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With the ever-increasing demand for efficient and sustainable energy solutions, rechargeable Fe-ion
batteries have emerged as a viable alternative to conventional rechargeable batteries. Rechargeable Fe-
ion batteries are considered one of the most promising energy storage devices due to their low cost,
abundance, eco-friendliness, and enhanced safety. This review article provides an in-depth overview of
the essential components, such as electrodes and electrolytes, for all Fe-ion-based rechargeable
batteries and emphasizes their distinctive features and potential advantages. Furthermore, it covers the
current state of rechargeable Fe-ion batteries, highlighting recent advancements in electrode materials.
It provides the details of recent findings on the electrochemical characteristics of rechargeable Fe-ion
batteries, including their Fe-anode coulombic efficiency, capacity, cycling stability, and safety aspects for
both aqueous and non-aqueous rechargeable Fe-ion batteries. It addresses the significance of various

Received 13th February 2024, material innovations and engineering strategies to develop efficient electrode and electrolyte materials.

Accepted 2nd April 2024 It also highlights the current challenges for the cathode, anode, and electrolyte of rechargeable Fe-ion
DOI: 10.1039/d4ya00101j batteries, followed by their future perspectives. In conclusion, this review provides valuable insights into

rechargeable Fe-ion batteries in a broader context for researchers to develop Fe-ion batteries as
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1. Introduction

The growing utilization of renewable energy sources for elec-
trical power generation has sparked significant interest in
ensuring the dependability and efficiency of the grid infrastruc-
ture while also leading to a decrease in the accessibility of fossil
fuels."” To address these ongoing energy problems, it is
imperative to create a cost-effective and eco-friendly energy
storage system that can effectively support/mitigate intermit-
tent renewable energy sources like solar and wind power.*™®
Electrical energy storage systems have the potential to improve
the stability and efficiency of the electrical grid, optimize the
use of renewable resources, and promote the adaptability of
integrating sustainable energy into the power system.””® Large-
scale energy storage applications provide numerous technolo-
gical and technical obstacles, such as safety, consistency, cost-
effectiveness, and commercial acknowledgment.”™® In the
energy storage sector, batteries are taking all over the market.
In general, lithium seems to be a preferable choice among
rechargeable batteries."®° The name battery itself gives rise to
the thought in one’s conscious mind that it would be the
lithium-ion battery. The increasing demand for lithium and
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potential candidates for future energy storage technologies.

its scarcity, toxicity, and flammability cause various issues
towards sustainability’"*> However, the chemistry of lithium
is mature. The other options, like sodium and potassium-ion
batteries, also exhibit similar chemistry but have several
challenges.”**® That’s why researchers are looking for such
viable options that can be cost-effective and toxin-free to
maintain the promise of sustainability.>”>°

Numerous multivalent metals, like aluminum, zinc, magne-
sium, iron, etc., are being explored in the form of metal-ion,
metal-air, and redox-flow batteries.’***” Among them, zinc
metal has caught most of the attraction as it exhibits a low
redox potential in both acidic and alkaline media and contains
high gravimetrical capacity (theoretical ~820 mA h g~').>%*
Aluminum is the most abundant metal with a high theoretical
gravimetric and volumetric capacity, i.e., 2980 mA h g~ * and
8040 mA h cm™?, respectively.*>*® Despite these attractive
numbers, aluminum and even magnesium suffer from severe
hydrogen evolution reactions, which limits their potential
applications, and are not being used practically in a broader
way.””*® Coming on to iron, it features as the fourth most
abundant element and the second most abundant metal in the
earth’s crust with ease of processing and cost-effectiveness and
is frequently used in nano-engineering as a dopant.’® Iron’s
gravimetric and volumetric specific capacities are also appeal-
ing in numbers, up to ~ 960 mA h ¢ ' and 7550 mA h cm 3,
respectively. Thus, the Fe-ion battery attracts attention due to
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Fig. 1 (a) Various mono and multivalent metal-ion battery parameters in terms of volumetric capacity, gravimetric capacity, earth-crust abundance

percentage, price, cation radius, and standard potential vs. SHE. (b) Schematic representation of the characteristics of Fe-ion batteries. (c) Timeline of the

progress in iron metal-based rechargeable batteries.

its stable high redox potential against standard hydrogen
electrodes (SHE) in acidic electrolytes. A detailed comparison
of capacity, abundance, price, cation radius, and SHE potential
is shown in Fig. 1(a) for various mono-valent and multivalent
metal anodes. Iron metal-based batteries have taken a signifi-
cant turn in the last 25 years. Researchers started exploring iron
as the metal anode to overcome the challenges of conventional
rechargeable batteries. The ambient processable nature of iron
compelled the focus on all iron-based batteries, which can be
non-toxic, non-flammable, and cost-effective alternatives
for energy storage devices. Various unique characteristics of
Fe-ion batteries are also shown in Fig. 1(b), which make them a
viable solution for alternative energy storage technologies.
There are some shreds of evidence that the first iron-based
battery was developed by artisans of Baghdad, way back in 200
BC.! Historically, iron-based batteries came into the picture
with the invention of nickel-iron (Ni-Fe) alkaline batteries in
1901 by Edison and Junger. Around 1910 or so, Ni-Fe batteries
containing iron-based anodes and nickel-based cathodes in

928 | Energy Adv., 2024, 3, 927-944

alkaline electrolytes were commercialized for various applica-
tions. Later on, Ni-Fe batteries were developed mainly in the
last 30 years to improve the overall efficiency of the battery.>> >
Next, iron-air and iron-redox flow batteries were also developed
in 1961 and 1981, respectively, and popularized with time.
After that, various findings were reported on developing the
electrodes and electrolytes for the iron-air and iron-redox flow
batteries.****®> From 2019 onwards, research has mainly
focused on developing rechargeable Fe-ion batteries beyond
the alkaline electrolyte, which is the primary focus of this
review article. A brief timeline of the development of various
iron metal-based batteries, including the recently developed
high-performance aqueous and non-aqueous rechargeable Fe-
ion batteries, is summarized in Fig. 1(c).

Despite their long lifespan and durability, nickel-iron
batteries suffer from several limitations. Their lower storage
capacity compared to modern counterparts like lithium-ion
batteries makes them bulky and heavy. Slow charging and
discharging processes also hinder their wider use. Hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gas evolution during charging requires careful maintenance,
adding complexity to the entire system.”® While promising for
long-term energy storage, iron-air batteries face numerous
hurdles. Fe-air batteries exhibit a very low energy density,
~80 to 110 W h kg ', compared with conventional energy
storage technology. They suffer from low efficiency, with losses
due to hydrogen production and sluggish oxygen reactions. The
iron anode corrodes easily, forming harmful dendrites. The air
cathode needs better catalysts and improved stability to handle
varying humidity and CO,. Their bulky size and slow recharge
times also limit their applications.®® Similarly, iron redox flow
batteries also face many challenges.”” The electrochemical
activity of these iron metal-based batteries is limited by passi-
vation, parasitical hydrogen evolution reaction, and low elec-
troplating efficiency in alkaline electrolytes, which hinders
their lasting practical use. In this scenario, the current focus
is on exploring the potential of rechargeable Fe-ion batteries
based on acidic aqueous and non-aqueous electrolytes.**%*

In brief, this review article summarizes the recent advance-
ments in developing anode, cathode, and electrolyte materials
for rechargeable Fe-ion batteries, including the essential com-
ponents, reaction mechanism, and selection criteria of the
different materials. It mainly focuses on critical approaches
such as electrolyte alteration, and nanoengineering of different
electrode components to enhance the electrochemical perfor-
mance, followed by the challenges and perspectives. This study
aims to establish a fundamental understanding of rechargeable
Fe-ion batteries as a potential alternative for clean and green
energy storage systems.

2. Operational mechanism and design
criteria of electrodes and electrolytes

Rechargeable Fe-ion batteries consist of three essential compo-
nents, anode, cathode, and electrolyte, that enable electro-
chemical energy storage. All these components, including the
charge-discharge mechanism of the Fe-ion battery, are explained
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schematically in Fig. 2(a). In the charging-discharging process,
Fe’* ions shuttle between the anode and cathode through the
electrolyte, while electrons flow between the anode and cathode
through the external circuit. In the charging process, Fe*" ions
and e- move from the cathode to the anode through the
electrolyte and outer circuit, respectively. In discharging process,
Fe?* jons and e~ move from the anode to the cathode, i.e. vice-
versa of charging mechanism. A detailed charging process is
indicated using green color arrows and discharging process
using red color arrows in Fig. 2(a).

The anode typically utilizes iron-based materials, such as Fe
plates, sheets, and foil, including various Fe and carbon-coated
Fe nanostructures. It (i.e., anode) can be modified via interface
engineering and different surface modification techniques.
Where Fe-ions follow the plating/stripping process during the
cycling, the reaction can be expressed as Fe(s) <> Fe*"(aq) + 2e~
(E° = —0.44 V vs. SHE). During discharging (stripping), Fe-ions
are released from the Fe-based anode to the electrolyte. Further,
Fe** ions reversely return to the anode from the electrolyte
during the charging (plating) process. The cathode should be
capable of hosting Fe-ion intercalation reactions or insertion/
extraction mechanisms during cycling. It contains mostly layered
metal oxides, Prussian blue analogues, polyanion phosphates,
various organic-based cathode materials, etc. During discharge
(intercalation), Fe** ions are inserted into the host cathode from
the electrolytes, those Fe** are released by the anode. During
charge (deintercalation), Fe*" ions are reversely de-inserted or
dissolved from the host cathode to the electrolyte, which can
participate in plating at the anode. The electrolyte contains
various iron-based salts, including sulfate, chloride, perchlorate,
etc., in a suitable solvent. The electrolyte facilitates ion move-
ment between electrodes during charging and discharging based
on the aqueous, non-aqueous and gel-polymer electrolyte.
Further, various additives and inhibitors can also be used to
improve the efficiency of the anode and reduce the hydrogen
evolution reaction during the cycling process.

The energy band diagram for the Fe-ion battery is shown in
Fig. 2(b), explaining the relative electronic states of anode,
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(a) A detailed schematic of materials required for the anode, cathode, and electrolyte, including the charge—discharge mechanism. (b) Energy

diagram showing different energy states of the anode, cathode, and electrolyte together with the stability window for rechargeable Fe-ion batteries.
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electrolyte, and cathode materials. This energy diagram may
assist in understanding the design criteria for selecting the
rechargeable Fe-ion batteries’ anode, cathode, and electrolyte
materials. The electrolyte’s LUMO level should consistently be
below the chemical potential of the anode (u,) and the HOMO
level should consistently be above the chemical potential of the
cathode (uc) for electrolyte stability. Otherwise, the electrolyte
may break down, resulting in battery failure. It also follows
eVoc = Ha — Hc, Which suggests that the difference between the
chemical potentials of the anode and cathode should be higher
for electrolyte stability and a large operating voltage.®*"®® The
higher operating voltage will result in higher operating power
for the device. Thus, a material with a relatively large bandgap
and relatively large lattice spacing will be a suitable cathode
candidate for these batteries. Large bandgap materials are
usually insulating; thus, material innovation is essential for
higher electronic conductivity to realize efficient carrier trans-
port at the cathode end in iron-ion batteries. Thus, anodes,
electrolytes, and cathodes with suitable electronic properties
are essential for efficient iron-ion batteries.

A detailed description of electrolyte, cathode, and anode
development is provided in the following sections/sub-sections.
A separator prevents electrical contact, ie., short-circuiting,
between the anode and cathode. This separator is usually made
of glass fiber or filter paper. The current collector is also a
crucial component that facilitates the flow of electrons between
the electrodes and the external circuit. For better suitability, we
must choose the current collectors according to the electrodes
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and chemical characteristics of electrolyte. Generally, Fe sheets/
plates work as the current collector at the anode side, and in
the case of Fe NPs, copper is used as the current collector.
At the cathode side, mostly carbon fiber paper, graphite paper,
stainless steel foil, stainless steel mesh, and titanium mesh are
explored as the current collectors.®*%*

3. Electrolyte development

The electrolyte is a critical component in rechargeable bat-
teries, playing a fundamental role in facilitating the movement
of ions between the positive (cathode) and negative (anode)
electrodes during charge and discharge cycles. The choice of
electrolyte significantly influences the performance, safety, and
overall efficiency of the battery.*>°° In the context of Fe-ion
batteries, which utilize Fe-ions as charge carriers, the electro-
lyte must meet specific requirements to ensure optimal battery
performance, as discussed in the previous section. The primary
function of the electrolyte is to enable the reversible redox
reactions involving Fe-ions at the cathode and anode. Fe-ions
migrate from the anode to the cathode during discharge,
releasing electrons and generating electrical energy. Fe-ions
return to the anode during recharge, absorbing electrons and
storing electrical energy. The critical components for develop-
ing the electrolyte include high ionic conductivity, redox stabi-
lity in multiple galvanostatic charge/discharge (GCD) cycles,
compatibility with both electrodes, and high solubility of the
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(a) Schematic of the aqueous Fe-ion batteries based on the Fe(OTF), electrolyte. (b) GCD performance based on 1 M FeSO,4, modified FeSOy,

and Fe(OTF)s electrolytes at 0.2 A g~*. (c) Optical photos of the reduced electrolyte. (d)-(f) Voltage vs. time profile at current densities 0.125, 0.5, and
1.0 mA cm™2, respectively.®® (g) GCD performance for different aqueous electrolytes at 0.2 A g~* together with the VOPO, cathode.’°® (h) Specific

capacity vs. cycle number for different aqueous electrolytes along the VO, cathode.
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Fe-ion salts, which are necessary to consider. Both aqueous and
non-aqueous electrolytes have been developed by considering
these constraints for rechargeable Fe-ion batteries.

3.1 Aqueous electrolyte

Aqueous electrolytes are well known due to their high ionic
conductivity compared to non-aqueous electrolytes, cost-efficient
and environment-friendly nature, and high ion solubility.”* Due
to its unique characteristics, an aqueous electrolyte is mainly
explored for rechargeable Fe-ion batteries. Various salts, includ-
ing FeSO,, FeClO,, Fe(OTF),, FeCl,, etc., are used in different
molar ratios. Xiulei Ji et al. explored different molarity FeSO,-
based aqueous electrolytes for the aqueous rechargeable Fe-ion
batteries under a N,-filled glove box before use in the coin cell.
They purged the electrolyte with N, to remove the dissolved
0, from the electrolyte.”*°* FeSO, salt based electrolyte was
explored in different molarities ranging from 0.5 molar to
1 molar.”>*® As reported in various studies, iron(u) trifluoro-
methanesulfonate (Fe(CF3S053),, Fe(OTF),) is considered the best
Fe-ion salt among the others for the aqueous rechargeable Fe-ion
batteries due to high electrochemical performance. The charge-
discharge schematic for an aqueous electrolyte is shown in
Fig. 3(a) based on the Fe(OTF), salt and PANI cathode. Iron(u)
trifluoromethanesulfonate (Fe(CF3;SO;);) also worked as the
aqueous electrolyte with better cycling performance than the
FeSO, electrolyte in organic (PANI) based cathode materials, as
shown in Fig. 3(b), because when the electrolyte came across Fe,
then Fe** reduced to Fe®', as shown in Fig. 3(c), via optical
photographs. Further, the Fe plating/stripping process was also
investigated in all electrolyte systems for various current densi-
ties, ranging from 0.125 to 1 mA cm™ 2, as shown in Fig. 3(d)~(f).
The reversible electroplating and stripping processes are higher
for three molar Fe(OTF), than for the other electrolytes.”®
A comparison between FeSO, and Fe(OTF), was also performed
based on the VOPO,-based cathode, where the Fe(OTF), electro-
lyte showed high cyclic performance along with high cycling
stability, as shown in Fig. 3(g).'°° Further, the cyclic stability of
Fe(OTF), in various molar ratios was compared with the FeSO,
and the Fe(ClO), electrolyte together with the VO,-based cathode
materials. The best cycling stability was shown by the 3 molar
Fe(OTF), electrolyte, as shown in Fig. 3(h). The operating char-
ging-discharging voltage window is also important due to the
polarization of the iron electrode, which is theoretically limited
to 0-1.21 V.'°" All the explored aqueous electrolytes for Fe-ion
batteries are also summarized in Table 2 with the respective
electrodes and electrochemical performance.
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3.2 Non-aqueous electrolyte

Non-aqueous electrolytes confer several advantages for rechar-
geable Fe-ion batteries, including the ability to operate within
higher voltage windows than the aqueous-based electrolyte,
which enhances energy density. These non-aqueous electrolytes
are less susceptible to corrosion and leakage, improving safety
and cycle life. However, low ionic conductivity of these electro-
lytes reduces the power density of the battery.'®> Non-aqueous
electrolytes are categorized as discussed below.

3.2.1 Organic electrolyte. The first organic electrolyte was
reported by Saroja et al. in 2019, based on 1 M FeClO, in a
tetraethylene glycol dimethyl ether (TEGDME) based solvent for
the non-aqueous Fe-ion batteries.'®® The Advanced Materials
and Devices (A-MAD) laboratory at IIT Jodhpur also explored a
similar electrolyte synthesized under ambient conditions,
which does not require any inert environment to fabricate coin
cells for the various cathode materials.'*'*> The ambient
synthesis of these electrolytes makes it more affordable and
simpler as an alternative power source.

3.2.2 Ionic liquid electrolyte. Zhao et al. reported Fe-ion
batteries based on the pure ionic liquid electrolyte, where they
explored various ionic liquid electrolytes based on 1-butyl-3-
methylimidazolium tetrachloroferrate (BmimFeCl,) and 1-methyl-
3-octylimidazolium tetrachloroferrate (OmimFeCl,). A detailed
physical characterization was investigated to check the electro-
Iyte’s chemical structure, physical properties, thermal stability,
etc. The study suggests that BmimFeCl, is more stable and safer
than the organic electrolytes, yet it shows less electrochemical
performance than all other electrolytes.'® All the explored non-
aqueous electrolytes based on the organic and ionic liquid
electrolytes for Fe-ion batteries are also summarized in Table 1
with the respective electrodes and electrochemical performance.

3.3 Gel-based electrolyte

Gel-based electrolytes are gaining popularity in multivalent
rechargeable batteries due to their unique blend of properties
that address some of the key challenges conventional that liquid
and solid electrolytes face. They offer a compelling combination
of safety, performance, and flexibility, making them a promising
technology for the next generation of multivalent metal-ion
rechargeable batteries."”” Recently, Lv et al reported a gel-
based electrolyte containing a 3D framework structure based
on the PAM-based electrolyte. The film was soaked in aqueous
electrolyte of 1 M Fe(TOF), for 12 h in an N,-filled glove box
before being used for electrochemical evaluation. The coin cell-

Table 1 Comparison of rechargeable Fe-ion batteries based on different non-aqueous electrolytes

S. Specific capacity Current Performance (capacity retention %,

no. Anode Cathode Electrolyte (mAahg™) rate (mA g~ ') in no. of cycles at current density, mA g~") Ref.

1 Mild steel Bulk V,05 1 molar FeClO,-xH,O in TEGDME 207 30 ~54% in 50 cycles at 33 103

2 Graphite C/Fe, C/Fe,O; BmimFeCl, ionic liquid 20-100 — — 106

3  Mild steel V,05 1 molar FeClO,-xH,O in TEGDME 120 33 ~50% in 30 cycles 104
(ambient synthesis)

4 Mild steel g-C3N, 1 molar FeClO,-xH,0 in TEGDME 130 40 60% in 240 cycles at 3C rate 105
(ambient synthesis)

© 2024 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2024, 3,927-944 | 931
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based Fe-ion battery on this PAM gel film showed ultra-high
cyclic stability for more than 39000 cycles at a high current rate
of 25 A g .18

3.4 Electrolyte additives

Electrolyte additives are important in enhancing the coulombic
efficiency (CE), which ultimately suppresses the HER and
oxidation of the iron-based anode in the acidic electrolyte.'*
Electrolyte additives have already been widely explored for
alkaline-based aqueous Fe-air and Ni-Fe batteries to enhance
the performance of the pristine Fe anode.®"''° Chai et al
reported an NH,CI regulator for cost-effective rechargeable
aqueous Fe-ion batteries. Adding NH,CIl to the electrolyte
enhances the performance of the anode by inhibiting the
passivation reaction, together with a higher CE than pure
FeSO,-based electrolytes. Fig. 4(a) shows the working mecha-
nism of the iron metal anode in the presence of the electrolyte
with additives and without additives. Here, NH,Cl works as the
buffering agent and adjusts the pH value to the neutral level,
which decreases the concentration of H' ions. It prevents the
formation of a thick film at the surface of Fe, thus increasing
the diffusivity of Fe-ions. The symmetric cell based on Fe with
the modified electrolyte was characterized at various current
densities, as shown in Fig. 4(b). The cell shows high stability for
the time versus voltage profile without showing voltage fluctua-
tion from 1 mA cm > to 10 mA cm™ > for more than 100 h.
Fig. 4(c) shows the CE percentage against cycle number for
electrolytes based on FeSO, and FeSO,/NH,Cl, where FeSO,/
NH,CI shows higher stability with CE percentage ~96% for
more than 1000 cycles."''"* Recently, Liu et al. reported the
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high efficiency of electroplating and stripping for Fe metal
batteries by adding Mg and Ca ions to the electrolyte containing
a chloride salt. Adding 4.5 M MgCl, and 4.5 M CaCl, in FeCl,
enhances the CE, conductivity, and the deposition/stripping
process by suppressing the HER, as shown schematically in
Fig. 4(d). This system offers high stability for Mg and Ca-ion
based electrolytes for Fe/Fe symmetric cells, where the pure
Fe-based electrolyte battery fails in 88 h at a current density of
1 mA cm%; at the same time, the modified electrolyte system
works for more than 250 h, as shown in Fig. 4(e)."*® Further,
Wu et al. developed aqueous iron-iodine batteries based on
adding Znl, in the aqueous electrolyte to regulate the Fe
deposition behaviour via Zn doping. When a 1 M ZnlI, electro-
lyte was added into the 5 M FeCl, electrolyte, Zn-I complexes
formed, and [ZnI]" adsorbed at the surface of Fe. The Zn-ions
are allowed in the Fe lattice and enhanced the coulombic
efficiency of Fe metal during reduction process in an aqueous
electrolyte. The reversible process of Fe plating/stripping was
carried out in Fe/Ti asymmetric cells using three different
electrolytes, including FeCl,, FeCl, + ZnCl,, and FeCl, + Znl.
Fig. 4(f) shows the CE with cycle number at 0.5 mA cm 2,
showing the unstable behaviour of FeCl, and FeCl, + ZnCl,,
where the CE is highly stable for more than 1200 cycles for the
FeCl, + ZnlI electrolyte. The study of voltage vs. time suggests a
stable electroplating and stripping process for FeCl,/ZnI for
more than 300 h at a high current rate of 10 mA cm™ 2, where
the other two electrolytes stop working before 200 h cycling, as
shown in Fig. 4(g). Further, a cell was cycled based on the
FeCl, + Znl electrolyte, and was found to be stable for more
than 2500 h at 1 mA cm™?, as shown in Fig. 4(h).""*

(b),,,
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(a) Working mechanism of plating/stripping in the presence of NH4Cl additives. (b) Voltage vs. time profile at various current densities for NH,Cl

additives. (c) CE with cycle number with and without additives.™ (d) Schematic of the effect of Mg and Ca-ions at the Fe surface. (e) Voltage vs. time for

the pure Fe electrolyte and that modified by the Ca, Mg ion based salt.™* (f) CE with cycle number for different electrolyte systems at 0.5 mA cm
(g) Voltage vs. time at high current densities for different electrolytes. (h) Voltage vs. time at 1 mA cm™2 for the FeCl,/Znl, system.

932 | Energy Adv, 2024, 3, 927-944

-2
114

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00101j

Open Access Article. Published on 02 aprile 2024. Downloaded on 29/10/2025 0:32:39.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

4. Cathode materials

Cathode materials for Fe-ion batteries are pivotal as these provide
an Fe-ion storage framework/structure, that decides the overall
discharging plateau and capacity along with the cyclic stability of
the battery. Researchers have recently explored various cathode
materials to enhance capacity and cyclic stability. Based on the
compound and structure, these cathode materials can be categor-
ized into vanadium-based oxides, vanadium phosphates, Prussian
blue analogues (PBA), sulfur, and its composites, polyaniline
(PANI), and carbon-based cathodes. All these compounds have
different structures and properties, leading to varied electroche-
mical performance along with different Fe-ion storage mechan-
isms. All the explored cathode materials for the non-aqueous and
aqueous Fe-ion batteries are also summarized in Tables 1 and 2,
respectively, with their electrochemical performance parameters.

4.1 Vanadium-based oxides and phosphates

Vanadium-based compounds, including vanadium oxides and
vanadium phosphates, are the most explored cathode materials
for Fe-ion batteries because vanadium can exist in multiple
oxidation states, such as V**, V**, v**| and V>*. This property
allows for various redox reactions to occur during the charging
and discharging cycles, facilitating the storage of Fe-ions with
high capacity and working potential.'’” The A-MAD group
and Saroja et al. explored a V,0s efficient cathode material
for the rechargeable Fe-ion batteries based on the 1 M iron
perchlorate-based non-aqueous electrolyte assembled under
ambient conditions. The charge-discharge mechanism of the
non-aqueous Fe-ion batteries is shown in Fig. 5(a), V,0s, works
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as the intercalation and deintercalation-based cathode material
due to its large layer spacing, which provides effective Fe*" ion
storage into the structure. Fig. 5(b) shows that CV plots at
various scan rates to analyze the diffusive or capacitive process.
Fig. 5(c) shows that the slope of the log(Inax) vs. log scan rate
curve is equal to ~0.54 using the power law, which shows that
the process of Fe** storage in V,05 is dominated by the diffusion
process rather than the capacitive process. GCD cycling was
investigated at various current rates, where the low current
density of 33 mA g~ ' shows a capacity of ~120 mA h g~ . After
the complete cycling (120 cycles), the capacity reaches up to
30 mA h g%, as shown in Fig. 5(d). Detailed post-mortem
investigations using pre- and post-XRD and SEM measure-
ments and the impedance analysis provide insights into the
capacity degradation, which arises due to the multiple phase
changes of iron vanadium oxide during the cycling.'®* Simi-
larly, Saroja et al. explored the same materials under inert
conditions using an argon-filled glove box to fabricate the coin
cell based on bulk V,0s. They achieved a specific capacity of
~250 mA h g ' at a current density of 30 mA g ', where
capacity degradation was more than 50% in the starting
50 cycles, as shown in Fig. 5(e). A detailed post-mortem study
of the electrode using XRD and SEM suggests the onset of
multiple phases of iron vanadium oxide, as shown in Fig. 5(f).
Here, the red XRD plot belongs to the fresh electrode, and the
blue XRD plot corresponds to the discharged post-cycling
electrode.'® Hembram et al. theoretically summarized the
mechanism of the storage of Fe-ions in V,05 cathode material
during the cycling process, correlating the observed experi-
mental observations."®

Table 2 Comparison of rechargeable Fe-ion batteries based on different aqueous electrolytes

Specific Performance (capacity retention
capacity Current %, in no. of cycles, at current
S. no. Anode Cathode Electrolyte (mAhg™) rate (mAg ') density, with average CE %) Ref.
1 Fe NPs Prussian blue analogue 0.5 M FeSO, 60 1C 80%, 1000 cycles, 10C rate, CE 92
~99.3%
2 Fe NPs Sulfur/carbon 0.5 M FeSO, ~1050 50 Stable cycling of 150 cycles 94
3 Fe treated with I,/N doped porous carbon 1 M FeSO, 190 5000 ~100%, 550 cycles, 2 A g™ " 97
ascorbic acid
4 Fe NPs VOPO,-2H,0 1 M FeSO, 100 100 68%, 800 cycles, 1C rate 93
5 Fe metal PANI 5 M FeCl, with 1 M Znl, 2mAhem™ 8 mAcm > 99.8%, 1200 cycles, 8 mA cm™ 2, 114
CE ~96.7%.
6 Fe foam Carbon foam 1 M FeSO, + NH,CI — — CE of anode ~96% at a higher 111
current rate
7 Fe foil Phenylamine (PA)- 3 M Fe(CF;3S03), 170 200 96.2%, 2200 cycles, 1 A g™ " 100
intercalated VOPO,
8 Fe foil Mg-Substituted Prussian 0.5 M FeSO, 96 200 70.9%, 500 cycles, 1 A g~ 96
blue nanocubes
9 Fe plate Tunnel like VO, 3 M Fe(CF;3S03), 198 200 78.9%, 200 cycles, 0.5 A g™ 101
10 Fe foil Cross-linked PANI 1 M Fe(CF;S03),, 110 25000 Cyclic stability of more than 108
1 M Fe(CF;S03), with 39000 cycles
polymer film
11 Fe plate PANI 3 M Fe(CF3S03), 105.8 50 5000 cycles without capacity fad- 99
ingat02Ag’
12 MXene/Fe PANI 1 M FeSO, 46 200 Stability more than 100 h at 0.5 95
mA cm 2
13 Fe I,/FeP-NPC@carbon shell 1 M FeSO, 202 200 90%, 500 cycles 98
14 Mild steel g-C3N, 1 M FeSO,4 135 1000 50%, 50 cycles 115
(ambient synthesis)
15 Fe foil Defect-rich MoS, 3 M Fe(CF;3S03), 123 100 88%, 600 cycles, 200 mA g~ * 116
© 2024 The Author(s). Published by the Royal Society of Chemistry Energy Adv., 2024, 3, 927-944 | 933
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—1 104 (e) Specific capacity vs. cycle number for

non-aqueous Fe-ion battery which is fabricated in inert conditions using V,Os cathode. (f) ex situ XRD measurements of V,Os electrode 193 (9) SEM
image of tunnel-like VO,. (h) Mechanism of Fe-ion extraction and insertion in VO,. (i) Capacitive and diffusive curve at 0.3 mV s, (j) Capacitive and
diffusive percentage at various scan rates. (k) Specific capacity vs. cycle number at 2 A g~* for the VO, based cathode.*®*

Recently, Xu et al. explored tunnel-like VO, as the cathode
material for the aqueous rechargeable Fe-ion batteries based on
3 M Fe(OTF),. Fig. 5(g) shows the SEM image of tunnel-like VO,,
and Fig. 5(h) shows the crystal structure of VO,, which extracts
and inserts Fe** ions during charging-discharging cycles. A
detailed capacitive or diffusive behavior is also investigated to
check whether the process is capacitive or diffusive. Fig. 5(i) shows
the CV plot for capacitive and diffusive process at 0.3 mV s, the
capacitive behavior is more dominant than the diffusive beha-
vior and the percentage contribution is also shown in Fig. 5(j).
A detailed GCD analysis indicates a specific capacity of
198 mA h g ' at 0.2 A g " and a capacity of ~160 mA h g*
at a high current rate of 0.5 A g~ ' with a capacity retention of
79% in 200 cycles, as shown in Fig. 5(k). The ex situ measurement
of the VO, electrodes was also done at various charge and discharge
states, showing no phase transformation during cycling.'* Thus,
the overall findings suggest the high electrochemical performance
of the vanadium oxides (V,05 & VO,) cathodes, where V,05 is more

934 | Energy Adv, 2024, 3, 927-944

favorable for the diffusive and VO, is more favorable for the
capacitive process in non-aqueous and aqueous electrolytes,
respectively.

Vanadium(v) phosphate-based cathode materials were
explored as efficient host cathodes in aqueous rechargeable
Fe-ion batteries. Xu et al. reported VOPO,-2H,O0 as the cathode
material. When VOPO,-2H,O comes into contact with an elec-
trolyte, Fe** ions are trapped in the layered structure of VOPO,
and oxidized to Fe*', and vanadium is reduced to the lower
state at the open circuit potential. This Fe-bolted VOPO,-2H,0
helps in the storage of Fe*" ions via insertion and de-insertion
mechanisms during reversible GCD cycling. A detailed sche-
matic is shown in Fig. 6(a). VOPO,-2H,0 was synthesized using
the reflux method and confirmed by the morphology and
structure via SEM and XRD, as shown in Fig. 6(b) and (c),
respectively. The cell shows a specific capacity of 100 mA h g™*
at a current density of 1C along with an average discharge
potential of 0.6 V. The cell was also cycled at a higher current

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density of 8C, showing a capacity retention of 68% in 800
cycles, as shown in Fig. 6(d).”* Recently, Li et al. reported
phenylamine (PA) intercalated VOPO, (PA-VOPO,) with large
interlayer spacing, exhibiting improved electrochemical perfor-
mance for aqueous Fe-ion batteries. PA was mainly introduced
to increase the interlayer spacing between the VOPO, layers,
which increases the overall diffusion of the Fe** ion along with
fast kinetics. A detailed crystal structure of VOPO, and PA-
VOPO, is shown in Fig. 6(e). Fig. 6(f) shows the SEM image of
VOPO,, exhibiting a narrow interlayer spacing, and the SEM
image of PA-VOPO, with large interlayer spacing is shown in
Fig. 6(g). The synthesized PA-VOPO, shows a more capacitive
behavior than the diffusive for Fe*" storage, where the percen-
tage contribution of diffusive and capacitive behaviors are also
shown in Fig. 6(h). It delivers high GCD performance with a
specific capacity of 170 mA h ¢! at 0.2 A g~', as shown in
Fig. 6(i). Further, a cell was cycled at a higher current density
of 1 A g ' and showed a high capacity retention of 96% in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2200 cycles.’® These findings demonstrate the potential of
vanadium-based cathode materials for the high performance
of Fe-ion batteries. Further, via regulating the interlayer spa-
cing of the materials can enhance the electrochemical perfor-
mance of Fe-ion batteries. Meanwhile, more studies are needed
to explore the potential of nanostructured vanadium oxide- and
vanadium phosphate-based cathode materials for rechargeable
Fe-ion batteries.

4.2 Prussian blue analogues

The Prussian blue analogues are promising cathode materials
due to their low cost and high theoretical capacity, including
open framework structures.'*® Wu et al. reported an iron-based
insoluble Prussian blue analogue (Fe-PBA, Fe[Fe(CN)glo.7s:
3.5H,0) cathode for aqueous rechargeable Fe-ion battery with
a 0.5 M FeSO, electrolyte. Fig. 7(a) shows the charging-dischar-
ging mechanism of Fe-PBA, which shows that the discharging
Fe anode will oxidize and Fe®" ions will be stored via the
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insertion/de-insertion mechanism in the Fe-PBA lattice. The Fe-
PBA synthesized via a simple precipitation method exhibited a
FCC structure as confirmed by XRD and contained Fe-PBA NPs
with an average size of 50 nm, as shown in the inset TEM image
of Fig. 7(b). A detailed electrochemical analysis was performed
at various current densities in three electrodes and an entire
coin cell. Fig. 7(c) shows specific capacity with cycle number at
different current rates for the Fe-PBA with Fe anode-based full
coin cells. The specific capacity varies from 60 mA h g~ to
30 mA h g~ " at the current rate of 4C to 40C. The 10C rate shows
a capacity retention of 80% and CE ~99.3% in 1000 cycles
along with a high average discharge potential of 0.72 V. These
results were also compared with the MnO,-, V,05-, and FePO,-
based cathodes. Among these, Fe-PBA cathode materials show
the most promising results. A hybrid battery was fabricated

View Article Online
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using a LiFePO, cathode with an iron anode and a mixed iron
and lithium-based salt electrolyte. The hybrid battery shows a
specific capacity of 155 mA h g~ at 1C along with a high
discharge plateau of 0.8 V, showing the potential of Fe-ion
batteries even in the form of Fe metal-based hybrid batteries.”?
Recently, Huang et al. reported a magnesium substituted
Prussian blue analogue (MgFeHCF) as an efficient cathode for
the aqueous-based electrolyte. MgFeHCF was synthesized using
the co-precipitation method and its FCC structure was con-
firmed via XRD and the nanocubes as observed from SEM/TEM
are shown in Fig. 7(d) and (e). It shows nanocubes with a high
specific capacity of 96 mA h g~ " at a current density of 0.2 Ag™"
with a cyclic stability of 70% and an average CE of 98% in
500 cycles. It is relatively high compared to that without
a Mg-substituted FeHCF cathode, as shown in Fig. 7(f).
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Further, in situ XRD measurement, impedance analysis, and
DFT calculation-based performance assessment was also done,
which suggests the low volume strain during cycling. Overall,
Mg substituted in FeHCF stabilizes the structure and enhances
the electrical and ionic conductivity, which is responsible for
high GCD performance.’® Further, the electrochemical perfor-
mance of PBAs can further be enhanced by doping of various
cations according to the desired properties.

4.3 Sulfur-based cathode

Sulfur is abundant and environmentally friendly, making it a
cost-effective and sustainable choice compared to some rarer
battery materials. Sulfur has a high theoretical capacity exceed-
ing 800 mA h g7, nearly five times that of conventional
cathodes. During cycling, sulfur undergoes multi-electron
transfer reactions, leading to higher energy densities than that
achieved with single-electron transfer in other materials."*"*!
Wu et al. explored sulfur for the first time as the cathode
material in aqueous Fe-ion batteries with pure sulfur and
various sulfur/activated carbon (S/AC) composites. The study
shows that sulfur works as the cathode without polysulfide
shuttling during cycling. The solubility of iron and iron sulfides
is negligible in aqueous solution compared to the solubility of
lithium sulfide and sodium sulfide."**™*** Fig. 7(g) shows the
charge-discharge mechanism for the sulfur/activated carbon-
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based cathode. The Fe®" ion storage mechanism was investi-
gated at different charge-discharge states via XRD analysis. The
charge-discharge curves are shown in Fig. 7(h), and the corres-
ponding XRD plots at different states are shown in Fig. 7(i).
The investigation shows solid phase transformations of Sg <
FeS, < Fe3S, < FeS without shuttling, as shown in Fig. 7(j).
Further, electrochemical performance was investigated at dif-
ferent current rates based on the Fe anode and the S/AC-40
cathode, as shown in Fig. 7(k). The Fe anode and the S/AC-40
cathode exhibits a specific capacity of 632 mA h g~ " in 80 cycles
with a capacity retention of 95% and CE ~99.8% at a current
rate of 0.2 A g~ '. The capacity is recovered if the Fe counter
electrode is replaced, as shown in Fig. 7(1). Overall, these
studies show the potential of sulfur as an efficient cathode
for aqueous Fe-ion batteries without polysulfide shuttling, a
common problem with lithium/sodium ion batteries.**

4.4 PANI-based cathode materials

Polyaniline (PANI) is a conducting polymer that has been
explored as the cathode materials for aqueous rechargeable
Fe-ion batteries. Its abundance, low cost, flexibility, high con-
ductivity, redox activity, and compatibility with aqueous elec-
trolytes make it an attractive choice for developing cost-effective
and sustainable energy storage solutions for multivalent metal-
ion batteries.’* Wu et al. explored PANI as the cathode in
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aqueous rechargeable iron-iodine batteries, where PANI poly-
iodide shows high electrochemical performance at various
current rates. It offers a discharge capacity of 2 mA h ¢cm >
(444 mA h g ') without degradation in 1200 cycles with an
average CE ~98% at 8 mA cm ™~ >.'"* Zhang et al. explored PANI
as the cathode for aqueous metal dual-ion batteries. The PANI
cathode was assembled with an FeSO, aqueous electrolyte,
and modified MXene/Fe anode shows a specific capacity of
46 mA h g " at a current rate of 200 mA g~ for 50 cycles.”” Li
et al. reported an aqueous iron-organic battery based on the
PANI cathode. Fig. 8(a) shows the SEM image of the PANI with a
granular shape of 50 nm average size. The PANI cathode was
assembled with the Fe anode and aqueous electrolyte to check
the electrochemical performance. CV measurements were
done at various scan rates, 0.5 mV s ' to 1 mV s ' with an
interval of 0.1 mV s, as shown in Fig. 8(b). Using the power
law, its suggests that surface-controlled behavior dominates the
charge storage mechanism along with the fast kinetics. The cell
exhibits a high GCD performance of 105.8 mA h g ' at a current
rate of 50 mA g%, at a higher current density of 200 mA g~ ' its
shows the high stability for 5000 cycles along with an average
CE of ~99%, as shown in Fig. 8(c). A detailed computational
study also showed the interaction between the PANI and
CF;S0;~ ions, substantiating the experimental findings.”
Further, Lv et al. synthesized cross-linked polyaniline via an
in situ chemical oxidative polymerization technique and
explored it as an efficient cathode material as shown in
Fig. 8(d). The PANI and cross-linked PANI (C-PANI) structure
was confirmed and distinguished via various experimental
tools, including FTIR, UV-Vis spectra, and high-resolution
XPS spectra. A coin cell was assembled with a C-PANI cathode,
an Fe anode, and an aqueous 1 M Fe(TOF), electrolyte. Detailed
electrochemical characterization was conducted, and it was
suggested that the C-PANI cathode has a higher GCD perfor-
mance than the PANI cathode. It exhibits a specific capacity of
107 mA h g~ ! at a current density of 25 A g~ with a capacity
retention of 84% in 39000 cycles, as shown in Fig. 8(e). The
detailed analysis of the charge storage mechanism of C-PANI
was also carried out using various characterization tools,
including in situ Raman spectra, ex situ characterization,
X-ray photoelectron spectroscopy (XPS), etc. The investigations
show the charge storage mechanism given by both H' storage
and the Fe®" ions storage process, where Fe”" ions bonded with
CH;S0; ™ ions and formed mixed cation Fe(TOF)", as shown in
Fig. 8(f). This unique charge storage mechanism provides fast
kinetics because it reduces the charge densities of Fe*", and
electrostatic interaction will be lower with host materials,
which enhances the performance. Further, a flexible reflective
electrochromic battery (FREB) was also fabricated. Electrochro-
mic devices are primarily used in aerospace applications where
they can work to store energy together with electrochromic
functions simultaneously. To fabricate the FREBs, electrode-
posited Fe on CC used as the anode, C-PANI on Au NMM used
as the cathode, and a PAM-based polymer electrolyte were used.
The synthesis process is explained schematically in Fig. 8(g).
A detailed electrochemical analysis shows 107 mA h g~ " capacity
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at 25 A g~ ' current density with a capacity retention of 82% in
27000 cycles. This finding shows the potential of the C-PANI for
the aqueous Fe-ion batteries.'”® Additionally, more research
should be dedicated to exploring other organic materials or
composites as efficient cathode materials for rechargeable Fe-
ion batteries.

4.5 Carbon-based cathode materials

Carbon-based cathode materials offer high electrical conduc-
tivity, promoting efficient charge and discharge in rechargeable
metal-ion batteries. Their structural stability enhances cyclabil-
ity, minimizing volume changes during repeated cycling for
improved long-term performance. Carbon materials are often
compatible with aqueous electrolytes, ensuring safety and envir-
onmental friendliness."*® Zhao et al. explored Fe-ion batteries
based on the pure ionic liquid electrolyte, carbon-coated Fe, and
carbon-reduced iron oxide along with the graphite-based anode.
The cell exhibited a specific capacity of 20-100 mA h g™' in
various ionic liquid electrolyte-based systems.'®® Chai et al.
explored aqueous Fe-ion batteries based on carbon foam as
the cathode as well as current collector, where carbon foam
works as a host and provides Fe** ion adsorption/desorption,
Fe*'/Fe*" redox conversion and Fe®* deposition. The cell was
assembled using the Fe foam anode, a modified aqueous
electrolyte, and carbon foam as the cathode. It exhibited an
energy density of ~240 mW h cm™® and a power density of
12.1 W em ™ with a capacity retention of 91% in 1000 cycles."**
Recently, the A-MAD research group explored the graphitic
carbon nitride (g-C;N,) based cathode material for the non-
aqueous Fe-ion batteries. Graphitic carbon nitride has enough
spacing between the 2D layers to provide efficient intercalation/
deintercalation of the Fe®" ion during cycling. The charge-
discharge mechanism of g-C;N,-based cathode materials is
shown in Fig. 9(a). CV was investigated at 15 mV s~ ' to check
the reversible mechanism of the cathode along with the oxida-
tion-reduction process, where the starting three cycles show that
the process is highly reversible, as shown in Fig. 9(b). It shows a
specific capacity of ~130 mA h ¢ and 60 mA h g~ " at current
density 40 and 400 mA g™, respectively, as shown in Fig. 9(c).
The cell exhibits fast charging-discharging characteristics at a
high current density of 400 mA g~ * (~3C), as shown in Fig. 9(d).
It shows a high-capacity retention of more than 60% at
400 mA g ' in 240 cycles, as shown in Fig. 9(e). A detailed
ex situ analysis of the electrodes was carried out via XRD and
SEM to understand the stability of g-C;N,. The XRD pattern
suggests no phase changes, as shown in Fig. 9(f). These results
are also consistent with the electrochemical impedance spectro-
scopy (EIS) analysis, as shown in Fig. 9(g). The demonstration
was also performed using coin cells in series connected with
LEDs, as shown in Fig. 9(h). These findings show the potential of
g-C3N -based cathode materials towards high-performance Fe-
ion batteries.'®

Bai et al. explored high-power aqueous iron-iodine batteries
based on the I,/nitrogen-doped hierarchically porous carbon
(N-HPC) composite cathode. The coin cell was fabricated
together with a Fe foil anode and an aqueous electrolyte.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A schematic diagram of charge-discharge is shown in Fig. 9(i).
CV analysis suggests the reaction reversibility for the starting
three cycles, the weak reduction peak at 1 V indicates the
capacitive behavior of N-HPC, as shown in Fig. 9(j). Further
GCD analysis was done to check the capacity and electrode
stability. The cell exhibits a high specific capacity of 180 to 190
mA h g~ at various current rates, as shown in Fig. 9(k). The cell
also cycles at a high current rate of 2 A g, showing very high
capacity retention along with an average CE of ~99% in more
than 550 cycles, as shown in Fig. 9(1).”” Zhang et al. reported
dual heteroatoms, i.e., N, P, and FeP nanocrystals, which were
integrated into a carbon shell-based cathode for high-
performance aqueous iron-iodine batteries. Here, the porous
carbon core-shell material prevents the dissolution of the
iodine species. The cell was fabricated with N, P dual heteroa-
toms, FeP nanocrystals/carbon shell cathode, iron metal anode,
and aqueous electrolyte. The cell exhibited a specific capacity of
202 mA h g~" with an excellent capacity retention of 92% for
more than 500 cycles. The charge storage mechanism reaction
was investigated using various tools, including electrochemical,
Raman spectra, and XPS analysis.’®

5. Anode materials

The metal anode should have a low overpotential for the
deposition and stripping of multivalent metal ions during
cycling. A low overpotential helps minimize energy losses and
improve the efficiency of battery. Iron or iron-based com-
pounds serve as the anode materials for rechargeable aqueous

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

and non-aqueous Fe-ion batteries. The electroplating/stripping
process takes place during the charging-discharging process.
In the charging process, the iron anode undergoes electroplating,
where iron ions in the electrolyte are reduced and deposited
onto the surface of anode. In the discharging process, iron ions
are oxidized and released into the electrolyte, also called the
electro-stripping process. Mild steel contains more than 99%
Fe, and is used as an anode in non-aqueous Fe-ion
batteries.'®™'% High-purity iron foil, iron plates, Fe foam, or
iron sheets are widely used as anode materials in various
aqueous Fe-ion batteries,?®87100:108,111,113,114,127 141y nanopar-
ticle powder was also used as the anode material after mixing
with a binder and carbon-based conducting agent, as reported
in various findings for aqueous Fe-ion batteries.”*™** All the
anode materials used in Fe-ion batteries for the non-aqueous
and aqueous electrolytes are also summarized in Tables 1 and
2, respectively. The A-MAD research group recently reported a
detailed capacity degradation analysis of the non-aqueous Fe-
ion batteries, suggesting that the formation of an oxidation
layer during cycling at the anode hinders the battery’s perfor-
mance. Fig. 10(a) shows the optical picture of the pristine mild
steel and cycled mild steel along with SEM analysis, which
shows the oxide layer formation at the mild steel during
cycling. The XRD pattern of the cycled mild steel at various
cycle stages is shown in Fig. 10(b), which suggests the passiva-
tion of the iron oxide layer during cycling, which decreases the
performance.'®

Further, various techniques were developed to reduce the
passivation or dendrite formation at the anode and enhance its

Energy Adv,, 2024, 3, 927-944 | 939
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CE without degradation in aqueous electrolytes. Bai et al.
modified the anode with ascorbic acid (chelating agent) to
suppress the formation of dendrites or the passivation layer.
The schematic shows the modified iron with electrolyte in
Fig. 10(c). Detailed performance analysis of the anode and
the modified anode was done using GCD analysis, where the
modified iron anode contained Fe powder, which was treated
with 0.2 M ascorbic acid for 12 h, and the slurry was formed
using a binder and a carbon conductive agent. Fig. 10(d) shows
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¢ Low coulombic efficiency of Fe

+¢ SEI formation, Passivation Layer
++ Growth of the dendrite at Fe
\&

(% Lower operating voltage

+¢ Fe dissolution
++ Low ionic conductivity
\* Incompatibility with electrod

Anode

(% Lower rate capability
¢ Lower discharge voltage plateau
+¢ Limited capacity & cyclic stability
\** Slower Fe-ion diffusion kinetics

Cathode

the charge-discharge profile, which exhibits a higher specific
capacity and lesser voltage hysteresis for the modified anode
due to the ascorbic acid layer, which enhances the electroche-
mical performance. A detailed SEM analysis was also per-
formed for the modified anode before and after cycling.’”
Zhang et al. developed an efficient, flexible MXene/Fe het-
erostructure as the high-performance anode for aqueous Fe-ion
batteries. The MXene/Fe structure effectively suppresses den-
drite formation and improves the Fe plating-stripping kinetics
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Fig. 11 Challenges and corresponding perspectives related to the different components of rechargeable Fe-ion batteries.
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during cycling. Fig. 10(e) presents a detailed synthesis sche-
matic of MXene and MXene paper using vacuum filtration. The
flexibility was tested by bending the MXene paper, as shown in
Fig. 10(f). Fe was electrodeposited on the surface of the flexible
MXene paper via 0.5 M FeSO, solution with Fe foam as the
counter and reference electrode for up to 16 h to use the MXene
as the anode material. Similarly, Fe was also electrodeposited
on the bare Fe foam under identical conditions to show the
difference between both the materials, as shown in Fig. 10(g).
The SEM image was obtained for electrodeposited Fe on the
bare Fe foam and MXene/Fe after 16 h to analyze the surface
morphology, suggesting that flaky type dendrites were formed
on the surface of the bare Fe foam, where MXene paper works
as a 3D host, which hinders the growth of dendrites, as shown
in Fig. 10(h) and (i), respectively. Electrochemical measure-
ments were done by fabricating the symmetric coin cell with
the bare Fe foam and the modified anode based on MXene/Fe
using 1 M FeSO, electrolyte. Fig. 10(j) shows the potential vs.
time profile during the electroplating/stripping process for
more than 100 h, suggesting that MXene/Fe is the more stable
interface with the aqueous electrolyte along with the stable
curve and lower overpotential. Further, the full coin cell was
GCD tested using a PANI-based cathode along with the Fe and
MXene/Fe-based anode, showing higher specific capacity for
the MXene/Fe-based anode with higher cycling stability, as
shown in Fig. 10(k). These findings provide an effective method
for suppressing dendrite formation and hydrogen evolution
reactions in aqueous systems with the selection of suitable
anode material.”

6. Challenges and perspectives

Rechargeable Fe-ion batteries possess enticing advantages
like affordability, safety, and environmental sustainability,
yet face several hurdles before widespread adoption. The
associated challenges with rechargeable Fe-ion batteries are
summarized below.

e The main challenge is the relatively low energy density and
cyclic stability along with the lower discharge voltage plateau of
cathode materials for Fe-ion batteries. These issues can be
addressed by developing novel nanoengineered cathode mate-
rials with open frameworks, increased surface area, and opti-
mized pore structure to facilitate faster Fe*" ion diffusion and
improve rate performance. The electrochemical performances
can also be enhanced by regulating the interlayer spacing and
surface engineering of various cathode materials to enhance
the effectiveness of charge storage mechanisms through the
intercalation/deintercalation of Fe*" ions.

e Another challenge with the Fe anode in the aqueous
electrolyte is its low coulombic efficiency due to the side
reactions, dendrite growth, formation of the passivation layer,
and H, evolution in the aqueous medium at the Fe metal
anode. It can be addressed by introducing various techniques,
including nanostructured Fe, surface coating on Fe, interface
engineering, cation doping, and electrolyte additives. Coating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrodes with protective layers or modifying their surface
chemistry can hinder unwanted reactions and improve the
stability of the Fe anode. Tailoring the interface between
electrodes and electrolytes is crucial for minimizing side reac-
tions and improving cyclability. Overall, these approaches can
suppress H, evolution and overpotential and increase the
efficiency and cyclability of the Fe anode.

e The problem with the electrolyte is that conventional aqu-
eous electrolytes show low ionic conductivity and a lower operat-
ing voltage window and sometimes incompatible with electrodes
materials in rechargeable Fe-ion batteries. It can be addressed by
electrolyte modification via developing an electrolyte with higher
ionic conductivity and optimizing various Fe*" salt and solvent
compositions. Electrolyte additives can enhance the mobility of
Fe** ions and improve charging/discharging rates by suppressing
side reactions at the anode side. Solid-state electrolytes based on
Fe should also be explored to overcome these issues, but these
have limited ionic conductivity, which can be further tried at
higher temperature-based Fe-ion batteries. All the challenges and
corresponding perspectives for the electrodes and electrolytes are
also summarised in Fig. 11. Thus, these Fe-ion batteries can
potentially revolutionize the energy storage landscape by offering
a sustainable, affordable, and safe alternative to existing technol-
ogies by addressing all these challenges.

7. Conclusions

In conclusion, rechargeable Fe-ion batteries are economically
attractive due to the abundance of iron and its low cost. They
boast higher energy density, promising improved energy sto-
rage capabilities. Safety profile of iron reduces the concerns
related to thermal runaway, thus enhancing overall safety and
efficacy. This review article provides the recent evolutions in
developing anode, cathode, and electrolyte materials, including
the essential components, reaction mechanisms, and guidelines
for selection of electrodes and electrolyte for efficient recharge-
able iron-ion batteries. This article also highlights significant
methodologies to improve electrochemical performance, such as
adding electrolyte additives and electrodes modifications, fol-
lowed by the current technical challenges and future directions.
Despite the obstacles, Fe-ion batteries hold immense potential
for the future of energy storage due to their inherent advantages.
This study aims to establish a fundamental understanding of
rechargeable Fe-ion batteries as a potential alternative for clean
and green energy storage systems.
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