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G R A P H I C A L A B S T R A C T
� This perspective discusses challenges in
Li-ion batteries in the sustainability
aspect.

� This perspective highlights the current
status, important progress, and remain-
ing challenges of the Li-alternatives.

� This perspective focuses on the selected
non-lithium-ion, including Na-, K-, Mg-,
and Ca-ion batteries.
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A B S T R A C T

Lithium (Li)-ion batteries have stimulated the societal transformation to clean energy systems. This carry-on
electricity is revolutionizing how society communicates, functions, and evolves efficiently by enabling mobile
electronics, zero-emission electric vehicles, and stationary energy storage. In preparation for the sustainable
energy future, however, there are growing concerns about depleting critical elements used in the Li technology
(e.g., lithium, cobalt, and nickel), especially for large-scale applications that will accelerate the rate of elemental
consumption. Various non-Li-based rechargeable batteries composed of earth-abundant elements, such as sodium,
potassium, magnesium, and calcium, have been proposed and explored as alternative systems to promote sus-
tainable development of energy storage. In this perspective, we discuss challenges in Li-ion batteries in the
sustainability aspect and provide our opinions on the potential applications of non-Li-based batteries. We also
highlight the current status, important progress, and remaining challenges of the Li-alternative technologies.
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1. Challenges of Li-ion batteries and opportunities of non-Li ion
batteries

Energy storage technology catalyzes sustainability. Beyond portable
electronics, lithium (Li)-ion batteries with improving energy storage
capacity per weight and per volume (i.e., specific energy and energy
density, respectively) and reducing unit cost have been accelerating
vehicle and grid electrification. As this societal transformation continues,
the need for Li-ion batteries is increasing and will increase dramatically
more in the near future.

Commodity prediction shown in Fig. 1a suggests that Li supplies may
be sufficient for planned battery projects between now and 2025 [1].
However, rapidly growing demand for lithium carbonate equivalent (for
instance, 500 thousand tons in 2022 to 2 million tons in 2030 [2,3], as
shown in the inset) will outweigh its supply, assuming that the total Li
reserve remains unchanged. As Li resources are highly localized in a few
nations, the geographical Li production and utilization mismatch
(Fig. 1b) will lead to geopolitical Li supply risks, and thereby price
volatility.

Besides, modern Li-ion cathodes (e.g., LiNixCoyMnzO2 where x þ y þ
z ¼ 1) necessitate cobalt (Co) and nickel (Ni) for efficient energy storage,
Fig. 1. (a) Supply-demand balance of the lithium carbonate equivalent (LCE) projecte
fastmarkets.com and statista.com. (Accessed September 2023) [1,2] (b) The availabil
round numbers of countries greater than 2% excluding the United States production.
from Ref. [13] Copyright 2022 MDPI. (c) Projected nickel demands in different ind
September 2023) [5] (d) Abundance vs. Price of metal resources. The data were ob
om/Properties/A/CrustAbundance.an.html (Accessed July 2023).
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both of which are critical elements experiencing a pressing issue of
depletion. The shortage of Co is already well documented in the literature
[4]. With the increasing sales volume of electric vehicles (EVs), the
worldwide Ni demand will also increase continuously, as shown in
Fig. 1c [5]. While the largest portion of the current Ni production goes to
the stainless steel industry, we expect that the Li-ion battery market will
be soon the major contributor for Ni consumption. More critically,
battery-grade Ni (> 99.8% purity) is difficult to produce, putting addi-
tional pressure on securing the resources for battery makers [6,7]. The
statistical survey for the battery market forecasts that the known Ni
reserve may run out as early as 2040 [6]. Not to mention, the price of
critically essential elements for Li-ion batteries, including Li, Co, Ni, and
Cu, has skyrocketed (Fig. 1d). Under these circumstances, the EV in-
dustry would consume almost all the currently produced Li-ion batteries
preemptively, leaving very little room for new energy storage applica-
tions in the sustainability sector due to the lack of supply. Therefore,
finding alternative technologies that promote broader dissemination of
energy storage devices is urgently needed for a sustainable energy future.

In this respect, non-lithium-based rechargeable batteries made of
abundant and low-cost elements shown in Fig. 1d (shaded in blue) have
been extensively studied as alternative energy storage systems for various
d. (Inset: LCE demand projected). The data were obtained from online resources:
ity of lithium and electric vehicle sales by countries in 2021. This figure presents
Adapted with permission under a Creative Commons Attribution (CC BY) license
ustry sectors. The data were obtained from online resource: iea.org (Accessed
tained from online resources: metal.com, USGS.gov, and https://periodictable.c

http://fastmarkets.com
http://statista.com
http://iea.org
http://metal.com
http://USGS.gov
https://periodictable.com/Properties/A/CrustAbundance.an.html
https://periodictable.com/Properties/A/CrustAbundance.an.html


Fig. 3. Specific energy-energy density domains for different cathode
chemistries.
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applications. These include sodium (Na), potassium (K), magnesium
(Mg), and calcium (Ca)-ion batteries that have little, if not none,
dependence on the critical elements [8–12]. It should be pointed out that
we do not anticipate that one battery system will and can monopolize
every energy storage market. Instead, different battery systems likely
have different application domains given their intrinsically distinct
electrochemical properties and technical maturity. For example, we
believe Li-ion batteries will continue to dominate the long-range,
high-performance EV market because of their high energy density. In
contrast, the non-lithium technologies may penetrate other types of en-
ergy storage applications, including personal mobility, home backup
power, and grid storage, all of which energy storage cost tends to matter
more than energy density.

2. Alkali metal-ion systems: Na- and K-ion batteries

Energy storage that uses Na as a charge carrier, i.e., Na-ion batteries,
has a long and rich history in materials research. As alkali metals have
common chemical characteristics, simple layered oxides have been
considered a promising class of materials for Li- and Na-ion batteries
[14]. In the early 1980s, almost right after layered LiCoO2 came out for
Li-ion cathodes, reversible Na intercalation into the layered oxide system
was also demonstrated [15]. While the research momentum to advance
Na storage materials had redirected to Li chemistry due to the rapid
success of Li-ion batteries in the 1980s–2000s, the number of technical
publications about Na-ion batteries started to regrow in the early 2000s
because the need for low-cost batteries made of earth-abundant elements
emerged [16].

Thermodynamically, Na-intercalating layered oxides undergo prom-
inent, multiple phase transformations resulting from oxygen stacking
change and Na/vacancy ordering upon Na extraction and reinsertion
[17]. The complex structural evolutions result in multiple voltage steps
and plateaus as a function of Na content. For most Na layered oxide
cathodes, the charge process is limited at 4 V to avoid irreversible phase
transformations that lead to abrupt capacity decay [16,17]. This voltage
constraint often makes practical capacity achievable at ~60% (~140
mAh/g) of their theoretical values. Recent studies have demonstrated
that judicious selection of the transition metal compositions can
accommodate alternating multiple oxygen stackings and suppress the
irreversible phase transformations, as a result of complex physicochem-
ical interplays between Na, transition metals, and oxygen, stabilizing
desodiated layered structures at high voltage [18–20].

Another interesting alkali metal element for intercalation electro-
chemistry is potassium (K). Materials research for K-ion batteries has
been expanding since 2012 in search of low-cost Li alternatives [21].
However, practical cathodes to store K are yet to be developed due to
materials design challenges. K ion is considerably heavier and larger than
Li ion, and even than Na ion. Layered oxides that have been developed for
Li and Na ions are unlikely suitable for reversibly hosting K ions due to
Fig. 2. Comparison of the relative molecular weights and specific capacities fo
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their compact unit cell volume. K occupancy in octahedral or prismatic
sites in the layered structures will lead to substantial expansion of K slab
spacing along the c-axis [21]. This makes neighboring K ions interact
electrostatically with each other (i.e., Coulombic repulsion) to a large
extent as the in-plane Kþ

–Kþ charge screening effect from surrounding
oxygen becomes weak. Consequently, full K occupancy is unachievable in
layered oxides that have no means to separate K ions physically and
electrostatically [22,23]. In addition, the strong in-plane Kþ

–Kþ

Coulombic interaction makes significantly sloped voltage curves that
limit the achievable capacity (< 140 mAh/g) and lower the average
discharge voltage (< 3.0 V vs. K/Kþ) [8].

Polyanionic materials that provide distinctive separation between
alkali ions with excellent chemical stability may offer new design insights
for K-ion batteries, as well as for Na-ion batteries. Fig. 2 compares mo-
lecular weights and theoretical specific capacities of layered (Co3þ/4þ)
and polyanionic (V3þ/4þ) materials to store Li, Na, and K ions. The one-
electron theoretical capacities of LiCoO2, NaCoO2, and KCoO2 decrease
as the molecular weight increases. With reference to LiCoO2, the capacity
decreases by 14% for NaCoO2 and 25% for KCoO2. If the polyanion
cathode is considered, this difference reduces as the molecular weight of
the cathodes originates mostly from the polyanionic group. With refer-
ence to LiVPO4F, the theoretical capacities of NaVPO4F and KVPO4F
decrease by 9% and 16%, respectively. This indicates that the weight
disadvantage of K substitution for Li in polyanionic cathodes is not as
significant as that in layered oxides. Moreover, many polyanionic K-ion
cathodes and some polyanionic Na-ion cathodes can operate by nearly
full transition metal redox, practically outperforming their layered
counterparts that have limited redox activities, especially at high rates
[22]. Fig. 3 shows the specific energy and energy density domains of a
r Li, Na, and K compounds hosted by oxide and polyanionic frameworks.
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few known Li, Na, and K-ion cathodes, as reported in the literature [21].
Indeed, polyanions can intercalate more K ions than layered oxides in
practice, showing substantially higher specific energy and energy
density.

Na-ion batteries are considered ready for commercialization. They
have been expected to play a key role in stationary applications such as
backup power and grid-level storage, in which mid-to-long-term energy
storage cost (per cycle) is more important than the face value of energy
density [24]. In this context, a number of Na-ion battery products have
arrived and will arrive at the market for home energy solutions to store
harvested solar power and/or replace diesel generators [25]. In addition
to those applications, Na-based technologies nowadays see a new in-
dustrial horizon. As discussed earlier, the energy storage sector has been
experiencing a pressing issue in allocating and distributing limited Li
resources, yielding a new EV domain suitable for Na-ion batteries. The US
Department of Energy suggests that an $80/kWh battery pack, as man-
ufactured, can make EVs cost-competitive [24,26]. Na-ion systems can
meet this target if used for mid-range EVs [27]. Indeed, multiple auto-
makers announced their business plans and roadmaps to manufacture the
first Na-ion battery-powered EVs as early as 2023 [28,29]. Despite the
sudden, significant expansion of the Na-ion battery market, we believe
that collective effort to fundamentally tailor materials properties for
Na-ion batteries still needs to continue in order to improve the energy
density and cycling stability, strengthening their technological
competitiveness.

It should be stressed that K-ion batteries have the unique potential to
employ the graphite anode in combination with cathode materials made
of earth-abundant elements. K storage materials that have open frame-
works, such as Prussian blue analogs and organic compounds, can have
reasonably high specific energy up to 500 Wh/kg but low energy density
due to their large unit cells, as shown in Fig. 3. Their expected applica-
tions could be outdoor energy storage that is unrestricted by the unit
volume. With balanced specific energy and energy density and chemical
stability, polyanionic compounds, especially if manganese (Mn) or iron
(Fe) redox can be utilized, may have a chance to develop practical K-ion
batteries for indoor backup power. However, the K-based technology at
present is technologically immature, and its estimated time of arrival in
the energy storage market is unpredictable. In addition to materials
design challenges, K chemistry at a cell level needs to address issues in
electrode–electrolyte interfaces and interphases to enable reversible en-
ergy storage [30]. No clear understanding about developing electro-
chemically stable electrolytes exists, making the K-ion cell operate by
poor coulombic efficiency and poor cyclability. Tailored approaches to
optimize electrolytes that can promote facile and reversible K transport
will greatly enhance the chance of K-ion batteries to disrupt the energy
storage market. Efforts to stabilize the interfaces in K-ion batteries are
highlighted elsewhere [31–33].

3. Multivalent ion systems: Mg- and Ca-ion batteries

Mg-ion batteries have several advantages over the Li-ion technology.
Not to mention the abundance of Mg, critical transition metal elements
such as Co and Ni are generally unnecessary in designing cathodes. More
importantly, the Mg metal anode exhibits much higher volumetric ca-
pacity (3833 mAh/cm3) than Li metal (2061 mAh/cm3). Mg metal also
exhibits high tolerance against detrimental dendrite growth, unlike Li
metal. Because of these inherent advantages, Mg-ion batteries have been
extensively studied since the first cathode composed of a chevrel phase
(Mo3S4) was discovered [34]. Significant progress in understanding Mg
intercalation reactions then led to the discovery of MgV2O4 and
Mg(Mg0.5V1.5)O4 with exceptionally high discharge capacity of ~200
mAh/g [35–37].

However, most of the inorganic Mg-ion cathodes operate by relatively
expensive vanadium (V) redox. To remain cost-effective per unit stored
energy, it is required to expand the frontier of the chemical space of the
4

Mg storage materials to include Mn or Fe redox centers. Organic com-
pounds have also been investigated as low-cost Mg-hosting cathode
materials [38,39]. While implementing organic cathodes that exhibit
high specific capacity may reduce the unit cost of Mg-ion batteries, their
low material density tends to compromise energy density, one of the
greatest strengths of Mg-ion batteries at a cell level.

A critical issue present in Mg-ion batteries is large cell polarization,
i.e., poor roundtrip efficiency, as commonly observed in emerging battery
systems, in which cell-level understanding is lacking. Fig. 4 shows the
range of voltage variation for a few knownMg-cathodematerials. The top
and bottom of the voltage variation extending from the average voltage
value indicate the average charge and discharge voltage, respectively,
required to obtain given capacity. For instance, MgCrMnO4 has an
average charge voltage at 2.75 V and an average discharge voltage of 1.8
V, making the average cell cycle voltage at 2.28 V [36]. If the cell redox
reaction operates ideally, the average charge and discharge voltage
should be identical. The 0.95 V difference, however, presents large
voltage hysteresis, indicative of polarization. Thus, the length of the
vertical voltage variation in Fig. 4 scales with the overall cell polariza-
tion. We found that most of the Mg-ion cathode materials have much
larger polarization during charging and discharge than Li-ion cathode
materials [35–38].

Although not as much investigated as Mg-ion batteries, Ca-ion bat-
teries that leverage divalent Ca ions as a charge carrier are an interesting
proposal for achieving high energy density. In this new system, the va-
nadium redox reactions to accommodate Ca extraction and reinsertion
lead to large polarization, similar to that of the Mg system [40].
Diffusion-limited charge and discharge due to strong Coulombic in-
teractions between the divalent cations and the host ionic crystals can be
responsible for the large hysteresis in Mg- and Ca-ion batteries. However,
the origin of polarization, whether it is intrinsic or can be reduced by
engineering electrode configurations, is not yet fully deciphered and
more in-depth studies to understand the energy storage mechanisms of
Mg- and Ca-ion batteries are necessary.

The development of high-voltage electrolytes is also essential to the
success of Mg- and Ca-ion batteries. Several nonaqueous electrolytes
have demonstrated high voltage stability by cyclic and/or linear sweep
voltammetry using a simple cell configuration of the current collector-
electrolyte-metal anode [41–44]. However, the anodic stability of elec-
trolytes (i.e., electrochemical stability against oxidation at the cath-
ode–electrolyte interface) also depends on the interphase formation with
cathode composites. It should be also noted that Mg- and Ca-ion batteries
often need elevated temperatures to deliver reasonable capacity due to
kinetic limitation associated with the large voltage hysteresis. Therefore,
rigorous electrochemical and thermal evaluations are required to better
understand the compatibility of the electrolytes against highly oxidizing,
charged cathode composites (including cathode active material,
conductive carbon, and binder) for Mg- and Ca-ion batteries. Not to
mention, the development of electrolytes that are compatible with the
Mg and Ca metal anodes remains an important challenge.

Due to the technical immaturity ofMg- andCa-ionbatteries, predicting
their future seems inappropriate. Yet, the multivalent system, as a whole,
possesses clear advantages in achieving high energy density. If substantial
development is made in materials design and cell engineering, we expect
that they can have a potential market in personal short-range mobility
applications, such as electric scooters and bicycles, and backup powers, in
which unit cost and energy density are considered more important than
specific energy due to affordability and space limitation.

4. Conclusion

This perspective article provides the past, present, and future of non-
lithium-ion batteries, including monovalent Na and K and divalent Mg
and Ca systems. Certainly, these are ongoing research topics, in which
progress is being made in real time. Not to mention, other systems



Fig. 4. Specific capacity vs. voltage plots of various Mg- and Ca-cathode materials. The bar represents the polarization between charging and discharging and darker
marks show the average voltage. The data were obtained from literature [35–40,45].
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leveraging Al and Zn ions as charge carriers can also be of interest to
develop next-generation batteries beyond the Li-ion [46–48]. The
Na-based system has shown the potential for commercialization and is
close to market arrival, while the practical development of others faces
challenges due to complex chemical and electrochemical problems. As
each system has a unique advantage that can be distinguishable from
each other, tailored research directions may lead to their success in
market deployment. Na-ion batteries may be adapted for mid-range EVs
and stationary storage systems, supplementing the Li technology. K-ion
batteries would not compete with Li-ion directly but can have some
market shares for small-scale, microgrid storage and home backup power
if cyclability can be substantially improved. Mg and Ca can be used in
applications where cost and energy density are the most critical re-
quirements, but specific energy is not. Basically, each battery system can
complement each other to offer green energy, shaping the sustainable
energy future. Lastly, true technological innovation is often made by new
materials development. In non-lithium-ion battery technologies, we
emphasize that the development of high-performance electrodematerials
consisting of earth-abundant elements such as Fe and Mn will be an
important pathway to enable greener and more sustainable battery
systems.

Author contributions

Haegyeom Kim: Conceptualization, Funding acquisition, Visualiza-
tion, Writing – original draft, Writing – review & editing. Jae Chul Kim:
Conceptualization, Funding acquisition, Visualization, Writing – original
draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

H. K. acknowledges the support from the Assistant Secretary for En-
ergy Efficiency and Renewable Energy, Vehicle Technologies Office, of
the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.
J.C.K acknowledges the Public Service Enterprise Group (PSEG)
5

Foundation's support to advance energy innovation research at Stevens
Institute of Technology.

References

[1] Lithium supply and demand to 2030. https://www.fastmarkets.com/insights/lith
ium-supply-and-demand-to-2030, 2023 (Accessed September 2023).

[2] Projection of lithium demand worldwide from 2020 to 2035. https://www.statista
.com/statistics/452025/projected-total-demand-for-lithium-globally/, 2023
(Accessed September 2023).

[3] Lithium mining: how new production technologies could fuel the global EV
revolution. https://www.mckinsey.com/industries/metals-and-mining/our-insights
/lithium-mining-how-new-production-technologies-could-fuel-the-global-ev-r
evolution, 2022 (Accessed September 2023).

[4] E.A. Olivetti, G. Ceder, G.G. Gaustad, X. Fu, Lithium-ion battery supply chain
considerations: analysis of potential bottlenecks in critical metals, Joule 1 (2017)
229–243.

[5] Total nickel demand by sector and scenario, 2020-2040. https://www.iea.org/data-
and-statistics/charts/total-nickel-demand-by-sector-and-scenario-2020-2040, 2021
(Accessed September 2023).

[6] G. Group, Out of nickel: unnoticed, the raw material runs out – stainless
Cappuccino. https://steelnews.biz/out-of-nickel-unnoticed-the-raw-material-runs-o
ut/, 2022 (Accessed September 2023).

[7] K. Brigham, How a global nickel shortage could disrupt the electric vehicle industry.
https://www.cnbc.com/2022/03/19/why-elon-musk-and-tesla-are-banking-on-
a-minnesota-nickel-mine.html, 2022 (Accessed September 2023).

[8] Y. Tian, G. Zeng, A. Rutt, T. Shi, H. Kim, J. Wang, J. Koettgen, Y. Sun, B. Ouyang,
T. Chen, Z. Lun, Z. Rong, K. Persson, G. Ceder, Promises and challenges of next-
generation “beyond Li-ion” batteries for electric vehicles and grid decarbonization,
Chem. Rev. 121 (2021) 1623–1669.

[9] K. Kubota, M. Dahbi, T. Hosaka, S. Kumakura, S. Komaba, Towards K-ion and Na-
ion batteries as “beyond Li-ion”, Chem. Rec. 18 (2018) 459–479.

[10] Y. Liang, H. Dong, D. Aurbach, Y. Yao, Current status and future directions of
multivalent metal-ion batteries, Nat. Energy 5 (2020) 646–656.

[11] J. Niu, Z. Zhang, D. Aurbach, Alloy anode materials for rechargeable Mg ion
batteries, Adv. Energy Mater. 10 (2020) 2000697.

[12] Y. Gao, Z. Pan, J. Sun, Z. Liu, J. Wang, High-energy batteries: beyond lithium-ion
and their long road to commercialisation, Nano-Micro Lett. 14 (2022) 94.

[13] P. Lindagato, Y. Li, J. Mach�a�cek, G. Yang, I. Mungwarakarama, A. Ndahimana,
H.P.K. Ntwali, Lithiummetal: the key to green transportation, Appl. Sci. 13 (2023) 405.

[14] N. Yabuuchi, K. Kubota, M. Dahbi, S. Komaba, Research development on sodium-
ion batteries, Chem. Rev. 114 (2014) 11636–11682.

[15] C. Delmas, J.-J. Braconnier, C. Fouassier, P. Hagenmuller, Electrochemical
intercalation of sodium in NaxCoO2 bronzes, Solid State Ionics 3–4 (1981) 165–169.

[16] C. Delmas, Sodium and sodium-ion batteries: 50 years of research, Adv. Energy
Mater. 8 (2018) 1703137.

[17] H. Kim, H. Kim, Z. Ding, M.H. Lee, K. Lim, G. Yoon, K. Kang, Recent progress in
electrode materials for sodium-ion batteries, Adv. Energy Mater. 6 (2016) 1600943.

[18] J.W. Somerville, A. Sobkowiak, N. Tapia-Ruiz, J. Billaud, J.G. Lozano, R.A. House,
L.C. Gallington, T. Ericsson, L. H€aggstr€om, M.R. Roberts, U. Maitra, P.G. Bruce,
Nature of the “Z”-phase in layered Na-ion battery cathodes, Energy Environ. Sci. 12
(2019) 2223–2232.

https://www.fastmarkets.com/insights/lithium-supply-and-demand-to-2030
https://www.fastmarkets.com/insights/lithium-supply-and-demand-to-2030
https://www.statista.com/statistics/452025/projected-total-demand-for-lithium-globally/
https://www.statista.com/statistics/452025/projected-total-demand-for-lithium-globally/
https://www.mckinsey.com/industries/metals-and-mining/our-insights/lithium-mining-how-new-production-technologies-could-fuel-the-global-ev-revolution
https://www.mckinsey.com/industries/metals-and-mining/our-insights/lithium-mining-how-new-production-technologies-could-fuel-the-global-ev-revolution
https://www.mckinsey.com/industries/metals-and-mining/our-insights/lithium-mining-how-new-production-technologies-could-fuel-the-global-ev-revolution
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref4
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref4
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref4
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref4
https://www.iea.org/data-and-statistics/charts/total-nickel-demand-by-sector-and-scenario-2020-2040
https://www.iea.org/data-and-statistics/charts/total-nickel-demand-by-sector-and-scenario-2020-2040
https://steelnews.biz/out-of-nickel-unnoticed-the-raw-material-runs-out/
https://steelnews.biz/out-of-nickel-unnoticed-the-raw-material-runs-out/
https://www.cnbc.com/2022/03/19/why-elon-musk-and-tesla-are-banking-on-a-minnesota-nickel-mine.html
https://www.cnbc.com/2022/03/19/why-elon-musk-and-tesla-are-banking-on-a-minnesota-nickel-mine.html
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref8
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref8
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref8
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref8
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref8
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref9
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref9
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref9
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref10
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref10
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref10
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref11
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref11
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref12
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref12
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref13
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref13
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref13
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref14
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref14
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref14
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref15
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref16
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref16
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref17
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref17
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref18


H. Kim, J.C. Kim eScience 4 (2024) 100232
[19] J.C. Kim, D.-H. Kwon, J.H. Yang, H. Kim, S.-H. Bo, L. Wu, H. Kim, D.-H. Seo, T. Shi,
J. Wang, Y. Zhu, G. Ceder, Direct observation of alternating octahedral and
prismatic sodium layers in O3-type transition metal oxides, Adv. Energy Mater. 10
(2020) 2001151.

[20] T.-Y. Yu, J. Kim, G. Oh, M.H. Alfaruqi, J.-Y. Hwang, Y.-K. Sun, High-voltage stability
of O3-type sodium layered cathode enabled by preferred occupation of Na in the
OP2 phase, Energy Stor. Mater. 61 (2023) 102908.

[21] H. Kim, J.C. Kim, M. Bianchini, D.-H. Seo, J. Rodriguez-Garcia, G. Ceder, Recent
progress and perspective in electrode materials for K-ion batteries, Adv. Energy
Mater. 8 (2018) 1702384.

[22] H. Kim, H. Ji, J. Wang, G. Ceder, Next-generation cathode materials for non-
aqueous potassium-ion batteries, Trends Chem. 1 (2019) 682–692.

[23] X. Yang, D. Yan, T. Chou, J.C. Kim, Electrochemical properties of a titanium-
substituted KVPO4F cathode for K-ion batteries, J. Mater. Chem. A 11 (2023)
14304–14310.

[24] Department of Energy Releases Energy Storage Grand Challenge Roadmap, 2020.
https://www.energy.gov/articles/department-energy-releases-energy-storage-gran
d-challenge-roadmap (Accessed September 2023).

[25] A. Bauer, J. Song, S. Vail, W. Pan, J. Barker, Y. Lu, The scale-up and
commercialization of nonaqueous Na-ion battery technologies, Adv. Energy Mater.
8 (2018) 1702869.

[26] V.T. Office, Batteries, charging, and electric vehicles. https://www.energy.gov/
eere/vehicles/batteries-charging-and-electric-vehicles, 2023 (Accessed September
2023).

[27] A. Rudola, R. Sayers, C.J. Wright, J. Barker, Opportunities for moderate-range
electric vehicles using sustainable sodium-ion batteries, Nat. Energy 8 (2023)
215–218.

[28] A. Limin, D. Yi, Volkswagen-JAC Venture Unveils EV Running on Sodium-Ion
Battery, 2023. https://www.caixinglobal.com/2023-02-27/volkswagen-jac-venture
-unveils-ev-running-on-sodium-ion-battery-102002402.html (Accessed September
2023).

[29] T.N.W. Times, Why China Could Dominate the Next Big Advance in Batteries, 2023.
https://www.nytimes.com/2023/04/12/business/china-sodium-batteries.html
(Accessed September).

[30] H. Wang, D. Zhai, F. Kang, Solid electrolyte interphase (SEI) in potassium ion
batteries, Energy Environ. Sci. 13 (2020) 4583–4608.

[31] F. Yuan, Z. Li, D. Zhang, Q. Wang, H. Wang, H. Sun, Q. Yu, W. Wang, B. Wang,
Fundamental understanding and research progress on the interfacial behaviors for
potassium-ion battery anode, Adv. Sci. 9 (2022) 2200683.

[32] P. Liu, D. Mitlin, Emerging potassium metal anodes: perspectives on control of the
electrochemical interfaces, Acc. Chem. Res. 53 (2020) 1161–1175.

[33] Y. Liu, C. Gao, L. Dai, Q. Deng, L. Wang, J. Luo, S. Liu, N. Hu, The features and
progress of electrolyte for potassium ion batteries, Small 16 (2020) 2004096.

[34] D. Aurbach, Z. Lu, A. Schechter, Y. Gofer, H. Gizbar, R. Turgeman, Y. Cohen,
M. Moshkovich, E. Levi, Prototype systems for rechargeable magnesium batteries,
Nature 407 (2000) 724–727.
6

[35] L. Hu, J.R. Jokisaari, B.J. Kwon, L. Yin, S. Kim, H. Park, S.H. Lapidus, R.F. Klie,
B. Key, P. Zapol, B.J. Ingram, J.T. Vaughey, J. Cabana, High capacity for Mg2þ

deintercalation in spinel vanadium oxide nanocrystals, ACS Energy Lett. 5 (2020)
2721–2727.

[36] B.J. Kwon, L. Yin, H. Park, P. Parajuli, K. Kumar, S. Kim, M. Yang, M. Murphy,
P. Zapol, C. Liao, T.T. Fister, R.F. Klie, J. Cabana, J.T. Vaughey, S.H. Lapidus,
B. Key, High voltage Mg-ion battery cathode via a solid solution Cr–Mn spinel
oxide, Chem. Mater. 32 (2020) 6577–6587.

[37] C. Zuo, W. Tang, B. Lan, F. Xiong, H. Tang, S. Dong, W. Zhang, C. Tang, J. Li,
Y. Ruan, S. Xi, Q. An, P. Luo, Unexpected discovery of magnesium-vanadium spinel
oxide containing extractable Mg2þ as a high-capacity cathode material for
magnesium ion batteries, Chem. Eng. J. 405 (2021) 127005.

[38] H. Dong, Y. Liang, O. Tutusaus, R. Mohtadi, Y. Zhang, F. Hao, Y. Yao, Directing Mg-
storage chemistry in organic polymers toward high-energy Mg batteries, Joule 3
(2019) 782–793.

[39] Y. Ding, X. Ren, D. Chen, F. Wen, T. Li, F. Xu, Poly(1,5-diaminoanthraquinone) as a
high-capacity bipolar cathode for rechargeable magnesium batteries, ACS Appl.
Energy Mater. 5 (2022) 3004–3012.

[40] L.E. Blanc, Y. Choi, A. Shyamsunder, B. Key, S.H. Lapidus, C. Li, L. Yin, X. Li,
B. Gwalani, Y. Xiao, C.J. Bartel, G. Ceder, L.F. Nazar, Phase stability and kinetics of
topotactic dual Ca2þ–Naþ ion electrochemistry in NaSICON NaV2(PO4)3, Chem.
Mater. 35 (2023) 468–481.

[41] T. Fukutsuka, K. Asaka, A. Inoo, R. Yasui, K. Miyazaki, T. Abe, K. Nishio,
Y. Uchimoto, New magnesium-ion conductive electrolyte solution based on
triglyme for reversible magnesium metal deposition and dissolution at ambient
temperature, Chem. Lett. 43 (2014) 1788–1790.

[42] S.-Y. Ha, Y.-W. Lee, S.W. Woo, B. Koo, J.-S. Kim, J. Cho, K.T. Lee, N.-S. Choi,
Magnesium(II) bis(trifluoromethane sulfonyl) imide-based electrolytes with wide
electrochemical windows for rechargeable magnesium batteries, ACS Appl. Mater.
Interfaces 6 (2014) 4063–4073.

[43] J.T. Herb, C.A. Nist-Lund, C.B. Arnold, A fluorinated alkoxyaluminate electrolyte
for magnesium-ion batteries, ACS Energy Lett. 1 (2016) 1227–1232.

[44] Z. Zhao-Karger, R. Liu, W. Dai, Z. Li, T. Diemant, B.P. Vinayan, C. Bonatto Minella,
X. Yu, A. Manthiram, R.J. Behm, M. Ruben, M. Fichtner, Toward highly reversible
magnesium–sulfur batteries with efficient and practical Mg[B(hfip)4]2 electrolyte,
ACS Energy Lett. 3 (2018) 2005–2013.

[45] X. Sun, P. Bonnick, V. Duffort, M. Liu, Z. Rong, K.A. Persson, G. Ceder, L.F. Nazar,
A high capacity thiospinel cathode for Mg batteries, Energy Environ. Sci. 9 (2016)
2273–2277.

[46] X. Zhang, J.-P. Hu,N. Fu,W.-B. Zhou, B. Liu,Q.Deng,X.-W.Wu,Comprehensive review
on zinc-ion battery anode: challenges and strategies, InfoMat 4 (2022) e12306.

[47] Y. Lv, Y. Xiao, L. Ma, C. Zhi, S. Chen, Recent advances in electrolytes for “beyond
aqueous” zinc-ion batteries, Adv. Mater. 34 (2022) 2106409.

[48] G.A. Elia, K.V. Kravchyk, M.V. Kovalenko, J. Chac�on, A. Holland, R.G.A. Wills, An
overview and prospective on Al and Al-ion battery technologies, J. Power Sources
481 (2021) 228870.

http://refhub.elsevier.com/S2667-1417(24)00005-3/sref19
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref19
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref19
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref19
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref20
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref20
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref20
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref21
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref21
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref21
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref22
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref22
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref22
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref23
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref23
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref23
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref23
https://www.energy.gov/articles/department-energy-releases-energy-storage-grand-challenge-roadmap
https://www.energy.gov/articles/department-energy-releases-energy-storage-grand-challenge-roadmap
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref25
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref25
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref25
https://www.energy.gov/eere/vehicles/batteries-charging-and-electric-vehicles
https://www.energy.gov/eere/vehicles/batteries-charging-and-electric-vehicles
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref27
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref27
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref27
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref27
https://www.caixinglobal.com/2023-02-27/volkswagen-jac-venture-unveils-ev-running-on-sodium-ion-battery-102002402.html
https://www.caixinglobal.com/2023-02-27/volkswagen-jac-venture-unveils-ev-running-on-sodium-ion-battery-102002402.html
https://www.nytimes.com/2023/04/12/business/china-sodium-batteries.html
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref30
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref30
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref30
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref31
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref31
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref31
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref32
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref32
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref32
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref33
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref33
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref34
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref34
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref34
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref34
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref35
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref35
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref35
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref35
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref35
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref36
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref37
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref37
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref37
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref37
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref37
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref38
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref38
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref38
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref38
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref39
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref39
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref39
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref39
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref40
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref41
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref41
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref41
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref41
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref41
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref42
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref42
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref42
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref42
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref42
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref43
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref43
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref43
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref44
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref45
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref45
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref45
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref45
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref46
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref46
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref47
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref47
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref48
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref48
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref48
http://refhub.elsevier.com/S2667-1417(24)00005-3/sref48

	Opportunities and challenges in cathode development for non-lithium-ion batteries
	1. Challenges of Li-ion batteries and opportunities of non-Li ion batteries
	2. Alkali metal-ion systems: Na- and K-ion batteries
	3. Multivalent ion systems: Mg- and Ca-ion batteries
	4. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	References


