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Silvia Ahualli,∗a M.L. Jiménez,a Marı́a M. Fernández,a Guillermo Iglesias,a Doriano Brogioli,b and
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In this work we present a method for the production of

clean, renewable electrical energy from the exchange of

solutions with different salinities. Activated carbon films

are coated with negatively or positively charged polyelec-

trolytes by well-established adsorption methods. When

two oppositely charged coated films are placed in contact

with an ionic solution, the potential difference between

them will be equal to the difference between their Donnan

potentials, and hence, energy can be extracted by building

an electrochemical cell with such electrodes. A model is

elaborated on the operation of the cell, based on the elec-

trokinetic theory of soft particles. All the features of the

model are experimentally reproduced, although a small

quantitative difference concerning the maximum open-

circuit voltage is found, suggesting that the coating is the

key point to improve the efficiency. In the used experimen-

tal conditions, we obtain a power of 12.1 mW/m2. Overall,

the method proves to be a fruitful and simple approach to

salinity-gradient energy production.

Obtaining energy from salinity differences as those existing in

river mouths1,2 is a challenging task involving various compli-

cations. Although several attempts have been reported,3–10 no

one appears to prevail over the others, and a final choice has

not been made. This applies as well to the recent proposals of

the capmix group,11 based on the change in the capacitance

of the electrical double layer (EDL) at the interface between a

conducting electrode and an ionic solution, when the salinity

of the latter is modified.

The capmix methods are not the only ones devised to har-

vest salinity difference energy. Desalination techniques oper-

ated in reverse are good candidates, in particular, pressure-

retarded osmosis (PRO),8,12,13 and reverse electrodyalisis

(RED).3,14 In the former, fresh water is allowed to flow

through a semipermeable membrane into a pressurized sea
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water chamber; this high-pressure solution is used to obtain

electrical energy by depressurizing it through a turbine. In

RED, concentrated salt solutions and fresh water flow through

alternating cells which are separated by ion exchange mem-

branes; the cells will be alternatively enriched in cations and

anions, thus producing, respectively, negative and positive po-

tentials at the corresponding electrodes. If the number of cells

connected is large enough, the total voltage will be larger

than the electrode reaction potential, and energy can be ex-

tracted. Although considerable advances have been produced

in both techniques,4–7,9,15 they are mostly at the laboratory

scale. However, a recent analysis has shown that, at least for

the river and sea water availabilities in the Dutch coast, a 1

MW RED plant could be competitive in the near future.16

Recent approaches focus on a better understanding of

the power generation mechanisms using single synthetic

nanopores.7,17,18 In these cases, ion selectivity is associated

to preferential adsorption and transport of counterions over

coions in the channel. Finally, the so-called mixing entropy

battery (MEB) method has been described as a promising

technology in which battery electrodes store or release specifi-

cally adsorbed ions when the salinity of the solution in contact

with them is changed.10,19

Regarding capmix technologies, two main approaches can

be identified, depending on the origin of the voltage difference

between the electrodes. In one of them, called Capacitive en-

ergy extraction from Double Layer Expansion (CDLE), the

electrodes are charged with an external source in presence of

a salty solution. This produces an EDL of high capacitance,

which is subsequently discharged in presence of fresh solu-

tion, that is, at lower capacitance and hence, larger voltage. A

net energy is gained because charge is returned to the external

circuit at a higher potential than that at which it was placed on

the electrodes.20–23 Despite the advantage of using cheap ac-

tivated carbon particles, this method has the problem of leak-

age, and hence, the gained energy not always compensates for

the energy invested in charging the electrodes.24

A different approach is that of the Capacitive energy ex-

traction by Donnan Potential (CDP). In this case, the method
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is self-sufficient (meaning that it works without the need of

external power sources), since the origin of the voltage dif-

ference is the Donnan potential of the membranes separating

the solution from the carbon particles. Placing one electrode

in contact with a cationic membrane and the other with an

anionic one produces a voltage difference between both elec-

trodes. This method relies on the change of the Donnan po-

tential with the salinity of the solution: the potential difference

increases when fresh or river water enters the inter-electrode

spacer, and decreases when sea water gets in. If an external

load is connected to the electrodes, current will flow through

it in both steps, although in opposite directions. Hence, energy

will be obtained every time the water is exchanged. Since no

external source is necessary, leakage is a secondary problem

and very promising results have been already obtained.25,26

In this case, the most important challenges come from the

cost and fouling and bio-fouling problems that prevent a long

use of the membranes. Recently, Hatzell et al.27 described a

significant improvement on the CDP technique by immersing

the electrodes in a so-called bioelectrochemical system (BES),

such as a microbial fuel cell, which favors the charging of the

electrodes. All the techniques described require forcing the

solutions through the cell, whatever the design. This means

that pumping energy or hydraulic losses should be considered

when establishing the net power achievable with the device.

Only for large scale setups can we expect that the obtained en-

ergy outbalances the pumping energy. At the small scale of

our experiments, this is not possible.

In this work we propose a method that takes advantage of

the two capmix procedures described. In Fig. 1 we represent

its principles. We begin by considering two soft conductive

particles. By soft particles we mean those formed by a rigid

core and a permeable polyelectrolyte layer as schematically

represented in the figure. In our case, particles are made of a

conductive (activated carbon) core and a polyelectrolyte layer,

cationic in the case of the left particle and anionic on the right

particle, immersed in a 500 mM NaCl solution that intends to

simulate sea water. In Fig. 1b it is represented the potential

profile Ψ with respect to the bulk solution. The voltage dif-

ference between particles is V = ΨS(+)−ΨS(−), where the

subscript S indicates the surface properties, and the sign + (-)

indicate the particle with the cationic (anionic) polyelectrolyte

shell.

At the initial stage (stage 0), the cores are not initialled

charged and they are in presence of a salty solution. We re-

strict ourselves to the case that the polyelectrolyte layers are

thick enough for the Donnan potential ∆Ψ±
D(salty) to be es-

tablished (positive in one layer , negative in the other) and the

potential profile of Fig. 1b-stage 0 is generated. For the sake

of clarity, we are considering an antisymmetric situation of

the polymer charge density, and this leads to ∆Ψ+
D = −∆Ψ−

D .

Since the particles are not charged, no electric double layer
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Fig. 1 a) Schematic representation of two carbon particles coated by

a cationic polyelectrolyte (left particle) and an anionic one (right

particle) immersed in an electrolyte solution and externally

connected through an electric circuit. b) Equilibrium electric

potential profiles (see text) with respect to the bulk solution between

the surfaces of both particles after the different steps of the cycle. 0:

particles in salty solution, open circuit; 1: particles connected; 2:

open circuit, fresh water; 3: particles connected; 4: open circuit,

salty water. Note the different scales of the ordinate axes in stages 0,

1 and 4.

(EDL) is formed on the particle surface and the potential pro-

file is flat. As a consequence, the surface potential ΨS with

respect to the bulk solution is Ψ±
S = ∆Ψ±

D(salty), and the po-

tential difference between both particles is V = ∆Ψ+
D(salty)−

∆Ψ−
D(salty) = 2∆Ψ+

D(salty).

If we externally connect both particles, some charge will be

transferred from left to right. Particles become charged and

EDLs are formed close to their respective surfaces, leading to

a potential jump ∆ΨEDL(salty) opposite to the Donnan poten-

tial. The process stops when particles become equipotential,

that is ∆Ψ+
D(salty) = −∆ΨEDL(salty). The potential profile is

represented in Fig. 1b-stage 1. Note that the potential profile

in this case differs from the previous stage in the vicinity of

the core surface, where an EDL is created.

Next we disconnect the external circuit and change the so-

lution to a more diluted (“fresh” hereafter) one (20 mM NaCl
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solution in this case). Both Donnan potentials increase in ab-

solute value and on the other hand, since the charge on the

particle surfaces is fixed, also the potential jump at the par-

ticle/solution interface ∆ΨEDL increases in absolute value, as

a consequence of the double layer expansion.20 Being the in-

crease of the latter of smaller significance, the exchange to

a fresh solution results in a net increase of the surface po-

tential, as shown in Fig. 1b-stage 2. The surface potential

becomes Ψ±
S = ∆Ψ±

D(fresh)+ ∆Ψ±
EDL(fresh), and the poten-

tial difference is now V =
(

∆Ψ+
D(fresh) + ∆Ψ+

EDL(fresh)
)

−
(

∆Ψ−
D(fresh)+∆Ψ−

EDL(fresh)
)

. This results in a gain of stored

energy.

In the next step we reconnect again both particles. Since

there is a potential gradient directed to the right, charge is

transferred in this direction, leading to a current flow in the

external circuit. The potential profile is again modified only

close to the core surface, in accordance to the change of sur-

face charge. The process stops when particles become equipo-

tential, and this occurs when ∆Ψ+
D(fresh) = −∆ΨEDL(fresh),

as shown in Fig. 1b-stage 3.

Finally, in open circuit configuration, we exchange fresh by

salty water, and both potential rises ∆Ψ±
D and ∆ΨEDL decrease,

reaching the situation in Fig. 1b-stage 4. In this case, the po-

tential profile in the vicinity of the electrode does not change

with respect to the previous stage, but it is shifted following

the change of the Donnan potential at the polyelectrolyte shell.

Once the circuit is closed again, the potential difference drives

a charge back to the left electrode until stage 1 is reached.

This process is similar to that of CDP, but the potential

difference that can be generated between electrodes made of

these particles has a different origin. In CDP, membranes are

in contact with solutions of different salinities at each side,

and hence, with different Donnan potentials. Hence, a mem-

brane potential is generated and this is the surface potential on

the electrode.11,25,26 In the process of Fig. 1, polyelectrolyte

layers are attached to the particles, and hence, the surface po-

tentials are directly the Donnan potentials.

The energy that can be extracted per unit area of interface

in such cycle is

E =
∫ σ3

σ2
(Ψ+(fresh)−Ψ−(fresh))dσ+

∫ σ1
σ4

(Ψ+(salty)−Ψ−(salty))dσ
(1)

where σi is the surface charge density at stage “i” of Fig. 1.

The electric potential Ψ follows Poisson equation:

∇2Ψ(r) =−
ρelec(r)

ε0ε
(2)

where ρelec is the volume charge density at position r in the

solution, and ε0 and ε are the electric permittivity of vacuum

and the relative permittivity of the solvent, respectively.

The charge density in the conducting core is set to zero at

the beginning. We assume that the polyelectrolyte shell is uni-

formly charged and that it is permeable to the solution. Hence,

in this region the charge density is the sum of the charge den-

sity of the polyelectrolyte (ρpol) and that of the solution. Fi-

nally, outside the polyelectrolyte layer, the charge comes from

free ions in the solution. The carbon layer is modeled as a

swarm of spherical particles23 with radius 20 nm and average

distance (equivalent to average pore radius) equal to 20 nm.

We assume that at least the outermost layers of carbon parti-

cles are coated with the polyelectrolyte, and the problem of

potential distribution in the pore is solved for a single particle

taking into consideration the possible double layer overlap be-

tween neighbor particles. Eq. 2 must be solved separately in

three regions:











∇2Ψ(r) = 0 → core

∇2Ψ(r) =− 1
ε0ε ∑N

i=1 zieni −
ρpol

ε0ε → soft layer

∇2Ψ(r) =− 1
ε0ε ∑N

i=1 zieni → solution

(3)

where zi and ni are, respectively, the valency and number con-

centration of ion of type i and e is the electron charge. The

ionic charge density, ni, follows the Boltzmann distribution:

ni = nbulk
i exp

(

−
zieΨ

kBT

)

(4)

In eq. 4, nbulk
i is the density of ions of type i in the bulk,

kB the Boltzmann constant and T the absolute temperature.

Spherical symmetry is assumed for solving the problem, so the

quantities of interest will depend only on the radial coordinate

r. The problem is totally defined by the boundary conditions

at the interfaces:

dΨ
dr

∣

∣

∣

core surface
=− σ

εε0

dΨ
dr

∣

∣

∣

bulk
= 0

(5)

In the boundary between the polyelectrolyte layer and the so-

lution, the continuity of electric potential and its derivative

must be satisfied:

Ψ|SC+ = Ψ|SC− (6)

dΨ

dr
|SC+ =

dΨ

dr
|SC− (7)

where SC− (SC+) indicates the inner (outer sides of the bound-

ary between the polyelectrolyte layer and the solution.

For the solution of the above equations and boundary con-

ditions, we used the routine BVP4C in Matlab R© software.

From the solution, the potential profiles in Fig. 1 can be ob-

tained, whereas the surface charge on the core for a given po-

tential follows from eq. 5. Furthermore, if the polyelectrolyte
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layer is thick enough, the potential reaches a uniform value

different from that at the bulk solution, namely the Donnan

potential. This decays to zero outside the polyelectrolyte layer

in a distance of the order of the EDL thickness.

An example of a whole theoretical cycle is shown in Fig. 2.

Note that the area of the shaded region (3.1 J/m2 in this case)

is the energy density that can be extracted in this process.

V(mV)

 (C/cm
2
)

2

3

4

1
-1.2 -0.8 -0.4

0

20

40

V(mV)

Fig. 2 Voltage between electrodes built with particles as in Fig. 1a

as a function of the surface charge density for 20 and 500 mM NaCl

solutions. The polyelectrolyte charge densities used were:

ρpol = 6×106 and −3.8×106 C/m3 for the PDADMAC- and

PSS-coated electrodes, respectively. The stages of the process are

numbered as in Fig. 1b.

The feasibility of the method is subject to the success

in covering activated carbon particles with a polyelectrolyte

shell. We have tested two polyelectrolytes. One of them is

the anionic poly(sodium 4-styrenesulfonate) (PSS) with typi-

cal molecular weight 70000, and the other one is the cationic

poly(diallyldimethylammonium chloride) with typical molec-

ular weight 100000 - 200000 (PDADMAC), both from Sigma

Aldrich (USA). In order to investigate the capability of adsorp-

tion of these polyelectrolytes onto activated carbon particles,

we determined the electrophoretic mobility of suspensions of

such particles. For this purpose, we used a Malvern Nano ZS

(Malvern Instruments, UK). We prepared three suspensions of

the activated carbon particles both bare and immersed in aque-

ous 0.02 M PSS and 0.02 M PDADMAC solutions. Carbon

particles were kindly supplied by Mast Carbon Ltd (UK). In

Table 1 we present the electrophoretic mobility (ue) for both

bare particles and those coated with the polyelectrolytes.

The change in mobility for treated particles indicates the

presence of a polymer layer adhered to the surface.28 In par-

ticular, the larger negative mobility value for PSS-treated par-

ticles as compared to bare ones indicates that a negatively

charged polymer layer is indeed coating the particle. Sim-

ilarly, the change of sign in the case of PDADMAC-treated

particles shows that the carbon is also coated by a positively

charged layer screening the natural charge of the bare particle.

In fact, using the general electrokinetic model for soft particles

described in,29 we can estimate that the polyelectrolyte charge

densities are +6× 106 (PDADMAC) and −3.8× 106 (PSS)

C/m3. Similar values were obtained for these polyelectrolytes

in a previous work where dielectric dispersion and dynamic

electrophoresis data in oxide suspensions were used.30

Table 1 Electrophoretic mobility of activated carbon particles

Coating ue

10−8 m2V−1s−1

Bare particles -3.1

PSS -4.8

PDACMAC +8.5

Having proved that it is possible to functionalize the carbon

particles and convert them into “soft” particles, we performed

the same procedure with commercial graphite-supported car-

bon films manufactured by Voltea B.V. (The Netherlands).

Films were contacted with 0.02 M PSS and 0.02 M PDAD-

MAC solutions, respectively, while magnetically stirring the

solutions, during 12 h. They were placed in a parallel plate

cell (Fig. 3) in the form of 2 cm diameter disks separated by

0.5 mm. The electrodes are connected to a voltmeter and the

open circuit voltage, or the potential at the extremes of a load

resistor are determined. 500 mM and 20 mM NaCl solutions

are forced through the cell by performing regular exchanges,

with typical durations 15 s salt water and 30 s in fresh water.

The resulting open circuit voltage between the electrodes as

a function of time is represented in Fig. 4. We can see that it

is clearly controlled by the salinity of the solution in contact

with the electrodes, changing by around 70 mV when sea and

fresh waters are exchanged. In this figure we can also notice

that after a fast increase of the voltage difference between the

electrodes, there is a slow decrease, due to the leakage present

in the device.

The cell voltage oscillations observed in Fig. 4 when fresh

and sea waters are alternatively pumped between the elec-

trodes are 62.3±0.3 mV on the average. It is interesting that

such oscillations can be obtained using the polymer charge

densities obtained from mobility data as input for our model,

as described above. As shown in Fig. 2, the voltage oscilla-

tions are almost identical to those experimentally obtained.

Note that the maximum (thermodynamically allowed) cell

voltage (160 mV) is not reached and this can be ascribed to the

fact that the polyelectrolyte layer is not dense enough, particu-

larly in the case of PSS. It can be estimated that ρpol should be

close to 107 C/m3 in both coatings to achieve that goal. This

gives us clues regarding the estimation of the energy efficiency

η of the method, as discussed below.

Obtaining energy from the soft carbon electrodes requires

connection to the external load resistor. The cycle we imple-

mented included the following steps (Fig. 5): short-circuit of
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Fig. 3 a) Schematic representation of the circuit with the cell. The

resistance is RS = 10Ω in salty water and RF = 60Ω in fresh water.

b) Picture of the actual cell.

the electrodes in sea water; open circuit and fresh water in (25

s); connection of the cell with the external resistor (measured

current 0.75 mA at most) (55 s); open-circuit and sea water

in (25 s); connection with the external load (55 s), current

(0.5 mA maximum) flows in opposite direction. The voltage

and current were continuously recorded, and from this the in-

stantaneous power can be computed; alternatively, in order to

make it easier the comparison with the theoretical cycles like

that in Fig. 2, the instantaneous charge can be computed by in-

tegration of the intensity vs. time data, and the energy at each

time calculated as the product of the measured voltage and the

calculated charge.

From the linear fitting of the energy vs. time data, a value of

average power can hence be obtained, as illustrated in Fig. 5d.

We did not perform a systematic study of the timing opti-

mization, but with the conditions described the power was

12.1±0.1 mW/m2 (referred to electrode apparent area). Note

that this power corresponds to an energy per cycle of 0.58 mJ,

taking 160 s as the cycle duration. In order to compare this

figure with the theoretical prediction given in Fig. 2, it is nec-

essary to carry out an estimation of the effective interfacial

area of the electrode for a given geometrical area. In our case,

0 50 100 150

0

20

40

60

V
 (

m
V

)

Time (s)

 FRESH

 SALT

Fig. 4 Open circuit voltage measurements as a function of time.

superimposing the experimental voltage drop in step 2-3 with

theoretical predictions would yield a surface charge density

variation of 0.3 µC/cm2. Since the charge transferred in that

step is 18 mC (integration of the current-time data in Fig. 5b),

we can conclude that active area would be 6 m2. Then the

two cycles (measured and calculated) can be superimposed at

the same scale, as shown in Fig. 5c. The shaded area would

correspond to the portion of the cycle actually swept exper-

imentally, and its value is 0.73 mJ. From this, we conclude

that there is a reasonable agreement between theoretical and

experimental energy evaluations per cycle.

The efficiency η can first of all be calculated as the so-called

fuel efficiency, regarding relating the energy produced to the

free energy of mixing (per unit volume) ∆g = ∆G/V , of equal

volumes of salty and fresh solutions. In terms of power:

η f uel =
<V I >

∆gJ
(8)

where < V I > is the average power, and J is the flow rate of

solutions through the cell (1 mL/s). In our case, η f uel is around

0.5%, comparable to values reported for CDP techniques.25 A

more practical approach is the calculation of the efficiency by

comparing the area of the experimental cycle and of the ideal

one without leakage and internal resistance: in such case, we

obtain 36% (see Fig. 5c).

Summarizing, the principle of extracting capacitive energy

is used, taking advantage of the dependence of the Donnan

potential with the salinity of the solution, in a similar way to

CDP. The main difference is that the membranes are replaced

by shells of polyelectrolytes, and that there is no space be-

tween shell and electrode surface, meaning that the potential

difference between the electrodes is not related to the mem-

brane potential but to the Donnan one. Hence, polyelectrolyte

shells are a possible, cheaper alternative to membranes. Fur-

ther research can shed light about the different behaviours of

both methods concerning cleaning procedures, fouling or bio-
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fouling problems, as well as the differences in the kinetics of

each of them.
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Fig. 5 Voltage (a) and current (b) measurements in the cell as a function of time. c) Experimental (solid red line) and theoretical (blue dashed

line) cell voltage vs. charge density cycles; the shaded area corresponds to the portion of the calculated cycle swept by the experiment. d)

Accumulated energy as a function of time. The slope of the fitted straight line is the power. In this case, 12.1 mW/m2 of electrode.
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