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a b s t r a c t

It is critical to develop more efficient and cost-effective desalination technologies capable of fully
seawater desalination capacity to meet the grand freshwater scarcity challenge. Desalination flow bat-
teries are an emerging electrochemical device capable of integrated energy storage and desalination and
represent a promising electrochemical technology for scalable and cost-effective desalination of
seawater. Herein, we report the impacts of flow rate on the performance of a methyl viologen/sodium
ferrocyanide (MV/Na4[Fe(CN)6]) desalination flow battery (DSRFB). It was found that the increase of the
flow rate can lower the battery resistance and improve energy efficiencies, power density, and desali-
nation efficiency. Specifically, increasing the flow rate from 20 to 60 mL/min with an increment of 20 mL/
min, the MV/Na4[Fe(CN)6] DSRFB manifested an increase of energy efficiency from 56% to 64%, and an
increase of power density from 14.72 to 15.33 mW/cm2. More importantly, the desalination percentage of
the DSRFB was increased from 86.9% at 20 mL/min to 93.9% at 60 mL/min.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Freshwater scarcity is regarded as a global grand challenge faced
by the development of modern society [1e3]. The increasing con-
sumption of fresh water is essentially driven by the continuous
growth of global human population [1]. It is of no doubt that we
need to develop new recourses of fresh water. Oceans occupy 97%
of the total water of the planet and thus represents the most
abundant and sustainable water resource. However, seawater's
high salinity (ca. 0.56 M of NaCl as simulation) must first be
removed to meet the needs of human consumption, agriculture,
and other purposes. Reverse osmosis represents a widely adopted
commercial desalination technique of seawater, but its high costs
(>$0.53/m3) and high energy consumption (ca. > 3 Wh/L water
production) to produce fresh water are the limiting factors for
.liu@usu.edu, liugrouppub@
widespread implementation [1,4]. Efforts have been made to
develop electrochemical desalination technologies including elec-
trodialysis, capacitive deionization, and faradaic deionization that
have offered alternative means for saltwater desalination [5].
However, solid-state electrodes including capacitive and faradic
electrodes used in these systems are a limiting factor for desali-
nation capacities of these desalination devices and most has been
demonstrated for the desalination of low salinity (typically less
than 0.1M) [5]. Thus, it is critical to developmore efficient and cost-
effective electrochemical desalination technologies capable of fully
seawater desalination capacity while enabling the use of renewable
electricity from solar and wind.

Aqueous organic redox flow batteries (AORFBs) using structur-
ally tunable redox active organic and organometallic molecules
have received increasingly attention for high performance, afford-
able, sustainable large-scale energy storage [6e9]. AORFBs using
water-soluble, structurally tunable, redox active molecules
including viologen (anolyte) [10e17], quinone (anolyte) [18e20],
phenazine (anolyte) [21], TEMPO (catholyte) [10,14,15], ferrocene
(catholyte) [11,16], ferrocyanide (catholyte) [22e24], and pheno-
thiazine (catholyte) [25] have been extensively demonstrated with
outstanding energy storage performance. Particularly, pH neutral
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AORFBs with their stable cycling performance and non-corrosive
nature are readily adapted for coupled energy storage and desali-
nation functions [10e14,16,22,26]. Recently we and others have
developed desalination flow batteries with integrated desalination
and energy storage dual functions [27e30]. Fig. 1 illustrates the
general design of the emerging three-channel dual membrane
desalination flow batteries using a methyl viologen anolyte and a
Na4[Fe(CN)6] catholyte reported by us [30]. Compared with the
traditional two-channel one membrane flow batteries, the desali-
nation flow batteries incorporate an additional central channel and
an additional membrane for salination and desalination of seawater
during battery operation.

Herein, we use the MV/Na4[Fe(CN)6] desalination flow battery
(where MV is dimethyl viologen dichloride) recently reported by us
to explain the working principle of a desalination flow battery
(DSRFB, Fig. 1) [30]. During the charge process, MV is reduced to
give off an equivalent of Cl� anions, whereas Na4[Fe(CN)6] is
oxidized to release an equivalent of Naþ cations. The Cl� anion and
the Naþ cation will be combined in the central channel by
migrating through an anion exchange membrane and a cation ex-
change membrane, respectively. Before discharge, the central
channel will be replaced with a new batch of salt water. Then, the
Cl� and Naþ ions will transport from the central channel to the MV
anolyte and Na4[Fe(CN)6] catholyte during discharge process to
balance charge neutrality and achieve the desalination for the salt
water in the central channel. The cell redox reactions of the MV
anolyte and Na4[Fe(CN)6] catholyte are provided in Fig. 1. Desali-
nation flow batteries reserve the technological merits of traditional
flow batteries for coupled desalination and energy storage,
including decoupled energy and power operation, high current and
high power performance, scalability, and safety features. This MV/
Na4[Fe(CN)6] DSRFB was able to desalinate simulated seawater
(0.56 M NaCl) and Pacific Ocean water more than 98.5% at a rate of
4.55 mL of fresh water per hour and an energy cost of 2.4 Wh/L of
fresh waterdcompetitive with current reverse osmosis technolo-
gies [30]. Simultaneously, the cell delivered stored energy at 76.7%
efficiency with a cell voltage of 0.91 V. This MV/Na4[Fe(CN)6] DSRFB
stands for the state of the art desalination flow battery to date [30].
In addition, methyl viologen has been applied in a four-channel
flow battery for solo desalination function, but this system has no
energy storage capability [31]. Na4[Fe(CN)6] was used as a catholyte
in a Zn/Na4[Fe(CN)6] DSRFB. However, simple metal ZnCl2 salt used
as an anolyte is prone to crossover and causes irreversible capacity
loss, thus reducing the cycling life of the DSRFB. Moreover, the Zn
Fig. 1. A schematic illustration of the MV/Na4[Fe(CN)6] desalination flow battery (DSRFB) a
chloride (Cl�) ions during charge-salination and discharge-desalination processes.
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system using the solid Zn2þ/0 redox chemistry loses the merit of the
decoupled energy and power of standard all-flow RFBs [27]. In this
communication, we present a study to understand how flow dy-
namics influences the desalination and energy storage perfor-
mance of the MV/Na4[Fe(CN)6] DSRFB. We found that the increase
of flow rate can increase the mass transfer speed and reduce the
ohmic and charge transfer resistances of the battery to simulta-
neously improve desalination efficiency, energy efficiency, and
power performance. The present results are expected to be highly
valuable to develop optimal operation conditions for future desa-
lination flow batteries.

2. Results and discussion

2.1. Energy storage and desalination performance of the MVCl2/
Na4[Fe(CN)6] DSRFB at different flow rates

The MV/Na4[Fe(CN)6] desalination DSRFB was built by using
0.5 M dimethyl viologen dichloride (MV, �0.45 V vs. NHE) as an
anolyte material and 0.5 M Na4[Fe(CN)6] (þ0.46 V vs. NHE) as
a catholyte material in accordance with our previous publication
[30]. NaCl (2.0 M) was added as the supporting electrolyte in the
anolyte side to reach a high conductivity (170.2 mS/cm). No extra
salt was used in the catholyte side because of high ion strength and
high conductivity (123.3 mS/cm) of Na4[Fe(CN)6]. The pH values of
the anolyte and catholyte were adjusted to 7 using NaOH and HCl,
respectively. Specifically, the DSRFB was demonstrated by using
15 mL anolyte, 15 mL catholyte, and 10 mL of simulated sea water
(0.56 M NaCl) in the central chamber (see Fig. 1). A piece of Sele-
mion AMV membrane was sandwiched between the anolyte elec-
trode and the central chamber for the selective shuttle of Cl�

anions, whereas a piece of Nafion 115 membrane was inserted
between the catholyte electrode and the central chamber for the
selective shuttle of Naþ cations. All batteries were galvanostatically
cycled at 5 mA/cm2 between 0.0 and 1.2 V. To understand the
impact of flow dynamic on desalination and energy storage per-
formance, the operational flow rate was changed from 20 to 40 and
60 mL/min for all three channels, the MV anolyte, the Na4[Fe(CN)6]
catholyte, and the central brine solution. More experimental details
for the battery configuration and testing conditions are included in
the supporting information.

Once the flow rate was increased, the voltage gap between the
charge and discharge curves that represents the cycling over-
potential between charge and discharge steps was narrowed,
nd its cell reactions. Red and blue arrows illustrate the transport of sodium (Naþ) and
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indicating the battery became more conductive at a higher flow
rate (Fig. 2A). Consequently, the battery capacity was increased
along the flow rate, 137.04 mAh for 20 mL/min, 144.94 mAh for
40 mL/min, and 145.0 for 60 mL/min. The energy efficiencies of the
DSRFB manifested are 56% for 20 mL/min, 64% for 40 mL/min, and
64% for 60 mL/min, respectively (Fig. 2B). The coulombic efficiency
of the DSRFB was also improved from 94.8% to 96.2% from 20 to
60 mL/min. More importantly, the desalination percentage was
apparently increased from 86.9% at 20 mL/min to 92.4% at 40 and
93.9% at 60 mL/min (Fig. 2B). As displayed in Fig. 2C and D, power
performance of the DSRFB was evaluated using polarization studies
under 50% and 100% state of charge (SOC) at three flow rates. Either
at 50% or 100% SOC, increasing the flow rate has a positive impact
on the battery power density, which is similar to what we observed
in the battery capacity and efficiency studies. At 100% SOC, the
determined peak power densities were gradually improved in the
order of 14.72 mW/cm2 at 20 mL/min, 15.15 mW/cm2 at 40mL/min,
and 15.33 mW/mL at 60 mL/min. Even at 50% SOC, a peak power
density of 10.5 mW/cm2 was obtained at 60 mL/min. Furthermore,
the response current densities for the observed peak power den-
sities was also increased from 33.1 at 20 mL/min to 35.1 mA/cm2 at
60 mL/min at 100% SOC.

2.2. Electrochemical impedance studies of the MVCl2/Na4Fe(CN)6
desalination AORFB

To gain an in-depth understanding of the flow rate effect and
monitor the status of the flow battery under different flow rates
and SOCs, the 0.5 M MV/Na4[Fe(CN)6] desalination AORFB was
systematically examined by electrochemical impedance
Fig. 2. (A) Charge and discharge curves of the 0.5 M MV/Na4[Fe(CN)6] DSRFB under differe
lination percentages under different flow rates of the DSRFB. (C) Polarization and power den
power density curves for the 100% SOC of the DSRFB under different flow rates.
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spectroscopy (EIS) studies (Fig. 3). Specifically, EIS tests were con-
ducted at 0%, 50%, and 100% state of charge and discharge (SOC,
SOD) at each flow rate to inspect the change of the battery ohmic
resistance during the charge-salination and discharge-desalination
processes. The EIS Nyquist plots are displayed in Fig. 3AeC for the
charge-salination process and in Fig. 3DeF for the discharge-
desalination process. As clearly depicted in Fig. 3, the ohmic
resistance of the cell showed an inverse correlation with the flow
rate. At 0% SOC, the ohmic resistance has shown a large decrease
from 17.01 U*cm2 at 20 mL/min (blue curve in Fig. 3A) to
12.89e1289 U*cm2 at 40 mL/min (green curve in Fig. 3A), and
further down to 11.60 U*cm2 at 60 mL/min (orange curve in
Fig. 3A). A similar trend was observed at 50% and 100% SOC (Fig. 3B
and C). Interestingly, under 100% SOC, the reduction of the battery
resistance improved by the flow rate changewas less sensitive than
0% and 50% SOC (Fig. 3G). This could be attributed to the conduc-
tivity change at the central chamber. As the central chamber so-
lution was concentrated at 100% SOC, the whole system became
more conductive than those at 0% and 50% SOC at all three flow
rates. For example, at 20 mL/min, an ohmic resistance of
14.88 U*cm2 was observed at 100% SOC compared with
15.38 U*cm2 at 50% SOC, and 17.01 U*cm2 at 0% SOC (Fig. 3G). Thus,
the effect of the flow rate was less significant at 100% SOC.

During the discharge-desalination process, a similar trend for
the battery ohmic resistance was observed with the change of the
flow rate at each state of discharge (SOD, Fig. 3DeF and H). At the
beginning of the discharge-desalination process, the battery ohmic
resistance was increased to 16.26 U*cm2 (Fig. 3D, orange curve)
from 14.88 U*cm2 (Fig. 3C, orange curve) after the 100% SOC
charge-salination process at 20 mL/min because of replacing the
nt flow rates at 5.0 mA/cm2. (B) Coulombic efficiencies, energy efficiencies, and desa-
sity curves for the 50% SOC of the DSRFB under different flow rates. (D) Polarization and



Fig. 3. EIS Nyquist plots of the 0.5 M MV/Na4[Fe(CN)6] DSRFB collected at 0% SOC (A), 50% SOC (B), and 100% SOC (C) during the charge-salination process and at 0% SOD (D), 50%
SOD (E), and 100% SOD (F) during the discharge-desalination process under the flow rates of 20, 40, and 60 mL/min. (G) Ohmic resistance change of the DSRFB during charge-
salination process. (H) Ohmic resistance change of the DSRFB during discharge-desalination process.
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solution in the central channel. With the increase of the flow rate
from 20 to 60 mL/min, the battery ohmic resistance decreased from
16.26 to 12.24U*cm2 (Fig. 3D). Because the central channel solution
undergoes desalination during the discharge process, the ohmic
resistance through this process kept increasing under each flow
rate. For example, at 20 mL/min, the battery ohmic resistance was
increased from 16.26 U*cm2 at 0% SOD to 16.65 U*cm2 at 50% SOD
and 18.66 U*cm2 at 100% SOD. At 60 mL/min, the battery ohmic
resistance at 0% SOC (the end of the discharge-desalination process)
was lowered to 13.68 U*cm2. It is believed that the charge transfer
resistance and mass transport resistance are also benefitted from
the increase of flow rates. However, the semicircles expressing the
charge transfer resistances are not clearly resolved in all EIS studies.
Still at 0% SOD (Fig. 3D), the charge transfer resistancewas observed
to decrease from 1.5 U*cm2 at 20 mL/min to 1.0 U*cm2 at 40 mL/
min, and 0.5 U*cm2 at 60 mL/min. Overall, it can be explained that
the reduced battery resistance by increasing the flow rate leads to
the improved energy efficiencies, desalination efficiencies, and
power densities discussed above (Fig. 2).
3. Conclusion

In summary, we have established a relationship between the
flow rate and energy storage and desalination performance of the
MV/Na4Fe(CN)6 DSRFB. We found that the increase of flow rate
facilitates the mass transfer process and reduces the battery ohmic
4

and charge transfer resistances. Specifically, by increasing the flow
rate from 20 to 60 mL/min, the desalination flow batteries
demonstrated performance improvement for energy efficiency,
desalination percentage, and power performance respectively.
These new findings open a new engineering direction for the
optimization of desalination flow batteries.
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