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a b s t r a c t 

Effectively storing electricity produced from renewable sources and increasing the supply of fresh water with a 
reduced carbon footprint are two pressing issues to sustainably and reliably provide electricity and clean water. 
In this study, a new aqueous rechargeable Na-ion battery system, which can store/release energy while operating 
in seawater and can also perform membrane-free seawater desalination, is developed enabling a dual-purpose 
energy storage system (ESS). The discharging cell of this system is composed of a sodiated NaTi 2 (PO 4 ) 3 electrode 
and a desodiated nickel hexacyanoferrate (NiHCF) electrode in 0.6 M NaCl, and generates an average output 
voltage of 1.19 V. The charging process is achieved in two separate cells that require low input voltages. In 
the first, a desodiated NaTi 2 (PO 4 ) 3 electrode is paired with Bi as a Cl-storage electrode, and this cell performs 
desalination during charging. In the second, a sodiated NiHCF electrode is paired with a chlorinated Bi electrode, 
and this cell performs salination during charging. The energy output generated by the discharging cell is ~94% 

of the combined energy inputs required by the two charging cells. As the energy consumed for the desalination 
and salination processes is not truly consumed but rather stored in the system through the charging process, and 
the majority of the energy stored during charging is recovered during discharging, the extra energy consumed 
for desalination is minimized. The high energy efficiency and desalination performance of the proof-of-concept 
dual-purpose ESS are reported with excellent cyclabilities of all component electrodes ( > 1000 cycles). 
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. Introduction 

Concerns about the negative environmental impacts of fossil fuels
nd an increase in global energy demands have inspired the develop-
ent of technologies that utilize renewable energy sources such as solar,
ind, and tidal to produce green electricity [1] . However, the intermit-
ent nature of renewable energy sources necessitates integration of these
echnologies with energy storage systems (ESSs) [2–4] . ESSs can store
lectricity during times of excess electricity production and can then
elease that electricity in times of high energy demand. Integration of
enewable energy technologies and ESSs allows for the development of
 robust and reliable electricity system [5 , 6] . 
Li-ion batteries (LIBs) are presently one of the most advanced tech-

ologies for ESSs due to their high energy density, long cycle life, and
xcellent energy efficiency [7–10] . However, the high cost, performance
eliability, and safety of LIBs are challenges that still need to be ad-
ressed for LIBs to be used in large-scale ESSs [10–14] . Recently, aque-
us rechargeable Na-ion batteries (ARNBs) have emerged as a promising
lternative energy storage solution [11–13] . In general, Na-ion batteries
re less expensive than Li-ion batteries, and the use of an aqueous elec-
rolyte eliminates various issues caused by the use of non-aqueous elec-
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rolytes in LIBs; aqueous electrolytes are safer, cheaper, and more en-
ironmentally benign than non-aqueous electrolytes [14 , 15] . Aqueous
lectrolytes also enable higher ionic conductivities than non-aqueous
lectrolytes [11 , 12] . One disadvantage of ARNBs is a relatively low cell
oltage that is inevitably restricted by the water reduction and oxida-
ion potentials. However, if the advantages offered by ARNBs can be
ractically realized at a large scale, the merits of ARNBs may outweigh
his limitation to make ARNBs a viable candidate for ESSs. 
In this study, we present a new ARNB system that can operate in

eawater and can also achieve seawater desalination, which drastically
ncreases the benefits offered by ARNBs to make ARNBs more attractive
andidates for ESSs. This new ARNB system combines the advantages of
RNBs and desalination batteries. Desalination batteries are recharge-
ble batteries that consist of a Na-storage electrode and a Cl-storage
lectrode [16 , 17] . The charging and discharging processes in desalina-
ion batteries are coupled with the removal and release of Na + and Cl − 

16–25] . The Na-storage and Cl-storage electrodes used in desalination
atteries store Na + and Cl − in the bulk of the electrodes through the
ormation of chemical bonds, which increases the salt removal capacity
elative to capacitive deionization (CDI) [16–27] . Because desalination
atteries are rechargeable batteries, they can also store energy during
February 2021 
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harging. However, the output voltage generated by desalination batter-
es during discharging is typically lower than that of ARNBs [16,17,28] .
his is because the chlorination potential of the Cl-storage electrode typ-
cally lies between the sodiation potentials of the two Na-storage elec-
rodes chosen to maximize the output voltage of ARNBs [16 , 17 , 28] . The
ow output voltage is not a problem for desalination batteries because
he primary purpose of desalination batteries is not to maximize the out-
ut voltage but to achieve desalination with a minimum energy input
28] . However, the low output voltage will prevent the use of desalina-
ion batteries as efficient ESSs. 
In the new ESS demonstrated in this study, a seawater ARNB was

onstructed to achieve a maximum output voltage during discharging.
he charging process was performed in two separate cells that use the
esalination and salination reactions to store energy with a low input
oltage. During the discharging process, the ARNB discharging cell gen-
rates an output voltage that is the sum of the input voltages of the
wo charging cells, which is much greater than the output voltage that
an be generated by traditional desalination batteries. We note that the
harging process that requires an energy input is a necessary step for
ny battery to enable energy storage. As the energy consumed for the
esalination and salination processes is not truly consumed but rather
tored in the system through the charging process, and the majority of
he energy stored during charging is recovered during discharging, the
xtra energy consumed for desalination is minimized. The new ARNB
ystem presented in this study provides a dual-purpose ESS that can op-
rate using seawater as the electrolyte and generates both electricity and
esalinated water as useful products. 

. Results and Discussion 

.1. Operating Principles 

Our system uses two Na-storage electrodes and one Cl-storage elec-
rode to construct two charging cells and one discharging cell. Charg-
ng Cell 1 is composed of NASICON-type NaTi 2 (PO 4 ) 3 [29–32] as the
a-storage electrode and Bi [17 , 24 , 33 , 34] as the Cl-storage electrode
 Fig. 1 a). In this cell, Na-storage by NaTi 2 (PO 4 ) 3 and Cl-storage by Bi
ccur through the following reactions to achieve desalination: 

athode reaction: 

∕2 NaT i 2 
(
PO 4 

)
3 + 3Na + + 3e − → 3∕2Na 3 Ti 2 

(
PO 4 

)
3 (1) 

node reaction: 

i + Cl − + H 2 O → BiOCl + 2H 
+ + 3 𝑒 − (2) 

In Charging Cell 1, the cathode potential (sodiation potential of
aTi 2 (PO 4 ) 3 ) is more negative than the anode potential (chlorination
otential of Bi), which means that the cell voltage (E cell , E cell = E cathode 
 E anode ) is negative ( Fig. 1 d). Thus, the overall reaction is non-
pontaneous and requires an energy input, equivalent to charging. Dur-
ng operation of the cell, Na + and Cl − are removed from seawater that
s used as the feedwater and so Charging Cell 1 is also a desalination
ell. Because the removal of Na + and Cl − in the desalination charg-
ng cell occurs through ion-specific electrode reactions, desalination is
chieved without the use of a membrane. We note that reverse osmosis
RO) and other electrochemical desalination methods (e.g. electrodial-
sis) are based on the use of a membrane, and extra procedures and
reatment steps are required to alleviate membrane fouling [35 , 36] . 
Charging Cell 2 is composed of a sodiated nickel hexacyanoferrate

NiHCF) electrode and a chlorinated Bi electrode, BiOCl ( Fig. 1 b). NiHCF
s a type of Prussian Blue Analogue (PBA) with the nominal formula
 x MFe(CN) 6 ∙nH 2 O (A: alkali metal ion, M: divalent transition metal ion,
 ≤ x ≤ 2) [38–41] . In this cell, Cl − is released from BiOCl through
he reverse reaction of Eq. 2 ( Eq. 3 ), and Na + is released from NiHCF
 Eq. 4 ). 
557 
athode reaction: 

iOCl + 2H 
+ + 3 𝑒 − → Bi + Cl − + H 2 O (3) 

node reaction: 

Na 2 NiF e II ( CN ) 6 → 3 NaNiF e III ( CN ) 6 + 3Na + + 3 𝑒 − (4) 

In this cell, the cathode potential (dechlorination potential of BiOCl)
s more negative than the anode potential (desodiation potential of Ni-
CF), which means that E cell is negative ( Fig. 1 e). Thus, the overall
eaction is non-spontaneous and requires an energy input, equivalent to
harging. Because Na + and Cl − are released into the feedwater during
he cell reaction, Charging Cell 2 is also a salination cell. 
Discharging Cell is composed of a sodiated NaTi 2 (PO 4 ) 3 electrode

nd a desodiated NiHCF electrode. In this cell, Na + will be released
rom NaTi 2 (PO 4 ) 3 (reverse reaction of Eq. 1 ) and inserted into NiHCF
reverse reaction of Eq. 4 ). In this cell, the cathode potential (sodi-
tion potential of NiHCF) is more positive than the anode potential
desodiation potential of NaTi 2 (PO 4 ) 3 ), which means that E cell is pos-
tive ( Fig. 1 f). Thus, the overall reaction is spontaneous and generates
n energy output, equivalent to discharging. As the desodiation poten-
ial of NaTi 2 (PO 4 ) 3 is very close to the water reduction potential, and
he sodiation potential of NiHCF is very close to the water oxidation
otential, the combination of these two electrodes enables the gener-
tion of the maximum output voltage allowed for ARNBs. When the
ischarging process is complete, the desodiated NaTi 2 (PO 4 ) 3 electrode
an be used in Charging Cell 1, and the sodiated NiHCF electrode can be
sed in Charging Cell 2 to allow for repeated charging and discharging
ycles. 
In a typical ARNB, the same two electrodes are used for both dis-

harging and charging, and the input voltage required for charging is
omparable to the output voltage generated during discharging. In our
ew system, rather than combining NaTi 2 (PO 4 ) 3 and NiHCF to perform
he charging process, the charging process is divided and performed in
wo separate cells. In the charging cells, NaTi 2 (PO 4 ) 3 and NiHCF are
ach combined with Bi/BiOCl that has a chlorination/dechlorination
otential that lies between the sodiation/desodiation potentials of
aTi 2 (PO 4 ) 3 and NiHCF. This new cell design provides two major ad-
antages. First, while the typical charging process is used only to store
nergy, in our new design the two charging cells perform desalination
Charging Cell 1) and salination (Charging Cell 2) concurrently with en-
rgy storage. As a result, our new device achieves desalination during
harging and generates electricity during discharging. We note that all
onventional desalination methods (distillation, RO, electrodialysis) al-
ays consume energy to convert the feedwater to desalinated water and
ave no ability to store energy. Second, the input voltages required for
he charging process of Charging Cell 1 and Charging Cell 2 are approx-
mately half of the input voltage that would be required to charge the
ell composed of NaTi 2 (PO 4 ) 3 and NiHCF electrodes. While the total en-
rgy required to charge the system does not change, the use of charging
ells that require a lower input voltage may allow these cells to utilize a
reater fraction of renewable electricity with fluctuating power. These
wo advantages increase the efficacy of the proposed ARNB system and
ake it a highly attractive novel candidate for ESSs. 

.2. Enhanced Cyclability of Electrodes Enabled by New Fabrication 

ethod 

While our new ARNB system is conceptually plausible, it cannot be
onsidered as a practically viable ESS unless all the component elec-
rodes exhibit long-term cyclability. The long-term cyclability of the Bi
lectrode is of a particular concern. This is because, unlike NaTi 2 (PO 4 ) 3 
nd NiHCF that achieve sodiation through intercalation with a mini-
al structural change of the host material, chlorination of Bi results in
 158% volume expansion, forming a different phase, BiOCl (Fig. S1)
17] . Therefore, repeated conversion between Bi and BiOCl can result
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Fig. 1. A schematic diagram illustrating the operation of (a) Charging Cell 1, (b) Charging Cell 2, and (c) Discharging Cell with the expected cathode and anode 
potentials for (d) Charging Cell 1, (e) Charging Cell 2, and (f) Discharging Cell. 
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n degradation of the electrode. However, Bi is the most practical can-
idate for use as a large-scale Cl-storage electrode reported to date be-
ause of its relatively low cost, high specific capacity of 384.75 mAh g − 1 

Cl-storage capacity = 169.6 mg Cl /g Bi ), exceptional stability in a wide
ange of pH conditions, and high Faradaic efficiency for Cl − removal
17 , 24 , 33 , 34] . Previously, we demonstrated that an electrodeposited Bi
oam electrode could be cycled 200 times [17] , which is not sufficient
o seriously consider the use of Bi electrodes for a practical ESS. Thus,
e invested a significant amount of effort to develop a new fabrication
ethod to enable long-term cyclability of Bi electrodes. 
Our new fabrication method involves the preparation of Bi elec-

rodes as sheet-type electrodes. In this process, a high-energy ball mill is
sed to mix Bi powder with a conductive carbon agent. A polytetraflu-
roethylene (PTFE) binder is then added to the Bi/carbon mixture and
 rolling-pressing procedure is used to fabricate sheet-type electrodes.
nlike commercial battery electrodes that are manufactured by casting
 slurry onto a metallic current collector, sheet-type electrodes are flex-
ble and mechanically robust ( Fig. 2 a); they can bend without cracking
r delaminating from a current collector. In the sheet-type electrode, in-
ividual Bi particles are encapsulated by carbon and binder coating lay-
rs ( Fig. 2 b). In the nanocrystalline Bi foam electrode that we reported
reviously, pulverization results in the formation of disintegrated parti-
les, which are mechanically detached from the electrode, resulting in
apacity fading [17] . However, in this new sheet-type electrode, individ-
al Bi particles are surrounded by a 3D network of carbon and binder,
nd so even if disintegrated sub-particles are formed by pulverization,
hey still remain within the encapsulated region. Therefore, as long as
he Bi particles remain in contact with the conductive carbon, they can
till participate in electrochemical reactions, which alleviates capacity
ading. 
Another effective strategy that we employed to increase the cyclabil-

ty of Bi was to use Bi 2 O 3 particles instead of Bi particles to fabricate the
forementioned sheet-type electrodes. We hypothesized that the encap-
ulation method would work best if the encapsulation layer is formed
558 
hen the electrochemically active species is at its greatest volume (i.e.
iOCl rather than Bi). This strategy ensures that sufficient volume is
ecured within the encapsulated area so that the encapsulating layer
oes not need to further expand during cycling, minimizing possible
tructural damage. However, when we used BiOCl particles instead of
i particles in our fabrication process, we found that the quality of the
dhesion between the carbon and BiOCl particles was not as good as that
etween the carbon and Bi particles. Therefore, the use of BiOCl parti-
les did not result in a notable enhancement in the cyclability. Thus, we
sed Bi 2 O 3 particles instead of BiOCl particles to prepare our sheet-type
lectrodes; the volume of Bi 2 O 3 is larger than that of Bi by 135%, and
he use of Bi 2 O 3 results in good adhesion with carbon (Fig. S1-2). Fur-
hermore, commercial Bi 2 O 3 is significantly cheaper than commercial
iOCl and will be more compatible with the large-scale fabrication of
i electrodes. After electrode fabrication, the resulting sheet-type Bi 2 O 3 
lectrodes were first electrochemically reduced to Bi. The Bi electrodes
ere then used for the conversion between Bi and BiOCl through chlo-
ination and dechlorination (Fig. S3). 
Another important strategy that we used to achieve maximum cycla-

ility of Bi was not to completely convert Bi to BiOCl during the cycling
est. Instead, we chose to use only ~33% of the Bi for electrochemi-
al reactions, and the remaining Bi was used to maintain the structural
ntegrity of the electrode. During chlorination, the formation of BiOCl
egins at the Bi/electrolyte interface, and the Bi/BiOCl phase boundary
oves from the Bi/electrolyte interface toward the Bi/carbon interface

 Fig. 2 c-d). Therefore, by limiting the capacity during the cycling tests,
he Bi at the Bi/carbon interface can remain as Bi to maintain good elec-
rical contact to carbon. If full conversion of Bi is used during the cycling
ests, while the Bi directly bound to carbon is transformed to BiOCl, the
i/carbon contact can become loose or get damaged, resulting in the for-
ation of electrochemically isolated Bi/BiOCl particles that ultimately
auses capacity fading. 
The cyclabilities of the sheet-type Bi electrodes tested using 100%

nd ~33% of the capacity of Bi are compared in Fig. 3 a-d. The cyclabil-
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Fig. 2. (a). Photographs of a sheet-type Bi electrode and (b) a schematic illustration of the structure of the sheet-type Bi electrode. (c) A diagram depicting the 
growth of BiOCl upon oxidation of Bi through the insertion of Cl − and O 2 − into the Bi lattice. The Bi/BiOCl phase boundary moves from the Bi/electrolyte interface 
toward the Bi/carbon interface. (d) Crystal structure of BiOCl composed of 2D BiOCl layers stacked perpendicular to the [001] direction. The movement of Cl − and 
O 2 − can readily occur along directions perpendicular to the [001] direction. 
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ty of the Bi electrode was evaluated in 0.6 M NaCl, an electrolyte that
imics the salinity of seawater. The Bi electrodes were cycled galvano-
tatically at a current density of ± 4 mA cm 

− 2 (~1.5 C-rate) with cutoff
otentials of 0.7 V and − 1.45 V vs Ag/AgCl for chlorination and dechlo-
ination, respectively. The potential-capacity plots obtained using 100%
f the capacity of the Bi electrode are shown in Fig. 3 a. The initial chlo-
ination and dechlorination capacities were 283.70 and 306.85 mAh
 
− 1 , respectively. The average potentials observed during chlorination
nd dechlorination were 0.08 V and − 0.78 V vs Ag/AgCl, respectively.
RD patterns confirmed the formation of BiOCl after chlorination and
he disappearance of BiOCl after dechlorination (Fig. S3). The change
n the chlorination capacity over 1200 cycles is shown in Fig. 3 b. The
hlorination capacity after 200 cycles was 268.13 mAh g − 1 , correspond-
ng to a capacity retention of 94.5%. This is a remarkable improvement
ompared with the performance of the previously reported electrode-
osited Bi foam electrode, which maintained only ~60% of its initial
apacity after 200 cycles [17] . The improvement in cyclability clearly
emonstrates the advantage of our new fabrication method. However,
fter 200 cycles the capacity of the sheet-type Bi electrode decreased
radually, and after the 1114 th cycle the capacity dropped below 100
Ah g − 1 . The average Coulombic efficiency throughout the cycling test
as ~104 %. 
When the chlorination capacity was restricted to 100 mAh g − 1 

~33% of the full capacity), a capacity of 100 mAh g − 1 was maintained
or 7200 cycles with no decrease in performance ( Fig. 3 c-d). Also, com-
aring the accumulated capacity of the Bi electrodes before the capacity
f Bi drops below 100 mAh g − 1 (shaded areas in Fig. 3 b and 3 d) reveals
hat the Bi electrode cycled with a restricted capacity has an accumu-
ated capacity that is 3.4 times larger than that of the Bi electrode cycled
ith its full capacity. This performance is remarkable and clearly illus-
rates the advantage of restricting the capacity of the Bi electrode to 100
Ah g − 1 to increase the electrode lifetime. When the Bi electrode op-
559 
rates with a restricted capacity, the Bi that does not participate in the
lectrochemical reactions should not necessarily be considered as capac-
ty that is not fully utilized but rather as an inexpensive conductive and
tructural component of the electrode. The rational design of electrode
abrication and operational conditions presented here enabled the use
f Bi electrodes for more than 7000 cycles with no loss in performance,
llowing us to consider the use of Bi for practical ESS and desalination
pplications. 
Inspired by such a remarkable improvement in the lifetime of Bi en-

bled by our new fabrication method, NaTi 2 (PO 4 ) 3 was also fabricated
s a sheet-type electrode following the same procedure. Detailed syn-
hesis conditions and structural characterization of NaTi 2 (PO 4 ) 3 pow-
er, as well as the electrode fabrication procedure can be found in the
xperimental section and SI (Fig. S4-S5). The cycle performance of the
heet-type NaTi 2 (PO 4 ) 3 electrode was investigated in 0.6 M NaCl at a
urrent density of ± 2 mA cm 

− 2 (~1.5 C-rate) with cutoff potentials
f − 0.93 V and − 0.2 V vs Ag/AgCl for sodiation and desodiation, re-
pectively. The potential-capacity plots obtained during sodiation and
esodiation are shown in Fig. 3 e and agree well with those reported
n previous studies of NaTi 2 (PO 4 ) 3 [31 , 32] . The average potentials ob-
erved during sodiation and desodiation were − 0.83 V and − 0.71 V vs
g/AgCl, respectively. 
The change in the sodiation capacity over 1000 cycles is shown in

ig. 3 f. The initial sodiation capacity of the NaTi 2 (PO 4 ) 3 electrode was
6.83 mAh g − 1 and it decreased slightly to 56.85 mAh g − 1 after 1000
ycles, corresponding to a capacity retention of 85.1%, with a Coulom-
ic efficiency of 93.5% throughout the test. This is a remarkable im-
rovement in the cycle performance of NaTi 2 (PO 4 ) 3 in 0.6 M NaCl.
n our previous study we prepared a NaTi 2 (PO 4 ) 3 electrode by mix-
ng NaTi 2 (PO 4 ) 3 powder with a conductive carbon additive and PTFE
inder by hand in a mortar and pestle, and demonstrated only 50 sodia-
ion/desodiation cycles (94.2% capacity retention) [17] . It appears that
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Fig. 3. (a). Potential-capacity plots and (b) cyclability and Coulombic efficiency of the Bi electrode at ± 4 mA cm 
− 2 in 0.6 M NaCl with cutoff potentials of − 1.45 

V and 0.7 V vs Ag/AgCl. (c) Potential-capacity plots and (d) cyclability and Coulombic efficiency of the Bi electrode when the chlorination capacity was restricted 
to 100 mAh g − 1 . (e) Potential-capacity plots and (f) cyclability and Coulombic efficiency of the NaTi 2 (PO 4 ) 3 electrode in 0.6 M NaCl at ± 2mA cm 

− 2 with cutoff
potentials of − 0.93 V and − 0.2 V vs Ag/AgCl. (g) Potential-capacity plots and (h) cyclability and Coulombic efficiency of the NiHCF electrode in 0.6 M NaCl at ± 4 
mA cm 

− 2 with cutoff potentials of 0.0 V and 0.9 V vs Ag/AgCl. 

560 
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l  
he use of a high-energy ball mill allowed for more uniform and intimate
arbon coating of the NaTi 2 (PO 4 ) 3 particles. The rolling-pressing proce-
ure also facilitated better contact between carbon-coated NaTi 2 (PO 4 ) 3 
articles within the electrode, resulting in the formation of high-quality
lectrodes that demonstrated good cyclability. With further optimiza-
ion, we believe that the lifetime of NaTi 2 (PO 4 ) 3 can be further im-
roved. 
NiHCF was also fabricated as a sheet-type electrode using the same

rocedure. Detailed synthesis conditions and structural characterization
f NiHCF powder, as well as the electrode fabrication procedure can be
ound in the experimental section and SI (Fig. S6-S7, Table S1). The cy-
le performance of the sheet-type NiHCF electrode was investigated in
.6 M NaCl at a current density of ± 4 mA cm 

− 2 (~6 C-rate) with cutoff
otentials of 0.0 V and 0.9 V vs Ag/AgCl for sodiation and desodiation,
espectively. The potential-capacity plots obtained during sodiation and
esodiation are shown in Fig. 3 g. The average potentials observed dur-
ng sodiation and desodiation were 0.36 V and 0.56 V vs Ag/AgCl, re-
pectively. 
The long-term cycle performance of the NiHCF electrode is shown in

ig. 3 f. The initial sodiation capacity of the NiHCF electrode was 50.25
Ah g − 1 and the sodiation capacity after 5000 cycles was 49.6 mAh g − 1 ,
orresponding to a capacity retention of 98.7% ( Fig. 3 f). Furthermore,
he NiHCF electrode demonstrated an impressive Coulombic efficiency
f 99.8% throughout the cycling test. A Coulombic efficiency near 100%
llustrates the highly reversible redox properties of NiHCF and indicates
hat no parasitic side reactions or irreversible phase transitions occur
uring the cycling test. The cycle performance of NiHCF shown here
s a significant improvement compared with the cycle performance of
iHCF reported in our previous study [41] . In this previous study, the
iHCF electrode was prepared by mixing NiHCF powder with a conduc-
ive carbon additive and PTFE binder by hand in a mortar and pestle, and
he capacity retention of this electrode after 200 cycles was 95%. The
mproved performance demonstrated by sheet-type NiHCF electrodes
gain highlights the advantages of our new processing method. 
The results presented in this section show that the electrodes chosen

or our new electrochemical system can serve as practical component
lectrodes for our dual-purpose ARNB. We believe that the cyclability
f the electrodes shown here can be further improved by continued op-
imization of the electrode fabrication process. In the next section, we
ill describe how these electrodes can be used to construct a combined
esalination/ARNB system, and we will examine the energy storage and
esalination capabilities of the system. 

.3. Operation of Charging and Discharging Cells 

The energy storage and release processes and the desalination perfor-
ance of the aqueous rechargeable system combining Bi, NaTi 2 (PO 4 ) 3 ,
nd NiHCF electrodes were investigated galvanostatically. During the
ell operation, the individual potentials of the anode and cathode were
onitored against an Ag/AgCl reference electrode. 
The performance of Charging Cell 1 composed of Bi and NaTi 2 (PO 4 ) 3 

lectrodes was investigated in 0.6 M NaCl at a current density of 1.33
A cm 

− 2 (~0.5 C-rate based on the Bi electrode) until the capacity of
he Bi electrode reached 100 mAh g − 1 ( Fig. 4 a). The individual poten-
ial profiles show that the reduction of NaTi 2 (PO 4 ) 3 (sodiation/cathode)
ccurs at − 0.807 V vs Ag/AgCl while the oxidation of Bi to BiOCl (chlo-
ination/anode) occurs at − 0.067 V vs Ag/AgCl. Thus, the average input
oltage required to operate Charging Cell 1 is 0.74 V. Charging Cell 1
lso removed Na + and Cl − from the electrolyte to achieve desalination.
The performance of Charging Cell 2 composed of Bi and NiHCF elec-

rodes was examined in an acidic solution containing 70 mM HCl (pH
.3). The use of an acidic solution was necessary to improve the dechlori-
ation kinetics of BiOCl [17 , 24 , 33 , 34] , and therefore decrease the input
oltage required to operate Charging Cell 2. In our previous study we
horoughly investigated the electrochemical properties of Bi and found
hat while the chlorination kinetics of Bi are fast in neutral solutions,
561 
he dechlorination kinetics of BiOCl are slow and require a large over-
otential in neutral solutions. This is because dechlorination of BiOCl
nvolves the release of both Cl − and O 

2 − from the BiOCl lattice (reverse
f Fig. 2 c). We discovered that the use of an acidic electrolyte where H 

+ 

an serve as an O 
2 − acceptor can drastically reduce the overpotential

equired for the reduction of BiOCl (Fig. S8). (Detailed overpotential
nalyses for the conversion between Bi and BiOCl using linear sweep
oltammograms can be found in our previous study [17] .) While Charg-
ng Cell 1 is designed to achieve seawater desalination and must use
eawater as the feedwater, Charging Cell 2 is designed to regenerate the
i electrode and does not need to use seawater as the feedwater; the
hoice of electrolyte for Charging Cell 2 is flexible. Therefore, an acidic
lectrolyte was used to minimize the energy input required for Charg-
ng Cell 2. (Acidic wastewater or acidified seawater can be used for the
ractical implementation of Charging Cell 2.) 
Other than the electrolyte type, the performance of Charging Cell 2

as investigated with the same operating conditions as Charging Cell
 ( Fig. 4 b). The individual potential profiles show that the reduction
f BiOCl to Bi (dechlorination/cathode) occurs at − 0.147 V vs Ag/AgCl
n average while the oxidation of NiHCF (desodiation/anode) occurs
t 0.367 V on average, indicating that the Bi/NiHCF cell requires an
verage input voltage of 0.514 V ( Fig. 4 b). 
The performance of Discharging Cell composed of NiHCF and

aTi 2 (PO 4 ) 3 electrodes was investigated in 0.6 M NaCl at a current den-
ity of 1.33 mA cm 

− 2 . The individual potential profiles show that the re-
uction of NiHCF occurs at 0.41 V (sodiation/cathode) on average while
he oxidation of NaTi 2 (PO 4 ) 3 occurs at − 0.78 V (desodiation/anode) on
verage, resulting in an average output voltage of 1.19 V. Considering
hat the thermodynamic electrochemical stability window of aqueous
lectrolytes is 1.23 V due to the occurrence of water oxidation and wa-
er reduction, the output voltage reported here approaches the thermo-
ynamic limit. Therefore, the combination of NiHCF and NaTi 2 (PO 4 ) 3 
lectrodes is suitable to construct an ANRB with a maximum output
oltage. The fact that this cell is truly a discharging cell and can gen-
rate electricity was visually demonstrated by connecting the cell to a
mall LED bulb. The LED bulb was illuminated when the NiHCF and
aTi 2 (PO 4 ) 3 electrodes were simply immersed in seawater (no external
lectrical energy was supplied) (Fig. S9). 
The energy efficiency of the system (energy output divided by en-

rgy input, multiplied by 100%) was examined by dividing the output
nergy generated by Discharging Cell by the sum of the input energies
equired to operate Charging Cells 1 and 2. The energy output and in-
uts required for the electrochemical reactions were calculated by in-
egrating the areas between the cell voltage (the difference between
he cathode and anode potentials) and capacity plots (the shaded re-
ions in Fig. 4 a-c). We note that the capacities of the three cells were
lightly different (100 mAh g Bi − 1 for Charging Cell 1, 105.29 mAh g Bi − 1 

or Charging Cell 2, and 105.36 mAh g Bi − 1 for Discharging Cell) (Fig.
10a-c). This is because the Coulombic efficiency of the Bi electrode is
lightly higher than 100% ( Fig. 3 d) (i.e. the dechlorination capacity is
lightly greater than the chlorination capacity). A detailed explanation
f the effect of this phenomenon on the capacities of the three cells is
rovided in the experimental section. When the as-obtained potential-
apacity plots of Charging Cells 1 and 2 and Discharging Cell were used
o calculate the energy efficiency of the system, the energy efficiency
as overestimated (~99%) (Fig. S10d). In order to obtain a more ac-
urate energy efficiency, we normalized the capacities of all three cells
o be identical (100 mAh). With the potential-normalized capacity plots
hown in Fig. 4 a, the energy inputs required for Charging Cell 1 and
harging Cell 2 were calculated to be 74.10 mW and 51.44 mW, respec-
ively, giving a total energy input of 125.54 mW. The energy output
enerated by Discharging Cell was calculated to be 118.73 mW. There-
ore, the energy efficiency of the system was found to be 94.6% for the
rst cycle. The performance of the complete system was monitored for
5 consecutive cycles, and the energy input and output showed neg-
igible changes throughout the duration of the test to give an average
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Fig. 4. Normalized potential-capacity plots obtained at 1.33 mA cm 
− 2 for (a) Charging Cell 1 (the Bi/NaTi 2 (PO 4 ) 3 cell) in 0.6 M NaCl, (b) Charging Cell 2 (the 

NiHCF/Bi cell) in 70 mM HCl (pH 1.3), and (c) Discharging Cell (the NiHCF/ NaTi 2 (PO 4 ) 3 cell) in 0.6 M NaCl. (The capacities of all three cells were normalized to 
be 100 mAh.) The individual potentials of the electrodes were measured against an Ag/AgCl RE. (d) The energy inputs required for Charging Cell 1 (brown) and 
Charging Cell 2 (orange), the energy output generated by Discharging Cell (blue), and the energy efficiency obtained for 15 cycles. 
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nergy efficiency of 94.2%. The energy efficiency demonstrated here is
mpressive even when we consider the combined system solely as an
nergy storage device. As the charging cells not only store energy but
lso achieve desalination/salination, the complete system reported here
an achieve desalination with minimal energy consumption. 
The cycling test was only reported for 15 cycles because the elec-

rodes and electrolytes were manually switched for tests of the combined
ystem, which is difficult. As the individual electrodes have already ex-
ibited exceptional cyclability, we expect that the combined system will
lso be able to achieve similar cyclability. In the future, we plan to de-
ign a cell that can perform long-term cyclability test without requiring
anual switching of the electrodes. Additionally, continued optimiza-
ion of the individual electrodes will further increase the cyclability of
he combined cell. The optimization process will also involve identifying
nd resolving the factors that cause the electrode Coulombic efficiencies
o deviate from 100%. 
We note that the solution pH of Charging Cell 1 decreases over time

ecause the conversion of Bi to BiOCl produces H 
+ ( Eq. 2 ). Similarly, the

olution pH of Charging Cell 2 increases over time because the conver-
ion of BiOCl to Bi consumes H 

+ ( Eq. 3 ). For the small-scale electrodes
sed in this study, the impact of the solution pH changes was not sig-
ificant. However, when a larger amount of Cl − is stored and released
y larger Bi/BiOCl electrodes, the changes in solution pH may become
ore pronounced. Thus, it is worthwhile to discuss the potential effects
f the solution pH changes on the cell performances. All of the electrodes
sed in Charging Cells 1 and 2 are chemically stable in acidic media.
 m  

562 
ne possible concern for the operation of Charging Cell 1 in a medium
ith a decreasing pH is the increasing tendency for the self-discharging
eaction of Na 3 Ti 2 (PO 4 ) 3 (the sodiated form of NaTi 2 (PO 4 ) 3 ) to oc-
ur; Na 3 Ti 2 (PO 4 ) 3 can be spontaneously oxidized to NaTi 2 (PO 4 ) 3 by
educing water (Na 3 Ti 2 (PO 4 ) 3 + 2H 

+ → NaTi 2 (PO 4 ) 3 + 2Na + + H 2 ),
32 , 42] which can decrease the Coulombic efficiency of the electrode.
f this reaction becomes an issue, optimization of the surface coating of
aTi 2 (PO 4 ) 3 particles can be explored to suppress water reduction on
a 3 Ti 2 (PO 4 ) 3 [42] . One possible concern for the operation of Charging
ell 2 in a medium with an increasing pH is that the dechlorination ki-
etics of BiOCl decrease as the pH increases, as mentioned previously.
hus, when the solution pH increases, the cell efficiency may decrease
lightly. However, considering the impressive energy efficiency demon-
trated in this study, a slight decrease in the cell efficiency caused by
ncreasing the size of the electrodes should not considerably affect the
ractical feasibility and benefits of the new dual-purpose ARNB system.

.4. Desalination Performance 

The Faradaic efficiencies (FEs) for the removal of Na + and Cl − in
harging Cell 1 were evaluated by monitoring the changes in Na + and
l − concentrations in the electrolyte during the charging process. The
oncentration changes of Na + and Cl − were determined using a sodium
on meter and chloride ion meter, respectively, after passing a charge of
, 9, 18, and 27 C ( Fig. 5 a). The ion-selective electrodes used in the ion
eters quantify the ion concentration by measuring the potential dif-
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Fig. 5. (a). Change in Na + and Cl − concentrations and (b) change in the concentration of total dissolved solids (TDS) of the electrolyte in the Bi/NaTi 2 (PO 4 ) 3 cell 
after passing a charge of 0, 9, 18, and 27 C. 
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erence caused by the concentration difference. Due to the logarithmic
elationship between concentration and potential from the Nernst equa-
ion, a more reliable voltage reading can be obtained when the change
n ion concentration exceeds ~10% of the initial concentration. Thus,
hen the same amounts of Na + and Cl − are removed, a more obvious
nd reliable difference in the potential reading, and therefore a more ac-
urate determination of the change in Na + and Cl − concentrations, will
e obtained when the initial concentration of the solution is low. There-
ore, 0.06 M NaCl was used instead of 0.6 M NaCl for this experiment.
e emphasize that all other experiments reported in this study were per-
ormed using 0.6 M NaCl as the electrolyte, and 0.06 M NaCl was used to
alculate the desalination efficiency only to obtain more reliable results
rom the ion-selective electrodes. According to Le Chatelier’s principle
or if the Nernst equation is used to calculate the equilibrium potentials
or the Na- and Cl-storage reactions), the Na- and Cl-storage reactions
re more favored in 0.6 M NaCl than in 0.06 M NaCl. Thus, we expect
hat the desalination efficiency in 0.6 M NaCl will be at least as high as
hat determined using 0.06 M NaCl, which is shown below. 
Our results show that the FE of the Bi electrode for Cl − removal

as ~100%, which agrees well with previous results [17 , 24 , 33 , 34] . The
igh FE of Bi for Cl − removal is attributed to the fact that there are no
ther oxidation reactions that can compete with the oxidation of Bi to
iOCl within the cell operating potential region [17] . The FE of the
aTi 2 (PO 4 ) 3 electrode for Na + removal, on the other hand, was ~76%.
he low FE is likely due to the occurrence of a redox reaction between
a 3 Ti 2 (PO 4 ) 3 and O 2 dissolved in the solution [32] . Overall, Charging
ell 1 was able to decrease the concentration of total dissolved solids
TDS) present in 0.06 M NaCl by ~15% after 27 C of charge were passed
 Fig. 5 b). 
We note that the NaTi 2 (PO 4 ) 3 /Bi cell removes Na + and Cl − with

 3:1 ratio because Bi requires 3e − to remove one Cl − ( Eq. 2 ) while
aTi 2 (PO 4 ) 3 requires 1e − to remove one Na + ( Eq. 1 ). Thus, when 100%
f Na + present in seawater has been removed by our desalination bat-
ery, only 33% of Cl − will have been removed. The conversion of Bi to
iOCl also results in the production of protons ( Eq. 2 ) [33] . In essence,
ur desalination cell can convert 0.6 M NaCl to 0.4 M HCl, reducing the
on concentration by 33% with a minimal energy input. We envision
hat the remaining Cl − and H 

+ can be removed by a successive electro-
hemical process where Cl − is converted to Cl 2 gas at the anode and
 
+ is converted to H 2 gas at the cathode. These reactions are already
sed for the well-established chlor-alkali process to produce valuable
l 2 and H 2 gases [43] . Thus, the construction of a cell to remove the re-
aining Cl − and H 

+ should not require significant development efforts.
n the chlor-alkali process, a highly concentrated NaCl solution (e.g. 4
 NaCl) is used as the feedwater and Cl − and H 

+ are removed in a 1:1
atio to produce a concentrated NaOH solution. In our proposed pro-
ess, 0.4 M HCl will be used as the feedwater and will be converted to
563 
lightly acidic brackish water. The combination of Charging Cell 1 with
ubsequent conversion of the product water to mildly acidic brackish
ater can offer an inexpensive route to convert seawater to brackish
ater, which then can be converted to fresh water by reverse osmosis
RO) or electrodialysis. (RO or electrodialysis will be used to remove the
emaining Cl − and other ions present in the desalinated water). When
rackish water is used as the feedwater, the energy and cost for fresh-
ater production by RO is significantly lower than when seawater is
sed as the feedwater. For example, the annual electricity cost required
o operate a seawater RO (SWRO) plant is more than three times higher
han that required for a brackish water (BWRO) plant of the same size
44] . Furthermore, even the construction costs of these two plants are
rastically different; an SWRO plant costs more than twice as much to
uild as a BWRO plant of the same size [44] . Additionally, while the de-
alination of seawater by electrodialysis is cost-prohibitive, desalination
f brackish water by electrodialysis is cost-effective [36] . 
Thus, we believe that the dual-purpose ARNB demonstrated in this

tudy, which can convert seawater to brackish water with a drastically
educed energy input, will be able to provide more efficient and practi-
al strategies for renewable electricity storage and desalination of sea-
ater. 

. Conclusions 

In summary, we have successfully demonstrated the construction of
 dual-purpose ESS. The discharging cell used in this system was a high-
oltage ARNB composed of a sodiated NaTi 2 (PO 4 ) 3 anode and a desodi-
ted NiHCF cathode operating in 0.6 M NaCl. The discharging cell gen-
rated an average output voltage (V) of 1.19 V, which is very close to the
hermodynamic voltage limit of aqueous batteries (1.23 V). The charg-
ng process was achieved in two separate cells, where each of the Na-
torage electrodes was paired with a Bi/BiOCl electrode. The charging
ell composed of a desodiated NaTi 2 (PO 4 ) 3 cathode and a Bi anode also
chieved desalination during charging. As the removal of Na + and Cl − 

n the desalination charging cell occurred through ion-specific electrode
eactions, this cell did not require the use of a membrane. The Faradaic
fficiencies for Na + and Cl − removal in the desalination charging cell
ere ~76% and ~100%, respectively. The charging cell composed of a
odiated NiHCF anode and a BiOCl cathode performed salination dur-
ng the charging process, regenerating the NiHCF and Bi electrodes for
ubsequent use in the discharging cell and desalination charging cell,
espectively. The energy output of the discharging cell was found to be
94% of the sum of the energy inputs required for the two charging
ells. As the energy consumed for the desalination and salination pro-
esses is not truly consumed but rather stored in the system through the
harging process, and the majority of the energy stored during charging
s recovered during discharging, the extra energy consumed for desalina-
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ion is minimized. All electrodes used in our dual-purpose ESS exhibited
xcellent cyclabilities because of the new electrode fabrication methods
eveloped in this study, which can be improved even further with con-
inued optimization efforts. The integration of a high voltage seawater
RNB and desalination/salination cells demonstrated in this study of-
ers a new opportunity to simultaneously address challenges related to
enewable electricity storage and seawater desalination. 
Compared with typical ARNBs where the electrolyte is held within

he battery, our dual-purpose ESS that achieves desalination in addition
o energy storage/release will require additional engineering efforts for
ractical and efficient operation; the desalinated and salinated water
eed to be replaced after each charging and discharging step. However,
he operation of a three-step desalination cell is not much more com-
lex than the operation of a two-step desalination cell. This is because
he three-step system does not necessarily require the construction of
hree physically separate cells, and various engineering approaches can
e used to design an efficient and practical system. For example, all
hree electrodes can be placed in the same container and a different
air of electrodes will be electrically connected depending on the pro-
ess that will be performed. The container will be filled with a desired
lectrolyte before each process, and the desalinated or salinated water
hat is produced will be drained and collected through a designated out-
et. Thus, the added complication does not come from the three-step sys-
em itself but from the added desalination capability of the cell, which
ustifies the extra complexity necessary to achieve the additional bene-
t of simultaneous desalination. The unique advantages provided by the
ual-purpose ESS presented in this study, which allows for simultaneous
embrane-free desalination and energy storage, considerably increase
he benefit of ARNBs and encourage the continued development of this
echnology. 

. Experimental 

.1. Materials 

Bi 2 O 3 (99.999%, PURATREM), graphite (99.995%, Sigma-Aldrich),
 16 H 36 O 4 Ti (97%, Sigma-Aldrich), H 2 O 2 (30% solution, EMD Milli-
ore), NH 4 OH (28 − 30% NH 3 basis), C 6 H 8 O 7 (99.0-102.0%, Alfa Aesar),
H 4 H 2 PO 4 ( ≥ 98%, Sigma-Aldrich), Na 2 CO 3 (Macron), HNO 3 (70%,
igma-Aldrich), NiCl 2 ∙6H 2 O (98%, Alfa Aesar), Na 3 C 6 H 5 O 7 ∙2H 2 O
 ≥ 98%, Mallinckrodt), Na 4 Fe(CN) 6 ∙10H 2 O ( ≥ 99%, Sigma-Aldrich),
olytetrafluoroethylene (PTFE) (60 wt % dispersion in H 2 O, Sigma-
ldrich), colloidal graphite (isopropanol, Ted Pella, Inc.), NaCl (99%,
acron), KNO 3 (99.0%, Alfa Aesar) and EtOH (200 proof, Decon Labs
nc.) were used without further purification. Deionized water (Barnstead
-pure water purification system, resistivity > 18 M Ω∙cm) was used to
repare all solutions. 

.2. Synthesis of NaTi 2 (PO 4 ) 3 and NiHCF 

NaTi 2 (PO 4 ) 3 was synthesized by a sol-gel method reported in a pre-
ious study [17] . First, 0.02 M C 16 H 36 O 4 Ti and 0.04 M C 6 H 8 O 7 were
issolved in a solution containing 280 mL H 2 O 2 and 120 mL NH 4 OH.
ext, 0.13 M NH 4 H 2 PO 4 and 0.01 M Na 2 CO 3 were dissolved in 80 mL
I water and 100 mL HNO 3 , respectively. Then, the NH 4 H 2 PO 4 and
a 2 CO 3 solutions were added into the solution containing C 16 H 36 O 4 Ti
nd C 6 H 8 O 7 . The solution was aged at 140°C for 2 h to obtain a yellow
recipitate and the resulting powder was annealed at 800°C for 12 h
ramp rate = 2°C min − 1 ). The NaTi 2 (PO 4 ) 3 powder was ground with a
ortar and pestle and was annealed again at 800°C for 12 h to improve
he uniformity and crystallinity of the sample. The crystal structure and
RD pattern of NaTi 2 (PO 4 ) 3 (space group: R-3c, a = b = 8.502 Å and
 = 21.833 Å) are shown in Fig. S4. 
NiHCF was synthesized by a co-precipitation method following the

rocedure reported in a previous study [41] . A 150 mL solution con-
aining 0.10 M Na 4 Fe(CN) 6 was slowly added into a 150 mL solution
564 
ontaining 0.10 M NiCl 2 and 0.70 M Na 3 C 6 H 5 O 7 . The resulting solution
as stirred for 5 h and was then aged at room temperature for 20 h. A
ale blue precipitate formed and was centrifuged at 5000 rpm, rinsing
lternately with water and ethanol. Finally, the resulting precipitate was
ried at 70°C for 24 h in a vacuum furnace held at a pressure of ~13.6
si. The as-prepared NiHCF powder has a rhombohedral structure (space
roup: R-3, a = b = 7.389 Å and c = 17.310 Å) (Fig. S6a-b). The XRD pat-
ern of NiHCF is also shown in Fig. S6c. The details of the structure are
ummarized in Table S1. EDS analysis reveals that the chemical formula
f the as-prepared NiHCF powder is Na 1.20 Ni[Fe(CN) 6 ] 0.85 ∙nH 2 O. 

.3. Preparation of sheet-type electrodes 

The Bi, NaTi 2 (PO 4 ) 3 , and NiHCF electrodes used in this study were
repared through a ball milling process followed by a rolling-pressing
rocedure. The active material (Bi 2 O 3 , NaTi 2 (PO 4 ) 3 , or NiHCF) and
raphite powder were first mixed with a mortar and pestle (the ratio
f the active material to graphite powder was ~4:1 by mass), and then
he mixture was ball milled for 1 h at a rate of 1060 cpm using a High-
nergy Ball Mill (8000 M Mixer/Mill from SPEX SamplePrep). The re-
ulting composite (Bi 2 O 3 /C, NaTi 2 (PO 4 ) 3 /C, or NiHCF/C) was mixed
ith a PTFE binder (ratio of ~1.6:1 by mass) using water as the solvent
o form a thick slurry. The slurry was repeatedly kneaded, folded, and
ressed using a mortar and pestle, followed by the use of a roll-press to
orm a thin sheet with desired dimensions. Finally, the electrode sheet
as dried on a hot plate at 80°C for at least 6 h to remove water and
esidual organic compounds. The dried electrode sheet was cut into a 1
m 
2 electrode and was then attached onto a graphite current collector
ith carbon paint to perform electrochemical tests. 

.4. Characterization 

The morphology and crystal structure of the active materials were ex-
mined using a LEO Supra55 VP Scanning Electron Microscope (SEM) at
n accelerating voltage of 2 kV and powder X-ray diffractometer (XRD)
Bruker D8 Advanced PXRD, Ni-filtered Cu K 𝛼 radiation, 𝜆 = 1.5418
), respectively. Energy dispersive X-ray spectroscopy (EDS) was per-
ormed using the same SEM equipped with an EDS (Noran System Seven,
hermo Fisher) at an accelerating voltage of 12 kV. To investigate the
hase change of the Bi electrode after oxidation (chlorination) and re-
uction (dechlorination), ex-situ XRD analysis was performed on the
ycled samples. 

.5. Cyclability Tests 

The cycle performances of all electrodes were examined in 0.6 M
aCl (salinity = 3.5%), which mimics the salinity of seawater (~3.5%).
n undivided three-electrode cell was used, and the electrolyte was not
irculated or stirred during the measurements. The cycle performance of
he Bi electrode was examined galvanostatically at a current density of
 4 mA cm 

− 2 with cutoff potentials of − 1.45 V and 0.7 V vs Ag/AgCl.
he Bi electrode used as the working electrode (geometric area of 1
m 
2 ) contained ~6.9 mg of Bi. Thus, 4 mA cm 

− 2 is equivalent to ~1.5
-rate based on the theoretical capacity of 384.75 mAh g − 1 . A NiHCF
lectrode (geometric area of 4 cm 

2 ) was used as the counter electrode.
he counter electrode had a sufficient amount of active material rela-
ive to the working electrode to ensure that the current flow was not
imited by the counter electrode during the electrochemical tests. The
ycle performance of the NaTi 2 (PO 4 ) 3 electrode was examined galvano-
tatically at ± 2 mA cm 

− 2 with cutoff potentials of − 0.93 V and − 0.2 V
s Ag/AgCl. The NaTi 2 (PO 4 ) 3 electrode used as the working electrode
geometric area of 1 cm 

2 ) contained ~10 mg of NaTi 2 (PO 4 ) 3 . Thus, ± 2
A cm 

− 2 is equivalent to ~1.5 C-rate based on the theoretical capacity
f 133 mAh g − 1 . A NiHCF electrode (geometric area of 4 cm 

2 ) was used
s the counter electrode. The cycle performance of the NiHCF electrode
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as examined galvanostatically at ± 4 mA cm 
− 2 with cutoff potentials

f 0.0 V and 0.9 V vs Ag/AgCl. The NiHCF electrode used as the work-
ng electrode (geometric area of 1 cm 

2 ) contained ~11 mg of NiHCF.
s the exact theoretical capacity of NiHCF cannot be accurately deter-
ined because of the water content that varies with temperature and
umidity, 60 mA g − 1 was used as 1 C-rate in this study, which is a com-
on assumption made in the studies of PBA-based Na-storage electrodes
37] . Thus, ± 4 mA cm 

− 2 is equivalent to ~ 6 C-rate. A BiOCl electrode
geometric area of 4 cm 

2 ) was used as the counter electrode. For all ex-
eriments, an Ag/AgCl (4 M KCl) reference electrode was placed near
he working electrode to monitor the potential change of the working
lectrode during the cyclability tests. 

.6. Operation of Charging and Discharging Cells 

The operation of Charging Cell 1 composed of a NaTi 2 (PO 4 ) 3 elec-
rode (geometric area of 4 cm 

2 ) and a Bi electrode (geometric area of
 cm 

2 ) was galvanostatically tested in 0.6 M NaCl at 1.33 mA cm 
− 2 

~0.5 C-rate based on the Bi electrode) until the capacity of the Bi elec-
rode reached 100 mAh g − 1 . When the operation of Charging Cell 1
as complete, the Bi/BiOCl electrode was manually lifted from the so-
ution, rinsed with DI water, and then moved to Charging Cell 2. In
harging Cell 2, the Bi/BiOCl electrode and a fully desodiated NiHCF
lectrode (geometric area of 4 cm 

2 ) were electrically connected and im-
ersed in 70 mM HCl (pH 1.3). Then, Charging Cell 2 was galvanos-
atically operated at 1.33 mA cm 

− 2 until the potential of the Bi/BiOCl
lectrode reached − 0.4 V vs Ag/AgCl. When the operation of Charging
ell 2 was complete, the NiHCF electrode from Charging Cell 2 and the
aTi 2 (PO 4 ) 3 electrode from Charging Cell 1 were moved to Discharging
ell. These two electrodes were electrically connected and immersed in
 0.6 M NaCl solution. Discharging Cell was operated at a constant cur-
ent of 1.33 mA cm 

− 2 until the potential of the NiHCF electrode reached
.15 V vs Ag/AgCl. In all experiments, the Ag/AgCl (4 M KCl) reference
lectrode was placed between the working electrode and the counter
lectrode to monitor changes in the individual potentials of both elec-
rodes. 
The Coulombic efficiency of the Bi electrode is ~104%, meaning

hat its dechlorination capacity is higher than its chlorination capacity.
he capacities of Charging Cell 1 (100 mAh g Bi − 1 ) and Charging Cell
 (105.29 mAh g Bi − 1 ) shown in Fig. S10a-b were determined based on
he chlorination and dechlorination capacities of Bi, respectively. (The
aTi 2 (PO 4 ) 3 and NiHCF electrodes used in this study contained excess
aTi 2 (PO 4 ) 3 and NiHCF, respectively, and their total electrode capaci-
ies were much greater than that of Bi.) Therefore, the sodiation capacity
f NaTi 2 (PO 4 ) 3 during the operation of Charging Cell 1 was less than
he desodiation capacity of NiHCF during the operation of Charging Cell
. When sodiated NaTi 2 (PO 4 ) 3 and desodiated NiHCF were combined in
ischarging Cell, the cell operation continued until NiHCF regained the
ame amount of Na + that it had released in Charging Cell 2 (105.36 mAh
 Bi 
− 1 ). Thus, the desodiation capacity of NaTi 2 (PO 4 ) 3 in Discharging
ell was greater than the sodiation capacity of NaTi 2 (PO 4 ) 3 in Charg-
ng Cell 1. Because the initial NaTi 2 (PO 4 ) 3 electrode used in Charging
ell 1 was pre-sodiated and contained excess Na 3 Ti 2 (PO 4 ) 3, this discrep-
ncy could be tolerated for a few cycles. However, when necessary, the
aTi 2 (PO 4 ) 3 electrode was additionally sodiated to maintain the Na + 

ontent in the electrode as ~30% of its capacity. 
Another major effect of the capacity of Discharging Cell being greater

han that of Charging Cell 1 is that it leads to an overestimated energy
utput and therefore an overestimated energy efficiency. (The energy
utput (input) is the product of the capacity and output (input) voltage.)
hus, in order to obtain a more accurate energy efficiency, which would
ave been obtained if the Coulombic efficiency of the Bi electrode was
00%, we normalized the capacities of all three cells to be identical (100
Ah). The results using normalized capacities are shown in Fig. 4 . and
esults obtained using the as-obtained capacities are shown in Fig. S10.
565 
.7. Determination of Na + and Cl − removal efficiencies 

The actual concentrations of Na + and Cl − present in the electrolyte
f Charging Cell 1 were measured by a sodium ion meter (Horiba B-
22) and a chloride ion meter (Horiba 6560-10C) after passing a charge
f 0, 9, 18, and 27 C. An undivided three-electrode cell consisting of a
i electrode as the working electrode, a NaTi 2 (PO 4 ) 3 electrode as the
ounter electrode, and an Ag/AgCl electrode (4 M KCl) as the reference
lectrode was used for this experiment. A constant potential of 0.6 V
s. Ag/AgCl was applied to oxidize Bi to BiOCl. As the size of the Bi
lectrode in this experiment was limited, a 0.06 M NaCl solution was
sed to ensure that reliable changes in the Na + and Cl − concentrations
ere measured by the sodium and chloride ion meters. For the chloride
on meter whose accuracy is considerably affected by the conductivity
f the sample solution, 0.1 M KNO 3 was added to the sample solution
o provide optimum solution conductivity. The FE for ion removal was
etermined by dividing the measured ion concentration by the theo-
etically expected ion concentration based on the charge passed. The
esulting value was multiplied by 100% and is reported as a percentage.
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