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Abstract. Developing new energy storage technologies is the foundation for advancing
renewable energy. Among them, the development of electrochemical energy storage technology
has received widespread attention. Due to its high energy density, lengthy cycle life, and
environmental friendliness, lithium-ion batteries (LIBs) are being utilized extensively in
everyday life. With a similar structure to LIBs, sodium-ion batteries (SIBs) are also promising
for broad use in the new energy sector due to their abundant Na supplies and considerable cost
benefits. In addition to introducing typical battery types and their benefits and drawbacks, this
paper investigates the structures and operational concepts of LIBs and SIBs. SIBs have the
advantages of low cost, abundant resources, and faster charge-discharge rates. However, they
have lower energy density and require larger volume and weight. On the other hand, LIBs have
a higher energy density, and more stable cycle life, but also have disadvantages such as poor
safety, high cost, significant environmental impact, and destructive mining processes. The paper
also focuses on the industrialization progress of SIBs by internationally renowned new energy
companies such as Contemporary Amperex Technology Ltd. (CATL) and Natron Energy,
highlighting the advantages of SIBs in the field of energy storage.

Keywords: sodium-ion battery, lithium-ion battery, commercialization, industrialization, energy
storage.

1. Introduction

The need for energy among people is growing as science and technology continue to improve. Energy
use, however, also results in massive emissions of greenhouse gases that pose a serious threat to the
natural balance of the planet. In 1996, Nobel laureate in Chemistry, Richard Errett Smalley, identified
energy and environmental issues as one of the top ten crises facing humanity in the next 50 years. In
September 2020, the Chinese government, for the first time, proposed the goal of peaking carbon
emissions before 2030 and striving for carbon neutrality by 2060, demonstrating China's determination
to address carbon emissions. As a major emitter. China accounts for approximately 30% of the world's
total emissions, with frequent news reports highlighting the environmental pollution caused by
traditional fossil fuels such as coal and oil [1]. In order to alleviate environmental pressure and achieve
the goals of carbon peaking and carbon neutrality, it is imperative to develop new energy storage
technologies. LIBs, as a mature energy storage technology, have reduced our reliance on fossil fuels
over the past few decades.

© 2023 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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However, Li resources are few and unevenly distributed, which presents problems. Li abundance in
the Earth's crust is roughly 0.0065%, as shown in Figure 1, which leads to high prices for LIBs.
Additionally, the extraction of Li minerals results in severe environmental degradation. The
development of battery energy storage technologies aims to reduce environmental damage. In contrast,
Li is three orders of magnitude more prevalent than Na, which is present in the Earth's crust in abundance
at about 2.73% [2,3]. Seawater contains large amounts of Na, making it a more accessible and
sustainable supply. Additionally, Na belongs to the same group as Li, exhibiting similar physical and
chemical properties, making it more suitable as a new generation of energy storage technology.

Currently, SIBs are gradually transitioning from the laboratory to industrialization. As early as July
2021, CATL released the first generation of SIBs, with a single-cell energy density reaching 160 Wh/kg,
the highest level globally [4]. In April 2023, CATL officially announced that SIBs will be first deployed
in Chery vehicles, with the potential to replace LIBs in larger-scale commercial production. This paper
primarily explores common cathode materials for LIBs on the market, such as lithium iron phosphate
(LFP), nickel cobalt manganese (NCM), and lithium cobalt oxide (LCO) [5,6]. It focuses on three
representative cathode materials for SIBs, namely layered transition metal oxides, polyanionic
compounds, and Prussian blue analogs [2,7-9], and discusses their current research progress.
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Figure 1. Elemental richness in the crust of the Earth [10].
2. Lithium-ion battery

2.1. Working principle

A LIB is a device that converts chemical energy into electrical energy and usually consists of a cathode,
electrolyte, diaphragm, anode and packaging [6]. The diaphragm is the transport channel, which is
located between the positive and negative electrodes and allows lithium ions to pass through. Figure 2
is a schematic diagram of the working principle of a LIB. Taking LiCoO2 as an example, the electrode
and battery reactions during charging and discharging are given in the following equations: cathode
reaction(1), anode reaction(2) and total reaction(3).

Cathode Reaction: LiCoO2 =Li1-xCo02 + xLi+ + xe- (1)
Anode Reaction: C + xLi+ + xe- =LixC 2
Total Reaction: C + LiCoO2 =Lil1-xCo0O2 + LixC 3)

<ds—s2
a“ LiCo02 Graphite

Cathode separator Anode

Figure 2. Working principle of a LIB.
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A lithium-ion battery operates based on concentration gradients. Lithium ions are liberated from the
positive electrode during the charging process and go through the separator to the negative electrode,
where they are embedded. The concentration of Li simultaneously decreases at the positive electrode
and rises at the negative electrode. The compensating flow of electrons occurs through the external
circuit, ensuring charge balance. From the negative electrode to the positive electrode, a current is
created as a result. Conversely, during discharge, one electron is lost as lithium ions flow from the
negative electrode to the positive electrode through the electrolyte. As a result, the positive electrode
becomes lithium-rich, and the negative electrode becomes lithium-poor. This process is accompanied
by an external current flowing from the positive electrode to the negative electrode, as illustrated in
Figure 2.

2.2. Types of lithium-ion batteries and their advantages and disadvantages
Table 1. Performance comparison of different types of LIBs.

. LiNil- LiNi1/3Co01/3Mn1/3 . .
LiCoO2 xCOXO2 02 LiMnO2 LiFePO4
Specific
capacity 140 170 150 110 115
mAh/g
Cycling >500 >500 >800 >300 >2000
Performance
Material costs High Reﬁté\(]e'y Relatively low Low Low
Safety General Rel;gnc;/rely Good Good Excellent
Application Small-sized Small-sized  Small-sized/Traction Traction Traction
PP batteries batteries batteries batteries batteries

Compared to other battery types, LIBs exhibit several advantages, as depicted in Table 1 above. They
possess high energy density, with the ability to achieve over 2,000 cycles for LFP (Lithium Iron
Phosphate). Additionally, they offer faster charging speeds and other benefits. However, LIBs also have
several drawbacks. Safety concerns arise when the current density increases, as it promotes the rapid
growth of dendrite lithium, which can puncture the battery's internal structure and lead to spontaneous
combustion [10]. Moreover, the limited availability of raw materials results in higher costs, as Cu foils
are required for the collector, further increasing manufacturing expenses. The battery's performance is
significantly affected by external environmental conditions, making it prone to malfunction in low
temperatures. Lastly, the mining process for LIB materials has a severe environmental impact.

3. Sodiume-ion battery

3.1. Types of lithium-ion batteries and their advantages and disadvantage

The working principle of SIBs is similar to that of LIBs, as shown in Figure 3, and SIBs are also mainly
composed of a cathode, an anode, an electrolyte, and a separator [11]. The positive electrode is generally
used to embed sodium-type compounds with higher potential, such as layered transition metal oxides
[2], polyanionic compounds [2] and Prussian blue analogs [9]. Due to the large radius of sodium ions,
anode materials with large interlayer spacing, such as hard carbon and alloy oxides, are generally chosen
to ensure a high operating voltage for the full battery. Taking NaMnO2 as an example, the electrode and
battery reactions during charging and discharging are given in the following equations: cathode
reaction(4), anode reaction(5) and total reaction(6).

Cathode Reaction: NaMnO2 =Nal-xMnO2 + xNa+ + xe- (4)
Anode Reaction: C + xNa+ + xe- =NaxC (5)
Total Reaction: C + NaMnO2 =Nal-xMnO2 +NaxC (6)
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Figure 3. Working principle of a SIB.

3.2. Current progress in the industrialization of SIBs

CATL, a leading player in the new energy sector, recently organized a SIB conference. The first-
generation SIBs, focusing on Prussian white material, exhibit impressive characteristics. The energy
density of a single cell can reach up to 160 Wh/kg, enabling a charging time of 15 minutes at room
temperature with a power output of up to 80%. Even in extremely low temperatures of -20 <C, the
discharge retention remains above 90%. Moreover, the system integration efficiency can exceed 80%
[4]. Other companies, such as HiNa Battery and Natriumenergy, also take great significant attention to
the development of SIBs, as depicted in Table 2. HiNa Battery utilizes metal oxide as the cathode
material, achieving a battery energy density of 145 Wh/kg and enabling fast charging within 6-12
minutes. It can operate within a wide temperature range of -40 to 80 °C. Apart from CATL, there are
other well-known enterprises, such as Faradion and Natron Energy, as shown in Table 2. Although
Natron Energy has an energy density of 50 Wh/L, its Prussian blue aqueous electrolyte system allows
for a cycle life of over 10,000 times. Additionally, companies like Sodium of the Sea of Science and
Technology focus solely on raw materials, reducing battery costs by approximately 30%. Natriumenergy
adopts sodium ferrate ternary cathode material, significantly increasing the battery's cycle life from
2,500 times to 10,000 times.

Table 2. Progress in the industrialization of SIBs.

Enterpris  Natio Performance Route -
o 0 Battery System Data Advantages Route Shortcomings
L_ayered Energy density Cpmpatlble The organic system
oxide/Hard with current poses a safety
. 140Wh/kg, 80% L
. carbon organic lithium-ion concern, and the
Faradion UK DOD Cycle .
electrolyte battery economic advantage
number 1000 . . . i
system, 10Ah - manufacturing is not immediately
times )
soft pack battery techniques apparent.
High safety,

good high rate

Prussian Blue Energy density performance, Low energy density

Natron Agueous 50Wh/L, 2C and extended
us . and complex
Energy Electrolyte cycle number cycle life roduction process
System 10000 times agueous P P
electrolyte
system
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Table 2. (continued).

Sodium Low energy density

fluorophosphate/ Long cycle Iife, of the system,
Hard carbon Energy density compa_tlb_le with elec_trode matc_erlal
. Franc organic 90Wh/kg, 1C _existing design vana_dlum
Naiades ' lithium-ion and fluorine
e electrolyte cycle number batt lements. hiaher
system, 4000 times proiiu?:glon i cost g}eatger
1Ahé2§§ﬁ)ytype processes toxicity, there are
safety risks
Layered Compatible The organic system
oxide/Hard Energy density with current poses a safety
Natrium China carbon organic 120Wh/kg, lithium-ion concern, and the
Energy electrolyte cycle number battery economic advantage
system, soft 2500 times manufacturing is not immediately
pack battery techniques apparent.
Oxicﬁfr%egrpho _ C_ompatible The organic system
_ us Carbon Energy density V\{lth_ current poses a safety
HiNa China Organic 135Wh/kg, lithium-ion concern, and the
Battery Electrolyte cycle number battery economic advantage
2000 times manufacturing is not immediately

System, Soft

Pack Batteries techniques apparent.

3.3. Advantages and disadvantages of sodium-ion batteries
SIBs offer several advantages over traditional batteries. They have a higher energy density, reaching up
to 120 Wh/kg, surpassing lead-acid batteries (40 Wh/kg) and nickel-metal hydride batteries (60 Wh/kg)
[4]. The wider availability of raw materials and lower costs are notable advantages. SIBs utilize Al foils
for both cathode and anode collectors, which are less expensive compared to the Cu foils used in LIBs
[12]. Additionally, SIBs exhibit faster charging times, longer cycle life, and enhanced safety.

SIBs, however, also have some disadvantages. They have a lower energy density compared to
lithium-ion batteries, necessitating larger size and weight. The manufacturing cost is higher due to the
requirement for high-quality sodium salt and other raw materials.

4. Comparison between SIBs and LIBs

4.1. Comparison of the two battery systems

SIBs and LIBs have the same structure and different materials in the battery system, as shown in Table
3. The common cathode materials for LIBs in the market are LFP, NCM, LCM, and there are three main
cathode materials for SIBs studied so far, which are Transition metal oxides, Polyanionic compounds
and Prussian blue analogs. Because of the small radius of lithium ions, which can be embedded between
graphite layers, and the low price and good corrosion resistance, graphite material has become the
mainstream anode material in the market. However, the radius of sodium ions is large, the three types
of anode materials for SIBs are insertion-type, conversion-type, and alloying-type materials. Conversion
type, and alloying type materials in the reaction process, sodium ions will react with host materials, the
volume of the main body of the material changes drastically, resulting in the aggregation of the active
material and crushing, leading to the rapid decay of the volume of the active material. Therefore,
insertion-type materials are mainly used in the market at present, such as hard carbon, soft carbon, and
expanded graphite. In terms of current collectors, Al foil is used for both cathode and anode electrode
collectors of SIBs, which also reduces the cost of batteries to a larger extent.
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Table 3. Comparison between LIBs and SIBs in battery systems.

LIBs SIBs
Cathode LEP. NCM, LCM Transition metal ox_ldes, Polyanionic
compounds, Prussian blue analogs
Anode Graphite Insertlon-t.ype, Converspn-type,
Alloying-type materials
Separator PP, PE and other polymer films
Electrolyte Lithium hexafluorophosphate Sodium hexafluorophosphate
Cathode current Al foil Al foil
collector
Anode current cu foil Al foil
collector

4.2. Advantages of sodium-ion batteries

The first-generation SIB made available by CATL provides a number of benefits over lithium iron phosphate
batteries, as seen in Figure 4. Despite having a lower energy density than lithium iron phosphate batteries, they are
more safe, operate better in low temperatures, have faster charging speeds, and are more efficient at integrating
into systems. It also provides a longer cycle life.

Energy density

safly \ Fast charging

Low temperature performance

L

Long-life

First generation sodium-ion battery LFP battery

Figure 4. Performance comparison of SIBs and LIBs.

SIBs, therefore, have the potential to become one of the next-generation low-cost and high-
performance energy storage battery technologies. Led by companies such as CATL, HiNa Battery, and
Natrium Energy, SIBs are gradually entering the practical stage. In the coming years, the market size of
SIBs will continue to expand, and their applications in electric vehicles and energy storage systems will
increase [13]. With the continuous maturity and improvement of sodium-ion battery technology, it will
replace a portion of the market share currently held by LIBs, becoming an important energy storage
technology and making a greater contribution to clean energy and sustainable development.

5. Conclusion

This study has investigated the working principles of commonly used SIBs and LIBs available on the
market. The advantages and disadvantages of SIBs and LIBs in energy storage applications have been
compared. Both two types of batteries have their own advantages. LIBs exhibit low cost, abundant
resources, and faster charge-discharge rates, while LIBs have higher energy density and more stable
cycle life. Therefore, the specific application scenarios and requirements will also influence the choice
of battery. SIBs are more suitable for energy storage applications such as solar and wind energy storage
and they are expected to achieve commercialization in these fields in the future. Most of the research on
SIBs, however, is still in the laboratory stage, and improvements are needed in electrode materials,
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electrolytes, and manufacturing technologies. Future research should focus on improving the energy
density, power density, cycle stability, and lifespan of SIBs while addressing other performance aspects.
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