


Lithium-lon Cells: Materials
and Applications






Lithtium-lon Cells; Materials and
Applications

Yury Koshtyal

Alexander Rumyantsev

|/M\D\Py Basel Beijing Wuhan Barcelona Belgrade NoviSad Cluj Manchester



Authors

Yury Koshtyal Alexander Rumyantsev

PJSC “MMC “Norilsk Nickel”, Laboratory of Lithium-lon Technology,
Moscow, Russia loffe Institute,

Laboratory of Lithium-lon Technology, Saint-Petersburg, Russia

loffe Institute,
Saint-Petersburg, Russia

Editorial Office

MDPI AG
Grosspeteranlage 5
4052 Basel, Switzerland

For citation purposes, cite as indicated below:

Lastname, Firstname, Firstname Lastname, and Firstname Lastname. Year. Book Title. Series Title
(optional). Basel: MDPI, Page Range.

ISBN 978-3-0365-8267-2 (Hbk)
ISBN 978-3-0365-8266-5 (PDF)
https://doi.org/10.3390/books978-3-0365-8266-5

© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This book is Open Access and distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creati
vecommons.org/licenses/by/4.07).



Contents

Listof Figuresand Tables . . . . . . ... . ... . ... ... ... ... .. vii
Abbreviations . . . . . . .. XiX
Aboutthe Authors . . . . . . . . ... . XXV
Preface . . . . . . . . . . XXVii
Acknowledgements . . . . ... XXX
1 Introduction . . . . . . . .. .. .. 1
1.1 Highlights . . . ... . 1
1.2 Search Methodology . ... ...... ... ... . . . ... ...... 1
1.3 What Information Can Be Found intheBook? . ... ... ...... 2
14 HowtoUseThisBook .. .......... ... ... . ... ..... 2
1.5 Who Might Benefit from ThisBook? . . ... ... ........... 3
2 Materials for Lithium-lonCells . . . ... ... ... ... ........ 4
2.1 Cathode-Active Materials . . . ... ... ... . ... .. ....... 11
2.2 Anode-Active Materials . . . . . ... oo o oo 22
2.3 Conductive Additives . . . . . ... ... 31
24 CurrentCollectors . . . . ... .. ... . 37
25 Bindersand Thickeners . . . . . ... . ... . ... .. . . .. 39
2.6 Separators . . . . ... 48
2.7 Electrolytes . . . . . . .. 52
28 Conclusions . . . . . ... 57
References . . . . . . . . . e 59
3 Lithium-lon Cells with High SpecificEnergy . ... ... ... ...... 104
3.1 Lithium-lonCellsinPrismaticCases . . . .. ... ... ........ 104
3.2 Lithium-lon Cells in Cylindrical Cases . . . . . ... ... ....... 112
3.3 Methods for Increasing Lithium-lon Cells’ Specific Energy . . . . .. 120
3.4 Advanced Designs of Lithium-lon Cells with High Specific Energy . 127
3.5 Rechargeable Cells with Lithium Anodes . . . . ... ... ...... 132
3.6 Solid-State Lithium-lon Cells with Inorganic Electrolyte and
Non-Lithium Anode . . . . . ... ... ... . ... ... . ... ... 137
3.7 Conclusions . . . . . ... e 138
References . . . . . . . . . e 140

4 Advanced High-Power Lithium-lon Cells for Electric Hand Tools . . . . 158
4.1 Discharge Current Effect on LIC Functional Characteristics . . . . . . 160



4.2 Discharge Temperature Effect on LIC Functional Characteristics . . . 166
43 Conclusions . . . . .. ... e 169
References . . . . . . . . . e 170

5 Lithium-lon Cells and Batteries for Hybrid Electric Passenger Vehicles . 173

5.1 Low-Voltage Lithium-lon Batteries . . . . ... ... ... ....... 174
5.2 High-Voltage Lithium-lon Batteries . . . . ... ............ 176
5.3 Lithium-lon Batteries for Light Hybrid and Electric Vehicle
Applications . . . . ... 182
5.3.1 Influence of Temperature on the Functional Characteristics of
LICS . . . . e 200
5.3.2 Influence of Operating Conditions on the Life Cycle of LICs . 204
5.3.3 Electrochemical LICUnit . ... ................. 218
5.3.4 Technical and Design Parameters Affecting LICs’ Power . .. 226
535 ImprovingLICSafety . ...................... 244
54 Conclusions . . . .. . ... 251
References . . . . . . . . . e 251
6 Lithium-lon Electric Energy Storage for Stationary Applications . . . . . 276
6.1 High-Power Electric Energy Storage . . . . . . ... ... ... .... 276
6.2 Uninterruptible Power Supplies . . . . ... ... ... ... ..... 281
6.3 Modules and Lithium-lonCells . . . . . ... .... ... ....... 281
6.4 Conclusions . . ... .. ... 295
References . . . . . . . . . 296

7 Miniature Lithium-lon Cells for the Internet of Things, Wearable

Devices, and Medical Applications . . . . .. ... ... .......... 303
7.1 Lithium-lon Cells Filled with Liquid and Gel Electrolytes . . .. .. 303
7.2 Miniature Solid-State Lithium-lon Cells (mSSLICs) . . . ... .. .. 312
7.3 Comparing Energy and Power for Miniature LICs . . . .. ... ... 325
7.4 Conclusions . . . . . . ... 329
References . . . . . . . . . . e 332
8 Conclusions . . . . . . ... 342
References . . . . . . . . . . . 348
Appendix A. Lithium-lon Cells Mentioned in Figures and Tables . . . . . . 351

Vi



List of Figures and Tables

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

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. . . . . .
Manufacturing sequence for lithium-ion cells with laminated foil
(pouch) cases and metal prismatic (cylindrical) cases. Source:
Figurebyauthors. . . . . . ... ... .. ... .. ... ... ... .
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:
Figurebyauthors. . . . . . . ... ... ... ... .. ... .. ...
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:
Figurebyauthors. . . . . .. ... ...
Conceptual models of SiOx/Si/C and silicon—carbon
nanocomposite anode materials [274,283].  Source: Figure
byauthors. . . .. ... ... ..
Schematic structure of SnCo/C composite anode material. Figure by
authors. . . . . .
Charge and discharge curves of anode-active (graphite [206],
graphite+SiOx [277], HC [198], SC, Li4TisOp, [201]) and
cathode-active (LCO [58], LFP [62], LMO [103], NCA [296],
NCM [296]) materials. Figure by authors. . . . . ... ... ... ..
Layout of main conductive additives manufactured by Cabot,
Denka, and Imerys in coordinate grid: specific surface area—oil

16

22

29

30

31

absorption number or dibutyl phthalate. Source: Figure by authors. 34

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. . . . . .. ... ... ...
Evolution of LIBs market for the 2015-2019 period (initial data were
taken from [574]). Source: Figure by authors. . . . . ... ... ..
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. . . . . .. . .
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. . . . . . . . .

vii



Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Energy (Wh/L, Wh/Kkg) 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 loffe Institute).

Energy and power related to volume (a) and weight (b) of the cells
(batteries), correspondingly. Source: Figure by authors. . . . . . .
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. . . . ... ... ... ... L.
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. . . . . ... ... ..
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. . . . . . .
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. . . . . . .. ... ... ....
Energy (Wh/L, Wh/kg) vs. power (W/L, W/kg) for
high-specific-energy cylindrical LICs 18650 (LG E1 [61], LG
MJ1[53], SDI 35e [64], Panasonic GA [62], Sony VC7 [65]) and 21700
(SDI 48G [73], LG M50 [73], BMZ 52EM, and BMZ 50EL [74] (the
initial data were taken from references given in square brackets).
Energy and power related to volume (a) and weight (b) of the cells
(batteries), correspondingly. Source: Figure by authors. . . . . ..
Effect of the number of charging (with currents of a few decimals of
C) and discharging cycles on the capacity normalised to the initial
one for various LICs: MJ1 [75], 35E [66], VC7 [65], and GA [67]
(initial data were taken from references given in square brackets).
Source: Figure by authors. . . . ... ... .. ... .. L.
Effect of the upper charging limit of LIC SDI 18650 26F on the cycle
life (initial data were taken from reference [71]). Source: Figure
byauthors. . . . . . ...
Positive temperature coefficient disc (or layer) operating principle.
Source; Figure by authors. . . . . ... ... ... ... ...,

viii

111

113

114

115

117

119

119

120



Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Energy (Wh/L, Wh/kg) and power (W/L, W/kg) of advanced
LICs produced by Amprius [96], Farasis [99], Sionpower [109],
Solid Energy Systems [111], and Zenlabs [100,104] (initial data were
taken from references given in square brackets). Energy and power
related to volume (a) and weight (b) of the cells, correspondingly.
Source; Figure by authors. . . . .. ... ... ... .. .......
Variations in power and energy (a,b) and the effect of temperature
(c,d) on the power and energy at a fixed discharge current of
lithium-ion cells P1.95, P8.9, P11, and P24 (initial data were
taken from references given in square brackets). Power and
energy related to volume (a,c) and weight (b,d) of the cells,
correspondingly. Source: Figure by authors. . . . . . ... ... ..
Discharge curves of 18650 HTC [5,6], M1A [7,9], IBR [15], IMR [13],
HD2 [17], IHR [14,20], 25R [3], HG2 [22], and VTC6 [24] LICs (initial
data were taken from references given in square brackets). Source:
Figurebyauthors. . . . . . ... ... ... ... ... . . .. ...,
Discharge current effect on discharge curve shape and HB2 LIC
wall temperature increase (based on data from [10]). Source: Figure
byauthors. . . . . . ...
Energy (Wh/L, Wh/kg) vs. power (W/L, W/kg) of LICs in 18650
cylindrical cases (HTC [5], M1A [8,9], HB2 [10], IMR [12,13], IBR
[15], HD2[17], IHR [14,20], 25R [3], HG2 [22], VTC6 [24]) and 21700
(30T [30,31], 40PS [32], 42A [33]). (a) energy density and power
density are expressed in Wh/L and W/L, correspondingly. (b)
Specific energy and specific power are expressed in Wh/kg and
W/Kg, correspondingly. Source: Figure by authors. . . . . ... ..
Effect of current and number of charge (low current)/discharge
(high current) cycles on the shape of 18650 M1A LIC discharge
curves (the initial data for the plots were taken from reference [9]).
Source: Figure by authors. . . . ... ... .. ... ... L.
Variation in average discharge voltage (average power), capacity,
and energy depending on the number of charge/discharge cycles
and discharge current of M1A (the initial data for plots were taken
from reference [9]). Source: Figure by authors. . . . ... ... ..
Discharge temperature effect on specific energy and power of
IHR [14], IMR [12], IBR [15], 25R [3], HG2 [22], and VTC6 [24]
LICs (the initial data for the plots were taken from references in
square brackets). Source: Figure by authors. . . . . . ... ... ..

131

139

160

162

164

166

166



Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Figure 37

Figure 38

Figure 39

Figure 40

Effect of temperature and discharge current on the voltage
minimum observed at the beginning of IHR [14], IMR [12], IBR [15],
25R [3], HG2 [22], and VTC6 [24] LIC discharge (the initial data for
the plots were taken from references in square brackets). Source:
Figurebyauthors. . . . . . . ... ... ... ... .. ... ...
Evolution of demand for HEVs, PHEVS, and BEVs in the USA,
European Union, Japan, and China in 2015-2018 (the initial data
for the plot were taken from [1]). Source: Figure by authors.

Structure schemes of micro hybrid (12 V), mild hybrid (48 V, P0),
full hybrid (series—parallel), plug-in hybrid, and battery electric

vehicle. Design based on data presented elsewhere [17,37,38].

Source: Figure by authors. . . . .. ... ... ... .. ... ...
Price of a hybrid vehicle (PHEV) and driving distance using
a battery. (Note: Indicates an approximate minimum price
per car, not including possible subsidy from the state; S is
mainly determined by the EPA (Environmental Protection Agency)
evaluation.) Source: Figure by authors. . . . . ... ... ... ...
Electric vehicle price (BEV) and travel distance (S) when using a
battery. (Note: Minimum price, per vehicle, not including possible
government subsidy; for most cases, S is determined based on EPA
data.). Source: Figure by authors. . . . ... ... ... ... ...,
Specific energy (Wh/kg (left), Wh/L (right)) of lithium-ion cells,
modules, and batteries of electric and hybrid vehicles according to
reference [71]. Source: Figure by authors. . . . ... ... ... ..
Specific (per kg of kerb weight) power and energy of HEVs (Accord,
M35h [73], Civic [74,75], Malibu [76]), PHEVs (Molt2 [55,77], i8 [78],
A3 e-tron [79,80], Prius PHV [48]), and BEVs (100D [81-83], i3
2014 [84], Leaf SL [85], I-Miev G [86]). Source: Figure by authors. .
Radar chart—main characteristics of energy storage units for
functional transport applications. Source: Figure by authors. . . .
Effect of state of charge, temperature of SBL 5.2 Ah (NMC) cell
(a) [185], state of charge of different (b) LICs [92,185] for HEVs and
discharge time of Lishen 5.2 Ah (NMC) cell (c) [92] on the power
determined by HPPC test [230]; Source: Figure by authors. . . . .
Discharge curves during laboratory tests of PEVE [90] (Toyota
Prius) (a) and BEC [176,177] (Honda Civic) (b) cells. Source: Figure
byauthors. . . . ... ... . ..
Specific power, rated energy, and capacity of LICs used in the

manufacture of batteries for various types of passenger cars.

Dashed black oval marks two points corresponding to LICs with
enhanced energy and power characteristics. Source: Figure
byauthors. . . .. ... ...

169

173

176

177

180

181

182

183

194

195

196



Figure 41

Figure 42

Figure 43

Figure 44

Figure 45

Figure 46

Figure 47

Effect of charge rate (a) and discharge rate (b) on the shape of the
discharge curves and temperature of LICs (NCM:LMO, Lishen) in a
PHEV battery (initial data for plots were taken from reference [231]).
Source: Figure by authors. . . . . ... ..o o oL
Energy (Wh/L, Wh/kg) vs. power (W/L, W/kg) of LICs used in
hybrid (HEV, PHEV) and electric vehicles (BEV): L18—Lishen 18
Ah [27], B5—BEC 5 Ah [176,177], PA—PEVE 4 Ah [99], B50—BYD
50 Ah [103,104,186], L50—LEJ 50 Ah [215,216], M9—Miicrovast
9 Ah [197-200], L25—Lishen 25 Ah [196], S24—SBL 24Ah [184,
185], G13—GS Yuasa 13Ah [188,189], L15—LG 15 Ah [4,192,193],
A33—AESC 33 Ah [140], L26—LG 26 Ah [4,195], T49—Toshiba
49 Ah [227], S94—SDI 94 Ah [224], E20—EIG 20 Ah [187],
BP53—Boston Power 5.3 Ah [205], A56—AESC 56 Ah [144],

L59—LG 59 Ah [203,211,217,218], P3.3—Panasonic 3.3 Ah [220].

(a) energy density and power density are expressed in Wh/L and
W/L, correspondingly. (b) Specific energy and power are expressed
in Wh/kg and W/kg, correspondingly. Dots without lines indicate
power and energy estimates. For both a and b figures the form of a
marker on the plot reveals the type of cell case: circle, square, and

triangle corresponds to cylindrical, prismatic and pouch cell cases.

Source: Figuresby authors. . . . . ... .... ... .. .......
Charging curves of Boston Power Swing 5300 [205] and Lishen
10 Ah [27] lithium-ion cells obtained at 20 C and 25 C
(CCCV—~Constant current then constant voltage). Source: Figure
byauthors. . . .. ... ... ...
Influence of temperature on the shape of discharge curves for (a)
CATL (HEV LIC) [180] and (b) Boston Power Swing 5300 (BEV
LIC) [205] (the initial data were taken from references given in
square brackets). Source: Figure by authors. . . . . . ... .. ...
Influence of temperature and discharge current on specific energy
and power of LTO Lishen 18 Ah LICs. Plots prepared based on
data from [27]. Source: Figure by authors. . . . ... ... ... ..
Effect of storage times at 35 and 60 C on power, capacity, and
internal resistance of LICs for hybrid vehicles. Plots prepared
based on data from [185]. Source: Figure by authors. . . . . . . ..
Influence of charging current (a) [242], temperature (b) [242], width
of operating voltage range (c) [231], and depth of discharge (d) [243]
on service life, expressed in the number of charge/discharge cycles
(the initial data for the plots were taken from references given in
square brackets). Source: Figure by authors. . . . . . ... ... ..

xi

198

199

201

202

203

204



Figure 48

Figure 49

Figure 50

Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56

Figure 57

Figure 58

Figure 59

Comparison of change in capacity and a maximum power of
lithium-ion battery for PHEVs during cycling (the initial data for
the plot were taken from [244-246]). Source: Figure by authors.

Change in maximum power and internal resistance of the battery
during cycling as a function of the degree of discharge (the initial
data for the plot were taken from [244,245]). Source: Figure
byauthors. . . . . ... ... ..
Distribution by mass of the cathode-active material (CAM),
electrolyte, anode-active material (AAM), and sum of component
weights is 100%. Histograms are based on data presented in
references [71,193,257-259]). Source: Figure by authors. . . . . . .
Proportion of active cathode and anode materials in the mass of
batteries (the initial data were taken from references [71,193,257-
259]). Colors mark range of proportions for HEV cells (red), PHEV

207

208

225

cells (yellow), BEV cells (green), 3C (blue). Source: Figure by authors.226

Additional insulation of the cathode (plotted on the basis of image
presented in reference [317]). Source: Figure by authors. . . . . . .
Schematic diagram of the Prius Alpha battery HEV electrochemical
system (plotted on the basis of image presented in reference [71]).
Source: Figure by authors. . . . ... ... ... ... ... ...
Change in conductivity (a) of the PTC layer in the composition of
the positive electrode (b) (plotted on the basis of data provided in
reference [325]). Source: Figure by authors. . . . .. ... ... ..
Schematic representation of LIC electrode block, including HBL
(BYD) (plotted on the basis of an image presented in [186]). Source:
Figurebyauthors. . . . . ... ... ... . ... ... . . .. ...,
Contribution of the main types of energy storage to the total power
balance (based on the Sandia Lab database: database version
09.2021 [1], rated power not less than 100 kW, status—operational).
Source: Figure by authors. . . . ... ... .. ... ... L.
Installed energy and power capacity of stationary electrochemical
and thermal energy storage used in the generation of energy from
renewable sources [1]. Source: Figure by authors. . . . . . ... ..
Discharge current (a) and temperature (b) effect on the shape
of LecCell 30 Ah LICs (NCO/LTO, Leclanche) discharge curves.
Source:; Figure by authors. . . . . ... ... ... ... ...,
Discharge current (a) and temperature (b) effect on the shape of
SCiB™ 20 Ah (LMO/LTO, Toshiba) LICs; the graphs are plotted
on the basis of data in references [43,47]. (a) The LIC discharge
current in the module is limited by the 3C value. Source: Figure
byauthors. . . . . ... ... ..

Xii

247

248

250

276

277

285

286



Figure 60

Figure 61

Figure 62

Figure 63

Figure 64

Figure 65

Figure 66

Figure 67

Discharge current (a) and temperature (b) effect on the shape
of AMP20M1HD-A 20 Ah (LFP/graphite, A123) LIC discharge
curves; the graphs are plotted on the basis of data in the technical
manual [48]. Source: Figure by authors. . . . . . ... ... ....
Discharge current (a) and temperature (b) effect on the shape of
FV50NP (LFP/carbon (HC or SC), BYD) LIC discharge curves.
Source: Figure by authors. . . . . .. ... ... ... ... ...
Discharge current (a) and temperature (b) effect on the shape of
LIM50e 47.5 Ah (LMO/graphite, Yuasa) LIC discharge curves; the
graphs are plotted on the basis of data in booklet [22]. Source:
Figurebyauthors. . . . . ... ... ... ... ... . . .. ..., .
Discharge current (a) and temperature (b) effect on the shape of
LIM30H 30 Ah (LMO/HC or SC, GS Yuasa) LIC discharge curves;
the graphs are plotted on the basis of data in references [22,28].
Source: Figure by authors. . . . ... ... ... ... L.
Discharge current effect on the shape of VL 41M (NCA/Gr, Saft)
LIC discharge curves; the graphs are plotted on the basis of data in
booklet [49]. Source: Figure by authors. . . . . . ... ... ....
Energy (Wh/L, Wh/kg) vs. power (W/L, W/kg) of LICs
used in stationary electric energy storage: L30—Leclanche 30
Ah [46], G30—GS Yuasa 30 Ah [22,28], T20—Toshiba 20 Ah [43],
H75—Hitachi 75 Ah [56], S30PF—Saft VL30P Fe [67], G50—GS
Yuasa 50 Ah [22], A20—A123 20 Ah [48], S41MF—Saft VL41M
Fe [81], S41M—VLA41M [49], T49 [82,83], S94—SDI 94 Ah [68],
L63—LG 63 Ah [58], 33)—SDI 2170 3.3 Ah, Pg24—Prologium 24
Ah. (a) Energy density and power density are expressed in Wh/L
and W/L. (b) Specific energy and specific power are expressed in
Wh/kg and W/kg. For both (a,b) figures the form of a marker on
the plot reveals the type of cell case: circle, square, and triangle
corresponds to cylindrical, prismatic and pouch cell cases. Source:
Figurebyauthors. . . ... ... .. ... ... ... . . ......
Discharge temperature (charging at room temperature) effect on
variation of absolute (a) and relative (b) values of specific energy
of L30 [57], G30 [22,28], T20 [47], G50 [22], A20 [48], C6.9 (CATL
6.9 Ah) [84], T49 (Toshiba 49 Ah) [82], BP53 (Boston Power 5.3
Ah) [85,86], 42A (Molicel 4.2 Ah) [87], and VC7 (Sony 3.5 Ah) [88]
LICs. Source: Figure by authors. . . . . . . ... ... ... .....
Interrelation of energy density (Wh/L) and power density (W/L)
(a), specific energy (Wh/kg) and specific power (W/kg) (b) of
lithium-ion cells N035 [41], Q3 [43], EP50 [8], P23A [45], P16B [44],
$240, and A1220 (S240 and A1220 were tested in the loffe Institute).
Source: Figure by authors. . . . . .. ... ... o L

Xiii

287

288

289

290

291

294

295

310



Figure 68

Figure 69

Figure 70

Figure 71

Figure 72

Figure 73

Figure 74

Figure 75

Figure 76

Figure 77

Temperature effect on energy density and power density of
lithium-ion cells: (a) CT3 [39], P23A [45], P16B [44]; (b) M30 [47],
M70 [48], V17 [58], V63 [58], V125 [58], and primary cell M220X [63].
Source: Figure by authors. . . . . ... ..o oL
Interrelation of energy density (Wh/L) and power density (W/L)
(a), specific energy (Wh/kg) and specific power (W/kg) (b) of
lithium-ion cells (W0160 [5], M65 [51], M30 [47], S5.5 [53], M70 [48],
V17 [58], V63 [58], V125 [58]) and primary cells (M200R [64] and
M220X [63]). Source: Figure by authors. . . . . .. ... ... ...
Schematic structure of miniature solid-state lithium-ion cells
developed by Hitz [70], TDK [4], Murata [79], FDK [76], Cymbet [4,
70,80-82], and Thinergy [83-85]. Source: Figure by authors. . . . .
Variation in energy (Wh/L, Wh/kg) and power (W/L, W/kg) of
mSSLIC T102 [105], Pg16, Pg45, and N27 [27] at room temperature
((a)—per unit of volume, (b)—per unit of mass). Source: Figure
byauthors. . . . . ... . ...
Temperature effect (at current discharge 0.1  0.2C) on energy
density and power density of mSSLIC T102 [105], Pg16, and Pg45.
Source: Figure by authors. . . . . ... ..o oL
Variation in energy (Wh/L, Wh/kg) and power (W/L, W/kg) of
mSSLIC 10180 (150 C) [23], T0100 [112], 10250 [22,116], FET09 [117],
F0140 [108], Th2 [83], C005 [81], ST1 [118], and M8 [113] (37 C) at
room temperature ((a)—per unit of volume, (b)—per unit of mass).
Source: Figure by authors. . . . . . ... o oL
Temperature effect (at low current discharge) on energy density
and power density of mSSLIC T0100 [112] and F0140 [76]. Source:
Figurebyauthors. . . . . . .. ... ...
Energy and power reduced to the volume of active layers,
encapsulated active layers, and the 10250 cell [22]. . . . ... . ..
Specific energy (Wh/cm?) and power (W/cm?) at room
temperature for the following types of mSSLICs: multilayer
T0100 [112] and thin-film 10250 [22], 10180 (150 C)[23], FET09 [117],
F0140 [108], Th2 [83], C005 [81], and ST1 [118]. Source: Figure
byauthors. . . . . .. ..
Nominal specific energy (mWh/cm?) of various rechargeable
lithium-ion cells (button/coin: WO0160 [5], S 5.5 [52], ET2016CR [55],
M30 [47]; bulk solid-state: PG16, N27 [27]; solid-state in the coin
case: M8 [113]; multilayer solid-state: F0140 [108], T0100 [112];
thin-film solid-state: C005 [81], 10250 [22,116], FETO09 [117],
ST1[118], Th2 [83]). Source: Figure by authors. . . . . . ... ...

Xiv

311

313

315

319

320

323

324

325

325

326



Figure 78

Figure 79

Figure 80

Figure 81

Figure 82

Figure 83

Energy density depending on nominal capacity (a) and volume
(b) of miniature LICs (the symbols are interpreted in Tables
43-47), small-sized LICs with high specific energy (18650E1 [121],
18650VC7 [122], 21700M50 [123], S3.11 (with battery circuit
board) [124], BG991ABY (with battery circuit board) [125,126]),
and large-sized LICs used for the power supply of unmanned
aerial vehicles (UAV)—A4.28 [127,128], A5.87 [129], K11.6 [130],
K26 [130]) and battery electric vehicles (BEV)—L59 [131-134],
S$120 [135]. Source: Figure by authors. . . . . . ... ... ... ..
Energy density vs. power density of miniature (A1220, S240,
P16B [44], P23A [45], EP50 [8], Q3 [43], CT3 [39], NO35 [41]),
button-type (V125 [58], V63 [58], V17 [58]), coin-type (M70 [48],
M30 [47]), bulk solid-state (N27 [27], PG45, Pg16, T102 [105]),
multilayer solid-state (T0100 [112]), coin solid-state (M8 [113]), and
thin-film (Th2 [83], C005 [81], ST1 [118], FET09 [117], 10250 [22,116])
LICs. Source: Figure by authors. . . . . .. ... ... ........
Specific energy vs. specific power of miniature (A1220, S240,
P16B [44], P23A [45], EP50 [8], Q3 [43], CT3 [39], N035 [41]),
button-type (V125 [58], V63 [58], V17 [58]), coin-type (M70 [48],
M30 [47]), bulk solid-state (N27 [27], PG45, Pgl6, T102 [105]),
multilayer solid-state (T0100 [112]), and thin-film (Th2 [83],
CO005 [81], ST1 [118], FET09 [117], 10250 [22,116]) LICs. Source:
Figurebyauthors. . . . . . ... ... ...
Ragone plots (energy density vs. power density) of LICs for various
applications (3C—consumer electronics, BEVV—nbattery electric
vehicle, ESS—energy storage systems (stationary application),
HE—other application which needs power source with high
specific energy, HEV—hybrid electric vehicle, PHEV—plug-in
hybrid electric vehicle, PT—power tools; explanation of
designations is provided in Table 48). Source: Figure by authors. .
Ragone plots (specific energy vs. specific power) of LICs for various
applications (description of 3C, BEV, ESS, HE, HEV, PHEV, PT
abbreviations is given in the caption of Figure 81, explanation of
designations is provided in Table 48). Source: Figure by authors. .
Change in energy (Wh/L, Wh/kg) and power (W/L, W/kg) of
Lishen 18 Ah [7], Moli IHR18650C [5], and Saft M176065xc [6]
discharged at room and lower temperatures. Energy and power
related to volume (a) and weight (b) of the cells, correspondingly
Source: Figure by authors. . . . . ... ..o oo oL

XV

329

330

331

343

344

346



Table 1
Table 2
Table 3
Table 4
Table 5

Table 6
Table 7

Table 8

Table 9

Table 10
Table 11
Table 12
Table 13
Table 14

Table 15
Table 16

Table 17
Table 18

Table 19

Table 20

Table 21

Table 22

Table 23

Table 24

List of materials for manufacture of LIC electrochemical system. . 7
Basic characteristics of LIC cathode-active materials. . . . . . . .. 12
Basic parameters of LIC cathode-active materials. . . . . . ... .. 15
Basic characteristics of LIC anode-active materials. . . . . ... .. 23
Comparison of some characteristics of carbon anode-active

materials[230]. . . . . . . ... 26
Electrically conductive additives for LIC electrodes. . . . ... .. 33
Effect of carbon black or graphite added to active layer on LIC

parameters [302]. . . . . . ... 36
Characteristics of the commercial sodium salt of carboxymethyl

cellulose for the manufacture of LIC negative electrodes. . . . . . . 44

Characteristics of commercial aqueous binders based on
styrene-butadiene rubber for manufacture of LIC negative electrodes. 46

Electrolyte functional additives for lithium-ioncells. . . . ... .. 53
Interpretation of symbols givenin Table 10. . . . . . ... ... .. 55
Electrolyte requirements for LICs with high specificenergy. . . . . 56
Requirements for electrolytes used in LICs of electric vehicles

batteries. . . . . . ... 57
Characteristics of LIBs used to power Samsung S smartphones. . . 106
Characteristics of high-specific-energy LICs in cylindrical cases. . 112

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

thedischargecurves. . . ... ... ... ... ... .. ... . ... 116
Methods for increasing LIC specificenergy. . . . ... ....... 121
Parameters of the electrode and separator of LICs with high specific
energies (hased ondatafrom [2]). . . ... ... ... .. .. ... 125
Advanced designs of high-specific-energy LICs and rechargeable
lithiummetalcells. . . . ... ... ... . . ... ... ........ 128
Characteristics of high-power 18650 lithium-ion cells with various
activematerials. . . . . ... ... 159
Variation in energy, capacity, and average discharge voltage
depending on discharge current of high-power 18650 cells. . . . . 161

Operation time (in minutes) of M1A [7], HB2 [11], IMR [13], HD2
[17], 25R [3], and VTC6 [25] cells under 5 30 A discharge current. 162
Temperature variation measured on the walls of HB2 [10], IMR [13],
VTC3[16,28], HD2 [19], IHR [14], 25R [3], HG2 [29], and VVTC6 [24]
cells at the end of discharge, depending on discharge current. . . . 163
Discharge current effect on cycle life of M1A [9], HB2 [10], IMR [13],
IBR [15], VTC3 [16], HD2, IHR [14,34], 25R [3], HG2 [22], and VTC6
[24] cells. . . . . .. 165

XVi



Table 25

Table 26

Table 27
Table 28
Table 29
Table 30

Table 31
Table 32

Table 33

Table 34

Table 35

Table 36
Table 37
Table 38
Table 39
Table 40
Table 41
Table 42
Table 43

Table 44
Table 45

Table 46

Table 47
Table 48
Table Al
Table A2

Temperature effect on discharge capacity and average

dischargevoltage. . . . . ... ... ... ... oo 167
Characteristics of low-voltage LIB packs (12 V and 48 V) used in

vehicle manufacturing. . . . ... ... .. ... ... ... 175
Characteristics of HEV lithium-ion batteries. . . . . . . ... .. .. 184
Characteristics of PHEV lithium-ion batteries. . . . . . ... .. .. 185
Characteristics of BEV lithium-ion batteries. . . . ... ... .. .. 186
Characteristics of Li-ion cells used in transport. 12 V and 48

V batteries. . . . . . ... . 189

HEV, PHEV, and BEV lithium-ion battery cells used in passenger cars.190
Mutual influence of operation parameters and characteristics on
the lifetimeof LICs. . . . . . . . ... ... ... ... . ... . ... 210
Li-ion battery ageing mechanisms (based on data presented
elsewhere [249-256]). . . . . . . . ... 219
Comparison of LIC compositions for transport applications and
portable equipment. . . . . .. ... 224
Specific energy, specific power, and electrode and separator
characteristics of LICs for electric vehicles and portable appliances. 227

LIC parameters affecting power. . . . . ... ... ... 229
Applicability of lithium-ion EES[3,4]. . . . . .. ... ... .. ... 278
Lithium-ion electric energy storage systems. . . . . . ... ... .. 279
Basic componentsof EES. . . . . ... .. ... ... ... . ..., 279
Lithium-ion cell modules for EESand UPS. . . . ... ... .. .. 283
Industrial lithium-ion cells for electric energy storage. . . . .. .. 292
Miniature lithium-ion cells for various applications. . . ... ... 305
Miniature lithium-ion cells in prismatic (metal, pouch (laminated

foil)) and cylindrical cases. . . . . .. ... ... ... . ... .. .. 308
Miniature lithium-ion cells in coin-type and button-type cases. . . 309
Miniature laminated foil (pouch) case LICs filled with solid-state

and gel (polymer) electrolyte. . . . .. ... ... ... . ...... 318
Miniature multilayer (several pairs of electrodes) LICs filled with

solid-state ceramic electrolyte. . . . . ... ... ... ... ..... 321
Miniature thin-film solid-state LICs. . . . . . ... ... ... .. .. 327
Explanation of LICs’ designations given in Figures 8l and 82. . . . 347
Lithium-ion cells sorted by company name. . . ... ... ... .. 351
Lithium-ion cells mentioned in figures and tables sorted by

designationinthetext. . . ... ... ... ... ... ... .... 358

XVii






Abbreviations

1050 Aluminium alloy

1070 Aluminium alloy

1085 Aluminium alloy

1100 Aluminium alloy

1235 Aluminium alloy

3003 Aluminium alloy

8021 Aluminium alloy

1N30 Aluminium alloy

3C Computer, communication, and consumer electronics

AAM Anode-active material

AC Alternating current

AG Atrtificial graphite

AND NC(CH5)4CN, CAS Ne 111-69-3

BET Brunauer, Emmett, and Teller theory

BEV Battery electric vehicle

BMLMEP Bio-modified LFP, contains several mass percents
[Cas(PO4)3(0OH).]

BMS Battery management system

BOL Beginning of life

BOM Bill of materials

BP Biphenyl, C1oHjg, CAS No 92-52-4

BPU Battery protection unit

BS C4HgO3S, CAS Ne 1633-83-6

C1100 Copper

CAM Cathode-active material

CAN Controller Area Network

CB Carbon black

CB (A) Acetylene black

CCCv (Cccey) Mode of charging constant current then constant voltage

CCs Coating layer containing inorganic particles

CEl Cathode-electrolyte interphase

CF Carbon fibres

CHB Chlorobenzene

CHB C1oH1g, CAS Ne 827-52-1

CID Current interruptive device

CMC (Na-CMC) Sodium salt of carboxymethyl cellulose

CRC LiCoO,

CTC Cell to chassis

XiX



DBDMB
DBP
DC
DCIR
DEC
DEPA
DFA
DMC
DoD
DOE
DTD
EC
ED
EDLC
EDS
EES
EGBE
EMC
EOL
EPA
ES
EsB
ESS
F2EC
FB
FEC
FEC

G (fl.)
G (sph.)
Gr
Grph.
H-NCM
H-TP
HBL
HC
HDPE
HE
HE

C16H260,, CAS Ne 7323-63-9
Dibutyl phthalate absorption humber
Direct current

Direct current internal resistance
Diethyl carbonate

CgH1705P, CAS Ne 867-13-0
C7HgF,0, CAS Ne 452-10-8
Dimethyl carbonate

Depth of discharge

Department of Energy
CyH404S, CAS Ne 1072-53-3
Ethylene carbonate

Electro drive

Electric double-layer capacitor
Energy-dispersive spectroscopy
Electric energy storage
CgH12N20,, CAS Ne 3386-87-6
Ethyl methyl carbonate

End of life

Environmental Protection Agency
C3HgO4S, CAS Ne 1073-05-8
Energy-selective back-scattered
Energy storage system
C3H,F,03, CAS Ne 311810-76-1
CgHsF, CAS Ne 462-06-6
Fluoroethylene carbonate
C3H3FO3, CAS Ne 114435-02-8
Flake graphite

Spheroidised graphite

Graphite

Graphene

High nickel content NCM
CigH2o, CAS Ne 61788-32-7
High-temperature binder layer
Hard carbon

High-density polyethylene
High energy

High-energy lithium-ion cells

XX



HEV
HFP

HOPG

HP

HPPC

HRL
HVAC)
IACS

ICE

loT

IT

LAGP
LATP

LCO

LFP (LFP/C)
LGPS

LIB

LIBOB
LiBOB
LIBS

LIC
LiDFBP
LIFSI
LIODFB
LiPO,F,
LiTFSI
LLZO
LLZO-SM
LLZTO

LMFP

LMO
LMO/C
LMO/LTO
LMR
LNMO
LNO

LTO

Hybrid electric vehicle

Hexafluoropropylene

Highly oriented pyrolytic graphite

High power

Hybrid pulse power characteristic

Heat resistance layer

Heating, ventilation, and air conditioning
International Annealed Copper Standard

Internal combustion engine

Internet of Things

Information Technology

Liz+xAlxGez x(PO4)3

Liy sAlg5Tip5(PO4)3

Lithium cobalt oxide — LiCoO,

Carbon-coated lithium ferro-phosphate — LiFePO,4
LijoGeP,Sy,

Lithium-ion cell with battery controller, or battery management
system and battery case

Lithium bis(oxalato)-borate

LiB(Cy04),, CAS Ne 244761-29-3

Laser-induced breakdown spectroscopy

Lithium-ion cell

C4F,LiOgP

F,LiINO4S,, CAS Ne 171611-11-3

LiBF,(C204), CAS Ne 409071-16-5

LiPO,F,, CAS Ne 24389-25-1

Li[N(SO,CF3),], CAS Ne 90076-65-6

LizLazZr 01,

Li7 2X+yngLa3 ySrerzolz, (01 x 03,0 Yy 05)
Lig.sLagZry4TageO12

Carbon-coated lithium
manganese-ferro-phosphate—LiMnyFe; POy, x <1
Lithium manganese oxide—LiMn,04

Lithium manganese spinel/hard carbon or soft carbon
Lithium mixed oxide (NCM or NCA or LMO)/lithium titanate
Lithium-manganese-rich NCM

High-voltage nickel manganese spinel
High-nickel-content NCM or NCA

Lithium titanate—Li4 TisO1,

XXi



M.O.
MCMB
mHEV
mHEV
MLCC

MLCC-type

MMDS
MPC
mSSLICs
MWCNTs
N201
Na—NiCI2
Na-S

NC, NCO

NCA
nCA (nC)

NCM (A:B:C)

NCMA
NG (NG-core)
NMC
NMP
OAN
OLOs
oTPh
PAN
PbA
PbA/C
PC
PCB
PCLB
pcs

PE
PEHM
PELS
PET
PhBA
PHEV
PHOS

Mixed oxides (NCM or/and NCA or/and LMO)

Mesophase carbon microbeads

Micro hybrid electric vehicle

Mild hybrid electric vehicle

Multilayer ceramic capacitors

Lithium-ion cell with construction similar to multilayer ceramic

capacitor

C,yH406S,, CAS Ne 99591-74-9

CgHgOg3, CAS Ne 13509-27-8

Miniature solid-state lithium-ion cells

Multi-wall carbon nanotubes

Nickel alloy

Sodium-nickel-chloride

Sodium-sulphur batteries

Lithium nickel cobalt oxide

Lij+xNigCofAlgOp,ge+f+g=1,08 e 0.92,0.015 g 0.05,

x 0.07

Current numerically equal to the rated capacity

Liz+xNiagCopMn:O,.4 0 x 0.05,a+b+c=1, designated as

wherea=A/(A+B+C),b=B/(A+B+C),c=C/(A+B+C),x
0.07

Lithium nickel cobalt manganese aluminium oxide

Carbon-coated natural graphite

see NCM

N-methyl-2-pyrrolidone

Oil absorption number

Over-lithiated layered oxides

C13H14, CAS Neo 84-15-1

Polyacrylonitrile

Lead-acid batteries

Lead-acid—carbon (hybrid cell)

Propylene carbonate

Battery protection circuit board

Pouch lithium ceramic battery

Pieces

Polyethene

Polyethene with high melting point

Polyethene with low melting point

Polyethene terephthalate

CgHsB(OH),, CAS Ne 98-80-6

Plug-in hybrid electric vehicle

Phosphazene

Xxii



PMIA
PMMA
PMS

PP

PRS

PS

PT

PTC
PTFE
PVDF
PVDF-CTFE
R&D
Ref.

SAE
SBET
SBR

SC

SD

SEI

SFL
SN(SCN)
SoC
SOH
SRS
SWNTs
T&D
TAB
TEMPO
Tg
TMSB
TMSPate
TMSPite
TTFP
UHMW, (U) HMW
UPS

V2F (VDF)
VA

VvC

VvC

VDA
VEC
VGCF
WDS
XEV

Poly (m-finylene isophthalamide)

Polymethyl methacrylate

C3HgO3S, CAS Ne 16156-58-4

polypropylene

C3H403S, CAS Ne 21806-61-1

C3HgO3S, CAS Ne 1120-71-4

Lithium-ion cells used for manufacturing of power tools batteries
Positive temperature coefficient
Polytetrafluoroethylene

Polyvinylidene fluoride

Poly(vinylidene fluoride-co-chlorotrifluoroethylene
Research and Development

Reference

SAE International (formerly the Society of Automotive Engineers)
Specific surface area determined according BET theory
Styrene-butadiene rubber

Soft carbon

Self-discharge

Solid-electrolyte interphase

Safety functional layer

C4H4Ny, CAS Ne. 110-61-2

State of charge

State of health

Ceramic coating on separator

Single-wall carbon nanotubes

Transmission and Distribution

C11H1g, CAS Ne 2049-95-8
2,2,6,6-tetramethylpiperidine-1-oxyl radical
Glass-transition temperature

Cg H2703BSi3, CAS Neo 4325-85-3

CgH32704PSi3, CAS Ne 10497-05-9

CgHj703PSi3, CAS Ne 1795-31-9

(CF3CH,0)3P, CAS Ne 370-69-4
Ultra-high-molecular-weight

Uninterruptible power supplies

Vinylidene fluoride

C4HgO,, CAS Ne 108-05-4

Vinylene carbonate

C3H,03, CAS Ne 872-36-6

German Association of the Automotive Industry
Cs5HgO3, CAS Ne 4427-96-7

Vapour-grown carbon fibres
Wavelength-dispersive X-ray spectroscopy
Various types of electric vehicles

XXiii






About the Authors

Yury Koshtyal

Yury Koshtyal received Bachelor’s (2006), Master’s (2007), and PhD degrees in
Solid-State and Physical Chemistry (2011) at Saint Petersburg Institute of Technology
(Technical University). The research was devoted to the structural and chemical
transformations that occur during the synthesis of photoactive active materials by
molecular layering (atomic layer deposition).

During his education period, he carried out several internships in Ecoles des
Mines d’Alés (IMT Mines Alés, France). In addition, he received scholarships from
Languedoc Roussillon (France), the Government of France (Bourse de stage d'études),
and the St. Petersburg Government (Russia).

Since 2013, he has worked in the lithium-ion technology laboratory at the loffe
Institute (St. Petersburg, Russia) and conducted the research and development of
anode and cathode materials for lithium-ion cells.

Since 2016, he has conducted research in the field of thin-film electrode materials
obtained via atomic layer deposition for solid-state lithium-ion cells (Institute
of Metallurgy of Mechanical Engineering and Transport, Peter the Great Saint
Petersburg Polytechnic University).

In 2023, he joined PJSC “MMC “Norilsk Nickel” and participates in the R&D of
high-nickel cathode materials for lithium-ion cells as well as high-energy lithium-ion
and sodiume-ion cells.

Alexander Rumyantsev

Alexander Rumyantsev received Bachelor’s (2005), Master’s (2007), and PhD
degrees in Electrochemistry (2011) at Saint Petersburg Institute of Technology
(Technical University), studying the electrochemical processes occurring in
lithium-ion cells.

In 2011, he joined the loffe Institute and participated in the organisation of the
lithium-ion technology laboratory. The field of research includes the electrochemical
testing of promising materials (anodes, cathodes, electrolytes) for lithium-ion cells
and lithium metal cells, lithium-ion cell technology development, and the conduction
of lithium-ion cell and battery tests.

XXV






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
Authors
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-lon 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-lon Cells for Electric

Hand Tools).
2.2 High-power LICs in 18650 and 21700 cases for power tools (Chapter Advanced

High-Power Lithium-lon Cells for Electric Hand Tools).
2.3 LICs for various hybrid and electric vehicles (Chapter Lithium-lon Cells and

Batteries for Hybrid, Electric Passenger Vehicles).
2.4 LICs for stationary energy storage systems (Chapter Lithium-lon 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-lon 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



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-lon Cells). Methods for increasing the specific energy (Chapter Lithium-lon
Cells with High Specific Energy), power, and safety (Chapter Lithium-lon 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



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.



2 Materials for Lithium-lon 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;
[HNT] 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)):
i

h
h
P Ui gHe +xLit +xe @)

[LiHp]

Discharge

Negative electrode (Equation (3)):
h i

; . Charge ]
Ll(l X)HN XL e Discharge i [LIHN] (3)
Summary equation (Equation (4))
h
Liy yHn + [LiHp] S [LiHg] + Lig oHe @
Discharge

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



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
alist 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.
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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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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/cm?. 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.



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].



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 form3 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
qguadcopters. 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 CEl—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 CEl 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,
LCB800E (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 (dsp = 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 lIron 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 [Cas(PO4)3(OH),] [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].
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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

Gradient in terms of
composition [101,102]

Core-shell [78,97-100]

across a particle is uniform, or Ni: Mn:; Co Ni: Mn; Co
designed 1.0 1.0
A
0.0 0.0 -
0 246 81012 0 246 81012

d, um d, um

°® e
Dopants: Ti, Mg, Al, etc. &% [80] ..:.:.. [103]

® ° L [ ) ° L]

Functional coatings Electrically
conductive coatings:
Carbon [104]

L)

Nanotubes [65,87] :,. Xy O
Passivating coatings
Polymeric [105] O
Inorganic [106] st o0,
lon-conducting coatings [105,106] ae® tus® (::)
Combined coatings [106]

Solid [107] Agglomerates [103]

Structure of particles

Particle shape

Cobble [57],

Ball [108],

Rod [68] and others [109-111]

O | B
QQ/

Particle size

ds0 (0.7 +< 20 pm), d99 < 45 pm

Porosity of secondary particles)
[44,108,112,113]

*

Orientation of primary
particles (crystallites) [108]

Shape of primary particles
[89,103]

&
o
&
AS
&

balls plates rods facetted particles

Size of primary particles [89]

Less than 0.1 pm [104,114,115}—approx. 2.5 um [103,116]

Primary or secondary particles are
coated [68,117]

@

Source: Table by authors.
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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.

LiMn,O,4 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 (LiNigsMn; 504, 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. 5V 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
xLioMnO3 (1 X)LIMO, (M = MngNi,Co¢, a + b + ¢ = 1) and considered as a
structure integrated from two layered oxides: LioMnO3 and LiMO,. Charging at high
voltage activates Li,MnO3 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 Li,CO3 or LIOH H,O (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 Na,COs3) 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 LiCoO,). 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

17



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[Nig ggC0g.05sMng osAlp 01]02)
were less destroyed compared to NCM (Li[NigggC0go5Mngg5]02) and NCA
(Li[Nip.gg5C0g.100Alp.015]02) 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
AMA&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*/Ni%*);
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 Al,O3 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-7™, Gemx™ under a licence from Tiax (Camx)).

GEMX-series cathode materials (gLNO™, gNMC™ gNCA™ gNCMA™
[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 Li,COj3 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 (CO,) [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, dsg sized 2 6 m—N524T
and PU50D, MB8-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;

20



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/cm?, and an NCM tablet density
for high-power LICs varied from 3.1 to 3.25 g/cm? 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 (Li4Ti5O;2), 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/cm? [188], 741 mAh/cm?, 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(%) = l3rq01)/ (I3ro1)/ 12H(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 (MAGES,
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 LpCO™ 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

25



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
X === SN
// //—_/ —— m— /| e—

Structure é: \ —i —— e | —

/\E\\i/\ e — C | —

dooz, NM 0.37 0.38 0.34 0.35 0.335 0.34

Lc, nm 11 12 2 20 80

True density, g/cm? 15 16 2.0 2.2 (2.25)

Density of electrode-active 09 10 1.2 1.35 1.9[22,231]

layer, g/cm®

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 (Li4TisO,,, LTO) is an anode-active material with a
spinel structure (true density—3.41 g/cm?3, theoretical capacity is 170 mAh/g,
580 mAh/cm? [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 SCiB™ (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 (loT) 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 SCiB™ 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].

Nano-scale silicon Hybrid electrode Graphite
Ion conductor 3@ ’

»3

Amorphous  silicon

monoxide

Conductive coating c
~_Copper

Nano-scale silicon

SiOx (Hitachi, Shin-Etsu)

Graphite

SCN (Samsung)

Carbon coating

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 Li,SiO3. 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 (Li,SiO3) 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]).

=20 nm

..,

.,
T
.

Carbon phase
Sn-Co particle
Co-C chemical bond at interface

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+SiOy
[277], HC [198], SC, Li4TisO1, [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 ! (LFP/C) to
10 ® (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,

31



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, Sger—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].
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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

34



(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 =25 3.5nm, Cy/2 =0.351 nm)
are crystallised to a greater extent in comparison to Imerys carbon black (C45—Lc¢ =2 nm,
Cop/2 =0.3575 nm, C65—Lc =2 nm, Cy/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

Less amount is used to

Spec!flc energy obtain required Small amount required Compress_|b|l|ty,
density . - low swelling

electronic conductivity

Dispersions may not be

stable in tlm_e. Special Stable dispersions, Small amount
Electrode treatment (high shear . - .

s compatibility with of binder

manufacture rate mixing, surfactants)

is required to obtain
dispersion

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 OCSiAI—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 Enermax™ 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%), 1N 30 (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-Volt™ 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, SiOy) 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 LiFePO,4/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[((SigMgs5Lip3)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 -CH,OH
groups on the surface, which affect the dispersion and viscosity of the solution.

The advantages of agueous 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 (Li,COg3, [409], TiOx [409]) and aluminium
foil (carbon coatings [410,411]), pH reduction (stirring the suspension under a
CO, atmosphere [407]), and adding acids to the electrode slurry (formic [406],
polyacrylic [401], hydrochloric [412], and phosphoric acids [406,413]).

Agueous 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 gZ/cm? [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, 100and 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/CH,COONa 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/cm?3 [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.

43



G9E  00€ g8 09 000G  000€ G0 S90 DT100SOVIN
[esv'sev] 08¢  00¢ g8 09 000G  00G¢ 880 8.0 JHOGEOVIN
GZe  0g£2 g8 09 00SZ  000T G660 G80 JHO00ZOVIN
(8s04uns) sarnsnpu| Jaded uoddiN
00T - (%¥) 008  00F 0T 80 »« (0TS-699) T01-99
[Tsv] 009 005 - 00SZ  00ST 60 80 (0TH-899) 20S-99
00  00E - 000T 008 60 80 (02IN-899) T0S-99
wayd 19
[ost'6vv] - 08 §9 000%  000E - vd0000E
[6vv'ziv] - 08 §9 00ST 006 - Wvd0000T
MOa
[vt] «08E  0EE - 0008 0009 G0 S90 ZT-Hsg
- - 000%  000E G0 G90 9-Hsg
(usBoy18d) sMa
[evv] - g8 GG 000¢  00ST 80 0022
[9o1e@
[stv] - 08 S9 00S€  00S¢ G8'0 G0 0000€
(10x82) 0918Y dD
spuesnoy| S edw 9y/10w
o018 MIA Hd UoNN|OS %T ANSOISIA sa pUeId

'S8P04108[8 8AIeBaU DT JO 84N19BJNUEBW 3] J0) 8S0|N|139 JAYIBLWAXOGIRD JO 1[eS WNIPOS [BI2I8WIWOD 8Y] JO SoNsLIsloeIeyD g 8|gel

44



45

EERIIEIETEY
pauonUaW WO1) BIep Uo paseq uoie|idwod ,SIoyiny :921N0S ‘Buileod uondaloid sueiquusl 183 AIBPU0ISS J0)—yy ‘UOITesLIBWA|0d JO 9a169p 008T  009T—= 910N

- g8 09 000% 00S¢ 60 G1S-HA4

[esy] - g8 09 00S¢ 0097 60 71S-HA4

- g8 09 009T 008 60 €1S-HA4

ABojouydalolg 1ejuss ueunH

- - 000€ 00ST G860 L0 G88¢

[6ct] - - 000 00sT 0T SG80 G6.¢

- - 000¢ 000T 0T G80 1612

(81ndnm7) uoAunoN
spuesnoy S edw 9y/10w
o018 MIA Hd UoNN|OS %T ANSOISIA sa pUeId

Juod g 3|qeL



Table 9. Characteristics of commercial aqueous binders based on styrene-butadiene
rubber for manufacture of LIC negative electrodes.

Tg, D, Solid Matter, Viscosity

Brand C m % pH mPa s Reference
BASF
21-11ap 49 51 6 7 80 400 [454]
Styrofan 15 0.2 49 51 7 9 <200 [455]
7212
JSR
TRD105A 3 0.095 40 75 - [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 75 - [459-461]
Nippon A&L
AL 1002 40 0.15 48 6 -
AL 2001 7 0.22 48 5 -
AL 3001 15 0.17 48 7 - [462]
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 SCiB™ [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 hm 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 downto8 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 (Setela™ Toray [175,494]; the
melting point of PELS is below that of PEHM), or HDPE/(U) HMW-PE/HDPE
(Evapore® Trilayer 5 m, Briickner 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 from1 m[495504]to7 8 m [175]. Deposited
on separator particles with a bimodal size distribution improve safety even at
low application density (9 g/m?) [142]. A reduced application density with
maintained stability at high temperatures can be achieved using smaller inorganic
particles (Al,O3) [506]. For example, some coatings have an application density
of 0.5 1g/m? (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 Al,O3 [175,383,498,507], AIOOH (boehmite) [175,498,507],
TiO, [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 (PNVA™ 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 (PERVIO™, 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
Energain™ [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 (LiPFg 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.

Concentration

Designation Formula CAS No. %/M Function Reference
AND NC(CH2)sCN 111-69-3 12 oV [555,560]

BP Ci2Hi1o 92-52-4 01,1 3 OAR [187]

BS C4H503S 1633-83-6 - @ ¥ [187,566,567]
CHB CiHie 827-52-1 2.6 (] | [187,560,568]
DBDMB CisH20; 7323-63-9 - [ [m] [549,569,570]
DEPA CgH170sP 867-13-0 - Qs [571]

DFA C7HgF20 452-10-8 - [ | [175,572]
DTD CoHs04S 1072-53-3 - 0}, 3 [566,573]
EGBE CsH12N,0, 3386-87-6 05 1 oV [574,575]

ES C3Hs04S 1073-05-8 - 0%, 3 [187,568,576]
FB CeHsF 462-06-6 24 7 Solvent [574,577]
FEC C3H3FO3 114435-02-8 20 70 Qs  ® [228,578,579]
F2EC C3H,F203 311810-76-1 - Qs [578]

H-TP CigH2 61788-32-7 0.41 on [53,577]
LiBOB LiB(C204), 244761-29-3 g'tf’ovel and OmON» [502,549,566,580]
LiDFBP C4F2LiOgP - - [ A AN [502,581]
LIFSI F2LiINO,S, 171611-11-3 0.2M £ [573,582,583]
LIODFB LiBF2(C204) 409071-16-5 - -::o:- [228]
LiPO,F, LiPO,F, 24389-25-1 - £ [502,573]
LiTFSI Li[N(SO,CF3);] ~ 90076-65-6 2-5 - [584]

MMDS C2H40652 99591-74-9 - (] [566,585]
MPC CgH503 13509-27-8 16 [53,142]
oTPh CigHua 84-15-1 01 02 on [187]

PhBA CgHsB(OH), 98-80-6 05 [586]
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Table 10. Cont.

Concentration

Designation Formula CAS No. %/M Function Reference
PHOS Phospha-zenes - - [187,587]
PMS C3HgOsS 16156-58-4 - Q@ [560,588]
PRS C3H40558 21806-61-1 - O] A £ N [568,589]
PS C3Hg03S 1120-71-4 13 32 QAOV [187,560,568,574]
SN(SCN) C4HsN, 110-61-2 07 28 oV [568,574]
TAB CuHis 2049-95-8 - [ | [560,578]
TMSB CoHa705BSis 4325-85-3 - o [502]
TMSPate CoH2704PSis 10497-05-9 05 o] B2 [590,591]
TMSPite CoHy703PSis 1795-31-9 - ® =ur [502,592]
TTFP (CF3CH20)3P 370-69-4 - @I ] [106,593]
VA C4HgO, 108-05-4 - @) [187]

Ve C3H,03 872-36-6 03 23 @) [187]

VEC CsHsO03 4427-96-7 - OF 2 [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 CEl; 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—CO, [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].
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Table 11. Interpretation of symbols given in Table 10.

Sign Function
o Forms a coating on the anode (SEI)
Si Improves performance of Si-containing materials
Anode A Coating with high ionic conductivity
Vv Prevents metal plating on the anode
(] Lithium graphite stabilisation
o Forms a coating on the cathode (CEI)
A Coating with high ionic conductivity
Cathode VY Reduces dissolution of metals
[ | Overcharge protection
(] Additive redox
lonic conductivity increase
Reduced electrolyte decomposition degree
Electrolyte Y P . g
Reduced electrolyte decomposition degree at float charge
Reduced gas formation
Better anode wetting
Electrolyte Reduced flammability
HF Hydrofluoric acid scavenging
Improved performance (storage, # increased resistance at
- cycling) at high temperatures
LIC Improved performance at low temperatures

Improved performance at high voltages
Improved safety at high temperatures
Source: Table by authors.

QA%

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 Remedies
Electrolyte
Safety in case of Introduction of
Safety overcharge functional additives

Non-flammable or
low-flammable at high
temperatures

Improved thermal
stability of SEI film

(Table 10)

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

HF retention and gas
evolution prevention

Functional additives

Performance in a wide
temperature range

lonic 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
SEIl film

Functional additives

2.8. Conclusions

Source: Table by authors.

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:

E, GWh
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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-lon 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-lon 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-lon 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-lon Cells for Electric Hand Tools (18650 and
21700 cells with high specific energy) and Chapter Lithium-lon 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/L.i 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-lon 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-lon Cells with High Specific Energy

3.1. Lithium-lon Cells in Prismatic Cases

Users’ requirementsfor portable electronic devicesinclude fast response and small
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,
eveninrecentyears, asignificantincrease 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).

E, Wh/L
M Lithium polymer (smartphones) ‘
800 1 @ 433381 (tablets), 3768110 (notebooks)
A Prismatic LIC 606080 705
700 -
675
- 560
545 10, Gen. 4
500 ~ 505 Gen. 2 + high load 4.35V 44v
435V LCO, NCM/Gr, Si0, LCO, NCM/
Gen. 2 L(EO/G Gen. 4 Gr, SiO,
400 - 4.35V ! 4.4V
LCO/Gr LCO/Gr
300 ' ' ' !
2012 2013 2014 2015 2016

Year

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 cellsin laminated foil (pouch) cases [3] are often called gel polymer or
polymer cells (batteries) because polymers are added to the electrolyte to thicken

104



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 inemergencies [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
2010t0 2022, the energy density of these LICs increased from 435to 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 gZ/cm? [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/cm?3 [6].

One of the trends in increasing the specific energy of gel polymer LICsistherisein
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),
4.45V [8] (S3110),4.43V [9] (BGI8BOABY), 4.4V (Table 14),and 4.35V [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);
Areductioninelectrolyte 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 LI1Cs with high
specificenergy. The main advantages of graphite are as follows:

Highreversible capacity (355 360 mAh/g for artificial graphites obtained ata

processing temperature of about 3000 C[11]);
Ability to provide high electrode density (a mix of graphites with particles of

differentsizes 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. Ifthin copper foil is used, the increase in the electrode volume can
result in mechanical strains and possible electrode damage [27].

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

Theincrease in LICs’ specific energy may be ensured notonly 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), asimilar 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, itis necessary to
understand whether the value applies to the battery or only to a cell when making
acomparison.

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)
reaches275 300Wh/Kkg. 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. Anincrease in the discharge currentresultsinareductionin
specific energy. The performed measurements showed that the BG991ABY battery’s
discharge currentincrease to 1.5C isaccompanied 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 asawhole (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 acomplex shape
(hexagonal, smart clock battery) [33].

The performance characteristics of portable electronic devices (and other products)
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 235Wh/kg ( 520
Wh/L). After 500 cycles of charge (1C)/discharge (5C) intherangeof3.0 4.35Vata
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 anincrease 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 2.5V 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 haverelatively 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 recentachievements (2019), particular attention should be paid to LICs with
aspecificenergy and energy density of 300Wh/kgand 700Wh/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 loffe Institute). Energy and
power related to volume (a) and weight (b) of the cells (batteries), correspondingly.
Source: Figure by authors.
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3.2. Lithium-lon Cells in Cylindrical Cases

Lithium-ioncellsincylindrical 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 LI1C 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 Neli(slfgygany 18650E1 18650MJ1, 21700M50,
@3 20V) (435V), LG LG 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 35 3.75 3.635 3.635
Max. Direct current, A - 4.65 10 (7 [53]) 7.275
Energy, Wh 115 12 12.7 18.2
Specific Wh/kg 226 245 255 263
energy 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

112



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 givenin Figure 15. Athigher 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, itis 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 LI1C 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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Toassess the current level of the achieved characteristics, data taken from booklets
and testresults for 18650 LIC produced by leading manufacturers were generalised. For
instance, the mathematical processing of the discharge curves gave the total energy (area
under the discharge curve), maximal discharge capacity, and average discharge voltage
(Table 16). Taking into account the measurementerror of the studied LICs, itis 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).

UV
50 -
LG18650E1 Discharge

— — e ].G18650M]1 current

4.0 -t%\-f_ 02A _

3-0 —ﬁ

2.0

1.0

0.0 |
0 1 2 3 4

C, Ah

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
VCT7 [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 LICVC7 (Figure 17). Areduction
inthe 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
LICsleadstoareduction in the internal resistance, increasing the discharge voltage and
capacity. For instance, inthe case of VC7 LIC cooledto 20 C,thewalltemperature
attheend ofthe discharge canriseto 30 C. Discharging VC7withacurrentof1.4C at
higher temperatures also increases the wall temperature. The wall temperature of VC7
preheatedto 60 Cmayreach80 Cattheend ofdischarge.

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 240to0 256 Wh/kg (680 720 Wh/L) at low discharge currents (0.2
A 0.68 A). Whenthedischarge currentincreasesto 7 A, the specific energy decreases
t0190 220Wh/kg (550 610Wh/L), while power ranging from 465 to 540 W/kgis
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 VCT7 [65], determined from the discharge curves.

I, A 0.2 1 3 5 7 10
Mark u Vv Wh % of the value at the discharge current of 0.2 A
El 42 28 9.93 95.7 90.6 86.0 78.4
El 43 28 11.20 95.4 89.6 85.5 77.9
El 435 28 11.82 96.4 90.7 86.4 80.2
Energy MJ1 42 28 11.94 97.7 93.8 90.9 87.6
GA 42 28 12.29 96.5 92.6 90.0 87.5 83.9
35E 42 28 12.50 97.1 92.6 89.1 86.5 82.6
VC7 42 25 12.83 96.9 93.8 91.2 87.6
Ah % of the value at the discharge current of 0.2 A
El 42 28 2.64 98.6 98.1 98.1 94.1
El 43 28 2.92 98.0 97.6 97.9 93.8
El 435 28 3.07 99.0 98.1 97.8 95.2
Capacity MJ1 42 28 3.23 99.2 98.0 97.1 95.5
GA 42 28 3.35 97.5 96.1 95.4 94.3 92.6
35E 42 28 3.40 98.6 97.1 96.0 95.0 93.1
VC7 42 25 3.54 99.0 98.1 97.2 96.0
\Y% % of the value at the discharge current of 0.2 A
El 42 28 3.83 97.1 91.6 86.9 82.8
El 43 28 3.86 97.4 92.0 87.6 83.2
Aver. discharge E1 435 28 3.87 97.4 92.5 88.6 84.5
voltage M1 42 28 3.73 98.4 95.7 93.3 91.7
GA 42 28 3.70 98.9 96.2 94.3 92.7 90.5
35E 42 28 3.71 98.4 95.1 92.7 91.1 88.7
VC7 42 25 3.64 98.4 95.9 94.0 91.5
Discharge current of LIC VC7, A 0.68 17 3.4 5 8

Source: Table by authors.

Thecycle 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 decrementin the cycle
life. The subsequent elevation in temperature during the cycling test might lead to a
decrease in capacity retention.

Asaresult, the structure of the cathode material is more stable in the case of cell
chargingtoalower potential. For instance, if the cutoff voltage is reduced in charging
from 4.2V t04.0V, 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].

116



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 (4.5V 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]. Asharprise
in pressure may cause gas release through the “valves” mounted in the top and bottom
parts of the case [72].

117







































































https://na.eventscloud.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
https://na.eventscloud.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/1-Lithium-Rechargeable-Pouch-Cells-The-hidden-Secret-ver2.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/1-Lithium-Rechargeable-Pouch-Cells-The-hidden-Secret-ver2.pdf
https://www.facebook.com/1599927223611707/photos/rpp.1599927223611707/1599953643609065/?type=3&theater
https://www.facebook.com/1599927223611707/photos/rpp.1599927223611707/1599953643609065/?type=3&theater
https://youtu.be/ElJ9S-aZCG8?t=149
https://youtu.be/ElJ9S-aZCG8?t=149
https://ru.ifixit.com/News/33016/iphone-11-teardown
https://ru.ifixit.com/News/33016/iphone-11-teardown
https://guide-images.cdn.ifixit.com/igi/N44clOS4pOgkmXRj.huge
https://guide-images.cdn.ifixit.com/igi/N44clOS4pOgkmXRj.huge
https://ifixit.org/blog/11463/iphone-xs-and-max-teardown/
https://ifixit.org/blog/11463/iphone-xs-and-max-teardown/
https://doi.org/10.1016/j.electacta.2013.06.059



https://www.safetykorea.kr/release/certDetail?certNum=YU10427-21026A&certUid=5206706
https://www.safetykorea.kr/release/certDetail?certNum=YU10427-21026A&certUid=5206706
https://telefon-service.ru/part/gh82-18827a/
https://telefon-service.ru/part/gh82-18827a/
https://www.aliexpress.com/item/33004882016.html
https://www.aliexpress.com/item/33004882016.html
https://twitter.com/rquandt/status/959050499843608576
https://twitter.com/rquandt/status/959050499843608576
https://d3nevzfk7ii3be.cloudfront.net/igi/kYOneqatYDwUxPya.huge
https://d3nevzfk7ii3be.cloudfront.net/igi/kYOneqatYDwUxPya.huge
https://news.samsung.com/global/in-depth-look-whats-inside-the-galaxy-s7-and-s7-edge
https://news.samsung.com/global/in-depth-look-whats-inside-the-galaxy-s7-and-s7-edge
https://www.etradesupply.com/samsung-galaxy-s6-sm-g920-g920a-g920p-g920r4-g920t-g920f-g920v-battery-grade-r.html
https://www.etradesupply.com/samsung-galaxy-s6-sm-g920-g920a-g920p-g920r4-g920t-g920f-g920v-battery-grade-r.html
https://www.ifixit.com/products/galaxy-s5-replacement-battery
https://www.ifixit.com/products/galaxy-s5-replacement-battery
https://parts-plus.ru/product/akb-samsung-b600bc-galaxy-s4-i9500-3-8v-gray-2600mah-9-88wh?gclid=Cj0KCQiApL2QBhC8ARIsAGMm-KH7w1uDUnozE18oo-8T7umNPgHIEovX-ZFOQKmaH56r3i0bx2OgG7UaAmRYEALw_wcB
https://parts-plus.ru/product/akb-samsung-b600bc-galaxy-s4-i9500-3-8v-gray-2600mah-9-88wh?gclid=Cj0KCQiApL2QBhC8ARIsAGMm-KH7w1uDUnozE18oo-8T7umNPgHIEovX-ZFOQKmaH56r3i0bx2OgG7UaAmRYEALw_wcB
https://parts-plus.ru/product/akb-samsung-b600bc-galaxy-s4-i9500-3-8v-gray-2600mah-9-88wh?gclid=Cj0KCQiApL2QBhC8ARIsAGMm-KH7w1uDUnozE18oo-8T7umNPgHIEovX-ZFOQKmaH56r3i0bx2OgG7UaAmRYEALw_wcB
https://parts-plus.ru/product/akb-samsung-b600bc-galaxy-s4-i9500-3-8v-gray-2600mah-9-88wh?gclid=Cj0KCQiApL2QBhC8ARIsAGMm-KH7w1uDUnozE18oo-8T7umNPgHIEovX-ZFOQKmaH56r3i0bx2OgG7UaAmRYEALw_wcB
https://www.amazon.com/Samsung-Replacement-T-Mobile-Discontinued-Manufacturer/dp/B0089VO7OM/ref=sr_1_3?keywords=samsung+galaxy+s3+battery&qid=1645175821&sr=8-3
https://www.amazon.com/Samsung-Replacement-T-Mobile-Discontinued-Manufacturer/dp/B0089VO7OM/ref=sr_1_3?keywords=samsung+galaxy+s3+battery&qid=1645175821&sr=8-3
https://www.amazon.com/Samsung-Replacement-T-Mobile-Discontinued-Manufacturer/dp/B0089VO7OM/ref=sr_1_3?keywords=samsung+galaxy+s3+battery&qid=1645175821&sr=8-3
https://www.impextrom.com/en/eb-f1a2gbu-battery-for-samsung-galaxy-s2-i9100-1650mah-3-7v-6-11wh-li-ion-p1000041134
https://www.impextrom.com/en/eb-f1a2gbu-battery-for-samsung-galaxy-s2-i9100-1650mah-3-7v-6-11wh-li-ion-p1000041134
https://www.amazon.co.uk/Samsung-Original-Battery-Galaxy-I9000-Black/dp/B003UWZ6M2
https://www.amazon.co.uk/Samsung-Original-Battery-Galaxy-I9000-Black/dp/B003UWZ6M2
http://www.docin.com/p-117656255.html
http://www.docin.com/p-117656255.html
https://www.docin.com/p-1282371064.html?docfrom=rrela
https://apps.apple.com/ru/app/graphic-for-ipad/id363317633
https://apps.apple.com/ru/app/graphic-for-ipad/id363317633



http://getdata-graph-digitizer.com/index.php
http://getdata-graph-digitizer.com/index.php
https://www.gsmarena.com/first_iphone_11_pro_max_teardown_confirms_4000mah_battery-news-39242.php
https://www.gsmarena.com/first_iphone_11_pro_max_teardown_confirms_4000mah_battery-news-39242.php
https://www.sdle.co.il/wp-content/uploads/2018/12/27-Beyond-Li-Ion-battery-High-Energy-and-Power-Cells-Market2018-for-conferences.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/27-Beyond-Li-Ion-battery-High-Energy-and-Power-Cells-Market2018-for-conferences.pdf
https://www.lgchem.com/global/small-battery/it-device-battery/product-detail-PDEA0001
https://www.lgchem.com/global/small-battery/it-device-battery/product-detail-PDEA0001
https://www.sdle.co.il/wp-content/uploads/2018/12/22-Fast-Charging-Li-Ion-Batteries-ver-4.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/22-Fast-Charging-Li-Ion-Batteries-ver-4.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/18-What-can-we-learn-from-the-Samsung-Galaxy-Note-7-battery-safety-event-ver-5.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/18-What-can-we-learn-from-the-Samsung-Galaxy-Note-7-battery-safety-event-ver-5.pdf
https://www.atlbattery.com/en/details.html?product=uav
https://www.atlbattery.com/en/details.html?product=uav
https://www.jfe-tec.co.jp/en/battery/analysis/degradation/degradation.html
https://www.nedo.go.jp/content/100873514.pdf
https://www.nedo.go.jp/content/100873514.pdf
https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/



https://electricrevs.com/2018/03/29/gm-explains-57-vs-60-kwh-bolt-ev-battery-ratings/
https://electricrevs.com/2018/03/29/gm-explains-57-vs-60-kwh-bolt-ev-battery-ratings/
https://pushevs.com/2019/03/30/catl-achieves-304-wh-kg-in-new-battery-cells/
https://pushevs.com/2019/03/30/catl-achieves-304-wh-kg-in-new-battery-cells/
https://image2.slideserve.com/4175542/sony-nexelion-n.jpg
https://image2.slideserve.com/4175542/sony-nexelion-n.jpg
https://lygte-info.dk/review/batteries2012/LG%2018650%20MJ1%203500mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/LG%2018650%20MJ1%203500mAh%20(Green)%20UK.html
https://www.sony.co.jp/SonyInfo/News/Press/201107/11-078/
https://www.dnkpower.com/wp-content/uploads/2022/07/lg-icr18650-dame1-datasheet.pdf
https://www.dnkpower.com/wp-content/uploads/2022/07/lg-icr18650-dame1-datasheet.pdf
http://queenbattery.com.cn/our-products/196-lg-mj1-inr18650mj1-18650-3500mah-10a-37v-li-ion-battery-cell.html
http://queenbattery.com.cn/our-products/196-lg-mj1-inr18650mj1-18650-3500mah-10a-37v-li-ion-battery-cell.html
https://www.batterydesign.net/lg-21700-m50/
https://fau4u2.wordpress.com/2017/01/29/%F0%9F%94%98-tesla-model-s-125kwh-battery-delivers-420-mile-range-%E2%80%A2-range-anxiety-is-abated-%F0%9F%94%98/
https://fau4u2.wordpress.com/2017/01/29/%F0%9F%94%98-tesla-model-s-125kwh-battery-delivers-420-mile-range-%E2%80%A2-range-anxiety-is-abated-%F0%9F%94%98/
https://fau4u2.wordpress.com/2017/01/29/%F0%9F%94%98-tesla-model-s-125kwh-battery-delivers-420-mile-range-%E2%80%A2-range-anxiety-is-abated-%F0%9F%94%98/



https://doi.org/10.1016/j.jpowsour.2020.228614
https://doi.org/10.1149/2.0281814jes
https://lygte-info.dk/review/batteries2012/LG%2018650%20E1%203200mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/LG%2018650%20E1%203200mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/Sanyo%20NCR18650GA%203500mAh%20%28Red%29%20UK.html
https://lygte-info.dk/review/batteries2012/Sanyo%20NCR18650GA%203500mAh%20%28Red%29%20UK.html
https://lygte-info.dk/review/batteries2012/Sanyo%20NCR18650GA%203500mAh%20%28Red%29%20UK.html
https://doi.org/10.3390/wevj10040079
http://lygte-info.dk/review/batteries2012/Samsung%20INR18650-35E%203500mAh%20%28Pink%29%20UK.html
http://lygte-info.dk/review/batteries2012/Samsung%20INR18650-35E%203500mAh%20%28Pink%29%20UK.html
http://lygte-info.dk/review/batteries2012/Samsung%20INR18650-35E%203500mAh%20%28Pink%29%20UK.html
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83
https://www.akkuparts24.de/mediafiles/Datenblaetter/Samsung/Samsung%20INR18650-35E.pdf
https://www.akkuparts24.de/mediafiles/Datenblaetter/Samsung/Samsung%20INR18650-35E.pdf
http://www.nkon.nl/sk/k/ncr18650ga.pdf
http://www.nkon.nl/sk/k/ncr18650ga.pdf
https://doi.org/10.1149/2.1381902jes
https://doi.org/10.1016/j.partic.2020.09.004
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf
http://www.sohu.com/a/255303019_740349
http://www.sohu.com/a/255303019_740349
https://bmz-group.com/images/PDF-Downloads/Zelldaten/BMZ-21700-50EL_36629.pdf
https://bmz-group.com/images/PDF-Downloads/Zelldaten/BMZ-21700-50EL_36629.pdf



https://keeppower.com.ua/download/2015-09/141224-inr18650mj1-ti-lgc.pdf
https://keeppower.com.ua/download/2015-09/141224-inr18650mj1-ti-lgc.pdf
https://batterybro.com/blogs/18650-wholesale-battery-reviews/18306003-battery-safety-101-anatomy-ptc-vs-pcb-vs-cid
https://batterybro.com/blogs/18650-wholesale-battery-reviews/18306003-battery-safety-101-anatomy-ptc-vs-pcb-vs-cid
http://admin.morganadvancedmaterials.com/media/5458/battery-system-solutions-for-electric-vehicle.pdf
http://admin.morganadvancedmaterials.com/media/5458/battery-system-solutions-for-electric-vehicle.pdf
https://cadenzainnovation.com/wp-content/uploads/2018/05/2018-03-28-Cadenza-ARPA-e-DE-AR0000392-Final-Report-webversion-002.pdf
https://cadenzainnovation.com/wp-content/uploads/2018/05/2018-03-28-Cadenza-ARPA-e-DE-AR0000392-Final-Report-webversion-002.pdf
https://xing.hellojcc.tw/XING-Mobility-Battery-Brochure-Download-en.pdf
https://www.acota.co.uk/wp-content/uploads/2018/11/Novec-Cleaning-White-Paper-2018.pdf
https://www.acota.co.uk/wp-content/uploads/2018/11/Novec-Cleaning-White-Paper-2018.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-10/High-Performance-Materials-for-Batteries_EN-v1.7_0_0.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-10/High-Performance-Materials-for-Batteries_EN-v1.7_0_0.pdf
https://www.solvay.com/sites/g/files/srpend221/files/2018-10/High-Performance-Materials-for-Batteries_EN-v1.7_0_0.pdf



http://www.achatestrade.com/filedownload/541261
https://www.dks-web.co.jp/catalog_pdf/574_1.pdf
https://www.dks-web.co.jp/catalog_pdf/574_1.pdf



https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cac327223d25a000188813b/1554788979381/EPS+Range.pdf
https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cac327223d25a000188813b/1554788979381/EPS+Range.pdf
https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cabe1840d92979d597e6f43/1554768262216/DPS+Glide.pdf
https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cabe1840d92979d597e6f43/1554768262216/DPS+Glide.pdf
https://www.embatt.de/fileadmin/downloads/160928_GBD_MW_04.pdf
https://www.embatt.de/fileadmin/downloads/160928_GBD_MW_04.pdf
http://www.ganfenglithium.com/pro3_detail_en/id/182.html
http://www.ganfenglithium.com/pro3_detail_en/id/182.html
https://fortune.com/2015/08/27/bosch-buys-battery-startup-seeo/
https://sionpower.com/products/
https://ru.scribd.com/document/421754567/Hermes-spec-shit
http://www.ganfenglithium.com/pro3_detail_en/id/181.html
http://www.ganfenglithium.com/pro3_detail_en/id/181.html
https://www.youtube.com/watch?v=u9_6uFBhxrc



https://assets.website-files.com/5d96e3bc5ff1326aba5a2d2f/5def8119b67e21f8c7b72149_BESS%202019%2C%20John%20Tinson.pdf
https://assets.website-files.com/5d96e3bc5ff1326aba5a2d2f/5def8119b67e21f8c7b72149_BESS%202019%2C%20John%20Tinson.pdf
https://assets.website-files.com/5d96e3bc5ff1326aba5a2d2f/5def8119b67e21f8c7b72149_BESS%202019%2C%20John%20Tinson.pdf
https://www.youtube.com/watch?v=1sxJd7-NTLs&feature=emb_logo
https://www.youtube.com/watch?v=1sxJd7-NTLs&feature=emb_logo
https://onedsinanode.com/wp-content/uploads/2021/05/SiNANOdeR-materials-Key-Concepts-OneD-Material.pdf
https://onedsinanode.com/wp-content/uploads/2021/05/SiNANOdeR-materials-Key-Concepts-OneD-Material.pdf
https://onedsinanode.com/wp-content/uploads/2021/05/SiNANOdeR-materials-Key-Concepts-OneD-Material.pdf
https://onedsinanode.com/wp-content/uploads/2021/05/SiNANOdeR-Materials-Evaluation-and-Cell-Design-OneD-Material.pdf
https://onedsinanode.com/wp-content/uploads/2021/05/SiNANOdeR-Materials-Evaluation-and-Cell-Design-OneD-Material.pdf
https://doi.org/10.1016/j.electacta.2013.10.106
https://doi.org/10.5796/electrochemistry.85.403
https://doi.org/10.1007/s10008-014-2452-9



https://xgsciences.com/wp-content/uploads/2018/02/XG-SiG-Data-Sheet.pdf
https://xgsciences.com/wp-content/uploads/2018/02/XG-SiG-Data-Sheet.pdf
https://www.youtube.com/watch?v=S5P6SUW4pnc
https://www.youtube.com/watch?v=S5P6SUW4pnc
http://www.enevate.com/technology/eboost-feature/
http://www.enevate.com/technology/eboost-feature/
https://doi.org/10.1149/MA2016-01/1/85
https://doi.org/10.1007/s41918-020-00082-3
https://www.youtube.com/watch?v=dGnPSkXKb0I
https://www.youtube.com/watch?v=dGnPSkXKb0I
https://doi.org/10.1038/s41467-020-20374-y
https://doi.org/10.1016/j.ensm.2020.07.004
https://doi.org/10.1016/j.joule.2019.05.006
https://doi.org/10.1038/s41560-019-0428-9
https://media.nature.com/original/nature-cms/uploads/ckeditor/attachments/3339/2016-09-08_Focus_on_Post_Lithium_-_Solid_Energy_web.pdf?platform=hootsuite
https://media.nature.com/original/nature-cms/uploads/ckeditor/attachments/3339/2016-09-08_Focus_on_Post_Lithium_-_Solid_Energy_web.pdf?platform=hootsuite
https://media.nature.com/original/nature-cms/uploads/ckeditor/attachments/3339/2016-09-08_Focus_on_Post_Lithium_-_Solid_Energy_web.pdf?platform=hootsuite
https://doi.org/10.1038/s41560-020-0575-z



https://www.quantumscape.com/blog/a-discussion-of-quantumscapes-battery-technology-performance-results/
https://www.quantumscape.com/blog/a-discussion-of-quantumscapes-battery-technology-performance-results/
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://vexpo-data.eventxtra.com/92iw4l3r1lsuqmud6uib8v7ib71z?response-content-disposition=inline%3B%20filename%3D%22Livent%20SLMP_Printable%20Lithium_English.pdf%22%3B%20filename%2A%3DUTF-8%27%27Livent%2520SLMP_Printable%2520Lithium_English.pdf&response-content-type=application%2Fpdf&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Credential=AKIAQM43SQZCYXSQ4S4Q%2F20210218%2Fap-southeast-1%2Fs3%2Faws4_request&X-Amz-Date=20210218T060844Z&X-Amz-Expires=604800&X-Amz-SignedHeaders=host&X-Amz-Signature=488b2826c0c7d32e085a614045be01c4869061130573501c5cdd894e070aac65
https://www.h2020-image.com/m12-meeting
https://www.h2020-image.com/m12-meeting
https://doi.org/10.1007/978-3-030-31581-8_15
https://www.quantumscape.com/wp-content/uploads/2021/10/Data-Launch-Updated-Post-Presentation-20210107-2.pdf
https://www.quantumscape.com/wp-content/uploads/2021/10/Data-Launch-Updated-Post-Presentation-20210107-2.pdf
https://doi.org/10.1038/s41560-019-0390-6



https://doi.org/10.1007/s10853-020-04434-8
https://www.youtube.com/watch?v=bHay2K3432k&feature=emb_rel_pause
https://5if66.r.a.d.sendibm1.com/mk/mr/90yqLoXClaJm0ga0gNAlfvClii0nHBoI-SnvB92Ai_aSMp_Eg0p-FWkFua23EzpLkUb0gxAyaLVd_XP_75bhe5Z89D-EP7goPu9kK7pOgeKp
https://5if66.r.a.d.sendibm1.com/mk/mr/90yqLoXClaJm0ga0gNAlfvClii0nHBoI-SnvB92Ai_aSMp_Eg0p-FWkFua23EzpLkUb0gxAyaLVd_XP_75bhe5Z89D-EP7goPu9kK7pOgeKp
https://5if66.r.a.d.sendibm1.com/mk/mr/90yqLoXClaJm0ga0gNAlfvClii0nHBoI-SnvB92Ai_aSMp_Eg0p-FWkFua23EzpLkUb0gxAyaLVd_XP_75bhe5Z89D-EP7goPu9kK7pOgeKp
https://doi.org/10.1016/j.ensm.2019.06.021
https://doi.org/10.1038/s41586-019-1481-z
https://www.ncbi.nlm.nih.gov/pubmed/31435056
https://doi.org/10.1039/C6EE01674J
https://doi.org/10.1038/s41560-019-0464-5
https://doi.org/10.1016/j.joule.2018.03.008
https://doi.org/10.1038/s41560-019-0338-x



https://doi.org/10.1007/978-3-319-44054-5
http://s3-service-broker-live-19ea8b98-4d41-4cb4-be4c-d68f4963b7dd.s3.amazonaws.com/uploads/ckeditor/attachments/6903/WEB_PDF_2017-10-00_-_Batteries_Materials_Collection-_SolidEnergy.pdf
http://s3-service-broker-live-19ea8b98-4d41-4cb4-be4c-d68f4963b7dd.s3.amazonaws.com/uploads/ckeditor/attachments/6903/WEB_PDF_2017-10-00_-_Batteries_Materials_Collection-_SolidEnergy.pdf
http://s3-service-broker-live-19ea8b98-4d41-4cb4-be4c-d68f4963b7dd.s3.amazonaws.com/uploads/ckeditor/attachments/6903/WEB_PDF_2017-10-00_-_Batteries_Materials_Collection-_SolidEnergy.pdf
https://doi.org/10.1039/C6TA02621D
https://doi.org/10.1039/C5TA03471J
https://doi.org/10.1021/ma00103a034
https://doi.org/10.1039/C5EE01215E
https://doi.org/10.1016/j.elecom.2005.07.005
https://ease-storage.eu/wp-content/uploads/2016/07/EASE_TD_Electrochemical_LMP.pdf
https://ease-storage.eu/wp-content/uploads/2016/07/EASE_TD_Electrochemical_LMP.pdf
https://doi.org/10.1021/acs.nanolett.5b00326
https://www.technologyreview.com/s/533541/a-prototype-battery-could-double-the-range-of-electric-cars/
https://www.technologyreview.com/s/533541/a-prototype-battery-could-double-the-range-of-electric-cars/
https://www.oharacorp.com/lic-gc.html
https://www.oharacorp.com/lic-gc.html



http://www.achatestrade.com/
https://doi.org/10.1016/j.elecom.2006.03.003
https://doi.org/10.1016/j.jssc.2009.05.020
https://doi.org/10.1149/1.3474232
https://doi.org/10.1016/j.jpowsour.2010.11.089
https://doi.org/10.1002/anie.200701144
https://doi.org/10.1016/j.jeurceramsoc.2020.06.050
http://www.ganfenglithium.com/pro3_detail_en/id/177.html
http://www.ganfenglithium.com/pro3_detail_en/id/177.html
http://www.ganfenglithium.com/pro3_detail_en/id/176.html
http://www.ganfenglithium.com/pro3_detail_en/id/176.html
https://doi.org/10.1038/nenergy.2016.30
10.2320/matertrans.MT-Y2024001
https://www.mitsui-kinzoku.com/Portals/0/resource/uploads/topics_161124e.pdf
https://www.mitsui-kinzoku.com/Portals/0/resource/uploads/topics_161124e.pdf
http://www.ganfenglithium.com/pro3_detail_en/id/180.html
http://www.ganfenglithium.com/pro3_detail_en/id/180.html
https://doi.org/10.1016/j.joule.2019.03.022
https://www.mgc.co.jp/eng/corporate/news/files/160120e.pdf



https://www.materialsnet.com.tw/DocView.aspx?id=24126
https://doi.org/10.1149/2.F05192if
https://www.piotrek-il.co.jp/productsindex3053.html
https://www.piotrek-il.co.jp/productsindex3053.html
https://doi.org/10.1038/s41578-019-0165-5
https://doi.org/10.1149/1945-7111/ab7f84
https://doi.org/10.1002/adma.201701169
https://doi.org/10.1021/acs.chemmater.9b00770
https://doi.org/10.1021/acsami.5b07517
https://www.ncbi.nlm.nih.gov/pubmed/26440586
https://doi.org/10.1021/acs.chemmater.5b03854
https://doi.org/10.1016/j.jallcom.2019.153237
https://doi.org/10.1021/acsenergylett.8b01997



https://doi.org/10.1021/acs.chemmater.7b03002
https://doi.org/10.1038/nmat4821
https://www.ncbi.nlm.nih.gov/pubmed/27992420
https://doi.org/10.1016/j.mattod.2018.04.004
https://www.dbusiness.com/tech-mobility-news/dearborns-ford-partners-with-colorados-solid-power-to-develop-solid-state-batteries-for-electric-vehicles/
https://www.dbusiness.com/tech-mobility-news/dearborns-ford-partners-with-colorados-solid-power-to-develop-solid-state-batteries-for-electric-vehicles/
https://www.dbusiness.com/tech-mobility-news/dearborns-ford-partners-with-colorados-solid-power-to-develop-solid-state-batteries-for-electric-vehicles/
https://doi.org/10.1039/C9SE00549H
https://doi.org/10.1007/s10008-017-3610-7
https://doi.org/10.1038/natrevmats.2016.103
https://doi.org/10.1038/nenergy.2016.141
https://xtech.nikkei.com/atcl/nxt/column/18/01231/00018/
https://xtech.nikkei.com/atcl/nxt/column/18/01231/00018/



https://solidpowerbattery.com/media.twig
https://solidpowerbattery.com/media.twig
https://vexpo-assets.eventxcdn.com/7p48yoz3haz8qtnn6vhkmtm8slom
https://vexpo-assets.eventxcdn.com/7p48yoz3haz8qtnn6vhkmtm8slom
https://xtech.nikkei.com/atcl/nxt/news/18/09822/
https://xtech.nikkei.com/atcl/nxt/news/18/09822/
https://response.jp/article/2018/02/16/306141.html
https://www.nedo.go.jp/content/100927227.pdf
https://www.nedo.go.jp/content/100927227.pdf
https://www.nedo.go.jp/content/100927228.pdf
https://www.nedo.go.jp/content/100867609.pdf
https://www.nedo.go.jp/content/100867609.pdf
https://www.nedo.go.jp/content/100867610.pdf
https://www.nedo.go.jp/content/100867610.pdf
https://doi.org/10.1016/j.jpowsour.2013.10.005



https://www.aist.go.jp/aist_e/list/latest_research/2010/20101224/20101224.html
https://www.aist.go.jp/aist_e/list/latest_research/2010/20101224/20101224.html
https://twitter.com/zenkotaidenchi/status/1364453980466675714/photo/1
https://twitter.com/zenkotaidenchi/status/1364453980466675714/photo/1
https://xtech.nikkei.com/atcl/nxt/column/18/00001/05229/
https://xtech.nikkei.com/atcl/nxt/column/18/00001/05229/
https://response.jp/article/img/2012/09/25/181894/478562.html
https://response.jp/article/img/2012/09/25/181894/478562.html
https://response.jp/article/img/2012/09/25/181894/478564.html
https://response.jp/article/img/2012/09/25/181894/478564.html
https://response.jp/article/img/2012/09/25/181894/478565.html
https://response.jp/article/img/2012/09/25/181894/478565.html
https://www.jst.go.jp/lcs/pdf/fy2019-pp-12.pdf
https://www.jst.go.jp/lcs/pdf/fy2019-pp-12.pdf
https://doi.org/10.1149/2.0421701jes
https://doi.org/10.1016/j.jpowsour.2015.10.031
https://doi.org/10.1149/1.1837386
https://doi.org/10.1039/c3ee42981d







































https://www.sdle.co.il/wp-content/uploads/2018/12/8-A-Game-Changer-PHEV-Battery-Presentation-for-conferences-ver-4_2.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/8-A-Game-Changer-PHEV-Battery-Presentation-for-conferences-ver-4_2.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/8-A-Game-Changer-PHEV-Battery-Presentation-for-conferences-ver-4_2.pdf
https://www.powerstream.com/p/INR18650-25R-datasheet.pdf
https://www.globalsources.com/si/AS/HuaHui-New/6008851808132/pdtl/Lithium-Ion-Battery-2.4V-8mAh/1168568392.htm
https://www.globalsources.com/si/AS/HuaHui-New/6008851808132/pdtl/Lithium-Ion-Battery-2.4V-8mAh/1168568392.htm
https://www.globalsources.com/si/AS/HuaHui-New/6008851808132/pdtl/Lithium-Ion-Battery-2.4V-8mAh/1168568392.htm
https://www.huahuienergy.com/?post_type=products&page_id=17326
https://www.huahuienergy.com/?post_type=products&page_id=17326
https://www.alibaba.com/product-detail/HTC18650-2-4V-1300mAh-Lithium-titanate_60728895871.html
https://www.alibaba.com/product-detail/HTC18650-2-4V-1300mAh-Lithium-titanate_60728895871.html
https://lygte-info.dk/review/batteries2012/A123%2018650%201100mAh%20(Yellow)%20UK.html
https://lygte-info.dk/review/batteries2012/A123%2018650%201100mAh%20(Yellow)%20UK.html
http://www.batteryspace.com/prod-specs/6612.pdf
http://www.batteryspace.com/prod-specs/6612.pdf
https://telit.co.rs/PDFDokumenti/Li-Ion/LG18650HB2.pdf
https://telit.co.rs/PDFDokumenti/Li-Ion/LG18650HB2.pdf
https://lygte-info.dk/review/batteries2012/LG%2018650%20HB2%201500mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/LG%2018650%20HB2%201500mAh%20(Green)%20UK.html
http://www.molicel.com/ca/pdf/IMR18650E.pdf
http://www.molicel.com/ca/pdf/IMR18650E.pdf
http://forum.drc.su/files/IMR18650E.pdf
http://forum.drc.su/files/IMR18650E.pdf
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
http://www.molicel.com/ca/pdf/Certificates/High%20Power%20Cells/IBR18650BC/DM_IBR18650BC.pdf
http://www.molicel.com/ca/pdf/Certificates/High%20Power%20Cells/IBR18650BC/DM_IBR18650BC.pdf



http://keeppower.com.ua/download/file01_US18650VTC3.pdf
https://lygte-info.dk/review/batteries2012/LG%2018650%20HD2%202000mAh%20(Magenta)%20UK.html
https://lygte-info.dk/review/batteries2012/LG%2018650%20HD2%202000mAh%20(Magenta)%20UK.html
http://keeppower.com.ua/download/2015-04/datasheet-LG-18650HD2.pdf
http://keeppower.com.ua/download/2015-04/datasheet-LG-18650HD2.pdf
https://www.dropbox.com/s/d5rbbaqclv7t821/LG%20HD2%2025A%202000mAh%2018650%20Constant-Current%20Tests.bmp?dl=0
https://www.dropbox.com/s/d5rbbaqclv7t821/LG%20HD2%2025A%202000mAh%2018650%20Constant-Current%20Tests.bmp?dl=0
https://www.molicel.com/wp-content/uploads/DM_IHR18650C-V4-80073.pdf
https://www.molicel.com/wp-content/uploads/DM_IHR18650C-V4-80073.pdf
https://www.powerstream.com/p/INR18650-25R-datasheet.pdf
https://www.powerstream.com/p/INR18650-25R-datasheet.pdf
http://www.nkon.nl/sk/k/hg2.pdf
http://www.nkon.nl/sk/k/hg2.pdf
https://doi.org/10.3390/wevj10040079
https://www.kupifonar.kz/upload/manuals/batteries/sony-us18650vtc6-techinfo.pdf
https://www.kupifonar.kz/upload/manuals/batteries/sony-us18650vtc6-techinfo.pdf
https://lygte-info.dk/review/batteries2012/Sony%20US18650VTC6%203000mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/Sony%20US18650VTC6%203000mAh%20(Green)%20UK.html
https://doi.org/10.1038/424635b
https://www.ncbi.nlm.nih.gov/pubmed/12904779
https://doi.org/10.1149/1.1738551
https://www.e-cigarette-forum.com/threads/sony-vtc3-1500mah-18650-retest-results-a-hard-hitting-28a-1600mah-battery.733199/
https://www.e-cigarette-forum.com/threads/sony-vtc3-1500mah-18650-retest-results-a-hard-hitting-28a-1600mah-battery.733199/
https://www.e-cigarette-forum.com/threads/bench-retest-results-lg-hg2-20a-3000mah-18650%E2%80%A6a-fantastic-20a-battery.846005/
https://www.e-cigarette-forum.com/threads/bench-retest-results-lg-hg2-20a-3000mah-18650%E2%80%A6a-fantastic-20a-battery.846005/
https://www.e-cigarette-forum.com/threads/bench-retest-results-lg-hg2-20a-3000mah-18650%E2%80%A6a-fantastic-20a-battery.846005/



https://lygte-info.dk/review/batteries2012/Samsung%20INR21700-30T%203000mAh%20(Gray)%20UK.html
https://lygte-info.dk/review/batteries2012/Samsung%20INR21700-30T%203000mAh%20(Gray)%20UK.html
https://bmz-group.com/images/PDF-Downloads/Zelldaten/BMZ-21700-40PS1_33644.pdf
https://bmz-group.com/images/PDF-Downloads/Zelldaten/BMZ-21700-40PS1_33644.pdf
https://www.imrbatteries.com/content/molicel_p42a.pdf
https://www.imrbatteries.com/content/molicel_p42a.pdf
https://batteryuniversity.com/learn/article/battery_performance_as_a_function_of_cycling
https://batteryuniversity.com/learn/article/battery_performance_as_a_function_of_cycling













































































































































































































































https://autoprove.net/suzuki/wagon-r/40300/
https://autoprove.net/suzuki/wagon-r/40300/



https://www.dsf.my/2017/06/looking-ahead-to-the-new-audi-a8-more-voltage-for-enhanced-efficiency/
https://www.dsf.my/2017/06/looking-ahead-to-the-new-audi-a8-more-voltage-for-enhanced-efficiency/
https://www.greencarcongress.com/2019/05/201900518-golf48.html
https://www.greencarcongress.com/2019/05/201900518-golf48.html
https://www.greencarcongress.com/48v/
http://www.a123systems.com/wp-content/uploads/saehevs2016_anaheim_a123-48v-case-study_widescreen.pdf
http://www.a123systems.com/wp-content/uploads/saehevs2016_anaheim_a123-48v-case-study_widescreen.pdf
https://elv.exemptions.oeko.info/fileadmin/user_upload/Consultation_2014_1/Ex_5/20141217_A123_et.al.2015_ELV_exemption_5_review_-_Li-ion_stakeholders.pdf
https://elv.exemptions.oeko.info/fileadmin/user_upload/Consultation_2014_1/Ex_5/20141217_A123_et.al.2015_ELV_exemption_5_review_-_Li-ion_stakeholders.pdf
https://elv.exemptions.oeko.info/fileadmin/user_upload/Consultation_2014_1/Ex_5/20141217_A123_et.al.2015_ELV_exemption_5_review_-_Li-ion_stakeholders.pdf
https://doi.org/10.1016/j.egyr.2019.08.077
http://www.yano.co.jp/pdf/announce/Executive_Summary_Selections.pdf
http://www.yano.co.jp/pdf/announce/Executive_Summary_Selections.pdf
http://www.a123systems.com/wp-content/uploads/12V-Starter-Battery-Flier_2017_40Ah.pdf
http://www.a123systems.com/wp-content/uploads/12V-Starter-Battery-Flier_2017_40Ah.pdf
http://www.a123systems.com/wp-content/uploads/12V-Starter-Battery-Flier_2016_Gen-3.pdf
http://www.a123systems.com/wp-content/uploads/12V-Starter-Battery-Flier_2016_Gen-3.pdf



http://www.a123systems.com/wp-content/uploads/A123-Low-Voltage-System-Safety_final.pdf
http://www.a123systems.com/wp-content/uploads/A123-Low-Voltage-System-Safety_final.pdf
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/031301964/?ST=print_en
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/031301964/?ST=print_en
http://www.a123systems.com/wp-content/uploads/48V-Battery-Flier_2016.pdf
http://www.a123systems.com/wp-content/uploads/48V-Battery-Flier_2016.pdf
https://doi.org/10.4271/2018-01-0433
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/powertrain-systems/electric-drive/48v-battery/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/powertrain-systems/electric-drive/48v-battery/
https://www.bosch-mobility-solutions.com/en/products-and-services/passenger-cars-and-light-commercial-vehicles/powertrain-systems/electric-drive/48v-battery/
https://www.hitachi.com/New/cnews/month/2016/04/160420.html
https://www.hitachi.com/New/cnews/month/2016/04/160420.html
http://www.hitachi.com/New/cnews/month/2017/05/170522.pdf
http://www.hitachi.com/New/cnews/month/2017/05/170522.pdf
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/061301392/
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/061301392/



https://www.psma.com/sites/default/files/uploads/tech-forums-transportation-power-electronics/presentations/is115-12v-48v-hybrid-vehicle-technology.pdf
https://www.psma.com/sites/default/files/uploads/tech-forums-transportation-power-electronics/presentations/is115-12v-48v-hybrid-vehicle-technology.pdf
http://www.fueleconomy.gov/feg/Find.do?action=sbs&id=37130
http://www.fueleconomy.gov/feg/Find.do?action=sbs&id=37130
https://en.wikipedia.org/wiki/BYD_F3DM
https://en.wikipedia.org/wiki/Chevrolet_Volt
https://en.wikipedia.org/wiki/Chevrolet_Volt_(second_generation)
https://en.wikipedia.org/wiki/Chevrolet_Volt_(second_generation)
https://www.fueleconomy.gov/feg/Find.do?action=sbs&id=36932
https://www.fueleconomy.gov/feg/Find.do?action=sbs&id=36932
https://en.wikipedia.org/wiki/Ford_Fusion_Hybrid
https://en.wikipedia.org/wiki/Ford_Fusion_Hybrid
http://www.fueleconomy.gov/feg/Find.do?action=sbs&id=34089
http://www.fueleconomy.gov/feg/Find.do?action=sbs&id=34089
https://en.wikipedia.org/wiki/Hyundai_Sonata#Sonata_Plug-in_Hybrid
https://en.wikipedia.org/wiki/Hyundai_Sonata#Sonata_Plug-in_Hybrid
http://www.autoexpress.co.uk/kia/optima/96813/new-kia-optima-phev-plug-in-hybrid-2016-review
http://www.autoexpress.co.uk/kia/optima/96813/new-kia-optima-phev-plug-in-hybrid-2016-review
https://en.wikipedia.org/wiki/Toyota_Prius_Plug-in_Hybrid
https://en.wikipedia.org/wiki/Toyota_Prius_Plug-in_Hybrid
https://x-engineer.org/automotive-engineering/vehicle/hybrid/micro-mild-full-hybrid-electric-vehicle/
https://x-engineer.org/automotive-engineering/vehicle/hybrid/micro-mild-full-hybrid-electric-vehicle/



https://media.gm.com/content/dam/Media/microsites/product/Volt_2016/doc/VOLT_BATTERY.pdf
https://media.gm.com/content/dam/Media/microsites/product/Volt_2016/doc/VOLT_BATTERY.pdf
http://gm-volt.com/2010/03/26/gm-exec-gen-3-voltec-battery-to-have-shortened-lifespan-simpler-shape-and-be-offered-in-smaller-ranges/
http://gm-volt.com/2010/03/26/gm-exec-gen-3-voltec-battery-to-have-shortened-lifespan-simpler-shape-and-be-offered-in-smaller-ranges/
http://gm-volt.com/2010/03/26/gm-exec-gen-3-voltec-battery-to-have-shortened-lifespan-simpler-shape-and-be-offered-in-smaller-ranges/
https://www.greencarreports.com/news/1093708_whats-inside-chevrolet-volt-battery-pack-and-drivetrain-video-teardown-shows-all
https://www.greencarreports.com/news/1093708_whats-inside-chevrolet-volt-battery-pack-and-drivetrain-video-teardown-shows-all
https://theicct.org/sites/default/files/publications/ZEV_fast_charging_white_paper_final.pdf
https://theicct.org/sites/default/files/publications/ZEV_fast_charging_white_paper_final.pdf
https://daydaynews.cc/en/car/449159.html
https://daydaynews.cc/en/car/449159.html
https://pushevs.com/2020/04/12/simple-solution-for-safer-cheaper-more-energy-dense-batteries/
https://pushevs.com/2020/04/12/simple-solution-for-safer-cheaper-more-energy-dense-batteries/
https://medium.com/batterybits/the-next-generation-battery-pack-design-from-the-byd-blade-cell-to-module-free-battery-pack-2b507d4746d1
https://medium.com/batterybits/the-next-generation-battery-pack-design-from-the-byd-blade-cell-to-module-free-battery-pack-2b507d4746d1
https://medium.com/batterybits/the-next-generation-battery-pack-design-from-the-byd-blade-cell-to-module-free-battery-pack-2b507d4746d1



https://xtech.nikkei.com/atcl/nxt/column/18/01231/00018/
https://xtech.nikkei.com/atcl/nxt/column/18/01231/00018/
https://skinnonews.com/global/archives/2448
http://www.caranddriver.com/reviews/2012-infiniti-m35h-hybrid-road-test-review
http://www.caranddriver.com/reviews/2012-infiniti-m35h-hybrid-road-test-review
https://energy.gov/sites/prod/files/2015/02/f19/batteryCivic1356.pdf
http://www.caranddriver.com/reviews/2013-honda-civic-hybrid-test-review
http://www.caranddriver.com/reviews/2013-honda-civic-hybrid-test-review
https://avt.inl.gov/sites/default/files/pdf/hev/batteryMalibu3800.pdf
https://avt.inl.gov/sites/default/files/pdf/hev/batteryMalibu3800.pdf
http://media.chevrolet.com/media/us/en/chevrolet/vehicles/volt/2016.tab1.html
http://media.chevrolet.com/media/us/en/chevrolet/vehicles/volt/2016.tab1.html
http://insideevs.com/audi-a3-e-tron-detailed-specs/
http://insideevs.com/audi-a3-e-tron-detailed-specs/
http://www.caranddriver.com/audi/a3-sportback-e-tron
http://www.caranddriver.com/audi/a3-sportback-e-tron
http://www.teslarati.com/tesla-p100d-100kwh-battery-pack-size/
http://www.teslarati.com/tesla-p100d-100kwh-battery-pack-size/
https://electrek.co/2016/07/27/tesla-gigafactory-vehicle-battery-pack-rollout/
https://youtu.be/izUl28YtQbE



https://avt.inl.gov/sites/default/files/pdf/fsev/batteryi5486.pdf
http://www.nissanusa.com/electric-cars/leaf/
https://en.wikipedia.org/wiki/Mitsubishi_i-MiEV
https://www.autoblog.com/2016/04/29/chevy-volt-hidden-inside-malibu-hybrid/
https://www.autoblog.com/2016/04/29/chevy-volt-hidden-inside-malibu-hybrid/
http://www.hitachi.com/New/cnews/month/2015/05/150519a.pdf
https://doi.org/10.4271/2017-01-1200
https://avt.inl.gov/sites/default/files/pdf/hev/batteryCMax2158.pdf
https://avt.inl.gov/sites/default/files/pdf/hev/batteryCMax2158.pdf
https://avt.inl.gov/sites/default/files/pdf/hev/batteryAccord5774.pdf
https://avt.inl.gov/sites/default/files/pdf/hev/batteryAccord5774.pdf
https://www.gs-yuasa.com/jp/deepstory/vol5.html
https://doi.org/10.4271/2015-01-0251
https://avt.inl.gov/sites/default/files/pdf/hev/batteryCivic0594.pdf
http://www.kiamedia.com/us/en/models/optima-hybrid/2016/specifications
http://www.kiamedia.com/us/en/models/optima-hybrid/2016/specifications
http://techon.nikkeibp.co.jp/english/NEWS_EN/20110516/191786/
http://techon.nikkeibp.co.jp/english/NEWS_EN/20110516/191786/
https://doi.org/10.4271/2016-01-1207



https://www.marklines.com/en/report_all/rep1473_201602
https://www.marklines.com/en/report_all/rep1473_201602
https://avt.inl.gov/sites/default/files/pdf/hev/batteryJetta0875.pdf
https://girasole.co.za/product/byd-lithium-fe-block-12v-10-ah-b-bms/
https://girasole.co.za/product/byd-lithium-fe-block-12v-10-ah-b-bms/
http://www.nytimes.com/2011/02/20/automobiles/20TECH.html?emc=eta1&_r=0
http://www.nytimes.com/2011/02/20/automobiles/20TECH.html?emc=eta1&_r=0
https://wenku.baidu.com/view/44064e3beefdc8d376ee3234.html
https://wenku.baidu.com/view/44064e3beefdc8d376ee3234.html
https://www.youtube.com/watch?v=eWYtq0hxhQg
https://www.youtube.com/watch?v=eWYtq0hxhQg
http://gm-volt.com/2015/05/22/2016-hyundai-sonata-phev-raises-the-bar-among-blended-phevs/
http://gm-volt.com/2015/05/22/2016-hyundai-sonata-phev-raises-the-bar-among-blended-phevs/
https://avt.inl.gov/sites/default/files/pdf/phev/batteryCMax3817.pdf
https://avt.inl.gov/sites/default/files/pdf/phev/batteryCMax3817.pdf
https://avt.inl.gov/sites/default/files/pdf/phev/batteryFusion1518.pdf
https://avt.inl.gov/sites/default/files/pdf/phev/batteryFusion1518.pdf
https://press.kia.com/eu/products/optima%20phev/optima%20phev/
https://press.kia.com/eu/products/optima%20phev/optima%20phev/
https://avt.inl.gov/sites/default/files/pdf/phev/batteryPrius8663.pdf
https://avt.inl.gov/sites/default/files/pdf/phev/batteryPrius8663.pdf
https://www.greencarcongress.com/2015/06/20150612-r8etron.html
https://www.greencarcongress.com/2015/06/20150612-r8etron.html
http://www.roperld.com/Science/BMWi3.htm
http://english.etnews.com/20190517200002
http://english.etnews.com/20190517200002
https://www.press.bmwgroup.com/global/article/attachment/T0284828EN/421721/Specifications_BMW_i3_(120_Ah)_BMW_i3s_(120_Ah).pdf
https://www.press.bmwgroup.com/global/article/attachment/T0284828EN/421721/Specifications_BMW_i3_(120_Ah)_BMW_i3s_(120_Ah).pdf
https://www.press.bmwgroup.com/global/article/attachment/T0284828EN/421721/Specifications_BMW_i3_(120_Ah)_BMW_i3s_(120_Ah).pdf



https://www.torqeedo.com/en/technology-and-environment/battery-technology.html
https://www.torqeedo.com/en/technology-and-environment/battery-technology.html
https://iaspub.epa.gov/otaqpub/display_file.jsp?docid=33966&flag=1
https://iaspub.epa.gov/otaqpub/display_file.jsp?docid=33966&flag=1
https://avt.inl.gov/sites/default/files/pdf/fsev/batterySpark4878.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batterySpark4878.pdf
http://insideevs.com/deep-dive-chevrolet-bolt-battery-pack-motor-and-more/
http://insideevs.com/deep-dive-chevrolet-bolt-battery-pack-motor-and-more/
http://135jik1bbhst1159ri1ax2pj.wpengine.netdna-cdn.com/wp-content/uploads/sites/20/2010/11/CODA_Emergency_Responders_Guide_ERG.pdf
http://135jik1bbhst1159ri1ax2pj.wpengine.netdna-cdn.com/wp-content/uploads/sites/20/2010/11/CODA_Emergency_Responders_Guide_ERG.pdf
http://135jik1bbhst1159ri1ax2pj.wpengine.netdna-cdn.com/wp-content/uploads/sites/20/2010/11/CODA_Emergency_Responders_Guide_ERG.pdf
http://www.fiat500usa.com/2013/04/fiat-500e-full-vehicle-specifications.html
http://www.fiat500usa.com/2013/04/fiat-500e-full-vehicle-specifications.html
http://energy.gov/sites/prod/files/2015/02/f19/fact2013fordfocus.pdf
http://energy.gov/sites/prod/files/2015/02/f19/fact2013fordfocus.pdf
https://techinfo.honda.com/Rjanisis/pubs/web/ACI48132.pdf
https://techinfo.honda.com/Rjanisis/pubs/web/ACI48132.pdf
http://www.kuni-honda.com/2014-honda-fit-ev-near-denver-colorado.htm
http://www.kuni-honda.com/2014-honda-fit-ev-near-denver-colorado.htm
https://electricrevs.com/2018/12/20/exclusive-details-on-hyundais-new-battery-thermal-management-design/
https://electricrevs.com/2018/12/20/exclusive-details-on-hyundais-new-battery-thermal-management-design/
https://electrek.co/2019/05/07/kia-niro-ev-review/
https://avt.inl.gov/sites/default/files/pdf/fsev/batterySoul1908.pdf
https://www.netcarshow.com/kia/2012-ray_ev/
https://newsroom.mazda.com/en/publicity/release/2012/201207/120706a.html
https://newsroom.mazda.com/en/publicity/release/2012/201207/120706a.html



https://avt.inl.gov/sites/default/files/pdf/fsev/batteryBClass4477.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryBClass4477.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryElectric2764.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryElectric2764.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryiMiev4550.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryiMiev4550.pdf
http://techon.nikkeibp.co.jp/english/NEWS_EN/20111103/200392/
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryLeaf5045.pdf
http://www.slideshare.net/georgebetak/nissan-leaf-battery-pack-initial-analysis
http://www.slideshare.net/georgebetak/nissan-leaf-battery-pack-initial-analysis
http://qnovo.com/inside-the-battery-of-a-nissan-leaf/
http://qnovo.com/inside-the-battery-of-a-nissan-leaf/
https://doi.org/10.4271/2012-01-0664
http://www.carmagazine.co.uk/car-news/industry-news/nissan/battery-boost-for-2016-nissan-leaf-increases-range-by-25-/
http://www.carmagazine.co.uk/car-news/industry-news/nissan/battery-boost-for-2016-nissan-leaf-increases-range-by-25-/
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/100501625/
https://insideevs.com/news/342009/here-is-the-nissan-leaf-e-62-kwh-battery-video/
https://insideevs.com/news/342009/here-is-the-nissan-leaf-e-62-kwh-battery-video/
https://insideevs.com/nissan-leaf-40-kwh-battery-deep-dive/
https://insideevs.com/nissan-leaf-40-kwh-battery-deep-dive/
http://www.automobile-catalog.com/car/2015/2018870/citroen_c-zero.html
http://www.automobile-catalog.com/car/2015/2018870/citroen_c-zero.html
http://pushevs.com/2015/11/04/gs-yuasas-improved-cells-lev50-vs-lev50n/
http://pushevs.com/2015/11/04/gs-yuasas-improved-cells-lev50-vs-lev50n/
https://qnovo.com/132-why-does-the-porsche-taycan-use-800-v-battery-packs/
https://qnovo.com/132-why-does-the-porsche-taycan-use-800-v-battery-packs/



https://newsroom.porsche.com/en/products/taycan/battery-18557.html
https://newsroom.porsche.com/en/products/taycan/battery-18557.html
https://youtu.be/N6sRWGjFx5w
https://pushevs.com/2019/02/10/renault-zoe-ze-40-full-battery-specs/
https://pushevs.com/2019/02/10/renault-zoe-ze-40-full-battery-specs/
https://electrek.co/2016/09/28/renault-surprises-with-new-2017-zoe-w-200-miles-of-range-on-41-kwh-battery-available-next-month/
https://electrek.co/2016/09/28/renault-surprises-with-new-2017-zoe-w-200-miles-of-range-on-41-kwh-battery-available-next-month/
https://electrek.co/2016/09/28/renault-surprises-with-new-2017-zoe-w-200-miles-of-range-on-41-kwh-battery-available-next-month/
https://en.wikipedia.org/wiki/Renault_Twizy
http://maben.homeip.net/static/auto/renault/reanault%20twizy%20users%20manual.pdf
http://maben.homeip.net/static/auto/renault/reanault%20twizy%20users%20manual.pdf
https://pushevs.com/2020/08/26/wuling-hong-guang-mini-ev-had-a-strong-first-full-sales-month/
https://pushevs.com/2020/08/26/wuling-hong-guang-mini-ev-had-a-strong-first-full-sales-month/
https://avt.inl.gov/sites/default/files/pdf/fsev/fact2014teslamodels.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/fact2014teslamodels.pdf
https://www.nedo.go.jp/content/100873513.pdf
https://www.nedo.go.jp/content/100873513.pdf
https://insideevs.com/news/342679/tesla-model-3-2170-energy-density-compared-to-bolt-model-s-p100d/
https://insideevs.com/news/342679/tesla-model-3-2170-energy-density-compared-to-bolt-model-s-p100d/
https://en.wikipedia.org/wiki/Toyota_RAV4_EV
http://prius20.ru/instructions/dismantling/iqevdisman.pdf
http://prius20.ru/instructions/dismantling/iqevdisman.pdf
https://en.wikipedia.org/wiki/Toyota_iQ
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryEGolf2012.pdf
https://avt.inl.gov/sites/default/files/pdf/fsev/batteryEGolf2012.pdf



http://www.automobile-propre.com/breves/volkswagen-e-golf-batterie-35-kwh-fin-2016/
http://www.automobile-propre.com/breves/volkswagen-e-golf-batterie-35-kwh-fin-2016/
http://www.greencarcongress.com/2014/02/20140215-egolf.html
http://www.myelectriccarforums.com/volkswagen-e-up-air-cooled-battery-featured-in-viavision-magazine/
http://www.myelectriccarforums.com/volkswagen-e-up-air-cooled-battery-featured-in-viavision-magazine/
http://liionbms.com/pdf/a123/AMP20M1HD-A.pdf
http://liionbms.com/pdf/a123/AMP20M1HD-A.pdf
https://www.altertek.com/products/lithium-ion-pouch-cylindrical-cells/a123-li-ion-cells/a123-20ah-lithium-ion-ultraphosphate-pouch-cell/
https://www.altertek.com/products/lithium-ion-pouch-cylindrical-cells/a123-li-ion-cells/a123-20ah-lithium-ion-ultraphosphate-pouch-cell/
https://dtsc.ca.gov/wp-content/uploads/sites/31/2018/10/Menahem-Anderman_Lead-acid-Batteries-Workshop_11-6-2017.pdf
https://dtsc.ca.gov/wp-content/uploads/sites/31/2018/10/Menahem-Anderman_Lead-acid-Batteries-Workshop_11-6-2017.pdf
https://www.global.toshiba/ww/products-solutions/battery/scib/product/cell/high-power.html
https://www.global.toshiba/ww/products-solutions/battery/scib/product/cell/high-power.html
https://www.global.toshiba/content/dam/toshiba/ww/products-solutions/battery/scib/pdf/ToshibaRechargeableBattery-en.pdf
https://www.global.toshiba/content/dam/toshiba/ww/products-solutions/battery/scib/pdf/ToshibaRechargeableBattery-en.pdf
https://www.global.toshiba/content/dam/toshiba/ww/products-solutions/battery/scib/pdf/ToshibaRechargeableBattery-en.pdf
https://www.alibaba.com/product-detail/Long-Life-Thin-Prismatic-A123-System_1600316497208.html
https://www.alibaba.com/product-detail/Long-Life-Thin-Prismatic-A123-System_1600316497208.html



https://doi.org/10.4271/2011-01-1372
https://www.blue-energy.co.jp/jp/products/
http://wenku.baidu.com/view/1161e6e3524de518964b7db8.html?from=search
http://wenku.baidu.com/view/1161e6e3524de518964b7db8.html?from=search
http://www.ebaracus.com/sites/default/files/2012/12/EIG-ePLB-C020-Datasheet.pdf
http://www.ebaracus.com/sites/default/files/2012/12/EIG-ePLB-C020-Datasheet.pdf



http://pdf.dfcfw.com/pdf/H3_AP201811291253422317_1.pdf
http://pdf.dfcfw.com/pdf/H3_AP201811291253422317_1.pdf
https://wenku.baidu.com/view/df931c2d9b6648d7c1c74689.html
https://wenku.baidu.com/view/df931c2d9b6648d7c1c74689.html
http://www.microvast.com/index.php/solution/solution_cell
http://www.microvast.com/index.php/solution/solution_cell
https://li-bat.ru/katalog/192-novie_litiyititanatnie_akkumulyatori_ili4ti5012i_kitay_imicrovasti_1520325636.html
https://li-bat.ru/katalog/192-novie_litiyititanatnie_akkumulyatori_ili4ti5012i_kitay_imicrovasti_1520325636.html
https://li-bat.ru/katalog/211-mnogokomponentnaya_litievaya_batareya_3i7vi.html
https://li-bat.ru/katalog/211-mnogokomponentnaya_litievaya_batareya_3i7vi.html
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D
https://docviewer.yandex.ru/view/901289335/?page=2&*=a4uExDPfvTpSCr6rBwbuSqo8fLV7InVybCI6InlhLWRpc2stcHVibGljOi8vMXNQa0x0V29ST3RyVUFWWlI0N2tJbXh3SlhEdHhHVHBiYXI3YTRzVFZIcz0iLCJ0aXRsZSI6Ik1QUy5UUzIxNS0yMDE2IOS6p%2BWTgeaKgOacr%2BinhOagvOS5pu%2B8iE1WMDcyMjAxMjZNUEUtMTVBaO%2B8iS5wZGYiLCJub2lmcmFtZSI6ZmFsc2UsInVpZCI6IjkwMTI4OTMzNSIsInRzIjoxNTYzOTkzNDA3NTU4LCJ5dSI6IjMyNzc4MzE2MzE1MDM0OTA4NzkifQ%3D%3D



https://www.nedo.go.jp/content/100873514.pdf
https://www.nedo.go.jp/content/100873514.pdf
https://www.tme.eu/en/Document/87b5645f730e56cad507df13706ef5b9/Swing5300.pdf
https://www.tme.eu/en/Document/87b5645f730e56cad507df13706ef5b9/Swing5300.pdf
https://cdn.shopify.com/s/files/1/0634/4605/files/BYD_ESS_and_DESS_Fe_battery_spec_201406.pdf
https://cdn.shopify.com/s/files/1/0634/4605/files/BYD_ESS_and_DESS_Fe_battery_spec_201406.pdf
https://pushevs.com/2020/05/26/byd-blade-prismatic-battery-cell-specs-possibilities/?source=content_type%3Areact%7Cfirst_level_url%3Aarticle%7Csection%3Amain_content%7Cbutton%3Abody_link
https://pushevs.com/2020/05/26/byd-blade-prismatic-battery-cell-specs-possibilities/?source=content_type%3Areact%7Cfirst_level_url%3Aarticle%7Csection%3Amain_content%7Cbutton%3Abody_link
https://pushevs.com/2020/05/26/byd-blade-prismatic-battery-cell-specs-possibilities/?source=content_type%3Areact%7Cfirst_level_url%3Aarticle%7Csection%3Amain_content%7Cbutton%3Abody_link
https://cadenzainnovation.com/wp-content/uploads/2018/05/2018-03-28-Cadenza-ARPA-e-DE-AR0000392-Final-Report-webversion-002.pdf
https://cadenzainnovation.com/wp-content/uploads/2018/05/2018-03-28-Cadenza-ARPA-e-DE-AR0000392-Final-Report-webversion-002.pdf
http://www.evlithium.com/CATL-Battery.html
http://www.evlithium.com/CATL-Battery.html
http://www.evlithium.com/lifepo4-battery-news/558.html
http://www.evlithium.com/lifepo4-battery-news/558.html
http://www.dfdxny.com/en/list.php?id=46
https://www.shanghai-electric.com/group_en/c/2019-08-12/557924.shtml



https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/
https://li-bat.ru/katalog/229-litievaya__batareya_microvast_hpco_3_7v_43_an__6000_tsiklov_1542748419.html
https://li-bat.ru/katalog/229-litievaya__batareya_microvast_hpco_3_7v_43_an__6000_tsiklov_1542748419.html
https://www.shoptronica.com/files/Panasonic-NCR18650.pdf
https://www.shoptronica.com/files/Panasonic-NCR18650.pdf
https://evannex.com/blogs/news/whats-inside-a-tesla-battery-cell
https://evannex.com/blogs/news/whats-inside-a-tesla-battery-cell
http://m.cbea.com/ldc/201812/532680.html
http://m.cbea.com/ldc/201812/532680.html
https://cleantechnica.com/2019/01/28/tesla-model-3-battery-pack-cell-teardown-highlights-performance-improvements/
https://cleantechnica.com/2019/01/28/tesla-model-3-battery-pack-cell-teardown-highlights-performance-improvements/
https://pushevs.com/2018/04/05/samsung-sdi-94-ah-battery-cell-full-specifications/
https://pushevs.com/2018/04/05/samsung-sdi-94-ah-battery-cell-full-specifications/
https://wenku.baidu.com/view/ca025530ee06eff9aef807ce.html
https://doi.org/10.1016/j.jpowsour.2018.06.059
https://doi.org/10.1016/j.ssi.2018.02.027
https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cac327223d25a000188813b/1554788979381/EPS+Range.pdf
https://static1.squarespace.com/static/59dbcd906f4ca35190c9aeb4/t/5cac327223d25a000188813b/1554788979381/EPS+Range.pdf



https://inldigitallibrary.inl.gov/sites/sti/sti/6308373.pdf
https://inldigitallibrary.inl.gov/sites/sti/sti/6308373.pdf
https://www.vda.de/dam/vda/publications/Battery%20Technology/1286965063_en_1943346300.pdf
https://www.vda.de/dam/vda/publications/Battery%20Technology/1286965063_en_1943346300.pdf
https://www.samsungsdi.com/upload/ess_brochure/201705SamsungSDI_ESS_EN.pdf
https://www.samsungsdi.com/upload/ess_brochure/201705SamsungSDI_ESS_EN.pdf
https://www.materialsnet.com.tw/material/DocView_MaterialNews.aspx?id=10933
https://www.materialsnet.com.tw/material/DocView_MaterialNews.aspx?id=10933
https://doi.org/10.1016/j.apenergy.2019.113343



https://www.powertechsystems.eu/home/tech-corner/lithium-iron-phosphate-lifepo4/#prettyPhoto/
https://www.powertechsystems.eu/home/tech-corner/lithium-iron-phosphate-lifepo4/#prettyPhoto/
https://doi.org/10.1016/j.jpowsour.2011.02.025
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
https://doi.org/10.1016/j.jpowsour.2005.01.006
https://doi.org/10.1149/2.1211609jes
https://doi.org/10.1155/2015/104673
https://doi.org/10.12028/j.issn.2095-4239.2017.00022



https://wenku.baidu.com/view/f917455be45c3b3567ec8b8f.html?_wkts_=1716389557071&needWelcomeRecommand=1
https://wenku.baidu.com/view/f917455be45c3b3567ec8b8f.html?_wkts_=1716389557071&needWelcomeRecommand=1
https://www.docin.com/p-1282371064.html?docfrom=rrela
https://www.docin.com/p-1282371064.html?docfrom=rrela
https://wenku.baidu.com/view/231faba4aeaad1f347933f12.html?re=view
https://wenku.baidu.com/view/231faba4aeaad1f347933f12.html?re=view
https://www.slideshare.net/StphaneBARBUSSE/nissan-presentation-bobyakushi-ev-hev-safety
https://www.slideshare.net/StphaneBARBUSSE/nissan-presentation-bobyakushi-ev-hev-safety
http://www.materialsnet.com.tw/material/DocView_MaterialNews.aspx?id=11697
http://www.materialsnet.com.tw/material/DocView_MaterialNews.aspx?id=11697
http://www.gsyuasa-lp.com/SpecSheets/LFC40_Spec.pdf
http://www.gsyuasa-lp.com/SpecSheets/LFC40_Spec.pdf
http://www.gdrunye.com/productinfo/1222036.html
http://www.gdrunye.com/productinfo/1222036.html



https://www.zsw-bw.de/fileadmin/user_upload/PDFs/Vorlesungen/lib/170206_Uni-Ulm_Lecture_LIB_Wachtler_Electrolytes.pdf
https://www.zsw-bw.de/fileadmin/user_upload/PDFs/Vorlesungen/lib/170206_Uni-Ulm_Lecture_LIB_Wachtler_Electrolytes.pdf
https://doi.org/10.1149/1.3507259
https://doi.org/10.1007/s40242-013-2179-7
https://www.sdle.co.il/wp-content/uploads/2018/12/15-LIB-18650-Cells-New-Replacement-Cylindrical-Cell-Sizes-20650-20700-21700-Report-ver-3-presentation-for-conferences.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/15-LIB-18650-Cells-New-Replacement-Cylindrical-Cell-Sizes-20650-20700-21700-Report-ver-3-presentation-for-conferences.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/15-LIB-18650-Cells-New-Replacement-Cylindrical-Cell-Sizes-20650-20700-21700-Report-ver-3-presentation-for-conferences.pdf
http://www.toyal.co.jp/eng/products/haku/hk_tc.html
https://www.dks-web.co.jp/catalog_pdf/574_1.pdf
https://www.dks-web.co.jp/catalog_pdf/574_1.pdf



https://www.yumpu.com/en/document/read/34821972/highlights-on-phostechs-recent-business-development-and
https://www.yumpu.com/en/document/read/34821972/highlights-on-phostechs-recent-business-development-and
http://utsrus.com/index.php?file_id=10768&Itemid=7&option=com_virtuemart&page=shop.getfile&product_id=5833
http://utsrus.com/index.php?file_id=10768&Itemid=7&option=com_virtuemart&page=shop.getfile&product_id=5833
https://www.achatestrade.com/productinfo/782551.html
https://www.achatestrade.com/productinfo/782551.html
http://www.denka.co.jp/scm/product/scm/detail_003523.html
http://www.denka.co.jp/scm/product/scm/detail_003523.html
https://doi.org/10.1007/978-0-387-34445-4



https://doi.org/10.1016/j.rser.2017.05.195
https://doi.org/10.3390/en11092191
https://energy.sandia.gov/wp-content//gallery/uploads/BatLab-Final2-SAND-2012-0502Pno-marks.pdf
https://energy.sandia.gov/wp-content//gallery/uploads/BatLab-Final2-SAND-2012-0502Pno-marks.pdf
https://www.osti.gov/servlets/purl/1336278
https://www.espec.co.jp/english/products/trustee/test/safety.html
https://www.espec.co.jp/english/products/trustee/test/safety.html
https://www.tuvsud.com/en/industries/mobility-and-automotive/automotive-and-oem/automotive-testing-solutions/battery-safety-testing
https://www.tuvsud.com/en/industries/mobility-and-automotive/automotive-and-oem/automotive-testing-solutions/battery-safety-testing
https://www.tuvsud.com/en/industries/mobility-and-automotive/automotive-and-oem/automotive-testing-solutions/battery-safety-testing
https://www.nikkeikin.com/products/board/p3.html
https://www.nikkeikin.com/products/board/p3.html
http://www.optimumnanolithiumbattery.com/news/analysis-of-samsung-sdi-power-battery-technolo-4920947.html
http://www.optimumnanolithiumbattery.com/news/analysis-of-samsung-sdi-power-battery-technolo-4920947.html
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf
https://www.hs-rm.de/fileadmin/persons/khofmann/Gastvortraege/Vortragsfolien/20160603-Maehliss-Lithium-Ionen-Batterietechnologie.pdf



https://kokam.com/cell
https://batterybro.com/blogs/18650-wholesale-battery-reviews/18306003-battery-safety-101-anatomy-ptc-vs-pcb-vs-cid
https://batterybro.com/blogs/18650-wholesale-battery-reviews/18306003-battery-safety-101-anatomy-ptc-vs-pcb-vs-cid
https://www.west-l.ru/uploads/tdpdf/sf_slpb-cell-brochure1.pdf
https://www.west-l.ru/uploads/tdpdf/sf_slpb-cell-brochure1.pdf
https://www.youtube.com/watch?v=dIt5z4wT9RE
https://www.youtube.com/watch?v=dIt5z4wT9RE
https://www.schott.com/en-gb/products/battery-and-capacitor-lids-p1000270/product-variants?tab=lithium-ion-battery-lids
https://www.schott.com/en-gb/products/battery-and-capacitor-lids-p1000270/product-variants?tab=lithium-ion-battery-lids
https://www.sdle.co.il/wp-content/uploads/2018/12/18-What-can-we-learn-from-the-Samsung-Galaxy-Note-7-battery-safety-event-ver-5.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/18-What-can-we-learn-from-the-Samsung-Galaxy-Note-7-battery-safety-event-ver-5.pdf
http://www.docin.com/p-206678983.html
http://www.mtixtl.com/Li-ionBatteryStrappingTape200mLx10mmWx0.03mmThicknessforPouc.aspx
http://www.mtixtl.com/Li-ionBatteryStrappingTape200mLx10mmWx0.03mmThicknessforPouc.aspx
http://patents.justia.com/inventor/tatsuhiro-yaegashi
http://patents.justia.com/inventor/tatsuhiro-yaegashi
http://www.amionxsafecore.com/wp-content/uploads/2018/12/Amionx-SafeCore-White-Paper.pdf
http://www.amionxsafecore.com/wp-content/uploads/2018/12/Amionx-SafeCore-White-Paper.pdf



https://jp.mitsuichemicals.com/en/release/2014/140929.htm
https://wenku.baidu.com/view/76210e1ab80d6c85ec3a87c24028915f804d840d.html?from=search
https://wenku.baidu.com/view/76210e1ab80d6c85ec3a87c24028915f804d840d.html?from=search
https://doi.org/10.1149/2.F03122if
https://doi.org/10.1021/cr020738u
https://www.ncbi.nlm.nih.gov/pubmed/15669158
https://www.toray-research.co.jp/service/trcnews/pdf/201705-01.pdf
https://www.toray-research.co.jp/service/trcnews/pdf/201705-01.pdf
https://doi.org/10.3390/wevj10040079



https://doi.org/10.3390/app9122483
https://publications.lib.chalmers.se/records/fulltext/251352/251352.pdf
https://publications.lib.chalmers.se/records/fulltext/251352/251352.pdf
https://doi.org/10.1016/j.jpowsour.2005.12.002
https://doi.org/10.1016/C2015-0-00574-3































































https://sandia.gov/ess-ssl/gesdb/public/projects.html
https://sandia.gov/ess-ssl/gesdb/public/projects.html
https://www.samsungsdi.com/upload/ess_brochure/SamsungSDI_ESS_201609EN.pdf
https://www.samsungsdi.com/upload/ess_brochure/SamsungSDI_ESS_201609EN.pdf
https://ez-pdh.com/course-material/EE1109-Electricity-Storage-Services.pdf
https://ez-pdh.com/course-material/EE1109-Electricity-Storage-Services.pdf
http://kokam.com/data/2018_Kokam_ESS_Brochure_ver_5.0.pdf
http://kokam.com/data/2018_Kokam_ESS_Brochure_ver_5.0.pdf
http://kokam.com/data/Kokam_All-in-One%20Brochure_rev_1_2.pdf
http://kokam.com/data/Kokam_All-in-One%20Brochure_rev_1_2.pdf
https://electrek.co/2017/03/31/tesla-paten-powerpack-energy-storage-station/
https://electrek.co/2017/03/31/tesla-paten-powerpack-energy-storage-station/
https://www.norwatt.es/archivos/productos/pdf/baterias_ion_litio_saft_intensium_plus_es.pdf
https://www.norwatt.es/archivos/productos/pdf/baterias_ion_litio_saft_intensium_plus_es.pdf
http://energystorage.org/energy-storage/case-studies/aes-energy-storage-angamos-battery-energy-storage-system-bess
http://energystorage.org/energy-storage/case-studies/aes-energy-storage-angamos-battery-energy-storage-system-bess
https://gesdb.sandia.gov/projects.html#470
https://gesdb.sandia.gov/projects.html#470
https://www.yuasa.de/en/2017/08/gs-yuasa-delivers-6750kwh-lithium-ion-battery-system-to-kushiro-town/
https://www.yuasa.de/en/2017/08/gs-yuasa-delivers-6750kwh-lithium-ion-battery-system-to-kushiro-town/
https://www.cleantechalliance.org/2014/04/30/mitsubishi-international-corporation-and-gs-yuasa-international-ltd-join-mesa-1-energy-storage-project/
https://www.cleantechalliance.org/2014/04/30/mitsubishi-international-corporation-and-gs-yuasa-international-ltd-join-mesa-1-energy-storage-project/
https://www.cleantechalliance.org/2014/04/30/mitsubishi-international-corporation-and-gs-yuasa-international-ltd-join-mesa-1-energy-storage-project/



http://www.lgchem.com/global/lg-chem-company/information-center/press-release/news-detail-635
http://www.lgchem.com/global/lg-chem-company/information-center/press-release/news-detail-635
https://gesdb.sandia.gov/projects.html#612
https://gesdb.sandia.gov/projects.html#612
http://www.scib.jp/en/applications/energy.htm
http://www.scib.jp/en/applications/energy.htm
https://www.toshiba.co.jp/about/press/2015_06/pr2301.htm
https://www.samsungsdi.com/upload/ess_brochure/201809_SamsungSDI%20ESS_EN.pdf
https://www.samsungsdi.com/upload/ess_brochure/201809_SamsungSDI%20ESS_EN.pdf
https://files.vogel.de/vogelonline/vogelonline/companyfiles/10901.pdf
https://files.vogel.de/vogelonline/vogelonline/companyfiles/10901.pdf
https://www.tesla.com/powerpack?redirect=no
https://www.tesla.com/powerpack?redirect=no
http://enerdel.com/4708-2/
https://imeon-energy.com/wp-content/uploads/byd-b-box-2.5-10.0-lithium-battery-48v.pdf?x77238
https://imeon-energy.com/wp-content/uploads/byd-b-box-2.5-10.0-lithium-battery-48v.pdf?x77238
http://www.s399157097.onlinehome.us/PDFS/LIM50E_Modules.pdf
http://www.s399157097.onlinehome.us/PDFS/LIM50E_Modules.pdf
http://gsyuasa-es.com/Downloads/LIM50EN_SERIES_BROCHURE.pdf
http://gsyuasa-es.com/Downloads/LIM50EN_SERIES_BROCHURE.pdf



https://eu.krannich-solar.com/fileadmin/content/data_sheets/storage_systems/italy/2016_LGChem_Catalog_Global_0_.pdf
https://eu.krannich-solar.com/fileadmin/content/data_sheets/storage_systems/italy/2016_LGChem_Catalog_Global_0_.pdf
http://www.lgchem.com/upload/file/product/ESS_LGChem_Catalog_Global%20[0].pdf
http://www.lgchem.com/upload/file/product/ESS_LGChem_Catalog_Global%20[0].pdf
https://cdn.enfsolar.com/z/pp/m5cvaq144nr/5a3099ebe7a4b.pdf
https://cdn.enfsolar.com/z/pp/m5cvaq144nr/5a3099ebe7a4b.pdf
https://kokamdirect.com/wp-content/uploads/2017/02/Module_series_spec.pdf
https://kokamdirect.com/wp-content/uploads/2017/02/Module_series_spec.pdf
https://www.neces.com/products-services/battery-systems/battery-components-and-accessories/48v100/
https://www.neces.com/products-services/battery-systems/battery-components-and-accessories/48v100/
https://core.ac.uk/download/pdf/61575028.pdf
https://core.ac.uk/download/pdf/61575028.pdf
http://www.aegtranzcom.com/Repository/PDF-ENERGY/Saft_Com_Synerion48M_en_0512_Protg.pdf
http://www.aegtranzcom.com/Repository/PDF-ENERGY/Saft_Com_Synerion48M_en_0512_Protg.pdf
http://www.aegtranzcom.com/Repository/PDF-ENERGY/Saft_Com_Synerion48P_en_0512_Protege.pdf
http://www.aegtranzcom.com/Repository/PDF-ENERGY/Saft_Com_Synerion48P_en_0512_Protege.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1huq0DbMmlt11iVLGUiN1CZrD8oxsKJTUOJRDsJeJ9K1uwrHik%252FpWlyyYRSmq19oPPw%253D%253D/FX2017-0066_Flex%2527ion+TSIO+Sheet_RevA_March+2018.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1huq0DbMmlt11iVLGUiN1CZrD8oxsKJTUOJRDsJeJ9K1uwrHik%252FpWlyyYRSmq19oPPw%253D%253D/FX2017-0066_Flex%2527ion+TSIO+Sheet_RevA_March+2018.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1huq0DbMmlt11iVLGUiN1CZrD8oxsKJTUOJRDsJeJ9K1uwrHik%252FpWlyyYRSmq19oPPw%253D%253D/FX2017-0066_Flex%2527ion+TSIO+Sheet_RevA_March+2018.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1huq0DbMmlt11iVLGUiN1CZrD8oxsKJTUOJRDsJeJ9K1uwrHik%252FpWlyyYRSmq19oPPw%253D%253D/FX2017-0066_Flex%2527ion+TSIO+Sheet_RevA_March+2018.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1huq0DbMmlt11iVLGUiN1CZrD8oxsKJTUOJRDsJeJ9K1uwrHik%252FpWlyyYRSmq19oPPw%253D%253D/FX2017-0066_Flex%2527ion+TSIO+Sheet_RevA_March+2018.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.saftbatteries.com/download_file/6X7JMGAnv3Fm6HdmtEv%252B2gtlbZ1bRRVHkjS11M6md92GD2EF7vU%252F3Oybbz3WOlG%252BxR8srpA5iCdJ%252FV3IQzTVHQyiTucngZKEg9KkYCLkowAvgaG1hurhEImefACH1rJZXa%252FBrUQ7O2fhjgwIFgdej4Cog5xFdaB%252FLV8dtgo5MDOzyxzEVA%253D%253D/ProductBrochureFlexion_electronic_0318_BD.pdf
https://www.eiseverywhere.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
https://www.eiseverywhere.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
http://www.sony.net/SonyInfo/News/Press/201104/11-053E/
http://www.sony.net/SonyInfo/News/Press/201104/11-053E/



http://www.scib.jp/en/download/ToshibaRechargeableBattery-en.pdf
http://www.scib.jp/en/download/ToshibaRechargeableBattery-en.pdf
http://www.scib.jp/en/product/module.htm
http://www.scib.jp/en/product/module.htm
https://previous.lithiumwerks.com/wp-content/uploads/2017/02/Valence-Module-Range-071717.pdf
https://previous.lithiumwerks.com/wp-content/uploads/2017/02/Valence-Module-Range-071717.pdf
https://www.beltrona.com/out/media/Yuasa_Lithium_Power_Cabinets_Web(1).pdf
https://www.beltrona.com/out/media/Yuasa_Lithium_Power_Cabinets_Web(1).pdf
http://pdf.directindustry.com/pdf/leclanche/leccell-lto/20918-734815.html
http://pdf.directindustry.com/pdf/leclanche/leccell-lto/20918-734815.html
https://www.buya123products.com/uploads/vipcase/b24d4f5b63934c59d43e93b3bb4db60a.pdf
https://www.buya123products.com/uploads/vipcase/b24d4f5b63934c59d43e93b3bb4db60a.pdf
http://www.sonicgrouphk.com/uploadfile/products/20080728124655188.pdf
http://www.sonicgrouphk.com/uploadfile/products/20080728124655188.pdf
https://wenku.baidu.com/view/cc918f1da8114431b90dd8a0.html?from=search
https://wenku.baidu.com/view/cc918f1da8114431b90dd8a0.html?from=search
https://www.yuasa.co.uk/2013/10/yuasa-battery-sales-uk-ltd-launches-lithium-ion-cells-industrial-power-applications/
https://www.yuasa.co.uk/2013/10/yuasa-battery-sales-uk-ltd-launches-lithium-ion-cells-industrial-power-applications/
http://www.gsyuasa-lp.com/SpecSheets/LIM50E-MSDS.pdf
http://www.gsyuasa-lp.com/SpecSheets/LIM50E-MSDS.pdf
https://wenku.baidu.com/view/c40750c8aff8941ea76e58fafab069dc50224763
https://wenku.baidu.com/view/c40750c8aff8941ea76e58fafab069dc50224763



http://blizzard.cs.uwaterloo.ca/iss4e/wp-content/uploads/2019/04/leccell-30ah-high-energy.pdf
http://blizzard.cs.uwaterloo.ca/iss4e/wp-content/uploads/2019/04/leccell-30ah-high-energy.pdf
https://doi.org/10.1016/j.est.2022.104747
https://m.blog.naver.com/smartguru0429/221681591643
https://m.blog.naver.com/smartguru0429/221681591643
http://electrovaya.com/battery-products/
http://electrovaya.com/battery-products/
http://litarion.com/content/datasheets/LITACELL-LC44.pdf
http://litarion.com/content/datasheets/LITACELL-LC44.pdf
https://www.west-l.ru/uploads/tdpdf/sf_slpb-cell-brochure1.pdf
https://www.west-l.ru/uploads/tdpdf/sf_slpb-cell-brochure1.pdf
https://www.buya123products.com/uploads/vipcase/468623916e3ecc5b8a5f3d20825eb98d.pdf
https://www.buya123products.com/uploads/vipcase/468623916e3ecc5b8a5f3d20825eb98d.pdf
http://www.sonicgrouphk.com/uploadfile/products/20080728124633172.pdf
http://www.sonicgrouphk.com/uploadfile/products/20080728124633172.pdf
https://saft.com/products-solutions/products/
https://saft.com/products-solutions/products/
https://pushevs.com/2018/04/05/samsung-sdi-94-ah-battery-cell-full-specifications/
https://pushevs.com/2018/04/05/samsung-sdi-94-ah-battery-cell-full-specifications/
https://www.facebook.com/ecoluxshop/photos/pcb.892652754215166/892652690881839/?type=3&theater
https://www.facebook.com/ecoluxshop/photos/pcb.892652754215166/892652690881839/?type=3&theater



https://endless-sphere.com/forums/viewtopic.php?t=98717
https://endless-sphere.com/forums/viewtopic.php?t=98717
https://na.eventscloud.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
https://na.eventscloud.com/file_uploads/89b02d8a4305f5ffe09d0c27691441af_O-302YasudaMasayuki.pdf
http://www.scib.jp/en/product/cell.htm
http://www.scib.jp/en/product/cell.htm
https://www.tipsh.toshiba.com.cn/en/file/yangben_20190606_EN.pdf
https://www.tipsh.toshiba.com.cn/en/file/yangben_20190606_EN.pdf
https://libattery.ofweek.com/2022-01/ART-36001-8140-30546096.html
https://libattery.ofweek.com/2022-01/ART-36001-8140-30546096.html
https://lithiumwerks.com/power-cells/
https://saft.com/products-solutions/products/
https://saft.com/products-solutions/products/
https://doi.org/10.1016/j.jpowsour.2018.06.059
https://doi.org/10.1016/j.ssi.2018.02.027



https://www.tme.eu/en/Document/87b5645f730e56cad507df13706ef5b9/Swing5300.pdf
https://www.tme.eu/en/Document/87b5645f730e56cad507df13706ef5b9/Swing5300.pdf
https://www.imrbatteries.com/content/molicel_p42a.pdf
https://www.imrbatteries.com/content/molicel_p42a.pdf
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83


























































































https://s3-eu-west-1.amazonaws.com/landingi-editor-uploads/9eh8WWiR/ESM009_EnerSys_Medical_eBook_A4_RGB_ENG_09_19.pdf
https://s3-eu-west-1.amazonaws.com/landingi-editor-uploads/9eh8WWiR/ESM009_EnerSys_Medical_eBook_A4_RGB_ENG_09_19.pdf
https://www.slideshare.net/markgirc/ieee-computer-society-phoenix-chapter-internet-of-things-innovations-megatrends-update-121119
https://www.slideshare.net/markgirc/ieee-computer-society-phoenix-chapter-internet-of-things-innovations-megatrends-update-121119
https://www.slideshare.net/markgirc/ieee-computer-society-phoenix-chapter-internet-of-things-innovations-megatrends-update-121119
https://www.murata.com/products/productdata/8799741476894/UMAL3DSE.pdf?1516851129000
https://www.murata.com/products/productdata/8799741476894/UMAL3DSE.pdf?1516851129000
https://www.tdk-electronics.tdk.com/download/2427688/6fa95084f0dd78caac95dcb8f051082a/06-dl---ceracharge-presentation.pdf
https://www.tdk-electronics.tdk.com/download/2427688/6fa95084f0dd78caac95dcb8f051082a/06-dl---ceracharge-presentation.pdf
https://www.wyon.ch/en/products#implantable-batteries
https://www.wyon.ch/en/products#implantable-batteries
https://resonetics.com/wp-content/uploads/2023/03/Contego-3-010419-Rescopy23.pdf
https://resonetics.com/wp-content/uploads/2023/03/Contego-3-010419-Rescopy23.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-50-mAh-Battery.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-50-mAh-Battery.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-225-mAh-Battery.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-225-mAh-Battery.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-325-mAh-Battery.pdf
https://resonetics.com/wp-content/uploads/2022/08/resonetics-contego-325-mAh-Battery.pdf
https://www.youtube.com/watch?v=TPq44GXO8tM&t=203s
https://www.youtube.com/watch?v=TPq44GXO8tM&t=203s
https://asset-downloads.zeiss.com/catalogs/download/mic/6b928582-37b5-457d-bf5c-e26f4022c06b/EN_wp_4D_Study_Silicon_Anode_Coin_Cell_Battery_X-ray.pdf
https://asset-downloads.zeiss.com/catalogs/download/mic/6b928582-37b5-457d-bf5c-e26f4022c06b/EN_wp_4D_Study_Silicon_Anode_Coin_Cell_Battery_X-ray.pdf
https://asset-downloads.zeiss.com/catalogs/download/mic/6b928582-37b5-457d-bf5c-e26f4022c06b/EN_wp_4D_Study_Silicon_Anode_Coin_Cell_Battery_X-ray.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/stylus_pen_en.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/stylus_pen_en.pdf



https://ru.ifixit.com/Guide/Samsung+Galaxy+Buds+Battery+Replacement/127556
https://ru.ifixit.com/Guide/Samsung+Galaxy+Buds+Battery+Replacement/127556
https://rounded.com/samsung-galaxy-watch-active2-40mm-sm-r830-sm-r835-battery-eb-br830aby-240mah-gh43-04968a.html
https://rounded.com/samsung-galaxy-watch-active2-40mm-sm-r830-sm-r835-battery-eb-br830aby-240mah-gh43-04968a.html
https://rounded.com/samsung-galaxy-watch-active2-40mm-sm-r830-sm-r835-battery-eb-br830aby-240mah-gh43-04968a.html
https://gethypoxic.com/blogs/technical/gopro-hero8-teardown
https://gethypoxic.com/blogs/technical/gopro-hero8-teardown
https://www.bhphotovideo.com/c/product/1498986-REG/gopro_ajbat_001_rechargeable_li_ion_battery_for.html/specs
https://www.bhphotovideo.com/c/product/1498986-REG/gopro_ajbat_001_rechargeable_li_ion_battery_for.html/specs
https://www.tdk-electronics.tdk.com/download/2831894/a5932aa34a732bb2ad827025c862e61f/06-dl---real-time-clock.pdf
https://www.tdk-electronics.tdk.com/download/2831894/a5932aa34a732bb2ad827025c862e61f/06-dl---real-time-clock.pdf
https://www.youtube.com/watch?v=9AyzJZuSBcM&feature=emb_logo
https://www.youtube.com/watch?v=9AyzJZuSBcM&feature=emb_logo
https://www.nichicon.co.jp/_assets/pdf/products/slb/case2_en.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/case2_en.pdf
https://www.digchip.com/datasheets/parts/datasheet/3430/IPS-EVAL-EH-02-pdf.php
https://www.digchip.com/datasheets/parts/datasheet/3430/IPS-EVAL-EH-02-pdf.php
https://iot.eetimes.com/enercera-a-new-li-ion-battery-solution-to-eliminate-bottlenecks-in-iot-power-supply/
https://iot.eetimes.com/enercera-a-new-li-ion-battery-solution-to-eliminate-bottlenecks-in-iot-power-supply/
https://www.electronicsweekly.com/news/products/power-supplies/rechargeable-cells-iot-2020-03/
https://www.electronicsweekly.com/news/products/power-supplies/rechargeable-cells-iot-2020-03/
https://www.youtube.com/watch?v=68Z5kMNgMKU&feature=emb_logo
https://www.youtube.com/watch?v=68Z5kMNgMKU&feature=emb_logo
https://www.ngk-insulators.com/en/news/20191223_10646.html
https://www.ngk-insulators.com/en/news/20191223_10646.html
https://products.varta-microbattery.com/applications/mb_data/documents/application_note/IndustrialSensor_ApplicationNote_CoinPower.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/application_note/IndustrialSensor_ApplicationNote_CoinPower.pdf



https://doi.org/10.1007/s11517-016-1470-4
https://www.ncbi.nlm.nih.gov/pubmed/27021067
https://www.leaderdigital.ch/documents/magazine/special_2018_09_wyon_20_web.pdf
https://www.leaderdigital.ch/documents/magazine/special_2018_09_wyon_20_web.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/application_note/WearableFitnessSensor_ApplicationNote_CoinPower.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/application_note/WearableFitnessSensor_ApplicationNote_CoinPower.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/application_note/WearableFitnessSensor_ApplicationNote_CoinPower.pdf
https://doi.org/10.1149/1945-7111/ab697a
https://doi.org/10.1149/2.0671809jes
https://www.batterypoweronline.com/markets/batteries/zero-volt-medical-and-satellite-battery-technology-can-help-improve-safety-of-electric-vehicles/
https://www.batterypoweronline.com/markets/batteries/zero-volt-medical-and-satellite-battery-technology-can-help-improve-safety-of-electric-vehicles/
https://www.batterypoweronline.com/markets/batteries/zero-volt-medical-and-satellite-battery-technology-can-help-improve-safety-of-electric-vehicles/
https://www.murata.com/-/media/webrenewal/products/batteries/small/ct/pdf/ds-ct04120-001.ashx?la=en
https://www.murata.com/-/media/webrenewal/products/batteries/small/ct/pdf/ds-ct04120-001.ashx?la=en
https://www.murata.com/-/media/webrenewal/products/batteries/small/ct/pdf/ds-ct04120-001.ashx?la=en
https://www.murata.com/-/media/webrenewal/products/batteries/small/technology/technical_notes/tcn-ct04120-001.ashx?la=en
https://www.murata.com/-/media/webrenewal/products/batteries/small/technology/technical_notes/tcn-ct04120-001.ashx?la=en
https://www.murata.com/-/media/webrenewal/products/batteries/small/technology/technical_documents/apn-sft-001-safety-of-uma-series-against-overheat-ignition.ashx?la=en-gb
https://www.murata.com/-/media/webrenewal/products/batteries/small/technology/technical_documents/apn-sft-001-safety-of-uma-series-against-overheat-ignition.ashx?la=en-gb
https://www.murata.com/-/media/webrenewal/products/batteries/small/technology/technical_documents/apn-sft-001-safety-of-uma-series-against-overheat-ignition.ashx?la=en-gb
https://www.nichicon.co.jp/_assets/pdf/products/slb/en_specification1.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/en_specification1.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/slben_slb_products_200605.pdf
https://www.nichicon.co.jp/_assets/pdf/products/slb/slben_slb_products_200605.pdf
https://s3-eu-west-1.amazonaws.com/landingi-editor-uploads/H6fKaBsv/Micro3_QL0003B.pdf
https://s3-eu-west-1.amazonaws.com/landingi-editor-uploads/H6fKaBsv/Micro3_QL0003B.pdf



https://energy.panasonic.com/global/business/e/na/products/lithium-ion/models/CG-320B
https://energy.panasonic.com/global/business/e/na/products/lithium-ion/models/CG-320B
https://energy.panasonic.com/global/business/e/na/products/lithium-ion/models/CG-420A
https://energy.panasonic.com/global/business/e/na/products/lithium-ion/models/CG-420A
https://biz.maxell.com/en/rechargeable_batteries/sds/clb_battery_sdse.pdf
https://biz.maxell.com/en/rechargeable_batteries/sds/clb_battery_sdse.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB2016_Data_sheet_e.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB2016_Data_sheet_e.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB2032_Data_sheet_e.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB2032_Data_sheet_e.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB937A_Data_sheet_e.pdf
https://biz.maxell.com/en/rechargeable_batteries/data_sheet/CLB937A_Data_sheet_e.pdf
https://www.yumpu.com/en/document/view/33392345/titanium-carbon-lithium-rechargeable-battery-maxell
https://www.yumpu.com/en/document/view/33392345/titanium-carbon-lithium-rechargeable-battery-maxell
https://www.yumpu.com/en/document/view/33392345/titanium-carbon-lithium-rechargeable-battery-maxell
https://biz.maxell.com/en/rechargeable_batteries/ML2032_DataSheet_17e.pdf
https://www.sii.co.jp/en/me/datasheets/ms-rechargeable/ms621fe/
https://www.sii.co.jp/en/me/datasheets/ms-rechargeable/ms621fe/
https://seiko-instruments.de/wp-content/uploads/2023/04/MicroBatteryCatalogue_E_2020_04_web.pdf
https://seiko-instruments.de/wp-content/uploads/2023/04/MicroBatteryCatalogue_E_2020_04_web.pdf
https://www.ngk-insulators.com/en/ces2020/pdf/Enercera.pdf
https://www.ngk-insulators.com/en/ces2020/pdf/Enercera.pdf
https://www.ngk-insulators.com/en/ir/library/pdf/pre_FY2018_new_en.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/sales_literature_varta/2018_05_HANDBOOK_CoinPower_en.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/sales_literature_varta/2018_05_HANDBOOK_CoinPower_en.pdf



https://products.varta-microbattery.com/applications/mb_data/documents/data_sheets/DS63125_3.pdf
https://products.varta-microbattery.com/applications/mb_data/documents/data_sheets/DS63125_3.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/20-medical-batteries-for-small-devices-v2-.pdf
https://www.sdle.co.il/wp-content/uploads/2018/12/20-medical-batteries-for-small-devices-v2-.pdf
https://newsfilter.io/articles/varta-ag-strong-sell-as-monopoly-story-shattered-by-competition-in-premium-tws-devices-ba071d2a863bf65a0f31c843412daa77
https://newsfilter.io/articles/varta-ag-strong-sell-as-monopoly-story-shattered-by-competition-in-premium-tws-devices-ba071d2a863bf65a0f31c843412daa77
https://newsfilter.io/articles/varta-ag-strong-sell-as-monopoly-story-shattered-by-competition-in-premium-tws-devices-ba071d2a863bf65a0f31c843412daa77
https://www.murata.com/products/productdata/8802803744798/CR2032X-DATASHEET.pdf?1577455212000
https://www.murata.com/products/productdata/8802803744798/CR2032X-DATASHEET.pdf?1577455212000
https://www.murata.com/zh-cn/products/productdetail?cate=cgsubMicroBatteries&partno=CR2032R
https://www.murata.com/zh-cn/products/productdetail?cate=cgsubMicroBatteries&partno=CR2032R
https://doi.org/10.3390/ma12233892
https://www.ncbi.nlm.nih.gov/pubmed/31775348
https://doi.org/10.1039/C5TA03471J
https://www.toray-research.co.jp/service/trcnews/pdf/201806-01.pdf
https://www.toray-research.co.jp/service/trcnews/pdf/201806-01.pdf
https://doi.org/10.1038/s42004-019-0245-x
https://doi.org/10.1002/aenm.201800933



https://www.youtube.com/watch?v=u9_6uFBhxrc
https://www.toray-research.co.jp/cn/technicaldata/pdf/TechData_P01825E.pdf
https://www.toray-research.co.jp/cn/technicaldata/pdf/TechData_P01825E.pdf
https://business.nikkei.com/atcl/seminar/19/00113/00005/?SS=imgview&FD=-1039926986
https://business.nikkei.com/atcl/seminar/19/00113/00005/?SS=imgview&FD=-1039926986
https://doi.org/10.1016/j.jpowsour.2018.02.062
https://www.mcanac.co.jp/db/technical-note/tec-9027.php
https://www.mcanac.co.jp/db/technical-note/tec-9027.php
https://monoist.atmarkit.co.jp/mn/articles/1910/15/news048.html
https://monoist.atmarkit.co.jp/mn/articles/1910/15/news048.html
https://docplayer.net/76394731-Advanced-power-solutions-for-wearable-technology-and-internet-of-everything-sensors-webinar-cymbet-corporation-all-rights-reserved.html
https://docplayer.net/76394731-Advanced-power-solutions-for-wearable-technology-and-internet-of-everything-sensors-webinar-cymbet-corporation-all-rights-reserved.html
https://docplayer.net/76394731-Advanced-power-solutions-for-wearable-technology-and-internet-of-everything-sensors-webinar-cymbet-corporation-all-rights-reserved.html
https://www.cymbet.com/wp-content/uploads/2019/02/DS-72-41-v6.pdf
https://www.cymbet.com/wp-content/uploads/2019/02/DS-72-41-v6.pdf
https://www.cymbet.com/wp-content/uploads/2019/02/PI-72-04.pdf
https://www.cymbet.com/wp-content/uploads/2019/02/PI-72-04.pdf
https://media.digikey.com/pdf/Data%20Sheets/Infinite%20Power%20Solutions%20PDFs/MEC202.pdf
https://media.digikey.com/pdf/Data%20Sheets/Infinite%20Power%20Solutions%20PDFs/MEC202.pdf
https://datasheet.octopart.com/MEC201-10S-Infinite-Power-Solutions-datasheet-17049067.pdf
https://datasheet.octopart.com/MEC201-10S-Infinite-Power-Solutions-datasheet-17049067.pdf
https://studylib.net/doc/18415438/infinite-power-solutions
https://www.e-microtec.co.jp/en/search_en/mlcc_en.html
https://www.e-microtec.co.jp/en/search_en/mlcc_en.html
https://www.youtube.com/watch?v=gFEYuaY35Vo
https://www.youtube.com/watch?v=gFEYuaY35Vo
https://wenku.baidu.com/view/f917455be45c3b3567ec8b8f.html?_wkts_=1716389557071&needWelcomeRecommand=1
https://wenku.baidu.com/view/f917455be45c3b3567ec8b8f.html?_wkts_=1716389557071&needWelcomeRecommand=1



https://doi.org/10.1002/aenm.201000002
https://www.nipslab.org/wp-content/uploads/2019/09/NiPS-SS2019-Raphael-Salot.pdf
https://www.nipslab.org/wp-content/uploads/2019/09/NiPS-SS2019-Raphael-Salot.pdf
https://doi.org/10.1088/1755-1315/218/1/012138
https://www.mddionline.com/digital-health/batteries-are-charging-forward-support-medtech-miniaturization-connectivity
https://www.mddionline.com/digital-health/batteries-are-charging-forward-support-medtech-miniaturization-connectivity
https://doi.org/10.1016/j.nanoen.2017.01.028
https://textream-cimg.west.edge.storage-yahoo.jp/cd/ae/1007004-ffcna9ba4aa5/532/188c3ad551fe5c44b6546c3db471019f.jpg
https://textream-cimg.west.edge.storage-yahoo.jp/cd/ae/1007004-ffcna9ba4aa5/532/188c3ad551fe5c44b6546c3db471019f.jpg
https://www.notebookcheck.net/Jenax-promotes-the-benefits-of-their-flexible-battery-to-the-medical-Wearable-industry.387881.0.html
https://www.notebookcheck.net/Jenax-promotes-the-benefits-of-their-flexible-battery-to-the-medical-Wearable-industry.387881.0.html
https://jenaxinc.com/products/batteries/
https://jenaxinc.com/products/batteries/
https://lionrockbatteries.com/product/
https://lionrockbatteries.com/product/



https://sgforum.impress.co.jp/article/4323?page=0,4
https://doi.org/10.1149/2.0421701jes
https://doi.org/10.1016/j.jpowsour.2015.10.031
https://www.yuden.co.jp/cms/wp-content/uploads/2019/12/Develops-All-Solid-State-Lithium-Ion-Secondary-Batteries_HP.pdf
https://www.yuden.co.jp/cms/wp-content/uploads/2019/12/Develops-All-Solid-State-Lithium-Ion-Secondary-Batteries_HP.pdf
http://www.fdk.com/whatsnew-e/release20190509-e.html
http://www.fdk.com/whatsnew-e/release20190509-e.html
https://www.marklines.com/statics/exhibitions/img/sew2018/images/fdk_DSC00908.jpg
https://www.marklines.com/statics/exhibitions/img/sew2018/images/fdk_DSC00908.jpg
https://www.murata.com/-/media/webrenewal/campaign/events/japan/ceatec/9bey5lkh/ceatec-dl2020au/ce17-batteries-solid-state.ashx?la=ja-JP&cvid=20201013054941000000
https://www.murata.com/-/media/webrenewal/campaign/events/japan/ceatec/9bey5lkh/ceatec-dl2020au/ce17-batteries-solid-state.ashx?la=ja-JP&cvid=20201013054941000000
https://www.murata.com/-/media/webrenewal/campaign/events/japan/ceatec/9bey5lkh/ceatec-dl2020au/ce17-batteries-solid-state.ashx?la=ja-JP&cvid=20201013054941000000
https://www.tdk-electronics.tdk.com/download/2657250/f1238f6244d4ddc9986bfc289b24a2ab/u-spec-tdk-ceracharge-b73xxxa.pdf
https://www.tdk-electronics.tdk.com/download/2657250/f1238f6244d4ddc9986bfc289b24a2ab/u-spec-tdk-ceracharge-b73xxxa.pdf
https://www.tdk-electronics.tdk.com/download/2657250/f1238f6244d4ddc9986bfc289b24a2ab/u-spec-tdk-ceracharge-b73xxxa.pdf
https://www.tdk-electronics.tdk.com/en/2471330/tech-library/articles/applications---cases---video/rechargeable-solid-state-smd-battery-for-iot-applications/2431020
https://www.tdk-electronics.tdk.com/en/2471330/tech-library/articles/applications---cases---video/rechargeable-solid-state-smd-battery-for-iot-applications/2431020
https://biz.maxell.com/en/rechargeable_batteries/allsolidstate.html
https://www2.maxell.co.jp/csr/pdf/CR20e_segment-energy.pdf
https://www2.maxell.co.jp/csr/pdf/CR20e_segment-energy.pdf
https://www.directorstalk.net/ilika-plc-increased-energy-density-of-stereax-m250/
https://www.directorstalk.net/ilika-plc-increased-energy-density-of-stereax-m250/
https://www.ilika.com/images/uploads/general/Stereax_M250_Spec_Sheet_V1.01.pdf
https://www.ilika.com/images/uploads/general/Stereax_M250_Spec_Sheet_V1.01.pdf



https://www.printedelectronicsworld.com/articles/1219/ultrathin-lithium-rechargeable-battery
https://www.printedelectronicsworld.com/articles/1219/ultrathin-lithium-rechargeable-battery
https://nl.mouser.com/datasheet/2/389/en.DM00408165-1148630.pdf
https://nl.mouser.com/datasheet/2/389/en.DM00408165-1148630.pdf
https://amanda-project.eu/documents/public-deliverables/send/6-public-deliverables/7-amanda-d1-1
https://amanda-project.eu/documents/public-deliverables/send/6-public-deliverables/7-amanda-d1-1
https://www.ilika.com/images/uploads/downloads/STEREAX-P180-SPECIFICATION-V3-6.pdf
https://www.ilika.com/images/uploads/downloads/STEREAX-P180-SPECIFICATION-V3-6.pdf
https://lygte-info.dk/review/batteries2012/LG%2018650%20E1%203200mAh%20(Green)%20UK.html
https://lygte-info.dk/review/batteries2012/LG%2018650%20E1%203200mAh%20(Green)%20UK.html
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83
http://queenbattery.com.cn/index.php?controller=attachment&id_attachment=83
http://www.sohu.com/a/255303019_740349
https://ru.ifixit.com/News/33016/iphone-11-teardown
https://ru.ifixit.com/News/33016/iphone-11-teardown
https://telefon-service.ru/part/gh82-18827a/
https://telefon-service.ru/part/gh82-18827a/
https://www.aliexpress.com/item/33004882016.html
https://www.aliexpress.com/item/33004882016.html
https://droneshopperth.com.au/wp-content/uploads/2017/01/ATL-TB50-4280mAh-22.8V-International-MSDS-report.pdf
https://droneshopperth.com.au/wp-content/uploads/2017/01/ATL-TB50-4280mAh-22.8V-International-MSDS-report.pdf
https://droneshopperth.com.au/wp-content/uploads/2017/01/ATL-TB50-4280mAh-22.8V-International-MSDS-report.pdf
https://www.heliguy.com/blogs/posts/inspire-2-batteries-part-1-of-our-in-depth-series/?srsltid=AfmBOopxQxhA5s8h-BEJv7vPyJvmexV-xDKOdh3xQ9igocuRy40agjTI
https://www.heliguy.com/blogs/posts/inspire-2-batteries-part-1-of-our-in-depth-series/?srsltid=AfmBOopxQxhA5s8h-BEJv7vPyJvmexV-xDKOdh3xQ9igocuRy40agjTI
https://droneshopperth.com.au/wp-content/uploads/2017/01/P4P-high-capacity-battery.pdf
https://droneshopperth.com.au/wp-content/uploads/2017/01/P4P-high-capacity-battery.pdf



https://moodle.utc.fr/pluginfile.php/202328/mod_resource/content/1/2019_Kokam_Cell_ver_4.1-compressed.pdf
https://moodle.utc.fr/pluginfile.php/202328/mod_resource/content/1/2019_Kokam_Cell_ver_4.1-compressed.pdf
https://www.nedo.go.jp/content/100873514.pdf
https://www.nedo.go.jp/content/100873514.pdf
https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://www.engadget.com/2016/12/09/inside-the-factory-building-gm-s-game-changing-bolt-ev/?guccounter=1#
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/
https://electricrevs.com/2018/03/09/jaguar-and-chevy-have-lg-in-common/
https://gosavetime.com/specifications-of-the-samsung-sdi-120-ah-battery-cell-for-electric-vehicles/
https://gosavetime.com/specifications-of-the-samsung-sdi-120-ah-battery-cell-for-electric-vehicles/





















https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/040102773/
https://tech.nikkeibp.co.jp/dm/atclen/news_en/15mk/040102774/
https://xtech.nikkei.com/atcl/nxt/news/18/09822/
https://xtech.nikkei.com/atcl/nxt/news/18/09822/
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
https://www.master-instruments.com.au/file/64178/1/Molicel-IHR18650C.pdf
https://buster-spb.ru/files//SAFT//MP//mp176065xcen.pdf
https://buster-spb.ru/files//SAFT//MP//mp176065xcen.pdf
http://www.sohu.com/a/255303019_740349
https://lygte-info.dk/review/batteries2012/Sanyo%20NCR18650GA%203500mAh%20(Red)%20UK.html
https://lygte-info.dk/review/batteries2012/Sanyo%20NCR18650GA%203500mAh%20(Red)%20UK.html
https://doi.org/10.1016/j.est.2022.104747
https://www.facebook.com/ecoluxshop/photos/pcb.892652754215166/892652690881839/?type=3&theater
https://www.facebook.com/ecoluxshop/photos/pcb.892652754215166/892652690881839/?type=3&theater
https://saft.com/products-solutions/products/
https://saft.com/products-solutions/products/



https://www.kupifonar.kz/upload/manuals/batteries/sony-us18650vtc6-techinfo.pdf
https://www.kupifonar.kz/upload/manuals/batteries/sony-us18650vtc6-techinfo.pdf
https://www.powerstream.com/p/INR18650-25R-datasheet.pdf
https://www.dnkpower.com/wp-content/uploads/2022/11/LGINR18650-HB2.pdf
https://www.dnkpower.com/wp-content/uploads/2022/11/LGINR18650-HB2.pdf
http://www.batteryspace.com/prod-specs/6612.pdf
http://www.batteryspace.com/prod-specs/6612.pdf
https://www.shoptronica.com/files/Panasonic-NCR18650.pdf
https://www.shoptronica.com/files/Panasonic-NCR18650.pdf
https://doi.org/10.4271/2012-01-0664
http://www.scib.jp/en/product/module.htm
http://www.scib.jp/en/product/module.htm
https://apps.dtic.mil/sti/tr/pdf/ADA494956.pdf
https://apps.dtic.mil/sti/tr/pdf/ADA494956.pdf



https://doi.org/10.1109/TDEI.2013.6571415
http://www.who-sells-it.com/cy/saft-batteries-3792/li-ion-energy-storage-systems-18811.html
http://www.who-sells-it.com/cy/saft-batteries-3792/li-ion-energy-storage-systems-18811.html
http://wenku.baidu.com/view/ec72b73b3968011ca3009148.html
http://wenku.baidu.com/view/ec72b73b3968011ca3009148.html













































http://creativecommons.org/licenses/by/4.0/.













	List of Figures and Tables
	Abbreviations
	About the Authors
	Preface
	Acknowledgements
	Introduction
	Highlights 
	Search Methodology 
	What Information Can Be Found in the Book? 
	How to Use This Book 
	Who Might Benefit from This Book? 

	Materials for Lithium-Ion Cells 
	Cathode-Active Materials 
	Anode-Active Materials 
	Conductive Additives 
	Current Collectors 
	Binders and Thickeners 
	Separators 
	Electrolytes 
	Conclusions 
	References

	Lithium-Ion Cells with High Specific Energy
	Lithium-Ion Cells in Prismatic Cases 
	Lithium-Ion Cells in Cylindrical Cases 
	Methods for Increasing Lithium-Ion Cells’ Specific Energy 
	Advanced Designs of Lithium-Ion Cells with High Specific Energy 
	Rechargeable Cells with Lithium Anodes 
	Solid-State Lithium-Ion Cells with Inorganic Electrolyte and Non-Lithium Anode 
	Conclusions 
	References

	Advanced High-Power Lithium-Ion Cells for Electric Hand Tools
	Discharge Current Effect on LIC Functional Characteristics 
	Discharge Temperature Effect on LIC Functional Characteristics 
	Conclusions 
	References

	Lithium-Ion Cells and Batteries for Hybrid Electric Passenger Vehicles
	Low-Voltage Lithium-Ion Batteries 
	High-Voltage Lithium-Ion Batteries 
	Lithium-Ion Batteries for Light Hybrid and Electric Vehicle Applications 
	Influence of Temperature on the Functional Characteristics of LICs 
	Influence of Operating Conditions on the Life Cycle of LICs 
	Electrochemical LIC Unit 
	Technical and Design Parameters Affecting LICs’ Power 
	Improving LIC Safety 

	Conclusions 
	References

	Lithium-Ion Electric Energy Storage for Stationary Applications
	High-Power Electric Energy Storage 
	Uninterruptible Power Supplies 
	Modules and Lithium-Ion Cells 
	Conclusions 
	References

	Miniature Lithium-Ion Cells for the Internet of Things, Wearable Devices, and Medical Applications
	Lithium-Ion Cells Filled with Liquid and Gel Electrolytes 
	Miniature Solid-State Lithium-Ion Cells (mSSLICs) 
	Comparing Energy and Power for Miniature LICs 
	Conclusions 
	References

	Conclusions
	References

	Appendix A. Lithium-Ion Cells Mentioned in Figures and Tables 
	Blank Page

