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Abstract

In this paper we analyze the energy and power achievable by means of a re-

cently proposed salinity gradient technique for energy production. The method,

denominated soft electrode or SE, is based on the potential difference that can

be generated between two porous electrodes coated with cationic and anionic

polyelectrolytes. It is related to the Capacitive Donnan Potential (CDP) tech-

nique, where the electrical potential variations are mostly related to the Donnan

potential, of ion-selective membranes in the case of CDP, and of the polyelec-

trolyte coating in SE. It is found that although SE is comparable to CDP in

terms of energy production, it presents slower rates of voltage change, and lower

achieved power. The separate analysis of the response of positively and neg-

atively coated electrodes shows that the latter produces most of the voltage

rise and also of the response delay. These results, together with electrokinetic

techniques, give an idea on how the two types of polyelectrolytes adsorb on the

carbon surface and affect differently the diffusion layer. It is possible to suggest

that the SE technique is a promising one, and it may overcome the drawbacks

associated to the use of membranes in CDP.
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polyelectrolyte coating

1. Introduction

Natural mixing of water streams with different salinities is an abundant but

largely unused power source. However, since the 1950’s [1], it has been recog-

nized as a clean renewable energy resource available worldwide. The research

to date tends to focus on the natural process of mixing river water with sea-5

water in river mouths as the main source of salinity gradient (or blue) energy

[2, 3, 4]. Within the recent past, other salinity difference sources have also grown

in importance. Concentrated brine water from desalination plants can be paired

with waste water from a treatment facility, reducing desalination energy cost

[5]. The latest researches have also led to a new interest in low temperature10

(<80◦C) waste heat and waste water from the industrial sector to convert it

into useful work. For instance, waste heat can be used to generate low and

high concentration solutions for salinity difference energy either by membrane

distillation process [6] or by using thermolytic solutions [7]. In addition, small

water temperature differences can be combined with salinity gradient for in-15

creased energy extraction by means of either thermal membrane properties [8]

or changes in the capacitance of the electrical double layer [9]. As an interest-

ing alternative, it has been recently shown that mixing solutions with different

dissolved CO2 concentrations is a related method which can be used to harvest

energy from gas emissions [10, 11].20

A number of techniques have been developed to obtain the Gibbs free en-

ergy that is released when two electrolyte solutions of different concentrations

are mixed. The most advanced approaches are the membrane-based PRO (pres-

sure retarded osmosis) [12, 13, 14] and RED (reverse electrodyalisis) [15, 16].

They have different working principles, operating considerations and membrane25

properties [17, 18]. PRO utilizes the osmotic pressure difference between two

chambers to produce pressurized water to generate electricity through a hydro-

turbine. In other words, the flow of water molecules (but not ions) into a more
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concentrated solution is the driving force of the technique. RED, on the other

hand, uses membranes for the transport of ions and not water molecules. PRO30

and RED have been demonstrated at pilot scale [19, 20] and are close to com-

mercialization, although both still face some problems related to membrane

performance and costs.

A recent approach, called capacitive mixing (capmix), comprises a group of

techniques which are based on the variation of the potential difference between35

two porous electrodes by exchanging the ionic contents of the solution in con-

tact with them [21, 22]. An important difference with respect to the previous

technologies is that here the two solutions do not flow simultaneously, but they

flow alternatively through the same compartment which is a cell made of two

oppositely faced activated carbon electrodes.40

Two main techniques have been developed for the direct production of elec-

trical energy based on this principle. In CDLE (capacitive double layer ex-

pansion method) the electrodes are charged with an external power supply in

presence of a salty solution. When this is exchanged by fresh water, an in-

crease of the cell potential is produced due to the associated decrease in the45

capacitance of the electrical double layer (EDL) [2, 23, 24, 25]. Alternatively,

in CDP (capacitive Donnan potential method) the voltage difference generation

involves the use of ion selective membranes on each electrode, and the cell po-

tential is controlled by the Donnan potential difference [3, 26]. Improvements

of the method have led to recently reported increases in the extracted power50

achieved [27, 28]. In principle, the CDLE approach would be cheaper to pro-

duce and easier to implement due to absence of membranes, also associated to

a lower internal resistance of the cell. However, problems with self-discharging

have prevented a real advance of this technique [29, 30]. In addition, physical,

chemical and organic fouling inevitably associated to exposure of membranes55

to natural waters [31] might also be present in the bare carbon films used in

CDLE, although systematic studies on this issue have not been performed yet.

In the current context, a very promising technique will come from combining

CDP and CDLE methods. Recall that while CDLE needs a power supply to
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store ions in activated carbon electrodes, CDP works efficiently with ion selective60

membranes. Membranes in CDP play the role of the external voltage source in

CDLE, generating by themselves a voltage difference between the electrodes.

The core of the present approach is the spontaneous generation of charge on the

electrodes without the use of either membranes or a power supply. It is just the

physicochemical modification of the carbon particles that produces the required65

charge.

As previously shown by Ahualli et al. [32], we can attribute the term soft

electrodes to conductive electrodes made of an activated carbon core and a

polyelectrolyte layer, either cationic or anionic. Hence the soft electrode (SE)

method would allow the generation of electrical energy due to changes in both70

the EDL capacitance of the carbon electrodes and the Donnan potential of the

polyelectrolyte layer when solutions are exchanged. It has been shown that such

modification leads to an important reduction of the leakage current [29, 30]. Sim-

ilarly to an auto-generated cycle [26], characteristic of the CDP method, there is

no need for an external power supply, and electricity generation is directly pro-75

duced by the mixing process. Like in the CDLE method, the potential difference

in the cell is associated to the processes occurring on the particles themselves

without the need of membranes. Hence a relatively thin polyelectrolyte layer

suffices and likely results in a decrease of the overall cost of the method.

Although the possibilities of the SE technique as an efficient way of producing80

clean electrical energy from mixing solutions were demonstrated in a previous

work [32], its results have never been compared to those achieved with CDP.

However, such a comparison is of a great interest, as both methods share the

mechanism of specific charging of each electrode by means of a film on the active

carbon layer, and each of them might have its advantages and drawbacks. In ad-85

dition, it was not explored before whether the characteristics (adsorbed amount,

molecular weight, type of polyelectrolyte) of the charged polymer coating in SE

might make some difference in the performace of the method. Hence, the pur-

pose of this paper is to compare CDP and SE methods in order to find out

whether the mentioned advantages of not needing membranes can be a chance90
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to take the best of both capmix techniques but approaching CDP extracted

power. With this aim, we will first analyze the differences between both meth-

ods related to potential rise in open circuit voltage (OCV) measurements, and

extracted power, that is, the essential information of the capmix cycles. We will

also analyze the working principles of soft electrodes for parameter optimiza-95

tion. This will be a first insight into polyelectrolyte layer behavior and is key

for the improvement of the SE method.

2. Materials and Methods

We used the same laboratory scale cell for SE and CDP experiments [26].

It consists of two parallel graphite collectors coated with carbon films (Voltea100

B.V., The Netherlands) and facing each other. These two electrodes of 2×2

cm2 were separated 200 µm. Concentrated (30 g L−1 NaCl) and dilute (1 g L−1

NaCl) saline solutions were alternately fed into the cell at a constant flow rate

of 100 mL min−1 . Before the start of each experiment, the carbon electrodes

were soaked in salt water.105

Two ion exchange membranes from Fumatech (Germany) were used for CDP

experiments: a Fumasep FAS anion exchange and a Fumasep FKS cation ex-

change, both of 30−40 µm thickness. For the SE method, soft conductive elec-

trodes were prepared by contacting Voltea carbon films with respectively anionic

and cationic polyelectrolyte solutions under magnetic stirring during 12 h. After110

that time, the electrodes were placed on the cell as shown in Fig. 1. Two an-

ionic polyelectrolytes were tested: poly (sodium 4-styrenesulfonate) or PSS, and

poly(acrylic acid) or PAA. The cationic polymers investigated were PDADMAC

(poly(diallyldimethyl ammonium chloride)) and PEI (poly(ethyleneimine)). All

of them were purchased from Sigma Aldrich (USA) and the typical molecular115

weights (Mw) selected were: 70 000 and 200 000 g mol−1 for PSS; 100 000-200

000 and 200 000-350 000 g mol−1 for PDADMAC; 15 000 g mol−1 for PAA and

2 000 g mol−1 for PEI.

Additionally, an alternative SE procedure was also tested which started by
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contacting the carbon particles (not the Voltea preformed films) with the stan-120

dard PSS and PDADMAC solutions. We used Norit DLC Super 30 activated

carbon particles (Norit Nederland B.V., The Netherlands). Afterwards, we dried

out the particles and made the carbon slurry as described in [26]. This resulting

slurry was cast on a graphite film.

As mentioned, two kinds of measurements were carried out for both SE and125

CDP methods. OCV results were obtained by measuring the potential differ-

ence between the electrodes in open circuit when fresh and salty solutions were

cyclically exchanged. Secondly, we performed constant current capmix cycles

[26]. In these, the cell was connected in series with a galvanostat (IviumStat,

Ivium Technologies, the Netherlands). The first step consisted of passing salt130

water in open circuit, so that a potential difference was established between the

electrodes. Next, we closed the circuit and applied a constant current, driving

the potential to zero. The circuit was opened again and fresh water provoked

a potential rise in the cell. Finally, the circuit was closed again and the cur-

rent was forced in the opposite direction until the potential was again close to135

zero. The energy obtained is represented by the area of the cycles of potential

difference versus transported charge cycles. In both kinds of experiments, the

measurement starts by bathing the short-circuited electrodes in fresh water.

The electrophoretic mobility of the bare and treated carbon particles was

in all cases measured by triplicate in a Malvern Nano ZS device (Malvern In-140

struments, UK), which works on the basis of the analysis of the phase shift of

the light scattered by the particles due to the electrophoretic migration. Dy-

namic (or AC) electrophoresis was additionally used in the characterization of

the polyelectrolyte coating of the particles. In fact, it has been shown [33] that

this quantity is much more sensitive than standard electrophoresis to the struc-145

ture of the charged interface. For our experiments, we used an Acoustosizer

II from Colloidal Dynamics (USA), based on the electrokinetic sonic amplitude

(ESA) method. In this, an AC electric field with frequency between 1 and 18

MHz is applied to the suspension, and from the amplitude and phase of the in-

duced ultrasound, the dynamic mobility (ud) can be obtained. High-resolution150
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transmission microscopy (HRTEM) observations were performed in a FEI Titan

G2 microscope (USA) equipped with an EDX analyzer.

3. Results and Discussion

Unless otherwise stated, the typical conditions of SE preparation were: 100

mM on a monomer basis of PSS with Mw = 200 000 g/mol, and PDADMAC155

withMw = 100 000 g/mol. Other polyelectrolytes, concentrations and molecular

weights will be specified when used.

3.1. Open Circuit Voltage

The voltage rise is a key factor in capmix cycles. Hence, in this section we

first discuss the OCV results. In Fig. 2 we show the time evolution of the cell160

voltage when we introduce salt water and subsequently, fresh water for both

methods: soft electrodes (Fig. 2a) and membranes (Fig. 2b).

It is apparent from Fig. 2 that the voltage rise in similar for both cases:

around 120 mV for SE and 140 mV for CDP. This is a promising result con-

cerning the SE performance in terms of extracted energy. However, we found a165

very significant difference in time response that will affect the extracted power.

As Fig. 2 shows, during fresh water flow, soft electrodes need approximately

200 seconds to reach the steady voltage rise, while membrane-based electrodes

reach steady state in less that 10 seconds. Although the polymer shell is prob-

ably well-formed, as indicated by the voltage rise [32], the slow time response170

is an important drawback that should be addressed to improve the extracted

power. Despite the different time responses of CDP and SE, a steady tendency

towards constant voltage values is observed in both cases after the first solution

exchange. This suggests that leakage can be considered negligible in the two

kinds of measurements.175

3.2. Capmix cycles

In this section, we describe the results obtained for SE and CDP methods in

constant current capmix cycles. As our goal is comparing SE with an optimized
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CDP cycle in terms of energy and power, we will perform two kinds of SE cycles

differing in cycling periods. Thus, Fig. 3a shows the SE cycle obtained with the180

same timing as the optimum CDP cycle represented for comparison in Fig. 3b.

With the aim of maximizing the energy obtained from SE method, even at

reduced power, we also performed SE cycles extending the open circuit stages.

This longer cycle is represented in Fig. 3c and it lasts as long as needed to reach

the SE maximum voltage rise, i.e. approximately 4 times longer than the short185

cycle.

Fig. 4 shows the extracted energy and power of the cycles in Fig. 3 for

different charging/discharging currents. It can be seen that the energy obtained

by SE as compared to CDP is about 30% lower in the most favorable conditions.

However, the main difference between the two approaches appears when the190

extracted power is considered. In this case the maximum extracted power for

SE (50 mW m−2 ) is about half that obtained from CDP (105 mW m−2).

Although this is a promising result, it is necessary to further explore the SE

process to improve it.

3.3. Individual behavior of soft electrodes195

To tackle this time response issue that apparently prevents the SE method

from becoming a competitive alternative to CDP, we analyze each side sepa-

rately in OCV measurements. That is, we assembled the cell with non-treated

carbon film on one side, and the coated (either the anionic PDADMAC or

cationic PSS) electrode on the other side. Fig. 5 compares both measurements.200

Note how PSS generates a comparatively large voltage rise (AB) with slow time

response, while the cationic polymer PDADMAC generates a smaller voltage

rise (AC) with a quick time response. These unexpectedly different electrode

performances explain the above mentioned energy and power results (Fig. 4),

and provides an interesting insight into the SE technique. In the following205

sections, we analyze which parameters can affect the described behaviors.
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Polymer characteristics

The effect of polymer characteristics such as molecular weight, concentration

or structure on the SE performance will be analyzed in this section. Let us

first consider the OCV measurements when the coating is PSS as compared to210

a different anionic polymer, PAA. The OCV results are plotted in Fig. 6a,b

for different anionic polyelectrolye concentrations. As observed, an increase

in concentration leads to a larger voltage rise in both cases. However, the

concentration needed and the overall voltage rise is different for each polymer:

higher potential elevation with lower concentration is found for PSS. Fig. 6a215

also demonstrates that changing the molecular weight from 200 000 to 70 000

has a negligible effect on OCV measurements. Focusing now on time response

differences, we can conclude that the polyelectrolyte characteristics have no

influence on the kinetics of the SE cycle for anionic polymers. For instance,

for the highest concentration in each case, the time needed to reach 90% of220

maximum OCV is quite similar: 200 s for PSS and 240 s for PAA.

Similarly, Fig. 6c shows the results for the cationic polymer PDADMAC (at-

temps to use PEI were unsuccessful probably because this is a low conductivity

polymer producing a high internal resistance of the electrode). Note that, as

in the case of PSS, although the voltage rise increases when increasing the con-225

centration of PDADMAC, neither of the analyzed polymer characteristics has

effect on the time response.

Alternative SE fabrication procedure

In an attempt to get an insight into how polyelectrolytes coat the electrodes,

we tried an alternative SE fabrication procedure that consists of treating the230

carbon particles and afterwards forming the film, instead of coating already

formed carbon films. This method allows us to separate the role of the individual

particles from the effect of the graphite support. The characterization of the

coated particles was carried out by means of electrophoretic mobility (both DC

and AC). As a reference, we also measured non-treated particles.235

Fig. 7a represents the electrophoretic mobility of non-treated and polyelectrolyte-
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coated activated carbon particles as a function of NaCl concentration. As we can

see, the particles were indeed coated by the cationic polyelectrolyte PDADMAC,

as expressed by the positive mobility, while the same kind of measurements did

not reveal any effect of anionic PSS on the mobility. Recall that the capmix240

experiments demonstrate that PSS is functional in producing voltage changes

associated to ionic strength variations. Hence the results of Fig. 7a can be

explained by hypothesizing that PDADMAC effectively coats the carbon parti-

cles, whereas electrostatic repulsion provokes that the negative polyelectrolyte

is unable to form such a homogeneous layer.245

These arguments agree with dynamic mobility (ud) data, typically more sen-

sitive to the nature of the polyelectrolyte coating. Fig. 7b shows the effect of the

field frequency on the modulus and phase of the mobility. The increase of the

modulus of polyelectrolyte-coated particles compared to bare carbons is clear

in this figure, indicating that both kinds of coated particles are more charged250

(either positively or negatively, depending on the coating) than bare ones. The

phase of the mobility is particularly illustrative of the differences between the

particles: both bare and PSS-coated carbons show increasingly negative values

(approaching the theoretical limit of −90◦ when the inertia would stop com-

pletely the motion). This tendency is slower for PSS-coated particles, precisely255

due to the larger charge provoking a larger surface conductivity. This is even

more evident in the case of PDADMAC, whereby the decrease of the phase with

frequency is in fact not observed (it can be expected at higher frequencies). This

is a manifestation of a larger surface conductivity than in the case of either bare

or PSS-coated particles [33]. Summarizing, the electrokinetic data of Fig. 7260

suggest that the two polyelectrolytes are linked differently to the particles.

One possible way to ascertain these widely differing adsorption mechanisms

is to analyze the behavior of a simpler surface, such as pure graphite films (not

covered with activated carbon, and hence with very low surface area). To that

aim, we simply immersed graphite collectors in PSS and PDADMAC solutions.265

Fig. 8 shows the OCV of a cell formed with each treated graphite film versus

an untreated carbon electrode, compared to the results obtained with the whole
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carbon film (Fig. 5). Somewhat surprisingly, the results show that the activated

carbon-free graphite film coated with PDADMAC behaves very similarly to the

PDADMAC carbon coated electrode. On the contrary, the potential rise of the270

PSS-graphite film is much lower than in the case of the PSS-carbon electrodes.

In order to elucidate the origin of the differences observed, we performed

HRTEM+EDX analysis of the three kinds of carbon particles: although the

electron microscope observations can hardly allow to distinguish the location

of the two polyelectrolytes, it might be expected that EDX can offer some275

clues. Fig. S1 (Supplementary Information) shows the carbon and chlorine

distribution on the PDADMAC-treated particle: note the homogeneity of the

Cl distribution, and its coincidence with that of carbon. We can conclude

that the particles are uniformly coated with PDADMAC, as indicated by the

presence of Cl, the counterion of the charged groups. On the contrary, Fig.280

S2 demonstrates that PSS is adsorbed differently: the presence of Na and S is

mainly limited to the pores of the outermost (thinnest) layers of the particle,

and the adsorption is not as uniform.

This set of results jointly indicates that PSS coats the carbon film in a non-

uniform way, probably reaching some depth in patches in the electrode. On the285

contrary, PDADMAC appears to produce a uniform layer, a configuration closer

to a selective membrane, which reaches its Donnan potential in a very short time.

In the case of PSS, ions encounter the polyelectrolyte as they diffuse in the

activated carbon plug, and the potential rises as the concentration front reaches

the adsorbed molecules. This explains the finding (not shown for brevity) that290

the time response (typically 200 s for steady OCV) of an electrode built with

PSS-pretreated carbon particles is similar to that of carbon treated with the

same polyelectrolyte (Fig. 5). For the same reason, the response of PDADMAC-

coated electrodes to salinity changes can be observed even without the need of

the activated carbon particles (Fig. 8). This also explains why the OCV of295

electrodes built with particles pretreated with PDADMAC is similar to that of

untreated particles (data not shown).
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4. Conclusions

In this paper, we have compared the performances of two methods aimed

at obtaining electrical energy from salinity gradients. The membrane-based300

capmix technique or CDP (capacitive Donnal Potential) has reached so far the

highest extracted power among capmix methods. However, some limitations still

need to be considered, specially those concerning cost, fouling and the assembly

difficulties. The technique proposed in this article is based on the simple deposit

of a polyelectrolyte layer on the carbon films, called Soft Electrode (SE) method.305

This new technique can become an alternative to CDP due to its easier electrode

preparation.

The preliminary results suggest that the SE technique might become an ef-

ficient salinity gradient energy method. However, the main difference between

the two approaches is the comparatively slow SE time response. In an attempt310

to clarify the reason for this drawback, we evaluated separately the two poly-

electrolyte (anionic: PSS; cationic: PDADMAC) coated electrodes. We found

that PSS-based coating leads to high open circuit voltage and slow response,

whereas PDADMAC electrodes behave the opposite way (lower OCV and faster

response). A possible explanation for this might be found in the following: PSS315

seems to adsorb inhomogeneously on the pores of the outermost carbon layers.

Therefore both the voltage rise and time response depend on how the exchang-

ing solutions reach the polyelectrolyte patches. On the contrary, in the case of

PDADMAC, we probably have a homogeneous thin layer staying on the surface

of the film, which reacts very quickly to salinity changes.320

Soft electrodes appear to be a promising alternative or complement to ex-

isting capmix techniques. Further investigation on polymer selection, methods

for film treatment and stability of the coating are needed to improve the power

output. When time response issues have been solved, the SE technique can

outperform other capmix techniques.325
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Figure captions440

Figure 1. Sketch of the capmix cell based on soft electrodes.

Figure 2. Open circuit measurements for soft (a) and membrane-coated (b)

electrodes when we alternately introduce salt and fresh water in the working cell.

Dark-shaded areas: 30 g L−1 NaCl; light-shaded: 1 g L−1 .

Figure 3. Constant current cycles for SE (a and c) and membranes-coated445

electrodes (b). In a) and b) the periods are equal, while in c) the period of the

SE cycle is approximately 4 times longer. The corresponding potential-charge

cycles are represented in the bottom figures.

Figure 4. Energy per cycle (top) and power (bottom) extracted as a func-

tion of the current applied for the three kinds of cycles shown in Fig. 3.450

Figure 5. OCV measurements for individual carbon electrodes coated with

cationic (PDADMAC) and anionic (PSS) polymers. AC and AB represent the

respective voltage rise.

Figure 6. OCV measurements for single electrodes coated with: two differ-

ent anionic polymers, PSS (a) and PAA (b), and the cationic polymer PDAD-455

MAC (c). The dashed line in a) shows the response of 60 mM PSS with lower

molecular weight (Mw ≈ 70 000). The dashed line in c) corresponds to 60 mM

Mw ≈ 200 000-350 000 PDADMAC.

Figure 7. a) Electrophoretic mobility as a function of NaCl concentration.

b) Modulus (top) and phase (bottom) of the dynamic electrophoretic mobility460

versus frequency. Both measurements for non-treated carbon particles (Norit)

and for same particles coated with PSS and PDADMAC.
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Figure 8. OCV kinetics for polymer-treated graphite films (dashed lines)

and carbon films (solid lines).
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