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Abstract: In the process of finding new forms of energy extraction or recovery, the use of various
natural systems as potential clean and renewable energy sources has been examined. Blue energy is an
interesting energy alternative based on chemical energy that is spontaneously released when mixing
water solutions with different salt concentrations. This occurs naturally in the discharge of rivers
into ocean basins on such a scale that it justifies efforts for detailed research. This article collects the
most relevant information from the latest publications on the topic, focusing on the use of the mixing
entropy battery (MEB) as an electrochemical ion pumping device and the different technological
means that have been developed for the conditions of this process. In addition, it describes various
practices and advances achieved by various researchers in the optimization of this device, in relation
to the most important redox reactions and the cathode and anodic materials used for the recovery of
blue energy or salinity gradient energy.

Keywords: mixing entropy battery; selective ion capture; insertion electrode; salinity gradient energy;
blue energy; prussian blue analogue; battery material; intercalation material

1. Introduction

Increasing energy demand and excess pollution, because of the use of fossil fuels, has created the
necessity to generate clean energy using available natural resources, thus precluding the use of fuels
derived from petroleum. These natural resources include solar, wind, geothermal and biomass being
already utilized in various extents. The ocean is another inexhaustible source of renewable energy,
highlighting the use of energy from waves, tide, ocean currents, offshore winds, the thermal gradient
of the ocean and different salinity concentrations between two solutions, such as seawater and river
water [1]. The chemical energy released in the natural mixture between river water flowing into the sea
is known as blue energy or salinity gradient energy [2,3]. This chemical or entropy energy dissipates
rapidly when river water enters into the sea and is estimated at 2.2 k] of free energy per liter of fresh
water [1,4-10]. The energy produced through the difference in salinity gradients could potentially
generate up to 2 TW [5,6,11-15] which is more than 13% [11] of the energy consumed worldwide.
The basic principle of a device to recover energy from salinity gradients is the accumulation of charge at
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the interface between an electrode and saline water solution as a result of either capacitive phenomena
related to the double layer formed at the electrode/solution interface and/or electrochemical reversible
reactions at the electrode surface with electroactive species present in saline solutions. The key aspect
of this process is the strong dependence between accumulated charge at the interface or the dissociation
degree of the electrochemical reactions with the salt concentration in the solution. In order to take
advantage of the differing charge densities between two electrodes dipped in fresh and concentrated
water solutions, different designs have been proposed. In this review, we summarize the theoretical
background of the mixing process, oriented to the mixing entropy battery system, with a focus on
existing different designs and operating aspects to achieve a continuous operation.

The objective of this review is as follows: (a) To present the theoretical background and recent
advancements in mixing entropy batteries through an overview of the state of the art and most recent
technological advances; and (b) To describe materials for these batteries together with major challenges
in the technology and the need for fundamental research prior to its world-wide deployment.

2. Theoretical Background for Mixing Process

Pattle, in 1954, was the first to propose the mixture between river water and seawater as an
interesting alternative renewable energy source, with an electrochemical device called the Hydroelectric
Pile [16]. Later, Bert H. Clampitt in 1976, proposed an electrochemical concentration cell design
capable of recovering entropy energy from the mixture of solutions with different ionic strengths [17].
More recently, Brogioli in 2009 proposed a novel method based on an electric double-layer (EDL)
capacitor called CAPMIX [4].

The mixing entropy battery is a new concept of recovering chemical energy from salinity gradient
based on charge storage as chemical energy inside the electrode materials. This process was described
by Fabio La Mantia et al. [5] in 2011 as electrochemical capacitors with a faradic charge transfer
process [18] delimited by a Nernst potential associated to salt concentration [2,5,6,19].

The “blue energy” that can be extracted from the mingling of fresh water and seawater is
best illustrated by its reverse process, “desalination” energy that is required to extract fresh water
from seawater. The theoretical non-expansion work that can be produced from mixing a relatively
concentrated salt solution / (seawater) and a dilute salt solution I (river water), at constant pressure p
and absolute temperature T, to give a brackish solution m, is defined by the Gibbs free energy of mixing
AG iy [5,20].

AGpix = AGy — (AGh + AGI) (1)

Assuming that solutions are ideal dilute, the Gibbs free energy of the mixing process can be
calculated just from the charge in molar entropy (i.e., AH,,;, = 0) [18,20]:

AGuis = (1 + 1) TAS i n = (= TAS iy — i TAS i ) b

where 7 is the amount (moles), T is the temperature, and AS,,;, represents the contribution of the molar
entropy of mixing to the total molar entropy of the mixing electrolyte solution (J/mol.K), according to:

ASmix = —-R Z xilnxi (3)
i

where R is the universal gas constant (8.314 J/mol.K) and x is the mole fraction of component
i (i = Nat, Lit, Mg**, CI-, HZO). The mixing entropy battery operates through the Gibbs free energy
change, for transferring a species i from a system 1 to a system 2 (AG; 1 ) in isothermal conditions,
which can be obtained by adding the Gibbs free energy changes of the two systems separately.

AGj12 = AGj1 + AGjp = Gj1, — G, + Gig — Gip, 4)
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In terms of composition it can be calculated as follows:

A?{iTl'z =1 In (Ci,lF) -1y, In (Ci,l,) + 10, In (Ci,ZF) —njp, In (Ci,z,) %)

where F and I are final and initial conditions of each system, respectively.
On the other hand, the conservation of mass for the transferred species can be represented by the
following expression:
Migp = Nig, = Nipp = Nigy = An, (6)

Substitution of (6) into (5) and carrying out some mathematical arrangements gives the following:

AGi12 Ci1 Ci2 Cip
RT = Mile In (C El+ o, In C—F + An; In| =£ (7)

i1 2 Ciap

In the present work system “1” represents the brine, and system “2” the recovery solution or fresh
water. So, the following approximations can be made:

Nipp —Mip, = Niop 8)

N1 i1, = 0 (9)

This simplifies Equations (7)—(10), used to calculate the Gibbs free energy change, for transferring
a species i from brine to the recovery solution in isothermal conditions.

AGj1p Cip;
= =~ An;l ‘ 1
RT "G, 10

Finally, the total Gibbs free energy change can be calculated by adding the individual free energy
changes for all the species transferred from 1 to 2:

AGip =) AGi1p (1)
i

Fabio La Mantia proposed using altiplanic brine from Atacama Salar as a concentrated solution
(1 M LiClI) of electrolyte for harvesting blue energy, achieving satisfactory results [5]. The following
expression will be presented in terms of intercalating lithium ions from brine and recovery blue energy
in order to make the process of recovery of lithium ions sustainable.

(12)

C .
AGyy = 2RT ln(ﬂ)

Cric1,

For a given amount of moles, 1, of which a fraction x consists of fresh water with a lithium
chloride concentration, and another fraction (1 — x) of brine with a lithium chloride concentration.
The theoretical recoverable energy from a mixing process with different saline concentration solutions
is calculated as follows:

AGmix

RT = Culn(Cpy) = xCiin(Cy) = (1 = x)Cpn(Cy) (13)

The Gibbs free energy change, between the concentrated solution and the solution with low
strength, can be calculated according to the volumetric fraction (x) of the concentrated solution,
where C,, is the salt concentration of the final mixture, C; is the salt concentration of the solution with
low ionic strength, and Cj, is the salt concentration of the concentrated solution [5].
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In order to extract the free energy in the water salinity, a faradic pseudo-capacitor systems is
used [21]:
FePOy + Ag" + Lit + CI™ « LiFePOy4 + AgCl (14)

In this device, two different electrodes were employed: an anionic electrode of Ag metal,
which interacts with CI™ ions selectively; and a cationic electrode of

FePOy, which interacts with Li* ions selectively. The global reaction (Equation (14)) decomposed
in two half-cell electrochemical reactions, and can be written as follows [5]:

FePOy(q) + Li?;)

where « is the FePOy4 phase,  the LiFePOy4 phase, ¢ the electrolyte, f’ the AgCI phase and a’ the Ag
phase. The Nernst potential of the two half-cell reactions with respect to the normal hydrogen electrode
(NHE) is given by

RT ALie
Ey =E% + —In|—= 17
PR ln[ﬂuﬂ] 1
RT
E_=E - —ln[aClé] (18)

where E_ and E_ are the potential of the electrodes, Eg and EY are the standard potential of the
electrodes, ay; is the activity of the lithium in the solid phase, F is the Faraday constant, a1 . is the
activity of the lithium ions in the electrolyte, and a¢; . is the activity of chloride ions in the electrolyte.
The difference between the two potentials is AE. If the activity of lithium in the solid phase is fixed
(no current), one obtains:

AE = AEO—i-—ln[aLl )]+ ln[aCl( )] (19)

When a voltage is generated in a device or any part of a circuit, the point of positive potential is
said to be at a higher potential than the point of negative potential. The means by which the voltage is
generated is said to produce a voltage rise. The theoretical “voltage rise” for this lithium device can be
calculated from the Nernst equation, according to the following expression [22]:

RT[CLﬁ,h : CCl,h]

AE = (20)

zF [ Crit, 1 Cer
where z is the number of electron transferred in the reaction, and subscripts / and I refer to concentrated
(brine) and diluted (recovery) solutions respectively.

The potential difference between the two electrodes is [23]:

RT RT
Ecey = E2; +2 5 —In[CLici] + 2Tl” [yLici] (21)

where E Coll 18 the standard cell voltage, Cyc; is the concentration of LiCl and yy;c; is the mean activity
coefficient of LiCl. The dependence of y;;c; on Cpicy its described by the Debye-Hiickel law [18],
which is as follows:

CLici

ln[VLiCl] - T  —
1+ B+/Cric

where A and B are the constants. A mixing entropy battery device consists of a reversible electrochemical

(22)

system, where the electroactive ions present in the natural solution are pseudo capacitively stored in their
respective electrodes. These electrodes work selectively by capturing dissolved ions, where cationic
ions (M*) such as the Na* (1.02 A), Li* (0.76 A) or Mg?* (0.65 A) [24,25] (or trivalent ions, such as AP+
and polyvalent (B"*) as well) interact with the cathode electrode and anionic ions (A~), such as the CI~
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ion interacting with the anodic electrode. The CAPMIX and the mixing entropy battery are also known
as the Mix Accumulator or AccMix [23].

The mixing entropy battery proposed by Fabio La Mantia operates under a process by which
anionic and cationic electrodes, selectively interact with CI~ and Na* ions in several steps. In step 1,
the battery is charged when M* and A~ ions are removed from the respective electrodes in a low
ionic strength solution. In step 2, the recovery solution is exchanged for the concentrated solution,
generating an increase in cell voltage or open circuit potential; this phenomenon is known as “Voltage
Rise” [1,2,4,5,7,11,19,22,26]. In step 3, the battery is discharged with this high potential, capturing the
M* ions and A~ from the concentrated solution, interspersing these ions within the crystalline structure
of both electrodes at a constant current and in a closed circuit, generating energy. Finally, in step 4,
the concentrated solution is exchanged for a recovery solution with low ionic force, leaving the device
ready to start a new cycle. During steps 2 and 4, there is no power consumption or generation.
Energy extraction, W, is given by the following expression:

2
W=56A15dq=f AE-I.dt+fAE-1-dt (23)
1 3

where I is the applied current, g is the charge, and ¢ is the time. During the ion capture and release
stage, energy extraction (W) is given by the sum of thermodynamic and kinetic contributions according
the following expression:

2 2
wzf AEeq-I-dt—i-fAEeq-I-dt—i-fn-I~dt+fn-I-dt:Wth+Wk (24)
1 3 1 3

where AE,; is the equilibrium potential of the electrochemical system, 7 is the overpotential of the
device, and Wy, and Wy are the energy consumption products of the thermodynamic and kinetic
contribution, respectively. Kinetic effects are usually related to overpotentials and are essential in
determining the amount of energy extracted, on the other hand, kinetic limitations come hand in hand
with mass diffusion processes.

3. Energy Consumption in the Process of Mixing Entropy Battery (MEB)

The different electrode arrays designs for MEB that have been proposed and successfully applied
can be classified as selective exchange and salt capturing methods. The selective exchange is based on
an ion intercalation reaction in Prussian Blue Analogue (PBA) while the salt capturing is based on
conversion of Ag to AgCl [27]. In accordance with Equation (14) the salt capturing method operates
using FePO, and Ag as electrodes interacting with Li* and CI~, respectively. The selective exchange
method operates with one selective electrode [I-“e2+ (CN )6] capable of capturing only metal cations
different than Li*, in agreement with the following reaction:

FePOy + NaKNi[Fe** (CN),| + Li* & LiFePOy + KNi[Fe>* (CN), | + Na* (25)

The thermodynamic contribution to the energy consumption (Wy,), depends on the method used
for the metal ion recovery from the solution. In particular, the equilibrium voltage during step 1 and
step 3, according to Figure 1, and the methods are given by the following Nernst equations.

3.1. Thermodynamic Energy Consumption

The thermodynamic energy consumption (Wy,), depends on the method used for the metal
recovery, in this case salt caturing and selective exchange methods.
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3.1.1. Salt Capturing Method

For the salt capturing method, the equilibrium voltage during charge and discharge steps is given
by the following Nernst equations, which describe the equilibrium condition of the reaction (14).

RT - -
AEey(q) = AE%(q) + Tln[qp .q{/"fx (CCM + qF i’/,"fx )] (26)
RT
AEe(q) = AE°(q) + Tln[CLi,B -cal] (27)

The thermodynamic energy consumption per mole of Li* transferred from the brine to the recovery
solution, using the salt capturing method, can be calculated by integrating AE.;(g) along steps 1 and 3:

n- (V1 ~ccin + n)
(V1-e1in)(V1-ci)

Wi

Vi-c
— — RT-In MELEEE

+RT-

ln[l + ] (28)

Vi-can

where, ¢ is concentration and V is volume of the solution.

b)

Step 2

Step 4

Discharge

"

I:l Cathode Electrode . Anode Electrode q

Figure 1. (a) Schematic representation of the systematic work of the mixing entropy battery (MEB).
(b) Typical Brogioli cycle, where the battery cell voltage (AE) vs charge () is represented. The closed
integral represents the removable energy (W) of cycle.

3.1.2. Selective Exchange Method

In the case of the selective exchange method the equilibrium voltage during charge and discharge
steps is given by the following Nernst equations, which describe the equilibrium condition of the
reaction (25).

rT, [
AEeq(q) = AE°(q) + —+n m} (29)
M1~ "Fv
RT | cri
AEeq(q) = AEY(q) + Tln[ci?’] (30)
M3

The subscript M refers to the metal cation. The thermodynamic energy consumption per mole of
Li* transferred from the brine to the recovery solution, n, using the selective exchange method is:

W, Vic CLi Vi-c
—fh:—RT-Zn[( 1M'1—1).—L"3’]+R:r- ! M’l'ln[l-i-
n n CM,3 n

] (31)

Vi-ema
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where g indicates the charge stored in the active material, g4 is the maximum charge stored in the
active materials during step 1 and AE®(q) is the formal potential of the reaction, which is dependent
on the state of charge. The concentration of ions can be considered constant during step 1 and during
step 3. The concentration of the ions can change significantly.

3.2. Kinetic Energy Consumption

The kinetic energy consumption (W), is correlated to the overvoltage in the electrochemical
device, 1. The overvoltage can be divided in three contributions, according to the following equation:

n="1na+1s+1c (32)

where 7, is the potential drop in the electrolyte, 15 is the overvoltage product charge transfer and ¢ is
the overpotential product mass transfer. These overpotentials depend on the materials, species involved
in the reaction, electrolyte solution and the electrodes materials.

The 7,; depends on the geometry of the electrochemical device, as well as on the concentration
and nature of the ions present in the solution. During step 1 the concentration of the ions in solution
does not change significantly, so that the potential drop in the electrolyte can be described by the
following equations:

3.2.1. Salt Capturing Method

For the salt capturing method, the drop potential in the electrolyte (7,;) related to the reaction (14)
is given by the following equations.

3-d3
o =220 (33)

Vicain p1-dq
nel = q—Gmax A ) I (34)
Viean + (T)

3.2.2. Selective Exchange Method

For the selective exchange method, the drop potential in the electrolyte (1)) related to the reaction
the reaction (25) is given by the following equations.

el = PlAdl -1 (35)
where p; is the initial resistivity of the recovery solution at the beginning of step 1, p3 is the resistivity
of the solution during step 3 and, d; and d3 are the distance between electrodes and A is the surface
area of the electrode. It is assumed that the electrodes are two parallel plate of the same dimensions
and that all the cations have similar mobility, ;.

ns also is known as the surface overvoltage for both electrodes. In step 3 this overpotential is
independent of the electrochemical method. This condition changes only for the salt capturing method
in step 1, because of the continuous change in the concentration of the ions in the recovery solution.

The ¢ is caused by the transport of reacting and produced species during the electrochemical
reaction and strongly depends on the electrochemical method used. In the case of the salt capturing and
selective exchange method, the concentration overvoltage during steps 1 and 3 is given by the following:

3.2.3. Salt Capturing Method

For the salt capturing method, the concentration overvoltage for reactants and products (1¢)
related to the reaction (14) is given by the following equations.
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RT I-6 RT I-6
Nc = Tln 1 + q—Gmax + Tln 1 - q—qmax (36)
A'F'Du'(p.—vl) A'F'DCI'(CCI,1+ 7, )
RT I-6 RT I-6
ne = Tln(l +TFD o F Dy Cm) + Tln(l YT Do Doy Ccz,3) (37)

3.2.4. Selective Exchange Method

For the selective exchange method, the concentration overvoltage for reactants and products (1¢)
related to the reaction the reaction (25) is given by the following equations.

RT I-6 RT I-6
TIC = Tln 1 -+ - — Tl?’l 1 - p—— (38)
A-F-Dyi- () A-F-Dar+ (em1 = TF52)
RT I-6 RT I-6
=+ -—Mm1--——
c="F l”( +A~F-DLZ--CU,3) F l”( A-F-DM~cM,3) (39)

where D; is the diffusion coefficient of species i and 0 is the thickness of diffusion layer.
Surface overvoltage is strongly dependent on the nature and structure of the active materials used
for the recovery of metal cations as Li*. It is difficult to predict the value of the surface overvoltage,
however it is known that once AgCl is formed on the surface of Ag metal, ng largely increases [5,27,28]
and actually represents one of the highest energy losses in the system. Prussian Blue Analogue (PBA)
as NiHCF presents a very fast kinetic and very low 7s.

The kinetic energy consumption is always positive and it is observed that the kinetic energy
consumption relative to the resistance of the electrolyte and the diffusion process is, in general,
small and similar for the two methods when the current density is constant.

4. Natural Solutions as Electrolyte for MEB

For the correct MEB operation, it is possible to use the following concentrated electrolytes: seawater,
hot-springs water, lake water, underground water, geothermal water, oilfield brine, relict hydrothermal
brine, brine from reverse osmosis plants and high-altitude salt-lake brine.

The majority of publications about MEB for harvesting blue energy use a solution of between 0.5
and 0.6 M NaCl as a concentrated solution (seawater), and 0.02 to 0.024 M NaCl as a diluted solution
(river water) [1,4-6,11,12,19,23]. Seawater is the most abundant electrolyte on Earth; nearly 97.5% of
the Earth is covered by seawater, but just 2.5% is fresh water. Obviously, seawater has a significantly
higher salt concentration than fresh water due to the existence of salts in the form of dissolved ions at a
concentration of about 35 g/L of total salts [29]. On the other hand, the geothermal water composition
is characterized by the macro elements of the reservoir rock and the subsurface environment to which it
is exposed most of the time. Like seawater, the NaCl is the most predominant salt component present in
dissolved form adding salinity to the geothermal water. The total dissolved solids in high temperature
geothermal water (>150 °C) were reported to be between 2.5 to 81 g/L, while for medium temperature
geothermal waters it is (90-150 °C). The total dissolved solids were reported to be between 1.1 to
8.2 g/L. The highest concentrations, of between 260 to 280 g/L for geothermal water, have been reported
in California, USA [30]. Another interesting alternative is the use of brines from shallow saline lakes
or evaporation ponds located in the high altitude plateau of the Salar de Atacama basin in Chile.
The total dissolved solid in these brines, around 165 g/L, contains Mg2+, Ca**, Na*, K*, SO4%~, CI” and
HCOj3™ as major constituents and also B*, Li* and Cu?* as trace elements. Nevertheless, other elements
as Co, Cr, Fe, Mn, Mo, Pb, V, and Zn—although confirmed—are not well documented [31]. Table 1,
shows the composition of major constituents of different natural brines that have a potential use in
this technology.
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Table 1. Main ion compositions of natural brines.

Ref. Natural Source ~ Cl~ [ppml] Na* [ppm] Mg?* [ppm] Ca®?* [ppm]  Li* [ppm]

[29,32] Seawater 19.345 10.752 1.195 0.416 0.179
[33,34] Geothermal 7.899 4.459 1.700 250 34,27
[35] Atacama Brine 198.000 42.700 40.500 368 1.820

The main technical limitation of this technology is the fresh water availability. Most publications
indicate the use of river water as dilute salt solution. An alternative for fresh water is the use of
urban wastewater, which was reported by Meng Ye et al. [22], but no indication was given for the
water quality.

5. Intercalation Materials as Cathode Electrode in MEB

The behavior of a battery is based on the redox reactions which take place on the surface of
the electrodes. The equilibrium potential of these reactions depends on the concentration of the
electroactive components in the electrolyte solution, which ideally follows a Nernstian response, so that
the change of the solution leads to the voltage rise that can be exploited for the energy extraction [1].

Valid candidates to replace the “sodium-capturing electrode” have been found in the PBA family.
These materials have an open crystal structure composed of a face-centered cubic setting of transition
metal cations octahedrally coordinated to hexacyanometallate groups. Large interstitial “A sites”
within the structure can accommodate zeolitic water or alkali insertion ions. This results in a general
chemical formula of AXP[R(CN)G]l_y -y nH2O, where A is an alkali cation, P is the N-coordinated
transition metal cation, R(CN), is the hexacyanometallate anion and represents a hexacyanometallate
vacancy. Both the N-coordinated and C-coordinated transition metals can be electrochemically active
in this structure. The PBA framework structure has wide channels between the A sites, allowing for
the rapid insertion and removal of monovalent and multivalent cations. Some researches verify
intercalation of Na*, Lit, Mg2+, Cu?*, AP* and NH,* in PBA [7,8,36-38].

The principal cathode materials, based on PBAs tested in the MEB, are Cobalt Hexacyanoferrate
(CoHCF) [23], Nickel Hexacyanoferrate (NiHCF) [27,39] and Copper Hexacyanoferrate
(CuHCEF) [7,8,11,13,18] to capture Nat ions from seawater. The use of materials in the PBA family in
MEBs is an advantage, because most are low-cost cathode materials [40].

5.1. Cobalt Hexacyanoferrate (CoHCF)

Cobalt Hexacyanoferrate is one of the most interesting inorganic polymers. As shown in Figure 2,
the redox process in CoHCF involves two different metal transition ions (Fe and Co). Unlike other
materials of the same class, the redox process is driven by a metal to metal charge transfer mechanism.
The Fe3* and Co®* makes it possible to observe both redox couples, Fe3*/ Fe** and Co3*/ Co?* in
the same material [41]. The principal intercalation reaction for Na* ions is shown in the following
reactions [23].

Cott [Fe3+(CN)6] +Nat + ¢ & NaCol [F€2+(CN)6] (40)

NaCo** [Fe3+(CN)6] + Nat + e & NapyCo*t [Fe2+ (CN)G] (41)
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Figure 2. Schematic view of the CoHCF crystal structure and expected valence/spin states for the
respective redox state (ICSD no. 157486). Illustration based from [42,43].

5.2. Nickel Hexacyanoferrate (NiHCF)

Nickel hexacyanoferrate consists of Fe and Ni ions connected by CN- bridges, generating a
face-centered cubic structure. In this coordination compound, Ni?* ions are located in crystal lattice
sites occupied by high spin Fe’* species in PBA. Each Fe ion coordinates with six carbon atoms,
whilst each Ni ion coordinates with six nitrogen atoms. This arrangement produces an open-channel

network along the three crystallographic axes, which allows for electroinsertion/electrodeinsertion of
hydrated cations [27,39,44], as shown in Figure 3.

KNi[Fe** (CN)g| + Nat + e~ & NakNi[Fe*t (CN)] (42)

Na*NZ*[Fe** (CN)g| +xNa* +xe™ e Naj, NZ*[Fe** (CN)g |[Fe " (CN)]

(43)

1-x

A sites

@ re
o Ni2*

Figure 3. Crystal structure of Nickel Hexacyanoferrate (NiHCF) (ICSD no. 89338). Illustration based
on [44,45].

5.3. Copper Hexacyanoferrate (CuHCF)

This material showed a very good potential for mono and multivalent ions insertion and
de-insertion characteristics. The capacity of CuHHCF is insensitive to the ionic valency of the intercalating
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species provided. The concentration of intercalating ions in the electrolyte is more than the moles of
the active material, this is because the number of ions inserted in the CuHHCF depends on the balancing
of charge with the number of available Fe>* ions in the crystal structure, thereby limiting the cell
capacity [8,13].

NatCu®* [Fe3+(CN)6] +xNat +xe” & Naf, Cu** [Fez+(CN)6]x[Fe3+(CN)6]

+x (44)

1-x

The reduction reaction corresponds to the collation process, and oxidation to the deintercalation
process of Na* ions. When the reduction process occurs, the reduction of Fe3* ions to Fe?* occurs
simultaneously. At the same time, for the Na* ion insertion process to be carried out within the
crystalline structure of PBA, a lot of energy or work force will be needed, because in some PBAs the K*
ions occupy the center of the structure, as shown in Figure 4. During the oxidation process of Fe’* to
Fe3* the deintercalation of Na* ions will simultaneously occur.

Nowadays, PBAs are the cheapest cathode materials used in MEBs [40]. These materials don’t
need high temperatures for synthesis because the material can be obtained at ambient temperature.
Table 2 shows the most typical cathode materials used in MEB, indicated in the bibliography, and their
operation conditions.

A sites

° Cu?t
@ re

Figure 4. Schematic structure of Copper Hexacyanoferrate (CuHCF) (ICSD no. 99499). Illustration based
from [36,46].

Table 2. Prussia blue analogue material as cathode in MEBs.

Electrode Range Range Density o Gain
Ref. PBA Area [cm?] Potential [V] Current [Afcm?] N Cycle Voltage [V]
[11] CuHCF 5 0.2-0.65 +0.1 10 0.102
[7] CuHCF 7 0-0.8 +0.2 20 0.172
[8] CuHCF 3 0-0.9 +0.5 . 0.172
[13] CuHCF 1 . +0.2 50 .
[23] CoHCF 13 0-1.1 +0.01 30 0.153
[39] NiHCF 1 0-0.6 +0.01 - -
5.4. LiFePOy

The topotactic insertion of Li* ions into heterosite (FePOy) is used successfully in lithium iron
phosphate rechargeable battery. The LiFePOy in the olivine phase is more stable than insertion of
Na*, accepting lithium in preference to other cations on exposure in the aqueous solution. The high
mobility of Li* in the structure shows the fast discharge reaction, suggesting that Li* insertion is
controlled by the time of exposure of FePO,; material to solutions that contain Li*, indicated by
the fast kinetic. The insertion of Na* into heterosite FePO, involves a large volumetric expansion,
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structural rearrangement, and low kinetics and the presence of a small amount of Li* ions. The FePOy
matrix seems to block the insertion of Na* [5,47,48], as shown in Figure 5.

FePOy + Lit + e~ ¢ LiFePOy, (45)

Figure 5. Crystal structure of olivine LiFePOy in projection [001] (ICSD no. 56291).
5.5. Nllel’l5Ow

Manganese dioxide-based materials are used as supercapacitor and are studied for their
good electrochemical behavior, high specific capacitance, environmental-friendliness and low cost.
Among the large quantities of manganese oxides reported in literature are Li-Mn-O, Na-Mn-O or
Mg-Mn-O systems, which received extensive attention due to their tunnel or layered crystal structures,
facilitating the cation intercalation/deintercalation [49] as shown in Figure 6. A Mn#** /Mn3* redox
system involving a single-electron transfer is responsible for the MnO, pseudocapacitive behavior.
The energy storage mechanism is generally related to the accumulation of ionic charges in the double
layer at the electrode/electrolyte interface. In aqueous electrolytes the charge/discharge is described by
the following equation [5,50]:

MnO; +M" +e~ & MnOOM (46)

5MnQO, + 2Nat +2¢” & NayMns0Oqg (47)

where MT represents metal cations as Na*, Li* and K*. The reaction mechanism implies an
adsorption/desorption process of cations at the material surface and/or an insertion/extraction process
of cations into the bulk material. The charge storage consists of a complete reduction of Mn**/Mn3*
energy extracted from MnO,, depending strongly on the quality of the material collector interface of
the supercapacitor [50].

Figure 6. Schematic illustration of the crystal structure of NayMns07¢. This structure consists of purple
octahedral units MnOg shared by corners and/or edges, where Na™ occupies positions within channels
formed by octahedrals units (JCPDS 27-0749).
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5.6. NlZ4MngOlg

The sodium manganese oxide has been considered as a promising cathode material in the Na* ion
battery. The orthorhombic structure of sodium manganese oxides is dependent on the sodium content,
and it is made of MnOjs square pyramids and MnOg octahedral as shown in Figure 7. The manganese
ions are located in two different environments, leading to three available sites in which two Na* ions
occupy the large s-shaped tunnels while another Na* ion occupies a smaller tunnel [51], according to
the follow equation [22]:

18NayMns01g + 4Na™ 4 4e~ < 10NagMngOqg (48)

Table 3 shows the most typical battery materials and the principal parameters used in the MEB for
operation and design of the electrochemical device. These parameters deliver the constructive form of
the MEB. The volume of the test battery indicates that the technology is of laboratory scale and has not
yet been tested on a pilot scale. All MEB use parallel plate electrodes in their design, and the electrode
distance is also important because the internal resistance of electrolytes is reduced by decreasing the
distance between electrodes [22].

Figure 7. Schematic illustration of the crystal structure of Nag;MngO;g. The Mn atoms form alternated
octahedron MnOg4 and tetrahedron MnQO, to form a several channels where diffusion of Li* ions
occurs (MP-1094147).

Table 3. Battery materials used as cathodes in MEBs.

Electrode Volume Rang'e Electrode Range Density
Ref. BM Area [cm?] MEB Potential Distance Current [A/cm?] N° Cycle
[em®] vl [mm]

[5] LiFePOy 2 0.35 0-0.5 10 +0.5 100
[5] Na;Mn501g 2 0.35 - 10 +0.25 100
[1] NazMn5010 1 - - 0.6 - -
[22] NayzMngO1g 9 15 - 17 +0.03 12

[3] NagzMngO1g 3.01 0.06 0-0.6 0.2 +0.5 3

Table 4 shows information about the suspension preparation procedure for the active material in
the cathode electrodes. The active material is mixed with a polyvinylidene fluoride (PVDF) as a binder,
carbon black or graphite and N-Methyl-2-pyrrolidone (NMP), 1-Methyl-2-pyrrolidinone or dimethyl
sulfoxide as solvent.
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Table 4. Preparation of battery material and PBA for cathodes in MEBs.

Active . Covering Active Electrode
Ref. Material Synthesis Method Method Material [%] Substrate Mass ,
[mg /cm~]
[5] LiFePOy Polymeric Synthesis Drop Casting 80 Carbon Cloth 25
[22] NayMngOqg Solid State Reaction Ink Coating 85 Carbon Cloth 14
[1] Nap;Mn;50Oqg Pachini Method Doctor Blade 80 Graphite 8
[7] MnO, Co-Precipitation Doctor Blade 70 Graphite Sheet 34
[11] CuHCF Dropwise Spread 90 Carbon Plate 5
[7] CuHCF Co-Precipitation Doctor Blade 70 Graphite Sheet -
[8] CuHCF Co-Precipitation Doctor Blade 70 Graphite Foil 44
[13] CuHCF Co-Precipitation Spread 80 Carbon Paper 48
[23] CoHCF Co-Precipitation Electrodeposition - CPE 0.193
[39] NiHCF Co-Precipitation Hand Painting 80 Carbon Cloth -

Table 5 shows information regarding the blue energy recovery obtained by various researchers
using different active materials for the MEB.

Table 5. Blue energy recovery using different cathode materials.

Active Relevant Characteristics Reversible Efficiency  Blue Energy
Ref. . . o
Material Advantage Disadvantage Capacity [mAh/g] [%] Recovery
[5] LiFePOy, High Stability Poor E.C 120 - 13.5 pW/cm?
[22] NagMngO;3  High Capacity Retention Low Charge Capacity 113 68 0.65 kW/m?>
[5] NayMns0qg High Surface Area Low Charge Capacity - 75 10.5 tW/cm?
[11] CuHCF - 69 13990 pW/cm?
2
(71 CuHCF High Capacity High Irreversible Reaction . . 411 mW/ mz
[8] CuHCF - - 6.3 mW/m
[13] CuHCF - - 87 mW/m?2
[23]  CoHCF High Energy Density Cell Voltage Limited (<1 V) 130 65 4632 pW/cm?
[39] NiHCF  Efficient Energy Consumption Low water recovery 60 - 16.8 kJ/mol

Many groups are focusing on a synthesis of new material electrodes with high specific capacity
and cycling steadiness. Also, efforts have been directed to simplify electrode manufacturing processes.
The most commonly used electrode materials have been modified by elemental doping, coating and
composting with other materials like LINiMnCoO [52]. These imply high ion diffusivity, enhancement
in conductivity, ionic mobility and high retention capacity during the charging/discharging process.
According to the reaction mechanisms of electrode materials, the materials can be divided into two
groups, namely insertion and conversion type materials [53]. The literature shows that insertion
materials are more promising materials because a robust crystalline structure, enlarged diffusion
channel and easier pathways for ion insertion and removal are achieved. These provide a long-term
cycling stability and high rate capability in comparison with conversion electrodes like Ag or Bi.
These characteristics imply excellent stability and good safety performance for the intercalation
material, and therefore are a preferred choice in commercial batteries [54].

6. Anode Materials Used in MEB

The anode materials used in MEB devices must have a very good redox behavior in contact
with CI” ions, as the intercalation or reaction of the electrodes with CI~ will result in energy storage.
The silver electrode is a precious metal that reacts with CI~ to produce AgCI in addition to side
complexation reactions, not only with chloride but also with sulfate in seawater. Searching alternative
anode electrodes is essential for the development of MEBs.

6.1. Silver

Silver (Ag) electrodes are the most popular anodic electrodes [13] used in MEBs because of their
reversibility and adaptability features in the presence of CI™ ions. The reason is that the anodic AgClI
phase formation can take in an electrochemical window devoid of oxygen evolution reaction [55].
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Unfortunately, AgCI phase formation takes place through many different forms of parallel reactions,
as follows:
Ag+nCl™ & AgCI'™, w1 T € (49)

The typical anodic reactions n = 1 (n = 1,2,3) with thermodynamic stabilities [56] take place
according to the following equations [5,22,27,28,54-56]:

Ag+Cl™ & AgCl+e¢™ EY =220 [mV] (50)

Ag/AgCl

The most relevant reactions and their equilibrium constants are [22]

Agh +CIm o AgCls), [Ag*t]lcr] = 1.8-1071 (51)
Ag*+CIm o AgCl, o +] e =0 (52)
AgCl3
Agt +2CI" & AgCl3, [g—2]2 =10°* (53)
[AgT][cr]
[AgCl%‘]
Ag" +3CI" & AgClE™, ————= =10°° (54)
[Agr][Cl]
AgCI3~
Agt +4CI" & AgCE, [g—‘*h =10°2 (55)
[AgT[Cr]

The equilibrium concentration of the total soluble Ag™ is about 8.9 ppm, almost 100 times the
U.S EPA secondary drinking water standard of 0.1 ppm. Ag* is known to cause adverse health
effects, including argyria, argyrosis, liver and kidney damage [22]. At present, the behavior of Ag in
hypersaline solutions such as Atacama brines has not yet been studied.

Over 500 mV, the anodic current increases, due to the occurrence of reactions with the OH™ ion at
pH 7 or close to neutral, according to the following equation [57,58]:

2Ag+20H™ & Agy0 + HyO + 2¢ (56)

AgCl formation mechanisms on the Ag surface electrode have been identified as a two-dimensional
monolayer that is formed in the first adsorption/desorption cycle. After that, the AgCI phase or thin
film grows by nucleation on the first layer as shown in Figure 8. During the formation of AgClI film
over the Ag substrate, the overpotential gradually increases due to the resistance of deposit film.
The overpotential fluctuation has been attributed to the cracking and healing of the AgClI layer or the
dissolution of AgCI deposit accompanying the deposit growth [60-62].

Figure 8. The AgCl structure, a FCC unit cell with two ions (ICSD no. 56538) (Ag and CI~ are gray and
green atoms respectively) per lattice point.
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6.2. Bismuth Oxychloride (BiOCI)

In 2019 G. Tan et al. [13] presented Bismuth Oxychloride (BiOCI) as an alternative to the Ag metal
as anode. BiOClI has a tetragonal structure as shown in Figure 9 and is composed of a layer of CI~,
Bi** and O% ions, and was successfully employed in chloride ion batteries and faradic deionization
systems as chloride (CI7) release/capture electrodes. BiOCI showed two kinds of reversible reactions
due to CI™ transfer during cycling: (i) a major conversion reaction in which BiOCI transformed to Bi
metal and Bi,O3, and (ii) a minor intercalation process that BiOCI charged to BiOCly., (x > 0) [61].
The principal reaction that occurs during charge and a discharge step is:

BiOCl + xe~ ¢ BiOCl_y + xCI~ (57)

6.3. Polypyrrole (PPy)

This compound is another promising material successfully tested as anode electrode [39,62,63].
The PPy material as an organic conducting polymer has been implemented with pyrrole-based polymers
in which anionic dopants are incorporated upon preparation of the anode electrode as shown in
Figure 10. The PPy is insoluble in aqueous electrolytes [63] and due to its wide potential window,
complemented with high electron conductivity and good mechanical properties, has a wide potential
range of technological applications [64]. The following mechanism of anion doping occurs by means
of the following expression:

PPy" +yCl~ & (PPy(”y)*yCl_)n + ye~ (58)

Figure 9. Schematic 2D layer structure of BiOCI (ICSD no. 74502).

The conductivity of these conjugated polymers can be enhanced by oxidation of their chains.
Oxidation/reduction processes also known as doping/de-doping are commonly accompanied by an
ion flow in the electrode/solution interface, which maintains the electroneutrality of the polymer
matrix [64]. The first step is the coordination of the anions from the electrolyte with the PPy chains
during oxidation, which are then released during reduction. The reaction potentially of PPy depends
on the particular doping anion. The Ag/PPy electrode consists of silver particles dispersed in PPy and
was used in a MEB by Gomes et al. [39].
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(@) Polyryrrole oxidation form

Figure 10. Structure of Polypyrrole for respective redox states. Illustration based from [65].

The Table 6 shows the anode materials that used until now in MEB technology. The difference
between them is the energy consumption in the process of capturing the CI~. Under similar conditions,
the AgCl and BiOCI needed much more energy than PPy without considering that Ag has a higher
cost than Bi and PPy. The costs are 3 USD/kg, 9.8 USD/kg and 553 USD/kg for PPy, Bi and Ag
respectively [40,66].

Table 6. Anode material used in MEB.

Ref. Anode Material Covering Method Material [%] Substrate Electrode Mass [mg Jem?]
[5] Ag Drop Casting 85 Carbon Cloth 40

[22] Ag Ink Coating 85 Carbon Cloth 10

[1] Ag Ag Foil 100 - -

[23] Ag Ag Sheet 100 Cu-CPE -

[13] BiOCl Spread 80 Carbon Paper 4.8

[39] PPy/Ag Electropolymerization - ITO -

7. Conclusions and Outlooks

Salinity gradient energy or blue energy using MEBs is clearly a plausible alternative to renewable
energy around the world. In comparison with classical marine energies based on the mechanical
action of waves and coastal wind, the blue energy presents interesting advantages related to reduced
installation and material costs and corrosion protection requirements in coastal areas. However the
working conditions in coastal areas pose a challenge for an MEB installation to overcome long term
exposure to humidity with high salinity, wave action, splash and high corrosive stress, which together
give rise to very fast corrosion in important sectors of a plant, increasing, as a result, the cost of
this alternative energy harvesting [67]. The latest developments in this area, towards new and more
efficient blue energy devices, encourage new ideas for the development of environmentally friendly
projects. While blue energy is closely related to the recovery of chemical energy from the mixture of
seawater and the river water that flows into the sea, it is also true that it is possible to consider other
alternatives, such as the following:

(a) Synthetic or natural saline solutions such as altiplanic brines in South America can serve as
electrolytes in areas where no rivers with considerable flows are available. This alternative opens
the possibility for this technology to be used in nearby coastal areas, or high altitude salt lake
brines, as is the case for many altiplanic places in South America.
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(b) Another possibility would be to consider rejection flows from reverse osmosis plants as
concentrated NaCl solution and seawater as the diluted solution in arid places where there are no
rivers or treatment plants that flow into the sea.

(c) It is interesting to note that fresh water availability, which is the main restrictive factor to
implement MEB technologies in arid places, can be overcome by using solar energy to obtain
distilled water with complete recycling of the electrolyte to achieve conversion of solar energy into
electrical energy. The solar distillation technologies are well known and have a historical record
of applications in Northern Chile as far back as 1842 and worked effectively for 40 years [68].
This fresh water collection alternative would make harvesting energy from salinity gradient
possible at lower costs and greater efficiency.

(d) The use of wastewater effluents as a source of fresh water could be useful for obtaining electrical
energy through MEBs. However, more research related to the behavior of electrodes in the
presence of biological contaminants and free chlorine is needed.

Today the efforts of many researchers are focused on the search for new cathode materials capable
of storing the greatest amount of energy with good reversibility as well as low over-potentials and
the lowest self-shocks or electrical leaks. This condition enables a good response under high intensity
charging and discharging cycles, in addition to lower operational costs that overall fulfill a requirement
for an environmentally friendly technology.

The proof-of-concept for MEB studies tested with a combination of different electrolytes such as
real wastewater effluent, fresh water or artificial recovery solutions; real or artificial seawater or brine;
with Sodium Manganese Oxide (NMO) or Lithium Iron Phosphate (LFP) as a cationic electrode and
Ag/AgCl as anionic electrode have been shown to have high energy recovery efficiency values (68 to
75%). Unfortunately, some drawbacks are that (i) the Ag/AgClI electrode is costly and partially soluble
in seawater or hypersaline solutions such as Atacama brines, (ii) the NMO and LFP electrodes are also
costly with a moderate specific capacity and (iii) the MEB operation requires a charging step with an
upfront energy investment, increasing the operational complexity. A very convenient attribute is the
open-framework structure belonging to PBA materials, that allows fast insertion/extraction of cations
into/from the interstitial sites or crystal structure, evidenced by over 1000 charge/discharge cycles and
lower cost (<1 USD/kg) [40].

It is interesting that anionic materials in electrochemical devices such as Bi/BiOCI, Ag/AgCl and
PPy have not only been tested in MEB batteries but also in chloride sensors, deionization devices and
Lithium recovery from brines. The initial high adsorption/desorption activity for CI~ ions exhibited
by Ag/AgCl and BiOCI degrades during the cycles, as higher thermodynamic and kinetic energy
consumptions gradually increase, whereby the recovered blue energy is reduced over time. The PPy
that is the cheapest material (<3 USD/kg) [40] as anode electrode presents the best behavior when
capturing CI~ ions during cycling, this being manifested as a lower energy consumption. In this
potential range the PPy electrode also showed an excellent cycling performance that was close to 100%
coulombic efficiency (ranging from 95.7 to 97.8%) and 92% capacity retention through 50 cycles [40].

Other reported electrodes made of inorganic materials such as MgMnOy4 [69-71], NaxFeP, Oy [72],
NaTiy(POy)5 [73], Nag 44MnO, [74], FeFe(CN )4 [75], KyFe(CN) [76], Ko.03Cu[Fe(CN 4] ¢5 - 0-43H20 [77],
NaFeHCF [78], MnHCF [79], Na3V3(POy)5 [80], NaMnO, [81] and NaNiHCF [78] have been explored
as active materials for Faradaic ions storage in electrochemical desalination devices.

Recently new anode materials have been reported and are under development, such as TiOCI [82],
VOCI [83,84], VOCI, [83,84], SnOCI,[85], FeOCI[86-88], PbCl,[89] and Bi, O3[90].

Thus, at present development of the MEB technology, PBA and PPy seem to be the ideal candidates
to be used as cationic and anionic electrode materials. Both have lower costs, overlapping potential
range, sensitivity to NaCl and LiCl concentration changes and excellent cycling performance and
stability in aqueous solutions.
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