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Abstract 

  

Electrochemical desalination technologies such as capacitive 

deionization (CDI) and battery desalination (BD) has considered as a next-

generation desalination technology due to its mild operating conditions, 

portable features and low energy consumption. Among various BD systems, 

cation reactive battery desalination (CBD) is receiving great attention as a 

high efficiency system due to its continuity unlike other BD systems. 

Although CBD has high efficiency compared to other electrochemical 

desalination technologies, it still needs to improve its low stability and 

desalination capacity. A major reason for the low stability of CBD is known 

to be the reactivity of the electrode with OH- in water. This dissertation 

provides three approaches to overcome the low stability and desalination 

capacity of CBD: modifying electrode surface, applying new battery material, 

and introducing a new system. 

First, Nafion, cation exchange resin, was coated on the electrode 

surface to enhance the low stability and desalination capacity of CBD. Nafion, 

allowing the selective passage of cations, serves to prevent contact between 

OH- and the electrodes. As a result, it was possible to effectively suppress the 

side reaction between OH- and the electrode. The system maintained 94% 



 

II 

 

retention capacity after 100 cycles. Moreover, the overall desalination 

performance was enhanced, achieving high desalination capacity (approx. 72 

mg g-1). 

Second, sodium cobalt hexacyanoferrate (NaCoHCF) electrodes 

having two oxidation/reduction reaction regions were applied to CBD in order 

to increase desalination capacity. The specific capacity of the NaCoHCF 

electrode using two redox active sites was 88 mAh g-1 (active material: 110 

mAh g-1), which was confirmed to have a specific capacity 1.5 times higher 

than that of NaNiHCF electrode using one redox active site. Consequently, 

this system achieve a high desalination capacity of 123 mg g-1 with 88% ion 

removal in 500 mM NaCl solution. Despite these efforts, CBD has a 

fundamental limitation in securing very high stability due to its reactivity of 

cation reactive battery electrodes with water. 

Third, anion reactive battery desalination (ABD) using anion reactive 

battery electrodes was introduced to overcome the stability limitation of CBD. 

In this study, proposed ABD consists of two Ag/AgCl electrodes, and a cation 

exchange membrane; the Ag/AgCl electrodes have advantages of high 

stability and specific capacity in water. As a consequence, the system showed 

high stability with a retention capacity reduction of less than 1% even after 

100 cycles, and achieved a very high desalination capacity of 85 mg g-1.   
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The results of this study are expected to contribute to the expansion 

and development of a new field of electrochemical desalination research 

based on battery electrodes. 

 

Keywords: Capacitive deionization; Electrochemical desalination; Prussian 

Blue analogues; Nafion; Seawater desalination; Battery desalination 
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1. Introduction 

1.1. Research Background 

Global population growth is increasing the demand for water, while 

pollution and climate change are decreasing the amount of fresh water 

available. In this way, securing fresh water is of great importance. Technology 

for converting brine into fresh water, known as desalination, has become 

increasingly important (Srimuk et al. 2020). Traditionally, desalination 

technology has included reverse osmosis (RO) and thermal distillation; 

however, these technologies have high energy consumption due to their high-

pressure or high-temperature operating conditions, respectively (Zhao et al. 

2013; Ntavou et al. 2016). The membranes of RO units also need to be 

replaced periodically due to biofouling, which increases environmental 

pollution because the membranes are not biodegradable (Pilat 2001; Raluy et 

al. 2006; Elimelech and Phillip 2011). These factors have led to an increasing 

interest in next-generation desalination technology. 

A new generation of desalination technology, capacitive deionization 

(CDI), has emerged due to its mild operating conditions, portability, and 

energy-saving potential (Suss et al. 2012, 2015; Yeh et al. 2015; Kim et al. 

2017a; Arulrajan et al. 2019; Yoon et al. 2019). With brackish water, CDI is 

competitive with conventional desalination techniques; however, CDI is not 
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able to handle high salt concentration solutions due to the limited desalination 

capacity of the electrodes (Zhao et al. 2013). CDI removes salt ions through 

adsorption on the electric double layer (EDL) on the electrode surface. The 

desalination capacity of EDLs can be increased by increasing the cell voltage, 

but typical CDI operating voltages are limited to around 1.2V. The reason for 

limiting the cell voltage to 1.2V is that energy efficiency is greatly reduced at 

a voltage higher than 1.2V due to side reactions such as water decomposition 

(Choi 2014; He et al. 2016; Kim et al. 2016b; Shapira et al. 2016; Dykstra et 

al. 2017). 

Battery electrodes using Faradaic reactions have been applied to CDI 

(Pasta et al. 2012). By applying battery electrodes, it is possible to increase 

desalination capacity significantly because the ions are captured by chemical 

bonds inside the electrodes (Yoon et al. 2019). For these reason, many 

electrochemical desalination system using battery electrodes have been 

proposed such as hybrid capacitive deionization (HCDI) (BLAIR and 

MURPHY 1960; Lee et al. 2014; Kim et al. 2016a) and battery desalination 

(BD) (Pasta et al. 2012). HCDI and BD, however, after a first step in which 

ions are adsorbed, require a regeneration step to release the ions adsorbed on 

electrodes. Thus, for half of the time, the device is not used to desalinate water. 

The invention of a cation reactive battery desalination (CBD) by Smith 
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and Dmello in 2016 significantly increased the system efficiency of BD by 

allowing ions to be removed even in the discharging step. In CBD, two 

identically sized chambers are formed by the use of two identical cation 

intercalation electrodes and a membrane positioned at the center of the 

electrodes. During the operation, the charged electrode captures cations 

(desalination) while the discharged electrode in another chamber releases 

cations (concentrates). Anions pass through an anion exchange membrane by 

diffusion in order to compensate for the charge imbalance caused by the 

movement of cations. CBD is able to simultaneously carry out desalination 

and concentration in one stage; as a result, desalination takes place in both 

stages of charge/discharge, which increases efficiency of the entire system.  

Various cation reactive battery electrodes such as sodium manganese oxide 

(NMO) (Smith and Dmello 2016) and Prussian blue analogues (PBAs) (Kim 

et al. 2017b; Lee et al. 2017; Porada et al. 2017) have been applied to CBD. 

Although CBD has high efficiency compared to other electrochemical 

desalination technologies, it still needs to improve its low stability and 

desalination capacity. 
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1.2. Objectives of the research 

The aim of researches in this dissertation is to overcome the limitations 

of CBD's low stability and desalination capacity, and the specific research 

objectives are as follows. 

First, Nafion, cation exchange resin, was coated on the electrode surface 

to enhance the low stability and desalination capacity of CBD. A major reason 

for the low stability of CBD is known to be the reactivity of the electrode with 

OH- in water. Nafion, allowing the selective passage of cations, serves to 

prevent contact between OH- and the electrodes. In order to confirm the effect 

of Nafion coating on the electrode surface, the electrochemical properties of 

the pristine and Nafion-coated electrodes in the three-electrode system were 

analyzed. Furthermore, the improvement of desalination performance was 

confirmed by comparing the Nafion-coated electrode system with the pristine 

electrode system. 

Second, sodium cobalt hexacyanoferrate (NaCoHCF) electrodes having 

two oxidation/reduction reaction regions were applied to CBD in order to 

increase desalination capacity of CBD. The characteristics of Prussian blue 

analogues (PBAs) vary depending on the type of transition metal, which is 

one of the components of the electrode. NaCoHCF is one of the PBAs 

composed of cobalt, and has two redox active sites; it has the advantage of 
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having a large specific capacity. In order to confirm that the NaCoHCF 

electrode is suitable for CBD, the electrochemical properties were examined. 

Moreover, the potential as a seawater desalination technology for the CBD 

system using the NaCoHCF electrode was evaluated.  

Finally, in the present work, we report how to improve the stability and 

desalination capacity from extending the concept of CBD, by using electrodes 

made of a silver/silver chloride composite, which are able to serve as an anion 

selective battery material. The silver and silver-chloride electrodes have many 

advantages on the electrochemical desalination process such as a high specific 

capacity and stability. In this study, we show that desalination with Cl- 

selective Ag/AgCl electrodes is possible in combination with a cation 

exchange membrane in a system where desalinated water is continuously 

produced. Moreover, the performance of the system was evaluated by 

analyzing the salt adsorption capacity (SAC), the average salt adsorption 

capacity (ASAR), and the specific energy consumption (SEC) in 500 and 

1000 mM NaCl solutions. 
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2. Literature Review 

2.1. Electrochemical chemical desalination 

The first concept of electrochemical desalination was introduced in 1960 

by Blair and Murphy as the term "Electrochemical Demineralization" 

(BLAIR and MURPHY 1960). At the time, in this study, a carbon-based 

electrode was used to remove sodium ions, and an Ag/AgCl electrode was 

used to remove chloride. After that, until the 20th century, the electrochemical 

desalination research was mainly conducted on capacitive deionization (CDI) 

based on using carbon electrodes. In the 21st century, various systematic 

developments have been achieved with the introduction of ion exchange 

membranes and battery electrodes. 

Figure 2-1 systematically classifies electrochemical desalination 

systems and shows the timeline in which each system emerged. Depending 

on the electrode used in the electrochemical desalination system, it is divided 

into CDI and battery desalination (BD); CDI uses capacitor electrodes and 

BD uses battery electrodes. 

In the next chapter, based on Figure 1, the system of developing from 

CDI to cation reactive battery desalination (CBD) will be introduced, and the 

limitations and advantages of each system will be described. 
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Figure 2-1 Timeline and tree of electrochemical desalination systems 
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2.1.1  Capacitive Deionization (CDI) 

Capacitive Deionization (CDI) is an electrochemical desalination 

technology that uses the principle that ions are electrochemically adsorbed on 

the electrode surface by electrostatic attraction between ions and carbon 

electrodes to which electric energy is applied (Suss et al. 2015). CDI is 

attracting attention as a next-generation desalination technology because it 

has great energy advantages because charge and energy are (partially) 

recovered without being lost during cyclic operation (Kim and Choi 2010; 

Suss et al. 2012; Długołecki and Van Der Wal 2013; Porada et al. 2013c, a; 

Gao et al. 2015). 

As shown in Figure 2-2, CDI consists of two porous carbon electrodes 

with a large surface area, and a flow path is formed between the electrodes to 

allow the water to be desalted to flow (Porada et al. 2013c). The CDI process 

consists of a total of two steps: the “adsorption step” in which ions are 

adsorbed on the electrode surface to desalinate, and the “desorption step” in 

which the adsorbed ions are released to regenerate the electrode. As a DC 

potential is applied between the two electrodes, negative ions in the water are 

formed on the positive electrode and the negative ions in the water are formed 

on the negative electrode, and desalination proceeds while adsorbing on the 

electrode surface and in the pores. This principle is very similar to a super 
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capacitor used as an energy storage device, and when ions from the electrode 

surface are desorbed, energy is released and reused spontaneously during the 

discharge process (Yoon et al. 2019). 
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Figure 2-2 Schematic diagram of the capacitive deionization (CDI) (Porada 

et al. 2013c). 
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As shown in Figure 2-3, in the constant voltage operation, when ions 

are adsorbed to the electrode surface through the charging process, the 

concentration of the treated water decreases sharply, and then the 

concentration gradually increases and returns to the concentration of the 

initial influent. After the charging process, during the discharging process, the 

ions adsorbed on the electrode are desorbed, and the concentration of the 

treated water increases and then decreases again (Porada et al. 2013c). 

By integrating the change in ion concentration over time during the 

charging process, the total amount of NaCl (mg) removed during the charging 

process can be calculated. The value obtained by dividing the total amount of 

removed NaCl by the weight of the electrode is called the salt adsorption 

capacity (Figure 2-4). The unit of SAC is mg g-1 and is the most important 

indicator to evaluate the performance of the capacitive desalination process 

(Porada et al. 2013b). 
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Figure 2-3 Cycle analysis for constant voltage mode: (a) effluent salt 

concentration changes and (b) current profile (Porada et al. 2013c).  
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Figure 2-4 (a) Cumulative charge and (b) salt adsorption capacity (SAC) in the 

system as a function of time under constant voltage conditions during the adsorption 

step (Porada et al. 2013b). 
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SAC, which is the desalination capacity per unit electrode of CDI, has a 

very high correlation with the capacity of the electrode. When an electric field 

is applied to the electrode to CDI, an electric double layer (EDL) is formed 

on the electrode surface, and the principle of removal by adsorption of ions 

in the formed EDL was discovered by Johnson and Newman in 1971 (Johnson 

and Newman 1971). Since the formation of EDL depends on the surface area 

of the electrode, in general, advanced carbon-based materials such as 

activated carbon (Choi 2010), activated carbon fiber (Huang et al. 2012), 

activated carbon cloth (Ryoo et al. 2003), carbon nanotubes (Peng et al. 2012), 

and graphene (Li et al. 2015) with a large specific surface area are mainly 

applied to CDI (Figure 2-5). The capacity of the carbon electrode can be 

measured using electrochemical methods such as cyclic voltammetry and 

galvanostatic charging/discharging.  
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Figure 2-5 SEM imageas of activated carbon cloth (a and c) and activated 

carbon composite (b and d). Contact angles of activated carbon cloth (e) 

and activated carbon composite (d) (Seo et al. 2010).  
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Another important performance indicator of CDI is a kinetic property of 

the systems. This performance index indicating the rate characteristic is 

expressed as average salt adsorption rate (ASAR), and represents the rate of 

the NaCl mass removed relative to the mass of the electrode (Porada et al. 

2013c). The unit of ASAR is mg g-1 s-1, which is SAC divided by the total 

operation time. In order to simultaneously understand the desalination 

capacity and speed characteristics of the capacitive desalination process, Kim 

and Yoon proposed a CDI Ragone plot that applied the Ragone plot, which is 

a performance evaluation index of an energy storage system, to the capacitive 

desalination process (Kim and Yoon 2015). In this figure, the x-axis is the 

desalination capacity (SAC) and the y-axis is the desalination rate (ASAR), 

and the figure shows the desalination performance measured at various 

current densities during constant current operation of CDI. Figure 2-6 shows 

the CDI Ragone pot, and it shows not only the desalination capacity of CDI, 

but also the characteristic that ions can be removed quickly. The upper right 

corner of the graph shows the most ideal CDI performance. 
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Figure 2-6 A conceptual diagram of a CDI Ragone plot (Kim and Yoon 2015). 
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Charge efficiency is also one of the important indicators of CDI 

performance. Charge efficiency is also commonly expressed as Λ in CDI. 

Charging efficiency is the ratio of the amount of charge applied to the system 

to the amount of charge actually used for desalination (Avraham et al. 2009; 

Kim et al. 2015). Conventional CDI has very low charging efficiency due to 

the co-ion repulsion phenomenon. The co-ion repulsion phenomenon is an 

adsorption phenomenon in which counter ions follow when ions are adsorbed 

to the electrode as shown in Figure 2-7 (Suss et al. 2015). 

In general CDI, the charge efficiency is known to be about 50-80%, and 

such low charge efficiency of CDI is considered to be the biggest problem 

that lowers the overall efficiency of the system, such as the desalination 

capacity and energy consumption (Avraham et al. 2009). For this reason, in 

order to improve CDI performance including charge efficiency of CDI, many 

systems have been proposed as follows Figure 2-8. 
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Figure 2-7 Fundamental electric charge compensation mechanisms: (i) 

initial state, (ii) co-ion expulsion (co-ion repulsion), (iii) ion swapping, 

and (iv) counter ion adsorption (Suss et al. 2015). 
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Figure 2-8 Proposed innovative CDI architectures: (A) conventional CDI, 

(B) flow-through CDI, (C) membrane CDI, (D) Inverted CDI, (E) Hybrid 

CDI, and (F) Battery desalination (Suss et al. 2015). 
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2.1.2  Membrane Capacitive Deionization (MCDI) 

Membrane CDI (MCDI) is one of the most representative CDI systems 

that have improved the system efficiency by increasing the charge efficiency 

of CDI. MCDI increased charge efficiency by effectively preventing co-ion 

repulsion occurring in CDI by placing an ion exchange membrane in front of 

the carbon electrode (Figure 2-9) (Porada et al. 2013c). Although MCDI was 

first devised by Lee et al. in 2006 (Lee et al. 2006), it was by R Zao et al in 

2013 that analyzed the cause of MCDI performance improvement and in-

depth performance change. As shown in Figure 2-10 (Zhao et al. 2013), it 

can be confirmed that MCDI has improved charge efficiency compared to 

CDI. The improvement of charge efficiency not only improves the 

desalination capacity but also improves the overall performance of the system 

including energy efficiency. 

In addition, Yu et al. in-depth revealed that the high performance of 

MCDI in 2018 also had an inhibitory effect on side reactions due to blocking 

not only co-ion repulsion but also counter ion movement (Yu et al. 2018). In 

fact, it was confirmed that MCDI had much lower charge loss due to side 

reactions compared to CDI, and secured significantly higher stability as can 

be seen in Figure 2-11. 

The design of the MCDI system increased the overall efficiency of CDI, 
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enabling it to compete with RO at low concentrations such as brackish water. 

However, its use is still limited due to its low desalination capacity in high-

concentration brine such as seawater. For this reason, studies to increase the 

desalination capacity of CDI are being intensively conducted. 
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Figure 2-9 Schematic diagram of membrane CDI (Porada et al. 2013c). 
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Figure 2-10 Charge efficiency comparison between MCDI and CDI as 

function the salt concentration are conducted in constant voltage operation (at 

Vcell = 1.2 V) (Suss et al. 2015) 
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Figure 2-11 Charge distribution of CDI and MCDI; it consists of ion 

adsorption, Faradaic reactions, co-ion repulsion, and leakage. 

(Yu et al. 2018) 
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2.2. Electrochemical desalination using battery electrodes 

2.2.1 Battery Desalination 

Battery desalination (BD) is considered one of the branches of CDI, and 

it is a system in which battery electrodes are applied instead of capacitor 

electrodes in the same structure of CDI. CDI is a non-Faradaic reaction that 

relies on adsorption on the electrode surface using electrostatic properties, 

whereas BD is based on a Faradaic reaction in which charge transfer occurs 

at the electrode (Figure 2-12) (Srimuk et al. 2020). The introduction of battery 

electrodes to CDI has led to a significant increase in the desalination capacity. 

Compared with typical CDI electrodes, battery electrodes can store ions 

through chemical bonding inside the electrode, increasing the amount of ions 

that a unit electrode can remove (Simon et al. 2014). Moreover, Battery 

electrodes have an advantage in that the potential loss due to self-discharge is 

small (Singh et al. 2019). 

In 2012, Pasta et al. introduced NMO as a cation reactive electrode and 

a silver electrode as an anion reactive electrode in CDI, which was able to 

remove 25% of seawater salt (Figure 2-13) (Pasta et al. 2012). This study was 

the first to apply battery electrodes into CDI, and it showed the possibility 

that CDI could efficiently remove salt even in high-concentration saline. As 

shown in Figure 2-13, BD consists of a cation reactive electrode that 
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chemically reversibly reacts with cations and an anion reactive electrode that 

can chemically reversibly react with anions. The principle of operation of BD 

is very similar to that of CDI. It consists of a desalination step that removes 

ions in the solution through discharging and a regeneration process that 

releases the ions combined with the electrode back into the solution. Figure 

2-13 shows the principle of the battery desalination process. In the first step, 

ions in the water are removed through discharge, and in the second step, the 

solution is replaced with new solution. In the third step, the ions bound in the 

electrode are released through charging so that the electrode can be reused 

again. In the fourth step, the solution is replaced with new water again.  

However, in spite of the very high capacity of battery desalination, there 

is a discontinuity in the system because the ions cannot be removed in the 

charging step (step 3), which discharges the ions to reuse the electrode. This 

feature of BD results in inefficiency of the system because ions cannot be 

removed for half the time the system is running. The discontinuity of this 

system is the same not only for BD but also for CDI using capacitors. Many 

studies have been conducted to solve the systemic inefficiencies of BD and 

CDI. 

 

  



 

28 

 

 

Figure 2-12 Electrochemical mechanism for non-Faradaic (CDI) and 

Faradaic reaction (BD) (Srimuk et al. 2020). 
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Figure 2-13 Schematic diagram of the working principle of battery 

desalination (Pasta et al. 2012). 
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2.2.2 Cation Reactive Battery Desalination (CBD) 

Cation Reactive Battery Desalination (CBD) was the first system 

devised by Smith and Dmello in 2016, and solved the discontinuity of BD 

and CDI (Smith and Dmello 2016). The idea of CBD was inspired by the 

rocking-chair battery system used in lithium-ion batteries Figure 2-14. A 

cation-reactive electrode that reacts with Li+ is used for both the negative 

electrode and the positive electrode used in rocking-chair lithium-ion 

batteries. Like the rocking-chair lithium-ion battery system, the CBD uses 

two cation-reactive electrodes and an anion exchange membrane instead of 

using an anion-reactive electrode unlike the existing BD and CDI systems 

(Figure 2-15) (Smith and Dmello 2016; Kim et al. 2017b; Lee et al. 2017; 

Porada et al. 2017). This means that no anion-reactive electrodes are used for 

CBD. Two channels were created by placing the anion exchange membrane 

in the middle of the two cation-reactive electrodes. In addition, the most 

important point of this system is that one cation-reactive electrode is in a state 

in which cations are intercalated (discharged state) and the other electrode is 

in a state in which all cations are de-intercalated (charged state). As current is 

applied to the system, Na+ is emitted from the discharged electrode and Na+ 

is intercalated to the charged electrode. In this process, an imbalance between 

cations and anions occurs, and Cl- moves through the anion exchange 
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membrane to the channel with the electrode in a discharged state in order to 

balance the charge. Concentration occurs in the channel with the electrode in 

the discharged state, and desalination occurs in the channel with the electrode 

in the charged state. The next step is exactly the opposite of the one above. 

As a result, there is continuity in the system because desalination and 

concentration occur simultaneously in one step. 
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Figure 2-14 the rocking-chair battery system for lithium ion battery; Li+ 

reactive electrodes were applied to the system (Batteries 2021). 
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Figure 2-15 Schematic diagram of Cation reactive Battery Desalination 

(CBD) (Srimuk et al. 2020). 
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2.2.3 Battery Materials for CBD 

In order to use the battery material for use in CBD, two important conditions 

must be met. The first requirement for a battery material is that it be stable in 

aqueous solutions. In the electrochemical desalination process, the electrolyte 

is water, and since water has a high reactivity with some metals, aqueous 

sodium ion batteries (SIBs) that are stable in water have been applied to BD 

(Srimuk et al. 2020). Second, among SIBs, the reaction potential with the ion 

must be distributed within a stable potential in aqueous solution. This means 

that the battery electrode has an operating voltage that does not cause water 

decomposition during system operation. Figure 2-16 represents a material 

that causes a reversible reaction with Na ions in an aqueous electrolyte, and 

in a neutral condition, a material having a potential between oxygen and 

hydrogen generation potentials can be used as an electrode for battery 

desalination (Kim et al. 2014). 

Cation reactive electrodes applied to CBD include manganese oxide 

(NMO) (Smith and Dmello 2016), iron-based phosphate (NFP)(Kim et al. 

2016a), and Prussian blue analogues (PBAs) (Kim et al. 2017b; Lee et al. 

2017; Porada et al. 2017). All of these are intercalation electrode materials, 

and the principle is that Na+ ions are intercalated into the crystal structure of 

the electrode materials. 
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Figure 2-16 Range of electrochemical redox potentials for electrode materials 

in lithium ion batteries (LIBs) and sodium ion batteries (NIBs) (Kim et al. 

2014). 
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Na0.44MnO2 is one of the most widely used electrodes for inserting 

sodium ions in CDI including CDI. Above all, the capacity of the Na0.44MnO2 

electrode is about 35 mAh g-1, which is much larger than that of the carbon 

electrode. Moreover, Na0.44MnO2 is an appropriate electrode material for 

electrochemical battery desalination since the operating voltage at which the 

Na0.44MnO2 electrode intercalation of Na+ is 0.29, 0.51, and 0.74 V vs. NHE 

(Pasta et al. 2012; Lee et al. 2014; Chen et al. 2017a, b). 

As shown in Figure 2-17, the Na0.44MnO2 electrode has an orthorhombic 

crystal structure, and Na+ moves through a three-dimensionally connected S-

shaped tunnel; thus, it is known as SIB with a high diffusion rate of Na+ inside 

the electrode (Wang et al. 2015a). However, when Na+ enters the electrode 

structure, there is a process that needs to strip off the hydrated water 

molecules, which means that this process is rather slow and the overall 

electrode speed is not fast. 
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Figure 2-17 Crystal structure of Na0.44MnO2 : showing five crystallographic 

sites for manganese and three sites for sodium (Wang et al. 2015b). 
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Prussian blue analogues (PBAs) are an electrode material that has 

recently received the greatest attention in the battery desalination process due 

to their high capacity and high kinetic properties (Yoon et al. 2019; Srimuk et 

al. 2020). Typical PBAs have a very high specific capacity of 60 mAh g-1. In 

addition, PBAs have an open frame structure, and since Na+ in a hydrated 

state is intercalated into the A site of the open frame of PBAs, it has very high-

speed characteristics (Kim et al. 2014).  

The general formula for PBAs can be expressed as Na2MA[MB(CN)6], 

where MA and MB are transition metals such as Fe, Co, Ni, Mn, Cu, etc 

(Figure 12-18) (Wang et al. 2018). The working principle of de/intercalation 

of ions into PBAs work by changing the oxidation number of the two 

transition metals, MA and MB, in the structure; the characteristics of PBAs 

vary depending on the type of transition metal (Qian et al. 2018; Li et al. 

2019). In the meantime, PBAs applied to BD are electrodes with Fe, Ni, and 

Cu transition metals applied (Smith and Dmello 2016; Kim et al. 2017b; Lee 

et al. 2017; Porada et al. 2017; Choi et al. 2018a; Singh et al. 2020). However, 

PBAs is known to be less stable in the neutral state due to its reactivity with 

OH-. Considering that the general electrochemical desalination process is 

carried out under neutral conditions, securing the stability of Prussian blue 

analogues under neutral conditions is one of the challenges to be overcome.  
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Figure 2-18 Crystal structure of Prussian Blue Analogues (Wang et al. 2018). 
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3. Nafion-coated Prussian blue electrodes to enhance 

the stability and efficiency of cation reactive battery 

desalination system 

3.1.  Introduction 

The demand for water continues to increase with the growing global 

population, while environmental pollution and climate change are decreasing 

the amount of fresh water available. As a result, there is great interest in 

securing fresh water. Desalination technology has become increasingly 

important for converting brine to fresh water (Bohn et al. 2009; Kim et al. 

2010). Conventional desalination technologies include reverse osmosis (RO) 

and thermal distillation; however, these technologies involve high energy 

consumption, since they require high-pressure or high-temperature operating 

conditions, respectively (Zhao et al. 2013; Ntavou et al. 2016). Additionally, 

RO requires periodic membrane replacement due to biofouling, which 

increases environmental pollution, since the membrane is not biodegradable 

(Pilat 2001; Raluy et al. 2006; Elimelech and Phillip 2011). For these reasons, 

next-generation desalination technology is much sought-after. 

Capacitive deionization (CDI) are considered next-generation 

technologies due to their environmentally friendly nature and mild operation 

conditions (Suss et al. 2012, 2015; Yeh et al. 2015; Kim et al. 2017a; Arulrajan 

et al. 2019; Yoon et al. 2019). Battery desalination (BD), one of the branches 
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of CDI, uses battery electrodes to capture ions from saline water, and it has 

attracted much attention because of its relatively high desalination capacity 

and energy efficiency, resulting from low self-discharge (Pasta et al. 2012; 

Kim et al. 2017b; Lee et al. 2019; Singh et al. 2019; Ahn et al. 2020; Srimuk 

et al. 2020). BD consists of two battery electrodes and operates on the 

principle that ions are removed and released via a reversible electrode-ion 

reaction. Various aqueous battery electrodes, such as sodium manganese 

oxide (NMO) (Ong et al. 2011; Pasta et al. 2012; Chen et al. 2017a), 

silver/silver-chloride , bismuth/bismuth-oxychloride (Nam and Choi 2017; 

Nam et al. 2019), MnO2 (Smith and Dmello 2016; Wu et al. 2018), and 

Prussian blue analogues (PBA) (Qu et al. 2011; You et al. 2014; Smith and 

Dmello 2016; Kim et al. 2017b; Lee et al. 2017; Porada et al. 2017; Singh et 

al. 2020), have been employed with BD systems. However, BD is limited in 

that the desalination capacity decreases with repeated charging and 

discharging (You et al. 2014; Lee et al. 2017; Nam et al. 2019). The poor cycle 

stability of BD results from a change in the crystallinity and volume of the 

electrodes associated with ion insertion/extraction (Kim et al. 2018; Lee et al. 

2018; Nam et al. 2019; Jo et al. 2020). Especially, the capacity of the PBAs 

electrodes (NaCuHCF) was reduced below 80% after 40 cycling tests (Kim 

et al. 2017b; Nam et al. 2019). 
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Herein, the new BD electrodes with Nafion-coated battery electrodes are 

proposed to solve the stability issue in BD systems. Nafion is a commercial 

cation-exchange resin that allows the selective passage of cations in order to 

limit contact between anions and electrodes (Mauritz and Moore 2004). By 

reducing contact between the electrode and anions, it is possible not only to 

increase charge efficiency, but also to suppress side reactions. In addition, 

Nafion coatings minimize volume changes in the electrode. This combination 

of reducing side reactions and minimizing volume change enhances the 

stability of the battery electrodes. In this study, Nafion-coated PBA electrodes 

(NaNiHCF and NaFeHCF) were applied to a cation reactive battery 

desalination system (CBD) (Lee et al. 2017) to improve stability (Figure 3-

1). The CBD is a type of BD, which has the advantage of having continuity 

where desalination and concentration occur simultaneously. In particular, its 

structural feature can maximize the effectiveness of Nafion-coating on BD 

since it uses only electrodes that react with cations. As a result, the stability 

and Coulombic efficiency of the system using Nafion-coated electrodes were 

enhanced compare to a cell using pristine electrodes. The electrochemical 

properties of both Nafion-coated and pristine electrodes were further 

investigated to confirm the change in electrodes behavior due to Nafion-

coating on the electrodes. Moreover, in order to evaluate desalination 
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performance, salt adsorption capacity (SAC) and specific energy 

consumption (SEC) were analyzed under the same conditions as in our 

previous paper (Lee et al. 2017) where pristine electrodes were used. 
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Figure 3-1 (a) Schematic diagram of cation reactive battery desalination 

using cation-exchange-resin-(Nafion) coated electrodes. (b) Method of 

Nafion coating on electrodes. (c) Schematic representation of the role of 

Nafion.  
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3.2.  Materials and Method 

3.2.1  Material Preparation 

Prussian blue analogues were prepared via kinetically controlled 

crystallization reactions (Lee et al. 2017). To synthesize NaNiHCF particles, 

the following aqueous solutions were mixed: 100 mL of 0.05 mole L-1 NiCl2, 

0.35 mole L-1 sodium citrate, and 100 mL of 0.05 mole L-1 Na4Fe(CN)6; the 

particles were precipitated under vigorous stirring for 24 hours. NaFeHCF 

particles were synthesized by mixing 200 mL of 0.05 mole L-1 FeCl2 (aq) and 

200 mL of 0.05 mole L-1 Na2Fe(CN)6 (aq), then precipitating in 600 mL of DI 

water with 60 mL of 3.5 mole L-1 HCl under continuous stirring for 24 h at 

60 °C. Both the obtained solutions were aged for 20 hours; the precipitates 

were collected by filtration, then washed with ethanol and distilled water. The 

precipitates were dried in a vacuum oven at 60 °C overnight. All reagents 

except ethanol (Samchun Chemicals, Republic of Korea) were purchased 

from Sigma-Aldrich (USA). 

To fabricate electrodes, 80 wt % of the prepared active materials, 10 wt % 

polytetrafluoroethylene (PTFE, Sigma-Aldrich, USA), and carbon black 

(Super P, Timcal, Switzerland) were mixed in ethanol for 20 min, then the 

mixtures were placed on a roll press to prepare sheet-type electrodes that was 

approximately 0.25 mm thick. The fabricated NaNiHCF and NaFeHCF 
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electrodes were dried in a 120 °C vacuum oven. The electrodes were cut into 

rectangles (NaNiHCF: 2.0 cm x 2.0 cm, 90 ± 2 mg and NaFeHCF: 2.0 cm x 

2.0 cm, 85 ± 2 mg) and attached to titanium plates (0.2 mm thick; Sigma-

Aldrich) with carbon paste (DAG-T-502, Ted Pella, USA).  

Nafion-117 solution (Sigma-Aldrich, USA) was coated to the prepared 

NaNiHCF and NaFeHCF electrodes using a drop-casting method, then the 

coated-electrodes were dried in 60 °C oven for 15 minutes (Mauritz and 

Moore 2004). The thickness of Nafion to be coated can be controlled by 

adjusting the volume of Nafion using a silicone gasket (Okada et al. 1998).  
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3.2.2  Materials Characterization 

The crystalline structures of the synthesized active materials were 

analyzed by X-ray diffraction (XRD, Rigaku, Japan) in the scan range 2θ = 

10–80° with a 2° min-1 ramping step. The surface morphologies of the 

prepared electrodes were characterized by field emission scanning electron 

microscopy (FESEM, JEOL JSM-6799F, Japan). 
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3.2.3  Electrochemical Tests 

A three-electrode configuration was employed to determine the 

electrochemical properties of the pristine and Nafion-coated electrodes. 

Cyclic voltammetry (CV) and galvanostatic charge/discharge experiments 

were carried out in a 1.0 mole L-1 NaCl aqueous solution. The prepared 

pristine and Nafion-coated Prussian blue electrodes (1.0 cm × 1.0 cm) with 

titanium current collectors were employed as the working electrodes, and a 

commercial Ag/AgCl (sat. KCl) was the reference electrode. An AgCl 

electrode (2.0 cm x 5.0 cm) with a high specific capacity was used as the 

counter electrode. CV scans were obtained using a potentiostat (PARSTAT 

2273, Princeton Applied Research, USA) with a scan rate of 2 mV s-1. For the 

galvanostatic charge/discharge test, constant current (± 0.1 A g-1) was applied 

to the cell from 0.0 to 1.0 V for NaNiHCF and from -0.2 to 0.6 V for 

NaFeHCF using a battery cycler (WBCS3000, WonA Tech, Republic of 

Korea). 

To test the stability of a full cell, a galvano charging/discharging cycling 

test was conducted in a two-electrode configuration in 0.5 mole L-1 NaCl. 

Before the test, the NaFeHCF electrode was pre-charged at 0.3 V for 30 min 

in 0.5 mole L-1 NaCl to release Na+. The prepared NaNiHCF and NaFeHCF 

electrodes (d = 18 mm) were employed as positive and negative electrodes, 
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respectively, and a glass fiber separator (GF/A, Whatman, United Kingdom) 

was placed between the two electrodes. For the test, a constant current of ± 

0.1 A g-1 negative electrode was applied to the full cell from 0.05 to 0.85 V 

for 100 cycles using the battery cycler. Two independent experiments were 

conducted to compare the performances of the cells using pristine electrodes 

to those using Nafion-coated electrodes. 

The Coulombic efficiency was calculated by 

Coulombic efficiency (%) =
∑𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

∑𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
· 100          (1) 

where ∑charge and ∑discharge are the total charges transferred during each 

charging and discharging step. 
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3.2.4 Desalination Tests 

The cation reactive battery desalination cell consists of the prepared 

negative and positive electrodes, two polyamide woven spacers, and an anion-

exchange membrane (AMV, Selemion, Japan) as shown in Figure 3-2. The 

cell is divided into chambers A and B using the anion-exchange membrane. 

The Nafion-coated NaNiHCF and pre-charged NaFeHCF electrodes were 

placed in chambers A and B, respectively. The cell was covered with PTFE 

plates, and a polyamide woven space (0.6 mm thick) was placed between the 

electrodes and the anion-exchange membrane to accommodate the solution in 

each chamber. In addition, each chamber was covered with a silicone gasket 

to prevent leakage of the solution. 

Each chamber was filled with 0.3 mL of 500 mole L-1 NaCl solution 

(total volume of the cell: 0.6 mL). The system was operated in two modes, 

one-hour operation and a voltage range (0.05 V to 0.85 V), under constant 

current (± 0.5 mA cm-2). For one-hour operation, after applying a current of 

0.5 mA cm-2 to the positive electrode (Nafion-coated NaFeHCF) for one hour 

(charging step), the sample solutions in each compartment were extracted and 

replaced with new solutions. The cell was then discharged for one hour at -

0.5 mA cm-2 (discharging step). The cation concentration was measured after 

each step using ion chromatography (ICS-100, Thermo Fisher Scientific Inc., 
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USA). For maximum capacity operation, the parameters were identical to 

those in the one-hour operation mode; however, as the cell voltage reached 

0.85 V, the solution was replaced with a new solution, following which the 

cell was discharged to 0.05 V. 

Desalination performance parameters were analyzed for an entire cycle 

consisting of one charging and one discharging step. The salt adsorption 

capacity (SAC) was calculated according to 

SAC =
MNaCl

M𝑒
∑ (ΔCi ∙ Vc)i         (2) 

where MNaCl is the molecular weight of NaCl, Me is the total mass of 

both pristine electrodes, ΔCi is the concentration change for (i) step, and Vc 

is the volume of a chamber. The summation of i is over the two steps that 

comprise one cycle. 

The average salt adsorption rate (ASAR) was calculated by 

               ASAR (mg g−1s−1) =
SAC

∆t
     (3) 

where Δt is the cycle time. 

The specific energy consumption (SEC) can be calculated from  

SEC =
I

𝑚
∫ Vcell

tcycle

0
dt        (4) 

where I is the applied current, m is the mole of the removed NaCl, tcycle 

is the total operation time, Vcell is the cell voltage during the operation. 



 

52 

 

The charge efficiency was calculated by 

charge efficiency =
SAC

M𝑁𝑎𝐶𝑙

𝐹

∫ 𝐼𝑑𝑡
t2

𝑡1

· 100%        (5) 

where F is the Faraday constant, and I is the current during the 

charging and discharging step. 
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Figure 3-2 Illustration of a laboratory-scale system of the Nafion-coated 

cation reactive battery desalination cell. 
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3.3.  Results and Discussion 

3.3.1  Electrodes Characterizations 

Figure 3-3 presents the morphologies of the pristine and Nafion-coated 

Prussian blue analogue electrodes. As shown in Figures 3-3 (a) and (b), the 

surfaces of the pristine electrodes are very rough since the Prussian blue 

analogues, carbon black, and tetrafluoroethylene (PTFE) are bonded 

together. The Prussian blue analogue particles synthesized by a kinetically 

controlled method were approximately 1–5 μm in size (Figure 3-4). 

Kinetically controlled methods allow for the formation of well-shaped cubic 

and micro-sized particles due to slow nucleation and crystal growth (You et 

al. 2014; Lee et al. 2017, 2019). In addition, the XRD patterns of the 

prepared Prussian blue analogue particles match those of NaNiHCF (JCPDS 

52-1970) and NaFeHCF (JCDPDS 73-0687) well (Figure 3-5), indicating 

that highly crystalline NaNiHCF and NaFeHCF were synthesized. Figures 

3-3 (c) and (d) show top-view images of the Nafion-coated electrodes. The 

coated electrodes have clean and smooth surfaces, and the Nafion polymer 

covers the electrode surfaces uniformly. As can be seen in the side-view 

image of the Nafion-coated electrode (Figure 3-6), the polymer is 

approximately 5 μm thick. This thin polymer layer allows the selective 
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transport of cations and inhibits the migration of anions to the electrodes 

(Mauritz and Moore 2004)(Okada et al. 1998). 

 

Figure 3-3 Scanning electron microscopy (SEM) images of the electrodes; 

top view of pristine (a) NaNiHCF and (b) NaFeHCF, top view of Nafion-

coated (c) NaNiHCF and (d) NaFeHCF electrodes. 
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Figure 3-4 SEM images of the synthesized (a) NaNiHCF and (b) NaFeHCF 

particles. 
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Figure 3-5 XRD patterns of (a) NaNiHCF with reference to JCPDS No. 52-

1907 (Fe4[Fe(CN)6]3) and (b) NaFeHCF with reference to JCPDS No. 73-

0687 (FeFe(CN)6).  
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Figure 3-6 Scanning electron microscopy (SEM) images: side view of the 

Nafion-coated NaFeHCF electrode. 
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3.3.2  Electrochemical Characterization 

To characterize the electrochemical properties of the Nafion-coated 

electrodes, CV and galvanostatic charge/discharge of the electrodes were 

conducted in 1 mole L-1 NaCl (Figure 3-7). Figures 3-7 (a) and (b) present 

the CV curves of the pristine and Nafion-coated Prussian blue electrodes. 

The oxidation and reduction currents of the electrode are associated with the 

intercalation and de-intercalation of sodium ions into the Prussian blue 

analogues, respectively (Choi et al. 2018b). A larger potential difference 

was measured between the reduction and oxidation peak currents in the 

Nafion-coated electrode compared to the pristine electrode, indicating that 

sodium ions can pass through the Nafion-coated layer, but their diffusion is 

disturbed by the coated layer (Bard et al. 2001). 
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Figure 3-7 Electrochemical characterization of pristine and Nafion-coated 

NaNiHCF and NaFeHCF electrodes: cyclic voltammetry curves of (a) the 

NaNiHCF and (b) NaFeHCF electrodes in 1000 mM NaCl (scan rate: 2 mVs-

1) 
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Figures 3 (c) and (d) present galvanostatic charge/discharge results for 

the pristine and the Nafion-coated electrodes with a current density of 0.1 A 

g-1. The charge/discharge profiles of the Nafion-coated electrodes are very 

consistent with those of the pristine electrodes, suggesting that Nafion does 

not significantly affect sodium ion diffusion at low current densities, such as 

0.1 A g-1. In accordance with the CV data, the redox reaction potentials 

plateau at 0.4–0.6 V for NaNiHCF and 0.0–0.3 V for NaFeHCF. Thus, the 

distinct redox potentials of the two electrodes allow the system to function 

as a rechargeable battery system (Lee et al. 2017). Furthermore, the 

NaNiHCF electrode acts as the positive electrode, and the NaFeHCF 

electrode as the negative electrode. 
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Figure 3-8 Electrochemical characterization of pristine and Nafion-coated 

NaNiHCF and NaFeHCF electrodes: galvanostatic charge/discharge profiles 

of the (c) NaNiHCF and (d) NaFeHCF electrodes in 1000 mM NaCl. 
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3.3.3  Cycling Performances 

In order to further evaluate the Nafion-coated Prussian blue electrodes, 

the galvanostatic cycling performances of the pristine and Nafion-coated 

NaNiHCF/NaFeHCF full cells were evaluated with a current density of 0.1 

A g-1
negative between 0.05 and 0.85 V in 0.5 mole L-1 NaCl (Figure 3-9). As 

shown in Figure 3-9, after 100 cycles, the cell containing Nafion-coated 

Prussian blue electrodes delivers 94% of the initial capacity, whereas the 

retention capacity of the pristine electrode cell is 91%. This implies that 

coating the electrodes with Nafion can enhance the cycling stability of the 

cation reactive battery desalination system. This result is well-supported by 

a remarkable increase in the Coulombic efficiency of the system. As can be 

seen in Figure 3-9 (a), the Coulombic efficiency of the cell with pristine 

electrodes is approximately 93%. The 7% difference between the charge and 

discharge capacity is due to a side reaction involving the Prussian blue 

analogues during charging. Prussian blue analogues are reported to be less 

stable in neutral conditions, owing to their reactivity with OH- and Cl- (Nam 

et al. 2019). According to a previous report, Fe(CN)6
3- (fluorescent yellow) 

leached out during a cycling test in a neutral salt solution. As shown in 

Figure 3-10 (a), after 100 cycles, the pristine cell spacers turned blue and 

fluorescent yellow, indicating that Prussian blue analogues and Fe(CN)6
3- 
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leached out due to the collapse of the Prussian blue structure. On the other 

hand, in the cell containing Nafion-coated electrodes, approximately 100% 

Coulombic efficiency was maintained for 100 cycles with no color change 

observed in the spacer (Figure 3-10 (b)). This suggests that Nafion 

effectively blocks the passage of anions to inhibit electrode side reactions 

and mechanically stabilize the Prussian blue analogues particles during 

charging/discharging, resulting in superior cycling stability in the Nafion-

coated electrodes. 
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Figure 3-9 Galvanostatic cycling performance of the pristine and Nafion-

coated NaNiHCF/NaFeHCF electrode full cells in 500 mM NaCl (current 

density: 0.1 A g-1
NaFeHCF): (a) The relative capacity changes (C C0

-1) and (b) 

Coulombic Efficiency. 
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Figure 3-10 Images of the 18 mm electrodes and spacer of the (a) pristine cell 

and (b) Nafion-coated cell after 100 cycles in 500 mM NaCl solution (current 

density: 0.1 A g-1
negative electrode).  
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3.3.4  Desalination Performances 

To determine the effect of Nafion coating on the desalination 

performance, the experiment was conducted under the same replication 

condition as the previous study (Lee et al. 2017). The cell containing 

Nafion-coated NaNiHCF/NaFeHCF electrodes operated at a current density 

of ± 0.5 mA cm-2 in synthetic saltwater (500 mM NaCl) is shown in Figure 

3-11. For one-hour operation, the voltage drop, which equals the difference 

in cell voltage between the end of the charging step and the initial 

discharging step, was approximately 0.1 V (Figure 3-11 (a)). This voltage 

drop is slightly higher than that observed for pristine electrodes in our 

previously published work (0.06 V) (Lee et al. 2017) using the same 

method. The higher voltage drop indicates that the Nafion-coated layer 

increases the total resistance of the cell. The change in system resistance by 

the Nafion-coated layer was measured using electrochemical impedance 

spectroscopy (EIS), and it was confirmed that the total internal resistance 

excluding charge transfer resistance increased from 3.2 Ω to 5.6 Ω (Figure 

3-12). The total energy consumption for one-hour operation was 753 mJ, 

similar to that measured for the system using pristine electrodes (725 mJ) 

(Lee et al. 2017). Though the total energy consumptions are similar, the 

obtained SEC was reduced to approximately 5.60 kJ mole-1
 using the 
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Nafion-coated electrodes. This value is much lower than the SEC (6.0 kJ 

mole-1) of the cell using pristine electrodes (Lee et al. 2017). This decrease 

in SEC correlates to the number of salt ions removed, which increases with 

increasing charge efficiency (83% to 89%) (Lee et al. 2017). 
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Figure 3-11 Desalination performance of the cation reactive battery 

desalination (CBD) with Nafion-coated electrodes during 

charging/discharging in 500 mM NaCl (current density: 0.5 mA cm-2): (a) cell 

voltage profile and (b) cell voltage vs. charge plot for one-hour operation.  
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Figure 3-12 (a) Nyquist plot of the pristine and Nafion-coated cation 

reactive battery desalination systems, (b) the comparison of the three 

internal resistances (Rs, Rh, Rct) changes depending on whether Nafion is 

coated on the electrodes. 
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In order to determine the maximum desalination capacity of the 

system, an additional test was conducted over the cell voltage range 0.05–

0.85 V in 500 mM NaCl (Figure 3-13 (a)). As shown in Figure 3-13 (b), 

78% of the salt was removed, and the measured SAC increased to 

approximately 72 mg g-1, much higher than the values achieved in the 

previous study using pristine Prussian blue analogue electrodes 

(approximately 60 mg g-1) (Lee et al. 2017). This result suggests that 

coating the electrodes with Nafion significantly enhances desalination 

capacity. Nafion effectively blocks anions, inhibiting side reactions between 

the Prussian blue analogues and anions, as mentioned in Figure 4. As a 

result, more charge is used for desalination and the charge efficiency is 

enhanced during operation, contributing to higher desalination capacity. 

Moreover, ASAR was calculated to evaluate changes in the kinetic 

properties of the system. ASAR increased by about 1.6 times from 0.006 mg 

g-1 s-1 (Lee et al. 2017) to 0.010 mg g-1 s-1. In general, current density is an 

indicator of kinetics, but in this study, it was confirmed that the kinetics 

were improved by applying Nafion coating to the electrodes even at the 

same current density. The increase in kinetics is attributed to the 

suppression of side reactions, which remove more salt and shortens the 

operating time.  
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Figure 3-13 Desalination performance of the cation reactive battery 

desalination with Nafion-coated electrodes during charging/discharging in 

500 mM NaCl (current density: 0.5 mA cm-2): (a) cell voltage profile for 

maximum capacity operation (0.05 V–0.85 V); (b) average Na+ 

concentration changes during charging/discharging in the desalted chambers 

at three points: before the experiment, after 1 hr of operation, and at 

maximum capacity operation.  
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3.4.  Summary 

In this study, Nafion (cation exchange resin) was coated on the surface 

of the PBAs electrodes to enhance the stability and desalination capacity of 

CBD. Nafion, which allows the selective transport of cations, inhibiting side 

reactions between OH- and electrodes, thus preventing the crystal structure of 

the electrode from collapsing. As a result, the retention capacity of CBD 

increased from 91% to 94% after 100 cycles at 0.1 A g-1 current density, and 

approximately 100% Coulombic efficiency was achieved. In addition, as the 

amount of charge consumed in side reactions decreases, the overall 

desalination performance (including charge efficiency, desalination capacity, 

salt removal rate and SEC) was improved. From these results, we can infer 

that cation exchange resin coated electrodes show promise for improving the 

cycling life and desalination performance of CBD. 
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4. High-capacity cation reactive battery desalination 

using sodium cobalt hexacyanoferrate (NaCoHCF) 

electrodes 

4.1.  Introduction 

Electrochemical desalination technology is attracting a lot of attention 

due to its mild operating environment compared to conventional 

desalination processes that require high pressure or high temperature 

(Elimelech and Phillip 2011). Capacitive deionization (CDI) is one of the 

electrochemical desalination technologies that apply electrical energy to an 

electrode to remove charged ions by adsorbing them on the electrode 

surface. CDI, which can reuse stored electrochemical energy during 

operation, has significant energy advantages over other electrochemical 

desalination processes. CDI actually shows a comparable performance 

compared to RO, which represents commercial desalination technology, in 

brackish water of 50 mM or less, but it is difficult to use in high-

concentration salt water due to the capacity limit of the electrode (Suss et al. 

2015; Yoon et al. 2019; Srimuk et al. 2020). To overcome the capacity 

limitation, various new CDI systems, including MCDI (Lee et al. 2006; 

Biesheuvel and van der Wal 2010), HCDI, and BD, have been proposed. 

Despite these efforts, the CDI system described above is inefficient because 
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it does not allow ion removal during the discharging step where ions are 

released from the electrode. 

The invention of a cation reactive battery desalination (CBD) system 

by Smith and Dmello in 2016 significantly increased the system efficiency 

of CDI by allowing ions to be removed even in the discharging step. In 

CBD system, which is shown in Figure 4-1, two identically sized chambers 

are formed by the use of two identical cation intercalation electrodes and a 

membrane positioned at the center of the electrodes. During the operation, 

the charged electrode captures cations (desalination) while the discharged 

electrode in another chamber releases cations (concentrates). Anions pass 

through an anion exchange membrane by diffusion in order to compensate 

for the charge imbalance caused by the movement of cations. CBD is able to 

simultaneously carry out desalination and concentration in one stage; as a 

result, desalination takes place in both stages of charge/discharge, which 

increases efficiency of the entire system. These advantages of the system 

have led to research on applying various aqueous cation reactive battery 

electrodes to CBD (Pasta et al. 2012; Lee et al. 2017; Porada et al. 2017).  

Here, we propose a method to enhance the desalination capacity of 

CBD by using highly crystallized NaCoHCF electrodes that utilize two 

redox active sites. It was determined that the two redox sites of the 
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synthesized NaCoHCF electrode were worked properly through an 

electrochemical analysis. In this study, two NaCoHCF electrodes were 

applied to the CBD, and electrochemical desalination was successfully 

accomplished with the two redox active sites of the NaCoHCF electrodes 

under the cell voltage range of 1.1V. Furthermore, in order to measure the 

change in the desalination performance of CBD using two redox active 

sites, the desalination performance changes were compared by operating the 

system with NaNiHCF electrodes using one active site under the same 

condition. 
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Figure 4-1 (a) Schematic diagram of cation reactive battery desalination 

(CBD) cell with sodium cobalt hexacyanoferrate (NaCoHCF) electrodes. 
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4.2.  Materials and Method 

4.2.1 Electrode Preparation 

The active material of NaCoHCF electrodes were synthesized via a citrate-

assisted controlled crystallization method (Wu et al. 2016). 100 mL of 0.05 

M CoCl2 and 0.35 M sodium citrate solution was mixed with 100 mL of 0.05 

M Na4Fe(CN)6 solution under vigorous stirring for 24 hours. The obtained 

solution was aged for 24 hours, and the precipitates were collected by 

filtration. During the filtration, the precipitate was washed twice with 200 mL 

of distilled water and once with 200 mL of ethanol. The obtained active 

materials were dried in an 60 °C oven overnight. 

To fabricate an electrode, 80 wt% of the prepared active materials, 10 wt% of 

conductive materials (Super P, Timcal, Switzerland), and 10 wt% of 

polytetrafluoroethylene (PTFE, Sigma-Aldrich, USA) were gently mixed 

with ethanol for 20 minutes. The prepared mixture was placed on a roll 

presser to make a sheet-type electrode having a thickness of approx. 250 μm. 

The prepared sheet-type electrode was dried in a vacuum oven at 120 °C 

overnight to remove the residual solvent. 
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4.2.2 Characterization of the Electrode 

The morphologies and elemental distribution of the prepared NaCoHCF 

were characterized by a field emission scanning electron microscope 

(FESEM, JEOL JSM-7900F, Japan). X-ray diffraction (XRD, Rigaku, Japan) 

was used for analyzing the crystal structure of the prepared NaCoHCF in the 

2Ɵ range of 10° - 70° with a ramping step of 1° min-1. 

The electrochemical properties of the NaCoHCF electrode was 

determined in a three-electrode configuration. In this cell, a 1.0 cm × 1.0 cm 

NaCoHCF electrode attached onto a titanium current collector was used as a 

working electrode, an electrochemically prepared 2.0 cm × 5.0 cm AgCl 

electrode was used as a counter electrode, and a commercial Ag/AgCl 

electrode (in Saturated KCl) was used as a reference electrode, while 1.0 M 

NaCl solution was used as a electrolyte. Cyclic voltammetry (CV) scan was 

obtained using a potentiostat (PARSTAT 2273, Princeton Applied Research, 

USA) with a scan rate of 0.1 mV s-1. The galvanostatic charge/discharge test 

was performed from 0.05 V to 1.10 V under a constant current condition (± 

0.1 A g-1) using a battery cycler (WBCS3000, WonA Tech, Republic of Korea). 
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4.2.3 Cell Construction 

The two 2.0 cm × 2.0 cm area of NaCoHCF electrodes were attached 

onto each titanium current collector (thinckness: 200μm, Sigma-Aldrich) 

with carbon paint (DAG-T 502, Ted Pella). To make each prepared electrode 

fully charged and discharged state, one was discharged to -0.2 V (Na+ 

intercalated) and the other was charged to 1.1 V (Na+ detercalated)for 30 min 

in 1.0 M NaCl solution using the three-electrode configuration with the 

Ag/AgCl (in Saturated KCl) reference electrode. 

A cation reactive battery desalination (CBD) cell was employed in this 

experiment as shown in Figure 4-2. This cell consists of the prepared fully 

discharged and charged electrodes, two polyamide woven spacers, and an 

anion exchange membrane (AMV, Selemion, Japan). The cell is divided into 

two chambers, which are chamber A with the fully discharged electrode and 

chamber B with the fully charged electrode, by placing the anion exchange 

membrane. The cell was covered by two PTFE and silicone gaskets to 

prevention leaking of the solution. 
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Figure 4-2 Illustration of a laboratory-scale system of CBD using NaCoHCF 

electrodes 
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4.2.4 Desalination Test 

A volume of 0.4 mL of 500 mM NaCl solution was placed in each 

chamber (total volume of solution in the cell: 0.8 mL). This cell was operated 

under constant current operation (± 1.0 mA cm-2) over a voltage range of -1.1 

V to 1.1 V using the battery cycler (WBCS3000, WonA Tech, Republic of 

Korea). After the cell voltage reached the limit voltage, the solutions in both 

chambers were replaced with new 500 mM NaCl solution. The cation 

concentration of the extracted solution after each step was measured using ion 

chromatography (ICS-1100, Thermo Fisher Scientific Inc.). 

Electrochemical desalination performance parameters were calculated 

based on the results of a full cycle, consisting of charging and discharging 

steps. The ion removal efficiency was calculated by 

ion removal (%) =
𝐶𝑖−𝐶𝑡

𝐶𝑖
× 100%             (2) 

The salt adsorption capacity (SAC) was calculated by 

SAC (𝑚𝑔 𝑔−1) =
𝑀.𝑊𝑁𝑎𝐶𝑙

𝑚𝑒
× ∆𝐶𝑖 × 𝑉𝑐          (3) 

Where M.WNaCl
 is the molecular weight of NaCl (58.4 g mole-1), me is 

the total weight of both electrodes including Super P and PTFE (g), ΔCi is 

the concentration change of i step (mM), and Vc is the volume of a chamber 

(mL). The summation of I is over the two steps that together form one cycle. 
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The charge efficiency (ʌ) was calculated as 

ʌ (%) = 𝐹 × 𝑍𝑖 ×
𝛥𝑛𝑖

∑
× 100%              (4) 

where F is the Faraday constant, zi is the valance states of i, Δni is the 

molar changes of i, and ∑ is the transferred total charge.  

The specific energy consumption (SEC) was calculated as  

SEC (kg mole−1) =
I

𝑚
 ∫ 𝑉𝑐𝑒𝑙𝑙 𝑑𝑡

𝑡𝑐𝑦𝑐𝑙𝑒

0
      (5) 

Where I is the applied current, m is the mole of the removed NaCl, tcycle 

is the total operation time, Vcell is the cell voltage during the operation. 
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4.3.  Results and Discussion 

4.3.1 Electrodes Characterizations 

Figure 4-2 shows the crystalline structure and morphology of a 

prepared NaCoHCF electrode. As shown in Figure 4-3, the XRD diffraction 

line of the synthesized NaCoHCF is clear and in good agreement with 

previous studies, indicating that NaCoHCF having a highly crystalline face-

centered cubic (FCC) structure was synthesized. Moreover, the uniformly 

distributed C, N, O, Na, Fe and Co elements in the energy dispersive 

spectroscopy (EDS) mapping images support the synthesis of high-purity 

NaCoHCF (Figure 4-4). Comparing in detail with the standard diffraction 

pattern of the Prussian Blue (JCPDS 52-1907), it can be seen that the lines 

are split by doublets at 220, 420, 440, and 620, which means that PBA is in 

a rhombohedral state. The result of the rhombohedral state reveals that the 

synthesized NaCoHCF material is in a state where two sodium ions are 

intercalated within the PBA structure. General PBA has a cubic structure, 

but it is known that when secondary sodium is inserted into the PBA frame, 

the cubic structure is distorted and changes to a rhombohedral state.  

As can be seen in the FESEM image of Figure 4-4, a high-order 

NaCoHCF material of approx. 5 μm was synthesized. The size of these 

synthesized particles was larger than that of regular PBAs with particles as 
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small as 50 nm. While the PBA particles prepared by the conventional method 

are small in size due to their fast reaction rate and low solubility, we used a 

kinetically controlled crystallization method to synthesize NaCoHCF with a 

higher order and larger particle size. This method was reported in a previous 

study using Na-citrate as a chelating agent to slow the reaction rate by slowly 

releasing Co2+. Finally, a sheet type electrode with a thickness of approx. 200 

μm was well fabricated. The fabricated sheet type electrode was additionally 

confirmed that the active material (NaCoHCF), the conductive material 

(Super P), and the binder (PTFE) were well mixed through FESEM analysis 

as shown in Figure 4-5. 
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Figure 4-3 The XRD patterns of NaCoHCF with reference to JCPDS 52-1907 

(Fe4[Fe(CN)6]3). 
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Figure 4-4 FESEM image of active material with EDS mapping with regard 

to C, N, O, Na, Fe, and Co. 
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Figure 4-5 FESEM image of the NaCoHCF electrode. 
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4.3.2 Electrochemical Characterizations 

To further clarify the electrochemical properties of the NaCoHCF 

electrode, cyclic voltammetry (CV) and galvanostatic charge/discharge were 

performed at 1.0 M NaCl solution with a three-electrode configuration 

(Figure 4-6). As shown in Figure 3 (a), The CV curve presents two 

distinguishable oxidation/reduction peaks at 0.4 V and 0.9 V. The shape of 

this curve is a typical CV curve of intercalation materials, which 

demonstrates that Na+ can be reversibly de-/intercalated. More importantly, 

the presence of two redox peaks indicates that the electrode follows the 2-

Na reaction mechanism. The 2-Na reaction mechanism of NaCoHCF 

originates from two-redox active site reactions of the Co2+/Co3+ and 

Fe2+/Fe3+ couples at 0.4 V and 0.9 V. The charge-spin lattice strengths of the 

two transition metals differ due to the fact that Co is nitrogen-coordinated 

and Fe is carbon-coordinated, which causes the two redox active sites to 

have different operating potentials (Wang et al. 2018). 
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Figure 4-6 Electrochemical characterizations of a fabricated NaCoHCF 

electrode in 1.0 M NaCl electrolyte: cyclic voltammetry curve at the 

scanning rate of 0.1 mV s-1 
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Figure 4-7 shows a galvanostatic charge/discharge profile at a current 

density of 0.1 A g-1 in 1.0 M NaCl solution. It was confirmed that the 

potential profile had two plateaus at 0.4 V and 0.9 V. This result is 

consistent with the CV results, implying that the NaCoHCF electrode 

follows the 2-Na reaction mechanism at a current density of 0.1 A g-1. This 

2-Na reaction mechanism leads to the very high specific capacity of 88 mAh 

g-1 (active material: 110 mAh g-1). This specific capacity of the NaCoHCF 

electrode is the highest among cation-reactive electrodes applied to CDI so 

far as shown in Table 4-1. In addition, the Coulombic efficiency 

representing the ratio of the discharge capacity and the charge capacity is 

99.7%, which represents that the NaCoHCF electrode operates reversibly 

without accompanying side reactions such as water decomposition. 

Consequently, the properties of the NaCoHCF electrode with superior 

specific capacity and reversibility suggest that it is a promising a cation-

reactive electrode material for CDI. 
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Figure 4-7 Electrochemical characterizations of a fabricated NaCoHCF 

electrode in 1.0 M NaCl electrolyte: galvanostatic charge/discharge profiles 

at the current density of 0.1 A g-1. 
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Table 4-1: Comparison of specific capacity of the electrodes and desalination 

capacity of selected systems with literature data 

Materials 

SC* of 

electrode 

(mAh g-1) 

Cell design 

and 

features** 

Desalination 

capacity of 

the cell  

(mg g-1) 

Reference 

Activated 

carbon 
 CDI 6.9 

(Elimelech and 

Phillip 2011) 

Activated 

carbon 
 MCDI 19.5 (Suss et al. 2015) 

Na2FeP2O7  HCDI 30.2 (Kim et al. 2016a) 

Na4Mn9O18 35 BD  (Pasta et al. 2012) 

NaCuHCF 50 
NaCuHCF 

and AC 
23.2 

(Choi et al. 

2018b) 

NaNiHCF 59 CBD 34 
(Porada et al. 

2017) 

NaFeHCF  CBD 59 (Lee et al. 2017) 

NaCoHCF 88 CBD 123 this work 

* SC: specific capacity 

** CDI: conventional CDI, MCDI: membrane CDI, HCDI: hybrid CDI, BD: 

battery desalination, CBD: cation reactive battery desalination 
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4.3.3 Desalination Performance 

Figure 4-8 shows a desalination performance of the CBD using the 

NaCoHCF electrodes under constant current operation at a current density 

of 1.0 mA cm-2 in 500 mM NaCl solution. As shown in Figure 4-8 (a), it 

was confirmed that the system operates reversibly in the cell voltage range 

of -1.1 V to 1.1 V in a 500 mM NaCl solution. During the charging and 

discharging steps, the cell voltage profile of this system gradually changed 

in -0.9 V to 0.9 V range, but changed rapidly at both ends. This result 

implies that all the capacities of the NaCoHCF electrodes are fully utilized 

at the set cell voltage limit. The potential profile of each electrode supports 

that the electrode uses all its capacity at the set cell voltage limit. The 

measured potential profiles of the both electrodes have two plateau regions 

at 0.4 V and 0.9 V, which means that the aim of this study was achieved by 

using the two redox active sites of the NaCoHCF electrodes within the set 

cell voltage range. 
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Figure 4-8 Cell voltage profile during the charging current (step 1) and the 

discharging current (step 2) in 500 mM NaCl (current density: 1.0 mA cm-2). 
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Figure 4-9 shows the results of ion concentration changes after each 

step. As described above, the characteristic of CBD is that desalination and 

concentration occur simultaneously in one step. In Step 1, concentration 

occurs in chamber A and desalination occurs in chamber B. Step 2 works 

exactly the opposite of step 1. After completion of steps 1 and 2, Na+ 

concentrations in chambers B and A were 55 mM and 68 mM, resulting in 

an average of 88% salt removal in 500 mM saline during one cycle. This is 

the result of an approximately 10% increase in salt removal compared to 

previous studies using Ag/AgCl electrodes, which to our knowledge 

represents the highest salt removal of any CDI system applied to saline 

concentrations above 500 mM (Ahn et al. 2020). The high salt removal of 

88% is attributed to the high specific capacity of the NaCoHCF electrodes 

(88 mAh g-1) resulting from the utilizing of two redox active sites. 
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Figure 4-9 Concentration changes of Na+ in the desalted chamber at three 

moments: initial state, after step 1, and after step 2. Each dot means each trial, 

and three independent experiments were performed. 
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4.3.4 Desalination performance comparison 

Figure 4-10 shows a comparison of desalination performances of 

NaCoHCF Cell and NaNiHCF Cell at 1 mA cm-2 in 500 mM NaCl. In order 

to fairly compare the system performance change due to the introduction of 

the NaCoHCF electrode, NaNiHCF, one of PBAs applied to the 

representative CDI, was operated under the same conditions except for cell 

voltage ranges. The cell voltage ranges were set differently because the 

working potential ranges of the NaCoHCF (0.4 – 0.9 V vs. Ag/AgCl) and 

NaNiHCF (0.5 – 0.7 V vs. Ag/AgCl) electrodes are different. As shown in 

Figure 4-10, it was confirmed that the cell capacity per unit electrode 

weight of NaCoHCF Cell (272 C g-1) was about 1.5 times higher than that of 

NaNiHCF Cell (180 C g-1). This result is due to the fact that the specific 

capacity of the NaCoHCF (88 mAh g-1) electrode is about 1.6 times greater 

than that of the NaNiHCF (55 mAh g-1) electrode. The higher specific 

capacity of the NaCoHCF electrode is attributed to the use of two redox 

potential regions of the NaCoHCF electrode as described above. The four 

plateau regions of the NaCoHCF cell in the cell voltage profile in Figure 4-

10 indicate that two redox potential active sites were used in both 

charge/discharge steps. This result is well supported by the voltage potential 

profile of each electrode in the NaCoHCF cell (Figure 4-11). On the other 
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hand, the voltage profile of a NaNiHCF cell with two plateau regions in the 

charge/discharge steps implies that one redox active site was employed. 
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Figure 4-10 Comparison of desalination performance of NaCoHCF and 

NaNiHCF electrodes system: (a) The cell voltage vs. charge plot. 
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Figure 4-11 The cell voltage profile of the NaCoHCF electrodes’ CBD full 

cell and (c) potential change of each electrode in the three-electrode 

configuration during the step 1 and 2 in 500 mM NaCl (current density: 0.1 

A g-1 negative electrode). 
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Figure 4-12 compares the change in quantitative electrochemical 

desalination performance of cells with NaCoHCF electrodes and NaNiHCF 

electrodes. NaCoHCF Cell achieved approx. 88% ion removal and a SAC 

value of 123 mg g-1, which is a 48% improvement in ion removal and a 

43.7% SAC value compared to NaNiHCF cell. This result indicates that 

NaCoHCF Cell not only increased operating time compared to NaNiHCF 

Cell, but actually longer operating time was used to increase desalination 

capacity. In addition, it was confirmed that the charging efficiency, which is 

the ratio of the amount of charge actually used for desalination to the 

amount of charge applied to the system, was higher in the NaCoHCF cell by 

about 6% than in the NaNiHCF cell. This result means that the NaCoHCF 

electrode applied to the CBD cell is a very efficient for desalting high-

concentration saline water. In particular, to the best of our knowledge, the 

SAC value of approx. 123 mg g-1 (active material: 154 mg g-1) of NaCoHCF 

cells is the highest currently studied in CDI as shown in Table 1. The high 

SAC value of the NaCoHCF Cell is due to the high capacity of the 

NaCoHCF electrode and the continuity in which desalination can occur in 

both steps 1 and 2, a unique characteristic of the CBD system (Lee et al. 

2017). 
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Although the NaCoHCF cell improved most of the desalination performance 

compared to the NaNiHCF cell, the specific energy consumption increased 

approx. 2.5 times. The reason of the NaCoHCF cell has a higher SEC value 

than the NaNiHCF cell is that the resistance of the electrolyte increases as 

the ion removal increases. The final concentration of NaCoHCF Cell is 

approx. 60mM, whereas the final concentration of NaNiHCF Cell is approx. 

200mM; thus, it can be seen that the solution resistance of NaCoHCF Cell is 

much larger. This result is also well supported by the voltage drop 

difference results between the NaCoHCF cell and NaNiHCF cell. Voltage 

drop occurs when going from step1 to step2 in the cell voltage profile. The 

voltage drop of NaCoHCF Cell was approx. 0.63 V, which was about 2.5 

times higher than the voltage drop of NaNiHCF Cell (0.25 V). The main 

causes of cell voltage drop are known to be polarization through the solid-

liquid interface, the resistance of the electrode and ion exchange membrane, 

and the electrolyte resistance. In this case, the difference in voltage drop 

between the two cells is expected to be largely contributed by the electrolyte 

resistance according to the difference in ion removal. Since an increase in 

SEC according to an increase in the ion removal rate is inevitable, it is 

considered that a follow-up study to find an optimal condition between the 

ion removal rate and SEC is required.  
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Figure 4-12 Comparison of desalination performance of NaCoHCF and 

NaNiHCF electrodes system: ion removal efficiency, specific adsorption 

capacity (SAC), charge efficiency (ʌ), and specific energy consumption (SEC) 

in 500 mM NaCl solution (current density: 1.0 mA cm-2). 
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4.4.  Summary 

In this study, sodium cobalt hexacyanoferrate (NaCoHCF) electrodes 

having two oxidation/reduction reaction regions were applied to CBD in order 

to increase desalination capacity. As a result, the system exhibited approx. 88% 

ion removal in 500 mM NaCl solution and achieved a desalination capacity 

of 123 mg g-1 (active material: 154 mg g-1). These achievements attributed 

from the specific capacity of the NaCoHCF electrode using two redox active 

sites is approx. 1.5 times higher than the specific capacity of the NaNiHCF 

electrode using one redox active site. Overall, this study shows that the 

NaCoHCF electrode using two redox active sites can be a good candidate as 

a high-capacity electrode for CBD. 
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5. Development of anion reactive battery desalination using 

silver and silver-chloride electrodes  

5.1.  Introduction  

Capacitive Deionization (CDI) has emerged as a next generation of 

desalination technology due to its mild operation conditions, portable 

capability, and potential for low energy use. The desalination performance of 

CDI with brackish water is competitive with conventional desalination 

technologies, but it is difficult for CDI to treat a high salt concentration 

solution  because the electrodes have limited adsorption capacity (Zhao et 

al. 2013). The principle of CDI to remove salt ions is by ion adsorption in an 

electrical double layer (EDL) on the electrode surface. The adsorption 

capacity of EDL can be enhanced by increasing the cell voltage, but the 

typical CDI operating voltage is limited to around 1.2 V since at higher 

voltages the energy efficiency is significantly reduced by side reactions such 

as water decomposition (Choi 2014; He et al. 2016; Kim et al. 2016b; Shapira 

et al. 2016; Dykstra et al. 2017). 

Recently, battery electrodes using Faradaic reactions have been applied 

to electrochemical desalination technology (Pasta et al. 2012). By applying 

battery electrodes, it is possible to increase the salt removal capacity 

significantly because the ions are captured by chemical bonds inside the 
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electrodes while self-discharge, the escape of ions held by the electrode 

without any applied electrical energy, is reduced (Yoon et al. 2019). For those 

reasons, many electrochemical desalination system using battery electrodes 

have been proposed such as hybrid capacitive deionization (HCDI) (BLAIR 

and MURPHY 1960; Lee et al. 2014; Kim et al. 2016a) and the desalination 

battery (DB) (Pasta et al. 2012). HCDI and DB, however, after a first step in 

which ions are adsorbed, require a regeneration step to release the ions 

adsorbed on electrodes. Thus, for half of the time, the device is not used to 

desalinate water. 

To overcome this disadvantage of more conventional systems, cation 

reactive battery desalination (CBD) was proposed and experimentally 

verified (Smith and Dmello 2016; Kim et al. 2017b; Lee et al. 2017; Porada 

et al. 2017). In this system, a cation selective battery material is used in both 

electrodes, and an anion exchange membrane is placed between the two 

electrodes, separating the two chambers. Cations react with the negative 

electrode and are removed, while at the same time the positive electrode 

releases cations. During operation, only anions pass through the membrane to 

neutralize the charge imbalance in the solution in the both chambers. As a 

result, a characteristic of the CBD mechanism is that ion capture and release 

occur simultaneously in each chamber, thereby giving the system continuity 
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to the production of desalinated water. Various cation intercalation electrodes 

such as sodium manganese oxide (NMO) (Smith and Dmello 2016) and 

Prussian blue analogues (PBAs) (Kim et al. 2017b; Lee et al. 2017; Porada et 

al. 2017) have been applied to the CBD system. Although CBD has high 

efficiency compared to other electrochemical desalination technologies, it 

still needs to improve its low stability and desalination capacity. 

In the present work, we report how to improve the stability and 

desalination capacity from extending the concept of CBD, by using electrodes 

made of a silver/silver chloride composite, which are able to serve as an anion 

selective battery material. Figure 5-1 gives a schematic diagram of our 

system, which shows that silver and silver-chloride electrodes are used 

instead of cation reactive battery electrodes (which are used in CBD) to 

capture anions, and a cation exchange membrane is placed in the middle of 

the cell for the selective transport of cations. The silver and silver-chloride 

electrodes have been used for battery desalination and hybrid CDI because 

they have a high specific capacity (theoretical specific capacity of 250 mAh 

g-1), fast kinetics, and low solubility in salt water (Bakker et al. 2012; Pasta 

et al. 2012; Chen et al. 2017c; Fighera et al. 2017; Srimuk et al. 2019). 

In our study, we show that anion reactive battery desalination (ABD) 

with Cl- selective Ag/AgCl electrodes is possible in combination with a cation 
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exchange membrane in a system where desalinated water is continuously 

produced. The performance of the system was evaluated by analyzing the salt 

adsorption capacity (SAC), the average salt adsorption capacity (ASAR), and 

the specific energy consumption (SEC) in 500 and 1000 mM NaCl solutions. 
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Figure 5-1 Schematic diagram of anon reactive battery desalination (ABD) 

with silver and silver-chloride electrodes. 
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5.2.  Materials and Method 

5.2.1 Electrode Preparation 

To prepare a silver electrode, 80 wt % Ag particles of an average size of 

300 nm (Sigma Aldrich), 10 wt % carbon black (Super P, Timcal, 

Switzerland), and poly-tetrafluoroethylene (PTFE, Sigma Aldrich) were 

mixed gently with ethanol as solvent for 20 min. The mixture was placed on 

a roll presser to make an approx. 0.2 mm thickness sheet-type electrode. The 

fabricated silver electrode was dried in a 120 °C vacuum oven overnight to 

remove the residual solvent. 

A three-electrodes system was employed to convert one of silver 

electrodes to a silver-chloride electrode. To do this, a current of 2 mA cm-2 

was applied to the silver electrode, a working electrode, in a 1.0 M NaCl 

solution until the cell voltage reached 0.2 V vs. Ag/AgCl (KCl saturated) as 

reference electrode with a Pt mesh as counter electrode. 

In order to bring the as-prepared electrodes into a dynamic equilibrium 

state, the electrodes were subjected to 20 cycles of cyclic voltammetry (CV) 

with a scan rate of 20 mv s-1 in the range of -0.6 to 0.6 V. 
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5.2.2 Characterization of the Electrodes 

The surface morphology of the electrodes was characterized by field 

emission scanning electron microscopy (FESEM, JEOL JSM-6799F, Japan). 

The crystalline structure was analyzed by X-ray diffraction (XRD, Rigaku, 

Japan) in a 2θ range of 10°-80° with a ramping step of 2° min-1.  

CV and galvanostatic charge/discharge experiments were carried out to 

determine the electrochemical properties of the electrodes in 1.0 M NaCl 

solution in a three-electrode cell. For both experiments, our prepared silver 

electrode was the working electrode and a commercial Ag/AgCl (Sat. KCl) 

the reference electrode, while 1.0 M NaCl solution was used as the 

electrolyte. The CV scan was obtained by a potentiostat (PARSTAT 2273, 

Princeton Applied Research, USA) with scan rates of 2, 5, 10, 20, and 30 

mV s-1. For the galvanostatic charge/discharge test, 1 mA cm-2 of constant 

current was applied to the cell in a range of -0.2 V to 0.2 V using a battery 

cycler (WBCS3000; WonA Tech, Korea). 
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5.2.3 Cell Construction 

 A schematic diagram assembled desalination cell is shown in Figure 

5-2. The 2.0 cm x 2.0 cm area of the silver electrode and the silver chloride 

electrode were attached onto titanium plates (thickness: 0.2 mm, Sigma 

Aldrich) with carbon paint (DAG-T 502, Ted Pella). The cell is divided into 

two regions, which are named chambers A and B, by placing a cation 

exchange membrane (CMV, Selemion, Japan) in between two polyamide 

woven spacers (thickness: 0.6 mm). At the start, the silver electrode was 

placed in chamber A, and the silver-chloride electrode was placed in chamber 

B. The cell was covered with PTFE plates and 1.5 mm silicon gaskets to 

prevent leaking of solution. Afterwards, the cell was firmly clamped together 

under a uniform pressure.  
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Figure 5-2 Illustration of the layout laboratory-scale ABD system with 

Ag/AgCl electrodes 
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5.3.  Results and Discussion 

5.3.1 Preliminary desalination performance 

Figure 5- 3 and 4 shows that the desalination performance of the system 

during constant current operation with synthetic salt water (500 mM NaCl). 

As can be seen in Figure 5-3 (a), the concentration of Na+ ions is reduced to 

approx. 100-110 mM in the forward current step as well as in the reversed 

current step. Thus, the average ion removal, C, is approx. 80%. This salt 

removal is much higher than in ref (Srimuk et al. 2019) where the ion removal 

was always less than ∆C=1 mM. As constant current is applied to the system 

(Figure 5-3), the silver electrode reacts with chloride ions in one chamber, 

while at the same time the silver-chloride electrode releases the chloride ions 

in the other chamber. 

As a consequence, the cations move through the cation exchange 

membrane to the chamber where chloride ions are released, to neutralize 

charge imbalance of the solutions. Thus, the chambers are alternatingly 

desalted and concentrated during the forward and reverse step. Interestingly, 

the system works successfully even under the low final cell voltage of 0.2 V 

(Figure 5-3 (b)). That a small voltage window is sufficient, can be attributed 

to the reversible two-phase conversion reaction of silver and silver chloride 
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(Ag + Cl- → AgCl, E0 = 0.22 V vs. SHE). Consequently, because of this low 

cell voltage, the specific energy consumption of the system, SEC, is very low, 

and we calculate a value of approx. 10 kJ per of salt removed (Figure 5-4). 
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Figure 5-3 (a) The Na+ concentration in the two chambers, at three moments: 

before the experiment, at three moments: before the experiment, after forward 

current, and after reverse current. (b) The cell voltage profile during the 

forward current (step 1) and the reversed current (step 2) step. 
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Figure 5-4 The cell voltage vs. charge plot during step desalination in 500 

mM NaCl (current density: 1.0 mA cm-2). 
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5.3.2 Electrochemical Characterization of the Electrode 

The electrochemical characteristics of the silver electrode were 

examined with cyclic voltammetry (CV) and galvanostatic charge/discharge 

(Figure 5-5 and 6). Figure 5-5 (a) shows a CV curve of a silver electrode in 

1000 mM NaCl solution with different scan rates. The oxidation and 

reduction current of the electrode is associated with the conversion reaction 

of the silver electrode with Cl- ions. As the scan rate is increased, the peak 

potentials of oxidation and reduction are extended while maintaining the 

overall shape, which is an indication of the Faradaic reaction. In order to 

further investigate the electrode process, we tested the power law relation, 

i=a.vb, where i is current and v the scan rate, results of which are presented in 

Figure 5-5 (b). The calculated b value of oxidation and reduction peaks was 

0.46, close to 0.5, implying that the conversion reaction of silver and silver-

chloride is a diffusion-controlled reaction (the Faradaic reaction is not rate-

limiting) (Bard et al. 2001). 
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Figure 5-5 Electrochemical characterization of the silver/silver-chloride 

electrode: (a) cyclic voltammetry curves in 1000 mM NaCl solution (scan 

rates: 2.0 - 30 mV s-1); (b) power-law relation between the peak current and 

the scan rate from the result of CV curves (panel (a))  
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Figure 5-6 (a) shows the result of the galvanostatic charge/discharge 

experiment at 1 mA cm-2 current density. From the result in Figure 5-6 (a), 

the specific capacity of the silver/silver-chloride electrode can be derived as 

approx. 80 mAh g-1 (approx. 100 mAh g-1 based on active material), which is 

higher than for intercalation materials such as NMO (35 mAh g-1) and 

Prussian Blue Analogues (60 mAh g-1) (Lee et al. 2017). In intercalation 

materials, often with each ion adsorption site a large number of atoms is 

associated from the lattice structure. Instead, the silver electrode, which is a 

conversion electrode, can react with the chloride at a ratio of 1:1, thus 

exhibiting a larger specific capacity than intercalation electrodes. 

Nevertheless, in our study, the silver electrode did not achieve the theoretical 

maximum capacity of 250 mAh g-1. This may be owing to diffusion limitation 

of Cl- ions originating from particle agglomeration during the conversion 

reaction from silver to silver-chloride (Figure 5-7 (a) and (b)).  

In addition, the voltage profile shows a constant voltage even though the 

reaction proceeds, see Figure 5-6 (a), which is a characteristic of a two-phase 

reaction electrode, as explained by the Gibbs phase rule (Van der Ven and 

Wagemaker 2009; Van Der Ven et al. 2013; Li and Zhou 2014). Two-phase 

reaction of the silver and silver-chloride electrode was confirmed by X-ray 

diffraction (XRD) as shown in Figure 5-8. Furthermore, the gap between the 
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oxidation and reduction potential is approx. 15 mV (Figure 5-6 (a)), which 

shows that the overpotential of the silver electrode reacting with Cl- is small. 

These characteristics of the silver electrode allows this system to operate at a 

low cell voltage (0.2 V). 

Figure 5-6 (b) shows the specific capacity and Coulombic efficiency of 

silver electrode with different current densities (1.0 to 50 mA cm-2). From the 

capacity retention ratio (50% at a current density of 50 mA cm-2 compared 

with 1.0 mA cm-2), we can conclude that the silver electrode has a good rate 

capability due to its rapid silver/silver chloride conversion reaction based on 

the small size of the Ag-particles in the electrode. In fact, the retained capacity 

is approx. 100% after 100 cycles tests with 3.0 mA cm-2 in the two-electrode 

configuration system at 500 mM NaCl solution (Figure 5-9), suggesting that 

both of electrodes, the silver and the silver chloride electrodes, have a good 

stability. 
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Figure 5-6 galvanostatic charge/discharge of the silver/silver-chloride 

electrode at 1000 mM NaCl solution in the three-electrode configuration 

(current density: 1.0 mA cm-2). (d) The rate capabilities of the silver electrode 

in the three-electrode configuration at 1000 mM NaCl solution (current 

densities: 1.0, 3.0, 10, 20, and 50 mA cm-2). 
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Figure 5-7 SEM images of prepared (a) the silver and (b) the silver-chloride 

electrode. 
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Figure 5-8 XRD patterns of the pristine silver electrode, after 15 and 30 min 

charging, and the fully charged silver-chloride electrode (current density: 3.0 

mA cm-2). 
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Figure 5-9 The stability of the silver and silver-chloride electrodes in a two-

electrode configuration at 500 mM NaCl solution (current density: 3.0 mA 

cm-2). 
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5.3.3 Desalination Performance of the System 

Figure 5-10, 11, and 12 shows the desalination performance of the 

system with various current densities and different NaCl concentrations 

examined by providing information on Figure 5-10 (a) the salt adsorption 

capacity (SAC), (b) the average salt adsorption rate (ASAR), Figure 5-11 

ASAR plotted versus SAC which is the “CDI Ragone” plot, and Figure 5-12 

specific energy consumption (SEC). The observed SAC was approx. 85 and 

130 mg g-1 at 500 and 1000 mM NaCl with current density of 1.0 and 3.0 mA 

cm-2. These values are much higher than in previous studies with Prussian 

Blue analogues (approx. 60 mg g-1 with 0.5 mA cm-2) (Lee et al. 2017). The 

high desalination capacity of the present system results from the inherent high 

capacity of the silver/silver chloride electrodes and also originates from the 

design of the cell, which enables desalination during forward current 

operation, as well as during reverse current operation. However, when the 

current density was increased, SAC decreased to 30-40 mg g-1. This result is 

an indication of a limited rate capability in this system, which requires further 

study to improve ion diffusion or reduce other transport resistances in the 

system. As shown in Figure 5-10 (a), the tendency of SAC vs. current density 

in 1000 mM NaCl is not linear. This result can be explained by the effect of 

back-diffusion. It is not a negligible effect when the concentration of source 
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water is 1000 mM, and the effect depends on the operation time (see Figure 

5-11). 

In order to determine the kinetic properties of the system, average salt 

adsorption rate (ASAR) analysis, which is commonly used in CDI to evaluate 

the ion removal rate, was conducted. As shown in Figure 5-10 (b), ASAR 

progressively increases with current density which shows that it is possible to 

operate at a high current such as 10 mA cm-2, which is a value that is an order 

of magnitude higher than previous battery desalination systems which are for 

instance at 0.5 mA cm-2 (Pasta et al. 2012; Kim et al. 2017b; Lee et al. 2017). 
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Figure 5-10 Evaluation of the desalination performance in 500 mM and 1000 

mM NaCl solution with different current densities (1.0, 3.0, 5.0, and 10 mA 

cm-2): (a) salt adsorption capacity (SAC); (b) average salt adsorption rate 

(ASAR). The shade regions displayed on the graphs indicate the trend of the 

data.  
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Figure 5-11 Back-diffusion effect without applied potential: concentration 

change with time in the initial 400 mM NaCl chamber (0, 0.5, 1.0, 2.0, and 

3.0 hours). The initial concentration of each chamber was 400 mM and 1600 

mM. 
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The relationship between the capacity and the rate of desalination is 

represented by the CDI Ragone plot (Figure 5-12) (Kim and Yoon 2015). 

Even though it is difficult to compare with other systems due to differences 

in salt concentration, our present system exhibits much faster rate and higher 

capacity than previously reported systems based on MCDI, rocking-chair 

capacitive deionization (RCDI), and rocking-chair desalination (RCD). For 

example, our system achieves a high SAC of around 100 mg g-1, which is a 

30% increased value compared to a previous battery desalination study that 

was conducted at a low ASAR (0.005 mg-1 g-1 s-1) (Lee et al. 2017). In addition, 

the rate capability of our system was significantly better than in earlier works 

(we obtain up to 0.05 - 0.06 mg g-1 s-1). 
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Figure 5-12 Evaluation of the desalination performance in 500 mM and 1000 

mM NaCl solution with different current densities (1.0, 3.0, 5.0, and 10 mA 

cm-2): CDI Ragone plot including various electrochemical desalination 

system. MCDI, rocking-chair capacitive deionization (RCDI), and cation 

reactive battery desalination (CBD) data are from ref (Kim and Yoon 2015; 

Lee et al. 2017, 2018). The unfilled symbols represent literature values. 

  



 

133 

 

To investigate the relationship between current density and specific 

energy consumption, SEC, our system was run at various current densities in 

500 and 1000 mM NaCl solution. As shown in Figure 5-13, the energy 

consumption increases as the current density increases. This is because the 

polarization increases when a higher current flows through a given circuit 

resistance. In particular, the specific energy consumption in our system was 

approximately 0.19 Wh L-1 (5.3 kJ mole-1) at 25% ion removal with 50% 

water recovery. Even though energy recovery is not possible in our system, 

see Figure 5-3 (b), the obtained energy consumption is quite comparable to 

results reported in other studies (Pasta et al. 2012; Lee et al. 2017). 
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Figure 5-13 Evaluation of the desalination performance in 500 mM and 1000 

mM NaCl solution with different current densities (1.0, 3.0, 5.0, and 10 mA 

cm-2): specific energy consumption (SEC). The shade region displayed on the 

graph indicates the trend of the data. 
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5.4.  Summary 

In this study, ABD was successfully demonstrated as a new continuous 

BD system. ABD consists of two anion reactive electrodes, which are 

Ag/AgCl electrodes applied instead of cation reactive battery electrodes (used 

in CBD) to capture anions, and a cation exchange membrane located in the 

center of the cell for the selective transport of cations. The system achieved 

high stability with a retention capacity reduction of less than 1% even after 

100 cycles and high desalination capacity of 85 mg g-1. Furthermore, the 

system can operate at a current density (10 mA cm-2) which is an order of 

magnitude higher than reported for battery desalination systems. This 

superior performance of ABD attributes to the high stability, fast kinetics, and 

high specific capacity (theoretical specific capacity 250 mAh g-1) of the 

Ag/AgCl electrode. With further optimization, we believe that the system 

proposed in this study can be a feasible desalination technology for treating 

water of a high salinity. 
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6. Conclusion 

This dissertation provides three novel strategies to overcome the low 

stability and desalination capacity of CBD: modifying electrode surface, 

applying new battery material, and introducing a new system. 

First, Nafion, cation exchange resin, was coated on the electrode surface 

to enhance the low stability of CBD. The cycling stability and Coulombic 

efficiency of CBD were remarkably improved with Nafion-coated electrodes. 

After 100 cycles at 0.1 A g-1 current density, the retention capacity of the full 

cell increased from 91% to 94%, and approximately 100% Coulombic 

efficiency was achieved. In addition, as the amount of charge consumed in 

side reactions decreases, the overall desalination performance (including 

charge efficiency, desalination capacity, salt removal rate and SEC) was 

improved 

Second, NaCoHCF electrodes, having two redox active sites, was 

successfully examined as a new electrode material for CBD. As a result, the 

system exhibited approx. 88% ion removal in 500 mM NaCl solution and 

achieved a desalination capacity of 123 mg g-1 (active material: 154 mg g-1). 

Compared to the NaNiHCF electrode using one redox active site under the 

same conditions, ion removal and desalination capacity were improved by 48% 

and 44%. These achievements attributed from the specific capacity of the 
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NaCoHCF electrode using two redox active sites is approx. 1.5 times higher 

than the specific capacity of the NaNiHCF electrode using one redox active 

site.  

Third, ABD was successfully demonstrated as a new continuous BD 

system. ABD consists of two Ag/AgCl electrodes (anion reactive battery 

electrodes), and a cation exchange membrane; the Ag/AgCl electrodes have 

advantages of high stability and specific capacity in water. As a consequence, 

the system showed high stability with a retention capacity reduction of less 

than 1% even after 100 cycles. Furthermore, the system achieves a high 

desalination capacity of approx. 85 mg g-1 with 80% of salt removal ratio at 

500 mM NaCl solution. Therefore, introduced ABD could be a promising 

electrochemical desalination technology for treating water of a high salinity. 

 

 

 

  



 

138 

 

7. References 

Ahn J, Lee J, Kim S, et al (2020) High performance 

electrochemical saline water desalination using silver and silver-

chloride electrodes. Desalination 476:114216 

Arulrajan AC, Ramasamy DL, Sillanpää M, et al (2019) 

Exceptional Water Desalination Performance with Anion-Selective 

Electrodes. Advanced Materials 31:1–5 

Avraham E, Noked M, Bouhadana Y, et al (2009) Limitations of 

Charge Efficiency in Capacitive Deionization. Journal of The 

Electrochemical Society 156:P157 

Bakker E, Grygolowicz-Pawlak E, Sohail M, et al (2012) 

Coulometric Sodium Chloride Removal System with Nafion 

Membrane for Seawater Sample Treatment. Analytical Chemistry 

84:6158–6165 

Bard AJ, Faulkner LR, Bagotsky VS (2001) Electrochemical 

Methods Fundamentals of Electrochemistry 

Batteries L (2021) Lithium-Ion Batteries. 1–30 



 

139 

 

Biesheuvel PM, van der Wal A (2010) Membrane capacitive 

deionization. Journal of Membrane Science 346:256–262 

BLAIR JW, MURPHY GW (1960) Electrochemical 

Demineralization of Water with Porous Electrodes of Large Surface 

Area. 206–223 

Bohn PW, Elimelech M, Georgiadis JG, et al (2009) Science and 

technology for water purification in the coming decades. Nanoscience 

and Technology: A Collection of Reviews from Nature Journals 

452:337–346 

Cai PF, Su CJ, Chang WT, et al (2014) Capacitive deionization of 

seawater effected by nano Ag and Ag@C on graphene. Marine 

Pollution Bulletin 85:733–737 

Chen F, Huang Y, Guo L, et al (2017a) Dual-ions electrochemical 

deionization: A desalination generator. Energy and Environmental 

Science 10:2081–2089 

Chen F, Huang Y, Guo L, et al (2017b) A dual-ion 

electrochemistry deionization system based on AgCl-

Na0.44MnO2electrodes. Nanoscale 9:10101–10108 



 

140 

 

Chen F, Huang Y, Guo L, et al (2017c) A dual-ion 

electrochemistry deionization system based on AgCl-

Na0.44MnO2electrodes. Nanoscale 9:10101–10108 

Choi JH (2014) Determination of the electrode potential causing 

Faradaic reactions in membrane capacitive deionization. Desalination 

347:224–229 

Choi JH (2010) Fabrication of a carbon electrode using activated 

carbon powder and application to the capacitive deionization process. 

Separation and Purification Technology 70:362–366 

Choi S, Chang B, Kim S, et al (2018a) Battery Electrode 

Materials with Omnivalent Cation Storage for Fast and Charge-

Efficient Ion Removal of Asymmetric Capacitive Deionization. Adv 

Funct Mater. https://doi.org/10.1002/adfm.201802665 

Choi S, Chang B, Kim S, et al (2018b) Battery Electrode 

Materials with Omnivalent Cation Storage for Fast and Charge-

Efficient Ion Removal of Asymmetric Capacitive Deionization. 

Advanced Functional Materials 1802665:1–9 

Długołecki P, Van Der Wal A (2013) Energy recovery in 



 

141 

 

membrane capacitive deionization. Environmental Science and 

Technology 47:4904–4910 

Dykstra JE, Keesman KJ, Biesheuvel PM, van der Wal A (2017) 

Theory of pH changes in water desalination by capacitive deionization. 

Water Research 119:178–186 

Elimelech M, Phillip WA (2011) The future of seawater 

desalination: Energy, technology, and the environment. Science 

333:712–717 

Fighera M, van der Wal PD, Shea H (2017) Microfluidic Platform 

for Seawater Desalination by Coulometric Removal of Chloride Ions 

through Printed Ag Electrodes. Journal of The Electrochemical Society 

164:H836–H845 

Gao X, Omosebi A, Landon J, Liu K (2015) Surface charge 

enhanced carbon electrodes for stable and efficient capacitive 

deionization using inverted adsorption-desorption behavior. Energy 

and Environmental Science 8:897–909 

He D, Wong CE, Tang W, et al (2016) Faradaic Reactions in 

Water Desalination by Batch-Mode Capacitive Deionization. 



 

142 

 

Environmental Science and Technology Letters 3:222–226 

Huang ZH, Wang M, Wang L, Kang F (2012) Relation between 

the charge efficiency of activated carbon fiber and its desalination 

performance. Langmuir 28:5079–5084 

Jo K, Baek Y, Kim S, et al (2020) Evaluation of long-term 

stability in capacitive deionization using activated carbon electrodes 

coated with ion exchange polymers. 37:1199–1205 

Johnson AM, Newman J (1971) Desalting by Means of Porous 

Carbon Electrodes. Journal of The Electrochemical Society 118:510–

517 

Kim C, Lee J, Srimuk P, et al (2017a) Concentration-Gradient 

Multichannel Flow-Stream Membrane Capacitive Deionization Cell for 

High Desalination Capacity of Carbon Electrodes. ChemSusChem 

10:4914–4920 

Kim H, Hong J, Park KY, et al (2014) Aqueous rechargeable Li 

and Na ion batteries. Chemical Reviews 114:11788–11827 

Kim S, Lee J, Kim C, Yoon J (2016a) Na2FeP2O7as a Novel 



 

143 

 

Material for Hybrid Capacitive Deionization. Electrochimica Acta 

203:265–271 

Kim SJ, Ko SH, Kang KH, Han J (2010) Direct seawater 

desalination by ion concentration polarization. Nature Nanotechnology 

5:297–301 

Kim T, Dykstra JE, Porada S, et al (2015) Enhanced charge 

efficiency and reduced energy use in capacitive deionization by 

increasing the discharge voltage. Journal of Colloid and Interface 

Science 446:317–326 

Kim T, Gorski CA, Logan BE (2017b) Low Energy Desalination 

Using Battery Electrode Deionization. Environmental Science and 

Technology Letters 4:444–449 

Kim T, Gorski CA, Logan BE (2018) Ammonium removal from 

domestic wastewater using selective battery electrodes. Environmental 

Science and Technology Letters 5:578–583 

Kim T, Yoon J (2015) CDI ragone plot as a functional tool to 

evaluate desalination performance in capacitive deionization. RSC 

Advances 5:1456–1461 



 

144 

 

Kim T, Yu J, Kim C, Yoon J (2016b) Hydrogen peroxide 

generation in flow-mode capacitive deionization. Journal of 

Electroanalytical Chemistry 776:101–104 

Kim YJ, Choi JH (2010) Improvement of desalination efficiency 

in capacitive deionization using a carbon electrode coated with an ion-

exchange polymer. Water Research 44:990–996 

Lee J, Jo K, Lee J, et al (2018) Rocking-Chair Capacitive 

Deionization for Continuous Brackish Water Desalination. ACS 

Sustainable Chemistry & Engineering acssuschemeng.8b02123 

Lee J, Kim S, Kim C, Yoon J (2014) Hybrid capacitive 

deionization to enhance the desalination performance of capacitive 

techniques. Energy and Environmental Science 7:3683–3689 

Lee J, Kim S, Yoon J (2017) Rocking Chair Desalination Battery 

Based on Prussian Blue Electrodes. ACS Omega 2:1653–1659 

Lee J, Lee J, Ahn J, et al (2019) Enhancement in Desalination 

Performance of Battery Electrodes via Improved Mass Transport Using 

a Multichannel Flow System. ACS Applied Materials and Interfaces 

11:36580–36588 



 

145 

 

Lee JB, Park KK, Eum HM, Lee CW (2006) Desalination of a 

thermal power plant wastewater by membrane capacitive deionization. 

Desalination 196:125–134 

Li D, Zhou H (2014) Two-phase transition of Li-intercalation 

compounds in Li-ion batteries. Materials Today 17:451–463 

Li WJ, Han C, Cheng G, et al (2019) Chemical Properties, 

Structural Properties, and Energy Storage Applications of Prussian 

Blue Analogues. Small 15:1–21 

Li Z, Song B, Wu Z, et al (2015) 3D porous graphene with 

ultrahigh surface area for microscale capacitive deionization. Nano 

Energy 11:711–718 

Mauritz KA, Moore RB (2004) State of understanding of Nafion. 

Chemical Reviews 104:4535–4585 

Nam DH, Choi KS (2017) Bismuth as a New Chloride-Storage 

Electrode Enabling the Construction of a Practical High Capacity 

Desalination Battery. Journal of the American Chemical Society 

139:11055–11063 



 

146 

 

Nam DH, Lumley MA, Choi KS (2019) A Desalination Battery 

Combining Cu 3 [Fe(CN) 6 ] 2 as a Na-Storage Electrode and Bi as a 

Cl-Storage Electrode Enabling Membrane-Free Desalination. 

Chemistry of Materials 31:1460–1468 

Ntavou E, Kosmadakis G, Manolakos D, et al (2016) 

Experimental evaluation of a multi-skid reverse osmosis unit operating 

at fluctuating power input. Desalination 398:77–86 

Okada T, Møller-Holst S, Gorseth O, Kjelstrup S (1998) 

Transport and equilibrium properties of Nafion®  membranes with H+ 

and Na+ ions. Journal of Electroanalytical Chemistry 442:137–145 

Ong SP, Chevrier VL, Hautier G, et al (2011) Voltage, stability 

and diffusion barrier differences between sodium-ion and lithium-ion 

intercalation materials. Energy and Environmental Science 4:3680–

3688 

Pasta M, Wessells CD, Cui Y, La Mantia F (2012) A desalination 

battery. Nano Letters 12:839–843 

Peng Z, Zhang D, Shi L, Yan T (2012) High performance ordered 

mesoporous carbon/carbon nanotube composite electrodes for 



 

147 

 

capacitive deionization. Journal of Materials Chemistry 22:6603–6612 

Pilat B (2001) Practice of water desalination by electrodialysis. 

Desalination 139:385–392 

Porada S, Borchardt L, Oschatz M, et al (2013a) Direct prediction 

of the desalination performance of porous carbon electrodes for 

capacitive deionization. Energy and Environmental Science 6:3700–

3712 

Porada S, Borchardt L, Oschatz M, et al (2013b) Direct prediction 

of the desalination performance of porous carbon electrodes for 

capacitive deionization. Energy and Environmental Science 6:3700–

3712 

Porada S, Shrivastava A, Bukowska P, et al (2017) Nickel 

Hexacyanoferrate Electrodes for Continuous Cation Intercalation 

Desalination of Brackish Water. Electrochimica Acta 255:369–378 

Porada S, Zhao R, Van Der Wal A, et al (2013c) Review on the 

science and technology of water desalination by capacitive 

deionization. Progress in Materials Science 58:1388–1442 



 

148 

 

Qian J, Wu C, Cao Y, et al (2018) Prussian Blue Cathode 

Materials for Sodium-Ion Batteries and Other Ion Batteries. Advanced 

Energy Materials 8:1–24 

Qu Q, Fu L, Zhan X, et al (2011) Porous LiMn 2O 4 as cathode 

material with high power and excellent cycling for aqueous 

rechargeable lithium batteries. Energy and Environmental Science 

4:3985–3990 

Raluy G, Serra L, Uche J (2006) Life cycle assessment of MSF, 

MED and RO desalination technologies. Energy 31:2361–2372 

Ryoo MW, Kim JH, Seo G (2003) Role of titania incorporated on 

activated carbon cloth for capacitive deionization of NaCl solution. 

Journal of Colloid and Interface Science 264:414–419 

Seo SJ, Jeon H, Lee JK, et al (2010) Investigation on removal of 

hardness ions by capacitive deionization (CDI) for water softening 

applications. Water Research 44:2267–2275 

Shapira B, Avraham E, Aurbach D (2016) Side Reactions in 

Capacitive Deionization (CDI) Processes: The Role of Oxygen 

Reduction. Electrochimica Acta 220:285–295 



 

149 

 

Simon P, Gogotsi Y, Dunn B (2014) and Supercapacitors Begin ? 

Science 343:1210–1211 

Singh K, Porada S, de Gier HD, et al (2019) Timeline on the 

application of intercalation materials in Capacitive Deionization. 

Desalination 455:115–134 

Singh K, Qian Z, Biesheuvel PM, et al (2020) Nickel 

hexacyanoferrate electrodes for high mono/divalent ion-selectivity in 

capacitive deionization. Desalination 481:114346 

Smith KC, Dmello R (2016) Na-Ion Desalination (NID) Enabled 

by Na-Blocking Membranes and Symmetric Na-Intercalation: Porous-

Electrode Modeling. Journal of The Electrochemical Society 

163:A530–A539 

Srimuk P, Husmann S, Presser V (2019) Low voltage operation of 

a silver/silver chloride battery with high desalination capacity in 

seawater. RSC Advances 9:14849–14858 

Srimuk P, Su X, Yoon J, et al (2020) Charge-transfer materials for 

electrochemical water desalination, ion separation and the recovery of 

elements. Nature Reviews Materials 5:517–538 



 

150 

 

Suss ME, Baumann TF, Bourcier WL, et al (2012) Capacitive 

desalination with flow-through electrodes. Energy and Environmental 

Science 5:9511–9519 

Suss ME, Porada S, Sun X, et al (2015) Water desalination via 

capacitive deionization: What is it and what can we expect from it? 

Energy and Environmental Science 8:2296–2319 

Van Der Ven A, Bhattacharya J, Belak AA (2013) Understanding 

Li diffusion in Li-intercalation compounds. Accounts of Chemical 

Research 46:1216–1225 

Van der Ven A, Wagemaker M (2009) Effect of surface energies 

and nano-particle size distribution on open circuit voltage of Li-

electrodes. Electrochemistry Communications 11:881–884 

Wang B, Han Y, Wang X, et al (2018) Prussian Blue Analogs for 

Rechargeable Batteries. iScience 3:110–133 

Wang Y, Liu J, Lee B, et al (2015a) Ti-substituted tunnel-type 

Na0.44MnO2 oxide as a negative electrode for aqueous sodium-ion 

batteries. Nature Communications 6:1–10 



 

151 

 

Wang Y, Liu J, Lee B, et al (2015b) Ti-substituted tunnel-type 

Na0.44MnO2 oxide as a negative electrode for aqueous sodium-ion 

batteries. Nature Communications 6:1–10 

Wu T, Wang G, Wang S, et al (2018) Highly Stable Hybrid 

Capacitive Deionization with a MnO2 Anode and a Positively Charged 

Cathode. Environmental Science and Technology Letters 5:98–102 

Wu X, Wu C, Wei C, et al (2016) Highly Crystallized 

Na2CoFe(CN)6 with Suppressed Lattice Defects as Superior Cathode 

Material for Sodium-Ion Batteries. ACS Applied Materials and 

Interfaces 8:5393–5399 

Yeh CL, Hsi HC, Li KC, Hou CH (2015) Improved performance 

in capacitive deionization of activated carbon electrodes with a tunable 

mesopore and micropore ratio. Desalination 367:60–68 

Yoon H, Lee J, Kim S, Yoon J (2019) Review of concepts and 

applications of electrochemical ion separation (EIONS) process. 

Separation and Purification Technology 215:190–207 

You Y, Wu XL, Yin YX, Guo YG (2014) High-quality Prussian 

blue crystals as superior cathode materials for room-temperature 



 

152 

 

sodium-ion batteries. Energy and Environmental Science 7:1643–1647 

Yu J, Jo K, Kim T, et al (2018) Temporal and spatial distribution 

of pH in flow-mode capacitive deionization and membrane capacitive 

deionization. Desalination 439:188–195 

Zhao R, Porada S, Biesheuvel PM, Van der Wal A (2013) Energy 

consumption in membrane capacitive deionization for different water 

recoveries and flow rates, and comparison with reverse osmosis. 

Desalination 330:35–41 

 

Ahn J, Lee J, Kim S, et al (2020) High performance 

electrochemical saline water desalination using silver and silver-

chloride electrodes. Desalination 476:114216 

Arulrajan AC, Ramasamy DL, Sillanpää M, et al (2019) 

Exceptional Water Desalination Performance with Anion-Selective 

Electrodes. Advanced Materials 31:1–5 

Avraham E, Noked M, Bouhadana Y, et al (2009) Limitations of 

Charge Efficiency in Capacitive Deionization. Journal of The 



 

153 

 

Electrochemical Society 156:P157 

Bakker E, Grygolowicz-Pawlak E, Sohail M, et al (2012) 

Coulometric Sodium Chloride Removal System with Nafion 

Membrane for Seawater Sample Treatment. Analytical Chemistry 

84:6158–6165 

Bard AJ, Faulkner LR, Bagotsky VS (2001) Electrochemical 

Methods Fundamentals of Electrochemistry 

Batteries L (2021) Lithium-Ion Batteries. 1–30 

Biesheuvel PM, van der Wal A (2010) Membrane capacitive 

deionization. Journal of Membrane Science 346:256–262 

BLAIR JW, MURPHY GW (1960) Electrochemical 

Demineralization of Water with Porous Electrodes of Large Surface 

Area. 206–223 

Bohn PW, Elimelech M, Georgiadis JG, et al (2009) Science and 

technology for water purification in the coming decades. Nanoscience 

and Technology: A Collection of Reviews from Nature Journals 

452:337–346 



 

154 

 

Cai PF, Su CJ, Chang WT, et al (2014) Capacitive deionization of 

seawater effected by nano Ag and Ag@C on graphene. Marine 

Pollution Bulletin 85:733–737 

Chen F, Huang Y, Guo L, et al (2017a) Dual-ions electrochemical 

deionization: A desalination generator. Energy and Environmental 

Science 10:2081–2089 

Chen F, Huang Y, Guo L, et al (2017b) A dual-ion 

electrochemistry deionization system based on AgCl-

Na0.44MnO2electrodes. Nanoscale 9:10101–10108 

Chen F, Huang Y, Guo L, et al (2017c) A dual-ion 

electrochemistry deionization system based on AgCl-

Na0.44MnO2electrodes. Nanoscale 9:10101–10108 

Choi JH (2014) Determination of the electrode potential causing 

Faradaic reactions in membrane capacitive deionization. Desalination 

347:224–229 

Choi JH (2010) Fabrication of a carbon electrode using activated 

carbon powder and application to the capacitive deionization process. 

Separation and Purification Technology 70:362–366 



 

155 

 

Choi S, Chang B, Kim S, et al (2018a) Battery Electrode 

Materials with Omnivalent Cation Storage for Fast and Charge-

Efficient Ion Removal of Asymmetric Capacitive Deionization. Adv 

Funct Mater. https://doi.org/10.1002/adfm.201802665 

Choi S, Chang B, Kim S, et al (2018b) Battery Electrode 

Materials with Omnivalent Cation Storage for Fast and Charge-

Efficient Ion Removal of Asymmetric Capacitive Deionization. 

Advanced Functional Materials 1802665:1–9 

Długołecki P, Van Der Wal A (2013) Energy recovery in 

membrane capacitive deionization. Environmental Science and 

Technology 47:4904–4910 

Dykstra JE, Keesman KJ, Biesheuvel PM, van der Wal A (2017) 

Theory of pH changes in water desalination by capacitive deionization. 

Water Research 119:178–186 

Elimelech M, Phillip WA (2011) The future of seawater 

desalination: Energy, technology, and the environment. Science 

333:712–717 

Fighera M, van der Wal PD, Shea H (2017) Microfluidic Platform 



 

156 

 

for Seawater Desalination by Coulometric Removal of Chloride Ions 

through Printed Ag Electrodes. Journal of The Electrochemical Society 

164:H836–H845 

Gao X, Omosebi A, Landon J, Liu K (2015) Surface charge 

enhanced carbon electrodes for stable and efficient capacitive 

deionization using inverted adsorption-desorption behavior. Energy 

and Environmental Science 8:897–909 

He D, Wong CE, Tang W, et al (2016) Faradaic Reactions in 

Water Desalination by Batch-Mode Capacitive Deionization. 

Environmental Science and Technology Letters 3:222–226 

Huang ZH, Wang M, Wang L, Kang F (2012) Relation between 

the charge efficiency of activated carbon fiber and its desalination 

performance. Langmuir 28:5079–5084 

Jo K, Baek Y, Kim S, et al (2020) Evaluation of long-term 

stability in capacitive deionization using activated carbon electrodes 

coated with ion exchange polymers. 37:1199–1205 

Johnson AM, Newman J (1971) Desalting by Means of Porous 

Carbon Electrodes. Journal of The Electrochemical Society 118:510–



 

157 

 

517 

Kim C, Lee J, Srimuk P, et al (2017a) Concentration-Gradient 

Multichannel Flow-Stream Membrane Capacitive Deionization Cell for 

High Desalination Capacity of Carbon Electrodes. ChemSusChem 

10:4914–4920 

Kim H, Hong J, Park KY, et al (2014) Aqueous rechargeable Li 

and Na ion batteries. Chemical Reviews 114:11788–11827 

Kim S, Lee J, Kim C, Yoon J (2016a) Na2FeP2O7as a Novel 

Material for Hybrid Capacitive Deionization. Electrochimica Acta 

203:265–271 

Kim SJ, Ko SH, Kang KH, Han J (2010) Direct seawater 

desalination by ion concentration polarization. Nature Nanotechnology 

5:297–301 

Kim T, Dykstra JE, Porada S, et al (2015) Enhanced charge 

efficiency and reduced energy use in capacitive deionization by 

increasing the discharge voltage. Journal of Colloid and Interface 

Science 446:317–326 



 

158 

 

Kim T, Gorski CA, Logan BE (2017b) Low Energy Desalination 

Using Battery Electrode Deionization. Environmental Science and 

Technology Letters 4:444–449 

Kim T, Gorski CA, Logan BE (2018) Ammonium removal from 

domestic wastewater using selective battery electrodes. Environmental 

Science and Technology Letters 5:578–583 

Kim T, Yoon J (2015) CDI ragone plot as a functional tool to 

evaluate desalination performance in capacitive deionization. RSC 

Advances 5:1456–1461 

Kim T, Yu J, Kim C, Yoon J (2016b) Hydrogen peroxide 

generation in flow-mode capacitive deionization. Journal of 

Electroanalytical Chemistry 776:101–104 

Kim YJ, Choi JH (2010) Improvement of desalination efficiency 

in capacitive deionization using a carbon electrode coated with an ion-

exchange polymer. Water Research 44:990–996 

Lee J, Jo K, Lee J, et al (2018) Rocking-Chair Capacitive 

Deionization for Continuous Brackish Water Desalination. ACS 

Sustainable Chemistry & Engineering acssuschemeng.8b02123 



 

159 

 

Lee J, Kim S, Kim C, Yoon J (2014) Hybrid capacitive 

deionization to enhance the desalination performance of capacitive 

techniques. Energy and Environmental Science 7:3683–3689 

Lee J, Kim S, Yoon J (2017) Rocking Chair Desalination Battery 

Based on Prussian Blue Electrodes. ACS Omega 2:1653–1659 

Lee J, Lee J, Ahn J, et al (2019) Enhancement in Desalination 

Performance of Battery Electrodes via Improved Mass Transport Using 

a Multichannel Flow System. ACS Applied Materials and Interfaces 

11:36580–36588 

Lee JB, Park KK, Eum HM, Lee CW (2006) Desalination of a 

thermal power plant wastewater by membrane capacitive deionization. 

Desalination 196:125–134 

Li D, Zhou H (2014) Two-phase transition of Li-intercalation 

compounds in Li-ion batteries. Materials Today 17:451–463 

Li WJ, Han C, Cheng G, et al (2019) Chemical Properties, 

Structural Properties, and Energy Storage Applications of Prussian 

Blue Analogues. Small 15:1–21 



 

160 

 

Li Z, Song B, Wu Z, et al (2015) 3D porous graphene with 

ultrahigh surface area for microscale capacitive deionization. Nano 

Energy 11:711–718 

Mauritz KA, Moore RB (2004) State of understanding of Nafion. 

Chemical Reviews 104:4535–4585 

Nam DH, Choi KS (2017) Bismuth as a New Chloride-Storage 

Electrode Enabling the Construction of a Practical High Capacity 

Desalination Battery. Journal of the American Chemical Society 

139:11055–11063 

Nam DH, Lumley MA, Choi KS (2019) A Desalination Battery 

Combining Cu 3 [Fe(CN) 6 ] 2 as a Na-Storage Electrode and Bi as a 

Cl-Storage Electrode Enabling Membrane-Free Desalination. 

Chemistry of Materials 31:1460–1468 

Ntavou E, Kosmadakis G, Manolakos D, et al (2016) 

Experimental evaluation of a multi-skid reverse osmosis unit operating 

at fluctuating power input. Desalination 398:77–86 

Okada T, Møller-Holst S, Gorseth O, Kjelstrup S (1998) 

Transport and equilibrium properties of Nafion®  membranes with H+ 



 

161 

 

and Na+ ions. Journal of Electroanalytical Chemistry 442:137–145 

Ong SP, Chevrier VL, Hautier G, et al (2011) Voltage, stability 

and diffusion barrier differences between sodium-ion and lithium-ion 

intercalation materials. Energy and Environmental Science 4:3680–

3688 

Pasta M, Wessells CD, Cui Y, La Mantia F (2012) A desalination 

battery. Nano Letters 12:839–843 

Peng Z, Zhang D, Shi L, Yan T (2012) High performance ordered 

mesoporous carbon/carbon nanotube composite electrodes for 

capacitive deionization. Journal of Materials Chemistry 22:6603–6612 

Pilat B (2001) Practice of water desalination by electrodialysis. 

Desalination 139:385–392 

Porada S, Borchardt L, Oschatz M, et al (2013a) Direct prediction 

of the desalination performance of porous carbon electrodes for 

capacitive deionization. Energy and Environmental Science 6:3700–

3712 

Porada S, Borchardt L, Oschatz M, et al (2013b) Direct prediction 



 

162 

 

of the desalination performance of porous carbon electrodes for 

capacitive deionization. Energy and Environmental Science 6:3700–

3712 

Porada S, Shrivastava A, Bukowska P, et al (2017) Nickel 

Hexacyanoferrate Electrodes for Continuous Cation Intercalation 

Desalination of Brackish Water. Electrochimica Acta 255:369–378 

Porada S, Zhao R, Van Der Wal A, et al (2013c) Review on the 

science and technology of water desalination by capacitive 

deionization. Progress in Materials Science 58:1388–1442 

Qian J, Wu C, Cao Y, et al (2018) Prussian Blue Cathode 

Materials for Sodium-Ion Batteries and Other Ion Batteries. Advanced 

Energy Materials 8:1–24 

Qu Q, Fu L, Zhan X, et al (2011) Porous LiMn 2O 4 as cathode 

material with high power and excellent cycling for aqueous 

rechargeable lithium batteries. Energy and Environmental Science 

4:3985–3990 

Raluy G, Serra L, Uche J (2006) Life cycle assessment of MSF, 

MED and RO desalination technologies. Energy 31:2361–2372 



 

163 

 

Ryoo MW, Kim JH, Seo G (2003) Role of titania incorporated on 

activated carbon cloth for capacitive deionization of NaCl solution. 

Journal of Colloid and Interface Science 264:414–419 

Seo SJ, Jeon H, Lee JK, et al (2010) Investigation on removal of 

hardness ions by capacitive deionization (CDI) for water softening 

applications. Water Research 44:2267–2275 

Shapira B, Avraham E, Aurbach D (2016) Side Reactions in 

Capacitive Deionization (CDI) Processes: The Role of Oxygen 

Reduction. Electrochimica Acta 220:285–295 

Simon P, Gogotsi Y, Dunn B (2014) and Supercapacitors Begin ? 

Science 343:1210–1211 

Singh K, Porada S, de Gier HD, et al (2019) Timeline on the 

application of intercalation materials in Capacitive Deionization. 

Desalination 455:115–134 

Singh K, Qian Z, Biesheuvel PM, et al (2020) Nickel 

hexacyanoferrate electrodes for high mono/divalent ion-selectivity in 

capacitive deionization. Desalination 481:114346 



 

164 

 

Smith KC, Dmello R (2016) Na-Ion Desalination (NID) Enabled 

by Na-Blocking Membranes and Symmetric Na-Intercalation: Porous-

Electrode Modeling. Journal of The Electrochemical Society 

163:A530–A539 

Srimuk P, Husmann S, Presser V (2019) Low voltage operation of 

a silver/silver chloride battery with high desalination capacity in 

seawater. RSC Advances 9:14849–14858 

Srimuk P, Su X, Yoon J, et al (2020) Charge-transfer materials for 

electrochemical water desalination, ion separation and the recovery of 

elements. Nature Reviews Materials 5:517–538 

Suss ME, Baumann TF, Bourcier WL, et al (2012) Capacitive 

desalination with flow-through electrodes. Energy and Environmental 

Science 5:9511–9519 

Suss ME, Porada S, Sun X, et al (2015) Water desalination via 

capacitive deionization: What is it and what can we expect from it? 

Energy and Environmental Science 8:2296–2319 

Van Der Ven A, Bhattacharya J, Belak AA (2013) Understanding 

Li diffusion in Li-intercalation compounds. Accounts of Chemical 



 

165 

 

Research 46:1216–1225 

Van der Ven A, Wagemaker M (2009) Effect of surface energies 

and nano-particle size distribution on open circuit voltage of Li-

electrodes. Electrochemistry Communications 11:881–884 

Wang B, Han Y, Wang X, et al (2018) Prussian Blue Analogs for 

Rechargeable Batteries. iScience 3:110–133 

Wang Y, Liu J, Lee B, et al (2015a) Ti-substituted tunnel-type 

Na0.44MnO2 oxide as a negative electrode for aqueous sodium-ion 

batteries. Nature Communications 6:1–10 

Wang Y, Liu J, Lee B, et al (2015b) Ti-substituted tunnel-type 

Na0.44MnO2 oxide as a negative electrode for aqueous sodium-ion 

batteries. Nature Communications 6:1–10 

Wu T, Wang G, Wang S, et al (2018) Highly Stable Hybrid 

Capacitive Deionization with a MnO2 Anode and a Positively Charged 

Cathode. Environmental Science and Technology Letters 5:98–102 

Wu X, Wu C, Wei C, et al (2016) Highly Crystallized 

Na2CoFe(CN)6 with Suppressed Lattice Defects as Superior Cathode 



 

166 

 

Material for Sodium-Ion Batteries. ACS Applied Materials and 

Interfaces 8:5393–5399 

Yeh CL, Hsi HC, Li KC, Hou CH (2015) Improved performance 

in capacitive deionization of activated carbon electrodes with a tunable 

mesopore and micropore ratio. Desalination 367:60–68 

Yoon H, Lee J, Kim S, Yoon J (2019) Review of concepts and 

applications of electrochemical ion separation (EIONS) process. 

Separation and Purification Technology 215:190–207 

You Y, Wu XL, Yin YX, Guo YG (2014) High-quality Prussian 

blue crystals as superior cathode materials for room-temperature 

sodium-ion batteries. Energy and Environmental Science 7:1643–1647 

Yu J, Jo K, Kim T, et al (2018) Temporal and spatial distribution 

of pH in flow-mode capacitive deionization and membrane capacitive 

deionization. Desalination 439:188–195 

Zhao R, Porada S, Biesheuvel PM, Van der Wal A (2013) Energy 

consumption in membrane capacitive deionization for different water 

recoveries and flow rates, and comparison with reverse osmosis. 

Desalination 330:35–41 



 

167 

 

국문 초록 

 

축전식 탈염기술(CDI) 및 배터리 탈염기술(BD)와 같은 에너지 

저장장치를 기반으로 하는 전기화학적 담수화 기술은 온화한 작동 

조건, 휴대형 기능 및 낮은 에너지 소비의 장점을 가지고 있어 차

세대 담수화 기술로 여겨진다. 다양한 BD 시스템들 중 양이온 반

응성 전극 기반 배터리 탈염기술 (CBD)는 다른 BD 시스템들과 다

르게 시스템의 연속성을 갖고 있어 고효율 시스템으로 큰 주목을 

받고 있다. 그러나 CBD는 안정성과 탈염용량이 낮아 해수와 같은 

고농도 염수에 적용하기 어려운 한계가 존재한다. CBD의 낮은 안

정성의 주된 원인은 전극과 물 속에 존재하는 OH-의 반응성 때문

으로 알려져 있다. 이 논문은 CBD의 낮은 안정성과 담수화 용량

을 극복하기 위한 세 가지 접근 방식, 즉 전극 표면 개질, 새로운 

배터리 재료 적용 및 새로운 시스템 소개를 제안한다. 

먼저 CBD의 낮은 안정성과 담수화 능력을 향상시키기 위해 

전극 표면에 양이온 교환 수지인 Nafion을 코팅하였다. 양이온의 

선택적 통과를 허용하는 나피온은 OH-와 전극 사이의 접촉을 방지
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하는 역할을 한다. 그 결과, OH-와 전극 사이의 부반응을 효과적으

로 억제할 수 있었다. 시스템은 100회 주기 후에도 94%의 보유 용

량을 유지하였고, 전반적인 담수화 성능이 향상되어 높은 담수화 

용량 (약 72 mg g-1)을 달성하였다. 

둘째, 두 개의 산화/환원 반응 영역을 갖는 sodium cobalt 

hexacyanoferrate(NaCoHCF) 전극을 CBD에 적용하여 담수화 용량을 

증가시켰다. 2 개의 산화/환원 반응 영역을 사용한 NaCoHCF 전극

의 비용량은 88 mAh g-1(활물질: 110 mAh g-1)로, 1 개의 산화/환원 영

역을 사용한 기존 NaNiHCF 전극보다 1.5 배 높은 비용량을 갖는 

것으로 확인하였다. 결과적으로, 이 시스템은 500mM NaCl 용액에

서 88% 이온 제거와 함께 123mg g-1의 높은 담수화 용량을 달성하

였다. 이러한 노력에도 불구하고 CBD는 양이온 반응성 배터리 전

극과 물의 반응성으로 인해 매우 높은 안정성을 확보하는데 근본

적인 한계가 존재한다. 

셋째, CBD의 안정성 한계를 극복하기 위해 음이온 반응성 배

터리 전극을 활용한 ABD(음이온 반응성 배터리 담수화 시스템)을 

제안한다. ABD는 두 개의 Ag/AgCl 전극과 양이온 교환막으로 구성

된다. Ag/AgCl 전극은 물에서 높은 안정성과 비용량의 장점이 있다. 
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그 결과, 시스템은 100 사이클 후에도 1% 미만의 용량 감소율을 

갖으며 높은 안정성을 보였고, 85 mg g-1의 매우 높은 담수화 용량을 

달성하였다. 

본 연구에서는 배터리 기반의 전기화학적 담수화 기술인 CBD

의 전극 표면을 개질하고 새로운 배터리 전극 재료를 도입하여, 

CBD 시스템의 전반적인 성능을 개선하고 발전시켰다. 또한, 음이

온 반응성 배터리 담수화 시스템 (ABD)이라는 새로운 시스템을 

제안해 높은 안정성 및 담수 성능을 확보하였다. 이 연구 결과들

은 배터리 전극을 기반으로 하는 전기화학적 담수화 연구의 새로

운 영역을 확장하고 발전하는데 기여할 것으로 예상한다. 

 

주요어: 축전식 탈염기술, 전기화학적 담수화 기술, 프러시안 블루

유사체, 해수 담수화, 배터리 탈염 기술, 나피온 코팅 
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