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ABSTRACT: Desalination technologies have heavily been investigated to =‘T; " Increased
utilize the abundant salt water on Earth due to the global freshwater 22, Conc. in SC.
shortage. During recent years, the desalination battery (DB) has attracted st .. £ >
attention for its low-cost, eco-friendly, and energy-efficient characteristics. Water gatsiiicrannes 3 °G =

; . . AEM o 8
However, the current DB system is subject to inevitable performance [fmEaTeeE =] S.
degradation because of the mass-transfer limitation at the electrode— OO RS ¢ " Timee

electrolyte interface, particularly when the system is used to treat brackish
water. Here, we present a novel strategy to overcome the intrinsic mass-transfer limitation of DB in brackish water using an
effective cell design based on a multichannel flow system. Compared to the conventional DB that consists of one feed channel,
the multichannel desalination battery (MC-DB) is configured using two side channels introducing a highly concentrated
solution to the electrodes and one middle feed channel for water desalination. The MC-DB showed a desalination capacity of
52.9 mg g~' and a maximum salt removal rate of 0.0576 mg g”' s™' (production rate of 42.3 ¢ m™> h™") when a salinity gradient
between the feed streams in the middle (10 mM NaCl) and side (1000 mM NaCl) channels was present, which were 3-fold
higher than those in the case with no salinity gradient. In addition, the high concentration solution in the side channel
significantly enhanced the rate capability of MC-DB, allowing the system to operate under a high current density of 40 A m™>
with a desalination capacity of 34.1 mg g~'. Considering the effect of electrolyte concentration on the battery electrode
performance through electrochemical characterization, the highly saline medium at the side channel in the MC-DB creates an
optimal environment for the battery electrode to fully capitalize the high desalination capacity, salt removal rate, and capacity
retention of the battery electrodes.

KEYWORDS: water treatment, multichannel flow system, electrochemical ion separation, desalination battery, Prussian blue analogue

1. INTRODUCTION

Water scarcity has become a severe global issue because of
rapid world population growth and industrialization. To secure
a clean water supply, desalination has been investigated as
approximately 97% of water resources on Earth contain high
salt concentrations. During recent years, electrochemical ion
separation technologies such as electrodialysis, capacitive
deionization (CDI), and desalination battery (DB) have
been intensively studied for their advantages of a high water
recovery rate, environmentally benign materials, and energy-
efficient characteristics.'® Among them, DB is a highly
attractive technology because of its high desalination capacity

employin§ materials such as cobalt oxide,"* sodium manganese
oxide,">'® sodium titanium phosphates,””17 and Prussian blue
and its analogues,'*~"* which have a large specific capacity via
storing ions in the electrode bulk crystal structure. Using these
materials, high desalination performance greater than 30 NaCl
mg g~ of electrodes has been achieved, which is significantly
higher than that of carbon-based CDI (~25 NaCl mg g~' of
electrodes).'®™>° In addition, the small cell voltage window
and low self-discharging properties compared to those of the
carbon materials allow the DB to be highly energy efficient.'®

However, the conventional DB system suffers from
inevitable performance degradation due to the mass-transfer

and energy efficiency.””"” Typically, a DB consists of a pair of
cation- and anion-capturing electrodes that undergo a
reversible electrochemical reaction to remove/release ions as
a potential difference is applied. Inspired by aqueous Na-ion
battery materials, the DB has extensively progressed through
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limitation, particularly, when used to treat brackish water.
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Figure 1. Conceptual diagram of a multichannel desalination battery (MC-DB) divided into (a) desalination step (discharging) and (b)
regeneration step (charging). The side and the middle feed channels were divided by the cation and anion exchange membranes. In the side

channels, a highly concentrated solution was supplied.

Unlike a highly concentrated electrolyte (>1 M) in battery
system for energy storage, the brackish water (500—2000 ppm
total dissolved solids)*” provides limited amount of accessible
ions at the electrode—electrolyte interface in the DB system.
Hence, the DB system is kinetically slow and has to operate
under a low current density (<10 A m™2) to fully utilize the
ion-storage cagacity of the battery during desalination
processes. >>**” Although various attempts have been made
to improve the rate ca}z)ability of the battery materials through
particle size control,’”*" mesoporous structure formation,”””>
and combining with carbon nanomaterials,>*~>® an innovative
solution is required for the intrinsic mass-transfer limitation
that lowers the DB electrode performance.

Here, we propose a novel strategy to overcome the mass-
transfer limitation in the DB using a multichannel flow system
design (denoted as a multichannel desalination battery (MC-
DB)) that can independently control the solution surrounding
the electrodes and the target brackish water. As shown in
Figure 1, the MC-DB consists of two side and one middle flow
channels separated by cation and anion exchange membranes,
a cell configuration benchmarked to the multichannel flow
membrane CDI system reported in our previous work.”” " In
this system, highly concentrated salt water (1000 mM NaCl)
was supplied to the Prussian blue analogue (PBA) and silver
(Ag) electrodes in the side channels. Low-saline media (10
mM NaCl) was prepared to depict a brackish water condition
and fed to the middle channel for desalination. As a potential
difference is applied between the two battery electrodes,
sodium (Na*) and chloride (CI7) ions in the side channels
were captured via redox reactions, whereas ions present in the
middle channel selectively migrated through the ion-exchange
membranes. The captured ions were released into the middle
channel by applying a reverse cell voltage. In this study, the
influence of the NaCl concentration supplied to the side
channels on the desalination performance was evaluated under
various operating conditions. In particular, a CDI Ragone plot
was constructed to further investigate the rate capability of the
MC-DB system. In addition, changes in the electrochemical
properties of the battery materials with respect to electrolyte
concentration were investigated to explain the high desalina-
tion performance of the MC-DB system.

2. EXPERIMENTAL METHODS

2.1. Material Synthesis. Nickel hexacyanoferrate (NiHCF), a
well-known type of Prussian blue analogue, was prepared via a
controlled crystallization reaction with nickel chloride (NiCl,),
sodium citrate (Na-citrate), and sodium ferrocyanide (Na,Fe(CN)g)
to obtain an ordered cubic particle.'’ One hundred milliliters of 0.05

M NiCl, and 0.35 M Na-citrate were mixed with 100 mL of 0.05 M
Na,Fe(CN)j solution under rapid stirring. Under ambient conditions,
the crystallization was conducted for 48 h and then aged overnight.
The resulting precipitants were filtered and thoroughly washed with
demineralized water and ethanol. The synthesized particles were dried
in a vacuum oven at 60 °C to eliminate the remaining solvent. The Ag
particles were purchased from Hengiu Technology Co., Ltd., China.
The prepared particles were characterized using field emission
scanning electron microscopy (JEOL JSM 6700 F), high-resolution
resolution transmission electron microscopy (HRTEM; JEM-3010),
and X-ray powder diffraction (XRD; D8 Discover). All reagents were
purchased from Sigma-Aldrich Corporation and used without further
treatment.

2.2. Electrode Fabrication. The NiHCF and Ag electrodes were
fabricated by mixing active material (NiHCF and Ag particles),
carbon black (Super P, Timcal, Switzerland), and poly-
(tetrafluoroethylene) (Sigma-Aldrich) in an 8:1:1 weight ratio with
the addition of an ethanol solvent on a mortar. The resulting slurry
was pressed using a roll press machine to obtain sheet-type electrodes.
The fabricated electrodes were dried using a vacuum oven at 60 °C
overnight to remove the remaining solvent. Rectangular NiHCF
(area: 2.5 X 2.5 cm?, thickness: ~300 um, weight: 177 + 7 mg) and
Ag (area: 2.5 X 2.5 cm?, thickness: ~150 ym, weight: 194 + 2 mg)
were used as positive and negative electrodes, respectively. NiHCF
was attached to a graphite sheet (thickness: 0.20 mm; Sigma-Aldrich)
using carbon paint (DAG-T-502; Ted Pella) and preoxidized at 1.0 V
(vs Ag/AgCl KCl sat.) to deintercalate the sodium ions in 1000 mM
NaCl before the desalination test.

2.3. Electrochemical Characterization of the Prepared
Electrodes. The electrochemical properties of the NiHCF and Ag
electrodes were examined by cyclic voltammetry (CV) and
galvanostatic charging/discharging tests with a potentiostat (Versa-
STAT 3, Princeton Applied Research) and a battery cycler
(WBCS3000, WonA Tech Co.), respectively. The CV and
galvanostatic charging/discharging tests were conducted using a
three-electrode system at various NaCl electrolyte concentrations of
10, 100, 500, and 1000 mM. The NiHCF and Ag electrodes were
used as the working electrodes (diameter = 9 mm), an Ag electrode
was employed as the counter electrode (diameter = 18 mm), and a
KCl-saturated Ag/AgCl electrode was used as a reference electrode. A
glass microfiber filter was used as a separator (thickness: ~110 um;
Whatman).

In addition, a cyclability test of the NiHCF/Ag configuration was
conducted in a two-electrode system. The NiHCF and Ag electrodes
were used as positive and negative electrodes (d = 9 mm),
respectively. Various current densities ranging from S to 30 A m™>
were tested to investigate the rate performance of NiHCF/Ag. The
cycling ability of the NiHCF/Ag cell was conducted for 100 cycles at
a current density of 30 A m™2 based on the geometrical area of the cell
in a voltage window of 0.0—0.8 V in 10 and 1000 mM NaCl solutions.

2.4. Multichannel Desalination Battery System Assembly.
The MC-DB system was configured as shown in Figure 1. The system
consisted of two side channels (2.5 X 2.5 X 1.0 cm®) and one feed
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Figure 2. Scanning electron microscopy (SEM) image of (a) nickel hexacyanoferrate (NiHCF) and (d) silver (Ag) particles. Cyclic voltammogram
of (b) NiHCF and (e) Ag electrodes in 1000 mM NaCl electrolyte (scan rate: 2 mV s™'). X-ray diffraction (XRD) peaks of (c) sodiated and
desodiated NiHCF with Fe,Fe(CN); reference (JCPDS 52-1907) and (f) chlorinated and dechlorinated Ag with their references of Ag (JCPDS 01-

1164) and AgCl (JCPDS 31-1238).

channel (2.5 X 2.5 X 0.3 cm®) formulated by stacking cation- and
anjon-exchange membranes (Selemion, Japan) and mesh spacers. The
active area of the cell was 6.25 cm? and a graphite current collector
was used. Finally, the two Teflon endplates were used to cover the
assembled MC-DB system. Electrochemical impedance spectroscopy
measurement was conducted to evaluate the internal resistance of the
cell (Figure S8, Supporting Information).

2.5. Desalination Performance Test. To investigate the
desalination performance of the MC-DB system, the effect of various
operating parameters including the concentration of source water fed
to the side channels, applied voltage, and current were tested. Ten
millimolar NaCl solution was used to replicate brackish water and fed
to the middle feed (F) channel; NaCl solutions ranging from 10 to
1000 mM were prepared and supplied to the side (S) channel. Note
that beyond 1000 mM NaCl, the osmotic pressure between the
channels becomes too high and the back-diffusion of ions increases
across the ion-exchange membranes. Both the middle and side
channel waters were fed at a flow rate of 5 mL min~". The respective
conditions were denoted as F,,S,, where x ranged from 10 to 1000
mM. The constant voltage operation was evaluated by applying
constant voltages of —1.2/+ 1.2V, —=1.0/+ 1.0 V, and —0.8/+ 0.8 V
for the desalination and regeneration steps, respectively. Each step
was performed for 20 min. Note that the NiHCF (positive) electrode
was negatively biased for the desalination step. The effect of constant
current operation was investigated by performing the desalination step
under current densities ranging from S to 40 A m™> based on the
geometrical area of the MC-DB cell until the cutoff voltage of —1.0 V.

The effluent conductivity of the feed channel was monitored using
a flow-type conductivity meter (3573-10C, Horiba, Japan). The
change in NaCl concentration was obtained by converting the
conductivity data. As the indicator for the amount of NaCl was
removed, the desalination capacity was calculated by integrating the
salt concentration over time during the desalination step, multiplying
by the flow rate and molecular weight of NaCl in the feed solution
and dividing by the total weight of the two electrodes in eq 1 as
follows

36582

M, x [(C = C)x ®xdt
M

e

desalination capacity (mg g_l) =

(1)
where M,, is the molecular weight of NaCl (58.44 g mol™"); C; and C,
are the influent and effluent concentrations (mM), respectively; f is
the duration of the desalination step; @ is the flow rate (mL min™");
and M, is the total weight of both electrodes (g).

The average salt removal rate was obtained by dividing the
accumulated desalination capacity by the duration of the desalination
step.

Energy consumption was calculated by dividing the applied
electrical energy by the total amount of removed ions during the
desalination step. The energy consumption (E) was determined using
eq 2 as follows

energy consumption per mole of salt removed (kJ mol™")
JvxIxat
/(Ci—Ce)xCI)xdt (2)

where V is the applied voltage and I is the respective current during
the desalination step.
The charge efficiency was calculated using eq 3 as follows

J€-c)xdxdt
[1x dt/F 3)

where F is the Faraday constant (96 485 C mol™).

Note that as a highly concentrated solution is fed to the side
channels, there exists a concentration gradient that induces the back
diffusion of salt ions to the feed channel. Under the F4S 000
condition, the conductivity of the influent water changed by 7.2 uS
cm™, which corresponds to the ion flux of 14.8 ug min~". Hence, our
system has a small back diffusion that acts against the ion removal
flux. To accurately evaluate the desalination efficiency, the

charge efficiency =
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Figure 3. (a) Representative effluent profiles and (b) desalination capacity and maximum salt removal rate of the MC-DB at a feed concentration
of 10 mM NaCl in the middle channel (F) with various feed concentrations for the side channel (S) ranging from 10 to 1000 mM (F,S,, x = 10—
1000 mM). The side and feed streams were supplied at a flow rate of S mL min~". A desalination test was performed at a constant cell voltage of
—1.0 and 1.0 V for the desalination and regeneration steps, respectively.

conductivity baseline was adjusted with the ion flux resulting from
back diffusion. In this study, representative results from duplicate or
triplicate experiments are presented.

3. RESULTS AND DISCUSSION

3.1. Electrode Characterization. Figure 2 shows the
morphologies, electrochemical properties, and X-ray diffraction
(XRD) peaks of the NiHCF and Ag electrodes, which are well-
known candidates for cation-capturing (e.g, Na*) and anion-
capturing (e.g, CI7) electrodes. As shown in Figure 2a, the
synthesized NiHCF showed a well-ordered nanocrystal cubic
shape with a size distribution of 300—500 nm. The ordered
structure of NiHCEF is attributed to the kinetically controlled
crystallization method as reported by previous studies.' " The
Na-citrate acted as a chelating agent to prevent rapid reaction
between the metal and hexacyanoferrate ions; hence,
controlled nucleation and crystalline growth occurred. In
particular, energy-dispersive X-ray spectroscopy intensity peaks
from the high-resolution transmission electron microscope
(HRTEM) indicate that synthesized NiHCF had a homoge-
neous distribution of Na, Ni, Fe, C, and N atoms in the crystal
structure, implying that NiHCF was well synthesized (Figure
S1, Supporting Information).

As seen in the CV curve shown in Figure 2b, the NiHCF
electrode exhibited distinct intercalation (sodiation) and
deintercalation (desodiation) of sodium ion peaks within the
potential range of 0.2—0.6 and 0.5—0.8 V, respectively. The
results show the typical shape of the CV curve of the NiHCF
electrode resulting from large ionic channels within the host
lattice structures that are sufficient to intercalate cations
without the desolvation of the hydrated shell.*"** Further-
more, this lattice structure can provide a reversible structural
distortion from a cubic to a rhombohedral structure during
sodiation, as confirmed by the peak analysis in the XRD
pattern (Figure 2c). During sodiation, the synthesized NiHCF,
which originally had representative features of a face-centered
cubic structure similar to that of Prussian blue (Fe,[Fe(CN)g];
(JCPDS 52-1907)), was subject to rhombohedral distortion as
indicated by the doublet peaks at the diffraction line indexes of
220, 420, 440, and 620.*>* NiHCF is a thoroughly studied
material in aqueous Na-ion batteries and known to exhibit a
high charge capacity (~60 mAh g™'), rapid rate performance

for sodium inter/deintercalation in an aqueous phase, and

36583

excellent stability in aqueous condition; thus, it was used as a
suitable Na*-capturing electrode for the MC-DB.*»**~*

Additionally, as shown in Figure 2d, the commercial Ag
particles had a spherical rock shape with a randomly
distributed particle size of 1—4 ym. The CV and XRD pattern
of the Ag electrodes (Figure 2ef) reveal that Ag underwent a
rapid reversible chemical reaction with chloride ions to form
AgCl. Rapid conversion from Ag to AgCl occurred at
approximately 0.17 V (vs Ag/AgCl KCl sat.), whereas the
reduction of AgCl to Ag occurred at —0.18 V (vs Ag/AgCl KCl
sat.). The phase changes of the reversible conversion of Ag and
AgCl were further supported by the XRD pattern of the
chlorinated and dechlorinated Ag. In this study, NiHCF and
Ag were used to formulate a MC-DB and operated according
to the reversible electrochemical eqs 4 and $ as follows

NaNi[Fe’*(CN)g] + xNa* + xe”

— Na,, Ni[Fe’*(CN),],_, [Fe**(CN),], (4)

(s)

3.2. Desalination Performance: Constant Voltage
Operation. The MC-DB provides a unique feature by
independently controlling the surrounding condition of the
electrodes from the target brackish water. Hence, solutions
with different salinities can be supplied to each channel. Figure
3 shows the desalination performance of the MC-DB with a
constant feed of 10 mM NaCl to investigate the effect of the
side channel concentration (F,S,, x = 10—1000 mM). Note
that the change in desalination capacity and average salt
removal rate with respect to time is provided in Figure S2. As
shown in Figure 3a, the growing amplitude of the conductivity
profile change with an increase in side channel concentration
indicated that more ions were removed and released during the
desalination and regeneration steps as the feed concentration
at the side channel increased. Accordingly, the desalination
capacity increased from 17.4 to 52.9 mg g~ with an increase in
the maximum salt removal rate from 0.0191 to 0.0576 mg g~
s™' (production rate of 13.9—42.3 ¢ m™> h™') (Figure 3b).
This threefold improvement in the desalination performance
including desalination capacity and maximum salt removal rate
implies that the MC-DB can provide a high performance even
when treating brackish water with the key aspect of the MC-
DB being the concentration gradient of the middle and side

xAg + xCI” — xAgCl + xe”
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channels. The charge efficiency of the MC-DB system of all
side channel concentrations were found to be close to unity
(~98%), indicating that the MC-DB system was efficiently
developed. In addition, the MC-DB (F(S;000) exhibited high
cyclability by retaining 94.9% of the initial desalination
capacity after 30 cycles (Figure S3, Supporting Information).

The performance improvement in the MC-DB system can
be understood with the enhanced ion transport at the
electrode—electrolyte interface. For example, considering a
cation transport toward the NiHCEF electrode, the cation needs
to travel across the four main regions in the MC-DB system:
low concentration solution, cation-exchange membrane, high-
concentration solution, and the active materials in the
electrodes (as illustrated in Figure S4, Supporting Informa-
tion). There have been several reports indicating that the
highly concentrated electrolyte can improve the rate of ion
transport between the electrode and electrolyte inter-
face.””***! Based on the cyclic voltammogram characterization
of NiHCF (Figure SS, Supporting Information), the apparent
diffusion coeflicient was calculated using the Randles—Sevcik
equation.”” The diffusion coefficient of NiHCF rose from 5.9
X 107" to 1.5 X 107" m? s7" as the surrounding electrolyte
concentration increased from 10 to 1000 mM NaCl. In
addition, as observed from the Nyquist plot shown in Figure
S6, the highly concentrated solution in the side channel
significantly reduced the total internal resistance. The series
resistance (R;) (e.g, ion-exchange membrane, electrolyte),
which constitutes the major portion of the total internal
resistance, decreased from 52.1 to 12.5 Q. A prominent change
was also observed in the charge-transfer resistance (R.). The
R, decreased by 81.4% (15.8 to 2.93 Q) as the side channel
concentration increased from 10 to 1000 mM, indicating that
the concentrated solution provided a much more favorable
environment for the reversible reactions of Na" and CI™ to
occur at the battery electrodes.”® The internal cell resistance of
the MC-DB can be represented as the area-normalized
equivalent series resistance (ANESR), which is an effective
metric to compare the resistance of different cell config-
urations.”* In this study, ANESR of the MC-DB operated with
side channel concentrations of 10, 100, 500, and 1000 mM
NaCl were measured to be 101, 109, 161, and 458 Q cm?,
respectively.

Figure 4 shows the effect of cell voltage on the desalination
performance of the MC-DB (F(S;400)- The suitable range for
constant-voltage operations of the MC-DB (F(S;op) Wwas
obtained through the CV characterization with the MC-DB
cell (the two-electrode system) (Figure S7, Supporting
Information). The CV shows broad reaction peaks over a
voltage range from —1.5 to 1.5 V. The operational cell voltage
of the system was set within a voltage range from —1.2 to 1.2V
to avoid side reactions such as oxygen and hydrogen evolution
reactions. As shown in Figure 4a,b, the desalination capacity
and average salt removal rate improved with the increase of the
applied voltage. For example, as the applied voltage was
changed from —0.8 to —12 V, the desalination capacity
increased from 47 to 58 mg g ' accompanied by an
improvement in the maximum average salt removal rate from
0.0524 to 0.0595 mg g~' s™! (production rate of 36.6—46.3 g
m~> h™'), respectively. This can be explained by an increased
utilizable capacity of battery electrodes as a wider voltage range
is applied. Although increasing the cell voltage results in
improvement in the desalination performance, the energy
consumed per salt removed increased significantly from 78.7 to
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Figure 4. (a) Accumulated desalination capacity, (b) average salt
removal rate, and (c) energy consumed per salt removed for the
desalination step with various applied voltages ranging from —0.8 to
—1.2 V under a F(S;y condition.

111.8 kJ mol™" as the operational voltage was changed from
—0.8 V to —1.2 V (Figure 4c). Hence, there is a trade-off
between the desalination capacity and the energy efficiency. To
further optimize the MC-DB system, various operating
parameters such as flow rate, duration of the desalination
and regeneration steps, number of middle channels, and
thickness of the channels should be investigated.

3.3. Desalination Performance: Constant-Current
Operation. The MC-DB was further evaluated under a
constant current operation to test the feasibility of the high
current operation of the battery materials even when treating
low-saline media such as brackish water. The CDI Ragone plot
(Figure 5) effectively presents the capacity and rate perform-
ance of the electrochemical ion separation desalination
systems.” Here, we show the desalination capacity and
average salt removal rate, which was obtained by dividing the
desalination capacity by the duration of the desalination step.
As shown in Figure S, a greater impact of the side channel
concentration was observed on the desalination performance
of the MC-DB at a high applied current (high salt removal
rate) compared to a low applied current (low deionization
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Figure 5. CDI Ragone plot obtained with a constant current
operation (specific current of 5—40 A m™>) with a cutoff voltage at
—1.0 V. A desalination test was performed at a constant feed
concentration of 10 mM NaCl in the middle channel with various
feed concentrations for the side channel (S) ranging from 10 to 1000
mM (F,S,, x = 10—1000 mM) at a flow rate of 5 mL min~.

rate). For example, at a low applied current of 10 A m™?, the
MC-DB showed a high desalination capacity of approximately
25.7—52.8 mg g~' under operating conditions from F(S, to
F10S1000- Meanwhile, at a high applied current operation, the
capacity was significantly different from 8.5 mg g™" at F,S,, to
34.1 mg g~" at F4S;000- The high salinity in the side channel
led to a greater capacity retention, which implies that the rate
capability is significantly improved. This can be explained by

the highly concentrated media in the side channel inducing a
rapid ion diffusion by providing more available ions at the
electrode—electrolyte interface. Note that at FS;, the
maximum operable current density was 15 A m™2, whereas at
F10S1000, the system could operate at a high current density of
40 A m™> This is a fast operation with a remarkable
desalination capacity, even compared to the previous electro-
chemical desalination systems (constant current operation
conditions of 2.8—20 A m™2).'°~"#°7%? Degpite the complex-
ity of the MC-DB configuration, the performance of the
battery electrodes are enhanced by improving the mass transfer
at the electrode—electrolyte interface and reducing the system
resistance. For the MC-DB to be used in practical application,
further study regarding the scale up of the system should be
conducted.

To further understand the superior desalination perform-
ance of the MC-DB based on concentration gradient, the effect
of salinity on the electrochemical properties of the electrode
materials was examined using a custom-designed electro-
chemical cell (Figure S8, Supporting Information). Figure 6a,b
displays the potential curves of the NiHCF and Ag electrodes
measured in the three-electrode system at various electrolyte
concentrations (10—1000 mM NaCl) at a constant current of
10 A m™ As shown in the discharging curves (Figure 6a,b),
the specific capacity increased from 30.5 to 58.0 mAh g~ for
the NiHCF electrode and 72.0 to 86.0 mAh g™' for the Ag
electrode. This enhancement was attributed to the presence of
more accessible ions at the electrode—electrolyte interface as
the electrolyte concentration increased. Note that as the
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Figure 6. Galvanostatic discharging profiles for the (a) NiHCF and (b) Ag electrodes under different NaCl concentrations at a current density of
10 A m™2 (c) Capacity retention of the NiHCF/Ag system at different current densities for various NaCl concentrations. (d) Capacity change of
the NiHCF/Ag system cycled for 100 cycles in 10 and 1000 mM NaCl solutions at a current density of 30 A m™>.

36585

DOI: 10.1021/acsami.9b 10003
ACS Appl. Mater. Interfaces 2019, 11, 36580—36588


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b10003/suppl_file/am9b10003_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b10003

ACS Applied Materials & Interfaces

Research Article

electrolyte concentration increased, the specific capacity of the
synthesized NiHCF reached close to the theoretical capacity of
NiHCF and other PBA (~60 mAh g™*).** On the other hand,
the specific capacity of the Ag electrode only reached up to
one-third of the theoretical capacity of Ag (248 mAh g™/,
assuming that one Ag atom reacts with one Cl atom). Perhaps,
the Ag/AgCl conversion reaction may have remained only at
the surface of the electrode. Although the specific capacity of
the Ag electrode can be improved by increasing the surface
area and enhancing the electronic conductivity of AgCl, more
stable and low-cost anion-capturing electrodes are needed for
practical application.

Figure 6¢,d shows the galvanostatic performances and the
cycling stability of the NiHCF/Ag system (two-electrode
system) at various electrolyte concentrations. Figure 6¢ shows
that the capacity retention of the NiHCF/Ag system improved
with respect to the electrolyte concentration. As the charge and
discharge rates increased from 10 to 30 A m™% the specific
capacity decreased by 33.1, 26.7, 5.1, and 1.2% for the 10, 100,
500, and 1000 mM NaCl solutions, respectively, indicating that
electrolyte concentration plays an important role in trans-
porting ions as charge carriers. Furthermore, the electrolyte
concentration also affects the cycle performance of the
NiHCF/Ag system (Figure 6d). For example, after charging
and discharging the system with a current density of 30 A m™>
for 100 cycles, an 81.3% capacity loss was observed for 10 mM
NaCl, whereas only a 2.0% decrease was observed under the
1000 mM NaCl condition. This result was further investigated
through the XRD characterization of the NiHCF electrodes
(Figure S9, Supporting Information). The XRD spectra of the
cycled NiHCF in the 1000 mM NaCl showed a negligible
structural change compared to that of the pristine electrode,
which are fully intercalated with Na'. However, the doublet
peaks in the 220, 420, 440, and 620 indexes changed to singlet
peaks in the cycled NiHCF at 10 mM NaCl, indicating that the
electrode is partially sodiated after cycling. This distinct change
in the crystal structure could be related to an incomplete redox
reaction because of the insufficient mass transfer of ions to the
lattice structure when a potential difference is applied.

4. CONCLUSIONS

In this study, an MC-DB was successfully demonstrated as an
effective design to mitigate the intrinsic mass-transfer
limitation at the electrode—electrolyte interface, which is a
key issue in treating brackish water using a DB. The MC-DB
system consists of two side channels and a middle feed channel
divided by cation- and anion-exchange membranes. The cell
architecture allows one to provide a highly concentrated
solution to the electrodes, which exhibit not only a high
capacity but also enhanced rate capability. The MC-DB system
showed a desalination capacity of 52.9 mg ¢! and a maximum
salt removal rate of 0.0576 mg g~' s™' for the brackish water
desalination (10 mM NaCl), approximately three times that
under no concentration-gradient operation. In addition, the
MC-DB deionized brackish water under a rapid operating
condition (40.0 A m™>) with a remarkable desalination
capacity of 34.1 mg g~', notably fast even compared to the
performances of the previously reported DB systems. From
these results, we can infer that the MC-DB could be a viable
system design to enhance the performance of DB by offering
an optimal environment for the electrodes.
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