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Abstract 

The purpose of this paper is to review the effects of first cycle irreversible loss of capacity in 

lithium-ion batteries (LIBs) containing a graphite anode and sodium-ion batteries (SIBs) 

containing a hard carbon anode. Battery structure, graphite’s and hard carbon’s structure and 

properties, solid electrolyte interphase (SEI) and first cycle loss will be discussed, as well as 

alternative anode materials briefly. The main discussion in this paper is the cause of first cycle 

irreversible loss. This is caused by the formation of a SEI layer on the anode material (in the 

case of LIBs and SIBs). The SEI is necessary for the battery to function properly over time, 

meaning in order to reduce first cycle irreversible loss, an optimization of the SEI is 

necessary. In addition to this, the energy density and the price of LIBs and SIBs will be 

considered, as well as environmental friendliness. In areas where price and/or environmental 

friendliness is more important than energy density, SIBs could prove to be a substitute for 

LIBs, in a future where LIBs and SIBs coexist. 
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Sammendrag 

Hensikten med denne artikkelen er å gjennomgå effekten av første syklus irreversibelt tap av 

kapasitet i litium-ion batterier (LIBs) som inneholder en grafittanode og natrium-ion batterier 

(SIBs) som inneholder en anode av hard karbon. Batteristruktur, grafitt og hardkarbons 

struktur og egenskaper, solid elektrolytt interfase (SEI) og førstesyklustap vil bli diskutert, 

samt alternative anodematerialer kort. Hovedfokuset i denne artikkelen er å se på årsaken til 

irreversibelt tap i første syklus. Dette er hovedsakelig grunnet dannelsen av et SEI-lag på 

anodematerialet (i tilfellet for LIBs og SIBs). SEI er nødvendig for at batteriet skal fungere 

skikkelig over tid, noe som betyr at for å redusere første syklus irreversibelt tap, er en 

optimalisering av SEI nødvendig. I tillegg til dette vil energitettheten og prisen på LIB og SIB 

bli vurdert, samt miljøvennlighet. På bruksområder hvor pris og/eller miljøvennlighet er 

viktigere enn energitetthet til batteriet, vil SIB-er kunne vise seg å være en erstatning for LIB-

er, i en fremtid hvor LIB-er og SIB-er sameksisterer. 
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1: Introduction 

Lithium-ion batteries (LIB) and sodium-ion batteries (SIB) are important energy storage 

technologies, both for stationary and mobile energy storage, that have significant applications 

in various fields, including electric vehicles and renewable energy systems to name a few (1). 

Among the available energy storage technologies at this point in time the LIB has the highest 

energy density (2). However the LIB is far from perfect and has flaws such as having poor 

low-temperature performance because of the growth of the solid electrolyte interphase (SEI) 

(3). The performance of these batteries depends to a reasonable extent on the properties of 

their anode materials, which play a critical role in storing and releasing charge. Availability 

and cost is another crucial part when it comes to LIBs vs SIBs (4). That being said, SIBs 

could take over some of the roles LIBs have in markets where price is more important than 

energy density. 

 

One important metric that measures the performance of battery anodes is first cycle loss, 

which refers to the irreversible loss of capacity that occurs during the first charging and 

discharging cycle of the battery. A good battery should consist of an anode with long cycle 

life and low irreversible capacity (5). First cycle loss is influenced by various factors, 

including the anode material properties, the cell design and the operating conditions and can 

e.g. cause lithium batteries to lose 5-20% capacity in the first cycle (6). Reducing first cycle 

loss is critical for improving the overall energy density which in return improves the energy 

efficiency. 

 

The focus of this paper is to investigate the difference in first cycle loss between graphite in 

LIBs and hard carbon in SIBs. Specifically, aiming to compare the performance of these 

anode materials and identify the factors that contribute to their first cycle loss. 

 

Understanding the difference in first cycle loss between graphite and hard carbon anodes is 

important for advancing the development of LIBs and SIBs. This knowledge can inform the 

design and optimization of anode materials and cell configurations that can minimize first 

cycle loss and improve the overall performance of these batteries (7). This is especially 

crucial for SIBs, since LIBs has been extensively researched already and a lot is known for 

the LIBs. E.g., DOI: 10.1016/j.carbon.2016.04.008, the SEI layer forms preferably at the edge 

plane where Li ions enter and the conductivity in this direction is much higher. Which is why 
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graphite is shaped and coated in LIBs (8). These details are incredibly important in 

developing a more extensive understanding of the SIBs and to find ways to improve them 

further. 
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2. Literature review/Theory 

2. 1. Battery’s structure 

Batteries are made up of one or more electrochemical cells, which are devices that convert 

chemical energy into electrical energy. Each cell consists of two electrodes, an anode 

(negative electrode) and a cathode (positive electrode), which are separated by an electrolyte. 

The cathode is typically made either Li or Na transition metal oxides or compounds such as 

lithium cobalt oxide (LiCoO2). The transition metal does take up or release an electron as Li 

or Na leaves or enters the structure. The anode in the LIBs looked at in this paper is made of 

graphite, and the anode material for the SIBs is hard carbon. 

Figure 1: Illustration showing the operation principle and basic components of an example Li-ion cell 

(9). 

 

During charging, cations (either lithium or sodium, depending on the battery type) are 

extracted from the cathode and intercalated into the anode. This process is driven by an 

external electrical current that is applied to the battery. When the cell discharges, electrons are 

released by the anode and flow through an external circuit to the cathode, where they combine 

with the intercalated cations and reduce the metal oxide to its original state. The intercalated 

cations are released from the anode and move through the electrolyte to the cathode, where 

they recombine with the metal oxide and release energy in the form of an electrical current 

(9). 
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An example charge/discharge cycle of a LIB cell with graphite as anode and LiCoO2 as 

cathode would have the following cell reaction during charging: 

LiCoO2 + xC6 → Li1−xCoO2 + xLiC6                                             (I) 

 

Having a cathode that can completely empty, like LiFePO4, makes for a more straight forward 

reaction during charging: 

LiFePO4 + C6 → FePO4 + LiC6                                               (II) 

 

Where the cathode half-cell reaction would be: 

LiFe(II)PO4 → Fe(III)PO4 + Li+ + e−                                         (III) 

 

And the anode half-cell reaction would be: 

C6 + Li+ + e− → LiC6                                                       (IV) 

 

Where the reactions would be reversed during discharge. 

 

 

2. 2. Lithium battery anodes 

There are several types of anode materials that have been developed, researched and used in 

LIBs, some of which have shown more promising results than others in terms of performance 

and stability. Silicon (Si) and tin (Sn) anodes are both alloying anodes. Si anodes have a high 

theoretical specific capacity, in addition to being found in abundance, making it an attractive 

material for use in LIBs (10). Sn anodes are also attractive because of its high gravimetric 

capacities, low cost, high safety and so on (11). Unfortunately, both Si and Sn, gives rise to 

significant volume expansion (approximately 400%) during the reaction that alloys/dealloys 

the anode with lithium, causing the material to break down over time (12), (13). This causes a 

loss in electrical contact between neighbouring Si fragments, causing the battery to lose 

specific capacity, limiting its practical use (14).  

 

Lithium titanate (Li4Ti5O12) anodes has a high voltage profile, approximately 1.55V compared 

to Li-graphite having 0.1V, which makes it a safer alternative to graphite anodes. It also has a 

long cycle life and fast charging capabilities. It does however have low specific capacity and a 

relatively high cost, limiting it as a widespread adoption relative to other anodes (2).  
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Even with good alternatives to the anode material in the LIB, the graphite anode is still the 

most widely used material due to its high capacity, low cost, lightweight and good cycling 

stability (15).  It is also hard to create stable SEI layers on materials such as Si, Li and Sn, due 

to their large volume change during cycling (16). Graphite has its own drawbacks as well, one 

of them being first cycle irreversible capacity loss. First cycle irreversible loss of capacity can 

be caused by several factors, such as side reactions, structural damage, impurities, etc., but in 

the case of LIBs with graphite as anode the first cycle loss is mostly caused by surface film 

growth (17).  

 

2. 3. Sodium battery anodes 

SIBs may use metal oxide anodes, alloy anodes, etc., but the hard carbon anodes have some 

advantages when it comes to its low cost, relatively high capacity and environmental 

friendliness. Using graphite as the anode material, like for LIBs, has been researched, but 

unlike lithium, sodium does not form stable intercalation products with the graphite (18). The 

hard carbon anode is currently seen as the best anode and the anode with best potential in 

SIBs as of 2023. One of the main reasons why a hard carbon anode is so attractive is the fact 

that it can be produces a lot cheaper than other anodes that include metals, etc. Hard carbon 

can be made from organic waste such as corncobs, apple waste and peanut shells (19). 

Unfortunately it also has its drawbacks, such as that the hard carbon anodes have poor cycling 

stability and high first cycle loss, which at this point in time is hindering its wider application 

in SIBs (19). The hard carbon will also have different properties depending on what material 

it is made from. In addition to this, it also experiences first cycle irreversible loss, like most 

batteries, because of the side reactions that occur at the electrolyte-anode interface, which 

then leads to the formation of a SEI layer on the anode surface (20). 

 

2. 4 Anode material properties, structure and composition 

2. 4. 1 Graphite anodes (crystal structure and properties) 

Carbon naturally occurs in two main forms, diamond and graphite, which differs in its 

hybridization state being respectively sp3 (diamond) and sp2 (graphite). Graphite consists of 

layers of graphene that are sp2 hybridized and held together by the weak van der Waals forces 

of their delocalized electron orbitals. The weak interaction between layers in the graphite 

facilitates the intercalation of ions, leading to the formation of graphite intercalation 
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compounds. The graphite layers can stack in three different modes, being hexagonal (AA), 

Bernal (AB) and rhombohedral (ABC), and with a layer-layer distance of 3.35 Å. The density 

of graphite is around 2.15-2.25 g/cm3 (21). The fundamental properties of the graphite 

depends on the stacking mode of the graphite layers, because of the 2pz orbitals interacts 

different depending on the stacking. Although the stacking pattern of graphite layers 

determines its band structures and density of states, which affect its conductivity and 

electrochemical performance as an anode, the correlation between its crystal structure and 

physical/electrochemical properties has not received sufficient attention (22). It is also worth 

noticing the difference in natural graphite and synthetic graphite, both in their properties and 

how they are processed, since they both can be used as anode material in LIBs. Purified 

natural graphite exhibits a higher crystalline structure compared to synthetic graphite and is 

because of this more electrically conductive. Synthetic graphite is being researched to 

increase its electrochemical properties, but currently natural graphite offers more favourable 

electrochemical properties, as well as being significantly cheaper, coming in at around 8 USD 

kg-1, compared to the 13 USD kg-1 for synthetic graphite (as of 2016) (23). The price 

difference is mostly related to the energy cost during the graphitization process (24). This 

makes natural graphite the natural choice when it comes to most LIB production, but it is 

worth mentioning that the EU has classified natural graphite as a critical raw material, and 

since graphite can be synthesized, it gives synthetic graphite an advantage with increasing 

demand and lack of availability of natural graphite (25). 

 

2. 4. 2 Hard carbon anodes (crystal structure and properties) 

Hard carbon is a type of carbon material that does not become graphitized even when exposed 

to high temperatures. It is usually produced by pyrolyzing macromolecular polymers. The 

structure of hard carbon includes curved graphene sheets that cannot be flattened or unfolded 

which makes it unable to be stacked into graphite (26). The inability of hard carbon to be 

graphitized can be attributed to the presence of covalent C-O-C bonds and interlayer cross-

linking in its precursors (27). As illustrated in figure 2, hard carbon is composed of small 

graphene sheets, amorphous regions containing defects, and pores. The layer-layer distance in 

hard carbon is around 3.7-4.0 Å (28). In comparison to graphite, the hard carbon is less 

organized and contains more defect sites, as well as a larger surface area. The graphitic 

domains or pseudo-graphite in hard carbon exhibit limited lateral dimension of about 40 Å 

and restricted stacking of 2-6 layers, ordered over a short range. There are various types of 

hard carbon such as resin carbon, organic polymer pyrolysis carbon, carbon black, and 



9 

 

biomass carbon. The density of hard carbon is about 1.45-1.55 g/cm3 (21), and its properties 

may be affected by what type of hard carbon it is and what it’s made of off. The sources of 

hard carbon are abundant, for example, phenolic resin, epoxy resin, poly furfuryl alcohol, 

covalent organic framework, carbohydrate, cellulose, microbacteria, and peel (20). 

 

 

Figure 2: Illustration of the difference between graphite’s and hard carbon’s ion storage (28). 

 

 

2. 5. Solid electrolyte interphase (SEI) 

The SEI layer that forms during irreversible side reactions are crucial for a battery to work 

safely over longer periods of time. It consists of solvents and salts that gather on the surface 

of the anode because of decomposition of electrolyte by either electrochemical or chemical 

reactions (29). SEI formation happens during the first cycle of the LIBs and SIBs, where the 

SEI layer forms on the graphite and hard carbon surfaces respectively (8). The SEI layer 

serves as a protective layer that stabilizes the electrode-electrolyte interface and prevents 

further reactions between the electrolyte and the electrode. Figure 3 illustrates the initial SEI 

layer formed on the graphite during the first cycle in a LIB. It is important to note that the 

SEI’s composition is determined by many factors, such as the electrolyte, so the structure of 

the SEI may vary from the one in figure 3. This protects the electrode from further 

degradation which would lead cause the battery to malfunction. Additionally, the SEI layer 

also plays a crucial role in the overall performance and lifetime of the battery by enabling 

stable and efficient cycling of the battery (30). The SEI layer should be physically strong or 
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flexible enough to accommodate the volume change (expansion during charging and 

contraction during discharging) of the anode during the cycling process. The SEI layer should 

ideally be uniformly distributed over the anodes surface (8). 

However, the formation of the SEI layer during the first cycle of charging and discharging of 

the battery can cause some irreversible capacity loss, which is undesirable. Hence, researchers 

are working to improve the properties of the SEI layer and minimize its impact on the 

battery's performance. 

 

Figure 3: A schematic illustration showing the initial SEI layer formed on the surface of the graphite 

anode during the first cycle of a LIB (31). 

 

2. 6. First cycle irreversible loss in LIBs and SIBs 

First cycle irreversible loss is a term used to describe the battery’s loss in charge during the 

first cycle of charging, caused by irreversible side reactions. In both LIBs and SIBs this 

process is almost exclusively influenced by the formation of a SEI layer, but first cycle 

irreversible loss can also be caused by other factors such as changes happening in the 

structure of either electrode during the first charging cycle. The SEI layer on the anode 

material’s particles that prevents further electrolyte decomposition at the anode (32).  

 

2. 6. 1. First cycle irreversible loss in LIBs 

In the case of graphite anodes in LIBs, the first cycle irreversible loss is caused mostly by 

surface film growth, or the creation of the SEI layer, on the graphite anode. The formation of 
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the SEI consumes active lithium ions, becoming the main cause of first cycle irreversible 

capacity loss (16). In addition to SEI formation, it has been found that the irreversible 

intercalation of lithium ions on the new surface that is formed during the first cycle, 

specifically in the potential range where lithium ions are intercalated also contributes to first 

cycle loss (17). Lithiated carbons are unstable in air, so LIBs are always assembled in a 

discharged state with graphite and lithiated positive materials. At low and very high potentials 

vs. Li/Li+, the electrolyte solution is thermodynamically unstable. Therefore, during the first 

charge of the cell, the electrolyte solution starts to break down or degrade on the graphite 

surface, resulting in the formation of the SEI. The SEI layer is a very complicated layer 

consisting of inorganic components that normally comes from salt degradation products, and 

organic components that can be either partially or fully reduced forms of the electrolyte 

solvent (30). 

 

2. 6. 2. First cycle irreversible loss in SIBs 

As for the LIBs, the majority of the first cycle irreversible loss comes from the formation of a 

SEI layer. The SEI layer in hard carbon SIBs is formed on the hard carbon anode material if 

the Fermi level of the anode material is higher than the lowest unoccupied molecular orbital 

of the electrolyte (33). As a result, the electrolyte undergoes an automatic decomposition 

process and forms a solid layer called SEI, which is composed of both inorganic and organic 

compounds that are insoluble. This layer helps to broaden the voltage range of the system, 

making it possible for the redox reaction of energy storage to occur (34). The SEI layers serve 

as a protective barrier for hard carbon anodes by preventing direct contact with the electrolyte. 

However, they still permit the movement of ions through the SEI layers, making them a type 

of pure ionic conductor (35). 

 

The formation behaviours of SEI are quite complex and affected by various factors, including 

the properties of the electrode materials and electrolytes. When ester-based electrolytes 

degrade, their inorganic and organic components tend to mix randomly without any specific 

pattern. On the other hand, in ether-based electrolytes, the degraded inorganic particles are 

designed to be evenly dispersed within a continuous phase of organic components (7). 

Therefore, understanding the mechanism of SEI formation during initial cycles and the impact 

of hard carbon structures on SEI formation requires further research. Achieving low first 

cycle loss and a stable SEI during the very first, and subsequent cycles requires a suitable 

solution as well as electrode materials (34). 
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2.7. Electrolytes 

To create a stable SEI layer, it is crucial to choose an electrolyte which creates just that during 

the first cycle of charging. The creation of a good electrolyte has been a bottleneck in the 

development of low first cycle irreversible loss, especially for SIBs. Electrolytes derived from 

those of LIBs have been investigated, where most of the nonaqueous electrolytes belongs to 

the organic esters and ethers. Carbonate ester-based electrolytes has also been looked at due to 

their higher electrochemical stability and its ability to dissolve Li+ and Na+ salts. 

Unfortunately the electrolyte optimized for the anode is usually incompatible with the one 

optimized for the cathode and vice versa, leading to difficulties in developing a generally 

optimized electrolyte for the SIBs (36). 

 

LIBs needs the electrolyte solvent to be polar enough to dissociate a salt, while being 

electrochemically inert in a wide potential range of about 0 – 5.0 V vs. Li. These requirements 

narrows down the choice of solvents capable for use down to a few families of aprotic organic 

compounds, mainly being organic esters of carbonic acid, along with ethylene carbonate (37). 

It has been shown that the solvent ratio has negligible effect on the performance of both the 

cathode and the anode, but it does however affect the issues of thermal compatibility and 

ionic conductivity (38).  
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3. Discussion 

3.1. Battery structure 

One important aspect to consider when comparing SIBs and LIB structures is the difference in 

their ion size. Na-ions are larger than Li-ions, which affects the materials used in the battery. 

Due to their larger interlayer spacing of hard carbons, they are often used as anodes in SIBs, 

because of their ability to accommodate the larger Na-ions. In contrast, graphite is the most 

used anode material in LIBs due to its ability to intercalate Li-ions. It is important to note that 

the material being used in the anode material needs to fulfil many criteria to be a successful 

anode, where the interlayer spacing is one of the more impactful ones. 

 

Another key component of both SIBs and LIBs is the cathode material. In LIBs, the cathode 

material is often a lithium transition metal oxide, such as LiFePO4 or Li(NixMnyCoz)O2 

(x+y+z = 1). Cathodes containing cobalt has a wide range of applications, but is restricted due 

to their high cost and lack of thermal stability (39). As LIBs are the most widespread 

commercially used battery as of today, it is being researched to find ways of stabilizing its 

effects during higher temperatures (40). In SIBs, the most common cathodes are phosphates, 

oxides and Prussian blue analogs (41). However, SIBs also have the potential to use cathode 

materials that are not compatible with LIBs, such as sodium vanadium phosphate 

(Na3V2(PO4)3), which has a higher energy density than NaFePO4 (42). 

 

In conclusion, while SIBs and LIBs share some similarities in their structures, such as the use 

of anodes and cathodes, the differences in ion size and materials used require careful 

consideration in the design and optimization of these batteries. Additionally, the formation of 

the SEI and the choice of electrolyte can significantly impact battery performance and must 

be carefully chosen and optimized for each application. 

 

3.2. Anode material 

Anode materials play a crucial role in the performance and stability of both LIBs and SIBs. 

Graphite anodes are the most widely used anode material in LIBs due to their high capacity, 

low cost, lightweight and good cycling stability. However, they also have their drawbacks 

such as first cycle irreversible loss of capacity caused by the SEI formation. SIBs using hard 

carbon as anode material have some advantages when it comes to their low cost, relatively 

high capacity and environmental friendliness. Hard carbon anodes are currently seen as the 
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best anode for SIBs (as of 2023), as they can be made from organic waste materials. SIBs 

struggle even more than LIBs when it comes to first cycle irreversible loss, because of the 

formation of a more random SEI layer on the anode. It is worth mentioning that if there is no 

redox capacity, the decrease in potential can be attributed to the discharge of an electric 

double layer. The slight increase in the potential during pause times indicates that the SEI is 

not stable enough and dissolves in the electrolyte (Ma et al., 2021). Poor cycling stability also 

hinders their wider application (44). Moreover, hard carbon anodes made from different 

materials may exhibit different properties, making their manufacturing and optimization more 

specific to their use (20). 

 

While graphite anodes remain the most widely used in LIBs, hard carbon anodes offer a low-

cost and environmentally friendly solution for the SIBs. The microporosity of hard carbon 

anodes leads to a higher surface area and lower density, which can impact their performance 

and stability. The formation of SEI layers and the possibility of redissolving of Na compounds 

in the electrolyte, as well as optimizing cycling stability and first cycle loss are challenges that 

need to be addressed to realize the full potential of hard carbon anodes in SIBs, as they offer a 

low-cost and environmentally friendly battery (44). 

 

3.3. Graphite and hard carbon properties, structure and composition 

A lot of a materials property is determined by its crystal structure, stacking and composition. 

Graphite and hard carbon are two different forms of carbon that have unique structures and 

properties. Graphite is a sp2 hybridized form of carbon and consists of layers of graphene that 

are held together by weak van der Waals forces. These layers can stack in three different 

modes, with the AA-stacked graphite having the highest density of free electrons and holes, 

the widest energy dispersion, and the largest band overlap (21). On the other hand, hard 

carbon is a type of carbon material that cannot be graphitized even when exposed to high 

temperatures, which also has its advantages such as maintaining its structure under 

temperatures that would change the structure of other materials. The structure of hard carbon 

includes curved graphene sheets that cannot be flattened or unfolded, making it unable to be 

stacked into graphite (26). 

 

The composition of graphite and hard carbon also differs. Graphite is composed of layers of 

graphene that as mentioned are held together by van der Waals forces. Its interlayer spaces 
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can be easily intercalated with ions, because of its layer-layer distance of 3.35 Å, forming 

graphite intercalation compounds (21). In contrast, hard carbon is composed of small 

graphene sheets, amorphous regions containing defects, and pores. The layer-layer distance in 

hard carbon is around 3.7-4.0 Å, which is larger than the layer-layer distance in graphite (28). 

One would assume this is needed for the bigger sodium-ions to fit and make intercalation 

possible, but potassium ions (K+) can intercalate into graphite forming KC8 with a theoretical 

capacity of 279 mAhg-1. Graphite shows very little capacity for sodium however, storing it as 

NaC186 (45) or NaC64 (46) exhibiting 12 and 35 mAhg-1, respectively (47). 

 

The properties of graphite and hard carbon are also distinct. Graphite has high electrical 

conductivity, thermal conductivity, and lubricity due to the high density of free electrons and 

holes in the AA-stacked graphite. The stacking pattern of graphite layers determines its band 

structures and density of states, which affect its conductivity and electrochemical performance 

as an anode (21). When lithium ions are intercalated into the graphite lattice, the lattice 

expands to accommodate the larger size of the Li+ ions. This expansion is anisotropic and 

mainly occurs along the axis that is perpendicular to the graphene layers. The intercalation of 

Li+ ions into graphite sheets leads to a reversible redox reaction and the formation of LixC6 

and LixC12, which are stable compounds (48). The layered structure of graphite facilitates the 

intercalation of lithium ions, leading to theoretical maximum specific capacity of up to 372 

mAh g-1 (49). 

 

The properties of hard carbon may vary depending on the type of hard carbon and its 

precursor. Hard carbon has lower electrical conductivity and thermal conductivity compared 

to graphite, but it has high specific capacity, good cycle stability, and excellent rate capability 

(50). By using a hard carbon anode made from a mixture of pitch and phenolic resin it has 

been found that a battery with high specific capacity of 284 mAh g-1 with a capacity retention 

of 94% after 100 cycles and a first cycle irreversible loss of 12% is possible to make (50). 

This leads to LIBs having a higher energy density than SIBs (51). 

 

3.4. Solid electrolyte interphase (SEI)  

Both LIBs and SIBs require the formation of a SEI on the anode surface during the first cycle 

of charging and discharging. The SEI is crucial for stabilizing the battery performance and 

preventing further electrolyte decomposition and thus causing the battery to malfunction. 
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However, the SEI formation behaviours are quite complex and depend on multiple factors, 

such as the properties of the electrode materials and the electrolyte used. In both SIBs and 

LIBs, the electrolyte composition can affect the SEI formation and subsequently impact the 

first cycle loss. The SEI layer is important in the overall performance and lifetime of the 

battery by enabling stable and efficient cycling of the battery, even when it comes at the cost 

of irreversible loss of capacity (30). 

 

In the case of both the LIBs and the SIBs, the SEI layer forms on the anode surface. The 

graphite anode in LIBs has a tightly packed and ordered crystal structure, which allows for the 

formation of a more uniform and stable SEI layer. The graphite anode also has a relatively 

low volume change during charging and discharging, which allows for the SEI layer to remain 

intact throughout the battery's lifetime (8). To minimize the irreversible capacity loss during 

the first cycles the chemical composition of the SEI should contain stable and insoluble 

compact inorganic compounds, such as Li2CO3, LiF and Li3PO4, rather than metastable 

organic ones (30), (52). Studies has showed that organic compounds are more present towards 

the electrolyte, while inorganic compounds are more present at the anode (53). This has 

proved important in confining the loss of lithium inventory. 

 

The hard carbon anode in SIBs has a disordered and porous structure, which can result in a 

less uniform and stable SEI layer. The hard carbon anode also undergoes a significant volume 

change during charging and discharging, which can cause the SEI layer to crack and become 

less effective over time. Because of this it has been hard to create a protective SEI, but by 

using a pre-engineered artificial SEI form an ester-based electrolyte the hard carbon anode has 

been stabilized successfully. The SIB created had a capacity of 200 mAh g-1 that was retained 

for over 1000 cycles without detectable capacity loss (44). The hard carbon anode's porous 

structure can be advantageous to the graphite anodes, as it allows for a higher capacity and 

better rate capability, but it has shown to be more difficult to stabilize.  

 

3.5. First cycle irreversible loss 

In both LIBs and SIBs, the first cycle irreversible loss is caused mostly by the formation of a 

SEI layer on the anode. The process that forms the SEI layer, when the first 

charging/discharging takes place, consumes active lithium ions and is the main influencing 

factor in first cycle irreversible loss in LIBs (16). A generally stable SEI is mainly formed 
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during the first cycle, and consumes about 10% ~ 20% of the initial capacity. This should 

provide the cycling performance expected by a graphite anode in a LIB (54).  

 

The first cycle irreversible loss in SIBs has proven to be a major problem with any kind of 

anode material. The hard carbon anode has struggled with high first cycle irreversible loss and 

rapid capacity decline, in large parts because of the SEI formation. By controlling the 

formation of the SEI, researchers have increased the efficiency of SIB anodes, although the 

composition of SEI and how it evolved are unknown (55).   
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4. Conclusion 

First cycle irreversible loss is a phenomenon in both LIBs and SIBs which causes a reduction 

in capacity after the very first cycle of charging. This is a disadvantage and not wanted in the 

battery. Unfortunately the majority of the charge loss comes from the formation of the SEI 

layer, which is crucial for the battery’s anode in these cases to not degrade further and to 

stabilize the performance (30). With this information in mind, the construction of a better SEI 

is crucial in the research of minimizing first cycle irreversible loss in both LIBs and SIBs. It is 

also worth mentioning the necessity to develop complementary battery technologies alongside 

LIBs to cover for the rising demand. SIBs are good candidates for replacing LIBs in sectors 

where price is more crucial than energy density, because of their low price, sustainability and 

abundant storage capacity (56). This stresses the goal of lowering the irreversible first cycle 

loss, by evolving the knowledge of how to optimize SEI further, and especially in the case of 

SIBs as it is currently a big bottleneck (57), (55). 

 

As of now the SEI layer on LIBs are more stable and causes less first cycle irreversible loss 

than the SEI layer on SIBs, but the LIBs will need help to meet the increasing demand of 

energy storage. Both price and environmental friendliness are key factors in developing such 

an energy storage, and SIBs would as mentioned be a great contender if it’s first cycle 

irreversible loss got reduced. To help SIBs reduce irreversible first cycle loss, an optimized 

SEI is crucial. Researchers are looking into ways of creating a nanostructure SEI, creating a 

double-layer nano SEI film consisting of an inner layer of inorganic matter and an outer layer 

of organic matter. This SEI would lead to both long cycle life, outstanding performance and 

low first cycle irreversible loss (58). 

 

There comes as no surprise that the SIBs needs more research to be able to coexist with the 

standard LIBs, let alone replace them, in majority because of their first cycle irreversible loss. 

Research has come a long way of improving the flaws of the SIBs, specifically when it comes 

to evolving the SEI, and hence the gap between LIBs and SIBs are closing. Hopefully, with 

evolving SIB technology, we can develop batteries according to the applications needs, for 

example energy density vs. price, and SIBs could have their place and use alongside LIBs in 

the future. 
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