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ABSTRACT: A desalination battery is an attractive route for
seawater desalination because it couples ion removal with
energy storage. In this work, we paired Cus[Fe(CN)g4],-nH,0
as the Na-storage electrode with Bi as the Cl-storage electrode
to construct a novel desalination battery that enables
membrane-free desalination. Most current desalination
technologies, with the exception of thermal distillation, rely
on the use of membranes. Eliminating the need for a
membrane can significantly simplify the construction and
maintenance of desalination systems. After carefully examin-
ing the sodiation/desodiation reactions and cycle performance
of Cus[Fe(CN)g],-nH,O in both acidic and neutral saline
solutions (0.6 M NaCl), we combined Cus[Fe(CN),],-nH,0
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with Bi, which was previously identified as a promising Cl-storage electrode, to construct a Cus[Fe(CN)4],-nH,0/Bi
desalination battery. The Cus[Fe(CN)4],-nH,O/Bi desalination battery generates an electrical energy output during
desalination, which is equivalent to discharging, and requires an electrical energy input during salination, which is equivalent to
charging. We investigated optimum pH conditions to perform salination to minimize the energy necessary for charging so that
the desalination/salination cycle could be achieved with a minimum overall energy input. The results obtained in this study
suggest that with further optimization the Cus[Fe(CN)g4],-nH,0/Bi desalination battery will offer new possibilities for practical

seawater desalination.

B INTRODUCTION

Lack of access to fresh water is one of the most serious issues
currently facing our society,' * and seawater desalination is
considered the most feasible approach to produce an adequate
supply of fresh water.> ® Currently, thermal distillation and
reverse osmosis (RO) are the two most established seawater
desalination methods.””"® While RO is less energy intensive
than thermal distillation, it still requires significant electrical
energy input for the operation of high-pressure pumps. In
addition, processes related to the prevention of membrane
fouling (i.e., pre-treatments and post-treatments of water) keep
the cost of seawater RO high.®~ ">

Recently, various electrochemical desalination methods have
been reported.”>~>* The operating principles of these electro-
chemical desalination methods are fundamentally different
from those of RO and thus provide diverse opportunities to
advance desalination technologies. Among these systems,
desalination batteries are particularly attractive because they
couple desalination with energy storage.””>* Like other
conventional batteries (e.g, Li-ion batteries), desalination
batteries store and release energy during the charging and
discharging processes. However, through combination of a Na-
storage electrode and a Cl-storage electrode, the energy storage
and release are coupled with the removal and release of Na*
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and CI™. Because the energy consumed during the charging
process is at least partially recovered during the discharging
process, desalination batteries can potentially achieve cost-
efficient desalination with a much lower energy requirement
than conventional desalination systems. Furthermore, as Na*
and CI are stored in the bulk of the Na-storage and Cl-storage
electrodes, not just in the electrical double layer of the
electrodes as in the case of capacitive deionization, a high
capacity for salt removal can be achieved.””™** As a result,
desalination batteries may be used for seawater desalination as
well as brackish water desalination. Another distinct advantage
of desalination batteries is the possibility to achieve membrane-
free desalination. Currently, membranes are a key component
of most existing desalination technologies. For example, RO
requires a semipermeable membrane that passes only water
molecules but not salt ions to achieve desalination. Electro-
dialysis, which is the most cost-effective method for brackish
water desalination,'®"" also requires ion selective membranes
that pass only cations or anions. However, desalination
batteries, which remove Na" and Cl~ via ion-specific electrode
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reactions (i.e,, Na-storage and Cl-storage reactions), ideally do
not require the use of a membrane. Thus, desalination batteries
have the potential to achieve membrane-free desalination,
eliminating processes and costs associated with membrane
fouling and replacement.

One major barrier for the construction of desalination
batteries was the identification of an eflicient and practical Cl-
storage electrode. Although many possible Na-storage electro-
des have already been identified and investigated for use in Na-
ion batteries,” the identification of an appropriate Cl-storage
electrode was more challenging. The earliest work on
desalination batteries by Pasta et al. used Ag as the Cl-storage
electrode, which was paired with MnO, as the Na-storage
electrode.”” However, the authors pointed out that the high
cost of Ag and poor conductivity of AgCl were the major
limiting factors for constructing Ag-based desalination
batteries.”” More recently, we have discovered that Bi can
serve as an effective and practical Cl-storage electrode based on
the electrochemical conversion between Bi and BiOCI (eq
1).*° Successful operation of the first Bi-based desalination
battery was demonstrated by coupling Bi as a Cl-storage
electrode with NaTi,(PO,); as a Na-storage electrode.

Bi + CI” + H,0 = BiOCl + 2H" + 3¢~ (1)

In this previous study, an undivided membrane-free cell was
used for the desalination step, but a Nafion membrane was still
required to divide the anode and cathode compartments
during the salination step.”” During the desalination reaction a
neutral saline solution was used, but the overpotential required
for the release of CI” from BiOCl during the salination
reaction was found to be much lower in acidic solution and so
an acidic solution was used for the salination reaction. The use
of an acidic solution, however, was not compatible with the
desodiation reaction of Na;Ti,(PO,); because Na;Ti,(PO,);
is spontaneously oxidized in acidic solution, and discharge of
Na" occurs. Therefore, the salination step of the Bi/
NaTi,(PO,), battery required the use of a divided cell where
the reduction of BiOCI was performed in an acidic solution
while the oxidation of NayTi,(PO,); was performed in a
neutral solution. In other words, the role of the membrane in
this desalination battery was simply to allow the Cl-release and
Na-release reactions to be performed in two different pH
conditions. Therefore, the identification of a Na-storage
electrode that exhibits stability during sodiation in neutral
solution and desodiation in acidic solution will enable the
construction of a membrane-free Bi-based desalination battery.

In this study, we investigated the performance and stability
of Cus[Fe(CN)4],-nH,O as a Na-storage electrode in both
neutral and acidic solutions with the intention to construct a
membrane-free Bi-based desalination battery. Hexacyanofer-
rate materials have previously demonstrated excellent
cyclability for sodiation/desodiation reactions in acidic
media.**"*’ However, for use in a desalination battery for
seawater desalination, it is important to investigate the
compatibility of Cuy[Fe(CN)4],-nH,O with a neutral con-
centrated NaCl solution mimicking the composition of
seawater. In addition, we needed to confirm that the presence
of CI” would not affect the desodiation properties in acidic
media. Therefore, we examined the sodiation/desodiation
properties and cyclability of Cus[Fe(CN)4],-nH,O in both
acidic and neutral 0.6 M NaCl solutions. Then, we constructed
a membrane-free Cus[Fe(CN)g],-nH,0O/Bi desalination bat-
tery and evaluated its performance for seawater desalination.
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B EXPERIMENTAL SECTION

Materials. NaCl (99%, Macron), BiCly (>98%, Sigma-Aldrich),
polyethylene glycol (PEG) (molecular weight of 6000, USB
Corporation), HCl (37%, Sigma-Aldrich), CuSO,-SH,O (>98%,
Sigma-Aldrich), K;Fe(CN)4 (>95%, Mallinckrodt), polytetrafluoro-
ethylene (PTFE) (60 wt % dispersion in H,O, Sigma-Aldrich), Super
P Li (TimCal), and colloidal graphite (isopropanol, Ted Pella, Inc.)
were used without further purification. Deionized water (Barnstead E-
pure water purification system, resistivity >18 MQ-cm) was used to
prepare all solutions.

Preparation of Cus[Fe(CN)g],-nH,O Electrodes. Cu,[Fe-
(CN)¢],'nH,0 was synthesized by a coprecipitation method
following the procedure reported in a previous study.>” First, 100
mL of 0.1 M CuSO,-5H,0 and 100 mL of 0.05 M K;Fe(CN)4 were
added dropwise simultaneously to 60 mL of water while stirring at
room temperature. A cloudy brown solution formed instantaneously
upon mixing of the two reagents. The solution was then sonicated for
30 min and allowed to sit overnight (~12 h). The resulting precipitate
was centrifuged at 5000 rpm and washed repeatedly with water until
the washing solution was clear. The precipitate was then dried at 70
°C for 24 h in air. The product was ground with a mortar and pestle
into a fine powder that was olive green in color. To prepare
Cuy[Fe(CN)¢],-nH,O electrodes for testing, Cus[Fe(CN)],-nH,0
powder (0.2 g) was ground in a mortar and pestle with Super P Li
(0.03 g) and a PTFE binder (0.02 g) with a ratio of 80:12:8 by mass
using ethanol as the solvent. The paste that formed was kneaded and
rolled into a sheet to prepare sheet-type electrodes with a thickness of
~120 pm. The sheets were allowed to dry at 70 °C for 1 h to remove
any residual ethanol. An electrode with an area of 1 cm* was punched
from the sheet and attached onto a graphite current collector using
colloidal graphite paste. The average mass of Cus[Fe(CN)4],-nH,0
in the electrodes was 0.02 g cm™.

Preparation of Bi Foam Electrodes. Bi electrodes used in this
study were prepared by electrodeposition following the procedure
reported in our previous study.*’ An undivided three-electrode cell
was used with a Ti sheet as the working electrode, a Pt sheet as the
counter electrode, and a saturated calomel electrode (SCE) as the
reference electrode. The Ti sheet was masked to expose an area of 1
cm® An aqueous solution containing 14 mM BiCl,, 1.4 M HC], and
2.5 g/L PEG 6000 was used as the plating solution. Potentiostatic
deposition was performed by applying a potential of —2.6 V vs SCE
for 2 min, resulting in the deposition of Bi (Bi’* + 3e™ — Bi, E° =
0.286 V vs SHE). During the deposition, the solution was stirred at
300 rpm, and the average deposition current was ~900 mA cm™>
After deposition, the Bi electrodes were rinsed with water and dried in
air. The average mass of Bi in the electrodes was ~1.25 mg cm ™2 The
Faradaic efficiency for CI™ removal and the milligrams of CI™ removed
per gram of Bi were previously reported to be ~100% and 82.96
mg,/gg; respectively.’’

Characterization. X-ray diffraction (XRD) patterns were
collected using a Bruker D8 diffractometer with Ni-filtered Cu Ka
radiation (4 = 1.5418 A). The film morphology was examined using a
LEO 1530 scanning electron microscope (SEM) operated at an
accelerating voltage of 2 kV. Energy-dispersive X-ray spectroscopy
(EDS) was performed using the same SEM equipped with an EDS
(Noran System Seven, Thermo Fisher) at an accelerating voltage of
20 kV. Inductively coupled plasma optical emission spectrometry
(ICP-OES) was performed to characterize the amount of Fe present
in the solutions after the cycling tests (PerkinElmer Optima 2000).

Electrochemical Testing. Before assembling a Cu;[Fe(CN)¢],-
nH,O/Bi desalination battery, we first examined the sodiation/
desodiation performances of the Cu;[Fe(CN)¢],-nH,O electrode as
half-cell reactions using an undivided three-electrode cell. A
Cu;[Fe(CN)¢l,nH,O sheet was used as the working electrode
(WE), Pt was used as the counter electrode (CE), and a double
junction Ag/AgCl (4 M KCl) electrode was used as the reference
electrode (RE). The Pt CE was prepared by sputter-coating a 100 nm
thick Pt layer over a 20 nm thick Ti adhesion layer onto a clean glass
slide (LGA Thin Films). The electrolyte (40 mL) was either neutral
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0.6 M NaCl (pH 6.2, pH not adjusted) or acidic 0.6 M NaCl (pH
adjusted to 1.2 with HCI). The distance between the WE and CE was
less than 0.5 cm to minimize the IR drop from the solution.
Galvanostatic sodiation/desodiation tests were performed where the
Cu;[Fe(CN)¢],-nH,O electrodes were cycled at a current density of
+12 mA cm™ (~1 Corate if the theoretical specific capacity for
Cus[Fe(CN)¢],-nH,O is assumed to be ~60 mAh g™') with cutoff
potentials of 0.4 and 1.1 V vs Ag/AgCl for sodiation and desodiation,
respectively. The change in Na* concentration in the electrolyte was
measured using a sodium ion meter (Horiba B-722).

The desalination and salination performances of the Cus[Fe-
(CN)4],'nH,0/Bi cell were investigated using an undivided cell
galvanostatically cycled at £1 mA cm™2 The desalination process was
performed in a neutral 0.6 M NaCl solution (pH 6.2), and the
salination process was performed in 65 mM HCI (pH 1.2). The
salination reaction was also performed in a neutral 0.6 M NaCl
solution (pH 6.2) to compare the kinetics for salination in neutral and
acidic solutions. During these tests, in addition to measuring the cell
voltage between the Cu;[Fe(CN)¢],-nH,O and Bi electrodes as a
function of capacity, the individual potentials of the Cus[Fe(CN)4],
nH,O and Bi electrodes against an Ag/AgCl reference electrode were
monitored. The desalination process was performed until the cell
voltage (potential difference between the Cus[Fe(CN)4],-nH,O and
Bi electrodes) reached 0 V, and the salination process was performed
until the cell voltage reached 2.15 V in neutral solution and 1.32 V in
acidic solution. We note that the Coulombic efficiency of the
Cuy[Fe(CN)¢],nH,0O/Bi cell is always slightly higher than 100%.
This is because the measured capacity during the reduction of BiOCIl
to Bi (dechlorination) is slightly higher than that measured during the
oxidation of Bi to BiOCI (chlorination) due to water reduction to H,
occurring as a side reaction during reduction. To prevent this from
creating an issue during the desalination/salination cycling test, the
Cuy[Fe(CN)¢],:nH,O electrode containing excess Cus[Fe(CN)g],:
nH,O was prepared and was 50% pre-sodiated before the cycling test
so that complete dechlorination of BiOCI would be achieved in each
cycle. After each desalination or salination process was complete, the
Cus[Fe(CN)g),-nH,0 and Bi electrodes were manually lifted from
the solution, rinsed with DI water, and moved into the next solution
for the subsequent process.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Cus[Fe(CN)gl,:
nH,0 (CuHCF) as a Na-Storage Material. Cu,[Fe-
(CN)¢)ynH,O used in this study was prepared by a
coprecipitation reaction in aqueous solution using CuSO,
and K;Fe(CN)4 precursors.” As shown in Figure la, all
peaks of the XRD pattern of the as-prepared sample were
indexed and well matched with those of Cu;[Fe(CN)q],
(JCPDS #86-0513). Additionally, the atomic Cu:Fe ratio of
our material was determined to be 1.49:1 by EDS, which
agrees well with the chemical formula of Cus[Fe(CN)4],:
nH,O. The SEM images show that the as-synthesized
Cus[Fe(CN)4],-nH,O powder consists of micrometer-size
particles (Figure 1b) composed of nanocubes with 100—200
nm long edges (Figure Ilc).

Cu;[Fe(CN)¢],-nH,O is a Prussian blue analogue whose
structure can be best described by comparison to an ABXj;
perovskite-type structure; B sites are occupied by alternating
Cu(1l) and Fe(Ill) ions, and X sites are occupied by CN
groups (Figure 2).”%*%***! The Cu(1I) ions are octahedrally
coordinated to the nitrogen ends of the CN groups and the
Fe(III) ions are octahedrally coordinated to the carbon ends of
the CN groups, creating a framework of -NC-Fe-CN-Cu-NC-
linear linkages. When all B sites and X sites are occupied, 50%
of the A sites are occupied by a monovalent ion, such as K7, to
balance the charge, resulting in the formula KCu"Fe'CN,.*!
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Figure 1. (a) XRD pattern and (b, c) SEM images of as-synthesized
Cu;[Fe(CN)g],-nH,0 (CuHCF) powder.

Qo

Figure 2. Unit cell of a Prussian blue analogue with an ABX;
perovskite-type structure, where B sites are occupied by alternating
Cu(II) and Fe(IIl) ions and X sites are occupied by CN groups. The
degree of occupancy of the A site varies depending on the Cu(II)/
Fe(III) ratio and the Fe(II)/Fe(IlI) ratio.

Cu,[Fe(CN);],-nH,0 prepared in this study, which is one
of the readily formed copper hexacyanoferrate (CuHCF)
phases, has 1/3 of the Fe(IIl) sites and 1/3 of the CN sites
unoccupied. As a result, all A sites are also unoccupied to
maintain charge neutrality. The vacant sites created by missing
Fe ions and CN ions are occupied by water molecules. The
water content of Cu;[Fe(CN),],-nH,0 has been reported to
be ~5 H,0 molecules per one Fe atom,"® but the exact water
content can vary depending on the temperature and
humidity.®*” For the rest of this study, Cus[Fe(CN)y],-
nH,O will be abbreviated as CuHCF.

CuHCF can act as a Na-storage material because the
reduction of Fe(III) to Fe(Il) in CuHCF can be coupled with
the incorporation of Na* into the A site to balance the charge
(forward reaction of eq 2). Alternatively, when Fe(Il) is
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Figure 3. (a) Potential—capacity plots and (b) cycle performance of the CtHCEF electrode tested at a current density of 60 mA g™ in an acidic 0.6
M NaCl solution (pH 1.2). (c) Potential—capacity plots and (d) cycle performance of the CuHCEF electrode tested at a current density of 60 mA

g ' in a neutral 0.6 M NaCl solution (pH 6.2).

oxidized, Na® is released and desodiation of CuHCF is
achieved (reverse reaction of eq 2).

Cuy[Fe"(CN)4],-nH,0 + 2xNa* + 2xe”

2 Na, Cu,[Fe "Fe,_ " (CN)],-nH,0 @)

Before assembling a CuHCF/Bi desalination battery, the
sodiation/desodiation performances of the CuHCF electrode
were first examined as half-cell reactions using an undivided
three-electrode setup where CuHCF was used as the WE with
an Ag/AgCl (4 M KCI) RE and a Pt CE. The potential—
capacity plots were obtained in an acidic 0.6 M NaCl solution
(pH 1.2, adjusted with HCI) at a current density of 60 mA g™*
(rate of ~1 C, equivalent to ~1.2 mA cm™2). The electrode
was cycled with cutoff potentials of 0.4 and 1.1 V vs Ag/AgCl
for sodiation and desodiation, respectively (Figure 3a). A more
detailed description of the experimental setup can be found in
the Experimental Section. The C-rate was calculated based on
previously reported capacities of ~60 mAh g~' because the
theoretical capacity of CuHCEF is difficult to calculate due to its
hydrated form.*® The gradually changing potential during the
sodiation and desodiation processes indicates that the
insertion/extraction of Na* into/from CuHCEF involves only
a composition change of the same phase (i.e., formation of a
solid solution). (If the sodiation/desodiation reaction resulted
in the formation of a new phase instead of a solid solution, a
plateau of the potential would have been observed instead.*”)
Such a potential profile agrees well with the potential profiles
that have been reported for other hexacyanoferrate-based Na-
storage electrodes,'>~'%?%30737

The CuHCEF electrode showed excellent cycle stability with
good capacity retention and Coulombic efficiency in acidic 0.6
M NaCl solution (Figure 3b). The first sodiation and
desodiation capacities were 68.4 mAh g™ and 66.3 mAh g/,
respectively, giving a Coulombic efficiency of 97%. After 40
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cycles, the sodiation capacity was maintained at 68.3 mAh g™,
corresponding to a capacity retention of 99.9%.

The sodiation/desodiation performances of CuHCF were
also examined in neutral 0.6 M NaCl solution (pH 6.2)
(Figure 3c). The potential—capacity plots in neutral solution
looked comparable to those obtained in acidic solution,
suggesting that the desodiation and sodiation reactions of
CuHCF were not affected by increasing the pH from 1.2 to
6.2. Because the CuHCF/Bi desalination battery will perform
desalination in a neutral solution, the ability of CuHCF to
remove Na' during sodiation in a neutral solution was
quantified in terms of milligrams of Na* removed per gram
of CuHCF using a sodium ion meter. Considering the
sodiation capacity of 65.7 mAh g™ shown in Figure 3c and
the mass of CuHCF in the CuHCF electrode (20 mg), 56.36
mg of Na' is expected to be removed per gram of CuHCF
assuming 100% Faradaic efficiency (FE). The actual FE for
Na* removal by CuHCF and milligrams of Na* removed per
gram of CuHCF were determined to be 87% (Table S1) and
49.03 mgy,/gcuncr respectively.

While the sodiation/desodiation profiles in acidic 0.6 M
NacCl and neutral 0.6 M NaCl solutions were comparable, the
cycle performance in neutral solution did not appear to be as
good as that obtained in acidic solution. The initial sodiation
capacity decreased from 65.7 to 50.0 mAh g™' after 40 cycles,
corresponding to a capacity retention of only 76.1% (Figure
3d). After the cycling test in neutral 0.6 M NaCl solution, we
observed a change in color of the solution from clear to
fluorescent yellow, which was not observed after the cycling
test in acidic 0.6 M NaCl solution (Figure 4a). The color of
this solution resembled the color of a solution containing
Fe(CN),*", suggesting that Fe(CN),*~ may have leached out
from the CuHCF electrode during the cycling test in neutral
solution. Indeed, ICP-OES analysis confirmed an increase in
Fe content in the neutral 0.6 M NaCl solution from ~1 to ~1§
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Figure 4. (a) Photographs showing the colors of the solutions after
the cycling tests and chemical stability tests. The yellow color is due
to the dissolution of Fe(CN)s*". XRD patterns of the CuHCF
electrode after 40 cycles of sodiation/desodiation in (b) an acidic 0.6
M NaCl solution and (c) a neutral 0.6 M NaCl solution. The XRD
patterns of Cuy[Fe(CN)¢],-nH,0 and Cu,CI(OH); are shown for
reference.

mg/L after the cycling test. XRD patterns of the CuHCF
electrode after the cycling test also showed that the CuHCF
diffraction peaks diminished, and new peaks, which could all be
assigned as peaks for Cu,CI(OH), appeared (Figure 4b,c).
The ICP and XRD results suggest that during the cycling test
Fe(CN)~ was lost from the CuHCF lattice, and the
remaining copper formed Cu,CI(OH); on the surface of the
electrode.

To elucidate the cause of the instability of CuHCEF, we first
examined the solubility of CuHCF in a neutral 0.6 M NaCl
solution but found no change in composition even after 1 week
of immersion. However, when we increased the pH of the
solution to 11, we visually observed the dissolution of
Fe(CN)4*~ from CuHCF (Figure 4a and Figure S1) and saw
the formation of Cu,CI(OH), by XRD.

Indeed, CuHCF is known to decompose to Na;Fe(CN)j
and CuO in the presence of NaOH through the following
reaction:**

Cuy[Fe(CN)sl, + 6NaOH — 2NasFe(CN)g + 3CuO + 3H,0

3)
In the presence of Cl~, however, Cu,CI(OH),, rather than
CuO, will form as one of the decomposition products (eq 4).
We confirmed the thermodynamic feasibility of the formation
of Cu,CI(OH); in 0.6 M NaCl solution by constructing a
Pourbaix diagram for Cu in an aqueous solution containing 0.6
M CI™ (Figure S2). Based on these results, the degradation of
CuHCF accompanied by the dissolution of Fe(CN)4*~ that
occurred during the cycling test in neutral saline water can be
expressed as follows:

2Cu,[Fe(CN);],-nH,0 + 3CI™ + 9OH~

— 3Cu,CI(OH), + 4Fe(CN)>~ + 2nH,0 (4)
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After elucidating that the instability of CuHCF was related to
the reaction between CuHCF and OH™, we realized that the
instability of CuHCF during the cycling test in neutral solution
was caused by OH™ generated from the Pt CE used in the
three-electrode cell. The major reaction that can occur at the
Pt CE in an aqueous solution during desodiation of the
CuHCEF electrode is water reduction (eq S), which generates
OH".

2H,0(1) + 2¢” — H,(g) + 20H (aq) (3)

Because the CuHCF and Pt electrodes were kept very close
(<0.5 cm) to minimize the IR drop from the solution, the local
pH experienced by the CuHCEF electrode could have increased
significantly during water reduction at the Pt CE, resulting in
the formation of Cu,CI(OH); and dissolution of Fe(CN)>™.
This also means that the capacity fading of the CuHCF
electrode observed during the half-cell test in a neutral solution
is not an intrinsic limitation of operating CuHCF in a neutral
solution. Rather, it is a problem that arises from the alkaline
pH generated from water reduction by the Pt CE that will not
be used in a real device. Thus, when CuHCF is paired with an
electrode/reaction that does not raise the pH to the alkaline
region, CuHCF should not suffer from capacity fading.
Therefore, we proceeded with the construction of a
membrane-free CuHCF/Bi desalination battery. As we briefly
explained in the Introduction, our aim is to operate the
CuHCEF/Bi battery in a neutral solution for desalination but in
an acidic solution for salination because of the slow
dechlorination kinetics of BiOCI in neutral solution. The Bi
electrode will generate H" during chlorination in a neutral
solution (eq 1), and the BiOCl electrode will generate OH™
during dechlorination in an acidic solution. Because OH" is
generated only in an acidic solution where they can be readily
neutralized by H" in solution, degradation of CuHCF is not
expected to be a problem during the operation of the CuHCE/
Bi battery.

Construction of a Membrane-Free CuHCF/Bi Desali-
nation Battery. After investigating the half-cell performances
of CuHCF in neutral and acidic solutions, CuHCF was paired
with Bi to fabricate a membrane-free desalination battery. A
nanocrystalline Bi foam electrode was prepared by electro-
deposition following the conditions reported in our previous
study.”® The deposition conditions were chosen such that Bi
deposition and water reduction occurred simultaneously so
that the H, bubbles formed from water reduction could serve
as an in situ template to create a Bi foam structure (Figure
5).>%** The resulting electrode has a high interfacial area and
can facilitate CI~ diffusion from the solution into the Bi lattice,
enhancing the performance of Bi during chlorination. The
XRD pattern of the Bi electrode used in this study is shown in
Figure S3 and confirms the crystalline nature of the Bi foam.
The detailed characterization and properties of Bi as a Cl-
storage electrode, which include SEM images and XRD
patterns before and after chlorination and dechlorination,
detailed electrochemical characterization, cycle tests, and Cl
removal efficiency of the Bi electrodes, can be found in our
previous study.””

The desalination performance of the CuHCE/Bi cell was
first examined in a neutral 0.6 M NaCl solution galvanostati-
cally cycled with a constant current density of 1 mA cm™
During the desalination process, Fe(IlI) in CuHCF was
reduced to Fe(II) to store Na* (cathode) while Bi was oxidized
to BiOCI to store CI~ (anode). Therefore, electrons flowed
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Figure S. (a) Schematic illustration of the deposition of a Bi foam
electrode using in situ generated H, bubbles as a template and SEM
images of a Bi foam electrode showing the (b) foam structure and (c)
nanocrystalline Bi forming the foam wall.

from the Bi electrode to the CuHCEF electrode. As the reaction
proceeded, the potential of Bi rapidly increased from its open
circuit potential and plateaued at —0.08 V vs Ag/AgCl while

the potential of the CuHCF electrode gradually decreased
from 0.64 to 0.56 V vs Ag/AgCl (Figure 6a).

The cell potential (Ey) of the CuHCF/Bi cell can be
calculated by subtracting the anode potential (E,,q.) from the
cathode potential (E_04.) using the equation E.j = Ecyhode —
E,ode- Because E_ 4. is more positive than E_ 4. during the
desalination reaction, E_ is positive. This means that for the
CuHCEF/Bi cell desalination is a spontaneous process
equivalent to discharging, which generates electrical energy
(Figure 7).

Figure 6b shows the potential profiles of the sodiated
CuHCF and chlorinated Bi electrodes measured against the
reference electrode during the salination process in neutral 0.6
M NaCl. During salination, the reduction of BiOCl and the
oxidation of CuHCF occurred, and electrons flowed from the
CuHCEF electrode (anode) to the BiOCI electrode (cathode).
As the reaction proceeded, the potential of the BiOCI
electrode decreased from its open circuit potential and
plateaued at around —1.15 V vs Ag/AgCl while the potential
of the CuHCEF electrode increased from 0.58 to 0.67 V vs Ag/
AgCl. Because the anode reaction (desodiation of CuHCF)
occurs at a more positive potential than the cathode reaction
(dechlorination of BiOCl), E is negative. This means that
salination performed by the CuHCF/Bi cell is a non-
spontaneous process equivalent to charging and requires an
energy input (Figure 7).

We note that the sodiation and desodiation potential profiles
of CuHCF shown in Figures 6a and 6b are comparable.
However, the chlorination and dechlorination potential profiles
of Bi shown in Figures 6a and 6b are significantly different; the
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Figure 6. Potential—capacity plots for the CuHCF and Bi electrodes measured vs Ag/AgCl at a rate of +1 mA cm™> during (a) the desalination
process in a neutral 0.6 M NaCl solution (pH 6.2), (b) the salination process in a neutral 0.6 M NaCl solution (pH 6.2), and (c) the salination
process in 65 mM HCI (pH 1.2). Corresponding cell voltage—capacity plots (d) during discharging (desalination) in 0.6 M NaCl (pH 6.2) and
charging (salination) in 0.6 M NaCl (pH 6.2) and (e) during discharging (desalination) in 0.6 M NaCl (pH 6.2) and charging (salination) in 65

mM HCI (pH 1.2).
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Figure 7. Scheme showing the operation of the CuHCF/Bi
desalination battery; the desalination process is equivalent to
discharging and the salination process is equivalent to charging.

dechlorination of BiOCI occurred at a much more negative
potential than the chlorination of Bi due to the slow kinetics of
BiOCl reduction in neutral solution.’® If the dechlorination
potential of BiOCl can be moved closer to the chlorination
potential of Bi, the cell potential required for salination can
become more comparable to the cell potential generated
during desalination, reducing the net energy requirement for
the desalination/salination cycle.

In our previous study, we discovered that the kinetics for the
dechlorination of BiOCI can be significantly improved when
the solution is acidified.’® This is because the reduction of
BiOCl to Bi involves the release of O*~ as well as CI~ from the
BiOCl lattice. In acidic media, protons in solution can serve as
efficient O*~ acceptors and facilitate the reduction of BiOCl to
Bi.*® Therefore, we also performed the salination process in 65
mM HCI (pH 1.2) to minimize the energy input required for
salination. Because both BiOCl and CuHCF are stable in
acidic solution, the salination reaction could be performed in
an undivided cell, unlike the previous study where we coupled
Bi with Na;Ti,(PO,);.*> We note that 65 mM HCl is used as
an exemplary acidic medium. In real applications, any type of
acidic wastewater with pH ~ 1 can be used for the salination
process.

As shown in Figure 6¢, when the charging process was
performed in an acidic solution (pH 1.2), the average potential
required for dechlorination of BiOCl was reduced from —1.15
to —0.15 V vs Ag/AgCl. The desodiation potential of CuHCF
was comparable in both acidic and neutral 0.6 M NaCl
solutions. As a result, the cell potential required for the
salination process could be decreased significantly. We note
that the equilibrium potential for the Bi/BiOCI reaction at pH
1.2 is —0.061 V vs Ag/AgCl while that at pH 6.2 is —0.28 V vs
Ag/AgCl, which differ by only 0.21 V. Therefore, the majority
of the decrease in cell potential observed in this study is due to
a decrease in kinetic overpotential required for the conversion
of BiOCI to Bi.

Figure 6d shows a comparison of cell potential—charge plots
obtained when the desalination and salination processes were
both performed in neutral 0.6 M NaCl solutions. The area
below the desalination plot provides the energy output
generated during discharging, and the area below the salination
plot provides the energy input required during charging. (Note
that the cell potential for the charging process, which is
negative, is shown as positive in this plot for easy overlap of the
integrated areas.) The difference between the energy generated
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during desalination (0.158 mWh) and energy input required
during salination (0.442 mWh) was calculated to be 0.284
mWh, which is the energy consumption required for a
complete desalination/salination cycle. This means that
35.7% of the energy consumed during salination is recovered
during desalination.

However, when salination was performed in 65 mM HCI
(pH 1.2), the energy input required for salination was reduced
from 0.442 to 0.209 mWh, resulting in a decrease in the overall
energy consumption required for a desalination/salination
cycle from 0.284 to 0.051 mWh (Figure 6e). In this case,
75.6% of the energy consumed during salination is recovered
during desalination. A comparison between the energy
consumption required for desalination by the CuHCF/Bi
and Bi/NaTi,(PO,); desalination batteries as well as that
required for seawater reverse osmosis (SWRO) can be found
in Table S2.

When the desalination and salination processes were
repeated, the CuHCF/Bi cell showed relatively stable cycle
performance over 20 cycles (Figure 8). The desalination
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Figure 8. Cycling test of the CuHCF/Bi cell for desalination/
salination. The discharging process (desalination) was performed in
0.6 M NaCl (pH 6.2), and the charging process (salination) was
performed in 65 mM HCI (pH 1.2).

capacity was maintained at 0.216 mAh cm™* after 20 cycles,
corresponding to a retention of 87.8% of the initial desalination
capacity (0.246 mAh cm™?). The minor fluctuations in capacity
shown during the cycling test are due to our experimental
procedure, which involves manually lifting and immersing the
CuHCF and Bi electrodes in two different solutions.

We note that the slight capacity fading observed during the
cycling test is not due to the decomposition of CuHCEF, which
was easy to confirm as the solution did not change color, unlike
what was observed during the half-cell test. We believe that this
was caused by the pulverization of the Bi electrode due to the
volume change involved during the conversion between Bi and
BiOCI (158%). There are several effective strategies that can
be used to improve the cycle performance of Bi, which include
the addition of a carbon or polymer coating on Bi or making
composites of Bi with Cl-inactive materials to buffer the
volume change of Bi during chlorination/dechlorination.
These strategies have been proven to work for the stabilization
of other electrodes that suffer from this pulverization
problem.***® Because this study successfully confirmed the
feasibility of constructing a membrane-free desalination battery
using CuHCF and Bi electrodes, our future studies will focus
on improving the long-term cyclability of the Bi electrode.
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B CONCLUSION

In summary, we have demonstrated the successful fabrication
of a CuHCEF/Bi desalination battery that enables membrane-
free desalination. Before constructing the CuHCF/Bi desali-
nation battery, we carefully examined the sodiation/desodia-
tion performance and cyclability of CuHCF in both acidic and
neutral 0.6 M NaCl solutions. CuHCF showed excellent
cyclability for sodiation/desodiation in acidic 0.6 M NaCl
solution. However, capacity fading was observed when neutral
0.6 M NaCl solution was used, which was caused by
dissolution of Fe(CN)*~ from the CuHCF lattice as
evidenced by a yellow color change of the solution and the
formation of Cu,CI(OH); on the electrode surface. We
discovered that this instability was not due to any intrinsic
limitation of CuHCF in neutral solution but due to a pH
increase during the cycling test resulting from the counter
electrode reaction (water reduction to H,). When CuHCF as a
Na-storage electrode was paired with Bi as a Cl-storage
electrode, the dissolution of Fe(CN)*~ from CuHCF was no
longer observed as the conversion between Bi and BiOCI does
not cause an increase of the solution pH. The CuHCF/Bi
desalination battery was tested for desalination in neutral 0.6
M NaCl while the test for salination was performed in both
acidic and neutral conditions. For the CuHCF/Bi desalination
battery, desalination was a discharging process, generating an
energy output, and salination was a charging process, requiring
an energy input. The use of an acidic solution for salination
resulted in a significant decrease in the energy input required
for charging, which became comparable to the energy output
generated during desalination. As a result, the net energy
consumption for the desalination/salination cycle could be
minimized, successfully demonstrating the advantage of
desalination batteries which couple salt removal with energy
storage. Because both CuHCF and Bi are stable in neutral and
acidic solutions, membranes were not necessary for the
construction of this cell. The ability of the CuHCF/Bi battery
to achieve desalination without the use of a membrane makes
this device simple and unique. The CuHCF/Bi battery will
provide a practical route for seawater desalination with further
optimization of the cyclability of the Bi electrode.
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