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I 

 

Abstract 

 

Capacitive deionization (CDI) is one of state-of-art technology for 

desalination of brackish water to supply enough water for day life. CDI has 

attracted attention as an efficient desalination technology in terms of energy 

consumption, water recovery, and environment-friendliness compared to the 

other desalination technology. However, CDI suffers from desalination 

performance degradation in long-term operation, which is critical issue for 

practical application. The degradation could be overcome by inhibiting the 

carbon oxidation, which is the main reason for degradation, but there were 

little research focusing on the inhibition of carbon oxidation. 

This dissertation aimed to provide a guideline for improving long-term 

stability of CDI by evaluating long-term stability of CDI and polymer-coated 

CDI and by investigating the working mechanisms for how polymer affects 

to transportation phenomena or electrical properties of the electrode. First, the 

salt adsorption capacity (SAC) changes of CDI using the electrode, that 

polydopamine (PDA) or ion exchange polymer (IEP) was coated on without 

the polymer layer on outer surface of the electrode, was traced. As a result, 

long term stability of polymer-coated CDI was improved by inhibiting carbon 

oxidation reactions due to the coverage of activated carbon surface by PDA 
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and IEP without any additional polymer layer on outer surface of the electrode. 

PDA coating prevented the carbon oxidation reaction from occurring as much 

as 10% and IEP coating was more effective than PDA, resulting in 

approximately 80% higher long-term stability. It was because the thicker 

coating layer than PDA coating inhibits carbon oxidation more successfully. 

Second, to determine the role of IEP layer, the pre-oxidized electrode 

was tested in CDI and MCDI and the long-term stability of CDI using IEP-

coated electrodes coated with various thicknesses (30 μm, 100 μm) were 

measured and compared. As major result, MCDI with pre-oxidized electrode 

for 24 h showed less performance reduction compared to the case of CDI. It 

means that ion exchange membrane has an effect on compensating the 

influence of carbon oxidation. This effect was investigated systemically by 

IEP coating with different thickness. CDI using the electrode with thicker IEP 

layer showed better long-term stability represented by less SAC reduction. 

Therefore, it can be concluded that IEP layer on outer surface of electrode 

also appeared to play a role as the compensation barrier that utilizes repulsed 

co-ions by positive PZC shift that formation of IEP layer as well as a role that 

inhibits the carbon oxidation more based on larger charge transfer resistance.  

Therefore, it was found that the stability of CDI can be further improved 

by coating activated carbon using various polymers and forming an IEP layer 
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having an appropriate thickness. This research is meaningful in that it 

suggests a big direction to improve the stability required for the industrial 

application of CDI. 
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1. Introduction 

1.1. Research background 

Capacitive deionization (CDI) is one of state-of-art technology for 

desalination of brackish water. CDI has attracted attention as an efficient 

desalination technology in terms of energy consumption, water recovery, and 

environment-friendliness compared to the other desalination technology (Suss 

et al., 2015). The principle of CDI is that ionic species in the water are attracted 

to the when potential was applied and form electrical double layer (EDL) 

during desalinated water continuously flows out. Therefore, it has been 

reported that CDI has advantages in energy and sustainability because well-

known problems in membrane desalination such as high pressure and 

chemical usage were less critical in CDI (Suss et al., 2015). Furthermore, the 

advantages of CDI have been enhanced by the application of ion exchange 

membrane (IEM) in front of each carbon electrode (referred as MCDI) (Kim 

and Choi, 2010a,Lee et al., 2011) to prevent co-ion repulsion which induces 

dissipation of charges (Zhao et al., 2009). These efforts led to the improvement 

in charge efficiency from 50% to up to 90% (Biesheuvel et al., 2011,Hassanvand et 

al., 2017,Kim and Choi, 2010b,Omosebi et al., 2014) and in the salt adsorption 

capacity (SAC) (Biesheuvel et al., 2011,Lee et al., 2006,Li et al., 2011,Liu et al., 2014). 

The high charge efficiency and SAC of the MCDI is due to the fact that 



 

2 

 

the IEM acts as a charge barrier, so that no charge is wasted in order to remove 

co-ions from the electrode. However, the IEM used in MCDI are products 

used in the electrodialysis (ED), and have disadvantages of being thick and 

expensive. To overcome these disadvantages in perspective of the 

modification of IEM, the thickness, physical strength, ion exchange capacity, 

and transport number must be improved. However, these characteristics are 

trade-offs, and thus there is a limitation in improving the IEM.  

To overcome the limitation, studies have been conducted to form a 

charge barrier by coating an ion exchange polymer (IEP) on a carbon 

electrode with lower thickness (Asquith et al., 2014,2015,Kim and Choi, 2010a,Kim 

and Choi, 2010b,Kim and Choi, 2010c). Literatures have reported that the IEP 

coating improved SAC, suggesting the successful replacement of MCDI's 

IEM based on the increase in charge efficiency due to the role as a charge 

barrier. In addition, studies have shown that the IEP that are selective to 

specific ions can be used to provide the corresponding ion selectivity to CDI 

(Kim et al., 2013,Kim and Choi, 2012,Yeo and Choi, 2013). 

In spite of the increase in SAC and charge efficiency, studies about 

evaluation or improvement of long-term operation stability of CDI coated 

with IEPs are insufficient. First of all, in the case of CDI without IEP, SAC 

reduction of approximately 90% or more has been reported in long term 
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operation (Bouhadana et al., 2011a,Cohen et al., 2013,Yu et al., 2018). The reason for 

the SAC reduction is the change in surface properties due to carbon oxidation 

(Avraham et al., 2010). When the potential is applied in CDI, various side 

reactions occur (Kim et al., 2016,Lee et al., 2010). Among them, carbon reacts with 

water molecules to form oxygen functional groups which have negative 

charges on the anode surface (Bouhadana et al., 2011b,Omosebi et al., 2014). Then, 

the surface charge of the oxidation electrode, represented by potential of zero 

charge (PZC), is shifted in the positive direction, and the desalting capacity is 

reduced due to the imbalance of ion adsorption behavior between the anode 

and cathode. On the other hand, high stability of MCDI was reported 

compared to the stability of CDI (Yu et al., 2018). In that paper, the reasons were 

the smaller cathodic side reactions and the lower PZC shift of the anode 

because of the existence of IEM. However, the mechanisms of the high 

stability of MCDI was little investigated with focus on the role of IEM.  

 

1.2. Objective 

To contribute the practical application of CDI, this dissertation aimed to 

provide a guideline for improving long-term stability of CDI by evaluating 

long-term stability of CDI and polymer-coated CDI and by investigating the 

working mechanisms for how polymer affects to transportation phenomena 
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or electrical properties of the electrode. 

For those purpose, first, the influence of carbon oxidation was 

determined by changing only anode periodically without changing the 

cathode. After that, polydopamine (PDA) or IEP was coated on the activated 

carbon electrode and its long-term stability was evaluated. To analyze the 

reason for the measured long-term stability, electrochemical analyses were 

implemented.  

Second, to determine the role of IEP layer, IEP layer thickness were set 

as a major variable and SAC changes were traced. This determination is 

expected to be able to define the role of IEP before and after the carbon 

oxidation. 

From these approaches, it is expected that many researchers or 

technicians who want to improve the long-term stability of CDI get some 

guideline or inspirations. And finally, it is expected that CDI will be applied 

to broad areas where deionized water is necessary. 
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2. Literature review 

2.1. Introduction of CDI 

CDI is one of the successful convergence technologies in which the 

principle of supercapacitors, which is an electrical energy storage devices, is 

applied to desalination, an environmental technology (Yoon et al., 2019). The 

principle of CDI is to apply the potential to the electrode while passing water 

between the pair of electrodes as shown in Figure 2-1. After that, the two 

electrodes are short-circuited or reversed to regenerate to their initial state, 

and the desalination and regeneration are operated alternately to produce 

treated water continuously. This technology uses electric force, which does 

not require a high-pressure pump, and because of the low pressure drop, less 

fouling is considered to be more environmentally friendly and safer than 

conventional desalination technology (Suss et al., 2015). It is also based on the 

principle of energy storage technology and because energy is stored in the 

desalination process, it is possible to recover the energy while recovering the 

module (Álvarez-González et al., 2016,Dlugolecki and van der Wal, 2013,Kang et al., 

2016,Ma et al., 2019b,Pernía et al., 2018). 
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Figure 2-1 Working principle of capacitive deionization (CDI) 
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On the principle of operation, the capacitive deionization module is 

composed of a pair of electrodes, a flow path to help water flow, a current 

collector to apply an electric potential, and other auxiliary devices. Although 

these basic components can actually be used to desalination, several attempts 

have been conducted to achieve higher performance. The various forms of 

CDI that have been developed so far are summarized in Figure 2-2 (Suss et al., 

2015) as a result of attempts. First, flow-by CDI (Figure 2-2(a)) and flow-

through CDI (Figure 2-2(b)) are divided according to how the flow path is 

formed. In the case of flow-by CDI, water does not flow directly into the 

electrode, but a porous spacer inserted between the electrode and the electrode 

serves as a flow path where water flows and an insulator that prevents the 

electrode from shorting, simultaneously. On the other hand, in the flow-

through CDI, since water flows through the electrode directly and 

sequentially, electrodes serve as a flow path. Therefore, the advantage of 

flow-through CDI is that the electrode pores could be utilized almost fully, 

but the disadvantage is that large pores of the electrode are essentially 

required unlike the flow-by CDI (Suss et al., 2012). 

Next, systems that aimed to improve desalination performance by adding 

or replacing components in CDI are shown in Figure 2-2(C), (E), and (F). 

Figure 2-2(c) shows the membrane CDI (MCDI) with an ion exchange 
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membrane inserted in front of the electrode. MCDI is a system with improved 

energy and charge efficiency by reducing charge dissipation which occur in 

conventional CDI. On the other hand, the system that replaces the electrode 

material of CDI, which is mainly carbon material, with the material used in 

the rechargeable battery is the desalination battery in Figure 2-2(F). hybrid 

CDI shown in Figure 2-2(E) is the converged system developed to 

complement the cost issues in desalination battery by replacing expensive 

silver electrode to activated carbon electrode. Desalination batteries and 

hybrid CDIs are reported to have very high performance compared to various 

CDI systems using carbon materials (Choi et al., 2018,Lee et al., 2014). 

The various CDI systems mentioned so far basically use electrodes fixed 

to the current collector. In this case, a certain amount of wastewater is required 

to regenerate a full capacity module. In other words, deionized water is 

produced during the desalination by applying a potential, but the deionized 

water cannot be produced when the desalination is completed and the module 

is regenerated. Therefore, a single module cannot produce treated water 

continuously. The system that solved these shortcomings through the 

conversion of ideas is the flow-electrode CDI (FCDI) shown in Figure 2-2(G) 

~ (I). FCDI uses a slurry type electrode with a certain amount of carbon 

material dispersed in water. The clean electrode with no ions adsorbed is 
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continuously supplied to the module, and the electrode with ions adsorbed 

flows out of the module. Therefore, only water from which ions have been 

removed is continuously produced (Jeon et al., 2013) (Jeon et al., 2013). 

Electrodes that adsorb ions are regenerated through a separate system outside 

the module, and various techniques have been studied to effectively 

regenerate the electrodes (Jeon et al., 2014). 
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Figure 2-2 Various capacitive deionization (CDI) architectures (Suss et al., 2015) 
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Capacitive desalination processes are applied in various fields. Since the 

purpose of the capacitive deionization is to remove ions using electric force, 

the uncharged species are difficult to be removed, and only the charged 

species can be efficiently removed. However, this technique has yet to be 

limited for efficient influent concentration ranges due to the limited capacity 

of the electrode (Qin et al., 2019). Therefore, commercial CDI modules are 

currently applied to water with relatively low concentration such as 

groundwater, surface water, tap water treatment, and plant cooling water 

treatment. Nevertheless, CDI is compatible because its unique characteristic 

is that it can be given selectivity. There have been many reports to selectively 

remove nitrate (Kim et al., 2013,Kim and Choi, 2012,Yeo and Choi, 2013) or another 

anionic oxygen compounds (Bales et al., 2019,Kim et al., 2012a,Ma et al., 2019c,Tang 

et al., 2017b). As cation selective removal, hybrid CDI system have been 

applied (Lee et al., 2014,Yoon et al., 2018). In addition, pure manufacturability has 

been reported, which is essential for many electrical device manufacturing 

processes (Lee and Choi, 2012). Furthermore, the application as the novel water 

treatment converging advanced oxidation process and CDI is possible (Kim et 

al., 2015,Kim et al., 2018a,Kim et al., 2018b) to achieve desalination and oxidation 

(or disinfection) simultaneously.  
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2.2. Stability of CDI 

2.2.1. Performance degradations in CDI 

Despite the efficiency and differentiation of capacitive deionization, 

there are still obstacles to real application. As summarized in Figure 2-3, a 

significant reduction in performance was observed for long-term operation of 

a conventional CDI using carbon materials for at least 50 hours (Cohen et al., 

2013,2015,Gao et al., 2014,Omosebi et al., 2014,Yu et al., 2018). In Figure 2-3 (a), the 

operation was performed for about 130 hours, and the decrease in 

performance and the inversion peak were observed. Inversion peak is a 

phenomenon in which ions are desorbed and adsorbed when 1.2V and 0V is 

applied, respectively, unlike the general phenomenon of adsorption at 1.2V 

and desorption at 0V. In Figure 2-3 (b) and (c), almost no ions are adsorbed 

after about 50 hours of desalination. For this reason, the most pointed out 

factor in the existing literature is the side reaction that occurs at the electrode 

when a potential of 1.2 V or higher is applied to CDI (Avraham et al., 

2010,Bouhadana et al., 2011b). 
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Figure 2-3 Results showing degradation in desalination performance reported 

by (a) Bouhadana et al., 2011, (b) Omosebi et al., 2014, and (c) Gao et al., 

2014. 

  

(a)

(b) (c)
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2.2.2. Faradaic reactions as side reactions in CDI 

In CDI, various side reactions have been reported to occur at both the 

anode and the cathode (He et al., 2016,Tang et al., 2017a,Yu et al., 2018,Zhang et al., 

2018). First, at the cathode, a reaction in which water molecules and dissolved 

oxygen react to generate hydrogen peroxide (Kim et al., 2016,Yu et al., 2018) and 

hydrogenation reaction of carbon are known (Zhang et al., 2018). Among the 

possible reactions in the general CDI applied 1.2V are as follows. 

 𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2  𝐸 = 0.28 𝑉 Rxn. (1) 

 𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂  𝐸 = 0.82 𝑉 Rxn. (2) 

As well expressed in the reaction equations (Rxn (1), (2)), dissolved 

oxygen is the main reactant and the product is hydrogen peroxide and water 

molecules. Since the reaction occurs in water, the formation of water 

molecules cannot be directly measured, but in the case of hydrogen peroxide, 

direct measurement is possible. As a result of the measurement, it was found 

that hydrogen peroxide was generated steadily throughout the charging step 

under 1.2V, and the generation of hydrogen peroxide occurred regardless of 

time even during long-term operation for 50 hours. However, the amount of 

charges consumed to the generation of hydrogen peroxide is relatively 

insignificant, accounting for about 10% of the total charges flowed in the 

deionization step (He et al., 2016,Kim et al., 2016,Tang et al., 2017a,Yu et al., 2018,Zhang 
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et al., 2018,Zhang et al., 2019). 

On the other hand, oxidation of carbon, chlorine generation, and water 

decomposition can occur at the anode (Bouhadana et al., 2011b,He et al., 2016,Maass 

et al., 2008,Omosebi et al., 2014,Yu et al., 2018). Among these reactions, the 

following reactions is possible under CDI operating conditions (1.2 V). As 

can be seen in the reaction equations (Rxn (3)~(6)), the notable reaction is the 

formation of a negatively charged carboxylic functional group by the reaction 

between carbon and surface oxygen although there are the oxidation of carbon 

which may lead to carbon corrosion to dissolved carbon monoxide or carbon 

dioxide. The reason why the formation of negatively charged functional group 

is that CDI adsorbs ions by electrical attraction. That is, negatively charged 

surface can directly affect the adsorption characteristics sensitively because 

of the changes in surface charge on the electrode. 

 𝐶 + 𝐻2𝑂 → 𝐶 − 𝑂𝑎𝑑 + 2𝐻+ + 2𝑒−  𝐸 = −0.404 𝑉 Rxn. (3) 

 𝐶 − 𝑂𝑎𝑑 + 𝐻2𝑂 → 𝐶 − 𝑂𝑂− + 2𝐻+ + 2𝑒−  𝐸 = 0.290 𝑉 Rxn. (4) 

 𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 2𝐻+ + 2𝑒−  𝐸 = −0.093 𝑉 Rxn. (5) 

 𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−  𝐸 = 0.090 𝑉 Rxn. (6) 

 

2.2.3. Carbon oxidation at positive electrode 

The potential impact on CDI performance when the carbon surface is 

oxidized is degradation of the performance in long-term operation, as 
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mentioned in Section 2.2.1. The imbalance of the carbon surface charge of 

positive and negative electrode, represented by the PZC (PZC), mainly 

reported by the Kunlei Liu group (Gao et al., 2014) and the Doron Aurbach 

group (Cohen et al., 2013), affects performance degradation. In the long term 

operation, the PZC is gradually moved in the positive direction due to the 

carbon surface oxidation occurring at the anode (Cohen et al., 2015).  

Figure 2-4 shows the results of EDS elemental analysis of surface 

oxidation during long term operation. When you look at the oxygen element 

analysis on the right side of the figure, you can see that it was increased after 

long-term operation (A<B<C), unlike the figure on the left (image) and center 

(carbon). Considering that A is the pristine, B is the cathode, and C is the 

Anode, the most oxygen found in C directly indicates that the anode is 

continuously oxidized, producing large amounts of oxygen functional groups. 

The paper has shown that the formation of these oxygen functional groups is 

directly related to the generation of inversion peaks and the reduction of 

desalination capacity (Figure 2-5). As shown in this figure, the inversion peak 

begins to be observed after about 0.9 days of operation at 0.9 V, and the 

effluent concentration changes significantly. The subsequent effluent 

concentration changes at 14 and 17 days show very similar conductivity 

profiles at the charge (0.9 V) and discharge (0 V) phases.  
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Figure 2-4 SEM images with carbon (red dots) and oxygen (green dots) mapping 

by EDAX of activated carbon cloth (ACC) electrodes before and after 

long term operation with a flow-by cell. (A) A pristine ACC electrode, (B) 

The negatively polarized ACC electrode after long term experiment, (C) 

The positively polarized ACC electrode after long term experiment 

(Cohen et al., 2015). 
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Figure 2-5 Effluent NaCl concentration in ppm vs. time in day measured during 

prolonged cycling. The four plots relate to selected time domains. During 

charge and discharge step, 0.9 V and 0 V were applied, respectively 

(Cohen et al., 2015). 
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On the other hand, it is interesting issue whether carbon oxidation is 

originated from oxygen (O2) or water molecule. Cohen et al. tested long-term 

stability of CDI using the N2-purged influent. As a result, the time needed for 

inversion peak observation and performance degradation was shortened 

(Figure 2-6). For example, 10 days were taken for the initial formation of 

inversion peak when using air-purged influent but 7 days were taken when 

using N2-purged influent. Furthermore, the time needed for performance 

degradation, where both desalination and regeneration did not occur in 

charging step as well as discharging step, were lower when using N2-purged 

influent than when using air-purged influent. 

On the other hand, the result of long-term stability test after N2 purging 

showed slightly different result (Yu, 2017). As shown in Figure 2-7(a), at last 3 

cycles, the fluctuation of effluent conductivity in CDI with N2-purged 

influent and intensity of inversion peak were larger than that in CDI. This is 

interpreted that the carbon oxidation occurred less after O2 removal by N2 

purging because observation of inversion peak was known as an evidence of 

carbon oxidation (Cohen et al., 2013). Less carbon oxidation in CDI with N2-

purged influent was resulted in less SAC reduction as shown in Figure 2-7(b). 

SAC reduction in CDI with N2-purged influent was approximately 67% while 

that in CDI with normal influent was 85% although it was quite lower than 
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that in MCDI (approximately 17%).  

A reason could be found in a study by Srimuk et al. (Srimuk et al., 2016). 

Although the authors did not discuss in detail, they reported the improved 

long-term stability of CDI decorated with TiO2 which decomposes hydrogen 

peroxide (H2O2). As referred in section 2.2.2., H2O2 is generated at cathode 

by an oxygen reduction reaction (ORR). Also, it is known that H2O2 oxidize 

carbon by chemical oxidation generating oxygen functional group or causing 

carbo corrosion to CO or CO2. Therefore, the result by Srimuk et al. can be 

interpreted that the carbon oxidation by H2O2 can be preserved by blocking 

the H2O2 transfer from cathode to anode.  

Based on the interpretation about the result by Srimuk et al., it can be 

concluded that the SAC reduction of 67% (Figure 2-7(b)) was due to carbon 

oxidation by the reaction between carbon and water molecule and the 

difference of 18% (i.e. the gap between CDI and CDI with N2-purged influent) 

was due to carbon oxidation by the chemical oxidation of H2O2. That is, the 

most dominant source of carbon oxidation is the water molecule, but 

generation of H2O2 and carbon oxidation by H2O2 should be considered to 

improve long-term stability more.  

  



 

21 

 

 

Figure 2-6 Effluent NaCl concentration in ppm vs. time in day measured during 

prolonged cycling using N2-purged influent. The four plots relate to 

selected time domains. During charge and discharge step, 0.9 V and 0 V 

were applied, respectively (Cohen et al., 2015). 
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Figure 2-7 (a) Conductivity profile at first 3 cycles and last 3 cycles and (b) 

normalized salt adsorption capacity (SAC) of CDI, MCDI, and CDI with 

N2 purging.  
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The mechanism for the formation of oxygen functional group have been 

studied and explained in fuel cell area (Avasarala et al., 2010,Bayram and Ayranci, 

2011,Gurel and Ciraci, 2013,Hara et al., 2012,Hsieh et al., 2010,Park et al., 2013,Vujković 

et al., 2018,Yi et al., 2017). The fuel cell includes carbon substrate for oxygen 

reduction reaction (ORR) catalyst. It has been observed that the carbon 

substrate is oxidized resulting in the carbon mass loss by generating carbon 

monoxide (CO) or carbon dioxide (CO2). Additionally, the oxygen functional 

groups such as carboxylic group, hydroxyl group, epoxy group, and so on 

were generated. Therefore, performance of fuel cell in terms of energy 

efficiency, capacity, and so on is degraded.  

The direct reason of the carbon substrate oxidation has been reported that 

the reaction between carbon and water molecule. As depicted in Figure 2-8, 

various oxygen functional groups could be formed. The most important point 

is that water molecule let the carbon structure be more nucleophilic in acidic 

condition. The nucleophilic site of carbon-water complex reacts with oxygen 

or hydrogen inducing the formation of various functional groups. 
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Figure 2-8 Schematic diagram for carbon oxidation and formation of oxygen 

functional groups (Yi et al., 2017) 
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The increase in carbon surface oxygen functional groups shown in Figure 

2-4 results in a shift in PZC, which can be analyzed electrochemically. PZC 

can be measured by Cyclic Voltammetry (CV) or Electrochemical Impedance 

Spectroscopy (EIS), and the formation and effects of oxygen functional 

groups can be examined by comparing PZC of the anode before and after 

long-term operation. 

The effect of PZC shift due to oxidation of the carbon surface on the 

SAC and various electrical indices can be simplified as shown in Figure 2-9. 

First, since PZC of both electrodes is the same at first, when 1.2 V is applied 

to a cell, 0.6 V is actually applied to anode and cathode, respectively. Thus, 

ions equivalent to 0.6 V are adsorbed. However, if the anode's PZC is slightly 

moved to the positive direction (Figure 2-9 (b)), the potential at each electrode 

moves in the positive direction because the potential window is positioned so 

that the amount of ions adsorbed on the anode and cathode is the same. At the 

same time, the actual potential applied to the electrode is substantially small, 

thereby reducing the number of ions adsorbed. When the PZC is moved about 

0.3 V, the ions corresponding to the potential of each electrode are gradually 

adsorbed after the ions attached at the time of applying 0 V are desorbed. This 

results in a temporary increase in electrical conductivity at the beginning of 

potential application followed by a drop in electrical conductivity. If PZC is 
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moved beyond that, the number of ions attached at 0 V is greater than the 

number of ions adsorbed at 1.2 V. Therefore, finally, ions are adsorbed at 0 V 

and desorbed at 1.2 V. Inverted-CDI (i-CDI) desalting using this principle has 

been reported (Che et al., 2019,Gao et al., 2015,Hu et al., 2018,Oyarzun et al., 2018). As 

can be seen from Figure 2-9(e), if the PZC is shifted continuously by applying 

1.2V in i-CDI state, the performance is expected to increase gradually, but 

this phenomenon has not been reported at present. . 
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Figure 2-9 Schematic diagram for the effect of anode PZC shift. (a) Initial state, 

(b) first step: reduction of salt adsorption capacity (SAC) (shifted under 

0.6 V), (c) second step: observation of inversion peak (shifted at 0.6 V), 

(d) third step: fully inversed (shifted over 1.2 V), and (e) fourth step: 

further SAC increase of inversed CDI (shifted over 1.2 V). 
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2.2.4. Attempts to improve long-term stability 

There have been many attempts to improve long-term stability of CDI 

by adding metal oxide such as alumina and silica (Lado et al., 2015), and titania 

(Srimuk et al., 2016), by forming asymmetric surface charges (Che et al., 2019,Ma 

et al., 2019a), or by coating polyaniline (PANI) (Evans et al., 2019). Furthermore, 

long-term stability can be enhanced by adopting novel operating conditions 

(Cohen et al., 2015,Gao et al., 2017) or adding ion exchange membrane (Omosebi et 

al., 2017,Yu et al., 2018). Nevertheless, these reports have limitations which 

should be supplemented.  

As studies that modified electrodes by adding metal oxide to the carbon 

electrode, Lado el al. (Lado et al., 2015) reported the SAC reduction of 30% after 

40 h-operation. The authors insisted that calcium deposition and carbon 

oxidation were the main reason for the SAC reduction. However, the result of 

control system without metal oxides did not displayed in their system, so it is 

hard to trust their insist. On the other hand, Srimuk et al. (Srimuk et al., 2016) 

showed the improved long-term stability from 90% (conventional CDI) to 10% 

(TiO2-decorated CDI) and insisted that the main mechanism for the 

improvement is decomposition of H2O2 which cause carbon oxidation. 

However, their insists were limitedly supported by the discussion because the 

important issues such as how the H2O2 was able to be decomposed and how 
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much carbon oxidation was reduced were rarely explained.  

Another studies about electrode modification reported functionalization 

of carbon surface can improve long-term stability. For example, Che et al. 

(Che et al., 2019) changed surface charge of carbon electrode by forming 

functional groups that have positive or negative charges. Surface oxidation 

by acid treatment and imidazolium attachment to the surface induced the 

improvement of long-term stability resulting in SAC reduction of only 20% 

compared to that of 80% in conventional CDI. However, the surface treatment 

conducted by Che et al. was a kind of inverted-CDI whose working principle 

was reverse of conventional CDI. Therefore, this result is difficult to be 

applied to the conventional CDI. On the other hand, Ma et al. (Ma et al., 2019a) 

formed ammonium and sulfate functional group on the defect site of CNT to 

emulate MCDI. Although long-term stability of this system was higher than 

conventional CDI, there were insufficient data and discussions to investigate 

detailed mechanism of the stability improvement.  

 

2.2.5. Stability of MCDI 

MCDI is currently being developed as a commercial product among 

various CDI architectures. Therefore, evaluating and improving the long-term 

stability of MCDI is one of the most important issues at present. The main 
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difference between MCDI and conventional CDI is that an ion exchange 

membrane is inserted in front of the electrode. IEMs have a significant effect 

on ion transport between electrode and influent, resulting in different 

characteristics such as SAC and charge efficiency, as well as electrical 

properties represented by resistance. Therefore, there is a possibility that 

various side reactions and ion storage characteristics occurring in CDI are 

different. Therefore, the study of the long-term stability of MCDI is necessary 

separately from CDI, as reported by Omosebi et al and Yu et al. 

Omosebi et al tracked changes in SAC by running CDI and MCDI for 

approximately 50 hours. As a result, after 50 hours of operation, CDI's SAC 

dropped to near zero, and an inversion peak was observed. However, MCDI 

showed little SAC reduction and no inversion peak (Figure 2-10(a), (b)). The 

reason is that the ion exchange membrane inserted into the MCDI increased 

ohmic resistance, preventing the MCDI's anode from oxidizing. As evidence, 

the increase in resistance measured by electrochemical analysis and the 

maintenance of charge efficiency measured in CDI operation (Figure 2-10(c)) 

are presented. However, this paper insisted that a small amount of anode 

oxidation occurred based on the measurement of charge efficiency, but did 

not focus on the reasons why the reaction was reduced. 

Yu et al., Further from Omosebi's previous paper, attempted to 
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systematically investigate the principle of side reactions in CDI and MCDI 

by tracking changes in hydrogen peroxide and pH at the cathode. As a result 

of SAC comparison, as shown in Figure 2-11 (c) and (d), only 17% was 

decreased in MCDI, unlike CDI, which decreased SAC by more than about 

90%. In addition, inversion peaks did not appear in MCDI after about 50 

hours of operation. The reason is shown in Figure 2-11 (a) and (b). In the CDI, 

hydrogen peroxide generated at the cathode is moved to the anode to be 

decomposed, and the reaction generates oxygen functional groups on the 

surface. However, in MCDI, the path through which oxygen, a reactant of the 

hydrogen peroxide generation reaction, is supplied to the electrode surface is 

blocked, thereby generating less hydrogen peroxide and decomposition. In 

addition, since the ion exchange membrane acts as a significant electrical 

resistance compared to the carbon material and the influent water, there is an 

effect that the magnitude of the potential actually applied to the electrode is 

reduced (Choi, 2014). As a result, the reaction of carbon with water rather than 

hydrogen peroxide is reduced. That is, two Faraday reactions in which oxygen 

functional groups are generated are blocked, so that the anode is less oxidized, 

and thus, a decrease in SAC during long-term operation occurs. 

However, there are factors that are not considered in both papers. For 

example, in the oxidation reaction introduced in Section 2.2.3, the reduction 
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potential of the reaction of carbon and water molecule to form oxygen 

functional group stays in the region of very low range. While the potential 

applied to the oxidation electrode exceeds 0.8 V versus the reference electrode, 

the reduction potential of the carbon oxidation reaction is only -0.4 V. 

Therefore, the carbon oxidation reaction can occur even if actual potential 

applied to the electrode is relatively low due to the ohmic resistance of ion 

exchange membrane. In other words, even though the reaction occurs, the 

effect of the ion exchange membrane offsetting the effect of carbon oxidation, 

so that the change in the SAC that appears as the final result looks less. 

Therefore, in order to confirm this, it is necessary to consider the method of 

protecting activated carbon without an ion exchange membrane.  
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Figure 2-10 (a) Effluent conductivity profile of CDI and MCDI after 6 h 

operation and (b) that after 35 h operation. (c) Charge efficiency changes 

during 50 h operation (Omosebi et al., 2014). 

  

(a) (b)

(c)



 

34 

 

 

Figure 2-11 (a) Schematic diagram explaining the consumption of charges 

applied during charging step in CDI, and (b) in MCDI. (c) The 

conductivity profile of CDI and MCDI and (d) salt adsorption capacity 

(SAC) changes of CDI and MCDI (Yu et al., 2018). 

  

(a) (b)

(c) (d)
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2.3. Polymer-coated electrode for CDI 

The polymers coated on CDI electrodes so far include PDA and IEP. 

PDA has been applied to increase the hydrophilicity of the electrode. Because 

the carbon material has a surface which is considerably hydrophobic, it can 

be expected to improve the desalination performance by increasing the 

hydrophilicity. IEPs have been applied to overcome two disadvantages of 

conventional MCDI; the expensive price and thickness of the ion exchange 

membrane, as a material to replace the ion exchange membrane in MCDI. 

 

2.3.1. Polydopamine coating 

PDA is a substance found in the adhesive that Mussel attaches to the 

stone surface and discharges to survive (Figure 2-12 (a)) (Lee et al., 2007). 

Dopamine molecules are a kind of neurotransmitters commonly found in 

humans and animals, but they are polymerized through self-synthesis (Figure 

2-12 (b)) under basic conditions of pH 8.5 ~ 8.8. The most representative 

feature is the formation of a hard and thin polymer layer, which is mainly 

applied to give hydrophilicity to the surface. It has been widely applied 

because it is famous for coating successfully on substrates such as metals, 

nonmetals, polymer surfaces, etc. (Ryu et al., 2018). 

The carbon surface is no exception, Xie et al. coated PDA on activated 
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carbon having a specific surface area of about 1700 m2 g-1 and applied it as a 

CDI electrode. They used a variable time to coat PDA to produce a variety of 

PDA coated electrodes. Considering that PDA is synthesized at the material 

surface through self-synthesis, it is expected to thicken the PDA over time. 

As a result, it was observed by electrochemical analysis that the thicker 

coating layer was developed over time, which resulted in the reduction of the 

pores of the material and the increase of the electrical resistance. Therefore, 

thicker coatings for more than 4 hours resulted in poor desalination due to a 

decrease in specific surface area and an increase in resistance. However, if the 

coating time is shorter than 4 hours, the SAC was improved. It is because the 

effect of improvement in hydrophilicity overwhelmed that of pore decrease. 

In particular, the use of the electrode coated for 4 hours increased the SAC by 

about 2.6 times, showing that the effect is significant. This study confirmed 

the effects of PDA coating on the desalination performance of CDI in various 

ways, but it was considered that the study did not examine the effect on the 

long-term operation stability in detail.  
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Figure 2-12 (a) Polydopamine (PDA) as a component of bioinspired adhesive 

plaque (Lee et al., 2007), (b) polymerization mechanism of dopamine (Xie 

et al., 2017) 

  

(a)

(b)
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Figure 2-13 Conductivity changes of CDI using polydopamine (PDA)-coated 

activated carbon as an electrode material (Xie et al., 2017) 
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2.3.2. Polyaniline coating 

Polyaniline (PANI) is a famous polymer used to form various shape of 

carbon and catalyst nanoparticles by templating method. Also, it is broadly 

used itself as a conducted polymer. Therefore, there was an attempt to apply 

PANI to CDI (Evans et al., 2019). The authors coated PANI to activated carbon 

powder and fabricated electrode. After that, they tested the long-term stability 

as well as desalination performance. As a result, long-term stability was 

outstandingly high (i.e. only 7.2% SAC reduction after 300 h). However, this 

result has a critical limitation that there was no control system to compare 

each other, which means that the effect of PANI not only be distinguished but 

also be believable.  

 

2.3.3. Ion-exchange polymer coating 

The application of IEPs to CDI has proceeded mainly in two ways. One 

is to make the synthesized polymer into a solution state and then cast or mix 

it on the electrode. The other is to mix monomers in a solution containing 

activated carbon or an electrode to be synthesized on the electrode surface in 

situ way. The first method was applied to most CDI electrodes using static 

electrodes (Asquith et al., 2014,Jain et al., 2018,Kim and Choi, 2010a,Kim and Choi, 

2010c,Li et al., 2017) and second method was applied to FCDI that activated 
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carbon powders should be dispersed in the water particle by particle (Park et 

al., 2016). 

Most of the literatures about IEPs coating on activated carbon electrode 

have focused on improving SAC and improving charge efficiency, as shown 

in Figure 2-14. This is because the purpose of the IEP coating is to replace the 

ion exchange membrane. In literature, this goal has been successfully 

achieved and despite the slightly higher resistance, SAC has been greatly 

improved (Kim and Choi, 2010c). The IEPs used in these studies are generally 

materials in which commercial IEPs are dissolved in a solvent, and in some 

studies, two monomers were mixed directly in various ratios to increase the 

hydrophilicity of the IEPs (Asquith et al., 2014,2015).  
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Figure 2-14 (a) Cross section SEM image of pristine AC electrode and (b) that 

of ion-exchange polymer (IEP)-coated electrode. Comparison result of 

(c) salt removal efficiency (equal to SAC in this thesis) and (d) current 

efficiency (equal to charge efficiency in this thesis) (Kim and Choi, 2010c). 

  

(a)

(c)

(b)

(d)
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Unlike conventional CDI, the advantage of MCDI or IEP-coated CDI is 

that CDI can be given selectivity for specific ions depending on the feature of 

IEP for coating. This method is mainly used to composite anion-selective CDI, 

since the cation-selective CDI can be achieved by utilizing the battery 

material as the electrode material. In case of nitrate-selective CDI, 

commercial nitrate selective IEP was mixed with PVDF binder followed by 

coating on the electrodes. (Kim and Choi, 2012).  

As reviewed, researches on PDA and IEP coatings have been 

continuously conducted and the polymer coating has achieved improvements 

in SAC and charge efficiency. However, the effect of the polymer coating on 

the long-term operation stability of the CDI is insufficient. 

 

2.4. Limitations of previous studies 

Through the chapter 2 from section 2.1 to section 2.3, lots of studies 

related to long-term stability of CDI were introduced. However, there were 

two critical limitations that should be overcome.   

First, few papers focusing on improving long-term stability have been 

published (i.e. four papers; (Cohen et al., 2015,Evans et al., 2019,Gao et al., 

2017,Srimuk et al., 2016)). Furthermore, those papers focused on not preventing 

carbon oxidation but utilizing the result of carbon oxidation such as surface 
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charge change and H2O2 generation. This means that the potential possibility 

of further SAC reduction is still involved because carbon oxidation reactions 

still occur, though improvement in long-term stability was observed in some 

cases. In consideration that the most fundamental problem is the carbon 

oxidation reactions between carbon and water molecule, the most accurate 

and effective solution is to prevent the reactions from occurring. Although 

there could be various solutions, the best way is to block carbon and water 

molecule meet each other or to form conditions so that the reactions do not 

occur. The latter solution was introduced as the concept, ‘maximum allowable 

charge (MAC)’ (Choi and Yoon, 2019,Yoon and Choi, 2018), that indicates the 

maximum charges before the Faradaic reactions occurring. When applying 

charges lower than MAC, the occurrence of Faradaic reactions, represented 

by carbon oxidation reaction, can be prevented resulting in improvement of 

long-term stability. On the other hand, there have been few papers focusing 

on the former solution.  

Second, the studies about the effect of polymer coating on long-term 

stability was insufficient. As mentioned above, blocking carbon and water 

molecule from meeting each other is an effective way to improve long-term 

stability by solving a fundamental problem. Polymer coating on CDI 

electrodes, which is the main idea of this dissertation, can be one of the best 
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ways to block the reactants (i.e. carbon and water molecule) from meeting. 

However, the literatures about polymer coating have focused on the properties 

and effect of polymer on SAC or charge efficiency rather than the long-term 

stability (Asquith et al., 2015,Jain et al., 2018,Kim and Choi, 2010c,Lee et al., 

2011,Nugrahenny et al., 2013,Xie et al., 2017). For example, Asquith et al. {Asquith, 

2015 #1410} synthesized and coated novel IEP on the carbon electrodes. 

Nevertheless, they only reported the electrical properties measured by 

electrochemical analyses such as CV and EIS. As another example, Jain et al. 

{Jain, 2018 #588} coated polyvinyl alcohol (PVA)-based IEP with aqueous 

solvent. Because the novelty of that paper was on ‘aqueous’ process, they 

focused on the IEP’s coating properties and the performances such as SAC 

and charge efficiency. That is, it is acceptable that polymer coating on CDI 

electrode was effective method to improve desalination performance of CDI, 

although the effect of polymer coating on long-term stability have not been 

investigated. 

Therefore, it is necessary and meaningful to evaluate long-term stability 

of CDI using polymer-coated electrode and to investigate the effect and 

reasons of polymer coating.   
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3. Long term stability of CDI with polymer-coated electrode 

3.1. Backgrounds 

Figure 3-1 is a graphical representation of what happens when the carbon 

electrode surface is coated. As discussed in the literature, the SAC of CDI 

decreases over time because the carbon on the surface of the anode reacts with 

water molecules to oxidize (on the right side of Figure 3-1 and Rxn (3) ~ (6)). 

Therefore, by coating the surface of the anode with a material other than 

carbon, it is possible to prevent the oxidation of carbon and thereby improve 

long term stability (on the left side of Figure 3-1). Various polymers can be 

applied to coat the activated carbon. Considering that CDI is an electrical 

system, it should be concerned that the polymer's resistance may degrade the 

electrical properties of the electrode. Therefore, when using a nonconducting 

polymer, a material that can be coated as thin as possible should be selected. 

A material that does not degrade desalination performance by having 

sufficient ion conductivity even with high electrical resistance is also suitable 

as an electrode coating material of CDI. 

The materials chosen against this background are PDA and IEPs. As 

described in Section 2.3.1, PDA is a thin, evenly coatable material, and the 

IEP is ion-conductive, so it is not expected to significantly compromise the 

electrical properties of CDI. According to the paper reviewed in Section 2.3.2, 
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the role of IEM or IEP layer is also considered to be significant considering 

the significant improvement in long term stability even in MCDI using IEM 

without activated carbon coating.  

Accordingly, the purpose of this chapter is to investigate the influence of 

carbon oxidation at the anode by inhibiting the exposure of surface carbon to 

water molecule and by excluding a certain effect of ion exchange membrane. 

For that purpose, the long-term stability of the activated carbon electrode 

coated with PDA or IEP without forming IEP layer.  
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Figure 3-1 Schematic diagram of the effect of polymer coating on carbon 

electrode. 
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3.2. Materials and method 

3.2.1. Electrode fabrication 

Carbon electrode was consisted of the activated carbon (MSP-20X, 

Kansai Coke and Chemicals, Japan), super P as a conductive material (Timcal 

co., Switzerland), and PTFE as a binder (Sigma-Aldrich, USA) with 86:7:7 

of weight ratio. Three materials were mixed and kneaded together followed 

by roll-pressing (MP200, Rotech, Republic of Korea) to a thickness of 300 

μm. The specific surface area and total pore volume of activated carbon were 

about 2266 m2 g-1 and about 0.79 cm3 g-1 measured with N2 adsorption 

/desorption method (ASAP2010, Micromeritics, USA), respectively. 

 

3.2.2. Polymer coating 

The electrodes were modified with PDA to increase the surface 

hydrophilicity [27-29]. For crafting the PDA solution, 2 g L-1 of dopamine 

hydrochloride (Sigma-Aldrich, USA) was dissolved into 15 mM Tris buffer 

solution at pH 8.8 (Sigma-Aldrich, USA). As dopamine is self-polymerized 

in an alkaline condition, the dopamine solution was immediately poured onto 

an electrode in a petri dish. The dopamine solution containing the electrode 

was gently mixed on a rocker platform (RK-1D, Daihan Scientific, Republic 

of Korea) for 1 h. The PDA-modified electrodes were washed thoroughly 
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with DI water to remove any residual PDA solution. 

For IEP coating, two types of IEP were used; INC-ICS for cation-

exchange polymer and INC-ITA for anion-exchange polymer (Innochemtech, 

Republic of Korea). Note that INC-ICS and INC-ITA are sulfonated and 

aminated polypropylene oxide (PPO), respectively. Approximately 2 mL of 

IEP was poured onto the carbon electrode put on the glass plate and silicon 

mold having a rectangular shape with 70 mm length, 40 mm width, and 2 mm 

height. After pouring, carbon electrode with IEP was put at room temperature 

for 12 h and dried under 70°C during 12 h. The dried electrode was stored in 

DI water. For the experiment, the electrodes were soaked in the influent over 

12 h. 

 

3.2.3. Electrode characterization 

The surface and cross section morphologies of carbon electrode and IEP-

coated electrode were analyzed using field-emission scanning electron 

microscope (FE-SEM, SUPRA 55VP, Carl Zeiss, Germany). The physical 

properties of the two ACs, including the total specific surface area (SSA) and 

the pore volume, were measured by N2 adsorption isotherms (ASAP 2020, 

Micromeritics, USA) at -196 °C temperature after degassing them at 110 °C 

for 2 h and the isotherm data were calculated with the Brunauer–Emmett–
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Teller (BET) equation. As electrochemical analyses, the cyclic voltammetry 

(CV) analysis was carried out using a three-electrode cell. The cell was 

consisted of a pristine carbon electrode or IEP-coated carbon electrode as a 

working electrode, a carbon electrode having about four times heavier mass 

as a counter electrode, and a reference electrode (Ag/AgCl (KCl sat’d)). The 

CV was conducted to measure the PZC in a range of – 0.4 ~ 0.6 V (vs. 

Ag/AgCl (KCl sat’d)) with 2 mV s-1 of scan rate using a potentiostat 

(VersaSTAT 3, Princeton Applied Research, USA) for three cycles. The third 

cycle was used to find the PZC from the average value of the potential at the 

minimum current flowed during oxidation step and the maximum current 

flowed during reduction step [20]. 

 

 

3.2.4. Desalination test 

The CDI cell was prepared with the circular carbon electrode (20 mm in 

diameter and 300 μm in thickness) and inserting a nylon spacer having a 

diameter of 25 mm and a thickness of 200 μm between a pair of electrodes. 

For operating the PDA-CDI and PC–CDI, the polymer-coated electrode were 

assembled instead of pristine carbon electrode. The influent was 10 mM NaCl 

solution and the flow rate was set at 2 mL min-1. The electrical conductivity 
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(3574-10C, HORIBA, Japan) and pH (9618-10D, HORIBA, Japan) of 

effluent were measured in real time and the analyzed effluent was thrown 

away. Note that pH was measured to modify the effluent conductivity affected 

by H+ and OH‾. Voltage was applied using a battery cycler (WBCS3000, 

WonATech, Republic of Korea) for 10 min each at 1.2 V in the charging step 

and 0 V in the discharging step. A charging/discharging cycle was repeated 

150 times (totally 50 h). For monitoring the potential applied to the anode and 

cathode separately, the reference electrode (Ag/AgCl (KCl sat’d) was inserted 

into the cell, and connected to an additional battery cycler.  

As a representative performance of CDI, the SAC (SAC) was evaluated 

by Eq (1) for all cycles (totally 150 cycles)(Yu et al., 2018): 

 𝑆𝐴𝐶 (𝑚𝑔 𝑔−1) =
𝑄 ∙ 𝑀𝑤 ∙ ∫(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)𝑑𝑡

𝑚
 Equation (1) 

where Cin and Cout are the influent and effluent concentrations of NaCl 

(mM); Q is the flow rate (L min-1); MW is the molecular weight of NaCl 

(58.443 g mol-1), and m is the electrode weight (g). In this study, the mass of 

carbon electrode except the mass of IEP was applied to the SAC calculation 

in both CDI and IEP–CCDI because the base carbon electrodes for CDI and 

IEP–CCDI were fabricated in the same carbon dough. 
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Figure 3-2 Schematic diagram for desalination test setup. 
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3.2.5. Anode replacing long-term operation 

After CDI operation without any polymer coating for 3, 6, 9, 12, 15 and 

21 hours, the anode was replaced with a pristine electrode but the cathode was 

not changed. Anode replacement was performed by temporarily stopping the 

experiment, replacing the anode with new pristine electrode, reassembling the 

cell, and starting operation again. Note that each step after anode replacement 

were named as replacing stage. All operating conditions other than cell 

assembly were used in the same way as described in Section 3.2.4. After all 

operations, the anodes oxidized for 3, 6, 9, 12, 15, and 21 hours and the 

cathode operated for a total of 66 hours were obtained, and PZC was 

calculated by electrochemical analysis of these six anode samples. 

 

3.3. Results and discussion 

3.3.1. Anode replacing long-term operation 

At first, anode replacing experiment was conducted in order to confirm 

the influence of the oxidation of the electrode on the SAC reduction of CDI 

in the experimental environment of the present study, and to examine the 

relationship between the change of PZC, SAC value, and SAC reduction. 

Figure 3-3 shows the effluent electrical conductivity changes during whole 

anode replacing long term operation. As can be seen in the figure, after 

replacing the anode after the specified time, the SAC recovered to the same 
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level as the first time followed by gradual reduction in the amplitude of 

electrical conductivity, which is consistent with the general CDI behavior 

mentioned in the literature review. These results indicate that the cathode of 

CDI has very little effect on the reduction of SAC during long-term operation.  
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Figure 3-3 Conductivity change in anode-changing long term operation 
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Figure 3-4 shows the results of measuring the PZC of the electrodes 

obtained by CV at each replacing stage to correlate the recovery and reduction 

of the desalination performance. As can be seen in Figure 3-4 (a), the overall 

shape follows the CV behavior of the representative CDI electrode, which is 

commonly observed as a near rectangular shape. In detail, there was an 

absolute current decrease followed by increase showing a minimum current 

value (Figure 3-4(b)), especially, in the electrode operated for 3 hours and 6 

hours. PZC is obtained by reading and averaging the voltage at which the 

absolute value of the oxidation and reduction current is minimum. However, 

the minimum absolute value of reduction current was not observed in the CV 

profile of the anodes operated for 9, 12, 15, and 21 hours. Instead, the current 

only increases as the potential move on to the negative direction, and the slope 

becomes steep as the driving time increases. This behavior is considered to 

be another phenomenon of electrode oxidation, but the interpretation of this 

is considered out of scope in this study. However, instead of linearly 

increasing the current, there is an inflection point where the slope suddenly 

becomes steep. PZC is obtained by reading the potential corresponding to this 

inflection point and calculating the minimum current potential value and the 

intermediate value measured in the oxidation section. When this method is 

used, it is considered to be a reliable method because in all cases measured 
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by the researcher, the minimum current potential value and the value within 

the range of ± 10% were measured in the oxidation section. 

The PZC value read from the CV data is shown according to the time 

taken for operation (Figure 3-4 (c)). As shown in this figure, the PZC 

increased almost linearly as the operation time increased. As a result of the 

linear trend line, the R2 value was about 0.92, which proved sufficient 

relationship. Next, to understand the relationship between PZC and SAC, 

SAC and SAC reduction ratios are shown for PZC (Figure 3-4 (d)). In this 

figure, as PZC increases, SAC decreases gradually, and the SAC reduction 

rate tends to increase, and the relationship also appeared to be linear. 

PZC values and relationship between PZC and SAC obtained from CV 

can be interpreted as follows. First, since PZC increases linearly with 

operation time and SAC decreases linearly with PZC, it can be concluded that 

SAC will decrease almost linearly with time. Considering that the PZC shift 

and SAC reduction of occurs due to electrode oxidation, it is believed that the 

electrode oxidation reaction causing the PZC shift occurs constantly and 

continuously while 1.2V is applied. Because of this, we can expect SAC to 

eventually reach zero. Therefore, there is a need for a means of preventing 

SAC reduction by preventing such electrode oxidation, and as summarized 

through the literature review, the present invention has partially achieved the 
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purpose of preventing electrode oxidation by adding an ion exchange 

membrane. 
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Figure 3-4 (a) Cyclic voltammetry (CV) profile, (b) enlarged oxidation current 

and reduction current showing potential of zero charge (PZC), (c) PZC 

changes by repeated cycles, and (d) changes of salt adsorption capacity 

(SAC) and SAC reduction versus PZC 

  

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-6

-4

-2

0

2

4

6
C

u
rr

e
n

t 
(m

A
)

Potential (V vs. Ag/AgCl(KCl sat'd))

 3  6  9

 12  15  21

(a) (b)

(c) (d)

0 20 40 60

0.1

0.2

0.3

0.4

P
Z

C
 (

V
 v

s
. 
A

g
/A

g
C

l(
K

C
l 
s
a
t'

d
))

Cycle No.

0.20 0.25 0.30

10

15

20

S
A

C
 (

m
g

 g
-1

)

PZC (V vs. Ag/AgCl(KCl sat'd))

-10

0

10

20

30

40

50

60

S
A

C
 re

d
u

c
tio

n
 (%

)

2

3

C
u

rr
e

n
t 

(m
A

)

Oxidation currents

-0.2 0.0 0.2 0.4 0.6

-3

-2
Reduction currents

Potential (V vs. Ag/AgCl(KCl sat'd))



 

60 

 

3.3.2. Polydopamine coating 

PDA was coated on activated carbon to see if electrode oxidation could 

be prevented by coating the surface of the activated carbon. At first, contact 

angle analysis was performed to check whether the PDA is coated because 

the most differentiated characteristic of PDA is good hydrophilicity. As 

shown in Figure 3-1, the contact angle was 125° before the PDA coating, but 

the contact angle was 78° after the coating. Therefore, it is judged that PDA 

was successfully coated on the electrode.  

SEM images of the PDA-coated electrode showed no significant 

difference (Figure 3-6). Since PDA is known to be coated with a thickness of 

25-50 nanometers in synthesis in the experimental conditions used in this 

study (Ryu et al., 2018), it can be understood that it is not noticeable on SEM. 

Also, when comparing Figure 3-6(a) and (b), no polymer layer was found at 

the electrode’s outer surface (i.e. not activated carbon surface). It is because 

PDA is synthesized on the carbon surface by self-polymerization and the 

thickness of PDA coating layer is known as being limited. Therefore, the thick 

PDA layer could not be grown like IEP. In case of IEP, a thick layer is formed 

on the electrode because a highly viscous solution is used to coat the IEPs 

(Kim and Choi, 2010a). For the purpose of this chapter, the phenomenon that 

PDA does not form an additional layer is suitable for the study.  



 

61 

 

 

Figure 3-5 Contact angle image (a) before and (b) after PDA modification 
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Figure 3-6 Cross section SEM images of polydopamine (PDA)–coated electrode 

with (a) 1000 and (c) 3000 magnifications and that of pristine electrode 

with (b)1000 and (d) 3000 magnifications 
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The long-term operation using the PDA-coated electrode is shown in 

Figure 3-7. Figure 3-7 shows the change in electrical conductivity over time 

for PDA–CDI (Figure 3-7 (a)) and CDI (Figure 3-7 (b)). As can be seen from 

the figure, it can be seen that both systems have significantly reduced 

amplitude in electrical conductivity. However, in PDA-CDI, the decrease was 

less, and in later cycles, the conductivity was larger than that of CDI. In 

particular, the difference is prominent in Figure 3-7(c) and (d), which are 

enlarged figure of the final three cycles. In PDA-CDI, there was a decrease in 

performance but no inversion peak was observed, whereas in CDI, inversion 

peak was observed as reported in the literature. 

Figure 3-8 shows the change in SAC calculated from the change in 

electrical conductivity as the cycle progresses. Both systems showed similar 

initial SAC, but after about 30 cycles, the decrease in SAC of PDA–CDI was 

retarded, resulting in a SAC reduction of about 88%. On the other hand, SAC 

of CDI was reduced by about 99%, reaching a level where almost no ions 

were adsorbed. In other words, the SAC of PDA–CDI decreased less 

compared to CDI, and this result is evidence that PDA can prevent the 

oxidation of electrode occurring. In addition, it can be said that the coating of 

activated carbon with a polymer other than PDA shows the possibility of 

preventing carbon oxidation and further improving long-term stability.  
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Figure 3-7 Normalized conductivity during long-term operation of (a) PDA-

CDI and (b) CDI without coating 

 

  

(a)

(b)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

N
o

rm
a
li
z
e

d
 c

o
n

d
u

c
ti

v
it

y

Cycle no.

 PDA-CDI

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 CDI

N
o

rm
a
li
z
e

d
 c

o
n

d
u

c
ti

v
it

y

Cycle no.

147.0 147.5 148.0 148.5 149.0 149.5 150.0
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 CDI

N
o

rm
a

li
z
e

d
 c

o
n

d
u

c
ti

v
it

y

Cycle No.

148.0 148.5 149.0
0.95

1.00

1.05

147.0 147.5 148.0 148.5 149.0 149.5 150.0
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

 PDA-CDI

N
o

rm
a

li
z
e

d
 c

o
n

d
u

c
ti

v
it

y

Cycle no.

148.0 148.5 149.0

0.9

1.0

1.1

(c) (d)



 

65 

 

 

Figure 3-8 Comparison of normalized salt adsorption capacity (SAC) changes 

before and after polydopamine (PDA) modification 
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PZC measurements were performed via CV to determine how much 

electrode oxidation was prevented by PDA coating. There are three main 

types of information that can be read from CV: PZC, capacitance, and relative 

electrical resistance. PZC can be compared by reading the potential which 

shows the lowest electric current value in an oxidation range and a reduction 

range, respectively. The capacitance can be calculated and compared with 

each other by comparing the magnitude of the current among the CV profiles 

measured at the same scan rate. Finally, the magnitude of the relative 

electrical resistance can be compared with the rate of slope of current change 

at the point of transition from oxidation to reduction or reduction to oxidation. 

First, PZC measurements showed that the PDA–CDI electrode (Figure 

3-9 (a)) showed a PZC of 0.20 V before long-term operation, but PZC of 

PDA–CDI was shifted by 0.14 V to 0.34 V after long-term operation. On the 

other hand, that of CDI was shifted by 0.3V from 0.07V to 0.37V. Thus, PDA 

coatings can be said to reduce the oxidation of the electrode by half. In 

addition, PZC of PDA–CDI electrode has higher value in positive direction 

than CDI electrode before long-term operation. It is because the carbon 

surface is more negative than the surface charge of the original activated 

carbon (see Figure 2-9) since the PDA is itself negatively charged. Second, it 

is possible that the PDA acts as an electrical resistor because it is an insulator. 
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This can be confirmed in part by the rate of change of current when the 

direction of potential progression changes in the CV result. In an ideal 

capacitor, the CV result will be a perfectly rectangular shape. However, in a 

real cell, there is electrical resistance which limits the current flow. In 

consideration that the electrolyte used in the CV experiments in this study 

was a 1 M NaCl aqueous solution, which means that the ions are present in a 

sufficiently high concentration, the diffusion of ions is not a rate determining 

component. Therefore, due to the electrical resistance of the cell, it is possible 

that the all oxidation currents are all shifted in the positive direction and the 

reduction currents are all shifted in the negative direction. In other words, the 

rectangular shape of CV result was changed to parallelogram shape. 

Next, as a result of the comparison of capacitance, the capacitance of 

PDA–CDI was measured larger. About 137 F g-1 was measured for CDI, while 

about 151 F g-1 for PDA-CDI. This is due to the increased hydrophilicity of 

the electrode. The PDA coating utilized the specific surface areas in the 

micropores which was not fully utilized (Aslan et al., 2016,Kim et al., 2014,Xie et 

al., 2017). After long-term operation of both electrodes, the capacitance values 

of both electrodes were found to decrease in common. The capacitance values 

of PDA–CDI and CDI were 141 F g-1 and 132 F g-1, respectively. Both values 

are about 7% and 3% lower than before long-term operation. This result can 
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be interpreted that carbon oxidation and PZC shift occurred as a result of long-

term operation is not absolutely related to the degradation of the SAC in the 

CDI experiment. In other words, the changes in electrochemical properties of 

the electrode itself were not significantly affect to the degradation of the SAC. 

These results can confirm again that the SAC reduction of CDI is due to an 

imbalance that occurs while only the PZC of the anode is shifted while the 

PZC of the reduction electrode is maintained. 
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Figure 3-9 Cyclic voltammetry result of (a) PDA-CDI and (b) CDI before and 

after long-term operation 
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3.3.3. Ion-exchange polymer coating 

Figure 3-10 (a) shows the normalized SAC of PC-CDI for long-term 

operation. Compared to the CDI or PDA-CDI shown in Figure 3-7, the change 

in the amplitude of effluent conductivity was very small. In addition, the early 

and late electrical conductivity profiles shown in Figure 3-10(c) and (d) was 

hardly different. This small change can be quantitatively determined by the 

change in the SAC cycle (Figure 3-10(b)). In the case of PC–CDI (red 

squares), the SAC of 16.8 mg g–1 was initially measured, but as the cycle 

repeated, SAC decreased steadily and was finally dropped to approximately 

20% (13.2 mg g–1). This was 80% higher value compared to the changes in 

the SAC of CDI (black circle) and PDA–CDI (Figure 3-7). 
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Figure 3-10 (a) Changes in conductivity profiles and (b) salt adsorption capacity 

(SAC) of CDI and PC–CDI during 150 cycles of operation. (c) Enlarged 

conductivity profile at early cycles and (d) that at later cycles. 
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In order to investigate the PZC shift of PC–CDI electrode, CV was 

carried out. (Figure 3-11(a)). As a result, the PZC of PC–CDI shifted by 0.06 

V from 0.26 V to 0.32 V indicating that there were little carbon oxidation 

reactions at the PC–CDI electrode. In addition, PC–CDI's anode potential 

shift (0.06 V, from 0.87 V to 0.92 V) is significantly less than that of CDI 

(0.22 V, from 0.76 V to 0.98 V), which also supports the small PZC shift of 

PC–CDI. This is because, when PZC shift occurs, the potential window 

gradually shifts in the positive direction to form a closed loop for the CDI cell, 

thereby shifting both the anode potential and the cathode potential in the 

positive direction. 
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Figure 3-11 Cyclic voltammetry of (a) PC-electrode and (b) Anode potential 

changes for 150 cycles. 
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In order to investigate the reason for the low electrode oxidation of PC–

CDI, the analysis of IEP coating morphology on the electrode was performed 

using SEM (Figure 3-12). Figure 3-12(a) shows the cross-section view of PC–

electrode and Figure 3-12(b) shows the surface morphology of PC–CDI 

electrode at 3000 magnification. In Figure 3-12(a), IEP layer was not found 

on the outer surface of the electrode but it was observed that most of the 

surface of activated carbon particles were covered with IEP (Figure 3-12(b)). 

As shown in Figure 3-11(b), because the anode potentials of PC–CDI and 

CDI were maintained above 0.7 V (vs. Ag/AgCl (KCl sat'd)) for 150 cycles 

of operation, carbon oxidation reactions (Rxn (3)~(6) in section 2.2.2) should 

occur similarly in both systems due to their standard potential lower than 

anode potential. Nevertheless, decrease in SAC and PZC shift in PC–CDI was 

smaller than that in CDI. Therefore, the results can be interpreted that long-

term stability can be improved by preventing the surface of activated carbon 

from being exposed to the water molecules. 
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Figure 3-12 Cross section view of PC–CDI electrode with (a) 1000 magnification 

and (b) 3000 magnification.  
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3.4. Summary 

In this chapter, PDA and IEP were coated on the surface of activated 

carbon as a means to prevent electrode oxidation, which causes the SAC 

reduction. As a result, it was possible to improve long term stability through 

the PDA coating, but the effect was relatively insignificant. The reason for 

this is that the low coating thickness of PDA was not able to completely 

prevent side reactions on the surface of activated carbon. In case of IEP 

coating, the long–term stability was greatly improved, which is considered to 

be due to the successful cover by IEP based on the thick coating on activated 

carbon, unlike PDA. Therefore, it was shown that IEP coating can improve 

the durability of CDI by successfully preventing electrode oxidation. 
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4. Effect of IEP layer thickness on long term stability 

4.1. Background 

In Chapter 3, it was shown that the long-term stability of the CDI can be 

improved by coating the surface of the activated carbon using PDA or IEPs. 

However, according to the literature, the improved long-term stability was 

also observed in MCDI which added an ion exchange membrane instead of 

coating activated carbon. In other words, even if activated carbon is exposed 

to water molecules to be oxidized, the long-term stability can be improved 

due to the certain role of the ion exchange membrane. Therefore, in this 

chapter, the role of IEP layer which exist on outer surface of the electrode was 

identified by coating the same IEP used in previous section with different 

thickness. To this end, the desalination performance and electrochemical 

properties of the IEP–coated oxidized electrodes, which means that IEP was 

coated on to pre-oxidized electrode. In addition, the electrical properties, 

desalination properties, and long-term stability were compared by controlling 

the thickness of the IEP layer. 

 

4.2. Materials and method 

4.2.1. Pre-oxidation of carbon electrode 

The electrode was prepared in the same methods as described in Section 

3.2.1, and then cut into a 50 mm diameter circle instead of 20 mm diameter. 
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The desalting operation was performed by assembling the prepared electrode 

and a spacer (200 μm thick) cut in a circular shape of 55 mm diameter. No 

modification was made to the electrodes. The cell used for pre-oxidation is a 

cell whose current collector is 50 mm in diameter (Figure 4-1), and the other 

form is the same as the cell having a diameter of 20 mm (Figure 3-2) used in 

Chapter 3. The influent was supplied with a NaCl 10 mM solution at a flow 

rate of about 10 mL min–1 to create the same environment of CDI. Note that 

the flow rate is increased to an appropriate level considering the size of the 

cell. The water that passed through the cell was applied to the influent pool 

again. 1.2 V was applied for 24 h using a battery cycler (WBCS3000, 

WonATech, Republic of Korea) for oxidation of the electrode, and then 0 V 

was applied for 10 min to regenerate the electrode. The effluent conductivity 

was monitored to confirm that the oxidation of the electrode occurs 

(conductivity meter, 3574-10C, HORIBA, Japan). 

After the operation, the oxidized electrodes were collected and cut into 

three 20 mm diameter electrodes and their characteristics were evaluated 

(Figure 4-1). Three cut electrodes were used for the CDI and IEP–CCDI tests, 

respectively. In order to confirm the effects of electrode oxidation in various 

ways, four combinations were constructed with pristine electrode; pristine 

anode with pristine cathode (PA-PC), pristine anode with oxidized cathode 
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(PA-OC), oxidized anode with pristine cathode (OA-PC), and oxidized anode 

with oxidized cathode (OA-OC). For the evaluation for four combinations, 

short-term desalination test and electrochemical analyses (CV, EIS) were 

implemented. 
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Figure 4-1 Schematic diagram for pre-oxidation of carbon electrode 
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4.2.2. Preparation of IEP-coated electrode 

Overall sequences were the same with what is explained in section 3.2.2 

except the polymer volume for coating. Approximately 3.5 mL and 5.5 mL of 

IEP was poured onto the carbon electrode for thickness of 30 µm and 100 µm, 

respectively. Also, drying time were more than 12 h for perfect drying. To 

distinguish the CDI system with the electrodes having different thickness, 

each system was named as IEP–CCDI (IEP-coated CDI) and the thickness of 

the IEP layer of electrode were followed (e.g. IEP–CCDI30, IEP–CCDI100). 

 

4.2.3. Electrode characterization 

The surface and cross section morphologies of carbon electrode and IEP-

coated electrode were analyzed using field-emission scanning electron 

microscope (FE-SEM, SUPRA 55VP, Carl Zeiss, Germany). As 

electrochemical analyses, the cyclic voltammetry (CV) analysis and the 

electrochemical impedance spectroscopy (EIS) was carried out using a three-

electrode cell. The cell was consisted of a carbon electrode or IEP-coated 

carbon electrode as a working electrode, a carbon electrode having about four 

times heavier mass as a counter electrode, and a reference electrode (Ag/AgCl 

(KCl sat’d)). The CV was conducted to measure the PZC in a range of – 0.4 

~ 0.6 V (vs. Ag/AgCl (KCl sat’d)) with 2 mV s-1 of scan rate using a 
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potentiostat (VersaSTAT 3, Princeton Applied Research, USA) for three 

cycles. The third cycle was used to find the PZC from the average value of 

the potential at the minimum current flowed during oxidation step and the 

maximum current flowed during reduction step (Yu et al., 2018).  
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4.3. Results and Discussion 

4.3.1. MCDI test using pre-oxidized electrode 

In order to confirm the degree of oxidation of the pre-oxidized electrode, 

first, a desalination test was conducted in a conventional CDI assembly. The 

electrical conductivity profile, shown as a straight line in Figure 4-2 (a), was 

measured prior to pre-oxidation and shows a typical CDI profile. However, 

the electrical conductivity of CDI using pre-oxidized electrode was rarely 

fluctuated (dotted line in Figure 4-2(a)) unlike that of CDI using pristine 

electrode. This tends to be similar to the electrical conductivity of the CDI's 

late cycles (Figure 4-2(b)), which was operated for 50 hours under normal 

operation. In other words, even if the 1.2V is applied in the pre-oxidation step 

without the regeneration step, the phenomena occurred the same with the 

normal CDI system operated for twice time. In Section 3.3.1, the electrode 

oxidation during CDI operation is shown to be constant while 1.2 V is applied. 

This phenomenon was observed the same in pre-oxidation experiment. As a 

result, the electrode obtained through pre-oxidation can represent the oxidized 

electrode in CDI operated for 50 hours. 

 

  



 

84 

 

 

Figure 4-2 (a) Effluent conductivity profile of pre-oxidized electrode at initial 

cycle and after 24 h operation and (b) long-term operated electrode 

during 50 h 

ss   

0 10 20

0.0

0.5

1.0

1.5

2.0

2.5
N

o
rm

a
li
z
e
d

 c
o

n
d

u
c
ti

v
it

y

Time (min)

 Pre-oxi 24h before

 Pre-oxi 24h after

0 10 20

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

N
o

rm
a
li
z
e
d

 c
o

n
d

u
c
ti

v
it

y

Time (min)

 CDI

(a) (b)



 

85 

 

Four combinations of CDI were constructed using pre-oxidized electrode 

and pristine electrode as anode or cathode. Among the terms used in Figure 

4-3, 'P' means pristine electrode and 'O' means oxidized electrode prepared by 

pre-oxidation. The second letter of the name was anode (A) and cathode (C). 

For example, pristine electrode used as anode was named as PA and oxidized 

electrode used as a cathode was called as OC. Figure 4-3 (a) shows the change 

in electrical conductivity obtained by performing CDI operation for four 

combinations. The solid line indicates the use of the P electrode as an anode, 

the dashed line indicates the use of O electrode as the anode, the blue line 

indicates the use of the P electrode as the cathode, and the red line indicates 

the use of O electrode as the cathode. 

In Figure 4-3(a), when the conductivity profile with same color is 

compared, the dotted line has a larger change than the solid line, and when 

the solid lines or the dotted lines are compared, the blue line has a larger 

change than the red line. This phenomenon is shown similarly in MCDI 

(Figure 4-3 (b)). In MCDI, however, the difference between the systems was 

significantly smaller than that of CDI. 

For a more detailed comparison, the SAC calculated from the electrical 

conductivity was normalized to the case of using the PA-PC combination as 

shown in in Figure 4-3(c). The SAC values are listed in Table 4-1. There are 
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three major phenomena that can be interpreted in Figure 4-3 (c). 

First, using O electrode as an anode (OA) greatly reduces performance. 

This is due to the PZC imbalance as described in Section 2.2.3 (Figure 4-4 

(a)). In other words, the potential window must move in the positive direction 

to form a closed loop despite the PZC shift occurring at the anode. Then, the 

potential applied to the anode should be reduced because there is less potential 

window shift than the PZC shift. Therefore, the adsorption of ions was 

reduced. 

Second, nevertheless, the rate of performance reduction in MCDI is 

significantly lower than that of CDI. If the reason for good long-term stability 

of MCDI is the only that the IEM prevents side reactions such as carbon 

oxidation, the SAC of MCDI would be significantly reduced like CDI when 

using pre-oxidized electrodes. However, the experimental results showed that 

such a decrease in SAC was small in MCDI. Thus, the role of the ion 

exchange membrane in MCDI is not only to prevent electrode oxidation but 

also to compensate the effect of electrode oxidation through another effect. 

Third, the use of O electrode as the cathode (OC) increases SAC. This is 

observed more clearly in CDI. The increase in SAC is because the PZC shift, 

which causes a decrease in SAC, works in reverse. The reason why the SAC 

is high when the PZC shift works in reverse can be explained by using Figure 
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4-4. Figure 4-4 (a) is a scheme where the oxidized electrode is used as anode, 

as shown in Figure 2-9. As described above, the number of adsorbed ions, i.e., 

SAC, decreases by the reduction of the actual potential applied to the anode. 

On the other hand, Figure 4-4 (b) is a scheme where the oxidized electrode is 

used as cathode. In this case, the negative potential is applied to the PZC 

shifted electrode in the positive direction. Then, the actual potential applied 

to the electrode increases and consequently the SAC increases. 

This researcher insisted that IEMs may compensate the effects of 

electrode oxidation based on the second phenomenon mentioned above. This 

effect can be explained by the well-known hypothesis that is widely accepted 

as the reason that MCDI performs better than CDI. First of all, there are two 

main reasons for MCDI to perform better than CDI (Biesheuvel and van der Wal, 

2010,Biesheuvel et al., 2011,Zhao et al., 2012). As shown in Figure 4-5, one is that 

the co-ion, which is the ions having the opposite charge to the electrode, 

repulsion is inhibited due to ion selectivity of the ion exchange membrane, 

and the other is, nonetheless, that some co-ions inside the pores of the 

activated carbon are repulsed out of the pores to the inter-particle pores called 

macropore. In other words, the co-ions are concentrated in the macropore and 

additionally pulls counter-ion by the broken electroneutrality as the driving 

force. To be more specific, when Co-ion is stored in the macropore and 
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counter-ion enters the pores and is adsorbed, only the co-ion remains in the 

macropore, which collapses the electroneutrality of the electrolyte inside the 

macropore. Therefore, driving force is formed to adjust electroneutrality to 

neutral, and counter-ion is additionally move into macropore through the ion 

exchange membrane. This mechanism can be applied to CDI where PZC 

imbalance exists. In the regeneration stage where 0 V is applied, the co-ions 

adsorbed on the anode and the cathode (i.e., the cause of the inversion peak) 

are released out of the electrode when 1.2 V is applied. Note that these ions 

are the reasons of inversion peak of long-term operated CDI. The co-ions stay 

in macropore in MCDI while they are discharged with effluent in CDI. Then, 

in the same way, the co-ions will attract the counter-ion and the SAC increase 

by the number of ions participating in it. 

Therefore, the coating material having ion exchange selectivity can be a 

solution to improve the long-term operation stability of CDI along with the 

electrode oxidation prevention phenomenon studied in Chapter 3. However, 

there is still a need to experimentally identify the effect of the thick polymer 

layer that acts like an ion exchange membrane in MCDI in the polymer 

coating CDI.  
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Figure 4-3 (a) Normalized conductivity profiles of 4 CDI assemblies, (b) that of 

4 MCDI assemblies, and (c) relative SACs of CDI and MCDI based on 

the cell using both pristine electrode 
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Table 4-1 SAC values of CDI and MCDI for four pairs using pristine and pre-

oxidized electrode 

P – N 
CDI 

[mg g-1] 

MCDI 

[mg g-1] 

PA – PC 11.4 13.3 

PA – OC 13.7 16.9 

OA – PC 1.9 9.2 

OA – OC 4.4 9.5 
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Figure 4-4 Schematic diagram about the effect of PZC shift to ion adsorption 

when oxidized electrode was used as (a) an anode and (b) a cathode. 
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Figure 4-5 Schematic diagram for explaining the mechanisms of desalination 

performance improvement in MCDI compared to the performance in 

CDI 
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4.3.2. Long-term operation of IEP-CCDI with different thickness 

First, SEM was conducted to check whether the electrode was well 

coated. As a result, as shown in Figure 4-6, the thicknesses of IEP layers were 

approximately 32 μm and 97 μm, respectively. In addition, the activated 

carbon of the electrode was covered with a polymer, so that the surface of the 

activated carbon was not smooth, as shown in Figure 3-12. 

Figure 4-7(a) is a desalination test result using IEP coated electrode with 

IEP layer of various thickness to investigate the role of the ion exchange 

membrane. As summarized in Table 4-2, PC-CDI and IEP–CCDI30 showed 

similar SAC reduction of approximately 20% and 19%, respectively, while 

IEP–CCDI100 showed SAC reduction of only 12%, approximately. 

According to Yu et al., MCDI inserting only an IEM without a activated 

carbon surface coating using IEP showed dramatic improvement in long-term 

stability despite the carbon surface being exposed to water molecules (Yu et al., 

2018). In this study, the thicker the IEP layer, the higher the initial SAC and 

the smaller the cycle. Therefore, the thick IEP layer is considered to have 

additional stability enhancement effect in addition to the effect of coating on 

the activated carbon. 

The SAC value and the SAC reduction rate at the end of the operation 

are shown according to the thickness of the IEP layer (Figure 4-7 (b)). As can 



 

94 

 

be seen from the figure, as the thickness of the IEP layer became thicker, both 

the initial SAC value and the final SAC value increased, and the SAC 

reduction rate decreased. 

At first, as the thickness of the IEP layer became thicker, the initial SAC 

was also increased due to the ion selectivity of the IEP. As has been widely 

reported in the literature, in CDI, the applied charges are wasted because of 

the co-ion repulsion effect, resulting in low charge efficiency. However, when 

ion exchange membrane is inserted in CDI to play a role as a charge barrier, 

charge efficiency as well as SAC can be improved due to the inhibition of co-

ion repulsion effect (Jain et al., 2018,Kim and Choi, 2010b). This mechanism 

appears to be applied to IEP coated CDI. Therefore, thicker IEP layer appears 

to induce the increase of SAC because of the reinforced ability to inhibit the 

co-ion repulsion effect.  

On the other hand, the reason why the final SAC value increased is 

because the initial SAC value increased and the SAC reduction decreased. If 

the thickness is increased, the resistance of the IEP layer increases, which may 

be because the degree of side reactions that may occur in the electrode is 

reduced. If the initial SAC is increased but the SAC reduction is large, the 

final SAC may appear relatively small. To support this discussion, the degree 

of side reaction can be examined by the PZC shift. As can be seen in Figure 
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4-8, the PZC of IEP–CCDI30 initially shifted by about 0.03 V from 0.2 V to 

0.23 V, and the PZC of IEP–CCDI100 did not change at initial 0.26 V. 

Considering the results of PC–CDI (Figure 3-11), where the thickness of the 

ion exchange membrane can be assumed to be zero, it can be seen that the 

larger the thickness, the smaller the PZC shift, and the less side reaction.  

In addition, it can be inferred from the characteristics of IEPs that the 

thicker the thickness, the lower the ion flux (Lopez et al., 2002). When the IEP 

layer is thicker, ions which should be repulsed out was more likely to be 

trapped inside the electrode due to the reduced ion flux, leading to an 

additional counter-ion adsorption. Therefore, it can be interpreted that the 

effect of compensation by IEP layer affected more to the SAC at later cycles. 
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Figure 4-6 SEM images of (a) IEP–CCDI30 and (b) IEP–CCDI100 
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Figure 4-7 (a) Salt adsorption capacity (SAC) changes of thickness-controlled 

CCDI and CDI for 150 cycles and (b) the relationship between IEP-layer 

thickness and SAC, SAC reduction. 
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Figure 4-8 Cyclic voltammetry profile of (a) IEP–CCDI30 and (b) IEP–

CCDI100 before and after long-term operation. 
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Figure 4-9 shows Nyquist plot ((a)) and the relationship between various 

resistances and IEP layer thickness ((b)) measured by EIS in order to examine 

the cause of the difference in stability and initial SAC of each system with 

different thickness of IEP layer. As can be seen in the figure, Nyquist plot of 

CDI using the electrode with thicker IEP layer was located at right side. 

Generally, Nyquist plot displays three representative resistance terms; 

electrical series resistance (ESR), charge transfer resistance (Rct), and overall 

resistance (Roverall). ESR is the value of the x-intercept of the half-circle 

profile in the high frequency region and means the electrical resistance from 

the end of the cell to electrode-electrolyte interface. Rct is obtained from the 

diameter of the half-circle and means the resistance of electron transparence 

when charge transfer reaction occurs at the electrode-electrolyte interface. At 

last, Roverall is the average x-value of the points in a low frequency range that 

shows vertical increase (Bard and Faulkner, 2000,Funaki and Hikihara, 2008,Jang and 

Oh, 2010,Kim et al., 2012b,Liu et al., 2007b,Mei et al., 2018,Mei et al., 2017,Petek et al., 

2016).  

These three resistances were calculated from Nyquist plot and 

summarized in Table 4-2 and plotted versus IEP layer (Figure 4-9(b)). Among 

three resistances, Rct is the most important in this research. It is because Rct 

measured using EIS is a measure of how well various side reactions occur due 
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to that no faradaic reaction should occur, theoretically. As reported by several 

literatures in fuel cell area, carbon oxidation reactions could be observed as 

half circle in Nyquist plot (Bhandari et al., 2015,Boota et al., 2015,Liu et al., 

2007a,Saeed et al., 2016,Zhao et al., 2015a,Zhao et al., 2015b). As a result, by focusing 

on Rct, it increased approximately 20% with addition of IEP layer of 30 μm 

and 80% with that of 100 μm. In consideration of this, it can be expected that 

the side reaction is the least at the IEP–CCDI100 since the resistance of the 

IEP–CCDI100 is the largest. 
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Figure 4-9 (a) Charge efficiency and (b) Nyquist plot of pristine and three IEP-

coated electrodes with variation in thickness. An inset figure in (b) is 

enlarged impedance profile at high frequency range. 
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Table 4-2 SAC changes and resistances of pristine CDI and IEP-coated CDI 

 

Initial 

SAC 

(mg g-1) 

Final 

SAC 

(mg g-1) 

Reduction 

(%) 

ESR 

(Ω) 

Rct 

(Ω) 

Roverall 

(Ω) 

CDI 15.0 0.1 99 0.62 0.40 3.27 

PC–CDI 16.8 13.2 20 1.81 1.64 11.98 

IEP–CCDI 

30 μm 
18.0 14.6 19 2.98 1.89 12.93 

IEP–CCDI 

100 μm 
19.0 16.7 12 9.62 2.87 22.46 
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Figure 4-10 shows the charge efficiency of each system. IEP–CCDI100 

showed higher charge efficiency than PC-CDI or IEP–CCDI30 and PC–CDI 

and IEP–CCDI30 showed similar charge efficiency. This phenomenon is in 

good agreement with the trend of the impedance value in Figure 4-9(a) and 

Table 4-2. In the impedance results, the Rct of the IEP–CCDI100 is the largest, 

and the Rct of the IEP–CCDI30 and the PC–CDI were similar though that of 

the IEP–CCDI30 is slightly larger than PC–CDI. That is, in view of the fact 

that the charge efficiency is high in the system with a large Rct, the Rct may 

represent a side reaction, and the thicker the IEP layer, the less the side 

reaction. Therefore, when the electrode is coated with a thickness of 100 μm, 

better durability can be expected through fewer side reactions.  
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Figure 4-10 Charge efficiency of CDI, PC–CDI, IEP–CCDI30, and IEP–

CCDI100.  
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However, it is not unconditionally good to increase the thickness of the 

IEP layer. This is because other resistances of IEP–CCDI 100 and 30 were 

relatively large compared to that of PC–CDI and CDI. The larger the ESR, 

the smaller the potential applied to the carbon electrode, so that the SAC can 

be reduced in consideration of the desalination principle of CDI which 

adsorbs ions as much as the applied potential. In addition, the larger the Roverall, 

the greater the amount of energy lost in moving ions from the influent to the 

inside of the electrode, which can also have a negative impact on energy 

efficiency. In addition, in the industrial aspect, the thick IEP layer may 

increase the volume of the entire module, thereby increasing the module cost. 

Therefore, considering the advantages of the thick IEP layer represented by 

Rct and charge efficiency and the disadvantages represented by ESR, Roverall, 

and cost, it may be meaningful to find and apply the optimal thickness later. 
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5. Conclusion 

In this dissertation, the effect of polymer coating on activated carbon 

electrodes for CDI on long term stability was investigated in terms of 

inhibition of carbon oxidation reaction and the compensation phenomena of 

IEP. At first, long term stability of polymer-coated CDI was improved by 

inhibiting carbon oxidation reactions due to the coverage of activated carbon 

surface by polydopamine (PDA) and IEP without any additional polymer 

layer on outer surface of the electrode. The main reason for poor long-term 

stability of CDI is due to that potential of zero charge (PZC) is changed by 

carbon oxidation reaction. PDA coating prevented this reaction from 

occurring as much as 10%. IEP coating was more effective than PDA, 

resulting in approximately 80% higher long-term stability, because the thicker 

coating layer than PDA coating inhibits carbon oxidation more successfully. 

Second, it was investigated that long-term stability of IEP coated CDI was 

much higher than that of CDI and the thicker IEP layer, the higher long-term 

stability. To investigate the cause, desalination performance of CDI using pre-

oxidized electrode was evaluated. As a major result, IEP layer on outer 

surface of electrode played a role as the compensation barrier that utilizes 

repulsed co-ions by positive PZC shift that formation of IEP layer as well as 

a role that inhibits the carbon oxidation more based on larger charge transfer 
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resistance.  

Therefore, it was found that the stability of CDI can be further improved 

by coating activated carbon using IEP and forming an IEP layer having an 

appropriate thickness. This study is meaningful in that it suggests a big 

direction to improve the stability required for the industrial application of CDI. 
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국문 초록 

 

축전식 탈염 공정(Capacitive deionization, CDI)는 일상 생활에 깨

끗한 물을 충분히 공급하기 위한 다양한 탈염 기술 중 하나이다. 축전

식 탈염 공정은 다른 담수화 기술에 비해 에너지 소비, 물 회수율 및 

환경 친화성 측면에서 장점을 갖는 담수화 기술로 주목을 받고 있다. 

그러나, 장기 운전 시 탈염 성능의 저하로 인해 어려움을 겪고 있으며 

이는 실제 현장에 적용하기 위해서는 꼭 해결해야 할, 매우 중요한 문

제이다. 탈염 성능 저하의 주요 원인인 탄소 산화 및 그로 인한 표면 

변화를 억제함으로써 문제를 극복할 수 있지만, 이러한 목적을 구현하

거나 그 원리에 대해 규명한 연구가 현재까지는 부족한 실정이다.  

이 논문에서는 CDI용 활성탄 전극에 폴리도파민과 이온교환고분

자를 코팅하고, 장기 운전 시 성능이 어떻게 변화하는지를 조사하였다. 

먼저, 이온 교환 고분자가 전극의 산화를 실제로 방지하는지 여부를 

조사하기 위해 전극의 바깥쪽 표면에 어떠한 고분자층도 없도록 활성

탄에 폴리 도파민 또는 이온 교환 고분자를 코팅하였다. 이 전극을 사
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용하여 CDI의 장기 운전 시 탈염 성능 변화를 추적한 결과, 폴리도파

민 코팅 시 약 10 %만큼의 탈염 성능 감소 방지 효과가 관찰되었고, 

이온 교환 고분자 코팅 시 80%의 성능이 50시간 후에도 유지됨으로

써 폴리도파민보다 효과적이라는 결과를 얻었다. 이러한 장기 운전 내

구성의 향상은 폴리도파민 및 이온교환고분자의 코팅이 탄소의 산화

를 성공적으로 억제했기 때문이다. 

둘째, 이온 교환 중합체 층의 역할을 조사하기 위해, 미리 산화시

킨 전극에 대하여 CDI, MCDI 테스트를 진행하였고, 다양한 두께 (30 

μm, 100 μm)로 이온교환고분자를 코팅한 전극을 사용하여 CDI의 

장기 안정성을 측정하고 비교했다. 그 결과, 24 시간 동안 사전 산화된 

전극을 사용한 MCDI는 CDI에 비해 성능 감소가 덜 나타났다. 이는 

이온 교환막이 단순히 부반응을 줄이는 역할뿐만 아니라 탄소 산화에 

의한 영전하 전위 영향을 상쇄하는 역할도 수행한다는 것을 의미한다. 

이 효과는 다른 두께로 이온교환고분자를 코팅한 전극을 사용한 CDI 

테스트를 통해 보다 체계적으로 조사되었다. 그 결과, 두께가 두꺼울
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수록 더 우수한 장기 안정성을 나타냈다. 두꺼운 이온교환고분자는 셀

의 전기적 저항을 키움에도 불구하고 더 좋은 장기 안정성 및 더 좋

은 탈염 성능이 나타난 이유는 MCDI 실험에서 확인된 바와 같이 양

의 방향으로 이동한 영전하 전위에 의해 밀려난 동전하 이온이 버려

지지 않고 반대전하 이온을 끌어오는 데 쓰이도록 하기 때문이다. 그

와 동시에 탄소 산화를 더욱 억제하는 역할도 더 강하게 수행하기 때

문에 뛰어난 장기 운전 내구성을 보임을 확인하였다.  

따라서, 다양한 고분자를 사용하여 활성탄을 코팅하고 적절한 두

께를 갖는 이온교환고분자층을 형성함으로써 CDI의 안정성을 추가로 

개선할 수 있을 것으로 기대된다. 그러므로 이 연구는 CDI의 실제 적

용에 필요한 수준의 안정성을 확보하기 위한 큰 방향을 제시한다는 

점에서 의미가 있다고 사료된다. 
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