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Abstract 

Carbon can be a game-changing material to meet the global challenges in freshwater 

production and renewable conversion and storage devices due to their versatile nature. 

However, its hydrophobic characteristics, poor stability, low electrical conductivity, and small 

number of active sites limit its functions. Therefore, numerous efforts have been made to 

develop modified carbon materials to enhance their properties as electrocatalysts and electrode 

materials. This research focuses on developing modified nanocarbon materials for applications 

in water desalination by capacitive deionization (CDI) and electrochemical H2O2 synthesis via 

oxygen reduction reaction (ORR). 

In the first application, a systematic study has been conducted for controllable and 

quantifiable impregnation of a cationic surfactant cetyl trimethyl ammonium bromide (CTAB)  

and an anionic surfactant sodium dodecyl sulfate (SDS) on activated carbon (AC) electrodes, 

respectively, and used to construct a asymmetric electrochemical cells. The electrochemical 

properties have been thoroughly characterized with cyclic voltammetry (CV) and galvanostatic 

charge-discharge (GCD) measurements. The electrochemical cells consisting of a pair of such 

electrodes are then studied for CDI by flow 1000 ppm NaCl solution between the two 

electrodes, i.e., in the flow-by configuration. Three different CDI modes have been 

investigated, including normal CDI (applying a voltage waveform with positive voltage bias at 

the CTAB-modified AC electrode for charge and zero voltage for discharge), inverted CDI 

(applying a reverse voltage waveform from the normal CDI), and bipolar CDI (applying a 

positive voltage bias on CTAB-modified AC electrode for a period and the reversed voltage in 

the following period). The electrochemical and normal CDI studies have shown that the 

increase of surfactant loadings reduces the electrochemical double layer capacitance and salt 

adsorption capacity. However, the CDI stability and charge efficiency are enhanced. The 

energy consumption is lower for surfactant-modified AC electrodes. The inverted CDI has 

demonstrated the effectiveness of surfactant modification as a charge-selective membrane. The 

bipolar CDI has demonstrated an enhanced salt adsorption capacity with surfactant-modified 

AC electrodes and the improved stability against carbon oxidation. 

In the second application, a preliminary study was conducted on developing 

electrocatalysts for ORR via N-doped carbon. A new type of graphitic carbon with a unique 

structure (crumbled balls with turbostratic multi-layer graphene sheets) produced by a high-

temperature gas detonation process is explored for N-doping via a post-growth thermal 

annealing process. From the linear sweep voltammetry in O2-saturated 0.50 M H2SO4 solution 



  

by rotating disk electrode (RDE), it has been demonstrated that, after N-doping on the carbon, 

the onset potential of ORR is increased by +317 mV and half-wave potential is improved by 

+270 mV compared to the pristine graphitic carbon. The study by rotating ring disk electrode 

(RRDE) further demonstrates that N-doped graphitic carbon exhibits a 2e- ORR mechanism 

with a high H2O2 selectivity of ~60%.   With further optimization, this could be a good 

candidate for selective H2O2 production by electrolysis
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Preface 

The thesis focuses on the modification strategy of nanocarbon to use as an electrode or 

catalyst for the application in clean technologies such as water desalination and electrochemical 

H2O2 synthesis. The thesis comprises the following sections:  

Chapter 1 overviews the water desalination and oxygen reduction reaction and discusses 

the working mechanism. 

Chapter 2: This chapter gives an overview of the modification of activated carbon by 

cationic and anionic surfactant with a strategy for quantifying and controlling surfactant loading. 

The applicability of the modified activated carbon was studied in capacitive deionization in 

different modes such as NCDI, i-CDI, and Bipolar CDI. 

  Chapter 3: This chapter focuses on the modification of graphitic carbon by post-thermal 

annealing.  An electrocatalytic performance towards oxygen reduction reaction of the synthesized 

material was evaluated.  

Chapter 4: This chapter summarizes the main findings of two major studies presented in 

the thesis and the future directions of this research. 
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Chapter 1 - Introduction 

1.1-A basic introduction of carbon-based material and its prospects in clean technologies 

after modification 

Carbon is known as a versatile element because of its tetravalency and catenation 

properties. It can form a wide range of 1D, 2D, and 3D allotropes such as graphene, fullerene, 

carbon nanotube (CNT), etc. as well as highly porous materials such as activated carbon (AC). 

Because of the rigid structures, high electrical conductivity, high specific surface area, porous 

nature, etc., this material has wide applications in different clean technologies such as wastewater 

treatment plant[1], water desalination plant[2], energy storage and conversion device[3], 

electrochemical synthesis[4], etc. However, many researchers have demonstrated that carbon 

material has limitations such as poor hydrophilicity, unstable conductivity and low active sites for 

specific applications[5]. To eliminate these limitations, some common strategies involve physical 

and chemical modification of carbon, such as heteroatom doping and surfactant adsorption. In this 

thesis, Chapter 2 will focus on the surfactant modification strategy on AC and its application in 

water desalination. Chapter 3 will focus on the exploration of N-doped graphitic carbon by post-

growth thermal processing and its application in electrochemical H2O2 synthesis. 

 

 1.2-Introduction of capacitive de-ionization 

Capacitive deionization (CDI) is an electrochemical technique to remove dissolved salts in 

water. Due to the applied voltage bias to the carbon electrodes, an electrical double layer formed 

around the carbon surface and the ions from the electrolyte get adsorbed to the electrode. For ion 

removal from the electrode, an opposite voltage bias or a shunt is applied to the electrodes.  

1.2.a- Mechanism of capacitive deionization 

The ions adsorb to the electrode by developing the electrical double layer after applying a 

voltage bias in between the electrode. This theory of electrical double layers was first introduced 

by Helmholtz and states that the charge of a planar electrode is neutralized by the electrostatically 

attracted counter ions from the bulk electrolyte to the electrode-electrolyte interface. The co-ions 

in the same solution are repelled by the electrode[6, 7]. That was further modified by Gouy and 

Chapman, who described that the ions accumulated in the electrode/electrolyte interface tend to 

diffuse back to the bulk solution due to thermal motion of the ions and thus forming a diffuse 
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layer[6, 8, 9]. That leads to an overestimation of the capacitance in high salt concentration, and 

this presents the failure of this model. Later Gouy-Chapman-Stern model was developed and stated 

that an electrical double layer in the inner micropores of CDI electrode consists of a compact layer 

and a diffuse layer[6, 10-12]. In the compact layer, the inner Helmholtz plane is the center of the 

counter ions directly in contact to the electrode[6]  and the outer Helmholtz plane is the center of 

solvated ions nearest to the electrode[13]. But this model fails to describe the overlapping electrical 

double layer of micropore since the Debye length is larger than pore radius[14].  Later the modified 

Donnan model was able to successfully describe the overlapping of electrical double layers inside 

the micropores and this model has been used in theoretical prediction of salt adsorption and charge 

accumulation[15]. According to the modified Donnan model, the potential in the intraparticle pore 

is uniform and the Stern layer is located between electronic and ionic charges along with chemical 

attraction energy for ions transferring into intraparticle pores[15]. Based on this electrical double 

layer concept, an electrical charge develops in the electrode after applying a bias to the electrode. 

To neutralize this charge, the ions from the bulk solution are attracted towards the electrode due 

to electrostatic interaction and get adsorbed to the electrode. During the shunt or reversing voltage, 

the ions are repelled from the electrode and get desorbed into the bulk solution.  

 

 

 

 

Figure 1-1: Models for describing the structure of an electrical double layer at a positively 
charged surface: (A) the Helmholtz model, (B) the Gouy–Chapman model, (C) the Stern 
model, and (D) the modified Donna model. Reprinted (adapted) with permission from K. 
Sun, M. Tebyetekerwa, C. Wang, X. Wang, X. Zhang, X. S. Zhao, Electrocapacitive 
Deionization: Mechanisms, Electrodes, and Cell Designs. Adv. Funct. Mater. 2023, 33, 
2213578. Copyright © 2023, John Wiley and Sons. 
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Classification of CDI 

The CDI cells can be classified based on advanced cell configuration, based on electrode 

materials, based on cell geometry, based on composition of the anode and cathode, Based on mode 

of discharge method (such as zero voltage discharge and reverse voltage discharge) [16].  

 

 

Figure 1-2:Classifications of CDI. Reprinted (adapted) with permission from Samuel 
Ntakirutimana et al 2020 J. Electrochem. Soc. 167 143501. Copyright © 2020, Journal of The 
Electrochemical Society. 

 

This study focuses on the flow-by-cell architecture in which two carbon electrodes are 

oppositely placed and separated by a non-conductive spacer, and the solution flows through the 

cell between the two electrode plates from the periphery toward the exit opened in the top electrode 

[10]. The waveform applied on the two electrodes is configured in three modes, i.e., (1) normal 

CDI in zero voltage discharge mode (NCDI); (2) inverted CDI (ICDI) with voltage waveform 

reversed from the NCDI; and (3) bipolar CDI which replaces the shunt in NCDI with an opposite 

voltage bias. 

 

Normal CDI in zero voltage discharge mode (NCDI) 

This is an extensively used method in literature [17, 18]. In this mode, the ions from the 

bulk solution get absorbed into the electrode at a constant voltage[10]. The solution concentration 

decreases as the salt ions adsorbed on opposite electrodes. The rate of salt ion adsorption slows 

down until the electrode pores get saturated. In the zero-voltage discharge mode, the cell is shunted 

so the ions adsorbed to the electrical double layer get desorbed spontaneously. Initially, the 
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solution concentration increases rapidly and after sufficient desorption time, it returns to feed 

solution concentration[10]. 

 

Bipolar CDI (reverse voltage discharge mode) 

In this mode, the Ion adsorption step is similar to CDI-ZVD mode. In the reverse discharge 

mode, ion desorption happened due to both reverse electric field and spontaneous desorption 

process.  The desorption of ions from the electrode continues until counter ions deplete from the 

electrode which result in more space for counter-ions to adsorbed to the electrodes in next 

adsorption cycle[10, 19] . 

 

Inverted CDI (i-CDI) 

The inverted CDI cell configuration is opposite of conventional CDI. This involves 

modifying the surface of the two electrodes with positive and negative charges, respectively. The 

ion adsorption occurs passively during shunt and an external voltage is applied for ion 

desorption[20]. The reason is that, in I-CDI, a negatively charged functionalized electrode serves 

as a working electrode, and a relatively positive charged electrode serves as the counter electrode. 

During applying -1.20 V bias, the dominant mechanism is co-ion repulsion[21] and during shunt 

the dominant mechanism is electrostatic attraction of counter ions. 

 

 



5 

 

 1.3-Introduction of oxygen reduction reaction 

In energy storage and conversion devices such as metal-air batteries or H2-O2 fuel cells, O2 

is introduced in the cathode compartment. It undergoes oxygen reduction reaction (ORR) by 

accepting electron from the electrode. The reduction reaction can go through 2e- pathways or 4e- 

pathways. Depending on the number of electron transfer, the final product can be H2O or H2O2 

(Figure 1-3)[22].  

 

 

 

 

 

 

 

 

 

 

Figure 1-3: Oxygen reduction reaction mechanism. Reprinted (adapted) with 
permission from J. Mater. Chem. A, 2019,7, 1964-1988. Copyright © 2019, Royal 
Society of Chemistry.  
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1.4-Common electrochemical characterization technique 

Cyclic Voltammetry (CV) 

CV is the most common electrochemical technique for obtaining qualitative and 

quantitative information about an electrode or a catalyst. A triangular voltage vs. time waveform 

is applied to the working electrode, and the corresponding current response is recorded. The 

responded current signs indicate the oxidation or reduction process. Apart from understanding the 

oxidation and reduction reaction, a CV is also useful for gaining quantitative information about a 

system.  

From a CV profile, the areal cell capacitance (Ccell), area-specific cell capacitance of an electrode 

(Cs-electrode), and mass-specific capacitance of an electrode (Cm-electrode) can be calculated using 

equations (1.1), (1.2) and (1.3). 

Ccell ቀ
୊

௖௠మ
ቁ =  

∆೔

మ

ణ
…………… (1.1) 

Cs-electrode ቀ
୊

௖௠మ
ቁ= 2𝑥

∆೔

మ
 

ణ
……. (1.2) 

Cm-electrode ቀ
୊

௚
ቁ = 

஼౩ష౛ౢ౛ౙ౪౨౥ౚ౛

௠
…………. (1.3) 

Here, i = the differences in current density at a potential in the capacitive region (
୅

௖௠మ
) 

 = scan rate (
୚

௦
)  

m = mass loading of an electrode (
୥

௖௠మ
) 

Figure 1-4: (a) waveform for a cyclic voltammetry, and (b) a representative 
cyclic voltammograms from an electrochemical double layer capacitor. 
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Chapter 2 - Electrochemical brackish water desalination by 

capacitive deionization 

  

 2.1-Introduction 

Of the total earth’s water, only 2.5% is freshwater. In this total freshwater, 68.6% percent 

is from glaciers and icecaps, 30.1% is in groundwater, and the remaining 1.3% is ready-to-use 

fresh water (Figure-2-1)[23]. However, due to the drastic climate change, severe natural disasters, 

contamination from industrial waste, and other sources, the volume of available ready-to-use fresh 

water is depleting. That is why freshwater shortage is one of the major concerns in today’s world. 

68.6%

30.1%

1.3%

 Surface or other fresh water
 ground water
 Glaciers and ice caps

----Surface or other 
freshwater

72.7%

20%

3.8%

0.5%

2.6%

0.2%

0.2%

 Atmosphere
 Biological water
 Rivers
 Swamp & marshes
 Soil moisture
 Lakes
 Ice & snow

----Atmospheric water

----Biological water

----Rivers

----Swamps, marshes

----Soil moisture

96.5%

1%

2.5%

 Frshwater
 Other Saline water
 Oceans

----Freshwater

----Other saline water

Figure 2-1: Distribution of Earth’s water. source: Igor shiklomanov’s chapter “world 
freshwater resources” in Gleick, Peter, and Gilbert F. White. 1993. Water in crisis: a 
guide to the world's freshwater resources. New York: Oxford University Press. 
(Numbers are rounded)  
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So, this is the right time to develop technology to purify the freshwater from industrial waste and 

look for a new alternative source of fresh water. Groundwater is considered one of the alternative 

sources of fresh water. However, its usability for daily purposes is compromised by its high salinity 

levels ( 4000 ppm - 10,000 ppm)[24]. The primary reason is saltwater intrusion triggered by both 

natural geological formations and human activities[25]. Over the years, a number of technologies 

have been developed, such as multistage flash distillation, multi-effect distillation, electrodialysis, 

and reverse osmosis[26]. However, these techniques are not cost-effective and energy-inefficient 

due to high energy consumption, heavy equipment, and complicated membrane systems[27]. 

Capacitive de-ionization (CDI) is an emerging electrochemical desalination technique that is an 

alternative to the other technologies. This device desalinates low-concentration salt water by 

electrostatically adsorbing ions via electrical double layer (EDL) formation at the electrode-

electrolyte interface[28]. 

Activated carbon is a commonly used electrode material for CDI because of its well-

connected pore structure (micropore and mesopore), high specific surface area (SSA), and good 

electrical conductivity[28]. The micropores (pore size < 2 nm) play an essential role in charge 

accumulation and the mesopores help in transporting ions to micropores and partial ion adsorption 

[29, 30]. The large micro- and meso- pore volume contributes to  a high salt adsorption capacity 

and fast ion adsorption kinetics[31]. 

In a CDI cycle, charged ions get adsorbed to the electrode during charging, and during 

discharging/regeneration, the adsorbed ions get desorbed from the electrode [19]. However, due 

to the adsorption of co-ions (i.e., the ions with the same type of charge as that on the electrode 

surface), the charge efficiency (ions absorbed per charge) is a limiting factor [32, 33]. A cation 

exchange membrane (CEM) and an anion exchange membrane (AEM) in front of the carbon 

electrode can effectively block co-ion adsorption. They can effectively improve the charge 

efficiency since CEM is only selective to cations, and AEM is only selective to anions[12, 34]. 

Later, many researchers have identified different CEMs such as crosslinked sulfonated 

polystyrene[35], sulfonated bromo methylated poly (2,6-dimethyl-1,4- phenylene oxide) coated 

sulfonated graphene[36] and sulfonated poly phenyl oxide[37], and AEMs such as aminated 

PVA[36, 38], aminated PSF[37, 39] and aminated graphene[17] for membrane-CDI (MCDI). 
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This study aims to find a low-cost surfactant-modified activated carbon (AC) synthesis to 

use as an electrode in the CDI process. For this purpose, A detailed study of quantifiable and 

controllable surfactant-impregnation to AC powder and pre-coated AC electrode has been studied. 

The influence of surfactant impregnation on AC powder and pre-coated AC was evaluated from 

electrochemical and electro-sorption performance. 

 

 2.2-Materials 

AC and free-standing AC film (Licap) were obtained from Licap Technologies Inc. 

(Sacramento, CA, USA). Sodium chloride (NaCl),  cetyltrimethylammonium bromide (CTAB, 

aMRESCO, Ohio, USA) and sodium dodecyl sulfate (SDS, JT Baker, Japan). Sodium carboxy 

methyl cellulose (average MW ~90,000 & 700,000), polyacrylic acid (PAA), and methyl orange 

were purchased from Sigma Aldrich (St. Louis, Missouri, USA). Methylene blue was obtained 

from Santa Cruz Biotechnology, Inc. (Dallas, Texas, U.S.A). A 250-um thick graphite foil from 

Mineral Seal Co. (Arizona, USA) was used as the substrate for coating AC films as 

the CDI electrodes, A 400 um thick graphite foil was used at the back of the electrodes as the 

current collector to a good electrical connection. A Millipore water system (EASYPURE II, 

Thermo Scientific, Waltham, MA) was used for ultrapure water (18.2 MΩ-cm at 25 °C) to prepare 

solutions for the experiments. 

 2.3-Material characterization techniques 

UV-Vis’s measurements were done by a Varian Cary 500 UV-Vis-NIR spectrophotometer 

(with a wavelength accuracy of + 0.1 nm for UV-Vis light). Two 3cm x 1cm x 1cm quartz cuvettes 

was used as a liquid sample and blank control. BET surface areas, micropore volumes, and pore 

size distributions were derived from N2 isotherm data collected at 77.35 K (Autosorb iQ Station 

1, Quantachrome Corporation, Boynton Beach, FL, USA). Before analysis, the samples were 

outgassed overnight at 333 K. N2 isotherms were obtained over a relative pressure range (P/P0) 

from 1.0x10−6 to 1.00, where P0 is the saturated vapor pressure of N2 at liquid nitrogen temperature. 

The BET isotherms were used to derive the BET surface area and pore size distribution. BET data 

processing and calculation were carried out by Quantachrome® ASiQwin software (version 5.22), 

which uses the non-local density functional theory equilibrium model (NLDFT). The zeta potential 

measurement was done by the malvern Zetasizer Nano ZSP. The material composition was 
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determined using a Thermogravimetric Analyzer (TGA) Q50 system (TA Instruments, Waters 

LLC, New Castle, DC) from the room temperature to 900 °C in an N2 atmosphere at a heating rate 

of 10 oC/min. 

 

 2.4-Properties and characterization of activated carbon 

 

The pore structure, pore size, and specific surface area (SSA) were derived from N2 

adsorption-desorption isotherm analysis. The N2 adsorption-desorption isotherms and pore size 

distribution of AC are presented in Figures 2-2(a) and 2-2(b). The N2 adsorption-desorption 

isotherm shows a high adsorption below 0.1 relative pressure P/P0, which indicates the 

microporous structure of the material, and a hysteresis loop (due to capillary condensation) at 

~0.45 to 1 relative pressure which indicates the mesoporous characteristics (type IV). Such duo 

Figure 2-2:Properties of the activated carbon: (a) BET isotherm, (b) pore 
size distribution plot, (c) SEM image, and (d) TEM image. 
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characteristics are due to the presence of both microporous and mesopores[30].  The BET SSA of 

AC is 1541.8 m2/g, and the total pore volume is 0.713 cc/g, of which 69.1% of the contribution is 

from micropores and 30.7% is from mesopores. The average pore size is 5.24 Å.  In contrast, the 

particle size of AC is in the range of 100 nm to 10 um (Figure 2-2(c)). So, the micropores are likely 

effectively connected through mesopores inside each AC particle, which are barely seen in the 

TEM image in Figure 2-2(d). 

 

 2.5-Adsorption kinetics of impregnating CTAB on AC powder 

Cationic surfactant CTAB was used to modify the AC surface[18]. An amount of 1.41 

mmol (55.5 mg) of CTAB was dissolved in 1.00 L ultrapure water and stirred in the solution for 5 

minutes at 650 rpm to make a solution of0.47 mM (half critical micelle concentration (CMC) of 

CTAB). Then, 100 mg of AC (at the weight ratio of AC: CTAB = 1.8: 1) was added to the prepared 

CTAB solution, stirred at a speed of 650 rpm for 8 hr, and then the mixed solution was kept at rest 

for 48 hr. During this experiment, to study the adsorption kinetics of CTAB on AC, 4.0 mL 

supernatant was periodically collected after 5 min, 10 min, 20 min, 30 min, 45 min, 60 min, 5 hr, 

Figure 2-3:(a) Determination procedure of free CTAB in solution, (b) MO-CTAB ion 
pair mechanism, and (c) CTAB adsorption capacity over time (inset shows the 
representative UV-Vis adsorption by MO-CTAB complex in CHCl3) 
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8 hr, 20 hr, 33 hr and 56 hr to examine the amount of CTAB left in the solution. This quantity is 

then converted into the capacity of CTAB adsorption on the AC (in mgCTAB/gAC) as shown in 

Figure 2-3(c). 

The CTAB concentration in the aqueous solution was derived by an assay based on UV-

Vis absorbance of an organic dye after it formed a complex with CTAB, which was then effectively 

extracted into an organic solvent (CHCl3), as illustrated in Figures 2-3(a)&(b). Before the sample 

analysis, a calibration curve (Appendix Figures A2(a) & A2(b)) for CTAB was prepared using the 

procedure adopted from the literature [40, 41]. To prepare the calibration standard sample for UV-

Vis analysis, 2.0 mL of the CTAB solution at a series of varied concentrations was mixed with 4.0 

mL phosphate buffer (pH = 7.2), 2.0 mL of 0.15 mM methyl orange (MO), and 2.0 mL DI water 

in a separatory funnel and was then vigorously shaken for a few minutes. The positively charged 

CTAB and negatively charged MO form ion pairs (MO--CTAB+) (Figure 2-3(b)), which are highly 

soluble in CHCl3 [40]. 10.0 mL CHCl3 was added to the mixture and was vigorously shaken for 5 

minutes. After being kept in the stand for 5 minutes, the solution separated into two phases. The 

organic phase at the lower portion was collected from which 3.0 mL solution was taken in a cuvette 

for the UV-Vis absorbance analysis. Then, the absorbance of the MO--CTAB+ complex at 419 nm 

was plotted against the CTAB concentration (in ppm) as shown in Appendix B-1(a)[41]. 

The free CTAB concentration left in the water, [CTAB]aq, during the adsorption process 

can be derived by taking the 4.0 mL sampling solution through the same procedure as the 

calibration process.  From the UV-Vis analysis, the mass of free CTAB in the sample, MCTAB, aq, 

was quantified using Equation (2.1) to derive the mass of CTAB adsorption on AC, MCTAB, AC (in 

mgCTAB/gAC), using Equation (2.2)  

 𝑀஼்஺஻,௔௤(mgେ୘୅୆)  = [𝐶𝑇𝐴𝐵]௔௤  × 𝑉௔௤……… (2.1) 

𝑀஼்஺஻,஺஼(
୫୥ి౐ఽా

୥ఽి
)  =

(ெ಴೅ಲಳ,బି ெ಴೅ಲಳ,ೌ೜)

ெಲ಴
…………. (2.2) 

where Vaq is the remaining water volume after sampling in L, MCTAB,0 is the mg mass of CTAB 

(55.5 mg) initially added to the 1.0 L water, and MAC (0.1 g) is the g amount of AC used for CTAB 

adsorption.  Figure 2-3 (a) presents the adsorption capacity of CTAB on AC over time. It shows 

that, within 8 hr, CTAB adsorption on AC reaches its maximum adsorption capacity, 479.02 

mgCTAB/gAC. The equilibrium CTAB adsorption capacity is 477.89 + 2.98 (95%CI) mgCTAB/gAC. 
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 2.6-Adsorption kinetics of SDS on AC powder 

Anionic surfactant SDS was used to modify AC surface[18]. An amount of 2.05 mmol 

(590.7 mg) of SDS was dissolved in 500.0 mL ultrapure water and stirred the solution for 5 minutes 

at 650 rpm to make a homogeneous solution of 4.1 mM (half of CMC). Then, 991 mg of AC (the 

wt. ratio of AC: SDS = 1.7: 1) was added to the prepared SDS solution, stirred at a speed of 650 

rpm for 8 hr, and then kept at rest for 48 hours. During this experiment to study the adsorption 

kinetics of CTAB on AC, 4.0 mL supernatant was periodically collected after 5 min, 10 min, 20 

min, 30 min, 45 min, 60 min, 5 hr, 8 hr, 20 hr, 32 hr, 45 hr and 56 hr to examine the amount of 

SDS left in the solution. This quantity is then converted into the capacity of SDS adsorption on the 

AC (in mgSDS/gAC) as shown in Figure 2-4(c).  

The SDS concentration in the aqueous solution was derived by an assay based on UV-Vis 

absorbance of an organic dye after it formed a complex with SDS, which was then effectively 

extracted into an organic solvent (CHCl3), as illustrated in Figures 2-4(a)&(b). Before the sample 

analysis, a calibration curve (Figures A4(a) & A4(b)) for the SDS quantification was prepared 

using the procedure  adopted from the literature[42]. To prepare the calibration standard sample 

for UV-Vis’s analysis, 10 mL of the SDS solution at a series of concentrations was mixed with 2.5 

Figure 2-4: (a) quantification procedure of free SDS remained in solution, (b) SDS-
MB interaction, and (c) SDS adsorption capacity over time (inset UV-Vis adsorption 
by MB-SDS complex in CHCl3) 
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mL 300 ppm methylene blue (7.5 mg MB dissolved in 25 mL pH 7.2 phosphate buffer). The 

negatively charged SDS and positively charged MB form an organic salt (MB+-SDS-), which gets 

dissolved in CHCl3 (Figure 2-4(b)). Then, 10 mL CHCl3 was added, vigorously shaken for 5 

minutes, and kept in the stand for another 5 minutes. Then, the organic phase was collected, and 3 

mL of sample was taken in a cuvette for the UV-Vis analysis. Then, the absorbance of the MB-

SDS complex at 652 nm was plotted against the SDS concentration in ppm(Appendix A4(b)) [41].  

The free SDS concentration left in the water, [SDS]aq, during the adsorption process can 

be derived by taking the 0.5 mL sampling solution and diluted to 10 mL (dilution factor, DF =20), 

then following the same procedure as the calibration process.  From the UV-Vis analysis, the mass 

of free SDS in the sample, MSDS, aq, was quantified using Equation (2.3 and 2.4) to derive the mass 

of SDS adsorption on AC, MSDS,AC (in mgCTAB/gAC), using Equation (2.5)  

[𝑆𝐷𝑆]′௔௤  = [𝑆𝐷𝑆]௔௤  × 𝐷𝐹……….. (2.3) 

𝑀ௌ஽ௌ,௔௤(mgୗୈୗ)  = [𝑆𝐷𝑆]′௔௤  × 𝑉௔௤……… (2.4) 

𝑀ௌ஽ௌ,஺஼  (
୫୥౏ీ౏

୥ఽి
) =

(ெೄವೄ,బି ெೄವೄ,ೌ೜)

ெಲ಴
…………. (2.5) 

where Vaq is the remaining water volume after sampling, MSDS,0 is the mass of SDS (590.7 mg) 

initially added to the 500.0 mL water, and MAC (991 mg) is the amount of AC used for SDS 

derivation.  

Figure 2-4 (a) presents the adsorption capacity of SDS on AC over time; it shows that within 8 hrs, 

SDS adsorption on AC reached its maximum adsorption capacity, 492.39 mgSDS/gAC. The 

equilibrium SDS adsorption capacity is 493.65 + 1.34 (95% CI) mgSDS/gAC.  
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 2.7-Material synthesis 

  

 

2.7.a. CTAB impregnation on AC 

After knowing the saturation surfactant loading on AC powder based on 100 mg AC experiments, 

the AC quantity of AC is scaled up to 10 g to prepare sufficient materials for CDI experiments. 

The modification of AC powder was done in 0.47 mM CTAB solution. [18, 43]. The CMC of 

CTAB is 0.92 mM. 10.0 g AC well mixed in 1.0 L DI water. To keep the solution concentration 

below the CMC concentration of CTAB, each time 0.47 mmol CTAB was added to the 1.0 L 

solution mixture and stirred for 1hr. In total, 13.16 mmol CTAB was added in 28 segments. UV-

Vis’s analysis was done after 20th, 26th, 27th, and 28th CTAB addition. From the UV-Vis 

analysis, the UV-Vis absorbance did not show significant change in 1 hr after the 28th addition of 

CTAB comparing to that after keeping the solution overnight, indicating that the surface of AC 

got saturated by CTAB. From the UV-Vis analysis, the CTAB adsorption capacity on AC is 481.3 

mgCTAB/gAC (101.5% of the maximum CTAB adsorption capacity obtained in section-2.5). Thus 

this sample was labeled as 101.5% CTAB/AC. Then, the solution mixture was filtered out using a 

Buchner funnel, and the sample was washed several times with ultrapure water. The 101.5% 

CTAB/AC sample was then dried in a vacuum oven at 60oC overnight. 

 

 

Figure 2-5:(a) Modification strategy of activated carbon powder by SDS and CTAB,
and (b) Surfactant adsorption mechanism. 
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2.7.b. SDS impregnation on AC 

The SDS modification of the large amount of AC was done in a similar way in 4.1mM  

SDS [18, 43]. The CMC of SDS is 8.2 mM. First, 10.3 g AC was well mixed in 1.0 L DI water. 

To keep the solution concentration below the CMC of SDS, 4.09 mmol SDS was added to the 1.0 

L solution mixture and stirred for 1hr. In total, 16.36 mmol SDS was added in 4 segments. UV-

Vis’s analysis was done after the 3rd, and 4th SDS addition. After the 4th SDS addition, the UV-

Vis absorbance was the same in 1 hr after mixing compared to that after keeping the solution for 

overnight the absorbance, indicating that SDS saturated the AC surface. From the UV-Vis analysis, 

the SDS adsorption capacity on AC is 433.9 mgSDS/gAC (88.1% of the maximum SDS adsorption 

capacity obtained in section 2.6). Thus, this sample was labeled as 88.1% SDS/AC. Then, the 

solution mixture was filtered using a Buchner funnel, and the sample was washed several times 

with DI water. The 88.1% SDS/AC sample was then dried in a vacuum oven at 60oC overnight. 

 

 2.8-Material characterization of SDS and CTAB -Impregnated AC powder 

The TGA curves for AC, 101.5% CTAB/AC, 88.1% SDS/AC, and the control sample 

CTAB and SDS were presented in Figures 2-6(a) and 2-6(b). The initial weight percentage loss in 

< 200 oC is due to moisture removal from a sample[44]. 
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Table 2-1:Weight % calculated from TGA. 

 Weight % of AC = 66.8% 

 Weight% of CTAB = 30.3% 

 Weight % adsorbed moisture =2.9% 

 Weight % of AC = 65.5% 

 Weight% of SDS = 29.4% 

 Weight % adsorbed moisture =5.1% 

 

The weight loss from 200 -600 C is due to the decomposition of SDS and CTAB since the 

weight percentage of AC control samples stays nearly constant up to 600oC temperature. Based on 

these observations and reaction stoichiometry, the weight % of each component can be derived. 

From the TGA analysis, the composition of 88.1% SDS/AC and 101.5% CTAB/AC is presented 

in Table 2-1. The detailed explanations and calculations of TGA are given in the SI file: the weight 

percentage of CTAB and AC in 101.5% CTAB/AC is 66.8% and 33.3%, respectively, and that 

Figure 2-6:(a) TGA plot of AC, CTAB, 101.5% CTAB/AC (b) TGA plot of AC, SDS, 
88.1% SDS/AC (c) BET isotherm of AC and 88.1% SDS/AC (d) pore size distribution 
plot of AC and 88.1% SDS/AC 
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corresponds to 498.0.5 mgCTAB/gAC of CTAB adsorption capacity on AC (i.e., ~105% relative to 

the saturated CTAB loading determined in the previous section). The weight % of SDS and AC in 

88.1% SDS/AC is 29.93% SDS and 65.53% AC, and that corresponds to 456.7 mgSDS/gAC SDS 

adsorption capacity on AC (i.e., 92.8% relative to the saturated SDS loading determined in the 

previous section). The relative surfactant loadings on the AC powder derived by TGA are within 

3.5% and 4.7% from those derived by the UV-Vis measurements, respectively, which validates 

that these quantities are reliable despite the system is very complicated.  

 

Table 2-2: BET measurements 

Materials Specific 

surface area 

(m2/g) 

Total pore 

volume 

(cc/g) 

% Micropore = 

(Vmicropore/Vtotal) 

x100 

% Mesopore = 

(Vmesopore/Vtotal) 

x100 

Averge 

pore size 

(Å) 

AC 1541.8 0.713 69.14 30.72 5.24 

88.1% SDS/AC 189.4 0.16 51.25 48.75 11.93 

 

The N2 adsorption-desorption isotherm of AC and SDS/AC and pore size distribution are 

presented in Figure 2-6(c) and Figure 2-6 (d). The N2 adsorption-desorption isotherm of SDS/AC 

exhibits type I and type IV characteristics, indicating the presence of micropores and 

mesopores[30]. After SDS modification of the AC, the SAA is reduced by 87.7%. The total pore 

volume is reduced by 77.6% compared to the pristine AC, which can be attributed to the presence 

of SDS molecules inside the AC pore or at the pore's entrance, which can effectively block the 

pore during the measurements[16]. Also, the average pore size shifted from 5.24 Å to 11.93 Å. 

The zeta potential of AC, 88.1% SDS/AC and 101.5% CTAB/AC is presented in Table 2-

3. The zeta potential of the pristine AC was -33.4 mV. After impregnating CTAB molecules on 

the AC, due to the presence of the positively charged -N+R3 group, the surface charge of AC 

became more positive, and the zeta potential changed to +32.4 mV. The same phenomenon was 

observed after SDS modification of the AC. The zeta potential became -36.5 mV due to the 

presence of the negatively charged -SO3
- head group on the surface. These results indicate that 

CTAB and SDS molecules are successfully adsorbed onto the AC, which modulated the surface 

charge density. 
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Table 2-3:Zeta-potential measurements. 

Sample Zetapotential @ pH ~7 

AC -33.4 + 6.5 

88.1% SDS/AC -36.5 + 4.7 

101.5% CTAB/AC +32.4 + 8.9 

 

 

 2.9-Preparation of AC electrodes 

 

Super P (carbon black) was mixed with 2% carboxy methyl cellulose solution and stirred 

for 5 minutes at 1500 rpm. Then, the AC and water were added to the homogenous solution and 

stirred for 5 minutes at 1500 rpm. The homogeneous solution was kept overnight. The next day, 

6% Poly acrylic acid (PAA) was added and stirred at 1000 ppm. The ratio of each component are 

AC : cellulose: CB : PAA = 86: 2 : 6: 6. Then the slurry was coated at room temperature on 250 

mm thick graphite foil using a spreader with a fixed height of 800 mm at a speed of 20 mm/sec. 

The coated film was dried in a vacuum oven overnight at 60oC. After drying, the thickness of the 

coating was measured to be 170-190 um. The dried film was then compressed 20% by a roller. 

The final thickness was 140 um-150 mm. The areal AC mass loading of the electrode was found 

to be 6 to 9 mg/cm2. A pair of coated electrodes was directly used to assemble symmetric cells, 

Figure 2-7:Preparation of electrode. 
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while other coated electrode was further modified by surfactant and used to prepare asymmetric 

cells. The surfactant modification on this precoated electrode is described in section-2.10.  

 2.10-Surfactant impregnation on pre-coated-AC electrodes 

2.10.a-CTAB modification on pre-coated AC electrodes:  

 440.0 mL 0.47 mM CTAB solution was prepared by adding CTAB in di-water and the 

solution mixture was stirred at a rate of 650 rpm for 5 minutes. Then a 4.0 cm x 4.0 cm 0.147 g of 

AC film was submerged in the solution mixture for 100 hr. During this experiment, the adsorption 

Figure 2-8: Surfactant modification of pre-coated AC electrodes. 

Figure 2-9: (a) UV-Vis absorbance of CTAB, and (b)Adsorption kinetics of CTAB on 
precoated AC. 
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kinetics of CTAB on AC was monitored by collecting 4.0 mL solution after 0 h., 1 hr, 2 hr, 8 hr, 

18 hr, 33 hr, 42 hr, 56 hr, 81 hr and 100 hr, and analyzed by UV-Vis spectrophotometer following 

the same CTAB-MO extraction protocol mentioned in section-2.5. The CTAB adsorption kinetics 

on precoated AC is presented in Figure 2-9. The CTAB adsorption on precoated AC is slow, which 

could be due to the longer diffusion length due to the internal tortuous structure in the precoated 

AC electrode.  

The CTAB adsorption capacity obtained after 100 hr is 465.26 mgCTAB/gAC (98.0% of the 

saturated CTAB adsorption capacity obtained in section 2.5). Thus, this sample was labeled as 

98.0% CTAB/AC. Then, the electrode was washed several times with ultrapure water. The 98.0% 

CTAB/AC sample was then dried in a vacuum oven at 60 oC overnight. 

Another sample was prepared by following the same procedure, but the electrode was 

immersed for 51 hr. After 51 hr of incubation, the UV-Vis analysis was done from which the 

obtained CTAB adsorption capacity is 257.8 mgCTAB/gAC, which is 54.3% of the saturated CTAB 

adsorption capacity obtained in section-2.5). The sample was labeled as 54.3% CTAB/AC. 

 

2.10.b-SDS modification on the pre-coated AC electrodes: 

 75 mL 4.1 mM SDS solution was prepared by adding SDS on di-water and the solution 

mixture was stirred at 650 rpm for 5 minutes. Then a 4.0 cm x 4.0 cm 0.1491 g of AC film  was 

submerged in the solution mixture for 100 hr. During this experiment, the adsorption kinetics of 

CTAB on AC was monitored by collecting a 4 mL solution after 0 hr, 1 hr, 8 hr, 18 hr, 33 hr, 42 

hr, 56 hr, 81 hr and 100 hr, and analyzed by UV-Vis spectrophotometer following the same MB-

Figure 2-10: (a) UV-Vis absorption of CTAB, and (b) the adsorption kinetics 
of SDS on AC. 
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SDS complex extraction protocol mentioned in section-2.6. The SDS adsorption kinetics is 

presented in figure 2-10. The SDS adsorption is slow because of the long diffusion length due to 

the tortuosity in pre-coated AC electrode. The SDS adsorption capacity obtained after 100 hr was 

511.01 mgSDS/gAC (i.e., 103.8% of the saturated SDS adsorption capacity obtained in section-2.6). 

Thus, this sample was labeled as 103.8% SDS/AC. Then, the electrode was washed several times 

with ultrapure water. The 103.8% SDS/AC sample was then dried in a vacuum oven at 60 oC 

overnight. 

Another sample was prepared following the same procedure but immersing the electrode 

for 7.5 hr. After 7.5 hr incubation, the UV-Vis analysis was done from which the obtained SDS 

adsorption capacity was determined to be 232.56 mgSDS/gAC  (that is 47.3% of the saturated SDS 

adsorption capacity obtained in section-2.6). The sample was labeled as 47.3% SDS/AC. 

 2.11-Electrochemical Characterization 

The cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) were conducted 

on the CHI 760D electrochemical workstation (CH Instruments, Austin, TX) at room 

temperature. All the electrochemical characterization (CV and GCD) was done in 1.0 M NaCl and 

17.11 mM NaCl (1000 ppm NaCl) in a two-electrode setup (Figure-9(d)). In the asymmetric cell 

setup, CTAB/AC was used as the working electrode and SDS/AC was used as counter electrode. 

The CV in 1.0 M NaCl was carried out at 10 mV/s in a potential window between 0.0 V to 

+0.50 V and 0.0 V to +1.20 V and CV in 1000 ppm NaCl was carried out in 0.0 V to +1.20 V. The 

specific capacitance was calculated from the CV of short potential window (0.0 V to +0.50 V) by 

using equations (2.6), (2.7) & (2.8). 

The capacitance of an electrode (mF/cm2) = 2𝑥
∆೔

మ
 

ణ
…………. (2.6) 

i = the differences in current density at a potential in the capacitive region (
୅

௖௠మ
) 

 = scan rate (
୚

௦
)  

Capacitance of an electrode (F/g) = 
େୟ୮ୟୡ୧୲ୟ୬ୡୣ ୭୤ ୟ୬ ୣ୪ୣୡ୲୰୭ୢୣ (

ౣూ

ౙౣమ) 

ா௟௘௖௧௥௢ௗ௘ ௠௔௦௦ ௟௢௔ௗ௜௡௚ (
೘೒

ౙౣమ)
………… (2.7) 

The galvanostatic charge-discharge (GCD) was carried out at 0.40 A/g in the potential window of 

0.0 V to +1.20 V. The specific capacitance was calculated from the discharge curve using the 

following equation. 
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Capacitance of an electrode (F/g) = 2𝑥
ூ

௠
 𝑥

∆௏ 

∆௧
…………. (2.8) 

𝑚 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒, 𝑔 

𝐼 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑎𝑝𝑝𝑙𝑖𝑒𝑑, 𝐴 

∆𝑉 = 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑢𝑟𝑣𝑒, 𝑉 

∆𝑡 = 𝑡𝑖𝑚𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, 𝑠𝑒𝑐 

 

 

Table 2-4: Capacitance of the electrodes in 1.0 M NaCl 

Cell Area-specific 
capacitance of an 
electrode, mF/cm2

AC 

film 

Mass-specific 
capacitance of an 
electrode, F/gAC 

film 
Licap-Licap 207.09 38.15 
Pristine AC-Pristine AC (140 um) 718.06 123.01 
54.3% CTAB/AC-47.3% SDS/AC -precoated 682.06 81.19 
98.0% CTAB/AC-103.8% SDS/AC -precoated 390.88 42.54 
101.5% CTAB/AC-88.1% SDS/AC -powder 281.19 36.90 
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The CV in 1.0 M NaCl in the potential window of 0.0 V to +0.50 V and 0.0 V to +1.20 V, 

Figure 2-11(b) and Figure 2-11(c), shows a capacitive CV profile with no presence of redox peak. 

That indicates the capacitance of the AC, surfactant modified AC is dominated by the capacitive 

double layer formed inside the charged pores[45]. 

Figure 2-11: Electrochemical characterization of AC/AC, 54.3% CTAB/AC – 47.3% 
SDS/AC -precoated, 98% CTAB/AC – 103.8% SDS/AC - precoated, 101.5% 
CTAB/AC – 88.1% SDS/AC -powder in 1.0 M NaCl in constant flow condition (flow 
rate 1.00 mL/min) by (a) Galvanostatic Charge-Discharge at 0.40 A/g, (b) Cyclic 
Voltammetry in the potential window of +0.00 V to +0.50 V (-0.50 V to +0.50 V for AC) 
at 10 mV/S, and (c) Cyclic Voltammetry in the potential window of +0.00 V to +1.20 V 
(-1.20 V to +1.20 V for AC) at 10 mV/s.  
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The CV and GCD curves for different electrode pairs are presented in Figures 2-11(a) and 

2-11(b). From the CV, capacitance of the electrode was calculated and the result are tabulated in 

Table 2-4. It is observed that the areal and mass-specific capacitance follow the descending order: 

AC-AC > 54.3% CTAB/AC-47.3% SDS/AC-precoated > 98.0% CTAB/AC-103.8% SDS/AC-

precoated > 101.5% CTAB/AC-88.1% SDS/AC-powder. This trend correlates with the results for 

BET-specific surface area results of the materials. Surfactant impregnation induces pore blocking 

in AC and, as a consequence, reduces the surface area of the materials and thereby reduces the 

electrochemical capacitance. 

At the start of the discharge cycle in GCD, Figure 2-11(a), a voltage drop, Vdrop (=iR), was 

observed due to ion diffusion, electrode, and internal solution resistance [46]. The voltage drop 

observed for Licap-Licap, AC-AC, 54.3% CTAB/AC – 47.3% SDS/AC-precoated, 98.0% 

CTAB/AC – 103.8% SDS/AC-precoated and 101.5% CTAB/AC – 88.1% SDS/AC-powder is 106 

mV, 57 mV, 44 mV, 98.0 mV and 120 mV, respectively. The reduction of the pore volume due to 

surfactant impregnation on AC could cause an increase of ion diffusion resistance.  

 

Figure 2-12: Electrochemical characterization in of Licap-Licap, AC-AC, 54.3% 
CTAB/AC-47.3% SDS/AC-precoated electrode, 98% CTAB/AC-103.8% SDS/AC-
precoated electrode and 101.5% CTAB/AC-88.1% SDS/AC-powder in 1000 ppm 
NaCl in constant flow condition (flow rate 1 mL/min) by (a) Galvanostatic Charge-
Discharge at 0.4 A/g, and (b) Cyclic Voltammetry in the potential window of +0.00 V 
to +1.20 V (-1.20 V to +1.20 V for AC) at 10 mV/s. 
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Table 2-5: Capacitance of the electrodes calculated from GCD in 1000 ppm NaCl. 

Cell Mass specific capacitance of 

an electrode, F/gAC film 

Licap- Licap 10.7 

Pristine AC-Pristine AC (140 um) 70.4 

54.3% CTAB/AC-47.3% SDS/AC -precoated 22.1 

98.0% CTAB/AC-103.8% SDS/AC -precoated 1.8 

101.5% CTAB/AC-88.1% SDS/AC -powder 1.1 

 

Since the CDI experiments was done on 17.11 mM (1000 ppm) NaCl, so the same solution 

has been used to do electrochemical characterization to investigate the electrode response in the 

potential window from 0.0 V to +1.20 V and electrode capacitance in the low salt concentration. 

The mass-specific capacitance of the electrode was calculated from GCD in 1000 ppm, presented 

in Figure 2-12(a) and Table 2-5. The order of mass specific capacitance in 1000 ppm NaCl is: AC-

AC > 54.3% CTAB/AC – 47.3% SDS/AC -precoated> 98.0% CTAB/AC – 103.8% SDS/AC -

precoated > 101.5% CTAB/AC – 88.1% SDS/AC -powdered. For all electrodes, the capacitance 

in low salt concentration is lower compared to the capacitance in 1.0 M NaCl. This is well 

understood from the relationship of concentration dependent electrical double layer formation[47]. 

The Debye length is inversely proportional to the square root of the ionic strength. The Debye 

length for 1.0 M NaCl solution is 0.3 nm and Debye length for 1000 ppm (17.11 mM) NaCl 

solution is 2.3 nm. That suggest a loosely packed electrical double layer in the low ion 

concentration, leading to lower specific capacitance[48].  

The voltage drop observed in GCD in 1000 ppm for Licap-Licap, AC-AC, 54.3% 

CTAB/AC – 47.3% SDS/AC-precoated, 98.0% CTAB/AC – 103.8% SDS/AC-precoated, 101.5% 

CTAB/AC – 88.1% SDS/AC-powder is 434.2 mV, 361.1 mV, 639.2 mV, 736.4 mV and 721.8 

mV, respectively. The voltage drop in 1000 ppm NaCl is higher than that in 1.0 M NaCl. The 

reason could be due to increased resistance as the ionic strength is decreased[47]. For the same 

reason, a distortion in CV profile is observed, presented in Figure 2-12(b).  
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 2.12-CDI experiment 

The CDI system consisted of a home-built CDI cell, a peristaltic pump to continuously 

pump the solution at a constant flow rate and a DC power supply (Figure 2-13(a)). During 

assembly of the CDI cell, the CTAB/AC was used as working electrode and SDS/AC was used as 

counter electrode (Figure 2-13(b)). The conductivity of NaCl solution was continuously measured 

by a conductivity probe (Mettler Toledo Inlab 751). Before running CDI tests, the conductivity 

meter was calibrated by 1413 uS/cm conductivity standard solution. A single-pass mode CDI was 

conducted to measure the CDI performance in different CDI modes. Starting with the 50 cycles 

NCDI, followed by 50 cycles iCDI, and 50 cycles Bipolar CDI, and finally 50 cycles 

Bipolar+Shunt CDI. For each of the individual experiment 3000 mL NaCl solution with initial 

concentration of 1000 ppm was cycled in a single pass mode at a constant flow rate of 

~1.00 mL/min−1 unless specified 

The performance of the CDI is measured by the following metrics derived from the 

experimental results: 

Working electrode (+) 

Spacer 

Current collector 

Brackish 

water 

water outlet 

-Ve 

+Ve 

Power supply 

Counter electrode 

Current collector 

CDI Cell 

Diaphragm pump. 

Conductivity 
meter 

Power supply  
& controller 

Feed water 

reservoir. 

Figure 2-13: CDI (a) experimental setup, (b) cell setup, and (c) Flow diagram of 
CDI testing system. 
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Peristaltic 
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Salt adsorption capacity (SAC), ɼ(mgNaCl/gAC-film) = 
ெ௪ ௑ ∫(஼௜ି஼௢) ௑ ∅ ௑ ௗ௧  

ெ௘
…… (2.9) 

Charge efficiency, CE (%) = 
ɼ ౔ ౉౛

ಾೢ
 

೜

వలరఴఱ

………… (2.10) 

Energy consumption per ion, Econ = 
 ୚ ଡ଼ ୯
ɼ ౔ ౣ

ಾೢ

…………… (2.11) 

Stability = 
ɼ୬୲୦

ɼ୫ୟ୶
 𝑋 100…………. (2.12) 

q = total charge transferred during charging excluding the leak charge (C) 

V = Applied potential (V) 

Mw = Molecular weight of NaCl = 58.44 g/mol 

m = AC film mass before surfactant modification (g) 

Me = total mass of AC films before surfactant modification (g) 

Ci = initial concentration of NaCl was determined by averaging concentration for initial 10 

sec and final 10 sec (ppm). 

Co= Output concentration of NaCl over time (ppm) 

dt= Duration of charging (min) 

ø = flow rate (mL/min) 

  

 2.12.a- NCDI-normal CDI  

A constant flow rate of ~1.00 mL/min was maintained during the CDI cycles. To adsorb 

ions, a voltage bias of +1.20 V was applied for 20 minutes, and then a 0.00 V (shunt) was applied 

for 20 minutes to desorb ions. During the CDI, the concentration of 1000 ppm salt solution was 

reduced due to ion adsorption in the charging process. The adsorbed ions got desorbed during the 

shunt, causing an increase of salt concentration in the solution. The charging step followed by the 

discharging step completes a full CDI cycle, as shown in Figure 2-14(a) 
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Due to the high surface area and high active meso- and micro-pores of AC, the ion adsorption 

kinetics is faster, and the ion adsorption capacity is also high. However, as surfactant loading onto 

the AC increases, some of these active pores become blocked, reducing the material's active pore 

volume and specific surface area (SSA). Consequently, this leads to a decrease in both the salt 

adsorption kinetics and salt adsorption capacity. The order of salt adsorption rate (SAR) is. AC-

AC > 54.3% CTAB/AC – 47.3% SDS/AC-precoated > 98.0% CTAB/AC – 103.8% SDS/AC -

precoated > 101.5% CTAB/AC – 88.1% SDS/AC -powder.  
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Figure 2-14: The electro-sorption performance analysis based on the 5th CDI cycle for 
the CDI cell consisting of free-standing Licap- Licap, pristine AC-AC, 54.3% 
CTAB/AC – 47.3% SDS/AC-precoated, 98% CTAB/AC – 103.8% SDS/AC-precoated, 
101.5% CTAB/AC – 88.1% SDS/AC-powder: (a) CDI concentration profile vs time for 
asymmetric and symmetric cell setup, (b) peak desalination (%), (c) salt absorption 
capacity (SAC) during the 5th cycle, and (d) salt adsorption rate (SAR) vs SAC (Kim-
yoon plot) for the 5th cycle. 
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Table 2-6:Peak desalination (%) at 1.0 mL/min for different electrode 

Electrode Peak desalination (%) at 5th CDI cycle 

Licap-Licap 39.5 

Pristine AC-Pristine AC (140 um) 32.7 

54.3% CTAB/AC-47.3% SDS/AC -precoated 25.5 

98.0% CTAB/AC-103.8% SDS/AC -precoated 10.7 

101.5% CTAB/AC-88.1% SDS/AC -powder 10.2 

 The electrosorption performance of the initial 50 cycles CDI in NCDI mode are presented 

in Figures 2-15(a), and the average results charge efficiency, salt adsorption capacity, and energy 

consumptions are presented in Table 2-7. The salt adsorption capacity of AC-AC is ~2.6X higher 

than 101.5% CTAB/AC – 88.1% SDS/AC-powder and ~1.7X higher than 54.3% CTAB/AC – 

47.3% SDS/AC-precoated. These results are similar to that observed from the specific capacity. It 

indicates that the pore volume of the active material plays a crucial role in salt adsorption. 

The average charge efficiency of AC-AC electrode is 39.5%, whereas the charge efficiency 

for 54.3% CTAB/AC- 47.3% SDS-AC –precoated, 98.0% CTAB/AC- 103.8% SDS-AC –

precoated, 101.5% CTAB/AC- 88.1% SDS-AC –powder is 49.3%, 62.8%, 68.2% (Table 2-7). 

This trend suggests that the charge efficiency increases with increased surfactant loading on AC, 

as it facilitates efficient repulsion of the co-ions without requiring additional charge from the 

Figure 2-15: (a) Charge efficiency (%), and (b) average energy consumption (kT/ion) 
of free-standing Licap- Licap, AC-AC, 54.3% CTAB/AC- 47.3% SDS/AC-precoated 
electrodes, 98% CTAB/AC-103.8% SDS/AC-precoated electrodes, and 101.5% 
CTAB/AC – 88.1% SDS/AC electrodes. 
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system. For this same reason, the energy consumption for 98.0% CTAB/AC- 103.8% SDS-AC –

precoated and 101.5% CTAB/AC- 88.1% SDS-AC–powder is also low (Figure 2-15(b)).  

Table 2-7: Electro-sorption performance- NCDI 

Electrode Avg. 
CE 
(%) 

Avg. Energy 
consumption 
pre ion (kT/ion) 
@296 K 

Avg. SAC 
(mgNaCl/gAC 

film) 

SAC 
retention 
(%) after 
40th 
cycle 

Licap-Licap 42.8 54.3 7.71 66.3 

Pristine AC-Pristine AC (140 um thick) 39.5 58.4 8.78 50.8 

54.3% CTAB/AC-47.3% SDS/AC -
precoated 

49.3 46.6 5.00 67.7 

98.0% CTAB/AC-103.8% SDS/AC -
precoated 

62.8 37.3 2.63 75.3 

101.5% CTAB/AC-88.1% SDS/AC -
powder 

68.2 34.3 3.05 84.6 

 

The differences in SAC and CE for 98.0% CTAB/AC- 103.8% SDS-AC–precoated and 

101.5% CTAB/AC- 88.1% SDS-AC–powder could be due to the difference in ion diffusion 

pathways for the tortuosity in electrode. Since the surfactant modifications on 98.0% CTAB/AC- 

103.8% SDS-AC–precoated was done on the pre-coated AC electrodes, that makes the ion 

diffusion pathways more tortuous than the complete surfactant-impregnated powder material 

(101.5% CTAB/AC- 88.1% SDS-AC –powder). 

The 98.0% CTAB/AC-103.8% SDS-AC–precoated and 101.5% CTAB/AC- 88.1% SDS-

AC–powder electrode showed the highest stability. It retains ~80% salt adsorption capacity up to 

the 40th cycle. In contrast, the AC-AC electrodes only retained 50.8% of their salt adsorption 

capacity after 40 cycles, while the 54.4% CTAB/AC-42.9% SDS-AC–precoated electrodes 

retained 67.7%. The decline in stability in pristine AC film (AC-AC) and incomplete surfactant-

modified film (54.4% CTAB/AC- 42.9% SDS-AC–precoated ) is primarily attributed to carbon 

oxidation in the anode during the charging steps [49] . 
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Effect of Flow rate on peak desalination: 

The peak desalination decreases with the increase of the flow rate. In Figure 2-16(c), the 

flow rate is normalized by the carbon film mass (mL/min/gAC film). At the high flow rate, the contact 

time between the electrodes and the low concentration solution was short. As a result, the ions did 

not get into the AC pores, leading to the low adsorption and low peak desalination. At the low flow 

rate, the peak desalination was >20%, but it took longer time to reach the equilibrium, as shown 

in Figures 2-16(a) and 2-16(b). Overall, 1.0 mL/min was the optimum flow rate in which the 

concentration reached equilibrium during each charging and discharging steps and the peak 

desalination was >10%. The Licap-Licap cell showed a higher peak desalination compared to 

101.8% CTAB/AC-88.1% SDS/AC, likely because of the presence of a larger pore volume in the 

AC than the surfactant-modified samples.  
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2.12.b- iCDI- Inverted CDI 

 

A cell is assembled as shown in Figure 2-17(b), where the working electrode is SDS/AC 

and counter electrode is CTAB/AC. A constant flow rate of ~1.00 mL/min was maintained during 

the i-CDI cycles. In an inverted CDI cycle, -1.20 V is applied for 20 minutes to desorb ions by 

electrostatic repulsion, and this phase is called the active phase. In the passive phase, the cell is 

shunted for 20 minutes, and due to the electrostatic attraction between the surfactant functional 

groups and ions from the bulk solution, the ions get adsorbed to the electrode [50]. By an active 

phase followed by a passive phase completes an i-CDI cycle, as shown in the Figure 2-17(a). The 

concentration vs. time profile for 98.0% CTAB/AC-103.8% SDS/AC-precoated and 101.5% 

Figure 2-17: (a) The 5th cycle of inverted CDI concentration profile vs time of Licap-
Licap, 54.3% CTAB/AC–47.3% SDS/AC-precoated, 98% CTAB/AC–103.8% SDS/AC-
precoated, 101.5% CTAB/AC–88.1% SDS/AC-powder in 1000 ppm NaCl at a constant 
flowing rate of 1.0 mL/min), (b) the cell setup for inverted CDI, and  (c) the average salt 
adsorption (/desorption) capacity during the active (-1.20 V) and passive (0.00 V) phase. 
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CTAB/AC-88.1% SDS/AC-powder cell in i-CDI mode presented in Figure 2-17(a) is similar to 

the profile presented in literature for i-CDI[43, 51]. In the pristine free-standing Licap-Licap and 

54.3% CTAB/AC-47.3% SDS/AC, the concentration profile in i-CDI mode is similar to the normal 

CDI in Figure 2-14(a) due to the lack of charged groups at the surface. During the active phase (-

1.20V) , the ions get adsorbed onto the electrode, and during the passive phase, the ions get 

desorbed[51]. 

 

Table 2-8: i-CDI performance 

Cell Avg. SAC 

(mgNaCl/gACfilm) 

Avg. SDC 

(mgNaCl/gACfilm) 

Licap-Licap 13.97 13.82 

54.3% CTAB/AC-47.3% SDS/AC-precoated 1.42 1.34 

98.0% CTAB/AC-103.8% SDS/AC-

precoated 

0.55 0.76 

101.5% CTAB/AC-88.1% SDS/AC-powder 1.39 1.91 

 

In Licap-Licap and 54.3% CTAB/AC-47.3% SDS/AC during the active phase, the salt 

adsorption capacity (SAC) was 13.97 mgNaCl/gACfilm and 1.42 mgNaCl/gAcfilm, respectively and the 

salt desorption capacity (SDC) was 13.82 mgNaCl/gACfilm and 1.34 mgNaCl/gAcfilm, respectively. On 

the contrary, the 98.0% CTAB/AC-103.8% SDS/AC-precoated and 101.5% CTAB/AC-88.1% 

SDS/AC-powder showed the SAC of 0.55 mgNaCl/gACfilm and 1.39 mgNaCl/gAcfilm, respectively 

during the passive phase and the SDC of  0.76 mgNaCl/gACfilm and 1.91 mgNaCl/gAcfilm, respectively, 

during the active phase. 

 

Comparison of i-CDI and NCDI 

A significant difference in the CDI cycle was observed in the NCDI and iCDI (Figure 2-

18). In the Licap-Licap symmetric cell, the electrodes adsorbed ions regardless of positive or 

negative voltage bias but the type of ion (cation or anion) adsorbed on a specific electrode 

depended on the  polarity of the voltage bias. However, the ionic surfactant-modified AC 
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electrodes showed very different behavior. The modified electrode became charge-selective and 

efficiently repeled the adsorption of co-ions. For that reason, the electrode pair consisting of 

saturated surfactant impregnation (i.e., 98.0% CTAB/AC-103.8% SDS/AC and 101.5% CTAB-

88.1% SDS/AC) showed the inverted ion concentration vs. time profile in i-CDI compared to 

NCDI. This behavior is explained in detail with the mechanism of ion adsorption. 

 

Mechanism of ion adsorption in i-CDI  

The surfactant impregnation on AC can function as a charge-selective membrane. The 

counter ions from the electrolyte can selectively bind with surfactant molecules adsorbed to the 

electrode due to electrostatic attraction between the surface-charged group and the ions in the 

solution (Figure 2-19(a)). These ions adsorbed onto the electrode during shunt (or without applying 

any bias), as seen for the surfactant-saturated electrodes (98.0% CTAB/AC- 103.8% SDS/AC and 

101.5% CTAB-88.1% SDS/AC) in Figure 2-19(a). During discharge, an external bias was applied 
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to the electrodes, which was opposite to the polarity of the electrode surface charge. This created 

an electrostatic repulsion between the electrode and adsorbed ions and caused ion desorption from 

the 

electrodes, as depicted in Figure 2-19(b). As the hydrophobic tail of the SDS is ~1.9 nm and CTAB 

is ~2.4 nm, the electric field to the surfactant is weaker compared to the interaction between 

surfactant molecules and the electrode surface.  In 54.3% CTAB/AC-47.3% SDS/AC, the ion 

adsorption to the electrode is dominated by the electrostatic attraction due to applied bias over 

electrostatic repulsion by the charge of surface functionalized surfactants since a substantial 

portion of the surface was exposed. Thus the profile of concentration vs. time is altered during the 

i-CDI process with the incomplete surface impregnation. 

 

 

 

Figure 2-19: The mechanism of ion-adsorption-desorption to 98% CTAB/AC-103.8% 
SDS/AC (a) during shunt, and (b) during -1.20 V, and to 54.3% CTAB/AC-47.3% 
SDS/AC (c) during shunt, and (d) during -1.20 V in i-CDI cycle. 
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2.12.c- Bipolar CDI (Reverse voltage Discharge mode) 

The cell configuration was similar to Figure 2-13(b), where the positive electrode was 

CTAB/AC and the negative electrode was SDS/AC. The 1000 ppm NaCl solution was passed 

through the cell at a constant flow rate of 1.00 mL/min during the Bipolar-CDI cycles. During each 

cycle, a +1.20 V bias was applied for 20 minutes to adsorb counter ions electrostatically, and then 

a -1.20 V bias was applied for 20 minutes to desorb ions by electrostatic repulsion to complete a 

full bipolar-CDI cycle. The concentration vs time profiles of the cells consisting of 98.0% 

CTAB/AC-103.8% SDS/AC-precoated, 101.5% CTAB/AC-88.1% SDS/AC-powder, and 54.3% 

CTAB/AC-47.3% SDS/AC-precoated electrodes in Bipolar-CDI are presented in Figure 2-20. In 

the 54.3% CTAB/AC-47.3% SDS/AC cell, there was a co-ion expulsion during the charging steps 

before new ion adsorption (Figure 2-20(a)). This ion expulsion suggests co-ion adsorption during 

the previous discharge cycle. The reason for this behavior is that the incomplete impregnation of 

surfactant on AC left some area of unmodified AC exposed to the electrolyte, which can interact 

with the opposite ions during discharging.In the cells of 98.0% CTAB/AC-103.8% SDS/AC-

precoated electrodes and 101.5% CTAB/AC-88.1% SDS/AC-powder electrodes, there was no co-
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ion expulsion since the AC surface was fully covered by the surfactants which electrostatically 

repelled the co-ions (Figure 2-20).  

Due to this co-ion effect, the salt adsorption capacity of electrodes with incomplete 

surfactant modification (i.e., 54.3% CTAB/AC-47.3% SDS/AC-precoated) was lower compared 

to those with complete surfactant modification (98.0% CTAB/AC-103.8% SDS/AC-precoated and 

101.5% CTAB/AC-88.1% SDS/AC-powder) (Figure 2-21).  

Figure 2-20: The concentration vs time profile during the Bipolar CDI in (a) 1st to 
5th cycles (inset enlarged view of the 5th CDI cycle), (b) 20th to 24th cycles, and (c) 
40th to 44th cycles. 
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Comparison of NCDI and Bipolar CDI:  

An enhancement of performance in terms of salt adsorption capacity for cells with the 

complete surfactant modified electrodes (98.0% CTAB/AC- 103.8% SDS/AC and 101.5% 
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CTAB/AC-88.1% SDS/AC) was observed for bipolar mode CDI compared to NCDI, as shown in 

Table 2-9. The possible reason is the efficient removal of ions from the electrode by strong 

electrostatic repulsion generated from the -1.20 V during the bipolar CDI cycle. That caused a 

more active pore in complete surfactant-modified activated carbon to store ions and boost the salt 

adsorption capacity. However, due to the enhanced co-ion expulsion in incomplete modified 

electrodes (54.3% CTAB/AC -47.3% SDS/AC), the salt adsorption capacity in bipolar mode is 

reduced (Figure 2-22). For non-surfactant modified Licap-Licap cells, a flipping concentration 

behavior in bipolar CDI compared to NCDI in Figure 2-22 demonstrates the failure of the CDI 

cycle for this electrode. 

Table 2-9: Comparison of salt adsorption capacity 

Cell NCDI Bipolar CDI 

54.3% CTAB/AC – 47.3% SDS/AC 5.00 mgNaCl/gAC film 1.92 mgNaCl/gAC film 
98.0% CTAB/AC – 103.8% SDS/AC 2.63 mgNaCl/gAC film 3.64 mgNaCl/gAC film 
101.5% CTAB/AC – 88.1% SDS/AC 3.05 mgNaCl/gAC film 4.52 mgNaCl/gAC film 

 

Bipolar CDI profile for pristine AC (AC-AC & Licap-Licap) 

In Figure 2-22(b), it was noted that the conductivity profile of a cell composed of Licap-

Licap electrodes demonstrated an abnormal behavior in the concentration vs. time profiles in the 

biopolar CDI mode, which showed that the electrodes desorbed ions during charging and absorbed 

ions during discharging. The symmetric cell consisting of pristine AC-AC electrode pairs (Figure 

2-23) showed the similar behavior. To understand this abnormality, a further troubleshooting 

analysis was done by adding a reference electrode to make it a three-electrode setup. 
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Troubleshooting: 

To find out the reason for the abnormal CDI behavior in non-surfactant modified cells 

(Licap-Licap and AC-AC), a reference electrode was added before the CDI cell to measure the 

true electrode potential of the two electrodes in the CDI cell when the bipolar CDI voltage 

waveform was applied, as depicted in Figure 2-24(a). A T-connector was connected at the inlet of 

the CDI cell to establish the electrolytic connection between the CDI electrodes and the reference 

electrode. An Ag/AgCl (1M KCl) was used as a reference electrode, which provided a constant 

electrode potential. Then, the CDI controller was connected to the cell. A Bipolar CDI cycle was 

applied (Figure 2-24(b)). The potential applied to the cell was measured using a digital multimeter 

(Amprobe AM-240) by connecting one probe to the CDI electrode and another probe to the 

reference electrode (Ag/AgCl (1.0 M KCl)). Then the observed potential value was converted to 

SHE by using the equation, 
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CDI for AC-AC and Licap-Licap in (a) 1st-10th CDI cycles, and (b) the 5th CDI 
cycle. 

(a) (b) 



42 

 

VSHE = V + VAg/AgCl (1M KCl) vs SHE  = V + 0.222   V…….. (2.13)   

Figure 2-24(c) presents the potential versus time curve of both CDI electrodes. From this, 

it can be seen that the CDI electrodes had floating electrode potentials though the difference 

between them was controlled to match the voltage waveform. Due to the floating potential, one of 

the CDI electrodes exhibited an initial potential higher than 1.6 V vs. SHE (green dots) when a 

+1.2 V voltage bias was applied. This high electrode potential can oxidize the AC surface to form 

oxygenated groups with abundant carboxylic acid groups (i.e. -COOH). At neutral pH values, -

COOH deionized and present as -COO- groups. This led to a more negatively charged surface. As 

a result, after long CDI cycles with repeated application of +1.2 V, the CDI cells consisting of 

pristine AC-AC and Licap-Licap electrodes were no longer symmetric cells. They behaved similar 

to the asymmetric cell with surfactant-modified electrodes in bipolar CDI modes.  
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The above results raised a question whether the CDI abnormalty was an intrinsic property 

of the bipolar voltage waveform? It is noted that, throughout all the assembled cells, the CDI 

experiments were run in the following order: 50 cycles of NCDI (+1.20 V for 20 min followed by 

0.0 V (shunt) for 20 min in each cycle), 50 cycles of I-CDI (-1.20 V for 20 min followed by 0.0 V 

(shunt) for 20 min in each cycle), and then 50 cycles of bipolar CDI (+1.20 V for 20 min followed 

by -1.20 V for 20 min in each cycle). As shown in Figure 2-18, the pristine Licap-Licap cell 

behaved the same in NCDI and I-CDI. Since it was essentially a symmetric cell, flipping the 

polarity of the cell voltage bias was not supposed to make any difference. The abnormality only 

occurred during the bioplar CDI sequences when the cell has already gone through 50 cycles of 

NCDI and 50 cycles of I-CDI. There was a possibility that the irreversible changes to the electrodes 

could have accumulated during those long cycles. To investigate the potential damage caused by 

the initial 50 cycles of NCDI, a new cell was assembled with two fresh Licap-Licap electrodes. 

The order of CDI cycling was 5 cycle bipolar CDI followed by 50-cycle NCDI, and then another 

5 cycles bipolar CDI. A comparison between 5th bipolar CDI cycle before NCDI cycling and 5th 

bipolar CDI cycle after NCDI is presented in Figure 2-25.  

The  salt concentration-time profile during the initial bipolar CDI cycle showed a mixed 

co-ion desorption and counter-ion adsorption during the charging step at +1.2 V (Figure 2-25(a)). 

Similar phenomena were observed during the discharging step (at -1.2 V voltage bias) in the same 

bipolar CDI cycle. However, the conductivity profile in bipolar CDI cycle after 50 cycles of NCDI 

clearly different, as shown in Figure 2-25(b). This profile is consistent with previous results of 

Licap-Licap in Figure 2-22(b). Clearly, the 50 NCDI cycles convincingly caused the irreversible 

changes to the surface functional groups of the AC, likely through repeated oxidation to one of the 

electrodes that was subjected to upto +1.60 V vs SHE (as shown in Figure 2-24(c).  This explains 

all the CDI results that were present earlier in this chapter. In the future, a better electronic 

controller that can control the electrode potentials accurately vs. a stable reference electrode may 

be able to avoid the electrode oxidation due to overshot potential while utilizing the maximal 

voltage window. 
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 2.13 Conclusions 

In summary, we have demonstrated an effective method to derivatize the AC surface with 

SDS and CTAB surfactnats, respectively, and developed the methods to control the surfactant 

loading and quantify their amount. The maximum CTAB adsorption capacity of AC was found 

474.25 mgCTAB/gAC and SDS adsorption capacity on AC was found 492.35 mgSDS/gAC. The 

surfactants substantially block the micropores in the AC as reflected by the N2 adsorption 

measurements while the major portion of the micropores is still accessible by the electrolyte as 

reflected by a smaller drop in the specific capacitance in electrochemical measurements. A 

complete surfactant covered saturated AC surface can function as a charge-selective ion exchange 
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membrane. That can selectively bind with counter-ions and repel the co-ions. Due to this effect, 

the CDI cells consisting of 101.5% CTAB/AC-88.1% SDS/AC on AC powders and 98.0% 

CTAB/AC-103.8 SDS/AC on precoated AC films showed a better stability, a higher charge 

efficiency and a lower energy consumption compared to the non-modified and incomplete 

modified electrodes in NCDI. However, the salt adsorption capacity is lower in the cell with 

completely surfactant-saturated electrodes because the partial blocking of available pores by the 

surfactants. 

In I-CDI mode CDI cycle, the 54.3% CTAB/AC-47.3% SDS/AC, and Licap-Licap 

electrode shows the normal CDI behavior (adsorption during voltage application and desorption 

during shunt) instead of I-CDI behavior (adsorption during shunt and desorption during voltage 

application). This is due to the incomplete surface coverage With the complete surfactant coverage 

on the AC surface, such as 101.5% CTAB/AC-88.1% SDS/AC-powder & 98.0% CTAB/AC – 

103.8 SDS/AC-precoated, the I-CDI profile consistent with the literature was observed. 

In the Bipolar mode CDI cycle, the salt adsorption capacity and charge efficiency were 

higher that NCDI mode for 101.5% CTAB/AC-88.1% SDS/AC-powder & 98.0% CTAB/AC-

103.8 SDS/AC-precoated. But for 54.3% CTAB/AC-47.3% SDS/AC, both the salt adsorption 

capacity and charge efficiency became lower than the NCDI mode,mainly due to the co-ion effect.  

With a three-electrode setup, it was observed that the voltage applied to the working 

electrode overshoot above +1.60 V vs. SHE during charging step (with a +1.20 V voltage bias) in 

the conventional CDI cycle and Bipolar CDI. This oxidized the AC and changed the surface 

chemistry (likely forming more -COOH groups). For this reason, the cells with AC-AC and Licap-

Licap electrode pairs showed the flipped conductivity profile in NCDI and Bipolar CDI after they 

were subject to long cycles.  
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Chapter 3 - Electrochemical oxygen reduction reaction by metal free carbon 

  

 3.1 Introduction 

H2O2 is a versatile chemical for its wide applications, such as bleaching agents [52], 

oxidizing agents[53], water treatment [54], etc. Recently, H2O2 has been explored as fuel for 

energy conversion and storage, and it was found H2O2 offers a higher volumetric density, 

simplifying storage, handling, and transportation [55] compared to H2. This versatile application 

of H2O2 makes it a potential game-changing chemical. The recent dominating technique for H2O2 

production is anthraquinone oxidation (AO), invented by the BASF method, which indirectly 

combines H2 and O2  in the presence of an organic quinone molecule to produce H2O2[55]. 

However, the centralized nature of this process, requiring a large industrial setup, and the 

requirement of a large volume of organic solvent limits its environmental friendliness[55]. The 

major drawback of a centralized chemical synthesis plant is in high transportation and storage cost, 

and risk of potential explosions. One common method to decentralize the synthesis of H2O2 is 

electrochemical H2O2 synthesis from the oxidation of water (WOR) and the reduction of O2 

(ORR). In both processes, the H2O2 is synthesized by a 2e- transfer reaction. 

ORR: O2 + 2H+ + 2e- → H2O2  Eo = +0.70 V vs RHE……..  (3.1) 

WOR:   2H2O → H2O2 + 2H+ + 2e-  Eo = +1.76 V vs RHE……. (3.2) 

This chapter will discuss the H2O2 synthesis from ORR with an aim to understand the 

electrocatalytic performance of a new type of graphitic carbon on H2O2 synthesis before and after 

nitrogen doping.  
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 3.2 Materials 

Melamine (C3H6N6,99%, Sigma Aldrich, St. Louis, Missouri, USA)) was used as a 

nitrogen precursor in nitrogen-doped graphitic carbon synthesis. Perchloric acid (HClO4, 70%) 

was used in preparing electrolytes to study the electrochemical properties of the catalyst. A 

Millipore water system (EASYPURE II, Thermo Scientific, Waltham, MA) was used for ultrapure 

water (18.2 MΩ cm at 25 °C) to prepare solutions for the experiments. 

 

 3.3 Materials characterization techniques 

A transmission electron microscope (TEM) (Philips CM 100 TEM at a 100 kV acceleration 

voltage) was used for catalyst structure characterization. The Raman spectra for samples were 

recorded using a DXR Raman microscope with a 532 nm (2.33 eV) laser, (spot size 2.1 um, 50 um 

aperture). The Bruker AXS D8 Advance Discover Diffractometer (Bruker Corporation, Karlsruhe, 

Germany) with a Cu Kα radiation of wavelength 0.15418 nm and a detector slit width of 1 mm 

was used to analyze the crystal structure of the catalysts. The PHI 5000 Versa XPS system 

(Chanhassen, MN) with a monochromatized Al Kα source (1486.7 eV) was used to characterize 

the surface chemical composition of the catalysts. All the XPS spectra were obtained using a 400 

μm spot size. The binding energy (B.E.) of all XPS data was calibrated vs the standard sp2 C 1s 

peak at 284.60 eV. Shirley background of Origin software (version 2024b) was used in the curve 

fitting.  
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 3.4 Synthesis, properties, and characterization of the graphitic carbon (DG0.3) 

 

Graphitic carbons (DG0.3) were synthesized from the mixture of acetylene and oxygen at a 

mole ratio of 1: 0.3 by a detonation process. A detailed experimental procedure was provided in 

the literature[56]. 

 

Figure 3-1: DG0.3 synthesis setup and the synthesis procedure. Reprinted 
(adapted) with permission from J. P. Wright, S. Sigdel, S. Corkill, J. 
Covarrubias, L. LeBan, A. Nepal, J. Li, R. Divigalpitiya, S. H. Bossmann, C. 
M. Sorensen, Nano Select. 2022, 3, 1054. Copyright © 2021, John Wiley and 
Sons. 
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The Raman spectrum of DG0.3 shows the D, G, and 2D peaks respectively at 1330.6 cm-

1, 1558.2 cm-1, and 2664.1 cm-1, respectively. The ID/IG >1 indicates a high degree of disorder in 

the sample and I2D/IG  <1 indicates the presence of a multilayer of the graphene sheet. The presence 

of multilayer in graphene sheet was confirmed by both XRD and TEM (Figure 3-2(b), (c)). The 

TEM images indicate a closed-cage structure with a nanoscale particle morphology with a size 

ranging from 50 to 100 nm (Figure 3-2(d)). The (002) graphene planes are located at 25.55o derived 

from XRD (Figure 3-2(b)), representing an interlayer spacing of 0.349 nm and number of graphene 

layers of ~7.  

 

A detailed analysis of the Raman spectrum is given in the literature [56], shown in Figure 

3-3. Two small peaks at 1897 cm-1 and 2052 cm-1 represents turbo-static nature of the graphene 
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Figure 3-2: Characterization of DG0.3: (a) Raman spectrum, (b) XRD, 
and (c) and (d) TEM images. 
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which means random relative rotation between the adjacent layers[56]. The elemental composition 

of DG0.3 is 99.8% C, 0.15% H and 0.05% O[56]. 

 

 3.5 Nitrogen doped DG0.3 synthesis: 

The DG was first oxygenated by H2SO4-HNO3 acid treatment, following the procedure 

from the literature[57]. 500 mg of DG0.3 was treated in an aqueous mixture of 2.0 M H2SO4 and 

4.0 M HNO3 at 120 °C for 12 h under constant stirring. The obtained oxygenated DG0.3 (ODG0.3) 

Figure 3-3: Raman spectrum of DG0.3 presented in form of log of the intensity vs Raman 
shift (in wavenumber). Reprinted (adapted) with permission from J. P. Wright, S. 
Sigdel, S. Corkill, J. Covarrubias, L. LeBan, A. Nepal, J. Li, R. Divigalpitiya, S. H. 
Bossmann, C. M. Sorensen, Nano Select. 2022, 3, 1054. Copyright © 2021, John Wiley 
and Sons. 
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Figure 3-4: Synthesis of N doped DG0.3. 
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was washed with ultrapure water until the pH reached ~7.0, collected by centrifugation at 3000 

rpm for 10 min, and dried at 80 °C in a vacuum oven. 

 

The N doping on ODG0.3 was achieved by mixing the carbon sample with melamine, 

followed by thermal heating[58]. To begin with, 50 mg of ODG was dispersed in 30 mL methanol 

and sonicated for 1 hr. Then 125 mg of melamine was added to the mixture and sonicated for 1 hr. 

The obtained mixture was then stirred overnight at 500 rpm. Subsequently, the methanol was 

evaporated by heating the mixture at 35 oC until completely dried. The mixture sample was then 

ground for 5 minutes. Finally, the mixture was annealed in a tube furnace at 800 °C for 1 hr in an 

N2 atmosphere with a 10 °C/min ramping to create N doping on DG0.3. 

 

 3.6 Synthesized material characterization 

The Raman spectrum (Figure 3-5(a)) showed 4 cm-1 blue shift in D-band and ~9 cm-1 blue 

shift in G-band after nitrogen doping on DG0.3, indicating the presence of C-N in the structure. 

XRD analysis (Figure 3-5(b)) revealed a negative shift of 0.65o in 2q value after N doping which 

suggests an increase of interlayer spacing between the graphene layers. During the oxygen 

functionalization and thermal heating, the structural morphology of the graphene sample remained 

the same, which was confirmed by TEM (Figure 3-5(c)) and (d)). That demonstrates the stability 

of the sample. 
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The XPS result further confirmed the doping of nitrogen in DG0.3. The atomic percentage 

of nitrogen present in the sample was 1.25%. The deconvoluted N1s (Figure 3-6(a)) demonstrates 

the presence of 13.7% pyridinic N, 46.5% pyrrolic N, 20.9% graphitic N and 18.9% pyridinic N-

oxide. 

 3.7 Electrochemical characterization 

All the electrochemical characterizations were performed in a standard three-electrode 

electrochemical cell using a rotating disk electrode (RDE) with a glassy carbon (GC) disk of 0.071 

cm2 embedded in PEEK surface or a rotating ring disk electrode (RRDE) with a GC disk of 0.125 

cm2 and a Pt ring (O.D. 7.0 mm and I.D. 5.0 mm) in PEEK surface controlled by a CHI 760D 

electrochemical workstation (CH Instruments, Austin, TX). The RDE or RRDE were controlled 

by the RRDE-3A Rotating Ring Disk Electrode Apparatus Ver.2.0 (ALS Co., Ltd, Japan). when 

using in the hydrodynamic conditions.  

The catalyst ink was prepared by dispersing the required amount of active material 

(graphitic carbon or nitrogen-doped graphitic carbon) in 1.0 mL of a mixture of ethanol and 

ultrapure water (at a 3:1 volume ratio) with the addition of the required amount of Nafion solution 
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Figure 3-6: (a) Deconvoluted N 1s XPS spectrum, and (b) schematic of N doping on a 
graphene sheet. Panel (b) is reprinted (adapted) with permission from ACS 
Nano 2011, 5, 6, 4350–4358. Copyright © 2011, American Chemical Society. 
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(5 wt % in lower aliphatic alcohols) so that the ionomer to carbon ratio was 0.4 . The working 

electrode was prepared by drop-casting the catalyst ink onto the GC RDE or RRDE. The loading 

of the active material was maintained at 250 μg/cm2 for the half-cell studies. Before drop-casting 

the catalyst ink, the electrode was polished using 0.05 μm diameter alumina slurry to get a mirror 

finish. A graphite rod electrode (6.0 mm diameter) was employed as the counter electrode. A 

mercuric-mercurous sulfate (Hg/Hg2SO4) in saturated K2SO4 and silver-silver chloride (Ag/AgCl) 

in 1.0 M KCl were used as the reference electrodes. The electrolyte of 0.10 M HClO4 (pH = 1.0) 

was used to study the activity of the catalysts.  

The electrode potential values versus the Hg/Hg2SO4 reference electrode (in experiments 

carried out in 0.1 M HClO4 solution, pH = 1.0) are converted to the values versus the RHE using 

the following equation:  

E (vs. RHE) = E (vs Hg/Hg2SO4) + EHg/Hg2SO4 vs. NHE + 0.059 pH 

= E (vs Hg/Hg2SO4) + 0.64 + 0.059 x 1 

= E (vs Hg/Hg2SO4) + 0.699……… (3.3) 

where E (vs Hg/Hg2SO4) is the experimentally measured potential versus the Hg/Hg2SO4 reference 

electrode (with saturated K2SO4 filling solution) and EHg/Hg2SO4 vs. NHE = 0.64 V.  

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were done for 

electrochemical characterizations. Before studying the ORR catalytic activity, the solution was 

bottom purged by an ultrapure Ar gas for 10 minutes and then switched to top purge. The CV was 

done in the stationary condition in the potential range +1.194 V vs RHE to -0.406V vs RHE at a 

scan rate of 50 mV/s for 25 cycles and the LSV was done in hydrodynamic conditions at 400 rpm, 

800 rpm, 900 rpm, 1200 rpm and 1600 rpm from +0.899 V vs RHE to -0.501 V vs RHE at a scan 

rate of 10 mV/s for activation and collecting the background. Then the purging gas was switched 

to O2 and run 5 cycles CV followed by LSV at different rotation rate in the same potential window 

as mentioned before. 

The LSV measurement with RRDE was the same as with RDE, except the Pt ring is set at 

a potential of 1.20 V vs RHE. The collection efficiency (n) is 43%. The collection efficiency 

was determined from the ring and disk current ratios in 10 mM K3[Fe (CN)6] solution. 

 

 

 



55 

 

 3.8- Results and discussion of electrochemical characterization 

The CV for DG0.3, ODG0.3, NDDG0.3 in Ar and O2 purged 0.10 M HClO4 are present in 

Appendix Figures B.1(a), B.2(a), and B.3(a), respectively. The prominent ORR peak in O2 purged 

solution indicates the catalysts’ activity towards ORR. The background subtracted LSV at 1600 

rpm with RDE for different catalysts presented in Figure 3-7(a). It has been seen that, the N-doped 

DG0.3 has an earlier onset potential (+0.328 V vs. RHE) and half wave potential (+0.126 V vs 

RHE) compared to ODG0.3 (onset potential: +0.170 V vs. RHE and half-wave potential: +0.006 V 

vs. RHE) and DG0.3 (onset potential: +0.011 V vs. RHE and half-wave potential: -0.134V vs. 

RHE). This suggests an enhanced catalytic activity due to nitrogen doping. Upon incorporation of 

nitrogen atoms into the graphene sheet, the charge density was rearranged because of the 
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electronegativity differences between carbon and nitrogen. This alteration allowed O2 molecules 

to be readily attracted to the catalysts and led to the higher catalytic activity[59, 60]. However, 

despite the significant improvement (+317 mV shift) in the onset potential compared to pristine 

DG0.3, the onset potential for NDDG0.3 still far away from the theoretical value for 2e- reduction 

reaction of O2 (Eo = +0.695 V vs RHE). The reason could be due to the relatively low amount of 

nitrogen doping in DG0.3 and the limited percentages of pyridinic and graphitic N sites, which are 

considered to be the active sites for ORR[61, 62]. Further work needs to be done to enhance the 

nitrogen at% present in the sample and more pyridinic and graphic active sites. 

The number of electron transport can be calculated from Koutecky-Levice (K-L) 

analysis[60] by plotting the inverse of the limiting current density JL (mA/cm2) vs. the square root 

of inversed ration rate ɷ-1/2 (rad/s)-1/2 from LSV at different rotation rates.  
ଵ

௝
 =  

ଵ

஻ఠభ/మ
+  

ଵ

௝ೖ
…………. (3.4) 

𝐵 = 0.20𝑛𝐹[𝑂ଶ]𝐷ைଶ
ଷ/ଶ𝜗ିଵ/଺……….. (3.5) 

where ω = electrode rotating speed in rpm,  

j = current density in A/cm2,  

B = reciprocal of the slope,  

[𝑂ଶ] = concentration of O2, mol/cm3  

𝐷ைమ
 = O2 diffusion coefficient (cm2/s), and  

𝜗 = electrolyte kinematic viscosity (cm2/s).  

From Figure 3-7(c), the number of electron transport is ~2 for all the catalysts. That indicates that 

the ORR by the N doped DG0.3, ODG0.3, DG0.3, and Vulcan C all followed a 2e- transfer ORR 

pathway.  

The results of RRDE experiments for N-doped DG0.3 is presented in Figure 3-8 and the 

electron transfer number n and percentage selectivity of H2O2 yield can be derived by equations 

(3.6) and (3.7)[60]. In the potential range from +0.099 V vs. RHE to -0.101 V vs. RHE, the H2O2 

yield has reached a maximum of 60%, and the number of electron transfer is 2.8. This supports the 

previous finding that indicates the majority of the ORR followed the 2e- pathway and produced 

H2O2. Only a small portion of ORR followed the 4e- pathway and produced H2O with  some of the 

H2O2 being further reduced to H2O. 

𝑛 =  4 𝑥 
ூವ

ூವାூೃ/ே
……. (3.6) 
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% 𝐻ଶ𝑂ଶ 𝑦𝑖𝑒𝑙𝑑 =  200 𝑥 
ூವ

ூವାூೃ/ே
…….. (3.7) 

𝐼஽ =  𝐷𝑖𝑠𝑐 𝑐𝑢𝑟𝑟𝑒𝑛𝑡, 𝑚𝐴 

𝐼ோ  = Ring current, mA. 

 

 3.9 Conclusion 

In summary, we have demonstrated that, after N-doping by a post-growth process, the 

detonation graphene DG0.3 showed substantial positive shifts in the onset potential and half-wave 

potential for ORR.  This N-doped DG0.3 showed a 2e transfer ORR pathway, which has been 

confirmed by K-L plot analysis of LSV curves obtained with RDE and RRDE, respectively. From 

LSV with RRDE, the H2O2 yield was also derived to be 60%. The future work targeting enhancing 

N at% in the sample and co-doping with other non-metal atoms may further improve the 2e- ORR 

pathway.   

 

  

Figure 3-8: (a) LSV at 1600 rpm with RRDE for N-doped DG0.3 and a commercial 
Pt/C catalyst, and (b) the calculated H2O2% yield and number of electrons n for N-
doped DG0.3. 
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Chapter 4 - Conclusions and future outlook 

 

Modifying carbon materials will undoubtedly continue to play a crucial role in clean 

technologies. This research work investigated two distinct approaches: surfactant-modified carbon 

for water desalination and N-doped graphitic carbon for H2O2 synthesis.  

 

In Chapter 2, a quantifiable and controllable method of cationic and anionic surfactants 

modification to the AC powder and pre-coated AC electrodes was demonstrated. From this, The 

equilibrium CTAB adsorption capacity is 477.89 + 2.98 (95%CI) mgCTAB/gAC and SDS adsorption 

capacity is 493.65 + 1.34 (95% CI) mgSDS/gAC. The modified AC powder and pre-coated AC 

electrodes showed   better stability and charge efficiency compared to non-modified AC, but the 

salt adsorption capacity is lower compared to the pristine AC electrodes due to the pore blocking 

by the surfactants. The mechanism of ion adsorption and the role of surfactants on AC during the 

CDI cycling were investigated. It can be concluded that the surfactant coatings on the AC can act 

as charge selective membrane. Future work needs to be done to enhance the salt adsorption 

capacity. A possible area of investigation could be understanding the effect of size of surfactant 

molecules and a mixture of ionic and nonionic surfactants for CDI. 

 

In Chapter 3, a post-growth thermal treatment method was developed to introduce nitrogen 

doping into a special form of graphitic carbon produced by a scalable detonation process, i.e., 

DG0.3. It showed that, after N-doing, the electrocatalytic performance of DG0.3 for ORR was 

improved, with the onset and half wave potentials shift by ~+300 mV compared to DG0.3. From 

the K-L plot analysis of the RDE LSV curves, the number of electron transfer was determined to 

be ~2, indicating a 2e- ORR mechanism, which is consistent with the RRDE analysis. The H2O2 

yield was determined to be 60% from RRDE measurements. 
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Appendix A - Supplementary Information for Chapter 2 

A.1-Number of extraction determination to separate MO-CTAB complex from aqueous 
phase to organic phase 
 

It was found that a negligible amount of MO (methyl orange) gets extracted to organic phase. After 

subtracting the absorbance contribution from free MO, in single extraction more than 90% MO-

CTAB complex ions are transferred from aqueous phase to organic phase. So, for further analysis 

only one extraction is used to separate MO-CTAB complex from aqueous phase to organic phase. 

 

A.2-Absorbance of MO-CTAB in CHCl3 vs standard CTAB solution concentration- 

Calibration graph 

 

Figure A 1: UV-Vis’s absorption of MO-CTAB after extraction (a) 20 ppm CTAB, 
(b) 2.6 ppm CTAB, and (c) 0 ppm CTAB. 

Figure A 2: (a) UV-Vis absorbance for standard CTAB solution, and (b) Calibration 
graph to determine free CTAB in solution. 
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A.3- Number of extraction determination to separate MB-SDS complex from aqueous phase 

to organic phase 

It was found that a small amount of MB (methylene blue) gets extracted to organic phase. After 

subtracting the absorbance contribution from free MB, in single extraction more than 90% MB-

SDS complex ions are transferred from aqueous phase to organic phase. So, for further analysis 

only one extraction is used to separate MB-SDS complex from aqueous phase to organic phase.  

  

 A.4-Absorbance of MO-CTAB in CHCl3 vs standard SDS solution concentration- 

Calibration graph 
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Figure A 4: (a) UV-Vis absorbance for standard SDS solution, and 
(b)Calibration graph to determine free SDS in solution. 

Figure A 3:UV-Vis’s absorption of MB-SDS after extraction (a) 20 ppm SDS,   
(b) 2.5 ppm SDS, and (c) 0 ppm SDS 
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 A.5-Adsorption Kinetics of Surfactant on AC powder and precoated AC-electrode 

  

 A.6- Washing of surfactant modified AC: 

Washing of CTAB modified AC: For washing of CTAB from CTAB/AC 250 mL 

ultrapure water was used each washing. Upto 11th washing the total CTAB leach out is 7.35 mg. 

That is 0.15% of total CTAB absorbed to the electrode. 
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Figure A 6: washing of CTAB/AC 
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Washing of CTAB modified AC: For washing of weakly bonded SDS from SDS/AC 250 

mL ultrapure water was used each washing. Up to 14th washing the total SDS leach out is 137.6 

mg. That is 3.0% of total SDS absorbed to the electrode. 
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Figure A 7: washing of SDS/AC 

 

A.7- TGA Characterization and Calculations: 

Constituents of AC/SDS: 

x = fraction of activated carbon (AC) 

y = fraction of SDS 

z = fraction of adsorbed moisture  

x + y + z = 1……………(B1) 

Weight lost at 600 oC = 0.00743x + 0.7427y + z = 0.2739…………(B2) 

Weight lost at 120 oC = z = 0.0507………. (B3) 

By Solving equations B1, B2, B3, 

Wt % of AC = 65.53 % 

Wt % of SDS = 29.39 % 

Wt % of adsorbed moisture = 5.08 % 

Constituents of AC/CTAB: 

a = fraction of activated carbon (AC) 

b = fraction of CTAB 

c = fraction of adsorbed moisture  

a + b + c = 1………. (B4) 
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Weight lost at 600 oC = 0.00743a + b + c = 0.3371………. (B5) 

Weight lost at 120 oC = c = 0.0293……………. (B6) 

Solving equation B4, B5, B6, 

Wt % of AC = 66.8 % 

Wt % of CTAB = 30.3 % 

Wt % of adsorbed moisture = 2.9 % 

 

 A.8- Effect of electrode thickness on electrode capacitance 

 

From figure A6, it can be seen that the increase of electrode thicknesses the area specific capacity 

increases. With the increase of catalyst thickness the mass loading increases but due to thicker 

coating thickness the electrolyte cannot effectively use the whole active electrode for ion 

adsorption. That causes the mass specific capacity to decrease.  
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Appendix B - Supplementary Information for Chapter 3 

The electrocatalytic ORR performance of DG0.3, ODG0.3, NDDG0.3 presented in figure B7, B8 and 

B9. 
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Figure B 1: (a) CV in Ar (dash line) and O2 (solid line) (b) LSV at 400 rpm, 800 rpm, 
900 rpm, 1200 rpm, 1600 rpm for DG0.3 
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Figure B 2: (a) CV in Ar (dash line) and O2 (solid line) (b) LSV at 400 rpm, 800 rpm, 
1200 rpm, 1600 rpm for ODG0.3 
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Figure B 3: (a) CV in Ar (dash line) and O2 (solid line) (b) LSV at 400 rpm, 
800 rpm, 1200 rpm, 1600 rpm for ODG0.3 
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