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Abstract Energy storage is considered a key technology for successful realization 
of renewable energies and electrification of the powertrain. This review discusses the 
lithium ion battery as the leading electrochemical storage technology, focusing on 
its main components, namely electrode(s) as active and electrolyte as inactive mate-
rials. State-of-the-art (SOTA) cathode and anode materials are reviewed, emphasiz-
ing viable approaches towards advancement of the overall performance and reliabil-
ity of lithium ion batteries; however, existing challenges are not neglected. Liquid 
aprotic electrolytes for lithium ion batteries comprise a lithium ion conducting salt, 
a mixture of solvents and various additives. Due to its complexity and its role in 
a given cell chemistry, electrolyte, besides the cathode materials, is identified as 
most susceptible, as well as the most promising, component for further improvement 
of lithium ion batteries. The working principle of the most important commercial 
electrolyte additives is also discussed. With regard to new applications and new cell 
chemistries, e.g., operation at high temperature and high voltage, further improve-
ments of both active and inactive materials are inevitable. In this regard, theoretical 
support by means of modeling, calculation and simulation approaches can be very 
helpful to ex ante pre-select and identify the aforementioned components suitable 
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for a given cell chemistry as well as to understand degradation phenomena at the 
electrolyte/electrode interface. This overview highlights the advantages and limita-
tions of SOTA lithium battery systems, aiming to encourage researchers to carry 
forward and strengthen the research towards advanced lithium ion batteries, tailored 
for specific applications.

Keywords Electrochemical energy storage · Lithium ion battery · Electrode 
materials · Electrolyte · Electrolyte/electrode interface · Computational chemistry

1  Terminology

The following definitions are used within the review.

Term Description

Active materials Active materials participate in the electrochemical charge/discharge 
reaction in a cell

Adsorption “An increase of the concentration of a solute in the vicinity of a 
solid surface, over that in the bulk of the solution, due to the 
attractive interaction between the solid immersed into the solu-
tion and the solute. Adsorption on a solid from a gaseous phase 
also occurs. It is generally considered to be a physical process” 
[1]

Alloy An alloy consists of mixed metallic or intermetallic phases with no 
ordered structure

Anode “The electrode where oxidation occurs in an electrochemical cell. 
It is the positive electrode in an electrolytic cell, while it is the 
negative electrode in a galvanic cell” [1]

Battery “A device that stores electrical energy using electrochemical cells. 
Strictly speaking, a battery should consist of several, internally 
connected, electrochemical cells. However, in present usage all 
storage devices (single cell and multiple cell) are called batteries” 
[1]

Cathode “The electrode where reduction occurs in an electrochemical cell. 
It is the negative electrode in an electrolytic cell, while it is the 
positive electrode in a galvanic cell” [1]

Cell voltage “The electrical potential difference between the two electrodes of 
an electrochemical cell” [1]

Concentration polarization “The polarization associated with the diffusional transport of the 
reactants to the electrode surface from the bulk of the electrolyte 
and the reverse transport of the products” [1]

Electrochemical cell “A device that converts chemical energy into electrical energy or 
vice versa when a chemical reaction is occurring in the cell” 
[1]; “It can be either a galvanic cell, when the reactions are 
spontaneous, or an electrolytic cell, when the reactions are non-
spontaneous” [2]

Electrode “The two electronically conducting parts of an electrochemical cell. 
These can be simple metallic structures or much more compli-
cated, composite structures” [1]
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Term Description

Electrolytic cell “An electrochemical cell that converts electrical energy into 
chemical energy. The chemical reactions do not occur “spon-
taneously” at the electrodes when they are connected through 
an external circuit. The reaction must be forced by applying an 
external electrical current. It is used to store electrical energy in 
chemical form (rechargeable battery). It is also used to decom-
pose or produce new chemicals by application of electrical power 
(electrolysis)” [1]

Galvanic (voltaic) cell “An electrochemical cell that converts chemical energy into electri-
cal energy. A cell in which chemical reactions occur spontane-
ously at the electrodes when they are connected through an 
external circuit, producing an electrical current” [1]

Half cell “A somewhat archaic term, indicating a structure that contains an 
electrode and the surrounding electrolyte” [1]

Inactive materials Inactive materials do not contribute to the energy storage related 
redox chemistry of the cell

Interface and interphase “The inhomogeneous spacial region at the interface between two 
bulk phases in contact. The “interface” is a two-dimensional 
surface, while the “interphase” is a thin, but three-dimensional, 
volume” [1]

Intermetallic phase An intermetallic phase has a defined stoichiometry and structure in 
an at least binary system of metals

Joule heating Process whereby the energy of an electric current is converted into 
heat as it flows through a resistance

Mass transport “The phenomenon of movement (transportation) of mass (in 
the form of molecules or ions) from one part of the system to 
another. This occurs through convection, diffusion, or electro 
migration” [1]

Oxidation “The process in which a chemical species loses one or more elec-
trons; it is the reversed process to the reduction” [2]

Redox couple “Chemical species that has at least two oxidation states, and thus 
can act either as the reduced or the oxidized species (depending 
on the oxidation state)” [2]

Redox reaction “A class of electrode reactions involving oxidation/reduction of two 
dissolved species” [1]

Reduction “A process in which a chemical species gains one or more elec-
trons; reversed process is called oxidation” [2]

Standard hydrogen electrode (SHE) The IUPAC (International Union of Pure and Applied Chemis-
try) defines SHE as follows: “The standard hydrogen electrode 
consists of a platinum electrode in contact with a solution of  H+ 
at unit activity and saturated with  H2 gas with a fugacity referred 
to the standard pressure of  105 Pa” [3]

2  Introduction to Electrochemical Energy Storage Devices

An electrochemical capacitor (alternatively called a supercapacitor or ultracapacitor) 
is a device in which a typically high surface area electrode material, based mostly on 
carbon, is charged so that an excess charge layer at the electrode surface is created, 
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and oppositely charged ions form a layer in solution, such that an EDL with an elec-
trical potential difference between solution and electrode is the result [4–7]. Simulta-
neous diminution of the layers in the solution and at the electrode surface by release 
of ions and charge in the electrode results in a rapid release of electric charge and a 
repeal in the electrical potential difference [6, 8–13]. Electrode materials and elec-
trolytes for electrochemical capacitors are reviewed in [13–17]. In contrast, batteries 
generate electrical energy by conversion of chemical energy via redox reactions tak-
ing place at the active materials, namely the negative and positive electrode in one 
or more electrically interconnected electrochemical cells. Batteries can be classified 
into primary (non-rechargeable) and secondary (rechargeable) batteries, depending 
on whether they are capable of being recharged by applying an electric current [18]. 
During discharge, each cell gives a current Idis (A) at a voltage Vdis(q) (V), which is 
dependent on the state of charge of the cell, up to a defined period of time tdis (h). 
The current flow over time is defined as the discharge capacity (Qdis)

This can be referred to by unit volume, as the volumetric discharge capacity 
(Ah L−1), or by unit weight, as the specific discharge capacity (Ah kg−1) [19]. The 
(relativized) theoretical specific capacity qth of a given electrode material depends 
on the number of electrons exchanged, z, and its molecular or atomic weight M 
(g mol−1). F is the Faraday constant (96,485 As  mol−1).

The specific discharge energy (Edis) (Wh) supplied by any cell is determined by 
the discharge voltage Vdis(Q) as well as the obtained absolute discharge capacity 
(Qdis)

Energy available per unit weight is called the specific energy (Wh  kg−1 or 
mWh g−1), also called gravimetric energy density. On the other hand, the amount 
of energy that is stored per unit volume is called the volumetric energy density (Wh 
 L−1), referred to simply as energy density in many reports [18–20].

The discharge power (Pdis) [specific power (W kg−1) and volumetric power den-
sity (W L−1)] is determined by the discharge voltage Vdis as well as the discharge 
current Idis

During discharge of the cell, an internal cell resistance (RI) (Ω) reduces Vdis com-
pared to the open-circuit voltage (Voc) (V) by an overvoltage (η) (V). The magnitude 
of the overvoltage depends upon the value of the current drawn as well as the state 

(1)Qdis =
tdis

∫
0

Idisdt.

(2)qth =
zF

M

(3)Edis =
Qdis

∫
0

Vdis(Q)dQ.

(4)Pdis = VdisIdis = Ri(Idis)
2.
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of charge of the cell [21]. The overvoltage consumes part of the energy as irrevers-
ible Joule heat (J)

The thermodynamic value of the cell voltage under open circuit conditions is 
determined by the difference between the electrochemical potentials of the negative 
( �̃�n ) and positive ( �̃�p ) electrode (J mol−1) including the Faraday constant [19, 22, 
23]; which can also be expressed as the difference in standard electrode potential of 
positive ( E0

p
 ) and negative ( E0

n
 ) electrode: [21, 24]

The standard electrode potential of an electrochemical reaction is commonly 
reported with respect to the standard hydrogen electrode (SHE) as shown in Table 1.

The first primary cell, the voltaic pile, was developed by Volta between 1790 and 
1800. It was made of elements based on copper disc/brine-soaked cardboard/zinc 
disc connected in series. Only 2  years later, Ritter built the first accumulator, by 
replacing the zinc discs in the voltaic pile by copper plates [26]. The first commer-
cially successful rechargeable battery was the lead acid battery developed by Planté 
in 1859. The lead acid battery uses lead oxide as the positive electrode material, 

(5)� = RiIdis,

(6)Vdis = Voc − �(q, Idis).

(7)Voc =

|||
||

�̃�n − �̃�p

F

|||
||
= E0

p
− E0

n

Table 1  Standard electrode potential values of common battery materials in volts relative to the standard 
hydrogen electrode (SHE)a

a Data taken from [25]

Half cell reaction E°/V

Li+(aq) + e− ↔ Li(s) − 3.01
Li+(aq) + C6(s) + e− ↔ LiC6(s) − 2.9
Na+(aq) + e− ↔ Na(s) − 2.71

Mg2+(aq) + 2e− ↔ Mg(s) − 2.38
Cd(OH)2(s) + 2e− ↔ Cd(s) + 2OH−(aq) − 0.81
Zn2+ + 2e− ↔ Zn(s) − 0.76

PbSO4(s) + 2e− ↔ Pb(s) + SO2−
4
(aq) − 0.36

2H+ + 2e− ↔ H2(g) 0

Cu2+ + 2e− ↔ Cu(s) + 0.34
Ag2O(s) + H2O + 2e− ↔ 2Ag(s) + 2OH− + 0.35
NiOOH + H2O + e− ↔ Ni(OH)2 + OH−(aq) + 0.45
Br2(aq) + 2e− ↔ 2Br−(aq) + 1.08
Cl2(g) + 2e− ↔ 2Cl−(aq) + 1.36
PbO2(s) + SO2−

4
(aq) + 4H+ + 2e− ↔ PbSO4(s) + 2H2O + 1.69
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metallic lead as the negative electrode material and aqueous sulfuric acid as electro-
lyte. Practical lead acid batteries have a nominal voltage of 2 V and a specific energy 
of ≈ 35 Wh kg−1 [25]. Even today, the lead acid battery powers numerous battery 
applications. The need for higher energy storage systems for advanced applications 
led to the development of nickel/cadmium (NiCd), nickel/metal hydride (NiMH) 
(both using aqueous KOH as electrolyte and having a nominal cell voltage of 1.2 V) 
and lithium ion batteries (LIBs) [25]. Detailed information on the aqueous battery 
systems lead acid, NiCd and NiMH is given in [18, 25]. Today, together with the 
lead acid battery, the LIB is the most important rechargeable battery technology, 
with double-digit compound annual growth rates. The liquid electrolyte in LIBs 
requires moving away from aqueous media, since water-based electrolytes have a 
too narrow electrochemical stability window regarding the operation voltage range 
of LIBs [27]. The use of aprotic liquid organic electrolytes adds some complexity 
to the picture, since electrochemistry and ion transport properties in these media 
are much less studied. Furthermore, due to the sensitivity to hydrolysis of certain 
cell components, in particular the electrolyte, LIBs have to be assembled in a dry 
atmosphere [28]. Further LIB technologies, such as Li/air [29–31], Li/S [29, 32, 
33], Na-ion [34], Mg metal [35, 36], Ca metal [37, 38], Al metal [38–40], dual-
ion [41–44] as well as lithium metal batteries, dual-ion batteries and LIBs based on 
organic electrode materials [45, 46] are still in the research and development stage 
and are detailed in the stated literature and in [47]. They are not discussed in the 
frame of this review.

3  Introduction to Lithium Ion Cell Chemistry

Due to their flexibility in terms of cell chemistry, electrode (micro-) structure and 
design, LIBs can be constructed to meet a broad range of power to energy ratios 
(P/E), thus making them a most suitable battery technology for application in all 
kinds of electric vehicles with different P/E ratios, such as hybrid (HEV, P/E ≈ 15), 
plug-in hybrid (PHEV, P/E ≈ 8) and fully battery electric (BEV, P/E ≈ 3) [49]. In 
general, LIBs comprise a negative and positive electrode capable of  Li+ ion inser-
tion/de-insertion, and a separator that is soaked with a lithium salt containing 
mixture of liquid organic solvents to ensure the rapid transfer of  Li+ ions within 
the cell [50, 51]. The separator, a porous polyolefin membrane with a thickness 
of 15–25 µm, acts as an electronic insulator and prevents direct electronic contact 
between the two electrodes. The electrode active materials, embedded in a mixture 
of conductive additive [52, 53] and binder [54], are coated on current collectors, 
where Cu foil (8–18 µm) is preferably used for the negative electrode [55] and Al 
foil (12–20 µm) for the positive electrode [46–59]. Figure 1 depicts a typical wound 
cell assembly with double-side-coated porous positive electrode, double-side-coated 
porous negative electrode separated by an inner and outer separator.
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During charging of a LIB, reduction takes place at the negative electrode. 
Thereby, the negative electrode is forced to accommodate electrons from the pos-
itive electrode, which flow through the external current circuit. Simultaneously, 
the negative electrode inserts  Li+ ions, which are extracted at the positive elec-
trode side into the solution phase and migrate and diffuse through the bulk elec-
trolyte to the negative electrode side, to ensure the charge balance. As a result, the 
positive electrode active material is oxidized. In the case of the discharge process, 
the redox reactions are inverted. During the discharge process, the negative elec-
trode acts as anode and the positive electrode as cathode. As seen in the overall 
reaction of the LIB depicted in Scheme 1, the active  Li+ ions are shuttled between 
two insertion host electrodes during charge and discharge of the LIB.

The electrochemical role of both electrodes changes between anode and cath-
ode, depending on the direction of the current flow through the cell. However, 
throughout the literature and in the remainder of this manuscript, the positive 
electrode is named as the cathode and the negative electrode as the anode.

Fig. 1  a Wound cell construction including negative and positive electrode, as well as inner and outer 
separator. b Double-side-coated negative and positive composite electrodes. c Scanning electron micro-
graph (SEM) top view on separator and SEM cross sections of double-side-coated positive and negative 
composite electrodes

Scheme  1  Overall cell reaction during charge and discharge of a lithium ion battery (LIB) based on 
graphite as negative electrode active material and lithium transition metal oxide (TM = Mn, Co, Ni, etc.) 
as positive electrode active material
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4  Anode Materials for LIBs

4.1  Lithium Metal, the Ancestor Anode of LIB Electrodes

Metallic Li is regarded as the most promising anode material for high energy den-
sity Li-based batteries, due to its outstanding properties. Among all metals, the Li/
Li+ redox couple has the lowest potential value (Table  1) and Li has the lightest 
weight, resulting in a low operation potential and a high specific capacity of Li 
metal anodes, respectively. However, the use of Li metal electrodes comes with seri-
ous safety issues upon repetitive charge and discharge of the cell, originating from 
extensive shape changes, inhomogeneous Li deposition and formation of high sur-
face area Li, commonly referred as Li dendrites in the literature, when liquid organic 
solvent-based electrolytes are used [60–62]. In the worst case scenario, Li dendrites 
grow through the separator and locally short-circuit the cell [63]. Lithium metal pol-
ymer batteries, comprising a dry solid polymer electrolyte and a  LiFePO4 cathode 
are already a practically used reality (Fig.  2). Specific ionic liquid-based electro-
lytes, also in composites with polymers, enable the use of the metallic Li electrode 
[64].

4.2  Classification of Anode Materials

As metallic Li is still a safety concern when used in the rechargeable mode, anode 
materials based on  Li+ ion uptake have been pursued for LIBs. The materials can 
be classified into the following categories according to their type of reaction with 
the  Li+ ion: insertion, alloying and conversion reactions (Fig. 3) [66]. Many metals 
can form alloys or intermetallic phases with Li; however, most of the literature is 

Fig. 2  a Schematic illustration of a lithium metal polymer battery. b Cross-section SEM image of the 
cell. Adapted with permission from [65]. Copyright (2015) American Chemical Society
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devoted to Si [67] and Sn-based [51, 68] anode materials [51, 69–72]. Still, the main 
challenge arising with the use of Si, Sn (and other Li storage metals) as negative 
electrode active material is the severe volume change (up to 400%) that the Li stor-
age metals experiences during  Li+ ion uptake and release, thus leading to particle 
cracking and disintegration of the electrode structure [67]. Various approaches to 
overcome the challenges arising with the Li storage metal volume change have been 
reported, with the use of active-inactive composites (e.g., Si–C composites) as the 
most prominent ones. Si–C composite electrodes with Si content in a low single-
digit range have already been commercialized. Recent research progress in so-called 
conversion reaction-based anodes has been reviewed in [73, 74]. The large voltage 
hysteresis in conversion materials is still a major obstacle leading to a low energy 
efficiency of these materials during charge and subsequent discharge [20, 75]. For 
this reason, conversion anodes are used only at a laboratory scale and will have no 
tangible effect on the LIB cell chemistry in the next years. Commercial LIBs use 
mainly insertion anode materials, such as graphite, hard carbon or lithium titanate 
 (Li4Ti5O12, LTO).

4.3  Graphitic and Non‑Graphitic Carbon Anodes

Carbon materials can be classified into graphitic (materials having a layered struc-
ture characterized by crystalline domains) and non-graphitic (disordered struc-
ture, characterized by amorphous domains). Depending on their ability to develop 
a graphite structure during heat treatment, non-graphitic carbons can be further 

Fig. 3  A schematic representation of the different reaction mechanisms observed in electrode materials 
for lithium-based batteries. Black circles Voids in the crystal structure, blue circles metal, yellow circles 
lithium. Reprinted with permission from [28]. Copyright (2009) Royal Society of Chemistry
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divided into graphitizing carbons (referred as soft carbons) and non-graphitizing 
carbons (referred as hard carbons) [51, 76]. Each type of carbon has its own current 
and potential characteristics of the  Li+ ion intercalation/de-intercalation reaction. 
Graphitic carbons comprise stacked graphene layers in the stacking sequence AB 
(hexagonal graphite) or ABC (rhombohedral graphite), which are held together by 
weak van der Waal forces [77]. During electrochemically induced lithiation, a maxi-
mum content of one  Li+ ion per six carbon host atoms can be stored, corresponding 
to a theoretical specific capacity of 372 mAh g−1. The process of  Li+ ion insertion 
proceeds via the prismatic surface, and is accompanied by a change in the graph-
ite stacking sequence to AA, thus leading to a change of the graphene interlayer 
distance of ≈ 10%. Thereby,  Li+ ion insertion proceeds via a staging mechanism 
in which the  Li+ ion fully intercalates into very distant graphene layer gaps before 
occupying the space between neighboring layers. The staging process is character-
ized by well-defined potential plateaus in the potential region between ≈ 0.25 and 
0.05 V vs. Li/Li+ (Fig. 4) [51].

The plateaus arising in the potential profile are due to the coexistence of two 
phases (P) according to Gibbs phase rule.

The number of degrees of freedom (ℱ) is given by the number of components 
(C) present and the number of coexisting phases present. In the case of  Li+ ion inter-
calation into graphite, there are two components, viz., the  Li+ ion and the graph-
ite host structure, as well as two coexisting phases. This means that if the values 
of two intensive thermodynamic parameters, such as temperature and pressure, 
are specified, no ℱ are left. Thus, there is no independent ℱ, which means that 
the electrochemical potential is constant over the lithiation degree (plateau region 
in the potential profile) in the specific two-phase region. More information on the 
Gibbs phase rule and its application in batteries can be found in [78]. Due to the 
low operation potential of graphite anodes, all known liquid aprotic electrolytes are 

(8) = C − P + 2

Fig. 4  The potential profile of graphite has several stages distinguished as a result of single and two-
phase regions
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thermodynamically unstable at the anode/electrolyte interface. However, the charge-
consuming reduction (irreversible qloss in Fig. 4) of the commonly used lithium hex-
afluorophosphate  (LiPF6)/organic carbonate-based electrolyte in the initial charge/
discharge cycles, especially during the first charge of the cell, leads to the forma-
tion of a passivation layer, the well-known solid electrolyte interphase (SEI) [63], 
and thus to kinetic stability. In this regard, the electrolyte components with the low-
est reductive stability react first [79]. In particular, Baluena et al. studied the reduc-
tion stability of solvents by means of computational chemistry and pointed out the 
importance of  Li+ ion–solvent coordination for predicting stability limits [80, 81]. 
Film formation is related to the surface properties of the carbon/graphite material 
[82, 83] and the electrolyte composition used [84–86], and is associated with the 
irreversible capacity loss and electrolyte depletion. For detailed information on car-
bon anodes, the reader is referred to [79, 87].

4.4  Lithium Titanate

Lithium titanate spinel  (Li4Ti5O12, LTO) is an alternative commercialized anode 
material, known for its long cycle life and improved safety characteristics compared 
to graphite anodes, especially at low temperature applications and fast charge rates 
[88, 89]. On the one hand, this is due to the high  Li+ ion intercalation/de-intercala-
tion potential of 1.55 V vs. Li/Li+, which is higher than most of the reduction onset 
potentials of common liquid aprotic electrolyte components. On the other hand, 
LTO undergoes nearly no volume change during  Li+ ion uptake and is therefore con-
sidered as zero-strain insertion material [66]. However, the increased safety perfor-
mance comes along with a lower theoretical specific capacity of only 175 mAh g−1, 
thus resulting in an overall low specific energy [25]. The recent development and 
application of LTO is reviewed in [90, 91].

5  Cathode Materials for Lithium Ion Batteries

To date, there is a wide range of materials for positive electrodes (cathodes), belong-
ing either to the group of insertion materials or to conversion materials [49, 92]. In 
this review, only the most relevant commercialized cathode materials are discussed. 
For further detailed information on cathode materials under development, much 
more specialized reviews are available elsewhere [92–95]. Within the class of inser-
tion materials, most of them (in the discharged state) can be expressed chemically as 
a crystal composed of  Li+ ions, transition metal (TM) cations and anions based on 
either -phosphates, -sulfides or -oxides  (LiTMPO4,  LiTMS2,  LixTMyOz). Beyond the 
performance-related aspects, other features including high reversible specific capac-
ity, high mean discharge potential and high rate capability, price, safety and toxicity 
need to be considered for selection as well. The classification of insertion cathode 
materials conventionally occurs according to the type of spatial  Li+ ion transport 
within the crystal structure, which is either one, two or three dimensional (1D, 2D, 
3D), as depicted in Fig. 5.
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LiTMPO4 and  LiTMS2-based electrodes belong to the 1D and the 2D fam-
ily, respectively, revealing the olivine and layered crystal structure type. The 
 LixTMyOz-based electrodes can be subdivided into  LixTMyO2 and  LixTMyO4 elec-
trodes, which belong to the 2D (layered crystal structure type) and 3D (spinel crystal 
structure type) families. While the mean potential of each crystal structure is tailora-
ble by variation of TMs, the theoretical specific capacity is limited by the respective 
molar mass according to Eq. 2. Consequently, the highest theoretical specific capaci-
ties can be assigned to layered oxides, making them the most promising cathode 
material candidates up to date. For instance, the theoretical specific capacities for 
prominent representatives of each crystal structure, that are  LiFePO4 (LFP),  LiTiS2 
(LTS),  LiNi1/3Mn1/3Co1/3O2 (NMC111) and  LiNi0.5Mn1.5O4 (LNMO), amount to 
170, 225, 278 and 148 mAh g−1, respectively, which finally points to the superior 
role of the layered oxides in this regard. Even though, in practice, the specific capac-
ity utilization in layered oxides must be restricted for reversibility reasons, as the 
delithiation beyond a respective threshold value is accompanied by thermodynamic 
structural instabilities [96], layered oxides have dominated the LIB market in past 
decades [57, 97]. Because there is still large scope for specific energy improvement, 
research and development efforts for layered oxides are still intense.

Generally, the characteristic layered oxide reactions upon delithiation (charge) 
and lithiation (discharge) are accompanied by a continuous increase and decrease of 
the electrode potential, as depicted in Fig. 6 using the example of NMC111 active 
material.

Hence, the targeted goal of specific energy increase can be realized simply by the 
increase of the cathode charge potential. This would increase not only the discharge 
potential (Udis) (V), but also the specific discharge capacity (qdis), which both con-
tribute to the increase in specific discharge energy according to Eq. 3 [98, 99]. How-
ever, these benefits are accompanied with a continuous increase in specific capacity 
loss (qloss), when a certain potential threshold value is exceeded. The increase of 
qloss is closely intertwined with undesired consequences with respect to cycle life 

Fig. 5  Classifications of active materials with respect to the spatial  Li+ ion transport pathway within the 
crystal structure
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and safety aspects. Recent studies revealed that the origin of qloss increase could be 
attributed predominately to structural intrinsic changes of the active material, lead-
ing finally to an impeded and incomplete lithiation during discharge [96, 100]. Fur-
thermore, it could be pointed out that the specific capacity fade (limiting the cycle 
life) is dependent on the type of active material rather than solely the charge poten-
tial [101]. The exemplary comparison of the specific capacity fade of LNMO and 
NMC111 electrodes in Fig.  7 demonstrates that, despite a higher charge potential 
(4.95 V vs. Li/Li+ for LNMO) the specific capacity fade is even less than for the 
NMC111 electrode having lower charge potentials. For the same active material 
though, the specific capacity fade increases with the charge potential, which could 

Fig. 6  Initial charge/discharge potential curve as a function of the specific capacity of NMC111, exem-
plary representing a layered oxide. The increase of the charge potential would increase the specific 
capacity (q), but also the specific capacity loss (qloss)

Fig. 7  Charge/discharge 
cycling with normalized specific 
discharge capacities for LNMO/
Li (charged to 4.95 V vs. Li/
Li+) and NMC111/Li (charged 
to 4.60 V and 4.80 V vs. Li/Li+) 
half cells after formation. Data 
reevaluated from [102]
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be attributed to increased structural instabilities associated with increased delithia-
tion amounts, as pointed out in Fig. 6.

Consequently, the key to the desired performance improvement is intertwined 
with improvements in the active material itself. Therefore, the relation between 
chemical composition, structure and properties needs to be characterized and under-
stood. From a crystallographic point of view, the layered oxides are based on alter-
ing TM and  Li+ ion layers, each residing in oxygen octahedral coordinated 3a and 
3b sites, respectively (Fig. 8). Properties with respect to performance and stability 
of layered oxide-based active materials can be tailored via (1) coating of the active 
material surface and/or (2) variation of the TMs, which are based conventionally on 
Ni, Co and Mn including doping with other elements, and/or (3) overlithiating of the 
material leading to  Li1+xTM1-xO2 type layered oxides.

(1) The advantage of active material coating is associated with stabilization of the 
electrode/electrolyte interface towards parasitic side reactions and increasing ther-
mal and electrochemical stability [103–105]. However, the implementation of inac-
tive or less active mass through coating not only decreases the gravimetric energy 
density but also results in an additional resistance for  Li+ ion migration, which needs 
to be outweighed prior to application. (2) Layered oxides can be composed of single 
or even mixtures of TMs enabling a wide range of possible combinations. A promi-
nent, already commercialized, single TM-based active material is  LiCoO2 (LCO), 
showing good electrochemical performance for capacity utilizations up to ≈ 50% of 
theoretical capacity. Exceeding this limit (e.g., in case of overcharge) leads to safety 
hazards, which are associated with  O2 release attributable to chemical instability 

Fig. 8  Left Crystal structure of layered oxide-based cathodes, revealing altering layers of  Li+ (yellow 
bullets) and transition metals (TMs; coordinated within violet octahedra). Right Magnification including 
two TM layers and a  Li+ layer. The oxygen (violet bullets) coordinated TMs reside in Wyckoff 3a sites, 
while the analogues coordinated  Li+ resides in Wyckoff 3b sites. The  Li+/Ni2+ mixing phenomenon is 
marked with a red double arrow. The pros and cons of each possible TM within layered oxide-based 
cathodes are highlighted. Reprinted with permission from [101]. Copyright (2017) John Wiley and Sons
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of LCO [106]. The specific capacity restrictions, safety issues, toxicity, costs and 
resource problem of Co have necessitated the search for alternative active materi-
als [107]. The substitution of Co with Ni, yielding  LiNiO2 (LNO), indeed enables 
a higher capacity utilization, as the Ni-based layered oxide is thought to be more 
chemically stable (less risk of oxygen release). However, the cycle life and electro-
chemical performance, especially at elevated rates, do not meet the requirements 
necessary for application in LIBs. On the one hand, this is associated with the  Ni3+ 
suffering from structural distortions due to the Jahn–Teller effect [108]. On the other 
hand, the synthesis yields non-stoichiometric  Li1-xNi1+xO2 compounds, resulting in 
 Ni2+ ions placed within the  Li+ ion layer, mitigating  Li+ ion mobility within the  Li+ 
ion layer for several reasons: (1) They act as obstacles interfering the  Li+ ion migra-
tion path, due to increased electrostatic repulsion between  Ni2+ and  Li+ ions.

(2) They decrease the slab space (c-direction) within the  Li+ ion layer due to 
higher valence of  Ni2+ ions compared to  Li+ ions [95]. Partial substitution of Ni 
with Co and Al effectively reduces the cationic disorder and improves the thermal as 
well as electrochemical performance. The paradigm mixture  LiNi0.8Co0.15Al0.05O2 
(NCA) is a commercial material, which is used, for example, in Panasonic wound 
cells for Tesla BEVs [92]. With respect to cost issues and chemical stability, 
 LiMnO2-based layered oxides were also considered for application in LIBs [109]. 
However, this material suffers from poor cycle life due to Jahn–Teller effect related 
structural instabilities and irreversible phase transformations attributable to its tri-
valent state  (Mn3+) [110]. Interestingly, the tetravalent Mn  (Mn4+) has a beneficial 
effect with respect to structural and thermal stability [109, 111]. However, as the 
average TM oxidation state within the  LiTMO2 structure is  TM3+, the desired  Mn4+ 
can be realized only in combination with (at least) equal amounts of  Ni2+. These 
valence states are obtained according to crystal field theory, when  Mn3+ and  Ni3+ 
are originally incorporated within the structure [112]. However, the associated  Ni2+ 
is undesired, because its similar ionic radius to  Li+ (69 vs. 76 pm) leads to a partial 
 Li+/Ni2+ site exchange, known as  Li+/Ni2+ mixing. This phenomenon, depicted in 
Fig. 8 (red arrow), leads to the presence of  Ni2+ within the  Li+ ion layer, leading 
to the undesired effects described above for LNO active material [113]. Interest-
ingly, the implementation of  Co3+, yielding the well-known  LiNixMnyCozO2 (NMC; 
x + y + z = 1) family, suppresses the  Li+/Ni2+ mixing extent, but at the expense of the 
disadvantages of the Co element [114, 115]. The pros and cons of the three indi-
vidual TM are summarized in Fig. 8, pointing out the required optimized trade-off 
between electrochemical performance, structural stability and cost as well as cycle 
life [107].

(3) The overlithiation of the active material occurs at the cost of the amount of 
redox-active TM within the structure, which is consequently accompanied with a 
decrease in theoretical specific capacity. As the theoretical specific capacity is not 
utilized completely during LIB operation, overlithiation has its advantage in increas-
ing the TMs average oxidation state. As pointed out above, the lower oxidation states 
of Ni  (Ni2+) as well as Mn  (Mn3+) cause severe performance disadvantages, which 
can be minimized by increasing the overlithiation degree. Besides this advantage 
of conventional  LiTMO2 chemistry, overlithiated materials also reveal an uncom-
mon chemistry, enabling specific capacities even higher than theoretical values. The 
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extra specific capacity in those materials is thought to originate from oxidation of 
the oxygen within the structure. Even though the specific capacity for this structure 
is remarkable, the reversibility upon charge/discharge cycling remains a big chal-
lenge [116, 117].

It is worth noting that, to date, the specific capacity bottleneck within a full cell 
setup is the positive electrode (cathode). Further improvements in specific capaci-
ties of the negative electrode (anode) are not significantly beneficial as long as the 
specific capacity of the cathode remains constant [47]. For reasons of simplicity, 
focusing only on the masses of the active materials for both cathode and anode, this 
correlation was calculated as depicted in Fig. 9.

The increase of the specific capacity of the anode within a full cell approaches 
the specific capacity value of the cell-capacity-limiting electrode, i.e. the cathode, 
asymptotically. Improvements in specific anode capacity are noticeable only up to a 
certain point (≈ 1000 mAh g−1). For sure, it is still reasonable to focus on the anode, 
as graphite, as the state-of-the-art (SOTA) anode material, reaches a specific capac-
ity of just 372 mAh g−1 (dashed line). However, the specific capacity improvement 
of the cell-capacity-limiting electrode, the cathode, would have a very beneficial 
impact on the overall specific full cell capacity, which points to the importance of 
exploratory research and development in this field [118]. Ab  initio computational 
modeling allows for prediction of the influence of different TMs and doping ele-
ments on the  Li+ ion diffusion kinetics, thus guiding more effective experimental 
research [119].

6  Electrolytes for LIBs

The ability to conduct ions, and in particular  Li+ ions, is the main function of the elec-
trolyte in LIBs. Within the LIB, the electrolyte belongs to the inactive materials; how-
ever, its effect on the chemical nature and morphology of the formed interphases at the 
electrode/electrolyte interfaces have a major influence on the cycle life, power capability 

Fig. 9  Full cell specific capaci-
ties as a function of the anode-
specific capacities for constantly 
held cathode-specific capaci-
ties of 150 and 300 mAh g−1. 
Dashed line Specific capacity 
of graphite anode material of 
372 mAh g−1. For the calcula-
tion only the masses of the 
active materials are considered
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and safety performance of the LIB. Research on electrolytes for lithium-based batteries 
can be grouped into ceramic solid electrolytes [120], polymeric electrolytes [121, 122], 
ionic liquid based electrolytes [123, 124], liquid organic electrolytes [125–128], liquid 
aqueous electrolytes [129], as well as hybrid electrolytes [64, 130]. However, most of 
the electrolytes used in commercial LIBs are liquid organic solvent-based electrolytes, 
comprising a Li salt dissolved in a blend of aprotic organic solvents. Surprisingly, as 
compared to research outcome devoted to cathode cell chemistries, advances in electro-
lyte research and development have been scarce over the past 25 years [127]. The LIB 
commercialized by Sony in 1991 comprised a LCO positive electrode, a non-graphitiz-
ing carbon negative electrode and  LiPF6 dissolved in a mixture of propylene carbonate 
(PC) and diethyl carbonate (DEC) as electrolyte [131]. With the energetic advantage of 
highly graphitic carbon being used as negative electrode in LIBs, ethylene carbonate 
(EC) replaced PC and became an indispensable component of every electrolyte for-
mulation [125]. The structures of aforementioned organic carbonates are presented in 
Table 2. Since then, the skeleton electrolyte based on  LiPF6 in a mixture of EC and 
linear alkyl carbonates has not changed significantly. In liquid electrolytes, the ionic 
conductivity (κ) (Ω−1  cm−1) is determined by the ion concentration (cI) (mol  L−1) and 
the ion mobility (uI) (m s−1  V−1) [132]

(9)� =
∑

i

|
|zi
|
|Fciui,

(10)ui =
||zi||e0
6��ri

.

Table 2  Melting point (Tm), boiling point (Tb), flash point (Tf), viscosity (η) and relative permitivity (εr) 
and of commonly used organic carbonate solvents, viz. ethylene carbonate (EC), propylene carbonate 
(PC), dimethyl carbonate (DMC), diethyl carbonate (DEC) and ethyl methyl carbonate (EMC)a

a Data taken from [126]

Solvent Structure Tm/ °C Tb/ °C Tf/ °C η/mPa s−1 (at 25 °C) εr (at 25 °C)

EC 36 238 143 1.90 (40 °C) 90 (40 °C)

PC − 49 242 138 2.50 65

DMC 5 90 17 0.59 3.1

DEC − 74 127 25 0.75 2.8

EMC − 53 108 23 0.65 3.0
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Here, zI is the charge of the ion I, e0 is the unit charge (1.602  10−19 C), η is the 
temperature dependent dynamic viscosity of the solvent (kg s−1 m−1) and rI is the 
stokes radius (radius of the ion I including its solvation sphere) (m) [132]. Molecular 
dynamics simulation are a suitable tool to study  Li+ ion coordination by the solvent 
molecules and the  Li+-anion ion pair formation [133, 134], and can be considered 
as complementary method to the spectroscopic methods, such as Raman and NMR, 
to study the structure of the ion solvation shell [135]. In  LiPF6-based electrolytes, 
solvated  Li+ ions have a lower mobility than the less solvated  PF6

− ions, thus result-
ing in the transference number of  Li+ ion in the range of 0.2–0.4 [125]. The transfer-
ence number (tI) is the fraction of the total current that is transferred by a particular 
ion:

In this regard, it is important to remember that the power performance of the LIB 
is determined only by the current carried by the  Li+ ion. Furthermore, a low  Li+ ion 
transference number leads at the same time to an increased anion movement and 
enrichment at the electrodes, causing concentration polarization [125]. Equation 9 
is valid only for electrolyte salts that dissociate completely into fully solvated ions. 
However, with decrease of the relative permitivity (εr) of the used electrolyte sol-
vents, complete dissociation can no longer be achieved. Part of the dissolved elec-
trolyte salt remains undissociated, thus being present as contact ion pairs in the solu-
tion (Fig. 10).

Since contact ion pairs are macroscopically neutral species, they do not contrib-
ute to the total conductivity of the electrolyte. In general, in electrolyte solvents hav-
ing εr < 10, the amount of electrolyte salt that is dissociated into fully solvated ions 
is small except in very dilute solutions [132]. Whereas in electrolyte solvents with 

(11)ti =
��Ii��

∑
i
��Ii��

Fig. 10  a Conductivity change as a function of increasing electrolyte salt concentration. b Conductiv-
ity change of a 1 M  LiPF6 salt in a high relative permitivity solvent, such as ethylene carbonate (EC), as 
a function of increasing low viscosity solvent concentration, e.g., dimethyl carbonate (DMC). Redrawn 
from [47, 136]
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εr > 40, the fraction of electrolyte salt that forms contact ion pairs is small except in 
highly concentrated solutions [132]. Next to a high εr value, suitable solvent mol-
ecules need to have a low viscosity (η), according to Eqs. 9 and 10. Since solvents 
kinetically stable with Li combine either high viscosity and high relative permitivity 
or low viscosity and low relative permitivity, a solvent mixture, usually compris-
ing solvents with high εr values and solvents with low η values, is used (Table 2). 
In almost all cases, electrolyte conductivity in mixed solvents is superior to that in 
single solvent-based electrolytes [125]. Semi-empirical quantum-mechanical (SQM) 
and density functional theory (DFT)-based COSMOtherm calculations can be used 
to estimate the melting/flash/boiling points, electrochemical stabilities and viscosi-
ties of electrolyte solvents [137, 138] and thus are very helpful for the preselection 
of suitable electrolyte components.

However, performance deterioration and safety risks caused by the poor thermal 
and chemical stability of present liquid aprotic electrolytes limit their application 
in LIBs to operation temperatures < 50  °C [139]. While reactions at the graphite/
electrolyte interface have been studied intensively, the degradation reactions inside 
the bulk electrolyte induced by high voltage and high temperature, as well as the 
influence of the formed electrolyte decomposition products on battery safety and 
performance have been rarely discussed [139, 140]. Figure 11 shows the decomposi-
tion reaction of  LiPF6 in the presence of protic impurities resulting in the formation 
of various organophosphates [141–143]. However, the hydrolysis of  LiPF6/organic 

Fig. 11  Proposed decomposition mechanism of  LiPF6. Reprinted with permission from [144]. Copyright 
(2015) Elsevier
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carbonate-based electrolytes is still not fully understood, and support from computa-
tional chemistry is rare [103, 139, 141].

According to Eq. 7, the thermodynamic cell voltage of a LIB is determined by the 
difference between the electrochemical potentials of the anode and cathode. When 
the graphite anode is used with conventional  LiPF6/organic carbonate-based elec-
trolyte, the value of the graphite electrochemical potential lies well above the energy 
level value of the lowest unoccupied molecular orbital (LUMO) of the electrolyte. 
Because of the thermodynamic instability at the graphite/electrolyte interface, the 
electrolyte is reduced, which describes the electron transfer (ET) from the graph-
ite electrode to the LUMO of the electrolyte. The reduction proceeds unless a pas-
sivation layer, the well-known SEI [63, 145, 146], is formed and prevents ET, or 
at least dramatically slows it down, as shown schematically in Fig. 12. The SEI is 
ideally considered as an electronic insulator and at the same time selectively per-
meable for only  Li+ ions [63]. Theoretically, a 5 V cathode material with an elec-
trochemical potential lower than the energy level value of the electrolytes highest 
occupied molecular orbital (HOMO) leads to oxidation of the conventional  LiPF6/
organic carbonate-based electrolyte. ET from the HOMO of the electrolyte to the 
cathode takes place unless an effective passivation layer is formed. In this regard, 
it has been reported that the general trends obtained from DFT-calculated HOMO 
energies and computed oxidative stability limits often correlate with the experimen-
tal oxidation potentials of anions [147, 148] and solvents [149–151]. The lower the 
HOMO energy level of the solvent, the more stable is this compound toward oxida-
tion. However, computed stability limits of investigated compounds are often sig-
nificantly higher than experimentally measured values [152], where recent results 
even point to oxidative stabilities > 5 V  vs. Li/Li+ of conventional electrolytes 
[153]. In this regard, it is important to consider the presence of solvent–solvent or 
solvent–ion complexes in the electrolyte, which can lead to significantly different 

Fig. 12  Schematic energy diagram of a lithium ion battery (LIB) comprising graphite, 4 and 5 V cath-
ode materials as well as an ideal thermodynamically stable electrolyte, a state-of-the-art (SOTA)  LiPF6/
organic carbonate-based electrolyte and a high voltage (HV) thermodynamically stable electrolyte. The 
electrochemical stability window (ESW), the lowest unoccupied molecular orbital (LUMO) energy level 
and highest occupied molecular orbital (HOMO) energy level are shown
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electrochemical stability values compared to computing on isolated molecules 
[139, 154]. The LUMO energy level can be used to predict the reductive stability 
of the solvent [85, 155]. An understanding of electrochemical decomposition reac-
tions is also important as it provides basic insights into the reactions and products 
involved in the formation of the electrode/electrolyte interphases [156, 157]. The 
calculation of oxidation and reduction potentials of electrolyte components serves 
to establish trends that can guide the selection of advanced electrolyte formulations 
[158]. Recent progress in research on high voltage stable electrolytes is reviewed 
in [159]. The most promising alternative solvent classes with increased oxidative 
stabilities are fluorinated carbonates [160–162], sulfones [149, 163], and aliphatic 
dinitriles [164, 165]. However, the high cost of production and poor compatibility 
with graphite anodes limit their applicability in LIBs. Today, nitriles are used only 
as co-solvents up to 10 vol% in commercial LIB electrolytes [159].

The use of electrolyte additives is one of the most economic and effective meth-
ods with which to tailor the performance of LIB with regard to desired functionality 
[166]. In general, the amount of an electrolyte additive is ≈ 5% either by weight or by 
volume in order not to change the bulk electrolyte properties [166]. Hundreds of dif-
ferent additives have been reported in the literature and can be classified according 
to their functionality (Fig. 13). Vinylene carbonate (VC) is by far the most widely 
used and intensively studied film-forming electrolyte additive for graphite-based 
anodes [125, 127]. A small amount of VC (in most cases 2% by weight) in the liquid 
aprotic electrolyte effectively reduces the irreversible capacity loss associated with 
the bulk electrolyte reduction on graphite anodes. In general, SEI-forming additives 
are reduced at the negative electrode prior to the bulk electrolyte components due to 
their higher reductive potential [166]. The reduction process is accompanied by the 
formation of insoluble decomposition products that are immobilized at the anode/
electrolyte interface in a film with thicknesses up to several tens of nanometers, thus 
shielding the bulk electrolyte from the charged electrode surface [166]. SEI-forming 

Fig. 13  Different additive target 
functions in the LIB
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additives not only reduce gas generation during the reduction process but also 
increase the stability of the SEI, e.g., at elevated temperatures [166].

The reaction mechanism of VC was elucidated by ab initio calculations to inter-
pret and simulate XPS valence spectra to identify VC-derived decomposition prod-
ucts in the electrode/electrolyte interphases [167]. VC is radically polymerized on 
the anode surface, thus resulting in the formation of a thinner SEI when added to the 
conventional  LiPF6/organic carbonate-based electrolyte (Fig.  14) [167]. However, 
theoretical modeling of the SEI, to obtain further insight into the interphasial struc-
ture, is rare [168–171].

Fluroroethylene carbonate (FEC) is the electrolyte additive most reported for 
EI formation on silicon-based electrodes [172, 173]. The improvement mechanism 
of FEC is still under debate [127, 174, 175]. Recently, Tateyama et al. studied the 
decomposition of FEC by means of computational modelling and stressed the role 
of LiF in the SEI composition acting as a glue for the organic SEI components, 
especially on silicon-based electrodes [174]. However, the composition of the FEC-
derived SEI, the chemical reactions involved, and the reaction intermediates remain 
to be elucidated [174]. Biphenyl (BP) is by far the most used shutdown additive to 
increase the intrinsic safety of the LIB. At the potential of 4.54 V vs. Li/Li+, BP is 
oxidized and forms a highly resistive cathode passivation film containing poly(p-
phenylene) (Fig. 15) [176]. The co-generated protons diffuse to the anode side and 
are reduced to  H2, leading to an increase in internal cell pressure [136]. At a defined 
pressure, the current interrupt device (CID) in the cell is activated and the current 
flow is interrupted [136]. Therefore, BP is used only in LIBs having a CID, e.g., in 
round cells.

Fig. 14  Schematic illustration of vinylene carbonate (VC)-induced solid electrolyte interphase (SEI) for-
mation
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Due to the development of new cell chemistries, especially cathode materials 
with higher operation potentials, there is a need for the development of new shut-
down additives with higher oxidation onset potential [177]. In this regard, quantum 
chemical calculations are useful screening tools with which to identify suitable can-
didates [176].

7  Conclusion

Regarding energy and power design, LIBs have a clear advantage compared to other 
secondary battery technologies. Yet, research into new electrode materials to fur-
ther increase energy density, power density, cycle life and safety at affordable cost 
continues. The design and development of new electrode materials and electrolyte 
components based on understanding of operation and failure mechanisms of the bat-
tery, also at the electrolyte/electrode interfaces is important to further advance the 
limits of power, safety and cycle life in the LIB. Despite the fact that electrolyte 
belongs to the group of inactive materials in the LIB, the physicochemical prop-
erties and characteristics of the electrolyte/electrode interfaces formed significantly 
determine power and safety. Computational modeling of electrolytes provides sig-
nificant insight into the electrochemical and transport properties of the bulk elec-
trolyte and electrolyte decomposition reactions as well as the characteristics of the 
formed electrolyte/electrode interphases, which can effectively support research and 
development of new electrolyte components. Nevertheless, a link between predicted 
parameters and experimental values is always necessary to assess whether or not, 
and how accurately, any computational method and strategy can be used in a predic-
tive manner.
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