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ARTICLE INFO ABSTRACT

Editor: Luo Guangsheng As global demands for freshwater and renewable energy intensify, capacitive deionization (CDI) emerges as a
promising technique for water purification, desalination, and ionic separation. Reciprocally, energy harvesting
has been made possible from exchanging solutions with different salinity, using the so-called capacitive mixing
(CapMix) methods, now taking their first steps towards a wider range of application. In all the techniques
mentioned, porous electrodes are used in order to maximize the stored charge, making it essential to properly

select the material of which the electrode is composed. This work focuses on exploring the performance of
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Polyelectrolytes
Ion?lexchang}; membranes zeolite-templated carbon (ZTC) as a highly promising electrode material. ZTC offers ordered pore distribution
Electrokinetics and high electrical conductivity, making it in principle ideal for energy harvesting and water purification ap-

plications. In order to optimize its performance, the surface of the ZTC is for the first time modified by appli-
cation of polyelectrolyte coatings, resulting in so-called soft electrodes or SEs. This combination of electrode
material and functionalization gives rise to a highly efficient and low energy-consuming strategy to fully realize
the potential of this carbon material in CDI and CapMix techniques for tackling global freshwater and energy
challenges. Energy and power generation values up to 25 mJ and 7.5 mW m 2 have been obtained (with
measured potential rises of 131 mV by only exchanging salinities of the bathing solution), which overcome
values such as 4.3 mW m ™2 previously found in our laboratory under similar conditions.

1. Introduction diffuse charged layer accumulating in that region until the electrode

surface charge gets screened. As a result, ions of both signs are removed

The increasing demand for fresh water has made imperative to
explore innovative technologies that can provide clean water in a sus-
tainable and renewable way, using the required energy in a cost-
effective and efficient way. As an example, capacitive deionization
(CDI) is a promising technology that has emerged as potential solution to
desalinate brackish water. The process is based on the electric double
layer (EDL) properties [1,2]. When the solid surface acquires charge
(because of the applied potential, in the case of electrodes) ions charged
opposite to the surface (counterions) are attracted to it, and form the

from the solution by electrostatic attraction to the corresponding
opposite electrode. The repulsion (desorption) of coions (with the same
charge sign as the respective electrode) is smaller than counterion
adsorption as long as the surface charge is high enough, with the net
result of partial desalination. The EDL has properties typical of a
capacitor, with large capacitance if porous electrodes with high surface
area are used [3,4]. Roughly speaking, the plate distance of that
capacitor is smaller if the solution in contact has a high ionic strength
(compressed EDL) than when it is bathed by a low ionic strength solution
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(expanded EDL).

The latter property is basic to the harvesting of energy by salinity
gradient employing the so-called CapMix methods [5-9]. These are
based on charging a pair of electrodes while in contact with a salty so-
lution (high capacitance) and discharging them after exchanging (at
constant charge) the in-contact solution with fresh water (low capaci-
tance). In the process, a rise in the potential difference between the
electrodes takes place, so that more energy is received than it was used
in charging. This means that the method has the potential to provide a
renewable and sustainable source of energy arising from salinity
gradients.

The choice of materials is essential for the efficiency and effective-
ness of both CDI and CapMix techniques, as their electrical conductivity
and available surface area play a crucial role in the performance of the
electrodes. Activated carbon (AC) and other carbon-based materials are
often used as an electrode composite for CDI and energy harvesting
[10-17] due to their high surface area and pore size distribution, which
have been shown to enhance the efficiency of these processes signifi-
cantly. However, we have found! that the tortuosity of the macropores
hinders the diffusive processes in their interior, causing a slow response
and an incomplete use of the nominally available area.

Zeolite-templated carbon (ZTC) is a promising material that has
awakened great interest in its use for capacitive electrodes as it possesses
a unique combination of the above-mentioned characteristics [18-20].
ZTC is formed over zeolite templates which are later removed, leaving
behind a carbon matrix with a well-defined pore structure [19,21,22]
consisting of single-layer curved graphene frameworks. The resulting
material has a high surface area and excellent electrical conductivity,
making it an ideal electrode material for CDI and CapMix applications.
Moreover, the pore size of ZTC can be adapted to the base framework
used for its formation, potentially allowing improved performance in
terms of ion removal as it possesses large easy-diffusion paths for ionic
transport [23].

Both CDI and CapMix techniques have been shown to improve if ion-
exchange membranes (IEMs) are used in conjunction with carbon elec-
trodes. Within the realm of membrane-assisted CDI, IEMs play a pivotal
role in significantly enhancing the efficiency of ion removal. This is
achieved through blocking the transport of co-ions from the electrode
pores to the solution while facilitating the transport of counter-ions to
the electrodes [24-28]. Concerning the CapMix processes, IEMs come
into play by creating a natural potential difference between electrodes
through Donnan equilibrium, thus obviating the requirement for an
external power source. This approach is denoted as capacitive energy
extraction based on Donnan potential (CDP) [29,30].

An alternative approach, based on coating the carbon with charged
polymer layers (polyelectrolyte coating or soft-electrode —SE- configu-
ration) is the target in the present work, as a compelling, membrane-free
approximation to the increase in both CDI [31-33] and CDP [6,34]
performances. As additional advantages, the coatings provide longer
electrode lifetime and enhancing of their wettability. Importantly, SEs
also yield economic advantages and facilitate the preparation process in
comparison to attached IEMs. Furthermore, a synergistic approach was
explored through the combination of polyelectrolyte coatings with
IEMs. SEs are established as a suitable support for IEMs, resulting in a
substantial improvement of the overall system performance [35,36].

To our knowledge, the zeolite-templated carbons have been previ-
ously studied for their use as gas adsorbents, in supercapacitors, batte-
ries and catalysis [37-41], but little work has been dedicated to their use
in capacitive deionization [42] or, to an even lesser extent, in CapMix
applications. Moreover, the addition of polyelectrolyte-coatings to ZTC
has not been explored to date. In this work, we investigate the combi-
nation of zeolite-templated carbon electrodes with polyelectrolyte and
IEMs coatings for CapMix, CDI and CDP techniques. The aim is taking
full advantage of the ordered surface properties of the carbon material
associated to the advantage of the polymer coatings. The potential
benefits of these technologies for sustainable, renewable resource
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management make them part of important, near-future research focus.
2. Capacitive deionization

In CDI or CDP the desalination process takes place by continuously
pumping a saline solution through the measurement cell. Each CDI cycle
consists of two stages: during adsorption, a constant voltage or current is
applied to the cell, driving ions from the bulk solution to the micropores
of their counter-electrode. Desorption is carried out once the surface
charge of the electrodes get neutralized by the counterions; this stage is
required in order to drain the pores to be ready for their use in
consecutive cycles. Desorption occurs when applying an opposite po-
tential difference to the cell (Reverse-Voltage method) thus forcing the
ions to exit the pores. In the present work, the used saline solution was
10 mM KCl, chosen for this study as a model solution due to the simi-
larities between K™ and Cl~ diffusion coefficients in water (1.96 x 10~°
m? s~ ! and 2.03 x 107° m? s7}, respectively, at 25 °C).

The performance of each electrode configuration is usually quanti-
fied via the salt adsorption capacity (SAC) and the charge efficiency of
the process [10,43]. SAC expresses the ratio between the mass of
adsorbed ions and that of solid carbon electrode (including the binder
mass as part of the total mass of the electrode), and is proportional to the
area enclosed by the concentration difference curve in the adsorption
stage:

M
salt
Mejece

SAC = (@D)]

Mgy is the molar mass of the saline component, mg is the total
electrode mass, and n is the number of adsorbed moles, which can be
calculated as [43,44]:

n— / * (Coult) — cn) p, dt @)
0

Being cout) the instantaneous measured concentration at the cell
outlet, c;, the feed solution concentration, ¢, the pumping flow rate of
the solution through the cell; the integration goes from t = 0 to t = tgqs,
duration time of an adsorption stage.

The ratio between the total amount of salt adsorbed and the charge
transferred between the electrodes in the adsorption stage time provides
the charge efficiency of the system, A[45]. It will reach its maximum
value (equal to 1) when an ion is retired per unit charge deposited on the
electrodes [46]:

Jo* (Cou(t) = cn) @y dt _ L[5 (Cou(t) = cn) g, dt

A=F
Q Jo 1(e) dt

3

where Q is the stored charge during the adsorption stage, I(t) is the
instantaneous current, and F is the Faraday constant.

3. Capacitive mixing (CapMix)

The setup used for Capacitive Energy Extraction based on Donnan
Potential (CDP) measurements is arranged on the same cell used for CDI,
in which ion exchange membranes and SEs are used to establish a
spontaneous electric potential difference between the electrodes. Salty
and fresh solutions are alternatively pumped when necessary. CDP in
CapMix is based on the following steps [47], which are graphically
shown in Fig. 1.a:

A. Initially, uncharged functionalized electrodes are bathed in salty
water, establishing Donnan potentials. As the electrodes are not
charged, there is no EDL potential, and the surface potential of each
electrode matches the Donnan potential. For symmetrical electrodes,
the potential difference between them will be twice the Donnan
potential.
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Fig. 1. Applied current (black) and measured electric potential (red) as a function of time for a whole CDP cycle, used as a visual example of the direct measurements
for each stage of the method. For this example, the cycle corresponding to SEs + IEMs has been used. Regions (A) and (C) correspond to fresh-to-salty and salty-to-
fresh solutions being interchanged in open circuit, respectively. In regions (B) and (D), constant current values are applied, corresponding to positive and negative
charge transfer steps with salty and fresh solutions as electrolyte, respectively. Right: Schematic electric potential vs. stored charge for Method I and Method II (see
text). Cycle stages are also marked in this scheme. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

B. Both electrodes are connected externally to transfer charge from one
to the other (positive charge transfer), forming EDLs near the sur-
faces. The EDL potential counterbalances the Donnan potential, and
both electrodes become equipotential, causing charge transfer to
stop. This step can be controlled by applying a constant current
through an external source. This is not essential, but practically
useful.

C. Fresh water is pumped in, and the external circuit is disconnected,
resulting in an increase in the absolute value of both Donnan and EDL
potentials due to the lower concentration of the bathing solution and
the expansion of the double layer at fixed surface charge. The
Donnan potential increase is larger, resulting in a net increase in both
surface potentials.

D. The electrodes are reconnected (as before, with or without a constant
current source), leading to a negative charge flow until equi-
potentiality is restored, and the potential at the surface returns to
zero due to the system’s symmetry.

E. Finally, the circuit is reopened, and the fresh water is replaced with
salty water. This step is equivalent to step A, and re-closing the cir-
cuit and applying positive charge transfer brings the process forward
to step B.

As mentioned above, the performance of CDP measurements can be
quantified via the obtained energy in the cycles, E, and the power per
unit projected area of electrodes, P, of the process [47]. The energy
obtained in each of the cycles is equal to the area enclosed by the electric
potential vs. stored charge curve. The charge is calculated by integrating
the instantaneous electric current, I(t), through the cycle, and so E can
be calculated as:

Leycle
E= / ’ V(t)I(t) dt (&)
0
The power per unit area is calculated as:
p_ _E (5)

Select tcycle

Being Seie.: the projected area of the electrodes, and t;y, the dura-
tion time of the cycle.

4. Experimental
4.1. Materials

For the experimental work, 10 mM, 20 mM and 500 mM KCl solu-
tions (Merck-Sigma Aldrich, Germany) were prepared and used as
electrolytes. Water was deionized and filtered using a Milli-Q Academic
System (Millipore, France). Zeolite-templated carbon (ZTC) particles
[18-22] were used as main material for the preparation of the electrodes
(Fig. 2a). The pore size distribution averages to ~ 1.2 nm, and its surface
area is equal to 4005 m?/g. Carbon Black (Alfa Aesar, Thermo Fisher,
Germany), with a surface area of 57-67 m?/g, has also been used as a
minor additive for improving overall electric conductivity [48]. Poly
(diallyldimethyl-ammonium chloride) (PDADMAC, with a molecular
weight of 200,000 g/mol) and poly(sodium 4-styrenesulfonate) (PSS,
with a molecular weight of 100,000 g/mol) were used as, respectively,
cationic and anionic polyelectrolytes for coating the electrodes (both
polymers were purchased from Sigma-Aldrich, Darmstadt, Germany).
The IEMs used were AMX and CMX (Neosepta, Tokuyama, Japan) as
anion and cation exchange membranes, respectively, with correspond-
ing thicknesses of 140 ym and 170 pm.

4.2. Methods

4.2.1. Electrode setup

The experimental setup is based on two planar electrodes, facing
each other, and separated 500 pm by a rubber spacer (see Fig. 2b). Each
of these electrodes was formed by a 5 cm wide and 10 cm long graphite
plate used as a current collector, onto which the carbon was deposited.
Carbon particles suspensions were prepared by mixing zeolite-templated
carbon (ZTC), Carbon Black (CB) (95:5) and a 33 g/L solution of poly
(vinylidene-fluoride) (PVDF, manufactured by Arkema, Colombes,
France, as Kynar HSV 900, with molecular weight approximately
1,000,000) in 1-methyl 2-pyrrolidone (Sigma Aldrich, Darmstadt, Ger-
many). The product was formed by mixing 3 g of the ZTC+CB mixture
with 10 g of the PVDF solution until a slurry was formed. The final
carbon suspension was deposited onto the graphite collectors as a layer
and dried at 70 °C overnight. For the membranes assembly to the elec-
trodes, the anion (cation) exchange membrane was placed next to the
electrode which works as cathode (anode).

For SEs preparation, the polymeric coating was made by immersing
(for 24 h under constant magnetic stirring) the carbon powder in a 200
mM (on a monomer basis) aqueous solution of the corresponding
polyelectrolyte. The resulting suspension was centrifuged and
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Fig. 2. a) Transmission electron microscopy (TEM) image of the ZTC particles. Scale bar is 200 nm. b) Photograph of the measurement cell. Two graphite plates are
used as current collectors and support for the carbon electrodes, which are separated by a rubber ring. Cell inlet and outlet for the solutions are also shown at the
lower-left corner and the upper-right one, respectively. c) Cell scheme with functionalized ZTC electrodes covered with ion exchange membranes.

redispersed in water, and this cleaning process was repeated thrice.
Polymer-coated carbon was then set to dry overnight at 50 °C. Once the
coating was finished, SEs were prepared by mixing polyelectrolyte-
coated carbon powders with PVDF as binder following the steps
described above, being one of the electrodes cationic and the other
anionic. As depicted in Fig. 2c, a soft-electrode/membrane combination
can be used by placing the cation(anion)-exchange membrane onto the
negatively(positively) functionalized ZTC.

4.2.2. Particles structural characterization

Powder X-ray diffraction patterns were obtained using a Rigaku
MiniFlex600 (Japan) (Cu-Ka radiation, 40 kV, 15 mA, 1.5418 10\) be-
tween 2 and 50° (26) with a 0.02° step. N3 adsorption isotherms were
obtained using a MicrotracBEL Corp. (Japan), BELSORP-max system at
—196 °C. The Brunauer-Emmett-Teller (BET) surface area (Sggr) was
calculated using the multipoint BET method from the adsorption data in
the range of P/Py = 0.01-0.05 [49]. The total pore volume (Viota)) Was
calculated from the adsorption amount at P/Py = 0.96. The pore-size
distribution was calculated with the non-local density functional the-
ory (NLDFT) using a slit-pore model [50].

4.2.3. Particles electrical characterization

Electrophoretic mobilities of the carbon powders, both bare and
polyelectrolyte-coated, were measured to check if the coatings were
carried out successfully. Determinations were performed at pH 6 in 1
mM KCI solutions, in a Malvern Zetasizer NanoZS (Malvern Pan-
analytical, UK). An almost neutral value for the bare ZTC mobility was
obtained (0.4 + 0.5) x 108 m2v-1s! (or a zeta potential estimation of
5.1 + 6.4 mV, based on the Helmholtz-Smoluchowski equation), i.e.,
almost zero, as expected from the high electrical conductivity of this
material. On the other hand, both PDADMAC-coated and PSS-coated
carbons show a clearly positive and negative electrophoretic mobility,
with values of (3.71 + 0.01) x 10 8 m?Vv~!s7! (47.49 + 0.13 mV) and
(=3.16 £ 0.06) x 1078 m?v~!s71 (-40.45 + 0.77 mV), respectively.

4.2.4. CDI method

The cell was connected to an IviumStat.h Potentiostat (Ivium Tech-
nologies, The Netherlands), by means of which we were able to control
and measure the voltage and current applied to the system. Changes in
conductivity (and temperature) were measured at the exit of the cell
with a 529.670 conductivity/temperature probe (Leybold, Germany)
and continuously recorded by a Leybold 524D10 Cassy Lab interface.
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The exit solution was returned to the original vessel (large enough to
keep constant inlet conductivity values during successive working
cycles).

4.2.5. Energy harvesting methodology

The cell setup was also connected to the potentiostat in order to
apply current and measure potential difference between electrodes in
the different cycle stages (Fig. 1). The digital outputs of this device allow
also the control of the pumps feeding the low- and high-salt solutions
and the setting of open circuit when solutions are exchanged. Two
variations of the CDP experimental method have been followed in this
work, where the cycles have been forced to reach specific total stored
charges instead of applying a neutral potential condition for the charge
transfer to stop (see Fig. 1.b):

I. In Method I, equal time values were set for both positive and negative
charge transfer stages in order to achieve almost equipotential values
after the charge has been transferred, similar to a “self-generated”
process. The establishment of these preset times for constant current
application forces the stored charge to remain the same during
consecutive cycles, which reduces the natural residual charge leak-
ages of the cell. Optimum experimental parameter values were found
by applying currents of + 1 and £+ 2 mA for positive and negative
charge transfer, with different times depending on the studied cell
configuration. Furthermore, in order to optimize both energy and
power obtained from the cycles, preset time values were also chosen
for open cell stages, where the salinity of the electrolyte was being
interchanged and thus the electric potential experienced an increase
or a decrease. These stages lasted until the voltage variation reaches
its maximum absolute value.

II. In Method II, currents of + 1 mA were set for positive and negative
charge transfer steps, respectively, but their application times were
doubled with respect to Method I, forcing the cycles to explore wider
charge windows (horizontal expansion) with the aim of maximizing
the obtained energy [29,47].

5. Results and discussion
5.1. Structural characterization

The x-ray diffractogram of bare ZTC is plotted in Fig. 3. Note the
presence of maxima corresponding to (111) and (220) reflections,
characteristic of ZTC [22].

The BET analysis of nitrogen adsorption—desorption experiments is
described in Fig. 4. As observed, a well-defined pore diameter distri-
bution is obtained, with a range of diameters between 1 and 2 nm. The

(111)

(220)

Intensity / a.u.

0 ’ 10 ' 20 ' 30 ' 40 , 50
26/ degrees, Cu-Ka

Fig. 3. X-ray diffraction data obtained for the bare ztc powder.
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surface area of the bare sample amounts to 4005 m?/g, well in the range
reported previously for ZTC [18] and much higher than values typical
for activated carbon (on the order of 2000 mz/g [14]). Finally, infrared
spectra have already been reported in Ref. 51.

5.2. Capacitive deionization (CDI) performance

The behavior and performance of CDI cycles are based on the ion
adsorption occurring during the process. Ion removal from the bulk
solution translates into a conductivity drop until the charge of the
electrodes is screened by the EDL, and then it returns to the feed solution
value after reaching a minimum, as the solution is constantly pumped.
Ion adsorption is proportional to the area enclosed by the concentration
difference curve in the adsorption stage, being greater the number of
ions removed the larger is the area under the curve.

CDI measurements were performed for bare carbon electrodes,
polyelectrolyte-coated ones, electrodes with IEM and the combination of
the last two coatings (Fig. 5.a). A 10 mM KCl solution was used as
electrolyte for these measurements and constant voltages of 0.9 V were
used for the adsorption stage with 300 s of duration. The measured
curves show a huge improvement in the concentration changes during
adsorption by functionalizing the ZTC electrodes or supporting them
with IEMs. The curves in which the use of membranes is involved seem
to reach the maximum concentration differences at shorter times;
however, when SEs are involved, ion adsorption extends during longer
times. Combining SEs with membranes gives way to a mixed behavior by
presenting a concentration difference peak as high as that obtained with
membranes, while keeping an SE-characteristic long-lasting adsorption.

Quantitative values of salt adsorption capacity, SAC, as a function of
time are shown in Fig. 5.b. In all cases this coefficient is cumulative,
increasing with time, until it adopts a linear trend that coincides with a
constant concentration difference. This indicates that there is no more
adsorption on the electrodes and, therefore, determines the time limit
that will be used to calculate the cumulative salt adsorption using Eq. (2)
(tads)- In Fig. 5.b, the straight lines accompanying the SAC curves are a
guide to determine the linear behaviour serving as an indicator of the
cutoff time for each electrode configuration (i.e., the time beyond which
the linear trend is established). Final SAC values and charge efficiency
are shown in Table 1.

It is remarkable that both SEs and SEs + IEMs give way to better
performances, reaching the highest SAC values (10.9 + 0.1 mg/g and
11.1 + 0.1 mg/g, respectively) and high efficiencies up to 0.90, over-
coming the performance of stand-alone membranes. The energetic cost
per ion removed can also be calculated as the ratio between the total
number of adsorbed moles and the charge transferred between the
electrodes in the adsorption time, providing a very favorable value of
(20.0 £ 0.1) kgT compared to previously obtained results in our labo-
ratory [52] and also reported by other authors [53,54], remaining be-
tween 30kgT — 80kgT for CDI and 15kgT — 40kgT for MCDI [43]. Also, the
combined use of IEMs and SEs does not seem to offer remarkable
quantitative differences. To explain that we can recall that the role of
each of these coatings is the blocking of coion migration from the
electrode pores to the bulk solution, and such effect improves the effi-
ciency. In this way, if one of the coatings (either polyelectrolyte or
membrane) plays this role optimizing performance almost to the
maximum, the superposition of a second coating will not affect the
result, maintaining values close to 1 for efficiency and barely influencing
the SAC.

It should be noted that the SAC values obtained in this work are
based on the application of a 0.9 V potential difference between the
electrodes. The use of higher voltages, up to 1.2 V or 1.4 V, results in
much larger SAC values for SEs + IEMs, reaching (17.6 + 0.1) mg/g and
(30.5 + 0.1) mg/g, respectively, with efficiencies as high as 0.9 (see
Figure S1 and Table S1). These values are comparable with some of the
highest SAC values obtained for porous hollow carbon nanoboxes
(HCNBs) according the results published very recently [42].
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Fig. 5. Concentration differences measured at the cell outlet (a), and Specific Adsorption Capacity, SAC (b) as a function of time in the adsorption stage for each
electrode configuration (bare carbon; covered with ion-exchange membranes (IEMs); coated with polyelectrolytes (SEs); assembly of polyelectrolyte-coated and ion
exchange membranes (SEs + IEMs)). The applied voltage was 0.9 V and a 10 mM KCl solution was used as electrolyte. In b), the dashed vertical lines indicate where
the time limit for the SAC calculation is set in each case, corresponding to the onset of the linear trends indicated by the solid lines.

Table 1
SAC and charge efficiency values calculated for each electrode configuration.

Electrode configuration SAC (mg g™ Charge efficiency
Bare 0.3+0.2 0.03 + 0.05
SEs 10.9 + 0.1 0.90 £+ 0.02
IEMs 6.1 +£0.1 0.76 + 0.03
SE-+IEMs 11.1+0.1 0.88 + 0.02

The combination of SEs + IEMs has also been explored in a previous
work for high-salinity water desalination although using other carbon
material. SAC values of less than 8 mg/g and efficiencies rounding 0.60
were reported when the solution to desalinate was 100 mM NaCl [35].
The use of ZTC in the same procedure leads to a SAC value of (25.3 +
0.1) mg/g with efficiency up to 0.84 (see Figure S2 and Table S2),
bringing some light to the use of CDI with carbons having pores which
are not sub-nanometer in size, and presenting ordered pore-structure for
these purposes [43,54-56].

Note that the CDI performance of bare particles is small because of
the reverse voltage method used in the discharge step; this method
produces adsorption and desorption (“frequency doubling”) at the same

time, as it has been also found for other carbon materials [35]. In
contrast, a substantial improvement is observed in SAC and efficiency
when the carbon is functionalized by polyelectrolyte coatings and when
IEMs are placed onto the electrodes while working under reverse voltage
method. After these treatments, the SAC values found in this investi-
gation are almost twice larger than reported for other previously studied
carbon materials with the same coatings [35]. More important, the
charge efficiency reaches almost unity (to be compared to approxi-
mately 0.7 in the best configuration described in Ref. [35]), indicating
that the structure pattern of the ZTC particles allows a very efficient
coating.

The functionalization, in addition, improves the hydrophilicity of the
ZTGC; to confirm this assumption, contact angle measurements were
carried out, based on images of water droplets on the surface of bare and
soft electrodes. Droplet photographs were taken using a PixeLink PL-
A662 (USA) microscope camera coupled to an Edmund Optics (UK)
63.745 objective (1.0X; working distance of 40 mm) and were analyzed
using OpenDrop software [57]. As shown in Fig. 6.a, droplets on the
surface of a bare ZTC electrode exhibit significant hydrophobicity.
However, when carbon is coated with PDADMAC, as shown in Fig. 6.b,
the contact angle decreases, indicating increased wettability. This
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Fig. 6. Photographs of a water droplet on bare (a) and pdadmac-coated (b) ZTC substrates right after the water deposition; the measured contact angles are
indicated. c¢) Contact angle of a water droplet as a function of time on a ZTC bare substrate (black), as well as on PDADMAC-(purple) and PSS- (blue) coated ones.
Linear fittings are included for both systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

behavior has also been observed with PSS-coated electrodes, confirming
that polymer-covered ZTC exhibits higher wettability than bare ZTC,
even immediately after contact with the liquid.

Although initial measurements show hydrophobic values for each of
the evaluated systems, the contact angle for soft electrodes decreases at
a slightly faster rate than bare electrodes and eventually reaches values
lower than 90 degrees. Fig. 4.c shows the temporal changes observed
over 30 min after droplet deposition. Overall, polymers enhance the
wetting of the underlying zeolite-templated carbon material, leading to
improved water flow through the material pores, and potentially more
efficient desalination processes.

5.3. Energy extraction from salinity differences

5.3.1. Open circuit voltage

For each of the functionalized or membrane-assisted electrodes,
Open Circuit Voltage differences (OCV) were measured as a function of
time while a 500 mM KCl solution (which acts as salty solution) is
exchanged with a solution 20 mM KCl, that is used as “fresh” solution.
Recall that the observed voltage rise (in absolute value) when
exchanging salinities is determinant for the energy and power obtained
per cycle and would be a measure of the Donnan potential variations on
both electrodes when the solutions are exchanged.

The maximum theoretical voltage rise for CDP using membranes is
145 mV, as reported in the literature [29]. For SEs, a numerical
approximation has been made by solving the Poisson-Boltzmann equa-
tion and determining the electric potential inside the polyelectrolyte
layer as described for the single-layered electrode setup [31,47,52]. The

potential difference between the salty and fresh solution cases has been
calculated using an ideal model and represented in Fig. 7.a as a function
of the polymer charge density, p,o. The greater the polymer charge, the
larger the voltage rise will be, until it reaches a plateau that approaches
the theoretical limit of 166 mV for this salt concentration difference.

Fig. 7b shows the experimental voltage rise for each of the systems in
our experiments. In the case of membrane-assisted electrodes it reaches
(114 + 2) mV, while for SEs it is up to (71 &+ 2) mV, showing the higher
Donnan potential of the membranes over the polyelectrolyte coating,
and thus its higher volumetric charge density. The combination of both
SEs and IEMs gives way to a higher value for the voltage rise of about
131 mV.

The kinetics of each of the curves plays an important role, as not only
the voltage rise will determine the performance of the system, but also
the timescale of the measurement is crucial in the power generation,
which will be higher for shorter cycle times. Therefore, we highlight the
SEs + IEMs combination not only for the improvement in voltage rise
over the use of SEs and membranes by themselves, but also for the
timescale reduction of the process over SEs, which makes an even higher
difference in power production, as will be seen below.

The observed kinetic differences in electrodes involving poly-
electrolyte coatings compared to ion-exchange membranes can be
explained. In the latter, a notable advantage arises from the fact that the
membrane potential is established as soon as the exchanged solution
baths the electrode, resulting in the rapid establishment of a concen-
tration difference across the IEMs. Consequently, the formation of a
Donnan potential is expedited, significantly enhancing the kinetics of
electrochemical processes. Furthermore, this arrangement allows a
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rapid access of ions to the macropores, and subsequently to the micro-
pores, thus promoting efficient ion transfer.

On the other hand, in the polyelectrolyte-coating case, it is important
to note that the Donnan potential rise takes a longer time as compared to
IEMs. The reason is that the coating penetrates the electrodes, lining the
walls of macropores. When the salty electrolyte solution is exchanged
for the fresh one, ions need to move through the porous electrode,
reaching the micropores after a time given by diffusion, longer than the
characteristic electromigration time. Consequently, the establishment of
a concentration difference and the subsequent increase of the Donnan
potential are delayed.

5.3.2. Method I (natural charge transfer)

In Fig. 8, individual electric potential vs. stored charge cycles have
been represented for each electrode configuration and applied current
when using Method I. A narrowing of the curves can be observed right
after switching salinities in the step of charge transfer. This is more
noticeable the higher the internal resistance (Ri,) of the system and is
magnified when the current applied upon closing the circuit is greater
(under conditions of equal internal resistance) [29] since the observed
potential drop is equal to IR;,. As fresh solutions are less conductive
than salty ones, the ohmic potential drop is higher in the cycle stages
where the electrodes are bathed by a fresh solution. It is also observed
that the curves corresponding to constant currents of 2 mA have smaller
enclosed areas, and therefore less energy obtained per cycle. However,
the cycle execution time must be taken into account for the obtained
power, since the use of higher currents for an equal total stored charge
implies a shorter transfer time for it.

This phenomenon can be seen more distinctly in cases involving the
use of membranes than in cases with SEs for both applied currents, and it
is one of the reasons why more energy is obtained from those cycles even
though the observed AV is lower. SEs appear to minimally impact the
internal resistance of the system, which is also evidenced by the obser-
vation that placing membranes adjacent to SEs does not result in a
substantial increase in electric potential leakages [6]. The poly-
electrolyte coatings render the electrodes highly conductive, conse-
quently counteracting larger potential leaks that would otherwise be
caused by the membranes.

Tables 2 and 3 show the quantitative values of the open circuit
voltage rise (AV) measured, and the obtained energy (E) and power (P)
per cycle, respectively for 1 mA and 2 mA, when exchanging from a salty
to a fresh solution after transferring charge, depending on the experi-
mental parameters described above.

Exceptionally high values of energy per cycle were obtained when
using SEs for the CapMix technique, reaching up to 3.01 mJ in the case
where 1 mA was the applied current. Even though the energy is more
than three times the highest value reported in a previous work [47], the
obtained power values are still slightly lower than the 4.30 mW m 2
reported for the cases where both salty and fresh solutions were
exchanged at a temperature of 25 °C.

The combination of SEs with IEMs marks an improvement in the
overall achievements for the CapMix technique: values of 13.66 mJ per
cycle and 7.43 mW m 2 were reached when applying constant currents
of 1 mA, while 11.10 mJ per cycle and 10.09 mW m 2 were obtained for
the 2 mA case, clearly overcoming the reference value mentioned above.

Table 2
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Table 3
Same as Table 2, but with 2 mA applied current.

Method I - 2 mA

Electrode Charge Open AVocy AV E (mJ) P
configuration transfer Circuit (mV) (mV) (mW
time (s) Salty// m~?)
Fresh
times (s)
SEs 35 40//70 71+1 48 + 2.31 2.63
1 +0.01 +0.01
IEMs 10 20//20 114 £ 67 + 0.39 1.02
1 1 +0.01 +0.01
SEs + IEMs 75 30//40 131 + 95 + 11.10 10.09
1 1 + 0.01 + 0.01

5.3.3. Method II (extended charge transfer)

As mentioned, charge transfer times were doubled for this method,
which results in the horizontal expansion of the curves. Fig. 9 shows
individual electric potential vs. stored charge cycles, represented for
each electrode configuration, comparing both Method I and Method II
when applying 1 mA. As the charge window doubles for Method II, the
curves suffer a noticeable narrowing that will be relevant for the energy
gain, as potential decreases and responds in a non-linear way to charging
and discharging. Thus, the potential leakage increases and becomes not
negligible as the total stored charge in the system increases. According
to the literature [29], this is due to the non-ideal behaviour of the
membranes, as well as the self-discharge of the capacitive system, which
would be the cause of the non-linear relationship between the electric
potential and accumulated charge. Table 4 shows the quantitative
values obtained from the measurements made following Method II. In
general, the same behaviour is observed depending on the type of
electrode: SEs and their combination with membranes provide the best
results in terms of energy and power.

When comparing Methods I and II, a slight increase in the energy
obtained is observed in the extended method when using SEs and IEMs
separately despite the narrowing of the curve in the steps corresponding
to electric charge transfer. Due to the minor difference in energy and the
increase in cycle duration, more power is still obtained in the non-
extended method. The clear exception is the SEs + IEMs combination,
where in addition to a huge difference in energy (almost double than
obtained in Method I), there is also a slight improvement in power when
Method II is used. This setup avoids the leakage that tightens the area of
the cycle. This allows the production of much higher energy than in non-
extended cases, without sacrificing power in the process.

6. Conclusions

Polyelectrolyte coating onto zeolite-templated carbon (ZTC), a
highly porous material with ordered pore distribution, has demon-
strated to be a suitable combination for energy harvesting and water
purification applications. When tested for capacitive deionization (CDI),
soft ZTC electrodes (carbon/polyelectrolyte or SEs) yield high amounts
of salt withdrawn from the contacting solution, with relatively low en-
ergy cost (20kgT per ion removed). Even at high salt concentrations
(100 mM NaCl), the system has a notorious SAC (specific adsorption

Measured Open Circuit Voltage (AVocy) and voltage rise during cycles (AV) upon exchanging salinities of the bathing solution, and obtained energy per cycle (E) and

specific power (P) when following Method I with 1 mA applied current.

Method I -1 mA

Electrodeconfiguration Charge transfer time (s) Open Circuit AVocy (mV) AV (mV) E (mJ) P
Salty//Fresh times (s) (mW m2)
SEs 70 40//70 71+1 50 +1 3.01 £+ 0.01 2.41 + 0.01
IEMs 20 20//20 114 +1 86+ 1 1.09 + 0.01 2.61 + 0.01
SEs + IEMs 150 30//40 131+1 100 +1 13.66 + 0.01 7.43 + 0.01
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pumping salty and fresh solutions were equal for both methods.

Table 4

Measured Open Circuit Voltage (AVocy) and voltage rise during cycles (AV)
upon exchanging salinities of the bathing solution, and obtained energy per
cycle (E) and power (P) when following Method II with 1 mA as applied current.

Method II - 1 mA - Extended charge

Electrode Charge Open AVocy AV E (mJ) P
configuration transfer Circuit (mV) (mV) (mwW
time (s) Salty// m~2)
Fresh
times (s)
SEs 140 40//70 71+1 53 + 3.78 2.21
1 +0.01 +
0.01
IEMs 40 20//20 114 + 76 + 1.32 2.08
1 1 +0.01 +
0.01
SEs + IEMs 300 30//40 131 + 100 25.24 7.50
1 +1 +0.01 +
0.01

capacity) of 25.3 mg/g with efficiency close to unity. This is very
promising for high-salinity water desalination [16,55], where CDI not
always performs satisfactorily.

In this work it has been demonstrated, for the first time, how soft ZTC
electrodes are able to generate energy by salinity differences. The results

Q (mC)

Fig. 9. Measured electric potential differences as function of the cell charge in a CapMix cycle using SEs (a), IEMs (b) and SEs + IEMs (c). Black curves correspond to
Method I measurements, and red curves correspond to Method II. Constant current values of + 1 mA were set for charge transfer steps. Open circuit times when

10

obtained with the combination of SEs and ion exchange membranes
(IEMs) show an improvement over the overall performance of each
technique separately. SEs act as a good support for the membranes and
allow harvesting significant amounts of energy by taking benefit of the
potential rise obtained with IEMs, but minimizing the leakages associ-
ated to them. Electric potential drops associated to the internal resis-
tance of the system decreased when polyelectrolytes were present, and
non-linearities observed in the potential-charge relationships were
minimized when using higher currents for charging/discharging, which
allowed a reduction in cycle time, resulting in higher power per area. In
addition, it has been investigated the extension of the charge transfer
windows by applying current beyond the condition of zero potential
difference between electrodes (Method II), without important potential
leakages, reaching outstanding values of energy per cycle (up to 25.24
mJ) and power, which resulted to be larger than the ones obtained when
applying the same current values up to equipotentiality (Method I).

The choice of electrode material, such as zeolite-tailored carbon, and
the use of strategies like polyelectrolyte coating and IEM supports pro-
duce evident advances in efficiency, reliability, and sustainability of CDI
and CapMix technologies, taking the surface properties of the carbon
material one step further.
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