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Will Iron Forge the Future of Metal-Air Batteries in Grid

Scale Energy Storage?

Katerina Bogomolov™ ™ and Yair Ein-Eli*® "

The community is exploring sustainable alternatives for grid-
scale energy storage. Besides lithium-ion batteries (LIBs), such
technologies with a focus on sustainability aspects offer only a
limited solution for grid-scale energy storage. Rechargeable
metal-air batteries (MABs) based on affordable abundant multi-
valent metal anodes in aqueous medium provide promising
theoretical metrics, such as volumetric capacity, but do not
completely fulfill their potential when scaled from lab to
commercial products. Both the metal anode and the air cathode
need to be addressed: corrosion, hydrogen evolution reaction
(HER) during charging, and passivation all diminish the anode’s
effective volumetric energy density and shelf life, while the air

1. An Overview

The desire to find innovative side-by-side battery technologies™
to lithium-ion batteries (LIB) and the rising trend of addressing
sustainability set the path to developing new technologies
based on abundant multivalent chemistries. In tandem, tremen-
dous efforts are invested in grid-scale energy storage devices to
capture the most out of the generated energy, increasing non-
fluctuating continuity and availability on demand by renewable
power sources, i.e. wind, hydro-based and solar. However, the
road to making them the primary source of energy is still
bumpy. Cost-effectiveness of lab-developed alternatives re-
mains to be a significant issue as the implementation of the
proposed solutions, when it comes to practical scaled scenarios,
includes more considerations, e.g. geopolitical, cost fluidity of
raw materials and logistics, production facility, process engi-
neering, regulations and market demand. Nonetheless, to
realize this transition, batteries should provide key parameters,
i.e. energy and power density, prolonged cycle life and
sustainability.
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cathode’s challenges include sluggish kinetics, low efficiency,
and poor stability. Nevertheless, this Perspective highlights
iron-air MABs as an appealing sustainable alternative for grid-
scale energy storage, since iron is abundant and affordable,
recyclable, has multielectron reversible redox activity, histor-
ically rich experience in production and processing, and is safe
to handle. Given that further research will be directed to
exploring the composition and design of electrolytes and
electrodes, it may lead to advances in scaling and commercial-
ization, as well as reducing the environmental impact of
secondary batteries utilized for grid-scale energy storage in the
next decades.

2. Limitations of Li-lon Batteries for Stationary
Energy Storage

Li-ion batteries (LIBs) continue to be a global leader in the
deployment of rechargeable batteries for the grid scale energy
storage market.>® The preceding three decades featured major
advances in this industry, including increasing energy density
alongside decreasing expenditures. However, there are signifi-
cant restrictions to consider when embracing them as a
stationary energy storage alternative. Although this technology
has a higher energy efficiency (85-95%) than the current
leading greener solution, pumped storage hydropower (65 %-
80%),” its cost is still twice as much, exceeding the target set
by the US Department of Energy (100 $/kWh)** and those
stated in EU-funded projects, like Batteries Europe and Battery
2030+ (<100 €/kWh).® Furthermore, it should be noted that
lithium practical availability is limited by the supply chain and
more particularly by the resource scarcity;”’ thus, the rapidly
growing market of electric vehicles and portable devices with
the same battery chemistry further reduces the accessibility of
resources."” The latter is especially crucial for stationary
applications which require some gravimetric energy density but
obligates minimal volumetric energy density, since raw material
reduction can be an essential factor in spatial restrictions,
power management, and cost.>' Another consideration is the
cycle life, since any battery energy storage technology falls
short of hydropower, which is predicted to last at least half a
century.” Overall, it can be challenging to compare this aspect
of the two systems since levelized cost of energy storage is
dependent on fluid parameters such as installation, operation
hours, maintenance, and input power pricing."? Nonetheless,
the cycle life restriction encompasses deterioration of the
composing elements, resulting in discarding of defective
modules. Unfortunately, the widespread utilization of lithium
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for both established electromobility and rising stationary
applications imposes not only techno-economic challenges but
also sustainability related concerns.>'¥ Meeting energy gen-
eration and energy transition demands poses safety and chain-
value related concerns. The safety concern relates to the
possibility of thermal runaway, which might have disastrous
repercussions if a stationary energy storage facility caught fire.
This may introduce not only liabilities issues but also severe
environmental impact in the form of a pollution.”™

Figure 1 presents greenhouse gas emissions (GHG) for
selected grid-scale technologies. The chain value issue is
somewhat more complicated. First, while the environmental
footprint of GHG during manufacturing is proportional to the
mass of the battery produced, high energy density batteries
require fewer resources to produce the same value of energy,
implying a reduced carbon footprint on a facility scale. A cradle-
to-gate GHG emissions per storage capacity presented by Jiao
et al"” reveals that quantitatively, LIBs exceed pumped storage
hydropower emissions by 36-80%. While the main contributors
vary, the recycling process is the largest contributor to the
former’s emissions. Owing to the relatively short operation life
in comparison to the pumped hydropower listed previously,
periodic replacement is required. The last argument emphasizes
the absence of standards regarding end-of-life™® and the
disparity in the recycling rate, not only in the early phases of
LIBs in the stationary field, as they serve currently less than a
decade, but also in the well-established non-stationary market.
This fact necessitates securing future supply by replacing virgin
materials with a growing share of recycled materials, as rising
demand calls for the use of excess raw resources, constraining
geopolitically the supply chain, while recycling has effectively
low rate and efficiency. Pyrometallurgy, hydrometallurgy, and
direct recycling are examples of currently industrially estab-
lished recycling procedures to support circular economy by
recovering valuable metals, i.e. Li, Co and Ni.'" Nonetheless,
these processes are rather costly due to waste purification,
emission, process complexity and safety regulation.”” These
aspects establish a gap between the specified targets for using
materials derived from wasted LIBs and the actual recycled
content.
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Figure 1. GHG emissions for selected grid-scale technologies, based on."¢'”

ChemSusChem 2025, 18, €202402412 (2 of 13)

3. Grid-Scale Battery Alternatives: RFBs and
MABs

This pivots the focus to develop alternative solutions for Li-ion
batteries in the framework of battery technology for grid-scale
energy storage. RFBs and MABs are the two emerging
contemporary alternatives. Both concepts are distinctive from
the conservative cell architecture.?'**

In RFBs, energy is stored within the electrolyte medium, i.e.
the active materials are dissolved and stabilized salts, stored in
external reservoir tanks rather than in a solid-state
electrode.”** The cell itself is still based on two compartments,
fed by the external tanks with the catholyte and the anolyte
and separated by an ion-selective membrane to ensure
adequate functioning during the redox process.” This structure
entails the ability to some extent to separate between the
energy and power performance. Whereas mass transport and
surface area have great impact on the latter, tank volume and
salt concentration have the most impact on the former.” On
the one hand, this attribute delivers the necessary degree of
flexibility for modularity and scalability, which has led to the
commercial maturation of this technology.”! However, these
properties are still interdependent via viscosity.”® Higher
concentrations increase viscosity, which reduces conductivity
while also increasing the energy losses due to drag and
polarization.”>*" Nonetheless, this technology encounters addi-
tional practical challenges when scaled for grid-scale energy
storage applications. First, one must consider that external
reservoirs dictate the energy density to be relatively low.??
Second, considering the dynamic nature of renewable power
sources, flow rate can be adjusted to match fluctuating
demands, however it effectively implies that efficiency will be
modified.”? Faster flow rates reduce ion starvation and enhance
the value of the limiting current, yet it may also result in higher
pump losses and an imbalance between feed rate and active
material consumption.”?¥ Third, cost-effectiveness is dictated
by the price of the salts as derived from their purity, the
additives,*>*** used to control the viscosity, solubility, mass
transfer, the catalysts, used to reduce the resistivity and
hydrophobicity, minimize the activation, reduce parasitic reac-
tions, such as hydrogen and oxygen evolution, or to enhance
the effective surface area, and the ion-selective membrane,?'3
its selectivity, permeability, ionic conductivity, and stability.
where the last has been assigned to the highest cost share
relative to overall cell, and its production is questionable in
terms of sustainability.®¥ Fourth, dual chemistries frequently
degrade through crossover and poisoning.***® Singular chem-
istries that address this issue retain three to four valencies while
these ionic species remain stable within the electrolyte’s
electrochemical stability range. The constraints are in fact strict
and limit the alternatives to a handful selection. All-vanadium
RFBs are well known, although they likewise suffer from
sensitivity to low purity active materials®” and undesirable
reactions that result in precipitation and blocking.®®

The second alternative, MABs, is also atypical. The unique-
ness is attributed to the architecture of the porous cathode,
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where just as in the previous alternative, this half-cell operates
on an external reservoir, however in this case the active material
in this compartment is oxygen, supplied from the air or a
purified feedstock.***" Furthermore, despite being much less
commercially mature for grid-scale compared to the previous
type, these batteries have received increasing attention in the
electrochemical research community primarily due to their high
theoretical volumetric capacity with allegedly dirt-cheap price
when anodes are based on abundant metals available in the
earth crust.”” The common choices for the anode include
elements such as alkali metals (Li, Na, K), alkaline earth metals
(Mg) and metalloids (Si, Al) or transition metals (Zn, Fe).***® This
variety has a prospective theoretical energy density that puts
Li-ions batteries at disadvantage (410 WhKg™' for conventional
LCO/C Li-ion cell***! compared to different MAB combinations,
see Figure 2a and b).

Inevitably, the reactivity of alkali metals drives researchers
to nonaqueous aprotic electrolytes and room temperature ionic
liquids with high interest for minimizing moisture sensitivity via
oxygen feed dehydration.*®*” It immediately spikes the cost
and shifts the focus back to the safety issue.*®*' Furthermore,
typical carbonate-based electrolytes for Li-ion batteries are out
of the question since they easily react with the produced
oxygen intermediates during discharge.***" Generally, these
intermediates tend to react parasitically not only with the
electrolyte but also with the cathode support and binder,
resulting in the accumulation of passivating precipitated by-
products such as alkyl carbonates.®**¥ Specifically for Li-air, the
mechanism of discharge involves formation of unstable super-
oxide that disproportionate chemically into peroxide. It is
necessary to direct the route toward solution-phase growth
rather than surface dominated in order to support reversible
recharging that is not hampered by passivation.*”

The other two alkali alternatives present better reversibility,
since the formed superoxide is stable. Tragically, the cathodes
suffer from superoxide buildup during cycling, limiting oxygen

transport which cuts the capacity shortly after only decent
cycling.® The anodes suffer from detrimental gradual irrever-
sible dendrite growth, resulting in not only active material loss
but also a risk of battery cyclability termination due to shorts
and damaged solid-electrolyte interphase, resulting in excessive
electrolyte consumption.*®*® The solutions offered are adapting
the intercalation-type anodes, but they leads to a reduction in
the specific energy, and in scenarios of alkali metal with
relatively high ionic radius, it deteriorates the anode through
exfoliation %"

Unlike alkali metal-based MABs, possessing noteworthy
reversibility and considered environmentally friendly, only a few
of the previously designated elements can be considered as
rechargeable (electrically or mechanically) and operate stably in
aqueous medium; Zn is the most prevalent, then Fe (discussed
in Section 4), with Mg and Al staggering behind.*"*" Aqueous
electrolytes are nonflammable, have favorable conductivity, and
given their affordability, they are extremely adaptable since
their properties can be readily adjusted by altering the pH or
introducing additives, inducing from small kinetic adjustments
to complete mechanism variation.®>* In these electrolytes,
although Mg and Al offer potentially higher battery voltage,
specific energy, and volumetric energy density, compared to
Zn, lower reactivity considered Li,*” and higher abundance
considered both,*? they share a common intrinsic disadvantage
as anodes: relative fast corrosion and parasitic reactions.**
The first is exhibited as major self-discharge that gradually
stimulates passivation and imposes significant polarization loss,
shifting the practical battery voltage to approximately the same
range as any typical rechargeable aqueous battery. The second
challenge, namely HER, is reflected in performance as low
coulombic efficiency. This parasitic reaction, an occurrence
associated with the operation of many anodes in aqueous
media, not only reduces cell’s efficiency, but is also structurally
damaging MABs, since excessive accumulated hydrogen in-
creases the internal pressure.® Pressure buildup has a negative
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Figure 2. (a) Electrochemical eq. of metal specific capacity (sp, in Ah g~"),“
abundance (* lithium and zinc abundance is 22 and 52 respectively)®*

gravimetric energy density (calculated: gED =V-sp, O, excluded), Crustal
and metal cost (highest were considered);**~” (b) voltage,****® gravimetric energy

density (calculated: gED=V-sp) and volumetric energy density (calculated: vVED=V-sp-p), (O, included).*
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impact on battery performance, as it triggers electrolyte
leakage™ and flooding of the gas diffusion layer of the air-
cathode,*®*® resulting in unstable and damaged triple-phase
boundaries (electrolyte-gaseous oxygen-catalyst interface).

Silicon is on the one hand the most tempting for realization,
but is uniquely challenging. While the EU considers Si to be a
critical raw material, the US seems to discount it. The cause is
economic strategic reliance on supply rather than actual
resource depletion,”® as the mineral commodity summaries
2024 state that Si and its alloys are abundant in the majority of
producing nations worldwide,” which is sensible given that it
is the second most abundant element in the earth’s crust.”¥
Currently, this chemistry is considered primary rather than
secondary, while mechanical recharging permits its reuse.”” In
aqueous electrolytes, reversibility is restricted by the solubility
of discharge products, i.e. silicates; when the local concen-
tration is surpassed, passive silicon dioxide forms on the anode,
causing polarization losses. The activity of Si, which is critical for
efficient discharge, is also intrinsically challenging since once
the anode is exposed to the electrolyte, a simultaneous
corrosion process occurs, forming an additional silicon-based
layer that only partially prevents water molecules from reaching
the surface.”” Hence, the corrosion process continues, and
hydrogen gas evolved from the active surface, disrupts the
partially formed passive layer. This process exposes additional
active surface, leading to a continuous vicious cycle of
passivation renewal and breakage. These co-processes are
responsible for inherent voltage instability. Non-aqueous elec-
trolytes, especially ionic liquids, provide some relief from the
corrosion and carbonation issues posed by aqueous electrolytes
while also providing a wider electrochemical stability window
as compared to aqueous media. The disadvantage is that the
electrolytes are more expensive, as well as having lower ionic
conductivity and viscosity, which are critical for the air-cathode.
Additionally, in these media low discharge current unexpect-
edly results in low capacity, and vice versa; this phenomenon is
specific to the size of the produced discharge deposits.”? At
low current density, the deposits are finer and clog the porous
air electrode more extensively, preventing further oxygen
transfer and limiting the effective active surface area. Practically,
despite being innovative and drawing an extensive amount of
academic attention, this type of chemistry is not yet technolog-
ically ready for commercialization as a rechargeable MAB since
it is primary, its energetic efficiency is half due to low operative
voltage, and the discharge rate is slow."*”"

On the contrary, Zn is already commercially mature for
primary and secondary MABs for small-scale applications,
however: it falls short of grid-scale requirements and faces
fundamental interconnected challenges including corrosion,
passivation, dendritic growth, and parasitic HER.”>’¥ Unlike Mg,
Al, and Si, these challenges are at present considered more
manageable. Yet, whereas lab-scale research provides a glimpse
at process level electrochemically, scaling calls for a focus on
performance, criteria that are frequently overlooked, such as
stacking, individual cell design, realistic testing regimes,
reproducibility, and cost-driven evaluation, including material
choice, electrode dimensions, active to inactive material ratio
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and electrolyte volume.” Nonetheless, to the best of our
knowledge, commercially grid scale Zn-air batteries are in their
early stages, with multiple pioneering companies, including E-
Zinc, AZA battery, Zinc8 and Phinergy, offering microgrid
products that have already been scaled to some extent.””

Currently, the market has no solution that can fulfill the
requirements for batteries for grid scale energy storage, as
demonstrated in Figure 3. The green vacant space in the Figure
illustrates that there is currently no battery capable of providing
the cost-effective performance necessary for grid-scale
applications.”!. As previously stated, pumped hydropower
storage energy storage system is the most dominant solution. It
surely complies to this vacant space; however, comparing it to
the accessible and the developing battery-based solutions, i.e.
LIBs, RFBs, and MABs, is challenging since it holds energy
reservoirs ranging from megawatts to gigawatts, allowing for
low margin cost per kWh.2’® Yet, accompanying expenses rise
from installation, energy management and maintenance. Addi-
tionally, this system is thought to be geographically bound
since it requires specific land contours and water source,’®’”
unlike batteries. Nonetheless, MABs are the nearest to surpass
the thresholds for cost and energy density.

This paragraph highlights that chemistries based on abun-
dant multivalent elements accommodated in aqueous electro-
lytes are an appropriate choice for focus when choosing a
potential MAB for grid-scale energy storage system.

4, Iron as an Alternative Anode - A Fertile
Ground for Research

With everything stated so far in regards the given alternatives
and their status, Fe anodes are a reviving niche of MABs, which
recently regained the interests of researchers.®®? A schematic
representation of the iron-air cell can be seen in Figure 4,
illustrating the typical redox processes on both electrodes. Just
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Figure 3. Cost and energy density thresholds according to;"* LIB,?7%7”)
FRB,>53% MABS (IAB, ZAB)."®
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Figure 4. A schematic illustration of an iron-air cell, including magnification of the triple-phase interface in the air-cathode.

as Zn, it serves as an anode in typical “old school” battery
chemistries.®™® [t is non-toxic, inexpensive, has low price
volatility, recyclable and exhibits multielectron redox activity.
Additionally, compared to Zn, it has a rich valency state range,
much more abundant in the earth crust (47,000 ppm compared
to 83 ppm), much cheaper (120S$ton”' compared to
2550 $ton™"), has relatively higher theoretical gravimetric
(960 mAhg™' compared to 820 mAhg™') and volumetric
(7557 mAhcm™ compared to 5851 mAhcm™) capacity®®! (Fig-
ure 2a). Parametrically, the notable drawback is the difference
in battery voltage (1.26 V compared to 1.66 V), resulting in
lower specific energy when oxygen intake is being included
(763 WhKg ™' versus 1090 WhKg")#*** (Figure 2b).

These values attract and spark the enthusiasm not only of
individual researchers in the framework of academic institu-
tions, but also government funded platforms globally (for
example: European Battery Alliance in the EU,”® the UK
government,®® Germany,® Israel® (Israel National Institute
for Energy Storage)), and even pioneering companies (Form
Energy, the US).” The later illustrates the same idea that was
reported by CETO (JRC) in 2023, according to which iron-air
batteries are technologically mature enough to stand side-by-
side with Zn-air batteries (TRL 6-7), while Li-, Al-, and Mg-air
batteries are falling behind (TRL <5).” On this note, the
practical aspects associated with employing iron as an alter-
native vary and include sustainability, state-of-the-art perform-
ance and intrinsic challenges.

First, in this context, one should consider sustainability in
terms of emissions in the production phase and recyclability as
these stages have a major impact on the global warming
potential. For the sake of simplicity, the major elements

ChemSusChem 2025, 18, 202402412 (5 of 13)

associated with the active material in chosen MABs, namely
lithium, zinc, and iron, will be considered as the sole anode
material in order to highlight the relative impact on the carbon
footprint. Let us start with Li: it is derived from brine or ores,®”
and these two routes vary tremendously. Whereas brine is
sequentially evaporated to produce a concentrate, lithium ore
is extracted, crushed and milled before being cyclically floated
to acquire the concentrate.®**¥ The former has far lower impact,
contributing around 0.2 g CO, ../t of Li brine, whilst the latter
provides 0.4t CO, ./t of Li ore.”” In general, brine utilization
pathways is less energy consuming process, as this pathway
partially relies on solar energy, while ore processing requires
the utilization of fossil fuels, as an energy source. Next,
concentrates of both brine and ore, are further processed to
produce lithium carbonate and lithium hydroxide. These
processes produce about 20t CO, ./t of Li products.®? Where-
as, rolled lithium metal produced via electrolysis from LiCI-KCl
eutectic molten salt solution, extrusion and rolling is estimated
to produce a total carbon footprint of 50 t CO, ./t of Rolled Li*¥
and in other case studies, it is estimated to be as high as 167-
170 t CO, o/t Of Li.*>*

On the other hand, zinc and iron are both extracted from
ore and the process of smelting is dominant in the production
of both metals. It is considered rather simple and less environ-
mentally demanding, in comparison to lithium. For instance,
zinc production requires 2.6-6.6t CO,./t of Zn."*""* Iron
mining, processing and pelletizing is even less consuming and
stands at about 0.02-0.26 t CO, .o/t of Fe.'™'* This rather large
difference is a straight outcome of the common zinc versus iron
natural mineralogical occurrence, which necessitates additional
separation.”®'* At the other end of the battery cycle life there

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Perspective

ChemSusChem doi.org/10.1002/cssc.202402412

is the recycling stage, which is not only essential to sustaining a
favorable climate, but it also provides an opportunity to
establish a circular economy, reducing production emissions
and reliance on the raw material supply chain."® Iron and its
alloys are common engineering products used in transporta-
tion, construction, and industrial applications."*

In terms of recycling, the end-of-life recovery rate of iron is
the highest and it stands on >609%, while for zinc it is only
about 40%-50% and for lithium it is less than 5%.%2'°71%
Moreover, the impact of secondary zinc and iron production on
carbon footprint reduction is estimated to be 40% and 60 %,"*”
respectively. This information likewise includes a hidden and
unfortunate fact, which should be addressed in the advent of
iron implementation in emerging energy application. The low
price and wide abundancy possess a double-edged sword;
while they encourage active production, given the current
annual production volume of iron and steel industry, they also
account for a quarter of global industrial emissions and 6% of
global energy consumption.®*'”" This means that production
should be regulated to minimize the environmental impact.
Production from virgin iron ore requires at least tenfold
cumulative energy input compared to production from
scraps,l''” but it is currently less expensive.'" Thus, significant
efforts are dedicated to reduce carbon emissions through
alternative, more sustainable iron manufacturing
technologies.®?

On this basis, innovative battery concepts based on iron
would hopefully promote development in the production and
recycling processes, thereby supporting global shift from fossil
fuel-based production mode to greener concepts. Some of
these concepts rely on hydrogen as a reducing agent, like direct
reduced iron (DRI)®? (while DRI for example is claimed to be
employed as the raw material of the anodes by Form Energy in
their official website'?). DRI is industrially mature and making
progress in actual commercialization (current DRI production is
estimated to be about 8% and will reach 17% by 2030,
according to the international energy agency"'). Coal-based
DRI is estimated to reduce the CO, emissions by 38%.*" This
decrease cannot be dissociated from the significantly higher
price (>20%)."">"'% Additional disadvantages still remain, such
as dependence on costly green hydrogen and a relatively lower
quality of iron oxide output.®” A thorough review considering
the progress and challenges of DRI can be found in Yang and
Tian et al"' review.

Other alternatives, which are more promising in CO,
reduction (>90%), currently either have low energy efficiency,
like hydrogen plasma smelting reduction, electrowinning, and
molten oxide electrolysis, or require further investigation and
scaling, like deep eutectic solvent extraction. These aspects are
comprehensively discussed in Luin et al review.®? An additional
aspect for sustainability is abundance, or more realistically, the
relative availability based on the reserves to resource ratio, and
the fact that iron is not considered a critical raw material as
opposed to lithium, magnesium and even zinc, both by the
EU"? and the US."® World resources of iron are estimated to be
about 230 billion tons of iron, while the reserves are about
37%. To emphasize this data, for zinc and lithium, for example

ChemSusChem 2025, 18, €202402412 (6 of 13)

world resources are estimated to be 1.9 billion and 105 million
tons, while the reserves are 11% and 26 % correspondingly.”®

Second, in terms of practical performance, cutting-edge
iron-air MABs are inadequate to deliver the theoretical metrics.
The coulombic efficiency is generally low. While rechargeable
batteries are usually having the benefit of relatively high
coulombic efficiency, i.e. 85-95%, iron-air batteries suffer from
nearly 60%.%"

Nevertheless, it is worth noting that the iron anode in this
couple is not necessarily the only bottleneck, as some iron
anodes in aqueous alkaline medium, enable cycling under a
restricted depth of discharge, obtaining higher coulombic
efficiency but compromising cycle life to some extent, with-
standing still many cycles.®® "7 Whereas this fact highlights
that iron chemistry is currently incapable of supporting deep
discharge with long cycling endurance,®®'"® which would allow
for greater utilization while minimizing volume. The fundamen-
tal underlying processes compromising iron anode performance
may be roughly classified as passivation,“***%"'9 jrreversible
passive phases accumulation, '™ HER during
charging, #1129 corrosion,**"' intrinsic mechanical instabil-
ities related to the reaction mechanism during cycling and
irreversible morphological transformation.®’?" The multistep
discharge process inevitably is based on a complex mechanism,
combining both chemical and electrochemical reactions, result-
ing in the formation of hydroxides, oxyhydroxides and oxides.
The formed products are less conductive than the active
elemental iron, and by covering the metal surface they
passivate it, forming a barrier with high charge transfer
resistance. These products are naturally more voluminous
compared to iron, thus increasing internal stress and particle
pulverization.

Undesired phases, including Y-Fe,0; (maghemite), often
tend to accumulate irreversibly and via gradual reduction of
active surface, capacity fades till failure.®® Following pulveriza-
tion, the previously described gradual accumulation causes loss
of physical contact between the particles, and in addition the
loss of contact between the particles and the binder, resulting
in poor adhesion, and pore blockage, which forms a diffusion
barrier for the electrolyte; this would eventually result in
additional capacity loss as the utilization of the active mass
drops. Given the remaining exposed active surface determines
the cycle number to failure'™ active material utilization
depends on wetting and the accessibility and therefore,
introducing sufficient porosity to the structure of the anode
may improve the utilization."?

Capacity loss can also be induced by corrosion process,
upon which hydrogen gas evolved, resulting in considerable
self-discharge, apparent as shorter shelf life with a scope of
20% capacity loss within 14 days.**®*'®¥ Parasitic HER also
reduces the faradaic efficiency regardless of the transient
electrode surface condition during cycling."® This process is
especially evident during the formation cycles, when morpho-
logical changes result in a surface area increase, dictating
electrode potential-dependent gas evolution intensity, with the
same faradaic loss recorded at relatively positive potentials. This
issue may somewhat be mitigated if a charging cut-off is set up,
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limiting the oxidation up to the two-electron step, thus
reducing the extent of irreversible passivation;'?" nevertheless,
this avenue reduces the voltage and, indirectly, it would mean
that the energy density is compromised, as well (Table1
demonstrates these challenges).

Comprehensively, while Zn and Fe based anodes grow
dendrites in mild and acidic mediums, and the former also in
alkaline mediums,"*'? and given that they all rely on the
dissolution-deposition mechanism, Fe based anodes in alkaline
medium operate by conversion, which has the advantage of
being free of this phenomenon.®® As a result, unlike Zn, it is
less likely to lose active material along the charging phase of
cycling, and shorts are less likely.

Given the reasonably thorough analysis of the obstacles, a
realistic perspective should also be presented. These challenges
are managed by modifying the chemical composition of the
electrolyte or the electrode or via a focus on the electrode
structure. The first strategy focuses on selectively enhancing the
overpotential of HER in order to slow its rate in relation to the
reversible iron conversion. The common go-to electrolyte and
electrode additives are based on bismuth and sulfide salts,
among which are Bi,0;, Na,S, K,S, Bi,S;, and FeS.1383119127.128)
Metallic bismuth deposit obtained during the process of
charging acts as a site with an increased HER overpotential.
Indium salts are another type of additive that is similar to
bismuth-based ones."* Inorganic sulfide species role is mainly
via imparting de-passivation conditions, since the sulfide of iron
conductivity is greater than that of iron hydroxide/oxide. Linear
and cyclic organosulfur-based additives reduce HER by covering
the surface via adsorption, allowing for both HER reduction and
efficient corrosion inhibition.®'***1 Other chalcogenide-based
additives, such as selenide, are a recent addition to the additive
pool. Tomar et al™? recently demonstrated that electrodes
incorporating FeSe in their formulation or electrolytes contain-
ing selenates are capable of superior cycling performance and
reduced capacity loss when compared to sulfide-based addi-
tives. Furthermore, the additive’s uniqueness is its regeneration
capacity, a property that sulfide lacks during cycling. Another
common additive is LiOH, which is believed to actively change
the conversion process, enhancing charging efficiency and
reversibility via intercalation.®>'3¥

Structural modification on the other hand, is achieved by
increasing the active surface area, which is raised from nearly
the geometrical area of the bulk to a much larger area, dictated
by the nanostructure of particles, changing the electrode
preparation method, or using different binder and pore-
formers.*¥ Another approach involving structural and chemical
modification is compositing the active material particles to
maintain mechanical stability and integrity, while minimizing
surface deactivation during cycling. For example, many re-
searchers choose carbonaceous confinement, as this approach
yields increased conductivity that improves the discharge
capacity, maintaining structural integrity as iron dissolution is
suppressed and, in some cases, mitigates HER.'?*'3>'3¢ Thjs
approach is valid since carbon, as an additive not only improves
the conductivity but also eliminates failure due to morpholog-
ical evolution,”*"* a mechanism that underpins capacity fading
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as described by Lee et al."?" Others provide structural integrity
by using various binders"*”'* to ensure the cohesion of
particles in pressed, casted, and impregnated electrodes, which
tend to provide more active surface than standard sheet-like
electrodes due to inherent porosity and the ability to manipu-
late performance combined with electrode additives. In this
context, sintering, as an electrode preparation method, provides
better electrical contact with controllable porosity distribution
and size, resulting in the largest active surface area; however,
there is no ability to improve performance further with
electrode additives, thus in this case, researchers must rely
solely on electrolyte additives.””

Iron-air batteries based on solid and quasi-solid electrolytes
have been also studied. These batteries offer a relatively high
energy density (high capacity!™ and, in certain circumstances,
V> 13, minimal self-discharge as compared to low-temper-
ature iron-air batteries, and the ability to operate using waste
heat, which in sustainability aspect is efficient. Under the
category of solid-state electrolyte, there are two common
configurations."* The first which is more mature, is the solid
oxide iron-air redox battery. Proper charging of this config-
uration depends on the H,/H,0 redox couple mediator via
water electrolysis. In this system, the iron oxide actually serves
as a mediator that operates in a separate storage unit, while the
cell itself is a solid oxide fuel cell. In that manner, the poor
reaction kinetics caused by buildup of passive products from
deeply discharged iron anodes may be avoided since volume
expansion'?"'?133 of the active material is decoupled in this
unique design, as demonstrated by Tang et al."**'* The second
type, the all-solid-state iron-air battery, is simpler, matches
typical battery configuration, and does not require a mediator.
These simpler designs operate at high temperature and is based
on solid-state redox pathways."*® They demonstrate consistent
and promising performance, with coulombic efficiency over
80% for hundreds of cycles."*® Unlike traditional room-temper-
ature liquid electrolytes-based iron-air cells, their performance
is less affected by minor temperature fluctuations, while the
self-discharge is neglectable.'™ The insignificant capacity loss
during cycling is due to coarsening of iron particles during
cycling,* rather than irreversible passivation accumulation.

The electrolytes used in both types often have lower
conductivity and are more expensive than aqueous electrolytes
since specialty powder mixes for electrode preparation and
thermal processing such as annealing and sintering are
required. Furthermore, operation demands high temperatures
(500-800°C) to activate the diffusivity of O*~ across the electro-
lytic matrix, which essentially reduces the roundtrip
efficiency."™ On the other hand, it is noteworthy that safety
issues like thermal runaway, which LIBs exhibit through
dendrite growth and shortening, are addressed, and, unlike
aqueous batteries, where HER is a major difficulty to tackle, no
pressure buildup or leakage is feasible.

Conversely, sustainability and end-of-life disposal should
also be considered, despite the prematurity to enter the market.
Jacob et al"*® evaluated typical recycling procedures for LIBs as
were applied to solid state electrolytes. Pyrometallurgy is
claimed to be less suitable in this scenario since the process
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induces cross-reactions as well as complex redistribution of
elements in the electrolyte matrix, and requires high energy
input and additional mineral resources for sufficient recovery;
hence, hydrometallurgy and direct recycling seem more attain-
able. Yet, the recovery via these procedures entails prior
strategizing since the dissolution and synthesis chemistries
necessitate particular approaches per different electrolyte
classes, considering more complex schemes as the multiplicity
of constituent elements is prominent.!'**'*!

Overall, iron-air batter technologies meet the requirements
of grid-scale energy storage in terms of cost-efficiency, diversity
in operation conditions, safety, sustainability and scalability,
putting them in a relatively high position when considering the
technological readiness for production. However, performance
should be further optimized as they still do not meet the
benchmark performance for grid energy storage. The key
challenge that remains is utilization of the active material to
deliver adequate energy density over long cycling.

5. The Air-Cathode: Rate and Cycling
Determining Factor

Nonetheless, considering everything discussed in the previous
paragraphs, the hidden limiting factor is actually not the iron
anode, which is considered relatively robust in comparison to
the air cathode (about threefold more).®"” Although this
perspective spotlights iron as a viable alternative, challenges
associated with this component are not to be overlooked and
will certainly be discussed briefly in this paragraph. The cathode
requires a three-phase region: a solid conductive electrode to
transfer electrons, a porous structure for oxygen diffusion, and
an electrolyte to sustain the reaction and product
migration.”®*" The oxygen reduction reaction can occur via two
pathways: the desired four-electron pathway or the less
desirable two-electron pathway, which results in the formation
of peroxo species, a strong oxidizing entity."*® Thus, ORR
catalysts must exhibit high selectivity toward the four-electron
pathway. The key to this selectivity is the direct bond breaking
of oxygen. The reversible oxygen evolution reaction via a four-
electron pathway is both kinetically and thermodynamically
demanding due to the formation of O—O and O-H bonds.
These requirements mandate a bifunctional character on the
catalyst, which must reduce overpotentials for both ORR and
OER to reduce efficiency loss while remaining stable during
cycling.®" Currently, bifunctionality is accomplished through
the combination of two separate catalysts that address each
reaction separately, thereby compromising the number of
active sites, or by the selection of single catalysts that improve
both to some extent!®™ The best performing and stable
catalysts are based on the combination of noble metals (for
ORR) and their oxides (for OER);"® however, since they are
considered critical raw materials®® and are extremely
expensive,®? scaling these air electrodes for grids is econom-
ically impracticable. Hence, some cheaper alternatives are

ChemSusChem 2025, 18, €202402412 (9 of 13)

studied, such as transition metal-based compound, i.e. oxides,
phosphates, sulfides and phosphides.""*”

In this context, the most prevalent non-noble alternatives
are based on mixture of carbonaceous species with transition
metal oxides."™'®® While carbon contributes to the catalytic
first step of the ORR, i.e. reduction of oxygen to peroxide, the
transition metal oxide is responsible for peroxide breakdown
via disproportionation. Such metal oxides are commonly MnO,
and Co;0,. These catalysts are affordable; however, the first has
better ORR activity, whereas the latter has primarily OER activity,
and both have low conductivity, and necessitate additional
manipulations to modify the catalytic activity, such as doping
and defect engineering, which change the activity via change in
the electronic structure, and morphology or crystalline nature
changes.®™ The combination with carbonaceous species offers
not only the aforementioned catalytic enhancement but also a
supporting scaffold. Nonetheless, they deteriorate gradually
given their poor oxidation stability, leading to capacity fading
and structural integrity loss, which causes flooding."® Carbo-
nates formed during carbon oxidation or reaction with atmos-
pheric carbon dioxide from untreated feed can cause electrolyte
acidification, trigger precipitation that blocks further diffusion
of electrolyte and oxygen to the triple-phase interface.®*®"'%! To
tackle the stability issue, carbonaceous supports and catalysts
with increased degree of graphitization are employed, e.g.
carbon nanotubes, multilayer graphene and mesoporous
carbon."” While all provide with higher surface area and
stability, the first two additionally benefit via their two-dimen-
sional nature, which allows to improve the contact with the
supported additional catalyst via basal and edge sites, lowering
electron transfer resistance. The activity of such alternatives can
be tailored by functionalization to improve dispersion of co-
catalysts,"*® doping"® and increasing the degree of
graphitization"®'%” further with the goal of intensifying the co-
catalyst-support interaction.

Tailoring the catalyst’s activity or the support’s stability is
not the only essential matter to bear in mind. In fact, electrode
structure is a major barrier to the longevity and the perform-
ance of these electrodes. A unique architecture for battery
electrode should be provided to ensure optimal performance.
In aqueous electrolytes, a three-phase interface (see Figure 4)
should be maintained, i.e. the interface between the electrolyte,
catalyst and oxygen. To realize such design, a common air
electrode has a catalyst layer supported by a current collector
and a gas diffusion layer (GDL) facing the gas inlet. All three
components must be porous to enable sufficient oxygen
transport, and the GDL must be hydrophobic to prevent
electrolyte leakage. A balance between hydrophobicity and
oxygen transport should be maintained, since both factors are
often conflicting, as excessive hydrophobicity would result in
flooding, while oxygen has limited solubility in the electrolyte,
resulting in inability to stabilize the triple phase interface. The
solution to this challenge is to modify the quantity of
fluorocarbons added to the GDL, such as PTFE and PVDF '

The current collector is another configurable component
that could play a major role in the air cathode performance. It is
often a high-surface mechanically robust porous material with
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sufficient conductivity, based on metallic foams and meshes or
carbonaceous supports. In newer classes of catalysts, research-
ers attempt to integrate all of the needed properties from the
air cathodes with more advanced designs,!”""7? such as three-
dimensional self-standing or directly grown on a support
alternatives, e.g. metal organic frameworks and
composites.'>77

In practice, the cathode is responsible for energy losses and
inferior rate capabilities. For instance, in most of the examples
for aqueous iron-air cells displayed in Table 2, the anode’s
polarization does not surpass 150 mV, although the cathode,
according to Timofeeva et al,"® has at least 350 mV polar-
ization loss for the ORR (during discharge). These losses result
in decreased energy density, which is only around 80% of the
theoretical value.

Ref.

[147]
[148]
[149]
[150]
[151]
[152]
[147]
[153]

Coulombic Efficiency
~76% at 10 mAcm
48.4% at 0.2 mAcm 2
22.2% at 2 mAcm™>
87% at 0.2 mAcm™>

(1* cycle)
90% at 50 mAcm ™2
23% at 1 mAcm™?

80% at 1.4 Ag™'

6. Concluding Remarks

Capacity retention/Round-trip
Efficiency

94 % after 1000 cycles at C/5
Failure after 45 cycles at

0.2 mAcm™

RTE- 90% at 0.2 C (500 cycles)
45 % after 20 cycles at

at 1.4 Ag™' (100 cycles)

0.2 mAcm™?

Stable over 180 cycles
RTE- 53.7 %

100 % after 30 cycles at

22 % after 20 cycles at
1 mAcm™

10 mAcm™
97 % after 800 cycles

at 50 mAcm™

To conclude, one needs to look at the unfortunate view
regarding the technical feasibility of Fe MABs. Currently, the
most likely grid-scale energy storage option for this battery,
considering both specific energy and frequency of energy
supply, is for grid reliability as a short-term backup power
source, i.e. uninterruptible power source (UPS). Other short-
term possibilities, such as a black start, are less probable since
self-discharge occurs too fast, which makes it unreliable. Long-
term energy storage scenarios, like off-grid energy storage or
peak shaving are yet out of the question due to insufficiently
low specific energy. Nonetheless, this Perspective supports the
idea of iron as a viable anode for aqueous MABs rather than a
corroding concept; however, more research is needed to be
conducted in this rather virgin and unplowed field to qualify
and quantify the iron-air battery concept to bring it to stand at
high TRL level, side by side with other trending chemistries. To
shorten the period of this concept realization, research should
be focused on three key routes. The first and second involve
tackling the challenges associated with the iron anode and the
air cathodes. The third is actually optimization of the operation
conditions and ensuring that they serve the long-term
operation scenarios of grid-scale energy storage.

Iron anode performance optimization includes four strat-
egies. First, mitigating corrosion process via the utilization of
inexpensive and environmentally friendly corrosion inhibitors to
eliminate self-discharge or electrode/electrolyte interface mod-
ification. Second, electrode and electrolyte additives should be
employed to assist with selective offsetting of HER onset to
increase the charging efficiency. Third, the depth of discharge
should be extended without compromising on reversibility
utilizing additive and employing mechanistic approaches to
highlight the processes that enhance surface activity with less
passive phase accumulation. Fourth, employing advanced
architectures to substantially enhance the available active
surface or to reduce active mass loss.

Air cathode performance optimization includes screening
and development of novel cost-effective bifunctional catalysts
for the air electrode. This goal can be achieved by addressing

2
~65mAhg™"at0.2 C

416 mAhg ™' at C/5

Specific Capacity
rate

460 mAhg™' at
10 mAcm™
299 mAhg™ at
50 mAcm ™2
420 mAhg™' at
70 mAhg™' at
0.2 mAcm™?
508 mAhg™' at
14 Ag™

1 mAcm

Voltage
08V
06V
0.7-
1.1V
~14V
1V
08V
~1V

(5¢,03)0.1(C€0,)0,01(Zr05) 089

At 550°C
KOH-ZrO, at 20°C, 60%

Electrolyte

8 M KOH +0.03 M K,S
6 M KOH+2 mM Na,S
8 M KOH+0.01 M Na,S
6 M KOH+1 mM EML
6 M KOH

0.5 M K,SO,

R.H.
LaggSro,GagsMgo,0s

At 650°C

Fe nanoparticle-encapsulated C—N composite —

Fe;0,-embedded rGO composite — Pt/C
Pt/C+1rO,

Carbonyl iron +MoS,—Ag/Gr
Fe,0;—BaZr,,Ceq4Yo,Ybg,05—IrO,
Fe,05—Co5Gdo20,—LagSr04Fe05C00,05

Active Materials

Fe,O,—Pt/C
Fe—Ag/C
Fe,0,—Pt/C

Table 2. Overview of full-cell Fe-air battiries and their performance.

Electrolyte
type
aqueous

Solid
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the composite nature of the electrode and tuning the
morphology of the supported catalysts, allocating alternative
stable (chemically and mechanically) supporting materials, or
by stabilization of the three-phase zone to allow facile electron
transfer and continuous oxygen transport, which can be tuned
by the preparation method, changing the nature of the
electrical contact or via controlling the wetting and solubility
behavior.

The third route is targeting to optimize the operation
conditions to meet the required scenario. The dynamic nature
of renewable sources requires a framework with minimal and
maximal expected performance. In this aspect, electrode design
is highly critical when expecting the scaled electrode to deliver
matching performance to the lab-scale isolated electrode; it
must account for feed, heat losses, electrical contact, and
wetting, as well as for an exposure to different climates and
environment conditions (min and max operational temper-
atures windows, relative humidity, amount of air born micro
particles (dust) and CO, ingress).

Generally, a complex battery system like this one calls for
systematic approach and the initiative for collaboration. Despite
being in the same field of applied electrochemistry, catalysis
research and energy storage research are frequently conducted
by different research groups, which reflects the industry’s
advantage in promoting such technologies. Nevertheless, this is
an excellent motivator to make this concept a practical,
affordable and realistic solution for grid-scale energy storage in
the coming years.
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