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Abstract: Zinc–iron redox flow batteries (ZIRFBs) possess intrinsic safety and stability and have
been the research focus of electrochemical energy storage technology due to their low electrolyte
cost. This review introduces the characteristics of ZIRFBs which can be operated within a wide pH
range, including the acidic ZIRFB taking advantage of Fen+ with high solubility, the alkaline ZIRFB
operating at a relatively high open-circuit potential and current densities, and the neutral ZIRFB
providing a non-toxic, harmless, and mild environment. No matter what kind of ZIRFB, there are
always zinc dendrites limiting areal capacity on the anode, which has become an obstacle that must
be considered in zinc-based RFBs. Therefore, we focus on the current research progress, especially
the summarizing and analysis of zinc dendrites, Fe(III) hydrolysis, and electrolytes. Given these
challenges, this review reports the optimization of the electrolyte, electrode, membrane/separator,
battery structure, and numerical simulations, aiming to promote the performance and development
of ZIRFBs as a practical application technology. Based on these investigations, we also provide the
prospects and development direction of ZIRFBs.

Keywords: zinc–iron; redox flow battery; cost-effective; zinc dendrite; electrolyte design; ion-exchange
membrane; large-scale energy storage

1. Introduction

As a result of the depletion of fossil fuels, the concerns over energy sustainability
and environmental issues are given a more and more vital position [1–4]. The power
generation of renewable energy, for instance, solar and wind energy, will surely become
the main energy sources of future energy strategy. However, the unique intermittence and
instability of renewable energy have brought major challenges to the stable operation of
the power system, opening temporal and spatial gaps between the consumption of the
energy by end-users and its availability, thus, energy storage technology is an effective
means that can help achieve stable and efficient renewable energy [5–7]. Compared with
physical techniques (e.g., pumped storage), secondary batteries with higher flexibility
have gradually attracted people’s attention [8–10]. Among the various battery techniques,
redox flow batteries (RFBs) have proved to have considerable development potential in
large-scale energy storage as a result of their long lifetime, high safety, and high-energy
efficiency [11–14].

According to the electrolyte used, the RFB system mainly includes vanadium-based
RFB, iron-based RFBs, zinc-based RFBs, organic RFBs, polysulfide-based RFBs, etc. [9,15–22].
To date, the vanadium RFB (VRFB) has become the most mature large-scale energy storage
technique, which is suitable for large- and medium-sized energy storage scenarios [23–27].
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VRFBs have characteristics whose energy efficiency (EE) and cycle life exceed 80% and
200,000 cycles, respectively [28–31]. However, for VRFBs, the cost of vanadium electrolyte
accounts for approximately 60% of the battery cost, which greatly increases the initial in-
vestment threshold [32]. In VRFBs, the adopted acidic electrolyte is prone to corrode the
components of the stack, and the choice of the membrane is quite restricted. At present,
the Dupont Nafion® is mainly used due to its outstanding chemical stability and proton
conductivity. Nevertheless, the high cost of Nafion and vanadium makes VRFBs an expen-
sive energy storage technique among various RFBs. In contrast, researchers have shown
solicitude for the zinc-based RFB (ZBRFB) as a result of its low-cost electrolyte. Moreover,
the VRFB processes quite a low energy density (ca. 15–25 Wh L−1), while the energy density
of ZIRFBs was typically higher than 50 Wh L−1. The comparison of VRFBs and ZBRFBs is
listed in Table 1.

Table 1. Comparison of VRFBs and ZBRFBs.

RFB Characteristic Energy Density/Wh L−1 EE/% Life Cycle Ref.

VRFBs
Both active materials used in catholytes and anolytes are vanadium
species, and they exhibit good durability and reversibility, suitable for
long-term energy storage.

15–25
82.7 (120 mA/cm2) 1000 [33]
76.3 (300 mA/cm2) 500 [34]

ZBRFBs

There are a wide range of catholyte/anolyte sources, and the
advantages of low-cost zinc species are significant. The operating
environment can be classified as acidic, neutral and alkaline, thus,
having a wide pH range.

>50 87.6 (200 mA/cm2) 500 [35]

ZBRFB refers to an RFB in which zinc is used as the electrochemically active substance
in the electrolyte solutions [18]. The zinc electrode has a reversible anode potential. Zinc
ions are stable in both alkaline and acidic environments, even in a neutral electrolyte, and
the electrochemical reaction rate is relatively fast. Since the 1970s, people have begun to
conduct research on zinc-based batteries, mainly including zinc–iron, zinc–air, zinc–cerium,
zinc–nickel, zinc–iodine, zinc–bromine, zinc–organic RFB, etc. [18,36–43]. Among them, the
zinc–iron RFB (ZIRFB) has become the research object because of its abundant raw materials,
low cost, and non-toxicity. Xie et al. estimated that the cost of ZIRFB is approximately
USD 43.3 per kWh, and is the lowest capital cost in reported RFBs (see Figure 1a) [44,45].

Up to the present, reviews that focus particularly on the advances of ZIRFBs are rarely
found, let alone reviews focusing on advanced components of ZIRFBs [46]. We wish to
highlight the research progress of the most environmentally friendly ZIRFBs in zinc-based
flow batteries, which is different from the possible volatilization of iodine and bromine
in zinc–halogen flow batteries [16,47]. At the same time, its cost is significantly lower
than other zinc–metal flow batteries [16]. Therefore, we think it is necessary to review
such a promising flow battery. Consequently, it is essential to concentrate on the updated
ZIRFB technologies and make an overview summary. The current review concentrates
on the research advances of key problems in ZIRFBs and makes a prospect for the future
development direction of ZIRFB technology.
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from [18]. Copyright 2018, Elsevier.

2. Characteristics of ZIRFB
2.1. The Basic Principle of ZIRFB

ZIRFB has the general characteristics of RFBs. That is to say, the ZIRFBs mainly use the
changes in the redox state of active substances in the solutions on both sides of the Fe-based
cathode and Zn-based anode to realize the charge–discharge process. As can be seen in
Figure 1b, a ZIRFB is mainly composed of a stack and two electrolyte storage tanks [45]. The
electrolyte is stored in a storage tank outside the stack, and then is transported to the inside
and outside of the stack by the pump. The redox reaction occurs at the electrodes, and the
reactive species flow back to the external storage tank with the electrolyte. The cathode and
anode are separated by a separator/membrane, which can optionally allow the supporting
electrolyte to pass through to maintain electrolyte balance. The separator/membrane
not only separates the half-cells and avoids the cross-mixing of active species, but also
provides the required ionic conductivity accompanied by the electrons transfer during the
charge–discharge process.

Conventional zinc–ion batteries typically fail after 500 cycles in deep discharge opera-
tion mode. The breakdown is typically caused by the anode, mainly due to the deformation
of the anode related to the inhomogeneous distribution of current on the Zn electrode and
the zinc dendrite caused by the concentration polarization [48–50]. For ZIRFBs, during cy-
cling, the diffusion layer becomes significantly thinner, which minimizes the concentration
polarization caused by electrolyte flow. The concentration polarization may dramatically
restrain the growth of zinc dendrites while the battery is charging. The simultaneous
flowing solutions enable the homogenous distribution of the current and eliminate the
deformation of the Zn electrode as a result of the non-stratification of the solution.
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For RFB systems, the working current density is a critical parameter. The higher
operating current density typically enables a smaller size of the stack and reduces the system
cost. The operating current density can be intimately linked to the kinetic reversibility and
electrochemical activity of the redox pairs on the electrodes, and the ionic conductivity
through the membrane. In terms of conventional liquid–liquid RFBs (with the whole
electrochemically active components dissolved in the catholyte and anolyte during charge
and discharge), most redox pairs exhibit fast kinetics and high reversibility on porous
carbon electrodes, enabling these RFBs to operate under higher current densities, as shown
in Table 2. Therefore, although the operating potential of conventional liquid–liquid RFB
systems is typically lower than ZIRFBs, they can provide relatively higher output power in
comparison with the ZIRFB system. In contrast, the ZIRFB system usually operates under a
relatively low current density, owing to the limitations related to the Zn redox pair during
the cycling operation.

Table 2. The comparison of the ZIRFB system with conventional liquid–liquid RFB systems.

Types of RFB
Systems Potential/V Operating Current

Density/mA cm−2
Operating

Temperature/◦C
Peak Power

Density/mW cm−2 Refs.

Alkaline zinc/iron 1.74 35–160 R.T. 1056 [51,52]
Acidic zinc/iron 1.53 25–150 25 37.8 [53–55]

Neutral zinc/iron 1.43 20–80 R.T. 273 [44,56]
All-vanadium 1.26 10–500 25–30 2780 [29,57,58]

Iron–chromium 1.18 40–480 55–65 216 [59,60]
Iron–vanadium 1.02 50 R.T. ≈50 [61,62]

All-iron 1.34 40 R.T. 160 [63]
Polysulfide/iodide 1.05 5–37 R.T. 84.6 [19,20]
Quinone/bromide 0.89 200–500 20–45 1000 [21,22]

Quinone/iron 1.20 100 R.T. 240 [64,65]
Polymer-based 1.10 20–28 25 - [66]

R.T. = room temperature.

Besides iron and zinc being the metals with the lowest cost (<USD 4 kg−1) and richest
reserves in the Earth’s crust, compared to other ZBRFBs, the ferro- and ferricyanide are
the most widely known iron complexes with high reversibility in alkaline solutions. The
active species in the catholyte were ferri- and ferrocyanide in the form of precipitations
obtained through crystallizers or when electrolytes were saturated. Despite the adoption of
solid-state active species, in the 1M KOH solution, the solubility of potassium ferrocyanide
can reach c.a. 0.5 M at 25 ◦C [67]. In the acidic ZIRFB system, the acetate buffer solution
plays a vital role as it restrains the concentration of free H+ within a preferred range,
which enables more proton transfers from the cathode to the anode. In addition, a higher
acid concentration is preferred for the dynamics of the Fe2+/Fe3+ reactions. It is of great
importance as well that carbon felt was adopted as the anode, upon which it has the
disposition to be difficult for zinc deposition without the buffer solution [53]. Comparisons
of the ZIRFB with other zinc-based RFBs have been further described in Table 3.
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Table 3. The difference in various zinc-based RFBs.

Zinc-Based RFB Characteristics Ref.

Zn–Fe (Alkaline)

Ecell (in theory)/V 1.74

Advantage • High OCV;
• Long-term cycling;
• Cost-effective porous separator/membrane high
current density.

Disadvantage • Zinc dendrites;
• High separator/membrane resistance;
• Low solubility of ferrocyanide.

Catholytes Fe(CN)6
4−↔Fe(CN)6

3− + e− E (vs. Hg/HgO) = +0.33 V

Anolytes Zn(OH)4
2− + 2e−↔Zn + 4OH− E (vs. Hg/HgO) = −1.41 V

Electrode Carbon felts

[52]Membrane A nanoporous poly (ether sulfone)/sulfonated poly (ether ether
ketone) (PES/SPEEK) membrane

Performance EE ≈ 91.92% (40 mA cm−2, 240 cycles)

Zn–Fe (Acidic)

Ecell (in theory)/V 1.53

Advantage • High solubility of iron ions;
• Fast kinetics of Fe2+/Fe3+.

Disadvantage • Zinc dendrites;
• Hydrogen evolution.

Catholytes Fe2+↔Fe3+ + e− E (vs. SHE) = +0.77 V

Anolytes Zn2+ + 2e−↔Zn E (vs. SHE) = −0.76 V

Electrode Graphite plate

[54]
Membrane Daramic 175

Performance EE ≈ 68% (25 mA cm−2, 127 cycles)

Zn–Fe (Neutral)

Ecell (in theory)/V 1.43

Advantage • Low cost.

Disadvantage • Zinc dendrites.
• Fen+ hydrolysis.

Catholytes Fe(Glycine)2
2+↔Fe(Glycine)2

3+ + e− E (vs. Ag/AgCl) = +0.55 V

Anolytes Zn2+ + 2e−↔Zn E (vs. Ag/AgCl) = −0.88 V

Electrode Carbon felts

[35]Membrane A perfluorinated sulfonic acid membrane

Performance EE ≈ 87.6% (200 mA cm−2, 500 cycles)

Zn–Br2 (Neutral)

Ecell (in theory)/V 1.84

Advantage • Low cost;
• High-energy density.

Disadvantage
• Zinc dendrites;
• Environmental risk;
• Slow reaction kinetics.

Catholytes ZnBr2

Anolytes ZnBr2

Electrode Graphite felts

[68]Membrane Nafion 212

Performance EE ≈ 75% (40 mA cm−2, 50 cycles)
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Table 3. Cont.

Zinc-Based RFB Characteristics Ref.

Zn–I2 (Neutral)

Ecell (in theory)/V 1.37

Advantage • High-energy density.

Disadvantage • Zinc dendrites;
• The instability of the catholyte.

Catholytes ZnI2/NH4I

Anolytes ZnCl2

Electrode Graphite felts

[69]Membrane Nafion 115

Performance EE ≈ 80% (10 mA cm−2, 2500 cycles)

Zn–Ce (Acidic)

Ecell (in theory)/V 2.4

Advantage • High OCV;
• High-energy density.

Disadvantage • Zinc dendrites;
• Low solubility of Ce3+/Ce4+ species.

Catholytes Ce(CH3SO3)3

Anolytes Zn(CH3SO3)2

Electrode Carbon polyvinyl-ester composite

[70]Membrane Nafion 117

Performance EE ≈ 73% (50 mA cm−2)

Zn–Ni (Alkaline)

Ecell (in theory)/V 1.71

Advantage • High-energy density;
• Low cost.

Disadvantage
• Poor kinetics;
• Low-energy density;
• Oxygen evolution.

Catholytes Ni(OH)2

Anolytes ZnO

Electrode Nickel-based

[71]Membrane -

Performance EE ≈ 80.1% (80 mA cm−2, 200 cycles)

Zn–Air (Alkaline)

Ecell (in theory)/V >1.6

Advantage • The extensive global reserves of Zn;
• Non-flammable electrolytes.

Disadvantage • Zn dissolution/precipitation;
• Slow reaction kinetics.

Catholytes -

Anolytes K2[Zn(OH)4]

Electrode 3D-wired Zn electrodes

[72]Membrane An aqueous-compatible separator

Performance Specific capacity ≈ 694 ± 20 mAh·gZn
−1 (24 mA cm−2)
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2.2. Wide pH Range

Metallic Zn can be electroplated in four various ways with different forms of reactants
in the solution depending on the pH from 0 to 16, as shown in Figure 1c [18]. The relevant
reaction equations are as follows:

Zn2+ + 2e− ↔ Zn ·Ee = −0.763 + 0.0295 log[Zn2+] (1)

Zn (OH)2 + 2H+ + 2e− ↔ Zn + 2H2O Ee = −0.439− 0.0591pH (2)

HZnO2− + 3H+ + 2e− ↔ Zn + 2H2O Ee = 0.54V − 0.0886pH + 0.0295 log[HZnO2−] (3)

ZnO2
2− + 4H+ + 2e− ↔ Zn + 2H2O Ee = 0.441V − 0.1182pH + 0.0295 log[ZnO2

2−] (4)

Unlike other RFBs, the electrolyte of ZIRFB can work in a wide pH range. A higher
pH value is conducive to the dissolution and deposition of metallic Zn, despite that the
Fe2+/Fe3+ redox couple tends to precipitate more easily at high pH. Hence, the appropriate
pH range is very important. According to the difference in electrolyte acidity and alkalinity,
ZIRFBs are normally divided into three types: alkaline, acidic, and neutral ZIRFBs (Table 2).

2.2.1. Alkaline ZIRFB

In alkaline ZIRFB, zinc and ferricyanide are used as active substances in the anolyte
and catholyte, respectively [51]. The system possesses the electrolyte with relatively low
cost and high open-circuit voltage (OCV) of 1.74 V. In the discharge state, the anode side is
transformed from Zn to zincate solution (alkaline), while the cathode side ferrocyanide is
formed from the previous ferricyanide. When charging, it is the opposite process, which is
a reversible reaction compared to the discharge process. However, the cycle performance
of the ZIRFB is poor due to the issue of zinc dendrites in the alkaline medium.

In 1979, G. B. Adams et al. first proposed the concept of alkaline ZIRFB in a patent [73].
The ZIRFB in this patent employs a cationic exchange membrane (CEM) to separate the
active species on both sides. The CEM with high resistance makes the operating current
density of the RFB low (cell resistance at 35 ◦C was 0.42 Ω). Additionally, another restriction
of such an alkaline system is that the redox couple [Fe(CN)6]3−/[Fe(CN)6]4− has very low
solubility (5N). Ultimately, the alkaline ZIRFBs have not been in fast development due to
the low power density and high cost of ion-exchange membranes.

2.2.2. Acidic ZIRFB

Compared with the solubility of ferricyanide in an alkaline medium, Fe2+/Fe3+ is the
more ideal redox couple. Aqueous iron ions have a higher solubility and faster kinetics in
an acidic medium, even on uncatalyzed carbon electrodes. Fe2+/Fe3+ is regarded as the
safest and cheapest redox couple in the possible reactions for a positive electrode. Therefore,
in theory, the acidic ZIRFB (Ecell = 1.53 V) can have a higher energy density [54]. However,
in the acidic ZIRFB, the excessive acidity of the solution will affect the deposition of zinc
and the hydrolysis of the Fe2+/Fe3+ pair, thus, the hydrogen evolution reaction (HER) is
prone to occur. For an acidic system with HAc/NaAc as the buffer solution to keep the pH
value of the negative electrolyte between 2–6, a high CE (coulombic/current efficiency) can
be realized [53].

2.2.3. Neutral ZIRFB

Compared with alkaline and acidic systems, the neutral ZIRFB system (Ecell = 1.43 V)
is mild and non-corrosive, which has lower requirements for the membrane/separator
and other components [44]. The neutral ZIRFB has a lower battery cost than the other two
systems, to a certain extent. Nevertheless, regarding the neutral ZIRFB system, it also has
to be taken into account that the hydrolysis of Fen+ ions may lead to the decline of battery
cycle performance, which is one of the primary challenges for this type of battery.
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An innovative complex system extended the range of neutral ZIRFB, which is based on
a double membrane and a triple-electrolyte design [55]. The aim of the design of the double
membrane was to realize the application of iron in the acidic solution and zinc in the basic
solution environment at the same time. This configuration may facilitate the application of
redox couples with various ion charges, together with supporting electrolytes with various
pH values.

2.3. Zinc Dendrites

In comparison to other battery systems, for instance, lead-based and lithium-based
batteries, the capacity/energy/power of the liquid–liquid RFBs can be designed indepen-
dently [45,74,75]. In fact, the ZIRFB is a kind of “half-RFB”. In the electrode reaction, the
iron-based active substance on the cathode side is always present in ionic form, while the
zinc-based active substance on the anode side is under the plating–stripping process of
zinc. This indicates that the power and capacity of the ZIRFBs are not devised flexibly in
comparison with the liquid–liquid RFB because the capacity of the ZIRFB is restricted by
the surface area of the electrode during the plating–stripping process [36].

The essential problem during the plating-stripping transversion is that the zinc den-
drites mainly formed during battery charging. The existence of zinc dendrites can easily
lead to problems such as a reduction in battery coulombic efficiency (CE) and capacity, and
the shortening of battery life. In severe cases, it will impale the separator/membrane and
lead to a battery short-circuit, as shown in Figure 2a [51,76]. In Figure 2b, the formation,
dissolution, and regrowth of Zn dendrites have been made an operando investigation
by the synchrotron X-ray computed tomography (SXCT) [77]. Figure 2c,d presents the
corresponding chronopotentiometry data and growth curves of each dendrite at various
positions of the Zn anode tip [77].
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Figure 2. (a) Diagrammatic sketch of the growth and nucleation processes of Zn dendrites; reproduced
under terms of the CC-BY license [76]. Copyright 2020, Frontiers. (b) The growth and dissolution
of Zn dendrite at various points of time corresponding to (c); (c) chronopotentiometric curve of the
zinc plating–stripping process according to the radiography measurements; (d) growth curves at
three positions by probing the growth of the dendrite directly. Reproduced with permission from [77].
Copyright 2019, Elsevier.

The primary reason is that Zn dendrites are more grievous when the operating current
density is high. Under higher current densities, the concentration of zincate or Znn+ in
the electrode interface area is extremely low, as the transfer rate of zincate or zinc ions in
the electrolyte is obviously slower compared to the reaction rate on the electrode. This
may bring about severe concentration polarization [36]. Furthermore, the diffusion of
zincate/Znn+ tends to realize on the protrusions of the electrode compared to the flat
surface, making it easier for zincate or zinc ions to undergo a plating process on the
protrusions, and further results in the generation of Zn dendrites. Due to the presence
of severe zinc dendrites at high operating current densities, ZIRFB usually operates at
relatively lower current densities. Considering the ZIRFB system with high potential,
finding an effective approach to tackle the problem of zinc dendrites, in order to enable
the system to operate at higher current densities, may significantly promote such a system
application. Yao et al. established the two-dimensional growth model of zinc dendrites to
simulate the evolution process of zinc dendrites [78]. The numerical simulations described
the zinc dendrite morphology (Figure 3a), the distribution of ion concentration (OH−,
Zn(OH)4

2−) (Figure 3b,c), and electric potential (Figure 3d) at different charging times. The
results provide an important reference for the inhibition of zinc dendrites in the alkaline
environment. The authors also gave some approaches to control dendrites by adjusting the
anisotropy intensity, increasing the electrolyte flow rate, and decreasing the current density.
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2.4. Fe(III) Hydrolysis

The hydrolytic reactions of Fe3+ are much stronger than those of Fe2+ and, conse-
quently, hydrolysis occurs at a much lower pH. There are few reliable investigations of
the hydrolytic reactions of Fe2+ because of both the low solubility and its propensity to be
oxidised to Fe3+, which can greatly interfere with the ability to measure Fe2+ hydrolysis
reactions. There have been several investigations that have examined the hydrolytic reac-
tions of Fe3+, particularly that of the monomeric species, FeOH2+. It is surprising, therefore,
to find that a substantial amount of conjecture remains which concerns the stability of the
Fe3+ hydrolytic species and phases [80]. The hydrolysis reaction of Fe3+ can be described
by Reactions (5)–(7) [80]. Similar to standard hydrolysis reactions, the interaction of Fe3+

with water takes place in several stages. Firstly, the iron cation reacts with water.

Fe3+ + HOH→ FeOH2+ + H+ (5)

The resulting product will continue to bind to another water molecule.

FeOH2+ + HOH↔ Fe(OH)2
+ + H+ (6)

In the final stage,
Fe(OH)2

+ + HOH↔ Fe(OH)3
0 + H+ (7)

Flynn Jr. further summarized the hydrolysis processes in Fe(III) solutions at 25 ◦C,
as shown in Figure 3e [80]. De Bruyn et al. briefly examined the hydrolysis processes in
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Fe(III) solutions at 90 ◦C [81]. The decrease in the polymer lifetime was observed with
increasing temperature, so there was precipitation rather than soluble polymers conducted
by titrations at 90 ◦C.

It should be noted that the hydrolysis of Fe3+ is reversible. Kinetics plays a vital role in
iron chemistry, especially in the precipitation and dissolution of its solid phase in a water
system. The hydrolysis process mainly takes place at pH > 4.5, and Fe3+ may precipitate as
ferric hydroxide. Hence, the hydrolysis of iron is more likely to occur in neutral ZIRFBs.
Poor coagulation may appear in the pH range between 7 and 8.5. The ferric ion hydrolyses
to form hydrates and an acid. Enough alkalinity must be present to combine with the
acid and maintain a suitable pH for good coagulation. Unlike Al(OH)3, ferric hydroxide
does not redissolve in alkaline solutions, so there is no particular upper pH limit for ferric
coagulation.

3. Research Status of Several Key Problems in ZIRFBs

According to the characteristics of ZIRFBs, the key problems need to be improved
including Fe(III) hydrolysis suppression and zinc dendrite prevention, which address the
electrode, membrane, and electrolyte optimization, correspondingly. The research hotspot
is summarized in Figure 4, and the specific status is discussed in the following section.
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3.1. Zinc Dendrite Prevention

At present, the suppression of zinc dendrites in ZIRFBs has mainly improved and
optimized from the aspects of the electrode, membrane, and electrolyte.

3.1.1. The 3D Electrode

The electrode is the place where zinc deposition occurs, and the structure and physical–
chemical characteristics of the electrode have a critical influence on zinc plating/stripping
(Z-P/S). The three-dimensional (3D) porous carbon felts (CF) possess a high specific surface
area and porosity, they can provide more sufficient spaces for Z-P/S, effectively inhibit zinc
dendrites and aggregation, and ensure excellent cycle stability and rate performance [51,53].
Wang et al. claimed that a relatively lower potential delay (under 50 mV) after 350 cycles at
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1 C has been achieved by adopting graphite fiber as the framework for Zn metal anodes in
hybrid aqueous batteries [85]. The study from Zeng et al. demonstrated that the flexible
three-dimensional carbon nanotubes (CNTs) framework built as the Z-P/S falsework may
realize the robust zinc anode without dendrites [86].

Yuan et al. investigated the influences of zinc plates and CF on zinc dendrites and
battery performance in alkaline ZIRFBs [51]. As shown in Figure 5a,b, the phenomena of an
uneven zinc deposition and zinc dendrites are clearly observed on the zinc plate [51]. Due
to a poor electronic conduction between the Zn plate and the deposited metallic Zn, some
ions of Zn(OH)4

2− are permanently plated during the charging process. The deposited
metallic Zn on the Zn plate is peeled off when the discharge process takes place, and it
ultimately results in the deformation and corrosion of the Zn electrode. The zinc deposited
on the CF electrode is relatively uniform in Figure 5c–h [51]. Typically, the electrode with
strong adsorption ability and a high specific surface area is projected to demonstrate high
enough electrochemical activity. The limited surface area will restrain the mass transfer,
hence, the resistance enhances as a result of the size exclusion effect [87]. A high specific
surface area from the CF electrode is not only beneficial to abate the polarization further, but
also to decrease the internal interface resistance between the electrode and the deposited
metallic Zn greatly. Moreover, the deposited metallic Zn on the CF electrode is also porous,
which is more conducive to the diffusion of OH−. Finally, under 80 mA cm−2, the EE in
the kilowatt stack of ZIRFBs composed of the CF electrode can reach 84.05% (Figure 5i),
which is significantly higher than that of the ZIRFB (78.52%) composed of the Zn plate as
the electrode (Figure 5j) [51].

Batteries 2022, 8, x FOR PEER REVIEW 13 of 35 
 

lay (under 50 mV) after 350 cycles at 1 C has been achieved by adopting graphite fiber as 
the framework for Zn metal anodes in hybrid aqueous batteries [85]. The study from 
Zeng et al. demonstrated that the flexible three-dimensional carbon nanotubes (CNTs) 
framework built as the Z-P/S falsework may realize the robust zinc anode without den-
drites [86]. 

Yuan et al. investigated the influences of zinc plates and CF on zinc dendrites and 
battery performance in alkaline ZIRFBs [51]. As shown in Figure 5a,b, the phenomena of 
an uneven zinc deposition and zinc dendrites are clearly observed on the zinc plate [51]. 
Due to a poor electronic conduction between the Zn plate and the deposited metallic Zn, 
some ions of Zn(OH)42− are permanently plated during the charging process. The depos-
ited metallic Zn on the Zn plate is peeled off when the discharge process takes place, 
and it ultimately results in the deformation and corrosion of the Zn electrode. The zinc 
deposited on the CF electrode is relatively uniform in Figure 5c–h [51]. Typically, the 
electrode with strong adsorption ability and a high specific surface area is projected to 
demonstrate high enough electrochemical activity. The limited surface area will restrain 
the mass transfer, hence, the resistance enhances as a result of the size exclusion effect 
[87]. A high specific surface area from the CF electrode is not only beneficial to abate the 
polarization further, but also to decrease the internal interface resistance between the 
electrode and the deposited metallic Zn greatly. Moreover, the deposited metallic Zn on 
the CF electrode is also porous, which is more conducive to the diffusion of OH−. Finally, 
under 80 mA cm−2, the EE in the kilowatt stack of ZIRFBs composed of the CF electrode 
can reach 84.05% (Figure 5i), which is significantly higher than that of the ZIRFB 
(78.52%) composed of the Zn plate as the electrode (Figure 5j) [51]. 

 

 
Figure 5. (a,b) The optical image of the zinc plate electrode (cross-section view) after charging (a) 
and discharging (b); (c–h) morphologies of the carbon felt electrode after charging (c–e) and dis-
charging (f–h) (magnified SEM images in e and h); (i,j) charge–discharge curve of the alkaline 

Figure 5. (a,b) The optical image of the zinc plate electrode (cross-section view) after charging (a) and



Batteries 2022, 8, 202 13 of 33

discharging (b); (c–h) morphologies of the carbon felt electrode after charging (c–e) and discharg-
ing (f–h) (magnified SEM images in (e,h)); (i,j) charge–discharge curve of the alkaline ZIRFB at
80 mA cm−2 with a carbon felt electrode (i) or with a zinc plate electrode (j). Reproduced with
permission from [51]. Copyright 2018, Elsevier.

Chen et al. reported a transient 2D mathematical model to investigate the porous
electrode in alkaline ZIRFBs for the first time [88]. The outcomes indicate that the thicker the
electrodes and the higher the electrode porosity, the better the performance of the battery, as
shown in Figure 6a,b [88]. With an asymmetric structure of a 7 mm thick anode and 10 mm
thick cathode, when the electrode porosity is 98%, the EE, CE, and the utilization rate of
the battery can reach 92.84%, 99.18%, and 98.62%, respectively, which are dramatically
beyond that of the conventional alkaline ZIRFBs. The species distribution of the battery
adopting the optimization of the porous electrode and flow rate were much more uniform
than the initial design, as shown in Figure 6c,d. It provides a theoretical basis for improving
the design of alkaline ZIRFBs. Beck et al. presented a 3D model of a porous electrode to
generate architected electrodes, which decreased power loss more than the bulk electrodes,
owing to porosity distribution optimization (see Figure 6e) [89]. The power efficiency of
framework scaling up from 4 cm2 to 64 cm2 was reduced by 12.3% using the electrode with
variable porosity, but by 40.3% using the electrode with uniform porosity.
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3− (right side) during charge (c), and

Zn(OH)4
2− (left side) and Fe(CN)6

4− (right side) during discharge (d). Reproduced with permission
from [88]. Copyright 2021, Elsevier. (e) The total power loss including hydraulic losses (blue),
electric transport losses (red), and internal electric losses (yellow) for the bulk electrode (left) and the
optimized electrode (right). Reproduced with permission from [89]. Copyright 2021, Elsevier.

3.1.2. Improving Membrane/Separator

The membrane/separator is a critical material in RFBs as well, mainly influencing the
RFB performance of the battery to a great extent, especially the CE and capacity retention.
The membrane/separator divides the negative and positive half-cells to refrain from battery
short circuits. Meanwhile, the membrane provides ion transportation pathways to make a
conductive circuit to optionally enable H+ or specific ions to pass through, avoiding the
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crossover between the catholyte and anolyte. To achieve a higher battery, CE requires a
higher ionic selectivity of the membrane. Hence, the ideal ion-selective membranes for
RFBs should satisfy the following requirements: excellent mechanical properties, high
cycle stability, good ionic conductivity and selectivity, and low active species crossover
and self-discharge rate. For ZIRFBs, the only concerned metallic ions which may permeate
through the membranes and lead to capacity fade are Fen+ and Zn2+. The radius of Fen+ is
between 63–92 pm, which is much smaller than that of Zn2+ (139 pm). Hence, the crossover
of Fen+ takes place much easier than Zn2+. It was reported that the permeability of the
Fen+ ion through Nafion was 5.5 × 10−5 cm2/min, which was 18.9~20.7 times higher than
that of the vanadium ion (2.9 × 10−6 cm2/min). For the modification and improvement
of membranes for RFB applications, inorganic–organic hybrid membranes and polymer
blending composite membranes are widely used to reduce the undesired permeation of
metallic ions and improve the ion selectivity of IEMs (ion-exchange membranes) [6,75].
Originally, the Dupont Nafion membranes were extensively adopted in ZBRFBs. However,
their high expense limited their large-scale applications [90]. As a result, for the sake of
the promotion of ZIRFB development, scholars have devised novel membranes that are
appropriate for the ZIRFB system.

The main hazard of zinc dendrites is to pierce through the membrane/separator
and result in the battery short circuit. To avoid zinc dendrites from piercing the mem-
brane/separator, membranes with high mechanical strength can be selected, such as the
PBI (polybenzimidazole) membrane [51]. The PBI membrane with heterocyclic rings may
ensure the rapid transportation of OH−, as shown in Figure 7a [36,51,91]. Concurrently,
the PBI membrane owns strong mechanical stability and can resist zinc dendrites well,
thus, ensuring the long-term cycling stability of alkaline ZIRFBs. At the same time, the use
of porous ion-conducting membranes instead of traditional IEMs solves the problem of
an increased internal resistance of the membrane due to iron ion pollution, and improves
the conductivity of ions from the neutral medium through the membrane, which greatly
improves the performance and stability of neutral ZIRFBs. More importantly, the cost-
effective porous separator adopted reduced the cost of ZIRFB to below USD 50 per kWh,
which is the minimum among the reported values up to now. Compared with other RFB
systems, this system demonstrates good application prospects at a lower cost, and this work
has important guiding significance for the research and exploitation of novel generation
RFBs. The membrane can also be modified. Yuan et al. prepared a nanoporous separator
that possesses negative charges in the pore surface and wall [52]. With this separator, the
deposition of zincate ions is induced from the separator to the CF framework by the mutual
repulsion between the pore surface/walls of the separator and the zincate ions Zn(OH)4

2−,
as shown in Figure 7b [52]. Hence, even if Zn dendrites are formed, their growth direction
is through the back of the separator, and it avoids the fracture of the separator and the
short-circuit phenomenon of the ZIRFB. By employing this kind of negatively charged
nanoporous membrane, there are still no zinc dendrites at 80–160 mA cm−2 for 240 cycles
(Figure 7c). It has been found that the critical superiority in the ZIRFB with anion exchange
membranes is that no dendrite growth has been observed on zinc electrodes during the
long-term charge–discharge cycles, which was a significant drawback for the previously
reported zinc-based RFBs with cation exchange membranes [92].
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Just as other RFBs usually adopt non-fluorine membranes to replace expensive perflu-
orosulfonic acid membranes, such membrane materials can also be employed on neutral
ZIRFBs [93,94]. Chang et al. designed a cost-effective potassium-form sulfonated polyether
ether ketone (SPEEK-K) membrane by a solution casting method for a neutral ZIRFB, with
the battery demonstrating excellent performance [95]. In detail, the prepared pristine
SPEEK membrane is soaked in 1 mol L−1 KOH to obtain the SPEEK-K type membrane in
potassium form, as shown in Figure 8a [95]. Under 40 mA cm−2, the EE and CE exceed 78%
and 95%, respectively, which indicates that the SPEEK-K membrane may remarkably inhibit
the permeation of the active substances due to repulsion effects. Therefore, the open-circuit
potential (OCP) curve of the SPEEK-K membrane can last ca. 21 h at 0.5 V, and is 6 h
longer than that of Nafion 117 (N117) (Figure 8b) [95]. Moreover, the discharge capacity
of the ZIRFB assembled with N117 is 16.4% lower than that of the SPEEK-K membrane in
Figure 8c [95]. The cost of the N117 is much higher than that of the SPEEK-based membrane
by around 13-fold. Therefore, it is very competitive to employ a SPEEK-based membrane
for ZIRFB applications due to the scale cost.

Besides IEMs, researchers have also attempted to employ non-ionic membranes (n-
IEMs) for alkaline ZIRFBs. Chen et al. prepared a cost-effective n-IEM based on poly
(ether sulfone) (PES) with high alkali resistance and chemical stability [96]. The n-IEM is
prepared with bifunctional polyethene glycol (PEG) as additives and PES as the substrate.
Figure 8d–f demonstrate the cross-sectional morphology of the n-IEM with different PEG
contents remaining of 50 wt% (P50), 52 wt% (P52), and 55 wt% (P55), respectively [96].
Figure 8g explains the effect of PEG: (i) the alkalized-ether functional groups are beneficial
to conduct charge balance ions; (ii) partially dissolving in water helps to form nano-pores
in the matrix [96]. Therefore, the ZIRFB assembled with the P52 membrane in Figure 8h
exhibits a CE of 99.26% and an EE of 86.81% under 80 mA cm−2 [96]. After immersing the
obtained membranes in NaOH (6 mol L−1) for 8 days at 50 ◦C, the ZIRFB can still operate
stably under 80 mA cm−2 for over 120 cycles, indicating a high alkali resistance of the
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obtained membranes. The results verify that the n-IEM is prospective for alkaline ZIRFBs
as well.
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Designing or improving the battery configuration is also used to keep the zinc den-
drites away from the membrane or to avoid direct contact between the membrane and the
anode. Recently, Higashi et al. designed a reverse electroplating structure, which can be
used in zinc half-cells [97]. In detail, a traditional zinc metal foil electrode is used for facing
the copper working electrode directly. The zinc metal foil acts as both counter and reference
electrodes. During the zinc deposition in the traditional frontside-depositing configuration
(Figure 9a), zinc dendrites grow along the zinc reference electrode, resulting in the short-
circuit of the RFB [97]. However, in the new configuration (Figure 9b), the ‘front’ surface of
the copper foil still faces the zinc metal electrode, and the backside-depositing of zinc is
achieved by plating an insulating layer on the edges [97]. The small dendrites (Figure 9c)
from the conventional frontside-plating configuration might osmosis slowly, but they still
lead to the short-circuit due to the larger size during growing [97]. In the backside-plating
configuration, during the zinc plate, zinc ions in the solution move towards the edge and
are coated on the open back surface of copper foil. Thus, only polyhedral Zn deposits can
be observed throughout the back surface of copper in Figure 9d, which do not lead to an
electrical short due to the dendrites forming in the backside-plating configuration [97]. The
short circuit caused by zinc dendrites can be avoided and the long-term cycling can be
realized, which is demonstrated in Figure 9e [97]. This approach may also bring reference
and guidance for future ZIRFB structure design.
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3.1.3. Adding Additives to the Electrolyte

The electrolyte is the source that affects the generation and growth of zinc dendrites.
Therefore, the employment of additives into the catholyte/anolyte is a common method to
suppress zinc dendrites by direct intervention in the formation of crystal nuclei. Additives
can be mainly divided into three categories: metal ions, organic molecules, and polymers.

Metallic ions may influence Zn nucleation, and thus, affect the growing process. There-
fore, a compact and homogeneous Zn deposit layer is obtained (e.g., SnO in Figure 10a) [98].
Zhang et al. reported that the aqueous CaCl2 solution containing NH4Cl is appropriate
to be a supporting electrolyte [99]. Severe Zn dendrites are detected by SEM in 0.1 M
ZnCl2 solution, as shown in Figure 10b. Meanwhile, bulk Zn metal is detected with 1 M
NH4Cl as the supporting electrolytes, which is demonstrated in Figure 10c. The cyclic
voltammogram (CV) curves in Figure 10d show the redox peaks sharpen obviously in the
presence of NH4Cl and independent of the amounts of NH4Cl, meaning that the nucleation
hysteresis decreases significantly. It can be confirmed that the addition of NH4Cl may
promote Z-P/S significantly. When the CaCl2-supporting electrolyte without NH4Cl was
employed, a smaller size of zinc dendrites compared to Figure 10b is reported in Figure 10e.
However, no prominent Zn dendrite, but only bulk Zn with random holes, is detected in the
CaCl2/H2O (3.5 m) solution with 0.5 M NH4Cl (Figure 10f). The CV curves in Figure 10g
are analogous to those in aqueous NH4Cl solutions, but the redox peak currents enhance
with the addition of NH4Cl. Therefore, for Z-P/S, a preferable supporting electrolyte has
been an aqueous CaCl2 and NH4Cl solution. The charge–discharge curves under various
current densities in Figure 10h demonstrate a clear plateau with an average voltage of 1.5 V.
As shown in Figure 10i, the CE and EE reach 94% and 75% at 20 mA cm−2, respectively.

Organic molecules and polymers inhibit the Zn plating on protruding sections and
promote the growth and nucleation of Zn on dents by electrostatic shielding and/or steric
effects (e.g., polyethylene glycol, PEG in Figure 10j) [100]. The numerical simulations of
neutral ZnCl2 anolyte, in Figure 10k, further verified an electrostatic shield to regulate the
electric field by employing nicotinamide (NAM) as a cost-effective additive, which was
proposed by Yang et al. [35].
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Figure 10. (a) SEM images of the Zn electro-deposits obtained at 40 mA cm−2 and in the electrolyte
comprising 3 × 10−3 M SnO; reproduced with permission from [98]. Copyright 2015, Elsevier; SEM
images of the Zn metal after charge–discharge cycling with various supporting electrolytes: (b) deion-
ized water, (c) NH4Cl (1.0 M), (e) CaCl2/H2O (3.5 m), (f) CaCl2/H2O (3.5 m) + NH4Cl (0.5 M); CV
curves of ZnCl2 (10 mM) + NH4Cl (x M, x = 0, 0.2, 0.5, 1.0), (d) and CaCl2/H2O (3.5 m) + NH4Cl (x M,
x = 0, 0.2, 0.5, 1.0) (g); (h) Charge/discharge cell performance; (i) battery efficiencies at 20 mA cm−2.
Reproduced with permission from [99]. Copyright 2019, Elsevier. (j) Schematics of PEG200 elec-
trolytes effecting on Z-P/S process; reproduced with permission from [100]. Copyright 2018, John
Wiley and Sons; (k) numerical simulations of the Zn2+ flux distribution at different deposition times.
Reproduced with permission from [35]. Copyright 2022, American Chemical Society.

3.1.4. Flow Field Regulation

The electrolyte flow acts a vital role in Zn dendrites, not only owing to changing
the gradient distribution of zinc ions, but also reshaping the orientation of dendritic
growth. When electrolyte flow velocity is 50 mL min−1, as shown in Figure 11a, the species
concentration distribution is uniformly obtained by numerical simulation [87]. Additionally,
in Figure 11b, it is very clear that two different zinc-depositing morphologies can be
observed under the conditions of the quiescent electrolyte and the flowing electrolyte [101].
A higher flow rate of the electrolyte may enhance the transport velocity of Zn2+ which
accelerates the diffusion process on the electrode accessory surface and the mass-transfer
process in the bulk electrolyte, thus, finally reducing the Zn2+ concentration gradients
and constraining the formation and growth of dendrites. Furthermore, a relatively high
flow rate results in mitigating dendritic growth, as the formed dendrites are washed away
directly by the electrolyte [17]. Figure 11c shows the simulation results, which displays
zinc dendrite morphology and the concentration of Zn(OH)4

2- ions at different electrolyte
flow rates at a certain charging time. The higher the electrolyte flow rate is, the greater the
dendrite inhibition will be [78]. Nevertheless, the higher flow rate may reduce the power
and energy efficiency of the battery because the reaction of active species is inadequate.
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ity, as shown in Figure 12a [82]. The pyridine initially coordinated to Fe2+ generates a 
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‘the pristine’, which showed an enormous loss of 89.4% as a result of ferrihydrite precip-
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Figure 11. (a) The species distribution at different flow rates at the 50% stage during charge (up:
left side is Zn(OH)4

2−, right side is Fe(CN)6
3−) and discharge (down: left side is Zn(OH)4

2−, right
side is Fe(CN)6

4−). Reproduced with permission from [87]. Copyright 2021, Elsevier; (b) deposited
zinc morphologies in weight 40% KOH with 1 M zinc oxide with electric quantity for 10 min at
the current density of 100 mA cm−2: quiescent electrolyte (up) and flowing electrolyte (down).
Reproduced with permission from [101]. Copyright 2014, Elsevier; (c) dendrite morphology (up)
and Zn(OH)4

2− concentration distribution (down) diagram at different flow rates (0.001 m·s−1,
0.004 m·s−1, 0.008 m·s−1). Reproduced with permission from [78]. Copyright 2021, Royal Society
of Chemistry.

It has been reported that compared to a conventional flow-by mode, the combination
of flow-by and flow-through fields leads to significantly higher CE and EE, since part of the
flow going through the porous electrode reduced the ohm loss and promoted the effective
surface area. Such a design with a component of flow in the direction of the current feeder
can enhance the flow distribution in hybrid flow batteries and restrain the blockage of the
mass/ion transport pathway. In addition, it can also reduce potential loss and overpotential.
Dendrite formation is likely mitigated by the promoted mass transfer, which could enable
operations at higher current densities without the operational issues that may take place
with traditional flow-by designs [102].

3.2. Fe(III) Hydrolysis Suppression

Both Fe2+ and Fe3+ have hydrolytic reactions in an aqueous solution. It has been
reported that the hydrolysis product of iron ions will combine with the sulfonic group
in the membrane to increase membrane resistance [103]. The hydrolytic reactions of
Fe3+ are much stronger than those of Fe2+ and, consequently, occur at a much lower
pH [104]. However, the hydrolysis of Fe3+ is easier to be suppressed in a hydrochloric acid
environment [99,105].

In the catholyte of acidic ZIRFBs, polymerization takes place more seriously during the
Fe2+ oxidation reaction, and ferrihydrite precipitation takes place during the Fe3+ hydrolysis
process. The polymerization and hydrolysis reactions are rapidly promoted by enhancing
H+/OH− ions formed due to water electrolysis. To address this issue, seven types of
Fe2+-complexing ligands are tested and reported, but some issues remain if we consider the
binding stability and electrochemical performance of the Fe2+-ligand complex [82]. It can
be concluded that a novel Fe2+-pyridine complexation in the catholyte has been presented
for acidic ZIRFBs with a long cycle life and high performance over other Fe2+-complexing
ligands. In comparison to other complexing ligands, the Fe2+-complexation with pyridine
presents the highest electrochemical activity and reversibility, as shown in Figure 12a [82].
The pyridine initially coordinated to Fe2+ generates a much stronger bond, even though the
pH is below 2 (molar ratio: Mpy = MFe, Figure 12b), and it results in the best electrochemical
performances, including enhanced electron transfer and reaction kinetics [82]. For the first
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cycle, ‘the pyridine’ displayed a slight discharge capacity decay (only 2.9%) as a complexing
ligand agent, in comparison with ‘the pristine’, which showed an enormous loss of 89.4% as
a result of ferrihydrite precipitation. These outcomings demonstrate that the pyridine can
not only restrain ferrihydrite during long-term cycling, but also promote the reversibility
and electrochemical stability of the Fe2+/Fe3+ redox pairs.
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(20 cycles average); (b) Fe2+-pyridine complex forms as a result of the molar ratio when pH < 2;
reproduced with permission from [82]. Copyright 2020, Elsevier. (c) CV curves of 50 mM FeCl2 in
different aqueous ionic liquid solutions; reproduced with permission from [99]. Copyright 2019,
Elsevier. Cycling performance of the battery with glycine (d,e), malic acid (f), malonic acid (g);
(h) theoretical calculations of radii and bond energies. Reproduced with permission from [44].
Copyright 2017, John Wiley and Sons.

Zhang et al. used 1-butyl-3-methylimidazolium chloride (BMImCl) to adjust the redox
activity of Fen+ in acidic ZIRFBs [99]. The redox behavior of the Fe species is obviously
enhanced in BMImCl solutions compared with other ionic solutions, as demonstrated in
Figure 12c [99]. The diffusion coefficients of Fe3+ (DFe3+) and Fe2+ (DFe2+) are calculated
after the background currents subtraction in Table 4, respectively [106]. The results show
that diffusion in BMImCl is slightly easier than in the other ligands.
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Table 4. The diffusion coefficients of Fe3+ (DFe3+) and Fe2+ (DFe2+) in different solutions.

Active Agent DFe3+ (×10−6)/cm2 s−1 DFe2+ (×10−6)/cm2 s−1

BMImCl 6.39 5.53
Glycine 2.90 4.08

Malic acid 1.90 4.20
Malonic acid 3.80 3.20

Xylitol 0.27 3.20

Three kinds of additives with various chain lengths in neutral ZIRFBs were inves-
tigated to validate the mechanism of coordination with the iron ions, that is glycine,
malic acid and malonic acid. The battery’s performance with the additive is shown in
Figure 12d–g [44]. Compared with malic acid and malonic acid, the battery with glycine
showed higher CE, voltage efficiency (VE), and longer performance stability. The reasons
have been shown in Figure 12h [44]. The optimization strategy is based on the iron-based
species form complexes with higher bonding energy, which can improve the solubility and
suppress the iron hydrolysis. In detail, the bonding energy of iron–glycine is much higher
than iron–malonic and iron–malic acid, which indicates that glycine as the complexing
agent can inhibit iron ionic hydrolysis more efficiently. Moreover, the radius of iron–glycine
is also much larger than that of the above complexes, revealing that adopting glycine can
realize a higher CE and a much lower permeation rate [44].

3.3. Electrolyte Optimization
3.3.1. Concentration and Additives

By optimizing the composition of the electrolyte, Yuan et al. made the concentration of
the Fe(CN)6

3−/Fe(CN)6
4− redox couples achieve 1 mol L−1, far exceeding the previously

reported concentration (0.4 mol L−1) [51]. The high concentration of active redox couples
enables the system with a high-energy density. The battery can realize 500 cycles of charge–
discharge cycling under 80 and 160 mA cm−2, and still maintain an EE over 80% and CE
over 99% at 160 mA cm−2. The above-mentioned results verified the outstanding stability
of this system. Most important of all, the functionality of this work is further verified by
assembling a kW battery stack at a capital cost of less than USD 90 per kWh.

In alkaline ZIRFBs, the electrolytes act a vital role in resolving the reliability and EE of
the system. The migration of water through the membrane is a vital parameter affecting
the ZIRFB performance. It has been confirmed by Liu et al. that the cause of water transfer
in alkaline ZIRFB is the synergistic effect of the electric field, various ionic strengths of
anolyte and catholyte, and concentration gradient [83]. To tackle the problem of water
transfer, a series of additives were tested and studied. The results demonstrate that all
the additives studied can inhibit water transfer, as the ionic strength gap and osmotic
pressure between the anolyte and catholyte are reduced. In addition, due to the increase in
electrode polarizability, organic additives (glucose) will reduce the battery performance,
while inorganic additives (Na2SO4) have no significant effect on the battery performance.
In detail, an alkaline ZIRFB adopting Na2SO4 as an additive in the anolyte demonstrates a
CE of ~99% and VE of ~88% during 120 cycles at 80 mA cm−2, as well as excellent effects
of inhibiting the water transfer phenomenon.

ZIRFBs also suffered from water migration. During the redox reaction process, signifi-
cant differences in ionic strength and concentration gradient for the catholyte and anolyte
may occur, thus, making the RFB suffer from water migration and then reducing its reliabil-
ity and performance of the RFB. Therefore, strategies such as optimizing the ingredient of
electrolytes or adding additives to anolyte to balance/reduce the differences in electrolytes
have been valid methods to alleviate the problem of water migration [46,83].

3.3.2. Zinc–Bromide Complexation

To ensure the long-term operation stability of neutral ZIRFBs, Yang et al. proposed the
use of Br- ions to stabilize Zn2+ through complexation interactions in the neutral electrolytes
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(Figure 13a) [56]. The results of cyclic voltammetry indicate that the redox reversibility
has been significantly enhanced between Zn2+ and Zn. To tackle the issue of the sluggish
kinetics of the coordination interaction between Br− and Zn2+, ZnBr2 as the electrolyte
additive was directly selected to boost the process of complexation. By employing active
K3Fe(CN)6 in the catholyte and modified species in the anolyte, the proposed neutral ZIRFB
demonstrates excellent efficiencies and cycle stability (without obvious capacity decay)
during 2000 cycles (356 h) (Figure 13b) [56].
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Adopting FeCl2/ZnBr2 as the redox couple in the catholyte and anolyte, Xie et al.
introduced glycine as a chelating agent in the catholyte (Figure 13c,d) [44]. Between 20
and 80 mA cm−2, zinc plating does not tend to be homogeneous, and the morphology
gradually turns to non-uniform. However, no severe formation of Zn dendrites is observed
even under a high current density (80 mA cm−2). At 40 mA cm−2, the EE can reach 86.66%
(Figure 13e) [44]. The concentration of active species in the system can reach 2 mol L−1,
and its volume energy density can reach 56 Wh L−1.

3.3.3. pH

For ZIRFBs, plate electrodes or porous CFs are generally adopted for Z-P/S. During
charging, zinc ions or zincate ions are continuously converted to zinc metal, and then,
finally, are completely plated on the electrode. Once the deposition is finished on the
electrode completely, no further electroplating will be carried out. Further charging will
lead to a sharp increase in the charge potential, thus, resulting in the irreversible HER in
the negative half-cell.

Xie et al. reported an acidic ZIRFB, which employs Fe2+/Fe3+ and Zn/Zn2+ as the
redox couples of the catholyte and anolyte [53]. In particular, the HAc/NaAc buffer solution
and H2SO4 are used as the supporting electrolyte for the anolyte and catholyte, respectively.
The CV curves in Figure 14a present the HER can be markedly restrained by keeping the
pH of ZnSO4 solution in the range of 2–7. However, the acid medium is beneficial for the
kinetics of the cathode electrode reaction and the ferric ion hydrolysis suppression. When
HAc/NaAc is present in the anolyte, the pH can be maintained between 2.0 and 6.0, and
a large amount of H+ ions enter the anolyte through the IEM from the catholyte. Within
this pH range, the HER on the anode can be effectively inhibited and significant discharge
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capacity promotion can be observed for the ZIRFB with the buffer solution, as shown in
Figure 14b [53]. Meanwhile, the HAc/NaAc buffer solution is also considered to be the
reason to explain why no zinc dendrite phenomenon was observed. The ZIRFB achieves
50 charge-discharge cycles and maintains an EE of 71.1% under 30 mA cm−2. Under the
above conditions, the battery also runs for 202 cycles, but with a severe decrease in capacity.
The reason can be attributed to the cross-contamination of Zn/Fe ions passing through the
IEM during repeated charge–discharge cycles, which also resulted in the loss of CE.
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The HER results from the corrosion of Zn in alkaline solutions. The corrosion of Zn is
the main cause of the self-discharge of secondary alkaline Zn-based batteries. The corrosion
reactions are: [107]

Zn + OH− − 2e→ ZnO+ + H2O ϕo = −1.245 V (8)

H2O + 2e↔ 2OH− + H2 ↑ ϕo = −0.828 V (9)

Liu et al. investigated the effect of several inorganic and organic additives on water
migration in alkaline ZIRFBs [83]. Although all these additives are proved to be effective
to suppress water migration, the organic additive, such as xylitol, sorbitol, and mannitol
with several hydroxyl groups, can increase the alkalinity of the electrolyte, which in turn,
accelerates the corrosion rate of zinc metal and further aggravates the HER of the battery.

3.3.4. Mix System

Fe–Cr RFB in the mixed electrolyte was first invented to tackle the cross-contamination
issue [13]. Hybrid RFBs, such as Zn–Fe, all-Fe, Sn–Fe, have been widely explored in order
to get rid of the bondage of high-cost membrane materials. Zhou et al. reported an Sn–Fe
RFB, employed SnCl2 and FeCl2 as both an anolyte and catholyte, and delivered 78.5% of
EE and 0.96‰ per cycle of the capacity decay rate at 200 mA cm−2 [108]. At present, a
long lifetime and a high-power density of Zn–Fe RFBs are achieved through additional
operation and structural design.

Selverston et al. investigated the use of mixed electrolytes in a weakly acidic electrolyte
for ZIRFBs. The feasibility of ZIRFBs with mixed-mode (Zn/Zn2+, Fe2+/Fe3+) is shown in
Figure 15a [54]. The lower system cost is not only contributed by the porous separators,
but the lower conductivity is also led by the iron ions conversion in lightly acidic iron
chloride solutions. The presence of zinc ions has no significant effect on the electrochemical
reaction of Fe2+/Fe3+ on the positive side. Under limited conditions, the zinc plating–
stripping process on the negative electrode is similar to that of a normal zinc electrode
(Figure 15b) [38]. The authors declared that the reason for the anomalous co-deposition
on the negative side is the formation of a Zn/Fe solid solution. They further investigated
the iron deposition/dissolution behavior by the Zn/Fe molar ratio, zinc mass transfer,
and effects of pH in the cyclic voltammetry curves. They concluded that the anomalous
phenomenon occurs only at lower Zn/Fe molar ratios and mass rates, while pH values
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(pH = 1, 3) have no obvious influence on the experimental results. The flow battery has
been operated continuously for 10 days and 127 cycles, and the showed OCP of the first two
days is maintained at 1.5 V (Figure 15c,d) [54]. There were also some necessary measures
to maintain the stability of the mixed-electrolyte battery system, such as increasing the
negative pressure to balance the electrolyte between positive and negative (Figure 15d(i)),
and adding the electrolytes to the iron complex (Figure 15d(ii)).
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Another mixed electrolyte system has been presented by Gong et al., as shown in
Figure 15e [55]. They designed a new type of acid–alkaline combined ZIRFB, in which the
two redox pairs of Zn(OH)4

2+/Zn in NaOH solution and Fe3+/Fe2+ in HCl solution can
simultaneously satisfy a low electrolyte cost and a high effective discharge cell voltage. The
key to achieving both acid and base in one ZIRFB is replacing a traditional single-separator
with a double-separator battery structure, which adds another neutral electrolyte chamber
as the buffer solution. The serious challenges mainly come from cell resistance, such as
ohmic resistance and concentration-polarization resistance. Optimization measures are
mainly taken by the electrolyte, for example, the ions of Na+ and Cl- with smaller diffusion
coefficients, and the middle electrolyte with a thinner thickness. Finally, this type of ZIRFB
demonstrated an extremely high CE of 99.9%, regardless of current densities, thus, showing
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an excellent separation of two redox couples as a result of the double-membrane cell
configuration (Figure 15f) [55]. The power density of the battery can reach 676 mW cm−2 at
70% of the state of charge (SOC) (Figure 15g), and the investment cost is less than USD 100
per kWh, which is far below the 2023 target (USD 150 per kWh) set by the U.S. Department
of Energy, thus, providing a great opportunity for the development of ZIRFBs [55].

4. Conclusions and Outlook

To make electricity-storage systems economically viable, the US Department of Energy
has set a system capital cost target of USD 150 per kW h by 2023. The most developed VRFBs
currently have a system capital cost around ∼USD 300–USD 800 per kW h. ZIRFBs not
only demonstrate a high-power density (e.g., 676 mW cm−2), but they also offer a potential
system capital cost of less than USD 100 per kWh, which highlights the significance of
investigating such systems [55]. Therefore, the ZIRFB possesses the superiorities of low
electrolyte cost, intrinsic safety, and wide pH range, which has become one of the important
directions of new RFB technology.

In recent years, ZIRFBs have been improved by zinc dendrite prevention, Fe(III) hy-
drolysis suppression, and electrolyte optimization, as summarized in Table 5 and Figure 16.
It is not difficult to see that while improving battery performance, various improvement
methods still have certain shortcomings, especially in terms of long-term durability and
the current density range of batteries, which still face many challenges. Hence, the issues of
ZIRFBs have not been solved completely to meet the commercialization. In-depth research,
because of the primary issues, is still needed to further understand the influencing factors
and seek appropriate solutions:

(i) The zinc dendrites are still the core challenges of ZIRFBs, especially in alkaline ZIRFBs,
since they may lead to the short-circuit and reduction in the battery lifetime. The
advanced materials (electrolytes, electrodes, and membranes) and interface reactions
are still expected to change the growth mode of zinc dendrites from the root. The
volume or space of the anode often faces to the zinc dendrites directly. Therefore,
considering how to use the available space or volume to achieve the homogeneous
and thicker Zn deposition layer on the surface of the electrode can be vital for the
prevention of zinc dendrites. In addition, it is necessary to further clarify the elec-
trochemical behaviors deposited on the various electrodes in multiple electrolytes
to supply technical support for the realization of a dense and homogeneous zinc
layer. This is also alleviated through the optimization of battery structure and other
key materials.

(ii) The membrane material is one of the effective means to improve the performance
of ZIRFB. The design and manufacture of high-performance membranes are the top
priority. The perfluorinated CEM is, presently, the most widely adopted membrane
in the RFB system (suitable for acidic RFBs). However, ZIRFB systems are usually in
alkaline and neutral mediums, since zinc metal is unstable in acidic solutions. While
anion exchange membranes will degrade in an alkaline medium, dense membranes
demonstrate a relatively high surface resistance in the neutral medium as well. Porous
membranes are considered to be one of the best choices at present. Furthermore, the
generation and accumulation of zinc dendrites may pierce the membrane and lead
to a short circuit. Therefore, the research and development of membrane materials
with good mechanical properties, especially puncture-resistant and self-recovery
capabilities, is a top priority. Innovative polymers, through molecular design, are still
essential to make membranes with high performance for ZIRFB applications.

(iii) The optimization of the supporting electrolyte and complexing agent is still the key
to solving the problem of ferric iron hydrolysis. In this process, the influence of
electrolyte source cannot be ignored. The supply of raw materials mainly comes from
iron ore and copper ore. It should be noted that iron and copper may be associated
with some special minerals, therefore, this kind of mineral is an ideal source of raw
material supply for ZIRFB. Furthermore, in situ characterization techniques need
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to be used to investigate the evolution of catalysts and electrode reaction kinetics
during electrocatalytic redox processes. The acid ZIRFB system may be a way to
solve iron hydrolysis, but the current density of the acid system is very low, which
is difficult to adapt to the application scenario of large-scale energy storage and the
future development needs of RFB.

(iv) Electrolyte optimization is combined with simulation and battery structure. It is im-
portant to play the role of simulation in the theoretical prediction of the characteristics
and performance of more ZIRFBs, which would boost the compatibility between the
component and battery. Designing/developing physical models that are in line with
reality have a guiding role in the design and operation of reliable battery systems. It is
notable that the optimization also needs to take the cell design and battery operation
into consideration to ensure device reliability. Meanwhile, the research process about
ZIRFBs should pay attention to environmental protection and the comprehensive cost.

(v) Cost-effective ZIRFBs still realize cost reductions by focusing primarily on the ion
exchange membrane. The price of non-fluorinated separators will undoubtedly
be significantly lower than that of perfluorosulfonic acid membranes; in addition,
the puncture-resistant separator reduces the possibility of short circuits and avoids
frequent separator replacement by increasing the durability of the separator, which
will also help the cost reduction in the ZIRFB system.

Table 5. The comparison with potential approaches.

Batter. Potential
Approaches Advantages Disadvantages Current

Density/mA cm−2 Cycles EE/% Peak Power Density/mW cm−2 Refs.

Alkaline ZIRFB

Carbon felt
electrode, PBI

membrane

Zinc dendrite
prevention, low cost

PBI membrane has lower
conductivity than Nafion 80–160 >150 82.78 (160 mA cm−2) ≈250 [51]

Carbon felt
electrode,

PES/SPEEK
membrane

Zinc dendrite
prevention

The long-term durability of the
SPEEK-based membrane requires

further verification
80–160 90 78.76 (160 mA cm−2) 1050 (1040 mA cm−2) [92]

Semi-solid
anodes:graphite felt
and ZnO@MC slurry

Zinc dendrite
prevention Limited current density range 5–15 460 74.8 (10 mA cm−2) - [109]

zinc slurry anodes Zinc dendrite
prevention Limited current density range 10–40 65 78 (40 mA cm−2) - [110]

Carbon felt
electrode, SPEEK-K

membrane
Low cost

The long-term durability of the
SPEEK-based membrane requires

further verification
10–60 30 78 (40 mA cm−2) - [95]

SPEEK-PES-PEG
membrane Cost-effective

The long-term durability of the
SPEEK-based membrane requires

further verification
80–180 120 84.44 (80 mA cm−2) 987 (920 mA cm−2) [96]

Electrolyte additive:
Na2SO4, PBI

membrane

Suppress water
migration

Aggravates HER with the
increased alkalinity of the

electrolyte
80 120 88 (80 mA cm−2) - [83]

A THEED additive

Zinc dendrite
prevention,

suppresses water
migration

The additives are corrosive and
irritants 80 160 85 (80 mA cm−2) - [111]

K4Fe(CN)6 in
NaOH solution,

Nafion-Na+

membrane

Improves solubility

Although the combination of
cyanide ion and iron in the
molecule is firm, potassium
ferrocyanide still has certain

toxicity

50–500 7600 88.1 (100 mA cm−2) 656.81 (100 mA cm−2) [112]

Neutral ZIRFB

Electrolyte addi-
tive:nicotinamide

Cost-effective,
non-toxic Limited current density range 10–50 400 70 (50 mA cm−2) 185 (300 mA cm−2) [35]

Electrolyte additive:
glycine, PBI
membrane

Low cost, alleviates
hydrolysis

PBI membrane has lower
conductivity
than Nafion

20–80 100 86.66 (40 mA cm−2) - [44]

Supporting
electrolyte: KBr,
additive in the
anolyte: ZnBr2

Improves the

Zn/Zn2+ redox
reversibility, low

chemical cost

Complex composition and not
environmentally friendly due to

the usage of bromide
10–120 2000 86.7 (30 mA cm−2) 273 (376 mA cm−2) [44,56]

Acid ZIRFB

Fe(II)-pyridine
complex solution

Suppression of
ferrihydrite
formation

Limited current density range 20 100 76.82 (20 mA cm−2) - [82]

HAc/NaAc in the
negative electrolyte

HER-suppressed,
zinc dendrite
prevention

Membrane with high selectivity,
efficiency decay of full-life cell

performance (200 cycles)
30 50 71.1 (30 mA cm−2) 37.8 (30 mA cm−2) [53]



Batteries 2022, 8, 202 28 of 33

Table 5. Cont.

Batter. Potential
Approaches Advantages Disadvantages Current

Density/mA cm−2 Cycles EE/% Peak Power Density/mW cm−2 Refs.

Hybird ZIRFB

Mixed ZnCl2-FeCl2
electrolytes in mildly

acidic chloride

Crossover-tolerant
and microporous

separators

A pressure imbalance leading a
gradual transfer of fluid from

positive to negative
25 127 68 (25 mA cm−2) - [54]

Fe species in
BMImCl/H2O (8 m)

with HCl (1 M) as
catholyte, Zn species

inCaCl2/H2O
(3.5 m) with NH4Cl

(0.5 M) as anolyte

Enhances the redox
activities Limited current density range 10, 20 150 80 (20 mA cm−2) - [99]

A double-membrane
design

Low system capital
cost, high OCV,
facile kinetics

Complex system design and
long-term durability requires

further verification
50–150 20 75.9 (20 mA cm−2) 676 (660 mA cm−2) [55]
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The long-term durabil-
ity of the SPEEK-based 

membrane requires 
further verification 

10–60 30 
78 (40 mA 

cm−2) 
- [95] 

SPEEK-PES-PEG 
membrane 

Cost-effective 

The long-term durabil-
ity of the SPEEK-based 

membrane requires 
further verification 

80–180 120 
84.44 (80 mA 

cm−2) 
987 (920 mA 

cm−2) 
[96] 

Electrolyte additive: 
Na2SO4, PBI mem-

brane 

Suppress water 
migration 

Aggravates HER with 
the increased alkalinity 

of the electrolyte 
80 120 

88 (80 mA 
cm−2) 

- [83] 

A THEED additive Zinc dendrite The additives are corro- 80 160 85 (80 mA - [111] 

Figure 16. The comparison with potential approaches in terms of efficiencies and current density.

Recently, a research group led by Prof. Li Xianfeng from the Dalian Institute of
Chemical Physics of the Chinese Academy of Sciences (CAS) developed a 10 kW alkaline
ZIRFB system for field demonstrations. Additionally, it was installed and operated in the
plant of Baodi Goldsun Co., Ltd. in Yantai, Shandong province, China (106). The system
is matched with 13 kilowatts of photovoltaics to form an intelligent micro-grid, which
adopts a combined mode of on-grid and off-grid to achieve peak power consumption,
new energy consumption, and uninterrupted power supply for important loads. The
field-tested demonstration system achieved an EE of 78.7%. The successful operation of the
ZIRFB demonstration system lays the foundation for its future engineering and industrial
development. We believe that strengthening in engineering development of ZIRFBs will
accelerate the transformation of technological achievements to MW, and even, GW.
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Abbreviations

RFBs redox flow batteries
ZIRFBs zinc–iron redox flow batteries
ZBRFB zinc-based RFB
VRFB vanadium RFB
R.T. room temperature
OCV open-circuit voltage
OCP open-circuit potential
CEM cationic exchange membrane
IEM ion exchange membrane
n-IEMs non-ionic membranes
PES poly (ether sulfone)
PEG polyethene glycol
SPEEK-K sulfonated polyether ether ketone
PBI polybenzimidazole
BMImCl 1-butyl-3-methylimidazolium chloride
CF carbon felts
Z-P/S zinc plating/stripping
CV cyclic voltammogram
EE energy efficiency
CE current efficiency
VE voltage efficiency
HER hydrogen evolution reaction
SOC state of charge
MC microporous carbon
THEED N, N, N′ N′-Tetra(2- hydroxyethyl) ethylenediamine
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