) Schematic illustration and (B) continuous desalination operation of CDI assisted by redox couple reaction (Reprinted with permission from [34]. Copyright (2019) American Chemical Society). 
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Table 1. Standard analysis metrics in CDI.
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	Unit
	Definition





	Salt adsorption capacity (SAC)
	mg/gelectrode
	Ion removal capacity



	Salt removal rate (SAR)
	mg/gelectrode/s
	Rate capability



	Charge efficiency
	%
	Ratio of removed ions to the invested electric charge



	Energy consumption
	kT
	Energy consumption per removed ion
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Table 2. Types of electric operational modes in capacitive deionization (CDI) for charging and discharging steps.
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System Operation Mode

	
Current

	
Voltage






	
Charging

	
Constant current (CC)

	
Constant voltage (CV)




	
Discharging

	
Reversed current

	
Zero voltage




	
Reversed voltage
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Table 3. Comparison of the desalination performance such as salt adsorption capacity (SAC), energy consumption, and the charge efficiency among MCDI, CDI, and MC-MCDI. AC represents activated carbon material, and ACC represents activated carbon cloths.
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Mode

	
Material

	
Cell Voltage (V)

	
Feed Concentration (mM)

	
SAC (mg/g)/Energy Consumption (kT)

	
Charge Efficiency

	
Ref.






	
MCDI

	
AC

	
+1.2/0

	
20

	
11.7/n.a.

	

	
[38]




	
+1.2/−1.2

	
20

	
13.4/n.a.

	
[30]




	
+1.2/0

	
100

	
6.5/24




	
+1.2/−1.2

	
8.5

	
19.5/n.a.

	
[46]




	
+1.2/0

	
5

	
10.3/n.a.

	
[47]




	
CDI

	
ACC

	
+1.2/0

	
5

	
16.2/n.a.

	
[18]




	
Chemical treated ACC

	
+1.0/0

	
5

	
15.4/n.a.

	
[48]




	
Carbon nanotubes

	
+1.2/0

	
8.5

	
2.5/n.a.




	
Carbon nanotubes

	
+1.2/0

	
34

	
5/n.a.

	
[49]




	
Graphene sponge

	
+1.2/0

	
8.5

	
14.6/n.a.

	
[50]




	
MC-MCDI

	
ACC(Kynol)

	
+1.2/0

	
M: 5 (S: 5)

	
14.1/~20

	
>90

	
[15]




	
+1.2/−1.2

	
22.6/~20




	
+1.2/0

	
M: 5 (S: 1000)

	
29.8/~20




	
+1.2/−1.2

	
56.8/~20




	
ACC(Kuraray)

	
+1.2/0

	
M: 10 (S: 100 NaCl,

100Na4Fe(CN)6)

	
67.8/~27

	
>90

	
[34]




	
Prussian blue

	
+1.0/−1.0

	
M: 10 (S: 1000)

	
52.9/~38

	
~98

	
[35]




	
ACC(Kynol)

	
+2.4/0.0

	
M: 5 (S: 1 M NaCl in H2O, 1 M NaClO4 in PC)

	
63.5/27

	
~90

	
[33]
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