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An all-aqueous redox flow battery with
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Redox flow batteries are of particular interest because of the

flexible power and energy storage originating from their unique

architecture, but their low energy density has inhibited their wide-

spread dissemination. In this work, a novel strategy of tuning the pH

of the electrolyte environment is put forward to enhance the

battery voltage, and eventually achieve the goal of high energy

density for all-aqueous redox flow batteries. With this strategy, a

hybrid alkaline zinc–iodine redox flow battery has been designed

with a 0.47 V potential enhancement by switching the anolyte from

acidic to basic, thus inspiring an experimental high energy density

of 330.5 W h L�1. This is an unprecedented record to date for an

all-aqueous redox flow battery.

In order to meet the soaring worldwide energy demand, various
renewable energy resources are integrated into today’s electrical
grids, such as wind power and solar energy. However, these
renewable power outputs are usually unstable and inconsistent
due to their fluctuations along with the change of weather or
location.1–4 Thus, a great need for advanced energy storage
systems to mitigate undulating outputs and stabilize power
grids is looming. Redox flow batteries (RFBs) are of particular
interest because of the flexible power and energy storage
originating from their unique architecture.5–8 In contrast to
capsule-enclosed batteries, RFBs store electrolyte with redox-active
materials in external reservoirs.9–11 Redox reactions occur instantly
on the electrodes’ active surfaces when liquid electrolyte is flowing
into the cell. Therefore, the battery capacity can be increased up to
the megawatt-hour (MW h) range by simply expanding the volume
of the reservoir.12,13

Among various RFB systems, all-vanadium redox flow batteries
are recognized as one of the most promising commercialized
candidates benefitting from their long cycle life, high efficiency
and excellent electrochemical reversibility. However, with the

soaring high energy demand, their merits are largely limited by
the low energy density. With a certain electrolyte volume and
concentration, the energy density of a RFB is usually determined
by two factors: (1) the number of transferred electrons of the redox
reaction;14 (2) the flow battery voltage.15 Thus, enhancing the
battery voltage could be one very feasible and effective approach
to achieving high energy density. Inspired by this concept, various
non-aqueous RFBs have been put forward with elevated battery
voltages because of their wide electrochemical window employing
organic solvents.16–23 Non-aqueous lithium-RFBs are typical exam-
ples with an elevated battery voltage (42.0 V), which subtly
combine lithium-ion or lithium–sulfur batteries with flow battery
technology.17,20,22 However, these non-aqueous lithium-RFBs have
inevitable drawbacks: firstly, because of the use of lithium metal,
they are very sensitive to moisture and gases such as O2, N2 and
CO2 in the air.16,18 Secondly, ionic mobility in non-aqueous
solutions is much slower than in their aqueous counterparts.6

Lastly, most of the non-aqueous lithium-RFBs are based on the
size of a coin-cell with a volume of electrolyte less than 5 mL, and
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Broader context
Redox flow batteries as an advanced power and energy storage system are
being driven by an ever-increasing demand to mitigate output fluctuations
and stabilize power grids. In contrast to capsule-enclosed batteries, redox
flow batteries have unique architectures that can store electrolyte with
redox-active materials in external reservoirs, thus leading to a controllable
energy capacity up to the megawatt-hour (MW h) range by expanding the
reservoir volume. With a certain electrolyte volume and concentration, the
energy density of a redox flow battery is usually determined by the electron
transfer number of the redox reaction or the flow battery voltage.
Therefore, enhancing the battery voltage could be one very feasible and
effective approach for achieving high energy capacity. Theoretically, the
electrolyte acidic/basic properties have a great influence on redox pair
potential. By tuning the pH of the electrolyte, the battery voltage can be
effectively enhanced, finally leading to an increase in energy density.
Inspired by this concept, an all-aqueous hybrid alkaline zinc/iodine flow
battery is designed and demonstrated in this work with an unprecedented
high-energy-density of 330.5 W h L�1 as well as a 0.47 V battery potential
enhancement compared to the conventional counterparts.
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cannot be scaled-up. Alternatively, semi-aqueous lithium-RFBs
have been proposed by using a completely ionized aqueous
redox-active species in the aqueous catholyte to match up with
a non-aqueous lithium anode.26,27 They exhibit high energy
densities and long cycle lives, benefitting from the unique
battery structure which possesses the advantages of both
aqueous and non-aqueous RFBs. However, owing to this specific
battery configuration, a fragile and costly crack-free glass ceramic
membrane must be assembled to eliminate organic/aqueous
electrolyte cross-over issues, the manufacture of which will largely
limits the scalability and increases the cost of flow batteries.24,27

Also, the resistance of the ceramic membrane is usually high,
thus meaning that the semi-aqueous RFBs cannot discharge at a
very high current density. Therefore, non-aqueous and semi-
aqueous RFBs are far from commercialization, while all-aqueous
RFBs are still irreplaceable.28 By introducing the concept of a
middle electrolyte, a multiple ion-exchange membrane design for
all-aqueous RFBs has been put forward, which creates the flex-
ibility to allow new electrolyte combinations and gives a promising
potential of high energy density for an all-aqueous RFB system.29

However, this complex battery structure also brings new challenges
to commercial scalability including more changes of electrolyte
leakage and membrane fabrication.

The pursuit of high energy densities for all-aqueous RFBs
was stuck in a bottleneck period until early in 2015, when Li
et al. reported a promising high energy density (167 W h L�1)
zinc–polyiodide all-aqueous flow battery, which is approaching
the energy density of low end lithium-ion batteries, successfully
demonstrating a bright future for all-aqueous high energy density
RFB systems.30 Further improvement of the all-aqueous RFB
performance is still burgeoning at present. But, little effort has
been expended on the methodology of enhancing the battery
voltage to improve the energy capacity of all-aqueous RFBs. This
is because in theory, a high battery voltage is not attainable in
aqueous electrolytes owing to the narrow water electrolysis
potential window of 1.23 V.27 However, considering kinetics,
the practical water splitting potential is usually above 2 V
because of the high over-potential of the hydrogen/oxygen
evolution reaction at electrode surfaces.31 If the low hydrogen
evolution potential in alkaline medium could be combined with
the high oxygen evolution potential in acid medium in one
system, the battery could achieve a stable cell potential window
even as high as B3 V.15 Thus, the water electrolysis reaction is
not the restraining factor in aqueous solution if the battery can
be designed and fabricated properly. Then, the next logical
question is how to enhance the voltage of all-aqueous RFBs.
According to the Pourbaix diagram, the pH value of an aqueous
electrolyte has a great influence on the redox potential of electrode
candidates.32,33 By carefully observing the redox potential table,
we can find that some redox potentials of metal pairs exhibit a
huge difference between acid and alkaline environments. For
example, a zinc redox potential of �0.763 V (Zn2+/Zn) versus
a standard hydrogen electrode (SHE) was obtained in acid
electrolyte (eqn (1)),30 whereas a redox potential of �1.260 V
(Zn(OH)4

2�/Zn) versus SHE was obtained in alkaline solution
(eqn (2)).34

In acid: Zn2+ + 2e� - Zn E0 = �0.763 V (1)

In alkaline: Zn(OH)4
2� + 2e� - Zn + 4OH� E0 = �1.260 V

(2)

Therefore, by simply tuning the acid–base environment for this
redox pair, the battery voltage will significantly increase (e.g.
0.497 V potential enhancement for the zinc redox pair from
acid and to alkaline electrolyte), which ultimately leads to an
enhanced energy density. For the first time, this ingenious
design of tuning the electrolytic pH value for achieving a high
energy density for all-aqueous RFBs is proposed in this work.
Simply and effectively, this novel strategy opens a promising route
for the development of all-aqueous high-energy-density RFBs.

In this study, on the basis of the above consideration, a
triiodide/iodide (I3

�/I�) redox pair is chosen as the cathode
reactive species and coupled with an alkaline Zn(OH)4

2�/Zn
anode to compose a hybrid electrolyte all-aqueous RFB. Eqn (3)
illustrates the redox action of I3

�/I� via two-electron transfer.
Iodide has been recognized as one of the most promising
cathode redox candidates owing to the following reasons.
Firstly, benefiting from its high solubility (over 8 mol L�1) in
aqueous electrolyte, iodide has the ability to deliver high energy
density.25 Moreover, the suitable I3

�/I� redox potential (0.536 V
vs. SHE) makes it possible to avoid water electrolysis.35

I3
� + 2e� - 3I� E0 = 0.536 V (3)

I2(s) + I� 2 I3
� K = 723 � 10 (25 1C) (4)

As in eqn (4), I3
� can be constructed by the addition of solid I2

into an I� solution (potassium iodide (KI) solution was
employed in this work).26,30 The solubility of I2 will dramatically
improve with the presence of excess I�. With the increasing
concentration of I2, other polyiodide species (such as I5

�, I7
�,

and I9
�) will also be formed. But, I3

� is the predominant
electroactive species and the only isolated polyiodide that exists
in aqueous solution.36 During discharge (Fig. 1a), zinc oxidation
reaction occurs at the anode in an alkaline potassium hydroxide
(KOH) anolyte, yielding soluble zincate (Zn(OH)4

2�) ions and
liberated electrons. The electrons travel through an external
circuit from the anode to the cathode, producing electricity. I3

�

is reduced into I� at the cathode once having received the
electrons. At the same time, K+ migrates from the anode to
the cathode to complete the reaction. During charge (Fig. 1b),
the reverse redox reactions occur at the two electrodes, in which
zincate is reduced into zinc deposited onto the anode, while I�

is oxidized back to I3
� at the cathode. Meanwhile, K+ travels

through the membrane from the cathode to the anode. The
overall working principle of the proposed alkaline anolyte Zn–I2

RFB can be described as follows:

Anode: Zn(OH)4
2� + 2e� - Zn + 4OH� E0 = �1.260 V

(5)

Cathode: I3
� + 2e� - 3I� E0 = 0.536 V (6)

Overall: Zn + I3
� + 4OH� 2 Zn(OH)4

2� + 3I� E0 = 1.796 V
(7)
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Theoretically, this newly-designed alkaline Zn–I2 RFB outweighs
its conventional counterparts by a 0.497 V (Fig. 2a) increase in
battery voltage and a 38.26% enhancement in energy density
(see the calculation details in the ESI†), which is a very significant
improvement. The practical demonstration of open circuit voltage
(Fig. 2b) also shows a real 0.47 V potential gap existing between the
two batteries. In particular, as shown in Fig. 2c, cyclic voltammetry
(CV) measurements of 0.1 M zinc acetate (ZnAc2) with a 3 M KOH
solution were performed to determine the potentials of the
Zn(OH)4

2�/Zn redox pair. A typical voltammogram shape of zinc
electrodeposition is illustrated without a hydrogen evolution peak.
Also, a cyclic voltammogram of 0.1 M KI electrolyte shows the pair
of the I3

�/I� redox reaction with no oxygen evolution reaction
being observed throughout the entire scan range. All of these
features demonstrate the feasibility and superiority of the alkaline
Zn–I2 RFB.

The evaluation of the battery performance was conducted at
different current densities (10–100 mA cm�2). In order to keep
the osmolarity balanced, equivalent concentrations of KOH
anolyte solution and KI/I2 catholyte solution were prepared in
each external electrolyte reservoir. A polymer membrane
(Nafion 117) was assembled between the two electrodes to limit
the migration of negative ions. As shown in Fig. 3a, the battery
specific capacity was investigated at a constant current density
of 20 mA cm�2 as a function of the concentration of KI/I2

catholyte solution. High practical specific capacities were success-
fully obtained from 80.0 (2 M) to 193.5 A h L�1 catholyte (6 M) with
the increase in catholyte concentration. But, these impressive
specific capacities are still considerably lower than the theoretical
values (Fig. 3b). The loss of capacity comes from the result of three
things. (1) Polyiodide formation: as discussed above, the I3

�

solution can be obtained by the dissolution of I2 into KI solution.

Fig. 1 Schematic illustration of the working principle of (a) discharge and
(b) charge processes of the designed alkaline Zn–I2 redox flow battery.

Fig. 2 (a) The standard redox potentials of various candidate redox pairs
suitable for the all-aqueous redox flow battery. (b) The open-circuit-voltage
between the conventional and designed alkaline Zn–I2 redox flow battery.
(c) Cyclic voltammograms of 0.1 M ZnAc2 with 3 M KOH (green curve) and
0.1 M KI (yellow curve) on a glassy carbon electrode at a scanning rate of
50 mV s�1.

Fig. 3 (a) Representative galvanostatic charge and discharge curves at
different electrolyte concentrations at a current density of 20 mA cm�2.
(b) The practical specific capacity compared with the theoretical values as
a function of the catholyte concentration. (c) Influence of the discharging
current density on the achievable specific capacity and energy density.
(d) Diagram of the energy density of all-aqueous redox flow batteries
prepared in recent years compared with the value in this work.
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Ideally, an equal amount of I2 reacts with KI solution, aiming at
obtaining an equal amount of I3

� solution according to eqn (4).
However, in addition to I3

� ions, some extended polyiodide
compounds can also be formed through interactions between
fundamental blocks: I2, I�, and I3

�.36 Therefore, the practical
amount of I3

� ions cannot reach the theoretical value as desired,
leading to the loss of capacity compared to the theoretical values.
(2) Electrolyte crossover: the cationic exchange Nafion membrane
was assembled between the anode and the cathode to resist the
movement of any existing Zn(OH)4

2�, I3
�, and I� anions, whereas

K+ ions as a mediator can smoothly shuttle between the two
electrodes to conduct the charges in the battery. Energy-
dispersive X-ray spectroscopy (EDX) was used to investigate the
Nafion membrane after discharge on both the anode and cathode
sides to confirm the elements existing in the membrane (Table S1,
ESI†). The EDX result reveals that the Zn and I elements are
present on both sides of the membrane, indicating that the
electrolyte crossover issue exists in this system. The reason can
be ascribed to the hydrophilic nature of the membrane. Nafion
membrane is a hydrophilic polymer which conducts ions with the
assistance of water molecules. Inevitably, a small number of
hydrated anions will still pass through the membrane along with
water molecules. In order to investigate the electrolyte crossover
issue, the permeability of the zincate (Zn(OH)4

2�) ion was inves-
tigated (Fig. S7, ESI†). Two different concentrations of KOH
solution (2 M and 6 M) were prepared in the left compartment
with the corresponding concentrations of KI solution in the right
compartment to simulate the actual battery conditions. Saturated
zincate (Zn(OH)4

2�) ion solutions were prepared in the left com-
partment to create maximum ion crossover environments. As
shown in Fig. S7 (ESI†), the concentration of zincate (Zn(OH)4

2�)
ions in the right compartment increases with the increase of
permeation time in both 2 M and 6 M KI solutions. The perme-
ability coefficients of zincate (Zn(OH)4

2�) ions across Nafion 117
obtained are 6.74 � 10�7 cm2 min�1 and 11.62 � 10�7 cm2 min�1

in 2 M and 6 M prepared electrolytes, respectively. Overall, K+ ions
exist in both reservoirs and can smoothly shuttle between the two
electrodes to conduct the charges in the battery. Hydroxide (OH�)
ions in the left reservoirs continuously react with zinc to form a
solution of potassium zincate (Zn(OH)4

2�). For a vanadium redox
flow battery (VRFB) system, low vanadium permeability is essential
for the membrane. Compared with the latest reported VRFB with
ultra-low vanadium permeability, the Nafion 117 membrane in our
system still exhibits comparable performance with low ion perme-
ability. Overall, the vast majority of anions have been blocked by
the Nafion membrane and have reacted in their individual electro-
lyte reservoir, but still a small amount of undesired hydrated
Zn(OH)4

2�, I3
�, and I� ions was able to go across the membrane,

which finally results in the loss of some battery capacity. (3)
Polarization: In this work, graphite foil was used as a current
collector for the I3

�/I� redox reaction to simply demonstrate the
design for this alkaline Zn–I2 RFB. However, the graphite foil
largely limited the battery performance because of its low surface
area. Even though it is in the preliminary design stage, the alkaline
Zn–I2 RFB still exhibited distinguished performance. As shown in
Fig. 3c, the alkaline Zn–I2 RFB can run in a wide current density

region from 10 to 100 mA cm�2. With the decrease of the employed
current density, the battery produced more electricity and finally
reached a remarkable specific capacity of 202.2 A h L�1

catholyte.
Benefiting from the high voltage design of this alkaline Zn–I2 RFB,
a prominent energy density of 330.5 W h L�1

catholyte was achieved at
10 mA cm�2, which is the highest energy density obtained to date
in an all-aqueous RFB system to the best of our knowledge. The
diagram in Fig. 3d shows a summary of the performance of various
all-aqueous RFBs. With respect to battery potential and energy
density, the alkaline Zn–I2 RFB shows the best performance among
all conventional or newly-emerged redox flow batteries.

To investigate the battery’s ability to maintain its high
energy density, the cycling performance of the alkaline Zn–I2

RFB was investigated through long-term 20 hour per cycle
testing at a current density of 20 mA cm�2, which is a 44%
depth of discharge cycles according to the theoretical battery
capacity. As shown in Fig. 4a and b, the battery achieved a 100%
coulombic efficiency during all 10 cycles (200 h), but the voltage
and energy efficiencies exhibited fluctuations from 65% to
80%. The main reasons come from three processes on the zinc
plate anode: passivation, electrode shape change and zinc
dendrite formation.34 During discharge, zinc is generally dis-
solved into the alkaline electrolyte, producing Zn(OH)4

2� ions
in the anolyte. However, if there is not enough OH� offered in
the anolyte and the Zn(OH)4

2� ions reach their solubility limit,
an insulating ZnO film will be produced and precipitated on
the electrode surface, causing an increase in the internal
resistance of the electrode.37 Also, during charge, zinc will be
deposited back onto the electrode but at a different position,
resulting in the shape change of the zinc electrode and a loss of
usable capacity. Furthermore, zinc dendrites are also observed
during charge due to the result of concentration-controlled zinc
electrodeposition.33,38,39 Therefore, after each three or four
cycles, a fresh zinc plate was used to replace the exhausted
zinc electrode to achieve stable energy density. Finally, an
energy density of B200 W h L�1 was obtained during all of
the cycles (200 h), which is the highest reported cycling energy
density for an all-aqueous RFB. The cycling performance of the
alkaline Zn–I2 RFB was also investigated through short-term
cycles with long-term stability. In the short-term cycling testing,
the discharge and charge cycling performance of the battery
was evaluated using a pulse cycling technique with each short
2 hour cycle at a current density of 10 mA cm�2. As shown in
Fig. 4c, the battery has a fluctuating charge voltage within the
first 40 hours. This is because during the very early stages, short
term discharge cannot produce enough Zn(OH)4

2� (in anolyte)
and I� (in catholyte) to afford a charge of the same time length,
thus leading to an unstable performance in charge processing
in the first 40 hours. Afterwards, the battery exhibits a very
small polarization with a charge–discharge voltage gap of
0.35 V. Even at 140 hours, the discharge voltage was still above
1.5 V with a corresponding charge voltage at around 2.0 V.
During the overall 70 cycles (140 h), the battery displayed an
excellent coulombic efficiency of 100% and a promising voltage/
energy efficiency of 80% (in Fig. 4d), which demonstrates the
superior cycling stability of this alkaline Zn–I2 RFB.
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Conclusions

In summary, a novel strategy towards a high energy density
all-aqueous redox flow battery has been put forward in this work.
Theoretically, high energy density can be achieved by enhancing
the battery voltage, and the electrolyte acidic/basic properties
have a great influence on the redox pair potential. Thus, by
tuning the pH of the electrolyte, the battery voltage can be
effectively enhanced, finally leading to an increase in energy
density. With this strategy, we demonstrate an all-aqueous alka-
line Zn–I2 RFB achieving a high-energy-density of 330.5 W h L�1

with a 0.47 V anode potential enhancement compared to the
conventional counterparts, which is the highest energy density for
an all-aqueous redox flow battery obtained to date. In addition, the

alkaline Zn–I2 RFB also exhibits a promising cycling performance
with 100% coulombic efficiency, B70% voltage and energy
efficiency and a high energy density of B200 W h L�1 main-
tained over 200 h. However, though these preliminary results
are promising, numerous challenges still exist such as the
electrolyte preparation issue, electrolyte crossover problem,
electrode polarization, etc. More studies are needed to perfect
this system in the future, for example the development of a
separator membrane, highly active electrocatalyst and advanced
cell design.40–46 Overall, this alkaline Zn–I2 RFB system demon-
strates a new design with promising performance for an all-aqueous
redox flow battery, and more importantly, opens a feasible and
effective approach for achieving high-voltage high-energy-
density all-aqueous electrochemical energy devices.
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