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Abstract: In recent years, batteries have revolutionized electrification projects and accelerated the
energy transition. Consequently, battery systems were hugely demanded based on large-scale
electrification projects, leading to significant interest in low-cost and more abundant chemistries to
meet these requirements in lithium-ion batteries (LIBs). As a result, lithium iron phosphate (LFP)
share has increased considerably due to lower cost and higher safety compared to conventional nickel
and cobalt-based chemistries. However, their fast-growing share is affected by updated chemistries,
where cheaper systems like sodium-ion batteries (SIBs) are becoming more attractive. SIBs also
benefited from the greener, more ethical, and evenly distributed elemental resources. SIBs are fast
approaching market thanks to mature LIB’s technology and manufacturing scalability using existing
Li-ion gigafactories. Additionally, SIBs can be adapted to other emerging technologies, including
Li-ion batteries and silicon-based anodes, influencing projections for their broader use. However,
despite the lower cost and abundance of sodium chemistries compared to lithium ones, limited
manufacturing capacity discourages material suppliers from increasing production, which restricts
the supply chain, raises costs, and diminishes Na battery manufacturing. Here, we aim to provide
an overview of the progress of SIBs in gaining market share from LIBs. We first reviewed LIB and
SIB histories, developments, and market share. Then, we analyzed the offered chemicals in battery
components, their resources and supplies, material demand, and supply chain. The commercialization
of each system was investigated in addition to the challenges related to energy density, environmental
impact, sustainability, and safety. If all these concerns are addressed properly, LIBs and SIBs could
potentially offer a more affordable, safer, and sustainable choice for the global energy storage outlook,
particularly in short-range electric vehicles and stationary grid storage.
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1. Introduction

Battery deployment must increase sevenfold by 2030 to achieve COP28 targets. To this
end, based on net-zero emissions (NZE), battery demand will increase from 0.86 terawatt-
hour (TWh) in 2023 to a total of 6 TWh in 2030, categorized in electric vehicles (EVs)
(5.40 TWh), grid storage (0.52 TWh), and behind-the-meter (0.1 TWh) sectors (Figure 1a).
Battery storage was the fastest growing energy technology in 2023, doubling in size com-
pared to the previous year. The global addition of 42 GW in battery storage capacity came
from strong growth in the power sector from 2010 to 2023. EV battery deployment also
surged by 40%, with 14 million new electric cars dominating the energy sector’s battery
usage. This considerable demand forced the manufacturer to find a solution for high
battery costs, making them comparable with the internal combustion engines (ICEs). The
technological development has substantially decreased the price from 1400 USD/kWh in
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2010 to 140 USD/kWh in 2023 (90% decline). Further innovations in chemistries and man-
ufacturing are expected to reduce lithium-ion battery (LIB) costs by over 40% up to 2030
(Figure 1b) [1]. Despite these cost reductions, many efforts have been made to offer new
cost-effective alternatives. Na-ion systems are suggested as a solution with lower prices
and more abundance thanks to the relevant sodium sources, making them more reliable for
a sustainable battery future. This feature considerably attracted the manufacturer, with a
0.5 billion USD market value in 2023 and 1.2 billion USD in 2030 (21.5% compound annual
growth rate (CAGR)) (Figure 1c) [2]. In contrast to the abundance of sodium-ion battery
(SIB) precursors, LIB raw material reserves are unevenly distributed, and their large-scale
applications are accompanied by the immense pressure of the value chain [3]. In fact, SIBs
are growing fast owing to their cost and abundance advantages, making them a promising
system in the sustainable battery prospect (Figure 1d).

(a) Battery demand in 2030 (TWh) (d) Main advantages of Na-ion systems
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Figure 1. (a) Battery demand in 2030 in alternative sectors based on the NZE scenario. (b) A
considerable cost reduction in LIBs. (c) The growth in SIB’s market and their expected share of EV
batteries. (d) The main advantages of SIBs over LIBs. Data was drawn from [1] for (a,b) and from [2]
for (c).

1.1. Historical Evolution and Perspective
1.1.1. LIBs

Rechargeable LIBs commenced in 1913 with the origination of lithium metal bat-
teries [4]. Significant advances occurred in 1965 when NASA employed lithium metal
anodes in propylene carbonate-based electrolytes, with a low efficiency of approximately
50-70% [5]. By the mid-1970s, Argonne National Laboratory (ANL) had developed high-
temperature lithium and lithium-aluminum/iron sulfide batteries for grids and EVs rather
than for portable electronics [6,7]. The foundational cathode materials resembling those
used in modern LIBs were developed by Whittingham using metal dichalcogenides like TiS,
and TaS, for Li-ion storage through a highly reversible process known as “the intercalation
mechanisms” and commercialized by Exxon in the late 1970s. Unfortunately, this product
was limited to the coin cell level and only found to be applicable to watch batteries [8].
John Goodenough significantly advanced LIB technology with key developments. In the
late 1970s, he introduced lithium cobalt oxide cathodes (LCO), essential in most personal
electronics. Later, lithium manganese oxide cathodes were developed in the early 1980s,
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now crucial for EVs and some medical devices. In the 1990s, John Goodenough created
lithium iron phosphate (LFP) cathodes, widely used in power tools [9]. A practical model of
LIBs was patented in 1985 by Yoshino and colleagues, featuring a combined carbon anode
and LCO cathode with an organic electrolyte [10]. In the early 1990s, Sony and A&T Battery
(a joint venture of Asahi Kasei Co. and Toshiba) brought the LIB to market for use in con-
sumer electronics with a 200 Wh/L and 80 Wh/kg energy density while being charged to
4.1 V [11]. The first commercial LIB-powered EV came with the release of the Nissan Altra
in 1997. This model could achieve a range of up to 192 km and was equipped with a 364 kg
battery pack (317 kg cells). Its battery pack consisted of 12 modules, each containing eight
100 Ah cells [12]. In 2000, the development of thin-film lithium and lithium-ion batteries at
Oak Ridge National Laboratory advanced solid-state LIB technology with a promise for
applications in consumer electronics and medical products [13]. Goodenough’s team in
2017 unveiled the solid-state glass batteries [14]. Karim Zaghib’s team also introduced the
first two-electrode photo-rechargeable LIB (LFP/graphite) in 2017 [15]. They also received
the Lionel-Boulet Award in 2019 for pioneering the use of LFP cathodes for lithium ion
technology in Hydro-Québec [16].

Further improvement of LIBs depends significantly on market dynamics, techno-
logical advancements, and raw material considerations. As EV popularity is rising, cost
reduction is pushing to make the price competitive with ICE vehicles. Although the price
has decreased by approximately 97% since the early 1990s, precise price forecasting is
challenging given the complexity of the battery landscape. Lithium, nickel, manganese,
cobalt oxide, (NMC), and LFP will dominate the market until at least 2030 due to their
technical feasibility and established infrastructure. However, technologies like SSBs and
SIBs will be attractive after 2030. Recycling also plays a crucial role, whereas its impact on
raw material demand and cost reduction remains uncertain [17]. LIB’s historical evolution,
from the early stages to commercial applications, is demonstrated in a graphical history in
Figure 2.
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Figure 2. LIBs and SIBs historical evolution, from the early stages to commercialization. Data was
drawn from [4-17] for LIBs and from [18-25] for SIBs.
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1.1.2. SIBs

The journey of SIB’s commercialization began in 1980 (Figure 2), when Exxon Research
and Engineering Company first proposed using sodium ions as intercalating guest ions [23].
Polyanion cathode materials, including olivine and NASICON (Na-super ionic conductor)-
like structures, are essential cathodes for SIBs. NASICON-type materials have been widely
developed since their discovery in 1976 by Goodenough et al. [20]. Additionally, the
discovery of LCO by Goodenough paved the way for the development of the first high-
voltage oxide-based Na-ion cathodes: O3-NaCoO; and P2-Naj7C00O1 g4 in 1981 [21]. Then,
after the feasibility of an SIB was demonstrated in a patent filed in October 1987, employing
a P2-NayCoO, cathode, 1 M NaPFg in dimethoxyethane liquid electrolyte, and polymer-
based anodes [21]. Shortly after, Showa Denko and Hitachi filed a patent in November 1987,
detailing a system with an Na,CoO; cathode, NaPF in ether-based electrolytes, and Na—
Hg alloy-based anodes [22]. Prussian blue analogs (PBAs), a type of SIB cathode material,
were developed between 1980 and 1990. Their use as cathode materials for SIBs with a
nonaqueous electrolyte was demonstrated by Goodenough et al. in 2012 [20]. Graphite
was initially considered for use as an anode in SIBs, but this attempt failed because of the
instability and low potential of Na* intercalation. Although solvated Na* can be inserted,
its capacity is insufficient for practical applications. As an alternative, hard carbon (HC),
also known as nongraphitizable carbon, was introduced as anodes for SIBs in 2000 [19].

Besides the contributions of research groups, significant achievements were obtained
by industry leaders. In 2015, Faradion Limited introduced the first nonaqueous SIB system
for e-bikes by using O3/P2-type NaaNij _x—y—,MnyxMgyTi, O, layered oxides as the cathode
and HC as the anode, with an operating potential from —20 to 60 °C. The French company
Tiamat launched its first SIB in 2017 using cylindrical 18,650 cells with HC anodes and
Na3V;,(POy),F3 cathodes with 100-120 Wh/kg energy density. Simultaneously, the Chinese
company HiNa developed power banks with 120 Wh/kg energy density by employing
O3-type Nay[Cu,Fe,Mn]O; layered oxide cathodes [20]. CATL (Contemporary Amperex
Technology Co., Ltd.) has recently discovered a new SIB with a high energy density of
160 Wh/kg for EVs [24]. In 2023, Hina-JAC Battery in China integrated SIBs into EVs [25],
and in 2024, BYD commenced the construction of its first SIB factory [18].

To progress, SIBs must build on successful prototypes and move towards commercial-
ization to catch up with LIBs. Slight differences between the two could help SIBs eventually
outperform LIBs [3]. For example, despite the numerous cathode active materials (CAM)
proposed for SIBs, the evaluation should be performed compared to reference technologies
such as LFP and NMC. Investigating potential CAMs, PBA, and NaFe(SO4)3 seems more
promising with low criticality, costs, and carbon footprint [26]. Since sodium ions (Na*)
have a larger atomic radius than lithium ions (Li*), the volumetric energy density (Wh/L)
of SIBs is inherently lower than that of LIBs. Thus, SIBs are suited for applications that do
not require high energy density, including stationary storage and short- to medium-range
EVs. However, with further technological advancements, SIBs could be comparable to
LFP batteries in specific energy [27]. Na-ion technology has progressed remarkably in
a short time compared to Li-ion technology. Continued improvements will come from
optimizing cell component fabrication and assembly, similar to the developments seen in
LIB technology over the past thirty years [28]. It seems that the SIB system can adopt the
technological development and progress of LIBs, helping it toward a facile and more conve-
nient transition. However, for a thorough commercialization of SIBs and their widespread
application, the challenges must be addressed to make them industrially appealing.
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1.2. Market

The demand for energy is growing exponentially because of rapid technological
progress and the increasing population. As a result, transitioning from traditional fossil
fuels to more sustainable and environmentally friendly alternatives is mandatory. Global
electricity demand rise is expected from 25,000 TWh to 52,000-71,000 TWh by 2050 due
to expanding markets and broader electrification (Figure 3). The transport sector will also
observe a substantial increase in power needs, with passenger EVs reaching 1.3 billion
by 2050. Industrial power demand is likely to double by 2050 with the electrification of
specific processes and increased data center needs. Similarly, building power demand will
double further electrification [29].

Global power consumption by sector across scenarios

m Industry

m Building

m Transport

m Hydrogen and synfuels

00

00 %

Actual in 2000: Actual in 2010: Actual in 2020: Forecast in 2030: Forecast in 2050:

13000 TWh

18000 TWh 25000 TWh 31-36000 TWh 52-71000 TWh-2050

Figure 3. Global power consumption and the demand to meet the global electrification target. Data
was drawn from [29].

SIBs are expected to account for 7% of the worldwide energy storage market and 6%
of the passenger EV market by 2033 [30]. The market share and material composition of
different anode and cathode chemistries are displayed in Figure 4a,b. By 2035, LFP and
LiMnFePO, (LMFP) will emerge as the top cathode chemistries. LMFP, as a cobalt-free
chemistry, is expected to show a high market share and replace LFP and NMC chemistries
thanks to its higher energy density than LFP [30-32]. Systems with high cobalt and low
nickel content, such as NMC333, may become obsolete by 2030. Due to their increased
energy density compared to LFP, manganese-rich chemicals will play a smaller role in the
mid-range market and a larger role in the long-range market. Long-range chemicals with
high nickel content will dominate the market, but their EV market share will drop from
55% in 2023 to 40% in 2040, as manganese-rich and LFP/LMFP systems take their place.
After 2030, SIBs are expected to grow their market share to approximately 10% by 2040.
Silicon-doped graphite is expected to exhibit a growing share in the anode section, with a
tendency toward greater silicon contents for entirely silicon anodes. After 2035, lithium
metal will have a significant market share due to the growing use of solid-state batteries
and sophisticated liquid electrolytes in long-range automobiles. A sizeable portion of the
EV market is composed of HC anodes for SIBs [30].
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Figure 4. (a) Material content in alternative anodes and cathodes in EV batteries in 2022. (b) Sale share
in cathode and anode chemistries, 2018-2023. Low-nickel chemistries are comprised of NMC333
and NMC532, whereas high-nickel ones are NMC622, NMC721, NMC811, lithium nickel manganese
cobalt aluminum oxide (NMCA), and lithium nickel cobalt aluminum oxide (NCA). Si-Gr means
silicon-doped graphite with a percentage share of silicon. Sales share is measured based on capacity.
With permission from [33] for (a) and [34] for (b).

The uptake of EVs is expected to be driven by the Chinese market, with local man-
ufacturers like Chery, BYD, and JAC being the only ones to announce models featuring
sodium-ion cells publicly [32]. IEA expected a 10% contribution of Na-ion cells in the EV
battery sales [1]. Leading battery makers, including CATL and Northvolt, have already
announced their Na-ion cells. However, the progress of this chemistry, mainly due to its
price advantage over the Li-ion counterpart, was delayed in projected plans by the fall
in lithium prices [34]. Several companies have commercialized SIBs, i.e., Faradion in the
UK, CATL in China, Tiamat in France, and Natron in the United States [27]. CATL has
developed SIBs with an estimated cost of 30% less than LFP batteries despite lower energy
density (75-160 Wh/kg compared to 120-260 Wh/kg). Nearly 30 SIB plants are considered,
mainly in China, to provide over 100 GWh capacity compared to the 1500 GWh capacity of
LIB plants [33]. Tiamat plans to open an SIB gigafactory in Amiens in 2026 to produce SIBs
mainly for power tools [35].

Several carmakers have announced Na-ion electric cars, such as BYD’s Seagull with a
300 km range priced at 11,600 USD and the Sehol EX10 from the VW-JAC joint venture with
a 250 km range. While slightly more expensive than the cheapest small EVs like the Wuling
Mini (5000-6500 USD, 170 km range), these models are more inexpensive than comparable
options like BYD’s Dolphin, which costs over 15,000 USD for a similar range. BYD will
utilize SIBs in all models below 29,000 USD. Hence, Na-ion EVs will hit the market by
2023-2024 with a technology readiness level (TRL) of 8-9. In 2022, Na-ion technology
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received TRL 6, with a jump from TRL 3—4 in 2021 [33]. Figure 5 summarizes a compilation
of commercial battery cell manufacturers for LIBs and SIBs.

Lithium-ion Sodium-ion
Batteries Batteries

Cell Manufacturers Cell Manufacturers
e =]

._
- A123 Systems LLC Aquion Energy
Amara Raja Batteries Altris AB

BYD Company AMTE Power

Hitachi Chemical Co. CATL
] I |
L.G.Chem Faradion Limited ‘
& & 8
Panasonic Corporation HiNa Battery Technology Co.
] st e R SRS - R R B M )

Natron Energy
[

Novasis Energies
Tesla Inc. 1?’ i Sharp Laboratories
Toshiba Corporation Tiamat Energy

Northvolt

Figure 5. Major cell manufacturers of sodium-ion and lithium-ion batteries [18,36,37].

2. Supply Chain and Material Demand
2.1. Chemistry Evolution

Figure 6 shows the final cell pricing derived for three distinct battery chemistries. The
LFP battery has the greatest storage capacity price per kWh (229.3 €/kWh), followed by
the SIB (223.4 €/kWh). The NMC-type LIB is the cheapest (168.5 €/kWh), owing to its
high energy density. The material costs account for 37% to 42% of the finished cell price,
with a further 18-19% representing investment expenses (depreciation). These figures are
much lower than those reported by Vaalma et al. [38], who compared the material prices
of an 11.5 kWh SIB and LIB. However, Vaalma et al. did not evaluate the battery at the
cell level; instead, they evaluated it as a complete battery pack. The additional peripheral
components and decreased energy density increased the cost per kWh of storage capacity.
When material costs are calculated without the cell hardware, figures in the same order
of magnitude are found, with the main cause for the variances being the varied energy
densities of the modeled batteries and variable cathode compositions. The manufacturing
plant (including R&D) provides 32-35%. Naturally, these (and thus the final cell price)
depend highly on plant size and annual throughput. This is one of the reasons for the wide
range of prices reported in the literature, with values ranging from 145 to 289 €/kWh for
NMC and 225 to 303 €/kWh for LFP [39].
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Figure 6. Cell costs per kWh of storage capacity are broken down to battery components and materials
compared with SIBs. With permission from [39].

Nevertheless, future research should aim to develop advanced anode and cathode mate-
rials with higher capacities and voltages to achieve specific energies near 200 Wh/kg [40-42].
The main concern in the anode part comes from the low effectiveness due to the Na ion’s
large size and consequent sluggish kinetics. Carbon-based anodes are the most promising
due to graphite’s commercial use in LIBs. However, graphite shows limited capacity in
SIBs, forcing research toward alternatives like expanded graphite, nongraphitic carbon
nanomaterials, and metal-organic frameworks (MOFs). These alternatives often rely on ad-
sorption, intercalation, and pore-filling [43]. Innovative composites like Sn/C/Ni nanorods
accommodate significant volume changes during sodium intercalation [44]. Engineering
morphology can improve performance, doping to create more storage defects, and using
ether instead of ester electrolytes [43]. Research into improved electrolytic systems is
needed to enhance SIB’s performance at high charge-discharge rates across a wide tem-
perature range, ensuring long cycle life and shelf life for energy storage applications. The
electrolytes range from aqueous solutions, which lower operational voltages and stabil-
ity, to ionic liquids and organic mixtures that offer wider electrochemical windows and
enhanced stability [44]. Ester-derived electrolytes are widely studied, allowing for compar-
isons across numerous publications. Fluorinated salts like sodium hexafluorophosphate
(NaPFg) or sodium bis(trifluoromethylsulfonyl)imide (NaTFSI) are recommended [45].

Like LIBs, the separators in SIBs are designed for efficient ion movement, whereas
specific modifications are required to adopt the unique chemistry of sodium ions [44].
Polyether ether ketone (PEEK) and polyolefins are the best insulators, while fiberglass
filters can serve as inexpensive separators. As a current collector, aluminum foil must
be used for both electrodes, as it does not alloy with sodium. In binders, switching
from polyvinylidene fluoride (PVDF)/N-methyl-2-pyrrolidone (NMP) to water-soluble
binders (carboxymethyl cellulose (CMC), styrene butadiene rubber (SBR), poly(acrylic
acid) (PAA), and sodium alginate (Na-Alg)) is advised for better performance, lower cost,
and environmental benefits [45]. Possible chemistries for LIB and SIB components are
summarized in Table 1.
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Table 1. Alternative materials in battery components and their related characteristics and properties.
LMO: lithium manganese oxide, LNMO: lithium nickel manganese oxide, LTO: lithium titanium oxide,
EC: ethylene carbonate, DEC: diethyl carbonate, DMC: dimethyl carbonate, and EMC: ethyl methyl
carbonate, PE: polyethylene, PP: polypropylene, THF: tetrahydrofuran, HFP: hexafluoropropylene.

Batteries Component Materials Principle Characteristics Specific Capacities/Properties References
Various structures (olivine for
Cathodes ~ 1FPLCONME NCA MO, L bp layered for NCA, NMC, N & L & [46,47]
LCO; spinel for LMO, LNMO) & &
High stability with graphite;
Anodes Graphite, silicon, lithium high capacity but volume Graphite~372 mAh/g, silicon~3597 mAh/g, [48-51]
metal, LTO expansion with silicon; fast LTO 175 mAh/g, Li metal 3860 mAh/g
LIBs charging with LTO
Lithium salt like LiPFq in a e i .. 3 1n-2 .
Electrolytes mixture of EC, DEC, DMC, EC sp;([)guflsrrii)(ﬁ\;f:;,s hf)};tum Li Conductlvltytl() —10tu S/cm at ambient [52-55]
and EMC or solid electrolytes P emperature
. Mechanical strength, thermal
Separators Polyolefmls (PE, PP), gel resistance, enhanced ion Porosity 40-60%, pore size <1 pm [54,55]
polymers movement
Na0,44Mn02, NaCI'Oz,
NaFeO,, NaFeSOy, . . Nap.4MnO;: 121-130 mAh/g
Cathodes Na3V,(POy)s, NaFeFs, hé\feﬁt?gi{;‘i‘gg?ﬁ A NaCrO;: 120 mA h/g NaFeqsMng50,: [38,54,56,57]
NaMnFe(CN)s, phosphates, ' 110 mAh/g
Nay.45Nip22C00.11Mng,6602
HC for stability; Sn/C/Ni
HC, (Sn/C/Ni) nanorods, nanorods for volume changes; . ..
SIBs Anodes antimony /carbon high capacity and cycle life HC: 220mA h/g Sn/C/Ni: 730 mA h/g (38,586,591
with antimony /carbon
Sodium salts of NaClOy,
NaPFg, or NaTFSI in Good conductivity and L . N 6
Electrolytes polycarbonates, THE, thermal stability Fast ionic mobility for Na* (5 x 107° S/cm) [38,51,60,61]
Triglyme
Polyolefins (PE, PP), Good mechanical properties, . e .
Separators nonwoven hybrid effective Na* movement with Porosity 40-60%, pore size <1 pm for PE, [62,63]

PVDF-HFP | SiO;, cellulose

inhibited dendrite formation

porosity 49.9%, pore size >4 um for cellulose

2.2. Resources and Supplies

Sodium is a promising substitute for lithium in battery systems due to its chemical and

physical similarities to lithium. Sodium and lithium are present in varying concentrations
in seawater and the Earth’s crust. Understanding lithium and sodium ore’s geological
distribution and processing is paramount for sustainable and efficient resource utilization.
Sodium ores present a significant contrast to lithium in abundance and diversity. Despite
comprising only 0.002% of the Earth’s crust, lithium is a critical component in high-density
batteries. Its ores, such as spodumene (LiAl(S5iO3)y), petalite (LiAISi4O1p), and lepidolite
(K(Li, Al)3(AlL Si)4O19(F, OH),) (Figure 7), are extensively mined and processed to meet
the escalating demand, primarily driven by the EV market and portable electronics indus-
tries [64-68]. Cobalt is among the least abundant metals (25 ppm), while nickel is relatively
more abundant at 84 ppm in the earth’s crust [36].

On the other hand, sodium is the sixth element abundant in the Earth’s crust, with
a 2.3% mass contribution. Halite (NaCl), also known as rock salt, along with soda ash
(NapCO3), trona (Naz(HCO3)(CO3)-2H,0), and several others are the main. Soda ash, for
instance, is utilized in glass, detergents, and chemical compound manufacturing [69-71].
Typical features of sodium and lithium are brought for comparison in Table 2. With a
3.0-3.6 V voltage and a 100-150 Wh/kg energy density, SIBs exhibit much lower perfor-
mance metrics than LIBs [70,71]. Still, they are notably safer, reducing the risk of thermal
runaway. They reveal 1000-3000 cycle lives, perform well across various temperatures, and
utilize environmentally friendlier materials [72].
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Figure 7. Lithium and sodium abundancy and ores [69-71].

Table 2. Comparative analysis of various features in sodium vs. lithium.

Property Lithium Sodium References
Cation radius 0.76 A 1.06 A [72,73]
Ionic radius 0.68 A 098 A [72,73]
Density 0.534 g/cm3 0.97 g/cm? [72,73]
Capacity 3829 mAh/g 1165 mAh/g [72,73]
i;e}li?frd electrode potential vs. 0V 03V [72,73]
Ligand arrangement preference (Oljz?[}lfgi‘j)l (LiC00,), Tetrahedral (?\;:;:};ei;lz)al (NaCl), prismatic [72,73]
Reactivity with water g(l)cc)lx;\ﬁilr,l less vigorously than stlc(‘;sd Zigorously, can ignite or [72,73]
Abundance in Earth’s crust 20 ppm 23,000 ppm [72,73]
Cost 5000 USD/ton 150 USD/ton [72,73]
Average voltage 3.6-42V 3.0-3.6V [70,71]
Energy density 150-250 Wh/kg 100-150 Wh/kg [74,75]
Cycle life Potential to above 3000 cycles 1000-3000 cycles [76-78]
Charge/discharge efficiency High, approximately 90% or more fiisgis}l}tgzclgwer due to internal [79]
Temperature sensitivity High Low [80]
Charging speed High Slow [77,79]
Safety Higher risk of thermal runaway Safer, less prone to thermal [80,81]
runaway
Applications Consumer electronics, EVs Grid storage, short-range EVs [82]
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2.3. Comparison of Material Demand for LIBs and SIBs

The demand for LFP cathode chemistries is forecasted to be approximately 3.1 million
ton (Mt) by 2035, over 13 times higher than in 2021 [83]. Global battery demand will
reach approximately 1000 GWh annually by 2025 and exceed 2600 GWh by 2030. While
expanding LIB production is an option, the limited minerals could hinder long-term
development. Raw material demand is likely to grow by 2030, with an impact on four
critical metals: lithium (6x), cobalt (2x), class 1 nickel (24x), and manganese (1.2x) [84].
The uneven distribution of resources makes the supply chain more vulnerable. Currently,
most lithium is mined in Australia and China, but by 2030, Africa and North America will
supply 30% of mined lithium. Nickel demand will also surge while the supply remains
concentrated in Asia. Even new technological developments in recycling relying on urban
mining could only propose 157,000 tons of lithium carbonate equivalent in 2030 to meet
just 7% of overall demand. However, nearly 2 Mt will be recycled annually by 2050 [85].

Layered sodium nickel-manganese-iron (NMF) oxide was invented from NMC con-
cepts in ANL for SIBs with efficient sodium insertion and extraction. This cobalt-free
formula alleviates the demand for this scarce, expensive metal. Sodium, with more abun-
dance than lithium and easy mining, affects the cost per kilogram of battery material. The
suggested formula is neither susceptible to price fluctuations nor disrupted in the supply
chain. Thus, the price will be one-third less than LIBs, making it a more sustainable energy
storage solution [86]. Cobalt scarcity is more problematic given the required expansion
scale of LIBs to meet the projected demand in the transportation and electricity sectors. A
published work in 2017 mentioned doubling the price of elemental cobalt in only a year to
50 USD/kg due to the expansion in battery demand [87].

In contrast, SIBs have less susceptibility to the supply chain and element price because
of their nonexpensive abundance of elements. However, SIBs are currently estimated to be
1.33 times more expensive for grid-level storage than LFP batteries for a 250 kW, 2-h system.
Based on current data, this estimate could change if LFP battery costs are affected by their
increased use in EVs. Assuming the 1.33 scaling factor remains constant for a 100 MW,
10-h system, SIBs would cost 215.88 USD/kWh compared to 162.32 USD/kWh for LFP
batteries. Developing a solid-electrolyte industry to supply materials like 3”-alumina and
NaSICON could streamline Na battery production. However, the immature and small-scale
manufacturing and supply chain ecosystems are challenging. Limited manufacturing
volumes discourage material suppliers from increasing production, which raises costs and
restricts Na battery manufacturing [88].

3. Commercialization for Practical Applications

The field of battery technology is changing in response to increasing costs and supply
chain challenges facing LIBs, which have been the primary choice for portable energy stor-
age devices and EVs. There is a growing need to consider alternative battery technologies,
like SIBs. This section thoroughly examines the aspects of commercialization and the future
outlook of both SIBs and LIBs. We compared critical factors affecting their adoption and
the impact on global energy systems, specifically applications in transportation, portable
electronic devices, and stationary storage. Through this comparison, we demonstrated the
SIB’s potential for sustainable energy storage solutions.

LIB or SIB’s employment and share in EVs, portable electronic devices, and stationary
storage depends on several critical parameters: infrastructure, cost, energy density, cycle
life, charging rate, and safety. Infrastructure becomes crucial as it enables the rapid and
cost-effective industrialization of new battery technologies. The compatibility of SIB manu-
facturing with existing LIB infrastructure enhances feasibility [89] and reduces costs with
minimal investment. Cost-effectiveness is crucial to encouraging broader adoption and
scaling up manufacturing. Energy density affects how much power can be stored in a given
volume and defines the portability of devices and the range of EVs. Cycle life is attributed
to the lifespan and replacement frequency of batteries. The charging rate is essential for
user convenience. Lastly, safety is critical to preventing accidents due to battery failures,
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which significantly impact consumer trust and regulatory approval. Accordingly, we will
investigate SIBs and LIBs in detail to evaluate these critical metrics and their suitability for
commercialization.

3.1. Scale-Up and Infrastructure

The manufacturing processes for SIBs are strongly compatible with existing LIB pro-
duction lines compared to lithium—sulfur batteries (LSBs) and sulfuric and oxide-based
solid-state batteries (SSBs). Figure 8 illustrates the battery cell production for different
battery technologies. While SIB and LIB’s production steps are identical, anode production
for lithium-sulfur, solid-state, and lithium-air batteries requires an inert gas or dry room
atmosphere due to the metallic lithium and laser application for cutting, slitting, and con-
tacting steps. This compatibility comes from similar fundamental electrochemistry and cell
designs, which allow using the same production facilities and equipment. Specifically, the
electrode production, cell assembly, and conditioning are similar. This similarity enables
the utilization of existing manufacturing capacities and reduces investments. Thus, the
transition to SIB production is becoming economically possible for manufacturers already
producing LIBs [89]. Additionally, less expensive and more abundant raw materials influ-
ence the scale and location of manufacturing facilities due to variations in material supply
chains and costs [38]. Nevertheless, more cells (assuming identical geometry) must be
produced to store the same energy in kWh. This results in higher processing costs due to
the need for additional machines to be acquired, installed, and operated. As a result, there
has been a reported increase in processing costs of approximately 15% [89].
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3.2. Cost

Battery pack’s cost is high, mostly in the case of EVs. The cost structure of battery
electric vehicles (BEVs) is different from that of internal combustion engine vehicles (ICEVs).
Battery expenses can contribute to up to one-third of overall vehicle prices (Figure 9). The
cost of a battery in a compact ICEV is comparable to a BEV with a 50 kWh battery. In 2020,
an ICEYV is still much cheaper than a BEV, but by 2030, declining battery prices will reduce
the price difference to just 9%. The EV traction battery is given special attention because
it is the critical component of the BEV’s powertrain. The total vehicle cost structure is
presented in the figure. We consider other vital components besides electrification because
driving function automation is a potential development in the automotive industry for
driver assistance systems or autonomous driving [90].
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Figure 9. Cost structure of current and future BEVs compared to ICEVs. With permission from [90].

3.2.1. Materials Costs

In the near future, the expenses associated with Na-based batteries are anticipated to
be lower than those for LIBs. This expectation stems from the fact that sodium is the Earth’s
fourth most abundant element, and sodium salts are more stable, making their preparation
easier when compared to lithium salts [91]. The sodium concentration in the earth’s
crust and water is 28,400 mg/kg and 11,000 mg/L, respectively, in contrast with lithium,
with 20 mg/kg in the earth’s crust and 0.18 mg/L in water [92]. Due to the utilization
of widely available sodium (5000 USD/ton compared to 150 USD/ton for Li sources,
Table 1), cobalt-free electrode materials, cost-effective electrolytes, and readily accessible
anode materials, SIBs have become appealing to battery manufacturers, reducing expenses.
Lithium carbonate prices will rise due to higher demand than the supply capacity [36].
During 2023-2024, sodium carbonate (soda ash) and lithium carbonate experienced frequent
price changes. The average US sodium carbonate cost was 180 USD/ton in 2023 [93].
The annual average US price decreased by 32% from 2022 to 46,000 USD/ton. Lithium
carbonate prices in China dropped from approximately 76,000 USD/ton in January 2023 to
approximately 23,000 USD/ton in November 2023 [93]. However, lithium carbonate prices
increased by 16,590 USD/ton in 2024 due to high demand from the EV sector [94].
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The cathode materials account for approximately 32% of Li-ion batteries’ total cell
construction cost [95]. The rise in expenses for advanced technologies has exceeded the
growth in performance based on market prices. For instance, upgrading from NMC532 to
NMC811 resulted in an approximately 18% increase in specific capacity at a material level
but also led to a 38% increase in total cost per kilogram [96]. This upgrade underscores
the importance of either eliminating or reducing these cathode elements. Several SIB
companies have opted not to use expensive materials such as Co (and naturally Li). Instead,
they are basing their technologies on more abundant elements like Na, Mn, Fe, Ti, and Mg
while reducing the amount of elements such as Cu or Ni [97]. An analysis additionally
examines the impact of cathode materials on the cost. The SIB achieves a cell price of
223 EUR/kWh, while the LFP and NMC batteries reach 229 EUR/kWh and 168 EUR/kWh,
respectively [39].

In the anode part, although HC is relatively more costly than traditional graphite
anodes, this challenge can be overcome by producing HC from renewable, ecofriendly,
biowaste materials. Organic waste and fossil coke precursor materials have the potential
to yield cost-effective HC [39]. Other active materials of biomethods in low-cost and
environmentally benign strategies, e.g., natural protein-derived active materials, are also
promising for the sustainable energy storage devices. These renewable and low-cost natural
resources in versatile bio-macromolecules rich in amino acids, functional groups, and
heteroatoms, greatly enhance the performance of sustainable energy storage devices [98].
Based on the reports regarding the percentage of anode cost in the total battery cost, anode
cost in SIBs will account for 36% in the short term (2023-2024), decreasing to 31% in the
medium term (2025-2028) and further to 19% in the long term (2029+). In contrast, in
LFP-based LIBs, anode costs will constitute 13% in the short term, increase slightly to 15%
in the medium term, and rise to 17% in the long term [99].

3.2.2. Battery Components

The primary expense in LIBs comprises the cost of the cathode, anode, collectors,
separator, and electrolyte [100]. In contrast, a range of essential supplementary components,
including separator, conductive agent, binder, and case, are included in the cost [101,102]
(Figure 10). Substituting copper foil with aluminum as the anode current collector in
SIBs significantly influences the cost structure. For example, for cells composed of LMO-
synthetic graphite materials, the cost contributions of aluminum and copper as current
collectors are 2.7% and 11.6%, respectively. This substitution results in a 55% considerable
mass decrease. Consequently, BatPaC calculations show that this material exchange is
projected to lower the cost by 8.7% relative to the reference cell materials [38]. Using lighter
and less expensive aluminum instead of copper reduces inactive materials in SIB full cells.
This leads to a higher energy density, which prepares the SIBs for use in passenger and
commercial EVs. Substituting lithium with sodium only results in a slight cost reduction
from 16.1 to 15.8 EUR/L, which has minimal impact on the final cell price [39].

3.2.3. Indirect Parameters

SIBs could be more cost-effective for transporting battery cells than LIBs [103]. SIBs
can be safely discharged to 0 V or 0% state of charge (SOC) and even stored and transported
in a shorted state, enhancing safety and reducing manufacturing and transportation costs.
This is possible because SIBs use aluminum current collectors, which do not oxidize like
the copper collectors in LIBs. In contrast, Li-ion cells cannot safely be discharged near 0 V
without risk of oxidation and potential damage. Consequently, LIBs must be transported at
approximately 30% SOC according to international regulations, adding to their cost and
reducing safety during transportation [104].
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Figure 10. Cost comparison of model sodium-ion and lithium-ion batteries. The model systems are
7 kW, 11.5 kWh batteries with calculated cell material costs for the reference LMO-sG battery and a
theoretical LMO-sG battery in which the copper foil is replaced with aluminum foil and lithium is
replaced with sodium. Data was drawn from [38].

Sodium is larger than lithium and has a higher molecular weight (Mw). This larger
size and weight could potentially reduce theoretical energy density and increase cell-level
costs [104]. Another approach that can lead to cost reduction involves the addition of
electrolyte additives to the electrolyte. With any improvement in the SEI layer, this method
can influence the cycle life, thereby potentially reducing the costs associated with battery
production [105]. For example, ZSM-5 nanozeolite, a low-cost additive for SIBs, improves
cycle life and capacity retention from 40% to 62% after 480 cycles [106]. In LIBs, a study on
dioxolone derivatives revealed a 30-40% improvement after 400 cycles at a 1C charging
rate [107].

As SIBs have a lower energy density than LIBs [108], assessing the cost per kWh is
crucial for commercialization. A cost analysis performed on 18650-type SIB cells calculated
a final price for the NMO-HC setup at 252 USD/kWh in comparison to 258 USD/kWh for
LFP-type LIB and 190 USD/kWh for NMC-type LIB [39]. In another study [109], the BatPac
model was developed by ANL to determine the capital cost of a 53 kWh SIB battery pack
(Nag g7Fep5Mng 50, /HC) at 5925 USD, which is closely comparable to the 5875 USD cost
of a similar LIB battery pack (Lij 05(NipsMng2C00.2)0.9502 (NMC622)/ graphite). Figure 11
schematically represents the comparison of cost factors. If successfully developed on a
large scale, SIBs could be priced up to 20% lower than existing technologies and fit into
compact EVs and stationary storage systems. The development and economic advantages
of SIBs are intricately associated with the price of lithium. Presently, its low cost is deterring
investments in sodium-ion technology and postponing expansion efforts. Additionally,
supply chain challenges for high-quality cathode and anode materials tailored to SIBs could
hinder short-term expansion efforts [110]. Another competitive edge of SIBs compared to
LIBs is the supply chain for HC, which results in higher costs for anodes.
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Figure 11. Competitive advantages in commercialization cost factor of SIBs and LIBs. The circle’s
radius highlights the intensity of the advantages of each parameter. The figure is schematically
produced based on the [90,93,102,107,110,111].

3.3. Low-Temperature Performance

The use of batteries in cold conditions, such as in EVs, space applications, or stationary
storage in some countries, is hindered by their poor performance at low temperatures.
SIBs offer a wider temperature range than LIBs due to their low melting point and high-
temperature stability as electrolytes, such as propylene carbonate versus ethylene carbonate
in LIBs [112]. Thus, high-capacity utilization is possible at extremely low temperatures,
down to —40 °C. The wider temperature range of SIBs offers use in environments with
extreme temperatures [113,114]. LFP-based LIBs demonstrate a significant reduction in
capacity at temperatures as low as —20 °C, with capacity falling to less than 50% due to the
sluggish electrochemical reactions and high internal resistances at low temperatures [115].
A study comparing spirally wound full-cells composed of Lig1Nag7CogsMngs0O, (or
LipgCog5Mng50,) and HC revealed that the power output of SIB at —30 °C is approxi-
mately 21% greater than that of LIB. SIB also exhibited capacity retention in cycle testing
at 0 °C of approximately ~53%, compared to only ~29% for LIB [116]. In addition, using
inorganic antifreeze additives has effectively lowered the electrolyte’s freezing point and
improved ionic conductivity and stability over numerous cycles. When tested at —30 °C,
cycling stability of 6000 cycles with no obvious capacity decay was achieved [117].

3.4. Fast Charging

The Advanced Battery Alliance of America determines the benchmark for fast charging
of an EV as achieving 80% battery capacity in just 15 min [118]. The current LIBs used
in EVs face challenges, such as lithium plating on the anodes and cathode instability.
These issues affect fast charging, especially in cold temperatures, reducing range, and
slower charging. As a result, it is crucial to focus on designing electrodes, electrolytes, and
interfaces to achieve reliable fast-charging capability [118]. For example, activated graphite
demonstrated improved rate capability for anode improvement, reaching a capacity of
209 mAh/g at 10 C compared to the pristine graphite’s 15 mAh/g. This enhancement is
linked to a pseudocapacitive lithium storage behavior. Additionally, activated graphite
can achieve 82% and 96% SOC within 6 and 15 min when paired with LFP in a full-cell
configuration [119]. Expanded graphite displayed a high specific capacity of 185 mAh/g at
a fast charging rate of 1000 mA /g after 500 cycles [120]. As mentioned, the graphite anode
is the primary reason for the limited fast-charging capability of LIBs.
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On the other hand, SIBs utilize a different Na ion storage mechanism within HC
anodes. The functional surface and porous structure of graphitic nanodomains in HC
anodes improve charge transfer properties when compared to Li-ion in graphite. As a
result, it is essential to identify effective cathode and electrolyte materials for SIBs to enable
practical fast charging. Tiamat has demonstrated impressive power performance with its
18,650 SIBs featuring NVPF/HC chemistry by maintaining over 90% capacity at a discharge
rate of 20 C [121,122]. SIBs inherently offer higher fast charging abilities than LIBs, thanks
to the specific combination of an HC anode utilized in all high-capacity Na-ion cells and
the improved kinetics of Na-ion electrolytes overall [123]. Thus, in recent advancements,
the significance of fast charging for battery applications in EVs, portable electronics, and
stationary storage systems has been emphasized. Rapid charging enhances convenience
with an extended driving range for EVs. For portable devices, fast charging is crucial for
user convenience, reducing the time spent connected to charging devices. In stationary
storage, it enables quicker energy storage during low-demand periods to manage peak
loads properly.

3.5. Recyclability

The pivotal issue concerns the cost-effectiveness of lithium recycling in the foreseeable
future. As the production of large battery modules escalates, uncertainties in lithium
supply may inflate the costs of LIBs. Currently, the LIB industry consumes one-third of
the globally produced lithium. Additionally, the availability of other critical raw materials
for LIBs, particularly cobalt, is threatened by market fluctuations driven by political and
environmental factors. Manufacturers will not need alternatives if LIBs can be fully recycled
and a circular economy is established. As for sodium, there will be no pressure for “low-
cost recycling” because Na is easily obtained by evaporating seawater (11,000 mg/L in
seawater) [92]. Therefore, sodium-based batteries present a viable solution for the mass
production and assembly of large modules [103]. However, the recyclability must be
considered due to the environmental issues.

4. Challenges and Issues
4.1. Energy Density and Capacity

The replacement of lithium with sodium in a battery seems straightforward at first.
Still, some parameters are considered, such as reactions in the electrode and the redox
behavior of lithium or sodium electrodes. The aim is to decrease cost while maintaining
or improving energy density, safety, cycle and calendar life, and low-temperature toler-
ance. Overall, the energy density of LIBs has continuously increased by approximately
7-8 Wh/Kg per year. The values slightly exceed 300 Wh/kg [124]. The Naion (r =1.02 ¢,
CN = 6) is larger than the Li ion (r = 0.59 ¢, CN = 4) [125], and the less polarizing size
and polarizing nature of the Na ion affect the phase behavior and diffusion properties
compared to the Li ion. Na ion also has a lower desolvation energy, approximately 30%
less than lithium, which affects the reactions at the electrode-electrolyte interface, and the
charge transfer resistance is small for SIBs [126]. LiCrO, and NaCrO, both possess quite
similar crystal structures, but the former is inactive in Li cells while the latter is active in
Na cells [127]. In both positive and negative electrodes, the intercalation potentials of Li*
and Na* are highly structure-dependent, but for given intercalation hosts, they are lower
for sodium than for lithium.

Sodium has a smaller cohesive energy than lithium, which should enable higher cell
voltages by 0.53 V. However, Na* intercalation into a fixed positive electrode is less en-
ergetically favorable than Li* intercalation, which is one of the drawbacks of SIBs [128].
Developing new cathode materials with abundant active sites and ionic channels is crucial
for high-energy-dense SIBs. Transition metal oxides, polyanionic compounds, and ferro-
cyanides are promising options with favorable electrochemical properties. SIBs have a
lower energy density than LIBs due to the atomic weight of Na* ions and the structural
requirements for sodium accommodation. Certain materials exhibit high-rate capability
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and a stable cycle life of up to ten thousand cycles. NaVOPO,, Na,MnFe(CN)g, and
Na,CoFe(CN)g achieve energy densities of approximately 500 Wh/kg, comparable to some
LIB materials. Layered oxide cathode materials offer unique sodium storage characteris-
tics with a theoretical capacity of 230-250 mAh/g. However, their multiphase transition
reactions and complex metal doping/substitution make them more complicated than other
materials [129].

SIB cathodes include Prussian blue and its analogs, which show reversible capacities of
80-120 mAh/g in Na half-cells at 3-3.5 V voltages. However, they have the drawback of low
density, providing lower volumetric energy densities for SIBs compared to transition metal
oxide cathodes with the same specific capacity [41]. PBAs face issues of moisture sensitivity
and limited reversibility when cycling more than one atom of sodium per formula unit,
leading to capacity fading. This is often due to the limited electronic conductivity, water
presence, and phase transitions of highly sodiated compounds [97]. Layered materials such
as P, and O3 have potential as Na-ion cathodes. There are variations in electrochemical
performance due to cation permutation. The notations P,, O3, and P3 describe the crystal
structures adopted by Na-ion cathode materials, denoting the coordination of Na-ion
sites between metal-oxide sheets. Due to their unique sodium-ion environment, P2-based
sodium batteries offer better power performance than LIBs. O3-based systems provide the
best battery capacity and performance. Over-sedation may lead to further improvement in
performance [124,129].

The layered oxides utilized in SIBs have a distinctive P-type characteristic. In this type,
the sodium ions in the alkali metal layer occupy prismatic sites, resulting in exceptional
specific capacity and high-rate capabilities [130]. Layered NayMO; has a higher energy
density and is suitable for high-energy devices. Due to sodium deficiency, O3-type materials
are more practical, but phase transformation and air sensitivity hinder their application.
Layered NaxMO, compounds with sufficient cycle life, energy density, and air stability are
required. High-performance Os-type or mixed P-/O-type materials are preferable with
low-cost and nontoxic elements such as Fe, Mn, and Cu [124,130].

Na3V,(PO4),F3 (NVPF) compound is a promising battery cathode material due to its
crystal structure that allows Na* ions fast diffusion. It can release two Na* per formula
unit at an average potential of 3.9 V with a specific energy of 507 Wh/kg, comparable to
LEFP. This report suggests a way to improve the energy density of NazV,(POy4),F3 batteries
by 14% while maintaining good cycle life and rate capabilities. Moreover, it indicates that
the low insertion plateau is a practical measure for designing SIBs that do not suffer from
performance degradation even when discharged to zero volts [131]. Tiamat’s prototype cells
using NVPF/HC chemistry achieved 122 Wh/kg at 1C rate with high power rate capability
and long cycling life. However, toxic vanadium is a drawback, and scientists are exploring
alternatives like less toxic and abundant 3d metals (Mn). To resolve a volume change and
consequent structural degradation during long-term cycling in sustainable Fe-/Mn-based
P,-type cathode, researchers introducing vacancies into the transition metal layer of P;-
Nag 7Fep1Mng 7500150, (‘11" represents a vacancy). The result shows this cathode design
enables pouch cells with energy densities of 170 Wh/kg and 120 Wh/kg to operate for over
600 and 1000 cycles, respectively [130].

4.2. Environmental Impact

SIBs are known for their eco-friendliness and avoidance of using rare or critical mate-
rials. It is currently challenging for SIB to match LIB in terms of global warming potential
(GWP). However, ongoing efforts to reduce greenhouse gas emissions associated with SIB’s
production are expected to help them become more competitive with LIB’s. Raw materials
and energy sources for processing will play a significant role in the overall GWP of future
battery cells, potentially outweighing considerations of cell chemistry. SIBs using abundant
materials like NaMMO (Nay/3(Mng95Mgp 05)O02), NaPBA (NayFe[Fe(CN)g]), and NaN-
MMT (Naj 1(Nig3MngsMgp 05Tip.05)O2) are a better choice, as they do not rely on critical
materials, and have a positive life cycle that outperforms LIBs. NaMVP (Nag;MnV(POy)3)
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cells have some unfavorable results, which can be partially attributed to specific vana-
dium production processes. However, alternative sourcing methods can help mitigate this
issue. SIBs generally cause higher acidification potential impacts because of the anode
active material, HC, which usually comes from petroleum coke [132]. While this material
has good environmental performance, the lack of specific sulfur dioxide (SO,) abatement
technologies in the process needs further attention. Figure 12 provides information on the
potential environmental impacts of producing 1 kWh of battery cell capacity [132]. SIB coin
cells have much lower energy densities (0.1-0.4 Wh/kg) and consequently, a much higher
environmental impact, with approximately 56,000 kg COseq/kWh for lab-scale scenarios
and approximately 5200 kg COseq/kWh for industrial-scale scenarios [133].
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Figure 12. Environmental impacts per kWh of a battery cell in manufacturing. With permission
from [132].

In assessing SIBs employing Tij Al; TiCq g5 MXene as anode material (1 kg of produced
battery), SIBs exhibit the same COyeq emission as LIBs. However, regarding resource
utilization and the impact of minerals and metals, SIBs demonstrated a 20% reduction.
Nonetheless, until SIBs attain comparable energy density and efficiency during electrode
production, LIBs will persist as the primary environmentally friendly choice. Although
SIBs present potential as a sustainable substitute with diminished geopolitical supply risk,
further investigation is imperative to mitigate natural resource consumption and production
expenses [134]. Another study revealed that the production of reduced graphene oxide can
generate emissions ranging from 1060 to 2360 kg CO5¢q/kg. In comparison, the synthesis
of graphene oxide may yield emissions between 217 and 501 kg COzeq/kg [135]. In the
evaluation of a Na3V,(POy4)3/Na half-cell setup, global warming potential ranges from
423.9 to 1380 kg COpeq/ kg (539.8 to 1622.1 kg COseq/kWh) of the cathode. Introducing
essential carbon additives to Na3zV,(POy)3 can strike a favorable equilibrium between CO,
footprint and storage capacity [136]. Cathode materials constitute over 50% of carbon
emissions in making LIBs, but not so much for most SIBs, especially Na-S and Na-PBA
batteries, where cathode production emits very little carbon. The Na-PBA battery has the
highest carbon emissions at 130.05 kg COgeq/kWh due to its low energy density. NaMMO
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battery has the lowest carbon emissions at 8.47 kg COpeq/kg and 63.45 kg COzeq/kWh due
to its low input of heavy metal materials and energy in manufacturing. SIBs have a lower
environmental impact than LIBs regarding human toxicity potential, land use, and mineral
and metal values [137]. Analyzing the climate impact shows that from 2020 to 2050, the
climate impact of SIBs decreased by 43-57%. The contribution of the battery manufacturing
process will decrease from 18-32% to 2—4% due to the increasing share of clean energy in
the electricity grid [27].

4.3. Sustainability

The significant advantage of SIBs is sustainability, which is essential for a world striv-
ing to be free of carbon-based energy sources. We can foresee SIBs with hard-carbon anodes
and cobalt-free cathodes as sustainable lower-cost alternatives to LIBs for applications,
such as short-range EVs and large-scale energy storage in a world that is increasingly being
transformed into wind, solar, and hydroelectric power, which depend on battery energy
storage for uninterrupted performance. Future research should focus on discovering ad-
vanced anode and cathode materials for SIBs with higher specific capacities and voltages to
produce practical SIBs with specific energies up to 200 Wh/kg. Efforts should also be made
to develop advanced electrolytes that enable SIB performance at high charge—discharge
rates over a wide temperature range [41]. As the rising costs, increasing material demand,
and sustainability concerns drive, it is crucial to address how to direct these efforts towards
sustainability before the technology becomes adaptable [132].

Chile (8.6 Mt) and Australia (2.8 Mt) hold the largest reserves of lithium and are the
top exporters, followed by Argentina and China (Figure 13a) [138]. The US has the world’s
largest natural soda ash reserves at 23 Mt. This gives the country a significant advantage in
production and supply chain [139]. The US Department of Energy (DOE) has identified
critical and near-critical elements for the medium term (2025-2035) due to their importance
in energy and supply risk, as shown in Figure 13b [140]. The appealing qualities of sodium
increased the interest in using sodium-containing precursors for rechargeable batteries,
leading to the development of new projects.

4.4. Safety

Although SIBs are often considered a safer alternative to LIBs, limited information is
available regarding their safety risks. Like LIBs, using flammable organic electrolytes brings
similar safety concerns. Analyzing thermal abuse on SIBs revealed that the electrolyte
emits flammable gases. Exploring different cathode and anode materials may allow for
safer electrolyte solvents, e.g., overall safety could improve utilizing solid-state electrolytes
instead of flammable organic liquid electrolytes [139]. SSBs are stable and can operate
over a wider temperature range, allowing them to function in extreme weather conditions
without requiring extreme thermal management [141]. SIB electrolytes can be classified
into five types: organic, ionic liquids, aqueous, solid polymer, and inorganic. Among
them, organic electrolytes based on esters and ethers are most used due to their high
ionic conductivity and superior wettability (Figure 14). Synergistic cosolvent systems
have improved SIB’s ion conductivity, viscosity, electrochemical stability window, and
safety [142]. Research is focused on developing film-forming additives to improve the
cycling performance and safety of SIBs. Fluoroethylene carbonate (FEC) is a successful
additive for SIBs [143]. To enhance the safety of the current mature electrolyte system,
one could modify its components instead of changing its skeleton composition. This can
be performed by adding conventional flame-retardant additives or a small dose of ionic
liquids as an electrolyte additive for stability and safety issues of SIBs [143,144]. Sodium
bis(fluorosulfonyl)imide (NaFSI) is a substance that improves the interaction between
positively charged ions and solvents. This leads to better performance, and it also has
fire-extinguishing properties. By using organic electrolytes that are inspired by the concept
of salt-concentrated electrolytes, fires can be extinguished. A model using NaN(SO,F),
(NaFSA)/trimethyl phosphate (TMP) for SIBs has been shown to achieve stable cycling for
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over 1000 cycles, outperforming conventional flammable electrolytes. This concentrated
electrolyte, which uses TMP without additives, ensures long-lasting battery safety and
paves the way for higher energy density [145]. Another nonflammable electrolyte for SIBs
was developed by adding a flame retardant called ethoxy(pentafluoro)cyclotriphosphazene
(EFPN). EFPN not only prevents the electrolyte from catching fire, but it also improves the
performance of both the anode and cathode. Adding 5% EFPN to a standard 1 M NaPFg
in EC:DEC (1:1, volume ratio) electrolyte decreased the self-extinguish time from 58 s to

0s[139].
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Figure 13. (a) Li and Na reserves (Soda Ash) in the world reported in 2020. Data was drawn from [138].
(b) Critical and near-critical elements for the medium term (2025-2035). Data was drawn from [123].
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Phosphorus, a fire-retardant element, reduces self-heating and shows the potential use
of organic phosphate additives/electrolytes in SIBs. Traditional phosphates have linear
or cyclic chemical structures [146]. A nonflammable electrolyte consisting of polyanionic
compounds, PBAs, and commercial HC, 1.2 M NaTFSI-TMP /bis(2,2,2-trifluoroethyl) ether
(BTFE)/vinylene carbonate (VC) (0.53:1:1.5:0.15 molar ratio) is compatible with various
electrodes. This electrolyte exhibits high cycling Coulombic efficiency with cycling stability.
Its wide availability and compatibility make it desirable for multiple combinations of
nonflammable or flame-retardant solvents and alkaline salts to develop safe and high-
performance rechargeable batteries [147]. LFP cathode is taking the share from NMC in
the EV market due to its high level of safety. In LFP, the P-O covalent bond is strong
and inhibits oxygen release compared to the layered oxide NMC cathodes. This results in
improved thermal stability. Similarly, using cathode materials with high thermal stability
can lead to high specific energy (Wh/kg) and energy density (Wh/L) of SIBs at the pack
level [140].

5. Conclusions and Perspective

With the fast-growing market, sodium chemistries might compete for the dominance
of lithium counterparts for a long time. However, with a 10% prediction for the EV battery
share up to 2030, this dominance will be a far destiny. As sodium is heavier than lithium,
the weight of the battery system and lower energy density are significant issues to consider.
This causes sodium systems to be more favorable for short-range urban transportation,
which needs lower energy density and stationary energy storage systems, such as grid
storage or industrial applications. For widespread commercialization, SIBs must adopt
LIB’s technological advancements to proceed faster. Additionally, challenges related to
lower energy density must be addressed to attract the manufacturer’s attention. Large
employment will resolve other issues like a limited supply chain, which causes higher
costs for SIBs despite the lower price and more abundance of their precursors. As of
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today, the driving factors are not cost-related; instead, they include the safety benefits,
the natural abundance of sodium-based precursor salts, and their less toxic nature. Over
time, continued innovative research in this field is expected to advance SIB technology,
paving the way for a brighter future in energy storage. The energy storage market will be
segmented between low-cost LIBs based on olivine cathodes such as LFP or LMFP and
SIBs with hard carbon as an anode. In parallel, the green stable chain supply for SIBs will
be built to meet the high demand for energy storage and power electronic applications.
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