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The “capacitive mixing” (CAPMIX) technique is aimed at the extraction of energy from the salinity
difference between the sea and rivers. It is based on the voltage rise that takes place at the electrodes
when changing the salt concentration of the solution in which the two electrodes are dipped. In this
paper, we focus on activated carbon electrodes, produced with various methods and treatments, and we
measure their behaviour in CAPMIX experiments. We find that they behave as polarizable electrodes
only on time scales of the order of minutes, while on longer time scales they tend to move to a specific
“spontaneous” potential, likely due to chemical redox reactions. This analysis sheds light on the charge
leakage, i.e. the loss of the stored charge due to undesired chemical reactions, which is one of the main
hurdles of the CAPMIX technique when performed with activated carbon electrodes. We show that the
leakage finds its origin in the tendency of the electrode to move to its spontaneous potential. Our
investigation allows us to completely get rid of the leakage and demonstrates the striking result that
CAPMIX cycles can be performed without an external power supply.

the entropy increase experienced by the solutions, when the ions
become free to move in a larger volume. The free energy change
upon mixing is around 2.4 kJ when one liter of freshwater is poured
into the sea.! The total free energy dissipated by all the rivers of the
world is around 2 TW, a relevant part of the global energy need.*?

I. Introduction

The mixing of saltwater with freshwater, which takes place at the
river estuaries, is accompanied by a huge loss of free energy, due to
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This promising source of energy has been noticed since the
1950s,*° but a commercially viable technology to tap this energy
source has not yet been found. In order to harvest the available
free energy, it must be intercepted by interposing a suitable
device between the salt and the freshwater, so that the mixing
takes place in a controlled way.

In pressure-retarded osmosis (PRO),”® a semi-permeable
membrane is interposed between the flows of salt and freshwater.

10.1039/c2ee23036d

Broader Context

The controlled mixing of the water from a river and from the sea can be used for producing electrical energy. In the two main existing
technologies, namely “pressure retarded osmosis” and “reverse electrodialysis”, the control of the mixing is obtained by interposing
membranes which can be crossed by either the water or the ions. In the recently proposed “capacitive mixing” (CAPMIX) technique,
the freshwater and the saltwater flow through the cell in alternating phases. The mixing is obtained by electrically storing the ions
inside two electrodes during the saltwater flow and releasing them during freshwater flow. The electrodes can be either chemically
inert porous materials [D. Brogioli, Phys. Rev. Lett., 2009, 103, 058501], or membrane-based ion-selective electrodes [B. B. Sales
et al., Env. Sci. Techn., 2010, 44, 5661], or chemically active materials, like in batteries [F. La Mantia et al., Nano Lett., 2011, 11,
1810]. In this paper, we present the analysis of activated carbon materials produced with various methods and treatments and we
show that their behavior in CAPMIX experiments can display features coming both from the electric double layer and from chemical
reactions, including redox reactions and chemical adsorption. By exploiting the new information, we are able to improve the energy
extraction, up to the value of 50 mW per square meter of electrode.
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Osmosis generates a hydrostatic head and a water flow, which is
converted into electrical current using a turbine. Another
method, based on the vapour pressure difference between
freshwater and saltwater, has been proposed.'® The mixing of
solutions is performed in a controlled way in both methods,
because only the water or its vapour is allowed to move between
the solutions of different salt concentrations.

A different approach is used in reverse electrodialysis
(RED).>! This technique is based on a stack of positively and
negatively charged ion-exchange membranes, where the solu-
tions with different concentrations flow in adjacent compart-
ments. The Donnan potentials developed across the membranes
are used to generate a current, which is collected by the electrodes
placed in the final compartments of the stack. In this case, the
control of the mixing is obtained by means of the membranes,
which allow the migration of only one species of ions between the
solutions of different concentrations, while the exchange of water
molecules through the membrane is irrelevant in this case.

Prototypes have been built for both PRO'? and RED.*!! The
main difficulty of these techniques concerns the use of
membranes, which are prone to fouling; moreover, permeabil-
ities and selectivities still need to be improved before successful
application. >

Recently, a new concept has been proposed, which led to a new
family of techniques, called “capacitive mixing” (CAP-
MIX).*»'*1* In this approach, the high-concentration and the
low-concentration salt solutions do not flow simultaneously
in different compartments of the cell; instead, the solutions
of different salinities flow through the same compartment in
different, consecutive moments, obtaining the cycles shown in
Fig. 1. The CAPMIX cell contains two electrodes, as will be
described in more detail below, immersed in a solution with
uniform concentration. Starting with the cell filled with salt-
water, the cycle is composed of the four following phases:
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Fig. 1 Cycles of the CAPMIX technique. The cycle starts with the cell
filled with saltwater. The phases are: (1) charging, (2) flow of freshwater,
(3) discharging, and (4) flow of saltwater. The image shows the analogy
with the heat engine, with the corresponding phases, namely (1)
compression, (2) heating, (3) expansion, and (4) cooling.

1. The cell is charged by means of an imposed electrical
current.

2. The solution in the cell is substituted by freshwater in open
circuit.

3. The cell is discharged by means of an electrical current
flowing in the opposite direction with respect to phase (1).

4. The solution in the cell is substituted with saltwater in open
circuit.

The electrical charge is temporarily stored in the electrodes in
phase (1), and is later extracted in phase (3). The solution change that
takes place in phase (2) induces an increase of the voltage of the cell
called “voltage rise”. This corresponds to an extraction of electrical
energy because the discharging phase is performed at a higher
voltage than the charging phase. Finally, phase (4) closes the cycle.

This cycle has a strong analogy with the thermodynamic cycle
of a heat engine,'®'s see Fig. 1. The charge corresponds to the
volume of the gas, and the pressure corresponds to the voltage. In
the heating phase (2), the pressure increases, and in the cooling
phase (4) the pressure decreases. By moving the piston, the
volume is changed by the same amount in phases (1) and (3), but
at different pressures. The work that the engine performs during
expansion (discharging) exceeds the work done by the external
system during compression (charging), giving a positive net
energy production.

The cycle is quantitatively represented in Fig. 2 by means of the
voltage versus charge graph. The graphs show the behaviour of
three different kinds of electrodes, that will be discussed in more
detail later. The lines representing phases (1) and (3) show the
change of accumulated charge, while the lines representing pha-
ses (2) and (4) are obtained in open circuit and show the voltage rise
and fall due to the change of salinity. We see that the charging
curve is at a higher voltage than the discharging curve, and thus the
energy enclosed in the counter-clockwise cycle represents
the extracted energy. Following the analogy with the heat engine,
the presented cycle is the analogous of the volume versus
pressure graph.

Various kinds of electrodes have been used with a technique
based on the CAPMIX cycle. They can be classified on the
physical mechanism leading to the voltage rise obtained as a
consequence of salt concentration change.

e Porous “supercapacitor” electrodes,'®*® made of activated
carbon, are the first proposed solution.!'®' The voltage versus
charge relation, shown in Fig. 2(a), is determined by the electric
double layers on the surface of the carbon, classically described
by the Gouy—Chapman-Stern (GCS) model.? Tt can be noticed
that, at a fixed charge, the voltage becomes higher when the salt
concentration becomes lower. This effect constitutes the voltage
rise upon concentration reduction. Physically, it is due to the so-
called “capacitive double layer expansion” (CDLE)
effect,'®1%2122 which is not discussed here. It is worth noting that
the voltage rise depends on the initial charge accumulated in the
double layers, and vanishes for completely discharged electrodes.

e In the technique called “Capacitive energy extraction based
on Donnan Potential” (CDP),® each electrode is an assembly
composed of an activated carbon film and an ion-exchange
membrane which separates the carbon from the solution in the
cell.>?* Such assemblies can be actually described as membrane-
based ion-selective electrodes, similar to the ones that are
commonly used in electrochemistry. The voltage versus charge
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Fig. 2 Charge-voltage cycles (schematic sketches). The phases are: (1)
charging, (2) flow freshwater, (3) discharging, and (4) flow saltwater. The
area enclosed by the counter-clockwise cycle represents the extracted
electrical energy. The freshwater and saltwater solutions have respec-
tively the concentrations ¢; = 20 mM and ¢, = 500 mM. Panel (a): ideal
capacitive electrodes for CDLE. Panel (b): membrane-based ion-selective
electrodes for CDP. Panel (c): battery electrodes, such as AgCl/
Na,Mns0,4. The green and red continuous lines represent the voltage
versus charge graphs at a fixed salt concentration.

relation, shown in Fig. 2(b), is determined by the Donnan
potential across the ion-exchange membrane.

e Battery electrodes have been used to extract energy from
salinity differences with the CAPMIX cycle.?* Actually, in this
case the ion storage is not capacitive, but based on a battery, and
thus the more appropriate name should be “accumulator mix-
ing”. The voltage versus charge relation, shown in Fig. 2(c), is
determined by the redox reactions which take place on the
surface of the electrode, described by the Nernst equation. In this
case, the voltage should not depend on the charge.

The energy produced with a CAPMIX method is actually
extracted from the free energy of mixing of the two salt solu-
tions. The current flowing in phase (1) results in a temporary

storage of ions extracted from the saltwater; the ions are then
released into the freshwater in phase (3). The migration of ions
from the high-concentration to the low-concentration solution
is mediated by their temporary storage inside the electrodes, and
the free energy decrease associated with this controlled mixing
becomes available in the form of electrical energy. Indeed, we
have recently shown that the ability of an electrode to adsorb
salt together with charge by any storage mechanism is con-
nected to the voltage rise.?

The temporary storage of ions inside the electrodes, during
phase (1), is due to a different physical mechanism in each kind of
electrode. In the porous electrodes made of activated carbon, for
the CDLE technique, the ions are stored in the electric double
layers. In the battery electrodes, the ions undergo a redox reaction,
and are temporarily stored as different chemical compounds,
possibly inside the crystalline structure of the electrode. Finally, in
the electrodes used for CDP, the ions are stored both in the electric
double layer on the surface of the carbon, and in the solution
between the membrane and the carbon. The coexistence of various
storage mechanisms has already been noticed.?

The CAPMIX technique can be interpreted as the inverse of
capacitive deionization,?® and the CAPMIX technique with battery
electrodes®*is the inverse of the deionization technique with battery
electrodes.?” It is worth noting that the cycle representation in the
charge versus voltage graph has been reported first in the context of
capacitive deionization.?® The other cited energy extraction tech-
niques can also be described as the inverse of known desalination
techniques, in particular PRO,”® RED,*!! and the vapour pressure
method!® are respectively the reverse of the desalination methods
called reverse osmosis, electrodialysis and vacuum distillation.

One of the main obstacles for the practical application of the
CDLE technique comes from the fact that the cell must be charged
by means of an external power supply. In an ideal condition, the
charge that is stored in the cell in phase (1) should be completely
recovered in phase (3). In practical cases, the charge recovered in
phase (3) is often less than the charge stored in phase (1), due to the
so-called leakage current. The effect of the leakage current, dis-
cussed in Section III, is that the external power supply must
continuously provide a current for compensating the leakage.
This current represents also a power loss that, in practical cases,
can be larger than the power produced by the CAPMIX cycle.

The CDLE technique is very promising, due to the low cost of
the activated carbon materials, but the problem of leakage must
be solved. In order to tackle this problem, we studied the leakage
from a different point of view, ie., by measuring not only the
properties of the cell as a whole, but measuring the potentials of
the single electrodes with respect to a reference electrode.

In Section III, we show that the leakage consists in the
tendency of the charged electrodes to move toward a given
“spontaneous potential”: the activated carbon electrodes are not
ideally polarizable. They can be charged, and they could main-
tain their charge for some minutes, but, on longer time scales,
they tend to come back to their spontaneous potential.

In Section IV, we analyze the behaviour of the potential of the
two electrodes independently upon salinity change. We observe a
potential rise even when the electrodes are not externally charged
which depends on the material.

In Section V, we show that different materials have different
spontaneous potentials, likely generated by chemical reactions or
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specific adsorption of ions. This enables us to devise a method for
completely avoiding the effects of leakage in the CAPMIX
technique. In this method, the two electrodes are made of
different materials with different spontaneous potentials. A
spontaneous cell voltage is present between them, equal to the
difference between the spontaneous potentials of the two elec-
trodes. The external voltage is then chosen equal to the sponta-
neous cell voltage. In this way, the electrodes stay at their
spontaneous potential and no leakage takes place.

We find that the dependence of the potential of the activated
carbon electrodes on the salt concentration shows significant
deviations from GCS theory. This suggests that part of the
charge actually accumulates by means of redox reactions, like in
battery electrodes,> or that specific adsorption of ions takes
place. Thanks to the presence of various physical processes
leading to the variation of the potential upon concentration
change, it is possible to find different electrodes that have the
same spontaneous potential, but change their potential in
different ways upon concentration change. With such elec-
trodes, we chose the external voltage Vg = 0 V, and we still get
a cell voltage rise upon concentration change. In other words, it
is possible to make a CAPMIX cycle without externally
charging the electrodes, therefore without using any power
supply.

The improvements obtained with this method can be evaluated
in terms of the specific surface power, i.e. the produced power per
unit surface of the electrode material. In the proof of principle of
CDLE," the specific surface power was about 7 mW m 2. A
much larger prototype cell,’® able to generate some Joules per
cycle, reached a higher value of specific surface power. The
highest specific surface power obtained reported in this paper is
around 50 mW m 2, and the principles here proposed open a new
way for further improvements.

II. Experimental setup

The cell used for the experiments described in this paper is shown
in Fig. 3. The two activated carbon electrodes under analysis are
dipped into the salt solution, which can be exchanged between
the content of two water reservoirs, containing NaCl at ¢; =
20 mM and ¢g = 500 mM.

The load, i.e. the device to be powered, is represented by the
resistors Rioadsait a0d Rjoad fresn, that are used respectively in
phases (1) and (3). We use two different loads in order to match
the internal resistance of the cell, that depends on the salt
concentration.

The experiments presented in this paper make use of the
constant-voltage scheme. The cell is connected in series with
the load. The circuit is connected, during phases (1) and (3), to
the power supply, which provides a constant voltage Vey,'*"
that is called “external voltage”. Neglecting the leakage current
of the cell, the charge which enters and exits at each cycle from
the power supply is nearly the same, and flows at the same
voltage Vg the power supply does not consume energy, and can
be seen as the equivalent of the flywheel of the heat engine.

We added a reference electrode (Ag/AgCl/KCl) with 3 M KCl
to the cell in order to monitor independently the potentials of the
two single electrodes. The potentials of the two electrodes with
respect to the reference electrode are:

Fresh
water

7% R}
SRV

R load,salt

A
Vref
Salt
water
@ [0
Reference
electrode |
Electrodes
—

Drain

Fig. 3 Schematic view of the experimental cell for CAPMIX energy
extraction and of the electric circuit. The external power supply provides
the external voltage V. The resistors Rioad.fresh ad Rioad sare Tepresent
the loads, i.e. the devices that are powered by the system; they are used
respectively in freshwater and saltwater. The solutions contained in the
two reservoirs, at ¢; = 20 mM and ¢, = 500 mM of NaCl, flow in the cell in
different phases of the CAPMIX cycle. The potentials of the single
electrodes are measured independently with respect to the reference
electrode, that is used only for measurement purposes and does not play
any role in the energy production cycles.

P = Vief (1)
P+ = Vcell + Vref (2)

In the following, we use the symbol ¢ for the potentials of the
electrodes, measured with respect to the reference electrode, and
we use the symbol V for the voltages, ie. the difference of
potentials, in particular for the difference between the potentials
of the two electrodes.

A. Materials

In this paper, we analyze various activated carbon materials
produced in different ways. Table 1 shows a list of these mate-
rials. The films are prepared by casting a slurry with the activated
carbon powder and 10% of polyvinylidene fluoride (PVDF) on a
graphite substrate. Only in the case of the 45 um-thick NS30
sample the substrate is stainless steel.

The electrodes (both the cloths and the films) are prepared
before the experiments by dipping them into a 2% ethanol solu-
tion, kept under medium vacuum, at a pressure around the boiling
point of the solution, in order to remove the air. The electrodes are
then put into the 500 mM NaCl salt solution for 12 hours, under
atmospheric pressure, before starting the experiments.

III. The charge leakage in the activated carbon
electrodes

Fig. 4 shows two typical results of a sequence of CAPMIX cycles.
It can be noticed that the cycle moves towards the right. This is
due to charge leakage: at each cycle, the amount of charge

This journal is © The Royal Society of Chemistry 2012
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Table 1 List of the activated carbon materials used for the electrodes and description

Name Form Thickness (pum) Producer Surface (m? g~ ') Notes
MCC Cloth =400 Mast Carbon 976 Derived from viscose rayon fabric
PAN Cloth =400 Mast Carbon 515 Derived from polyacrylonitrile
(PAN) fabric
THM Film 200 Mast Carbon 1011 Three-modal (nano—meso—
macroporous)
NS30 Film 45, 100, 200 Norit 1650 Commercial, Norit Super 30
NS50 Film 105 Norit 1400 Commercial, Norit Super 50
A-PC-2 Film 40 Wroctaw University 1167 KOH activated pitch coke, KOH/
coke ratio 2 : 1, ash free
A-PC-4 Film 75 Wroctaw University 2617 KOH activated pitch coke, KOH/
coke ratio 4 : 1, ash free
Cwz Film 180 Gryfskand 998 Commercial, steam activated, from
coal (5% ash)
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Fig. 4 Consecutive CAPMIX cycles with external voltage Vg, = 200 mV and concentrations ¢, = 500 mM and ¢; = 20 mM. Panel (a): THM sample,
Rioad.satt = 5 Q, Rioad fresh = 30 Q. Panel (b): NS30, 45 um thick film, Rioaq sait = 20 Q, Rioad fresh = 90 Q. In both cases the electrode size is 15 x 15 mm, and
the gap between them is 1 mm. A drift towards the right can be noticed due to the charge leakage inside the electrodes. The red and green areas represent
the energy spent during the charging phase, while the blue and green areas represent the energy produced during the discharging phase. The net produced
energy is thus the difference between the blue and the red areas. The cycles depicted in (a) lead to no net energy production. In the case (b), the leakage is
much smaller, and a net energy of 135 uJ is extracted per cycle, corresponding to a power production of about 4 mW m 2.

transferred to the cell in phase (1) is larger than the charge that is
taken back in phase (3); the missing charge is lost, likely due to
Faradaic reactions on the surface of the carbon.

The effect of the leakage on the energy extraction during the
first cycle is graphically shown with the colored areas. The energy
that is consumed by the external electric system (including the
power supply and the load) during phase (1) is the area below the
curve, corresponding to the parts colored in red and green. The
energy that is extracted from the cell corresponds to the parts
colored in blue and green. The difference between the two areas is
the actual extracted energy. Since the green part is common, we
can consider only the blue area as extracted energy, i.e. the area
enclosed in the cycle, and only the red area as energy lost due to
the leakage, i.e. the nearly rectangular area, which has the lost
charge as base, and Vg, as height.

Until now, the maximum power obtained with this technique
is of the order of 10 mW m™2. The main obstacle for improving
this figure is mainly due to leakage: increasing the external
voltage would increase the voltage rise, but also the leakage, and

a good compromise between the two tendencies is achieved at
Vixe = 200 mV (data not shown).

The leakage consists in a reduction of the charge accumulated
in the electric double layers of one or both electrodes. Overall, it
can be represented as the recombination of the charges of an
electric double layer, i.e. it consists in a redox reaction. It is thus
useful to study the leakage of the two electrodes independently,
because the corresponding redox reaction should depend on the
polarity of the electrode. In order to investigate this point, we
measure the potentials of each activated carbon electrode inde-
pendently, i.e. ¢, and ¢_, by means of the reference Ag/AgCl/
KCl electrode.

Fig. 5 shows the results obtained through the following
experiment. An external voltage Vgy, is applied for 10 minutes;
within this time, the cell voltage V. reaches a plateau. The value
of the plateau is reported in Fig. 5(a): we can observe that it is
very close to Vgy. Moreover, the electrode potentials ¢, and ¢_
also reach a plateau whose values are shown in Fig. 5(b). It can
be noticed that, when the cell is completely discharged, i.e. with
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Fig. 5 A cell with two electrodes (MCC, 5 x 5 mm), immersed in a ¢, = 500 mM salt solution, is charged for 10 minutes at every value of the external
voltage Vgy shown in the horizontal axis of panels (a) and (b). The resulting cell voltage V.. is shown in panel (a) and the single electrode potentials ¢
and ¢_ (independently measured by using the reference electrode) are shown in panel (b). After charging, the circuit is open for 30 s, and the leakage is
evaluated in terms of potential fall speed, shown in panel (c). The leakage tends to bring the electrodes to their spontaneous potential.

Veen = 0V, the electrodes are at the same potential, because
Veet = 0+ — ¢_ = 0 V. We call this potential “spontaneous
potential”, which corresponds to the “open circuit potential” of
Goldin et al® Tt is worth noting that it does not correspond to
the absence of charge, i.e. to the zero charge potential.

After each charging phase, we open the circuit for 30 s; during
this time, we monitor the change in the potentials of the two
electrodes. The variation, during the 30 s in the open circuit, is of
the order of a few millivolts or less, and is due to the leakage. We
define the leakage speed as the derivative of the potential with
respect to time during the open circuit phase. We repeated the
procedure for various external voltages. The leakage speeds
measured for various external voltages are reported in Fig. 5(c).
It can be noticed that the leakage speed is negative for the elec-
trode that is charged at a potential higher than the spontaneous
potential, and is positive in the other case. This means that each
electrode tends to come back to its spontaneous potential, which
is not necessarily equal for every material. This process shows
that the electrodes behave as polarizable on time scales of the
order of the minutes and non-polarizable on the time scale of the
hours, while they display a very complex behaviour in between.

The presence of a spontaneous potential, different for various
materials, is already known, and has been exploited in CDI
devices.*®

IV. The rise of the potential upon concentration
reduction

The cell voltage rise upon the decrease of salt concentration is the
effect of the individual variations of the potential of both elec-
trodes. In this section, we investigate the variations of the
potential due to the concentration change in the two electrodes,

independently considered. Fig. 6 shows the electrode potentials
¢+ and ¢_. The solution concentration is switched between
20 mM and 500 mM solution for every 130 s. The cell is filled
with freshwater for 40 s, then with saltwater for 30 s, and finally it
is charged for 60 s by applying the external voltage Vgy, in the
same salt solution. The graph shows the variations of the
potential, caused by the concentration changes. We call “base
potential” ¢, the electrode potential in saltwater, i.e. the poten-
tial reached during the charging phase, and we call “potential
rise” Ag the difference between the potential reached in fresh-
water and the base potential.

Fig. 6(a) shows the results obtained just after dipping the
electrodes in the solution, with Vg, = 0 V (the potentials of the
two electrodes are equal). The other panels show the results
obtained after charging at two different values of Vg, (200 mV
and 400 mV) for two hours. Due to the charging process, the base
potentials ¢ of the electrodes change and are about 4 Vg, /2,
resulting in a cell voltage Viy = Vgx. The salinity change is
performed on a time scale of the order of seconds, and on this
time scale the electrodes can be considered as polarizable, as
already discussed in Section III. In particular, we can assume that
they hold their charge while the salinity changes are performed.
We observe that, for both electrodes and for the various base
potentials, the potentials of the single electrodes ¢, and ¢_
change when the concentration of the solution changes. Quite
surprisingly, this change takes place also for the completely
discharged cell. Anyhow, this effect cannot be seen without
measuring the potentials of the single electrodes independently,
and indeed, in this case, the cell potential Veey = ¢+ — @p_=0Vis
not affected by the salinity change. The graph also shows that the
potential rise Ag is larger when the electrode is charged to a
higher potential and, on the other hand, for the lowest potential
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Fig. 6 Effect of salinity change on the electrode potentials. The concentration of the solution is switched between ¢; = 20 mM and ¢; = 500 mM for
every 130 s. Both electrodes are MCC, 5 x 5 mm, with a | mm gap between them. The various panels correspond to different external voltages Vgy. The
upper row of graphs shows the potentials of the two electrodes, i.e. ¢, and ¢_. The lower row of graphs shows the cell voltage, i.e. Veey = @0+ — @_.

we reach, ie. around 100 mV, the potential changes in the
opposite way, i.e., it decreases upon salinity decrease.

The electrode potential rise Ag and the electrode base potential
@ are reported in Fig. 7. The arrows connect couples of points
on the graph representing the two electrodes in the same
measurement during the experiment shown in Fig. 6. The
displacement along the x-axis represents the cell voltage, corre-
sponding to the difference between the base potentials ¢q of the
two electrodes and nearly corresponds to the external voltage
Vixe- The displacement along the y-axis represents the voltage
rise of the whole cell.

This kind of graph contains some of the information of the
charge versus potential graph. Indeed, the charge versus poten-
tial graph is implicitly defined by the function ¢(Q,c), i.e. the
potential of the electrodes at a given charge Q and concentra-
tion ¢. On the other hand, the potential rise Ag versus base
potential ¢q is defined by the parametric curve with curvilinear
abscissa Q:

®o = ¢(Q,c = 500 mM) (€)

80 T ] T T
MCC, charged u
MCC, spontaneous potential @
S the
60 E
Z 40} ¥ .
g 35mV]
8 20} 1
©
S AV=60 mV
° O o froms ' ' T
o
VE,=400 mV
20 .
-40 1 1 1 1 1
0 100 200 300 400 500 600

Base potential ¢q (mV)

Fig. 7 Potential rise Ap upon salt concentration decrement and the
electrode base potential ¢, in saltwater. The sample is the same as that of
Fig. 6. The solid line represents the result of GCS theory.

9876 | Energy Environ. Sci., 2012, 5, 9870-9880

This journal is © The Royal Society of Chemistry 2012


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c2ee23036d

Open Access Article. Published on 25 September 2012. Downloaded on 3/25/2026 12:12:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Freshwater s A-PC-2 --------
MCC

400 — . .
350 | :
300 | :
250 F
200 | ]

150 |

Electrode potential ¢ (mV)

100 3

50 2

0 1 1 1
0 50 100 150 200 250

Time (s)

Fig. 8 Potential variation upon salinity change, obtained without
external charging (Vgx, = 0 V). The graph shows the results for two
different materials, MCC and A-PC-2. The electrodes are 5 x 5 mm,
spaced by a 1 mm thick gap. The data have been obtained by switching
the concentration of the solution between ¢y = 20 mM and ¢, = 500 mM
for every 40 s.

Ap = ¢(0, 20 mM) — 7(Q, 500 mM). 4

The potential rise Ap versus base potential ¢, graph has the
advantage that the quantities Ap and ¢, are directly accessible,
without the knowledge of Q, that is difficult to evaluate in our
case because of the leakage.

The graph shows that the experimental points close to
Agp = 0V fall on the curve given by GCS theory, with a specific
Stern layer capacitance of 0.16 F m~2. A discrepancy appears at
higher potential, likely due to the finite size of ions.'>3! It can be
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Fig. 9 Graph of potential rise A versus spontaneous base potential ¢q
of various activated carbon materials. The data have been obtained
without charging, i.e. the base potential is the spontaneous potential. The
electrodes are 5 x 5 mm separated by a 1 mm thick gap. The solid line
represents the result of GCS theory.

Electrode potential ¢ (mV)
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10000

Fig. 10 Dependence of the electrode potential on the salt concentration
of the solution, for two materials, namely A-PC-2 and PAN. The solid
lines are the results of GCS theory, with different surface charges.

noticed that the GCS theory intersects Ap =0V at g = 130 mV;
this potential is measured with respect to the reference electrode
and is a parameter of the fit.

The position of the points in the potential rise A versus base
potential ¢, graph (see Fig. 7) allows us to forecast the results of
a CAPMIX cycle performed with a given material. In particular,
the external voltage Vgy, gives the displacement along the base
potential ¢, axis, and the displacement along the potential rise
Ag¢ axis will provide the rise of the cell voltage, i.e. the voltage
that is actually available to the load.

V. Comparison between various materials

As we have seen in the previous section, the activated carbon
materials can have a potential rise A¢ also when the base
potential ¢ is their spontaneous potential, i.e. without the need
of charging them externally, with Vg, = 0 V. In this section, we
focus on the potential rise of various materials at their
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©
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Fig. 11 Dependence of the electrode potential on the concentration, for
two materials, namely MCC and NS30-100 um. The solid lines are the
results of GCS theory, with different surface charges.
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Fig. 12 Three couples of materials that are good candidates for energy
extraction. The displacement of the base potentials ¢, of the couple
(horizontal component of the arrow) represents the external voltage Viy,
that must be applied. The displacement of the potential rise Agp of the
couple (vertical component of the arrow) represents the resulting cell
voltage rise.

spontaneous base potential. Fig. 8 shows an example of the
potential rise obtained by switching the salinity of the solution
for two electrodes made of different materials. No external
charging is performed. It can be noticed that the two materials
present differences both in their spontaneous base potential ¢,
and in their potential rise Ag. The striking observation is that, for
the A-PC-2 sample, the potential decreases when the salinity is
reduced, i.e. the potential rise Ag is negative.

We measured the potential rise A¢ at the spontaneous base
potential ¢o for the various activated carbon materials. The
results are reported in Fig. 9. It can be noticed that the
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Start of charging/discharging
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1ms b |

105 | \
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sl

Cell voltage Vg (MV)

80 l 1 1 1 1 1 :
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spontaneous potentials range from 50 to 250 mV, and the
potential rise ranges between —50 and 40 mV. In particular,
MCC, THM, PAN and A-PC-4 have nearly the same sponta-
neous base potential ¢o = 230 mV, but quite different potential
rise Ag. Moreover, CWZ, A-PC-2 and A-PC-4 materials have a
large negative potential rise Ap = —50 mV: this means that their
potential increases when the salt concentration is increased.

The potential rise shown in Fig. 9 refers to the change of the
concentration from ¢, = 500 mM to ¢ = 20 mM. In order to
understand the specific electrochemical and electrokinetic
behaviour of the electrodes, we also measured the potential at
different salt concentrations ranging from 1 mM to 5 M.

Fig. 10 shows the results for two activated carbon materials
with negative potential rise, i.e. Ap < 0 V, namely A-PC-2 and
PAN. This means that the potential increases with increasing salt
concentration. The potential rise A and the spontaneous base
potential ¢, reported in Fig. 9 are respectively the potential at the
concentration 500 mM and the difference between the potentials
at 20 mM and 500 mM shown in Fig. 10. Both curves can be
roughly fitted with GCS theory (see the solid lines of Fig. 10),
with an additional constant displacement along the vertical axis
and with different surface charge densities. In order to obtain a
potential which increases with the increase of concentration, we
must assume that the surface charge is negative. At the higher salt
concentrations, the discrepancies that arise can be due to non-
ideality of the solution. At the lower salt concentrations, the
discrepancies can be attributed to specific ion adsorption.?®
When the concentration is reduced, the amount of specifically
adsorbed ions is consequently reduced, thus reducing the
adsorbed surface charge. This avoids a further change of the
potential. It should be pointed out that the surface charge is
partially due to the specific ion adsorption, which is expected to
be stronger at high concentrations. Analogously, redox reactions
in battery electrodes are responsible for the voltage versus charge
relation.?

(b)
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Fig. 13 CAPMIX cycles with MCC and NS30, 100 um thick film. Size of the electrode: 15 x 15 mm. External resistors: 5 Q in saltwater, 40 Q in
freshwater. External voltage Viy = 100 mV. Produced power: 1.5 mW m™2 A steady state is nearly immediately reached, after only one cycle. The
charge does not present any drift toward right, which means that no charge leakage takes place.
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Fig. 11 shows the results for two activated carbon materials
with positive potential rise A > 0 V. In this case, it is much more
difficult to see a similarity with GCS theory; anyhow, their
behaviour can be still qualitatively described by taking into
account specific ion adsorption.

VI. Energy extraction with spontaneous charge
matching

The reported experimental findings do not solve all the possible
questions about the physical parameters defining the base
potential ¢, and the potential rise A, and a complete discussion

(a) Freshwater m=——=1
Start of charging/discharging -

80 T T T Ld T L} T
60 | 3 -
,\40\ ‘ !
S :
E 3
Z 20 j ]
8 :
of ‘
& or ]
8
5
>
)
(@]

-80 1 L 1 r 1 1 1
0 100 200 300 400 500 600 700 800

Time (s)

is outside the scope of the present work. Anyhow, it is possible to
use these data in order to improve the CAPMIX energy extrac-
tion. The idea is to use different materials for the positive and
negative electrodes, instead of using the same material for both
electrodes. Fig. 12 shows three good choices of couples of elec-
trodes, which will be described in the following.

The couple MCC-NS30 is chosen because the two activated
carbon materials have quite different spontaneous potentials,
their difference being around 100 mV. They roughly fall on the
same GCS curve, and thus we could argue that their charge
versus potential curve is roughly the same. We used the MCC as
the positive electrode, and the NS30 as the negative electrode.
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Fig. 14 CAPMIX cycles with MCC and PAN. Size: 6 x 7 mm. External resistors: 1500 Q in saltwater, 3000 Q in freshwater. Power production: | mW
m~2. In this case, the external power supply is not used because the external voltage is zero.
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CAPMIX cycles with A-PC-2 and NS30. Size: 15 x 15 mm. External resistors: 10 Q in saltwater, 20 Q in freshwater. Power production: 50 mW

m 2. The external power supply is not used because the external voltage is zero. This case shows the best power production obtained with the CDLE

technique.
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The spontaneous voltage of the cell is thus around 100 mV. We
fix the external voltage Vgy, to 100 mV, i.e. roughly equal to the
spontaneous voltage of the cell. Since the leakage tends to take
the potential of the electrode back to the spontaneous potential,
in this case, we should not observe any leakage. A series of
CAPMIX cycles performed with such a cell is shown in Fig. 13.
Indeed, we observe that the curves in the voltage versus charge
graph move to the right for the very first cycles, then they
accumulate to a steady cycle. This shows that the leakage is
negligible, leading to a power production of 1.5 mW m~2. It is
worth noting that this result is striking because it has been
obtained immediately after dipping the electrodes in the cell for a
few minutes, while the results previously reported required hours
of charging before obtaining the first cycles with energy
extraction.'*!?

In the other two couples, namely MCC-PAN and A-PC-2-
NS30, the two activated carbon materials have a similar spon-
taneous potential, but extremely different potential rises. In these
cases, the external voltage Vg, is set to 0 V, i.e. no power supply
is needed, and the charging and discharging phases are obtained
simply by discharging the cell through the load. Anyhow, the cell
will experience a voltage rise, due to the different potential rises
of the two individual electrodes. We will call this technique “zero
charging” CAPMIX. The advantage of this technique is evident:
no leakage can affect the energy production, no external power
supply is needed, and both charging and discharging phases are
active. Examples of energy production with zero charging
are provided in Fig. 14 and 15. In the first case, the power
production is limited by the high internal resistance of the
PAN sample. The second case provides a remarkable power
production of 50 mW m 2.

It is worth noting that, for example, no net energy production
is obtained when A-PC-2 is used for both electrodes in an
externally charged CAPMIX cycle.

VIL

We have shown that activated carbon electrodes produced with
different methods do not behave as chemically inert materials.
First of all, the analyzed activated carbons have a different
spontaneous potential and a leakage current that tries to restore
it, whenever the charge is modified by the flow of an external
current. Both effects have a chemical origin, given respectively by
the presence of charged groups on the surface, or the selective
adsorption of ions and Faradaic reactions.

Moreover, the dependence of the potential on salt concentra-
tion at a fixed charge shows a behaviour that cannot be always
explained in terms of the GCS theory of the electric double
layers. Instead, it shows that, in some cases, specific ion
adsorption or redox reactions take place and contributes to the
storage of charge and ions.

Both phenomena have no effect on CAPMIX energy extrac-
tion if electrodes of the same material are used and, actually, the
described phenomena have been widely overlooked. Instead, the
analysis of the single electrodes allows us to find suitable couples
of activated carbon materials which give improved energy
extraction. In particular, the first phenomenon allows us to avoid
the leakage and the second allows us to make CAPMIX cycles
without the need for an external power supply.

Conclusions

The resulting specific surface power reaches the encouraging
value of 50 mW m~2, still suitable of strong improvements.
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