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The decoupling nature of energy and power of redox flow batteries makes them an efficient energy
storage solution for sustainable off-grid applications. Recently, aqueous zinc—iron redox flow batteries
have received great interest due to their eco-friendliness, cost-effectiveness, non-toxicity, and
abundance. However, the development of zinc—iron redox flow batteries (RFBs) remains challenging due
to severe inherent difficulties such as zinc dendrites, iron() hydrolysis, ion-crossover, hydrogen
evolution reactions (HER), and expensive membranes which hinder commercialization. Many scientific
initiatives have been commenced in the past few years to address these primary difficulties, paving the

Received 5th June 2024,
Accepted 22nd October 2024

way for high-performance zinc—iron (Zn—Fe) RFBs. This review collectively presents the various aspects
of the Zn—Fe RFB including the basic electrochemical cell chemistry of the anolyte and catholyte, and
DOI: 10.1039/d4ya00358f the different approaches considered for electrodes, electrolytes, membranes, and other cell components

to overcome the above issues. This review summarizes the recent activities and viewpoints for obtaining
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1. Introduction

Rapid population expansion intensifies the effects of climate
change by draining resources and also exposes more individuals
to climate-related hazards. This scenario has to be alleviated by
reducing and preventing greenhouse gas emissions into the
atmosphere. In this regard, energy storage has been highlighted
as a significant factor in climate change mitigation. Globally,
only 3% of available electricity capacity is stored. To keep global
warming under 2 °C, energy storage capacity must be increased
three-fold by 2050." To do this, we must consider inventive
approaches to accelerate the development of energy storage
technologies. Electrochemical energy storage systems (ESS) are
the most attractive technologies for storing electricity and can be
used when supply is insufficient to satisfy the demand.>™* In the
future, intermittent renewable resources such as wind and solar
are expected to provide a greater share of electrical energy, hence
making these devices crucial for developing clean and cost-
effective solutions.

Redox flow batteries (RFBs) have received much interest
because of their appealing decoupling power and energy
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density features, making them more suitable for large-scale
energy storage applications.>” This feature makes them more
advantageous over other conventional batteries such as Li-ion,
lead acid batteries, etc. In general, RFBs are a hybrid form of
batteries and fuel cells; they can store electrical energy and
release it when needed. In RFBs, energy is stored in the
electrolytes containing different redox active species that can
undergo redox reactions at the electrodes.®*" A typical RFB cell
configuration consists of anode and cathode compartments
separated by an ion exchange membrane (IEM) or separator.
The electrolytes are stored externally in tanks and are circulated
into the respective cell compartment with the help of a pump.
An ion-exchange membrane allows selective ions (such as H',
Cl™, etc.) between the compartments to maintain electrical
neutrality during battery operations by preventing redox active
species crossover. As mentioned before, the most distinguishing
feature of RFBs is their ability to decouple power and energy
density; the power density can be enhanced by increasing the
number of cells as well as by increasing the active area of the
electrode; the energy density can be augmented by increasing
the volume or concentration of the electrolyte. The energy
density of RFBs is determined using the following equation:'?

E=n-C-F-AV 1)

where n is the number of moles of electrons involved in the
redox reactions, C is the concentration of redox-active species,
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F is Faraday’s constant (95 485 C mol '), and AVis the potential
difference between two redox-active species.

All these parameters are directly linked with the electrolyte
characteristics; therefore choosing an appropriate redox couple
is of prime importance in RFBs, as it dictates the energy density
of RFBs. RFBs can be classified into two different categories:
(i) all-soluble RFBs and (ii) metal hybrid RFBs. In all-soluble
RFBs, the redox couples in both anolyte and catholyte are in the
soluble form during cell operations. On the other hand, in the
hybrid RFBs, the metal ions undergo a phase change from
liquid to solid state during the charging process (i.e., reduction
at the anode). The metal gets oxidized during the discharge and
reaches the electrolyte tank. The all-vanadium RFB is one of the
best examples for all-soluble RFBs, where the anolyte and
catholyte have soluble redox couples of V**/V*" and V**/V*",
respectively.'®> Conversely, Zn** is converted into Zn°® at the
anode (reduction) and the oxidation will occur in the positive
electrode during the charging process where the redox species
are in the soluble form."*"'>

Zinc-based RFBs have an immense attraction for energy
storage applications due to their high theoretical capacity
(820 mA h g "), two-electron reaction, fast plating/stripping
process, low reduction potential (—0.76 V vs. SHE in neutral/
acidic medium, —1.26 V vs. SHE in alkaline medium), abun-
dance, and eco-friendliness. So far, various zinc-based RFBs
have been reported such as Zn/Ce,'®™'® Zn/Br,,'*'®*° Zn/
v, 12192122 7n/organic couple,”® Zn/Cl,,>* Zn/l;7,>° Zn/Fe,*®
and Zn/Mn.””*® Among these, Zn/Br, RFBs have the most
matured technology and have been largely investigated. How-
ever, issues like environmental pollution, bromine’s high cor-
rosive nature, and bromine’s high vapor pressure severely affect
their commercialization. Therefore, the identification of a safe,
eco-friendly, and abundant redox couple as an alternative to the
bromine redox couple is a very important topic of research in
this global scenario. Iron is identified as a better alternative to
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bromine. It is well known that iron is the most abundant metal
and the fourth most abundant of all the elements in the earth’s
crust. It mainly occurs as oxides such as haematite (Fe,03),
magnetite (Fe;0,), and iron pyrites (FeS,). Iron reserves are 560
times those of zinc, and the price of iron is 1/43 that of zinc.*®

Recently, iron-based RFBs have emerged as an interesting
candidate for long-term electrochemical storage due to their
multivalent nature (Fe°, Fe’*, and Fe®"), good reversibility of
Fe*'/Fe®" (+0.77 V vs. SHE, theoretical capacity of 450 mA h g™ ")
and Fe®*/Fe (—0.44 V vs. SHE, theoretical capacity of 960 mA h g™ ),
eco-friendliness, and low elemental cost.>*® The aforementioned
features of iron have been considered to be of substantial interest
in iron-based RFBs.>’ Due to good reversibility and high redox
potential of Fe**/Fe** redox reaction, the Fe**/Fe** has been used
as a catholyte in various RFBs including Zn-Fe, Fe-Mn, Fe-S, etc.*'
Zn-Fe RFB also investigated largely due to its high practical energy
density at low cost. These benefits make Zn-iron-based RFBs a
perfect choice for use in large-scale energy storage for off-grid
applications. A schematic representation of the various applica-
tions of Zn-Fe RFBs is shown in Fig. 1. However, the hydrolysis of
F(u), ion crossover, low solubility, and Zn dendrite formation are
the major concerns. To overcome this, various approaches have
been considered regarding Zn-Fe in recent times. Therefore, this
review is exclusively focused on the recent development of Zn-Fe-
based RFBs along with their future perspectives.

2.1. Electrochemistry of the zinc redox couple

(a) Alkaline medium

Zn(OH),>” +2e~ = Zn +40H  E°= —1.26 V vs. SHE

(2)

The precursor zinc oxide (ZnO) is generally prepared by
dissolving it in a strong base (NaOH or KOH) to produce zincate
anions (Zn(OH),>"), which are then involved in the redox

Through Grid Application

Charge Station

Schematic representation of various applications of RFBs in both off-grid and through-grid.
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Fig. 2 Schematic representation of the redox potential of Zn and Fe under different conditions.

reaction at the electrode. The conductivity and solubility of
zincate anions are always dependent on the pH of the electrolyte.
In general, electrodeposition of zinc takes place via mass transfer,
pre-transformation, charge transfer, and electro-crystallization.

(b) Neutral/acidic medium. In the neutral/acidic medium,
zinc electrodeposition occurs differently because the electrolyte
simply contains zinc ions (Zn**) rather than zincate ions. The
electrodeposition of zinc under neutral/acidic conditions is
discussed below.

Zn*" +2e” = Zn E°=—0.76 V vs. SHE (3)

Zinc ions (Zn®") undergo three stages, similar to that in
alkaline medium, but there is no pre-transformation step since
zincate ions are absent in the electrolyte. The Zn>" ions are
immediately reduced at the electrode surface, resulting in the
nucleation process.

It can be seen that zinc exhibits a very low redox potential of
—1.22 V vs. SHE in an alkaline medium which would be more
beneficial for a battery to achieve high voltage when paired with
high redox potential couples.**** Alkaline medium often has
better electrolyte conductivity than neutral medium, resulting
in a faster transfer of OH™ than K' or Na*. Therefore, alkaline
zinc-based RFBs can operate at a high current rate, and as a
result, high power densities can be achieved.

2.2. Electrochemistry of the iron redox couple

Iron electrodes/electrolytes offer safety and environmental advan-
tages when compared to other battery electrode/electrolyte mate-
rials such as nickel, cadmium, lead, and zinc, which are very
harmful. As mentioned, the cell potential of the redox flow battery
is highly dependent on the combination of the positive and
negative redox couples. A schematic representation of the redox
potential of Zn-Fe under various conditions is shown in Fig. 2.
(a) Alkaline medium. In a rechargeable iron electrode,
iron(u) hydroxide is reduced to iron during charging, while
the opposite reaction occurs during discharge as shown below:

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fe(OH), + 2e~ = Fe + 20H~ E° = —0.87 V vs. Hg/HgO

4)

The discharge product, iron(n) hydroxide, is oxidized to
iron(m) hydroxide. Upon further discharge, it undergoes the
reaction shown below:

Fe(OH); + e~ = Fe(OH), + OH™ E° = —0.56 V vs. Hg/HgO

()

The reaction in eqn (5) takes place at a very low cell voltage
and so cannot be used to store energy. The conversion of iron()
hydroxide to iron involves a plating/stripping mechanism.**
During discharge, iron is oxidized to produce the ferrite anion
as shown in eqn (6). The resultant ferrite anion is very slightly
soluble in an alkaline medium and it further hydrolyzes to form
iron(u) hydroxide as shown in eqn (7):

Fe + 30H = HFeO, + H,0 + 2e” (6)
HFeO,” + H,0 = Fe(OH), + OH™ (7)

Iron(u) hydroxide is electrically insulating and gets passi-
vated on the electrode surface at high current densities; thus, it
is necessary to prevent the electrode from being completely
discharged. As Fe(OH), is thermodynamically unstable, it forms
iron oxide as shown in eqn (8):

3Fe(OH), — Fe;0, + 2H,0 + H, (8)

(b) Acidic/neutral medium. In an acidic medium, the iron
electrolyte undergoes a reversible plating/stripping process. For
example, 0.5 M FeSO, solution of pH 5.5 exhibits large polar-
ization during the plating/stripping process because of the high
energy barrier of ferrous dehydration and nucleation. In an
acidic medium, the iron anode suffers more from parasitic
reactions such as hydrogen evolution reaction (HER) than in an
alkaline medium because of the high concentration of H' ions.
The onset potential of HER in 0.5 M FeSO, is —0.32 V, which is
0.12 V higher than that of the plating process. Hence, it is clear

Energy Adv., 2024, 3, 2861-2876 | 2863
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that during the plating process of iron, HER proceeds at a
significant rate and so it affects the plating/stripping process
resulting in very low coulombic efficiency.

Fe’" +2e” = Fe E°=—0.44V vs. SHE 9)

2H' +2¢” = H, E°=-0.32Vvs.SHE  (10)

On the other hand, aqueous Fe*'/Fe*" is one of the safest,
low-cost, and widely used redox couples for positive electrode
reactions with high reversibility even upon comparison with
unmodified carbon electrodes.>® The electrochemical process
of the Fe*'/Fe®" redox couple is shown below:

Fe’* +e = Fe** E°=+0.77 V vs. SHE (11)
Though the Fe*'/Fe** redox couple is useful in energy
storage, it cannot withstand high pH conditions due to pre-
cipitation as ferric hydroxide caused by HER at the anode. So,
the pH of the electrolyte has to be carefully maintained
throughout the battery operations. Further, Fe*" ions have a
greater tendency to crossover from the positive to negative side
compartment which causes self-discharge. Thus, coordinating

ferric ions with suitable ligands can mitigate this situation.>*™®

2.3. Working principle of the zinc-iron redox flow battery

Zinc electrodeposition occurs via distinct mechanisms in alkaline
and neutral/acidic environments. A schematic representation of
the Zn-Fe redox flow cell is shown in Fig. 3.

It is critical to develop a novel flow battery technology with
low cost, high energy density, and superior electrochemical
activity. In this regard, zinc and iron are two widely available
metals found in the earth’s crust, which also exhibit excellent
electrochemical characteristics. The high solubility of zinc and
iron salts makes it easy to construct the battery to achieve high
energy density. Further, zinc plating/stripping is relatively more
stable than iron plating/stripping, so using zinc as the anode is
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Fig. 3 Working principle of the Zn—Fe redox flow battery.
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highly beneficial over iron as it controls HER, enables fast

kinetics with high coulombic efficiency, and exhibits low redox

potential. The half-cell reactions for zinc-iron RFBs occur at the

anode and cathode and are represented in eqn (12) and (13):
At the anode:

Zn*" +2e” = Zn E°=—0.76 V vs. SHE (12)
At the cathode:
2Fe*" = 2Fe®" +2e” E°=+0.77 Vvs. SHE  (13)
Net cell reaction:
Zn*" + 2Fe®" = Zn + 2Fe* E.q =+1.53V  (14)

During the charging process, Fe** ions are oxidized to form
Fe’" ions at the positive electrode, whereas Zn>*
negative electrode receive these electrons from the external circuit
and get electrodeposited as metallic Zn on the electrode. During
the discharge process, reverse reactions occur at the corres-
ponding electrodes. Since the zinc anode involves a plating/
stripping mechanism, it cannot decouple its energy and power
density independently. Hence, a hybrid redox flow battery is
considered. Further, the zinc-iron flow battery has various bene-
fits over the cutting-edge all-vanadium redox flow battery (AVRFB),
which are as follows: (i) the zinc-iron RFBs can achieve high cell
voltage up to 1.8 V which enables them to attain high energy
density, (ii) since the redox couples such as Zn>'/Zn and Fe*'/Fe**
show fast redox kinetics with high cell voltage, it is possible to test
at high current density operations. So far, 260 mA cm™ 2 is the
maximum operable current density,> and (iii) alkaline zinc-iron
RFBs can attain a capital cost of less than $90 per kW h.*°

ions at the

3. Challenges in Zn—Fe redox flow
batteries

Various common issues such as low power density, low prac-
tical energy density, solubility and ion crossover between the
compartments during cell operations have been identified in
any RFB system. Zn-based RFBs also have similar issues along
with Zn dendrite formation during the cell operation (Fig. 4).
The major issues have to be addressed to obtain good-
performing Zn-Fe RFBs are mention in Fig. 4.

(a) Zinc anode-dendrite formation

The complications related to the zinc redox couple originate
mostly from zinc dendrite and residual zinc deposits during
cell operations which constitute one of the most vital concerns
for zinc-based RFBs. The zinc dendrite/residual zinc deposits
are more problematic in an alkaline medium than in a neutral
or acidic medium, particularly at high current densities
(>60 mA cm ?). During the charging process, zinc ions get
electroplated on the electrode, and not all the plated zinc gets
stripped off, and some zinc deposits remain intact in the
electrode itself known as residual zinc, which affects the
capacity of a battery and triggers inhomogeneous zinc plating
followed by dendrite formation (Fig. 5). Another major concern

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Various issues associated with the Zn—Fe redox flow batteries.

with the zinc anode is the restricted areal capacity and limited
operating current density which have been evaluated from

several viewpoints in recent years.*""**

(b) Membrane-ion transfer

An ideal membrane for RFBs should have good ionic conduc-
tivity, selectivity for ions, and great stability to provide a long
lifespan. One of the most critical characteristics of membranes
used in zinc-iron RFBs is their stability in alkaline medium, as
most often a highly concentrated alkaline solution (3 M KOH or
NaOH) is used for zinc-iron RFBs. As a result, the hydrocarbon
polymer backbone and the anion-exchange group can be
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Fig. 5 Schematic representation of Zn-dendrite formation at the anode.
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Fig. 6 Schematic representation of the transfer of various ions and mole-
cules through the separators during the cell operation of the Zn—Fe system.

deteriorated. Furthermore, the Nafion series membranes have
various disadvantages compared to the aforementioned alter-
native hydrocarbon-based membranes such as high cost and
low conductivity in alkaline-based flow batteries.*>** Further,
the selection of the IEM or separator is very important to avoid
the various issues related to the Zn-Fe cell operations (Fig. 6).

(c) Low solubility and hydrolysis of iron at the cathode

The poor solubility of the ferroferricyanide redox couple in a
positive electrolyte results in low energy density.** Changing the
counter ions (K" or Na') of ferro-ferricyanide ions to ammonium
ions is an effective technique for increasing the concentration of the
ferro-ferricyanide pair in aqueous solution. However, the instability
of ammonium ions in high alkaline media makes it problematic to
use them in alkaline-based RFBs. The ferro-ferricyanide redox
couple concentration in an alkaline medium is 0.4 M, significantly
lower than the concentration of vanadium ions (1.5 M) in a
vanadium flow battery.*>*® On the other hand, ferric ions (Fe’") in
the positive electrolyte (i.e., catholyte) are highly unstable at pH >
4.5 and form ferric hydroxide (Fe(OH);) as shown in eqn (15)-(17)
and get precipitated:*®

Fe*' + H,0 — Fe(OH)*" + H" (15)
Fe(OH)*" + H,O «> Fe(OH)," + H' (16)
Fe(OH)," + H,0 «> Fe(OH); + H' (17)

Further, Fe*" ions have a greater tendency to crossover from
the positive side to the negative side and initiate self-discharge
of the battery.*> Therefore, urgent steps must be taken to
mitigate the aforementioned issues.

(d) Wwater transfer through the membrane/separator

The irreversible water transfer is another issue widely seen in
RFBs. The differences in the concentration gradient and ionic
strength will arise between the positive and negative electrolytes,
causing the battery to suffer from water transfer. This problem
might reduce the battery performance significantly causing
scarcity/imbalance of electrolytes. Thus, adding additives to

Energy Adv., 2024, 3, 2861-2876 | 2865
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negative electrolytes or optimizing electrolyte ingredients to
balance the disproportion in the concentration gradient and
ionic strength in electrolytes are viable approaches to solve the
problem of water transport.*®*”

(e) Hydrogen evolution reaction (HER)

Hydrogen generation is one of the major concerns in RFBs. The
parasitic HER reduces the capacity of the RFBs. Primary electro-
des in the negative compartment (graphite or carbon felt) are
subjected to thermal treatments to suppress the HER. Further,
the H, gas molecule formation at the anode compartment
restricts the electrolyte flow which increases the pressure inside
the cell. Thus, it will increase the overall cell resistance and
leakage of the electrolyte, and hence, the cell performance will be
strictly affected. Much attention is needed regarding the negative
electrode electrolyte compartment to overcome this HER issue.

4. Progress of Zn—Fe redox flow
batteries

As previously stated, techniques for exploring advanced materials,
i.e., electrodes, electrolytes, and separators, are critical for mitigat-
ing the concerns and challenges connected with Zn-Fe RFBs, as
the essential materials of RFBs ultimately decide the battery
performance. The key requirements for any RFB are given in Fig. 7.

4.1. Electrodes

The electrode is a key component in RFBs; it provides an active
area for the redox reactions to occur, but it does not take part in
the reaction. The physicochemical characteristics of the elec-
trode greatly influence the battery performance.*®*°

The effects of zinc plates and carbon felt (CF) as electrodes
in alkaline zinc-iron RFBs were investigated.’® Uneven zinc
deposition and the formation of zinc dendrites due to poor

Basic
Electro-
chemistry

Electrode

s Zn-Fe
ZNn Cell

an Components

65.38

' s

Fig. 7 Key requirements for RFB applications.
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electrical conduction between the zinc plate and deposited metal-
lic zinc. As a result, the deposited metallic zinc gets peeled off
during the discharge process, resulting in zinc electrode deforma-
tion and corrosion. On the other hand, uniform deposition of zinc
occurs on the CF electrode due to the high adsorption ability of
zinc and the large specific surface area of CF. This significantly
reduces the internal interfacial resistance between the electrode
and the deposited metallic Zn and promotes the diffusion of OH™
ions due to the smooth nature of CF. Zn-Fe RFB with CF shows an
EE of 84.05%, which is much greater than that of the Zn plate
(78.52%). A transient 2D mathematical model has been explored
for the porous electrode in an alkaline zinc-iron RFB. The alkaline
zinc-iron RFB having a 7 mm thick anode and a 10 mm thick
cathode with a porosity of 98% exhibited energy, coulombic
energy, and utilization rates of 92.84, 99.18, and 98.62%,
respectively.>® Thus, thick, highly smooth and porous electrodes
greatly enhanced the battery performance. Similarly, Beck et al.>'
used a 3D model of a porous electrode to create architecture
electrodes that reduced power loss more than bulk electrodes due
to porosity distribution optimization. The power efficiency of the
framework scaling from 4 cm® to 64 cm® was lowered by 12.3%
when using the variable porosity electrode, but by 40.3% when
utilizing the uniform porosity electrode.

4.2. Membranes

Various types of membranes have been employed in energy
storage applications. The membrane or separator can be classified
based on the working mechanism or nature of the physical and
chemical characteristics. The separators can be woven, non-
woven, molded sheets, ribbed-type porous membranes, etc. Based
on the pore size, the separator or membrane is classified as
(1) microporous (50-100 A), (2) non-woven (1-100 pm) and
(3) ion-exchange membrane (>20 A).*?> The selection of mem-
branes or separators highly depends on the redox chemistry and
the pH of the electrolyte combinations used in the battery.

The ion-exchange membrane (IEM) or separator in RFBs is a
very essential for separating positive and negative electrolytes
which also helps in charge-balancing by exchanging ions
between the electrolytes in some special cases where IEMs are
employed.>® The ideal membrane or separator should have
high ionic conductivity to reduce battery resistance, high ion
selectivity to avoid self-discharge, chemical tolerance to with-
stand the highly alkaline environment, and high mechanical
stability to protect the membrane from zinc dendrite damage.
In zinc-iron RFBs, Zn”" (anolyte) and Fe**/Fe*" (Fe”") (catholyte)
ions are active redox couples shuttling between the membranes
causing a capacity fade. It should be noted that the radius
of Fe™ is 63-92 pm, which is much less than that of Zn*"
(139 pm). The Fe”" ion permeability through Nafion was found
to be 5.5 x 107> cm® min~", which was 18.9-20.7 times greater
than that of the vanadium ion (2.9 x 10~® cm® min~").>® Hence,
Fe™ crossovers are far easier than Zn>" crossovers resulting in
self-discharge of the battery. The selection of membrane mate-
rials with special designs in the cell architecture can enable the
battery to show good performance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Fluorinated ion-exchange membrane. A triple-electrolyte-
designed flow cell was assembled with a combination of cation
(Nafion 112 or Nafion 211) and anion (FAA-3 or A901) exchange
membranes. The neutral electrolyte was used as the middle
electrolyte to control the pH of the anolyte and catholyte. Here
the middle electrolyte helps to control the concentration polariza-
tion. During the charge, the CEM allows Na" to the negative half-
cell and the AEM allows Cl™ to the positive half-cell from the
middle electrolyte. This unique cell configuration significantly
improves the concentration polarization resistance (R.p) and Ohmic
resistance (R,). The concentration polarization of the middle
electrolyte is gained again during the discharge process.>

(b) Porous and other common separators. Perfluorinated
ion-exchange membranes are widely used under strongly acidic
or alkaline conditions due to their high chemical stability;
however, this further increases the cost of the battery.>>™’
Polybenzimidazole (PBI) has recently emerged as a viable
membrane material for RFBs, because of its outstanding chemical
stability and mechanical robustness. The heterocyclic rings of a
PBI membrane facilitate the fast ion transportation of hydroxyl
ions. It was recently revealed that acid-doped PBI membranes used
in allvanadium redox flow batteries (VRFBs) had remarkably
minimal vanadium penetration and maintained outstanding
long-term stability during cycling tests for 13500 cycles.”®
In this connection, Yuan et al*® demonstrated a low-cost PBI
membrane in an alkaline zinc-iron RFB with a CE of 99.5% and an
EE of 82.8% at 160 mA cm > that can withstand over 500 cycles.
The feasibility of this battery is demonstrated by manufacturing a
kilowatt cell stack with a capital cost of less than $90 per kW h.
Moreover, the use of porous ion-conducting membranes instead of
conventional IEMs reduces the problem of internal resistance of
the membrane due to facile ion transport, which greatly improves
the performance and stability of Zn-Fe RFBs. Remarkably, the
cost-effective porous separator utilization can decrease the cost of
zinc-iron RFBs to less than $50 per kW h. Recently, a microporous
separator (Daramic 175, thickness 175 pm) was employed to
separate the anode and cathode compartment of the flow cell.**
Yuan et al.®> created a nanoporous separator with negative charges
in the pore surface and wall. The separator induces the deposition
of zincate ions at the carbon felt framework by mutual repulsion
between the separator’s pore surface/walls and the zincate ions
Zn(OH),>". As a result, even if zinc dendrites emerge, they grow
through the rear end of the separator, avoiding separator breakage
and the zinc-iron RFB short-circuit phenomena. The use of a
negatively charged nanoporous membrane results in no zinc
dendrites at 80-160 mA cm ™2 after 240 cycles. Further, to increase
the conductivity of the membrane, a cation on the pristine SPEEK
membrane wherein H' is changed to K" and used in zinc-iron RFB
application. Though the main focus is on the SPEEK membrane,
the flow cell is also tested using Nafion 117 and its performance is
compared with the SPEEK-K-based Zn-Fe flow cell performance.
The discharge capacity of the cell for the SPEEK-K membrane-
based cell is much better (16.4% higher) than the Nafion 117-
based cell configuration. However, the cell was tested up to only
about 30 cycles.”> Minghui Yang et al.®* have elaborated on the
performance using KBr as a supporting electrolyte where the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Nafion 212 membrane is modified by exchanging the cation from
H' to K" by soaking in 1 M KOH for about 1 h at 80 °C. The K"
exchange Nafion 212 membrane was employed and the cell was
tested up to 2000 cycles, and it showed stable performance with a
CE of nearly 100% at a capacitance retention of >80%. A similar
ion exchange process was followed where Na" was attached and
the treatment was carried out in NaOH solution and used in the
Zn-Fe flow cell investigation.®® On the other hand, Nafion 212 was
used in the flow cell and the cell was tested up to 100 cycles.®®
The use of condensing guanidine carbonate with formaldehyde
followed by cross-condensation with melamine AEM allowing only
the CI” exchange from the anolyte to the catholyte showed no
dendrites during the charging process. On the other hand, the
porous PVC membrane-based cell showed dendrite formation even
from the first cycle.®” It was observed that the ion-selective ability
of the AEM membrane highly influences the uniform deposition of
zinc on the anode during the charging process.®>**® The positive
and negative half-cells were separated by a perfluorinated sulfonic
acid membrane (Liaoning Keking New Materials, China) to prevent
the ion crossover.”” Chen et al” used the crosslinked and
methylated polybenzimidazole (PBI) anion exchange membrane
(~40 um thick) and the developed flow cell showed 100% CE and
was tested up to 150 cycles. However, the cell was tested at a
maximum current density of 20 mA cm ™2 only.

A non-jonic ion-exchange membrane (n-IEM) has been
employed to separate the anode and cathode compartment
in which the alkaline electrolyte has been employed. The
poly(ether sulfone) (PES) based membrane with high ion con-
ductivity and anti-alkali stability was prepared and used for the
alkaline Zn-Fe RFB where polyethylene glycol (PEG) was used
as an additive. The non-ionic membrane based flow cell was
tested at 80 mA cm > for about 120 cycles in an alkaline
memdium.”” These findings confirm that the n-IEM has the
potential for use in alkaline RFBs. Similarly, the microporous
celgard membrane and Nafion 115 cation exchange mem-
branes were investigated in the zinc-iron flow cell. The results
obtained revealed much better performance while using the
Nafion 115 membrane while the cell showed very poor perfor-
mance when employing the microporous separator. The flow
cell showed a CE of >90% and a VE of >86% over 20 cycles,
and the cell showed a capacity retention of 80% after 200 cycles
when using the Nafion 115 membrane.”

4.3. Electrolyte

As mentioned earlier, in conventional batteries, energy is stored
in the electrodes whereas in RFBs the rated energy is deter-
mined by the electrolytes. The solubility of the redox active
species and the redox potential of the electrolytes determine
the capacity and efficiency of the system. Further, the pH of the
electrolyte also plays a vital role in determining the cell voltage,
as it alters the electrode potential. For instance, the Zn/Zn>"
redox reaction in a neutral electrolyte medium occurs at
—0.76 V vs. SHE, whereas it occurs at —1.245 V vs. SHE in an
alkaline medium. In the catholyte side, the positive redox
couple of Fe*'/Fe*" occurs at +0.744 V vs. SHE. Therefore, the
combination of Zn/Zn®>" and Fe’'/Fe** as the anolyte and
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catholyte establishes a cell voltage of 1.52 V and 2 V in neutral and
alkaline electrolyte medium, respectively. In a zinc-iron RFB
system, the electrolytes at different pH have been employed;
specifically, the alkaline-based anolyte has attracted much atten-
tion due to the high reduction potential of Zn/Zn>*. On the other
hand, neutral electrolytes preferred the additives on the catholyte
side. A sharp increase in the charge potential was observed
resulting in the irreversible HER in the negative half-cell. The
HER results from the corrosion of zinc in alkaline solutions. The
corrosion of zinc is the main cause of the self-discharge of
secondary alkaline zinc-based batteries. To suppress the HER at
the anode, many organic and inorganic additives have been
employed; on the other hand, the addition of the additives also
helps to balance the water transport between the half-cells.
Systems of organic additives have been largely investigated under
different conditions and have shown highly improved perfor-
mance. The CV curve recorded at 20 mV s~ ', potential, the peak
current density, and peak current ratio are shown in Fig. 8(a-d).

The Zn-Fe RFB showed 1.8 V cell voltage when designed
using the triple-electrolyte combinations. The redox behavior of
iron species has been tested in aqueous ionic liquid solutions.
1-Butyl-3-methylimidazolium chloride (BMImCI) is found to be
the most effective in regulating the redox activity of iron species.
In an anolyte, the standard rate constant of zinc plating/strip-
ping was increased to 1.44 x 10~* em s~ " when aqueous 1 M
NH,Cl was used as a supporting electrolyte; the flow cell exhibited
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a highly stable cycle over 150 cycles with an energy efficiency of
80% at 20 mA cm™ 2 in BMImCI/H,O in HCl and CaCl,/H,O in
NH,CI (0.5 M), as the anolyte and catholyte respectively.”" An
alkaline Zn-Fe RFB was developed in which 1.0 mol L™*
Na,Fe(CN)s in 3 mol L™ KOH and 0.5 mol L™" Zn(OH),*>~ in
4 mol L' NaOH were employed as catholyte and anolyte electro-
Iytes, respectively. The high alkaline nature of the electrolyte helps
smooth zinc stripping/plating which effectively suppresses zinc
dendrite formation at the anode. Thus, this battery demonstrated
a coulombic efficiency of 99.5% and an energy efficiency of 82.8%,
and the cell was tested at 160 mA cm 2. The RFB was tested up to
500 cycles with a cell voltage of 1.74 V.*°

With the beneficial fast redox kinetics of the Zn(OH),>~/Zn and
Fe(CN)¢* /Fe(CN)s*~ couples in an alkaline medium, the battery
displayed no signs of activation polarization. Here, KBr was used as
a supporting electrolyte on both sides. The combination of electro-
Iytes showed cell performance over 2000 cycles without any notice-
able capacity loss at 30 mA cm 2. Further, a stack having three cells
was fabricated and the cell life was recorded up to 600 cycles.**
0.8 mol L' Na,Fe(CN), in 3 M mol L' KOH solution and
0.8 mol L™" Na,Zn (OH), in 4 mol L' NaOH solution as positive
and negative electrolytes, respectively used in the flow cell testing.
The cell was tested at a maximum current density of 180 mA cm ™2,
The cycle performance was analyzed at 80 mA cm 2 The RFB
demonstrated up to 150 cycles delivering a CE of 98.53% and a
mean EE of 83.15%. The cell also showed stable performance
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Fig. 8 Electrochemical performance comparison of Fe(i) complexing ligands by CV measurements for 20 cycles at a scan rate of 30 mV s~ (a) CV
curves (the average), (b) anodic and cathodic peak potentials (Epa Epc), (c) anodic and cathodic peak currents (/ps loo). and (d) peak current ratio

[reproduced with permission®®].
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up to 100 cycles even at 160 mA cm™>.”* K Fe(CN), is identified
as a highly suitable active electrolyte component in the positive
electrolyte. However, the solubility of K,Fe(CN)s in alkaline
electrolytes is limited due to the common ion effect. The
solubility of K Fe(CN)s was increased by employing a diverse
ion effect. Therefore, to increase the solubility, NaOH was
employed as a solvent. Higher solubility of 1.6 M K,Fe(CN),
in 0.5 M NaOH was obtained promoting the high reversibility of
Fe(CN),"/Fe(CN)s*>". A highly concentrated catholyte solution
[1.46 M Fe(CN),*~ from a mixture of 1.15 M K,Fe(CN), and
1.15 M Na,Fe(CN)s in 0.5 M NaOH] was employed as the
catholyte. The flow cell then showed maximum capacity reten-
tion of 98.51% with CE, VE, and EE of 100%, 83.43%, and
83.37% even after 124 cycles when tested at 100 mA cm 2
A maximum power density of 656.81 m W cm ™ > was obtained at
1.0 M K;3Fe(CN)g in 1.0 M NaOH. Jeena et al.®’ investigated a
Zn-Fe RFB using 1 M Zn(u) chloride and the mixture of 0.5 M
FeCl, and 0.5 M FeCl; with 2 M NH,CI as the anolyte and
catholyte, respectively. Here, NH,Cl was added to the positive
electrolyte as a supporting electrolyte to improve the conduc-
tivity of the electrolyte. The cell delivered a maximum energy
efficiency of 81% at 15 mA cm™>. However, the cycle life was
tested only up to 32 cycles. The high reversibility of Zn was
realized on carbon-felt electrodes for zinc-iron RFBs by
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introducing nicotinamide (NAM) as an additive to the neutral
ZnCl, anolyte. The addition of NAM not only enhances the Zn
striping/plating reaction but also helps to improve power
density (185 mW cm™?), enabling good cycle life stability (400
cycles) with the energy efficiency of the flow cell around 70% at
50 mA cm™ . Fig. 9 shows the cell performance under different
conditions as investigated by Tang et al.”®

To obtain a long cycle life and improved performance of the flow
cell, pyridine was used as an Fe(u) complexing agent in the positive
electrolyte. The pyridine ligand was coordinated with Fe>" to improve
the reversibility of the F*'/F*" redox reaction. The pyridine
-incorporated electrolyte system delivered excellent performance
when compared with the pristine electrolyte. The cell delivered an
energy efficiency of around 80% up to 100 cycles.®® On the other
hand, 0.1 mol L™ Zn(OH),*>” + 1 mol L' OH™ and 40 mL of
0.4 mol L' Fe(CN)s*~ + 1 mol L' OH™ were employed as the
anolyte and catholyte, respectively. Long-term cycle stability of the
flow cell was recorded at 140 mA cm ™ > up to 500 cycles. The flow cell
delivered nearly 100% CE and about 80% of EE.”* The ZnCl,/
Fe(bpy);Cl, based RFB delivered a CE > 90% and a voltage
efficiency of >86% over 20 cycles and around 80% capacity reten-
tion was observed even after 200 cycles.”” The key performances of
the Zn-Fe RFBs are compared in Table 1. Zhang et al.** investigated
the Zn-Fe RFB using FeCl, in BMImCl with 1 M HCl as the catholyte
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Fig. 9 (a) Long-term cycling tests of the Zn—Fe RFB at 20 mA cm™2. (b) and (c) Long standby tests of the Zn—Fe RFB using pure ZnCl, and ZnCl,—NAM.

(d) Rate performance of the Zn—Fe RFB adopting a mixed ZnCl, and NAM anolyte at 10—-50 mA cm

~2_(e) and (f) Comparison of the proposed Fe—Zn flow

cell with other reported Zn-based RFBs [reproduced with permission from ref. 70].
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Fig. 10
[reproduced with permission from ref. 64].

and ZnCl, in 3.5 M CaCl, with 0.5 M NH,CI as the anolyte. The
addition of BMImCI/H,O in the anolyte has improved the reaction
kinetics of Zn plating and striping reaction.” 1t is believed that the
addition of complexing additives will further improve cell perfor-
mance where the additive should be electrochemically inactive to
avoid any side reactions. The additive should be complexed with the
main electrolyte component and chemically reversible during the
cell operation.

4.4. Zn-Fe stack performance

Zn-Fe RFBs have been demonstrated at the stack level due
to their excellent optimized cell performance representing them
as a major competitor in the commercial market soon. To ensure
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(a) A photograph of the neutral Zn/Fe RFB stack. (b) Cycling performance of the cell stack; the inset shows the 10th charging/discharging curve

this low-cost, eco-friendly, Zn-Fe RFB system, stack cells under
various conditions have been analyzed at different cell levels.
A three-cell stack was fabricated and its electrochemical perfor-
mance was recorded. Photograph of the flow cell stack and its
cycle life performance are shown in Fig. 10a and b. With a stack
voltage of 3.9 V, the cell stack showed a stable performance over
625 cycles with a CE of 99.0% at 30 mA cm™ >.%*

The practical viability of the alkaline Zn-Fe RFB was ensured
by making ten cells stacked with the help of the self-made PBI
membrane. The stacked cell was charged at 20 V and showed an
average discharge voltage of 16.10 V when tested at a current
density of 80 mA cm™>. The flow cell showed a CE, EE, and VE
of 98.84%, 84.17%, and 85.16%, respectively, at a current
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Fig. 11 Practical realization of the alkaline zinc—iron flow battery: (A) the kW alkaline zinc—iron flow battery cell stack prototype using a self-made, low-cost non-

fluorinated ion-exchange membrane. (B) Cell stack voltage profile of the alkaline zinc—iron flow battery at a current density of 80 mA cm

~2.(C) Parts of charge and

discharge curves of the cell stack. (D) Cycle performance of the cell stack at a current density of 80 mA cm™~2 [reproduced with permission from ref. 40].
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density of 80 mA cm™>, with an output power of 1.127 kw.*
Photographs of the flow cell stack is shown in Fig. 11A. The
GCD profile, continuous GCD cycle, and the efficiency vs. cycle
life of the stack are shown in Fig. 11B-D.

A cell stack was fabricated and its electrochemical perfor-
mance was analyzed using an alkaline electrolyte. In the stack
cells, a high concentration of catholyte was employed where
1 M NaOH was used as a solvent. The photograph of the flow
cell stack and the capacity vs. voltage profile of the flow cell
stack at the 10th and 100th cycles and the efficiency vs. cycle
number are shown in Fig. 12(a—c).*°

4.5. Cost analysis comparison

1.7® modeled the flow cell stack under various

Further, Tan et a
conditions. The modeled flow cell is also shown in Fig. 13.
Thus, the low-cost Zn-Fe RFB will become a suitable replace-
ment for the expensive allvanadium redox flow battery.
However, various challenges have to be addressed before bring-
ing it into the commercial perspective.

The capital cost of the Zn-Fe RFB was analyzed and com-
pared with that of other redox flow batteries (Fig. 14). It was
observed that among the other large-scale energy storage
systems, the Zn-Fe RFB showed highly efficient overall capital
cost ($ per kW h) at low current density.>

5. Future perspectives

A constant and continuous effort is needed to improve the Zn-
Fe RFB cell performances. An effort should be made on all the
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key aspects including electrode, electrolyte, cell design, and
operating conditions. Since the energy is determined by the
redox nature of the couples, special attention should be given
to the investigation of the redox couples such as Zn**/Zn and
Fe**/Fe*".

(i) Redox couple: to enhance the cell performance the redox
couple environment has to be carefully evaluated. The pH of the
electrolyte component plays a major role in the determination
of the cell voltage of the redox flow battery. For instance, the
Zn/Zn** redox reaction occurred at 0.76 V and 1.26 V in neutral
and alkaline electrolyte medium. Due to the high electrode
potential, an interest in the alkaline-based Zn electrolyte for
redox flow battery has been largely increased in the past few
years. However, the Zn dendrite is still being a major concern.
To suppress the Zn dendrite, the electrode can be modified
where a smooth Zn deposition is possible. The roughness of the
electrode materials has to be controlled during the modifica-
tion process. In most cases, the carbon felt is heated at a very
high temperature, which creates more defects on the surfaces.
This will strictly affect the cell performance; therefore, the
defect formation should be controlled by limiting the activation
process. The electrode conductivity is also very important to
operate the cells at rated high current density. On the other
hand, the electrolyte component can also be modified
and additives can be incorporated to control the dendrite
formation. To control and understand the formation of the
Zn dendrite, advanced material characterization might be used
to characterize the interfacial interactions, particularly at the
negative electrodes.
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Fig. 13 Schematic of a zinc—iron flow battery stack [reproduced with permission from ref. 76].

(i) Iron hydrolysis: to develop a good performing catholyte,
it has to be subjected to severe analyses in terms of the
electrode reaction mechanism under different pH and additive
environmental conditions. For example, in the case of Fe**/
Fe”*, iron hydrolysis is a major issue. A detailed working
mechanism using theoretical calculations has to be explored for
an in-depth understanding of the side reactions. Additionally,
in situ characterization techniques are required to evaluate the
iron-complexation process in depth. The selection of solvent
specifically in an alkaline electrolyte medium is very important.
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Fig. 14 Zn-Fe RFB cost analysis and comparison with other notable RFBs.
Note that long-term durability was not considered in the cost analysis in
this work, and the cost comparison among different RFB technologies is
only meaningful when they have the same or similar durability (reproduced
with permission from ref. 54).
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As discussed, the precursor or source material of Fe is very
important for the better performance of the flow cell.

(iii) The supporting electrolytes play an vital role on the
Zn-Fe redox flow batteries performances. Different organic and
inorganic additives have been investigated so far in various RFB
applications. As mentioned, the additives should have good
conductivity and should be electrochemically inactive; at the
same time, they should have good chemical reversibility to
avoid a side reaction at the electrode.

(iv) The development of low-cost membranes is the most
crucial part of achieving scalability for Zn-Fe RFBs. The study
and development of membrane materials with strong mechan-
ical properties and self-recovery capabilities is of high priority.
Innovative polymers, through molecular design, are still
required to provide high-performance membranes for zinc-
iron RFB applications. The porosity has to be controlled for
the porous membranes, and the stability of the IEMs should be
improved to have good performance under the high-risk con-
dition of the RFB.

(v) Molecular modeling of electrolyte components and
separators (to obtain optimum porosity) is very important to
obtain good-performing RFBs. Flow cell design is another
important area where the width and depth of the flow fields
play a very important role in the physical and mechanical
aspects of the flow cell performance. The felt electrode thick-
ness is another important factor where the pressure built in the
cell compartment is carried by the 3D porous structure of the
felt electrode. The key components may be optimized further
using new artificial intelligence (AI) and machine learning
tools. Along with the molecular modeling, DFT studies will
further aid in understanding the effective electrolyte additive
components.

(vi) Hydrogen evaluation is another important issue that has
to be suppressed during the cell operation. To overcome this

Energy Adv., 2024, 3, 2861-2876 | 2873
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issue, the graphite composite plate may be prepared by having
a few wt% of the additives which can suppress hydrogen
evolution during the cell operation. The addition of additives
or the catalyst with elements that can suppress HER such as Bi,
Sn, Sb, Pb, etc. will improve the cell performance.

Thus, to meet the global energy demand, Zn-Fe redox flow
batteries will be one of the highly suitable sustainable energy
storage systems. However, their future development will be
dependent on solving zinc dendrites and iron(m) hydrolysis,
and finding robust membranes that fulfill the primary
economic and technological criteria of cost, power density,
efficiency, and durability of the RFBs.
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