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ARTICLE INFO ABSTRACT
Keywords: Electrochemical desalination technologies such as capacitive deionization (CDI) and battery desalination (BD)
Seawater desalination are considered as promising brackish water desalination technologies because of their low energy consumption
Faradaic electrodes and environmental friendliness. However, it is a still challenge to develop an efficient way to deionize highly
Ion-exchange membrane concentrated salt water using these technologies due to the limited desalination capacity. Here, we demonstrate

Capacitive defonization how a system consisting of anion selective two-phase reaction battery electrodes combined with a cation ex-

change membrane shows a much higher capacity (approx. 85 mgg~') along with remarkable salt removal ef-
ficiency (80%) while the cell voltage is still low (0.2 V). Moreover, with this system, it is possible to operate with
high currents (100 Am™?2) that are an order of magnitude higher than previous battery desalination systems.
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1. Introduction

Capacitive Deionization (CDI) has emerged as a next generation of
desalination technology due to its mild operation conditions, portable
capability, and potential for low energy use [1-14]. The desalination
performance of CDI with brackish water is competitive with conven-
tional desalination technologies, but it is difficult for CDI to treat a high
salt concentration solution because the electrodes have limited ad-
sorption capacity [7]. The principle of CDI to remove salt ions is by ion
adsorption in an electrical double layer (EDL) on the electrode surface.
The adsorption capacity of EDL can be enhanced by increasing the cell
voltage, but the typical CDI operating voltage is limited to around 1.2V
since at higher voltages the energy efficiency is significantly reduced by
side reactions such as water decomposition [15-19].

Recently, battery electrodes using Faradaic reactions have been
applied to electrochemical desalination technology [20]. By applying
battery electrodes, it is possible to increase the salt removal capacity
significantly because the ions are captured by chemical bonds inside the
electrodes while self-discharge, the escape of ions held by the electrode
without any applied electrical energy, is reduced [21]. For those rea-
sons, many electrochemical desalination system using battery elec-
trodes have been proposed such as hybrid capacitive deionization
(HCDI) [22-24] and the desalination battery (DB) [20]. HCDI and DB,
however, after a first step in which ions are adsorbed, require a re-
generation step to release the ions adsorbed on electrodes. Thus, for
half of the time, the device is not used to desalinate water.

To overcome this disadvantage of more conventional systems, ca-
tion intercalation desalination (CID) was proposed and experimentally
verified [25-28]. In this system, a cation selective battery material is
used in both electrodes, and an anion exchange membrane is placed
between the two electrodes, separating the two chambers. Cations react
with the negative electrode and are removed, while at the same time
the positive electrode releases cations. During operation, only anions
pass through the membrane to neutralize the charge imbalance in the
solution in the both chambers. As a result, a characteristic of the CID
mechanism is that ion capture and release occur simultaneously in each
chamber, thereby giving the system continuity to the production of
desalinated water. Various cation intercalation electrodes such as so-
dium manganese oxide (NMO) [25] and Prussian blue analogues (PBAs)
[26-28] have been applied to the CID system. Nevertheless, the rate
performance and desalination capacity of CID still need to be further
improved to achieve higher efficiency to deionize highly concentrated
salt water.

In the present work, we report how to improve the rate performance
and desalination capacity from extending the concept of CID, by using
electrodes made of a silver/silver-chloride composite, which are able to
serve as an anion selective battery material, as also reported in ref.
[29-31]. Previously, our approach was presented in ref. [29,30] while a
related work with using the carbon nanotube and silver composite
electrodes was recently reported by Srimuk et al. [31]. The salt removal
efficiency, however, was less than 1% for synthesized seawater desali-
nation in [31]. Also, Grygologwicz et al. [32] and Fighera et al. [33]
used two silver/silver-chloride electrodes and a cation-exchange
membrane to study salt concentration changes, but this approach de-
salting is presumed to be difficult when applying reverse current be-
cause the channel volumes of the two system is different. Fig. 1 gives a
schematic diagram of our system, which shows that silver and silver-
chloride electrodes are used instead of cation intercalation electrodes
(which are used in CID) to capture anions, and a cation exchange
membrane is placed in the middle of the cell for the selective transport
of cations. The silver and silver-chloride electrodes have been used for
battery desalination and hybrid CDI because they have a high specific
capacity (theoretical specific capacity of 250 mAh g~1'), fast kinetics,
and low solubility in salt water [20,22,29-34]. With much interest in
silver and silver-chloride electrodes for electrochemical desalination,
reportedly silver-additions in graphene electrodes were used for
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enhance desalination performance of the electrode [35].

In our study, we show that desalination with C1~ selective Ag/AgCl
electrodes is possible in combination with a cation exchange membrane
in a system where desalinated water is continuously produced. The
performance of the system was evaluated by analyzing the salt ad-
sorption capacity (SAC), the average salt adsorption capacity (ASAR),
and the specific energy consumption (SEC) in 500 and 1000 mM NaCl
solutions.

2. Materials and methods
2.1. Electrode preparation

To prepare a silver electrode, 80 wt% Ag particles of an average size
of 300 nm (Sigma Aldrich), 10 wt% carbon black (Super P, Timcal,
Switzerland), and poly-tetrafluoroethylene (PTFE, Sigma Aldrich) were
mixed gently with ethanol as solvent for 20 min. The mixture was
placed on a roll presser to make an approx. 0.2 mm thickness sheet-type
electrode. The fabricated silver electrode was dried in a 120 °C vacuum
oven overnight to remove the residual solvent.

A three-electrode system was employed to convert one of silver
electrodes to a silver-chloride electrode. To do this, a current of
2mA cm ™~ % was applied to the silver electrode, a working electrode, in a
1.0 M NaCl solution until the cell voltage reached 0.2V vs. Ag/AgCl
(KCI saturated) as reference electrode with a Pt mesh as a counter
electrode.

In order to bring the as-prepared electrodes into a dynamic equili-
brium state, the electrodes were subjected to 20 cycles of cyclic vol-
tammetry (CV) with a scan rate of 20 mV s~ ! in the range of —0.6 to
0.6 V.

2.2. Characterization of the electrodes

The surface morphology of the electrodes was characterized by field
emission scanning electron microscopy (FESEM, JEOL JSM-6799F,
Japan). The crystalline structure was analyzed by X-ray diffraction
(XRD, Rigaku, Japan) in a 26 range of 10°-80° with a ramping step of
2°min~ 1.

CV and galvanostatic charge/discharge experiments were carried
out to determine the electrochemical properties of the electrodes in
1.0 M NaCl solution in a three-electrode cell. For both experiments, our
prepared silver electrode was the working electrode and a commercial
Ag/AgCl (Sat. KCl) the reference electrode, while 1.0 M NaCl solution
was used as the electrolyte. The CV scan was obtained by a potentiostat
(PARSTAT 2273, Princeton Applied Research, USA) with scan rates of
2, 5, 10, 20, and 30mVs~!. For the galvanostatic charge/discharge
test, 1 mA cm ~ 2 of constant current was applied to the cell in a range of
—0.2V to 0.2 V using a battery cycler (WBCS3000; WonA Tech, Korea).

2.3. Cell construction

A schematic diagram assembled desalination cell is shown in Fig. 2.
The 2.0 cm X 2.0 cm area of the silver electrode and the silver-chloride
electrode were attached onto titanium plates (thickness: 0.2 mm, Sigma
Aldrich) with carbon paint (DAG-T 502, Ted Pella). The cell is divided
into two regions, which are named chambers A and B, by placing a
cation exchange membrane (CMV, Selemion, Japan) in between two
polyamide woven spacers (thickness: 0.6 mm). At the start, the silver
electrode was placed in chamber A, and the silver-chloride electrode
was placed in chamber B. The cell was covered with PTFE plates and
1.5 mm silicon gaskets to prevent leaking of solution. Afterwards, the
cell was firmly clamped together under a uniform pressure.

2.4. Desalination performance

A volume of 0.6 mL of 0.5 and 1.0 M NaCl solution was placed in
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Fig. 1. Schematic diagram of the electrochemical desalination cell with silver and silver-chloride electrodes.

each chamber (total amount of solution in the cell: 1.2 mL). The system
was operated in constant current mode ( = 1, 3, 5, 10 mA cm” %) over a
voltage range of —0.2V to 0.2V, where the positive current was ap-
plied first to the silver electrode (step 1). When the cell voltage reached
the limit that was set, the solution in each chamber was changed to a
new solution, and then a reverse current was applied to the system (step
2). The concentration of cations after each step was measured by ion
chromatography (ICS-1100, Thermo Fisher Scientific Inc.). Note that
ion concentration is only measured after each step, but not during the
cell operation.

The desalination parameters were calculated for a full cycle con-
sisting of a current and a reversed current step. The ion removal effi-
ciency was calculated by

M-IOO
G @

ion removal (%) =

where C; is the initial ion concentration, and C; is the desalted ion
concentration.
The salt adsorption capacity (SAC) was calculated by
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where MWy, is the molecular weight of NaCl (58.4 g mol ™ 1), m, is the
total weight of both electrodes (g), AC; is the concentration change of i
step (mM), and V., is the volume of a chamber (mL). The summation of i
is over the two steps that together form one cycle.
The average salt adsorption rate (ASAR) was calculated by
SAC
ASAR gy = ——
(mgg's™) At 3)
where At is the cycle time.
The specific energy consumption (SEC) can be calculated from [36].

S TVt

SEC (kJ =
(kJ mol™ moles salt removed @

where V. is the time dependent cell voltage, and I is the applied

current (A). We integrate over a full cycle (from time zero to the end of
a cycle, teycie)-

(b)

Fig. 2. Laboratory-scale system for continuous water desalination with Ag/AgCl electrodes. (a) Illustration of the layout of the system, (b) photograph of the cell

construction.
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Fig. 3. (a) The Na* concentration in the two chambers, at three moments:
before the experiment, after forward current, and after reverse current. (b) The
cell voltage profile during the forward current (step 1) and the reversed current
(step 2) step. (C) The cell voltage vs. charge plot during step desalination in
500 mM NacCl (current density: 1.0 mA cm ™ 3).

3. Results and discussion

Fig. 3 shows that the desalination performance of the system during
constant current operation with synthetic salt water (500 mM NaCl). As
can be seen in Fig. 3a, the concentration of Na™* ions is reduced to
approx. 100-110 mM in the forward current step as well as in the re-
versed current step. Thus, the average ion removal, AC, is approx. 80%.
This salt removal is much higher than in ref. [31] where the ion re-
moval was always less than AC = 1 mM. As constant current is applied
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to the system (Fig. 1), the silver electrode reacts with chloride ions in
one chamber, while at the same time the silver-chloride electrode re-
leases the chloride ions in the other chamber.

As a consequence, the cations move through the cation exchange
membrane to the chamber where chloride ions are released, to neu-
tralize charge imbalance of the solutions. Thus, the chambers are al-
ternatingly desalted and concentrated during the forward and reverse
step. Interestingly, the system works successfully even under the low
final cell voltage of 0.2V (Fig. 3b). That a small voltage window is
sufficient, can be attributed to the reversible two-phase conversion re-
action of silver and silver-chloride (Ag + Cl~ — AgCl, E® = 0.22V vs.
SHE). Consequently, because of this low cell voltage, the specific energy
consumption of the system, SEC, is very low, and we calculate a value of
approx. 10kJ per of salt removed (Fig. 3c).

The electrochemical characteristics of the silver electrode were ex-
amined with cyclic voltammetry (CV) and galvanostatic charge/dis-
charge (Fig. 4). Fig. 4a shows a CV curve of a silver electrode in
1000 mM NaCl solution with different scan rates. The oxidation and
reduction current of the electrode is associated with the conversion
reaction of the silver electrode with Cl~ ions. As the scan rate is in-
creased, the peak potentials of oxidation and reduction are extended
while maintaining the overall shape, which is an indication of the
Faradaic reaction. In order to further investigate the electrode process,
we tested the power law relation, i = a.v®, where i is current and v the
scan rate, results of which are presented in Fig. 4b. The calculated b
value of oxidation and reduction peaks was 0.46, close to 0.5, implying
that the conversion reaction of silver and silver-chloride is a diffusion-
controlled reaction (the Faradaic reaction is not rate-limiting) [37].

Fig. 4c shows the result of the galvanostatic charge/discharge ex-
periment at 1 mA cm ™~ 2 current density. From the result in Fig. 4c, the
specific capacity of the silver/silver-chloride electrode can be derived
as approx. 80 mAhg~! (approx. 100mAhg~! based on active mate-
rial), which is higher than for intercalation materials such as NMO
(35mAh g~ ') and Prussian Blue Analogues (60 mAhg~') [27]. In in-
tercalation materials, often with each ion adsorption site a large
number of atoms is associated from the lattice structure. Instead, the
silver electrode, which is a conversion electrode, can react with the
chloride at a ratio of 1:1, thus exhibiting a larger specific capacity than
intercalation electrodes. Nevertheless, in our study, the silver electrode
did not achieve the theoretical maximum capacity of 250 mAh g~ *.
This may be owing to diffusion limitation of Cl~ ions originating from
particle agglomeration during the conversion reaction from silver to
silver-chloride (Fig. S1(a) and (b)).

In addition, the voltage profile shows a constant voltage even
though the reaction proceeds, see Fig. 4c, which is a characteristic of a
two-phase reaction electrode, as explained by the Gibbs phase rule
[38-40]. Two-phase reaction of the silver and silver-chloride electrode
was confirmed by X-ray diffraction (XRD) as shown in Fig. S2. Fur-
thermore, the gap between the oxidation and reduction potential is
approx. 15mV (Fig. 4c), which shows that the overpotential of the
silver electrode reacting with C1~ is small. These characteristics of the
silver electrode allow this system to operate at the low cell voltage
0.2V).

Fig. 4d shows the specific capacity and Coulombic efficiency of
silver electrode with different current densities (1.0 to 50 mA cm ™ 2).
From the capacity retention ratio (50% at a current density of
50 mA cm ™2 compared with 1.0 mA cm™2), we can conclude that the
silver electrode has a good rate capability due to its rapid silver/silver-
chloride conversion reaction based on the small size of the Ag-particles
in the electrode. In fact, the retained capacity is approx. 100% after
100 cycles tests with 3.0mA cm ™2 in the two-electrode configuration
system at 500 mM NaCl solution (Fig. S4), suggesting that both of
electrodes, the silver and the silver chloride electrodes, have a good
stability.

Fig. 5 shows the desalination performance of the system with var-
ious current densities and different NaCl concentrations examined by
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Fig. 4. Electrochemical characterization of the silver/silver-chloride electrode: (a) cyclic voltammetry curves in 1000 mM NacCl solution (scan rates: 2.0-30 mV s™hy;
(b) power-law relation between the peak current and the scan rate from the result of CV curves (panel (a)); (c) galvanostatic charge/discharge of the silver/silver-
chloride electrode at 1000 mM NaCl solution in the three-electrode configuration (current density: 1.0 mA cm ™~ 2). (d) The rate capabilities of the silver electrode in
the three-electrode configuration at 1000 mM NaCl solution (current densities: 1.0, 3.0, 10, 20, and 50 mA cm ).

providing information on (a) the salt adsorption capacity (SAC), (b) the
average salt adsorption rate (ASAR), (c) ASAR plotted versus SAC which
is the “CDI Ragone” plot, and (d) specific energy consumption (SEC).
The observed SAC was approx. 85 and 130 mg g~ ! at 500 and 1000 mM
NaCl with current density of 1.0 and 3.0 mA cm ™2 These values are
much higher than in previous studies with Prussian Blue analogues
(approx. 60mgg~! with 0.5mAcm™2) [27]. The high desalination
capacity of the present system results from the inherent high capacity of
the silver/silver-chloride electrodes and also originates from the design
of the cell, which enables desalination during forward current opera-
tion, as well as during reverse current operation. However, when the
current density was increased, SAC decreased to 30-40 mg g~ . This
result is an indication of a limited rate capability in this system, which
requires further study to improve ion diffusion or reduce other trans-
port resistances in the system. As shown in Fig. 5a, the tendency of SAC
vs. current density in 1000 mM NacCl is not linear. This result can be
explained by the effect of back-diffusion. It is not a negligible effect
when the concentration of source water is 1000 mM, and the effect
depends on the operation time (see Fig. S5).

In order to determine the kinetic properties of the system, average
salt adsorption rate (ASAR) analysis, which is commonly used in CDI to
evaluate the ion removal rate, was conducted. As shown in Fig. 5b,
ASAR progressively increases with current density which shows that it
is possible to operate at a high current such as 10 mA cm ™2, which is a
value that is an order of magnitude higher than previous battery de-
salination systems which are for instance at 0.5 mA cm ™2 [20,27,28].

The relationship between the capacity and the rate of desalination is

represented by the CDI Ragone plot (Fig. 5c) [41]. Even though it is
difficult to compare with other systems due to differences in salt con-
centration, our present system exhibits much faster rate and higher
capacity than previously reported systems based on MCDI, rocking-
chair capacitive deionization (RCDI), and rocking-chair desalination
(RCD). For example, our system achieves a high SAC of around
100mg g~ !, which is a 30% increased value compared to a previous
battery desalination study that was conducted at a low ASAR
(0.005mg~'g 's™! [27]. In addition, the rate capability of our
system was significantly better than in earlier works (we obtain up to
0.05-0.06 mgg s ).

To investigate the relationship between current density and specific
energy consumption, SEC, our system was run at various current den-
sities in 500 and 1000 mM NacCl solution. As shown in Fig. 5c, the en-
ergy consumption increases as the current density increases. This is
because the polarization increases when a higher current flows through
a given circuit resistance. In particular, the specific energy consumption
in our system was approximately 0.19 WhL™! (5.3kJmol ') at 25%
ion removal with 50% water recovery. Even though energy recovery is
not possible in our system, see Fig. 5b, the obtained energy consump-
tion is quite comparable to results reported in other studies [20,27].

4. Conclusions

In this study, we demonstrate that the high performance of elec-
trochemical water desalination using identical two-phase reaction
electrodes (silver and silver-chloride), reducing the cell voltage
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Fig. 5. Evaluation of the desalination performance in 500 mM and 1000 mM NacCl solution with different current densities (1.0, 3.0, 5.0, and 10 mA cm ™ 2): (a) salt
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consumption (SEC). In (c), MCDI, rocking-chair capacitive deionization (RCDI), and rocking-chair desalination (RCD) data are from ref. [27, 41, 42].

required for desalination to less than 0.2 V. Even at this low cell vol-
tage, the system achieves a high desalination capacity of approx.
85mgg~! with 80% of salt removal ratio at 500 mM NaCl solution.
Furthermore, the system can operate at a current density (10 mA cm ™~ 2)
which is an order of magnitude higher than reported for battery desa-
lination systems. We have shown that a high salt adsorption capacity
and fast desalination is possible under low voltage operation. With
further optimization, we believe that the system proposed in this study
can be a feasible desalination technology for treating water of a high
salinity.
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