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Abstract 

The stability and electrochemical regeneration of activated carbon electrodes used for 

Capacitive Deionization have been investigated. To assess the electrode state, electrochemical 

properties such as capacitance and potential at the point of zero charge (EPZC) were monitored 

and complemented by elemental composition, wettability and bulk porosity analysis. 

Long-term cycling was performed with electrolytes containing dissolved organic matter 

(DOM) and iron (II) under anaerobic and aerobic conditions. It was found that DOM, at 

concentrations of up to 40 mg L-1, had a marginal impact on capacitance loss and relocation of 

the EPZC. On the other hand, the scaling nature of iron was apparent from early cycling stages, in 

waters containing as little as 0.2 mg Fe2+ L-1. In all cases performed, elemental composition analysis 

demonstrated that incorporation of oxygen to the surface occurred predominantly during the first 

15 to 20 cycles. Specifically, the oxygen content increased by a factor of four. Over this time frame, 

the contact angle decreased from approx. 130˚ to 34˚, on average; which indicated an increase in 

electrode wettability. In addition, cycling experiments with simple electrolytes revealed improved 

electrode stability as cycling time increased and as pH decreased. Degradation tests conducted 

using a two-electrode cell demonstrated the effect of reaction coupling between the processes of 

carbon corrosion and oxygen reduction. As a result, electrode decay occurred at an accelerated 

rate. 

Electrochemical regeneration was proven successful at recovering the electrode 

capacitance but not at regressing the EPZC. Their corresponding response surfaces were mapped 

through a 32-factorial design of experiments and revealed a significant potential dependence. 

Further tests revealed a point of maximum recovery near a potential of -1.68 V vs RHE and 50 s 
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of holding time. Furthermore, the contribution of a regenerative step to the long-term electrode 

stability was assessed. In general, an improved retention of capacitance was observed during the 

first 25 cycles. However, it was noted that most of the capacitance recovered was lost in the 

subsequent degradation cycles. Consequently, the apparent initial improvement did not translate 

to an extension of the electrode lifetime, deeming this approach inadequate to mitigate the effect 

of carbon corrosion. 

 

 

  



v 

 

 

Lay Summary 

 Desalination of brackish water can be used to supply the increasing global freshwater 

demand. Among the available desalination technologies, capacitive deionization is a low energy, 

electrostatic approach that can be implemented as part of household water treatment devices. This 

is particularly useful in locations where the water provided, has been inadequately treated by the 

supplying utility. In this research, special attention was given to the degradation process occurring 

during continuous operation and its relation to electrode performance decay. This was studied 

under a variety of conditions, with focus on the contribution made by organic and inorganic 

species, naturally present in groundwater. Furthermore, a non-chemical method to restore and 

delay performance decay was explored. Insights gained from this study emphasize the importance 

of adequate pre-treatment and careful selection of cycling parameters to extend and balance unit 

lifetime and desalination performance.  
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Chapter 1: Introduction 

1.1 Motivation 

Utilization of non-traditional water resources, such as saline water reservoirs, can be used 

to aid the supply of fresh water for human consumption. In the upcoming decades, exploitation 

of these resources will be fundamental to address the impact of climate change and increased 

human activity on water demand. A substantial amount of water, containing relatively low 

concentration of Total Dissolved Solids (TDS), can be found in groundwater reservoirs. These 

reserves, classified as brackish waters, contain between 1 000 to 15 000 mg TDS L-1 [1], [2] (as a 

reference, seawater contains TDS levels above 35 000 mg L-1 [3]). Before human consumption, 

saline waters must be treated to TDS concentration levels under 500 mg L-1 (i.e., aesthetical 

objective below taste threshold) [4]. Among different desalination technologies, reverse osmosis 

(RO) is the most common and widely applied process throughout the world. Other common 

technologies include multistage flash distillation (MSF), multi-effect distillation (MED) and 

electrodialysis (ED) [5], [6]. However, considering that in RO, MSF and MED water is removed 

from the solutes, justifying their application in low salinity solutions becomes somewhat of a 

challenge from an energy and economic standpoint. This has served as a driver to find less energy 

intensive processes to deionize brackish waters. Closely related to ED, Capacitive Deionization 

(CDI) has recently received a great deal of attention, in light of the advances and cost reduction 

in highly-porous carbonaceous materials [6]. 

In CDI, water is deionized by momentarily storing ions (i.e., by electrosorption) in the 

electrical double layer (EDL) formed at the surface of a porous electrode when there is excess of 

charge on its surface. The charge (i.e., negative at the cathode and positive at the anode) induced 

at the electrode surface is counterbalanced by ions in a diffuse layer of charge, as described by the 
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Gouy-Chapman-Stern model [7]. In this way, CDI cyclically operates between charging-

discharging steps in which, by the application or absence of an external driving force (i.e., potential 

or current), a diluted or concentrated stream can be produced, respectively. However, despite its 

entirely electrostatic operational principle, the occurrence of Faradaic or secondary processes 

cannot be neglected under typical operational conditions. Common parasitic reactions include 

oxygen reduction and carbon oxidation (i.e., carbon corrosion). Other plausible processes such as 

oxygen and chlorine evolution are prevented by working below the thermodynamic potential for 

water oxidation (E0 = 1.23 V vs SHE).  

Of the secondary processes that occur in CDI, carbon corrosion is, perhaps, the one that 

affects the electrodes lifetime the most [8]–[14]. As carbon oxidation proceeds with continuous 

cycling, adverse changes occur to electrochemical properties such as capacitance and potential at 

the point of zero charge (EPZC) and to morphological features of the electrode such as surface 

functional groups and porous network. These changes, in practice, result in a continuous decrease 

in system performance (i.e., salt adsorption). Moreover, when natural water sources are 

considered, the presence of other solutes (i.e., water matrix composition) reduce the availability 

of active sites, thereby inducing fouling or scaling on the electrode surface. Substances that have 

been found to have such influence include natural organic matter (NOM) and iron based 

compounds [15]–[19]. Conveniently, the impact of fouling and scaling has been shown to be, for 

the most part, reversible by performing a chemical rinse [15], [20], [21]. Nonetheless, the 

contribution of these processes to the change in the electrochemical properties and morphological 

features of the electrode is unknown. In contrast, the loss of performance attributed to carbon 

corrosion is a continuous process which seems only to be mitigated by operating the cell at lower 

cell potentials which, on a practical level, reduces the desalination capability of the system. An 



3 

 

interesting concept, yet to be discussed in the CDI literature, is to regenerate the electrode surface, 

by reduction of the oxygen containing functionalities formed during the cycling process. A very 

limited number of reports suggest that oxidized carbon can be, to some extent, reduced through 

electrochemical methods [22]–[25]. Despite the discrepancies found between these reports, the 

possibility of extending the electrodes lifetime using an in-situ method, makes the study of this 

approach valuable for the CDI community.   

1.2 Research Scope  

This study aims to investigate the long-term stability and electrochemical regeneration of 

electrodes used for CDI of brackish waters. Loss of electrode stability is primarily attributed to 

the occurrence of carbon oxidation. Electrode stability is related to the retention of electrode 

performance. Thus, this is associated with the electrode properties that contribute to the 

electrosorption of ions such as capacitance and electrode potential at the point of zero charge. In 

some cases, a performance metric such as salt adsorption capacity includes the overall contribution 

of many properties into one practical measurement. To a lesser extent, fouling and scaling 

processes also affect the electrode performance. The first part of this research examines the effect 

of known fouling and scaling agents on the changes that occur, throughout the electrode life, to 

important electrochemical and morphological properties of the electrodes used in CDI. Secondly, 

this study explores the utilization of electrochemical regeneration techniques to alleviate the 

impact of carbon oxidation. This is done firstly by investigating the recovery of electrochemical 

and morphological properties under different potential-time treatments. Subsequently, a 

regenerative step is included as part of the cycling protocol to assess its effect on the electrode 

long-term cyclability. 
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Literature has demonstrated that electrode stability is negatively affected by an increase in 

cycling potential. As a result, in this study, degradation experiments were conducted at a working 

electrode potential of 1.2 V vs RHE. By charging the electrode at this potential, the occurrence of 

carbon oxidation was facilitated while still maintaining conditions that did not favoured oxygen 

evolution from the water electrolysis reaction. More importantly, from a practical point of view, 

it caused the electrode decay to occur over a reasonable amount of time. Upon the baseline 

findings herein presented, future investigations should prioritize the study of other cycling 

potentials (i.e., above and below 1.2 V vs RHE) to deeper the understanding of the effect of 

carbon oxidation on the changes occurring to the electrode electrochemical and morphological 

properties under typical CDI conditions. Subsequently, the effect of complex electrolytes (i.e., 

with supplementary amounts of fouling or scaling agents) at different concentrations and cycling 

potentials relevant to CDI could be investigated. Finally, given the expected differences in 

electrode degradation at different cycling potentials, it would be valuable to assess the 

effectiveness of the application of electrochemical regeneration approaches to electrodes degraded 

at different cycling potentials. 

1.3 Thesis Layout 

This thesis manuscript consists of five chapters 

• Chapter 1 provides the motivation and scope of this study. Furthermore, it presents a 

survey of the literature relevant to the main objectives of this research. First, the 

occurrence of carbon corrosion in electrochemical systems is reviewed. Subsequently, 

attention is given to the impact of carbon oxidation on different parameters of the CDI 

process. In addition, the challenge of fouling and scaling in CDI and the available 

strategies to mitigate the occurrence of secondary processes are discussed. The 
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literature review finishes with an overview of different efforts carried with the objective 

to electrochemically reduce and regenerate the electrode surface. Chapter 1 concludes 

with the presentation of the identified knowledge gaps, research objectives and the 

significance and novelty of this research. 

• Chapter 2 presents the experimental methods utilized to fulfill the thesis objectives. 

• Chapter 3 covers the study of the electrode stability under different conditions. 

Specifically, the influence of dissolved oxygen, fouling and scaling agents, cycling time 

and pH on electrochemical and morphological properties are presented and discussed. 

Subsequently, results obtained using a two-electrode cell configuration are presented as 

a way of contrast to those obtained using a three-electrode cell. 

• Chapter 4 covers the investigation of electrochemical regeneration approaches for 

electrodes used in CDI. First, the results of a preliminary factorial design of 

experiments are presented and discussed. Then, the influence of a regenerative 

approach on the electrode stability is evaluated under different electrolyte 

compositions. 

• Chapter 5 provides a summary of the main findings of this research and a list of 

recommendations to extend the work presented in this thesis. 



6 

 

 
Figure 1.1 Thesis infographic showing the general research problem, thesis objectives, key findings and the 

big picture implications of this study 

1.4 Literature Review 

1.4.1 Application of Capacitive Deionization (CDI) 

CDI is an electrochemical technology that is used to remove TDS from water through 

electrosorption. With the aid of an external power source, CDI utilizes high surface area electrodes 

to momentarily fix ions in the electrical double layer (EDL). The migration of ions towards the 

electrode surface is based on the electrostatic attraction to oppositely charged surfaces. As 

mentioned earlier, the ion arrangement (i.e., co-ions and counterions) near the electrode surface 

can be described using the Gouy-Chapman-Stern model [7]. The driving force behind the process 

of electrosorption can be current or potential. In practice, while a galvanostatic or potentiostatic 

hold is maintained, the conductivity of the process effluent decreases until all active sites, at the 
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electrode surface, are saturated. At this point, desalination stops, and the cell is discharged. Usual 

metrics of performance include salt adsorption capacity (i.e., mg TDS removed per gram of 

electrode mass), charge efficiency (i.e., mg TDS removed per charge passed) and energy 

consumption (i.e., kWh m-3 of freshwater produced). Depending on the type of CDI cell being 

used (i.e., conventional CDI or membrane CDI), the protocol for electrode discharge might 

change. For instance, in conventional CDI, electrodes are usually discharged at zero voltage (Vcell 

= 0 V), and the migration of the ions from the electrode surface to the bulk of the electrolyte is 

strictly diffusional. To expedite the process, inverted potentials or currents can be used to repel 

the counterions from the electrode surface. Nonetheless, in conventional CDI this option is rarely 

used, as there exists the possibility of electrosorption of ions once the polarity or current of the 

electrode is inverted. In contrast, in membrane CDI (MCDI), reverse voltage discharge or reverse 

current discharge can be used without considering counterion electrosorption during the discharge 

step. In MCDI, ion exchange membranes are placed in front of the electrodes and only allow the 

release of counterions.  

There are several architectures for CDI application. The most studied is the flow-by 

architecture. In this design, water flows between the electrodes, which are separated by a non-

conductive spacer to prevent short-circuiting. Another common CDI cell architecture is flow-

through. In this cell, the electrolyte is pushed through the electrodes, taking advantage of their 

porous network. Other designs involve the use of flow electrodes and static electrode designs such 

as the “swiss-roll” architecture. More details about these can be found in Porada et al. (2013) [26] 

and Suss et al. (2015) [27]. 
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Figure 1.2 (a & b) Schematic of the production of a diluted stream by flow-by capacitive deionization of a 

concentrated stream upon the application of a driving force which can be (c) a constant potential or (d) a 

constant current 

1.4.2 Carbon Oxidation in Electrochemical Systems 

In CDI, carbon oxidation (E0 = 0.207 V vs RHE [28]) is categorized as a Faradaic or 

secondary process. Parasitic reactions consume charge, thus reducing the efficiency of the primary 

process where charge is intended to be utilized. This reaction is also present in other 

electrochemical systems such as proton exchange membrane fuel cells (PEMFC) [29]–[38] and 

supercapacitor applications [39]. As is the case with CDI, the occurrence of carbon oxidation in 

these systems, upon continuous cycling, has a detrimental impact on performance and has been 

extensively studied in the PEMFC community. Despite the evident differences in applications, the 

experience gained in these fields can serve as a steppingstone to further understand the effect of 

carbon oxidation on CDI systems.  

(a) (b) 

(c) (d) 

Charge 

Discharge 

Charge 

Discharge 
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Kangasniemi et al. (2004) [31] demonstrated that a variety of surface oxygen functionalities 

(see Figure 1.3) can be formed during carbon oxidation. In particular, carboxylic acids, lactones, 

anhydrides, carbonyls, quinones, phenols and ethers were distinguished by means of 

thermogravimetric analysis coupled with mass spectrometry. Moreover, the electroactive quinone-

hydroquinone pair was observed to increase with cycling time (in cyclic voltammetry around 0.55 

V vs RHE).  On the other hand, the rate of surface oxidation was observed to be faster during 

the first 16 hours of cycling, then gradually decreasing over the 120 hours of experimentation. 

During this period, the amount of surface oxygen was determined, by x-ray photoelectron 

spectroscopy (i.e., XPS), to increase from an initial value of 4.8% to 8.5% and 9.3% after 16 and 

120 hours of testing at 1.2 V, respectively. As a result of carbon corrosion, the wettability or 

hydrophilic nature of the material (10% PTFE Vulcan XC-72) increased. This was determined by 

a decrease in the contact angle from 147 ± 3 (pristine) to 111 ± 7 degrees (after 120 h of operation 

at 1.2 V).  Maass et al. (2008) [35] observed that, at constant potential, the corrosion rate of 

Ketjenblack EC300J® decreased with time following an exponential decay. This behaviour was 

most evident in the experiments carried out at 0.7 and 1.0 V (45 min of holding time). The semi-

stable corrosion rate observed, as time progressed, was attributed to the formation and 

accumulation of a rather stable oxide layer. In comparison, corrosion rates under potentio-

dynamic conditions were found to be larger than those observed at constant potential. Moreover, 

corrosion rates increased when the electrode potential window of the sweep was expanded to 

include lower and higher potentials. Above 1 V, unfavourable conditions prevailed due to the high 

overpotential for carbon corrosion. On the other hand, between 60 to 650 mV, generation of 

surface defects were likely to occur as a result of chemical oxidation by action of H2O2 (e.g., Csurf 

+ n H2O2 → w Csurf=O + x CsurfO2 + y CsurfOH + z CsurfOOH, where n, w, x, y and z are the 
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stoichiometric coefficients). To reduce the corrosion process, the authors explored the use of 

graphitized supports. Although the mechanism of oxidation still occurred through the same steps, 

their findings showed lower oxidation rates under potentio-dynamic conditions when compared 

with the baseline electrode, which were attributed to the more homogenous surface, with lower 

number of defects of the graphitized carbon used. 

   
Carbonyl  Carboxylic               Phenol 

   

 
 

 

Quinone 

 
 

 
Anhydride Ether                Lactone 

Figure 1.3 Structures of different oxygen-based functionalities evolved during carbon oxidation 

Similar carbon oxidation resistance with a graphitized support was observed by Macauley 

et al. (2018) [38]. When compared with a high surface area support, the corrosion rate exhibited 

by the graphitized carbon was substantially lower, especially at cell potentials above 0.9 V. For 

instance, at a cell potential of 1.2 V, the corrosion rate for a high surface area support was between 

5 and 6 times higher than the one of the graphitized supports. Avasarala et al. (2010) [36], in their 

work with Vulcan XC-72, used cyclic voltammetry and showed that the current density at 1.2 V 

vs RHE gradually decreased with cycling (i.e., 0 to 16 hours or 0 to 1200 cycles in 0.1 M HClO4 at 

50 mV s-1). Through XPS analysis of pristine and cycled electrodes, the authors found a decrease 

in carbon content of approximately 20% and a marginal increase in oxygen content. Thus, the 

authors proposed that carbon was oxidized to CO2 predominantly without the formation of 
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surface oxides. However, this claim could have been strengthened with evidence of the elemental 

content of intermediate samples (i.e., at different stages of cycling). Analysis and deconvolution 

of the XPS spectra indicated the presence of lactones, carboxylic, ether, hydroxyl and ketone 

functionalities. It was also found that C−O groups dominated over C=O and C−OO after cycling 

at 50 mV s-1 in 0.1 M HClO4 for 16 hours. In contrast, when corrosion was held at a constant 

potential (i.e., 0.9 and 1.2 V vs RHE) coverage by C=O predominated over C−O and C−OO 

groups. In addition, there were differences in the amount of surface oxygen when comparing the 

two constant potential protocols. After treatment at 1.2 V, the amount of surface oxygen 

decreased (~10%) when compared to the pristine electrode but, when treated at 0.9 V an increase 

(~30%) in surface oxygen was noted. However, when the electrode was cycled between 0 and 1.2 

V vs RHE, the oxygen content increased 3-fold. He et al. (2016) [39], in their work with carbon 

based electrical double layer capacitors (EDLCs) in 1 M Li2SO4, attributed the simultaneous 

evolution of CO and CO2 (at cell voltages above 0.6 V vs SHE) to the oxidation of naturally 

occurring oxygen groups in Kynol (i.e., an activated carbon fabric). Through analysis of 

temperature program desorption (TPD) data, the formation of CO2 was assigned to the presence 

of anhydrides and lactones while the formation of CO derived from the existence of quinones 

and carbonyl groups.  

From these studies it is possible to see that carbon corrosion will proceed, to different 

extents, in many of the readily available carbonaceous materials typically used in electrochemical 

research and applications. Moreover, the potential range to which these materials were exposed 

to, include the operational window typically used in CDI process (i.e., below 1.23 V vs SHE). 

Considering the on and off nature of CDI, the applied charging potential (or cell potential), the 

electrolyte condition and composition; there exists the possibility of variation in the degradation 
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rate of the electrode, the formation of different intermediate oxides and the loss of carbon if the 

potential is driven high enough to desorb the surface oxides as CO2. Altogether, these processes 

will translate into a progressive, likely irreversible, loss of performance and a reduced electrode 

lifetime. 

1.4.3 Evidence of Faradaic Reactions in CDI 

Although carbon oxidation is perhaps the major contributor to performance decay and 

charge inefficiency in CDI, there are a few other secondary reactions that exist in CDI. 

Traditionally, CDI systems operate below the water electrolysis potential (E0 = 1.23 V vs SHE); 

thus, the formation of chlorine from chloride ions and oxygen from water are unlikely processes 

to occur. Below the water electrolysis potential, oxygen reduction (E0 = 0.69 V vs SHE) (i.e., on 

the cathodic side of the cell) consumes charge and generates hydrogen peroxide as a product 

which can be also reduced to water [40]–[42]. He et al. (2016) [41] reported the formation of H2O2, 

in a 5 mM NaF solution, to peak around 60 μM at an applied potential of 1.2 V. The rate of 

production was observed to increase as the applied potential changed from 0.5 to 1.5 V and was, 

consequently, accompanied by a decrease in dissolved oxygen. At high cell potentials (i.e., 1.2 and 

1.5 V), H2O2 concentration gradually decreased over the charging step due to reductive processes 

(see eqn. 1.5). It was further reduced during the discharge step at 0 V, due to adsorption processes. 

Noteworthy, the behaviours presented in this study correspond to those occurring during the first 

cycle (HCT of 30 min). It is likely, as cycling proceeds, that these profiles will exhibit different 

behaviour. 
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Table 1.1 Secondary reactions in CDI between 0 and 1.5 V vs SHE 

Anodic Reactions E0 vs SHE  

2𝐶𝑙− →  𝐶𝑙2 + 2𝑒− 1.36 (1.1) 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− 1.23 (1.2) 

𝐶𝑠𝑢𝑟𝑓 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒− 0.7 - 0.9 (1.3) 

𝐶𝑠𝑢𝑟𝑓 + 𝐻2𝑂 → 𝐶𝑂𝑠𝑢𝑟𝑓 + 2𝐻+ + 2𝑒− 0.21 (1.4) 

Cathodic Reactions   

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 1.78 (1.5) 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 1.23 (1.6) 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2 0.69 (1.7) 

2𝐻+ + 2𝑒− → 𝐻2 0.00 (1.8) 

Carbon corrosion, on the other hand, has been shown to cause a decrease in surface area 

[8], [9], [11], [17], a relocation of the potential at the point of zero charge (EPZC) [8]–[10], [43]–

[45], and an increase in resistivity [8], [9]. Moreover, pH variations [8], [9], [14], [40], [41], [43], 

[46]–[49], uneven charge/discharge cycles (i.e., charge accumulation) [14], [46], [49], [50] and the 

evolution of oxygen-containing functional groups [11], [40], [49], [51] (i.e., C=O) at the electrode 

surface have been used to demonstrate the existence and extent of carbon corrosion and other 

Faradaic processes.  

1.4.3.1 Inversion Effect & Reduction of Surface Area 

Evidence of performance degradation has been observed as early as 5 days for a flow-

through cell (i.e., the solution is forced to pass through the electrodes) equipped with activated 

carbon cloth electrodes (ACC) and operated at 0.9 V with a cycling time of 1 hour. Here, 

Bouhadana et al. (2011) [49] observed that the incorporation of oxygen containing surface groups 

was accompanied by a behaviour described as a “functionality inversion”. The marker for this 

phenomenon was noted to be a sudden increase in conductivity at the beginning of the charging 

step with an increasing magnitude over time (see Figure 1.4). The manifestation of the inversion 
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effect was seen to be dependent on the applied potential, as noted by Cohen et al. (2013) [8]. At 

a potential of 0.7 V, the appearance of the inversion effect was delayed until the 14th day of 

operation. In addition, this study demonstrated that the positive electrodes are the ones most 

significantly impacted by the long-term cycling. In comparison to the cathodes, the anodes showed 

a greater content of surface oxygen groups, a larger reduction in their surface area (approx. 15% 

smaller) and an increase in resistivity (approx. two orders of magnitude) after prolonged cycling.  

  

Figure 1.4 Schematic of the effluent conductivity as a function of time for a pristine and cycled electrode 

exhibiting an inversion peak 

CDI cell architecture was also shown to have an effect on the appearance of the inversion 

effect. Cohen et al. (2015) [9] showed that for flow-by CDI architecture (i.e., solution flow parallel 

to the electrodes), the inversion point was reached after 18 days of cycling while using the same 

voltage window (i.e., 0 to 0.9 V) and electrode material (i.e., ACC) as in their previous study (i.e., 

[8]). In the flow-through design, the solution is forced to flow from one electrode to the other. 

Hence, it was hypothesized that the accelerated oxidation was a result of the forced interaction 

between alkaline and acidic species [28] formed at the cathode and anode [52], respectively.   

The study by Cohen et al. (2015) [9] also demonstrated that the cycling protocol also 

affects the cell stability. By using the periodic interchange in the polarization of the electrodes, the 

salt adsorption capacity (SAC) of a flow-through cell (same as in [8]), operated between -0.9 and 
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0.9 V, remained almost unchanged after 34 days of operation. In comparison, the cell with no 

potential shifting was observed to decay after 5 days of operation [8].  

Duan et al. (2015) [11] also observed the inversion effect when studying ordered 

mesoporous carbons (OMC) with different properties (i.e., surface area, porosity, oxygen content). 

After 50 cycles at a cell potential of 1.2 V (half cycle time or HCT of 30 min), BET analysis 

revealed a reduction in surface area of approx. 4% and 14% which was coupled with a decrease 

in total pore volume of approx. 6% and 22% for the cathode and anode, respectively. On the 

other hand, Haro et al. (2011) [17] compared the loss of surface area of three different types of 

carbon electrodes: carbon aerogel, activated carbon and carbon cloth. After 20 cycles at a cell 

potential of 1.0 V (charging time of 80 min), the surface area determined through BET analysis 

was reduced by approx. 6%, 22% and 25% for carbon aerogel, activated carbon and carbon cloth 

electrodes, respectively.  

It is important to point out that these studies were carried using a two-electrode cell 

configuration. In this sense, although the potential difference between the anode and cathode 

remains constant throughout the experiment, the potential distribution among the electrodes 

might not be equal. More importantly, the relative position of the cell potential difference and the 

individual electrode potential on the thermodynamic scale cannot be controlled. However, by aid 

of a reference electrode, it is possible to know the relative thermodynamic position. Despite this 

limitation, the use of a two-electrode cell is an appropriate representation of a practical CDI cell.  

1.4.3.2 Relocation of the Electrode EPZC 

The electrode EPZC is a vital parameter in CDI (see Figure 1.5). As the applied potential is 

bounded by the water electrolysis potential, the difference between the anodic potential and the 

anode EPZC indicates the usable potential window for anion electrosorption. In the same way, the 
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difference between the cathodic potential and the cathode EPZC denotes the useful potential 

window for cation electrosorption. Tobias & Soffer (1983) [53] demonstrated, by modifying 

carbon black to different extents, that the electrode EPZC became progressively positive as the 

carbon surface oxidizes. Gao et al. (2014) [10] observed a shift close to 440 mV for carbon xerogel 

electrodes cycled at a cell potential of 1.2 V (HCT of 30 min) for 248 cycles and then cycled with 

inversed polarity at -1.2 V for another 272 cycles. Carbon cloth, in contrast, showed a positive 

relocation of approx. 260 mV after 32 hours of operation at a cell potential of 1.2 V [43]. In this 

study, Gao et al. (2016) [43] also showed that there was a negligible shift of the cathodes EPZC. In 

a similar way, Lu et al. (2017) [45] reported no modification of the cathode EPZC and a change of 

about 400 mV for the anode cycled at a cell potential of 1.2 V for 121 cycles (activated carbon 

electrodes and a HCT of 20 min). It is noteworthy that these studies presented the changes in 

EPZC by contrasting values at the beginning-of-life (BOL) and at a distant point in the electrode 

lifetime (sometimes at end-of-life). Hence, the profile change of the EPZC with cycling is not 

resolved. Knowing this could reveal important insights regarding the incorporation of oxygen at 

the electrode surface.  
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Electrode at Open Circuit; Innate Adsorption 
of Cations 

Eapplied < EPZC; Net Negative Charge; Reduced 
Cation Electrosoprtion 

  
(a) (b) 

Eapplied ≈ EPZC; Point of Minimum 
Capacitance 

Eapplied > EPZC; Net Positive Charge; Anion 
Electrosorption  

  
(c) (d) 

Figure 1.5 Schematic diagrams showing the role of electrode potential at the point of zero charge in the 

electrosorption of ions under different applied potentials. (a) The surface negative groups impart an overall 

negative charge to the electrode surface and, when in solution, will spontaneously adsorb cations; (b) upon 

the application of a potential below the EPZC, a fraction of the surface charge is balanced but overall, the net 

charge is negative and some cations are released; (c) when the applied potential is equal to the EPZC, the 

net charge is zero and the double layer is at the point of minimum capacitance; and (d) when the potential 

applied is larger than the EPZC, the net charge is positive and some anions are adsorbed 

1.4.3.3 Asymmetrical Charge Flow  

The existence of Faradaic reactions can be demonstrated by analysis of the cumulative 

charge that is passed and released during the charging and discharging portions of the cycle. Since 

CDI is a purely electrostatic method, in the absence of secondary reactions, there should be no 

charge disparity between the charging and discharging step. Bouhadana et al. (2011) [14] utilized 

this concept to demonstrate the effect of cell potential and dissolved oxygen on the occurrence 

of parasitic processes. In their study, accumulation of charge became apparent at a cell potential 

of 0.7 V and became larger as potential increased to 0.9 and 1.1 V. In contrast, when the cell was 
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cycled at 0.5 V, the behaviour of charge accumulation was symmetrical. Under the same potential 

conditions, but under nitrogen saturation, asymmetric results were observed only at a cell potential 

of 1.1 V. Moreover, Lee et al. (2010) [46] reported that the amount of charge passed during the 

adsorption stage, with cell potentials of 0.8, 1.0, 1.2 and 1.5 V, was approx. 2.5, 2.3, 2.2 and 2.2 

times larger, respectively, than that passed during the desorption stage. It is noteworthy that in 

this study, asymmetric charge-discharge times were used (i.e., 10/5 min), therefore the analysis of 

charge was, to some extent, incomplete. 

1.4.3.4 Solution pH  

Variations in pH during CDI operation can also be used as a marker for the occurrence 

of Faradaic processes. The reactions presented in Table 1.2 emphasize that H+, depending on the 

applied potential, can be generated and consumed, resulting in deviations from the initial solution 

pH (see equations 1.3, 1.4, 1.5 & 1.7). For instance, Bouhadana et al. (2011) [14] showed that pH 

variations (measured inline at the outlet of the CDI cell) followed a similar behaviour as that 

shown by the accumulation of charge (i.e., changes in pH due to the occurrence of parasitic 

reactions increased with charging potential, and were larger for experiments performed under air 

saturation). For instance, at a cell potential of 1.1 V, the pH profiles under air and nitrogen 

saturation displayed a slight difference. In particular, at the end of the cycle, experiments under 

air saturation displayed consistently higher pH values. At the other tested potentials, variations in 

pH under air saturation were significantly larger than those observed under nitrogen saturation.  

Although the authors did not discuss this behaviour, in air saturated systems, the process 

of oxygen reduction (see equation 1.7) occurs during the charging stage. Furthermore, the resulting 

hydrogen peroxide can be reduced following equation 1.5. These two processes consume H+ and 

therefore will increase the pH of the system and may be, to some extent, responsible for the 
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behavior observed. On the other hand, in nitrogen saturated systems, oxygen can be generated 

through water electrolysis (see equation 1.2). In addition, a relatively small amount could be 

trapped in the electrode porous network and can be reduced to hydrogen peroxide. Given the 

reasonably less amount of oxygen in the system, the consumption of H+ will be lower than that 

of the experiments performed under air saturation, thus explaining the lower pH observed, at the 

end of each cycle, in the nitrogen saturated experiments. Furthermore, during the charging stage, 

the pH value was more acidic for experiments conducted under air saturation. This was an 

indication that oxidation processes were occurring at a greater extent under air saturation. On the 

other hand, no data was provided about the potential distribution of the electrodes. It would have 

been valuable to determine the individual electrode potential (vs. a reference electrode) to elucidate 

whether the presence of oxygen and the occurrence of reduction processes influenced the 

potential attributed to the anode. In particular, a larger anodic potential will increase the 

production of H+ as a result of a larger driving force for oxidation processes. The redistribution 

of applied potential was observed by Pillay and Newman (1996) [54], in their work with electrical 

double layer capacitors. This behaviour was explained to be caused by the system response to the 

difference in kinetics of the Faradaic processes occurring at both ends of the cell in order to 

increase the coulombic efficiency. Clearly, the presence of dissolved oxygen influences the 

oxidation processes occurring on the cell anode. However, its effect seems to be primarily indirect 

(i.e., because of the processes occurring at the cell cathode).  
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Table 1.2 Secondary reactions in CDI affecting the solution pH value 

Anodic Reactions E0 vs SHE  

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒− 1.23 (1.2) 

𝐶𝑠𝑢𝑟𝑓 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒− 0.7 - 0.9 (1.3) 

𝐶𝑠𝑢𝑟𝑓 + 𝐻2𝑂 → 𝐶𝑂𝑠𝑢𝑟𝑓 + 2𝐻+ + 2𝑒− 0.21 (1.4) 

Cathodic Reactions   

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 1.78 (1.5) 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2 0.69 (1.7) 

In addition, Cohen et al. (2013) [8] observed that cycling at a charging potential of 0.7 V 

had a negligible impact on the pH (measured inline at the outlet of the CDI cell) amplitude change 

over 13 days of cycling. In addition, the final pH after every cycle stayed close to a value of 6.5. 

In contrast, when the cell was cycled at a potential of 0.9 V, not only did the final pH decreased 

gradually, but also the extent of change increased over time. The latter seemed to stabilize around 

the 6th to 7th day of operation. The potential dependence of the outlet pH stream was also studied 

by Tang et al. (2017) [40]. After a 15-minute charging step, at cell potentials of 0.9, 1.2 and 1.5 V 

the pH varied from an initial pH close to 6.5 to values of ~5, ~4.5 and ~4, respectively. After the 

discharge step of 15 min at 0 V, the outlet stream returned to its initial value only for the case at 

0.9 V and remained slightly acidic for the cases at 1.2 and 1.5 V. Different results were reported 

by He et al. (2016) [41]. In this study, at potentials of 0.5 and 0.9 V, the pH (measured in the 

recycling reservoir) progressively increased during the charging stage from an initial value of ~6.5 

to final values of ~7.5 and ~9.8, respectively. For tests at potentials of 1.2 and 1.5 V, an initial 

increase in pH was then followed by a slight and rapid decrease, respectively. The authors 

attributed this behaviour to the dominant role of oxygen and hydrogen peroxide reduction at the 

cathode at low cell potentials (i.e., 0.5 and 0.9 V). Conversely, depletion of dissolved oxygen and 

exacerbation of the carbon corrosion process, generated an abundance of protons thus leading to 
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the decrease in pH at higher cell potentials (1.2 and 1.5 V). In a similar manner Lee et al. (2010) 

[46] noted that at cell potentials of 0.8 and 1.0 V, the pH (measured inline at the outlet of the CDI 

cell) of the outflow gradually increased from an initial value of 8 and leveled at a value of ~10. In 

contrast, at cell potentials of 1.2 and 1.5 V, after a relatively short period of pH increase, the 

resulting solution exhibited values close to 8 and 4, respectively, at the end of the charging step 

and the decay profile resembled the one reported by He et al. (2016) [41].  

As mentioned previously, studies performed using a two-electrode cell provide results 

which are representative of the behaviour of practical cells. However, addressing fundamental 

questions requires of careful potential control to maintain, as much as possible, a constant driving 

force for the electrosorption and secondary processes. The contrasting results reported by the 

different studies surveyed, suggest that more effort is required to clarify the change and, if any, 

the role of pH during the CDI process. 

On the whole, the effect of carbon corrosion can be observed and monitored through 

practical and fundamental measurements. The discovery and investigation of the inversion effect 

through conductivity measurements revealed the importance of applied potential, the cycling 

protocol (i.e., zero voltage discharge vs reverse polarization), and cell architecture (i.e., flow-by vs 

flow-through) on the long-term stability of the CDI process. On the other hand, the investigation 

of changes in surface area and relocation of the electrode EPZC highlighted that some carbonaceous 

materials, such as carbon aerogels, exhibit a relatively stronger oxidation resistance (i.e., either 

lower shift in EPZC or higher retention of surface area as cycling progresses, or both). Analysis of 

the cumulative charge and pH underlined the role of applied potential and dissolved oxygen. In 

this study, given the limitation arising from the electrode dimensions (refer to section 2.1) and, 

consequently the small amount of active material in each electrode (i.e., very low SAC), tracking 
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the inversion effect was not possible. Nonetheless, other degradation markers, such as the change 

in oxygen content, evolution of oxygen containing surface groups and the corresponding shift in 

the electrode EPZC were used to monitor electrode degradation (refer to sections 2.2 and 2.5). 

Moreover, analysis of cumulative charge allowed one to further understand the process of carbon 

corrosion.  

1.4.4 Fouling and Scaling in CDI 

The unwanted deposition of compounds (either dissolved or suspended, organic or 

inorganic) present in natural waters is one of the many challenges associated with the application 

of CDI for water treatment. With time, the effectiveness of the operation will be hindered, 

requiring corrective measurements to continue operation.  

In conventional CDI, lack of an ion selective membrane allows different charged species 

to migrate into the charged porous structure of the electrodes. As a result, competition for active 

sites is unavoidable and due to the properties of the species such as size and charge, they can 

interact with the surface and can be also influenced by the local environment in the pores (i.e., 

pH). For instance, Mossad & Zou (2013) [15] observed that iron as Fe3+ and humic acid salt, 

usually used as a NOM surrogate, affected the TDS removal efficiency and freshwater production 

rate. Over a period of 30 hours, the presence of 1.8 mg Fe3+ L-1 reduced the former by approx. 

8% and the latter by around 200 mL min-1. Moreover, it was determined that approx. 30% of the 

inflowing iron was accumulated on the electrode surface, presumably in the form of iron 

hydroxide, thus explaining the loss of performance. On the other hand, humic salt at a 

concentration of 10 mg L-1 (~3.1 mg Total Organic Carbon or TOC L-1) had a substantially larger 

effect than Fe3+. Over the same operational time, the removal efficiency decreased by 15% and 

the freshwater outflow was reduced from 2 L min-1 to a value close to 1.25 L min-1. The authors 
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hypothesized that humic acid, due to its weak charge, could be retained on the electrodes due to 

chemical adsorption and/or hydrophobic interactions. Similarly, Wang et al. (2015) [21] proposed 

that once adsorbed, dissolved organic matter (DOM) might obstruct the porous network due to 

its size and molecular weight. In addition, Gabelich et al. (2002) [55] found that an increase in 

NOM concentration, from 2.6 to 9.8 mg TOC L-1, reduced to different extents, the removal 

efficiency of Ca2+, Mg2+, K+, Na+, SO4
2-, Cl-, NO3

- and F-. In addition, at both TOC levels, DOM 

was not completely released back into the solution during the regeneration step, thus indicating 

the fouling potential of this particular type of organic material. This was attributed to the 

entanglement between the DOM and the carbon structure. Mitigation of fouling (i.e., organics)  

and scaling (i.e., inorganics) has been shown to be possible by the use of a chemical aid such as 

alkaline (e.g., NaOH) or acid solutions (e.g., citric acid), respectively [15], [20], [21]. In contrast, 

for ions such as Ca2+, Mg+ and Na+, although competition for active sites still exists, their 

desorption during the regeneration step has been reported to be 100% efficient [15], [20].  

Recently, Wang et al. (2020) [19] reported on the scaling nature of iron containing waters 

when treated by CDI. The authors also explored the effect arising from the combination of iron 

with surrogates for NOM such as humic acid and bovine serum albumin (BSA). Using a batch 

CDI cell, with a cell potential of 1.4 V and an HCT of 20 min, they observed a decrease in SAC 

with an increase in iron concentration (i.e., 1, 2.5, 5 and 10 mg Fe L-1). Moreover, at a constant 

iron concentration of 1 mg L-1, the gradual increase of humic acid and BSA (i.e., 1, 2.5, 5 and 10 

mg L-1) resulted in a further decrease in SAC.  In contrast with the study by Mossad & Zou (2013), 

the electrode scaling was determined to be Fe2O3 instead of Fe(OH)3, and was a phenomenon 

largely affecting the cathode, due to the electrostatic attraction to positively charged species. 

Analysis of the pore structure indicated that loss of performance can be attributed to a reduction 
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in active sites, in the micropores, as a result of pore blocking. Given the commonly applied 

potentials and observed pH values during CDI operation, several iron species could be present 

during cycling of a CDI cell. Some of these, according to stability diagrams [56], [57] (i.e., potential 

as a function of pH as shown in Figure 1.6) and the reactivity of iron in aqueous solutions, include 

Fe2+, Fe3+, iron oxides (e.g., α-Fe2O3 or Hematite, γ-Fe2O3 or Maghemite), iron hydroxides (e.g., 

Fe(OH)2 and Fe(OH)3 or Bernalite) and iron oxide hydroxides (e.g., α-FeOOH or Goethite, γ-

FeOOH or Lepidocrocite and β-FeOOH or Akaganéite) [58]. Moreover, due to the properties of 

iron, complex formation with other inorganic ions (i.e., carbonate, bicarbonate, chloride, sulphate, 

phosphate) and some organic substances is a possibility [59]. The complexity of iron aqueous 

chemistry suggests that identification of the iron species formed during CDI operation is valuable 

from a mechanistic point of view, however it is beyond the scope of this study. 
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Figure 1.6 Iron Pourbaix diagram (modified with permission from ELSEVIER from Moreno-Casillas et al. 

(2007) [57]) 

The formation of fouling and scaling deposits negatively impact the removal efficiency of 

TDS. The effect of organic matter has been linked to the physical entrapment of large molecules 

in the electrode porous structure. On the other hand, insoluble iron species are formed as a result 

of the conditions of potential and pH near the electrode surface. As these deposits develop, access 

to active sites becomes restricted. By measurement of the electrode capacitance, the impact of 

fouling and scaling can be further investigated. At the same time, the charge of these substances 

could shift the electrode EPZC. Although fouling and scaling deposits can be removed by the aid 

of a chemical rinse, in this study these effects are not alleviated in order to understand their role 

on the electrode electrochemical and morphological properties.  
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1.4.5 Strategies to Mitigate Faradaic Reactions 

1.4.5.1 Membrane Capacitive Deionization 

Membrane CDI (MCDI) employs ion exchange membranes to enhance desalination due 

to the inability of co-ions to migrate to the oppositely charged electrode. Therefore, the excess of 

co-ions is counterbalanced by an increased electrosorption of counter-ions. Another advantage of 

MCDI, arises from the low oxygen permeability exhibited by some ion exchange membranes, such 

as Nafion® [60], which in turn can isolate the cathode from ubiquitous dissolved oxygen, thus 

inhibiting the cathodic reduction of oxygen.  

In this sense, Tang et al. (2017) [40] observed that the production of H2O2 in MCDI was 

below 3 μM at cell potentials of 0.9, 1.2 and 1.5 V. In contrast, H2O2 production peaked at around 

40 μM in conventional CDI. The inhibiting nature was corroborated by a stable level of dissolved 

oxygen around 7.5 mg L-1 over the 15 min of charging time at cell potentials of 0.9, 1.2 and 1.5 V.  

Conversely, in conventional CDI dissolved oxygen values decreased to approx. 2, 1.5 and 1           

mg L-1
, respectively as a result of the cathodic oxygen reduction reaction. When comparing pH 

profiles, the only appreciable difference is that, in conventional CDI the change in pH occurs at 

a relatively faster rate.   

The long-term effect of the inhibition of oxygen reduction was reported by Omosebi et 

al. (2014) [61]. Comparison of CDI and MCDI, equipped with carbon xerogel electrodes, after 50 

cycles of operation (i.e., cell potential of 1.2 V and an HCT of 30 min) revealed a stable SAC of 

~4 mg NaCl L-1 for MCDI. In contrast, the SAC in CDI mode decreased, following a linear trend, 

from ~2 mg NaCl L-1 to ~0 mg NaCl L-1 over the same time frame (i.e., 50 hours). In agreement 

with this behaviour, analysis of the EPZC indicated a substantial positive shift of 500 mV for the 

CDI anode, whereas the MCDI anode only shifted 200 mV. In both configurations, the cathode’s 
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EPZC displayed a shift of around 100 mV. These results indicated the detrimental effect of dissolved 

oxygen on the anode surface by acceleration of surface oxidation through the formation of a 

reaction couple [61], between the oxygen reduction reaction and the carbon oxidation reaction, 

that results in the progressive increase of the anodic potential (as mentioned in section 1.4.2.4). 

Although in this study the potential distribution to the cathode and anode was not reported, the 

smaller cathodic EPZC shift could be explained by the relatively lower potentials to which the 

cathode is usually exposed to during the charging step. As cycling proceeded, it is likely that the 

cathode was progressively exposed to more positive potentials and, once it became larger than 0.2 

V vs RHE, the surface underwent oxidation. 

1.4.5.2 Electrodes Doped with Metal Oxides 

The impregnation of metal oxides such as TiO2, SnO2, MnO2 into activated carbon and 

graphene oxide has been explored with the aim of promoting the cathodic reduction of oxygen 

and thus limiting the reaction coupling with carbon corrosion [51], [62]–[64]. An additional 

outcome of this approach has been the increase of the electrode SAC. For instance, Srimuk et al. 

(2017) [51] reported that the addition of TiO2 to activated carbon exhibited an initial SAC of 17.4, 

16.2 and 11.4 mg g-1 for metal loadings of 15%, 25% and 35%, respectively and converged to ~2 

mg g-1 after 60 hours of operation at a cell potential of 1.2 V and a HCT of 30 min. In contrast, 

unmodified electrodes lost their entire SAC in only 15 hours of operation.  

The studies by El-Deen et al. (2014, 2014b & 2015) [62]–[64] with doped graphene oxide 

(GO) have also shown also improved SACs. Specifically, MnO2 doped GO presented a SAC 

between 3.5 and 5.0 mg g-1 at a cell potential of 1.2 V and an HCT of 120 min. In comparison, 

untreated GO exhibited at SAC of approx. 2 mg g-1 [62]. Graphene oxide modified with SnO2, 

showed lower SAC when compared to the ones of GO-MnO2. At a cell potential of 1.4 V and 
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HCT of 90 min, a dopant level of 15% exhibited a maximum SAC of 1.49 mg g-1, almost doubling 

the reported SAC for untreated GO [63]. For these two studies, however, the claim of improved 

stability is based on the retention of capacitance after 50 cyclic voltammogram (CV) sweeps 

between -0.4 and 0.6 V vs Ag/AgCl. By using this protocol, only 0.7% and 4.9% of the initial 

capacitance was lost for the GO-MnO2 and GO-SnO2 electrodes, respectively. Clearly, the amount 

of time the electrode is under adverse potential conditions is limited and does not reflect typical 

CDI operation. The inclusion of TiO2 displayed, when compared to the other two modified 

materials, the largest improvement in SAC. At an HCT of 5 min and cell potentials of 0.8, 1.0 and 

1.2 V, SACs of approx. 9, 14 and 16 mg g-1, respectively, were achieved. For this material, less 

than 1% of the initial desalination capacity was lost after 25 cycles at a cell potential of 0.8 V [64].  

The effect of carbon corrosion and oxygen reduction can be alleviated in MCDI. No signs 

of secondary reactions such as the production of H2O2, concentration of dissolved oxygen and 

pH profiles indicated the mitigation of these secondary processes. Nonetheless, since water acts 

as the oxygen donor, the process of carbon corrosion will proceed despite the utilization of 

membranes. This process, as described in previous section, is potential dependent. Therefore, this 

study utilizes a three-electrode cell to investigate the process of electrode degradation with a fix 

driving force (i.e., anode potential). In conventional two-electrode cells, the potential difference is 

maintained but there is no control over the potential distribution. This study then, provides a 

contrast between degradation results obtained with different cell configurations. In addition, this 

enables a further understanding of the apparent reaction synergy occurring between the processes 

of carbon corrosion and oxygen reduction. 
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1.4.6 Electrochemical Regeneration 

Although strategies to mitigate the effect of Faradaic processes exist, the incorporation of 

oxygen functionalities on the electrode surface is a persistent and progressive process in carbon-

based CDI applications. Nevertheless, there are not many studies investigating the feasibility of 

electrochemical approaches to regenerate (i.e., reduce) the electrode surface. A reason for this 

might be the suspected kinetic impediment and strong pH dependence of the process asserted by 

Jannakoudakis et al. (1990) [23]. There exist a few literature cases where, to different degrees, 

surface carbon oxides have been electrochemically reduced. Yang and Ling (1995) [22] observed, 

for glassy carbon, that the fresh oxygen containing functionalities formed after holding a 1.6 V 

potential for 5 min were not stable and reduced at -1.2 V after holding the potential for 1 min. 

Jannakoudakis et al. (1990) [23] reported that, for carbon fibres in 0.5 M H2SO4, after reduction 

at a current density of -10 mA mg-1 for 1 min (in 0.5 M H2SO4), the surface remained deeply 

functionalized. Nonetheless, there was a decrease of approx. 2.6 and 1.6 times in the intensity for 

the binding energies associated with the C – OH (-285.7 eV) and C = O (-288 eV) functions, 

respectively. In contrast, there was an increase of approx. 2.3 times in the intensity for the binding 

energies associated with the COOH function. The study by Binder et al. (1964) [24] showed that, 

for carbon electrodes, a fraction of the species formed at the surface were removed below the 

hydrogen evolution potential after galvanostatic treatment at -25 mA cm-2 in 20% H2SO4. One 

possible drawback of the electrochemical reduction of surface oxides, as revealed by Theodoridou 

et al. (1981) [25] while studying highly oriented carbon fibres, could be the acceleration of the 

initial oxidation process. This arises from the incomplete reduction process that occurs at 

potentials near the hydrogen evolution reaction potential (complete reduction requires approx.      
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-0.5 V vs SHE) [65] which results in a highly defective surface (i.e., with active C sites), prone to 

be oxidized in the subsequent cycles [25].  

The application of reductive potentials to address the issue of carbon oxidation in CDI is 

an area of great opportunity. However, little is known about the electrochemical reduction of 

carbonaceous surface oxides. Among the few studies available, contrasting outcomes have been 

reported for different carbon materials and conditions. It is unclear whether some surface oxides 

are more prone to be reduced than others. In addition, the potential dependence (i.e., linear, non-

linear) of the reduction process efficiency is unknown. A method to qualitatively assess the 

effectiveness of the reduction process is the determination of the electrode EPZC. A successful trial 

will result in a regression of the EPZC, thus increasing the effective potential window for 

electrosorption. In addition, the extent to which the electrode capacitance is affected by holding 

the electrode potential below the HER thermodynamic potential is unknown. In combination, 

changes in these two parameters (capacitance and EPZC) will provide insights regarding the 

applicability of electrochemical regeneration approaches for CDI electrodes.  

1.5 Knowledge Gaps 

The literature survey performed is indicative of the potential detrimental effect that carbon 

oxidation has on the electrode stability. Moreover, it is a phenomenon that affects primarily the 

positive electrode (i.e., the anode). Among the repercussions of this process, reduction of surface 

area, increase in resistivity and a positive displacement of the electrodes EPZC are quite significant. 

In addition, the presence of dissolved oxygen may exacerbate the corrosion process by the 

formation of a reaction couple between carbon oxidation at the anode and oxygen reduction at 

the cathode. 
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A number of studies pertaining to stability and secondary reactions in CDI have been 

conducted. However, most of these studies were performed using the more practical two-

electrode cell configuration. An advantage that this type of cell offers is the possibility of obtaining 

performance metrics such as salt adsorption capacity, water recovery, charge efficiency and 

specific energy consumption. However, potential control (i.e., individual electrode potential) with 

this type of cell is non-existent. This setup though, can maintain a potential difference between 

the electrodes, but the relative electrode position cannot be controlled. However, this can be 

determined with the aid of a reference electrode in a three-electrode setup. In addition, 

information related to electrochemical properties such as capacitance and EPZC requires an 

experimental setup designed to use working and counter electrodes that comply with 

recommended aspect ratios (e.g., CEArea >> WEArea);
 separated compartments to avoid 

interference from processes occurring at the CE on the WE, tuned electrolyte concentration and 

a potentiostat. Thus, most studies report electrochemical properties only at the beginning-of-life 

(BOL) and end-of-life (EOL) conditions. In addition, stability studies have been only carried out 

with solutions containing one electrolyte of choice (i.e, NaF, KCl or NaCl). Moreover, studies 

with fouling and scaling solutes have focused on the effect on operational parameters such as 

SAC, charge efficiency and specific power consumption.  

Another interesting matter in these studies, was the selection of cycling parameters such 

as the applied potential and cycling time, as it did not follow a standard protocol. In fact, the only 

consideration was regarding the applied potential, which was aimed to be kept below the water 

electrolysis potential of 1.23 V vs RHE, to avoid any interference from this Faradaic reaction. The 

literature review indicated that the effect of secondary processes (Faradaic and non-Faradaic) on 

the electrode degradation and cell performance decay are dependent on the applied potential, the 



32 

 

use of reverse polarization and cell architecture. Therefore, comparison among studies was a 

challenging task. However, the development of a standardized protocol and a state-of-the-art 

reference material to evaluate the long-term performance of new materials would be of extreme 

value for the CDI field. 

Strategies to mitigate the effect of Faradaic reactions have been proven effective at small 

scale. Nonetheless, when transferred to real life applications, their implementation can result in 

an increased operational complexity and cost. With this in mind, the use of an in-situ, 

electrochemical regeneration approach is an attractive, yet to be explored alternative for 

application in CDI devices. It is unknown, given the contradictory evidence found in the literature, 

if under typical CDI conditions (i.e., pH) the process is viable. If so, it is of great value to assess 

changes in morphology and recovery of vital electrochemical properties such as capacitance and 

EPZC, and to assess the impact of this methodology on the electrode lifetime. 

1.6 Thesis Objectives 

This study aims to investigate key fundamental aspects to the operation and efficacy of 

electrodes used in the CDI process.  

• First, it investigates the effect of natural organic matter and iron on the progressive 

changes that occur, during long term cycling, to the electrochemical (i.e., capacitance 

and EPZC) and morphological properties (i.e., surface composition, contact angle and 

bulk porosity) of activated carbon electrodes used in CDI.  

• Second, it examines the application of electrochemical regeneration approaches with 

the intention to mitigate the effect of carbon oxidation. The effectiveness is assessed 

by monitoring the change in capacitance and EPZC of the electrodes, as well as analysis 

of the electrode morphology. Moreover, integration of a regenerative step as part of 
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the cycling protocol and its effect on the long-term stability of the electrodes is 

explored.  

• Third, it investigates the influence of cycling time and pH on the electrochemical 

properties (i.e., capacitance and EPZC) of activated carbon electrodes used in CDI during 

long-term operation.  

• Fourth, it analyzes the stability of activated carbon electrodes using a two-electrode 

setup by investigating the effect of dissolved oxygen and applied potential on the 

electrochemical properties (i.e., capacitance and EPZC) during long-term operation. 

Moreover, the effect of Faradaic processes on the potential distribution is discussed. 

All in all, this study aims to provide useful technical insights to help develop the next 

generation of CDI applications, especially those meant to be used as Point-of-Use (POU) devices. 

1.7 Significance & Novelty 

The appeal of CDI relies on its simple operation, good water recovery, relatively low 

energy consumption, and easy maintenance. Despite these merits, CDI has not yet made a 

significant penetration in the drinking water sector, particularly as a Point-of-Use (POU) device. 

The development of materials with improved salt adsorption capacity and the evolution of cell 

architecture has created enough momentum to motivate the industry to pursue the application of 

this technology in the field. Nevertheless, the electrode durability is still an aspect that requires 

further understanding and development before the technology moves fully into the next stage. 

Considering that the anode is the electrode most affected by secondary reactions, this 

study is based on the utilization of a three-electrode setup to isolate the positive electrode and 

carry experiments under carefully controlled potentiostatic conditions. This is done with the 

objective of understanding the change in electrochemical and morphological properties that occur 
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during the electrode lifetime under the presence of known fouling and scaling agents, such as 

NOM and iron, without the interference of the processes happening at the cathodic side of the 

cell. Additionally, this study presents the surface response of capacitance and EPZC as a function 

of applied reduction potential and holding time. Furthermore, the effect of an in-situ 

electrochemical regenerative step on the electrodes operational life is also assessed. 
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Chapter 2: Experimental Procedure 

2.1 Electrode Fabrication 

A carbon ink consisting of activated carbon (YEC-8A), PVDF (Sigma) as a binder, and 

DMA (Sigma) as a solvent was used as a baseline for this study. Approximately 100 mg of PVDF 

was added to 4 mL of DMA and the mixture was stirred overnight at room temperature to ensure 

all binder material was dissolved. Then, 0.9 g of activated carbon was slowly added to the 

PVDF/DMA solution. The carbonaceous slurry was left to stir overnight at room temperature to 

allow homogeneous dispersion of the active material. Toray® paper (TGP-H-120, Fuel Cell Store) 

with a wet-proofing of 30 wt.% was used as the support for the carbon slurry. Kapton® film was 

used to insulate the uncoated portions of the support to prevent interferences from the support 

material on the electrochemical measurements. The prepared carbon ink was coated on the surface 

of the support with the aid of a micrometer film applicator (MTI Corporation) at an aperture of 

500 µm. The prepared electrodes were left inside a fume-hood to dry overnight and were then 

placed inside an oven at 80 °C for an hour to evaporate any remaining solvent. To calculate the 

loading of active material, electrodes were weighed before and after ink coating. 

2.2 Electrochemical Characterization 

Electrochemical characterization was performed in deoxygenated 1000 mg L-1 NaCl (17.1 

mM NaCl) (ACS, Fisher) unbuffered solution made with deionized water (18.2 MΩ, Milli-Q® 

Integral 5, Millipore Sigma). The electrolyte initial pH was 7.04 ± 0.06. The three-electrode cell 

used consisted of graphite foil with an approx. geometric area of 64 cm2 as the counter electrode, 

a low-profile Ag/AgCl reference electrode (RRPEAGCL, Pine research) and a working carbon 

electrode with a geometric area of 2.84 cm2 (approx. real surface area of 9 m2, considering an 

average active material loading of 4.5 mg and a specific surface area of 2000 m2 g-1). The 3-
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electrode cell, shown in Figure 2.1, consisted of two symmetric compartments (6.1 x 4.5 x 4.5 cm) 

(technical drawings of the different components of the electrochemical cell are presented in 

Appendix C), separated by a NafionTM membrane. All characterization experiments were 

performed using fresh, unbuffered electrolyte (100 mL of 17.1 mM NaCl). Electrochemical 

techniques were performed with the aid of a Biologic VMP-3 potentiostat and data processing 

was done with the EC-Lab software. All potential values reported in this work are referred to the 

Reversible Hydrogen Electrode (RHE). Prior to characterization, the electrolyte was bubbled with 

nitrogen (99.998%, Praxair) for 30 minutes with the aid of a porous frit. To ensure proper 

electrode wetting, the electrode to be characterized was first submerged in deionized water (18.2 

MΩ, Milli-Q® Integral 5, Millipore Sigma) and then in electrolyte for a period of 30 min each 

(pristine electrodes were submerged in deionized water for at least 12 hours). After the 

electrochemical characterization was performed, the electrode was submerged in deionized water 

for at least 1 hour.  

2.2.1 Cyclic Voltammetry 

The electrode capacitance was extracted from the third cyclic voltammogram scan 

between 0 and 1.0 V vs RHE at a scan rate of 1 mV s-1. The I-E curve was integrated between 0.2 

and 0.8 V vs RHE (limits displaying capacitive response) and the electrode specific capacitance 

was calculated using equation (2.1) [11], [21], [66]: 

𝐶 =
∫ |𝑖|𝑑𝐸

𝐸2

𝐸1

2 ∙ 𝑚 ∙ 𝜐 ∙ (𝐸2 − 𝐸1)
 (2.1) 

where i is the current in mA, m the mass of active material in g, ν the scan rate in mV s-1 and E2 

and E1 the upper and lower limits of the potential window, respectively, in V. The EPZC was 

determined as the potential of the forward sweep at which the current exhibits its minimum value 
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within the section of the voltammogram where capacitive response (i.e., rectangular) is observed 

[10], [44], [67]–[70]. The electrolyte concentration was chosen to be 17.1 mM as it was the most 

diluted solution that exhibited a rectangular response and resolved EPZC (i.e., the current minimum 

within the rectangular response of the forward scan). More diluted electrolytes resulted in resistive 

(i.e., tilted) CV response and more concentrated electrolytes resulted in progressively, more flat   

I-E responses between 0.2 and 0.8 V vs RHE which made the EPZC of the forward potential sweep 

more difficult to locate as the electrolyte concentration increased. 

 
(a) 

  
(b) (c) 

Figure 2.1 (a) Compartmentalized three-electrode cell setup separated by a Nafion™ membrane; (b) 

Activated carbon working electrode, and (c) Teflon enclosure for the Nafion™ membrane 

 

Counter 
Electrode 

Membrane 
Separator 

Reference 
Electrode 

Working 
Electrode 
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2.2.2 Electrochemical Impedance Spectroscopy (EIS) 

Impedance spectrum was obtained at a potential of 0.5 V vs RHE, using a sine amplitude 

of 5 mV (3.54 VRMS) and scanning frequencies from 350 kHz to 5 mHz. The spectrum was 

collected using 10 points per decade with logarithmic spacing. Before data collection, the working 

electrode was held at 0.5 V vs RHE for 10 minutes and the resulting impedance was the average 

of three measurements per frequency. 

2.3 Degradation Experiments 

2.3.1 Three-Electrode Cell  

Activated carbon electrodes were cycled using a traditional 3-electrode cell, at a potential 

of 1.2 V vs RHE under different water compositions, which are summarized in Table 2.1. The 

electrolyte concentration in all cycling experiments was 1 M (NaCl) and the pH, of the working 

electrode compartment, was measured before and after cycling. The initial electrolyte pH for the 

different experiments is presented in Tables 2.1 and 2.2. Every set of cycles was performed using 

fresh, unbuffered electrolyte (100 mL of 1 M NaCl), and only the working electrode compartment 

contained, if any, supplementary amount of a solute (i.e., Suwannee River Natural Organic Matter 

or Fe2+). The cycling protocol consisted of a 5 min charging step followed by an isochronous 

discharging step at a potential equal to the open circuit potential. To measure the open circuit 

potential, it is required that no load (either potential or current) is applied to the circuit by the 

power amplifier (potentiostat). The value of the open circuit potential was measured at the 

beginning of each experiment. Tables included in Appendices A and B present these values for 

the different experiments performed and discussed herein. Electrochemical characterization was 

performed after 5 charge-discharge cycles (until the 50th cycle). In some experiments, after the 50th 

cycle, characterization was performed with intervals of 10 cycles. This was done having in mind 
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that the profile of the capacitance curve was already clear, and the normalized capacitance of the 

electrode was near a C/C0 value of 0.10. To ensure saturation, the electrolyte solution was sparged 

with O2 (99.993%, Praxair) or N2 (99.998%, Praxair) for 30 min before each test and continued, 

at a lower flow rate, throughout the experiment. To test the influence of organic matter and iron, 

Suwannee River Natural Organic Matter (SRNOM) (International Humic Substances Society) was 

used as a surrogate at concentrations of 20 and 40 mg NOM L-1 while iron (II) chloride (FeCl2) 

(ACS, Sigma) was used at concentrations that resulted in approx. 0.2, 2.0 and 20 mg Fe2+ L-1 (3.58, 

35.8 & 358 μM FeCl2 L
-1), respectively. Tests were conducted at high electrolyte concentration 

(i.e., 1 M NaCl) to overcome the ohmic potential drop caused by the membrane separator and 

inter-electrode distance between the counter and working electrode. Further experiments, under 

oxygen saturation, were carried out to clarify the effect of different half cycle times and pH 

conditions (only in the working electrode compartment) on the electrode degradation (see Table 

2.2).  

The selection of different half cycle times was based on using multipliers of the 5 min 

HCT used for the other degradation experiments. This allowed a straightforward comparison 

when the normalized capacitance (C/C0) and EPZC were plotted as a function of the time the 

working electrode was held at a potential of 1.2 V vs RHE (instead of the number of cycles 

performed). For instance, the time the working electrode was held at 1.2 V vs RHE after 5 cycles 

of the 1 min HCT protocol was equal to the time the electrode was held at 1.2 V for one cycle of 

the 5 min HCT. Similarly, the time the working electrode was held at 1.2 V vs RHE after 5 cycles 

of the 5 min HCT protocol was equal to the time the electrode was held at 1.2 V for one cycle of 

the 25 min HCT. pH adjustment was done with the aid of a 0.1 M NaOH solution after every set 

of 10 cycles. The concentration of NaOH was chosen to be 0.1 M NaOH so that the volume 



40 

 

added to the cell did not significantly change the volume of the solution inside the compartment 

(less than 1 mL). Each experiment was performed in duplicate. After the degradation experiment 

was performed, the electrode was submerged in deionized water for at least 1 hour. 

Table 2.1 Experimental solution compositions to study the effect of organic carbon and iron on the electrode 

stability. All experiments were performed at room temperature with an electrolyte concentration of 1 M 

(NaCl), a half cycle time of 5 min and a working electrode potential of 1.2 V vs RHE 

Experiment Solution Composition & Gas Saturation Initial Electrolyte pH 

1 Baseline, N2 
7.04 ± 0.06 

2 Baseline, O2 

3 20 mg SRNOM L-1, N2 
4.19 ± 0.02 

4 20 mg SRNOM L-1, O2 

5 40 mg SRNOM L-1, O2 3.85 ± 0.01 

6 20 mg Fe2+ L-1, N2 
5.45 ± 0.14 

7 20 mg Fe2+ L-1, O2 

8 2.0 mg Fe2+ L-1, O2 5.63 ± 0.08 

9 0.2 mg Fe2+ L-1, O2 6.47 ± 0.10 

Table 2.2 Summary of experiments carried out to further understand the role of half cycle time and pH on 

the electrode degradation. All experiments were performed at room temperature with an electrolyte 

concentration of 1 M (NaCl) 

Experiment Half Cycle Time (min) Initial Electrolyte pH 
Applied Potential  

(V vs RHE) 

1 1 

7.04 ± 0.06 1.2 
2 25 

3 50 

4 250 

Experiment pH   

5 1 - 1.2 

6 13 - 0.49 

7 Adjusted after 5 cycles 7.04 ± 0.06 1.2 
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2.3.2 Two-Electrode Cell Experiments 

Figures 2.2 and 2.3 shows, respectively, the image and the process flow diagram of the 

two-electrode flow-cell assembly used to cycle activated carbon electrodes at different cell 

potentials and water compositions, which are summarized in Table 2.3. Each experiment was 

performed in duplicate and using fresh, unbuffered electrolyte. The initial electrolyte pH for 

different experiments is presented in Table 2.3. To resemble more practical conditions, the 

electrolyte concentration in all cycling experiments was 17.1 mM (NaCl). A peristaltic pump was 

used to maintain the electrolyte flow rate at 20 mL min-1. pH was measured (HI5522, Hanna) and 

logged (HI92000 software, Hanna) every 10 s throughout the duration of the tests. A DC power 

supply (1688B, BK Precision) was used to apply a potential bias to the electrodes. The potential 

distribution between the anode and cathode was recorded against a Ag/AgCl reference electrode 

(RRPEAGCL, Pine research) using a potentiostat (VMP-3, Biologic). Given the importance of 

the changes occurring to the potential attributed to the anode, the reference electrode was placed 

closely, at a distance of 3 mm. The interelectrode distance was 1.6 cm. Thus, the distance between 

the cathode and the reference electrode was 1.3 cm. Current was measured by means of a 

multimeter (38XR-A, Amprobe) and logged (38SW-A, Amprobe) at one second intervals 

throughout the duration of the tests. A relay (ProXR, National Control Devices) controlled the 

cycling protocol, which consisted of a 5 min charging step followed by an isochronous discharging 

step at zero voltage discharge (i.e., Vcell = 0). Electrochemical characterization was performed after 

10 charge-discharge cycles. To ensure saturation, the electrolyte solution was sparged with O2 

(99.993%, Praxair) or N2 (99.998%, Praxair) for 30 min before each test and continued, at a lower 

flow rate, throughout the experiment. 
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1. Connection to potentiostat 2. Electrochemical cell 3. pH data logger 
4. Outlet reservoir 5. Inlet reservoir 6. Relay 
7. Ammeter 8. DC power supply 9. Peristaltic pump 
10. Motor drive 11. Connection to gas supply 12. Reference electrode 
13. Cathode 14. Anode 15. Porous frit sparger 
16. Magnetic mixer 17. pH probe 18. Temperature probe 

Figure 2.2 Two-electrode flow-cell assembly and ancillary equipment (pH probe, peristaltic pump, power 

supply, relay & multimeter) 
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Figure 2.3 Process flow diagram for the two-electrode flow-cell assembly 

Table 2.3 Summary of conditions for the experiments performed using a two-electrode electrochemical cell. 

All experiments were performed at room temperature with an electrolyte concentration of 17.1 mM (NaCl) 

Experiment 
Solution Composition & Gas 

Saturation 
Cell Potential 

(V) 
Initial Electrolyte 

pH 

1 Baseline, N2 1.3 

7.04 ± 0.06 
2 Baseline, N2 1.8 

3 Baseline, O2 1.3 

4 Baseline, O2 1.0 

5 0.2 mg Fe2+ L-1, O2 1.3 6.47 ± 0.10 

2.4 Electrochemical Regeneration Experiments 

Tests were performed using a 3-electrode cell (shown in Figure 2.1) under the same 

electrolyte concentration (i.e., 1 M NaCl) and O2 saturation conditions as the degradation 

experiments. The pH, of the working electrode compartment, was measured before and after the 

regeneration experiments. The initial electrolyte pH was 7.04 ± 0.06. A potentiostat (1470E, 

Solartron Analytical) was used to control the potential of the working electrode. The recovery of 

capacitance and EPZC were calculated following equations 2.2 and 2.3: 
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𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝐶𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐶𝑙𝑜𝑠𝑡
∙ 100 =

𝐶𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐶𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑
∙ 100 (2.2) 

𝐸𝑃𝑍𝐶  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 (𝑉) = 𝐸𝑃𝑍𝐶 𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑃𝑍𝐶 𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑 (2.3) 

where C refers to the specific capacitance, in F g-1, and EPZC
 refers to the potential at the point of 

zero charge, in V, at different electrode stages. Both parameters were obtained from cyclic 

voltammograms obtained following the protocol described in section 2.2.1. Equation 2.2 

represents the percent capacitance recovery observed after performing a potential-holding time 

treatment to an electrode degraded to a C/C0 value ~ 0.85. In other words, it represents how 

much of the capacitance that was lost during degradation is being recovered after the 

electrochemical regeneration treatment. 

2.4.1 Factorial Design of Experiments 

A 32-factorial design of experiments was used to explore the recovery response of the 

electrode capacitance and EPZC. The experimental matrix is summarized in Table 2.4. Analysis of 

variance (ANOVA) was used to determine if the parameters studied had a significant (with a 

significance level, α, of 0.05) effect on capacitance and EPZC recovery. Each potential-holding time 

treatment was performed in duplicate. 

Table 2.4 Experimental design for screening parameter levels for electrochemical regeneration study 

Parameter Low Center-point High 

Potential (V vs RHE) -2.1 -1.25 -0.4 

Holding time (s) 10 50 90 

2.4.2 Extended Surface Response Study 

The surface response obtained was further investigated by carrying out regeneration 

experiments along the potential domain with working electrode potentials of -1.89, -1.68, -1.46,   
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-0.83 and -0.61 V vs RHE with a holding time of 50 s. Each potential-holding time treatment was 

performed in duplicate. 

2.4.3 Effect of Electrochemical Regeneration on Electrode Cyclability 

An electrochemical regeneration stage, using a working electrode potential of -1.68 V vs 

RHE and a holding time of 10s, was conducted after every 5 degradation cycles (until the 30th 

cycle)1 and after every 10 cycles (until the 50th or 70th cycle) until the normalized capacitance 

reached a value of C/C0 ≈ 0.10 to evaluate the effectiveness of preventive reductive steps on 

extending the electrodes operational life. Additional tests were performed using electrolytes 

containing SRNOM at 20 mg NOM L-1 and Fe2+ at 0.2 mg L-1. The initial electrolyte pH values 

were 4.19 ± 0.02 and 6.47 ± 0.10 for the SRNOM and Fe2+ tests, respectively. Each experiment 

was performed in duplicate. 

2.5 Ex-situ Analysis 

Electrode samples, at different values of C/C0, were prepared by performing additional 

experiments under the same conditions presented in Table 2.1. Other electrode samples included 

electrodes at beginning and end-of-life and electrodes after application of different potential-

holding time treatments (as presented in Table 2.4 and section 2.4.2 and 2.4.3) under different 

experimental conditions. After degradation or regeneration, the electrodes were placed in 

deionized water for a period of 12 h. Then, the electrodes were left to dry for 48 h at room 

temperature inside beakers partially covered with laboratory film to prevent deposition of dust on 

the electrode surface. Once dry, the Kapton® film used to insulate the uncoated parts of the 

Toray® support was removed with the aid of tweezers. A hole puncher, with a 22 mm diameter 

 

1 As presented in section 4.3, after the 30th cycle capacitance was no longer being recovered 
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was used to carefully separate the piece of support coated with the active material. An X-ACTO 

precision knife was used to cut the circular piece into 4 equal pieces. The contact angle was 

measured using a FTA1000 system. At least three images of a 5 μL water drop deposited with a 

micropipette were processed by Fta32_Video software. Fourier-transform infrared (FTIR) 

spectrum was collected using a PerkinElmer Frontier FT-IR at a resolution of 2 cm-1 over a 

wavenumber region of 650 – 4000 cm-1. The spectrum acquired was the result of 8 cumulative 

scans. Table 2.5 presents a summary of relevant absorption bands associated with probable oxygen 

functionalities at the electrode surface. Imaging (SEM) and elemental analysis using energy 

dispersive X-ray analysis (EDS) were performed using a Philips XL-30 SEM equipped with a 

Bruker Quantax 200 energy-dispersion X-ray microanalysis system. SEM images were collected at 

different magnifications, using a working distance in the vicinity of 10 mm, an electron accelerating 

voltage of 15 kV, using a spot size (i.e., the beam diameter at the sample surface) of 4 and at 60 

kcps. EDS was collected from at least three different electrode sections at a magnification of 

1000x, using the full window of the acquired image and a spot size of 6 during 30 s. Bulk porosity 

was estimated from five different cross-sectional SEM images with the aid of ImageJ software. To 

obtain cross-sectional samples, a rectangular portion of the electrode was filled with an epoxy 

resin (Epothin, Buehler) and polished (LaboPol-5, Struers) once the epoxy cured and then it was 

gold coated (Denton Vacuum) to produce a conductive surface that enabled the collection of 

SEM images. These were collected using a Thermofisher Scientific TeneoLV SEM at an electron 

accelerating voltage of 15 kV at different magnifications. 

The thickness of the electrode (approx. 400 μm including the carbon fiber support) did 

not make possible the use of TEM, which requires very thin (<150 nm) samples for the electrons 

to transmit through. On the other hand, analysis of samples at the beginning and end-of-life with 
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ToF-SIMS (time of flight secondary ion mass spectrometry) did not provide information about  

C – O, C = O  or CO2 evolution which were of interest to complement the discussion regarding 

changes in surface functionalities. On the other hand, possibilities did not exist locally to perform 

XPS, mercury porosimetry or helium pycnometry. 

Table 2.5 Infrared absorption regions for oxygen containing functionalities 

Compound class Absorption (cm-1) Bond Appearance Reference 

Alcohol 

3650 – 3400 
O – H 

Broad & strong [71] 

1410 - 1260 Strong [72] 

1150 – 1050 C – O Strong 

[71] 

Carbonyl 1770 – 1660 C = O Strong 

Carboxylic acid 
3300 – 2500 O – H Broad & strong 

1760 – 1710 C – O Strong 

Ether 1150 – 1050 C – O Strong 

2.6 Quality Control & Assurance 

All the degradation and regeneration experiments as well as pH measurements were 

performed in duplicate (n = 2). Hence, the values for capacitance and EPZC reported herein 

represent the average of the two replicates performed. As discussed in section 2.2.1, these values 

were extracted from the third cyclic voltammogram scan. The error bars associated with these 

measurements is the distance between the two replicates. The use of two replicates is justified by 

the following reasons: 

• For degradation and regeneration experiments conducted with a 3-electrode setup the 

difference between normalized capacitance and EPZC replicates was, on average, of 0.04 

units (4%) and 26 mV, respectively. On the other hand, for degradation experiments 

conducted with a 2-electrode setup the difference between normalized capacitance and 

EPZC replicates was, on average, of 0.05 units (5%) and 23 mV, respectively. From this 

perspective, performing a third replicate was not deemed essential. However, the use 

of only two replicates may raise concerns regarding reproducibility. This is an important 



48 

 

point to be considered, as the analysis of potential outliers cannot be conducted. This 

is the case for normalized capacitance and EPZC replicates that differed in more than 0.1 

units (10%) and 50 mV, respectively. Nonetheless, by careful inspection of the overall 

trend of the curve to which they belong, they do not affect the main findings that are 

inferred from the complete data set. 

• Time consuming nature of the electrode degradation process. To study the progressive 

change in electrochemical properties throughout the electrode life, degradation 

experiments were conducted until 85 – 90 % of the initial capacitance was lost, which 

took from 450 min up to 600 min of cycling per electrode. Moreover, to have well 

resolved curves of the capacitance loss and EPZC shift, the cycling domain (i.e., time) 

was divided in portions of 5 cycles up until the 50th cycle.  

• Time consuming nature of electrochemical characterization: to determine the electrode 

EPZC, the cyclic voltammogram had to be collected at a scan rate of 1 mV s-1. Cyclic 

voltammograms collected with faster scan rates did not exhibited the required feature. 

As a result, to cover three cyclic scans over a potential window of 1 V, 1 hr and 40 min 

were required. In addition, the impedance spectrum was collected down to frequencies 

as low as 5 mHz so that the AC signal could propagate into the deeper pores of the 

electrode and capture its capacitive response. The collection of the spectrum, as 

detailed in section 2.2.2 had a duration of 1 hr. 

• Availability of resources: only a limited number of electrochemical cells and channels 

on the potentiostat were available to carry the experiments.  

The elemental composition analysis and contact angle measurements were performed at 

least at three different points. The error bars associated with these measurements is the standard 
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error of the mean. When necessary, uncertainty was reported following error propagation 

equations. Due to sample limitations and the destructive nature of the ATR-FTIR used, these 

spectra were collected just once. 

 



50 

 

Chapter 3: Stability of Activated Carbon Electrodes 

The progressive change in the electrode capacitance and EPZC as a consequence of cycling 

under different water compositions is presented in this chapter. Electrochemical results are 

complemented by the corresponding assessment of the electrodes elemental composition, bulk 

porosity and wettability.  

The discussion begins with a description of the raw electrode characteristics at the 

beginning-of-life, i.e., prior to any degradation experiments. Pristine cyclic voltammograms and 

complex impedance plot planes and key aspects of them are presented and used throughout the 

discussion of the results. Next, the role of dissolved oxygen on the electrode degradation is 

examined by contrasting results obtained under nitrogen and oxygen saturated conditions. 

Subsequently, the effect of iron at concentrations of 0.2, 2.0 and 20 mg Fe2+ L-1 and organic carbon 

at 20 and 40 mg SRNOM L-1 on electrode stability is discussed. Next, the effect of parameters 

such as half cycle time and electrolyte pH is presented. Finally, results obtained using a more 

practical two-electrode electrochemical cell operated at typical cell voltages are presented. The 

latter is done to compare and highlight the advantages of using either a two or a three-electrode 

investigative approach.  

3.1 Beginning-of-Life (BOL) Electrode Characteristics 

The active carbon material (YEC-8A) used for electrosorption had an average particle size 

of 10 µm and an approximate surface area of 2000 m2 g-1. Once in electrode form, the material 

exhibited a specific capacitance of 99.7 ± 1.6 F g-1 in an electrolyte containing 17.1 mM NaCl 

(1000 mg NaCl L-1). As mentioned in section 2.2.1, capacitance was obtained from the third scan 

of a cyclic voltammogram performed with a scan rate of 1 mV s-1. The electrode exhibited a 

traditional capacitive response (i.e., rectangular) to the potential sweep between 0.2 and 0.8 V vs 
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RHE (see shaded area in Figure 3.1). The electrode EPZC was estimated by inspecting the forward 

and reverse sweeps, after respectively locating the potentials associated with the current minimum 

and maximum within the region of capacitive response [10], [44], [67]–[70]. The complex 

impedance plane plot shown in Figure 3.2 displayed a depressed semicircle in the high frequency 

range, which could be modelled by a constant phase element (CPE) [73]–[75] in parallel with a 

resistor. Wang et al. (2020) [19] attributed the presence of the semicircle to ion accumulation at 

the electrode-electrolyte interface. The vertically aligned tail that formed from the mid to low 

frequency range (i.e., to the right of the semicircle) was indicative of the capacitive behaviour of 

the electrode. Compositional analysis through SEM-EDS revealed that the pristine electrode 

consisted of approx. 94.3% ± 0.2% carbon, 4.9% ± 0.2% oxygen and 1.5% ± 0.1% fluorine. Weak 

peaks for oxygen functionalities were observed in the raw FTIR spectra and a high contact angle 

of 131° ± 2.40° indicated the initial hydrophobic nature of the electrode. Furthermore, cross-

sectional SEM image analysis indicated that, at BOL, the electrode possessed a bulk porosity of 

51.6% ± 3.8%. The SEM images presented in Figure 3.3 show the morphology of the electrode 

surface, in which larger pores and the particle size of the used active material can be identified. It 

was possible to see smaller binder agglomerates around larger carbon particles. In addition, the 

cross-sectional images provided a view of the intraparticle porosity (used to estimate bulk 

porosity), by contrasting darker regions (i.e., epoxy filling) and lighter regions (i.e., carbon 

particles) as presented in Appendix A. Furthermore, it was possible to identify the fibers of the 

carbon fiber paper used as the support for the active material.  
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Figure 3.1 Pristine electrode cyclic voltammogram obtained at a scan rate of 1 mV s-1 in 17.1 mM deaerated 

NaCl at room temperature. Shaded area indicates integration boundaries for capacitance calculation and 

minimum and maximum currents used to estimate the electrode EPZC 
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Figure 3.2 Pristine electrode complex impedance plane plot obtained at 0.5 V vs RHE between 350 kHz – 5 

mHz in 17.1 mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) 
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Figure 3.3 SEM image of an electrode at beginning-of-life conditions showing (a) the electrode morphology 

(acquired with an electron accelerating voltage of 15 kV, using a spot size of 4) and (b) the electrode cross 

section containing the active material (i.e., activated carbon) and the carbon fiber paper used as a support 

(i.e., Toray® TGP-H-120) 

Epoxy filling 

Toray® Support 

Active Material 

(b) 

(a) 
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3.2 Baseline Degradation: Effect of Dissolved Oxygen 

The effect of dissolved oxygen was studied by performing degradation experiments under 

anaerobic and aerobic conditions using a three-electrode electrochemical cell, a working electrode 

potential of 1.2 V vs RHE and a half cycle time of 5 minutes. In all cases, the discharge potential 

was equal to the open circuit potential measured at the beginning of each set of cycles (a detailed 

table has been included in Appendix A).  This was done to provide further evidence that dissolved 

oxygen does not directly partake in the corrosion process happening at the anodic side of the cell. 

Moreover, these experiments served as a benchmark to compare degradation in the presence of 

different concentrations of SRNOM and Fe2+. 

Selected cyclic voltammograms at different electrode degradation stages are presented in 

Figures 3.4 and 3.5. For both, N2 and O2 saturated experiments, the capacitive or rectangular 

response of the electrode deteriorated over time. Specifically, the area under the current-potential 

curve decreased as cycling proceeded. This correlated to a reduction in the electrode capacitance, 

as displayed in Figure 3.6. An additional feature observed in the voltammograms is the slanted 

response of the reverse scan, which could be attributed to an increase in resistivity. This resulted 

in a loss of symmetry, which prevented the localization of the current maximum of the reverse 

scan associated with the EPZC. Given the recurrence of this behaviour, the EPZC values herein 

reported were referred only to the potential coupled with the current minimum of the forward 

scan. In accordance with the study by Tobias & Soffer (1983) [53], careful inspection of the 

voltammograms resulted in noting that this feature progressively shifts to more positive values as 

surface oxidation proceeded. These values are shown in Figure 3.7. Another interesting 

characteristic of the voltammograms was the sudden current change at the extremes of the 

potential window. Towards the upper potential limit, the increase in current after 0.8 V vs RHE 
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can be attributed to the occurrence of carbon oxidation and, closer to the 1.0 V vs RHE, to water 

electrolysis (due to the initially neutral electrolyte). It is important to consider then, that a fraction 

of the loss of capacitance and shift of the EPZC might have been caused as a result of the cyclic 

voltammetry due to carbon oxidation and water electrolysis (due to shielding of active sites by 

oxygen). Nonetheless, one would expect most of the electrode degradation to have occurred 

during the cycling protocol, where a potentiostatic charge step at 1.2 V vs RHE was used. As was 

previously mentioned, one of the by-products of the corrosion process and water electrolysis is 

the generation of H+. As a result, the initially neutral electrolyte became acidic and the water 

electrolysis and carbon oxidation potential shifted to higher values according to equation 3.1: 

𝐸 = 𝐸0 − 0.059 ∙ 𝑝𝐻 (3.1) 

where E0 is the standard reduction potential. Therefore, as the electrolyte became acidic, the 

occurrence of these reactions was diminished given the reduced voltage difference applied (i.e., 

the difference between the applied potential and theoretical potential, E, in equation 3.1). As the 

number of performed cycles increased, the current peaks decreased gradually and suggested that 

carbon oxidation and some, unidentified, reduction processes occurring at the limits of the scan 

progressively slowed down upon continuous cycling. It is important to recall that each 

characterization started with fresh electrolyte, which was at neutral pH. Therefore, the decrease in 

the peaks, especially those near the upper potential window, was not the result of a reused acidic 

electrolyte. 
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Figure 3.4 Selected cyclic voltammograms obtained at 1 mV s-1 and 17.1 mM deaerated NaCl at room 

temperature for electrodes cycled under anaerobic conditions at a working electrode potential of 1.2 V vs 

RHE and a half cycle time of 5 min 
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Figure 3.5 Selected cyclic voltammograms obtained at 1 mV s-1 and 17.1 mM deaerated NaCl at room 

temperature for electrodes cycled under aerobic conditions at a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min 

The effect of dissolved oxygen on the loss of capacitance and shift of the EPZC is presented 

in Figures 3.6 and 3.7, respectively. These figures show that in the absence of dissolved oxygen, 

both capacitance and EPZC show no remarkable difference when compared to the ones obtained 

under oxygen saturation. However, in both cases there is a decrease in capacitance and a positive 

shift of the EPZC with cycling. From a practical perspective, the electrodes only lasted 300 min 

when cycled at a potential of 1.2 V vs RHE. It is important to note that in the case of tests 

conducted under nitrogen saturation, oxygen, although it was purged from the solution, might 

have been generated as a result of the cycling potential applied. In particular, this could be 

significant during the first few cycles of each set of cycles performed, because of the initially 

neutral electrolyte (i.e., pH of 7.04 ± 0.06). At this pH, the potential for OER is 0.814 vs RHE, 
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meaning that a voltage difference of ~0.4 V was applied. As the system became acidic, due to the 

occurrence of oxidation processes, the voltage difference applied decreased but remained positive 

and thus, theoretically, the applied potential was large enough to drive the OER. For instance, at 

the end of the first 5 cycles, a final pH of ~3 was measured. At this pH, the potential for OER is 

1.05 V vs RHE and the voltage difference applied was 0.15 V. As the final pH of the electrolyte 

increased with the set of cycles performed (see Figure 3.10), the voltage difference was always 

positive (i.e., the applied potential was, theoretically, large enough to drive the OER), and oxygen 

may have been used to oxidize the electrode, contributing also to the accumulation of charge and 

production of H+ (see Figures 3.9 and 3.10). However, the small differences observed between 

the anaerobic and aerobic cases suggest that most of the oxidation occurred through the donation 

of oxygen by water to functionalize the electrode surface or evolve CO2. The effect of dissolved 

oxygen is further discussed in section 3.5, where a comparison between anaerobic and aerobic 

environments is presented by contrasting the results obtained using a 2-electrode cell setup. 

Finally, it is important to note that no visual confirmation of gas evolution was observed during 

the experiments. On the other hand, the potential window available for electrosorption, defined 

by the difference between the electrode EPZC and the oxygen evolution reaction (OER) potential, 

quickly reduced as cycling progressed. It is important to recall that the OER potential depends on 

the pH. Therefore, the operational window of the electrode will change according to the solution 

pH (and the electrode EPZC). 
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Figure 3.6 Normalized capacitance as a function of the number of cycles performed under N2 or O2 

saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and at room 

temperature. Error bars represent the range between two replicates 
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Figure 3.7 EPZC profiles as a function of the number of cycles performed under N2 or O2 saturation at a 

working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and at room temperature. Error 

bars represent the range between two replicates 

The accumulation of charge at the end of each set of cycles performed shown in Figure 

3.9 followed a power-law decrease up until the 50th cycle. Charge can be calculated by integration 

of the current-time response with respect to time, following equation 3.2: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐶ℎ𝑎𝑟𝑔𝑒 (𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑠) = ∫ 𝑖 𝑑𝑡
𝑡2

𝑡1

 (3.2) 

where i is the current in amperes, t1 and t2 the time in seconds at the beginning of the charge or 

discharge step and at end of the charge or discharge step, respectively. To calculate the 

accumulation of charge, the portions of the charge and discharge steps of the cycling protocol 

were treated separately. Then, the cumulative charge can be calculated for every cycle and its value 
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corresponds to the addition of the charging and discharging portions of the cycle. Figure 3.8 

presents an equivalent, more visual form to observe the process of accumulation of charge. In this 

figure, with aid of the EC-LAB software (Biologic), the cumulative charge from the beginning of 

the experiments as a function of time is presented. As mentioned earlier, the values presented in 

Figure 3.9 are then the ones at the end of each set of cycles. 

 

Figure 3.8 Cumulative charge passed as a function of cycling time for the first 5 cycles performed under 

aerobic conditions, a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min. The red 

dotted line represents the potentiostatic cycling protocol used. The insert shows the data for cycle number 

3 and the charge accumulated is graphically represented by the green line 

On the other hand, the H+ production shown in Figure 3.10, followed an exponential 

decrease. pH was measured at the beginning and end of every set of cycles performed with a pH 

probe (Hanna Instruments). H+ transport through the Nafion™ membrane, used to separate the 

two cell compartments, was not taken into account. From the value of pH recorded, the amount 

of H+ in the solution was calculated using equation 3.3. The change in H+ then was calculated 
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following equation 3.4. The H+ produced was calculated by multiplying the change in [H+] by the 

electrolyte volume used per compartment, which was 100 mL. An important consideration to 

have in mind is the accuracy of the pH measurements, given that they were performed in solutions 

with high ionic strength (i.e., containing 1 M NaCl and in some cases, 0.1 M HCl or 0.1 M NaOH) 

and that the activity of H+ could have been affected, introducing an uncertainty in the pH 

measurement and [H+] calculation, as per the definition of pH (see equation 3.5), where γ is the 

activity coefficient. 

[𝐻+] = 10−𝑝𝐻 (3.3) 

∆[𝐻+] = [𝐻+]𝑓𝑖𝑛𝑎𝑙 − [𝐻+]𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (3.4) 

𝑝𝐻 = − log10([𝐻+] ∙ 𝛾𝐻+) (3.5) 

In these two figures, the similarity observed between the anaerobic and aerobic tests 

strengthened the hypothesis that dissolved oxygen does not directly participate in the carbon 

corrosion process. On the other hand, the relatively large accumulation of charge and production 

of H+ observed during the first 20 cycles could be explained by water electrolysis and also the 

presence of prone to be oxidized carbon-based features such as surface defects, as explained by 

Avasarala et al. (2010) [36] when studying Vulcan XC-72 (i.e., carbon black) for PEMFC 

applications. Consequently, these features had a negligible contribution to the electrode 

capacitance. This is supported by the relatively linear decrease in capacitance observed between 

the 10th and 50th cycle. The loss of capacitance is due to the loss active sites as a result of two 

phenomena: evolution of surface oxides at the electrode surface, which modify the electrode EPZC, 

and evolution of carbon dioxide (see Figure 3.11), which could impact the porous network (i.e., 

coalescence of pores), thereby decreasing the electrode surface area. Kinoshita & Bett (1973) [76], 

while studying the oxidation of carbon black (Neo Spectra), reported that the growth of oxide 
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film with time followed a power law and that it was dependent, also, on the applied potential. In 

addition, it was observed that CO2 was generated simultaneously and became the primary 

oxidation process at longer times. This was the result of a decrease in the rate of formation of 

surface oxides, which was the primary oxidation process at shorter times. The authors proposed 

that these two processes were independent of one another, and that the continuous generation of 

surface oxides involved the diffusion of a reactant (i.e., water) through the oxide later for its 

reaction with an active site. On the other hand, oxidation to CO2 occurred at active sites located 

on edge planes and through gasification of surface oxides. With regards to the role of water 

electrolysis, as noted earlier, the process of oxygen evolution could be contributing to the 

accumulation of charge and H+ production presented in Figures 3.9 and 3.10 as a result of the 

voltage difference applied, considering the electrolyte pH (i.e., neutral at the beginning of each set 

of cycles performed) and the applied potential (i.e., 1.2 V vs RHE).  
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Figure 3.9 Charge accumulated per set of cycles performed as a function of the number of cycles performed 

under N2 or O2 saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min 

and at room temperature. Error bars represent the range between two replicates. Insert shows the power 

law relationship between the charge accumulated and cycles performed up until the 50th cycle 
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Figure 3.10 H+ produced per set of cycles performed and final pH profiles as a function of the number of 

cycles performed under N2 or O2 saturation at a working electrode potential of 1.2 V vs RHE with a half 

cycle time of 5 min and at room temperature. Each set of cycles performed began with fresh, unbuffered 

electrolyte with a pH of 7.06 ± 0.06. Error bars represent the range between two replicates 
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Figure 3.11 Schematic of the carbon corrosion process and its impact on the electrode surface. The two 

reactions occur simultaneously and independent of one another. The formation of an oxide layer reduces 

the amount of available active sites and the evolution of CO2 reduces the electrode surface area 

Additionally, the oxygen to carbon ratios (O/C) shown in Table 3.1 suggest that oxygen 

was incorporated in the electrode surface during the first 15 to 20 cycles. Specifically, the oxygen 

content approx. quadrupled during this time frame (see the normalized capacitance point, C/C0, 

at a value of 0.8), then remained rather stable at values of C/C0 close to 0.6 and 0.4. Interestingly, 

at end-of-life (EOL) the O/C ratio displayed a reduction of 4% and 5% for the aerobic and 

anaerobic case, respectively. This could be related to the evolution of CO2 from the electrode 

surface. Changes in the electrode wettability could also be used to evaluate the extent of electrode 

oxidation. The values for the contact angle, also presented in Table 3.1, showed a substantial 

change during the first 15 to 20 cycles, hence indicating a decrease in hydrophobicity with oxygen 

incorporation in the electrode. FTIR analysis was challenging due to scattering and the curved 
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baseline response of the collected spectrum. To perform the analysis, the collected raw FTIR 

spectrum at different C/C0 values was normalized relative to the corresponding spectrum (i.e., 

anaerobic or aerobic) at the end-of-life (EOL) and was background corrected (refer to Appendix 

A.4 for the raw and normalized FTIR spectra). The EOL spectrum was used as a reference, as it 

could be hypothesized that it possessed a fully developed surface oxide layer and electrodes with 

higher C/C0 values could show qualitative differences as the oxide layer may have not covered 

some areas of the electrode. In the normalized and background corrected spectrum, a positive 

change in transmittance change can be correlated with a decrease in absorption with respect to 

the reference spectrum. Furthermore, the background correction was only performed to regions 

associated with the absorption by oxygen functionalities that showed a narrow, sharp peak. 

Analysis of broad peaks were avoided due to the error associated with establishing the background 

absorption curve.  

With these considerations, there were no major differences noted between the reference 

and electrodes at different C/C0 values. This observation agrees with the proposed carbon 

corrosion mechanism where a surface oxide layer will form, grow and extend to deeper areas of 

the electrode. In addition, FTIR only scans the most top layer of the material and is only a 

qualitative analysis technique. In this sense, the use of other techniques that offer quantitative 

results, such as x-ray photoelectron spectroscopy (XPS) can be helpful to elucidate the ratio of 

oxygen functional groups formed during the corrosion process. Finally, cross-sectional SEM 

image analysis (provided in Appendix A) indicated that, at EOL under aerobic conditions, the 

electrode bulk porosity increased slightly from an initial value of 51.6% ± 3.8% to a value of 56.9% 

± 1.8%. 
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Table 3.1 Oxygen to carbon ratios and contact angle for electrodes at different degradation stages (i.e., 

C/C0) after cycling at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min at room 

temperature under anaerobic (1 M NaCl, N2 saturated) and aerobic conditions (1 M NaCl, O2 saturated) 

C/C0 
O/C2 x 102 Contact Angle (degrees)3 

Anaerobic Aerobic Anaerobic Aerobic 

BOL4 5.22 ± 1.70 131± 2.4 
0.8 21.1 ± 0.52 20.5 ± 0.70 37 ± 1.7 32 ± 0.3 
0.6 22.4 ± 0.52 21.9 ± 0.58 39 ± 3.1 29 ± 5.1 
0.4 20.3 ± 0.70 21.5 ± 0.23 28 ± 3.4 32 ± 1.2 

EOL 15.0 ± 3.62 17.8 ± 1.66 27 ± 3.1 39 ± 3.5 

 
3.3 Degradation in the Presence of Scaling and Fouling Solutes 

3.3.1 Effect of Iron (Fe2+) 

Iron (as Fe2+) is a typical constituent of groundwater and it has been reported to have an 

adverse effect on the desalination performance of CDI systems [15], [19]. The scaling nature of 

iron arises from the possible formation of insoluble species such as iron (III) hydroxide and iron 

(III) oxide. As noted in section 1.4.4, the speciation of iron in CDI systems is closely related to 

the electrolyte pH, the applied potential and dissolved oxygen. These precipitates might restrict 

access to active sites, and thus reduce the electrode capacitance, and modify the surface charge of 

the electrode, affecting the electrode EPZC. 

To test the effect of iron on these electrochemical properties and other morphological 

features such as oxygen surface functionalities and wettability, tests were conducted with solutions 

containing 0.2, 2.0 and 20 mg Fe2+ L-1 (3.58, 35.8 & 358 μM FeCl2 L
-1) using a three-electrode cell 

setup, a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 minutes. In all 

cases, the discharge potential was equal to the open circuit potential measured at the beginning of 

 

2 Uncertainty represents the propagation of error attributed to the averages and standard deviations obtained from 
three EDS elemental composition analyses 
3 Uncertainty represents the standard error 
4 BOL refers to a pristine, unwetted electrode 
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each set of cycles (a detailed table has been included in Appendix A). Solutions were prepared 

with Fe2+ to replicate the typical groundwater iron speciation. Nonetheless, as previously 

mentioned, once in solution, the speciation will be determined by variables such as pH and 

potential, as well as the presence of dissolved oxygen. The profile of capacitance loss is displayed 

in Figure 3.12 for different Fe2+ concentrations. As mentioned before, a small contribution to the 

loss of capacitance and EPZC shift can be expected from carbon oxidation occurring as a result of 

the upper potential limit of the cyclic voltammetry scan (1.0 V vs RHE) and electrolyte pH. 

Additionally, oxygen evolved during cyclic voltammetry (upper potential limit of 1.0 V vs RHE) 

and cycling at 1.2 V vs RHE could be trapped in the vicinity of the pores, preventing the access 

to active sites. These curves revealed the scaling potential of iron, even at the lowest tested 

concentration of 0.2 mg Fe2+ L-1. The loss of capacitance was more pronounced at higher levels 

of 2.0 and 20 mg Fe2+ L-1, although no notable difference was observed for these two levels. In 

contrast with the baseline results (i.e., under aerobic conditions) where 90% of the initial 

capacitance was lost after 300 min of operation at 1.2 V vs RHE, the trials conducted in the 

presence of iron reached this value around the 45th cycle (i.e., 225 min at 1.2 V vs RHE). Another 

interesting feature appeared during the first five cycles. As iron concentration increased, the loss 

of capacitance slowed down, when compared to that of the baseline. In fact, for the trial at 20 mg 

Fe2+ L-1, a capacitance slightly larger than the initial value was calculated. This could be the result 

of the combined effect of pseudo-capacitance and an increase in resistivity arising from the initial 

formation of iron-based deposits. This hypothesis was based on the slight increase (~5%) of the 

shaded area observed in the cyclic voltammogram (see Figure 3.11). In fact, several studies have 

reported the pseudocapacitive properties of Fe2O3 [77]–[79]. The effect of resistivity was also 

noted in the reverse scan of the voltammogram and in the increase of the depressed semicircle 
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diameter (i.e., associated with ion accumulation at the electrode-electrolyte interface [19] and the 

development of oxygen surface functionalities [80]) of the Nyquist plot presented in Figure 3.13. 

Moreover, the EPZC profiles, shown in Figure 3.14, displayed a decrease in voltage up to approx. 

130 mV when compared to the baseline EPZC. The initial effect of this occurrence was 

compensated by the formation of surface oxides, hence the overall positive shift of the EPZC. 

However, over the duration of the cycling experiments, the EPZC values for the iron trials were 

consistently lower than those of the baseline. The profiles for charge accumulation and production 

of H+ presented respectively in Figures 3.15 and 3.16, showed similar behaviour to that of the 

baseline (i.e., power-law decrease in the accumulation of charge and exponential decrease in the 

production of H+). Moreover, most obvious differences appeared during the first 15 to 20 cycles. 

When compared to those of the baseline case, both charge accumulation and H+ produced are 

slightly lower for the experiments performed in solutions containing iron. This could be attributed 

to the initial pH of the electrolyte. These were 6.47 ± 0.10, 5.63 ± 0.08 and 5.45 ± 0.14 for the 

solutions containing 0.2, 2.0 and 20 mg Fe2+ L-1, respectively. The slightly more acidic electrolytes 

will reduce the voltage difference applied (i.e., the difference between the applied potential and 

the theoretical potential required to drive the water electrolysis and carbon oxidation reaction is 

reduced as pH decreases), especially during the first cycles of each set performed. For instance, 

the voltage difference applied for OER at the initial pH condition was 0.35, 0.30 and 0.29 V 

(compared to the 0.39 V observed under baseline conditions) for the solutions containing 0.2, 2.0 

and 20 mg Fe2+ L-1, respectively. Therefore, as with the baseline case but to a slightly lesser extent, 

some of the charge accumulated and the produced H+ could be ascribed to the process of oxygen 

evolution.  
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Figure 3.12 Normalized capacitance as a function of the number of cycles performed under O2 saturation at 

a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and different Fe2+
 

concentrations (from FeCl2) at room temperature. Gray markers provided as a reference for baseline results. 

Error bars represent the range between two replicates 
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(a) (b) 

Figure 3.13 (a) Cyclic voltammograms obtained at 1 mV s-1 in 17.1 mM deaerated NaCl and (b) complex 

impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 mM deaerated NaCl for 

the electrode at the beginning-of-life (BOL) and after 5 cycles at 1.2 V vs RHE with a half cycle time of 5 

min in the presence of 20 mg Fe2+ L-1 (358 μM FeCl2 L-1) 
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Figure 3.14 EPZC profiles as a function of the number of cycles performed under O2 saturation at a working 

electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and different Fe2+ concentrations (from 

FeCl2) at room temperature. Gray markers provided as a reference for baseline results. Error bars represent 

the range between two replicates 
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Figure 3.15 Charge accumulated per set of cycles performed as a function of the number of cycles performed 

under O2 saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and 

different Fe2+ concentrations (from FeCl2) at room temperature. Gray markers provided as a reference for 

baseline results. Error bars represent the range between two replicates. Insert shows the power law 

relationship between the charge accumulated and cycles performed 
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Figure 3.16 H+ produced per set of cycles performed and final pH profiles as functions of the number of 

cycles performed under O2 saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time 

of 5 min and different Fe2+ concentrations (from FeCl2) at room temperature. Each set of cycles performed 

began with fresh, unbuffered electrolyte with a pH of 6.47 ± 0.10, 5.63 ± 0.08 and 5.45 ± 0.14, for the solutions 

containing 2.0, 2.0 and 20 mg Fe2+ L-1, respectively. Gray markers provided as a reference for baseline results. 

Error bars represent the range between two replicates 

As was the case for the baseline, the O/C ratios presented in Table 3.2 show a significant 

increase (i.e., approx. four times) in oxygen content during the first 15 cycles performed. In 

addition, Table 3.2 presents the iron to carbon ratio (Fe/C) calculated from elemental analysis. 

For electrodes cycled under 0.2 and 2.0 mg Fe2+ L-1, iron was only found for the last stages of 

degradation. In contrast, iron content increased progressively over all stages of degradation for 

the case at 20 mg Fe2+ L-1. Similar trends were exhibited by the measured contact angle, as shown 
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in Table 3.3. A steep increase in wettability occurred during early cycling as the electrode surface 

became oxidized. Interestingly, the contact angle increased at the EOL conditions for the 

experiments at 0.2 and 2.0 mg Fe2+ L-1. The opposite was observed for the test at 20 mg Fe2+ L-1. 

Furthermore, cross-sectional SEM image analyses (provided in Appendix A) indicated that, at 

EOL under the presence of 0.2 and 20 mg Fe2+ L-1, the electrode bulk porosity had values of 

50.8% ± 1.7% and 46.9% ± 2.8%, respectively (at BOL, bulk porosity was 51.6% ± 3.8%). The 

slightly reduced porosity observed at 20 mg Fe2+ could be linked to the coating of larger carbon 

particles by insoluble iron-based substances such as Fe2O3 or Fe(OH)3. The SEM images 

presented in Figures 3.17, 3.18 and 3.19 correspond to electrodes at the end-of-life cycled in the 

presence of 0.2, 2.0 and 20 mg Fe2+ L-1, respectively, and show very similar morphological features. 

In fact, they did not show any striking difference than those presented in Figure 3.3 for the 

electrode at beginning-of-life. However, Figure 3.19 shows a few bright spots that did not appear 

in Figures 3.17 and 3.18. It is likely that these spots are iron deposits. Analysis of the FTIR spectra 

followed the treatment described in section 3.2. Qualitatively, the raw FTIR spectra (refer to 

Appendix A.4) demonstrated the evolution of the same absorption bands associated with oxygen 

functionalities that develop under baseline conditions. In the normalized and background 

corrected spectrum, a positive (negative) change in transmittance change can be correlated with a 

decrease (increase) in absorption with respect to the reference spectrum (i.e., electrode at end-of-

life condition). Subtle changes with respect to the reference were observed for the tests performed 

with 0.2 and 2 mg Fe2+ L-1 for the O – H and C – O absorption bands (see Figures 3.20 and 3.21). 
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Figure 3.17 SEM image (acquired with an electron accelerating voltage of 15 kV, using a spot size of 4) of 

an electrode at end-of-life conditions showing the electrode morphology after cycling under aerobic 

conditions in presence of 0.2 mg Fe2+ L-1, at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min 
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Figure 3.18 SEM image (acquired with an electron accelerating voltage of 15 kV, using a spot size of 4) of 

an electrode at end-of-life conditions showing the electrode morphology after cycling under aerobic 

conditions in presence of 2.0 mg Fe2+ L-1, at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min 
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Figure 3.19 SEM image (acquired with an electron accelerating voltage of 15 kV, using a spot size of 4) of 

an electrode at end-of-life conditions showing the electrode morphology after cycling under aerobic 

conditions in presence of 20 mg Fe2+ L-1, at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min 
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Table 3.2 Oxygen and iron to carbon ratios for electrodes at different points of their lifetime (i.e., C/C0) after cycling at a working electrode potential of 1.2 

V vs RHE with a half cycle time of 5 min, at room temperature and different Fe2+ concentrations (3.58, 35.8 & 358 μM FeCl2 L-1). Uncertainty represents 

the propagation of error attributed to the averages and standard deviations obtained from three EDS elemental composition analyses 

C/C0 
0.2 mg Fe2+ L-1 

C/C0 
2.0 mg Fe2+ L-1 

C/C0 
20 mg Fe2+ L-1 

O/C x 102 Fe/C O/C x 102 Fe/C x 10-2 O/C x 102 Fe/C 

BOL 5.22 ± 1.70  BOL 5.22 ± 1.70  BOL 5.22 ± 1.70  
0.9 18.4 ± 0.61 <LOD5 0.8 19.1 ± 0.44 <LOD 0.7 20.4 ± 0.75 1.13 ± 0.14 
0.7 20.2 ± 0.75 <LOD 0.6 19.9 ± 0.65 <LOD 0.5 20.5 ± 0.31 2.18 ± 0.43 
0.4 21.1 ± 0.81 <LOD 0.3 21.5 ± 0.45 0.755 ± 0.19 0.3 23.4 ± 0.57 3.90 ± 1.23 

EOL 13.9 ± 5.16 8.32 x 10-4 ± 7.29 10-5 EOL 18.2 ± 3.74 1.56 ± 0.55 EOL 25.8 ± 9.45 5.38 ± 1.35 

Table 3.3 Contact angle for electrodes at different points of their lifetime (i.e., C/C0) after cycling at a working electrode potential of 1.2 V vs RHE with a 

half cycle time of 5 min, at room temperature and different Fe2+ concentrations (3.58, 35.8 & 358 μM FeCl2 L-1). Uncertainty represents the standard error 

C/C0 
0.2 mg Fe2+ L-1 

C/C0 
2.0 mg Fe2+ L-1 

C/C0 
20 mg Fe2+ L-1 

Contact Angle (degrees) Contact Angle (degrees) Contact Angle (degrees) 

BOL 131± 2.4 BOL 131± 2.4 BOL 131± 2.4 
0.9 41 ± 0.7 0.8 35 ± 2.4 0.7 34 ± 0.6 
0.7 34 ± 2.0 0.6 38 ± 1.8 0.5 32 ± 0.9 
0.4 59 ± 3.5 0.3 47 ± 2.3 0.3 29 ± 1.7 

EOL 63 ± 3.7 EOL 58 ± 5.3 EOL 20 ± 1.1 

 

5 LOD means Limit of Detection 
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Figure 3.20 Change in transmittance of for the O – H and C – O absorption bands for electrodes cycled with 

a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min under aerobic conditions and 0.2 

mg Fe2+ L-1 (3.58 μM FeCl2 L-1) at different degradation stages relative to that exhibited by an electrode at 

EOL conditions. The dotted lines represent the actual change in transmittance. The solid lines are given to 

facilitate the visualization of the trend of the data 

 

 

 



83 

 

  

Figure 3.21 Change in transmittance of for the O – H and C – O absorption bands for electrodes cycled with 

a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min under aerobic conditions and 2.0 

mg Fe2+ L-1 (35.8 μM FeCl2 L-1) at different degradation stages relative to that exhibited by an electrode at 

EOL conditions. The dotted lines represent the actual change in transmittance. The solid lines are given to 

facilitate the visualization of the trend of the data 

3.3.2 Effect of Organic Matter 

The presence of organic matter in water has been shown to be detrimental to CDI 

performance due to fouling by physical enmeshment with the porous network [15], [55]. Given 

its negatively charged nature, organic matter is also attracted to the anode surface and can 

potentially occupy active sites, thus further reducing the desalination performance. Fouling can 

also affect electrochemical properties such as capacitance and EPZC due to the numerous 

functionalities present in the organic matter molecule. In this project, Suwannee River NOM 

isolate was used as a surrogate for organic carbon found in natural water. Experiments were 

conducted with electrolytes containing 20 and 40 mg SRNOM L-1 using a three-electrode cell 

setup, a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 minutes. In all 
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cases, the discharge potential was equal to the open circuit potential measured at the beginning of 

each set of cycles (a detailed table has been included in Appendix A). 

The electrode capacitance loss, shown normalized in Figure 3.22, and the EPZC displayed 

in Figure 3.23 suggest that SRNOM had, if any, an inconsequential fouling impact. Regardless of 

the concentration of SRNOM (20 or 40 mg SRNOM L-1), capacitance was lost and the EPZC 

relocated to more positive values with no substantial difference when compared to those exhibited 

by electrodes cycled under baseline aerobic conditions. Nonetheless, this should not be taken as 

an indicative that this type of organic carbon does not affect desalination performance. In other 

words, although no evidence for physical enmeshment was found, the inherent negative charge 

of organic matter, competition for active sites cannot be ruled out. However, testing this was out 

of the scope of this study and has been reported elsewhere [15], [55]. The low fouling potential of 

SRNOM may be explained by its estimated molecular weight of 1030 Daltons (Da), as reported 

by Bazri and Mohseni (2016) [81] in their study about the effect of NOM on the suspended ion 

exchange process. When compared with Suwanee River Humic Acid (SRHA), with an estimated 

molecular weight of 1540 Da, lower DOC removals were observed and were attributed to the 

blockage of relatively larger pores by SRHA. In contrast, the relatively smaller SRNOM molecules 

were able to travel further inside the resin porous structure. Similar results were reported by Dixit 

et al. (2018) [82] when studying the competitive uptake of Microcystin-LR (MCLR) under presence 

of different fractions of NOM. In this study, the removal of MCLR was hindered as a result of 

pore blockage when larger molecular weight fractions of NOM (i.e., SRHA) were present in 

solution. On the other hand, they hypothesized that NOM fractions with molecular weights below 

1000 Da could access smaller micropores and compete for active sites at the resin surface. The 

results of these studies [81], [82] support the hypothesis that SRNOM, with its relatively lower 
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molecular weight, did not block the electrode pores. This being said, it would be valuable to 

conduct experiments with other NOM fractions with higher molecular weight to elucidate the role 

of this parameter on the occurrence of fouling and the competition for active sites.  

Another possible hypothesis for the negligible impact of SRNOM could arise from the 

structural modification of NOM due to electrooxidation, given the potential applied during 

cycling. However, this would be an unlikely hypothesis because the electrooxidation of organic 

matter requires the use of a high oxidation potential electrode, such as boron doped diamond, to 

allow the generation of OH radicals (E0 = 2.8 V vs SHE) while inhibiting the process of water 

electrolysis [83].  
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Figure 3.22 Normalized capacitance as a function of the number of cycles performed under O2 saturation 

at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min, at room temperature and 

different SRNOM concentrations. Gray markers provided as a reference for baseline results. Error bars 

represent the range between two replicates 
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Figure 3.23 EPZC profiles as a function of the number of cycles performed under O2 saturation at a working 

electrode potential of 1.2 V vs RHE with a half cycle time of 5 min, at room temperature and different 

SRNOM concentrations. Gray markers provided as a reference for baseline results. Error bars represent the 

range between two replicates 

The accumulation of charge and H+ production, respectively shown in Figures 3.24 and 

3.25, showed analogous profiles as those seen for the baseline and iron experiments. That was, a 

power-law decrease in accumulation of charge and an exponential decrease in H+ production. 

Moreover, major change in these parameters occurred during the first 15 to 20 cycles. As well as 

with the baseline case, the significantly larger accumulation of charge and H+ production did not 

correlate with an accelerated loss of capacitance or EPZC shift, hence supporting the hypothesis 

that the easily oxidizable features had a negligible contribution to the electrode capacitance. 

However, when compared to the baseline, the substantial reduction in the accumulation of charge 

and production of H+ could be attributed to the initial pH of the electrolyte used. As presented in 
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Table 2.1, the initial pH for the electrolyte containing 20 and 40 mg SRNOM L-1 was 4.19 ± 0.02 

and 3.85 ± 0.01, respectively. As a result, especially during the first few cycles of each set of cycles 

performed, the voltage difference applied for OER was 0.22 and 0.20 V (compared to the 0.39 V 

observed under baseline conditions) for the electrolyte containing 20 and 40 mg SRNOM L-1, 

respectively. Therefore, the applied voltage difference for oxygen evolution and carbon oxidation 

are much lower in comparison to those experienced under baseline conditions. Nonetheless, some 

of the charge accumulated and H+ produced can be assigned to the OER. In addition, the trend 

observed for the O/C ratio and contact angle (see Table 3.4), for the trials conducted in the 

presence of 20 mg SRNOM L-1, agreed with those observed for the baseline experiment. 

Furthermore, cross-sectional SEM image analysis indicated that, at EOL under presence of 20 mg 

SRNOM L-1, the electrode bulk porosity increased from an initial value of 51.6% ± 3.8% to a 

value of 59.7% ± 4.4%. Analysis of the FTIR spectra followed the treatment described in section 

3.2 and was only performed for electrode cycled in the presence of 20 mg SRNOM                              

L-1.Qualitatively, the raw FTIR spectra (refer to Appendix A.4) demonstrated the evolution of the 

same absorption bands associated with oxygen functionalities than those develop under baseline 

conditions. Following earlier discussion, in the normalized and background corrected spectrum, a 

positive change in transmittance change can be correlated with a decrease in absorption with 

respect to the reference spectrum (i.e., electrode at end-of-life condition). Figure 3.26 shows the 

minor changes with respect to the reference were observed for the O – H and C – O absorption 

bands. 
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Figure 3.24 Charge accumulated per set of cycles performed as a function of the number of cycles performed 

under O2 saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min, at room 

temperature and different SRNOM concentrations. Gray markers provided as a reference for baseline 

results. Error bars represent the range between two replicates. Insert shows the power law relationship 

between the charge accumulated and cycles performed 
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Figure 3.25 H+ produced per set of cycles performed and final pH profiles as functions of the number of 

cycles performed under O2 saturation at a working electrode potential of 1.2 V vs RHE with a half cycle time 

of 5 min and at room temperature. Each set of cycles performed began with fresh, unbuffered electrolyte 

with a pH of 4.19 ± 0.02 and 3.85 ± 0.01 for the solutions containing 20 and 40 mg SRNOM L-1, respectively. 

Gray markers provided as a reference for baseline results. Error bars represent the range between two 

replicates 
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Table 3.4 Oxygen to carbon ratios and contact angle for electrodes at different degradation stages (i.e., 

C/C0) after cycling at a working electrode potential of 1.2 V vs RHE with a half cycle time of 5 min and at 

room temperature under 20 mg SRNOM L-1 

C/C0 O/C6 x 102 Contact Angle (degrees)7 

BOL 5.22 ± 1.70 131 ± 2.4 
0.8 20.7 ± 0.46 28 ± 3.1 
0.6 22.1 ± 0.41 33 ± 2.5 
0.4 22.2 ± 0.19 29 ± 2.3 

EOL 15.3 ± 3.36 28 ± 0.9 

 

  

Figure 3.26 Change in transmittance of for the O – H and C – O absorption bands for electrodes cycled with 

a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min under aerobic conditions and 20 

mg SRNOM L-1 at different degradation stages relative to that exhibited by an electrode at EOL conditions. 

The dotted lines represent the actual change in transmittance. The solid lines are given to facilitate the 

visualization of the trend of the data 

 

6 Uncertainty represents the propagation of error attributed to the averages and standard deviations obtained from 
three EDS elemental composition analyses 
7 Uncertainty represents the standard error 
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3.4 Effect of Cycling Time and Solution pH 

The effect of cycling time on electrode stability is yet to be reported for CDI applications. 

Traditionally, the charging and discharging steps are of equal duration. Ideally, these are defined 

by the time it takes the system to reach equilibrium between the influent and effluent conductivity 

levels. This is also dependent on the applied potential, which acts as the driving force for 

electrosorption and secondary processes, such as carbon corrosion. The latter, as shown by 

equations 1.3 and 1.4, will result in the formation of surface oxides, CO2 and H+.  

As mentioned in section 3.2, Kinoshita & Bett (1973) [76] reported that CO2 evolution 

(equation 1.3) became the dominant oxidation pathway as time increased. On the other hand, the 

diminishing rate of oxide formation over time is indicative of the oxide layer passivating effect. 

Maass et al. (2008) [35] observed this when comparing the carbon corrosion rates (Ketjenblack 

EC300J®) between potentiodynamic and potentiostatic cycling conditions and reported lower 

oxidation rates for electrodes cycled with a constant potential. Under potentiodynamic conditions, 

the formation of the passivating layer was limited, as time the electrode spent at adverse potentials 

(i.e., where carbon corrosion is accelerated) was significantly reduced. Further evidence was 

provided by Macauley et al. (2018) [38] where a decrease in the carbon corrosion rate, at a cell 

potential of 0.9 V, was observed when increasing the potential holding time from 30 to 300 s. 

Given the absence of a standard protocol to evaluate CDI materials, it is vital to understand the 

role of HCT (in addition to that of applied potential) on electrode stability to fairly assess and 

compare different electrode materials. 

In addition, as was presented in section 1.4.3.4, the occurrence of Faradaic reactions will 

affect the electrolyte pH. Moreover, localized pH environments are expected to be encountered 

at the electrode surface depending on the type of Faradaic reactions occurring. Under typical CDI 
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operation, little is known about the effect, if any, of the role of pH on electrode degradation. 

Nonetheless, corrosion studies of different carbon-based materials for PEMFC and chlor-alkali 

applications are available and serve as a good starting point for CDI researchers. However, most 

of the PEMFC studies have been carried, understandably, at low pH values but relatively closer 

potentials to those found in CDI applications; and chlor-alkali investigations [84]–[88] have dealt 

with wider pH ranges but high enough potentials to drive the brine electrolysis process.  In the 

more applicable study by Yi et al. (2017) [89], the largest oxidation current (for glassy carbon) at a 

potential of 1.8 V vs RHE was observed in alkaline conditions (0.1 M KOH) followed by the one 

in acidic (0.5 M H2SO4) and neutral (0.5 M K2SO4) electrolytes. This study proposed a catalytic 

effect of H+ on the oxidation process and an OH radical process in alkaline media. However, the 

latter is unlike to occur under typical CDI conditions.  

To explore the influence of electrolyte pH, four different conditions were tested: acidic 

(pH = 1) and alkaline (pH = 13), and with and without pH adjustment. The sources of H+ and 

OH- were HCl and NaOH, respectively. These susbstances were chosen as their counterions were 

already present, at a concentration of 1 M, in the electrolyte. Under alkaline conditions, the cycling 

potential was adjusted to account for the thermodynamic changes occurring to the water 

electrolysis potential (i.e., following the expression E = 1.23 - 0.059∙pH). As a reference, at a pH 

of 1, the thermodynamic potential for the OER is of 1.17 V vs RHE. Considering that, in this 

case, a potential of 1.2 V vs RHE was applied, a difference of 30 mV with the thermodynamic 

potential for OER exists. With this in mind, under alkaline conditions (pH = 13 and EOER = 0.46 

V vs RHE) the electrode was cycled at a potential of 0.49 V vs RHE. Conversely, as the pH of 

the solution progressively decreased during tests with and without pH adjustment, mantaining a 

constant voltage difference throughout the duration of each set of cycles was not possible. 
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Nonetheless, the role of pH on the occurrence of carbon oxidation and its implication on the 

results and the trends observed are discussed. With regards to pH adjustment, this was done after 

every cycle with the aid of NaOH (0.1 M), to restore the pH to a value close to the initial one (i.e., 

a pH value of 7) and mimic a constant inflow of fresh brackish water solution. After performing 

10 cycles, the electrolyte was disposed and the next round of 10 degradation cycles (i.e., after the 

characterization protocol) was conducted with fresh electrolyte (with a pH of 7). In the 

experiments performed without pH adjustment, the electrolyte was used for 10 consecutive cycles 

(i.e., no pH adjustment between cycles) and was then discarded and replaced with fresh electrolyte 

(with an initial pH of 7) for the next round of 10 degradation cycles (i.e., after the characterization 

protocol). 

Figures 3.27 and 3.28 present the effect of electrolyte pH on the loss of capacitance and 

relocation of the EPZC, respectively. As mentioned earlier, a small contribution to the electrode 

loss of capacitance and shift in the EPZC might be occurring as a consequence of the 

electrochemical characterization protocol. It was noted that adjusting the pH to 7 after every cycle 

had no effect on the rate of capacitance loss and EPZC relocation. This result is interesting, as one 

would have expected a higher degree of electrode degradation as a result of adjusting the pH to 7 

(i.e., the initial electrolyte pH) after every cycle. As mentioned before, a higher voltage difference 

for carbon oxidation was applied at a neutral pH of 7 than that applied at acidic conditions. Figure 

3.27 shows, if anything, a slighlty larger electrode capacitance loss. In contrast, in the case without 

pH adjustment, one would have expected a lesser degree of electrode degradation because at more 

acidic conditions, the potential for carbon oxidation is smaller (due to the reduced voltage 

difference being applied). As explained earlier, the acidic nature of the electrolyte would have 

persisted for 10 consecutive cycles. To elucidate the role of neutral pH, it would be valuable to 
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conduct degradation experiments with a buffered solution, so that one can maintain a constant 

voltage difference and compare results with experiments performed at more acidic and alkaline 

conditions. 

Similar capacitance loss was oberved during alkaline cycling. However, after the 20th cycle, 

the EPZC exhibited a slower shift. This might be an indication that electrode degradation ocurred 

through a different mechanism (i.e., not carbon corrosion). For instance, in the study by Yi et al. 

(2017) [89], the electrolyte presented a brownish yellow colour after oxidation in alkaline 

conditions (0.1 M KOH)  at a potential of 1.8 V vs RHE. This was attributed to carbon dissolution. 

For activated carbon electrodes herein studied, no apparent change in colour was detected in the 

experiments performed in the presence of 0.1 M NaOH. However, the long duration to which 

the electrodes were exposed to alkaline conditions may have affected the electrode microporous 

structure by the action of an etching effect by NaOH. Several studies pertaining to the activation 

of carbon materials have used NaOH to develop the material porosity [90]–[94] and have found 

that the development of mesopores (i.e., pores between 2 and 50 nm) is favoured as the NaOH 

to raw material ratio (w/w) is increased. In the study by Ding et al., (2013) [92], the increase in 

NaOH ratio had a negative effect on the material surface area and capacitance. Moreover, as the 

NaOH ratio increased, elemental analysis showed a decrease in oxygen content (%wt.). During 

the experiments conducted at a pH value of 13, large NaOH to active material ratios conditions 

were met (i.e., 1 M NaOH in a 100 mL compartment with electrodes containing approx. 4.2 mg 

of active material). Hence, it is possible that during the 500 min the electrodes were subject to this 

condition, the coalescence of micropores reduced the electrode surface area thus decreasing the 

electrode capacitance. This reaction seems to have happened slowly at early cycling stages, but its 

effect became apparent after the 10th cycle. The relatively slower change in the electrode EPZC (see 
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Figure 3.28) might be indicative of the evolution of mesoporosity occurring at faster rate than 

surface oxidation, hence explaining the discrepancy between the loss of capacitance and electrode 

EPZC. Therefore, the loss of electrode capacitance presented in Figure 3.27 could be reflecting the 

combined effect of carbon oxidation and the decrease in surface area (i.e., reduction in available 

active sites) caused by carbon dissolution which affected the electrode porous structure. Further 

experiments could be performed with milder alkaline conditions to study and minimize the effect 

of etching. Furthermore, it would be valuable to assess changes in the electrode surface area and 

porosity by means of mercury porosimetry or helium pycnometry analysis. 

On the other hand, a substantial improvement in capacitance retention was observed while 

cycling under acidic conditions. After 50 cycles, approx. 30% of the initial capacitance was lost. 

In comparison, at the same cycling time, at least an 80% loss was observed for the other cases 

studied. As was mentioned previously, under acidic conditions, the formation of surface oxides 

and CO2 is favoured. Moreover, if the catalytic effect of H+ proposed by Yi et al. (2017) [89] for 

glassy carbon were to hold true for amorphous carbons, it would be possible to suggest that, in 

accordance to the study by Kinoshita & Bett (1973) [76], Maass et al. (2008) [35] and Macauley et 

al. (2018) [38], the formation of a passivating oxide layer will slow down the kinetics of carbon 

corrosion. In addition, the smaller voltage difference being applied when compared to that 

available when starting with a neutral electrolyte can be translated into a reduced rate of carbon 

oxidation. In combination, these two could explain the increased retention of capacitance and 

lower EPZC shift of the tests performed at pH of 1. The effect of this protective layer became 

apparent when performing experiments with increased half cycle times (i.e., increased 

potentiostatic holds). 
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Figure 3.27 Normalized capacitance as a function of the number of cycles performed under O2 saturation 

with a half cycle time of 5 min, at room temperature and different electrolyte pH conditions. The working 

electrode potential for the experiments conducted at a pH of 1 and with and without pH adjustment was 1.2 

V vs RHE. On the other hand, the working electrode potential for experiments conducted at a pH of 13 was 

0.49 V vs RHE. In all cases, the discharge potential was equal to the open circuit potential measured at the 

beginning of each set of cycles (see Appendix A). The initial electrolyte pH of the experiments with and 

without pH adjustment was 7. Error bars represent the range between two replicates 
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Figure 3.28 EPZC profiles as a function of the number of cycles performed under O2 saturation with a half 

cycle time 5 min, at room temperature, an electrolyte concentration of 1 M (NaCl) and different electrolyte 

pH conditions. The working electrode potential for the experiments conducted at a pH of 1 and with and 

without pH adjustment was 1.2 V vs RHE. On the other hand, the working electrode potential for 

experiments conducted at a pH of 13 was 0.49 V vs RHE. In all cases, the discharge potential was equal to 

the open circuit potential measured at the beginning of each set of cycles (see Appendix A). The initial 

electrolyte pH of the experiments with and without pH adjustment was 7. Error bars represent the range 

between two replicates 

The influence of HCT on the loss of capacitance and relocation of the EPZC is shown in 

Figures 3.29 and 3.30, respectively. In contrast to the previously discussed results, these 

parameters are presented as a function of the time the electrode was held at a potential of 1.2 V 

vs RHE. As mentioned in section 2.3.1, the selection of different half cycle times was based on 

using multipliers of the 5 min HCT, with the objective to normalize the x-axis of Figures 3.29 and 
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3.30 to the amount of time the working electrode was held at a potential of 1.2 V vs RHE. 

Following this idea, after 2 cycles with a half cycle time of 50 min, the time the electrode was held 

at the charging potential of 1.2 V vs RHE is equal to the case were cycling consisted of 4 cycles 

with a half cycle time of 25 minutes. Observed variations in the loss of capacitance suggested that 

HCT had an impact on the stability of the electrode. Overall, as HCT decreased from 250 to 25 

min, so did the retention of capacitance. Nonetheless, the 1 and 5 min HCT did not follow this 

trend. Specifically, after electrodes were held for 250 min at a potential of 1.2 V vs RHE, 

capacitance was retained around 25%, 17%, 32%, 42% and 95% for HCTs of 1, 5, 25, 50 and 250 

min, respectively. Moreover, after the second and third cycles were performed with an HCT of 

250 min (see Appendix A.1), capacitance retention was 58% and 23%, respectively. The latter was 

observed to be close to the capacitance retention of electrodes cycled with HCTs of 5 and 1 min. 

On the other hand, the differences in EPZC shift were not as clear, especially between the 1 & 5 

min and the 25 & 50 min HCT. However, more rapid relocations were observed for the 1 & 5 

min when compared to the 25 & 50 min HCT, hence suggesting a higher degree of surface 

oxidation for the electrodes cycled with an HCT of 1 and 5 min. In addition, the EPZC of the 

electrodes tested with an HCT of 250 min remained at the same value as that for the BOL state 

(i.e., ~ 460 mV vs RHE) after the first cycle, but increased rapidly after the second (i.e., ~700 mV 

vs RHE at a C/C0 ~ 0.58) and third (~ 770 mV vs RHE at a C/C0 ~ 0.23) cycle with an HCT of 

250 min.  

The increased capacitance retention and reduced EPZC shift as the HCT increased could 

be explained by the formation of a passivating oxide layer, as described in section 3.2 and shown 

in Figure 3.11. Kinoshita & Bett (1973) [76] observed that as the potentiostatic hold increases, the 

oxide layer will cover more surface area and will increase in thickness (see Figure 3.31). At the 
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same time, CO2 will be released from the electrode surface. The increase in layer thickness will 

increase the time required for the reactant to diffuse through the layer and reach available active 

sites located deeper in the electrode, thus delaying the change in the electrode capacitance and 

EPZC. As was previously mentioned, CO2 release will become the main Faradaic reaction as cycling 

time progresses. This causes a loss of carbon mass and through the coalesence of micropores, an 

additional reduction of available surface area is reflected in the loss of capacitance.  

 

Figure 3.29 Normalized capacitance as a function of time the working electrode was held at a potential of 

1.2 V vs RHE for different half cycle times. Cycles performed under O2 saturation, an electrolyte 

concentration of 1 M (NaCl) and at room temperature. Error bars represent the range between two replicates 
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Figure 3.30 EPZC profile as a function of time at a working electrode potential of 1.2 V vs RHE for different 

half cycle times. Cycles performed under O2 saturation, an electrolyte concentration of 1 M (NaCl) and at 

room temperature. Error bars represent the range between two replicates 
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Figure 3.31 Schematic of the development of the oxide layer as a result of the carbon corrosion process. 

Evolution of CO2 occurs simultaneously and over time becomes the main Faradaic reaction. The formation 

of an oxide layer reduces the amount of available active sites and the evolution of CO2 reduces the electrode 

surface area 

The results observed for the 1 and 5 min HCT are challenging to justify. However, they 

might be explained by the electrolyte pH values recorded at the end of each experiment. The pH 

results are presented in Figure 3.32. It is important to consider that every set of cycles started with 

fresh, unbuffered electrolyte with a pH of 7.04 ± 0.06, and that the observed increase in pH as 

cycling progressed is a result of a reduced impact from oxidation processes, as discussed earlier.  

When comparing the data sets for the 1 and 5 min HCT, it was observed that the final pH value 

is consistently less acidic for the 5 min HCT tests. The differences became more apparent when 

the final concentration of H+ is considered. Previously shown results indicated that capacitance 
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retention was improved when the electrode was cycled under constant acidic conditions (i.e., pH 

= 1). However, the difference in pH or H+ observed for the 1 and 5 min HCT trials, was not that 

substantial and suggested that further experiments with increasing pH increments could provide 

useful insights to explain these results. Regardless of the results observed at 1 and 5 min of HCT, 

it has been demonstrated that the selection of cycling time for long-term stability testing is a 

parameter that will affect the long-term stability of the electrode and requires special attention. 

Ideally, the duration of the HCT should be determined by a study of the electrode electrosorption 

performance at different applied potentials. The HCT should not exceed the time required for the 

electrode to be saturated at a particular applied potential. Extending the determined HCT serves 

no practical purpose as no further desalination can be achieved and charge will be consumed 

driving secondary processes. Nonetheless, a strategy might be developed in such a way that the 

holding time is increased to delay electrode degradation and additional banks of electrodes are 

phased in to continue with the desalination step. 
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(a) (b) 

Figure 3.32 (a) Final pH and (b) final H+ concentration at the end of every set of cycles performed with a 

working electrode potential of 1.2 V vs RHE for different half cycle times. Cycles performed under O2 

saturation, an electrolyte concentration of 1 M (NaCl) and at room temperature. Error bars represent the 

range between two replicates 

3.5 Electrode Stability using a Two-Electrode Flow Cell 

The use of two-electrode cells is extensive in the CDI literature. They are particularly 

useful to obtain performance metrics such as salt adsorption capacity, charge efficiency and 

specific energy consumption under practical conditions. Although extremely practical, two-

electrode CDI cells are not suited for fundamental studies. The main reason for this is the lack of 

control over the potential applied to each individual electrode. This is a critical aspect, as the 

potential at the electrode surface plays an important role in determining the feasibility of electron 

transfer reactions. Moreover, in CDI, the individual electrode potential and its corresponding EPZC 

determine the driving force for electrosorption on a particular electrode. Another challenge with 

conventional two-electrode (i.e., without membrane) CDI cells is the possibility of reaction 

coupling between Faradaic reactions, such as carbon oxidation and oxygen reduction. In this case 
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for instance, the H+ produced as a by-product of carbon corrosion at the anode (see reactions 1.3 

and 1.4) is used at the cathode to reduce oxygen and produce hydrogen peroxide (see reaction 

1.7). Moreover, the reduction of hydrogen peroxide will consume H+ to produce water (see 

reaction 1.5). Another challenge is the redistribution of potential between the electrodes as a result 

of the disparity in kinetics of the processes happening at the anode and cathode to maximize the 

charge efficiency (see section 1.4.3.4). 

A two-electrode cell setup (see Figure 2.2) was used to explore the difficulties of 

performing fundamental work, especially during long-term studies. The experiments performed, 

summarized in Table 2.3, were designed to demonstrate the effect of reaction coupling (i.e., effect 

of dissolved oxygen) and the importance of applied potential on electrode degradation. In addition 

to the electrode’s electrochemical properties, the potential distribution to the anode and cathode 

was measured using a reference electrode to evaluate the relative drift of the electrode potentials 

to more thermodynamically adverse conditions. As mentioned in section 2.3.2, the changes 

occurring to the anode are of great interest. To measure the anode potential, a low-profile 

Ag/AgCl reference electrode was placed 3 mm away from its surface. The interelectrode gap was 

1.6 cm. Thus, the potential measured for the counter electrode, could be affected by the Ohmic 

drop as a result of the 13 mm separation. Nonetheless, comparison of the cell potential being 

applied with the individual electrode potentials (i.e., Eanode + Ecathode) indicated a difference of a few 

millivolts, thus suggesting a negligible effect from the Ohmic drop on the measurement of the 

cathode potential. This being said, the primary goal of these measurements was to monitor the 

drift of the anodic potential.  

The equivalent circuit schematic for the two-electrode cell setup is presented in Figure 

3.33. Here, A and C refer to the anode and cathode, respectively; RA and RC correspond to the 
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electrode internal resistance, CA and CC correspond to the electrode capacitance, RFA and RFC 

correspond to the Faradaic resistance (i.e., current leakage due to parasitic processes) and RS 

corresponds to the solution resistance. 

 
Figure 3.33 Equivalent circuit of the two-electrode cell setup 

The capacitance and EPZC profiles for anaerobic tests performed at cell potentials of 1.3 

and 1.8 V are presented in Figure 3.34. The first 40 cycles shown, performed with a cell potential 

of 1.3 V, resulted in a retention of capacitance of around 92% and 89% for the cathode and anode, 

respectively. In addition, the EPZC showed no positive shift, thus indicating a negligible 

functionalization of the electrode surface. Within this time frame, it was observed (see Figures 

3.35 and 3.36) that the anode potential drifted from an initial value of 1.0 V to 1.1 V vs RHE at 

the 40th cycle. Given the minor degradation observed, further tests were performed with a cell 

potential of 1.8 V. Over the 35 cycles performed at this cell potential, the anode potential drifted 

from 1.1 to 1.8 V vs RHE. Surprisingly, during the first ten cycles, the anode capacitance was 

slightly affected (i.e., approx. 2% decrease). This could be explained by the range of potentials, at 

which the anode was subject to (see Figure 3.36), which varied from ~1.15 to ~1.27 V vs RHE. 

However, despite the small change in electrode capacitance, the EPZC displayed a shift from 470 

to 530 mV vs RHE, hence indicating the evolution of surface oxygen functionalities. From the 

50th to 60th cycle, capacitance decreased significantly, on average, around 27% and the EPZC 

changed significantly to a potential of 770 mV. Over these ten cycles, the potential attributed to 

the anode ranged between ~1.27 to ~1.50 V vs RHE. In particular, it was possible to see that the 
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potential attributed to the anode was fairly constant (~1.27 V vs RHE) between the 51st and 55th 

cycle (i.e., between the 11th
 and 15th cycle at a cell potential of 1.8 V), and then, gradually increased 

to up to ~1.50 V vs RHE, thus accelerating the process of carbon corrosion. In accordance to the 

steep decrease in capacitance observed over the last 5 cycles performed, Figure 3.36 shows that 

the anode was subject to potentials between 1.4 and 1.8 V vs RHE. Note, no sign of gas evolution 

was observed (even at the high anodic potentials noted) and roughly, 10% of the cathodic 

capacitance was lost and its EPZC remained practically unchanged over the 65 cycles performed.  

 

 

(a) (b) 

Figure 3.34 (a) Normalized capacitance, and (b) EPZC
 profiles as functions of the number of cycles 

performed under N2 saturation at a cell potential of 1.3 V and 1.8 V with a half cycle time of 5 min, an 

electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) and at room temperature. The electrodes were 

discharged at zero voltage (i.e., Vcell = 0). Error bars represent the range between two replicates 
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Figure 3.35 Electrode potential distribution throughout cycling (1st-30th cycle) with a cell potential of 1.3 V and a half cycle time of 5 min performed under 

N2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at zero voltage (i.e., 

Vcell = 0) 
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Figure 3.36 Electrode potential distribution throughout cycling (31st-65th cycle) with a cell potential of 1.3 V and 1.8 V and a half cycle time of 5 min 

performed under N2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at 

zero voltage (i.e., Vcell = 0) 
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Figure 3.37 shows the profiles of capacitance loss and EPZC relocation for electrodes cycled 

under aerobic conditions with a cell potential of 1.3 V. Over the first 20 cycles, approx. 5% and 

10% of the initial capacitance was lost and the EPZC shifted approx. 15 and 25 mV for the cathode 

and anode, respectively. In a similar way, the relatively low degradation observed could be 

associated with the anodic potential over the first 20 cycles. From Figure 3.38, the anodic potential 

ranged between 1.10 and 1.25 V vs RHE. In fact, this range was very similar to the one observed 

over the first 40 cycles performed under anaerobic conditions. By the 30th cycle, 32% of the initial 

anodic capacitance was lost and the EPZC moved to a potential of ~620 mV vs RHE (i.e., ~118 

mV difference with the EPZC at the 20th cycle). On the other hand, cathodic capacitance was only 

reduced an additional 2% and there was no significant change in its EPZC. From Figure 3.39 it can 

be noted, in particular over the last five cycles, that the anode potential increased progressively, 

and by the 30th cycle, reached values close to 1.35 V vs RHE. The last ten cycles performed caused 

a steep decrease in capacitance and, by the 40th cycle, approx. 90% of the initial anodic capacitance 

had been lost. Over these cycles, the anode was subject to relatively high, adverse potentials. 

Specifically, the anode potential ranged between approx. 1.3 and 1.5 V vs RHE. Very similar 

results were observed for electrodes cycled under aerobic conditions and in presence of 0.2 mg 

Fe2+ L-1 (refer to Appendix A.3 for the capacitance, EPZC and electrode potential distribution 

profiles). The only striking difference arose from the scaling nature of iron. Overall, capacitance 

was lost at a slightly faster rate and the EPZC showed a negative shift by the end of the tenth cycle 

but, at the end of the 30th cycle it showed similar values as those observed for the aerobic baseline 

case. These observations were supported by the recorded potential distribution, which is shown 

to drift slightly faster than that of the aerobic baseline case.  
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(a) (b) 

Figure 3.37 (a) Normalized capacitance, and (b) EPZC
 profiles as a function of the number of cycles 

performed under O2 saturation at a cell potential of 1.3 V with a half cycle time of 5 min, an electrolyte 

concentration of 17.1 mM (1000 mg NaCl L-1) and at room temperature. The electrodes were discharged at 

zero voltage (i.e., Vcell = 0). Error bars represent the range between two replicates
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Figure 3.38 Electrode potential distribution throughout cycling (1st-20th cycle) with a cell potential of 1.3 V with a half cycle time of 5 min performed under 

O2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at zero voltage (i.e., 

Vcell = 0) 
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Figure 3.39 Electrode potential distribution throughout cycling (21st-40th cycle) with a cell potential of 1.3 V with a half cycle time of 5 min performed under 

O2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at zero voltage (i.e., 

Vcell = 0)



114 

 

The role of dissolved oxygen was clear when comparing the anaerobic and aerobic results 

at a cell potential of 1.3 V. These results indicated that the formation of a reaction couple, between 

the processes of carbon oxidation and oxygen reduction, was likely. This is, the consumption of 

the H+ generated at the anode, as a result of carbon oxidation, to drive the reduction of oxygen 

and hydrogen peroxide at the cathode. Moreover, a consequence of carbon oxidation is the 

increase in electrode resistivity [8], [9] (RA in Figure 3.33). As a result, as cycling proceeds, the 

potential attributed to the anode will increase progressively, hence exacerbating the corrosion 

process.  

However, the detrimental effect of this coupling can be mitigated to an extent, in 

conventional CDI, by operating the cell at lower potentials at the cost of desalination performance. 

To show this, cycling experiments were performed under aerobic conditions with a cell potential 

of 1.0 V. Figure 3.40 shows the gradual loss of capacitance and EPZC induced by the cycling 

conditions. Over one hundred cycles, around 12% and 22% of the initial capacitance was lost by 

the cathode and anode, respectively. Moreover, the EPZC of the anode shifted ~50 mV and the 

EPZC of the cathode remained practically unchanged. Relative to the RHE, the cell potential slowly 

moved to more positive values. In fact, Figures 3.41 and 3.42 show that the potential difference 

between the 1st and the 100th was 10 mV only, respectively. In addition, over the one hundred 

cycles performed, the anodic potential never surpassed 1.1 V vs RHE. Finally, although no further 

cycles were performed to observe the full capacitance decay curve, it is possible to hypothesize 

that capacitance will decay rapidly (perhaps precipitously) as the anodic potential progressively 

increases to higher values, hence increasing the driving force for carbon oxidation. 
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(a) (b) 

Figure 3.40 (a) Normalized capacitance and (b) EPZC profiles as functions of the number of cycles performed 

under O2 saturation at a cell potential of 1.0 V with a half cycle time of 5 min, an electrolyte concentration 

of 17.1 mM (1000 mg NaCl L-1) and at room temperature. The electrodes were discharged at zero voltage 

(i.e., Vcell = 0). Error bars represent the range between two replicates 
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Figure 3.41 Electrode potential distribution throughout cycling (1st-50th cycle) with a cell potential of 1.0 V with a half cycle time of 5 min performed under 

O2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at zero voltage (i.e., 

Vcell = 0) 
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Figure 3.42 Electrode potential distribution throughout cycling (51st-100th cycle) with a cell potential of 1.0 V with a half cycle time of 5 min performed under 

O2 saturation using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged at zero voltage (i.e., 

Vcell = 0) 
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3.6 Conclusions 

The degradation of activated carbon electrodes was studied under an ideal electrolyte 

composition (i.e., only NaCl), and in solutions with supplemental iron (II) and Suwannee River 

NOM. Changes in electrochemical properties such as capacitance and EPZC were monitored and 

complemented by tracking the formation of oxygen containing surface groups, the elemental 

composition, bulk porosity and wettability.  

Experiments conducted in the presence of SRNOM, showed that this organic carbon 

surrogate has a negligible fouling potential, even at a relatively high concentration of 40 mg L-1. 

Conversely, the scaling potential of iron was noted at concentrations as low as 0.2 mg Fe2+ L-1 

(3.58 μM FeCl2 L-1). In all cases, electrodes cycled in the presence of iron experienced an 

accelerated loss of capacitance when compared to that observed for the baseline. Approximately 

90% of the initial capacitance was lost after 225 min of operation at 1.2 V vs RHE and 5 min of 

HCT. In comparison, electrodes cycled under baseline conditions and SRNOM, reached this value 

after 300 min of operation. Regarding the solutes effect on the EPZC relocation, when compared 

to the shift observed under baseline conditions, no substantial effect was induced by the presence 

of SRNOM. In contrast, iron-based deposits such as Fe2O3 and Fe(OH)3 appear to balance out 

the effect of surface oxides by slowing down the EPZC relocation.  

Elemental analysis revealed that, for all cases tested, most oxygen incorporation took place 

during the first 15 to 20 cycles performed. Specifically, the O/C ratio increased by a factor of four 

over this time frame and then remained stable up and until the end of the electrode life. In 

addition, an increase in wettability was observed over the early stages of cycling as the contact 

angle decreased from an initial value of ~130° to ~34°, on average. Due to the qualitative nature 

of FTIR and the coverage by the oxide layer of the most top layer of the electrode, no changes 
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were observed with cycling time with respect to the absorption bands associated with oxygen 

containing functionalities such as C = O, C – O and O – H. 

Experiments conducted with different half cycle times demonstrated the importance of 

this parameter on electrode stability. It was observed that an increasing HCT resulted in an 

increased capacitance retention. For instance, after the electrodes were held at a potential of 1.2 

V vs RHE, around 75%, 83%, 68%, 58% and 5% of the initial capacitance was lost for HCTs of 

1, 5, 25, 50 and 250 min, respectively. This effect is likely to be caused by the passivating effect of 

the oxide layer that results from carbon oxidation. As a result, the rate of carbon corrosion 

decreased over extended periods of potentiostatic hold (i.e., increased half cycle time). The 

formation of this layer can be catalyzed by H+, thus explaining the substantial improvement 

(approx. 3.75 times) in capacitance retention observed for electrodes cycled in acidic (pH = 1) 

electrolytes.  

By comparing the results obtained from two and three-electrode cells it has been shown 

that dissolved oxygen is detrimental to the stability of a conventional CDI cell. Its effect arises 

from the formation of a reaction couple between carbon corrosion and oxygen reduction. In fact, 

water acts as the oxygen donor for the carbon oxidation process. A consequence of the coupling 

between these two secondary processes, in a two-electrode cell, the relative electrode potential 

against a reference electrode will progressively move to higher values, hence increasing the driving 

force for the corrosion process. However, this process can be alleviated by operating the cell at 

lower potentials, at the expense of reducing the salt adsorption capacity of the cell. All in all, the 

ever-changing anodic potential demonstrates the limitations of two-electrode cells to study, from 

a fundamental point of view, the process of electrode stability in CDI. Nonetheless, two-electrode 
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cells complement fundamental studies by providing more practical insights on the operation of 

CDI. 

Overall, the results presented in this chapter underline the complexity of selecting 

experimental conditions for electrode stability studies such as potential and cycling time. 

Consequently, claims of stability found in the literature need more critical scrutiny, and to avoid 

bias, a protocol to evaluate the long-term performance of the continuously growing available 

materials for CDI applications is required. 
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Chapter 4: Electrochemical Regeneration 

Chapter 3 presented the effect of carbon oxidation on the electrode stability and its 

dependence on the applied potential, half cycle time and cell configuration. Moreover, the effect 

of fouling and scaling solutes on the loss of performance was investigated. It was demonstrated 

that through the oxidation of the electrode surface and the evolution of CO2, the electrode loses 

its ability to store charge due to unavailability of active sites and the reduction in surface area. In 

chapter 4, the effect of applying reductive potentials on the recovery of the electrode capacitance 

and potential at the point of zero charge (EPZC) is presented. The electrochemical reduction of the 

surface oxides generated during cycling could be a strategy to mitigate the detrimental effect of 

carbon oxidation on the electrode lifetime. Upon electrochemical regeneration, changes in the 

electrode electrochemical properties are complemented by the corresponding assessment of the 

electrode’s elemental composition and wettability.  

First and foremost, the response surface for the recovery of capacitance and EPZC are 

surveyed as functions of applied potential and holding time. A 32-factorial design of experiments 

was designed and generated the different treatment combinations to map the responses. Cyclic 

voltammograms and impedance Nyquist plots are presented to show the changes induced in key 

aspects of the electrochemical response of the electrode after the application of the different 

potential-time treatments using a three-electrode setup. Subsequently, the response surface is 

investigated over the potential domain to further the understanding of capacitance recovery and 

to find a point of maximum recovery. Finally, the long-term retention of capacitance is studied by 

the inclusion of a reductive step in the cycling protocol.  
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4.1 Investigating the Recovery of Capacitance and EPZC Regression 

A factorial design of experiments was used to investigate the effect of applied potential 

and holding time on the recovery of capacitance and regression of the EPZC. The levels for each 

one of the independent variables are shown in Table 2.4. The selection of the lowest potential 

level was made in accordance with preliminary tests performed to evaluate the instrument’s (i.e., 

potentiostat) current limitation. This is also linked to the dimensions of the electrochemical cell 

and electrolyte strength used in the experiments. Conversely, the highest potential was selected by 

calculating the corresponding thermodynamic potential for the hydrogen evolution reaction 

(HER) (i.e., using E = E0 – 0.059∙pH) while considering the observed average initial pH (i.e., pH 

= 7.04 ± 0.06) of the electrolyte. Regarding holding time, on the other hand, the cyclic nature of 

CDI was considered. If successful, a regeneration step implemented as a step of the cycling 

protocol should have the smallest influence on the production of freshwater. Therefore, holding 

times shorter than the half cycle time (HCT) used (i.e., under five minutes) were selected. A 

schematic showing the potential profiles of the cycling and the electrochemical regeneration 

protocol is presented in Figure 4.1.  

The other point to be considered was the time in the electrode’s lifetime when the 

regenerative step should be applied. To select this, it was presumed that in order to successfully 

recover the electrode electrochemical properties and extend its stability, one should reduce oxygen 

functionalities shortly after they are formed to prevent extensive surface coverage. In addition, at 

least 18 cycled electrodes had to be generated (i.e., all at comparable values of C/C0) to perform 

two full replicates of the experimental matrix. Taking these two factors into account, a target C/C0 

value of 0.85 was selected. 
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Figure 4.1 Schematic showing the potential profile of the cycling and electrochemical regeneration protocol. 

The electrode was degraded at a potential of 1.2 V vs RHE with a half cycle time of 5 min until a value of 

C/C0 ≈ 0.85. The electrochemical regeneration consisted of a reductive potential, between -0.4 and -2.1 V 

vs RHE for holding times of 10, 50 and 90 s under baseline conditions (1 M NaCl, O2 saturated). Electrode 

discharge was conducted with a working electrode potential equal to the open circuit potential measured at 

the beginning of the experiment8 which was, on average, 0.560 ± 0.001 V vs RHE  

The percent capacitance recovery presented in this chapter is based on how much of the 

capacitance, that was lost during the degradation of the electrode to a value of C/C0 of 0.85, was 

recovered after application of different potential-holding time treatments (see equation 2.2 in 

section 2.4). The recovery of capacitance is a response to an increase of the available surface area 

or reduction of surface oxygen functionalities, or both. These two increase the number of active 

sites where ions can be electrosorbed. Then, in cases where capacitance recovery exceeded 100%, 

either more available surface area or less surface oxygen functionalities, or both, existed when 

compared to the ones of the electrode at the beginning-of-life. The outcome of applying the 

different potential-holding time treatments on capacitance and EPZC recovery are presented in 

Figures 4.2 and 4.3, respectively. Capacitance was successfully recovered to varying degrees under 

 

8 The potential values at which the electrodes were discharged are presented in Appendix B 
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all conditions tested. In contrast, all treatments failed to regress the EPZC. Inspection of Figure 4.2 

indicated a clear, rapid increase in capacitance recovery as the potential decreased from -0.4 to -

1.25 V vs RHE. In addition, holding time had no particular effect when the applied potential was 

-0.4 V vs RHE, but had a contrasting effect at potentials of -1.25 and -2.1 V vs RHE.  

  

Figure 4.2 Capacitance recovered as a function of holding time and applied potential. Error bars indicate 

the range between two replicates 
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Figure 4.3 EPZC recovery as a function of holding time and applied potential. Error bars indicate the range 

between two replicates 

The hypothesis supporting the selection of the factors used in the factorial design of 

experiments was that lower potentials and longer holding times were going to be able to recover 

more capacitance and regress, to a greater extent, the electrode EPZC. Given the negligible 

regression in the electrode EPZC, the statistical analysis was only performed to the effect of the two 

tested factors on the recovery of capacitance. To provide a statistical confirmation of the 

behaviour observed in the 2-dimensional plots presented in Figure 4.2, Analysis of Variance 

(ANOVA) was performed at a 95% confidence level (i.e., α = 0.05) to test the statistical 

significance of each factor and interaction on the recovery of capacitance. The results are 

summarized in Table 4.1. At a 95% confidence level, it was concluded that applied potential and 

the two-way interaction contributed significantly (i.e., p-value < 0.05) to the recovery of 

capacitance. Moreover, there was insufficient evidence (i.e., p-value > 0.05) to conclude that 

holding time had a statistically significant contribution to the recovery of the electrode capacitance.  
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Table 4.1 ANOVA results summary for the recovery of capacitance after the application of potential-holding 

time treatments 

Source df Adj SS Adj MS F-value p-value 

Model 8 64201.0 8025.1 51.57 0.000 

Linear 4 60890.8 15222.7 97.83 0.000 

Applied Potential 2 60681.3 30340.6 194.99 0.000 

Holding Time 2 209.6 104.8 0.67 0.534 

Two-Way Interactions 4 3310.1 827.5 5.32 0.018 

Applied Potential∙Holding Time 4 3310.1 827.5 5.32 0.018 

Error 9 1400.4 155.6   

Total 17     

Figures 4.4 and 4.5 show representative changes in the features of cyclic voltammograms 

and Nyquist plots (refer to Appendix B.1 for the figures corresponding to the remaining 

treatments). After degradation, the voltammograms exhibited a reduction of the shaded area, 

which translated into a reduction of capacitance, and a relocation of the EPZC, which in turn 

demonstrated surface oxidation. As previously discussed, an increase in resistivity might be 

responsible for the slanted nature of the reverse scan of the voltammogram. Evidence for the 

increase in resistivity was also observed when comparing the beginning-of-life (BOL) and 

degraded complex impedance plane plots. Specifically, an increase in the depressed semicircle 

diameter was noted, which has been attributed by Frackowiak et al. (2016) [80] to the formation 

of surface oxygen functionalities as a by-product of carbon corrosion and by Wang et al. (2020) 

[19] to ion accumulation at the electrode-electrolyte interface. In addition, a linear feature appeared 

to the right of the semicircle following an angle of 22.5°. Shitanda et al. (2015) [95] and Sharma 

(2019) [96] correlated the length of this feature with an enhancement in mesopore area as a result 

of increasing pore depth. On the other hand, Suss et al. (2013) [97] associated the lengthen of this 

feature to an increase in micropore resistance.  
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Figure 4.4 Cyclic voltammograms obtained in deaerated 17.1 mM NaCl at room temperature and 1 mV s-1 

for the pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under selected 

potential-holding time treatments. Diagrams are enlarged to exhibit the change in the capacitive response 

and shift of the EPZC 

  

Figure 4.5 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 mM 

deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for the pristine (BOL), 

cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under selected potential-holding time 

treatments 
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After regeneration, voltammograms displayed different extents of enhancement of the 

area under the I-E curve for all tested treatments. Interestingly, the resistive behaviour observed 

for the reverse scan was not restored. Nonetheless, the contributions to the increase in capacitance 

were observed at both anodic and cathodic portions of the voltammograms. The increase in 

capacitance was also observed in the complex impedance plane plots and could be attributed to 

an increase of the available surface area. This was correlated to the observed reduction in the 

impedance modulus (i.e., |Z|) at the lowest frequency (i.e., 5 mHz). The observed increase in 

capacitance and changes in the features exhibited by the Nyquist plots, could be explained by the 

evolution of H2 as a result of the negative potentials applied, in particular at -1.25 and -2.1 V vs 

RHE. The nucleation of bubbles can break up the electrode surface, thus exposing new active 

sites (i.e., more surface area) which enhanced the electrode capacitance. Analysis of the Nyquist 

plots suggested no improvement of the semicircle diameter, hence implying no modification in 

the surface oxygen functionalities formed during degradation. This was supported by the marginal 

reduction of the oxygen to carbon ratios, presented in Table 4.2. Qualitatively, no change was 

observed in the absorption bands for the different oxygen functionalities (i.e., C = O, C – O and 

O – H) evolved during cycling to a C/C0 value of ≈ 0.85. Refer to Appendix B.3 for the raw FTIR 

and normalized spectra. In this analysis, the reference spectrum was that of an electrode cycled to 

a C/C0 value of ≈ 0.85. In the normalized and background corrected spectrum, a negative change 

in transmittance change can be correlated with an increase in absorption with respect to the 

reference spectrum. As shown in Figures 4.6 and 4.7, subtle changes in transmittance were 

observed, in the background corrected spectrum, for electrodes regenerated at potentials of -0.4 

V and -2.1 V vs RHE with holding times of 10 and 90 s. Furthermore, the complex plane plots 

for treatments performed at potentials of -2.1 and -1.25 V vs RHE, showed varying degrees of 
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regression of the linear portion following an angle of 22.5° (refer to Appendix B.1 for the figures 

corresponding to the remaining treatments). Consequently, this influenced the position of the 

vertical asymptote to which the impedance response aligns as frequency decreases. Suss et al. 

(2013) [97] attributed this behaviour to the evolution of microporosity after studying the effect of 

thermal activation processes for the development of hierarchical carbon electrodes. 

Table 4.2 Oxygen to carbon ratios of electrodes regenerated under different potential-holding time 

treatments after degradation at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

under baseline conditions (1 M NaCl, O2 saturated) until a C/C0 value ≈ 0.85. Uncertainty represents the 

propagation of error attributed to the averages and standard deviations obtained from three EDS elemental 

composition analyses 

Applied 
Potential 

(V vs RHE) 

Holding Time (s) Pristine 
Cycled to 

C/C0 ≈ 0.85 
10 50 90 

O/C x 102 O/C x 102 O/C x 102 

-0.4 20.1 ± 0.73 20.1 ± 2.27 19.7 ± 0.62 

5.22 ± 1.70 20.5 ± 0.70 -1.25 19.9 ± 0.57 17.5 ± 0.21 17.9 ± 0.16 

-2.1 17.8 ± 0.18 18.5 ± 0.67 17.3 ± 0.33 
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Figure 4.6 Change in transmittance of for the O – H and C – O absorption bands for electrodes regenerated 

at -2.1 and -0.4 V vs RHE and a holding time of 10 s relative to that exhibited by a degraded electrode to a 

C/C0 value ≈ 0.85. The dotted lines represent the actual change in transmittance. The solid lines are given 

to facilitate the visualization of the trend of the data 

  

Figure 4.7 Change in transmittance of for the O – H and C – O absorption bands for electrodes regenerated 

at -2.1 and -0.4 V vs RHE and a holding time of 90 s relative to that exhibited by a degraded electrode to a 

C/C0 value ≈ 0.85. The dotted lines represent the actual change in transmittance. The solid lines are given 

to facilitate the visualization of the trend of the data 



131 

 

4.2 Further Probing along the Potential Domain 

Additional regeneration experiments were performed along the potential domain with a 

holding time of 50 s. These were done with the objective to further understand the recovery of 

capacitance and to identify whether a zone of maximum recovery existed. The resulting 

capacitance and EPZC recovered after the potential treatments, presented in section 2.4.2, are 

displayed in Figure 4.8. In agreement with the results presented earlier, the EPZC of the cycled 

electrodes showed an inconsequential change after the regeneration tests.  On the other hand, 

capacitance recovery showed a steep increase as the applied potential decreased from -0.61 to         

-0.83 V vs RHE. Examination of the potentials between -1.46 and -1.89 V vs RHE resulted in a 

stable capacitance recovery of approximately 175%. Figure 4.9 shows the cyclic voltammograms 

and complex plane plots of an electrode that displayed the largest capacitance recovery (i.e., at a 

potential of -1.68 V vs RHE). Refer to Appendix B.2 for the figures corresponding to the other 

additional points. Specifically, the voltammogram of the regenerated electrode exhibited an 

increase of the area under the I-E curve (as previously mentioned) when compared to that of the 

degraded electrode (i.e., to a value of C/C0 ≈ 0.85) and at the beginning-of-life (BOL). Conversely, 

the Nyquist plot showed that the linear segment (to the right of the semicircle) following a 22.5° 

angle and the impedance imaginary component at the lowest frequency (i.e., 5 mHz) were 

completely regressed after regeneration. The recession of these features increased between -0.61 

and -0.83 V vs RHE and was completely regressed for the remaining of the applied potentials. 

Refer to Appendix B.2 for the figures corresponding to the other additional points. Moreover, the 

semicircle diameter attributed to the presence of surface oxides remained virtually the same after 

regeneration. The latter was consistent with the lack of morphological and compositional changes 

consistently observed for this and the rest of potential-holding time treatments. Moreover, for the 
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electrode that showed the largest capacitance recovery, image analysis of cross-sectional portions 

indicated the bulk porosity was not affected by the evolution of bubbles. Specifically, the cycled 

(i.e., C/C0 ≈ 0.85) and regenerated electrodes showed bulk porosities of 44.0% ± 3.8% and 46.7% 

± 0.9%, respectively. 

  
(a) (b) 

Figure 4.8 (a) Capacitance and (b) EPZC recovered as a function of applied potential for different potential-

holding time treatments. Additional 50 s holding time points along the potential domain. Results from the 

32-factorial DOE provided as reference as a way of contrast. The electrodes were degraded at a potential of 

1.2 V vs RHE with a half cycle time of 5 min under baseline conditions (1 M NaCl, O2 saturated) until a 

value of C/C0 ≈ 0.85. Error bars indicate the range between two replicates 
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(a) (b) 

Figure 4.9 (a) Cyclic voltammograms obtained in deaerated 17.1 mM NaCl at room temperature and 1 mV 

s-1 for the pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes cycled under an 

applied potential of -1.68 V vs RHE and 50 s of holding time under baseline conditions (1 M NaCl, O2 

saturated) and (b) Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 

17.1 mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for the pristine 

(BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under an applied potential of -1.68 V 

vs RHE and 50 s of holding time under baseline conditions (1 M NaCl, O2 saturated) 

4.3 Influence on Electrode Stability 

Despite the negligible EPZC recovery, the effect of a regenerative step on the electrode 

cyclability was tested. It consisted of an applied potential of -1.68 V vs RHE and a holding time 

of 10 s. The applied potential of -1.68 V vs RHE was selected as it showed the greatest capacitance 

recovery and the 10 s holding time was chosen as it represented a desirable duration from a 

practical standpoint, for an additional step (i.e., not a step involving desalination) within the cycling 

protocol. As summarized in section 2.4.3, this assessment was performed under baseline aerobic 

conditions (i.e., NaCl alone) and in the presence of 20 mg SRNOM L-1 and 0.2 mg Fe2+ L-1.  
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 The normalized capacitance and EPZC profiles obtained, under these different conditions, 

are presented from Figure 4.10 up to Figure 4.15. As expected, the regenerative step was not 

successful at regressing the electrode EPZC. Nonetheless, for all cases after the 20th cycle, a 

difference in the EPZC of approx. 50 mV was observed between the degraded and regenerated 

electrodes. It is noteworthy that towards the latter stages of cycling, this difference increased to 

around 100 mV for the test in the presence of SRNOM. Capacitance, on the other hand, was 

recovered to nearly the same degree up until the 25th cycle for the baseline and iron containing 

experiments and over the first 20 cycles for the test with SRNOM. From these cycle points and 

onwards, capacitance was no longer recovered. For this reason, the aforementioned recovery in 

the EPZC (i.e., recovery of operational potential window) after the 20th cycle will have a 

progressively smaller effect as the electrode continuously losses capacitance. In addition, the 

normalized capacitance profiles indicated that, although this property was being recovered, it was 

being lost at a faster rate when compared to that of cycling experiments without a regenerative 

step. This observation is in agreement with that made by Theodoridou et al. (1981) [25] where an 

accelerated oxidation of carbon fibres was reported after a reductive treatment. This behaviour 

was hypothesized to be caused by a large number of defects, resulting from the incomplete 

reduction reaction, thereby leading to a surface vulnerable to oxidation. All in all, the application 

of a regenerative step had no positive impact on the overall retention of capacitance. 
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Figure 4.10 Normalized capacitance as a function of the number of cycles performed after degradation at a 

working electrode potential of 1.2 V vs RHE under baseline conditions (1 M NaCl, O2 saturated) with a half 

cycle time of 5 min and after a regeneration step at a working electrode potential of -1.68 V vs RHE and 10 

s of holding time under baseline conditions (1 M NaCl, O2 saturated). Results are contrasted against cycling 

experiments without the use of a regeneration step. Error bars represent the range between two replicates 
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Figure 4.11 EPZC profile as a function of the number of cycles performed after degradation at a working 

electrode potential of 1.2 V vs RHE under baseline conditions (1 M NaCl, O2 saturated) with a half cycle 

time of 5 min and after a regeneration step at a working electrode potential of     -1.68 V vs RHE and 10 s of 

holding time under baseline conditions (1 M NaCl, O2 saturated). Results are contrasted against cycling 

experiments without the use of a regeneration step. Error bars represent the range between two replicates 
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Figure 4.12 Normalized capacitance as a function of the number of cycles performed after degradation at a 

working electrode potential of 1.2 V vs RHE under presence of 0.2 mg Fe2+ L-1 (1 M NaCl, O2 saturated) 

with a half cycle time of 5 min and after a regeneration step at a working electrode potential of -1.68 V vs 

RHE and 10 s of holding time under baseline conditions (1 M NaCl, O2 saturated). Results are contrasted 

against cycling experiments without the use of a regeneration step. Error bars represent the range between 

two replicates 
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Figure 4.13 EPZC profile as a function of the number of cycles performed after degradation at a working 

electrode potential of 1.2 V vs RHE under baseline conditions under presence of 0.2 mg Fe2+ L-1  (1 M NaCl, 

O2 saturated) with a half cycle time of 5 min and after a regeneration step at a working electrode potential 

of -1.68 V vs RHE and 10 s of holding time under baseline conditions (1 M NaCl, O2 saturated). Results are 

contrasted against cycling experiments without the use of a regeneration step. Error bars represent the range 

between two replicates 
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Figure 4.14 Normalized capacitance as a function of the number of cycles performed after degradation at a 

working electrode potential of 1.2 V vs RHE under presence of 20 mg SRNOM L-1 (1 M NaCl, O2 saturated) 

with a half cycle time of 5 min and after a regeneration step at a working electrode potential of -1.68 V vs 

RHE and 10 s of holding time under baseline conditions (1 M NaCl, O2 saturated). Results are contrasted 

against cycling experiments without the use of a regeneration step. Error bars represent the range between 

two replicates 
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Figure 4.15 EPZC profile as a function of the number of cycles performed after degradation at a working 

electrode potential of 1.2 V vs RHE under presence of 20 mg SRNOM L-1 (1 M NaCl, O2 saturated) with a 

half cycle time of 5 min and after a regeneration step at a working electrode potential of -1.68 V vs RHE and 

10 s of holding time under baseline conditions (1 M NaCl, O2 saturated). Results are contrasted against 

cycling experiments without the use of a regeneration step. Error bars represent the range between two 

replicates 

Inspection of the Nyquist plots, presented in Figures 4.16, 4.17 and 4.18, displayed the 

progressive evolution and regression of features as a result of consecutive degradation and 

regeneration steps. For instance, it was observed that the length of the linear portion following a 

22.5° angle feature associated with increase in pore length and micropore resistance increased 

substantially after the second degradation, and then it was reduced after the second regeneration. 

Moreover, the impedance modulus (i.e., |Z|) at the lowest frequency (i.e., 5 mHz) was seen to 

relocate between relatively higher and lower values after each degradation and regeneration step, 



141 

 

respectively. This can be correlated to the loss and generation of new active sites (i.e., reduction 

and recovery of surface area) arising from consecutive degradation and regeneration steps. Upon 

the third degradation and onwards (data not shown), the depressed semicircle did not appear nor 

was it recovered after the regeneration step.  

  

Figure 4.16 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 

mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for consecutive 

degradation and regeneration steps. The electrode was degraded under baseline conditions (1 M NaCl, O2 

saturated) at a working electrode potential of 1.2 V vs RHE with a 5 min half cycle time and regenerated at 

a working electrode potential of -1.68 V vs RHE and 10 s of holding time under baseline conditions (1 M 

NaCl, O2 saturated) 
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Figure 4.17 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 

mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for consecutive 

degradation and regeneration steps. The electrode was degraded under presence of 20 mg SRNOM L-1               

(1 M NaCl, O2 saturated) at a working electrode potential of 1.2 V vs RHE with a 5 min half cycle time and 

regenerated at a working electrode potential of -1.68 V vs RHE and 10 s of holding time under baseline 

conditions (1 M NaCl, O2 saturated) 
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Figure 4.18 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 

mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for consecutive 

degradation and regeneration steps. The electrode was degraded under presence of 0.2 mg Fe2+ L-1 (1 M 

NaCl, O2 saturated) at a working electrode potential of 1.2 V vs RHE with a 5 min half cycle time and 

regenerated at a working electrode potential of -1.68 V vs RHE and 10 s of holding time under baseline 

conditions (1 M NaCl, O2 saturated) 

The oxygen to carbon ratios and contact angle measurements at the end-of-life, are 

presented in Table 4.3 and compared against those observed for electrodes cycled without a 

regeneration stage. A contradictory behaviour is observed when comparing these two parameters. 

One would expect an increase in the O/C ratio to be accompanied by an increase in wettability 

(i.e., decrease in contact angle). However, this was not the case for the electrodes cycled with a 

regeneration step, where despite showing relatively larger contact angles, the O/C ratios showed 

slightly higher values than those calculated for electrodes cycled without a regeneration step. 

Finally, qualitative analysis of the raw and normalized FTIR spectrum (refer to Appendix B.3) of 

electrodes at end-of-life conditions indicated, as expected per previous results, no difference in 

the evolved absorption bands (i.e., C = O, C – O and O – H). In this case, the FTIR spectrum 
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was normalized relative to the corresponding spectrum at EOL condition without a regeneration 

step and was background corrected. Figure 4.19 shows the slight changes observed for the C – O 

and O – H absorption bands.  

Table 4.3 Comparison of the oxygen to carbon ratios and contact angle of electrodes at the end-of-life 

(EOL), cycled with and without an electrochemical regeneration step. The electrode was cycled at a 

working electrode potential of 1.2 V vs RHE with a 5 min half cycle time under baseline conditions (1 M 

NaCl, O2 saturated) and under presence of 20 mg SRNOM L-1 (1 M NaCl, O2 saturated) or 0.2 mg Fe2+ L-1 

(1 M NaCl, O2 saturated). The electrode was regenerated at a working electrode potential of -1.68 V vs RHE 

and 10 s of holding time under baseline conditions (1 M NaCl, O2 saturated) 

Electrolyte 
Composition 

O/C9 x 102 Contact Angle (degrees)10 

Without 
Regeneration 

With 
Regeneration 

Without 
Regeneration 

With 
Regeneration 

Baseline 17.8 ± 1.66 19.2 ± 0.69 39 ± 3.5 86 ± 5.6 
20 mg SRNOM L-1 15.3 ± 3.36 20.5 ± 1.85 28 ± 0.9 55 ± 9.8 

0.2 mg Fe2+ L-1 13.9 ± 5.16 20.2 ± 2.00 63 ± 3.7 100 ± 7.1 
BOL 5.22 ± 1.70 131± 2.4 

 

9 Uncertainty of the O/C represents the propagation of error attributed to the averages and standard deviations 
obtained from three EDS elemental composition analyses 
10 Error bars represent the standard error of the measurements 
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Figure 4.19 Change in transmittance of for the O – H and C – O absorption bands for electrodes at EOL 

conditions cycled with a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min with a 

regeneration step at -1.68 V vs RHE and a holding time of 50 s relative to that exhibited by the corresponding 

electrode at EOL conditions cycled with a working electrode potential of 1.2 V vs RHE and a half cycle time 

of 5 min without a regeneration step. The dotted lines represent the actual change in transmittance. The 

solid lines are given to facilitate the visualization of the trend of the data 

4.4 Conclusions 

The application of reductive potentials for the recovery of capacitance and EPZC was 

investigated. Ex-situ analysis, such as EDS, FTIR spectroscopy and contact angle measurements, 

were performed to evaluate the changes in morphology, composition and wettability.  

The capacitance and EPZC recovery surface response were first mapped with the aid of a 

32-factorial design of experiments. The different recovery treatments consisted of combinations 

of applied potentials of -0.4, -1.25 and -2.1 V vs RHE and holding times of 10, 50 and 90 s. With 

the aid of ANOVA, performed at a confidence level of 95% (α = 0.05), it was found that the 

applied potential has a statistically significant contribution towards capacitance recovery. 

Capacitance was recovered, to some level after all applied potential-holding time treatments. 
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Further evidence supporting the regenerative effect of the treatments was obtained from 

impedance spectroscopy. Features such as the linear portion following a 22.5° and the impedance 

modulus (|Z|) were observed to evolve and regress, to different degrees, after every treatment. 

On the other hand, no substantial changes were noted in the diameter of the semicircle at high 

frequencies. In accordance with the latter, the EPZC of the electrodes showed no sign of recovery, 

indicating that the surface remained functionalized. 

Further exploration of the capacitance recovery surface response was done by performing 

experiments along the potential domain with a holding time of 50 s. These experiments 

demonstrated that capacitance recovery increases sharply between potentials of -0.4 and -0.83 V 

vs RHE and it appears to stabilize at a value of 175% between -1.25 and -2.1 V vs RHE.   

Even though the electrode EPZC was not regressed, a reductive step was included as part 

of the cycling protocol to study its effect on the long-term retention of capacitance. This step, at 

a potential of -1.68 V vs RHE and a holding time of 10 s, was tested for electrodes cycled under 

baseline aerobic conditions (i.e., only NaCl) and in presence of SRNOM or iron (II). For all cases, 

a constant capacitance recovery was observed during the first 20 to 25 cycles. After this point, 

capacitance was no longer recovered. Despite the recovery observed, this did not translate to an 

extended retention of capacitance. In fact, capacitance was lost at a faster rate during the first 20 

to 25 cycles.  

Altogether, under the experimental conditions that were tested herein, the use of 

electrochemical regeneration approaches was not an effective method to mitigate the effect of 

carbon corrosion and thus, prolong the electrode cyclability. However, other cycling protocols 

(i.e., applied potential and half cycle time) out of the scope of this study, may impact the electrode 
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oxidation process in such a way that electrochemical regeneration approaches are an effective way 

to mitigate the effect of carbon corrosion. 
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Chapter 5: Conclusions and Recommendations for Future Work 

5.1 Conclusions 

This study investigated the long-term stability and electrochemical regeneration of 

activated carbon electrodes used in CDI applications. First, the influence of iron and dissolved 

organic matter on the electrode electrochemical and morphological properties over its lifetime 

was studied. Experiments were conducted using a 3-electrode cell setup, at a working electrode 

potential of 1.2 V vs RHE and a half cycle time of 5 min with electrolytes (1 M NaCl) containing 

different concentrations of iron or dissolved organic matter. From these series of experiments, 

the main findings are as follows: 

• The presence of iron, at concentrations as low as 0.2 mg Fe2+ L-1 was shown to 

contribute to the loss of electrode capacitance and delayed the change in the electrode 

potential at the point of zero charge. The effect increased with Fe2+ concentration, but 

no differences were noted between iron concentrations of 2 and 20 mg Fe2+ L-1. The 

scaling behaviour of iron arises from the formation of insoluble Fe3+ deposits on the 

electrode surface, which can reduce the availability of active sites as a result of pore 

blockage. Therefore, a pre-treatment stage (e.g., Greensand filtration) is required to 

minimize the contribution of scaling to the reduction of electrode life. 

• Suwannee River NOM used as a surrogate for dissolved organic carbon had no 

contribution to the loss of electrode capacitance and change in the electrode potential 

at the point of zero charge even at concentrations as high as 40 mg SRNOM L-1. 

Nonetheless, it should be noted that dissolved organic matter has been reported to 

decrease salt adsorption performance, due to competition for active sites and 
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enmeshment with the electrode porous network. Therefore, further studies are required 

to elucidate and explain the results observed in this research (see section 5.2).  

• Elemental analysis through EDS and contact angle measurements indicated a 

substantial incorporation of oxygen during the first 20 cycles performed. A limitation 

of the contact angle measurement is that this technique is only capturing the changes 

in hydrophobicity at the top layer of carbon. As per the discussion of the oxidation 

mechanism, an oxide layer develops over time. Then, it could be possible that over the 

first 20 cycles, the oxide layer covered most of the electrode top layer and, as a result, 

minor changes were observed at different points in the electrode lifetime (i.e., C/C0) 

between the 20th cycle and EOL conditions. Despite this limitation, complementary 

elemental analysis through EDS indicated, in agreement with the observed changes in 

contact angle, a 4-fold increase in oxygen content over the first 20 cycles performed. 

• Analysis of the bulk porosity showed slight changes between BOL and EOL 

conditions. Specifically, an increase in bulk porosity was noted for electrodes cycled in 

the presence of 20 mg SRNOM L-1
 and a decrease was observed for electrodes cycled 

at 20 mg Fe2+ L-1. It is important to note that this parameter was estimated from image 

analysis of cross-sectional SEM images. The grayscale nature of the images made 

difficult to differentiate between carbon particles and the epoxy filler, especially for 

particles that were located towards the far end of the cross-sectional image.   

• FTIR analysis revealed the evolution of oxygen containing functionalities with cycling. 

However, due to the qualitative nature of the analysis and the quick formation of an 

oxide layer on the top layers of the electrode, no changes were observed during the 

electrode life. A more quantitative analysis could be helpful to elucidate which 
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functionalities dominate the electrode surface and whether they change over the 

electrode life. To do this, XPS could be used. Unfortunately, the possibilities did not 

exist to perform this analysis (and other techniques suggested in section 5.2) locally and 

due to COVID-19. Thus, FTIR was chosen as a complementary ex-situ analysis 

technique. However, analysis of FTIR spectra of activated carbon is challenging 

because of the curved baseline and scattering.  

Second, the effect of pH and half cycle time on the electrode electrochemical properties 

was explored. Experiments were conducted using a 3-electrode cell setup, at a working electrode 

potential of 1.2 V vs RHE with electrolytes containing only sodium chloride (1 M NaCl). From 

these series of experiments, the following conclusions were obtained: 

• An increase in half cycle time reduced the loss of electrode capacitance and slowed the 

change in the electrode potential at the point of zero charge. Increased potentiostatic 

holds exhibited lower degradation rates as a result of the passivating effect induced by 

the oxide layer. This reveals that in addition to the applied potential, half cycle time is 

an extremely important parameter and should be subject to standardization to enable a 

fair comparison between different electrode materials. In practice, extending the 

holding time beyond the time required for the electrode surface to be saturated with 

ions results in energy losses. However, it could be possible to prolong the electrode 

lifetime by cycling with extended half cycle times and still achieve the required 

desalination by phasing in unsaturated electrode stacks.  

• At a pH value of 1, the electrodes showed reduced loss of capacitance and change in 

the electrode potential at the point of zero charge. The process of carbon corrosion is 

catalyzed by H+. However, the quick formation of the oxide layer passivates the 



151 

 

electrode surface and the electrochemical properties are lost at a slower rate than those 

of electrodes cycled with near neutral electrolytes. On the other hand, electrodes cycled 

at a pH value of 13, showed a similar capacitance loss profile to that of electrodes cycled 

with near neutral electrolytes. However, the change in the electrode potential at the 

point of zero charge suggested that the loss of capacitance was not dominated by 

carbon corrosion. It is likely that the exposure of the electrode to NaOH etched its 

carbon surface affecting its porous structure resulting in a reduction in surface area. 

Third, the electrode stability was studied using a more practical two-electrode setup to 

understand the role of applied potential and dissolved oxygen during long-term operation. 

Experiments were conducted at cell potentials of 1.0, 1.3 and 1.8 V with electrolytes saturated 

with N2 or O2 and containing only sodium chloride (17.1 mM NaCl). The main findings from 

these series of experiments are:  

• In comparison with the experiments using a three-electrode setup, the presence of 

dissolved oxygen accelerated the loss of capacitance and change in the potential at the 

point of zero charge of the anode when cycling at a cell potential of 1.3 V. In the 

absence of oxygen, the anode showed only a slight change in these electrochemical 

properties. Nonetheless, at a cell potential of 1.8 V, it was possible to fully degrade the 

electrode in just 20 cycles. These results confirmed the reaction coupling occurring 

between the processes of carbon oxidation and oxygen reduction. 

• The effect of this reaction coupling on the electrode stability can be alleviated by 

operating the CDI cell at lower cell potentials at the cost of desalination performance 

or by using membranes. Moreover, the CDI cell could be operated in an alternating 
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polarization mode, in the sense that the electrodes can act as the anode or cathode 

every other cycle.   

• From a practical standpoint, the potential attributed to the anode can be monitored 

(with the aid of an external reference electrode) and used as an additional metric for 

cell performance as it will be an indirect measure of the anode oxidation state. 

• From a fundamental point-of-view, the use of two-electrode cells to investigate the 

stability of materials for CDI applications, which is common in CDI literature, is an 

inadequate approach as the attributed potential to the anode increases as it becomes 

more oxidized.   

Fourth, the application of electrochemical regeneration approaches with the aim to 

mitigate the effect of carbon oxidation by reduction of the surface oxides was investigated. The 

recovery of the electrode capacitance and its potential at the point of zero charge were used as 

measures of the treatment efficacy. The effect of the different regeneration treatments on the 

electrode morphological properties was also analyzed. Finally, the contribution of a regenerative 

step towards the long-term electrode cyclability was investigated. Experiments were conducted 

using a 3-electrode cell setup, at working electrode potentials ranging from -2.1 to -0.4 V vs RHE 

and holding times between 10 and 90 s. From these series of experiments, it was found that 

• Electrochemical regeneration treatments recovered, to different extents, the electrode 

capacitance but were unable to regress the change in the potential of zero charge caused 

by the carbon oxidation process. Of the two variables that were hypothesized to affect 

the recovery, only the applied potential was found to be statistically significant (at an 

alpha value of 0.05). Capacitance recovery increased with a decreased in potential 

between -0.4 and -0.83 V vs RHE to then plateau between -0.83 and -2.1 V vs RHE. 
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The evolution of bubbles, as a result of the evolution of hydrogen may have disrupted 

the electrode porous structure, thus making available new active sites and a 

corresponding increase in surface area. Electrochemical impedance provided evidence 

of change in features associated with increase in surface area and reduction in 

micropore resistance. Moreover, in agreement with the negligible change in the 

electrode potential at the point of zero charge, the elemental analysis of regenerated 

electrodes showed no reduction in oxygen content. 

• When implemented as part of the cycling protocol, capacitance was recovered almost 

at the same degree up to the 25th cycle. Beyond this point, capacitance was not 

recovered. It was noted that the regenerated capacitance was quickly lost in the 

subsequent set of cycles. Overall, the electrode cyclability was not positively influenced 

by the application of an electrochemical regeneration step.  

•  An important point to consider is the cycling regime used to degrade the electrodes. 

The investigation herein presented has demonstrated that applied potential and cycling 

time influence the rate and extent of electrode degradation. It is then relevant to 

hypothesized that, under a different cycling regime the use of electrochemical 

regeneration might show improved results in both electrochemical properties. 

5.2 Recommendations for future work 

The stability of activated carbon electrodes for CDI applications was investigated. Special 

attention was given to understanding the changes that gradually occur to key electrochemical 

properties such as capacitance and EPZC. Additionally, the effects of elemental composition, 

porosity and wettability were monitored. The influences of dissolved oxygen, iron and organic 

matter were explored and contrasted with experiments performed under anaerobic and ideal 
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electrolyte composition. The system behaviour, observed throughout these tests, motivated the 

study of the effect of other parameters such as half cycle time (HCT) and electrolyte pH. Finally, 

for the purpose of comparison with the more rigorous 3-electrode cell setup, selected 

experimental conditions were investigated using a conventional two-electrode cell. With the results 

and insights obtained from this study, the following research inquiries can be recommended for 

future research: 

1. In iron containing groundwaters, the occurrence of manganese is likely. As with iron, several 

insoluble components, such as MnO2 or Mn2O3 could be formed depending on the applied 

potential and electrolyte pH conditions. Therefore, it would be interesting to conduct tests 

with electrolytes containing manganese or a mixture of iron and manganese.  

2. The negligible impact of the organic carbon surrogate used in this study (SRNOM) is unusual. 

Therefore, experiments with other natural organic matter standard isolates would be 

important to reveal whether they have an effect on the decay of electrochemical properties. 

3. The potential dependence of carbon corrosion can be further explored by performing 

degradation experiments with potentials below 1.2 V vs RHE where carbon corrosion is 

minimal, using a three-electrode cell. In parallel, two-electrode cell experiments can be 

performed to track the progressive increase in the anodic potential at different cell potentials. 

Results from these tests can provide useful kinetic information that can be used to tune the 

cycling conditions. 

4. Since local pH values cannot be neglected, studying the effect of cycling time using flow cell 

(two and three-electrode) might provide relevant information to verify the results seen while 

using a three-electrode cell.  
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5. From a fundamental point of view, additional experiments with increasing pH values from 1.0 

to 4.0 could provide a deeper understanding of the observed hindering effect of this parameter 

on electrode degradation.  

6. There is a vast amount of off-the-shelve carbon materials that have been developed for 

electrical double layer capacitor applications (EDLCs). It would be valuable to perform a 

comparison of a few such materials that possess similar surface area, electrical conductivity 

and porosity using the same applied potential and half cycle time. 

7. The survey of literature and the contrast observed between the two and three-electrode tests 

underscores the need for a state-of-the-art reference material and a standardized protocol, in 

the CDI field, to evaluate and compare newly developed materials.   

8. The electrodes utilized in this work used PVDF as a binder, which is hydrophobic by nature. 

To the best of the author’s knowledge, the effect of binder on electrode stability, if any, has 

not been investigated. In this sense, it is possible to use polyvinyl alcohol and a cross linking 

agent (e.g., citric, fumaric or glutaric acid) to generate a hydrophilic electrode. Other common 

binders include carboxymethylcellulose and polytetrafluoroethylene. 

9. The use of complementary ex-situ analysis techniques such as mercury porosimetry and 

helium pycnometry to determine changes in electrode porosity; XPS, time-of-flight secondary 

ion mass spectrometry (ToF-SIMS) and thermogravimetric analysis (TGA) to elucidate 

changes in the surface functionalities at the electrode surface; Raman spectroscopy to 

determine the speciation of the iron deposits that scale the electrode surface; and transmission 

electron microscopy (TEM) will provide important details on the modifications occurring to 

the electrode surface functionalities, porous network and morphology as degradation 

progresses and it is attempted to be recovered through electrochemical regeneration methods. 



156 

 

The use of electrochemical regeneration approaches was explored. Mapping of the 

capacitance and EPZC recovery response surfaces was done by means of a 32-factorial design of 

experiments. The former was examined in detail by performing additional tests along the potential 

domain. Lastly, the effect of a regenerative step on the electrode stability was investigated. Given 

the outcomes and recognizing the exploratory nature of this work, the following research 

questions could deserve further efforts: 

1. From a mechanistic point of view, investigating the role of pH might provide valuable insights 

regarding the feasibility of this approach in aqueous electrolytes. 

2. In this work, a single potentiostatic step approach was used. Nonetheless, one can apply 

potential as a series of pulses or different waveforms. In addition, a galvanostatic approach 

could also be implemented. 

3. In a similar way, other types of EDLCs developed carbons might have a different response to 

the different potential-holding time treatments presented is this work. 
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Appendices 

Appendix A    

A.1 Degradation in Presence of Scaling and Fouling Solutes 

 

Figure A.1 Normalized capacitance as a function of the number of cycles performed under N2 or O2 

saturation at a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min and 20 mg Fe2+ L-1. 

Gray markers provided as a reference for aerobic results. Error bars represent the range between two 

replicates 
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Figure A.2 EPZC profiles as a function of the number of cycles performed under N2 or O2 saturation at a 

working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min and 20 mg Fe2+ L-1. Gray markers 

provided as a reference for aerobic results. Error bars represent the range between two replicates 
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Figure A.3 Normalized capacitance as a function of the number of cycles performed under N2 or O2 

saturation at a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min and 20 mg SRNOM 

L-1. Error bars represent the range between two replicates 
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Figure A.4 EPZC profiles as a function of the number of cycles performed under N2 or O2 saturation at a 

working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min and 20 mg SRNOM L-1. Error bars 

represent the range between two replicates 
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A.2 Effect of Cycling Time and Solution pH 

 

Figure A.5 Normalized capacitance and EPZC as functions of time at a working electrode potential of 1.2 V 

vs RHE for a half cycle time of 250 min. Cycles performed under O2 saturation and an electrolyte strength 

of 1 M (NaCl). Error bars represent the range between two replicates 

 

 

 

 

 

 

 



177 

 

A.3 Electrode Stability using a Two-Electrode Flow Cell 

 

 

(a) (b) 

Figure A.6 (a) Normalized capacitance and (b) EPZC profiles as functions of the number of cycles performed 

under O2 saturation and 0.2 mg Fe2+ L-1 at a cell potential of 1.3 V and a half cycle time of 5 min. Error bars 

represent the range between two replicates 
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Figure A.7 Electrode potential distribution throughout cycling (1st-35th cycle) with a cell potential of 1.3 V and a half cycle time of 5 min performed under 

O2 saturation and 0.2 mg Fe2+ L-1 using an electrolyte concentration of 17.1 mM (1000 mg NaCl L-1) at room temperature. The electrodes were discharged 

at zero voltage (i.e., Vcell = 0) 
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A.4 Raw and Normalized FTIR Spectra 

 

Figure A.8 FTIR spectra of electrodes at different degradation stages after cycling under anaerobic 

conditions at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

 

Figure A.9 FTIR spectra of electrodes at different degradation stages after cycling under aerobic conditions 

at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure A.10 FTIR spectra of electrodes at different degradation stages after cycling under aerobic 

conditions and 0.2 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle time of 

5 min 
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Figure A.11 FTIR spectra of electrodes at different degradation stages after cycling under aerobic conditions 

and 2.0 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

 

Figure A.12 FTIR spectra of electrodes at different degradation stages after cycling under aerobic conditions 

and 20 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure A.13 FTIR spectra of electrodes at different degradation stages after cycling under aerobic conditions 

and 20 mg SRNOM L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

 

Figure A.14 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

anaerobic conditions at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min. 

Electrode at end-of-life used as the reference for normalization 
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Figure A.15 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

aerobic conditions at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min. Electrode 

at end-of-life used as the reference for normalization 

 

Figure A.16 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

aerobic conditions and 0.2 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min. Electrode at end-of-life used as the reference for normalization 
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Figure A.17 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

aerobic conditions and 2.0 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min. Electrode at end-of-life used as the reference for normalization 

 

Figure A.18 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

aerobic conditions and 20 mg Fe2+ L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle time 

of 5 min. Electrode at end-of-life used as the reference for normalization 
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Figure A.19 Normalized FTIR spectra of electrodes at different degradation stages after cycling under 

aerobic conditions and 20 mg SRNOM L-1 at a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min. Electrode at end-of-life used as the reference for normalization 

A.5 Bulk Porosity Analysis 

 

 

Figure A.20 Raw and processed images used to estimate the bulk porosity of a pristine electrode 
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Figure A.20 (Continued) Raw and processed images used to estimate the bulk porosity of a pristine 

electrode 
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Figure A.20 (Continued) Raw and processed images used to estimate the bulk porosity of a pristine 

electrode 
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Figure A.21 Raw and processed images used to estimate the bulk porosity of an electrode at EOL conditions 

after cycling under aerobic conditions with a working electrode potential of 1.2 V vs RHE and a half cycle 

time of 5 min 
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Figure A.21 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions with a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min 
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Figure A.21 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions with a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min 

 

 

Figure A.22 Raw and processed images used to estimate the bulk porosity of an electrode at EOL conditions 

after cycling under aerobic conditions and 0.2 mg Fe2+ L-1 with a working electrode potential of 1.2 V vs 

RHE and a half cycle time of 5 min 
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Figure A.22 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 0.2 mg Fe2+ L-1 with a working electrode 

potential of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure A.22 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 0.2 mg Fe2+ L-1 with a working electrode 

potential of 1.2 V vs RHE and a half cycle time of 5 min 

 

 

Figure A.23 Raw and processed images used to estimate the bulk porosity of an electrode at EOL conditions 

after cycling under aerobic conditions and 20 mg Fe2+ L-1 with a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min 
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Figure A.23 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 20 mg Fe2+ L-1 with a working electrode potential 

of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure A.23 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 20 mg Fe2+ L-1 with a working electrode potential 

of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure A.23 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 20 mg Fe2+ L-1 with a working electrode potential 

of 1.2 V vs RHE and a half cycle time of 5 min 

 

 

Figure A.24 Raw and processed images used to estimate the bulk porosity of an electrode at EOL conditions 

after cycling under aerobic conditions and 20 mg SRNOM L-1 with a working electrode potential of 1.2 V vs 

RHE and a half cycle time of 5 min 
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Figure A.24 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode at 

EOL conditions after cycling under aerobic conditions and 20 mg SRNOM L-1 with a working electrode 

potential of 1.2 V vs RHE and a half cycle time of 5 min 
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A.6 Discharging Potentials of Degradation Experiments 

Table A.1 Discharging potential (V vs RHE) for experiments conducted under N2 or O2 saturation with a 

working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min. The discharge potential equals 

the open circuit potential measured at the beginning of each set of cycles 

Experiment Baseline – Anaerobic  Baseline – Aerobic  

Cycles performed 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.507 0.500 0.500 0.497 
6-10 0.533 0.541 0.537 0.573 
11-15 0.548 0.550 0.551 0.561 
16-20 0.550 0.550 0.551 0.556 
21-25 0.561 0.562 0.563 0.548 
26-30 0.551 0.549 0.553 0.550 
31-35 0.519 0.550 0.555 0.558 
36-40 0.451 0.546 0.519 0.562 
41-45 0.384 0.504 0.452 0.548 
46-50 0.391 0.458 0.412 0.565 
51-60 0.559 0.560 0.558 0.562 
61-70 0.544 0.374 0.526 0.561 

Table A.2 Discharging potential (V vs RHE) for experiments conducted under O2 saturation with a working 

electrode potential of 1.2 V vs RHE and a half cycle time of 5 min in presence of 0.2 and 2.0 mg Fe2+ L-1. 

The discharge potential equals the open circuit potential measured at the beginning of each set of cycles 

Experiment 0.2 mg Fe2+ L-1 2.0 mg Fe2+ L-1 

Cycles performed 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.513 0.515 0.510 0.514 
6-10 0.553 0.552 0.548 0.546 
11-15 0.556 0.554 0.545 0.549 
16-20 0.559 0.558 0.538 0.551 
21-25 0.559 0.556 0.535 0.553 
26-30 0.563 0.561 0.546 0.553 
31-35 0.562 0.562 0.544 0.552 
36-40 0.564 0.565 0.550 0.551 
41-45 0.562 0.561 0.537 0.556 
46-50 0.556 0.556 - - 
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Table A.3 Discharging potential (V vs RHE) for experiments conducted under N2 or O2 saturation with a 

working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min in presence of 20 mg Fe2+ L-1. 

The discharge potential equals the open circuit potential measured at the beginning of each set of cycles 

Experiment 20 mg Fe2+ L-1 – Anaerobic  20 mg Fe2+ L-1 – Aerobic  

Cycles performed 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.500 0.652 0.515 0.511 
6-10 0.527 0.496 0.483 0.482 
11-15 0.525 0.502 0.484 0.477 
16-20 0.514 0.513 0.505 0.511 
21-25 0.516 0.503 0.482 0.499 
26-30 0.489 0.517 0.501 0.511 
31-35 0.518 0.508 0.492 0.484 
36-40 0.518 0.514 0.506 0.517 
41-45 0.521 0.509 0.497 0.502 

Table A.4 Discharging potential (V vs RHE) for experiments conducted under N2 or O2 saturation with a 

working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min in presence of 20 and 40 mg 

SRNOM L-1. The discharge potential equals the open circuit potential measured at the beginning of each 

set of cycles 

Experiment 
20 mg SRNOM L-1 

Anaerobic 
20 mg SRNOM L-1 

Aerobic 
40 mg SRNOM L-1 

Aerobic 

Cycles 
performed 

Replicate 
1 

Replicate 
2 

Replicate 
1 

Replicate 
2 

Replicate 
1 

Replicate 
2 

(V vs RHE) (V vs RHE) (V vs RHE) 

1-5 0.504 0.513 0.517 0.512 0.534 0.529 
6-10 0.568 0.575 0.562 0.559 0.570 0.568 
11-15 0.558 0.560 0.566 0.564 0.572 0.575 
16-20 0.548 0.553 0.563 0.562 0.573 0.571 
21-25 0.540 0.549 0.564 0.563 0.570 0.568 
26-30 0.548 0.551 0.567 0.567 0.578 0.576 
31-35 0.556 0.560 0.568 0.568 0.576 0.572 
36-40 0.561 0.561 0.570 0.569 0.575 0.576 
41-45 0.536 0.540 0.569 0.569 0.570 0.570 
46-50 0.565 0.562 0.569 0.567 0.561 0.568 
51-60 0.568 0.568 0.570 0.567 0.571 0.571 
61-70 0.566 0.566 0.567 0.563 0.565 0.567 
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Table A.5 Discharging potential (V vs RHE) for experiments conducted under O2 saturation with a half 

cycle time of 5 min under acidic (pH = 1) and alkaline (pH = 13) conditions. The working electrode potential 

for the experiments conducted at a pH of 1 was 1.2 V vs RHE. On the other hand, the working electrode 

potential for experiments conducted at a pH of 13 was 0.49 V vs RHE. The discharge potential equals the 

open circuit potential measured at the beginning of each cycle 

Experiment Acidic (pH = 1) Alkaline (pH = 13) 

Cycles number 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1 0.659 0.663 0.124 0.114 
2 0.706 0.709 0.128 0.128 
3 0.741 0.745 0.134 0.135 
4 0.778 0.784 0.136 0.138 
5 0.808 0.811 0.136 0.137 
6 0.814 0.816 0.135 0.133 
7 0.837 0.839 0.135 0.139 
8 0.859 0.859 0.137 0.141 
9 0.876 0.878 0.135 0.141 
10 0.895 0.897 0.139 0.142 
11 0.743 0.750 0.087 0.089 
12 0.776 0.781 0.105 0.106 
13 0.805 0.809 0.114 0.116 
14 0.832 0.835 0.115 0.121 
15 0.859 0.860 0.116 0.123 
16 0.877 0.876 0.124 0.127 
17 0.894 0.891 0.125 0.130 
18 0.911 0.906 0.127 0.131 
19 0.927 0.920 0.128 0.133 
20 0.939 0.930 0.130 0.135 
21 0.712 0.713 0.085 0.083 
22 0.750 0.748 0.096 0.098 
23 0.789 0.785 0.107 0.107 
24 0.823 0.817 0.112 0.114 
25 0.854 0.843 0.117 0.118 
26 0.884 0.869 0.111 0.115 
27 0.915 0.895 0.117 0.120 
28 0.941 0.914 0.122 0.124 
29 0.962 0.931 0.132 0.131 
30 0.982 0.946 0.135 0.134 
31 0.757 0.759 0.077 0.083 
32 0.798 0.787 0.100 0.104 
33 0.836 0.821 0.109 0.115 
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Table A.5 (Continued) Discharging potential (V vs RHE) for experiments conducted under O2 saturation 

with a half cycle time of 5 min under acidic (pH = 1) and alkaline (pH = 13) conditions. The working 

electrode potential for the experiments conducted at a pH of 1 was 1.2 V vs RHE. On the other hand, the 

working electrode potential for experiments conducted at a pH of 13 was 0.49 V vs RHE. The discharge 

potential equals the open circuit potential measured at the beginning of each cycle 

Experiment Acidic (pH = 1) Alkaline (pH = 13) 

Cycles number 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

34 0.877 0.851 0.117 0.122 
35 0.917 0.878 0.123 0.127 
36 0.952 0.904 0.133 0.135 
37 0.981 0.923 0.149 0.149 
38 1.006 0.944 0.163 0.162 
39 1.021 0.960 0.174 0.170 
40 1.030 0.976 0.187 0.183 
41 0.742 0.745 0.077 0.085 
42 0.796 0.785 0.101 0.106 
43 0.849 0.821 0.119 0.120 
44 0.904 0.854 0.137 0.138 
45 0.954 0.885 0.157 0.156 
46 0.992 0.917 0.175 0.171 
47 1.015 0.944 0.193 0.191 
48 1.027 0.967 0.201 0.191 
49 1.034 0.988 0.209 0.210 
50 1.035 1.000 0.206 0.213 

Table A.6 Discharging potential (V vs RHE) for experiments conducted under O2 saturation with a working 

electrode potential of 1.2 V vs RHE, a half cycle time of 5 min with and without pH adjustment after every 

cycle. The discharge potential equals the open circuit potential measured at the beginning of each cycle 

Experiment No Adjustment With Adjustment 

Cycles number 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1 0.489 0.509 0.483 0.484 
2 0.578 0.590 0.541 0.540 
3 0.628 0.642 0.577 0.607 
4 0.672 0.689 0.607 0.629 
5 0.699 0.721 0.629 0.647 
6 0.723 0.725 0.644 0.661 
7 0.740 0.745 0.656 0.672 
8 0.755 0.765 0.666 0.681 
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Table A.6 (Continued) Discharging potential (V vs RHE) for experiments conducted under O2 saturation 

with a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min with and without pH 

adjustment after every cycle. The discharge potential equals the open circuit potential measured at the 

beginning of each cycle 

Experiment No Adjustment With Adjustment 

Cycles number 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

9 0.769 0.782 0.674 0.688 
10 0.778 0.798 0.682 0.577 
11 0.545 0.589 0.533 0.537 
12 0.574 0.609 0.558 0.564 
13 0.602 0.631 0.580 0.587 
14 0.629 0.654 0.599 0.610 
15 0.655 0.679 0.618 0.633 
16 0.669 0.703 0.625 0.647 
17 0.647 0.728 0.645 0.670 
18 0.726 0.757 0.669 0.697 
19 0.756 0.786 0.690 0.725 
20 0.791 0.819 0.718 0.758 
21 0.553 0.523 0.542 0.550 
22 0.592 0.559 0.584 0.596 
23 0.640 0.604 0.634 0.651 
24 0.705 0.657 0.691 0.715 
25 0.767 0.716 0.744 0.771 
26 0.818 0.776 0.788 0.810 
27 0.847 0.821 0.814 0.832 
28 0.852 0.850 0.819 0.836 
29 0.861 0.859 0.830 0.850 
30 0.859 0.872 0.828 0.844 
31 0.579 0.565 0.571 0.573 
32 0.668 0.665 0.658 0.678 
33 0.751 0.758 0.737 0.767 
34 0.799 0.815 0.779 0.810 
35 0.828 0.845 0.806 0.835 
36 0.836 0.854 0.818 0.844 
37 0.745 0.867 0.826 0.852 
38 0.849 0.867 0.829 0.855 
39 0.845 0.866 0.824 0.848 
40 0.848 0.868 0.825 0.852 
41 0.564 0.563 0.562 0.562 
42 0.677 0.676 0.668 0.678 
43 0.748 0.756 0.740 0.752 
44 0.777 0.796 0.767 0.784 
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Table A.6 (Continued) Discharging potential (V vs RHE) for experiments conducted under O2 saturation 

with a working electrode potential of 1.2 V vs RHE, a half cycle time of 5 min with and without pH 

adjustment after every cycle. The discharge potential equals the open circuit potential measured at the 

beginning of each cycle 

Experiment No Adjustment With Adjustment 

Cycles number 
Replicate 1 Replicate 2 Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

45 0.799 0.817 0.789 0.809 
46 0.814 0.824 0.803 0.826 
47 0.820 0.833 0.808 0.827 
48 0.818 0.837 0.804 0.822 
49 0.820 0.835 0.803 0.822 
50 0.819 0.834 0.802 0.821 
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Appendix B   

B.1 Investigating the Recovery of Capacitance and EPZC regression 

  

 

Figure B.1 Cyclic voltammograms obtained in deaerated 17.1 mM NaCl at room temperature and 1 mV s-1 

for the pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under different 

potential-holding time treatments. Diagrams are enlarged to exhibit the change in the capacitive response 

and shift of the EPZC 



204 

 

  

  

Figure B.1 (Continued) Cyclic voltammograms obtained in deaerated 17.1 mM NaCl at room temperature 

and 1 mV s-1 for the pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under 

different potential-holding time treatments. Diagrams are enlarged to exhibit the change in the capacitive 

response and shift of the EPZC 
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Figure B.2 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 

mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for the pristine (BOL), 

cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under different potential-holding time 

treatments 
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Figure B.2 (Continued) Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 

mHz in 17.1 mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for the 

pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under different potential-

holding time treatments 
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B.2 Further Probing along the Potential Domain 

  

  

Figure B.3 Cyclic voltammograms obtained in deaerated 17.1 mM NaCl at room temperature and 1 mV s-1 

for the pristine (BOL), cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under different 

reductive potentials and a holding time of 50 s. Diagrams are enlarged to exhibit the change in the capacitive 

response and shift of the EPZC 
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Figure B.4 Complex impedance plane plots obtained at 0.5 V vs RHE between 350 kHz – 5 mHz in 17.1 

mM deaerated NaCl at room temperature with a sine amplitude of 5 mV (3.54 mVRMS) for the pristine (BOL), 

cycled (degraded to C/C0 ≈ 0.85) and regenerated electrodes under different reductive potentials and a 

holding time of 50 s 
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B.3 Raw and Normalized FTIR Spectra 

 

Figure B.5 FTIR spectra of electrodes regenerated at -2.1, -1.25 and -0.4 V vs RHE and a holding time of 10 

s after cycling at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

 

Figure B.6 FTIR spectra of electrodes regenerated at -2.1, -1.25 and -0.4 V vs RHE and a holding time of 50 

s after cycling at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 
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Figure B.7 FTIR spectra of electrodes regenerated at -2.1, -1.25 and -0.4 V vs RHE and a holding time of 90 

s after cycling at a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min 

 
 

Figure B.8 FTIR spectra at the end-of-life of electrodes cycled with a working electrode potential of 1.2 V 

vs RHE and a half cycle time of 5 min and an added regenerative step with working electrode potential of  

-1.68 V vs RHE and a holding time of 10 s 
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Figure B.9 Normalized FTIR spectra of regenerated electrodes with different reductive potentials and a 

holding time of 10 s after cycling to a C/C0 value ≈ 0.85 at a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min. Electrode at a C/C0 value ≈ 0.85 used as the reference for normalization 

 

Figure B.10 Normalized FTIR spectra of regenerated electrodes with different reductive potentials and a 

holding time of 50 s after cycling to a C/C0 value ≈ 0.85 at a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min. Electrode at a C/C0 value ≈ 0.85 used as the reference for normalization 



212 

 

 

Figure B.11 Normalized FTIR spectra of regenerated electrodes with different reductive potentials and a 

holding time of 90 s after cycling to a C/C0 value ≈ 0.85 at a working electrode potential of 1.2 V vs RHE 

and a half cycle time of 5 min. Electrode at a C/C0 value ≈ 0.85 used as the reference for normalization 

 

Figure B.12 Normalized FTIR spectra of electrodes at the end-of-life of electrodes cycled with a working 

electrode potential of 1.2 V vs RHE and a half cycle time of 5 min with a regeneration step at -1.68 V vs RHE 

and a holding time of 50 s Electrode at the end-of-life cycled with a working electrode potential of 1.2 V vs 

RHE and a half cycle time of 5 min used as the reference for normalization 
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B.4 Porosity Analysis 

 

 

 

 

 

 

Figure B.13 Raw and processed images used to estimate the bulk porosity of an electrode degraded to a 

C/C0 value ≈ 0.85 
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Figure B.13 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode 

degraded to a C/C0 value ≈ 0.85 
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Figure B.14 Raw and processed images used to estimate the bulk porosity of an electrode regenerated at a 

potential of -1.68 V vs RHE and a holding time of 50 s after cycling under aerobic conditions with a working 

electrode potential of 1.2 V vs RHE and a half cycle time of 5 min until a C/C0 value ≈ 0.85 
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Figure B.14 (Continued) Raw and processed images used to estimate the bulk porosity of an electrode 

regenerated at a potential of -1.68 V vs RHE and a holding time of 50 s after cycling under aerobic conditions 

with a working electrode potential of 1.2 V vs RHE and a half cycle time of 5 min until a C/C0 value ≈ 0.85 

B.5 Discharging Potentials of Regeneration Experiments 

Table B.1 Discharging potential (V vs RHE) for regeneration experiments of the 32-factorial design of 

experiments conducted under O2 saturation and 1 M NaCl with different working electrode potentials and 

holding times. The discharge potential equals the open circuit potential measured at the beginning of each 

experiment 

Experiment Replicate 1 Replicate 2 
Applied Potential (V vs RHE) Holding Time (s) (V vs RHE) 

-0.4 
10 

0.564 0.570 
-1.25 0.567 0.571 
-2.1 0.564 0.555 

-0.4 
50 

0.559 0.566 
-1.25 0.559 0.576 
-2.1 0.559 0.567 

-0.4 
90 

0.561 0.554 
-1.25 0.566 0.571 
-2.1 0.553 0.551 
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Table B.2 Discharging potential (V vs RHE) for regeneration experiments conducted along the potential 

domain conducted under O2 saturation and 1 M NaCl with a holding time of 50 s. The discharge potential 

equals the open circuit potential measured at the beginning of each experiment 

Experiment Replicate 1 Replicate 2 
Applied Potential (V vs RHE) Holding Time (s) (V vs RHE) 

-0.61 

50 

0.572 0.566 
-0.83 0.549 0.560 
-1.46 0.555 0.547 
-1.68 0.552 0.553 
-1.89 0.556 0.555 

Table B.3 Discharging potential (V vs RHE) for degradation experiments performed with a working 

electrode potential of 1.2 V and a half cycle time of 5 min under O2 saturation and regeneration experiments 

performed with a working electrode potential of -1.68 V vs RHE and a holding time of 10 s. The electrolyte 

concentration was 1 M NaCl. The discharge potential equals the open circuit potential measured at the 

beginning of each experiment 

Experiment Degradation Regeneration 

Cycles performed 
Replicate 1 Replicate 2 

Test 
Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.513 0.513 1 0.555 0.546 
6-10 0.546 0.553 2 0.565 0.556 
11-15 0.551 0.553 3 0.557 0.552 
16-20 0.551 0.547 4 0.561 0.555 
21-25 0.557 0.559 5 0.564 0.557 
26-30 0.554 0.546 6 0.567 0.560 
31-40 0.560 0.560 7 0.566 0.559 
41-50 0.554 0.556 8 0.557 0.546 
51-60 0.542 0.556 9 0.553 0.548 
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Table B.4 Discharging potential (V vs RHE) for degradation experiments performed with a working 

electrode potential of 1.2 V and a half cycle time of 5 min under O2 saturation and 0.2 mg Fe2+ L-1 and 

regeneration experiments performed with a working electrode potential of -1.68 V vs RHE and a holding 

time of 10 s. The electrolyte concentration was 1 M NaCl. The discharge potential equals the open circuit 

potential measured at the beginning of each experiment 

Experiment Degradation  Regeneration 

Cycles performed 
Replicate 1 Replicate 2 

Test 
Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.512 0.514 1 0.550 0.564 
6-10 0.557 0.545 2 0.559 0.564 
11-15 0.549 0.550 3 0.546 0.570 
16-20 0.545 0.547 4 0.551 0.568 
21-25 0.555 0.556 5 0.555 0.565 
26-30 0.544 0.555 6 0.201 0.552 
31-40 0.553 0.560 7 0.561 0.557 
41-50 0.554 0.516 8 0.559 0.551 
51-60 0.536 0.546 9 0.554 0.539 

Table B.5 Discharging potential (V vs RHE) for degradation experiments performed with a working 

electrode potential of 1.2 V and a half cycle time of 5 min under O2 saturation and 20 mg SRNOM L-1 and 

regeneration experiments performed with a working electrode potential of -1.68 V vs RHE and a holding 

time of 10 s. The electrolyte concentration was 1 M NaCl. The discharge potential equals the open circuit 

potential measured at the beginning of each experiment 

Experiment Degradation  Regeneration 

Cycles performed 
Replicate 1 Replicate 2 

Test 
Replicate 1 Replicate 2 

(V vs RHE) (V vs RHE) 

1-5 0.524 0.519 1 0.556 0.553 
6-10 0.552 0.546 2 0.562 0.562 
11-15 0.554 0.551 3 0.560 0.562 
16-20 0.559 0.557 4 0.563 0.563 
21-25 0.566 0.559 5 0.561 0.561 
26-30 0.564 0.558 6 0.564 0.564 
31-40 0.555 0.533 7 0.563 0.558 
41-50 0.515 0.536 8 0.554 0.563 
51-60 0.538 0.533 9 0.544 0.557 
61-70 0.550 0.536 10 0.537 0.553 
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Appendix C   

C.1 Technical Drawings of the Electrochemical Cell 

 

 

Figure C.1 Isometric view and dimensions in centimeters (top view) of the lid of the working electrode side 

of the electrochemical cell 

 

 

Figure C.2 Isometric view and dimensions in centimeters (top view) of the lid of the two-electrode flow-cell 
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Figure C.3 Isometric view and dimensions in centimeters (top view) of the lid of the counter electrode side 

of the electrochemical cell 

 
 

Figure C.4 Isometric view and dimensions in centimeters (top view) of the electrode holder 



221 

 

 

Figure C.5 Schematic and dimensions in centimeters of the compartments of the electrochemical cell 


