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Abstract

The global challenge of water scarcity, intensified by a growing population, climate 

change, and increased demand for fresh water, requires immediate investigation of 

innovative and sustainable technologies. Capacitive deionization (CDI) and capacitive 

mixing (CapMix) have emerged as promising solutions, leveraging the electric double 

layer (EDL) formed at the interface of charged surfaces and electrolytic solutions. The 

initial technique represents a promising approach to water desalination and ionic 

separation, as CapMix is a reciprocal technique for energy obtention from exchanging 

solutions with varying salinity. This study focuses on the use of carbon electrodes with 

polyelectrolyte (PE) coatings for Capacitive Energy Extraction based on Donnan 

potential (CDP) in CapMix systems. This investigation considers the impact of applied 

current, volumetric charge densities of the PEs, and geometric parameters, such as 

electrode separation distance, on the efficiency and scalability of these systems. The 

findings provide valuable insights for enhancing energy extraction performance and 

overcoming challenges associated with electrode use in these applications.

Highlights

• CDP processes can be established by modifying and establishing the optimal 

combination of operational parameters for energy and power generation. 

• It has been observed that the extracted energy remains relatively consistent across 

different current values, while power generation increases in proportion to the 

current. 

• Additionally, electrode separation has been shown to significantly impact ohmic 

voltage drops in these processes, particularly when higher current values are 

employed.
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1. Introduction

The global challenges of water scarcity and climate change affect millions of 

individuals across the globe. The combination of a growing population, the consequences 

of climate change, the increasing demand for fresh water, and the shrinking supply of this 

essential resource highlights the need to investigate innovative and sustainable 

technologies 1, 2. These should provide clean water and generate energy in a sustainable 

and renewable manner.  In some of these technologies, the capacitive properties of the 

interface between a solid charged surface and an electrolyte solution can serve as the 

foundation for significant advancements3-5. This is due to the fact that the ionic 

arrangement surrounding the charged interface (electrical double layer or EDL) is 

distinguished by a considerable electrical capacitance, which can be regulated by the ionic 

composition of the liquid and the accessible surface area6. 

Specifically, capacitive deionization (CDI) and capacitive mixing (CapMix) have 

emerged as promising technologies offering complementary solutions to tackle both 

challenges, clean water production and sustainable energy harvesting7, 8. As it is well 

known, the EDL resembles a capacitor, with charged plates represented by the surface 

and the diffuse charge neutralizing it, respectively. If a porous, conducting surface is used, 

the associated large area/volume ratio provides extremely high capacitance values (up to 

hundreds of Farads per gram6). The fact that the thickness of the EDL decreases when the 

ionic contents of the solution in contact is increased produces a subsequent elevation of 

the capacitance 9, 10. 

This behaviour of the EDL is taken advantage of in the CapMix methods for 

extracting energy from salinity gradients 11-15, which involves charging a pair of 

electrodes while in contact with a salty solution and discharging them after exchanging 

the solution with fresh water. This process generates electrical energy through the 
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exchange of ions between two saline solutions with varying concentrations, leading to the 

expansion of the EDL. In turn, the arrangement of ions in the EDL means that they are 

withdrawn from the solution, and this is the basis of  CDI technologies, capable of 

removing salt and impurities from brackish water, wherein salt ions are extracted under 

the influence of an electric field 16. 

For all the electrochemical techniques mentioned, the choice of materials is 

pivotal: porosity, electrical conductivity, and available surface area of the electrodes play 

a crucial role in their performance. Carbon-based materials, owing to their high surface 

area and pore size distribution, are commonly employed as electrodes for these techniques 

14, 15, 17-21. Although activated carbon is frequently employed due to its elevated specific 

surface area, price and availability, alternative options include graphene22, 23 , carbon 

nanotubes24, 25, templated (through, for instance, zeolites) carbon26, 27, or composite 

structures28. Furthermore, the potential for exploiting pseudocapacitance associated with 

specific surface groups or with the intrinsic structure of the material can also be 

considered29. In this study, we will focus on activated carbon with a sufficiently high 

specific surface area and high electrical conductivity. It should be noted that the selection 

of the material also involves the selection of structural properties, such as the average 

pore size and pore hierarchy. These are essential factors in the performance of Capmix 

methods, as has been repeatedly demonstrated. It is also pertinent to consider the 

hydrophobic/hydrophilic balance of the material, which determines the ease and extent 

of wetting and exchange of salt and fresh solutions.

It should be noted that other parameters may also have an impact on the 

performance of the energy production process. One particularly significant factor is the 

cell architecture itself. In this study, the focus will be on the flat, parallel electrode 

geometry and flow-by solution contact. However, flow-through 30 and even cylindrical-
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electrode31 configurations have also been investigated. In the case of plane-parallel 

electrodes, the distance between the electrodes represents a fundamental magnitude that 

is expected to influence the internal resistance of the system, while leaving the 

capacitance unaffected. This is due to the fact that the capacitance is linked to the structure 

of the EDL at the pore size scale.

Although the Capmix method was originally employed with electrodes 

comprising uncoated carbon particles, subsequent research demonstrated that the 

utilisation of ion exchange membranes of appropriate polarity covering the electrodes led 

to a significant enhancement in efficiency. These membranes generate a natural potential 

difference between electrodes due to the Donnan equilibrium, eliminating the need for an 

external power source and transforming the method into capacitive energy extraction 

based on Donnan potential (CDP) 32, 33. 

In a different approach, the Donnan potential differences are obtained by coating 

the electrodes with oppositely charged polyelectrolytes (PEs), instead of using 

membranes. The coating produces a deformable and permeable interface, hence the 

designation soft electrodes (SE) given to the resulting structure, and, by extension, to the 

method 12, 34. The selected PEs are poly(styrene sulfonate) (PSS, anionic) and poly(d 

Poly(diallyldimethylammonium chloride) (PDADMAC, cationic). These polymers are 

strong PEs, easy to work with, commercially available, and with strong affinity for the 

carbon surface. Other authors use the same PE combination for electrode preparation35, 

36, although studies have also been carried out in which the cationic polymer 

poly(allylamine hydrochloride) (PAH) is used instead of PDADMAC37, 38. It has been 

found that this approach enhances electrode lifetime, adsorption capacity, and ion 

transport for various applications by increasing surface charge density, offering cost 

savings and simpler preparation compared to IEMs. Even a synergistic approach where 
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SEs act as a more than suitable support for IEMs has also been studied previously 39. 

These coated electrodes will be the ones used in this work. Having made this selection, it 

is possible to make the charge transfer between electrodes in the different stages of the 

Capmix cycle occur in a ‘natural’ way, i.e. not externally forced, or by applying external 

currents to control the rate and amount of charge transfer. This is the choice in this work 

and therefore the value of the applied current appears as another fundamental variable to 

be studied.

This study examines the use of carbon electrodes with polyelectrolyte coatings 

(SE) for energy generation by Donnan potential difference, with a particular focus on 

experimental parameters that can be controllable, such as applied current and cell 

arrangement. The findings are expected to offer valuable insights for optimising these 

systems to enhance energy extraction performance, addressing some of the challenges 

associated with the use of these techniques in achieving the desired objectives.

2. Experimental Section

2.1. Materials 

For the energy extraction process, NaCl solutions of different concentrations were 

used, one of 20 mM, simulating fresh water from rivers, and another of 500 mM, 

representing salty water from the sea. The sodium chloride used was acquired from Merck 

Sigma-Aldrich (Spain), and the water used was previously deionized and filtered with a 

Milli-Q Academic System (Millipore, Molsheim, France). YP-80F activated carbon 

powder was supplied by Kuraray Co. Ltd. (Japan). The manufacturers give information 

about the geometrical characteristics of this carbon: a pore size distribution that peaks at 

~1 nm and a surface area equal to 2271 m2 g-1. Przygocki et al.40 found that this carbon is 

characterized by 0.80 cm3/g of micropores and 0.23 cm3/g of mesopores, with an average 
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micropore diameter of 1.01 nm.  Carbon Black (Alfa Aesar, Termo Fisher, Germany) has 

also been used as additive for electric conductivity boost 41. Poly(diallyldimethyl-

ammonium chloride) (PDADMAC, with a molecular weight 100000 g mol-1) and 

poly(sodium 4-styrenesulfonate) (PSS, with a molecular weight of ~70000 g mol-1) were 

used as cationic and anionic polyelectrolyte for coating the electrodes, respectively, and 

both were obtained from Sigma-Aldrich.

2.2. Cell fabrication

The electrodes were composed of graphite discs of (1.87 ± 0.01) cm in diameter, 

on which a thin layer of polymer-coated YP-80F activated carbon was deposited. The 

polymer coating of the carbon particles was obtained by preparing 100 mM solutions of 

PDADMAC and PSS as positive and negative PEs, respectively. The carbon powder 

samples were immersed in each of the solutions and left under stirring for 24 hours. In 

order to separate the carbon from the polyelectrolyte excess, the samples were repeatedly 

subjected to cycles of centrifugation 500 rpm and redispersion in deionized water. The 

water excess was removed, and the sample was then left to dry overnight at 60 °C.

After drying, polymer-coated YP-80F carbon powder was mixed with carbon 

black (CB) (95:5 ratio by mass). A 33 g/L solution of poly(vinylidene-fluoride) (PVDF, 

manufactured by Arkema, Colombes, France, as Kynar HSV 900, with molecular weight 

approximately 1,000,000) was prepared in 1-methyl 2-pyrrolidone (Sigma Aldrich). A 

slurry was prepared by mixing the YP-80F + CB ensemble with the PVDF solution in a 

mass ratio of 3:10. The final carbon suspension was deposited onto the graphite collectors 

as a layer via thin casting, then left at 60 °C overnight for proper fixation. Finally, the 

electrodes were placed facing each other and separated by a (446 ± 1) µm mesh spacer 

(Fig. 1.a) inside a methacrylate structure, properly connected and mounted for the 
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upcoming measurements (Fig. 1.b). The deposited amount of active material 

(YP80F+CB+PVDF) was 0.76 mg/cm2, and the thickness of the deposit was 10526  m, 

determined with a Leica DM IL LED (Germany) microscope.

Figure 1. a) Photography of the electrodes and the mesh spacer. b) Measurement cell 

setup composed of the facing electrodes inside the methacrylate structure and the 

connector tubes for solution inlet and outlet.

2.3. Capacitive Energy Extraction setup and method

The setup used for Capacitive Energy Extraction based on Donnan Potential 

(CDP) measurements is based on the above-described cell. Salty and fresh solutions were 

stored in different vessels and were pumped when necessary. The flow rate was fixed at 

0.8 mL/s in all experiments. The cell was connected to an IviumStat.h Potentiostat (Ivium 

Technologies, The Netherlands), which was used to set the different stages of the 

measurement cycles and apply currents or potential differences between the electrodes as 

needed. The digital outputs of the potentiostat were used to control the pumps of the two 

solutions. All measurements were performed at room temperature. The solution 

conductivities were determined with a WTW Multi920 IDS (Xylem Analytics, Germany) 

a) b)
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instrument, using a four electrode probe with cell constant 475.5 m-1. The complete 

experimental setup was prepared as illustrated in Figure 2.a.

Figure 2. a) Scheme of the experimental setup required for the salinity exchange energy 

extraction process. b) Potential profile during energy extraction cycle divided in four 

stages: 1- Salty water, open circuit; 2- Salty water; closed circuit, applied positive 

b)

a)
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current value for charge transfer; 3- Fresh water, open circuit; 4- Fresh water, closed 

circuit, applied current value of opposite sign.

CDP in CapMix is based on the steps described elsewhere 42, and summarized as follows. 

These are graphically shown in Figure 2.b: 

1. Initially, uncharged functionalized electrodes are immersed in a saline solution, 

giving rise to Donnan potentials. Since the electrodes lack a charge, there is an 

absence of EDL potential, and the surface potential of each electrode aligns with 

the Donnan potential. In the case of symmetrical electrodes, the potential 

difference between them will be twice the Donnan potential.

2. Both electrodes are externally connected to facilitate the transfer of charge from 

one to the other (positive charge transfer), leading to the formation of EDLs in the 

proximity of the surfaces. The EDL potential counteracts the Donnan potential, 

causing both electrodes to become equipotential and bringing the charge transfer 

to a halt. In this phase, a positive current is applied until the measured potential 

reaches 0 V.

3. The external circuit is disconnected, and freshwater is introduced, resulting in 

an elevation in the absolute values of both Donnan and EDL potentials. This 

occurs due to the lower concentration of the bathing solution and the expansion of 

the double layer at a fixed charge on the surface. The increase in the Donnan 

potential is more pronounced, leading to an overall augmentation in both surface 

potentials.

4. The electrodes are reconnected, initiating a negative charge flow through the 

application of a negative current, until equipotentiality is reestablished, and the 

potential at the surface returns to zero, owing to the system's symmetry.
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5. Finally, the circuit is reopened, and the freshwater is substituted with salty 

water. This step mirrors stage 1, and the process advances to stage 2 by reclosing 

the circuit and applying a positive current.

The applied current, I, took a constant value during the charge transfer to ensure 

that the potential drop process occurs in a controlled manner. The same procedure was 

followed for the negative charge transfer, in which the current applied was -I. The 

potentiostat was also used for measuring time, electric potential and applied current 

through the cell. 

From the process described above, energy extraction cycles typically appear as 

shown in Fig. 3. As can be seen in Fig. 3.a, in the first ~25 seconds of the cycle 

(corresponding to stage 1 in Fig. 3.b) there is a drop in potential, caused by the decrease 

in Donnan potential and the contraction of the EDL when exchanging fresh water for salt 

water while keeping the charge constant as the circuit is open. When the circuit is closed 

and a positive current is applied, leading to stage 2, charge transfer begins until the 

potential difference between the electrodes reaches 0 V. At this point, moving to stage 3, 

an increase in potential at constant charge is obtained, corresponding to the increase in 

Donnan potential and the expansion of the EDL after exchanging the salty water for fresh 

water while the circuit is open. Finally, in stage 4, the circuit is closed again while a 

current of the same magnitude but of opposite sign is applied, with a charge transfer in 

the opposite direction until the potential drops again to 0 V.
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Figure 3. a) Electric potential as a function of time for each CDP stage: 1- Salty water, 

open circuit; 2- Salty water; closed circuit, applied current value of 0.1 mA; 3- Fresh 

water, open circuit; 4- Fresh water, closed circuit, applied current value of -0.1 mA.  

Stages with salty water are marked in dark colour, as the ones with fresh water are 

coloured in light blue. b) Electric potential evolution with respect to the accumulated 

charge. The area enclosed by the curves is equal to the energy obtained in the cycle.

The potential difference between the electrodes depends on the charge density of 

the PE-coatings, as well as the concentration difference between salty and fresh water 

solutions. 

a)

b)

Page 12 of 34Energy Advances

E
ne

rg
y

A
dv

an
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
4 

20
25

. D
ow

nl
oa

de
d 

on
 2

02
5-

05
-1

0 
 9

:2
2:

13
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4YA00605D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00605d


13

On the other hand, the accumulated charge during the process is calculated from 

the applied current:

Q Idt= ò (1)

As represented graphically in Figure 3.b, the energy extracted from the cycle is 

given by the area enclosed by the measured potential difference VyD º  as a function of 

the charge, Q 32, 42. Thus:

E V dQ= ò (2)

If the complete cycle duration is D t , then the power generated, P, can be 

calculated as:

EP
t

=
D

(3)

The greater the area enclosed by the potential vs. accumulated charge curves, the 

greater the energy extraction in each cycle. Thus, an increase in the energy obtained 

would be given by an extension of the transferred charge, leading to wider cycles, or by 

increasing of the potential difference obtained by salinity exchange. In order to extend 

the charge transfer stages it would be necessary to keep a low slope of the potential with 

respect to the charge. This is possible by increasing the capacitance of the system while 

maximizing the available area of the electrodes. Considering that this process can be 

described as charging and discharging of a system of two capacitors facing each other at 

constant current during the stages 2 and 4, the total capacitance of the EDLs, C, can be 

obtained from the variation of the measured potential difference with respect to time.

dQ d d IQ C C
dt dt dt C

y yy= D ® = ® = (4)
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where C comes from the series association of the two capacitors, Ce, formed between the 

surface of each electrode and its EDL. 

2
eCC = (5)

3. Results and Discussion

With the aim of maximizing the energy harvesting, the effects of varying different 

parameters such as the applied current during the charge transfer process, and the 

electrode spacing have been studied. These variations are expected to be reflected in 

characteristic parameters like the EDL capacity and the global internal resistance that 

would affect the energy and potential extraction in these processes. 

3.1. Potential difference using PE-coated electrodes

To determine the equilibrium potential profile as a function of the distance r from 

the center of a PE-coated particle (assume that it is spherical with radius a), three distinct 

regions have been defined for the Poisson equation 34, 43, 44:

2 2 1
2

0 0 0

1

0

0

( )1( )

( )

N
i i poli

p
r r r

N
i ii

p
r

r a

z en rd dr r a r a L
r dr dr

z en r
r a L

ry ry
e e e e e e

e e

-

-

ì
ï <ï
ï
ïæ öÑ = = - = - - £ < +íç ÷

è ø ï
ï
ï - ³ +ïî

å

å

(6)

where Ψ is the electric potential [V], ρ is the volumetric charge density [C/m3] given by 

the ion concentration and charge density of the polymer, ρpol, and ni, ezi are, respectively, 

the number concentration and charge of ions of type i. Lp is the PE layer thickness, and 
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0re e is the electric permittivity of the medium. To solve it numerically, boundary 

conditions are set, including Gauss law for the electric field on the core surface, continuity 

of the electric potential and the field at the polymer/solution boundary and the 

electroneutrality of the particle plus the polymer layer plus the EDL at large distances 

from the interface. These are:

0
0

( ) ( )

( ) ( )

0

p p

r
r a

p p

r a L r a L

r

d
dr

a L a L

d d
dr dr

d
dr

ys e e

y y

y y

y

- +

=

- +

= + = +

®¥

= -

+ = +

=

=

(7)

where 0s  is the particle surface charge density. 

It is of interest to determine the variation of the surface potential when the salt 

concentration is changed, ∆Ψ, and the dependence of this variation with the polymer 

charge density ρp. It is possible to find the theoretical limit of ∆Ψ when the electrode is 

coated with a polyelectrolyte. For this purpose, the value of ∆Ψ for different polymer 

densities has been obtained by numerically solving the equations (6, 7)  using a Matlab® 

routine, and the results are shown in Figure 4.a. It can be observed that the potential 

difference reaches a limit when the polymer charge density reaches around 4106 C/m3. 

Beyond this value, even with a significant increase, the potential difference obtained 

between the two concentrations will barely change. This phenomenon is depicted in 

Figure 4.b, where the evolution of the potential for each solution is shown as a function 

of the distance to the electrode surface. The elevation of the Donnan potential when the 

ionic concentration is reduced from 500 mM NaCl (sea water) to 20 mM (fresh water) is 

clearly observed.
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Different polymer charge densities, ρp,, of 3.7106 C/m3 and 5.6106 C/m3 were 

considered for Figure 4.b. When moving from the first case (left graph) to the second 

(right graph), with a 50% increase in the value of ρp, we can observe that the potential 

difference has only increased by 2.5%, indicating that ∆Ψ is close to reaching its limiting 

value. Therefore, in the case of electrodes coated with polymer, a maximum value of the 

potential with respect to the bulk solution of ∆Ψmax ≈ 82 mV has been estimated for each 

electrode. So, according to our given scenarios, and considering two electrodes of 

different charge signs, the maximum achievable potential difference between electrodes 

is approximately ∆Vmax ≈ 164 mV.
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Figure 4. a) Variation of the Donnan potential differences between 20 mM and 500 mM 

NaCl solutions for two NaCl solutions as a function of the volume charge density of the 

polymer, ρp. b) Electric potential profiles for a spherical particle 100 nm in radius 

Donnan potential profiles next to the surface of an electrode (thickness of 100 nm) 

coated with a polymer layer of length Lp = 40 nm obtained for 20 mM (light blue) and 

500 mM (dark blue) NaCl solutions. The polyelectrolyte charge densities used were ρp = 

3.7106 C/m3 (left graph) and 5.6106 C/m3 (right graph), giving rise to potential 

differences of 79 mV and 81 mV, respectively. 

a)

b)
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3.2. Effect of the applied current during charge transfer stages

To study the influence of the applied current during the charge transfer, three 

current values were used: 0.5 mA, 0.1 mA, and 0.05 mA (respectively, 0.16, 0.032, and 

0.016 mA/cm2). Figure 5 shows the cycles obtained experimentally: in Figure 5.a the time 

evolution of the potential difference between the two electrodes of the cell is depicted for 

the three current values. Fig. S1 (Supplementary Information file) shows a number of 

successive cycles, demonstrating the stability of the behaviour. In these and all cases 

considered in the rest of the work, the solutions exchanged are NaCl 20 mM and 500 mM. 

The four steps previously described for each cycle are observable here: 0) the electrodes 

are short-circuited in fresh water; 1) the circuit is open and salt water enters the cell, 

leading to a decrease of the potential difference; 2) the current selected is applied to the 

cell until a zero potential difference is reached again; 3) fresh water is pumped into the 

cell, and the potential rises; 4) an inverse current is applied to discharge the electrodes 

and bring the cell to zero potential difference. Figure 5.b shows the corresponding values 

of potential difference between electrodes vs. charge transferred. Note the sharp potential 

decrease when the circuit is closed for discharging, consequence of the internal resistance 

of the cell. This will be discussed in the next section. 

The quantitative values obtained from these cycles are contained in Table 1. The 

potential difference between electrodes, VD , can be expected to be independent of the 

current applied, as it is generated from the salinity exchange when keeping the circuit 

open. This is in fact observed for 0.05 and 0.1 mA, which can be observed for the cases 

of 0.1 and 0.05 mA. However, the value measured for 0.5 mA is about 16 % higher. This 

is attributed to the lack of time optimization that made the cycle last longer than the others. 
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This is also evident in Figure 5.b, where a wider range of charge is explored compared 

with the 0.05 and 0.1 mA. 

The maximum values of cell potential are, according to our calculations shown in 

Fig. 4, ∆Vmax should be around 150 mV, if the polymer charge densities are as indicated 

in the Figure. Previously reported data on a similar system showed that 

6 3 6 36 10  C/m , 3.8 10  C/mr r=  = - p p for PDADMAC and PSS coatings, respectively 

34, i.e., almost identical to the values used in Fig. 4. It is only possible to achieve these 

values if the polymer is in complete contact with the entire surface of the electrode. The 

maximum potential difference observed in the present experimental results, as detailed in 

Table 1, has been found to be approximately 120 mV, which is slightly lower than the 

predicted value. This discrepancy is likely a consequence of the tortuosity of the pores, 

which makes it challenging for the polymer to penetrate the entirety of the pores, thus 

preventing complete contact between the deposited polymer and the electrode surface. 

For the same reasons, it is not possible to guarantee the complete replacement of the saline 

solution with fresh water across the entire surface area of the pores.

Figure 5. Electric potential difference between electrodes as a function of time (a) and 

electric potential evolution with respect to the accumulated charge (b) for the different 

current values used: 0.05 mA (red), 0.1 mA (green) and 0.5 mA (blue). 

a) b)
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Table 1. Maximum electric potential difference maxVD  between electrodes, total 

accumulated charge, Q, cycle time, t, and optimized open circuit time, toptim, obtained 

during the cycles for each applied current value.

I (±0.01 mA) maxVD  ( 1 V) Q (0.02 mC) t (0.1 s) toptim (0.1 s)

0.05 103 10.39 510.4 500.0

0.10 103 10.47 289.6 276.8

0.50 120 11.08 150.2 118.4

Elapsed cycle times are shown in Table 1, as well as the optimized times for the 

electric potential stabilization in open circuit stages (stages 1 and 3). The duration of these 

steps was been chosen during the experimental process, aiming to find an optimal 

relationship between potential difference and cycle duration, as they mark the energy and 

power generation, respectively. The higher the potential difference, the higher the energy 

obtained; the shorter the cycle duration, the larger the power generated. As observed from 

Eq. 4, the slopes of the potential vs. time curves during the charging and discharging 

processes (stages 2 and 4, respectively) are proportional to the applied current. Therefore, 

the most significant difference in the obtained results is the duration of each cycle, as 

depicted in Figure 5.a, as the cycle has a shorter duration when the current is increased.

Energy and power values per unit area have been obtained as explained above, 

and they are presented in Table 2. The extracted energy per cycle results almost constant 

for all three current values, with a slight increase in the 0.5 mA case, associated to the 

already mentioned higher charge exchanged. On the other hand, it is observed how power 
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generation increases with the intensity of the applied current, due to the reduction in cycle 

duration (Table 1).

Table 2. Energy per cycle and power generated per unit area as a function of the applied 

current value.

I (±0.01 mA) E (J m-2) P (mW m-2)

0.05 1.87 ± 0.04 3.73 ± 0.19

0.10 1.79 ± 0.04 6.46 ± 0.18

0.50 2.10 ± 0.05 17.71 ± 0.21

These values must be compared to published results using similar systems. Thus, 

Zhou et al. 45 reported up to 9.5 mJ/m2 employing the CDLE technique, while Zou et al. 

46 have carried out a comparative study of the Capmix performance in CDLE and CDP 

modes using YP50F carbon (also from Kuraray). These authors found that the maximum 

power density achieved with CDLE was 15 mW/m2, whereas CDP (with ion exchange 

membranes, instead of SEs as in the present work) allowed to reach up to 22 mW/m2 if 

natural charge-discharge transfer stages were implemented. This value raised to 55 

mW/m2 when a forced charging of 360 mC was accumulated on the electrodes. 

Improvements on the CDP technique were described by Liu et al. 32, who found that if 

the charge accumulated by controlling the applied current was up to 6 C, the power 

density produced was 205 mW/m2, probably the best performance reported using ion 

exchange membranes. 

It is also observed from Eq. 4 that the slope of the electric potential vs. time is 

inversely proportional to the system capacitance, C, during the charge transfer stages. 

Since C only depends on geometrical parameters, and on salt concentration, it should 
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remain constant for the different applied currents as the medium stays the same. By fitting 

the curves depicted in Figure 5.a in stage 2 with a straight line, the capacitance can be 

estimated. The obtained values are shown in Table 3, confirming that changes in the 

current do not affect the capacity of the system. Since the electrodes are disks 2 cm in 

diameter, we obtain an average value of (763 ± 3) F/m2 indicating the large capacitance 

value arising from the huge porous surface area and the small thickness of the EDL. This 

value corresponds to 100 F/g, considering the amount of carbon deposited (2.4 mg) and 

the area of the electrode (3.14 cm2). This value is in agreement with those reported in the 

literature. Thus, Zhang and Zhao 47 reported a specific capacitance <200 F/g for 

commercial electrodes with surface areas between 1000 and 3500 m2/g, and Ji et al. 23 

carried out an extensive review on the capacitance for surface areas between 200 and 

3500 m2/g both at the point of zero charge and for a wide potential range. For a carbon 

with a surface area similar to the one used in this work, the capacitances reported were 

90 and 140 F/g, respectively.

 

Table 3. EDL capacity as a function of the applied current value, obtained by fitting the 

potential vs. time curve for stage 2 of the cycles.

I (±0.01 mA) C (mF)

0.05 243 ± 5

0.10 242 ± 2

0.50 233.8 ± 0.5
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3.3. Effect of the separation between electrodes

Combinations of one and two mesh separators of thickness s = (446.3 ± 0.1) µm 

were used to study the influence of the separation between electrodes in these processes. 

The reference used for each of the combinations is 1S and 2S, respectively. These 

separations affect the global resistance of the cell, therefore altering the amount of energy 

obtained and the power generated. Considering the cylindrical geometry of the cell, the 

resistance, Rsp, of the solution filling the inter-electrode volume (the spacer) will be given 

by the classical expression sp /R d KA= , being d the distance between the electrodes, A 

the effective area of each electrode, and K the solution conductivity (SI units will be used 

throughout the manuscript). In the present study, the two solutions with different salinities 

that are used have conductivities of K20 mM = (0.2775 ± 0.0001) S m-1 and K500 mM = 

(5.6170 ± 0.0001) S m-1, respectively. Additionally, the resistance generated at the 

electrode/solution interface must be also considered, as schematically depicted in Figure 

6 48-50.

Figure 6. Circuit-EDL analogy, represented by two capacitors in series with their 

internal resistance Re, in series with the channel resistance Rsp.
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Two situations can be distinguished to calculate the voltage of the cell ( VD ), one 

corresponds to open circuit and the other, to electrodes externally connected: 

Open 2

2
Connected

2 R
i n tR

int e sp

V

V V

R R

y

y

D = D

D = D - Dìï
í

= +ïî

(8)

where Δψ  is the potential difference of each electrode with respect to the bulk and ∆VRint 

is the potential drop due to internal resistance of the electrode and it is perceived when 

the circuit is closed and current flows for the circuit. Rsp is the resistance of the spacer 

and changes when the separation between electrodes is altered, affecting the global 

internal resistance. The latter can be calculated from the potential drop observed when 

transitioning from stage 1 to stage 2, or from 3 to 4. This potential drop becomes more 

evident at higher currents and amplified when there is an increase in the electrode 

separation, as can be observed in Figure 7.a. For estimating Rint, the potential drop in fresh 

water (stage 3 to stage 4) has been selected as it is even more noticeable due to the higher 

resistance of the solution. Therefore:

intR
int

V
I

R
D

= (9)
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Table 4. Internal resistance calculated from the voltage drops observed for each of the 

applied current values, and as a function of the separation distance employed.

I (±0.01mA) Separation Rint (Ω)

1S 25.00 ± 0.02
0.05

2S 26.60 ± 0.02

1S 20.00 ± 0.01
0.10

2S 26.00 ± 0.01

1S 14.50 ± 0.01
0.50

2S 25.00 ± 0.01

Table 4 contains the internal resistance values calculated as a function of the 

separation between electrodes for each of the applied current values. The internal 

resistance should remain constant for the different applied currents, while it should 

increase with larger electrode spacing. However, we can see that the lower the applied 

current is, the less its impact on the potential drop and more difficult to quantify. This 

could be justified by the accuracy of the potentiostat, as the measurements have been 

recorded at a 0.2 s rate and the potential drop is almost instantaneous.

Consequently, in order to continue with the analysis of the influence of the spacing 

on the internal resistance independently of the applied currents, the values obtained for 

the three cases have been averaged. By knowing the global internal resistance value and 

estimating the contribution of Rsp from Eq. 8, each electrode resistance, Re, can be 

calculated. The goal is to verify whether the difference in Rint obtained when changing 

from 1S to 2S is accurate, based on the analog of the EDL with the circuit diagram shown 

in Figure 6. To achieve this, while Rsp value should be doubled when increasing the space 
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between the electrodes, Re should remain constant. These results are contained in Table 

5.

Table 5. Global internal resistance averaged for the three current values applied, Rint, 

along with the resistance values in the space between electrodes, Resp, and the EDL 

resistance of each electrode, Re.

Separation Rint [Ω] (±0.01) Rsp [Ω] Re [Ω]

1S 19.83 5.88 ± 0.18 6.98 ± 0.18

2S 25.86 11.8 ± 0.3 7.03 ± 0.3

The percent variation obtained for Re is 0.8% when the separation between 

electrodes is doubled. Therefore, it can be confirmed that the EDL-circuit analogy 

proposed above is appropriate when the circuit is closed, and Rint = 2Re + Resp. The 

observed variation in the internal resistance with respect to the applied current, discussed 

above, is also reflected in the cycles shown in Figure 7. For 0.5 mA, the voltage drop is 

more drastic when fresh water is flowing. Additionally, for this current value, the 

separation of the electrodes is more influential, and the enclosed area in the potential vs. 

charge curve for a separation of 2S is way smaller than for 1S under the same operating 

conditions. 
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Figure 7. Electric potential as a function of time (left) and electric potential evolution 

with respect to the accumulated charge (right) for the two electrode separations 1S (dark 

coloured line) and 2S (light coloured line), and for the different current values used: 0.5 

mA (a), 0.1 mA (b) and 0.05 mA (c). 

a)

b)

c)
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The energy obtained and the power generated per unit area in these cycles are 

summarized in Table 6 and displayed in Figure 8. For both 0.05mA and 0.1 mA, the 

extracted energy and the power generated do not change noticeably when increasing the 

electrode separation. On the other hand, performing such increase when 0.5 mA is applied 

leads to the generation of lower energy and power, which corresponds to the observed 

reduction of the enclosed area of the potential vs. charge curve caused by a larger potential 

drop in the internal resistance.

Table 6. Energy obtained per cycle and power generated per unit area as a function of 

the electrode separation for each applied current value.

I (±0.01mA) Separation E (J m-2) P (mW m-2)

1S 1.87 ± 0.04 3.73 ± 0.19
0.05

2S 1.86 ± 0.04 3.78 ± 0.19

1S 1.79 ± 0.04 6.46 ± 0.18
0.10

2S 1.78 ± 0.04 6.61 ± 0.18

1S 2.10 ± 0.05 17.71 ± 0.21
0.50

2S 1.11 ± 0.03 11.48 ± 0.11
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Figure 8. Energy per cycle and per unit area (a) and power generated per unit area (b) 

as a function of the applied current for each spacer separation used: 1S (darker colour) 

and 2S (lighter colour). 

4. Conclusions

In this study, a CDP-suitable system has been developed through the application 

of PE-coatings (SEs) to the surface of bare activated carbon. This results in the generation 

of natural Donnan potentials, obviating the necessity for prior external charging or the 

utilisation of ion exchange membranes. Two solutions were prepared: one containing 500 

mM NaCl and the other containing 20 mM NaCl. Theoretical calculations have been 

conducted to ascertain the electric potential differences (between the surface and the bulk 

solution) resulting from salinity exchange, as a function of the volumetric charge density 

( r p ) of the polymer coating. The potential differences with respect to the bulk increased 

with the polymer charge density, reaching a plateau of approximately 82 mV for each of 

the electrodes when r p  was higher than 5×10⁶ C/m³, thus establishing a theoretical 

maximum in the energy generation by this method. The rate of charge transfer of the CDP 

a) b)
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cycles was controlled using three distinct applied currents: 0.05, 0.1 and 0.5 mA. The 

extracted energy results exhibited a high degree of consistency across all three current 

values, with a mean value of approximately 2 J m⁻². Conversely, the power generation 

increased with the current due to the acceleration of the charge transfer stages, reaching 

a maximum of (17.71 ± 0.21) mW/m². To investigate the influence of the separation 

between electrodes in these processes, a series of experiments were conducted using 

combinations of one and two mesh separators between the PE-coated electrodes. As a 

consequence of the rise in the internal resistance of the system, an increase in this 

geometrical parameter exerts a considerable influence on the measured ohmic voltage 

drop. However, for currents of 0.05 mA and 0.1 mA, the extracted energy and the power 

generated remained largely unaltered when the electrode separation was increased. 

Conversely, for 0.5 mA, the observed voltage drop exhibits a more pronounced change 

when the distance between electrodes is doubled, resulting in a direct reduction in the 

energy and power that can be achieved. This means that the electrode distance is a crucial 

experimental parameter for optimizing the energy and power generated. 

The system's future improvement will face several challenges, the first of which 

is scaling it up beyond the laboratory frame. This can be achieved by increasing the 

electrode area and connecting several cells in parallel. An increase in the total transferred 

charge will consequently result in an increase in total energy. An additional avenue for 

improvement would be to enhance the charge transfer rate, i.e., the current, which would 

result in an increased extracted power. Nevertheless, our findings indicate that 

maintaining a minimal distance between electrode pairs is crucial for optimal 

performance. Additionally, increasing the charge density of the polymer can enhance the 

system's performance by elevating the voltage rise during solution exchange. Our 
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calculations suggest that the PEs employed in this study already exhibit a Donnan 

potential difference that approaches the maximum theoretical value.
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