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Abstract
European and world economies are displaying increased use of renewable energy sources (RES). Energy
sources such as wind energy, solar energy and water current energy, while clean and not emitting carbon
dioxide, do not allow for stable electrical energy production due to their dependence on weather conditions.
Current development trends are focused on the production of energy storage units, which will allow for
stable electricity production from renewable sources. One unit investigated by researchers is flow and
steady state high-capacity batteries. Ideal storage system should be characterised by high electric stability,
charge-discharge reversibility, stability and low cost. The most widely used technology is ion lithium
batteries. However, sources of lithium are geographically and quantitatively limited. There is an increasing
interest in the application of other active metals in energy storage systems. Most active metal salts
exhibit high water solubility and are available in most parts of the world. The objective of this work was
to catalogue known active metals usage in energy storage, including their current and most promising
applications, with a focus on the capacity of electrochemical processes and on anode and cathode materials.
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1. RENEWABLE ENERGY SOURCES

Current discussion on climate change, both in the European
Union and the world, leads to increasing implementation of
RES. The most common non-emissive energy sources are so-
lar energy, wind energy, hydroelectric power, and geothermal
energy (Nazarov et al., 2024). Solar power is divided into
active and passive technologies, and active technologies are
divided into concentrated solar power and photovoltaic tech-
nologies. Active solar power sources are those that convert
heat or solar irradiation into electric energy. Their current
efficiency ranges from 13 to 30% (Shahabuddin et al., 2021).
To utilise solar energy technology in electrical grids, energy
storage systems are paramount. The objective is to capture
the excess generated electric energy and use it in times of
energy generation decline.

Extensive investigations have underscored the critical role
of electrochemical energy storage technologies in enhancing
the overall efficiency and utilisation of photovoltaic systems.
According to data published by the International Renewable
Energy Agency (IRENA), the integration of energy storage sys-
tems can elevate the self-consumption rate of solar-generated
electricity to approximately 50%, while concurrently mitigat-
ing dependence on the electrical grid and minimising curtail-
ment of photovoltaic output (IRENA, 2017).

In recent years, stringent environmental legislation imple-
mented in both the United States and the European Union
has mandated reductions in anthropogenic greenhouse gas
emissions in the order of 20–30%. These regulatory frame-
works actively incentivise the large-scale deployment of RES,
thereby driving accelerated expansion of the global battery
market (Kim and Lee, 2024).

2. ENERGY STORAGE SYSTEMS

Rechargeable battery-based storage systems, such as lithium-
ion batteries, are of considerable interest because of their
high energy density, efficiency, and cost-effectiveness (Bustos
et al., 2023; Hong et al., 2023). Rechargeable batteries, also
called storage batteries or secondary cells, are electrochemical
systems that use reversible redox reactions, which allow for
multiple charging and recharging cycles. This is opposed to
primary cells that have only one discharge cycle due to one
of the reaction products being gaseous or unstable. Recharge-
able systems store electrical energy employing conjugated
electronation and de-electronation chemical reactions and
release it in the same manner when needed (Lung et al.,
2023). Evaluation research was performed considering the
performance of a lithium-ion battery energy storage system
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integrated with solar PV installations. It has been found that
the self-consumption of solar energy was improved by 30% and
the reliance on grid electricity was reduced with the implemen-
tation of lithium-ion batteries (Vieira et al., 2017). Another
research (Roberts et al., 2019) analysed the performance of
a battery energy storage system (BESS) integrated with a so-
lar PV system. In this study, it was concluded that the BESS
increased the self-consumption of solar energy to over 70%,
resulting in a significant reduction in grid electricity purchases.
The techno-economic performance of a lithium-ion battery
was evaluated in another study (Hassan et al., 2024) as an
application for a solar self-consumption energy storage system.
Other studies also showed improvement in self-consumption
and economic efficiency of solar systems (Hasan et al., 2023).
Presented research shows that integration of energy storage
systems with PV installations is economically viable, under-
scoring the need for further development in this field. Because
of this fact, it is crucial to develop storage systems based on
a wider resource base. For this reason, energy storage systems
based on alkali metals have been recognised by European
markets due to their strong reliance on the foreign supply of
both raw materials and end products, especially from Asia
(Nowaczek and Kulczycka, 2020).

Although energy storage technologies have evolved in recent
years, their main principles have not changed. The chemi-
cal energy storage systems are used mostly in the consumer
sector and infrastructure maintenance (Komarnicki, 2016).
Battery technology advancement has been revolutionised by
portable electronics. This advancement has led to battery
usage on demand and as a supply in fields like transportation
or the electrical grid. Due to the high costs of power grid
instabilities in the US, significant investments are being made
(Amarapala et al., 2023). According to Jones Lang LaSalle
Incorporated, utility-scale battery energy storage systems have
reached the point of 16 GW in the USA by 2023, and their
value worldwide can grow to 150 billion USD by the end
of 2030 (JLL, 2024). The development and wide usage of
lithium-ion batteries led to interest in other systems based
on alkali metals such as sodium, potassium, magnesium, and
calcium. Those metals are significantly close to lithium in the
periodic table and are more abundant in Earth’s crust. The
amount of those elements is as follows (mass%): lithium is
0:002%, sodium is 2:36%, potassium is 2:09%, magnesium is
2:33% (Haynes et al., 2016; Lindagato et al., 2023) and cal-
cium 4:15% (Royal Society of Chemistry) (Fig. 1). The main
sources of lithium are places in Southeast Asia, Australia, and
South America. Sodium and potassium are most abundant in
North America (U.S. Geological Survey, 2020). Magnesium is
most widespread but mostly produced in China and Russia
(Zhang et al., 2023a). Calcium sources are most abundant in
Indonesia, South America, and Central Africa (Wood et al.,
2022). The new materials development for components of
batteries (electrodes) is key to the improvement of battery
performance and safety (Palumbo, 2023). Due to the antici-
pated increase in the usage of lithium-ion batteries, research

on the recycling of materials from used systems is widely in-
vestigated (Barsegyan and Baghdasaryan, 2022; Huang et al.,
2025; Kujawińska et al., 2022; Shim et al., 2024).

Figure 1. Abundance of lithium, sodium, potassium and
magnesium in Earth’s crust.

3. LITHIUM-ION BATTERIES (LIBS)

The prototype of lithium-ion batteries was introduced in 1986
by a research group of Akira Yoshino. The base principle of
LIBs is the same as that of other alkali-ion batteries. Its core
principle is reversible intercalation of ions, which began with
research on the transport of ions in solids published in the
1960s (Lavanya et al., 2025), which was followed by investi-
gation of reversible intercalation of lithium ions into graphite
developed in the 1970s (Besenhard and Eichinger, 1976). In
the same decade, the development of the first lithium metal
battery occurred, thanks to the works of Whittingham, who
developed the first lithium-ion rechargeable battery with ti-
tanium sulphide cathode. This set-up proved not sufficient
for commercial use due to high material cost and hydrogen
sulphide production during cathode decomposition (Whitting-
ham, 1976). The end of the 70s saw the incorporation of
lithium–transition metal oxides as cathodes, which proved
more viable than titanium sulphide in works of Godshall (God-
shall et al., 1980), Goodenough and Mizushima (Mizushima
et al., 1980). A final development made by a group in the pre-
commercialisation phase was the development of rechargeable
batteries using ethyl carbonate as solvent, with LiPF6 as elec-
trolyte, which was Yoshino’s group’s prototype. Since then, the
performance of lithium-ion cells has improved from a specific
energy of 120 Wh/kg for the first Sony battery to 270 Wh/kg
for current products (Waldmann et al., 2020). The remaining
problem of LIBs is heat generation, which can be a reason for
the proliferation of safety issues (fires and explosions included).
Another problem is decreased performance with the lower-
ing of temperature, which has been proven to reduce power
outputs, life cycles and usable capacity (Xu et al., 2024).

The substantial annual production volumes of lithium-ion bat-
teries, currently ranging from 1 to 10 GWh per manufacturing
facility, necessitate the unequivocal demonstration of gigawatt-
hour-scale production capability. Such a demonstration is
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essential to satisfy the stringent qualification requirements
imposed by automotive original equipment manufacturers
(OEMs) and to ensure that the resulting cells achieve the
cost-competitiveness required for widespread adoption (Nel-
son et al., 2011). Scale-up of production has precipitated
a precipitous decline in specific cell costs, from approximately
5000 $/kWh in 1991 to 101 $/kWh in 2021 (Kittner et al.,
2017; Ziegler and Trancik, 2021). This dramatic reduction un-
derpinned the proliferation of portable electronic devices dur-
ing the so-called “decade of the smartphone”. Global demand
for lithium-ion batteries expanded more than tenfold over the
same period, rising from approximately 30 GWh in 2011 to
492 GWh in 2021, with projections indicating an increase to
2–3:5 TWh by 2030 (IEA, 2022). Sustained growth in demand
is anticipated to drive further enhancements in electrochemi-
cal performance concomitant with additional price reductions.
Advances in cell chemistry and architecture, battery-pack
engineering, and manufacturing processes have collectively
contributed to these improvements in energy density, cycle life,
safety, and cost. At the inception of commercialisation in 1991,
only cells employing lithium cobalt oxide (LiCoO2, commonly
abbreviated LCO) cathodes paired with graphitic carbon an-
odes were available on the market. In these early formulations,
the active cathode material contained approximately 60 wt%
of cobalt (Winter et al., 2018; Yűksel and Lale, 2024). Ac-
cording to the current research, the specific energy of lithium
cells exceeds 270 Wh/kg (Sgourou et al., 2023). Positive elec-
trode materials in such devices have high nickel and low cobalt
content. Examples include lithium nickel manganese cobalt
oxide (LiNi1−a−bMnaCobO2, where a+b < 1, or NixMnyCoz
where x : y : z reflects the molar ratio of metals Ni:Mn:Co).
Changes in positive electrode chemistry also led to improve-
ments in both energy and cost effectiveness. Lithium iron
phosphate (LiFePO4, LFP)-based batteries employing a cell-
to-pack (CTP) architecture have been implemented, achieving
a gravimetric energy density of approximately 160 Wh/kg and
a volumetric energy density of 330 Wh/l (Yang et al., 2021).
These materials are safer and potentially cheaper (Wentker
et al., 2019). The current generation of lithium-ion batteries,
relying on intercalation-based cathodes, is approaching its
theoretical performance limits. Accordingly, scientists are now
directing attention towards alternative electrode materials
and advanced processing techniques.

Key innovations include silicon-rich negative electrodes (Zhao
et al., 2025), lithium-metal negative electrodes (Jeon et al.,
2025), and solid-state electrolytes (Yun et al., 2024), negative
electrode pre-lithiation strategies (Overhoff et al., 2021), and
dry electrode coating processes (Park et al., 2025).

Emerging research directions in positive-electrode development
focus on active materials that operate via conversion mechanisms,
notably sulfur-based and oxygen-based systems. Although these
chemistries offer potential advantages in raw-material cost and
abundance, they typically compromise volumetric and gravimetric
energy density, cycle life, and voltage stability compared with
conventional intercalation hosts (Frith et al., 2023).

The fundamental energy-storage mechanism in lithium-
ion batteries relies on reversible electrochemical inser-
tion/extraction (intercalation/deintercalation) reactions. Dur-
ing charge, lithium ions are extracted from the crystal lattice
of the cathode, migrate through the electrolyte and separator,
and incorporate into the anode host structure. The reverse
process occurs upon discharge. The reversible cell capacity is
therefore governed by the number of lithium ions that can be
accommodated per unit mass or volume within the respective
electrode frameworks.

To tailor parameters such as energy density, power, safety,
cost, and operating temperature range, diverse cathode
and anode material pairings are employed. Widely commer-
cialised cathode compositions include spinel lithium man-
ganese oxide (LiMn2O4, LMO), olivine lithium iron phosphate
(LiFePO4, LFP), and layered nickel-cobalt-manganese oxides
(Li[NixCoyMn1−x−y ]O2, NCM or NMC). Common negative-
electrode materials comprise graphite and spinel lithium ti-
tanate (Li4Ti5O12, LTO).

Layered NCM cathodes are distinguished by their high theoret-
ical specific capacity (≈ 270–280 mAh/g when fully delithi-
ated) (Ahangari et al., 2024; Hu et al., 2020), favourable rate
capability, and respectable low-temperature kinetics. Perfor-
mance can be further optimised by adjusting the transition-
metal stoichiometry (Ni:Co:Mn ratio), wherein higher nickel
content generally increases capacity at the expense of thermal
stability and cycle life. In contrast, LiFePO4 exhibits a lower
practical specific capacity (≈ 160–170 mAh/g) but offers
intrinsic thermal and electrochemical stability, dramatically
reducing the risk of oxygen release and thermal runaway even
under abusive conditions such as overcharge (Hu et al., 2024;
Lung-Hao Hu et al., 2013). Spinel LMO provides the lowest
capacity among the three (≈ 100–120 mAh/g practical) yet
benefits from low material cost and environmental benignity
(Abbas et al., 2024; Jiang et al., 2023).

On the anode side, graphite’s highly ordered layered structure
enables a high gravimetric capacity (≈ 360–370 mAh/g via
formation of LiC6) and excellent performance rate. However,
during the initial charge cycle, reductive decomposition of
the electrolyte generates a solid-electrolyte interphase (SEI)
layer on the graphite surface. Although this passivating film
is essential for preventing continuous electrolyte degradation,
it irreversibly consumes lithium and reduces overall cell
capacity (Stournara and Shenoy, 2011; Xie and Lu, 2020).
Lithium titanate, by contrast, operates at a higher potential
(≈ 1:55 V vs. Li/Li+) outside the electrolyte reduction
window, eliminating SEI formation and conferring exceptional
safety and cycle life. These advantages come at the cost
of substantially lower cell voltage and energy density, as
well as higher material cost, restricting LTO deployment to
niche applications demanding ultra-high safety and moderate
energy requirements (Wang et al., 2017).

Commercially dominant cell chemistries remain limited
to a few well-optimised pairings, including LFP/graphite,
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LMO/graphite (or LMO-NCM blends), NCM/graphite, and
LFP/LTO. Among these, NCM/graphite systems currently
predominate in battery-electric passenger vehicles owing
to their superior combination of gravimetric and volumet-
ric energy density, high-rate capability, and acceptable low-
temperature performance, all of which directly translate to
extended driving range and dynamic vehicle performance
(Yang et al., 2023).

3.1. Anodes for LIBs

The foundation of modern lithium-ion battery systems contin-
ues to rely on intercalation-based cathode and anode materials
paired with non-aqueous liquid electrolytes, commonly com-
prising 1–1:2 M LiPF6 in binary or multicomponent solvents
of cyclic and chain alkyl carbonates (e.g., ethylene carbon-
ate (EC) blended with dimethyl carbonate (DMC), diethyl
carbonate (DEC), or ethyl methyl carbonate (EMC)). For
more than a quarter of a century, graphite has served as the
predominant anode material in commercial cells owing to its
low average delithiation potential (≈ 0:1 V vs. Li/Li+), high
specific capacity of 372 mAh/g (corresponding to the stoichio-
metric stage-one compound LiC6), excellent cycle life when
properly passivated, and low cost (Basu, 1982; Zaghib et al.,
2013). Nevertheless, graphite-based anodes are increasingly
approaching their practical performance limits, particularly
with respect to fast-charge capability, low-temperature opera-
tion, ultimate energy density, and safety.

The thermodynamic reduction potential of graphite lies above
the lowest unoccupied molecular orbital (LUMO) of standard
carbonate-based electrolytes. Consequently, during the initial
formation cycles, reductive decomposition of the electrolyte
generates a passivating solid-electrolyte interphase (SEI) on
the graphite surface. While this SEI is crucial for long-term
kinetic stability by preventing continuous electrolyte reduc-
tion, it imposes several drawbacks: irreversible lithium loss,
increased impedance, sluggish Li+ diffusion at high rates or
low temperatures, and a propensity for uneven lithium plating
and dendritic growth – especially under aggressive charging
protocols – ultimately raising the risk of internal short circuits
and thermal runaway.

In contrast, the spinel lithium titanate Li4Ti5O12 (LTO) ex-
hibits a redox potential of approximately 1:55 V versus Li/Li+,
situated well within the electrochemical stability window of
conventional carbonate-based electrolytes. This positioning
eliminates SEI formation entirely and enables near-zero vol-
umetric strain (< 1%) upon cycling, conferring exceptional
cycle life (> 10 000 cycles) and intrinsic safety. However, the
elevated voltage and modest theoretical capacity (175 mAh/g,
practical ≈ 160 mAh/g) substantially reduce full-cell energy
density, restricting LTO to specialised applications where
safety and longevity supersede energy requirements (Thack-
eray, 1999; Yang et al., 2023).

To overcome the limitations of both graphite and LTO, in-
tensive research is directed toward high-capacity alloying and
conversion-type anode materials. Silicon, germanium, tin, an-
timony, phosphorus, and their oxides, carbides (e.g., SiC, or
SiOx), as well as numerous carbon-based nanocomposites,
are under active investigation (Leonova et al., 2023). Among
these, tin-oxide-based anodes have demonstrated encourag-
ing performance, achieving reversible capacities in excess of
650 mAh/g at current densities up to 1000 mA/g while re-
taining stable cycling over at least 100 cycles (Florez Gomez
et al., 2024). Similarly, antimony–titanium-oxide composite
systems have delivered specific capacities of ≈ 536 mAh/g
after 100 cycles at 100 mA/g, coupled with excellent rate
capability across a wide range of current densities (Gomez
et al., 2024). These emerging materials offer the prospect of
dramatically higher gravimetric and volumetric capacities than
graphite, provided that challenges related to large volume
expansion (up to 300% for Si), SEI instability, and particle
pulverisation can be effectively mitigated through nanostruc-
turing, protective coatings, advanced binders, and optimised
electrolyte formulations.

3.2. Cathodes for LIBs

Three principal families of intercalation compounds currently
dominate as cathode materials in commercial lithium-ion
batteries, i.e. layered LiMO2 (where M = Co, Ni, Mn or their
combinations), spinel LiMn2O4, and olivine LiFePO4 (Basu,
1982; Limachi et al., 2024; Padhi et al., 1997).

Layered oxides belonging to the R−3m structure (¸-NaFeO2-
type) offer the highest practical specific capacity of the
three classes, with state-of-the-art materials now routinely
achieving 180–220 mAh/g in full cells. This superiority arises
from their two-dimensional Li+ diffusion pathways and the
ability to extract a large fraction of lithium before the host
structure becomes unstable. However, long-term stability
strongly depends on both composition and state of charge.
Instability manifests in two primary forms: (i) structural
degradation caused by transition-metal migration from
octahedral sites in the TM layer to octahedral sites in the
Li layer via intermediate tetrahedral coordination, and (ii)
chemical instability linked to oxygen-anion redox activity at
high degrees of delithiation (Qian et al., 2022).

Among the parent ternary end-members, Co3+ imparts
excellent structural integrity owing to its high octahedral
site stabilisation energy (OSSE), yet Li1−xCoO2 becomes
chemically unstable when x > 0:5 because the Co3+=4+ : t2g
band overlaps the top of the O2− : 2p band, leading to
partial oxidation of lattice oxygen and irreversible O2 release
(Chebiam et al., 2001; Grey et al., 2004). Batteries equipped
with cobalt-based layered oxide cathodes exhibit high voltages
of around 4:4 V and are common in wearable consumer
technology (Li et al., 2026).
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Mn4+=3+, conversely, provides outstanding chemical stability
but is prone to cation migration and layered-to-spinel trans-
formation owing to the low OSSE of Mn3+ (Sangsanit et al.,
2025). Ni2+=3+=4+ occupies an intermediate position, offering
reasonable structural resilience while the pronounced Ni-O
covalency enhances intrinsic electronic conductivity. Cost and
toxicity also follow the order Co > Ni > Mn.

To exploit the complementary strengths of the three met-
als, the industry has converged on compositionally balanced
materials such as LiNi1=3Mn1=3Co1=3O2 (NMC-111) and, in-
creasingly, nickel-rich variants (NMC-622, NMC-811, etc.),
which provide the optimum compromise among energy den-
sity, cycle life, intrinsic safety, and raw-material considerations
(Zheng et al., 2023). The above-mentioned advantages of
nickel and manganese-rich electrodes made batteries incor-
porating them more universal than cobalt analogues, and
contributed to their wider application. Manganese and nickel-
containing layered oxide cathodes have been a choice not
only for portable electronics but also for electric vehicles and
energy storage systems (Shahid and Agelin-Chaab, 2023).

The cubic spinel LiMn2O4 (Fd − 3m) features a robust
three-dimensional interstitial network that facilitates rapid
Li+ diffusion, endowing it with excellent power capability
and structural resilience without major phase transforma-
tions during cycling. Its practical capacity is restricted to
< 120 mAh/g, and long-term durability is compromised by
Mn dissolution triggered by disproportionation of Mn3+ into
Mn4+ and soluble Mn2+. This process is catalysed by trace
protons originating from hydrolysis of LiPF6 in the presence
of residual water (typically ppm levels). Despite these
limitations, the low cost and acceptable power performance
of LiMn2O4 (often blended with NMC) make it attractive
for certain grid-storage applications (Koech et al., 2024).

The olivine LiFePO4 (Pnma) is distinguished by exceptional
thermal stability and intrinsic safety. Strong covalent bonding
within the polyanion (PO4)

3− units suppresses oxygen release
even under severe abuse conditions. As originally elucidated
by Manthiram and Goodenough (1980s), the inductive effect
of the polyanion lowers the Fe2+=3+ redox energy relative
to oxides, raising the operating voltage to ≈ 3:4 V versus
lithium and thereby increasing energy density compared
with earlier polyanion systems. Drawbacks include modest
theoretical capacity (170 mAh/g, practical < 160 mAh/g),
low average voltage, poor intrinsic electronic conductivity
(≈ 10−9–10−10 S cm−1), and one-dimensional Li+ diffusion.
These shortcomings are routinely mitigated by nanosizing the
particles and applying conductive carbon coatings, although
such measures further reduce an already unfavourable
volumetric energy density. The olivine LiFePO4 is applied
in the same areas as nickel and manganese layered oxides
but provides higher cyclability and is more environmentally
friendly (Yuan et al., 2011).

Among the three established intercalation cathode families,
layered transition-metal oxides remain unrivalled in delivering

the highest gravimetric and volumetric energy density, which
explains their dominance in electric-vehicle applications where
driving range is paramount (Manthiram, 2017; Nandihalli
et al., 2024; Nitta et al., 2015; Zanoletti et al., 2024).

4. SODIUM-ION BATTERIES (SIBS)

The development of sodium-ion batteries has started as a pos-
sible solution for environmental issues connected with lithium
mining. Sodium-ion batteries can be cheaper due to greater
abundance and less costly supply charges (Nekahi et al., 2024).
Sodium-ion batteries also provide functional benefits such as
higher power, faster charging, and low-temperature operation
(Zhao et al., 2024). The downside of this technology is lower
energy, which causes a higher need for storage units to sup-
ply the same amount of energy as the corresponding LIBs.
Sodium is readily available in seawater, although sodium car-
bonate deposits represent a more practical and concentrated
industrial source and occur widely across the globe. Owing
to the chemical analogies between sodium and lithium, the
corresponding technologies have advanced rapidly and have
already entered the stage of commercial deployment. Physic-
ochemical differences between the first two group metals,
such as redox potential, are relevant for battery construction.
Lower redox potential causes less energy to be delivered to the
cathode compared to LIB. The higher atomic mass of sodium
relative to lithium inherently results in lower gravimetric en-
ergy density, a critical drawback when evaluating the life-cycle
environmental impact of a battery system (Schirber, 2024).

4.1. Anodes for SIBs

In carbon materials, intercalation of sodium occurs especially
in ester-based electrolytes. Carbonaceous anode materials can
be classified into graphitic carbon, expanded graphite, and
amorphous carbons, with the latter category encompassing
non-graphitizable hard carbon and graphitizable soft carbon.
These classes of carbon exhibit distinct sodiation and deso-
diation behaviours, which vary according to the electrolyte
system employed (Jia et al., 2024). Lately, there is also a need
for the synthesis of carbon materials from natural materials,
which produce amorphous carbon (Kim et al., 2023; Wu et al.,
2024). Such materials exhibit larger interlayer spacing than
graphite, leading to an adsorption/intercalation mechanism in
ester-based electrolytes and, unfortunately, a co-intercalation
mechanism in ether-based electrolytes (Wahid et al., 2018).
Larger layer spacing is also present in expanded graphite and
undergoes a combined adsorption-intercalation process during
charge-discharge when operated in ester-based electrolyte
systems (Pan et al., 2024; Wen et al., 2014). Similar ion
transfer occurs in TiO2 and Nb2O5 charge-discharge (Liu
et al., 2018). Interestingly, 2D carbon materials such as MX-
enes, which are 2D metal carbides, can act as an intercalation
anode with a relatively limited capacity, also thanks to the
larger interlayer spacing (Jia et al., 2023; Wang et al., 2015).
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Interesting material for anodes was synthesised by embedding
carbon fiber with tin oxide nanopowder, with a capacity of
1275 mAh/g at 50 mA/g (Kim et al., 2021).

Another interesting mechanism occurs in anodes with ele-
ments such as Sn, Sb, Bi, Si, Ge, and P. These kinds of
electrodes exhibit alloying reactions with a universal equation
written as follows (Eq. (1)) (Choi et al., 2024).

M + nNa+ + ne− → NanM (1)

Alloying-type negative electrodes react with sodium through
the formation of binary intermetallic compounds NanM (where
M = Sn, Sb, Si, Ge, Bi, P, etc.). The gravimetric capacity of
the mentioned materials scales with the maximum number
of sodium atoms accommodated per atom of M (i.e., the
electron-transfer number n), which in turn depends on the
atomic mass of the host element.

Tin forms Na15Sn4 upon full sodiation (n = 3:75), delivering
a theoretical specific capacity of 847 mAh/g. However, this
is accompanied by a massive volumetric expansion of approxi-
mately 420% (Darwiche et al., 2012; Passerini et al., 2024).
Antimony alloys to Na3Sb (n = 3), providing 660 mAh/g
with a similarly severe expansion of ≈ 390% (Darwiche et al.,
2012; Passerini et al., 2024). Germanium exhibits a more
modest theoretical capacity of 396 mAh/g (NaGe), while bis-
muth reaches 385 mAh/g via the Na3Bi phase (n = 3) (Abel
et al., 2013; Su et al., 2015).

Silicon, despite its outstanding performance in lithium-ion
systems, reacts only partially with sodium, forming amor-
phous Na0:76Si at room temperature. This limited sodiation
nevertheless yields a respectable 725 mAh/g and, crucially,
a comparatively low volume expansion of only ≈ 114%, mak-
ing silicon one of the more mechanically tolerant high-capacity
hosts for sodium (Jung et al., 2014).

Red phosphorus stands out with by far the highest the-
oretical capacity of any known sodium-ion anode mate-
rial: 2596 mAh/g, corresponding to the formation of Na3P
(n = 3). Both theoretical and experimentally achievable values
place phosphorus at the pinnacle of gravimetric performance
among sodium-ion anode candidates.

Notwithstanding their exceptional capacities, alloying anodes
universally suffer from extreme volumetric strains during sodi-
ation/desodiation (Fig. 2). Repeated expansion and contrac-
tion induce particle fracturing, pulverisation, loss of electrical
contact, and continuous reformation of the solid-electrolyte
interphase, all of which culminate in rapid capacity decay and
poor cycle life (Ni et al., 2018; Nowak et al., 2024). Success-
ful commercialisation, therefore, hinges on the development
of effective nanostructuring, protective coatings, composite
architectures, and tailored electrolyte formulations capable of
accommodating or mitigating these mechanical stresses.

The practical deployment of alloying and conversion-type an-
odes in sodium-ion batteries is critically limited by their poor

Figure 2. Theoretical capacities of sodium binary alloys vs the
alloying element.

long-term stability. Substantial improvements are therefore
required through deliberate nanostructural engineering, com-
posite design, and precise control of the electrode-electrolyte
interphase (Ying and Han, 2017).

A widely explored mitigation strategy involves the incorpo-
ration of conversion-type non-metallic elements (P, S, O, N,
F, Se, etc.) that react reversibly with sodium to form NanX
compounds. In practice, these elements are rarely used in pure
form; instead, they are pre-combined with metallic or non-
metallic hosts (both alloying and non-alloying) to yield oxides,
sulphides, selenides, phosphides, nitrides, or fluorides. During
the initial sodiation, these compounds undergo a displacement
(conversion) reaction of the general form (2).

nNa+ + ne− + Mn+X → NanX + M (2)

in which the electrochemically generated metallic phase (M)
subsequently serves as a conductive matrix or buffer for fur-
ther alloying reactions, while the NanX phase contributes
additional capacity.

Among conversion compounds, metal oxides, sulphides, and
especially phosphides exhibit attractive specific capacities and
relatively low average sodiation potentials, making them ap-
pealing candidates for high-energy sodium-ion cells. Table
leg, like their pure alloying counterparts, conversion anodes
suffer from pronounced volumetric changes during cycling,
severe particle pulverisation, repeated fracturing and reforma-
tion of the solid-electrolyte interphase, and consequent rapid
capacity fade. These interrelated degradation modes remain
the principal obstacles to their commercialisation (Wei et al.,
2024; Zhang et al., 2019b).

Overcoming these challenges demands multifaceted ap-
proaches, including yolk-shell or core-shell architectures, em-
bedding active particles within porous carbon scaffolds, in
situ formation of flexible buffering matrices, and the design
of artificial interphases or sodium-compatible electrolyte ad-
ditives that can accommodate large strain while preserving
electrical continuity and ionic accessibility.
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4.2. Cathodes for SIBs

Transition-metal oxides of the form NaxMO2 (M = Co, Mn,
Fe, Ni, etc.) have gained significant attention as intercalation
cathodes for sodium-ion batteries (SIBs), owing to their struc-
tural analogy with established lithium-ion counterparts. The
crystallographic architecture of these oxides is highly sensitive
to synthesis parameters and sodium stoichiometry, resulting in
a broad spectrum of phases. Electroactive NaxMO2 cathodes
are broadly categorised into layered and tunnel structures,
both of which can be prepared via air-compatible techniques
such as solid-state sintering, co-precipitation, or hydrothermal
processing (Billaud et al., 2014; Delmas et al., 1980).

Layered NaxCoO2 has been a focal point of early research,
inspired by the commercial success of LiCoO2. However, the
larger ionic radius of Na+ (1:02 Å vs. 0:76 Å for Li+) induces
pronounced lattice strain, yielding suboptimal practical capac-
ities of 70–100 mAh/g and mediocre rate capability (Kehne
et al., 2019; Lei et al., 2014; Shibata et al., 2015). Phase-pure
variants of NaxCoO2 can be selectively accessed through high-
temperature solid-state methods by fine-tuning the Na:Co
precursor ratio, enabling control over stacking sequences (e.g.,
O3, P2, P3 phases) and electrochemical properties.

In comparison, NaxMnO2 layered oxides offer greater promise,
with a theoretical capacity of 243 mAh/g derived from the
Mn3+=4+ redox couple, alongside the economic and envi-
ronmental advantages of manganese. Practical capacities in
these systems span 160–219 mAh/g, yet they are plagued by
structural degradation, including amorphisation and collapse
under repeated Na+ extraction/insertion, driven by Jahn-
Teller distortions and cumulative lattice strain (Hidalgo et al.,
2024). Layered NaFeO2, leveraging abundant iron resources
and the highly reversible Fe4+=3+ couple, exhibits voltage-
dependent performance. Capacities of 80–100 mAh/g are
achievable when the upper cut-off is restricted to 3:4 V vs.
Na/Na+; higher voltages provoke irreversible phase transi-
tions, loss of Na+ diffusion pathways, and capacity fade (Zhao
et al., 2013). Additional single-transition-metal oxides, such
as NaCrO2 (Kubota et al., 2015), NaNiO2 (Han et al., 2014),
and NaxVyOi (Dong et al., 2015), have also been evaluated
as viable intercalation hosts.

Tunnel-structured NaxMO2 oxides adopt an orthorhombic
framework, characterised by one-dimensional Na+ diffusion
channels that inherently limit rate performance compared
with two- or three-dimensional counterparts (Liu et al., 2024;
Sauvage et al., 2007). Na0:44MnO2, with its theoretical capac-
ity of 121 mAh/g, remains the most studied tunnel cathode
and can be synthesised via diverse routes, including solid-state
reactions (Sauvage et al., 2007), hydrothermal treatments
(Hosono et al., 2012), solution combustion (Saint et al., 2008),
or sol-gel processes (Xu et al., 2014).

Notably, sol-gel-derived sub-micrometre Na0:44MnO2 slabs
have demonstrated capacities exceeding 120 mAh/g, coupled
with robust cycling stability over 100 cycles, highlighting
the efficacy of morphology control in enhancing accessibility

and mechanical integrity (Xu et al., 2014). Beyond oxides,
polyanionic compounds represent a burgeoning class of
SIB cathodes, prized for their structural versatility, ther-
mal resilience, and elevated operating potentials arising
from the inductive withdrawal of electron density by the
polyanion. Prominent examples encompass phosphates
(e.g., Na3V2(PO4)3), mixed phosphates/pyrophosphates
(e.g., Na2FeP2O7), fluorophosphates (e.g., NaVPO4F), and
sulphates (e.g., NaFeSO4F), which collectively deliver high
voltages (> 3:5 V) and exceptional cycle life, albeit often at
the expense of gravimetric capacity. Polyanionic compounds
can also possess other transition metals in their structure,
such as manganese, nickel, cobalt, molybdenum, titanium
and tungsten. Addition of nickel, manganese and titanium
improves voltages and energy densities, while cobalt, molyb-
denum and tungsten improve structural stability of electrodes
during charge/discharge cycles (Dacek et al., 2016; Xu et al.,
2023). Another class of polyanionic compounds are fluorophos-
phates Na3M2(PO4)2F3. In SIB cathodes, their derivates with
iron, vanadium and vanadium oxide are of high interest. Iron
derivate is mostly used for its cost-effectiveness. Vanadium
derivate possesses a high capacity of around 243 mAh/g and
a high voltage of around 4:1 V, vanadium oxide derivates
provide additional stability for high power applications
(Dacek et al., 2016; Hwang et al., 2025). Alluaudites are
another class of polyanionic compounds with Na2Fe2(SO4)3
being an exemplary material exhibiting 3:8 V potential and
405 Wh/kg energy density (Liu and Palmore, 2017).

Prussian blue analogues – metal hexacyanometallates –
constitute another promising framework family, wherein
transition-metal cations are octahedrally bridged by cyanide
ligands to form an open cubic lattice with spacious in-
terstitial sites for reversible Na+ occupancy. Early studies
in aqueous electrolytes (e.g., with Ag/AgCl references)
revealed commendable cycling durability and rate capability,
though limited by modest discharge voltages (< 1:5 V).
These constraints, attributable to the aqueous medium
and reference electrode, have spurred investigations into
non-aqueous SIB configurations, where hexacyanometallates
such as Na2MnFe(CN)6 exhibit voltages approaching 3:5 V
and capacities > 100 mAh/g (Wessells et al., 2011a).

Organic materials offer a sustainable alternative for SIB cath-
odes, with ongoing efforts centred on organosulphur, radical,
carbonyl, and polymeric systems. Aromatic carbonyl deriva-
tives, in particular, function via reversible Na+ coordination
to the C=O redox centre, typically at ≈ 2:2 V vs. Na/Na+,
affording capacities of 140–250 mAh/g and retention over
40–200 cycles, modulated by molecular weight and conjuga-
tion (Sakaushi et al., 2013). Pteridine-based organics and
conjugated polymers further expand this palette.

Anion-insertion cathodes, predominantly polymeric or
doped variants, enable operation at higher potentials
(> 3:0 V) through the accommodation of large anions (e.g.,
PF−

6 , ClO−
4 ). For instance, a poly(aniline-co-nitroaniline)

copolymer (P(AN-NA)) in NaPF6/EC-DEC-DMC delivers
180 mAh/g at 3:2 V, with 96% retention after 50 cycles via
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reversible [PF6]
− shuttling. Poly(triphenylamine) (PTPAn)

in NaPF6/DME-DOL exhibits 98 mAh/g at ≈ 3:6 V,
while amorphous oligopyrene (AOL) in ClO−

4 /PC achieves
121 mAh/g at 3:5 V through ClO−

4 insertion. Polypyrrole
variants doped with [Fe(CN)6]

4− (PPy-Fe) or diphenylamine-
4-sulphonate (PPy-Ds) yield 100–135 mAh/g at ≈ 3:0 V.
Intriguingly, Sakaushi and co-workers demonstrated that
aromatic porous honeycomb (APH) electrodes can toggle
between anion-insertion (4:1–2:8 V) and cation-insertion
(2:8–1:3 V) regimes, attaining a specific power of 10 W/g
and energy of 500 Wh/kg (Xiang et al., 2015).

A comparative summary of electrochemical metrics for
these diverse SIB cathode classes is illustrated in Fig. 3
(Iyer et al., 2024).

(a)

(b)

(c)

Figure 3. Performance of SIBs cathodes: (a) number of cycles,
(b) capacity retention, (c) capacity.

5. POTASSIUM ION BATTERIES (KIBS)

The first functional potassium-ion battery (KIB) prototype
was disclosed in 2004, employing Prussian blue as the cathode
and metallic potassium as the anode. This milestone triggered
a rapidly expanding body of research focused on novel elec-
trode materials, optimised binders, and tailored electrolytes.

Potassium belongs to the same group (Group 1) of the
periodic table as lithium and sodium and is far more
earth-abundant than lithium (17000 ppm vs. 20 ppm in
the Earth’s crust), conferring a substantial raw-material
cost advantage. Although metallic potassium is currently
more expensive than sodium metal, the key precursor for
cathode synthesis – potassium carbonate (K2CO3) – is priced
comparably to sodium carbonate (Na2CO3). Consequently,
assuming equivalent processing and supply-chain maturity,
any mature KIB technology is projected to undercut the cost
of present-day lithium-ion systems.

A distinctive electrochemical feature of KIBs is their potential
for high operating voltage and energy density. In aqueous
standard conditions, the K+=K couple exhibits a redox
potential of −2:936 V vs. SHE, comparable to that of
Li+=Li (−3:040 V) and considerably lower than Na+=Na
(−2:714 V) (Zhang et al., 2019a). More importantly, this
trend is amplified in non-aqueous media. Solvated-ion
theoretical calculations and experimental measurements
in carbonate esters consistently show that the standard
electrode potential of K+=K is the most negative among
alkali metals in common battery electrolytes.

In propylene carbonate (PC), for example, the computed
potentials are approximately −2:79 V (Li), −2:56 V (Na),
−2:88 V (K), −2:95 V (Rb), and −3:10 V (Cs) versus the
respective alkali-metal reference (Anoopkumar et al., 2020).

Similar rankings hold across ethylene carbonate, dimethyl
carbonate, and ether-based solvents. The anomalously low
desolvation energy and weak solvation shell of K+ in organic
electrolytes are responsible for this counterintuitive behaviour,
effectively positioning the K+=K couple below Li+=Li on the
electrochemical scale under practical battery conditions.

As a direct consequence, full KIB cells can in principle deliver
higher average discharge voltages than their lithium-ion coun-
terparts when paired with identical cathode materials, trans-
lating into superior gravimetric and volumetric energy density
– provided suitable high-capacity, K+-compatible electrodes
and stable electrolytes can be developed. This intrinsic ther-
modynamic advantage, combined with resource abundance,
underpins the growing academic and industrial interest in
potassium-ion batteries as a credible post-lithium technology.

Due to economic reasons, potassium is a viable material
because of its abundance and even geographical distribution.
Potassium ion has many advantages over sodium and lithium,
but as it has a larger molecular weight, KIBs did not attract
substantial interest in the early stages of research. However,
when comparing two analogous systems employing Prussian
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blue cathodes and carbon-based anodes, the potassium-ion
configuration is only 7:85% heavier than its competing sodium-
ion counterpart (Ge et al., 2022). Therefore, potassium ion
batteries do not have to exhibit lower energy density than
those based on lighter metals.

A further practical benefit of potassium chemistry is its negli-
gible alloying reactivity with aluminium at potentials relevant
to anode operation. Unlike lithium, which readily forms Li-Al
alloys below ≈ 0:3 V vs. Li/Li+ and therefore mandates the
use of costlier copper foil as the negative-side current collector,
potassium shows no thermodynamically favourable alloying
with aluminium across the entire operating window of typical
KIB anodes. Conclusionally, lightweight and inexpensive alu-
minium foil can be employed on both electrodes without risk
of degradation, offering a meaningful reduction in cell-level
materials cost and overall stack weight – advantages that are
not similarly realised in lithium-ion technology.

The solvation behaviour of K+ ions in non-aqueous elec-
trolytes also confers distinct kinetic benefits. Owing to its large
bare ionic radius (1:38 Å) and comparatively low charge den-
sity, K+ exhibits the weakest Lewis acidity among the alkali-
metal cations. This results in the loosest solvation sheath
and the lowest cation-solvent interaction energy in common
carbonate and ether solvents, as corroborated by both ab
initio calculations and spectroscopic measurements. The pri-
mary solvation number for K+ is typically 4–5, markedly lower
than the 6–7 observed for Li+ and Na+, yielding the smallest
effective solvated radius and the highest ionic mobility.

Experimental ionic conductivities of potassium-based elec-
trolytes routinely exceed those of analogous lithium or sodium
salts at equivalent concentrations, while maintaining high
cation transference numbers. These attributes underpin the
outstanding rate performance routinely observed in KIB pro-
totypes, even with relatively thick electrodes and conventional
separator materials.

Finally, potassium readily intercalates into graphite to form
the stage-I compound KC8, delivering a reversible specific
capacity of 273 mAh/g (the theoretical value is 279 mAh/g
for the reaction 8C + K+ + e− ˙ KC8).

This capacity is substantially higher than the ≈ 35 mAh/g
achievable with sodium under comparable conditions and elim-
inates the need for the complex hard-carbon anodes required in
sodium-ion systems. The ability to utilise inexpensive, widely
available graphite as a high-performance anode, coupled with
aluminium current collectors and a high-voltage cathode, po-
sitions potassium-ion technology as a uniquely cost-effective
and energy-dense complement to existing lithium-ion plat-
forms (Anoopkumar et al., 2020).

5.1. Cathodes for KIBs

The inaugural potassium-ion battery prototype utilised Prus-
sian blue (PB) as the cathode material. Since that demonstra-
tion, PB and its analogues have been the subject of intensive

investigation as cathodes for KIBs (Xiang et al., 2015). Addi-
tional classes of cathode materials under active exploration
include layered transition-metal oxides (Nathan et al., 2022),
polyanionic compounds, and organic crystalline frameworks
(Hosaka et al., 2019). Prussian blue, chemically ferric(III) hex-
acyanoferrate(II), Fe4[Fe(CN)6]3, exhibits an open-framework
structure that enables highly reversible K+ intercalation. Stud-
ies have shown that PB thin films can withstand millions of
potassiation/depotassiation cycles with negligible structural
deterioration and minimal capacity loss.

Analysis of electrochemical tests leads to the assessment that
K+ ions are intercalating in PB crystals. The reactions that
occur on Prussian blue films are the oxidation of Prussian
blue to Berlin green and its reduction to Prussian white.

Early studies on KIB cathodes focused on KxCoO2-type lay-
ered potassium metal oxide, which gave specific capacities
of around 60 mAh/g at voltages in the range of 2–3:9 V. A
further advance toward high-capacity materials has led to
the development of iron- and manganese-based potassium
oxide cathodes. The studied compounds delivered reversible
capacities of 136–178 mAh/g with cycle life extending to
200 cycles. Regrettably, their average discharge potentials are
notably lower than those of the corresponding sodium-based
analogues (Nathan et al., 2022).

Manganese-based cathode systems tend to exhibit low cost
and non-toxicity. However, the presence of Mn3+ ions can
adversely influence the electrochemical performance of these
materials. In other research, it was shown that this can be
decreased through metal doping methods. The drawback of
these cathodes is vulnerability towards water intercalation and
oxidation. This leads to the need for the use of inert gases
during cell assembly (Jian et al., 2015).

5.2. Anode materials for KIBs

Carbon-based materials, predominantly graphite, are widely
employed as negative electrodes in alkali-metal-ion batteries.
Theoretical investigations have established that K+ intercala-
tion into graphite is thermodynamically more favourable than
that of other alkali-metal cations (Chen et al., 2019). The
primary challenge hindering KIB development remains the
identification of a robust anode capable of reversibly hosting
the large K+ ion over repeated insertion/extraction cycles
without significant structural degradation. In parallel with
trends observed in sodium-ion systems, considerable effort is
currently devoted to deriving carbon anodes from abundant
natural precursors (Ma et al., 2024).

Potassium graphite complexes can be obtained by pyrolysis
of a potassium metal and graphite mixture. Research has
demonstrated that potassium ions intercalate into graphite by
occupying the interlayer galleries, leading to graphite expan-
sion and exfoliation (Li et al., 2019). Other studies were per-
formed on non-graphitic carbon nanofibers (CNF). However,
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low-capacity retention was observed with a 73% reduction af-
ter 20 cycles. It was suggested that disordered carbon can hold
a larger number of ions smaller layer expansion during interca-
lation (Li et al., 2024). Researchers released a paper showing
that potassium ions (K+) can be reversibly inserted into and
extracted from a graphite electrode using a non-aqueous elec-
trolyte, achieving a reversible capacity of 273 mAh/g. The
addition of low-density soft carbon was shown to enhance
both cycle life and rate performance (Komaba et al., 2015). In
separate work, scientists developed a hollow carbon material
derived from melamine-formaldehyde resin, which was trans-
formed through pyrolysis into a neuron-inspired architecture
and tested as an anode for potassium-ion batteries. Thanks
to its inherent structural flexibility and good electrical conduc-
tivity, this material could serve directly as the anode without
requiring a current collector, binder, or conductive additives.
The nanostructured electrode delivered a reversible capacity of
340 mAh/g at 0:1 C, outstanding cycling stability with nearly
full capacity retention (≈ 100%) after 150 cycles at 0:5 C,
and high Coulombic efficiency (72:1% in the initial cycle and
exceeding 99% in subsequent cycles) (Wang et al., 2018a).
Commercial hard carbon, Carbotron P(J) supplied by Kureha
Co., exhibited a reversible specific capacity of approximately
215 mAh/g while displaying exceptionally low sensitivity to
air and moisture – an essential characteristic for the practical
deployment of potassium-ion batteries (Kubota et al., 2018).
Among non-carbon intercalation hosts, molybdenum disul-
fide (MoS2), a representative transition-metal dichalcogenide
(TMD), has attracted considerable interest as a KIB anode
owing to its natural abundance, low cost, and layered crystal
structure that provides two-dimensional diffusion pathways
for K+ ions. Nevertheless, the intrinsic poor electronic con-
ductivity of MoS2 continues to restrict its rate capability and
long-term electrochemical stability (Wang et al., 2024).

6. MAGNESIUM BATTERIES (RMBS)

Rechargeable magnesium batteries (RMBs) employ metallic
magnesium as the negative electrode, which offers a high vol-
umetric capacity of 3833 mAh/cm3 (Mousavian and Bautin,
2025) and a markedly reduced propensity for dendrite forma-
tion compared with alkali metals. The low standard redox
potential of the Mg2+=Mg couple (−2:37 V vs. SHE) (Atkins
et al., 2017) combined with its divalent charge carrier, it
promises substantially higher theoretical energy densities than
monovalent systems. Nevertheless, established design princi-
ples and materials developed for alkali-metal batteries cannot
be directly transferred to magnesium chemistries owing to fun-
damental differences in ion solvation, interfacial passivation
behaviour, and electrolyte compatibility.

6.1. Cathodes for RMBs

In contrast to monovalent alkali-metal systems, rechargeable
magnesium batteries suffer from a scarcity of suitable high-

capacity intercalation cathodes capable of reversibly hosting
the divalent Mg2+ ion.

Particle nanosizing remains a proven strategy to minimise
solid-state diffusion limitations by reducing ion-transport path
lengths and increasing reactive surface area (Mao et al., 2020).
For instance, non-stoichiometric anatase TiO2 deliberately
engineered with titanium vacancies via fluorine doping has
been shown to enhance Mg2+ diffusion kinetics and provide
additional charge-storage sites (Levi et al., 2008).

A noteworthy advance is the demonstration of dual-cation co-
intercalation in the Chevrel phase Mo6S8 using Mg-Li hybrid
electrolytes, whereby both Li+ and Mg2+ contribute to charge
compensation and enable dendrite-free magnesium deposi-
tion. Although highly effective in Mo6S8, this co-intercalation
approach has only rarely been extended to other host lattices
(Richard et al., 2017).

Transition-metal oxides are widely investigated as RMB cath-
odes because their strong metal-oxygen bonds confer high
redox potentials and reasonable oxidative stability. Prominent
candidates include V2O5, MnO2, MoO3, and various TiO2

polymorphs (Masese and Kanyolo, 2023).

Layered ¸-V2O5 permits room-temperature Mg2+ insertion
accompanied by a phase transition to ‹-MgxV2O5; the
expanded interlayer gallery in the ‹-phase facilitates faster
Mg2+ mobility and yields a higher operating voltage. Perfor-
mance is further improved by particle downsizing, structural
or electrolytic water incorporation, pillar pre-intercalation,
expanded interlayer spacing, and carbon compositing.
Bilayered V2O5 nanoribbons supported on carbon nanofoam,
for example, achieved an initial discharge capacity of
240 mAh/g, albeit with rapid subsequent fading (Tepavcevic
et al., 2015; Zhang et al., 2023b).

Orthorhombic ¸-MoO3 is another attractive intercalation
host, but structural rearrangements during cycling typically
cause steep capacity decay. Nanostructured ¸-MoO3 elec-
trodes have delivered ≈ 220 mAh/g at ∼ 1:8 V vs. Mg/Mg2+.
Mild fluorination to form MoO2:8F0:2 lowers lattice energy,
boosts electronic conductivity, markedly accelerates Mg2+

diffusion, and improves cycling stability (Gershinsky et al.,
2013; Wan et al., 2016).

Polymorphic TiO2, particularly anatase and TiO2(B), also
functions as an RMB cathode, although strong electrostatic
Mg2+–lattice interactions severely hamper reversible insertion.
Defect engineering, especially fluorine doping, generates ac-
tive intercalation sites and significantly enhances performance.
Optimised F-doped TiO2 electrodes have demonstrated re-
versible capacities of ∼ 150 mAh/g with excellent retention
over 300 cycles at 300 mA/g (Koketsu et al., 2017).

MnO2 stands out as a very attractive cathode material thanks
to its straightforward preparation, rich variety of crystal struc-
tures, and the ease with which its electrochemical prop-
erties can be adjusted. Nano-sized ¸-MnO2 featuring the
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(2 × 2) tunnel structure delivered an impressive initial dis-
charge capacity of approximately 280 mAh/g. Nevertheless,
the material suffered from fast capacity fading in the fol-
lowing cycles. Investigation of the Mg2+ insertion process
in ¸-MnO2 suggests a progressive transformation to MnO
occurring at the surface/interface, ultimately leading to the
creation of a K-¸MnO2@(Mg,Mn)O core-shell structure af-
ter complete discharge. Birnessite-type MnO2, when cycled
in water-containing magnesium electrolytes, delivers a high
discharge capacity of 227:6 mAh/g at an average potential
of 2:8 V vs. Mg2+=Mg, primarily through a reversible Mg2+

intercalation mechanism. In contrast, the same material in
conventional non-aqueous electrolytes undergoes a conversion-
type reaction pathway, as reported by Sun and co-workers
(Sun et al., 2016; Tolstoy et al., 2019). Both nanosizing the
primary particles and expanding the interlayer gallery have
been confirmed as powerful strategies for enhancing rate
capability and reversible capacity in MnO2-based cathodes
(Koketsu et al., 2017). A comparison of the specific capac-
ities achieved with various oxide cathodes in rechargeable
magnesium batteries is shown in Fig. 4.

Figure 4. Capacities of metal oxide cathodes for RMBs.

6.2. Anode materials for RMBs

The relatively low reactivity of magnesium metal permits its
direct use as a negative electrode in RMBs. Mg electrodepo-
sition typically produces smooth, uniform layers and exhibits
a markedly lower dendrite propensity than alkali metals, con-
ferring intrinsic safety – though dendrite-free plating is not
guaranteed under all electrolyte conditions. However, in con-
ventional polar aprotic electrolytes, the Mg surface rapidly
develops an ionically blocking passivation film, prompting
intense research into three main anode strategies: surface-
modified Mg metal, low-potential intercalation hosts, and
alloying/conversion-type materials (Ling and Zhang, 2017).

Intercalation-type anodes compatible with standard
Mg2+-conducting electrolytes avoid passivation issues but
suffer from sluggish Mg2+ diffusion, large volume changes,
and particle fragmentation. Theoretical studies predict that

defective graphene (e.g., 25% divacancy concentration) could
achieve capacities up to 1042 mAh/g, while nanostructured
carbons (nanotubes, nanocones, nanosheets, C60 cages) also
show promise (Bella et al., 2021). Experimentally, graphite
delivers ≈ 180 mAh/g in conventional electrolytes. Spinel
Li4Ti5O12 exhibits strongly size-dependent Mg2+ insertion,
with 7–8 nm particles yielding 175 mAh/g and excellent sta-
bility (> 500 cycles). Na2Ti6O13 and hollow Li3VO4/carbon
spheres provide 166–318 mAh/g with enhanced structural
robustness (Luo et al., 2020). Ultrathin TiO2-B nanowires ex-
pose highly reactive (110) facets, enabling surface-dominated
Mg2+ coordination and delivering 110 mAh/g with only
0:08% capacity loss per cycle (Zeng et al., 2017).

Alloying anodes offers far higher theoretical capacities
and operates at low potentials. Bismuth (385 mAh/g, ≈
0:23=0:32 V vs. Mg2+=Mg), Bi0:88Sb0:12 (Wang et al., 2018b;
Niu et al., 2020), Bi nanotubes (350 mAh/g, 92% retention
after 200 cycles) (Shao et al., 2014), and BiOF nanosheets
(335 mAh/g via in situ conversion to 2D Bi) (Tan et al., 2018)
demonstrate excellent reversibility and rate performance. Tin
(903 mAh/g, ≈ 0:15=0:20 V) and Sn-Sb nanoparticulate al-
loys reach 420 mAh/g with good rate capability and 74%
retention after 200 cycles (Cheng et al., 2015). Bi-Sn al-
loys outperform their pure constituents owing to accelerated
Mg2+ transport along phase boundaries and self-supporting
nanoporous architectures. A breakthrough Ga-based liquid-
solid interconversion anode (Mg2Ga5 ↔ Ga) recently achieved
> 1000 cycles at 922:5 mA/g, marking a milestone toward
practical high-power RMB anodes (Wang et al., 2019).

Although intercalation anodes eliminate passivation and en-
able conventional high-voltage electrolytes, the strong Mg2+–
host electrostatic interaction results in sluggish kinetics, ele-
vated operating potentials, and reduced full-cell energy den-
sity compared with Mg-metal configurations. Alloying and
conversion systems currently offer the most attractive combi-
nation of capacity, voltage, and cycle life for next-generation
rechargeable magnesium batteries.

7. CALCIUM ION BATTERIES

Calcium ranks as the fifth most abundant element within the
Earth’s crust. It is also nontoxic, which allows for cleaner,
more ecologically friendly products. Calcium ions also exhibit
favourable electrochemical properties, showing only slightly
lower deposition potential than that of lithium and higher
than that of magnesium (Yin et al., 2025). The size of calcium
ions is similar to that of sodium but larger than magnesium
and lithium. Reversible electrochemical processes of calcium
cations in electrolytes were first presented in 2016 (Ponrouch
et al., 2016). Because of that fact, the research on calcium-
ion batteries remains in its infancy. Currently, no working
prototypes exist, and available data are of experimental and
laboratory nature.
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7.1. Cathode materials for CIBs

Various types of materials are investigated as cathodes for
calcium-ion batteries.

The first type is polyanionic compounds based on transition
metal oxide and a tetrahedral anion. Transition metal oxides
include iron and vanadium. The iron polyanionic cathodes
have reached a capacity of 80 mAh/g, for vanadium 88–
103 mAh/g. The stability of such materials reached 400 cycles
for iron polyanionic cathodes, and vanadium materials show
capacity retention after 200 cycles.

Another class of cathode materials comprises organic com-
pounds, including conducting polymers, organosulfur com-
pounds, and carbonyl-based materials, which are distinguished
by their low cost, wide availability, and environmental compat-
ibility. These materials can be categorised into three primary
groups: n-type (cations storage), p-type (anions storage), and
bipolar-type (capable of storing both cations and anions). The
capacity of organic compounds cathodes is between 100 and
150 mAh/g, but their capacity retention is between 50 and
79% after 5000 cycles.

Another kind of cathode materials studied for CIBs appli-
cations are metal oxides of special consideration, such as
vanadium, molybdenum, manganese, and cobalt oxides.

Vanadium-based oxides include a series of compounds due to
their many oxidation levels. They are of low-cost due to high
abundance in the Earth’s crust, and intercalation reactions
between calcium cations were investigated from 2003. Several
forms of V2O5 were investigated, both crystalline and amor-
phous. Research indicated that amorphous materials exhibited
larger amounts of calcium cation reactions (Wu et al., 2021;
Zhou et al., 2021). In recent years vanadium oxides mixed
with active metals or ammonia were developed as a new kind
of cathodes for CIBs. One of such popular options is calcium
vanadium oxides hydrates (Jeon et al., 2022; Wang et al.,
2022). Calcium modified oxides can deliver reversible capacity
after 200 cycles of magnitude 141 mAh/g. In a similar fashion,
magnesium-modified vanadium oxides were synthesised (Xu
et al., 2019). Capacity retention 1 reached 86:9% after 500
cycles with columbic efficiency of over 98:4%. Electrochem-
ical experiments demonstrated that the structure changed
only slightly with the insertion/extraction of calcium ions.
Mixed magnesium ions were stable in the interlayer during
electrochemical reactions. Another element that is present in
vanadium oxide cathodes is iron.

Prussian Blue Analogues (PBAs): These three-dimensional
open-framework structures are considered potential candi-
dates for calcium-ion storage due to their ability to facilitate
rapid Ca2+ diffusion, though their low conductivity can limit
performance. Similar to potassium and sodium ions, Prussian
blue is used as a cathode material. Cui’s group (Wang et al.,
2013) demonstrated the reversible insertion of calcium ions
into nickel hexacyanoferrate. Cycling voltages ranged between

0:22 and 0:92 V, and capacity retention after 2000 cycles
was 53% (Wessells et al., 2011b; Mu et al., 2022). Another
Prussian blue analogue that was reported was barium hex-
acyanoferrate. This material was used to build a working
battery with a coulumbic efficiency of 90%, and a capacity of
70 mAh/g. The capacity retention of this cathode was 93%
after 2000 cycles. Due to high potentials versus silver chloride
copper hexacyanoferrate electrode was used. The electro-
chemical reaction of Ca2+ ion insertion is coupled with iron
cation change of charge. The cathode retained much of its
structural stability during cycling, resulting in 88% of capacity
retention after 2000 cycles. The capacity of this copper-based
Prussian blue analogue cathode was 65 mAh/g (Gheytani
et al., 2017). In non-aqueous solutions, manganese-based
Prussian blue analogues can be used. Lipson et al. (2015)
performed research on this subject and reported a capacity
of intercalation in the range of 80 mAh/g. The mechanism
of insertion was investigated at 60 ◦C. It was assumed that
high temperatures and ionic solvents accelerated the calcium
ion exchange process.

7.2. Anode materials for CIBs

Anode materials for calcium-ion batteries include calcium
metal, carbon-based materials (like graphite and silicon car-
bide), organic compounds (such as anthracene and pen-
tacene), and metal alloys (including alloys of silicon, tin,
and antimony. The most important point of investigation is
their potential to store and release calcium ions reversibly.
Research focuses on the improvement of their capacity, cycle
life, and overall performance (Guo et al., 2025; Maltsev et al.,
2024; Zhang and Guo, 2025).

The simplest approach is to use calcium metal as an anode.
The benefit is achieving high current densities, but such
electrodes decompose quickly during the process and give only
satisfactory performances. Another problem is the dendrite
growth of calcium metal.

Another investigated anode material is graphite, which has the
benefit of not forming a protective insoluble layer around the
electrode. The capacities reached are between 60–80 mAh/g,
being stable for 500 cycles.

Another group of materials are organic compounds. Pol-
yaromatic hydrocarbons (PAHs), including anthracene and
pentacene, have emerged as promising anode materials for
rechargeable batteries. They are considered prototypical car-
bonaceous materials. Calcium intercalants are inserted be-
tween crystalline structures bonded by van der Waals forces.
Research has shown that such anodes can reach capacities
up to 1000 mAh/g.

Metal alloys anodes that have been investigated are Zn, Li,
Na, Al, and Si. Except for Na, they can mix with calcium and
form intermetallic compositions. Examples of the alloy anodes
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are Ca3Zn, Ca2Sn, and CaLi2. These materials exhibit theo-
retical capacities of 1366, 903, and 3860 mAh/g, respectively
(Tinker et al., 2023).

8. CONCLUSIONS

All energy storage systems presented in this article are per-
spectives for future applications in electrical energy grids and
electric vehicles. The main argument for the development of
sodium, potassium and magnesium systems is their higher
abundance in Earth’s crust, which is significantly higher than
that of lithium. Every system faces its challenges. In the case
of sodium and potassium batteries, these are safety and full
temperature adaptability (Bai et al., 2024).

SIBs are considered frontrunners for addressing the demands
of the grid storage market (Hirsh et al., 2020). Key challenges
impeding their commercialisation include the optimisation
of electrolyte composition, anode performance, stability at
the electrode-electrolyte interface, safety concerns, and sus-
tainable recyclability. These issues have been analysed in de-
tail, alongside potential strategies for their mitigation (Zhao
et al., 2023). Potassium-ion batteries (KIBs) hold considerable
promise as a scalable solution for grid-level energy storage.
This optimism stems from the low cost of potassium precur-
sors and auxiliary components, which contrasts sharply with
the escalating prices of lithium-based materials. Moreover,
the established manufacturing infrastructure, electrode archi-
tectures, and electrolyte formulations from mature lithium-ion
technology provide a robust foundation for accelerating KIB
research, prototyping, and eventual commercial deployment
(He et al., 2024). Magnesium batteries are still in their be-
ginning stage (Shah et al., 2021). The construction of the
prototype is challenged by various factors like diffusion kinet-
ics and the formation of passive layers (Medina et al., 2021).
However, there is a large drive to improve those drawbacks in
the scientific community, and more innovative materials are
being developed.

Calcium-ion batteries are still being investigated for most ef-
fective processes and electrode materials. Lithium is still being
investigated, especially to make it more recyclable. There is
a growing interest in recovering as many materials as possible
(Fan et al., 2020; Roy et al., 2024). Contemporary lithium-ion
batteries are well-suited to high-value applications such as
frequency regulation, short-duration storage, and microgrids.
However, their high cost and long-term concerns over the
availability of critical minerals (lithium, cobalt, nickel) con-
tinue to restrict their widespread deployment for large-scale,
long-duration grid storage. Among the numerous emerging
alternatives, sodium-ion and potassium-ion chemistries cur-
rently represent the most actively developed and promising
post-lithium options (Grey and Hall, 2020).
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