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ABSTRACT: Efficiently storing electricity generated from renew-
able resources and desalinating brackish water are both critical for
realizing a sustainable society. Previously reported desalination
batteries need to work in alternate desalination/salination modes
and also require external energy inputs during desalination. Here,
we demonstrate a novel zinc−air battery-based desalination device
(ZABD), which can desalinate brackish water and supply energy
simultaneously. The ZABD consists of a zinc anode with a flowing
ZnCl2 anolyte stream, a brackish water stream, and an air cathode
with a flowing NaCl catholyte stream, separated by an anion-
exchange membrane and a cation-exchange membrane, respectively. During the discharging, ions in brackish water move to the
anolyte and catholyte, and they return to the feed steam during charging. The ZABD can desalt brackish water from 3000 ppm to the
drinking water level at 120.1 ppm in one step and concurrently provide an energy output up to 80.1 kJ mol−1 under a discharge
current density of 0.25 mA cm−2. Further, the ZABD can be charged/discharged over 20 cycles without significant performance
deterioration, demonstrating its reversibility. Moreover, the desalination performances can be adjusted by varying current densities
and are also influenced by the initial concentration of salt feeds. Besides, two ZABD devices were connected in series to drive 60
light-emitting diodes during the salt removal process without external power supply over 2000 min. Overall, this ZABD system
demonstrates the potential for simultaneous water desalination and energy supply, which is suitable for many urgent situations.
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■ INTRODUCTION

Energy and freshwater are two vital natural sources, which are
essential for the sustainable development of economy and
national security.1,2 The energy scarcity and freshwater
shortage have significantly affected people’s daily life in many
parts of the world, and they are becoming more challenging in
the coming decades. Sustainable energy, such as solar, water,
and wind power, can provide clean and renewable energy.3−5

Their effective uses require large-scale and efficient energy
storage systems.6−9 However, commonly used batteries (e.g.,
lithium-ion batteries and nickel−metal hydride batteries) are
expensive and have various issues for realizing sustainable
energy storage.10 Zinc−air batteries usually consist of a zinc
anode and an air cathode, which are a promising candidate to
address the energy storage challenge because of their high
specific energy density, low cost, the abundance of zinc
element, and high safety.11−14 For example, because of the
unlimited supply of air and the high specific capacity of zinc
(819 mA h g−1), the energy density of zinc-air batteries can go
up to 700 W h kg−1,15,16 which is much higher than existing
lithium-ion batteries.17

On the other front, the concept of desalination battery was
first reported in 2011, which uses electrical energy to remove
sodium and chloride ions from seawater to generate fresh-
water.18 The desalination in these batteries is based on the

Faradaic electrode reaction using solid-state electrode materi-
als,19−27 redox flow electrode materials,28−30 or light-driven
electrochemical electrode material.14 However, existing de-
salination batteries are operated in the alternate desalination/
salination modes under positive/negative potentials. Their salt
removal capacity is limited by the intrinsic specific capacity and
mass of their electrode materials.19,27,31 Further, few studies
have reported desalination batteries, which can obtain drink
water in one desalination step. The ever-growing demands for
freshwater and sustainable energy supply call for new
desalination batteries, which should have high salt removal
efficiency and low cost and should be easy to operate.
Here, we demonstrate a novel zinc−air battery-based

desalination device (ZABD) for simultaneous desalination
and energy release, which consists of a zinc anode with a
flowing ZnCl2 anolyte stream, air cathode with a flowing NaCl
catholyte stream, and middle NaCl salt feed stream. The anode
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and cathode are separated by an anion-exchange membrane
(AEM) and a cation-exchange membrane (CEM), respectively.
Its total configuration can be denoted as Zn|AEM|feed|CEM|
air. During the discharging process, the zinc anode is oxidized,
and Cl− is extracted from the middle feed stream through
AEM to the anolyte stream. At the same time, oxygen from the
air is reduced to OH− at the cathode while Na+ is captured
from the middle feed stream via CEM to the catholyte stream.
The Cl− and Na+ ions are released back to the middle salt
stream during the charging process. We studied the influence
of discharge current densities and initial salt feed concen-
trations on its desalination performance. Further, its rate
capability and cycling performance were also symmetrically
investigated. Last, its practical desalination application was
demonstrated without an external power supply.

■ EXPERIMENTAL SECTION
Materials, Electrode Fabrication, and Solution Preparation.

Zinc chloride (ZnCl2, 97%) and sodium chloride (NaCl, 99%) were
from Sigma-Aldrich and used without further purification. Pt/C
catalyst (20/80, Vulcan XC-72) was from Beijing Nano-catalyst
Technology Co. Ltd. AEM and CEM were from Tokuyama, Japan.
The zinc anode was made of a zinc foil with a size of 2 × 2 cm2 and a
thickness of 0.2 mm connected to a Pt wire (0.3 mm in diameter)
current collector. The air cathode was fabricated by coating N-methyl-
2-pyrrolidone slurry containing Pt/C and polyvinylidene fluoride at
the mass ratio of 85 to 15 on a carbon cloth (W1S1009, Tai Wan).
The mass loading of the Pt/C catalyst on the 2 × 2 cm2 carbon cloth
is ∼5.5 mg cm−2. The cathode was dried in a vacuum oven at 60 °C
for 2 days before use. NaCl solution was prepared by dissolving the
desired amount of NaCl in deionized water (100 mL). NaCl solution
(15 mL) was used as the middle salt feed. The volumes of both
anolyte and catholyte are 60 mL. The anolyte was prepared by adding
0.6 mmol ZnCl2 and 0.06 g NaCl in deionized water (60 mL). The
catholyte is 0.18 g of NaCl dissolved in 60 mL of deionized water.
Pure N2 was used to purge all solvents to remove the dissolved air
before battery performance tests.
ZABD Setup. As shown in the photographs in Figure S1 in the

Supporting Information, the ZABD consists of a zinc anode with a
flowing ZnCl2 anolyte, a middle NaCl salt stream, and an air cathode
with a flowing NaOH anolyte. The three streams are recirculated
using a multichannel peristaltic pump. The AEM is located between
the middle stream and the anolyte, while the CEM separates the
middle stream from the catholyte. The cylindric compartment
chambers of the middle stream and electrolytes have a thickness of
1.0 cm and a diameter of 3.5 cm. All chambers were fabricated using
acrylic plates and were assembled using studs and nuts.
Electrochemical Desalination Tests. The desalination of the

ZABD is controlled by a battery analyzer (Neware, BTS-4000). The
salt concentration in the middle salt stream was monitored in real-
time by a conductivity meter (eDAQ, EPU357). The flow rates of all
three streams were controlled at 11.52 mL min−1 by a multichannel
peristaltic pump (LEAD FLUID, BT300S). For electrochemical

desalination tests, all streams were first flowed for 30 min without
applying electrical currents. Then, a constant current of 0.25 mA cm−2

was applied during the desalination. In the rate performance tests, the
current density of 0.25 mA cm−2 was applied for 2 h first; next, 0.5
mA cm−2 for 1 h, 1 mA cm−2 for 1 h, and then set back to 0.25 mA
cm−2. In the reversibility test, the charging/discharging currents were
controlled at 0.25 or −0.25 mA cm−2, respectively. To further
investigate the influence of salt feed, the initial concentration of salt
feed was also adjusted to 1000, 3000, 5000, and 7000 ppm,
respectively.

Desalination Performance Parameters. The salt removal rate
(ν, μg cm−2 min−1) describes the desalination speed, which is
calculated by the following equation

c
t

V A/ν = Δ
Δ

×i
k
jjj

y
{
zzz (1)

where Δc/Δt is the salt concentration change per minute (Δppm
min−1), V is the volume of the salt stream (mL), and A is the active
electrode area (i.e., 4 cm2 for the exposed zinc foil).

Charge efficiency (Γ, %) is defined as the percentage of salt
removals to the total electrons used, which is an important
performance indicator for electrochemical desalination. It can be
obtained by the following equation32,33
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where Δc/Δt is the salt concentration change per minute (Δppm
min−1), T is the desalination time (min), V is the volume of the salt
stream (mL), MNaCl is the molar mass of NaCl (58.44 g mol−1), I is
the current intensity (mA), and F is the Faraday constant (96 485 C
mol−1).

Energy output (E̅, kJ mol−1) of the discharge−desalination process
describes the average energy released by the battery when 1 mol of
salt is removed during the discharging process, which can be
calculated by the following eq 3
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where ΔE is the total release energy (W h) during the discharging
process, Δc/Δt is the salt concentration change per minute (Δppm
min−1), T is the desalination time (min), V is the volume of the salt
stream (mL), and MNaCl is the molar mass of NaCl (58.44 g mol−1).

Energy efficiency (η, %) is expressed as the ratio of the energy
released during the discharging to the energy used during the
charging, which characterizes the energy loss of the battery in the
charging/discharging test. Its calculation formula is as follows34
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Figure 1. (a) Schematic illustration of the ZABD during the discharging−desalination process, (b) voltage variation, energy output, and the
concentration of salt feed stream during the discharge−desalination process under a current density of 0.25 mA cm−2.
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where Vd(t) and Id(t) are the voltage and current during the
discharging, respectively, while Vc(t) and Ic(t) are the instant voltage
and current during charging, respectively, and to, tc, and td are the time
points of starting, end of charging, and end of discharging time,
respectively.

■ RESULTS AND DISCUSSION

Continuous Desalination by the ZABD. Figure 1a
illustrates the desalination process of the ZABD when
discharged at a constant current density of 0.25 mA cm−2.
Cl− ions in the middle salt feed travel to the anolyte stream
through the AEM due to the oxidation of zinc anode according
to the eq 5. The [Zn(H2O)6]

2+ in solution will further be
partially complexed with water molecules to form [Zn-
(H2O)5(OH)]

+ and release H+ as displayed in eq 6. Thus,
the pH value is around 5.8 in the anolyte (see the relevant
discussion and Table S1 in the Supporting Information). At
the same time, the released electrons are captured by the air
cathode through the external circuit, resulting in the oxygen
reduction according to the eq 7, which is accompanied by the
transportation of Na+ from the salt feed steam via the CEM to
the catholyte stream. Pt/C catalysts are one of the best
catalysts for the oxygen reduction reaction. Because our key
intention in this study is to demonstrate the feasibility of this
new device, we chose Pt due to its excellent catalytic
performance. It should be noted that during the charge/
discharge process, we also noticed that the Pt catalyst was not
consumed. We will explore other cheaper catalyst alternatives
in our future studies. The overall discharge−desalination
process leads to an electrical conductivity decrease in the
middle salt stream. At the anolyte, zinc foil is dissolved,
followed by the eq 5

anode: Zn 6H O Zn(H O) 2e2 2 6
2+ → [ ] ++ −

(5)

The [Zn(H2O)6]
2+ in solution will further be partially

complexed with water molecules to form [Zn(H2O)5(OH)]
+

and release acid as displayed in eq 6. Thus, the pH value is
around 5.8 in the anolyte.

Zn(H O) H O Zn(H O) (OH) H O2 6
2

2 2 5 3[ ] + → [ ] ++ + +

(6)

At the cathode chamber, oxygen is reduced to OH−

following the below equation

cathode: O 2H O 4e 4OH2 2+ + →− −
(7)

The electrochemical properties of the zinc foil anode and the
Pt/C carbon cloth cathode were characterized by cyclic
voltammetry (CV) in the three-electrode configuration in the
anolyte and catholyte, respectively. As shown in Figure S2 in
the Supporting Information, the zinc plate displayed an
oxidation onset starting at −1.02 V versus Ag/AgCl, indicating
zinc dissolution. Meanwhile, the reduction peak is observed at
−1.02 V versus Ag/AgCl. Owing to the nature of the aqueous
electrolyte, HER may take place at relatively high potentials.
However, the reaction rate of HER is much lower than that of
the zinc reduction/deposition reaction.35 The CV curve of Pt/
C catalysts in the three-electrode configuration is shown in
Figure S3 in the Supporting Information. Two pairs of peaks
are displayed related to H2 desorption/reduction and oxide
formation/reduction.36,37 On the anodic sweep around −0.7 V
versus Ag/AgCl, H2 desorption can happen (peak I). The
onset potential of peak (I′) is located about −0.85 V versus
Ag/AgCl. The surface oxidation correlates to peak II at 1 V
versus Ag/AgCl, and the onset potential of peak (II′) is located
about −0.5 versus Ag/AgCl.
The voltage profile of the ZABD during the discharging−

desalination process is shown in Figures 1b and S4 in the
Supporting Information. The voltage plateau smoothly
decreases under the constant discharge current density of
0.25 mA cm−2, indicating a stable and continuous desalination
process. The potential versus capacity profile is displayed in
Figure S5 during the discharge−desalination test. The voltage
eventually drops after 1100 min due to the salt ion depletion in

Figure 2. Electrochemical desalination performance of the ZABD at different current densities. (a) Profile of voltage and salt concentration, (b) salt
removal rate, (c) charge efficiency, and (d) energy output. 0.25 mA cm−2 (0−120 min), 0.5 mA cm−2 (120−180 min), 1.0 mA cm−2 (180−240
min), and 0.25 mA cm−2 (240−865 min).
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the feed stream. The salt concentration in the middle feed
stream decreases from 3000 to 120.1 ppm, yielding a salt
removal rate of 8.6 μg cm−2 min−1 with a charge efficiency of
94.1%. Based on the CV measurement of the zinc anode and
Pt/C carbon cloth cathode shown in Figures S2 and S3 in the
Supporting Information, no signification gas evolution (no gas
bubbles were observed during our experiments) was observed
during the discharge−desalination. The instant energy output
is also shown as the blue curve in Figure 1b. The overall
average energy output of the ZABD is up to 80.1 kJ mol−1,
while the initial instant energy release is 107.5 kJ mol−1. With
the proceeding of the desalination, less energy is released due
to the slight voltage drop. The energy output is 61.4 kJ mol−1

when the feed salt stream concentration reaches the salt
concentration in the regular water supply of 500 ppm. The
ZABD can desalinate brackish water to the drinking water level
in one desalination cycle and provide a high energy output.
These characteristics are superior to many previous studies
(see the comparison in detail, listed in Table S2 in the
Supporting Information),10,30,38,39 where the freshwater can
only be produced in multiple desalination cycles and also
require significant energy inputs.
Rate Performance of the ZABD. We further investigated

the performance of the ZABD at various discharge current
densities. As shown in Figure 2, the discharge current density
was set to 0.25 mA cm−2 for 2 h first, then 0.5 mA cm−2 for 1
h, 1 mA cm−2 for 1 h, and finally set back to 0.25 mA cm−2

until the salt concentration decreased to 500 ppm. With the
increase of the current density, the voltage plateau decreases
because of the limited mass transport kinetics. Figure 2a shows
that the voltage restored to a stable state when the current
density was set back to 0.25 mA cm−2 after 1 h running at 1.0
mA cm−2, indicating the excellent stability and reversibility of
the ZABD. As shown in Figures 2b and S6 in the Supporting
Information, the salt removal rate rises with the increase of
current density, suggesting a fast desalination process at higher
current densities. The desalination rate is 8.6, 17.0, and 33.2 μg
cm−2 min−1 at the discharge current density of 0.25, 0.5, and 1
mA cm−2, respectively. Figure S7 in the Supporting
Information shows the potential versus capacity profile at the
different current densities. Besides, Figure 2c shows that the
ZABD can also maintain a high charge efficiency of over 91%
at various current densities. Figure 2d shows that the energy
output of the ZABD decreases with the increase of the current
densities due to the larger polarization at higher current
density, which may reduce the energy output.
Cycling Performance of the ZABD. The current was

alternately set at ± 0.25 mA·cm−2 every other hour except for
the initial 2 h discharging. The pH value of the catholyte was
controlled to 12 to maintain the reversible reaction by adding
NaOH to the NaCl solution.40 In the current redox flow
ZABD system, the overall chemical reactions during the
charging are listed below

anode: Zn(H O) 2e Zn 6H O2 6
2

2[ ] + → ++ −
(8)

cathode: 4OH O 2H O 4e2 2→ + +− −
(9)

It should be noted that the oxygen evolution reaction at the
cathode may not follow the direct four electron transfer
process due to the Pt catalyst used. During the charging, Na+

ions in the catholyte stream travel to the middle feed stream
through the CEM, while OH− ions are oxidized following the
eq 9. The released electrons are captured by the Zn2+ in the

anolyte stream through the external circuit, resulting in the
reduction of Zn2+,41 according to the eq 8. At the same time,
Cl− ions in the anolyte stream go into the salt feed stream via
the AEM. The overall ion transportation to the middle salt feed
stream results in increasing electrical conductivity. Twenty
charging/discharging cycling curves of the ZABD are shown in
Figure 3a. Figure 3b shows that the salt removal rate only

drops slightly from 8.9 to 8.6 μg cm−2 min−1. The
corresponding charge efficiency and energy output are shown
in Figure S8 in Supporting Information, and they remain nearly
constant throughout the charging/discharging cycles. The
energy efficiency within a cycle is calculated as around 46.7%.
Table S3 in Supporting Information also shows that the salt
growth and removal rates are similar to that of the first cycle
during the cycling test. Overall, the cycling test results indicate
that the ZABD has stable reversibility.

Effects of Salt Concentration. We further investigated
how the desalination performance would be affected by the
initial salt concentration of the feed stream. Figure 4a shows
the operating voltage and concentration variation by applying
salt feed with different concentrations at the same discharge
current density of 0.25 mA cm−2. Figure 4a shows that the
operating voltage increases as the initial salt concentration
increases owing to lower resistances at higher salt concen-
trations. The trend of potential versus capacity profile in Figure
S9 in the Supporting Information is similar. Figure 4b displays
that the higher the concentration of the initial salt feed stream
is, the slower its concentration change would be. The
corresponding salt removal rate, charge efficiency, energy
output, and the pH change of catholyte are summarized in
Figure S10 in the Supporting Information. Overall, the salt
removal rate and charge efficiency decrease with the increase of
initial salt concentration. Besides, more energy is released from
the device for salt removal at higher concentrations. The high
discharge voltage plateau may explain these results at high salt
concentrations. It also should be noted that the pH of
catholyte is above 7 after desalination, and the pH increases

Figure 3. Cycling performance of the ZABD. (a) Voltage and
concentration variations of the ZABD during twenty charging/
discharging cycles at the current densities of ±0.25 mA cm−2,
alternately, and (b) the corresponding salt removal rates.
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higher when the initial salt concentration increases, which is
consistent with the chemical reaction in the eq 6.
Desalination without an External Power Supply. Two

identical ZABDs were connected in series to drive 60 parallel
light-emitting diodes (LEDs) to demonstrate that the ZABD
can achieve salt removal and delivering power supply
simultaneously. The volumes of anolyte, catholyte, and salt
feed are doubled to 120, 120, and 30 mL, respectively. Figures
5a and S11 in the Supporting Information show a schematic
illustration and a photograph of the system with two ZABDs
connected in series. The voltage was initially charged to 1.64 V
to light the LEDs. Figure S11 in the Supporting Information
shows a photograph of the lighted LEDs. Figure 5b shows that
the voltage plateau maintains well with a little drop from 1.64
V until 1.51 V because of the ion depletion in the salt feed
stream (also see the salt concentration variation shown in

Figure 5b or the capacity in Figure S12 in Supporting
Information). Figure 5b displays that the slopes of the
concentration curves gradually decrease as the current
decreases, indicating a decreasing salt removal rate. The initial
instant energy output is up to 120.4 kJ mol−1. As time
increases, less energy is released owing to the drop in voltage
and current. At the end of desalination after 2000 min, the
energy of 71.3 kJ mol−1 can still be supplied as displayed in
Figure 5c.

■ CONCLUSIONS

In summary, a novel ZABD has been demonstrated, which can
simultaneously desalinate brackish water and supply electrical
power. Unlike previous desalination batteries, which can only
desalinate water in intermittent desalination/salination ex-
changed modes, this ZABD can reduce the salt concentration

Figure 4. Electrochemical desalination performance of the ZABD under different initial salt feed concentrations. (a) Voltage variations and (b)
corresponding salt concentration variation at a discharge current density of 0.25 mA·cm−2. K is the slope of the simulated lines.

Figure 5. Self-discharging/desalination capability without external power supply. (a) Schematic illustration of two ZABDs connected in series to
light 60 LEDs, (b) voltage and concentration variation curves, and (c) corresponding current variation and instant energy output curves.
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in the feed stream from 3000 ppm to 120.1 ppm in one
desalination step. For the feed stream at the concentration of
3000 ppm, the salt removal rate is 8.6 μg cm−2 min−1, and the
concurrent energy output is up to 80.1 kJ mol−1 under the
current density of 0.25 mA cm−2. Further, the influence of
current intensity and initial salt feed concentration was
systematically studied. The behaviors of the ZABD at different
operation conditions are consistent with previous studies.
Importantly, the ZABD exhibits stable reversibility of electro-
chemical desalination, which can be charged/discharged
without significant performance deterioration over 20 cycles.
Besides, two ZABD devices can be connected in series to light
60 LEDs without external power supplies, which demonstrates
their potential application for simultaneous water desalination
and energy supply in various emergency situations.
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