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Abstract 

A commercially available carbon cloth electrode is repetitively oxidized using a wetting-drying 

procedure in order to enhance its negative chemical surface charge, consequently creating 

scenarios of symmetric electrode pairs with different potentials of zero charge (EPZC) versus 

potential at short circuit for ion desorption (Eo) in a potential distribution. In literature, this study 

of capacitive deionization (CDI) for the first time provides a new analytical approach that is 

capable of estimating the EPZC and potential distribution diagram. The approach leverages the 

modified Donnan model with chemical surface charge, in which values of chemical surface charge 

are quantified by investigating the effluent pH at steady state with and without carbon electrode 

pairs in a flow cell. Results from constant-voltage CDI tests show that, for a symmetric pair of 

carbon electrodes, ion adsorption-desorption performance becomes efficient when a carbon 

electrode possesses equal positive and negative chemical surface charges or its net chemical 
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 2 

surface charge is zero. By mapping EPZC and Eo in a potential distribution diagram, ineffective ion 

adsorption-desorption results from electronic charge consumed to repel co-ions at the intermediate 

charge storage stage. Additionally, Faradaic reactions at the electrodes are discussed based upon 

pH responses during CDI charging and discharging.   

 

Water Impact Statement 

Combined with the modified Donnan model with chemical surface charge, knowledge of potential 

distribution provides a new insight that is capable of interpreting performance of a capacitive 

deionization (CDI) cell. Such knowledge can aid in selecting, developing, modifying, and 

evaluating capacitive carbon electrodes for the emerging CDI technology.  

 

1. Introduction 

Even though the earth is largely covered by water, inadequate access to clean water is becoming 

one of the most pervasive challenges afflicting people globally.1 While effective, current 

desalination technologies such as distillation and membrane-based filtration can be costly to 

implement and operate. As a consequence, alternatives cost-effective and robust desalination 

solutions should be encouraged. Capacitive deionization (CDI) is an emerging approach using 

common carbon materials to electrostatically remove ions from a solution.2 Previous works have 

improved CDI via physical-chemical modification of carbon electrodes,3-9 variation in CDI cell 

architectures,2, 10-14 mitigation of Faradaic reactions and performance degradation,15-21 

optimization of charging-discharging methods,22-25 and development of CDI theories.26-30 Such 

efforts have made CDI attractive over current desalination technologies, e.g., substantial 
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minimization of heat treatment, high-pressure pumps, and chemical additives, leading to a 

significant reduction in capital and operating costs for desalination.2 

 

Figure 1. (a) Constant-voltage operation of a CDI cell including a charging voltage (Vch) for ion 

adsorption and a discharge voltage (Vdis) for ion desorption, and its operational mechanism is 

presented in a potential distribution diagram in (b). (b)-(d) For a symmetric electrode pair, i.e., 

both the anode and cathode possess the same physical-chemical properties, modifying the chemical 
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surface charge of the carbon electrode changes the location of potential of zero charge (EPZC) with 

respect to the potential at short circuit (Eo), thereby impacting the salt removal effectiveness of a 

CDI cell. In these plots, ionic charge curves are generated using the modified Donnan model with 

the parameters shown in the caption of Fig. 7, and E+ and E- denote the potentials at the anode and 

cathode, respectively. 

 

Desalination with CDI is achieved in a flow cell with a pair of carbon electrodes separated 

by a water channel as sketched in Fig. 1(a). Often, constant-voltage operation is adopted to 

investigate the performance of a CDI cell with a charging voltage (Vch) for ion adsorption and a 

discharge voltage (Vdis) for ion desorption. Details are illustrated by using an ionic charge curve 

plotted in a potential distribution diagram, where the ionic charge curve is defined by the modified 

Donnan (mD) model with chemical surface charge for a single carbon electrode according to 

reference (26). It can be seen in Fig. 1(b) that Vch is distributed to the potentials at the anode (E+) 

and cathode (E-), creating two driving/electrostatic forces with respect to the potential at the short 

circuit (Eo), E+ - Eo and Eo - E-, to store respective ionic charge into the carbon micropores. To 

release ions at discharging, the anode and cathode are shorted resulting in E+ = E- = Eo = Vdis (or 

E+ - E- = Vdis = 0). 

Ion adsorption-desorption by electrodes in a CDI cell depends on the potential of zero 

charge (EPZC) with reference to Eo within a potential distribution diagram,31-33 where EPZC typically 

defines a potential when an electrode has the least ion adsorption.34, 35 The EPZC is highlighted at 

the lowest point on the ionic charge curves in Fig. 1(b)-(d) for common CDI cell configurations 

with symmetric electrode pairs, i.e., both the anode and cathode have the same EPZC and porosity, 

and where such cells utilize constant-voltage operation discussed above. As shown in Fig. 1(b), 
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when E+ = E- = Eo = EPZC for ion desorption at Vdis, no ionic charge will be retained at each 

electrode. In contrast, cases in Fig. 1(c) and (d) suggest that the electrode can store ionic charge at 

Vdis since EPZC and Eo are found in different locations, e.g., the cathode adsorbs anions in Fig. 1(c) 

by the driving force of Eo - EPZC at Vdis = Eo. Furthermore, these cases result in unequal driving 

forces at the anode and cathode by counting the ionic charge, which will be detailed in section 3.5. 

In this work, scenarios for different EPZC locations versus Eo in a potential distribution 

diagram for symmetric electrode pairs is created via oxidizing a commercially available carbon 

cloth electrode. Importantly, for the first time in the literature of CDI, a new insight is provided to 

estimate the EPZC and predict the potential distribution using the mD model with chemical surface 

charge, in which values of chemical surface charge are quantified by investigating the effluent pH 

at steady state with and without carbon electrode pairs in a flow cell. Finally, through these efforts, 

it is considered that knowledge of the potential distribution combined with charge balances is 

capable of interpreting and predicting the performance for CDI cells. 

 

2. Material and Methods 

2.1. Electrode Preparation 

To facilitate our discussion, carbon electrodes used in the present work are denoted electrodes A, 

B, and C with different chemical surface charges. Electrode A, a microporous carbon cloth 

electrode that was purchased from Engineered Fibers Technology, Connecticut, USA, was directly 

used in the experiments without treatment. Previous results depict that this electrode possessed 

positive chemical surface charge in NaCl solution.21 Therefore, to enhance its negative chemical 

surface charge but without bringing additional chemical species such as nitrate, NO3
-, carbon 
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oxidation was carried out using deionized water to wet electrode A followed by air-drying at 280°C 

for 24 hours, as similarly performed in reference (36). Electrodes B and C were the resulting 

electrodes from 3 and 7 times repetitive oxidation, respectively, via the wetting-drying procedure 

introduced above.  

2.2. Pore Volume and Surface Functional Groups 

Surface functional groups were studied using a Nicolet 6700 Fourier-transform infrared (FTIR) 

spectrometer. The mixing ratio of electrode to KBr was 0.3 wt%, of which 70 mg of the mixture 

was milled and pressed to form a pellet. FTIR spectra including KBr background were recorded 

by co-adding 256 scans at 4 cm-1 resolution under N2 environment. Pore volume was quantified 

using a Micromeritics ASAP2020 surface area and porosity analyzer. Approximately 100 mg of 

electrode was degassed at 120°C under vacuum for 12 hours, and N2 adsorption-desorption 

isotherms were recorded at 77 K. The non-localized density functional theory was used to calculate 

the cumulative pore volume as a function of pore size, as it generally accommodates various pore 

geometries.37  
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Figure 2. (a) Monitoring effluent pH, conductivity, dissolved oxygen (DO), and potentials at 

electrodes of a CDI cell. During the tests, (b) without applying voltage, electrode surface charge 

was first identified by monitoring changes in the effluent pH when NaCl solution passes through 

or bypasses the CDI cell via opening or closing valves 1 and 2, (c) followed by CDI charging and 

discharging when closing valve 1 and opening valve 2. Unless stated otherwise, surface charge 

testing was performed in 31 L of 9 mM deaerated NaCl solution at 90 mL min-1 followed by CDI 

testing at 0.8 V charging and 0 V discharging in the same NaCl solution at 25 mL min-1. 

 

2.3. Chemical Surface Charge and CDI Testing 

Fig. 2(a) shows the setup used for both the chemical surface charge and CDI tests. This setup 

included a homemade flow-through CDI cell with carbon electrodes adjacent to titanium current 

collectors, two polyethylene needle valves, Thermo Scientific pH, conductivity, and dissolved 

oxygen probes, a homemade polyethylene tank, and a Cole-Parmer Masterflex L/S peristaltic 

pump. As similarly performed in reference (11, 18), a saturated calomel electrode (SCE) was used 

to measure potentials across the electrodes during testing, where the SCE was parallel to the 

electrodes. Mass of the dry electrode pairs A-C in both the surface charge and CDI tests were about 

2.9, 2.4, and 2.2 g, respectively. Each test used freshly prepared 31 L of 9 mM NaCl solution that 

was circulated at 90 mL min-1 for surface charge tests and 25 mL min-1 for CDI tests while flushing 

with gaseous N2.   

The procedure for surface charge testing is demonstrated in Fig. 2(b). By opening valve 1 

and closing valve 2, pH of the bulk solution at steady state was first measured without the CDI 

cell. Subsequently, by closing valve 1 and opening valve 2, the dry electrode pairs in the CDI cell 

were wetted. Due to different surface interactions with water at the carbon electrodes (see reactions 
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(10) and (11)), the effluent pH after the CDI cell was modified toward a new steady-state value. 

Under such a condition, along with references (38-40), the net positive and negative chemical surface 

charges, σchem,+ and σchem,-, are estimated using the effluent pH of the CDI cell at steady state via 

 σchem,+ = (10(pH−14)𝑉sol)/(𝑣mic𝑚) (1) 

 σchem,− = (10(−pH)𝑉sol)/(𝑣mic𝑚) (2) 

where Vsol is the volume of solution, vmic is the micropore volume of electrode, and m is the weight 

of electrode. It is noted that equations (1) and (2) are valid when solution is alkaline and acidic, 

respectively, suggesting that net chemical surface charge of a carbon electrode will be 0 if the 

effluent pH value is 7.    

Following the surface charge test, without dissembling the CDI cell and changing solution, 

CDI testing was performed at 0.8 V charging and 0 V discharging (0.8/0 V) to study CDI 

performance, as illustrated in Fig. 2(c). Time taken for each charging and discharging step was 

2,000 s. Due to using a large volume of solution, effluent concentration at equilibrium after the 

salt adsorption and desorption is approximately equivalent to the concentration of the bulk solution 

(csalt). Therefore, salt adsorption capacity at equilibrium (SAC) is calculated by multiplying the 

volumetric flow rate (Φ) by integration of the effluent concentration (c(t)) with time (t) via 

 SAC = (𝑀wΦ 𝑚)∫(𝑐salt − 𝑐(t))dt⁄  (3) 

where Mw is the molar mass of NaCl. The corresponding electronic charge pass (Q) is calculated 

by integrating the specific current curve resulting from the measured current divided by m, in 
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which m is 2.9, 2.4, and 2.2 g for electrode pairs A, B, and C, respectively. Finally, the charge 

efficiency (Λ) is  

 Λ = (Γ𝐹)/(𝑀𝑄) (4) 

where F is Faraday’s constant.  

2.4. Modified Donnan Model with Chemical Surface Charge 

The mD model for 1:1 salt solution was used to estimate EPZC, aiding greatly in discussing the 

potential distribution in section 3.5. As learned from references (3, 26), it is assumed that, for a 

porous carbon electrode, σchem is balanced by both electronic charge (σelec) and ionic charge (σionic), 

i.e.,  

 σionic + σelec + σchem = 0 (5) 

σionic and σelec relate to the Donnan potential (ΔΦD) and the Stern potential (ΔΦS) via 

 ΔΦD = −arcsinh(σionic/2𝑐salt) (6) 

 ΔΦS = (σelec𝐹)/(𝐶S𝑉T) (7) 

where VT is the thermal voltage and CS is the Stern capacitance. Consequently, potential at an 

electrode (E) is expressed as 

 𝐸 = (𝛥ΦD + 𝛥ΦS)𝑉T (8) 

In the mD model, total ion concentration in the micropores (cT,ions) is given by  

 𝑐T,ions
2 = σionic

2 + 4𝑐salt
2  (9) 
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Equations (5)-(9) suffice to estimate EPZC in a plot of σionic as a function of E for an electrode when 

σchem, csalt, CS, and VT are fixed in the mD model.  

 

Figure 3. Characterizations of electrodes A-C. (a) Cumulative pore volumes. (b) FTIR spectra.  
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0.72 mL g-1, respectively. Fig. 3(b) shows the FTIR spectra of electrodes A-C as expressed in 

terms of transmittance. Without treatment, electrode A has bands for O-H stretching at 3430 cm-1 

3500 2000 1500 1000

Tr
an

sm
itt

an
ce

Wavenumber / cm
-1

1 10
0.0

0.2

0.4

0.6

0.8

1.0

C
um

ul
at

iv
e 

Po
re

 V
ol

um
e 

/ c
m

3
 g

-1

Pore Size / nm

 

 

(a) (b)O-H

C=O

C=C
C-O

A

B

C

A

B

C

0.92

0.83

0.72

Page 10 of 32Environmental Science: Water Research & Technology



 11 

and C=C stretching at 1600 cm-1.41, 42 After treatment, newly formed bands depict modifications 

in the surface functional groups of electrodes B and C, i.e., bands formed at 1730 and 1200 cm-1 

denote C=O and C-O stretching, respectively,41, 42 suggesting the presence of carboxylic groups, -

COOH, due to carbon oxidation. Additionally, compared to electrode B, carbon-oxygen related 

bands associated with electrode C become more significant due to the increased repetition of 

carbon oxidation. 
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Figure 4. (a)-(c) Changes in the effluent pH via opening or closing valves 1 and 2 (see Fig. 2) to 

identify surface charge conditions of electrodes A-C, respectively. In plots (a)-(c), the effluent pH 

at the left (right) side of the dashed line was measured when opening (closing) valve 1 and closing 

(opening) valve 2. Therefore, changes in the effluent pH reflect the charged surface conditions at 

the electrodes.  

 

3.2. Identification of Surface Charged Sites by Effluent pH 

Surface charged sites of electrodes A-C were identified by monitoring changes in the effluent pH 

using the setup in Fig. 2 without applying any voltage to the CDI cell. As shown in Fig. 4, when 

solution bypasses the CDI cell via opening valve 1 and closing valve 2, pH of the solution at the 

left side of the dashed lines is 6.60. Due to different interactions at the surface of the electrodes, 

effluent pH of the CDI cell configured with electrodes A-C respond differently when closing valve 

1 and opening valve 2. For example, at the right side of the dashed line in Fig. 4(a), electrode A 

displays an increase in the effluent pH with a near steady-state value of 9.41. According to 

reference (36, 39), such an increase is because the basal planes of carbon (Cπ) behave as a Lewis 

base with its acid-base reaction of 

 −Cπ(surface) + 2H2O → −CπH3O(surf)
+ + OH− (10) 

thereby resulting in not only an increased pH but also positively charged sites at electrode A. Under 

this circumstance, negatively charged species such as Cl- can be adsorbed at the electrode surface.38  

In contrast to electrode A, electrode B depicts a decreased effluent pH with a steady-state 

value of 7.41 in Fig. 4(b). Under such a condition, according to reference (39), -COOH formed by 

carbon oxidation acts as Brönsted acid with the reaction of  

Page 13 of 32 Environmental Science: Water Research & Technology



 14 

 −COOH(surface) + H2O → −COO(surf)
− + H3O

+ (11) 

thus contending with reaction (10) to neutralize the effluent pH while compromising the positive 

surface charged sites at electrode B. As the repetition of carbon oxidation increases, in Fig. 4(c), 

effluent pH of electrode C further drops to a steady-state value of 4.85, which suggests that reaction 

(11) becomes dominant. Consequently, more negatively charged sites are produced at the surface 

of electrode C.  

According to both the total pore volume and pH values in Fig. 3 and 4, σchem,+/- are estimated 

via equations (1) and (2) with respect to the neutral condition at pH of 7, yielding net chemical 

surface charges of ~0.30 M for electrode A, ~0 M for electrode B, and ~-0.28 M for electrode C, 

of which electrode B displays quite balanced positive and negative chemical surface charges. 

Additionally, these values will be used in the mD model to locate the EPZC in a plot of σionic as a 

function of E, aiding in discussion regarding the potential distributions measured during charging 

and discharging when symmetric electrode pairs A-C are configured in a CDI cell.  
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Figure 5. (a)-(c) Effluent concentration of the 1st and 2nd cycles at 0.8/0 V when a CDI cell was 

configured with electrode pairs A-C. The effluent concentration at the left side of the dashed line 
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was measured before charging the CDI cell. (d)-(f) Performance evaluations using equations (3) 

and (4) based upon the plots of (a)-(c). The corresponding current profiles are depicted in Fig. 

S1(d)-(f). It is noted that, in Fig. 5(d)-(f), the first cycles for all of the electrode pairs possess the 

lowest SAC and charge efficiency values but highest electronic charge passed values compared to 

those associated with the remaining cycles. 

 

3.3. CDI Testing and Performance Evaluation 

After identifying surface charged sites in section 3.2, CDI testing was subsequently performed at 

0.8/0 V to study salt removal without disassembling the CDI cell and changing the NaCl solution. 

Typical effluent concentration profiles are observed in Fig. 5(a)-(c), in which salt adsorption at 0.8 

V is reflected by a temporal decrease in effluent concentration, and vice versa for desorption at 0 

V. According to both the effluent concentration and current profiles in Fig. S1(d)-(f), SAC, 

electronic charge passed, and charge efficiency are calculated for each electrode pair using 

equations (3) and (4). As shown in Fig. 5(d), a higher SAC of 12.5 mg g-1 is obtained from electrode 

B in comparison to 7.5 mg g-1 for electrode A and 5.6 mg g-1 for electrode C. Similarly, in Fig. 

5(f), electrode B offers a higher charge efficiency of ~75%, as no significant difference in the 

electronic charged pass is observed in Fig. 5(e). Moreover, Fig. S3 presents a CDI Ragone plot 

based upon the first adsorption half cycles in Fig. 5(a)-(c), suggesting a higher SAC and rate 

associated with electrode pair B in comparison to that for electrode pairs A and C.43  

Surface charged sites, Faradaic reactions, and conductivity of flow cells assembled with 

carbon electrodes generally affect salt removal of a CDI cell.3, 19, 44 In the present study, the latter 

two effects are considered to be substantially reduced, i.e., solution was continuously purged with 

N2 gas to deplete most of the dissolved oxygen (see Fig. S2(a)-(c)), a relatively small charging 
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voltage, 0.8 V, was also selected to substantially minimize Faradaic reactions, e.g., dissolved 

oxygen reduction at the cathode and carbon oxidation at the anode, and the conductivity of the 

CDI cell configured with electrode pairs A-C was very similar (see similar peak currents at the 

onset of charging in Fig. S1(d)-(f)). As a consequence, the superior CDI performance associated 

with electrode pair B should be attributed to the nearly balanced positive and negative surface 

charges, σchem = ~0 M, as characterized in section 3.2.  
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Figure 6. Salt adsorption affected by surface charged sites for symmetric electrode pairs, including 

(a) electrode A with σchem > 0 M, (b) electrode B with σchem = 0 M, and (c) electrode C with σchem 
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< 0 M. In each scenario, it is assumed that (1) only 8 σelec are used to balance ionic and chemical 

surface charges without considering Faradaic reactions, and (2) surface charged sites are the same 

for all of the electrodes. It is noted that, at the stage of effective salt adsorption, electronic charge 

in the parentheses is used for net salt adsorption.    

 

3.4. Net Charge Adsorption Affected by Chemical Surface Charge    

To support the conclusion mentioned above, Fig. 6 provides three scenarios concerning the balance 

of chemical surface, ionic, and electronic charges, pertaining to (a) σchem > 0 M for electrode A, 

(b) σchem = 0 M for electrode B, and (c) σchem < 0 M for electrode C. It is generally assumed that 

(1) each scenario is composed of three stages of ion adsorption including before charging, 

intermediate, and effective salt adsorption; (2) total number of σelec used to balance cationic/anionic 

charges (σionic,+/-) and positive/negative surface charge (σchem,+/-) is 8, the same for each scenario, 

as the electronic charge passed in Fig. 5(e) is relatively equal; and (3) there is minimal interruption 

of charge transfer owing to Faradaic reactions, as the solution was deaerated to mitigate dissolved 

oxygen reduction and corresponding carbon oxidation at the anode.17, 45 

Fig. 6(a) depicts a scenario representing the surface charge sites of electrode A, i.e., σchem 

> 0 M, in which 4 σchem,+ are set at each electrode, therefore requiring 4 σionic,- to retain 

electroneutrality before charging. At the onset of charging, an intermediate stage occurs in which 

4 σelec are injected into the cathode to repulse 4 σionic,- into solution, thus balancing 4 σchem,+ at the 

cathode. Under such an intermediate stage, there is no ionic charge stored at the carbon surface, 

and the relevant potential at the carbon electrode defines the potential of zero (ionic) charge, EPZC. 

Meanwhile, 4 σionic,- from solution are stored at the anode. Subsequently, effective salt adsorption 

occurs as additional 4 σelec is used to adsorb 4 σionic,+ at the cathode, paired with attraction of 4 
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σionic,- at the anode. Overall, this scenario gives a loss of 50% σelec during the intermediate stage, 

and the remaining 50% contributes to net salt adsorption.  

Fig. 6(b) presents a scenario corresponding to the surface charged sites of electrode B, i.e., 

σchem = 0 M. Before charging, each electrode possesses 2 σchem,+ and 2 σchem,-, thus attracting 2 

σionic,- and 2 σionic,+ to retain electroneutrality. In contrast to solely σionic,- transfer in Fig. 6(a) during 

the intermediate stage, 2 σionic,- at the cathode are repulsed by 2 σelec, coupled with 2 σionic,+ being 

released at the anode, leading to net salt desorption, a similar mechanism to inverted CDI. 

However, this inverted behavior is not shown by the conductivity probe in the present experiment 

due to the use of larger constant-voltage for charging. As an additional 6 σelec are injected, 6 σionic,+ 

paired with 6 σionic,- contribute to net salt adsorption, thus 2 more ionic pairs are removed when 

compared to that in Fig. 6(a). As a result, the scenario demonstrates that 25% σelec is consumed 

during the intermediate stage, and 75% σelec is utilized for net/effective salt adsorption. Fig. 6(c) 

depicts a scenario associated with the surface charge sites of electrode C, i.e., σchem < 0 M, as 

completely opposed to the charged configuration in Fig. 6(a). However, by balancing all of the 

charges, this scenario also expends 50% σelec on solely σionic,+ transfer at the intermediate stage, the 

same value as presented in Fig. 6(a).  

In summary, by counting the number of charges, Fig. 6 pictorially demonstrates that, when 

an electrode has balanced positive and negative charged sites, losses in σelec at the intermediate 

stage is minimized toward more effective salt adsorption.  
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Figure 7. (a)-(c) Potential distributions that were simultaneously measured during the CDI tests 

in Fig. 5(a)-(c). (d)-(f) Using the mD model to demonstrate changes in the potential distributions 
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in the plots of (a)-(c). Parameters used in the model are Cs = 170 F mL-1, csalt = 9 mM, VT = 0.0256 

V, σchem = 0.30, 0, and -0.28 M for electrode pairs A-C, respectively, and vtot = 0.92, 0.83, and 0.72 

cm3 g-1 for electrode pairs A-C, respectively. In these plots, E+, E-, Eo, and EPZC denote the 

potentials at the anode, cathode, short circuit, and zero ionic charge, respectively. 

 

3.5. Potential Distribution Affected by Chemical Surface Charge 

Ion adsorption-desorption requires driving forces at the electrodes in a CDI cell. In this section, 

discussion is focused on the effect of chemical surface charge on the potential distribution. Fig. 

7(a)-(c) show the potential distributions that were simultaneously measured during the CDI tests 

in Fig. 5(a)-(c), where E+, E-, and Eo denote the potentials at the anode, cathode, and short circuit, 

respectively. Overall, during charging for salt adsorption, the cell voltage of 0.8 V is distributed to 

E+ and E-, while during discharging for salt desorption, E+ and E- are merged leading to E+ = E- = 

Eo. As highlighted in Fig. 7(a) for electrode pair A, potential across the anode, E+ – Eo (= 0.26 V), 

for anion adsorption is much smaller than potential across the cathode, Eo – E- (= 0.54 V), for cation 

adsorption. With enhancing σchem,-, electrode pair B in Fig. 7(b) displays that E+ – Eo (= 0.39 V) 

nearly equals Eo – E- (= 0.41 V). However, in Fig. 7(c) for electrode pair C, E+ – Eo (= 0.52 V) is 

greater than Eo – E- (= 0.28 V), an opposite case to Fig. 7(a), owing to completely different σchem 

between electrodes C and A. As expected in a two-electrode system such as a CDI cell, the more 

sluggish electrode demands a higher driving force to counter its ineffective charge transfer,34 

pertaining to the balance of ionic charge at the intermediate stage in Fig. 6. To connect the 

knowledge of driving force and charge transfer, the mD model is used to construct ionic charge 

curves in a potential distribution using the parameters depicted in the caption of Fig. 7, in which 

the ionic charge is defined as moles of charge per micropore volume. 
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Fig. 7(d)-(f) illustrate the use of the mD model to set the EPZC for electrodes A-C on the E 

axis, in which σionic at EPZC is 0. With respect to EPZC, Eo, E+, and E- are assigned in the plots, in 

agreement with the surface charge scenarios that have been presented in Fig. 6. For instance, as 

noted in Fig. 6(a), due to electrode A that possesses σchem,+ balanced or covered with σionic,- before 

charging, its Eo should be greater than EPZC in Fig. 7(d). As charging begins, E- moves across EPZC 

from Eo, thus creating two potential differences, Eo – EPZC and EPZC – E- at the cathode. Under such 

a condition, coupled with E+ – Eo at the anode for σionic,- adsorption, σelec generated by Eo – EPZC 

repels σionic,- to balance σchem,+ at the intermediate stage, while another σelec by EPZC – E- contributes 

to σionic,+ adsorption towards net salt adsorption. This potential-charge reconciliation is also valid 

for the placement of potentials for electrodes B and C in Fig. 7(e) and (f), respectively. Through 

this analysis, it is believed that the potential difference between Eo and EPZC, |Eo –EPZC|, is 

detrimental to σelec utilization for salt adsorption, thereby limiting CDI performance associated 

with electrode pairs A and C.  

|Eo – EPZC| causes the unbalanced potential distributions observed here. To support this 

conclusion, a procedure to set Eo, E+, and E- on the E axis is presented based upon the balance of 

charges as discussed above. Along with electrode pair A in Fig. 7(d) as an example, this procedure 

includes: (1) the mD model is first used to plot σionic versus E of electrode A in Fig. 7(d) with the 

parameters as depicted in the caption of Fig. 7; (2) SAC of 7.5 mg g-1 for electrode A is converted 

to σionic via σionic = √(𝑐T,ions
2 − 4𝑐salt

2 ), where cT,ions = 2SAC/(Mwvmic) and csalt = 9 mM; (3) the 

σionic calculated from step (2) is used to locate potential at the electrode that limits CDI performance 

in Fig. 7(d), e.g., E- = –0.42 V at σionic,- = 0.28 M; (4) subtracting the potential obtained from step 

(3) from the applied voltage of 0.8 V yields potential at the counter electrode, e.g., E+ = 0.38 V; 

(5) the potential calculated from step (4) is used to find the corresponding σionic, e.g., σionic,+ = 0.77 
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M at E+ = 0.38 V; and finally, (6) difference between the σionic resulting from steps (5) and (2) is 

the 2σionic at Eo, e.g.,  Eo = 0.05 V at σionic,+ = 0.24 M. Note that the number of 2 in 2σionic stems 

from σionic transfer at the intermediate stage, e.g., one σionic,- is repulsed from electrode A that serves 

as the cathode, while another one σionic,- is adsorbed onto the anode.  

By using the procedure above, E+ – Eo and Eo – E- are highlighted by the dashed lines in 

Fig. 7(d)-(f), in which electrodes A and C display unbalanced potential distributions, a similar 

observation to the measured potential distributions in Fig. 7(a)-(c). Mathematically, an unbalanced 

potential distribution always occurs unless Eo = EPZC, as ΔE versus Δσionic is nonlinear resulting 

from the hyperbolic function of ΔΦD in the mD model (See equation (6)). Physically, instead of 

contributing to ion adsorption, |Eo – EPZC| at the limiting electrode is used to reconcile surface 

charged sites with σelec, thereafter causing the potential distribution to be unbalanced.  
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Figure 8. (a)-(c) Effluent pH profiles that were simultaneously measured during salt removal tests 

in Fig. 5(a)-(c). 

 

3.6. Faradaic Reactions Related to pH Responses  

Faradaic reactions in a CDI cell typically include dissolved oxygen reduction at the cathode and 

carbon oxidation at the anode, which can cause changes in the effluent pH.17-19, 45 Fig. 8(a)-(c) 

provide the effluent pH profiles that were simultaneously recorded during the CDI tests in Fig. 

5(a)-(c), charging at 0.8 V and discharging at 0 V. Due to very different starting pH values resulting 

from the surface interactions via equations (10) and (11), effluent pH from electrode pairs A and 

C are first discussed. As shown in Fig. 8(a), electrode pair A possesses an increased pH segment 

at the onset of charging followed by a continuously decreasing pH segment until discharging. 

Because of the alkaline environment, pH > 7, the initial increased pH can be accounted for by 

O2(dissolved) reduction at the cathode via17  

 O2(dissolved) + 2H2O + 4e− → 4OH−, Eo = 0.16 V vs SCE (12(a)) 

 O2(dissolved) + H2O + 2e− → HO2
− + OH−, Eo = -0.31 V vs SCE (12(b)) 

Even though solution was deaerated during the entirety of the tests, reductions in a small amount 

of O2(dissolved) were still detectable during charging as depicted in Fig. S2(a)-(c). The latter 

decreased pH means carbon oxidation at the anode would dominate with the possible reactions 

of46  

 C + H2O → C − Oad + 2H+ + 2e− (13(a)) 
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C − Oad + H2O → COO−(surf)(H
+) + 2H+ + 2e−, Eo = -0.03 V vs 

SCE 

(13(b)) 

By comparing the measured Eo (=-0.07 V vs SCE) in Fig. 8(a) and Eo of reactions (12)-(13), the 

gradually increased pH during discharging suggests O2(dissolved) can be still reduced at the cathode; 

on the contrary, carbon oxidation at the anode is minimal.  

In contrast to electrode pair A, effluent pH of electrode C in Fig. 8(c) descends initially 

during charging, meaning that H+ is produced in the CDI cell. When tested under acidic conditions, 

pH < 7, reference (17) suggests O2(dissolved) reduction at the cathode may follow  

 O2(dissolved) + 4H+ + 4e− → 4H2O, Eo = 0.99 V vs SCE (14(a)) 

 O2(dissolved) + 2H+ + 2e− → H2O2, Eo = 0.43 V vs SCE (14(b)) 

accompanied with H+ consumption. Therefore, it is deduced that the decreased pH is primarily 

attributed to carbon oxidation at the anode such as reaction (13). As charging progresses, effluent 

pH is stabilized, possibly due to O2(dissolved) reduction via equation (14) and corresponding carbon 

oxidation via equation (13). During discharging, effluent pH depicts a mirror image to charging, 

suggesting that carbon oxidation becomes less active at the anode. Finally, due to the near-neutral 

feed solution testing condition, effluent pH associated with electrode pair B offers all of the major 

features in between electrodes A and C, displaying competing reactions between O2(dissolved) 

reduction at the cathode and carbon oxidation at the anode.   

 

4. Conclusions 
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In this work, a commercially available carbon cloth electrode is repetitively oxidized using a 

wetting-drying procedure. Examining the effluent pH verifies conversions in surface charged sites 

of the carbon electrode from positive to negative. Moreover, EPZC is estimated into a potential 

distribution diagram via the mD model with chemical surface charge. CDI testing configured with 

symmetric electrode pairs shows that salt removal performance became efficient when the 

electrode possesses equal positive and negative chemical surface charges or a net chemical surface 

charge of zero. By mapping the EPZC along with E+, E-, and Eo, it is found that ineffectiveness of 

salt removal is due to the electronic charge consumed to repel co-ionic charge at the intermediate 

stage, resulting from the driving force of |EPZC - Eo|. In addition, Faradaic reactions at the electrodes 

are discussed based upon pH responses during charging and discharging. Finally, it is believed 

that, through this work, knowledge of the potential distribution along with charge balances can be 

extended to describe salt separation performance of a CDI cell configured with asymmetric carbon 

electrode pairs, e.g., enhanced and extended-voltage CDI effects resulting from an anode with 

positive chemical surface charge paired with a cathode with negative chemical surface charge.3   
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Scenarios (a)-(c) are created to study the effect of chemical surface charge of carbon electrodes on 

capacitive deionization using symmetric carbon electrode pairs.  
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