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Electrochemical cells containing two electrodes dipped in an ionic solution are widely used as charge
accumulators, either with polarizable (supercapacitor) or nonpolarizable (battery) electrodes. Recent
applications include desalination (“‘capacitive deionization’’) and energy extraction from salinity differ-

ences (‘“‘capacitive mixing”’). In this Letter, we analyze a general relation between the variation of the

electric potential as a function of the concentration and the salt adsorption. This relation comes from the
evaluation of the electrical and mechanical energy exchange along a reversible cycle, which involves salt
adsorption and release by the electrodes. The obtained relation thus describes a connection between
capacitive deionization and capacitive mixing. We check this relation with experimental data already
reported in the literature, and moreover by some classical physical models for electrodes, including
polarizable and nonpolarizable electrodes. The generality of the relation makes it very useful in the study

of the properties of the electric double layer.
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The electrochemistry of salt solutions and the related
accumulator technologies recently found two potential
applications with high social impact, namely, the energy
production from the salinity difference between sea and
river water, and sea water desalination. By ‘“‘accumulator
technologies” we refer to any mechanism where charge is
temporarily stored in the electrodes of an electrochemical
cell, either capacitively, in redox reactions, or through ion
intercalation.

Traditional desalination techniques [1,2] allow produc-
tion of water with lower salt concentration from a given
solution, by consuming energy; they include reverse os-
mosis, electrodialysis, and distillation. A by-product of the
process is a brine, i.e., a solution with higher salt concen-
tration. Salinity-difference energy [2—4] can be seen as the
reverse of desalination processes; i.e., it consists in the
controlled mixing of two solutions with different concen-
trations, so that the Gibbs energy of mixing is extracted.
The reverse of the above-cited desalination techniques
are, respectively, pressure-retarded osmosis [5,6], reverse
electrodialysis [7,8], and the vapor pressure method [9].

One of the above-mentioned accumulator technologies
for desalination is the so-called ‘“‘capacitive deionization™
(CDI) [10]. Two activated carbon electrodes are dipped
into the solution to be deionized, and are electrically
charged, just as in a supercapacitor. During the charging
phase, the electrodes adsorb a net amount of salt from the
solution, thus deionizing it. At the end of the cycle, the
electrodes are discharged, releasing the adsorbed ions into
the brine flow as a by-product. The origin of salt adsorption
is not trivial, and resides in the process of charge storage
into the electric double layers (EDL) which form at the
interface between the carbon and the solution [11]. The
charge in the diffuse part of the EDL comes both from an
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increase of the concentration of counterions and a decrease
of the concentration of coions, but the latter contribution
becomes smaller than the former for increasing voltage,
resulting in a net ion concentration increase (see Fig. 1),
i.e., a salt storage into the EDLs in the couple of electrodes.
Other accumulator technologies, besides supercapacitor
technology, have been used with the CDI principle, in
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FIG. 1 (color online). Schematic representation of the (dimen-
sionless) quantities of the EDL that are connected by Eq. (4),
which is shown in a simplified version (neglecting steric effects,
ie., assuming » = 0; see main text). The specific (per unit
surface) amounts of charge (g) and salt (w) adsorbed into the
EDL are proportional to the integrals over the whole space of
1/2(cy — c-) and 1/2(c; + c_), respectively. (c; and c_ are
the concentrations of counterions and coions for a negatively
charged surface, respectively. Far from the surface, they are
equal to the bulk concentration c.) The voltage difference
between the solid surface ¢ and the bulk ¢y, is equal to the
voltage drop in the EDL, A ¢gp; .
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particular, battery electrodes [12] and membrane-based
ion-selective electrodes [13].

The recently proposed ‘‘capacitive mixing”’ (or capmix)
technique [14-18] is aimed at the energy extraction from
salinity differences. Similarly to accumulator-based deion-
ization, a capmix process starts charging the electrodes
while dipped in salt water. After this phase, the solution
in the cell is changed by fresh water in an open circuit, thus
keeping constant the stored charge in the electrodes.
Because of the concentration change, the cell voltage rises,
therefore increasing the stored energy. The surplus energy
is then extracted by discharging the cell. The electrodes
that have been used for capmix include chemically inert
porous materials [14,15,19], membrane-based ion-
selective electrodes [17], and battery electrodes [20]. In
order to include the last technique, the name ‘“‘accumulator
mixing”” would be more appropriate.

Although CDI and capmix appear to be the reverse of
each other, at least at the operative level, the cycles that
have been investigated up to now are not reversible, as two
solutions with different salinities always get into contact
and irreversibly mix, at least partially, during the solution
exchanges [14,21]. However, Boon and van Roij [16] have
recently proposed a different cycle that is in principle
reversible, although it is not clear whether this new strategy
can be easily implemented experimentally. An important
difference between CDI and capmix is that they are based
on two different physical properties, namely, the salt ad-
sorption during the charge and the dependence of the cell
voltage on the salt concentration, respectively.

In this Letter, we derive a relation between these two
properties, showing that CDI and capmix are fundamen-
tally connected (see Fig. 1). In particular, our result allows
translation of technical improvements of CDI into im-
provements in capmix; e.g., a material that works well
for CDI will also work well for capmix, and vice versa.
Moreover, it can be used to make a quantitative prediction,
based on CDI performances, of capmix performances, and
vice versa. We also check the relation with experimental
data, already reported in the literature, showing excellent
agreement. Finally, we show that the relation is verified by
some paradigmatic physical models describing various
kinds of electrodes, including ideally polarizable and non-
polarizable, and for ion-selective electrodes. This makes
the analyzed relation a very useful tool for the study of
EDLs and for the development of new models [11], a
fundamental concept in any field of interface science.

We consider a generic cell composed of two electrodes,
with a specific (per unit mass or surface of electrode)
charge Q, and a bulk solution with mole fraction of ions
x = N/M, N and M being the number of moles of salt and
solvent, respectively. The expression relating the potential
between the two electrodes of the generic cell Ve (0, x)
and the specific amount of adsorbed salt W(Q, x) is
obtained by calculating the (mechanical and electrical)

energy consumed in the four-step cycle described in the
Supplemental Material [22]. Briefly, it includes the pro-
cesses of electrically charging and discharging the elec-
trodes, and the equilibration of the salt concentration in the
cell with the reservoir, through a semipermeable mem-
brane. The membrane allows the solvent to pass, while it
stops salt ions. The osmotic flow is considered to be a
mechanical work, while the charge and discharge phases
are considered to be an exchange of electrical energy. The
cycle is performed at constant temperature, and is revers-
ible [21], given that all the phases are performed slowly
enough. Therefore, the (mechanical and electrical) energy
lost during the cycle is equal to zero.

The analysis of this cycle leads to the following relation
(see Supplemental Material [22]), which constitutes the
subject of this Letter, connecting the potential to the salt
adsorption,

achell(Qr )C) = axH(x) (1)

GQW(Q, X)
-
where Il(x) is the osmotic pressure of ions in the bulk
solution, expressed in J/mol. It is important to point out
that, as usual, partial derivatives are made keeping constant
the other independent variable. For example, the derivative
of the cell potential on the left-hand side of Eq. (1) is
made at constant stored charge, i.e., in open circuit. On
the right-hand side, the change of adsorbed salt with charge
is evaluated at constant bulk salt concentration.

Equation (1) establishes a relation between the depen-
dence of the cell voltage on the electrolyte concentration
of the bulk solution at constant charge [, V. (0, x)], and
the variation of the number of ions (both coions or counter-
ions) stored in the electrodes, with the stored charge, at a
given electrolyte concentration [d,W(Q, x)]. We stress that
no assumption has been made on the nature of the electrodes
nor the kind of charge storage mechanism, and only ther-
modynamic arguments were used for its derivation.

In the following, we assume that the solute dissociates
into two monovalent ions. An approximation can
be obtained assuming that the solution is ideal [II(x) =
2RTx] [23],

doW(Q, C)

dcVeen(Q, C) = 2RT C ,

2
where C is the concentration (in mM), R is the gas con-
stant, and 7 is the absolute temperature.

The voltage rise in a capmix experiment can be obtained
by integrating Eq. (2) with respect to C, from C4 to Cjp,
representing, respectively, the concentrations of the fresh
and salt water, e.g. C, = 20 mM and Cp = 500 mM. It is
convenient to introduce the differential charge efficiency
MQ,C) = FaoW(Q,C) (F is the Faraday constant),
which represents the change in the number of moles of
adsorbed salt per mole of charges stored in the electrodes
[24]. In most practical cases, the variation of A(Q, C) in the
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range (Cy, Cp) is negligible with respect to the variation of
1/C, and thus we can assume that A(Q, C) is constant with
respect to the integration variable C, ie. A(Q, C4) =
A(Q, C) = A(Q, Cp) for any C between C, and Cp. The
approximate result of the integration is

RT C
AVea@ Ca G =27 W P)a@.C) )
A

where AVcell(Q: Cy, CB) = Vcell(Q: CA) - Vcell(Q: CB) is
the voltage rise upon a concentration decrease. In
Eq. (3), we identify a factor that represents the variation
of the potential of an electrochemical cell, when the con-
centration of the solution is changed from Cp to Cy,, as
obtained by Nernst equation. The actual voltage rise is
obtained by multiplying the Nernst potential by the effi-
ciency A(Q, C), which has already been described as the
efficiency of salt adsorption. Thus, this equation defines a
relation between the voltage rise and the differential charge
efficiency, which are the physical parameters of interest for
capmix and CDI, respectively.

We have verified Eq. (3) with experimental data, already
reported in the literature [25], concerning a CDI experi-
ment with activated carbon electrodes. In that case, the salt
adsorption was measured for sodium chloride solutions
at C, = 5 mM and Cy = 20 mM. We evaluated the dif-
ferential charge efficiency (different from the charge effi-
ciency defined in [25]) by first smoothing the experimental
data (see Supplemental Material [22]). In the same experi-
ment, the voltage versus charge curve was also measured at
Cy, =5 mM and Cy = 20 mM, and from these data we
inferred the voltage rise upon concentration change
AVe(Q, Cy, Cp). Figure 2 shows the comparison of the
two sides of Eq. (3) measured in the experiment, showing
very good agreement between the two routes. The fact that
the two data sets are obtained from different types of
measurements (Vy, O, and W were measured indepen-
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FIG. 2 (color online). Experimental verification of Eq. (3), in
the case of a cell with two activated carbon electrodes in a
sodium chloride solution, with concentrations 20 mM and 5 mM.
The data shown are the two sides of Eq. (3), calculated from the
experimental data reported in Ref. [25].

dently) makes this comparison an excellent verification of
Eq. (3).

For its application to the study of the properties and
modeling of EDLs on polarizable electrodes [11,16,26,27],
it is convenient to rewrite Eq. (1) in such a way that it
describes a single electrode, introducing some dimension-
less quantities,

dcplg, c) = M, “)

(1—-v»)c
where ¢(g, c) = V/Vr, Vo = RT/F, ¢ = C/C, with C an
arbitrary concentration reference. ¢ = Q/2FApCandw =
W/2A,C are dimensionless charge and ion adsorption
densities in the diffuse part of the EDL, respectively.

Ap = 1/\/877/\BNAC~‘ is the Debye length, N, is the
Avogadro number, and Ap is the Bjerrum length,
which, at room temperature in water is Az = 0.72 nm. ¥ =
2¢/cmax 18 @ packing parameter due to steric effects of ions
[26,27], which defines a maximum concentration c,y.
Steric effects in the EDL can be accounted for through
the widely used Bikerman lattice model [26-29], which
provides the following expressions for the voltage-charge
relation, and ions adsorption in the diffuse part of the EDL:

o) 1

A plg, ¢) = —2sgn(g)sinh ™! 5 . (%)
14
Adplgc)  sinh® €
= -2 2
w(g, c) Jesgn(g) . e
1 —»)d
% (1 —wv)yde ©)

V2 In(1 + 2vsinh> £)

Here, A¢p(g,c) is the dimensionless voltage drop
across the diffuse part of the EDL. The total voltage drop
in the EDL is ¢(q,c¢) = Adgpp.(q, ¢) = Adplg, c) +
A (g, c), where Adg (g, c) = —%q and Ag are the

voltage drop and effective length of the Stern layer, re-
spectively. It can be shown that Egs. (5) and (6) verify
Eq. (4). Furthermore, in the limit » — 0, when steric effects
are neglected, Eqs. (5) and (6) reduce to the classical
Gouy-Chapman-Stern (GCS) model, defined by [11,30]

Adp(g, ) = —2sinh~! ﬁz, %

w(g, ¢) = yf4c + ¢* — 2c, 8

which verify Eq. (4) in the same limit. Both the GCS and the
Bikerman models assume thin double layers. In the opposite
situation, we can use the so-called modified Donnan model
[31], valid for porous materials in which the Debye length
much exceeds the characteristic pore size. The details for
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this case, which also verifies Eq. (4), are reported in the
Supplemental Material [22].

CDI and capmix have also been performed with assem-
blies composed of an ion-selective membrane and an acti-
vated carbon electrode [13,17]. When considered as a
whole, also this kind of complex electrode satisfies the
relation expressed by Eq. (3). In particular, the potential
difference established between two reservoirs with differ-
ent concentrations C, and Cp separated by a nonideal ion-
selective membrane is usually written as [32]

2RT

AV = - ln(g—j)m —1_), 9)

where ¢, and 7_ are the transport numbers of cations and
anions inside the membrane, respectively. A membrane is
called ideal when one of the transport numbers is 1, while
the other vanishes. In this situation, Eq. (9) reduces to the
Nernst equation. Direct comparison of Egs. (9) and (3)
leads us to pose the following identity:

AMQ, C) = (1. —1-). (10)

This identity relates the concepts of EDL and ion-selective
membrane, in the sense that inside an EDL the transport
numbers of anions and cations are different from their bulk
values because of their modified concentrations. Therefore,
this comparison illustrates the evolution of the charge
efficiency with the charge inside the EDL: when the EDL
is only slightly charged, A(Q, C) is also small, similarly to
a membrane with a small number of fixed charges and
hence a low selectivity, quantified by the difference in
transport numbers. In this situation, both types of ions
can pass freely through the interface and there is no net
transport of salt. On the contrary, when an EDL or a
membrane is highly charged, the difference in transport
numbers and the charge efficiency take values close to 1,
and the current is carried by only one type of ion, leading to
the imbalance between counterion adsorption and coion
repulsion responsible for the storage of neutral salt in the
EDL or in one side of a membrane. Such a relation between
the concepts of EDL and ion-selective membranes was
previously proposed by Ohshima and Ohki [33].

When battery electrodes are used for CDI [12] or
capmix [20], the electrodes store ions by means of a redox
reaction. The voltage dependence on the concentration is
described by the Nernst equation,

RT _(C
V(Q.0) =Vo—2— 1n(5). (11)

The amount of adsorbed salt is evaluated by observing
that a couple of positive and negative ions react and are
adsorbed for each electron that is moved from the positive
to the negative electrode,

W(Q,C) =W, + % (12)

Together, these two expressions satisfy Eq. (2).

Summarizing, we have analyzed a relation connecting
two different concepts: the dependence of the voltage on
bulk salt concentration and the salt adsorption upon charg-
ing an electrochemical cell. Capacitive mixing relies on the
first dependence: in particular, the power output is roughly
proportional to the square of the voltage rise. CDI relies on
the second quantity, and the charge efficiency represents
the efficiency of desalination of a given device. Our rela-
tion demonstrates that an electrode setup having a good
performance for CDI should also work well for capmix,
and vice versa. Therefore, experimental and theoretical
findings obtained for the salt adsorption immediately lead
to conclusions concerning the dependence of the potential
on concentration, and vice versa. This holds also for com-
plex electrode setups, and this enables the maximization of
the efficiency for both capmix and CDI-like processes.
Moreover, this relation is of interest in the development
and study of general EDL models.
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