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ABSTRACT

Lithium-ion batteries are the state-of-the-art electrochemical energy storage technology for mobile electronic
devices and electric vehicles. Accordingly, they have attracted a continuously increasing interest in academia and
industry, which has led to a steady improvement in energy and power density, while the costs have decreased at
even faster pace. Important questions, though, are, to which extent and how (fast) the performance can be
further improved, and how the envisioned goal of truly sustainable energy storage can be realized.
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Herein, we combine a comprehensive review of important findings and developments in this field that have
enabled their tremendous success with an overview of very recent trends concerning the active materials for the
negative and positive electrode as well as the electrolyte. Moreover, we critically discuss current and anticipated
electrode fabrication processes, as well as an essential prerequisite for “greener” batteries — the recycling. In each
of these chapters, we eventually summarize important remaining challenges and propose potential directions for
further improvement. Finally, we conclude this article with a brief summary of the performance metrics of
commercial lithium-ion cells and a few thoughts towards the future development of this technology including
several key performance indicators for the mid-term to long-term future.

1. Introduction

Efficient energy storage is considered key for the successful and
entire transition to renewable energy sources and electrochemical en-
ergy storage technologies are and will be playing an important role for
achieving this desirable goal — especially for mobile devices and the
transportation sector, but also stationary storage [1-6]. While generally
all applications call for high energy and power density, low cost, safety,
and ideally high sustainability, the relative importance of these char-
acteristics varies significantly depending on the specific needs [6]. A
rather small battery to power, e.g., a mobile phone does not necessarily
need to be very cheap, as the corresponding costs add little to the overall
cost of such a device, but in the case of electric vehicles, for instance, the
much larger size of the battery renders cost an important factor. None-
theless, lithium-ion batteries are nowadays the technology of choice for
essentially every application — despite the extensive research efforts
invested on and potential advantages of other technologies, such as
sodium-ion batteries [7-9] or redox-flow batteries [10,11], for partic-
ular applications. This great success is based on their very high energy
and power density, long cycle life, relatively high safety, and the
continuously decreasing cost [12-17]. In fact, part of this success story is
also that the term “lithium-ion battery” (just like for other battery
technologies as well) is not defining specific battery cell components,
but rather referring to the general charge storage mechanism, involving
lithium ions that are shuttling back and forth between the negative and
positive electrode, which are serving as host matrices for these cations
(see Fig. 1 for a schematic illustration involving state-of-the-art cell
components). Accordingly, the choice of the electrochemically active
and inactive materials eventually determines the performance metrics
and general properties of the cell, rendering lithium-ion batteries a very
versatile technology. While electrochemically inactive components,
such as the current collector [18], binder [19-21], separator [22-24], or
the conductive additives, ensuring sufficient electronic wiring within
the electrode [25-27], are of great importance as well in this regard, we
will focus herein on the critical discussion of a selected set of electrode
active materials (Chapter 2/3) and electrolytes (Chapter 4) — specifically
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Fig. 1. Schematic illustration of the state-of-the-art lithium-ion battery chem-
istry with a composite of graphite and SiO, as active material for the negative
electrode (note that SiO, is not present in all commercial cells), a (layered)
lithium transition metal oxide (LiTMO4; TM  Ni, Mn, Co, and potentially other
metals) as active material for the positive electrode, and a liquid electrolyte
based on organic carbonates as solvents and LiPFg as conducting salt; the
electrolyte commonly comprises moreover a set of additives and potentially
also additional solvents and lithium salts.

those which are already used in commercial cells or are anticipated to be
employed in near future. Moreover, we highlight the impact of the
electrode coating process (Chapter 5) and, in light of the continuously
increasing importance of sustainability, we will discuss the available and
foreseen recycling technologies (Chapter 6), before summarizing the
present and anticipated performance metrics (Chapter 7), and finally
concluding this perspective article (Chapter 8).

2. Electrode active materials - the negative electrode
2.1. Intercalation/insertion-type materials — graphite and Li4Ti5O;2

2.1.1. Graphite — the industrially dominating anode material”

The breakthrough of the lithium-ion battery technology was trig-
gered by the substitution of lithium metal as an anode active material by
carbonaceous compounds, nowadays mostly graphite [29]. Several
comprehensive reviews partly or entirely focusing on graphite are
available [28,30-34]. The theoretical specific capacity” of graphite is
372mAh g ! when LiCq is formed. The intercalation of lithium proceeds
via the prismatic surfaces between 0.25 V and 0 V vs. LiT/Li (almost 3V
vs. the normal hydrogen electrode, NHE) and increases the interlayer
distance by ca. 10% [35]. At the basal planes, the intercalation can only
occur at defect sites [36]. The potential plateaus, observed during
intercalation, correspond to two-phase regions of co-existing single
phases [37], where there is no driving force for equilibration, and
therefore inhomogeneities in local concentration of lithium stay stable,
both at the electrode and graphite particle level. Only a few classes of
aprotic electrolytes kinetically stabilize (i.e., passivate) the graphite
surface, covering it with electrolyte reduction products [38-40] (see
also Chapter 4). The passivation film (commonly referred to as solid
electrolyte interphase, SEI) kinetically protects the electrolyte from
further reduction [38,41]. Good SEI films are electronically insulating
and should act as a “sieve”, permeable only for Li" cations, but imper-
meable to other electrolyte components [42]. The composition and
morphology of SEI layers depends on the kind of the electrolyte and in
particular the lithium salt [43-46]. Electrochemical parameters, like the
current density during the first reduction (“formation”) and the tem-
perature during the formation, influence the SEI quality. The SEI films
are typically non-homogeneous and composed of (at least) two inter-
penetrating components [32,47]. At the surface of the electrode, there is
a rather thin and more compact film of mostly inorganic decomposition
products. Further towards the electrolyte, there is a thicker, possibly
porous, and electrolyte-permeable film of organic decomposition prod-
ucts. The SEI films are typically rough; their average thickness increases
from about 0.02 pm for freshly formed SEI up to about 0.1 pm for films
on strongly aged electrodes [48-50]. In some electrolytes, the SEI films
are partially soluble. The protective SEI films can be damaged, when
there is, e.g., an excursion of the potential to >1.5V vs. Li*/Li. In a given

1 Parts of the text are from the review chapter of Novak et al. cited herein as
reference [28].

2 The correct term according to the IUPAC nomenclature is “specific charge”.
However, the term most often used in current technical documents is “specific
capacity” which is therefore used throughout this manuscript as well.



electrolyte solution, there is a similarity in the mechanism of SEI for-
mation on carbon and metallic lithium [42,51-55]. As received,
carbonaceous materials are covered by surface oxide groups [56],
influencing the reactivity towards the electrolyte. There is a competition
among many parallel and follow-up reduction reactions of surface
groups, electrolyte salts, electrolyte solvents, electrolyte additives (if
present), and impurities. The reaction products, precipitating on the
surface of the electrode, introduce additional effects, governed by un-
known parameters, which are difficult to identify and measure such as
the local ohmic resistance. The diffusion and migration rates of
numerous species in the electrolyte, the SEI layer, and the electrode
must be considered as well [57]. Finally, it must be considered that the
reactions of some electrolyte additives (e.g., vinylene carbonate, VC) are
initiated electrochemically, but then the reaction proceeds chemically, i.
e., without significant charge consumption, and the reaction products
are forming layers on the electrode surface [58]. The SEI typically
contains LiF, Li3O, Li;COs, organic semicarbonates, oligomers, and
polymers [43]. The reduction of the solvents forms also gases (ethylene,
propylene, hydrogen, CO», etc.). Occasionally, the reduction of traces of
water, oxygen, and/or solvents used during the manufacturing of the
electrodes must be considered [59]. Typically, 20 to 40 full charge/di-
scharge cycles are needed to complete the formation of the SEI layer
[60]. The SEI formation is a strictly surface-related process. There is a
linear dependence of the irreversible charge consumption on the BET
specific surface area (SSA) of graphite [49,61] and a similar dependence
on the double-layer capacity of graphite electrodes [61]. Thus, from the
SSA of a particular graphite type, the irreversible charge consumption in
a lithium-ion cell can be directly estimated. Additionally, there is a small
irreversible charge due to the reduction of the binder [62] and due to
impurities in the electrolyte. In some electrolytes, the graphite structure
exfoliates, which can be suppressed if ethylene carbonate is used as a
major electrolyte component [63-68] and/or by the use of suitable
electrolyte additives such as VC [68-71]. The chemistry of the surface
groups and the extent of surface defects are then important for a good
SEI formation, both parameters being related [72]. The cumulated sur-
face area of these defects corresponds to the “active surface area” (ASA),
an intrinsic characteristic of carbons [73-75]. The elimination of surface
defects hinders the SEI formation and favours the exfoliation of graphite.

The increase in ASA results in faster electrolyte decomposition and
subsequent graphite surface passivation [76]. The distribution of the
local electric potential inside the porous electrode [77,78] and, as a
consequence, the distribution of the local current densities at every
single graphite particle is also important [79]. There is a rather revers-
ible expansion/contraction of graphite, leading to pronounced me-
chanical fatigue of carbon electrodes upon prolonged cycling [80-85].
Moreover, the SEI periodically swells and shrinks [86]. The carbon
particles can therefore break-up and create new surface as well as cracks
in the SEI layer. Thus, a new SEI layer is formed on continuously-created
“defect” areas, a process consuming both lithium and charge. Therefore,
during the lifetime of the cell, the average thickness of the SEI increases
(the consequence of which is cell capacity fading), accompanied by an
increase of the interfacial resistance (the consequence of which is power
fading).

Finally, carbonaceous conductivity enhancers [87], used in small
amounts (below 1-2%) to control the electronic and thermal conduc-
tivity in most of the commercial carbon negative electrodes, must be
mentioned. In contrast to carbon black, graphite additives in the nega-
tive electrode have a double function — they act as conductivity en-
hancers and at the same time as electrochemically active electrode
materials.

2.1.2. LiyTisOj2 - the safer alternative for high-power batteries

Despite the reliable and well-acquainted performance of graphite,
the expanding field of rechargeable battery applications reveals short-
comings of carbon-based anodes. The first and foremost being the
question of lithium plating, caused by a thermodynamic potential shift

at low temperatures, due to the low working potential of graphite (ca.
0.1 V vs. Li*/Li) and overpotentials at high currents [88], due to the
nowadays required ever-higher charging speeds [89]. The plating of
metallic lithium is a safety issue and, therefore, the use of an electro-
chemical redox couple with a lithiation potential higher than the one of
graphite [90], is of definite interest.

Titanium oxides and, especially, lithium titanate (Li4TisO12, LTO)
have substantially higher working potentials — in case of LTO it is ca.
1.55 V vs. Li*/Li - for the Ti®*/Ti** redox couple, and are appealing
alternatives to overcome the safety issues [91]. However, the improved
safety comes with significantly lower energy density due to its halved
specific capacity of 175 mAh g !, as compared to graphite, and the
reduced voltage window of the battery cell by ~1.5 V. Nonetheless, LTO
offers several advantageous characteristics in addition to the improved
safety. It is a “zero strain” Li™ host [92], as its unit cell volume changes
only by 0.2% upon lithiation and de-lithiation. Therefore, it is an
inherently structurally stable material with excellently reversible Li*
de-/insertion [93-95]. It also features an extremely flat potential
plateau on both charge and discharge, characteristic for a two-phase
reaction mechanism [96]. LTO, having a 3D structure, is expected to
have excellent rate performance. However, it is characterized by a rather
low intrinsic electronic conductivity (<10 s em Y and low Lit
diffusion coefficient, and therefore performs poorly at high rates [97,
98]. Large part of the research work over the years was dedicated to an
improvement of the electronic conductivity as a main cause for poor rate
capability. Doping with various atoms [99,100], nanosizing [94,95],
nanostructuring [101,102], and applying various coatings [97,101,103,
104] have been the main strategies at hand. The synthetic routes,
incorporating aforementioned conductivity-improving strategies, led to
LTO materials capable of extremely high rates and unprecedented
cycling stability, making LTO highly relevant for the mass production of
batteries. At the same time, the research on LTO has been marked by
on-going discussion about its surface reactivity towards the electrolyte
and the question whether an SEI is formed on the LTO surface, since its
working potential is well within the electrochemical stability window of
common liquid electrolytes. As it is well-known, the SEI formation is
accompanied by gas formation, and in case of graphite, electrolyte
decomposition products form a protective layer, ceasing further elec-
trolyte decomposition. However, it has been recently shown that in the
first cycle between 2.6 V and 1.7 V vs. Li'/Li water is reduced and the
thus formed hydroxide ions initiate the autocatalytic hydrolysis of EC,
even at very low water contents of <10 ppm [105]. In the case of LTO,
the reactivity and gassing during cycling have also been attributed to
water residues in the electrolyte and electrode [106] and to a significant
exaggeration of electrolyte decomposition at elevated temperatures,
while in dry electrolytes at room temperature the gassing has been
minimal [107]. Keeping in mind that the water-initiated electrolyte
decomposition is happening at potentials above the de-/lithiation po-
tential of LTO, an SEI caused by electrolyte decomposition can be
formed, indeed. The main gaseous species evolved are Hy, CoHy4, and
CO», all of which are characteristic to solvent reduction and SEI for-
mation. In fact, the formation of an SEI on LTO has been demonstrated
[98], but the question remained whether it is formed on LTO or other
electrode components, such as the conductive additive. This has been
clarified recently by using X-ray photoemission electron microscopy
(XPEEM), characterized by high lateral resolution down to the nano-
meter scale and high surface sensitivity. The XPEEM analysis showed
that electrolyte decomposition is specifically detected on LTO particles
and the carbon black conductive additive remains SEI-free [108]. The
combination of these operando and post mortem studies have confirmed
the LTO surface reactivity towards the electrolyte, especially at elevated
temperatures, suggesting that the SEI formed is less stable on LTO than
on graphite and that, due to its solubility at elevated temperatures,
electrolyte decomposition can proceed even after the formation of the
initial SEL



2.1.3. Perspectives for graphite and Li4TisO12

Both graphite and LTO are nowadays established commercial ma-
terials. Graphite anodes are the industrial standard for lithium-ion bat-
teries, and it is anticipated that only minor improvements can be
expected in the future. Similar fate awaits LTO anodes, as they occupy a
niche market, where extreme safety is of utmost importance, such as
medical devices and public transportation. The use of LTO-comprising
batteries might increase with the development of electrolytes which
are stable at high voltages, thus allowing for the use of high-voltage
cathodes, as in such case energy densities, competitive to the current
graphite-based batteries might be reached — with the valuable add-on of
avoiding lithium plating. While the successful realization of solid-state
electrolytes might bring comparable safety features, LTO will presum-
ably remain to be the anode material of choice for highly safe lithium-
ion batteries — at least in a short-to mid-term perspective. Similarly,
graphite is anticipated to remain the anode material of choice for
commercial lithium-ion batteries. Despite only minor improvements
possible for pure graphite negative electrodes in the future, the next step
involves pairing graphite with high-capacity active materials with a
similar de-/lithiation potential, such as silicon, tin, or phosphorous.

With regard to the use of graphite as conductive additive, which is
also needed for LTO electrodes, the future will presumably be nano-
structured carbons, such as graphene, carbon nanotubes and carbon
nanofibers, which promise an improved thermal and electronic con-
ductivity, especially when high power will be the decisive factor.

2.2. Alloying-type materials — silicon and silicon oxide (SiOy

2.2.1. Recent development and achievements

Alloying-type anodes generally offer much higher specific capacities
than carbonaceous anodes. Among the elements, metals and metalloids
electrochemically forming alloys with lithium silicon is the most
promising towards real applications thanks to the highest gravimetric®
and volumetric capacity [109]. For this reason, Si anodes have been
widely studied and reviewed, see for instance Ref. [110-121] and the
references therein. Si is a very promising candidate to replace graphite
for the following reasons: (1) It is abundant, eco-friendly, and non-toxic,
(2) it offers extremely high gravimetric and volumetric capacities (3579
mAh g !and 2194 mAh cm 3, respectively, at room temperature (RT)),
and (3) it displays an appropriate average voltage of ca. 0.4 V vs. Li*/Li.
However, Sisuffers from poor cyclability due to the large volume change
(280% during full-capacity cycling at RT), leading to subsequent me-
chanical and chemical degradation. Mechanical degradation occurs as
pulverization of silicon particles, loss of electronic contact between the
Si particles and the electrode conductive network, and delamination
from the current collector. Chemical degradation takes place along with
the irreversible consumption of the electrolyte and active lithium due to
the continuous growth of an unstable SEI, which lowers the coulombic
efficiency (CE). Research on RT Si anodes started in the mid-90’s with
the basic understanding of Li reaction mechanism and the study of Si
thin films, Si-metal alloys, and Si/C composites. To tackle the volume
change issue and increase cycle life, various nano-sizing strategies were
first developed leading to Si OD nanoparticles, 1D nanowires, nanotubes,
nanofibers, nanorods, and 2D thin films and nanosheets. A new step
forward was achieved with coupling void-engineering, and metal or
carbon composite strategies, that led to various 3D nanoporous struc-
tures (e.g., yolk-shell [122], pomegranate [123], hollow silicon [124],
watermelon [125], raspberry [126]) with high capacity - commonly
more than twice that of graphite was retained for more than 100 cycles
in half-cells. A large surface area, however, results in decreased CEs (due
to the increased SEI formation) and the low tap density lowers the
volumetric energy density. Thus, recent developments focused towards

3"Note that the terms “gravimetric” and “specific” are equally used herein —
both referring to the mass (i.e., kg~ 1) rather than the volume (i.e., L™ 1).

microscale materials assembled from nanostructured subunits. The
co-utilization of graphite and Si (or SiO,) in blends and composites
provides the best volumetric performance while retaining good cycla-
bility. SiO, materials consist of Si and SiO2 nano-domains and silicon
sub-oxides at their interfaces [127]. The presence of oxygen allows a
trade-off between volume expansion and initial CE (ICE) [128]. The
good cyclability is attributed to silicate which prevents the Si domains
from sintering [129]. Moreover, SiO, does not undergo a phase transi-
tion to a c-Li;sSig-like structure [129,130]. Nevertheless, the low ICE
limits the use of SiO, to about 5 wt% in combination with graphite.
Rather than simply blending graphite with silicon, constructing
micrometer-sized hierarchical structures of silicon/graphite/carbon
(Si/G/C) composites is a more efficient way of tailoring the morphology,
surface and robustness [30] — also with respect to the overall electronic
conductivity within the electrode.

Together with the work on the active material itself, great progress
has been achieved also for another highly important electrode compo-
nent for maintaining the structural integrity — the binder.

As a matter of fact, the binder is essential to contain the volume
expansion of the electrode, maintain the contact with the current col-
lector, and minimize the degradation of the liquid electrolyte by forming
a protective “artificial” SEI layer, see for instance Refs. [19,20,131-133]
and references therein. Numerous studies have established the key
characteristics of their chemical composition, such as the presence of
functional groups capable of interacting specifically with the silicon
surface, and of their molecular structure. In this regard,
three-dimensional branched polymers seem to be superior to linear
polymers and physical crosslinking via labile bonds such as hydrogen
and ionic bonds, which would confer self-healing properties, seems to be
superior to chemical crosslinking. Some promising results were obtained
on multifunctional conductive polymers. Besides these developments, a
lot of research has been conducted in order to better understand the SEI
formation, morphology, and composition on Si with the aim of designing
a stable and robust surface film. The SEI is a thin film with a complex and
heterogeneous sub-structure with an inner layer that is commonly more
inorganic and a relatively soft and more electrical resistive organic outer
layer. The Si native oxide layer influences the reactivity with the elec-
trolyte. Fluoroethylene carbonate (FEC) and CO2 are very efficient
SEl-forming electrolyte additives for Si and/or Si-based composite an-
odes. However, both additives are consumed upon cycling and their
complete consumption coincides with a significant Li trapping. Iso-
cyanates nitrogen containing additives, apart from serving as
SEI-building precursors, can also scavenge HpO and HF impurities from
the electrolyte solution, thus, minimizing their deleterious effect in the
battery system. Ionic (salt-type) and silane additives offer the opportu-
nity to modify the conductivity and mechanical properties of the SEI
[134]. Prelithiation is often proposed to solve the issue of the too low
ICE [135,136]. This strategy is also a way to introduce a lithium reser-
voir into the anode and achieve very long cyclability [137].

As a result, the technological improvement and enhanced under-
standing have led to the first commercially available Si-based anodes in
2015 with 730 Wh L ! (e.g., the INR18650-MJ1 from LG Chem [138] or
the NCR18650BF & G from Panasonic [139]), compared to 690 Wh L !
for pure graphite anodes, with material suppliers such as Hitachi,
Shin-Etsu, or BTR.

2.2.2. Remaining challenges and future research directions

Over the last 20 years several inherent issues encountered by Si an-
odes have been tackled. Innovative advances on the material design
have been fruitfully pursued with substantial efforts at the electrode
design & processing level to increase the proportion of active silicon in
the cell. However, most studies use low areal Si loadings (<1 mg cm 2
and/or low electrode densities (<0.5 g cm 3), resulting in a lower
volumetric energy density than obtained for graphite. Additionally,
most lab-scale processing protocols are difficult to scale-up. In fact, for
thick and dense electrodes, the lithium-ion transport is limited, while



mechanical damages such as cracking and delamination of the active
material from the current collector are more pronounced [114].
Calendering, commonly used to increase the electrode density and
volumetric capacity, unfortunately destroys some porous/hollow Si/C
composites due to their poor mechanical strength and/or breaks the
binder network [140]. Furthermore, the synthesis of complex
porous/hollow structures requires expensive multi-step processes that
hinder further development. Last but not least, many Si anode studies
still lack from evaluation in full-cells.

Globally, for the optimization of the volumetric energy density, the
initial electrode density and thickness and their control upon cycling are
important factors to be addressed [114]. It is still poorly understood,
how stress develops in the porous structure during cycling and how
materials, electrodes, cells, and ultimately the whole battery pack can be
rationally designed to mitigate the effects of the volume changes
occurring [141]. Obrovac [113] concludes that it is of utmost impor-
tance to minimize or eliminate the volume expansion to limit any stress
in the cell and to stick tothe use of thin separators and current collectors,
and to keep the ratio of inactive components low. Indeed, to maintain
high safety the separator should not experience any significant stress
and any swelling should be accommodated at the electrode level. The
initial electrode and active material porosity needs to be adjusted to
allow for an acceptable electrode deformation during charging [142].
Accordingly, we propose to discuss the total volumetric capacity Q,, s as
follows:

Qv.mt = Qspc X Wapm X Py X AL x ICE

Qspe is the specific capacity, way is the active material (AM) weight
ratio, pqy is the initial anode density, and AL is the swelling at 100% SOC
(i.e., in the fully lithiated state for the anode). Practically, for typical
graphite in commercial cells, we have calculated a total volumetric ca-
pacity of 550 Ah L 1 (360 x 0.98 x 1.65 x 1.095 x 0.94). A continuous
improvement is observed at the anode level (in Ah L 1y when increasing
the capacity of the graphite/Si composite anode (Fig. 2a), contrary to
what has been published earlier and finally retracted [143]. The
improvement at the cell level (in Wh L 1 is “much less”, since the anode
volume stands for only a third of the total cell volume. Hence, any
improvement cannot exceed this third. Note that the cell improvement
levels off at about 1500 mAh g !. Nonetheless, this calculation high-
lights that further improvement at the cell level can be realized also by
further advances concerning the anode.

In this regard, future developments should be oriented towards the
design of Si-based cells, readily useable in practical applications, with
high volumetric capacity, long cycle life, high rate capability, non-
expensive materials, and low-cost scalable synthesis and processing
methods. This means that the Si anodes should have high areal (>3 mAh
cm 2) and volumetric capacity (see Fig. 2a), good mechanical strength
for calendaring, a stable SEI, low electrode swelling upon cycling, high
intrinsic conductivity, as well as fabrication simplicity and low cost. We
anticipate that, like this, energy densities of 800-1000 Wh L ! can be
reached (seealso Fig. 2b) with anodes based on, e.g., Si/G/C composites,
LiySiO,-C [128], porous silicon materials, and innovative 3D nano-
structures. For instance, the recently published TiOj-coated Si with a
self-healing SEI and densified electrodes (1.4 g cm 3 or
microscroll-structured electrodes with a reversible volumetric capacity
of 720 Ah L ! might be promising research directions for the future
[144,145]. Other promising research directions are the use of
self-healing binders [146-148], new electrolytes (e.g., with high lithium
salt concentrations or new ionic liquids) [149], or new electrolyte ad-
ditives with higher dipole moment [150]. Also pre-lithiation strategies
are a suitable approach to address the remaining challenges, keeping in
mind, however, that they should be easily scalable. Moreover, many
complimentary material design strategies might be combined at
different levels, ranging from the electrochemically active and
non-active components to the whole electrode and, finally, to the
complete lithium-ion cell. In fact, the full-cell development will, thus,

require also the exploration of an optimal anode/cathode compatibility,
optimized electrolytes, and enhanced separators.

At least as important, future developments should also target an
improved basic understanding of the reaction and aging mechanisms
occurring and, for this purpose, the development of advanced in siti/
operando characterization techniques [151]. Electrochemical dilatom-
etry, for example, is a suitable non-destructive technique for measuring
the electrode and cell swelling as a function of the applied pressure [114,
152]. Tomographic imaging techniques in 3D of the electrode archi-
tecture are very valuable for understanding the cracking and delami-
nation mechanisms [153-156]. The data obtained by these
measurements and the digitization of the electrode architectures can
feed numerical simulations for elucidating the mechanical behaviour of
the electrode at its different scales. Similarly, the development of mo-
lecular simulations along with in situ surface characterization techniques
are essential to better understand the SEI formation and design a robust
one [117,157].

There is also a strong need for standardization and more systematic
studies. As reaction mechanisms and battery performance are greatly
affected by numerous variables, the comparison of published data is
very challenging. The credibility of any cycle life comparison is there-
fore questionable. For example, comparing different binders requires
much more careful studies than is generally done. The optimal compo-
sition of the electrode slurry and of the dry electrode may vary from one
binder to another [158] and with the loading of the electrode as well as
its densification. There is almost no exhaustive study of this set of fac-
tors, since such tedious studies are commonly not valued, as novelty is
preferred by journal editors and the number of publications by evalua-
tors. Nonetheless, standardization and in-depth studies are necessary for
progressing towards reliable and low-cost high energy density batteries
in the context of the acceleration of global warming.

3. Electrode active materials - the positive electrode
3.1. Lithium transition metal phosphates

3.1.1. The state of the art — LiFePO4

Lithium transition metal phosphates with an olivine structure were
first introduced as cathode materials for lithium-ion cells over twenty
years ago [159]. Since then, a wide variety of transition metals and
combinations have been evaluated, including iron, manganese, vana-
dium, cobalt, and nickel [160]. The reversible de-/lithiation mechanism
involves the transition between different crystalline phases, e.g., be-
tween LiFePO4 (LFP) and FePOg. This has important implications for the
design of the active material particles and electrode structure, and in
understanding the electrode reaction mechanisms [161,162]. A severe
challenge is the rather poor electronic conductivity [163]. To overcome
this, the active material particles are surface coated with carbon, rather
than just using one or more conductive carbons as an electrode additive
[164,165]. Despite this lower electronic conductivity, phosphate mate-
rials are mostly used in high power applications like hybrid electric
vehicles thanks to the important progress in active material design.
Nowadays, there are numerous synthetic methods to produce LiFePOy,
usually in a carbon-coated form [166]. These divide into solid-state and
solution-based techniques. The former include traditional solid-state
synthesis, mechano-chemical activation, carbo-thermal reduction, and
micro-wave heating. The latter include hydrothermal synthesis, sol-gel
synthesis, spray pyrolysis, co-precipitation, and micro emulsion dry-
ing. Typically, the solution based routes use less energy, and produce a
better product (higher capacity, smaller and more uniform particle size,
high purity, more homogeneous carbon coating). Carbon coating is
achieved through various precursors, e.g., pyrolysis of sucrose. Perfor-
mance at high rates is improved by using small particles, and low con-
centrations of metal ion dopants. The maximum theoretical specific
capacity of LFP is 170 mAh g 1. At an average discharge voltage of 3.45
V, this gives a theoretical specific energy of 586 Wh kg !. A variety of
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Fig. 2. (a) Total volumetric capacity as a function of the specific capacity of the
anode active material (AM) and the resulting improvement at the anode and
cell level (in vol%). (b) Hypothetical calculation of the total volumetric ca-
pacity: For the specific capacity, a composite of graphite and silicon is assumed,
considering a specific capacity of 372 and 3579 mAh g™, respectively. The AM
swelling is then calculated assuming a linear variation (following the approx-
imation for graphite [430]) and a maximum swelling of 10.1% and 280.1% for
graphite and silicon, respectively. Note that for a lower effective specific ca-
pacity of silicon and/or graphite, the swelling will not follow a proportional
factor. Then, at the anode level, a commercially relevant AM content of >90 wt
% and an ICE of 90% have been used for the calculation. The thickness of the
anode is considered constant upon lithiation and the porosity at 100% SOC is
always the same as the one calculated for the pure graphite anode to maintain
an efficient lithium transport. However, the initial porosity is adjusted to buffer
the swelling. Note that the porosity takes into account the whole anode
including the AM itself. The initial anode density considers an inactive mate-
rials density of 1.7 g cm 2. The improvement at the cell level (in Wh LY is
calculated considering 700 Ah L™ for the reversible volumetric capacity of the
cathode and a total of 67% active material in the cell. This means, for instance
for a 21700 cell, an areal capacity of more than 3 mAh cm ™2 for both the anode
and the cathode and thicknesses of 16 pm for the separator, and 10 pm and 15
pm for the copper and aluminium current collector, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
Eo the Web version of this article.)
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experimental conditions was evaluated using a solution-based synthesis
that also includes mechanical activation by ball milling, and subsequent
heat treatment at 450-700 °C [167]. For the material milled with me-
dium energy, the particle size increased with heat treatment tempera-
ture from 73 nm at 450 °C to 181 nm at 700 °C. Adding carbon during
the mechanical milling step reduced the particle size and the electrode
resistance, and thus increased the achievable capacity. Two different
surfactants were used in a solution-based synthesis of LFP [168]; a
cationic surfactant cetyl trimethylammonium bromide (CTAB), and an
anionic surfactant sodium dodecylbenesulphonate (SDBS). With no
surfactant, there was a bimodal particle size distribution, with peaks at
10 pm and 100 pm. With SDBS the peaks were at 4 and 8 pm, and with
CTAB just at 3 pm. The surfactants produced some improvements in rate
performance and capacity retention during cycling, and a remarkable
difference in the alternating current impedance spectra. The CTAB
surfactant was also used in an LFP synthesis based on a Fe; 5P precursor,
containing trace amounts of impurities like manganese and titanium
[169]. The LFP prepared with the highest CTAB content had a capacity
higher than the theoretical maximum, due to the presence of other
phases in the material. A mixed protective/reducing gas (5% hydrogen
in argon) was used during the calcination stage of an LFP material at
700 °C [170]. The gas formed FeyP on the surface of the particles,
improving the electronic conduction pathway between them. The best
rate performance was obtained with intermediate gas flow levels. A FegP
phase was detected on the surface of LFP prepared with a sucrose pre-
cursor, calcined at temperatures above 710 °C [171]. This phase is
assumed to increase the electronic conductivity, but to interfere with
lithium diffusion. A solid-state synthetic route for LFP used an induction
furnace at 1100 °C to melt the precursors [172]. After solidification and
grinding, the sub-micron sized particles were spray-dried with lactose
and PVA (poly vinyl alcohol), before calcination at 700 °C. The best
cycle life was obtained with an LFP: lactose: PVA ratio of 90 : 10: 1.
Another less common carbon precursor was a polymerized
hydroquinone-formaldehyde resin, which was intended to create an
improved interconnected carbon structure [173]. The discharge capac-
ity at 20C was increased over a control sample using glucose. General
comparisons of cycle life and rate performance, however, are difficult,
because of the influence of electrode formulations and loading, test
protocols, and other experimental conditions. For example, Table 1
compares the ratios of the discharge capacities at 2C and 0.2C for the
LFP papers listed above, where this information was provided (capac-
ities shown with an asterisk* are for 0.1C rather than 0.2C). The range of



Table 1

Overview for several very recent studies on LFP-based positive electrodes with
varying synthesis methods, carbon coating procedures, and electrode composi-
tions and the reported discharge capacity at 0.2C (*0.1C) and 2C; **reference
[174] employed a carbon-coated aluminium current collector instead of blank
aluminium foil.

Electrode (wt%)Active: Binder: Discharge 2C: 0.2CRatio Reference
Carbon capacity (%)

(mAhg )

0.2C 2C
80:5:15 156 139 88.9 [167]
75:10: 15 151 132 87.3 [168]
80:10:10 172* 118 68.7 [169]
80:10: 10 154 133 86.3 [170]
84:07: 09 160 152 95.2 [172]
80:10: 10 169* 145 86.0 [173]
95.5:4.5: 0% 150 142 95.0 [174]

electrode formulations is evident, without even considering the particle
size distribution, carbon coating content, coat weight and electrolyte
formulation. The material, out of those presented in Table 1, with the
best rate performance was spray dried with lactose and PVA, before
calcination. Remarkable, though, is also the work reported by Busson
et al. [174], who did not include any conductive carbon, but used a
carbon-coated aluminium current collector instead of blank aluminium
foil. The high capacity achieved at 2C highlights that the carbon coating
might ensure sufficient electronic wiring and that the contact resistance
between the electrode composite and the current collector is playing a
decisive role for the rate capability.

Commerecial lithium-ion cells containing LFP cathodes are produced
by a range of different manufacturers (see Table S1 for a few examples),
for various applications, and in a wide range of sizes and hence capac-
ities. The Chinese electric bus market, for instance, is currently domi-
nated by LFP-based lithium-ion cells, though for buses outside China,
the split between LFP and layered lithium transition metal cathodes (see
also the following chapter) is roughly 50:50. Many cells with a LizTisO12
(LTO) anode also use a high rate LFP cathode, since the charge rate
limitation in standard LFP cells is actually the graphite anode (see also
Section 2.12).

3.1.2. Increasing the energy density by going beyond LiFePO4

Despite the commercial success of LFP cathodes, the resulting
lithium-ion cells struggle to achieve the energy density of the layered
lithium transition metal oxide materials (especially so-called Ni-rich
oxides, which will be discussed in the subsequent chapter) due to their
lower operating voltage (3.45 V), capacity (170 mAh g 1), and

Table 2

crystalline density (3.6 g cm 2; see also Table 2 and Fig. 3). One way to
increase the energy density is to increase the operating voltage, by
replacing some or all of the iron with other metals. The operating
voltage for LiMnPO4 (LMP) is 4.1 V [175], with LiCoPO4 (LCP) at 4.75 V
and LiNiPO4 (LNP) at 5.1 V [176]. This gives theoretical gravimetric
energy densities of 701, 783, and 851 Wh kg !, respectively, compared
to 586 Wh kg ! for LFP (all values referring to the cathode active ma-
terial only with reference to a theoretical lithium counter electrode).
Nonetheless, the last two voltages for LCP and especially LNP are beyond
the electrochemical stability of conventional electrolytes based on cyclic
and linear organic carbonates, thus, compromising electrochemical tests
and requiring specifically designed electrolyte compositions [177].
Additionally, LCP, which is characterized by a rather complicated
polymorphic structure [178,179], is generally considered critical with
respect to the criticality of cobalt [9,180]). To reduce the cost of the
material, some of the cobalt can be replaced with nickel. A range of
materials in the LiNi,Co;.,PO4 family were synthesized, but the highest
capacity was still observed for pure LCP [176]. In the case of LMP, with a
more suitable de-/lithiation potential with regard to the electrochemical
stability of common electrolytes, moreover, the electronic conductivity
is even lower than that of LFP. To address this issue, the synthesis of
(nanoparticulate) LMP has been optimized and carbon coatings have
been applied, e.g., by pyrolising glucose [175]. Another approach to
enhance the performance of phosphate-type cathodes has been the
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Fig. 3. Average cell voltage, specific capacity, and specific energy for different
cathode active material/graphite combinations, calculated for a cathode/anode
balancing of 1.0 and a specific capacity of 360 mAh g~ for graphite (consid-
ering solely the mass of the two active materials) in accordance with Table 2.

Overview of the herein discussed lithium-ion cathode materials, their stoichiometry, structure, space group (SG), specific capacity, and average de-/lithiation po-

tential; the specific energy is calculated for such cathode when combined with a graphite anode, assuming a specific capacity of 360 mAh g~! and an average potential
of 0.1 V vs. Li*/Li for graphite with a cathode/anode balancing of 1.0.

Code Stoichiometry Structure type SG Practical specific capacity Average potential Specific energy active material combination
(mAh g ) (V vs. Lit/Li) (Whkg 1)
LFP LiFePO4 phospho olivine Pnma 165 3.45 379
LFMP LiMng 7Feq 3PO4 phospho olivine Pnma 155 3.90 412
LCP LiCoPOy4 phospho olivine Pnma 150 4.75 492
LCO LiCoO, layered oxide R-3m 150 3.90 402
NMCi1, LiNig 33Mng 33C0¢.3302 layered oxide R-3m 160 3.70 399
NMCs3o LiNig sMng 3C0g 202 layered oxide R-3m 165 3.70 407
NMCe22 LiNig gMng 5C0g 202 layered oxide R-3m 170 3.70 416
NCA LiNig gCog.15A10.0502 layered oxide R-3m 188 3.70 445
NMCg1, LiNig gMng 1Cog 102 layered oxide R-3m 190 3.70 448
LNO LiNiO, layered oxide R-3m 240 3.75 526
LRLO Li[Lig oNig.oMng g.,M,]O2 layered oxide C/m 280 3.75 575
LMO LiMn,04 spinel Fd-3m 110 4.10 337
LMNO LiNig.sMn; 504 spinel P4332 140 4.70 464
L,MNO LisNip sMnj 504 spinel (tetragonal) I14,/amd 280 3.70 567




combination of different transition metals — for instance, the partial
replacement of Fe by Mn, i.e., LiFe; ,Mn,PO4 (LFMP). These materials
operate at a higher average voltage than LFP (basically along two pla-
teaus — one for Fe and one for Mn), and have higher electronic con-
ductivity than pure LMP. The various synthetic routes developed for LFP
have also been used to make LFMP materials, with different Fe: Mn
ratios. These include inter alia a hydrothermal reaction at 200 °C [181],
melting at 1000-1100 °C [182], carbo-thermal reduction [183], and
solid state ball milling [184]. The materials were then carbon coated
using various precursors. It is difficult to make direct comparisons of
these materials, due to the different amounts of carbon coating, and the
proportion of conductive carbon used in the electrode formulations.
However, within each method observations included that the iron con-
tent should be at least 20% [181], and an increased pore volume in the
material was beneficial [183]. To improve the rate performance of
LFMP, for instance, vanadium was added as a third transition metal, in a
hydrothermal synthesis route that also incorporated graphene oxide
[185]. Analysis showed that the product was a mixture of orthorhombic
LiFegsMng sPO4 and monoclinic LigVo(PO4)3. The material achieved
more than 50% of its C/5 capacity at 50C, and 1000 cycles at 10C and
20C.

3.2. Lithium transition metal oxides

Several lithium transition metal oxide chemistries find application as
cathode materials in lithium-ion batteries. Their function follows the
host/guest principle, providing stable MO» host structures with nickel,
manganese, and cobalt as common redox-active centres, and lithium as
mobile guest. The roadmap for electric mobility [15,186] mentions
especially three material classes for the realization of high-energy lith-
ium-ion batteries: “common” layered lithium transition metal oxides
(especially with a high Ni content), presently dominating the
lithium-ion battery market, and, for the near-to mid-term future,
high-voltage spinel oxides and lithium-rich layered oxides. An overview
of the main characteristics of the cathode materials discussed herein
(including the earlier discussed phosphates) is provided in Table 2,
including also a calculation of the achievable specific energy when
coupled with a graphite anode (see also Fig. 3).

3.2.1. “Common” layered transition metal oxides — from LiCoO> to Ni-rich
LiNij x,Mn,C0,02

The first lithium-ion cathode material, commercialized in 1991 by
Sony, was LiCoO3 (LCO) [187].

LMO (LiMnp04) [188,189] was introduced a few years later, fol-
lowed by LiNij_x.yAl,Coy02 (NCA) [190] and LiNij_.,Mn,Co,02 (NMC)
[191-193]. While LCO still dominates the market for portable electronic
devices, LMO is of lower relevance today and mainly used as additive in
cathode blends. Differently, the introduction of NCA led to an
outstanding increase in specific energy and longer lifetime compared to
LCO, while the introduction of NMC significantly improved lifetime and
safety, but at the cost of lower energy density.

The theoretical specific capacity of LCO is 274 mAh g '; however,
practical utilization is limited to about 50%, due to structural instability
at higher states of delithiation. Thermal instability in the charged state,
raw materials cost, and limited availability of cobalt [9,180] limit the
application to small cells. LiNiO, (LNO) [194,195], having a similar
theoretical energy as LCO, is attractive due to lower raw material cost
and the greater availability of nickel. Nonetheless, contrary to cobalt,
nickel and lithium easily exchange lattice positions, which significantly
affects performance and renders the precise control of the synthesis and
material quality very challenging. In fact, despite more than 20 years of
research, pure LNO could not yet be commercialized. The breakthrough
was the approach of substituting part of the Ni in LNO by Co [196,197],
Mn [198], and/or Al [199]. Co as substituent reduces the Li/Ni disorder,
becoming fully effective for x > 0.2 [200,201], and as Co is electro-
chemically active, there is no capacity loss. Due to similarity in structure

and ionic size, LNO and LCO form a full solid-solution series LiNij.,.
Co,0,. The additional substituents Mn and Al can form layered phases
with LNO up to a substitution degree of x = 0.5. They stabilize the lat-
tice, but reduce the achievable capacity, since they are not redox active
in the commonly applied voltage range. The careful adjustment of the
composition succeeded in balancing energy density, stability, safety,
and cost with respect to the targeted application, which eventually led to
the commercial success of NCM and NCA. As a result, these two mate-
rials are nowadays dominating the lithium-ion battery market, and
further increase is anticipated, especially for NMC. Both derive from the
isostructural endmembers LNO and LCO. Their structure can be
described as an ordered rock-salt structure with lithium and the transi-
tion metals occupying alternate (111)-planes in a cubic close-packed
arrangement of oxygen ions, crystallizing in the space group R-3m.
The term NMC comprises a wide range of compositional variations,
indicated by a short code, which combines the initial letters of the
transition metals with a three-digit number for their stoichiometric
ratio, as exemplified for NMCj1; (LiNip 33Mng 33C00.3302) and NMCea2
(LiNig.sMng 2C00.202). NMCj1; as the first commercially used cathode
material from this family offers highly stable cycling, combined with
reasonably high safety and moderate specific capacity. After having
been well established for a long time, however, it now progressively
loses market shares, as NMC compounds with a higher Ni content pro-
vide two major benefits: (i) A reduced Co content and (ii) significantly
(NMCs32, NMCg22) to substantially (NMCg;1) higher energy densities —
all of them being commercially available now and applied in cells.
Nonetheless, the “simple” stoichiometric shift from NMCjq; to Ni-rich
materials has a strong impact on their implementation, since key steps
of the value chain are affected, starting with the synthesis and further
processing, and ending with the cycle life and safety of the final cell
[202,203]. With an increasing nickel content, the synthesis becomes
more challenging, as the tendency to form lithium off-stoichiometric
phases during the thermal treatment, following the general reaction
path of LiNiOs — 1/(1+2) Li;,Nij,,02 + 2/(1+2) Liz0 + 2/(2+2x) Oy,
becomes prominent [204]. From the structural point of view, the
off-stoichiometry is described as [LizoNi®*, 132 [Ni%*,Ni®*1 ;135 [02] 60,
with divalent nickel on the lithium positions. These interlayer nickel
ions, when oxidized during initial charge, contract the interlayer dis-
tance, thereby kinetically hindering the electrochemical re-occupation
of the directly neighboured vacant lithium positions [205,206]. The
consequence is a high irreversible first-cycle capacity loss, the extent of
which depends on z. Annealing at moderate temperatures under oxygen
atmosphere, using LiOH as lithium source, effectively shifts the equi-
librium in the direction of the stoichiometric phases for Ni-rich mate-
rials. Once synthesized successfully, however, aging due to storage
under ambient air occurs. It follows, according to general acceptance,
the same pathway to Li;,Ni;;,09 and LisO [207], accompanied by the
formation of Li;CO3 and LiOH [208,209] at the surface together with the
slow segregation of Li»O. These lithium-based surfaces species can cause
gelation of the slurry during electrode preparation due to an increased
alkalinity of the powder (specifically, LiOH). Additionally, upon cycling
they promote gas evolution (specifically, LioCO3) and lead to an
increased charge-transfer resistance, which eventually results in rapid
capacity fading [209-212]. Washing steps as counter measure to remove
these surface impurities are still under controversial discussion
[212-214].

Generally, the increase in specific capacity and, hence, energy den-
sity come at the cost of cycle life and thermal stability. The root cause is
the thermodynamic instability of the delithiated phase, increasing with
the ratio of tetravalent nickel. The layered structure becomes unstable
with respect to oxygen release to form a progressively growing, dense
NiO-like rock-salt reconstruction layer at the surface of the particles
[215,216]. This is considered a main reason for the impedance increase
and capacity loss during cycling. On top of the reconstruction layer,
solid species such as LiF, Li,PF,, Li,PF,0,, Li,COs, and polycarbonates
form a cathode electrolyte interphase (CEI), further contributing to



impedance increase [39]. The onset temperature for the exothermal
reaction of the delithiated material with the electrolyte, i.e., one trigger
for a thermal runaway, is significantly lowered for an increasing nickel
content, rendering these materials less safe.

Simultaneously, prominent mechanical degradation may occur upon
cycling, which is related to the phase transitions occurring at high de-
grees of delithiation and accelerates the aging of Ni-rich NMC. While
these do not occur for NMCj13, they become increasingly pronounced
for a rising nickel content — just like for LNO, which follows a series of
first-order transitions between three hexagonal (H) phases and one
monoclinic (M) phase [217]: H1-M—H2—H3. Each transition is char-
acterized by an individual plateau in the de-/lithiation potential curve.
Particularly, the H2—H3 transition involves a strong anisotropic change
in lattice parameters, inducing severe crack formation atthe (secondary)
particle level [218-221]. This leads to the formation of fresh surfaces, at
which new rock-salt phases are formed and electrolyte is decomposed —
even more pronounced than at the initial surface [221].

Nevertheless, the target is an even higher nickel content, and
promising mitigation strategies follow five main concepts:

(i) Doping and element substitution to enhance the thermodynamic
stability of the lattice: The introduction of cobalt [196,197,200,
201] and magnesium [222,223], for instance, reduces the pres-
ence of anti-site nickel on lithium positions. In the latter case,
magnesium replaces lithium up to a substitution degree of 10%,
acting as a pillar. The thermal stability in the delithiated state
increases when introducing manganese [198], aluminium [199,
224], or titanium [225], with aluminium and magnesium sup-
pressing phase transitions, thus, reducing mechanical degrada-
tion. High-valence metal cations, such as tungsten [226],
molybdenum [227], and zirconium [228] significantly stabilize
cycle life and thermal stability even for pure LNO at levels of only
1%, with tungsten being the most effective.

(i) The application of thin surface coatings to stabilize the interface
between the electrolyte and the active material, reduce electro-
lyte decomposition, and stabilize the surface against oxygen
release and reconstruction; suited chemistries act also as HF-
scavenger [229].

(iii) The realization of core-shell [230] or gradient [231] active ma-
terial particles, combining a high capacity core with highly stable
surface composition, allowing for an improved cycle life and
thermal stability — even at very high capacity levels.

(iv) The tailored design of the grain boundaries, e.g., by infiltrating
low-melting oxides into the grain structure of the polycrystalline
particles, thus, effectively suppressing crack formation without
(significantly) affecting the achievable capacity [232,233].

(v) The synthesis of single-crystalline particles, which show excep-
tional cycle life and efficiency compared to polycrystalline sec-
ondary particles, with nearly no gassing even at elevated
temperatures [234-238].

However, the strong focus on Ni-rich chemistries may drive nickel
into supply risks. Forecasts on the future lithium-ion battery demand
show, in fact, that a significant increase in nickel supply is needed,
which is not covered by the existing mines. Accordingly, new mining
projects and recycling strategies are inevitable, while ideally also new,
low nickel content chemistries will be explored.

3.2.2. High-voltage spinel oxides and Li-rich layered transition metal oxides

Two cathode material candidates with less nickel are the high-
voltage spinel (LiMny,Ni,O4 (with x < 0.5), LMNO) and Li-rich
layered oxides (LRLO). Both are based on the abundant manganese as
main element and can be produced free from cobalt. Different from
NMC, however, they operate at least partly beyond the stability window
of today’s standard electrolytes, and strong emphasis in research and
development lies on stabilising the electrolyte/electrode interface to

enable long-term stable cycling. Therefore, their market entrance is
expected earliest in the next few years.

a) High-voltage spinel oxides

The class of high-voltage spinel is based on Li[Mn"Mn**104, with
Mn>*/Mn** being oxidized/reduced at 4.1 V vs. Li*/Li. The partial
substitution of manganese with redox-active elements M can introduce
an additional redox step, the contribution of which increases with x in Li
[Mns.,M,]O4. Suited elements are Ni2*/Ni**" (4.7 V), Cu®>*/Cu®" (4.9
V), Cr¥t/Cr*" (4.8 V), Fe*'/Fe*" (4.9 V), and Co®'/Co*" (5.0-5.1 V; all
values are given vs. LiT/Li) [239-242]. The substitution of manganese is
limited to a maximum of x = 0.5 and x = 1.0 for divalent and trivalent
substituents, respectively. Among those, only LiNipsMn; 504 (LMNO)
and LiCo; ¢Mn; (O4 can enable a single full-length high-voltage plateau,
while only LiNip sMn; 504 fulfils the future requirements on availability
and cost given the earlier mentioned drawbacks of cobalt.

LMNO is highly sensitive to the synthesis conditions [243], losing
oxygen at annealing temperatures >700 °C, thereby forming oxygen
deficient phases LiNi,Mn; 5,04.s and finally segregating NiO or Li,.
Ni;_,O from the structure. The oxygen stoichiometry & and nickel con-
tent x control the potential characteristics [244]: Following the general
formula Lit [Ni2+an3+1_2x+25Mn4+1+x_25] 04_5, the contributions of
Mn®*/Mn** (4.1 V) and Ni®*/Ni** (4.7 V) account for (1-2x+25) and
(2x-268) electrons per formula unit, respectively. A single high-voltage
step is obtained for x = 0.5 and an ideal oxygen stoichiometry of § =
0. In this phase, an ordering of the transition metal sub-lattice occurs,
lowering symmetry from Fd-3m to P4332 and showing superlattice re-
flections in the diffractograms. A potentially beneficial effect of a slight
oxygen-deficiency on the rate capability and performance is discussed
controversially. Structurally stable, LMNO does not release oxygen
within its operation window [245]. The main challenge is the instability
of the electrolyte at such potentials, with the decomposition products
contributing to the aging at the active material and cell level. This makes
the careful design of the LMNO/electrolyte interface crucial. Promising
strategies are (i) the crystal facet design [246-249], with the
(111)-facets having the highest stability, (ii) the design of particles with
low surface area [250], and (iii) the application of protective surface
coatings to minimize side reactions [249,251-254]. LMNO is able to
utilize remaining Mn** as additional redox-centre working at 2.7 V to
form Liz oNig.sMnj 504 (LoMNO) [255,256]. This significantly contrib-
utes to the achievable energy density. Application concepts include
making use of both potential plateaus to maximise energy or using the
excess lithium x in L; {,MNO to compensate for the initial capacity loss,
especially in combination with silicon-comprising anodes [257].

b) Li-rich layered transition metal oxides

The second class of potential future cathode material candidates are
Li-rich layered oxides (LRLO) [258-260]. They have the general formula
Li[Li)M;.,]O2 with excess lithium ions x on transition metal positions
(M = Ni, Co, Mn, etc.), forming a partially ordered honeycomb structure,
indicated by superlattice reflections in the X-ray diffractograms. The
general notation x LioMnOj3- 1-x LiMO, describes the system as a
structural combination of Li;MnOs3 and stoichiometric layered oxides
[261], which may form a solid solution or a composite of the respective
nano-domains — depending on the eventual chemical composition and
synthesis conditions. These materials can reach high specific capacities
of up to 300 mAh g !, greatly exceeding the theoretical contribution of
their transition metals. This is explained by a reversible contribution of
anionic redox reactions in the crystal structure, according to 202 —
0% -+ (4-n)e ,withn = 1-3 [262-264]. The pristine structure needs to
be activated first, though, to make the anion redox contribution acces-
sible. The activation occurs during the initial charge process at high
operating voltages (>4.4 V vs. Li*/Li), leading to the formation of ox-
ygen vacancies near the surface [265], structural replacement of the



transition metals [266], release of oxygen [267], and the formation of
different lithium oxygen compounds.

However, despite the promising high specific energies, several issues
need to be solved to bring LRLO into commercial cells: (i) Due to the
structural rearrangements and oxygen release, the materials show a high
first-cycle capacity loss. (ii) The materials have slow kinetics attributed
to the contribution of the anion redox activity, which, so far, limits fast
charging. (iii) The pronounced voltage hysteresis lowers the round trip
efficiency, irreversibly transforming electrical energy into heat, which is
then released in the cell. (iv) Side-reactions with the electrolyte due to
the required high cut-off voltage and (v) a severe voltage fading during
cycling, attributed to the progressive formation of spinel-like phases, are
main aging phenomena to be understood and solved.

Remarkably, for future high-energy cells with, e.g., a silicon-based
anode, the use of the high irreversible first cycle loss of LRLO is, in
fact, discussed as a promising strategy to compensate the irreversible
first cycle loss of the anode. Nonetheless, the main challenge is the
improvement of the long-term stable cycling in full-cells. The
complexity of the structure and the related phase transitions leave,
indeed, wide space for material improvement in the future, e.g., by
introducing suitable dopants or larger concentrations of other elements
[268,269], the application of surface coatings on the material level
[270,271], as well as electrolyte development and the realization of
protective coatings at the electrode level.

4. Electrolytes
4.1. Liquid electrolytes

4.1.1. Well established solvents, salts, and additives

Present lithium-ion batteries employ a liquid organic solution as Li-
ion conducting electrolyte, comprising lithium hexafluorophosphate
(LiPFg) as conducting salt and a mixture of linear (e.g., dimethyl car-
bonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate
(DEQ)) and cyclic (e.g., ethylene carbonate (EC)) carbonates as solvents,
and fluoroethylene carbonate (FEC) or vinylene carbonate (VC) as ad-
ditive(s) (see also Fig. 4). The electrolyte formulations are coined on the
basis of several considerations: (i) LiPFg possesses low dissociation en-
ergy and good solubility in carbonate solutions, affording superior ionic
conductivity (up to 10 2 S cm ! at room temperature), due to the
weakly coordinating, highly fluorinated anion [272]; (ii) the per-
fluorinated PFg anion is stable towards oxidation, thus allowing the use

of >4V positive electrodes [273]; (iii) the Al current collector used for
the positive electrode is not corroded at high potentials (>4 V vs. Li*/Li)
due to the formation of a stable passivation layer [274]; and (iv) the
electrochemical reduction of the “magic” solvent EC together with FEC
or VC as additives on the graphite electrode yields a high-quality SEI,
which ensures the reversible intercalation of the Lit cations for hun-
dreds (and even thousands) of cycles [275]. However, there are two
major drawbacks of LiPFg-based liquid electrolytes: (i) LiPFg undergoes
thermal decomposition at a relatively low temperature (ca. 105 °C
[276]), and trace amounts of moisture substantially accelerate the
degradation of the electrolyte, thus of the battery, especially at elevated
temperature (e.g., 60 °C) [277]; (ii) the organic carbonate solvents are
highly flammable, raising critical concerns regarding the safety of LIBs
under abuse conditions [278]. Hence, as the positive/negative elec-
trodes are strong oxidants/reductants, LiPFg-based lithium-ion batteries
may encounter severe thermal runaway causing fire and toxic gases
emissions [279]. In search for a suitable replacement of LiPFg, numerous
anions have been conceived and prepared in the past 30 years, including
phosphates, imides, borates, Hiickel-type salts, and many others. Among
them, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) has gained
the most attention from both academia and industry. LiTFSI was pro-
posed as electrolyte salt in 1983 [280] and later commercialized by 3 M
and Rhodia (later acquired by Solvay). Nowadays, hundreds of tons of
LiTFSI have been produced and are used as co-salt for lithium-ion bat-
teries, as well as electrolyte salt for post-lithium-ion batteries such as
Li-S batteries. LiTFSI is thermally stable up to 380 °C [281], readily
soluble in most donor solvents, and the resulting solution shows decent
ionic conductivities (e.g., ¢ (25 °C) = 7.6 x 10 5Sem for1 M
LiTFSI-EC/EMC (30:70, v/v) vs. 6 (25°C) = 9.3 x 10 3Scm !for1 M
LiPFs-EC/EMC (30:70, v/v) [282]). However, the practical application
of LiTFSI as sole conducting salt is hindered by the anodic dissolution of
the aluminium current collector in LiTFSI-based carbonate electrolytes
[274,283]. Another alternative to LiTFSI, its successor, lithium bis(flu-
orosulfonyl)imide (LiFSI, Fig. 4) which was also discovered by Armand
and co-workers in 1995 [284], and has emerged as an auspicious lithium
salt for lithium-ion batteries due to a higher ionic conductivity and
better stability against the Al current collector compared to LiTFSI
[282]. Consequently, LiFSI is being commercialized by Suzhou Fluolyte
and Nippon Shokubai, and added to LiPFg-based electrolytes to improve
the rate capability of lithium-ion batteries while maintaining the Al
passivation. Meanwhile, the unique SEI-forming properties of fluo-
rosulfonyl group (FSO;-) on various electrode materials have raised
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great interest for investigating LiFSI-based liquid and polymer electro-
lytes [285-287].

Another class of lithium salts that has attracted considerable atten-
tion in view of their film-forming ability on electrode/electrolyte in-
terphases [288] are borate salts such as lithium bis(oxalato)borate
(LiBOB) [289,290] and lithium difluoro(oxalato)borate (LiDFOB) [291]
(Fig. 4). However, the C204 moieties tend to oxidize at high voltage
resulting in gassing. Hiickel-type salts (e.g., lithium 2-trifluoromethyl-4,
5-dicyanoimidazole (LiTDI), Fig. 4) initially proposed in 1995 [292]
have been spotlighted recently [293,294]. For example, an optimal
amount of LiTDI effectively suppresses the degradation of LiPFg-based
electrolytes and stabilizes the SEI layer on graphite, which could
markedly improve the performance of LIBs [294].

On the other side, to improve the safety of the liquid electrolytes, the
replacement of carbonate solvents with non-flammable ionic liquids
(ILs) and the incorporation of flame-retardant additives (e.g., organic
phosphorus compounds) have been intensively investigated [278,295,
296]. IL-based electrolytes are inherently safer, but their ionic conduc-
tivities are somewhat lower than those of carbonate-based ones, which
results in relatively poorer rate-capability at room temperature [297].
Taking into account the (at present) significantly higher cost of ILs, such
electrolytes havenot been commercially usedin LIBs yet. The FSI anion
is singled out for the high conductivity, i.e., the low viscosity it imparts
to ILs, especially at high concentrations (>2.5 M) of the Li salt [298,
299]. Alternatively, flame-retardant additives could sufficiently block
the combustion process, but commonly at the expense of cyclability.
Recently, new additives such as 2(2,2,3,3,3-pentafluoro-propoxy)-4-(tri-
fluoromethyl)-1,3,2-dioxaphospholane (PFPOEPi-1CF3) have been re-
ported to have a positive impact on the cell performance by contributing
to the formation of a robust SEI layer on graphite for >1200 cycles
[300]. A localized high-concentration electrolyte (LCE) containing LiFSI
and a ternary solvent, i.e., triethyl phosphate (TEP), EC, and bis(2,2,
2-trifluoroethyl) ether (BTFE), also allowed for the stable cycling of
graphite|[NMCgy; cells [301]. Hence, using electrolyte additives or
co-solvents tends to be an economical and effective approach.

4.1.2. Anticipated future directions

The progress on the discovery of novel lithium saltshas been sluggish
since 2000s, due to (i) the arduous efforts required to develop battery-
grade moisture-sensitive compounds and (ii) the multi-directional and
stringent requirements for an “ideal” lithium salt. Nonetheless, Zhou and
co-workers [302-304], for instance, reported a series of fluo-
rosulfonimide salts (Li[N(SO2F)(SO2Rp)1, Rp = n-CyFap 1) and their use
as electrolytes for LIBs. An improved capacity retention was observed for
graphite||LiCoO; and graphite||LiMn,O4 cells at elevated temperature
when replacing LiPFg with Li[N(SO2F)(SO2C4Fg)] (LiFNFSI). Later, the
same group [305,306] introduced a super-delocalized imide anion,
([CF3SO(=NSO,CF3)2] , sTFSI ), where the charge is spread on five
oxygen and two nitrogen atoms, with three CF3 electron withdrawing
groups. The LisTFSI-based electrolyte showed high conformity with the
Al current collector, and decent ionic conductivity. Preliminary tests
using graphite||LiCoO5 cells demonstrated the suitability of LisTFSI as
electrolyte salt for lithium-ion batteries; however, the main difficulty
lies in the development of a scalable synthesis.

Differing from the arduous design of new lithium salts, a vast ma-
jority of research activities is dedicated to the combination of com-
mercial salts with new electrolyte additives, in hope of enhancing the
interfacial stability between the electrodes and the electrolyte [307,
308]. This is largely ascribed to the unique nature of such additives:
“small dose, big impact”. Besides conventional additives enlisting FEC
and VC, numerous new additives have been developed. For instance,
lithium difluorophosphate (LiPO,F5) was found to improve the cycling
performance of graphite| [NMC cells, due toits participation in forming a
stable interphase on both electrodes [309-311]. The combination of
LiPOoF; with conventional additives such as FEC or VC was reported to
further suppress parasitic reactions at the -electrode/electrolyte

interphase and, thus, expand the lifespan of lithium-ion cells [312]. In
another example, introducing a few percent of propane sultone into
LiPFg-based carbonate electrolytes effectively suppressed the
co-intercalation of PC in graphite as well as the deposition of Li metal on
the graphite anode [313,314]. Interesting to note is that imide-based
salts such as LiTFSI and LiFSI are also used as additives or co-salt (e.
g., at 30 mol%) to reduce the interfacial resistance [315], as well as to
improve the storage properties [316], by virtue of the formation of a thin
LiF-based SEI layer on graphite [317].

To attain a higher energy density than the graphite||LiCoOx cells, the
use of high-voltage cathodes, which operate at a potential higher than
4.5V vs. Li*/Li (e.g., LMNO), is investigated. Accordingly, the electro-
chemical stability window of the electrolyte needs to be further
expanded by replacing ordinary carbonates that are readily oxidized at
>4.5V vs. Li/"Li. Fluorinated carbonates are assessed as solvents for 5-V
lithium-ion batteries. Zhang et al. [318] reported that electrolytes
composed of fluorinated cyclic or linear carbonates possess superior
anodic stability, enabling a good capacity retention for graphite||[LMNO
cells.

An additional challenge for future lithium-ion electrolytes — together
with the implementation of high-voltage cathodes — is the paradigm shift
from graphite to silicon/graphite (Si/Gr) composite anodes. In a recent
work, Xu and co-workers [319] adopted the aforementioned LCE
comprising 1.2 M LiFSI-TEP/BTFE for Si/Gr||NMC cells, observing
remarkable improvement in capacity retention and rate-capability
compared to conventional carbonate electrolytes.

Finally, the demand for fast-charging LIBs has also incentivized the
search of highly Li-ion conductive electrolytes, as recently reviewed by
Logan and Dahn [320]. This in turn asks for the ingenious design of new
electrolyte compositions based on new lithium salts with low anion
mobility, low viscosity solvents, and Li-ion conductive SEI-forming ad-
ditives. Hence, considerable improvement of liquid electrolytes is still
critical for accessing high-performance batteries, though there has been
ca. 30 years of practical usage of the LiPF4-based carbonate electrolytes
in commercial lithium-ion batteries.

4.2. Gel polymer electrolytes — the early days, recent developments, and
future perspective

Dating back to the early stage, Wright and co-workers [321]
discovered ionic conduction in plastic materials (a.k.a., solid polymer
electrolytes, SPEs) in 1973. Subsequently, Armand et al. [322] proposed
the use of such polymeric ionic conductors as electrolytes for safe
rechargeable batteries in 1978. However, when in a fully dry state, the
ionic conductivity of such SPEs (<10 * S cm 1) is significantly lower
than that of traditional liquid electrolytes (ca. 10 25 cm 1) at room
temperature, limiting the operational temperature of cells comprising
SPEs to temperatures above 60 °C [323]. To compromise between safety
and performance, gel polymer electrolytes (GPEs) comprising a certain
portion of liquid components have been widely investigated on account
of their reduced risk of leakage compared to the carbonate- or
ether-based liquid electrolytes, and higher ionic conductivities
compared to SPEs [324]. The research activities on GPEs were initiated
by Feuillade and Perche [325] in 1975, who tested the electrochemical
properties of Li||CuS cells with various kinds of GPEs. Among all the
kinds of polymer matrices, polyvinylidene difluoride (PVdF) and its
derivatives such as poly(vinylidene fluoride-co-hexafluoropropylene)
(PVdF-HFP) are the most popular skeletons for fabricating GPEs [324].
In 1995, Gozdz et al. [326-328], working at Bell Communications,
disclosed a scalable route, the “Bellcore process”, which could be carried
out under a “non-controlled environment” via a three-step procedure.
This procedure, however, is relatively complex: (i) the preparation of a
polymer membrane with plasticizers but free of any Li salt; (ii) the
extraction of the plasticizer with a low-boiling point solvent (such as
diethyl ether or methanol) leaving a porous membrane; and (iii) refilling
the polymer membrane with a liquid electrolyte into the voids, thus,



obtaining a GPE in LIBs. Nevertheless, if EC is a gelling agent for PVdF,
its mixture with linear carbonates is not and only a partial swelling takes
place. Most importantly, the volatile and flammable linear carbonates
cause again safety concerns. High-boiling point carbonates, such as PC
[329], or electrolyte additives, such as TEP [330], are proven to form a
real gel and also increase the thermal stability while decreasing the
flammability of the resulting GPEs. Yet, the compatibility between the
graphite anode and GPEs needs to be further improved.

In addition to the use of flame-retardant additives, the replacement
of linear carbonates with less volatile ILs and a polymer is deemed as a
solution to enhance the safety of LIBs with a quasi-solid electrolyte
[331-333]. Nonetheless, since the advantage of IL-based GPEs lies in
their better compatibility with the high-capacity lithium-metal anode,
most of the research efforts are dedicated to lithium-metal batteries
instead of lithium-ion batteries. Besides, self-healing polymers are
receiving increasing attention for flexible batteries [334,335], and
various types of self-healing GPEs are available through dynamic
non-covalent bonds (e.g., hydrogen bonding [336]) and dynamic co-
valent bonds (e.g., in boronic esters [337]).

In sum, the electrolyte is the battery component with the greatest
complexity, but also where there is the greatest latitude for improve-
ment. Undoubtedly, remarkable progress will be seen in this domain in
the years to come.

5. Electrode processing

5.1. The general principle and recent developments towards higher energy
densities

The essential principles to produce composite electrodes have
remained unchanged since the original lithium-ion cells in 1991 [338]
and the main steps are schematically depicted in Fig. 5. The active
material, a polymer binder, and conductive carbon are mixed togetherin
a solvent, to produce an ink. This is coated onto a thin aluminium or
copper foil (respectively, for the cathode and anode), and the solvent is
evaporated in a controlled drying process. Finally, the coating is
calendared to the required thickness, before cutting or slitting to the size
required for cell assembly. While the overall process is the same, there
continue to be changes and improvements. There have also been sig-
nificant advances in the theoretical understanding of these processes,
and the ability to model them [339]. For the positive electrode, PVdF
remains the binder of choice, due to its oxidation resistance. There are a
very few solvents for PVdF, and in practice this means N-methyl-2--
pyrrolidone (NMP). This is an unpleasant (teratogenic) chemical [340],
which requires a solvent recovery system in industrial operation [20,
341]. There are obvious benefits to using aqueous or solvent-free coating
systems, which are discussed in later sections. In terms of electrode
formulations, these are usually expressed as the active material: binder:
conductive carbon weight ratio. There is often a large difference be-
tween research papers (e.g., 80:10:10) and industrial electrode formu-
lations (e.g., 96:2:2).

Mixing processes should produce a homogenous ink, which is stable
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against both agglomeration and sedimentation [342]. The solid content
is selected to give an ink viscosity compatible with the coating equip-
ment, i.e., not too viscous or too runny. It is necessary to optimize the
energy input into the mixing process. Too little energy will not achieve
complete dispersion. However, too much energy can damage the active
material and shred the polymer chains. Historically, the mixing
sequence was usually “wet”. The PVdF binder would be pre-dissolved in
NMP, and the conductive carbon bead milled in NMP, to achieve full
dispersion. The active material would then be wetted with NMP, and the
three liquids would be stirred together, to produce the ink. More
recently, “dry” mixing sequences and equipment have been introduced
[343]. The three solids are added in powder form, and mixed thor-
oughly, before being dosed with the NMP solvent. The total mixing time
can be reduced, and better coatings can be achieved, e.g., with an
improved distribution of the conductive carbon.

The coating processes used in lithium-ion cathode preparation are
based on standard equipment used in other coating industries [344].
Slot-die coating is the most widely used technique in industrial
lithium-ion cell manufacture [345]. In the research laboratory, draw
down coatings with a “doctor blade” are commonly used. “Comma bar”
systems are convenient in prototyping, often combined with a reverse
roller transfer system. Having applied a uniform coating at the required
coat weight, the drying stages are an equally important part of the
process [346,347]. Lithium-ion battery factories use long drying ovens,
with zones set to different temperatures. If drying is too fast, then there
is increased binder migration towards the surface [348], and the elec-
trodes may even crack. However, the coating must be dry by the time it
emerges from the oven. Typically, coating speeds of 30 == 5 m min ! are
used in commercial lithium-ion cell production, compared to around 1
m min ! in R&D laboratories. Speeds of up to 100 m min ! have been
achieved, even with pattern coatings [349]. Clearly, this requires an
increased rate of drying, to keep the length of the coating equipment
down to a manageable size.

Calendering is the final stage of electrode processing [350]. For a
given coat weight and electrode formulation, the coating thickness,
porosity and average density are all inter-related. However, different
pore structures can lead to the same overall porosity value, and will have
an influence on electrode performance.

One route to higher energy densities is to increase the thickness of
the electrode coatings, provided electronic and ionic conduction path-
ways can be maintained [351]. Binder migration during solvent drying
is also an increased problem with ultra-high loadings. Tests on 500 g
m 2 cathodes (rated at 8 mAh c¢m 2) showed clear micro-structural
differences with drying temperature, which could be correlated with
electrochemical performance [351].

There are two approaches to electrode preparation that eliminate the
use of solvents; electrostatic spray coating and extrusion (the general
process for the latter is displayed schematically in Fig. 6). In the former,
fluidized dry particles become charged, and are then deposited onto an
earthed metal foil. The coated foil is then passed through a hot roller, to
thermally activate the binder, and control the coating thickness [352].
Cycling performance was comparable to conventional wet slurry
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Fig. 5. Schematic showing the processing steps for converting battery materials into battery packs, starting from the initial slurry mixing, electrode coating,
calendering, and drying (in red and blue for the anode and cathode, respectively), over the cell assembly and electrolyte filling until the eventual module and pack
assembly (in green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Schematic illustration of a developed extrusion-based manufacturing process for thick Li-ion cathodes, starting from the dry mixing and kneading, followed
by extrusion and slot-die coating as well as the smoothing step, drying, and eventual calendering (Reprinted from Ref. [431] with permission from Elsevier).

coatings, with PVdF as binder and either LCO or NMC as active mate-
rials. Coating adhesion was better with the electrostatic spray process,
for higher roller temperatures and slower feed rates. A similar approach
was used to prepare NMCj; electrodes, though the foils were heated
after coating, and then calendered at room temperature [353]. The dry
coated electrodes had improved capacity retention on cycling than wet
slurry coated control electrodes, though the capacity at 10C was
reduced. Electrostatic spraying has also been applied to graphite anodes
[354]. Three binders were evaluated; PVdF, a fluorinated ethylene
propylene co-polymer, and THV tri-polymer (tetrafluoro ethylene,
hexafluoro propylene, and vinylidene fluoride). A two stage mixing
process was adopted, to fully disperse the carbon black component.

Extrusion has been used to make coatings with a variety of active
materials, including NMCj 11, LFP, and LTO [355]. The binder was HNBR
(hydrogenated nitrile butadiene rubber), and polypropylene carbonate
(PPC) was used as a polymer processing aid. After dry mixing at 90 °C, a
0.4 mm film was thinned and then rolled onto a carbon-coated
aluminium foil. A porous electrode structure was achieved by ther-
mally decomposing the PPC at 230 °C. The electrochemical performance
was comparable to electrodes produced by conventional slurry coating.
A similar approach has been used to prepare graphite anodes and NCA
cathodes [356], both with HNBR binders. Again PPC was used as both a
polymer processing aid and a porogen (pore generator). For both elec-
trodes, the rate performance was okay up to 2C, and the NCA capacity
was okay up to a coating thickness of 150 pm. Similar equipment based
on a twin screw system is also being used for continuous rather than
batch mixing with liquid solvents, followed by standard coating.*

There are a range of 3D printing techniques that could be applied to
lithium-ion cell manufacture [357]. The challenge is achieving the
throughput necessary to match existing coating techniques. At present,
the most promising use of 3D printing is in the production of lithium
micro-batteries.

Laser cutting has been proposed as an alternative to the standard
mechanical cutting approach used to prepare electrodes for stacked
cells. However, lasers can also be used to create patterns in coated
electrodes, to improve electrolyte wetting and rate performance [358,
359]. Very high speed femto-lasers are required. The patterning can be
an array of holes, parallel trenches, or a grid pattern.

In sum, great progress has been achieved in developing new coating
technologies and it appears likely that one or the other will be adopted

4 https://www.buhlergroup.com/content/buhlergroup/global/en/industries
/batteries/Continuous-electrode-slurry-production.html.

by industry in the near-to mid-term future for realizing (ideally) less
costly and more sustainable methods for the fabrication of lithium-ion
batteries with enhanced energy density, while maintaining suitable
power performance and cycle life.

5.2. Water-based electrode coating — current status, remaining challenges,
and potential solutions

Aqueous processing using a blend of sodium carboxymethyl cellulose
(NaCMC) and styrene butadiene rubber (SBR) binders is the standard for
graphite anodes, but conventionally the manufacturing process of
cathodes still involves PVdF as binder dissolved in NMP (see also the
previous chapter). However, according to REACH regulations, the uti-
lization of NMP must now be carefully controlled or ideally fully pre-
vented [20]. Even though numerous works have shown the feasibility of
aqueous processing with CMC, SBR, or polyacrylates (PAAH;,Li,) as
binders, for both anodes (e.g., LTO) and cathodes (e.g., LFP, LMO, and
NMC cathodes [20], the industrial implementation of cathode aqueous
processing still remains marginally divulged.” However, eliminating the
use of NMP, associated with the absence of solvent recovery, by using
water instead results in a substantial reduction on capital and operating
costs of the electrode manufacturing process [346,360], and in turn of
the overall battery. Moreover, during the recycling process, materials’
recovery becomes possible easily by dissolution compared to the stan-
dard pyrolysis with PVdF (see also the forthcoming chapter on recy-
cling). Aqueous binders which are more sustainable than PVdF allow for
a better anode SEI and cathode CEI, more homogeneous electrode
microstructure, better electrode wettability by the liquid electrolyte,
while still retaining better mechanical strength due to lower swelling,
and thus better cyclability, and even better safety (less heat generated)
than PVdF [20].

The main issue for aqueous processing is the active material reac-
tivity with water. For NMC or NCA materials, it alters the particles
surface by the formation of LiOH and Li»CO3 species [361,362]. Besides,
lithium leaching occurs along with Li*/H™ cation exchange which leads
to capacity loss [207,361] and triggers the formation of a resistive
rock-salt phase on the particle outer surface [362-364]. The surface
compounds formed may lead to side reactions with the electrolyte, thus
lowering the capacity retention upon cycling [361]. Moreover, the
strong alkalinity of aqueous slurries (up to a pH of 12) causes corrosion

5 https://www.leclanche.com/our-technologies/cells/.
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of the aluminium current collector, accompanied by H; release, which
increases the electrical resistance at the electrode/collector interface
and generates macro-porosity in the electrode [365,366].

The aluminium current collector corrosion can be solved by carbon
coating [367]. Also the addition of an acid to the aqueous slurry in order
to lower the pH is a straightforward method to avoid corrosion [363,
368]. While some works report negative effects on lithium leaching,
slurry rheology, or electrode conductivity and adhesion, when using
mild organic acids [369], the use of phosphoric acid does not only avoid
aluminium corrosion, but also spontaneously reacts at the lithium
transition metal oxide surface, resulting in a thin metal phosphate sur-
face layer [366,368]. Such coating protects against the reaction with the
electrolyte and leads to better cycle life than NMP-processed cathode
materials such as LMNO [366], NMCs3o [370], and even LRLO [371].
The application of protective surface coatings on the active material
itself is an alternative interesting route [20,372].

Generally, despite significant progress in recent years, the aqueous
processing of battery electrodes is still a rather unexplored field. How-
ever, numerous studies report satisfactory electrochemical performance
for full cells even with NMCg;; [373] or for 15-60 Ah prototypes [374].°
This technology is not an easy task and requires additional research; for
example, to obtain thick electrodes achieving satisfactory electro-
chemical performance [375,376]. However, this route opens up new
opportunities, such as the use of low-cost and high-throughput
manufacturing processes from the paper industry [377]. In the context
of the creation of Gigafactories in Europe, would it not be wise to switch
to the more sustainable aqueous route?

6. Recycling
6.1. Critical discussion of the state of the art in industry

The rising importance of electric mobility will significantly increase
the demand for raw materials and the need for sustainable recycling
technologies. An increased volume of battery production will notably
affect the environment due to raw material processing and generation of
secondary streams [378]. Currently in the European Union, only 50 wt%
of lithium-ion batteries is required to be recycled based on the directive
2006/66/EC [379]. However, a future battery directive is expected to
set much higher limits focused on particular battery components. Such a
change will be challenging for many battery recyclers today, which use
technologies with low recovery and selectivity. Due to these expected
demands, a higher efficiency in the recycling of Li-ion batteries is
necessary to decrease the impact of the fast-developing battery industry
on our environment. The commonly used pyrometallurgical processes
cannot provide sustainable recycling, even if some of them already
integrate hydrometallurgical steps to produce a high purity metal salt,
since some components such as aluminium, manganese, and lithium are
not recovered. Pyrometallurgical approaches are used by recycling
companies such as Umicore (Belgium), with a capacity 7000 t year ! or
Nickelhiitte (Germany) with the same capacity [380]. In such pyro-
metallurgical processing, both NiMH batteries and Li-ion batteries are
smelted together [381,382]. Components such as lithium, manganese,
or aluminium are not recovered as they end up in the by-product - slag
[383]. Cobalt, copper, iron, and nickel are recovered as an alloy, further
processed by hydrometallurgical methods in order to produce separate
products. The main advantage of such an approach is the elimination of
the need for mechanical pre-treatment.

For other recycling approaches, mechanical pre-treatment and sep-
aration is one of the most crucial steps [384]. Mechanical pre-treatment
is either applied by a company specified only on this step, while all
recovered components are further distributed to other recyclers and
metal producers, or separated components are processed within the

6 https://www.leclanche.com/our-technologies/cells/.

same company. The first practice is applied at Akkuser (Finland) or
Batrec  (Switzerland). Both companies perform mechanical
pre-treatment followed by mechanical separation of black mass (mixture
of cathode and anode active material) from current collectors (Al and Cu
foils) and other battery components (printed circuit boards, casing, ca-
bles, etc.). The latter are then sold to specialised recyclers or metal
producers [380].

More modern processing of spent lithium-ion batteries uses a com-
bination of methods to achieve much higher yields. Such combinations
may comprise thermal pre-treatment (below melting point of the major
metals), followed by a hydrometallurgical processing. The thermal pre-
treatment is mainly used to remove organic components and elemental
carbon that could interfere with the subsequent hydrochemical pro-
cessing [385]. Such an approach is already used by several companies
such as Accurec (Germany), Redux (Germany), Fecupral (Slovakia; the
company performs the thermal pre-treatment only), etc. Currently there
are two types of thermal pre-treatment used in industry: incineration (in
the presence of oxygen) and pyrolysis (in the absence of oxygen).
However, some negative effects on the posterior processing have been
identified after using incineration [386]. Mixed oxide formation
(CoMny04 and NiMnyO4) at higher temperatures cause lower leach-
ability of valuable metals. On the other hand, in the case of pyrolysis
some positive effects, such as improved leachability due to cathode
material decomposing and due to organic components removal, have
been reported [381] and, thus, pyrolysis became the more preferable
option for industrial processing. In order to simplify the recycling pro-
cess by, e.g., eliminating issues of discharging and mechanical separa-
tion, pyrolysis is applied. Other potential down sides of thermal
pretreatment are, for instance, the formation of HF and other organic
compounds as a consequence of organic components decomposition.
The remedy for this issue is the inclusion of more or less complex off-gas
treatment [385].

The last step in metal recovery is hydrometallurgical processing
based on the leaching of active material with preferable mineral acids,
followed by metal separation using solvent extraction and precipitation.
Presently, hydrometallurgical processing is mostly used in China
(Brunp, Soundon New Energy, GEM, Huayou Cobalt, Ganpower, etc.)
and South Korea, where the majority of batteries is produced nowadays
and, thus, the infrastructure is well developed for the production waste
and obsolete batteries [387]. In Europe, hydrometallurgical processes
are used in Sweden, where the battery producer Northvolt integrates a
hydrometallurgical recycling process in the loop to secure the raw ma-
terials supply chain and to decrease the environmental impact of the
battery production. Hydrometallurgical processing is also used in com-
panies such as Accurec (Germany), Recupyl (France), Fortum (Finland),
etc. The main advantage of hydrometallurgy is the possibility to produce
new battery precursors from the waste with sufficient purity [388].

Despite the large demand for the chemical reagents, hydrometal-
lurgy allows the use of many solvents for several years and re-utilization
of several by-products within the same technology, thus minimizing the
overall secondary waste generation [389]. Accordingly, with future
battery legislation and demands for higher material recovery rates, hy-
drometallurgy is one of the most promising approaches to meet the re-
quirements, but also to create a path to circular economy in the battery
market.

6.2. Anticipated future developments

Extensive research has been performed in the material recovery of
different battery components, applying mechanical separation as well as
pyrometallurgical and hydrometallurgical methods. Nevertheless, due
the industrial development, combined methods using thermal pre-
treatment followed by hydrometallurgical processing represent the
future trend in lithium-ion batteries recycling [380,390]. However,
incineration has been mostly defined as less suitable if performed at
higher temperature (>900 °C), and thus the pyrolysis of battery waste
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has been studied to a larger extent. Pyrolysis is usually performed as a
dynamic process under a constant gas flow or in vacuum. Vacuum py-
rolysis hasbeen used to process cathode materials or black mass and also
to remove the binder [391,392]. The advantage of vacuum pyrolysis is
the formation of a well-defined environment and efficient reduction of
the oxides. Dynamic pyrolysis has been performed to achieve the
decomposition of organic components and carbothermic reduction
[381,393]. The waste of Li-ion batteries (comprising NMC or LFP) was
usually pyrolysed in a nitrogen atmosphere within a temperature range
from 400 to 700 °C. It was concluded that present carbon and carbon
monoxide reduced the metal oxides of the active materials to Co®, CoO,
Ni% NiO, Mn®, and Mn304, and lithium forms Li»CO3. The most optimal
temperature was 600 °C. The reduction reactions transformed the metal
compounds tomore soluble chemical forms. Thermally treated materials
are then processed hydrometallurgically.

In the hydrometallurgical step, the most common inorganic acids
used for the leaching are HCl, HSO4, and HNOg [394]. It was concluded
that hydrochloricacid usually performs the best among these acids [395,
396]; however, sulphuric acid is more preferable due to economic rea-
sons. Zhang et al. [397] found that a leaching efficiency of more than
99% for cobalt and lithium can be achieved using 4 M HCI at a tem-
perature of 80 °C during 1 h. Many researchers [398-400] performed
leaching with sulphuric acid and different reduction agents. The pres-
ence of, e.g., hydrogen peroxide allows a lower acid concentration in the
leaching media for the same concentration of lithium and cobalt in the
leaching liquor [401]. This is due to the reduction of Co®* to Co®" which
can be readily dissolved [402]. If sulphuric acid is used, the optimal
concentration of the acidic leaching media varies between 2 M and 4 M
and the optimal concentration of hydrogen peroxide oscillates from 1 to
6 vol%. Leaching temperatures around 60-80 °C and a leaching time of
1h are the optimal conditions for cobalt and lithium leaching [397,398].

A more modern approach is the use of organic acids such as citric,
ascorbic, malic, oxalic, or aspartic acid together with HyO» as reducing
agent. Relatively high leaching efficiency has been reported for the
majority of the organic acid used [403-406]. Organic acids are consid-
ered to be a more environmentally friendly alternative to the inorganic
acids; nonetheless, due to economic reasons their application in industry
is more challenging.

Future metal purification and separation is based on the use of sol-
vent extraction. More traditional extractants such as bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex®272), di-(2-ethylhexyl)
phosphoric acid (D2EHPA), 2-ethylhexyl phosphonic acid mono-2-
ethylhexyl ester (PC-88A), or hydroxy-oxime derivative (Acorga
M5640) have been used for metal recovery in batteries recycling [388,
407-409]. Several technologies based on the use of solvent extraction
have been developed to separate cobalt, nickel, copper, and manganese
[388,410-412]. Very recently, a novel extractant (Cyanex®936) has
been developed by Solvay to purify lithium from sodium, which has
been until now mostly performed by precipitation. Innovation in this
field will decrease the environmental burden of precipitation methods
for lithium production.

Solvent extraction allows very efficient separation of cobalt, man-
ganese, and nickel, which is otherwise challenging, if precipitation
techniques are used [413,414]. In solvent extraction, the obtained pu-
rity of the metal salts is sufficiently high, so that the recycled metals can
be re-utilized for the battery production. Solvent extraction is, for
example, used in the industrial recycling at Umicore (Belgium), North-
volt (Sweden), Nickelhiitte (Germany), and Accurec (Germany).

7. Performance metrics in academia and industry and expected
progress

Following the available literature, a set of theoretically achievable
and estimated, or already realized practical specific capacities and en-
ergy densities have been provided in the previous chapters, especially
those dealing with the active materials for the negative and positive

electrode, frequently though based on the mass or volume of the active
materials only. This kind of “simplification” is intended to allow for a
rather facile comparison with earlier studies, but neglects important
parameters, such as the amount of electrolyte in the cell, the electrode
composition, the density, porosity, and tortuosity of the electrode
coating, and the presence of inactive components, including the current
collectors, the separator, and the cell casing (cylindrical, prismatic hard-
case or pouch - all with their specific advantages and drawbacks con-
cerning packing density, costs, and safety [415-418]). In fact, taking all
these (mostly not yet known) parameters into account would result in
listing essentially incomparable and therefore irrelevant and meaning-
less data from most lab-scale studies, rendering them hardly comparable
with each other, and certainly not comparable with the values to be
obtained in industrial lithium-ion cells. Nonetheless, they have to be
kept in mind in order to achieve meaningful progress towards further
improved performance metrics — at least when it comes to the evalu-
ation of the results in light of the envisioned application. Accordingly, it
is of utmost importance to report comprehensive data sets, particularly
for studies that are (or claim to be) immediately relevant for commercial
cells [419]. In fact, compared to other emerging battery technologies,
lithium-ion batteries have the great advantage of being commercialized
already, allowing for at least a rough estimation of what might be
possible at the cell level when reporting the performance of new cell
components in lab-scale devices. This is nicely highlighted by comparing
the specific energy values given in Table 2, which are based on the active
material mass loading only, while considering practically achievable
specific capacities, and the values reported for commercial cells, sum-
marized in Table S1 and Fig. 7. For instance, Table 2 provides a specific
energy of 379 Wh kg ! for graphite||LFP (based on the active materials
only), while commercial cells frequently offer only about 110 Wh kg !
(Table S1), i.e., less than one third. It should be noted, though, that
LFP-based lithium-ion cells are commonly more designed for
high-power applications and, therefore, frequently provide lower energy
densities. As a matter of fact, the difference is less pronounced for
graphite||NMG, for which a specific energy of around 400-450 Wh kg !
is indicated in Table 2 (based on the active materials only), while spe-
cific energies of around 240 Wh kg ! and about 680 Wh L ! have been
commercially realized already in 21700 cylindrical cells [418,420], i.e.,
more than half of the value provided in Table 2. Generally, this quick
comparison illustrates that a factor of roughly 2-3 has to be taken into
account, when estimating realistic energy density values based on
lab-scale results, as also reported earlier [421,422], even though the

<6

~ 100 P a

o r?:\ L’

8 57 2" 1

©

£ 44 ,t .

E 8 7

L] ]

3 3- \%66 . L g .

S wam " 0.12Ah/year

2 2- LA i

2 e

% 1{s & : -
1990 2000 2010 2020 2030

year

Fig. 7. Evolution of the cell capacity in cylindrical 18650 and 21700 cells since
the first commercialization of lithium-ion batteries by Sony in 1991 until today.
The presented data have been extracted from Ref. [432,433] and the manu-
facturers’ data sheets.



steady, essentially linear increase in cell capacity depicted in Fig. 7
suggests that this factor might decrease in future; simultaneously
providing hope for continuous performance improvements. Finally, it is
important to keep in mind that complete battery systems will always
have lower gravimetric and volumetric energy densities and higher cost
when compared to the data for single industrial cells.

In this regard, it has to be kept in mind as well that, in the past,
research has mainly focused on materials and the improvement of the
cell chemistry. The steady increase in cell performance (Fig. 7), how-
ever, has been achieved also by optimizing the electrode and cell design
as well as the manufacturing processes, e.g., by saving inactive mate-
rials, elevating the electrode loadings, increasing the coating areas, as
well as a higher utilization of the cell volume due to optimized stacking
and winding processes. Future development requires model-based
electrode designs for higher loading electrodes with an optimized
microstructure in order to increase the areal capacity and to decrease
simultaneously the costs for cell manufacturing [360,423]. Modelling
can help to better understand the performance of electrodes and can
significantly contribute to the optimization of the electrode and
manufacturing processes [424-429].

Altogether, the extensive availability of performance metrics in
literature allows us to set up key performance indicators (KPIs) for the
mid-to long-term research and development targets (Table 3). We may
note that these KPIs are based on several assumptions, as also specified
in Table 3, and especially the estimation of the targeted cost will be
substantially affected by the availability of the raw materials needed,
political decisions regarding, for instance, subsidies, as well as several
other factors like economies of scale and market competition, which are,
however, beyond the scope of this manuscript.

8. Conclusive summary and perspective

Lithium-ion batteries are considered to remain the battery technol-
ogy of choice for the near-to mid-term future and it is anticipated that
significant to substantial further improvement is possible. With respect
to the negative electrode, this will be based particularly on an increasing
contribution of silicon (or understoichiometric silicon oxide) in com-
posites with carbonaceous materials, especially graphite, and advances
towards optimized electrode architectures, while alternatives like
lithium titanate will presumably still play a role — at least for specific
niche applications where high safety and power are of primary impor-
tance. For the positive electrode, further improvement is expected by
increasing the nickel content in common layered lithium transition
metal oxides, while also addressing the resulting safety and stability
issues - e.g., by the development of suitable coatings or dopants.
Overcoming the remaining challenges for Li-rich transition metal oxides
as well as high-voltage spinel oxides and transition metal phosphates
will also allow for enhanced performances — though the eventual success
of such materials also depends on the realization of safer electrolyte
systems (salts, solvents, and additives) with an extended electro-
chemical stability towards elevated potentials. In fact, very recently also
solid-state electrolytes, being either organic (i.e., polymers), inorganic,
or hybrid, have been studied for lithium-ion battery applications, even
though the focus here is so far clearly on the use with lithium-metal
anodes. It might very well be, however, that also for lithium-ion batte-
ries the incorporation of solid or hybrid electrolyte systems might enable
a great push forward regarding performance, cycle life, and safety. Not
least for this reason, an essential field of research will be the under-
standing of the reactions occurring at the different interfaces in the
battery cell and, based on this, the careful design of tailored interfaces
(and interphases) and electrolyte additives.

Taking into account that substantial improvement in the past has
been achieved by optimizing the cell and electrode design, as well as
reducing the content of electrochemically inactive components, it ap-
pears highly likely that also advanced electrode preparation procedures
will contribute to further advances in energy and power density as well

Table 3

Key performance indicators for lithium-ion battery research and development
efforts in the mid- and long-term future, estimated based on the work and studies
discussed herein.

Current 2030 2050
(2020)

Performance targets for automotive applications unless indicated otherwise

1 Gravimetric energy density (Wh kg™1)

Pack level 90-180 190-230 >250
Cell level 160-260" 275-320 >350
2 Volumetric energy density (Wh L ')
Pack level 250-400 450-550 >600
Cell level 450-730 750-900 >1000
3 Typical gravimetric power density (continuous discharge from 100% - 20%
SOC; Wkg 1)
Cell level 340-5007 800-1100 >1200
4  Typical volumetric power density (continuous discharge from 100% - 20%
SOGWL )
Cell level ca. 1000 ca. 2000 >3000
5  Typical fast charging time (min)
Fast charging time for BE (20%-— 15-30 10-15 <10
80% SOC, 25 °C)
6  Battery lifetime
Cycle life for BEV to 80% end-of- ca. 1000 up to 2500-5000
life capacity (cycles; ca. 25 °C 2000
ambient temperature)
Cycle life for stationary to 80% 5000 10,000 >10,000
end-of-life capacity (cycles;
40-50 °C)"
Calendar life (years; 80% energy) ca. 10 10-15 15-20
7  Safety
Hazard levels (according to <4 <3 <3
EUCAR [435] and SAE J2464
[436]1)
Cost targets
1 Cell level (€ kWh 1) 60-100 40-60 <50
Battery pack level (€ kWh 1) 90-140 65-110 40-70
Recycling targets’
1  Battery collection/take back rate >50% >90%
2 Recycling efficiency (by average 15%° >40%' >90%
weight)
3 Economy of recycling® ca. 150% ca. 50%

@ Strongly depending on whether the focus is on energy or power density, as
well as the cycle life required. Here, we focus especially on economically viable
battery cells with a relatively high energy density rather than cells which are
outlined for (extremely) high power — see also Andre et al. [434], for instance,
differentiating between different automobile applications (hybrid (HEV) vs.
plug-in hybrid (PHEV) vs. full electric vehicles (BEV)).

b Average values — highly dependent on the cycling conditions (e.g., depth of
discharge and dis-/charge rate) and the cell chemistry.

¢ The given values are partially based on the numbers reported by Marinaro
et al. [15] and the studies referred to therein as well as information from in-
dustry about their cost targets.

4 We may note that there are large differences — depending on the technologies
and processes used and the legal regulations in different countries — and the
given values are an attempt to provide an average across European countries. In
fact, the comprehensive recycling of lithium-ion batteries is not really limited by
suitable technologies available already, but rather by economic considerations.

¢ The recycling efficiency varies substantially for the different components
and elements in a Li-ion cell. For instance, lithium is presently hardly recycled,
while cobalt is recycled with an efficiency of around 80%.

f By 2030, it should be possible to recycle about 99% of the metals — at least
from the technological point. The actual recycling rate, however, will essentially
depend on the given legislation and economical aspects.

& In comparison to the price of the non-recycled materials and components (i.
e., “first-time use”).

as safety and cost. With regard to the latter, the use of water rather than
NMP and bio-derived polymer binders will certainly add to this devel-
opment when the remaining challenges can be overcome.

Speaking of which, the continuously rising importance of lithium-ion



batteries has to come along with substantial improvements concerning
their sustainability - starting from the electrochemically active and
inactive materials, their synthesis and further processing, the electrode
coating and cell assembly, up to the extension of the cycle life, e.g.,
extended by second-life applications. Moreover, there is an urgent need
for efficient recycling technologies — for instance, by realizing an
(economically efficient) direct recovery of the various components,
which enables their re-use in new lithium-ion batteries. However, it has
to be kept in mind that even a recycling rate of 100% after the battery’s
end of life will cover only a minor part of the total need of raw materials,
given that the overall deliveries will continue to increase at the current
rate.

We may finally note that we have focused herein on those materials,
components, and processes that are already of commercial relevance or
anticipated to be of commercial relevance (very) soon. There are other
in-/active material candidates and processes, which are presently
investigated, and might become important in the mid-to long-term
future. Additionally, there will likely be materials and processes that are
not yet known today. Accordingly, this review is not considered to be
exhaustive and we would like to encourage scientists and engineers
working in this field to remain curious and open-minded towards new
developments and ideas — just like at the very beginning of lithium
battery research. New approaches and techniques, from DFT calcula-
tions to artificial intelligence, could be additional triggers of the
progress.
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