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Preface

Many articles and books have been published on the topics designated in this
volume. However, most of the literary sources are formatted as follows:

� They describe the results of scientific articles on the synthesis and study of
perspective materials;
� They reveal circuit and design solutions for constructing control systems and

manufacturing batteries;
� They are educational materials.

At the same time, a small number of publications include the following:

� A description of materials that are produced industrially and used in the LIC
manufacturing process;
� A demonstration of the industrially produced LICs’ energy and power

parameters;
� An analysis of the characteristics of manufactured miniature lithium-ion cells,

solid-state LICs and lithium metal cells, and all-solid-state cells.

Considering the popularity of the topics discussed, one can hope to find quite
detailed information on the Internet. Indeed, modern search engines make it possible
to find a sufficiently large number of relevant documents. However, while conducting
such research, we encountered the following challenges:

� The data are somewhat fragmented, and their systematisation and structuring
are required;
� The search results do not always meet search queries. For instance, the relevant

to the topic data was found, but they didn't match the query;
� As the accumulated data grow, the search time for new information increases;
� The choice of search engine and location (different countries) affects the search

results;
� The data are not indexed in search engines despite the correct keywords and

website being requested;
� The information disappears due to website updates;
� The found data require processing; for example, many presentations show

changes in the shape of the discharge curves depending on the discharge
current strength. In addition, Ragone plots are necessary for a correct
comparison and, therefore, the mathematical processing of presented results is
required.
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Thus, this book was written to systematise and structure information on
industrially produced materials for LIC manufacturing and industrially produced
and promising LICs (and lithium metal rechargeable cells) for various applications.

Yury Koshtyal and Alexander Rumyantsev
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Saint Petersburg, Russia
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1 Introduction

Lithium-ion cells (LICs) and batteries, due to their functional parameters such
as specific energy, specific power, cycle life, and performance in broad temperature
intervals, are in demand for various applications. Despite a long development
history, new materials for LIC manufacturing and the development of batteries with
improved characteristics are still intensively discussed topics in the scientific and
technical literature.

1.1. Highlights

1. A review of commercially available materials and promising new materials
offered by start-ups and leading manufacturers for the production of
lithium-ion cells with improved characteristics was carried out (Chapter
Materials for Lithium-Ion Cells).

2. Ragone plots for lithium-ion cells of different applications are given, as follows:
2.1 High-energy LICs for smartphones, LICs in 18650 and 21700 cases, and

perspective LICs and lithium metal cells (including those with solid-state
electrolyte) (Chapter Advanced High-Power Lithium-Ion Cells for Electric
Hand Tools).

2.2 High-power LICs in 18650 and 21700 cases for power tools (Chapter Advanced
High-Power Lithium-Ion Cells for Electric Hand Tools).

2.3 LICs for various hybrid and electric vehicles (Chapter Lithium-Ion Cells and
Batteries for Hybrid, Electric Passenger Vehicles).

2.4 LICs for stationary energy storage systems (Chapter Lithium-Ion Electric
Energy Storage for Stationary Applications).

2.5 Miniature LICs (0.16 mAh � 1.22 Ah, in cylindrical, prismatic, button, coin
cases), fully solid-state (bulk, MLCC-type, thin-film), and LICs for medical
applications (Chapter Miniature Lithium-Ion Cells for the Internet of Things,
Wearable Devices, and Medical Applications).

3. The coverage of the considered cells in each of the assessed areas (Chapters 3–7).
More than 200 cells are mentioned in the book (see Appendix A).

1.2. Search Methodology

To increase the coverage of initial information, various search engines (Baidu,
Google, Yahoo, etc.), publication bases (SAE), and file storage systems (docin.com,
slideshare.net, wenku.baidu.com, etc.) were used. The search was carried out using
keywords and pictures and from different locations. We also used the principle
applied when looking for mushrooms in the forest: when helpful information was
found, we looked around for more. The initial data for review included articles
from battery-devoted websites and materials (booklets, reports) from specialised
scientific and technical conferences (Europe, China, USA, South Korea, Japan). Also,
the authors’ personal experience in the development of power sources, laboratory
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tests, and scientific and technical articles (including from industrial companies) and
monographs were considered. Thousands of documents were viewed, and more
than 1300 references are cited in the present book.

1.3. What Information Can Be Found in the Book?

The book provides background information on the main characteristics of
materials (active anode materials, active cathode materials), binders, thickeners,
conductive additives, electrolytes (including functional additives), separators,
current collectors, housings, and current leads, as well as their qualitative effect
on the specific energy and capacity of manufactured cells (Chapter Materials for
Lithium-Ion Cells). Methods for increasing the specific energy (Chapter Lithium-Ion
Cells with High Specific Energy), power, and safety (Chapter Lithium-Ion Cells and
Batteries for Hybrid, Electric Passenger Vehicles) of LICs are described that include
choosing a design solution, materials, and manufacturing technology.

The book also provides background information (weight, sizes, and performance
parameters) on the LICs and batteries of micro hybrid, mild hybrid, strong hybrid,
and plug-in hybrid electric vehicles, as well as modules for making the stationary
energy storage devices and cells mentioned in the Highlights. In addition, the effect
of discharge current strength (power) on the change in specific energy (Ragone plots)
of the series cell is shown for each of the considered applications. However, the
authors did not have the opportunity to verify all of the information presented in
practice. Moreover, data tend to become outdated; in this regard, we advise the reader
to consider the data presented in the book as a first approximation. More detailed,
accurate, and up-to-date data can be requested directly from the manufacturers.

1.4. How to Use This Book

Like many authors, we hope that our work will be in demand. However, we are
also aware that not all information will be relevant for the reader. Nowadays, most
books are published in electronic form, and the reader can use the search function to
save time. However, given the possibility of presenting the same content in different
words, search queries may sometimes not match the wording used in the book. In
this regard, for navigation through the book, one can use the table of contents, the
list of names of figures and tables, and indices (manufacturer-brand LIC—numbers
of tables and/or figures; keywords).

To simplify the presentation of information, we decided to use abbreviations
and designations. Abbreviations related to chemical substances (materials), words,
or phrases are defined on first mention in the text and the “Abbreviations” section
of the book. One can find brief designations (models) of cells and batteries in the
captions of the figures or tables. They are also listed in alphabetical order in the
Appendix (Table A.2) where the manufacturer’s name and the number of tables and
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figures describing their properties can be found. The main characteristics of the cells
and batteries are indicated in the table in which they are first mentioned.

Naturally, the information provided may not be detailed enough. In this case,
one can look for references given in the text. In other words, the book can be used as
a starting point (or map) for further information retrieval.

1.5. Who Might Benefit from This Book?

The authors hope that this book will help save time and deepen knowledge
in the field of the characteristics of manufactured and promising lithium-ion cells
and lithium metal cells for specialists in the development of various equipment,
lithium-ion cells, and batteries; scientists conducting research in the field of creating
new materials; marketers; students; and those simply interested in the topic.
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2 Materials for Lithium-Ion Cells

Power sources enable the autonomous operation of electrical devices. Power
sources can be constructed based on various electrochemical systems: lead–acid,
nickel–cadmium, nickel–metal hydride, lithium-ion cells, etc.

Lithium-ion cells are in high demand for the manufacturing of batteries
for electrical devices (smartphones, electric tools, hybrid and electric vehicles,
uninterruptible power supplies, quadcopters, etc.) due to their high specific (relative
to a unit of mass and/or volume) power and energy, cycle life, performance in a
wide temperature range, price, and other parameters.

The lithium-ion cell electrochemical system can be presented [1] as follows
(Equation (1)):

(+)[HP]/[Lix HP]//Electrolyte//[LiHN]/[HN](–) (1)

where

[HP] is a structure into which lithium can be reversibly introduced (or extracted
from it) at high potentials of approximately +3 � +5 V relative to Li+/Li;
[HN] is a structure into which lithium can be reversibly introduced (or extracted
from it) at low potentials below +2 V relative to Li+/Li.

In such a case, for the sake of simplicity reactions with electrode-active materials
during lithium-ion cell charge/discharge can be presented as follows:
Positive electrode (Equation (2)):

[LiHP]  
Discharge

Charge!
h
Li(1�x)HP

i
+ xLi+ + xe� (2)

Negative electrode (Equation (3)):h
Li(1�x)HN

i
+ xLi+ + xe�  

Discharge

Charge! [LiHN] (3)

Summary equation (Equation (4))h
Li(1�x)HN

i
+ [LiHP]  

Discharge

Charge! [LiHN] +
h
Li(1�x)HP

i
(4)

In fact, one should consider side processes occurring during charge/discharge.
For instance, part of lithium doesn’t intercalate into anode and participates in the
formation of solid electrolyte interface. The LIC operation principle can be described
in short as follows. When being charged, lithium ions leave the structure of the
cathode-active material, acquiring a solvate shell. Then, while passing through
electrolyte and separator pores, they approach the negative electrode, lose the
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solvate shell at the electrolyte/anode material interface, and enter the structure
of the anode-active material (Figure 1). At the same time, electrons move via the
external electrical circuit (from the active material through the conductive network to
the current collector and tab) in the same direction (from the cathode to the anode).

During charging, the potential of the cathode-active material (positive electrode)
increases and the potential of the negative electrode decreases (relative to Li+/Li).
The increasing LIC voltage at charging is the difference between the potentials of the
positive and negative electrodes.

LICs are manufactured in a controlled atmosphere using high-tech equipment.
The main manufacturing stages [3,4] are as follows (a sample layout of the plant with
a list of equipment can be found in brochure [5], Figure 2). At the first stage, slurries of
cathode and anode materials are prepared in vacuum mixers. Cathode slurry consists
of cathode-active material (examples of applied materials are given in Table 1), a
binder, a conductive additive, and a solvent (N-methyl-2-pyrrolidone, etc.). Anode
slurry consists of anode-active material, a binder (and thickener), and a solvent (water
or N-methyl-2-pyrrolidone, etc.). In addition, it may contain conductive additives
(carbon black, graphites, carbon fibres, etc.) when polyvinylidene fluoride (PVDF)
is used as a binder. The concentration of the electrode slurry components may be
different along with the height of the vessel (sedimentation at the bottom, aggregation
of particles in the middle zone, and clarification at the top is possible), which may
result in the non-uniform application of the slurry. Thus, the following measures are
taken to reduce non-uniformity depending on the applied technology [6–9]:

� Preliminary dry mixing of cathode-active material and conductive additives;
� Special devices for feeding the active-layer components into the mixer;
� Special vacuum planetary mixers or systems consisting of a series of different

mixing devices (binder solution preparation—low shear force, adding of
conductive additive and mixing at high shear force, operation of ball mills
for homogenisation, pre-mixing of cathode material and slurry of conductive
additives, mixing and adding the specified amount of binder and solvent);
� Longer mixing time;
� Shortening of time between production of slurry and its application;
� Various devices for active-layer transfer to the coating machine.

5



Figure 1. Block diagram of a lithium-ion cell (a) based on an image from Sanyo [2],
electrode assembly (b), and a description of the operation principle during charging
and discharging (c). Source: Figure by authors.
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1 
 

 
Figure 1 
 

 
Figure 2 
 

Figure 2. Manufacturing sequence for lithium-ion cells with laminated foil (pouch)
cases and metal prismatic (cylindrical) cases. Source: Figure by authors.

At the second stage, a coating machine is used to apply cathode (anode)
slurry [11] (under a controlled atmosphere [12]—argon, nitrogen, low moisture
content—cathode materials with high content of nickel, manufacture of cells with
lithium anode) to aluminium (copper) foil in series to one side and the other side (or
to both sides in one pass of the foil [13,14]) as a layer (one strip, several strips, one strip
with a break, several strips with a break [5]) with a preset thickness and application
density expressed in mg/cm2. The most widely spread coating application systems
are as follows: a slot die coating system (a double slot die system) for industrial
machines and a reverse commabar system (for pilot coating machines; the application
rate reaches 15 m/minute [15]). The other systems for active layer application to foil
are described in the presentation in [12]. The foil width may reach 650 mm. During
coating, the foil motion speed may reach 70 � 80 m/min [11,15] when an industrial
machine is used to apply the slurry.

Currently, there is a technology for applying an active layer with preset porosity
and binder concentration in depth [16]. The electrode layer area adjoining the foil
contains a greater amount of binder and has a denser structure. The external area
of the layer has a greater porosity (it is less dense) and includes less binder. The
electrode slurry (primarily anode) applied according to such technology has better
adhesion to the current collector, and the charge current can be increased due to the
formed porous structure of the electrode layer. Regardless of the method of active
layer application, the drying rate is an important parameter. Fast drying can lead
to a higher concentration of the binder in the upper part of the active layer [17–19],
which reduces the adhesion of the active layer and increases electrode resistance.
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Extrusion [20] is an alternative method for electrode manufacture. At the first
stage, the dry mixing of an active material, conductive additive, and binder is carried
out at high temperature and under reduced pressure. The produced homogeneous
mixture is transferred to an extruder; a solvent, which may be a component of the
electrolyte, is added, and the active layer is extruded onto a polymer film (polyethene
terephthalate). After that, the active layer is transferred from the polymer film to the
current collector during heating. Then, the calendering of the electrodes is carried out.
The advantage of this technology is the exclusion of N-methyl-2-pyrrolidone from the
manufacture of the electrode. The disadvantages are a substantially lower application
rate, an extra stage of active-layer transfer from the polymer film to the current
collector, and the difficulty in selecting proper conditions for producing an active
layer that is uniform in terms of characteristics, which increases the manufacturing
cost. It is possible that the process under development (the “HemKoop” project,
Technical University of Braunschweig) that uses two extruders mounted in series
will increase the demand for extrusion-based application technology. The technology
under development makes it possible to apply the active layer directly onto the
current collector without using a polymer film as an intermediate link [21].

At the third stage, electrode tape is calendered between rollers (if required, the
rolls may have hot surfaces [22]) in order to:

� Ensure proper contact between the active material and conductive additive;
� Increase the adhesion of the active layer;
� Create the required density and porosity (later, during storage, drying, twisting,

and filling with electrolyte, the porosity of the active layer increases, and it
decreases during formation and cycling) [23]);
� Set electrode thickness.

At the fourth stage electrode manufacturing stage, the electrode tape is slit (or
punched) [24]. The produced electrodes are dried (fifth stage) in a vacuum cabinet
to remove traces of moisture [25]. At the sixth stage, the cells are assembled in a
room with low moisture content since water can negatively affect the operation of
the electrodes and partial hydrolysis of the electrolyte, and, ultimately, the cycle life
and energy characteristics of the cell. Depending on the LIC design selected, the
positive electrode, separator, and negative electrode are wound on a pin (stud) or a
bushing (roll structure), or assembled as a stack separating the positive and negative
electrodes with a separator layer (a Z-folder or a quicker manufacturing method is
possible—an electrode assembly consisting of electrodes and separator sheets [26]).
Both types of electrode assembly design have their advantages and disadvantages
and are used by various manufacturers. For example, SDI uses prismatic cells
with a roll structure [27], since this solution provides [28] better wetting of the
entire electrochemical system with electrolyte. On the other hand, LG uses separate
electrode cards isolated by a separator, as such a design is less prone to deformation
during cyclic charge–discharge [29,30].
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During the manufacture of LICs mounted in a soft case, tabs are welded to the
electrode assembly using the ultrasonic welding method ((+) relatively thick (0.1 �
0.7 mm) aluminium (for example, 1235, 1050) [31], (�) nickel (for example, N201) [32]
or nickel-plated copper (for example, C1100) foil with a glued three-layer hot-melt
adhesive film 72, 100 �m thick [33–35]). At the seventh stage, the electrode assembly
is placed in a case stretched out from laminated foil [36–39] (pouch, thickness 68–153
�m, depth of stretched form 3� 8 mm [40]), and then a sheet of laminated foil (pouch)
is welded (thermal welding) with a “pocket” left for electrolyte filling [41]. The
electrolyte is filled, the pocket is sealed, and after inspection the cell is transferred for
formation. Rolling through rollers to provide better electrolyte distribution within the
laminated foil (pouch) case can be effectuated (the operation time is a few seconds).

During the manufacture of LICs mounted in prismatic, elliptical, or cylindrical
cases (for the case manufacturing procedure, refer to [42]), the electrode assembly
(block) is welded via the ultrasonic (or laser) method to the tabs (preliminarily
welded to the LIC cover), and the welded assembly is placed inside the case [43].
The electrode assembly may be a roll [44] or several rolls 2—Lim50 [45], 4—SDI
60 Ah [46] (an increased number of rolls allows the reduction of the volume of
non-occupied space inside the LIC prismatic case [47]), or consist of separated sheets
of electrodes [48]. The cover is welded to the case by the laser. An electrolyte is
filled through a special hole, and after inspection (the eighth stage), the assembly
is transferred to the formation (the ninth stage). The formation includes several
charge/discharge cycles (including those at high temperatures) at low currents
(0.1 � 0.5C, 20 � 80% state of charge) according to the pre-set program [49,50]. At
the tenth stage, degassing (during formation, a small amount of gas is released) and
final sealing is carried out. At the eleventh stage, ageing is carried out: holding for
several weeks at room temperature and high temperature with a state of charge of
80 � 100%, measuring the open-circuit voltage, and then sorting by capacity. Finally,
the cells are sorted taking into account their capacity. Before shipment to the customer,
the given batch of cells is tested. For a more detailed and illustrative description of
the LIC manufacturing procedure, refer to the brochure in [51].

The main characteristics of LICs are as follows:

� Specific energy (a characteristic of autonomous operation time);
� Power (permissible charge/discharge current, voltage, resistance);
� Cycle life (the main causes for the in-service drop in LIC performance and

methods for detecting the causes are given in paper [52]);
� Performance in a wide temperature range.

The LIC’s characteristics depend not only on the materials used at the
manufacturing stage, but also on the manufacturing technology and design. For
example, specific energy can be increased due to a more significant amount of
active material in the volume and the mass of the LIC. The increment share of
active materials can be achieved by increasing the thickness and density of the
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electrode-active layer and using thinner current collectors, a separator, a case, etc., at
the manufacturing stage.

The specific power can be increased by reducing the active layer’s thickness,
increasing the active layer’s porosity, increasing the amount of the conductive
additive, etc. Usually, the structural and process solutions providing an increase in
power cause a decrease in specific energy.

For more information about LICs, including types of designs, manufacturing
technology, and the characteristics of the cells, refer to monograph [48]. The basic
materials for LIC manufacture are briefly described in the sections below; for more
information, refer to monograph [53].

2.1. Cathode-Active Materials

The primary cathode-active materials are lithium cobalt oxide (LCO),
carbon-coated lithium iron phosphate (LFP), lithium manganese oxide spinel (LMO),
lithium nickel cobalt aluminium oxide (NCA), and lithium nickel cobalt manganese
oxide (NCM) with different mole ratios of nickel, cobalt, aluminium, and manganese.
Table 2 summarizes the various cathode-active materials that differ in essential
characteristics (Table 3) produced by major manufacturers. For example, there are
several modifications of lithium cobalt oxide. The LC95 material has an increased
tap density and can operate reversibly when charged to high potentials. The lithium
cobalt oxide (LCO 983HA) produced by Pulead has a lower tap density, but retains
stability at high levels of delithiation as well.

Beijing Easpring manufactures lithium cobalt oxide that can provide high
discharge rates and high performance at high potentials relative to lithium. Materials
of such a type allow high specific (volumetric) energy and power of LICs to be
achieved, which can be in demand during the manufacture of power sources for
quadcopters. Structural stability at high potentials is ensured by doping (Mn, Mg, Ti,
Al [54]) and applying functional coatings (an artificial solid–electrolyte interphase
(SEI) film).

The SEI film (sometimes referred to as CEI—cathode–electrolyte interphase)
application on the surface of the cathode enables a reduction in the following:

� Resistance during interphase reactions (electrolyte–cathode material);
� Intensity of side reactions with electrolyte;
� Gas evolution.
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The artificial CEI also provides the increased stability of the cathode material
structure during operation at high temperatures and potentials.

Along with the modifications remaining operable at high potentials, the LIC
manufacturers can use LCOs operable at a potential below 4.35 V, for example,
LC800E (high density) and LC108R (the particle shape and size ensure increased LIC
power) and their equivalents.

Lithium iron phosphate is also available in several modifications. Phostech
produced LFP with relatively large particles (d50 = 3.4 �m). Later, Sud Chemie
proposed a method for producing smaller LFP particles, making it possible to
manufacture LICs with a higher specific power. This type of material is sometimes
designated as P2.

However, a small particle size requires increasing the proportion of binder in
the electrode slurry. Alternatively, the formation of secondary ball-shaped particles
from primary particles was proposed (P2S, Figure 3). In addition to BASF (LFP-400),
Johnson Matthey and other manufacturers are also producing agglomerated iron
phosphate. In addition, to improve characteristics of the LFP/C cathode, several
approaches can be used:

� The LiFePO4 structure may be distorted (Formosa Lithium Iron Oxide
Corporation [83]);
� Doping with boron (Prayon [84]) and magnesium (Valence [85]) can be

performed;
� Metal oxides are introduced (Aleees [66,67,86]);
� Conductive coatings (adding carbon nanofibers—Hanwha [65,87]) can be

varied;
� The secondary particle shape, as per Hangzhou Changkai Energy Technology

Co. [88] and Tatung [68], and the shape and size of primary particles [89] may
be adjusted.

There are also some LFP-based materials in whose structure some iron atoms
are substituted with manganese atoms (LMFP) [89–93], including bio-modified ones
(BMLMFP, contains several mass percents [Ca5(PO4)3(OH)2] [94,95]). Manganese added
into the crystal structure changes the shape of a discharge curve (a step appears) and
allows the increase in the average discharge voltage. Cells with LMFP cathode material
are manufactured nowadays [91,96].

14



Table 3. Basic parameters of LIC cathode-active materials.
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Table 3. Basic parameters of LIC cathode-active materials.  

Parameter Description
Chemical composition LCO, LFP, LMFP, LMO, NCM, NCA 

Main element distribution 
across a particle is uniform, or 
designed 

Core–shell [78,97–100] Gradient in terms of 
composition [101,102] 

Dopants: Ti, Mg, Al, etc.   [80]   [103] 

Functional coatings Electrically 
conductive coatings: 
Carbon [104]       
Nanotubes [65,87] 
Passivating coatings 
Polymeric [105] 
Inorganic [106] 
Ion-conducting coatings [105,106]  
Combined coatings [106] 

Structure of particles 
Solid [107] Agglomerates [103] 

Particle shape  
Cobble [57], 
Ball [108], 
Rod [68] and others [109–111] 
Particle size d50 (0.7 ÷< 20 μm), d99 < 45 μm 
Porosity of secondary particles) 
[44,108,112,113]  

Orientation of primary 
particles (crystallites) [108] 

Shape of primary particles  
[89,103] 

balls    plates   rods  facetted particles 
Size of primary particles [89] Less than 0.1 μm [104,114,115]—approx. 2.5 μm [103,116] 
Primary or secondary particles are 
coated [68,117] 

Source: Table by authors. 

0.0
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d, µm
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0.5
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d, µm

Source: Table by authors.
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Figure 3 

Figure 3. Shape of differential curves of particle size distribution: LFP (P1,
P2, agglomerated P2), LCO, and NCM (NCA, LMO, LMR) (a–d) monomodal,
(c)—narrow, (d)—broad, (e,f)—bimodal. Source: Figure by authors.

LiMn2O4 has a relatively low capacity (<120 mAh/g), but its crystal structure
provides lithium intercalation/deintercalation in three directions, which increases the
lithium diffusion rate and LIC power. The manufactured materials differ in particle
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size and shape [110,111,118], dopants (Al, Mg) stabilizing the structure [103], and
tap density (the density of a pressed tablet) [118]. In addition, there is high-voltage
nickel–manganese spinel (LiNi0.5Mn1.5O4, LNMO) [119,120]. However, LNMO has
not been widely used yet as there are no electrolytes capable of providing a sufficient
cycle life at high potentials (the charge potential is approx. 5 V and the plateau
is 4.7 V) of the cathode surface. Lithium nickel cobalt manganese oxides differ in
chemical composition (content of transition metals and dopants). The most common
ratios of Ni:Co:Mn are 1:1:1, 4:2:4, 5:2:3, 6:2:2, 8:1:1, but materials with other ratios
are also available: 3.5:3.5:30 (LNCM-35 [121]), 6:1:3 (LNCM-60) [122], 7:1:2 [123],
8.3:1.2:0.5 [124], 8.3:0.6:1.1 [125], and 8.8:0.9:0.3 [126].

Besides Ni-rich cathode materials, there are lithium–manganese-rich cathode
materials (LMR, or over-lithiated layered oxides—OLOs), which were introduced
by Thackeray [127,128]. The general formula of Li-rich oxides is often written as
xLi2MnO3�(1 � x)LiMO2 (M = MnaNibCoc, a + b + c = 1) and considered as a
structure integrated from two layered oxides: Li2MnO3 and LiMO2. Charging at high
voltage activates Li2MnO3 and results in high discharge capacities, which may reach
250 mAh/g or even higher. There are few industrial-grade LMR materials [129,130].
Due to the high charge voltage and voltage fade during cycling, LMR is almost never
used in the manufacture of lithium-ion cells. The results presented in the literature
suggest that narrowing the operating voltage may solve the voltage fade problem
and still provide relatively high capacities [131]. Due to the increased Mn and lower
Ni and Co content, the cost of materials might be lower, enabling applications in
industrial-grade lithium-ion cells.

Industrial-grade NCM cathode-active materials are produced by the lithiation
of precursors with Li2CO3 or LiOH�H2O (solid-state synthesis) [132,133]. The
precursors are mixed hydroxides, or carbonates, or oxides of transition metals (and
aluminium in case of NCA) are obtained by coprecipitation of transition metal
sulphates by sodium hydroxide (or Na2CO3) in ammonia solution (complexing
agent) [134]. Also, some new processes are still emerging. For instance, Nano One
suggests using metals as initial reagents in their M2CAM (One-Pot process) to
produce a precursor of cathode material [135].

A higher content of nickel increases capacity due to a more significant number
of lithium ions being removed from the cathode material structure at a fixed
potential [76] (when charged to a voltage of 4.2 V, more lithium is removed from
the nickel-rich NCM cathode material than from LiCoO2). However, a higher
content of nickel negatively affects the cycle life [136], reduces thermal stability,
and complicates the process of electrode manufacture (since they are more prone to
hydrolysis) [76]. The review in [137] covers the problems and possible solutions for
improving nickel-rich layered cathode materials (NCM, NCA).

A more significant share of cobalt (small amounts of cobalt in nickel-rich
cathode materials do not stabilize the structure [138,139]) increases the stability
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of the structure, thus improving the cycle life. On the other hand, lithium cobalt
oxide (hence, it can be assumed that NC, NCA, and NCM materials with a greater
share of cobalt as well) demonstrates a high thermal effect at decomposition [140,141].
Cobalt is more expensive than nickel and manganese, which affects the cost of the
cathode material. A higher manganese content improves safety (a minor exothermic
effect during the decomposition of cathode materials with a high concentration of
manganese is observed—NCM 424) and reduces cost (it is a less expensive transition
metal than cobalt and nickel) [80]. However, manganese is less prone to form layered
structures that can decrease the cathode material’s capacity.

The structural stabilisation of nickel-rich layered cathode materials can be
achieved by aluminium doping [138,139] (NCA materials). In industrially produced
NCA materials, the molar fraction of nickel atoms in transition metals varies within
the 0.8–0.92 range [81,126]. For example, the positive electrode of a high-power
21700 3 Ah LIC includes NCA with two types (small and big ones) of particles and
an atomic content of transition metals: Ni—85.9 � 87.5%, Co—10.6 � 12.9%, and
Al—1.2 � 1.9% [142].

One of the advanced options for stabilising the structure of nickel-rich
layered cathode materials is adding cobalt, manganese, and aluminium
(quaternary materials) into the structure. According to the research results [143],
secondary particles of the cathode material NCMA (Li[Ni0.89Co0.05Mn0.05Al0.01]O2)
were less destroyed compared to NCM (Li[Ni0.90Co0.05Mn0.05]O2) and NCA
(Li[Ni0.885Co0.100Al0.015]O2) due to the more excellent mechanical stability and lower
internal mechanical stress (at a high level of delithiation). In addition, the structural
stability of the NCMA particles ensured a smaller amount of stress during the
cycling growth of the surface wetted by electrolyte and, consequently, a lower rate of
material destruction. As a result, a minor increase in charge transfer resistance and a
longer cycle life (number of charge/discharge cycles) were achieved. Furthermore,
the simultaneous presence of manganese and aluminium atoms in the cathode
material structure increased the thermal stability and decreased the thermal effect at
decomposition (improved safety).

LG [144] is one of the main consumers of NCMA material. The companies
producing NCMA or preparing for NCMA series production are L&F [144], Cosmo
AM&T [145], EcoproBM [146], Posco [147], and BTR [148,149]. The molar fraction of
nickel in NCMA cathode materials being produced or under development ranges
from 0.8 to 0.92 [148].

To combine high capacity and stability, it was recommended [101] that the
concentration of transition metals should be varied in the secondary particles of
cathode materials. A high concentration of nickel in the core centre ensures a high
capacity. A lower nickel concentration and a higher concentration of manganese in
the material layers close to the outer surface provide greater material stability (lower
heat release during heating of the delithiated cathode material) and a longer cycle life
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at cycling. The electrolyte decomposition intensity decreases as well, which can be
caused by both a lower concentration of nickel ions and a denser shell structure (the
core and the shell may have different structures [150]). For more details on advances
in the synthesis of materials with a core–shell structure, refer to the review in [151].
The manufacture of NCM materials with a core–shell structure (with a concentration
gradient) is reported by Ecopro [98], 3M and Umicore [97], BASF [80], etc.

The performance of cathode materials (NCM, NCA) depends on the content
of dopants. For example, BASF emphasises that a reduced amount of chromium
dopant in mixed oxides can increase the cycle life [152]. On the other hand, some
extra dopant atoms (the most referred to in the literature are Al, Mg, F, Ca, and Ga)
can increase in ionic conductivity and facilitate the suppression of the following:

� Cation mixing (Li+/Ni2+);
� Phase transformation (H2/H3 at high levels of delithiation, charge);
� Oxygen release [153].

The dopants can be evenly distributed in the volume or/and presented in the
near-surface layers of the cathode material particles. For example, BASF reports a
cathode material with aluminium dopant that is only introduced into the outer layers
of secondary particles (aluminium diffuses from the Al2O3 coating) [80].

A combined variant has been applied by TIAX to increase the stability of lithium
nickelate. According to the information presented in patents [154,155], a material core
consists of lithiated nickel oxide doped with magnesium. The material shell includes
lithium cobalt oxide. The results of material testing (CAM-7; the molar fraction of nickel
in transition metals is 0.88 for modifications 7.3 and 7.4 [156]), including materials
tested as a part of the LIC prototypes, are given in papers [156–164]. In addition,
the major cathode material manufacturers BASF [165] and Johnson Matthey Battery
Materials [166,167] have announced that they have acquired the rights to manufacture
nickel-rich materials (CAM-7TM, GemxTM under a licence from Tiax (Camx)).

GEMX-series cathode materials (gLNOTM, gNMCTM, gNCATM, gNCMATM

[168,169]) have the following structure: a secondary particle consisting of cathode
material grains whose outer boundaries are cobalt-rich. So, the outer surface of
a secondary particle has a protective coating of cobalt-rich cathode material, and
the grains inside of this particle are also protected by this coating (the material
manufactured by Nano One has a similar structure [170]). When the secondary
particle becomes broken (because of calendaring at elevated pressure or during
cycling), a subsequent break is less likely than if secondary particles are used without
a coating or if only a secondary particle is coated. Therefore, the side reactions
(transference of transition metals into the electrolyte solution and further into the SEI
anode, gas formation reactions accelerated by transition metals, phase transition from
the layered to rock salt structure) between the electrolyte and the nickel-rich cathode
material leading to a capacity decrease are less intensive. Also, the cathode materials
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(nickel-rich) produced according to GEMX manufacturing technology contain fewer
LiOH and Li2CO3 substances. Their lower concentration results in an improvement
in the material by diminishing the impact from side reactions—interactions with the
electrolyte to form gas (CO2) [168].

Various coatings can be applied to NCM materials to improve their functional
properties:

� Carbon coating (increased electronic conductivity, Daejung Energy Materials);
� Coating with high ionic conductivity (CATL) [105], artificial SEI film produced

by the polymerisation of organic molecules adsorbed on the surface [105];
� Reduced lithium concentration (due to application of a thin layer of cathode

material precursor particles) [108]. Several functional coatings can be
combined [171] to achieve better performance of the cathode material.

Along with capacity and average discharge voltage, the LICs’ specific energy is
also affected by material density [172], material energy density [103], and electrode
manufacturing technology. Usually, cathode materials (NCM, NCA) are spherical
particles (secondary particles) formed by smaller particles (primary particles)
(Table 3). Cathode materials are industrially produced with different primary particle
sizes [89], with secondary particles with the following characteristics:

� Various sizes (distribution);
� Hollow [44,112] (the thinner the layer (“shell”), the lower the internal resistance

at low states of charge) [44];
� Porous [80];
� With crystallites oriented towards the outer surface of the secondary

particles [108].

Single-crystal NCM and NCA (solid-like LCO, d50 sized 2 � 6 �m—N524T
and PU50D, M8-S, N8-S—Table 2; due to small particle size, tap density may
decrease down to 1.8 and below [173]) are industrially produced as well. Cathode
materials with a small particle size, narrow distribution of secondary particles, and
hollow and/or porous secondary particles make it possible to produce electrodes
with high porosity, a large electrolyte-wetted surface and, consequently, high ionic
conductivity (power). When the faces of the crystallites through which lithium passes
during intercalation are oriented to the outer surface of the secondary particle, ionic
conductivity increases during diffusion. Porous secondary particles (with a relatively
high internal specific surface area) are more prone to phase transitions that reduce
the performance of NCM and NCA (especially at high potentials and in the case of
cathode materials with a high nickel concentration) [153]. The compacted structure
of the secondary particles is due to the following:

� Increased size of primary particles;
� Larger particle size;
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� Wide or bimodal distribution of secondary particles of the cathode material;

Allows increasing the amount of active material in an electrode (Figure 3) and
reduction in the pressure during electrode rolling until the required active layer
density is achieved [174].

The size and porous structure of secondary particles can be formed during
precursor deposition. The structure of the secondary particles can further change
depending on the chemical composition of the lithium precursor, the temperature,
and the time modes of the lithiation reaction and subsequent annealing (cooling).
The growth of primary particles and the degree of structure crystallinity increase as
the annealing time increases. Single-crystal particles are less susceptible to phase
transformations occurring at high potentials, along with increased electrode density.
Therefore, increased cutoff voltage affects the structural change during the cyclic
charge/discharge to a lesser extent.

Lithium cobalt oxide has a higher density than lithium nickel cobalt manganese
oxide (Figure 4). With greater stability at high potentials, it is possible to use this
material to manufacture cells with a high energy density (for portable electronic
devices). The electrode density (the amount of active material per volume of the
active layer) correlates with the thickness of a pressed tablet of the active material. It
depends on the composition and structure of the active layer and pressure during
electrode rolling. The pressed tablet density, in turn, depends on the applied
pressure [55]. For example, when the pressure changed from 90 to 360 MPa, the
density of an LCO tablet changed from 3.6 to 4.1 g/cm3, and an NCM tablet density
for high-power LICs varied from 3.1 to 3.25 g/cm3 when the pressure rose from 110
to 190 MPa [55].

The proper specific energy and power of positive electrodes can be achieved
when mixtures of cathode materials are used, for example, NCM:LMO—LG [175],
NCA:NCM:LMO—SDI [142]; this has been reported for LICs whose positive
electrodes include a mixture of cathode materials NCM:LMFP CALB [176,177],
BYD [178]. Furthermore, if some of the NCM is replaced with LMFP in the electrode,
it will reduce heat evolution during abusive external influences such as a cell
puncture [176].
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Figure 4. Density of cathode-active materials LCO [22,172], NCM [22,80,172],
NCA [172], LFP [172,179,180], LMO [116,172,181,182], and LMR (depending on
the composition) [106,129,172,183–185]. Source: Figure by authors.

2.2. Anode-Active Materials

The essential anode-active materials (Table 4) are natural graphite (NG), artificial
graphite (AG), mesophase carbon (MCMB, including artificial graphite), graphitising
carbon material with amorphous structure (soft carbon, SC), non-graphitising carbon
material (hard carbon, HC), lithium titanate (Li4Ti5O12), and silicon-containing
composites (Si/C, Si/SiOx/C).

The discharge capacity of graphites depends on the graphitisation degree
(values Lc(002) and d(002) [186]). The amount of material with a crystal structure
can be determined by the formula (3.44-d002)/0.0868 [187], d002 (interplanar
distance in angstroms). The theoretical capacity of graphite is equal to 372 mAh/g
(837 mAh/cm3 [188], 741 mAh/cm3, after swelling [189]).

Two modifications of graphite are available: hexagonal (2H, ABAB) and
rhombohedral (3R, ABCABC). A share of the rhombohedral modification is
calculated based on the ratio of line 101 intensities on X-ray diagrams
3R(%) = I3R(101)/(I3R(101)/I2H(101)) [187]. An increased share of the 3R phase reduces the
rate of lithium intercalation, leading to lithium plating on the surface; therefore, this
fact is considered when selecting anode-active materials with a graphite structure.
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Due to the low price and high degree of crystallinity resulting in high specific
capacity, the natural graphite obtained after the spheroidisation process and
covered with carbon, or another coating occupies a significant part of the anode
material market.

Lithium intercalation into the graphite structure occurs along the edge planes
(perpendicular to the basal planes). The presence of a significant number of edge
planes within the structure of natural graphite leads to two adverse effects. First,
excessive electron density on the edge planes interacts with electrolyte solvent
molecules, leading to a growth of thicker SEI film and an increase in resistance
during cycling [53,206]. Second, the possible intercalation of electrolyte components
leads to the delamination of natural graphites [207,208]. Therefore, to reduce the
negative impact of the above factors, natural graphite is spheroidised via mechanical
processing. Then, a carbon coating (a sample layout of the modification unit is given
in references [187,209,210]) or a polymeric coating (SMG A, Hitachi) is applied. The
applied coatings can also cover the pores being active centres during reactions with
electrolyte [206].

Heating at 1800 � 3000 �C graphitising carbon materials produces the artificial
graphites used in LICs [211,212]. The artificial graphite-based anode-active materials
have a turbostratic structure—a particle of material contains graphite crystallites
oriented in different directions. Good quality artificial graphites ensure a longer
cycle life and a higher charge rate (charge acceptance) than coated natural graphites.

The following functional characteristics of artificial graphites can be
distinguished: the ability to provide the high specific energy of LICs (MAGE3,
LK), high power (CAG3MT), high charge rate (QCG-X, SMG-A-PG-10A, graphite
with the high specific surface area (UF1 CSSC (small particle size of 3 �m [193])),
“activated”, porous graphite [213]—a similar anode material probably used for the
manufacture of Microvast LpCOTM LICs [214–216]), high performance (and quick
charging) at low temperatures (CP7-M, SCMG CF-C), low resistance at low states
of charge (SCMG CF-C), and low swelling at charging (SMG-A-PG-20A, isotropic
structure [217], low value of plane ratios 002/110 [208]).

For mesophase artificial graphites, the particle shape is close to spherical, and
the crystallites’ distribution in the particles depends on the production conditions.
For more details on the structure and properties of this type of anode-active material,
refer to publications [53,218–220].

The first carbon materials used for the manufacture of LICs were graphitising
carbon (soft carbon, SC [221]) and non-graphitising carbon (hard carbon, HC) [222,223].
SC can transform into graphite at high temperatures, while HC cannot transform into
graphite even at high temperatures [224]. The interplanar distance d002 decreases and
the size of the coherent scattering regions (Lc) grows in the HC, SC, and graphite series
(Table 5). The true density of HC and SC is less than that of graphite. Consequently,
the density of the produced electrodes is lower. If the state of charge (lithiation) is
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high, the anode potential can reach the lithium potential, since intercalation and lithium
adsorption in the pores occur [225]. During the subsequent discharge, a high irreversible
capacity is observed (the effective capacity can vary in the range of 75 � 87% of the
capacity at charging [226]). The HC and SC charge and discharge curves are similar in
shape. A higher value of the average charge potential allows the charging of the anode
at higher currents and lower temperatures without metal lithium plating [187,227,228].
However, the low electrode density and high values of average discharge potential
adversely affect the LICs’ specific energy. Due to a possibly more significant share of
the electrochemically active surface [229], the ionic conductivity of negative electrodes
made based on amorphous carbons may become higher than those containing graphite
as an anode-active material.

Table 5. Comparison of some characteristics of carbon anode-active materials [230].

Parameter Non-Graphitising Carbon Graphitising Carbon Graphite

Structure
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Table 5. Comparison of some characteristics of carbon anode-active materials [245].

Parameter Non-Graphitising 

Carbon

Graphitising Carbon Graphite 

Structure

d002, nm 0.37 ÷ 0.38 0.34 ÷ 0.35 0.335 ÷ 0.34 

Lc, nm 1.1 ÷ 1.2 2 ÷ 20 80 

True density, 

g/cm3

1.5 ÷ 1.6 2.0 2.2 (2.25) 

Density of 

electrode-

active layer, 

g/cm3

0.9 ÷ 1.0 1.2 1.35 ÷ 1.9 [22,246]

Irreversible 

capacity, % 

15 15 5 ÷ 10 

Lc 

La 

d002, nm 0.37 � 0.38 0.34 � 0.35 0.335 � 0.34
Lc, nm 1.1 � 1.2 2 � 20 80
True density, g/cm3 1.5 � 1.6 2.0 2.2 (2.25)
Density of electrode-active
layer, g/cm3

0.9 � 1.0 1.2 1.35 � 1.9 [22,231]

Irreversible capacity, % 15 15 5 � 10

Source: Authors compilation based on data from references mentioned in the table.

Since adsorbed moisture has a highly negative effect on the operation of HC,
the electrodes are produced using N-methyl-2-pyrrolidone and PVDF (the exception
is LBV-1001 Sumitomo Bakelite [232,233]). In addition, moisture adsorption can
be decreased by applying coatings by depositing organic compound thermolysis
products from the gas phase [234].

The electrolyte wetting of SC-based electrodes (at the same electrode density)
is higher than for graphite-based ones [221]. If SC (30%) is added into the electrode
slurry, the wetting of the electrode with electrolyte can be increased without a
significant drop in the density of the graphite-based electrode [221]. For more details
on carbon anode materials, refer to the presentation in [235].

Lithium titanate (Li4Ti5O12, LTO) is an anode-active material with a
spinel structure (true density—3.41 g/cm3, theoretical capacity is 170 mAh/g,
580 mAh/cm3 [188]). Intercalation/deintercalation in LTO occurs almost without
changing the volume of the material (electrode) [236]. Therefore, this material
has a long cycle life (a significant number of charge/discharge cycles) [237].
The decomposition of the main electrolyte components (ethylene carbonate and
propylene carbonate) occurs at a potential of less than 1 V [206]. Since LTO has a
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high potential relative to lithium (approx. 1.55 V), then SEI film is not formed (unless
special additives decomposing at high potentials on the anode are introduced into
electrolyte). The high average charge potential and the spinel structure (high rate
of lithium intercalation) allow LICs to be charged at room temperature with high
currents without the risk of lithium plating. For example, it was demonstrated [238]
that when charging with a current of 10C (up to 90% capacity), an LIC with an LTO
anode can be charged in 5.6 minutes, while the charging time for an LIC with a
negative electrode manufactured using HC and MCMB equals 7.3 and 12.8 minutes,
respectively. The charge current limitation is caused by lithium plating in the form of
dendrites on the anode, leading to microscopic short circuits.

The maximum peak charge current depends on the design of the LIC (electrodes).
For example, it has been found that [239] LIC UF121285 (Panasonic, 5 Ah,
cathode—NCM, anode—graphite), used for the manufacture of batteries for hybrid
electric vehicles, can be charged with currents of 20C without a significant decrease
in discharge capacity (50 cycles). The possibility of charging with high currents
along with the methods to manufacture high-power LICs is likely provided by an
excessive amount of the anode material. For example, for LICs with a graphite-based
anode capable of being charged with high currents, the anode capacity for lithium is
1.5 times (or more) higher than the cathode capacity [112].

High-power LICs with a lithium-titanate-based anode SCiBTM (Toshiba) can
also be charged with a high current (20C). For example, a 10 Ah cell is charged with
a current of 200 A to 80% capacity for 3 minutes [240]. The high charge rates permit
using an electrochemical system with an LTO-based anode to manufacture power
sources for devices belonging to the Internet of Things (IoT) category and wearable
electronics [241].

The peak charge current at low temperatures is limited by the starting moment
of lithium plating. It depends on the nature of the anode-active material and
the manufacturing technology of the LICs and electrodes. For example, when
charging is possible at a temperature of �20 �C, the peak charge current of LICs
with graphite-based anodes varies from 0.05C [242] to 1C (Lishen, �80% of the rated
value [243,244]). Therefore, when LICs with graphite-based anodes are charged at
low temperatures, it shortens the cycle life.

LICs with LTO-based negative electrodes can be safely charged (without lithium
plating on the anode) and discharged at a temperature of �20 �C (1C charge, 1C
discharge—a capacity of �65% of the capacity output achieved during cycling at
25 �C) and, at the same time, have a rather long cycle life [240]. Representatives of
Altairnano (Yinlong, Gree) reported on the possibility of charging LICs with a current
of 0.1C at temperatures down to �50 �C [245]. The LTO-based cells can be equipped
with positive electrodes, such as LMO (Enerdel [246], Leclanche [247], Lishen [244],
Toshiba [248]) and NMC (Xalt (Kokam) [249]); some cells, such as NC (Leclanche [250,
251]) and LFP (CellTech [252], Liacon [250], Tianjin Institute [253,254]); or electrodes
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containing a mixture of NCM and LFP [255]. The shape of a discharge curve [216]
(its “kinked” section) allows for the assumption that the LIC-positive electrode LpTO
(Microvast) is also based on a mixture of cathode-active materials containing NCM.

To guarantee proper performance at low temperatures, it is essential to select
the anode-active material and electrolyte capable of providing sufficient ionic
conductivity, as well as the binder. Styrene-butadiene rubbers (SBRs) used as a binder
for graphite-based electrodes have a relatively high glass transition temperature
(�10 �C and above [256]). However, the rubbers may not guarantee the stability
of the electrode structure at low temperatures, which will reduce the discharge
capacity [257] and the cycle life of the LICs [258]. On the other hand, SBR with
a higher glass transition temperature is less prone to deformation, which causes
a less dense structure of the active layer, higher ionic conductivity, and better
performance at low temperatures [259]. A binder with a low glass transition
temperature enables the production of electrode-active layers with high density
and improved performance at high temperatures. There are materials available on
the market that include binders with high and low glass transition temperatures (Tg)
and a core (high Tg)–shell (low Tg) structure [260].

A PVDF-based binder with a glass transition temperature of �40 �C can
be used as an alternative to SBR-based binders [261]. However, PVDF has low
electronic conductivity, so to increase the electrode conductivity (and increase power),
additional conductive additives should be introduced, thus reducing the amount of
active material and the specific energy of the LIC.

At high temperatures of 55 �C (and above), side reactions can occur on the LTO
surface (especially at a high state of LIC charge), leading to gas formation, swelling
of the case [224,262–265], and cycle life-shortening (6T SCiBTM 64 Ah, 38 �C—4000,
50 �C—2000, 65 �C—500 [266]). Some methods for suppressing the gas formation
and extending the cycle life of LICs with lithium-titanate-based anodes are described
elsewhere [216,267–270].

LICs with LTO-based anodes have low specific energy (45 � 90 Wh/kg) due to
the following factors:

-Relatively low values of tap density (the electrode density can reach 1.9� 2.3 g/cm3

[271] depending on a particle shape);
-Low discharge capacity (low specific energy of the negative electrode, Table 4);
-High potential relative to lithium (lower potential difference).

The maximum reported value of specific energy found for LICs of this type is
120 Wh/kg [272] (capacity is 30 Ah for a laminated foil (pouch) case). The main
applications of LICs with LTO-based negative electrodes are electric buses, other
electric vehicles, and stationary storage systems used for the storage and transmission
of electric power [273].

To increase LICs’ specific energy, a negative electrode based on graphite or a
mixture of graphites (the mixture of graphites is required to achieve the optimum
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capacity and density of the active layer) is combined with a silicon-containing
composite. The following silicon-containing composites are mentioned: SCN
(Silicon Carbon Nanocomposite, Samsung [274], Figure 5), SiOx/Si/C (Hitachi
Maxell [275,276], Shin-Etsu [277], Figure 5), and other materials listed in presentations
from companies such as BTR [278,279], Lishen [243], Paraclete Energy [280],
Shanshan [202], Yinlong [281], and Dr Xiao Chengwei [282].
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Figure 5. Conceptual models of SiOx/Si/C and silicon–carbon nanocomposite
anode materials [274,283]. Source: Figure by authors.

According to the studies of the negative electrodes for a 18650 LIC with high
specific energy using scanning electron microscopy and energy-dispersive X-ray
spectroscopy, the size of the regions containing silicon and oxygen is less than
20 �m [106]. A mass fraction of silicon in the active layer is insignificant at just a few
percent. The mass content is limited, since silicon and its compounds change their
volume significantly when lithium is added/extracted to/from the structure. When
a thin copper foil and a high density of active materials are used, an increase in the
electrode volume can lead to mechanical stresses and the potential destruction of the
electrodes [284].

Table 4 shows the characteristics of silicon-containing mixtures with minimum
capacities. According to the report in [46], in 2015, the products developed by
Shin-Etsu were demanded the most by major manufacturers of LICs with a high
specific energy. Furthermore, the electrochemical characteristics of the electrodes
based on a mixture of graphites and materials produced by Shin-Etsu are described
in papers [277,285–287].

To improve capacity retention [288,289] during cycling, SiO-C composites can
be pre-lithiated. The introduction of lithium into the SiO-C composite leads to the
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formation of Li2SiO3. This can be carried out by heating the SiO-C composite with
lithium compounds using the electrochemical method or the redox method [290,291].
When cycling a cell with a SiO-C-based anode, lithium silicate Li4SiO4 formed during
LIC charging is partially destroyed during LIC discharge (delithiation) in the initial
cycles. On the contrary, the lithium silicate (Li2SiO3) contained in the pre-lithiated
Li-SiO-C composite is more stable during initial charge/discharge cycles, which
contributes to less of a decrease in material capacity during cycling [288].

During the manufacture of negative electrodes for Nexelion LICs (18650, 14430),
Sony used graphite and a nanocomposite amorphous material SnCo/C [292,293]
(sometimes referred to as SnCoTi) as titanium atoms were found during the study of
the negative electrode for the first-generation LIC [294]. A conceptual model of the
material structure is shown in Figure 6 (for original image see [295]).
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Figure 6. Schematic structure of SnCo/C composite anode material. Figure by authors.

The potential (relative to lithium) of the cathode‑active and anode material depends
on the chemical composition, structure, and degree of lithiation (delithiation). A voltage
variation during the discharge of an LIC manufactured using active materials can be esti‑
mated based on the difference between the curves’ characteristic of the respectivematerials
(Figure 7). However, more accurate electrode potentials can only be determined when tak‑
ing a measurement using a three‑electrode cell, as an excessive amount of anode‑active
material is taken. The excessive amount is required to compensate for the irreversible ca‑
pacity of the anode‑active material

Figure 6. Schematic structure of SnCo/C composite anode material. Figure by authors.

The potential (relative to lithium) of the cathode-active and anode material
depends on the chemical composition, structure, and degree of lithiation
(delithiation). A voltage variation during the discharge of an LIC manufactured
using active materials can be estimated based on the difference between the curves’
characteristic of the respective materials (Figure 7). However, more accurate
electrode potentials can only be determined when taking a measurement using
a three-electrode cell, as an excessive amount of anode-active material is taken.
The excessive amount is required to compensate for the irreversible capacity of
the anode-active material (lithium ions are involved in forming an SEI film on the
negative electrode [297]) and to guarantee that the negative electrode potential is
higher than the lithium plating potential.
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Figure 7. Charge and discharge curves of anode-active (graphite [206], graphite+SiOx

[277], HC [198], SC, Li4Ti5O12 [201]) and cathode-active (LCO [58], LFP [62],
LMO [103], NCA [296], NCM [296]) materials. Figure by authors.

2.3. Conductive Additives

The electronic conductivity of cathode materials varies from 10�1 (LFP/C) to
10�6 (LMO) S/cm. Due to potential hydrolysis and the deterioration of cathode
material performance [298], a non-aqueous solution of polyvinylidene fluoride
(N-methyl-2-pyrrolidone, etc.) is used for manufacturing LCO-, LMO-, NCM-,
and NCA-based positive electrodes. PVDF is a dielectric that reduces electronic
conductivity. Therefore, conductive additives are introduced into positive and
negative electrodes (some of which are manufactured using aqueous binders)
of high-power LICs and LICs with high specific energy to increase electronic
conductivity. During the manufacture of high-power LICs, the electronic conductivity
of the electrodes (primarily of the positive electrode) shall be higher than the ionic
conductivity of the electrolyte so as not to limit the performance of the LICs [299].

For high-power LICs, it is necessary to increase the electronic conductivity on
the surface of active materials, which can be achieved either by creating conductive
coatings or by uniformly enveloping an active material particle with particles of
a conductive additive [300]. Since the thickness of high-power LIC electrodes
is relatively small, it is quite easy to achieve electronic conductivity through the
electrode-active layer. With regard to LICs with high specific energy, on the contrary,
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conductivity near the particles is less critical due to low currents. Since the active
layers of the electrode are relatively thick, it is necessary to create “conduction
channels” through the entire electrode [300].

Along with increasing the electronic conductivity of electrode-active layer,
conductive additives can do the following [301,302]:

-Affect the preparation and drying rate of the active layer, etc.;
-Affect the formation of a porous structure and electrode density (ionic
conductivity);

-Affect the active layer adhesion;
-Provide heat dissipation from the electrode-active layer;
-Provide electrical contact between the active layer and the current collector.

Various types of carbon black (Cabot LITX200, Denka Li-250 (50%), Imerys C65),
conductive graphites (Imerys KS6L (for the cathode—isotropic spherical, artificial
graphite), SFG6L (for the anode—anisotropic, flake, artificial graphite), etc.), and
carbon fibres (Showa Denko, VGCF-H) are used as conductive additives (Table 6).
In recent years, new commercial products have appeared: carbon blacks with a
high specific surface area (for example, Li-S02 and Li-S03—Denka, SBET—178 and
241 m2/g, OAN—239 and 252 mL/100 g, respectively [303]), graphenes [304,305]
with different morphologies (for production method, see [306]), single-wall [307] and
multi-wall [308,309] carbon nanotubes, and porous carbon materials [310,311] (for
example, Porocarb Lion 403 and Porocarb Lion 210 with internal porosity—30% and
20%, respectively).

During the manufacture of LIC-positive electrodes, the most demanded
conductive additives are various grades of carbon black. The basic characteristics
are specific surface area (particle size), oil absorption number (OAN), or dibutyl
phthalate (DBP), the content of impurities. As the specific surface area increases
(and the particle size decreases), the area of contact between the conductive additive
and the active material increases as well. At the same time, with an increment
in the quantity of the conductive additive, the dispersion of the electrode-active
layer is more complicated, the intensity of side reactions grows, and the cycle life
decreases [312].
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When the oil absorption number (OAN or DBP) is increased, the aggregation
of the conductive additive structure (Figure 8) increases as well, which may cause
the accumulation of a larger volume of electrolyte in the electrode [319]. Due to the
rather large size of the agglomerates (up to 2 �m) formed from primary particles,
high thermal and electrical conductivity are ensured, and the amount of conductive
additive in the electrode can be reduced [331].

 

4 

 
Figure 7 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Layout of main conductive additives manufactured by Cabot, Denka, and
Imerys in coordinate grid: specific surface area—oil absorption number or dibutyl
phthalate. Source: Figure by authors.

The stability of the electrode-active layer over time and a uniform distribution
of the conductive additive (with high specific surface area and developed structure)
can be achieved by adding polyvinyl pyrrolidone [319] or other surfactants
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(LAPONITE-RD (BYK) [332]). The distribution of conductive additives and a
binder in the electrode-active layer can be evaluated based on scanning electron
microscopy—energy-selective back-scattered (EsB), energy-dispersive spectroscopy
(EDS), wavelength-dispersive X-ray spectroscopy (WDS), and laser-induced
breakdown spectroscopy (LIBS) [333]. To achieve a high content of the conductive
additive in the active layer (electrodes of high-power LICs), carbon black with large
particles and a low aggregation structure of agglomerates can be used.

Impurities are dissolved at high potentials and are further deposited on the
negative electrode, leading to the degradation of the SEI film (anode-active material)
or dendrite formation and, consequently, potential microscopic short circuits. In
addition, possible metal dopants in the form of large particles sized 20–30 �m
whose thickness exceeds the thickness of the separator may also cause short circuits,
negatively affecting the safety and cycle life of the LICs [319].

Conductive additives (Li-400, LiTX200) for manufacturing high-power LIC
electrodes are characterised by a low oil adsorption number, allowing the increase of
additives in the active layer. The specific energy can be increased by reducing
the mass fraction of conductive additives. In this regard, it is possible to use
conductive additives (Li-435) with a small particle size and a developed structure of
agglomerates, which provide good electronic (bigger contact area) and ionic (more
electrolyte is contained in the developed structure when wetting) conductivity at a
low mass fraction in the electrode [321].

Manufacturers use various synthesis methods to produce carbon blacks that
affect the characteristics of finished materials. For example, since there are no
functional groups (primarily polar ones), the acetylene black made by Denka absorbs
less moisture from the atmosphere and is not so prone to aggregation. On the other
hand, the carbon black produced by Cabot has polar functional groups on its surface,
and it absorbs more moisture from the atmosphere. However, the polar functional
groups improve wetting with water and simplify carbon dispersion in aqueous
binder solutions [306].

The primary particles of Denka acetylene black (Lc = 2.5� 3.5 nm, C0/2 = 0.351 nm)
are crystallised to a greater extent in comparison to Imerys carbon black (C45—Lc = 2 nm,
C0/2 = 0.3575 nm, C65—Lc = 2 nm, C0/2 = 0.3586 nm [323]). A greater degree of carbon
particle crystallinity provides better heat removal [331], a longer service life (number of
cycles), and less gas formation [317].

Along with the said physical and chemical characteristics, conductive additives
are estimated based on the following indicators:
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-Minimum pressure (density) during electrode rolling necessary to ensure the
preset electronic conductivity [312];

-Maintaining the preset electronic conductivity of electrodes at high depths of
discharge [334];

-Minimum mass fraction in the electrode to ensure the proper performance
parameters (discharge capacity and average voltage at the preset discharge
current) [299,300];

-Stability at high potentials [300], etc.

The thermal and electrical conductivity of conductive graphites and carbon
fibres (VGCF) are much higher than carbon blacks. However, due to the large particle
size, the contact area with the active material particles is smaller. Therefore, they
are used together with carbon black during the manufacture of positive electrodes.
This method allows the positive effect of each additive on the LIC characteristics
to be combined (Table 7). For example, to ensure the high density and electrical
conductivity of an NCM-based electrode, the optimum ratios (with the total content
of conductive additives within 2 wt.%) of carbon black C65 and conductive graphite
KS6L are within (1:1) � (1:3) [217,335].

Table 7. Effect of carbon black or graphite added to active layer on LIC parameters [302].

LIC Parameters Carbon Nanotubes Carbon Black Graphite

Electrode electronic
conductivity

Contact between
particles and contact
with current collector

Contact between
particles and contact
with current collector

Conductive paths
through the entire
electrode

Electrode ionic
conductivity Electrolyte absorption Electrolyte absorption Porosity setting

Cyclic stability
High due to good
electronic conductivity
of active layer

Flexible network,
optimum formation of
SEI film

Low rate of side
reactions

Specific energy
density

Less amount is used to
obtain required
electronic conductivity

Small amount required Compressibility,
low swelling

Electrode
manufacture

Dispersions may not be
stable in time. Special
treatment (high shear
rate mixing, surfactants)
is required to obtain
dispersion

Stable dispersions,
compatibility with
binder

Small amount
of binder
Low viscosity of slurry

Source: Authors’ compilation based on data from reference mentioned in the caption of the table.

The specific surface area of conductive graphites is relatively small, and less
binder is required to keep them within the electrode. Therefore, when the amount
of binder and conductive additive(s) is fixed, and a mixture of graphite and carbon
black is used, the adhesion (peeling force) of the active layer to the current collector
is higher than when using carbon black alone [217,335].
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To improve the characteristics of negative electrodes (graphite-based obtained
with the use of aqueous binders), conductive graphites (SFG6) can be added into the
active layer. Keep in mind that the specific surface area of conductive graphites
is higher than that of graphites used as active materials, and it may become
necessary to increase the binder mass fraction. Conductive graphites are involved
in lithium intercalation/deintercalation processes. Due to the smaller particles, the
conductive graphite fills the cavities between the active material particles, increasing
the electrodes’ density and LICs’ specific energy. If conductive graphites are added,
this also extends the cycle life (capacity retention during cycling) [217,335].

Graphenes and single-wall and multi-wall carbon nanotubes are among the most
advanced conductive additives. Their main advantage is high conductivity at a lower
mass fraction in the electrode-active layer. However, the large-scale implementation
of these materials is limited by their price and complex dispersion (manufacturers
offer carbon material dispersions in various solutions to make handling easier: for
example, Cnano LB series [336] and OCSiAl—TUBALL [337]).

A combination of conductive additives may become an optimum solution.
For example, according to the presentation in [321], Li 435 and carbon nanotubes
improved the specific energy (up to 194.8 Wh/kg, 436 Wh/L) and power (a smaller
reduction in average discharge voltage under a discharge current of 2C) of LIC
in case 2614891. One of the reasons for the improvement in the characteristics
may be the increase in electronic conductivity. Carbon nanotubes improve current
collection from the particle surface, while acetylene black agglomerates are better at
removing electrons through the active layer. The positive effect of the combined use
of EnermaxTM carbon nanotubes and carbon black was described in reference [329].
Carbon nanotubes improve current collection through the active layer. Carbon black
provides local current collection from a particle and keeps electrolyte within its
porous structure. Thus, it enhances the wetting of particles with electrolyte and
increases lithium ionic conductivity in the electrode, which is especially important
for maintaining proper performance at low temperatures.

2.4. Current Collectors

Aluminium foils [338–341] of various grades (8021 (59%), 3003 (48.5%), 1070,
1100 (59.5%), 1N30 (59.8%), 1085 (61.5%), etc.) are used as positive electrode current
collectors; the values of conductivity as percent IACS (International Annealed Copper
Standard) [338,339,342]) and thickness (10 � 25 �m) are given in brackets. The
increased electrical conductivity and thickness of the current collector and the contact
area (quality of the welded joint) of the current collector with a tab allow the internal
resistance and heating of the LIC to be reduced [339,343]. To improve adhesion to the
electrode slurry, the surface roughness of the foil can be increased by additional
mechanical processing [339]. Also, perforated [43] and porous (appropriate
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for adding an electrode-active layer into the pore space—Fusporous [344–346])
aluminium foils are available on the market.

The improvement in LICs’ functional characteristics may be achieved by using
aluminium foils with conductive coatings containing various forms of carbon
with a binder (0.5 � 5 �m thick [43,207,347–353]), including nanotubes [354–356]
and graphene [356]. In addition, nanowhiskers of aluminium carbide (without
a binder) [357] and PTC coating [339,358,359] can be used as well. Along with
increasing conductivity at the electrode slurry/current collector/carbon interface,
carbon coatings improve adhesion between the electrode-active layer and the current
collector and protect the surface from exposure to electrolyte components [360–362].

Aluminium foil (anode-active material—LTO), copper foils (carbon anode-active
materials), and, in some cases, titanium foils (e.g., Zero-VoltTM technology—
Quallion [363], Saft [364]) are used as negative electrode current collectors. Foil
materials are selected depending on their stability in the operating ranges of
the potentials of anode-active materials [365,366]. The thickness of the applied
foils varies from 6 � 7 �m [367,368] (LICs with high specific energy) to 20 �m
(high-power and large LICs). Most [369] of the applied copper foils are electrolytically
produced [367,370]; however, rolled foils [371–373] retain a small market share. The
electrolytic method makes it possible to produce foils of a greater width containing
fewer dopants that have high conductivity (for example, NC-WS Furukawa—99%
IACS [374]) and a tensile strength of approximately 320 MPa [375]. The characteristics
of rolled foils (tough pitch copper foil) depend on the selected alloy. For example,
Hitachi Cable used HCL02Z alloy (0.02% Zr, 99.98% Cu) to produce (roll) foil with a
tensile strength of 450 MPa and conductivity of 97% IACS [372]). Even higher tensile
strength (550 MPa) was achieved for foil made of Cu-0.12Sn (HS 1200, JX Nippon
Mining & Metals) [376,377].

It is also possible to produce foils with higher strength through the electrolytic
method, for example, NC-TSH [374] with a tensile strength of 490 MPa and
conductivity of 95% IACS. Foils with higher tensile strength may be required for LICs
with high specific energy, since the materials (Si, SiOx) that significantly change the
electrode’s volume during charge/discharge [378] might be applied. To ensure work
safety and proper cycle life, the applied copper foils must withstand the undergoing
deformations [379].

Perforated copper foils [43,380] can reduce the mass fraction of the negative
electrode current collectors in an LIC, but such foils have a lower tensile strength.

Along with conductivity and strength, the checked parameters include relative
elongation (the allowable value increases with foil thickening [375]) and surface
roughness (# surface roughness, " wetting [381]); the special microstructure of
grains in the volume guarantees plasticity in the case of tension–compression during
charge–discharge [382] (recrystallisation can be performed to improve the mechanical
properties of the foil [381]).
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To improve the performance of copper current collectors, carbon coatings can
be used, which perform the following functions [361]:

-Reduce electrical resistance at the foil/electrode slurry interface;
-Increase electrode slurry’s adhesion to foil;
-Reduce copper corrosion when using slurries with a high pH.

2.5. Binders and Thickeners

Binders are used for the manufacture of LIC-positive and -negative electrodes.
Also, binders can be a part of separator coatings [383,384], negative [383] and
positive [379,383,385] electrode coatings, and conductive coatings on current collectors,
and can also be used to increase electrolyte viscosity (PVDF/HFP [386,387]).

The following properties are considered when selecting a binder for electrodes:

-Stability within the operating (or broader) temperature range [258];
-Stability within the electrode-operating potential range [388,389];
-Adhesion of electrode slurry with the preset composition (it can be assessed
based on the peel strength of electrodes with the given composition (ASTM
D903) or when bent onto a rod [379,390];

-Viscosity of the solution with the preset concentration of binder [391];
-The possibility of uniform application (in the case of non-uniform application,
a local excess of cathode-active material or a lack of anode-active material can
lead to lithium plating during charging [379]);

-Easy handling (electrode slurry preparation);
-Price.

During the manufacture of positive electrodes, PVDF solutions in
N-methyl-2-pyrrolidone (or other organic solvents) are mainly used as binders.
Electrodes containing lithium iron (and manganese) phosphates can be
produced [392,393] using both PVDF and water-soluble binders (Na-CMC/SBR).

Due to the low electronic conductivity of cathode materials, conductive additives
(carbon black, graphite, etc.) are added into the active layer during the manufacture
of positive electrodes (when LiFePO4/C is used). There are non-polar groups on
the surface of conductive additives, which complicates the dispersing procedure
(longer time and possible uneven distribution across the active layer may occur).
Dispersal can be simplified and improved by using various surfactants (for example,
LAPONITE-RD (BYK) — [Na + 0.7[((Si8Mg5.5Li0.3)O20(OH)4] � 0.7] [394]), as
well as TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl radical) oxidised cellulose
nanofibres [395] (for example, CNF manufactured by DKS [396]), used together
with Na-CMC [397,398]. The cross-sectional size of the fibre is several nanometres,
and the length can reach several micrometres. There are -COO- groups and -CH2OH
groups on the surface, which affect the dispersion and viscosity of the solution.

The advantages of aqueous binders are as follows:
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-High electrode drying rate (the water evaporation temperature is less than that
of N-methyl-2-pyrrolidone);

-Reduced cost of the production line equipment, as it is not necessary to capture
and regenerate solvent (a sample of the feasibility study is given in paper [399]);

-More uniform distribution of conductive additive at high electrode drying
rates [392] (due to smaller SBR/CMC particles and lower water evaporation
temperature);

-A uniform film formed around the particles of cathode material, reducing the
degree of electrolyte decomposition [385], etc.

The use of aqueous binders (CMC/SBR) for cathode-active materials (LCO,
LMO, NCM) is limited by the following factors:

-Deteriorated properties of active materials due to hydrolysis [298,400–402] and
the formation of lithium carbonate and lithium hydroxide coatings [403,404]
(the formation of a lithium carbonate coating is also possible when nickel-rich
cathode materials are kept in the air, resulting in a drop in material energy and
power [405]);

-Water suspension of cathode materials has an alkaline pH of 10 � 11 or
more [401,406,407], leading to the partial dissolution of [408] aluminium foil
oxide film (and aluminium foil) with the release of hydrogen gas, which reduces
electrode slurry uniformity and affects the adhesion of the electrode-active
layer;

-Lower electrochemical stability compared to PVDF and its copolymers [389] at
high potentials relative to lithium [257,388].

The following methods to reduce adverse reactions are reported: the formation
of coatings on particles of cathode material (Li2CO3, [409], TiOx [409]) and aluminium
foil (carbon coatings [410,411]), pH reduction (stirring the suspension under a
CO2 atmosphere [407]), and adding acids to the electrode slurry (formic [406],
polyacrylic [401], hydrochloric [412], and phosphoric acids [406,413]).

Aqueous binders can potentially be used for the manufacture of positive
electrodes, for example, a water emulsion of PVDF-HFP particles—Kynarflex LBG
(Arkema) [384,391,414,415], TRD202A (fluoro acrylic copolymer, JSR [388,404,409,
416], acrylonitrile copolymer (LA138 [417,418]), polyacrylate BA-310C [419,420], and
materials (AN-19K, AN-15A) with a core–corona (polyacrylate) structure: Elebine
(Senka) [421], Polymer L (Zeon) [379,385,422], Zeon AY-9391 [392], and Powerbinder
(neutral pH when dissolved, no aluminium corrosion—Ielectrolyte [423,424]).

PVDF, applied as a binder for the manufacture of positive electrodes using
organic solvents, is a powder or granules of a V2F homopolymer that differs in
molecular weight, functional groups (Solvay Solef 5130, Arkema HSV1800, etc.), and
degree of crystallinity [425]. The higher the binder’s molecular weight, the longer
the polymer chains, so less binder is required to maintain the proper adhesion. The
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functional groups can ensure the better dispersing ability of the binder and better
affinity with the active material surface. For example, the polar functional groups
distributed along the Solef 5130 polymer chain strengthen intramolecular bonds and
bond to the cathode material surface, resulting in stronger adhesion [426]. When the
degree of crystallinity is low, solvent and electrolyte penetrate more intensively into
the polymer, which, on the one hand, leads to the swelling of the electrode-active
layer (decreased electronic conductivity due to the loss of contact between conductive
particles and active material). But, on the other hand, greater wetting of the active
material particles by the electrolyte is provided (better ionic conductivity of the active
layer). Apparently, the manufacture of electrodes requires a balance between ionic
and electronic conductivities, and it is necessary to choose a binder with the optimal
degree of crystallinity [427].

To prepare the binder, solid PVDF is dissolved in N-methyl-2-pyrrolidone
or other organic solvents (acetone). Along with solid PVDF, Kureha produces
ready-made solutions (the PVDF content varies from 5 to 13 wt.% and the
viscosity ranges from 550 to 2100 mPa�s depending on the molecular weight of the
polymer [53,428]) for preparing a slurry of electrode-active layer. In addition, there
are some suspensions available on the market that contain a binder (PVDF) and a
conductive additive, such as Toyo ink—LIOACCUM™ ONESHOT WANISU™ [429].
The manufacturer notes the advantages of this product as the possibility of producing
suspensions with a high concentration of solid components, shorter preparation time
of the electrode paste, reduced consumption of low-molecular polymers, and lower
probability of coagulation of the conductive additive in the electrode. To reduce
electrode resistance, a binder based on polymerised polyvinylidene fluoride and
ionic liquid (PIOXCEL CB [430]) can be used.

Nickel-rich cathode materials may have an excessive amount of LiOH on their
particles’ surface, which increases the pH of the electrode slurry solution. If a
homopolymer binder is used, an increase in electrode slurry pH may be accompanied
by gelation. According to research carried out by Daikin, an electrode slurry prepared
with a PVDF/PTFE copolymer binder (VT-475) was more resistant to gelation at
higher pH. Furthermore, it was demonstrated that PVDF and PTFE copolymer as
a binder allows the electrode density to be increased (due to a greater softness
of VT-475 compared to PVDF) [431] and resistance to cracking is increased when
twisting electrodes with an active layer density of 3.4 and 3.5 g/cm3 [432].

When manufacturing negative electrodes using certain HC and SC anode
materials, a PVDF-solution-based binder is also used. For some grades of
graphites, [202] both PVDF and aqueous binders (or aqueous binders only) can
be used.

The aqueous binders used for the manufacture of anodes based on
graphite-active materials are styrene-butadiene rubber (SBR), acrylonitrile copolymer
(LA133, etc.), PVDF water emulsion [427], etc.
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The most common is anode-active layer manufacturing using SBR and Na-CMC
as a binder and a thickener. Anode-active material slurry can be prepared by
successively mixing the Na-CMC solution first with the conductive additive, and
then with the active material. In both cases, mixing with Na-CMC is carried out
at high speeds (about 600 rpm) to achieve a more uniform distribution across the
volume. The rotation speed is reduced to 50 � 300 rpm at the last stage, and a binder
(SBR) [433] is added. Speed reduction is necessary to maintain the integrity of the
binder particles (micelle structure). Inside the coil of the polymer (SBR particles),
non-polar groups are presented, and the destruction of micelles will lead to an
uneven distribution of the binder across the slurry [433]. Other options for slurry
preparation are described in paper [434] (high molecular weight binder) and [435]
(graphite/SiOx/conductive additive, JSR binder).

The sodium salt of carboxymethyl cellulose is made from cellulose, sodium
hydroxide, and monochloroacetic acid [436,437]. The basic parameters of Na-CMC
are as follows:

-Particle size (the smaller particle size, the faster and easier the dispersion process,
and the better the quality of the electrode [438]; it varies depending on the brand:
SunRose, �50 �m; Akupure, �100 and �500 �m [439]);

-Molecular weight (the higher the molecular weight, the higher the viscosity of
the solution at a fixed mass fraction [438,440]);

-Degree of polymerisation (the higher the degree of polymerisation, the higher
the viscosity of the solution at a fixed mass fraction [436]);

-Degree of group substitution (the ratio of H/CH2COONa in the OR groups; the
higher the degree of substitution, the better CMC dissolves in water, and the
lower the viscosity of the solution [438,440]);

-Viscosity of the solution at a fixed mass fraction (and rotational speed (usually
60 rpm) when determining it. At pH from 6 � 9, the viscosity of Na-CMC
aqueous solution is stable; when the rotation speed rises, the determined
viscosity value decreases—shear thinning effect [437]);

-Maximum permissible moisture content (usually below 10 wt.%);
-Degree of purity (usually over 99.5% of basic substance, for BSH—min.
99% [441]) and various impurities [442], including NaCl [443];

-Water solution pH (5.5 � 8.5 [443]).

CMC sodium salt simplifies the dispersion of the anode-active material (graphite
and conductive additive) in an aqueous solution, increases the viscosity (serves as a
thickener), stabilises the active layer, and increases the strength of the active layer
(increased peeling force). Graphite is poorly wetted with water as it has non-polar
functional groups on its surface. The CMC sodium salt composition contains both
polar and non-polar parts of molecules. Thus, Na-CMC with a low molecular weight
(higher distribution density across the volume) and a low degree of substitution
(fewer polar groups) is required to improve the covering ability of graphite (carbon
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black). On the other hand, to enhance the distribution of non-polar carbon particles
across the volume of the aqueous solvent, it is necessary to increase the degree
of substitution; a greater molecular weight of the polymer is required to increase
the viscosity of the solution. Therefore, there should be a balance between the
characteristics, and only some grades of Na-CMC (Table 8) are appropriate for
electrode manufacture.

When optimizing the electrode-active layer characteristics, manufacturers pay
attention to the following parameters of Na-CMC:

-The small particle size allows the dissolution velocity to be increased and
improves the applied electrode-active layer [438,444].

-Na-CMC with a high molecular weight:

-Provides a more extended stability of the electrode paste over time [445];
-Increases the resistance of the active layer to peeling [438];
-Reduces the mass fraction of CMC in the electrode, and, consequently,
increases the specific energy and reduces the electronic resistance of the
negative electrode [434].

On the other hand, more time is needed to disperse Na-CMC with a higher
molecular weight; as a result, the cost of electrode production will be higher. The
water emulsion of styrene-butadiene rubber (approx. density of 1.5 g/cm3 [446])
used as a binder contains 40 � 51 wt.% of polymer (Table 9). Styrene and butadiene
monomers are randomly located in the polymer chain [433]. Polymer chains can
form bonds with each other (cross-linking) and are twisted into coils of almost the
same size (balls) [447]. There are polar and non-polar functional groups on the outer
surface of the coils [447]. Polar groups improve the distribution of rubber particles in
water (stabilisation of water emulsion). Non-polar groups provide bonds with the
surface of graphite and conductive additive.
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Table 9. Characteristics of commercial aqueous binders based on styrene-butadiene
rubber for manufacture of LIC negative electrodes.

Brand Tg,
�C

D,
�m

Solid Matter,
% pH Viscosity

mPa�s Reference

BASF

21–11 ap 49 � 51 6 � 7 80 � 400 [454]
Styrofan
7212

15 0.2 49 � 51 7 � 9 <200 [455]

JSR

TRD105A �3 0.095 40 7.5 – [456]
TRD104A 7 0.17 45 7.0 30 [256,456–458]
TRD2102 28 0.14 48 7.0 – [256,459]
TRD102A �10 0.09 48 7.0 – [256,459]
TRD1002 �18 0.12 50 8.0 – [256,459]
TRD2001 �5 0.17 48 7.5 – [459–461]

Nippon A&L

AL 1002 40 0.15 48 6 –

[462]
AL 2001 7 0.22 48 5 –
AL 3001 �15 0.17 48 7 –
SN-307R 7 0.22 48 5 –

Zeon

BM-480B �15 �0.1 40 – – [463,464]
BM-451B 10 �0.15 40 8 <50 [385,465–467]
BM-430B �37 – 40 8 5 � 100 [463,468]
BM-400 �5 0.13 40 6 12 [53]

Source: Authors’ compilation based on data from mentioned references.

Active-layer adhesion is maintained due to the following:

-The mechanical strength of the polymer;
-The strength of the contact between the polymer and active material (conductive
additive and current collector);

-The distribution of the binder across the active layer, which depends, among
other things, on the electrode manufacturing conditions (preparation and
application of the active layer, drying).

The mechanical strength (and elasticity) of the binder depends on the ratio of the
monomer composition and polymer structure (cross-linking, branching, chain length,
etc.) and is estimated based on stress/strain curves [469]. The strength of the contact
between the binding active material (conductive additive, current collector) depends
on the composition and structure of the surface. The distribution across volume
depends on the size of the binder particles, functional groups (the fewer hydrophilic
groups, the more binder remains near the current collector after drying [470]) on the
surface, and drying conditions.

A smaller binder size increases the number of contacts between the active
material and the binder network penetrating the active layer. A higher drying
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temperature (rate) provides faster solvent removal and the transfer of some of the
binder from the current collector to the outer part of the active layer, and uneven
binder distribution across the thickness. The uneven binder distribution reduces
the adhesion of the active layer to the current collector. On the contrary, a higher
vacuum drying temperature (without drying in the air) can increase adhesion.

The characteristics binder manufacturers pay attention to are as follows:

-The temperature (glass transition temperature, Tg) at which the binder loses
its elasticity, depending on the ratio of butadiene (Tg of butadiene polymer is
�50 �C or lower) and styrene (Tg of styrene polymer is 100 �C) monomers [447].
Since the volume of the graphite-based negative electrode changes during
charge/discharge, maintaining elasticity at low temperatures can improve the
capacity retention during cycling as the integrity of the active layer is preserved.

-The rate of lithium-ion transfer from the electrolyte and their conductivity in
the binder (reduced activation energy determined by measuring an impedance
of coating on the highly oriented pyrolytic graphite (HOPG) electrode);

-The wetting with electrolyte (shorter absorption time and electrolyte droplet
contact angle).

-The low migration rate at high drying rates (which is significant during the
manufacture of an electrode with thick active layers, based on the studies using
scanning electron microscopy and a distribution map for osmium previously
introduced into the binder).

-The minor increase in thickness due to a small amount of swelling (resistance to
electrolyte) or during cycling (measurement of mass and linear dimensions of
the electrodes), which preserves electronic conductivity better (contact between
particles and conductive additive) during operation [470].

-The maintenance of elasticity under cyclic loading [465] (the preservation
of tensile strength after cyclic stretching the film of the binder wetted with
electrolyte to a predetermined elongation value).

The last two characteristics and high tensile strength are important
when active silicon-containing materials are used. The binder restrains the
electrode volume increase (LIC mechanical deformations are reduced) [435]
and preserves the structure of the active layer with a larger number of
charge/discharge cycles (cycle life) [465]. The styrene-butadiene rubbers
BM-451B [385,465–467], TRD105A [435,456], TRD302A [470,471], and S2910J-38
(SBR+hydrophylic polymer) [435,459], polyacrylates [279,421,472–476] including
crosslinked polyacrylates, Alpha Aekyung [477,478], polymers with a semi-IPN
structure [477–480], and polyimide/polyamide binders [379] etc. [481,482], can be
used as binders for silicon-containing anodes.

For more information on binders, refer to papers [53,483] and reference [469].
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2.6. Separators

The separator prevents electrical contact between the electrodes and, at the same
time, provides lithium-ion passage.

The essential characteristics of separators include the following:

-Material (polyethene, polypropylene, cellulose);
-Thickness # (specific energy ");
-Stability at high potentials " (specific energy ", cycle life ");
-Gurley gas permeability " (the integral characteristic depends on thickness,
tortuosity of pores, pore distribution, etc.; power ");

-Average pore size (electrolyte retention, resistance);
-Pore size distribution (electrolyte distribution);
-Porosity # (strength "; on the other hand, due to the decrement of the separator
porosity with increased anode volume, the uneven distribution of lithium ions
can lead to a local excess and a lack of lithium ions on the anode surface,
resulting in a higher risk of dendrite formation);

-Wetting with electrolyte " (power ");
-Degree of shrinkage at high temperatures # (safety ", ensures separation of
electrodes and prevents thermal runaway);

-Shutdown temperature # (safety ", prevents thermal runaway, depends on
separator structure and materials);

-Puncture strength " (safety ");
-Tensile strength " (easy handling during LIC manufacture ");
-Elastic modulus " (probability of wrinkling during LIC manufacture #), etc.

Porous films with dielectric properties, mainly polyolefins such as polyethene
(PE) (“wet” production method, two or three types of fibres are used [484]) and
polypropylene (PP) (“dry” production method, stretching of PP film, multilayer
PE/PP, PP/PE/PP) are used as separators. In addition, the use of cellulose separators
(Toshiba SCiBTM [485]), which can have high porosity, is also reported. For example,
the porosity of separators used by Nippon Kodoshi Corporation (NKK) [486,487],
series TBL, varies within 63 � 69%. However, unlike polyolefin separators, cellulose
separators do not melt [488] and cannot shut down LICs mechanically. In addition,
the potential moisture adsorption by cellulose separators (moisture is also contained
in ceramic-coated separators [489–492]) can complicate LIC manufacture.

The porosity of polyethene separators varies from 30% (Tonen, 50 nm pore
size [493]) to 53% (Asahi Hipore, 150 nm pore size [493]). The porosity of
polypropylene separators is slightly higher and can reach 60% (Senior [489]). Small
pore size and porosity can negatively affect LIC performance. During charging,
the anode volume increases and the porosity of the separator decrease due to
deformation, which can lead to an excessive amount of lithium ions in some anode
areas and, consequently, to lithium plating [493]. On the other hand, when comparing
the performance of prototypes assembled with separators differing in porosity, it
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was found that the capacity retention after 400 charge/discharge cycles was higher
for LICs that had separators with tiny pores than for those that had separators with
large pores. The observed effect is explained by the more uniform flow of lithium
ions set by tiny pores [494].

Polyethene separators are more durable than polypropylene separators (the
thickness can be reduced down to 8 �m (PE � 7 �m, coating � 1 �m S7Note, [495]),
and they are better wetted with electrolyte [496]). On the other hand, their
ionic resistance is higher, their oxidation resistance is lower (although this can
be improved with a ceramic coating), and their shrinkage at high temperatures
is more intensive (but separators can be enhanced with a ceramic coating) [497]. The
maximum thickness of polyolefin separators used to manufacture LICs can reach
40 � 45 �m [498].

LIC operational safety can be enhanced by using three-layer separators:
PP/PE/PP (Celgard [499]), PEHM/PELS/PEHM (SetelaTM Toray [175,494]; the
melting point of PELS is below that of PEHM), or HDPE/(U) HMW-PE/HDPE
(Evapore® Trilayer 5 �m, Brückner Maschinenbau (Siegsdorf, Germany) [500]). When
the LIC temperature rises uncontrollably, polyethene melts (at approximately 120 �C).
It covers the pores of the polypropylene layer (or polyethene with a high melting
point), stopping LIC operation and reducing further heating.

The specific separator type (and brand) used during manufacture is selected
based on LIC characteristics and testing results. As initial approximation, the choice
of separator can be made on the base of dependency of Gurley air permeability vs.
thickness. An example of a plot for Celgard separators is shown in Figure 9.

The improvement in the characteristics of LICs may be achieved by
applying [501] ceramic coatings (ceramic particles + binder) to the following:

-The anode (SFL (safety functional layer)—SDI [502], HRL (heat resistance
layer)—Panasonic [503]);

-The cathode [106,379,385,492];
-The separator [504] from one side (on the positive electrode side—protection
from oxidation at high potentials; on the negative electrode side—the lesser
possibility of anode thermal propagation [505]) or from both sides (the separator
thickness and cost of the ceramic coating can be greatly increased) [505]).

Coatings’ thickness can vary from 1 �m [495,504] to 7 � 8 �m [175]. Deposited
on separator particles with a bimodal size distribution improve safety even at
low application density (9 g/m2) [142]. A reduced application density with
maintained stability at high temperatures can be achieved using smaller inorganic
particles (Al2O3) [506]. For example, some coatings have an application density
of 0.5 � 1 g/m2 (dry weight; water suspension with solid substance mass fraction
of 20 � 40% is used upon application [14]). The most widely spread separator
inorganic coatings are Al2O3 [175,383,498,507], AlOOH (boehmite) [175,498,507],
TiO2 [175,498], and BaTiO3 [142].
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For thermally resistant layer application, binders produced by the following
manufacturers can be used:

-Zeon [508,509] (dissoluble in NMP acrylonitrile rubber BM-500B—binder [53],
BM-720H—thickener);

-SDK (PNVATM GE191 [510–512]—water-soluble polymer N-vinylacetamide),
-Haodyne (SWA610 [513]), Solvay (PVDF aqueous latexes series XPH [514]);
-Arkema [414] (aqueous latexes or hard granules LBG, solvent-based LBG 8200).
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Figure 9. Air permeability, thickness, and porosity of some polypropylene and
three-layer separators (Celgard) (a) and their qualitative effect (b) on power, specific
energy, safety, and complexity of LIC manufacture. Source: Figure by authors.

Various functional additives can be introduced into the suspension of ceramic
particles (substances improving wetting and dispersing ability, defoamers, etc. [394,414])
to enhance the quality of the applied layer. Ceramic particles can also be introduced into
a portion of the separator volume so that two layers can be traced on the micrographs:
one layer consists of polymer (21 � 26 �m), and the other includes both polymer and
ceramic particles (11 � 12 �m) [504]. In addition, ceramic particles added into the
external area of the polymer separator increase the thermal stability of the separator
and its wetting with electrolyte [506].

Ceramic coatings are stable even at high temperatures and reduce the possibility
of thermal runaway (preventing separator shrinkage) when an LIC is punctured
(at the internal short circuit) [503]. Ceramic coatings can [492,497,505,515] block
dendrite formation, stop or slow down separator oxidation (at high potentials),
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adsorb electrolyte decomposition products (HF), improve wetting, etc. Depending on
the separator structure, coating, and temperature, the applied coating may partially
break, remaining on the surface, or the ceramic particles may melt into the polymer
separator [506].

The disadvantages of ceramic-coated separators are as follows:

-Moisture absorption from the air (a typical value is usually expressed in ppm,
300 ppm [507], and more), which complicates LIC manufacture;

-Increased resistance (at 100 kHz) [496].

The LIC performance is improved by applying the following functional
polymeric coatings to the separator: aramid (PERVIOTM, Sumitomo [498,
516]), meta-aramid [517,518], PVDF [257,384,414,519–523] (the structure of PVDF
coating applied from aqueous solution and acetone is described elsewhere [519]),
PVDF—hexafluoropropylene (PVDF-HFP [489,522,524]), PVDF-CTFE (poly(vinylidene
fluoride-co-chlorotrifluoroethylene) [524], and polymethyl methacrylate (PMMA) [525].

Polymeric coatings perform the following functions:

-Reduce the degree of shrinkage at high temperatures (Aramid, PVDF, PMMA);
-Increase wetting with electrolyte (PVDF) [414];
-Improve contact between the electrodes and the separator (PVDF coating;
lower internal resistance due to a closer adherence of the electrodes to the
separator [414]);

-Lower the degree of deformation during cycling [526];
-Simplify the manufacturing procedure during assembly, including
stacking [526], to ensure the manufacture of a more compact roll of
electrodes [526]);

-Increase electrolyte viscosity (PVDF-HFP).

The manufacturers also offer separators with combined coatings:
separator/ceramic coating/polymeric coating (PVDF) [489,507] or separator/ceramic
particles+polymeric coating (PVDF [507,514], etc. [507]). This type of separator
improves safety, but such separators are thicker, less permeable (Gurley), and can
increase resistance [384].

Among the more advanced but still not widely used separators are those
produced by the following companies:

-Dream Weaver: the gold brand—combined nano- and microfibres of
aramid, cellulose, and polyethene terephthalate (PET) [495,527,528]; the silver
brand—fibres of acrylic copolymer and natural and modified cellulose [529,530];

-Dupont [487] and Hinofiber [531]: polyimide separator;
-Entek: three-layer polyethene separator with ceramic particles added into both
of its external layers [506,532,533];

-Freudenberg: polyester fibres reinforced with ceramic particles [534,535];
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-Litarion (Electrovaya): the Separion brand [536]—ceramic particles added
into the plexus of polyethene terephthalate fibres (equivalent of Freudenberg
separators);

-Microvast: (poly (m-finylene isophthalamide)) PMIA separator [537];
-Mitsubishi Paper Mills: the Nanobase 0 brand, consisting of thin polyester
fibres [538]; the Nanobase X brand, which is a separator made from polyester
fibres with an applied ceramic coating [539,540];

-Optodot: the NPORE brand—ceramic membrane and a ceramic coating on the
electrode [541];

-Toshiba: spin-coated electrospinning separator [542,543];
-Others [544].

Refer to works [53,499,505,545,546] for more details on the effect of separator
characteristics on LIC performance.

2.7. Electrolytes

The electrolyte is a medium allowing for the movement of lithium ions (with
a solvate shell). Manufacturers (for example, Capchem [547]) present electrolytes
in catalogues classifying them according to LIC applicability with the following
properties:

-A specific type of cathode material (LFP, NCM, LCO);
-A silicon-containing composite within the negative-electrode-active layer;
-High-density electrodes;
-Maintaining proper performance at high potentials;
-Maintaining proper performance at low temperatures;
-High power;
-Aggregate state: liquid, gel polymeric (polymerisation [387,548] at temperatures
of 60 � 70 �C), hard polymeric [328];

-In a cylindrical or prismatic case;
-Others.

The effect of the components’ composition, ratio, and purity degree on the
functional properties are described in papers [379,549–555]. Electrolyte production
usually requires 2 � 5 solvents (with a purity of more than 99%) from the series of
organic carbonates (ethylene carbonate, propylene carbonate, dimethyl carbonate,
ethyl methyl carbonate, diethyl carbonate, etc.) and ethers (ethyl acetate, ethyl
propionate, propyl propionate, propyl acetate, etc.). Fluorinated solvents (Solvay
EnergainTM [556] and Daikin (an electrolyte including ethyl methyl carbonate,
fluoroethylene carbonate, and fluoro-ether) in various proportions) [432]) can be
used to improve performance at high potentials.

Lithium hexafluorophosphate is used as the main salt (LiPF6 purity can reach
99.9% [557,558]), but other lithium salts can also be contained in the electrolyte [559].
The main salt concentration in the electrolyte can vary from 1 to 1.5 M [502] (usually
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1 M). The electrolyte characteristics may be improved by adding several functional
additives (purity > 99.5% [560–565]) with a concentration of a few percent. There are
hundreds of functional additives whose effects on electrolyte properties have been
studied. Table 10 (the symbols are interpreted in Table 11) gives the designations
and CAS numbers of the additives presented in papers (reports, scientific and
technical publications) produced by electrolyte manufacturers, LIC manufacturers,
and companies dealing with reviews in the fields of LIC manufacture and marketing.

Table 10. Electrolyte functional additives for lithium-ion cells.

Designation Formula CAS No. Concentration
%/M Function Reference

AND NC(CH2)4CN 111-69-3 1 � 2

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[555,560]

BP C12H10 92-52-4 0.1, 1 � 3

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187]

BS C4H8O3S 1633-83-6 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187,566,567]

CHB C12H16 827-52-1 2.6

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187,560,568]

DBDMB C16H26O2 7323-63-9 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[549,569,570]

DEPA C8H17O5P 867-13-0 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[571]

DFA C7H6F2O 452-10-8 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[175,572]

DTD C2H4O4S 1072-53-3 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[566,573]

EGBE C8H12N2O2 3386-87-6 0.5 � 1

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[574,575]

ES C3H6O4S 1073-05-8 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187,568,576]

FB C6H5F 462-06-6 2.4 � 7 Solvent [574,577]

FEC C3H3FO3 114435-02-8 2.0 � 7.0

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[228,578,579]

F2EC C3H2F2O3 311810-76-1 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[578]

H-TP C18H22 61788-32-7 0.41

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[53,577]

LiBOB LiB(C2O4)2 244761-29-3 0.5 � 1 and
above

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[502,549,566,580]

LiDFBP C4F2LiO8P – –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[502,581]

LIFSI F2LiNO4S2 171611-11-3 0.2M

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[573,582,583]

LIODFB LiBF2(C2O4) 409071-16-5 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[228]

LiPO2F2 LiPO2F2 24389-25-1 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[502,573]

LiTFSI Li[N(SO2CF3)2] 90076-65-6 2–5

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[584]

MMDS C2H4O6S2 99591-74-9 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[566,585]

MPC C8H8O3 13509-27-8 1.6

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[53,142]

oTPh C18H14 84-15-1 0.1 � 0.2

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187]

PhBA C6H5B(OH)2 98-80-6 0.5

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[586]

53



Table 10. Cont.

Designation Formula CAS No. Concentration
%/M Function Reference

PHOS Phospha-zenes – –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187,587]

PMS C3H6O3S 16156-58-4 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[560,588]

PRS C3H4O3S 21806-61-1 –

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[568,589]

PS C3H6O3S 1120-71-4 1.3 � 3.2

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  

[187,560,568,574]

SN(SCN) C4H4N2 110-61-2 0.7 � 2.8

4 

 

 

Table 10. Electrolyte functional additives for lithium-ion cells. 

Function Reference 

  [578,583] 

 

[196] 

 

[196,589,590] 
 

[196,583,591] 
 

[571,592,593] 

       Si [594] 

 

[184,595] 

 

[589,596] 
 

[597,598] 

 

[196,591,599] 

Solvent [597,600] 

       Si [243,601,602] 

       Si [601] 
 

[54,600] 
 

[522,571,589,603] 
 

[522,604] 
 

[596,605,606] 
 

[243] 
 

[522,596] 

                  [607] 

     [589,608] 
 

[54,149] 
 

[196] 
 

[609] 

 

[196,610] 
 

[583,611] 
 

[591,612] 
 

[196,583,591,597] 
 

[591,597]  [568,574]

TAB C11H16 2049-95-8 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[560,578]

TMSB C9H27O3BSi3 4325-85-3 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[502]

TMSPate C9H27O4PSi3 10497-05-9 0.5

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[590,591]

TMSPite C9H27O3PSi3 1795-31-9 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[502,592]

TTFP (CF3CH2O)3P 370-69-4 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[106,593]

VA C4H6O2 108-05-4 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[187]

VC C3H2O3 872-36-6 0.3 � 2.3

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[187]

VEC C5H6O3 4427-96-7 –

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

[568]

Source: Authors’ compilation based on data from mentioned references.

The introduction of functional additives [594] into the electrolyte can improve
LIC performance. For example, organic additives have a potential range in which
their structure is stable. When this potential range is exceeded, reduction (anode) or
oxidation (cathode) occurs with the formation [379,595] of SEI film on the anode (SEI)
or cathode (sometimes referred to as CEI; it may not be uniform, as deposition mainly
occurs on active centres [596]). The SEI film on the anode can protect the anode from
the penetration of solution components into the graphite structure, stabilise charged
anode-active material, increase the intercalation rate, etc. In addition, SEI film
formation on the cathode prevents the dissolution of metals, electrolyte oxidation, etc.

Overcharge protection can be ensured by using functional additives that behave
as follows at high potentials:

-Polymerise, forming a relatively thick film (its thickness and functional
characteristics depend on the concentration [187,572]) that prevents the
movement of lithium ions (BP, CHB, etc.).

-Oxidise, with the formation of gases (for example, LiBOB—CO2 [597]) that
increase the internal pressure and activate the current interruptive device (CID,
cylindrical LICs).

-Cause a strongly exothermic reaction (TAB [578]) leading to separator melting
followed by isolation of the anode and cathode.

-Reversing (cathode)/reducing (anode) oxidation—redox additive [569,598].

54



Table 11. Interpretation of symbols given in Table 10.

Sign Function

Anode

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 

A
n

o
d

e 
 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Forms a coating on the anode (SEI)
Si Improves performance of Si-containing materials

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 

A
n

o
d

e 
 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Coating with high ionic conductivity

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 

A
n

o
d

e 
 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Prevents metal plating on the anode

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Lithium graphite stabilisation

Cathode

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Forms a coating on the cathode (CEI)

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Coating with high ionic conductivity

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Reduces dissolution of metals

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
 

Improved performance at high voltages 

Overcharge protection

5 

 

 

[583,601]  
 

[522] 
 

[613,614] 

            HF [522,615] 
 

[99,616] 
 

[196] 
 

[196] 
 

[591] 

Source:: Authors’ compilation based on data from mentioned references. 

Table 11. Interpretation of symbols given in Table 10. 

 Sign Function 
A

n
o

d
e 

 

Forms a coating on the anode (SEI) 

Si Improves performance of Si-containing materials 
 

Coating with high ionic conductivity 
 

Prevents metal plating on the anode 
 

Lithium graphite stabilisation 

C
at

h
o

d
e 

 

Forms a coating on the cathode (CEI) 
 

Coating with high ionic conductivity 
 

Reduces dissolution of metals 
 

Overcharge protection 
 

Additive redox 

E
le

ct
ro

ly
te

 

 

Ionic conductivity increase 
 

Reduced electrolyte decomposition degree 
 

Reduced electrolyte decomposition degree at float charge 
 

Reduced gas formation 

E
le

ct
ro

ly
te

 

 

Better anode wetting 
 

Reduced flammability 

HF Hydrofluoric acid scavenging 

L
IC

  

Improved performance (storage,  increased resistance at cycling) at high 

temperatures 

 

Improved performance at low temperatures 
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Functional additives may improve electrolyte properties in the following
manner: reduce flammability (non-flammable or low-flammable substances), increase
ionic conductivity (salts with excellent solubility within the operating temperature
range), and increase viscosity (VDF HFP polymers [257]) (Tables 10 and 11). Some
characteristics can be improved due to the use of functional additives, but the
additives can deteriorate others, and it becomes necessary to achieve the optimal
composition. For example, polymers added into electrolyte reduce ionic conductivity,
but Sony [386] managed to develop a gel polymer electrolyte with a high ionic
conductivity of 10 mS/cm (at room temperature, the ionic conductivity of LIC
electrolytes varies within 6.5 � 12 mS/cm). Electrolyte components that improve
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combustion resistance can reduce ionic conductivity and increase the electrolyte’s
viscosity and density, which negatively affects LIC power [599].

The electrolyte requirements depend on the purpose of the lithium-ion cell.
However, the high specific energy of LICs is provided by the electrodes’ design
and active materials, and the electrolyte ensures the proper performance of the
electrochemical system (Table 12).

Table 12. Electrolyte requirements for LICs with high specific energy.

Electrode Problems Remedies

High-potential cathode Electrolyte oxidation
Metal ions transition into
solution

Selection of solvents
maintaining stability
within the operating
potential range
Introduction of additives
reducing the dissolution
of cathode-active
material

Cathode containing
nickel-rich active
materials

Electrolyte
decomposition
accelerated by nickel ions
Metal ions transition into
solution

Introduction of additives
reducing the dissolution
of cathode-active
material

High-density anode
active layer

Electrode hard-wetting
Lithium plating

Low-viscosity solvents
Optimised composition
of solvents
Selection of additives

Anode including
silicon-containing
nanocomposite

SEI film destruction
caused by major volume
changes during
charge/discharge

Selection of effective
additives forming an
elastic SEI film Higher
concentration of
additives forming
SEI film

Source: Table by authors.

The LICs used to manufacture batteries for electric vehicles have basic
parameters such as safety, cycle life at cycling (durability), and performance in
a wide temperature range (Table 13). The electrolyte used affects these performance
characteristics.

For more information on electrolyte properties depending on electrolyte
composition, refer to the special reviews in [549,594,598,600–602].
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Table 13. Requirements for electrolytes used in LICs of electric vehicles batteries.

Parameter Requirements for
Electrolyte

Remedies

Safety

Safety in case of
overcharge

Introduction of
functional additives
(Table 10)Non-flammable or

low-flammable at high
temperatures

Improved thermal
stability of SEI film

Gel polymer technology Addition of polymer

Cycle life at cycling and
durability

Proper viscosity and
conductivity

Selection of solvents and
their ratios, addition of
high-soluble lithium salts

SEI film stability
Functional additives

HF retention and gas
evolution prevention

Performance in a wide
temperature range

Ionic conductivity in a
wide temperature range
should be sufficient to
maintain the required
LIC power

Combination of solvents
to maintain proper
performance in a wide
temperature range

Lithium salt is stable and
capable of dissociation in
a wide temperature
range, solvate shell with
a low energy barrier to
destruction (selection of
solvents)

Low resistance of
SEI film

Functional additives

Source: Table by authors.

2.8. Conclusions

This section briefly describes the manufacturing technology and materials of a
lithium-ion cell electrochemical block which, along with the design, determine the
characteristics of the LIC under development. In the following sections, lithium-ion
cells for various applications are considered.

The technical requirements for lithium-ion cell and lithium-ion battery (LIB)
characteristics are imposed considering the specifications of the product powered by
them. From the moment of introduction (1991) until 2018, the largest market share
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(expressed in Wh) was occupied by LIBs for mobile devices and portable electronics
(Figure 10). This segment includes the following:
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Figure 10. Evolution of LIBs market for the 2015–2019 period (initial data were
taken from [574]). Source: Figure by authors.

-LICs with high energy density (Chapter Lithium-Ion Cells with High Specific
Energy) used in batteries for tablets, laptops, smartphones, and cells in the
18650 (21700) case.

-High-drain cells in the 18650 or 21700 case (Chapter Advanced High-Power
Lithium-Ion Cells for Electric Hand Tools), used for powering electric tools,
vapers, and other applications.

-LICs for portable power banks (the capacity varies in the 0.5 � 15 Ah range).
-LICs for wearable devices, batteries, etc. In batteries for wearable devices
(headphones, smartwatches, etc.), high-energy LICs are mainly used. However,
due to their smaller dimensions [603] (and smaller proportion of active
materials) and, in some cases, the need to provide fast charging (more porous
electrodes), their energy density (specific energy) is lower than that of LICs used
to power smartphones and tablets. Information about some LICs used to power
wearable devices can be found in the presentation in [604], and in Chapter
Miniature Lithium-Ion Cells for the Internet of Things, Wearable Devices, and
Medical Applications.

-LICs for the manufacture of batteries for electric bicycles, scooters,
etc.—cylindrical (18650 with a capacity of up to 3.2 Ah [498] and 21700
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with a capacity of up to 4.5 Ah [605]) and prismatic, including those with
a cathode based on lithiated iron phosphate [606]. Toshiba’s lithium-titanate
cells are also mentioned [607]. Examples of designs and a description of the
market structure of batteries for electric bicycles and scooters can be found
elsewhere [358,608,609].

Since 2018, the demand for batteries for passenger hybrid (micro hybrid, mild
hybrid, strong hybrid, plug-in hybrid) and electric vehicles has begun to dominate.
Therefore, the descriptions of cells and batteries of this market segment are given in
Chapter Advanced High-Power Lithium-Ion Cells for Electric Hand Tools (18650 and
21700 cells with high specific energy) and Chapter Lithium-Ion Cells and Batteries
for Hybrid, Electric Passenger Vehicles.

A smaller market share is occupied by batteries for buses and commercial
vehicles. The main differences between the batteries used in passenger cars are
the less strict requirements for specific energy and higher requirements for safety.
Since bigger batteries are used, LFP/C, LFP/Gr, LMO/LTO, and NMC/LTO cells
are mainly applied in this type of battery [610]. However, some other cells are used;
for example, Mercedes announced the use of LFP/Li solid-state batteries for eCitaro
buses [611].

A detailed description of the designs, characteristics, and market of lithium-ion
batteries for electric buses can be found in references [612–614].

Due to the development of energy production from renewable energy sources
and the necessity of the efficiency and profitability increment of grids, the demand
for stationary energy storage is growing. Although LIBs for stationary applications
occupy the smallest share of the lithium-ion battery market, they have also grown,
reaching 11.5 GWh in 2019 [574]. Information about the design of various lithium-ion
energy storage devices, including modules and batteries, can be found in Chapter
Lithium-Ion Electric Energy Storage for Stationary Applications.

In the Conclusions, a comparison is made of the specific energy and power of
LICs for various applications.
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3 Lithium-Ion Cells with High Specific Energy

3.1. Lithium-Ion Cells in Prismatic Cases

Users’ requirements forportableelectronicdevices includefast responseandsmall
volume/weight, and long-term autonomous operation. These characteristics may be
essentially improved by using lithium-ion cells (LICs) with high specific energy.

The lithium-ion battery (LIB, lithium-ion cell + battery controller, or battery
management system and battery case) was used as a cell phone power supply for
the first time by the Sony company in 1991 [1]. Despite a long history of evolution,
even in recent years, a significant increase in specific energy has been observed, which
can be exemplified by the specific energy of the LIBs produced by one of the leading
manufacturers (see Figure 11). The plot below shows that the specific energy depends
on the active materials used in fabrication and the form factor. For example, prismatic
cells fabricated using plastic cases with large volume and weight have lower energy
density than gel polymer LICs with cases made of laminated foil (pouches).
 

6 

 
Figure 11 
 

 

 
 

Figure 11. Energy density (Wh/L) for LICs of different form factors produced by
one of the leading manufacturers (the values have been determined in discharging
with a current of 0.2 C to 2.75 V). Initial data were taken from [2]. Source: Figure
by authors.

Lithium-ion cells in laminated foil (pouch) cases [3] are often called gel polymer or
polymer cells (batteries) because polymers are added to the electrolyte to thicken
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it. However, not all manufacturers add polymers to the electrolyte with further
polymerisation when laminated foil (pouch) cases are used [3]. Among such polymers,
PVDF-HFP is mentioned most often. In addition, some companies (e.g., Sony) add,
besides the polymer, fine particles of inorganic materials for the sake of ensuring greater
safety in emergencies [4].

The variations in the energy density of gel polymer cells during the last 12 years
can be exemplified by those used as power supplies in Samsung S smartphones. From
2010 to 2022, the energy density of these LICs increased from 435 to 720 Wh/L (Table 14).
The energy density growth is the result of improvements in materials and technology
and cell volume growth.

As an active cathode material, lithiated cobalt oxide is used, whose density of the
positive-electrode-active layer may reach 3.7 g/cm3 [5] or higher. For example, the
density of the active layer based on a mixture of lithiated cobalt oxide and the lithiated
nickel cobalt manganese oxide may reach 4.0 g/cm3 [6].

One of the trends in increasing the specific energy of gel polymer LICs is the rise in
the charge (and, hence, average discharge) voltage. The cutoff charge voltages for LIBs
used in state-of-the-art Samsung and Apple smartphones are 4.47 V [7] (BG991ABY),
4.45 V [8] (S3110), 4.43 V [9] (BG980ABY), 4.4 V (Table 14), and 4.35 V [10]. The necessary
performance of the lithiated cathode material can be achieved in a wide range of
potentials by stabilising the structure with dopants and modifying the surface with
various functional coatings [11]. Coatings may be applied onto the active layer or the
electrode during fabrication, or during the formation process when the electrolyte’s
functional additives interact with the surface of the active material. The functional
coatings ensure the following:

� A decrease in resistance during interphase reactions
(electrolyte—cathode material);
� A reduction in electrolyte side reaction intensity;
� The suppression of gas release in the process of LIC operation.

In addition, the stability of the cathode material structure at high temperatures
and potentials can be improved.

Graphite-type anode materials are mainly used for manufacturing LICs with high
specific energy. The main advantages of graphite are as follows:

� High reversible capacity (355� 360 mAh/g for artificial graphites obtained at a
processing temperature of about 3000 �C [11]);
� Ability to provide high electrode density (a mix of graphites with particles of

different sizes and shapes, artificial and natural graphite [6]);
� Low swelling at lithium intercalation/deintercalation [12].

Besides graphite, it is possible to add a nanocomposite containing silicon to the
active layer of a high-specific-energy LIC negative electrode (SCN (Silicon Carbon
Nanocomposite, Samsung [12]), SiOx/Si/C (Hitachi Maxell [13], Shin-Etsu [14])).
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However, the silicon weight fraction in the active layer is typically insignificant:
only a few percent. The silicon-containing materials’ weight fraction is limited in
electrodes due to their volume change when lithium is introduced into or extracted
from the structure. If thin copper foil is used, the increase in the electrode volume can
result in mechanical strains and possible electrode damage [27].

According to a report [28], in 2015, Shin-Etsu products were the most demanded
silicon-containing composites for fabricating negative electrodes.

The increase in LICs’ specific energy may be ensured not only by using materials
with high specific energies, but also by increasing their content in terms of LIC volume
and weight. The increment in the volume of active materials may be achieved by
reducing the fraction of conductive additive(s) and increasing the electrode thickness
and density. These techniques lead to the growth of intrinsic resistance, which
affects the maximum charge/discharge current. High-specific-energy LICs are not
charged/discharged with high currents because of the possibility of severe heating.

Consider the characteristics of some LICs fabricated using lithiated cobalt oxide
and graphite as the active materials. The elevation of discharge current leads to a
lower mean discharge voltage, capacity, and specific cell energy (Figure 12a). When
the discharge temperature decreases (Figure 12b), a similar dependence is observed.
The necessary dependencies can be plotted to form a concept of variation in specific
energy and power of the batteries used in smartphones (Figure 13). The energy and
power characteristics presented in this section are approximate due to certain factors:

� In references devoted to cell development, the weight of the cell is specified.
However, the smartphone battery weight includes the weights of the cell, battery
management system, and battery connection cable. Therefore, it is necessary to
understand whether the value applies to the battery or only to a cell when making
a comparison.
� The LIC characteristics may scatter from sample to sample in one batch.
� The techniques used, the quality of curve digitising (performed with the use of

Graphic for iPad [29] and GetData software [30]), and further calculation may
also affect the obtained values.

The most up-to-date prismatic batteries’ specific energy (discharge current C/20)
reaches 275� 300 Wh/kg. The energy density (block of electrodes in laminated foil free
of the battery controller) may reach 770 Wh/L. An L-shaped battery’s specific energy
and energy density (ICP5/110/64) [31] are slightly lower, namely, 250 Wh/kg and
690 Wh/L, respectively. An increase in the discharge current results in a reduction in
specific energy. The performed measurements showed that the BG991ABY battery’s
discharge current increase to 1.5C is accompanied by a decrease in specific energy and
energy density to 270 Wh/kg and 660 Wh/L, correspondingly.

Since customers are interested in optimising the weight–size characteristics of the
device as a whole (smartphone, iPad, ultrabook, and others), the desired effect can also
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be achieved through the battery pack arrangement and shape. For instance, the power
supplies for the smartphones Apple iPhone X [32] and iPhone XSmax [10] consist of
two LICs. The efficiency of the device’s internal space utilisation may be increased by
using prismatic LICs with an additional step (step design) or LICs of a complex shape
(hexagonal, smart clock battery) [33].

Theperformancecharacteristicsofportableelectronicdevices (andotherproducts)
may be improved by increasing the charge rate. However, the acceleration of charge
requires an increase in the electrode porosity and a decrease in thickness, and so
on, which negatively affects the energy density, cost, etc. [34,35]. The LICs of some
models [11] (case 425882, ATL) may be charged by currents of 1.5C (680 Wh/L, 0�
75%—30 min), 3C (550 Wh/L, 0 � 75%—20 min), or 5C (460 Wh/L, 0 � 75%—10
min [11]).

Among high-power LICs with high specific energies, there are those used to
provide the performance of unmanned aerial vehicles (quadcopters and others). For
instance, the nominal specific energy of the 6860C5 cell (ATL) reaches 235 Wh/kg (�520
Wh/L). After 500 cycles of charge (1C)/discharge (5C) in the range of 3.0� 4.35 V at a
temperature of 40 �C, 10% of the discharge capacity decrease and an 8% increase in cell
thickness (swelling) are observed [36]. For the battery pack assembled using four LICs
installed in series (4S1P), the manufacturer guarantees a lower cycle life (capacity of
more than 90% of the nominal one after 200 operating cycles). The LIC case swelling
may be caused by the formation of cavities in the positive-electrode-active layer due to
the partial loss of contact with the current collector [37] and an increase in the thickness
of the anode-active layer [38,39]. The case swelling may also be caused by the formation
of various gases (hydrogen, first of all) within the LIC bulk [37]. It was found out
that reduction in the cutoff discharge voltage from 3.0 V to 2.5 V leads to the intense
generation of hydrogen within the bulk of LICs for portable electronic devices (in pouch
cases) [3]. The hydrogen is generated at large discharge depths.

High-specific-energy LICs in pouch cases are also produced using lithiated nickel
cobalt manganese oxide (NCM). Despite their high mass-specific energy, they seem
to have relatively low energy densities (LG 59Ah, E� 260 (�470) Wh/kg (Wh/L) [40–
44]; therefore, they are not used as power supplies for portable electronic devices.
Among recent achievements (2019), particular attention should be paid to LICs with
a specific energy and energy density of�300 Wh/kg and�700 Wh/L developed by
the CATL company [45], which will be implemented in the production of automobile
battery packs.
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Figure 12. Effect of discharge current (a) and temperature (b) on the shapes of
discharge curves of a high-specific-energy lithium polymer LIC (based on data
from [38]). Source: Figure by authors.
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Figure 13. Energy (Wh/L, Wh/kg) vs. power (W/L, W/kg) of high-specific-energy
lithium-ion batteries and cells 476790 [2], S3110* [8], BG973ABU* [17], 511064L* [31],
BG975ABU* [16], BG991ABY* [7], 404798AC [46], 405582 [38], and 404798AD [46]
(*data was taken from results of tests conducted in Ioffe Institute). Energy and
power related to volume (a) and weight (b) of the cells (batteries), correspondingly.
Source: Figure by authors.

111



3.2. Lithium-Ion Cells in Cylindrical Cases

Lithium-ion cells in cylindrical cases (14430, 14500, 14650, 18650, 21700, etc.) are
used for battery packs in notebooks, photo-cameras, external batteries, electric vehicles,
etc. Cylindrical LICs have a record-high energy density (Table 15). Nevertheless, in
fabricating battery packs, it should be considered that being close-packed in a prismatic
case, cylindrical LICs occupy only about 80% of the space (depending on their number
and style of packing).

Table 15 lists the characteristics of the LICs of the two most frequently mentioned
form factors, 18650 and 21700, produced using different pairs of active anode and
cathode materials. The main specific feature of LIC 18650WH1 is the introduction into
the negative-electrode-active layer of the nanocomposite amorphous material SnCo/C
(sometimes referred to as SnCoTi, since the presence of titanium atoms was revealed in
analysing the negative electrode of the first-generation LIC Nexelion [47]). The addition
of the tin–cobalt alloy provides the 14430 and 18650 LICs with a higher capacity, namely,
0.9 Ah [48–52] and 3.5 Ah (Table 15), respectively. However, because of a lower average
discharge voltage compared with LIC 18650 MJ1 (and some analogues), the total energy
of 18650 WH1 is lower and equals 11.7 Wh. Sony designed this cell for battery packs
for internally produced notebooks. Unfortunately, we failed to find its test results
in publications.

Table 15. Characteristics of high-specific-energy LICs in cylindrical cases.

Trademark
18650Wh1,

Nexelion, Sony
(4.3 � 2.0 V)

18650E1
(4.35 V), LG

18650MJ1,
LG

21700M50,
LG

Year 2011 2012 2014 2016
Cathode LCO LCO NCM with high Ni content
Anode Graphite + SnCo/C Graphite * Graphite + SiOx
Overall dimensions, mm d18; h65 d18.4; h65.05 d18.5; h65.2 d21.1; h70.15
Weight, g 53.5 <49 <49 <69
R AC (1 kHz), mOhm – <70 (PTC) <40 <25
Nominal Voltage, V �3.5 3.75 3.635 3.635
Max. Direct current, A – 4.65 10 (7 [53]) 7.275
Energy, Wh 11.5 12 12.7 18.2
Specific
energy

Wh/kg 226 245 255 263
Wh/L 723 ** 694 725 742

Ref. [54] [55] [56] [57]

Note: LCO is lithiated cobalt oxide, NCM is lithiated mixed nickel cobalt manganese oxide.
The values specified in the table are only for the reference and should be refined for each
LIC. d—diameter (mm), h—height (mm), PTC is the membrane with a positive temperature
coefficient, * assumably, graphite is used as the anode material. A similar Samsung-produced
cell, 18650 32 A, is fabricated using high-voltage lithiated cobalt oxide and artificial graphite.
** is declared by the manufacturer. Source: Authors’ compilation based on data from references
cited in the table.

In producing LIC 18650E1, high-voltage lithiated cobalt oxide is used as the active
cathode material, enabling a cutoff charge voltage of 4.35 V. When the cutoff voltage
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increases, the discharge capacity increases (Figure 14). The effect of the discharge
current on the form of the discharge curve of LIC 18650E1 (cathode LCO) and MJ1
(cathode High-Ni NCM) is given in Figure 15. At higher discharge currents (7A), the
discharge curve of 18650E1 is lower than for MJ1.

Based on the mutual closeness of the average discharge voltage of LIC MJ1 and
M50, it is possible to conclude that almost the same active materials might be used for
their fabrication. Therefore, the increase in the LICs’ overall dimensions from 18650
(MJ1) to 21700 (M50) allows the LIC Watt-hour cost to be decreased without modifying
the production procedure [58]. A detailed comparison of 18650 and 21700 cells is given
in papers [59,60]. 
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Figure 14. Effect of the cutoff charge voltage on the shape of LIC 18650 E1 discharge
curves (based on data presented in reference [61]). Source: Figure by authors.
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To assess the current level of the achieved characteristics, data taken from booklets
and test results for 18650 LIC produced by leading manufacturers were generalised. For
instance, themathematicalprocessingofthedischargecurvesgavethetotalenergy(area
under the discharge curve), maximal discharge capacity, and average discharge voltage
(Table 16). Taking into account the measurement error of the studied LICs, it is possible
to assume that the analysed LIC models with cathodes based on nickel-containing
lithiated oxide have close characteristics. In contrast, E1 (18650) LICs, with cathodes
based on lithiated cobalt oxide, have lower specific energy.

During discharge, the LIC intrinsic temperature increases (Figure 16a). The case
wall temperature at the end of the discharge is proportional to the discharge current
(Figure 16b) and, evidently, to the capacity (for LICs of the GA, 35E, and VC7 series).
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Figure 15. Discharge curves of LIC LG18650 E1 and LG18650 MJ1 obtained at
discharge currents of 0.2 A and 7 A (based on data presented in references [53,61]).
Source: Figure by authors.
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Figure 16. Variations in the LIC SDI 18650 35E case wall temperature in discharging
with currents of 3.5A � 10A (a) and case wall temperature of LIC Sony 18650
VC7 [65], SDI 18650 35E [66], and Panasonic 18650 GA [67] at the end of discharging
vs. the discharge current (the initial sources for plots were taken from references
given in square brackets) (b). Source: Figure by authors.

The effect of the discharge temperature (when charging is performed at room
temperature) on the shape of discharging curves and variations in the case wall
temperature has been demonstrated by the example of LIC VC7 (Figure 17). A reduction
in the discharge temperature results in a decrease in the discharge capacity and average
discharge voltage. Since high-specific-energy LICs have relatively high resistance, a
minimum may be observed in the discharge curves (U vs. C) at low temperatures at the
beginning of discharge. High internal resistance promotes LIC heating. The heating of
LICs leads to a reduction in the internal resistance, increasing the discharge voltage and
capacity. For instance, in the case of VC7 LIC cooled to�20 �C, the wall temperature
at the end of the discharge can rise to 30 �C. Discharging VC7 with a current of 1.4C at
higher temperatures also increases the wall temperature. The wall temperature of VC7
preheated to 60 �C may reach 80 �C at the end of discharge.

Based on the calculated specific powers and specific energies, Ragone diagrams
(Figure 18) were plotted for the LICs in case 18650 considered in this section. The specific
energy ranges from 240 to 256 Wh/kg (680� 720 Wh/L) at low discharge currents (0.2
A� 0.68 A). When the discharge current increases to 7 A, the specific energy decreases
to 190� 220 Wh/kg (550� 610 Wh/L), while power ranging from 465 to 540 W/kg is
introduced into the active anode layer structure.
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Table 16. Energy, discharge capacity, and average discharge voltage of lithium-ion
cells in 18650 cases—LG E1 [61], LG MJ1 [53], Sanyo GA [62,63], Samsung 35E [64],
and Sony VC7 [65], determined from the discharge curves.

I, A 0.2 1 3 5 7 10
Mark U, V Wh % of the value at the discharge current of 0.2 A

Energy

E1 4.2 � 2.8 9.93 95.7 90.6 86.0 78.4
E1 4.3 � 2.8 11.20 95.4 89.6 85.5 77.9
E1 4.35 � 2.8 11.82 96.4 90.7 86.4 80.2

MJ1 4.2 � 2.8 11.94 97.7 93.8 90.9 87.6
GA 4.2 � 2.8 12.29 96.5 92.6 90.0 87.5 83.9
35E 4.2 � 2.8 12.50 97.1 92.6 89.1 86.5 82.6
VC7 4.2 � 2.5 12.83 96.9 93.8 91.2 87.6

Ah % of the value at the discharge current of 0.2 A

Capacity

E1 4.2 � 2.8 2.64 98.6 98.1 98.1 94.1
E1 4.3 � 2.8 2.92 98.0 97.6 97.9 93.8
E1 4.35 � 2.8 3.07 99.0 98.1 97.8 95.2

MJ1 4.2 � 2.8 3.23 99.2 98.0 97.1 95.5
GA 4.2 � 2.8 3.35 97.5 96.1 95.4 94.3 92.6
35E 4.2 � 2.8 3.40 98.6 97.1 96.0 95.0 93.1
VC7 4.2 � 2.5 3.54 99.0 98.1 97.2 96.0

V % of the value at the discharge current of 0.2 A

Aver. discharge
voltage

E1 4.2 � 2.8 3.83 97.1 91.6 86.9 82.8
E1 4.3 � 2.8 3.86 97.4 92.0 87.6 83.2
E1 4.35 � 2.8 3.87 97.4 92.5 88.6 84.5

MJ1 4.2 � 2.8 3.73 98.4 95.7 93.3 91.7
GA 4.2 � 2.8 3.70 98.9 96.2 94.3 92.7 90.5
35E 4.2 � 2.8 3.71 98.4 95.1 92.7 91.1 88.7
VC7 4.2 � 2.5 3.64 98.4 95.9 94.0 91.5

Discharge current of LIC VC7, A 0.68 1.7 3.4 5 8
Source: Table by authors.

The cycle life of different high-energy lithium-ion cells is presented in Figure 19.
The increase in cycling temperature to 45 �C leads to a minor decrement in the cycle
life. The subsequent elevation in temperature during the cycling test might lead to a
decrease in capacity retention.

As a result, the structure of the cathode material is more stable in the case of cell
charging to a lower potential. For instance, if the cutoff voltage is reduced in charging
from 4.2 V to 4.0 V, the LIC 26F cycle life increases from 1000 to 2700 cycles (Figure 20).
Suppose that NCM (especially with a high content of nickel) is used as the cathode.
In that case, the cycle life increase is caused by a decrease in the probability of phase
transition (H2/H3) occurring at relatively high delithiation extents and causing particle
cracking [68–70].
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Figure 17. Effect of LIC Sony 18650 VC7 initial temperature on the LIC case’s
discharge capacity and LIC case’s temperature variations in discharging with a
current of 5 A (the initial data were taken from [65]). Source: Figure by authors.

To enhance the safety of high-energy LICs in cylindrical cases, a ceramic coating
in the volume of the cell is provided (Sony, LG—coating on the separator (LG—SRS),
or, in the case of SDI 32 A, coating on the anode (SFL)). LIC 18650 E1 also has a film
with a positive temperature coefficient (PTC). When the temperature increases, the
conductivity decreases; thus, the electric insulation of LICs occurs (Figure 21). The
design of the cylindrical LICs 18650 and 21700 may stipulate other safety-ensuring
automatically actuated components [71]. For instance, lithium bis(oxalate)borate
added to the electrolyte oxidises at a higher LIC cathode potential (4.5 V and higher)
and releases carbon dioxide; the internal pressure increases, which actuates the current
interruptive device mounted on the lid (top) of the LIC [71]. Examples of the case lid
designs for LIC 18650B, GA, 35E, MJ1, and VC7 are shown elsewhere [72]. A sharp rise
in pressure may cause gas release through the “valves” mounted in the top and bottom
parts of the case [72].
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