energies MBPY

Review
Future Material Developments for Electric Vehicle Battery Cells
Answering Growing Demands from an End-User Perspective

Annika Ahlberg Tidblad "2, Kristina Edstrém 2(®, Guiomar Hernandez 2(”, Iratxe de Meatza 37,
Imanol Landa-Medrano 3, Jordi Jacas Biendicho #(%, Lluis Trilla 4, Maarten Buysse 5% Marcos Ierides °,
Beatriz Perez Horno °, Yash Kotak 600, Hans-Georg Schweiger ¢(7, Daniel Koch ¢ and Bhavya Satishbhai Kotak ®

Volvo Car Corporation, SE-405 31 Gothenburg, Sweden; annika.ahlberg.tidblad@volvocars.com
Department of Chemistry—Angstrém Laboratory, Uppsala University, SE-751 21 Uppsala, Sweden;
Kristina.Edstrom@kemi.uu.se (K.E.); guiomar.hernandez@kemi.uu.se (G.H.)

3 CIDETEC, Basque Research and Technology Alliance (BRTA), P° Miramén 196, 20014 Donostia-San Sebastidn,
Spain; imeatza@cidetec.es (I.d.M.); ilanda@cidetec.es (I.L.-M.)

Institut de Recerca en Energia de Catalunya (IREC), 08930 Barcelona, Spain; jjacas@irec.cat (J.J.B.);
lltrilla@irec.cat (L.T.)

Bax & Company, 08013 Barcelona, Spain; m.ierides@baxcompany.com (M.L);
b.perez@baxcompany.com (B.P.H.)

6 Technische Hochschule Ingolstadt, CARISSMA Institute of Electric, Connected and Secure

Mobility (C-ECOS), Esplanade 10, D-85049 Ingolstadt, Germany; Yash.Kotak@carissma.eu (Y.K.);
Hans-Georg.Schweiger@thi.de (H.-G.S.); Daniel. Koch@carissma.eu (D.K.);
BhavyaSatishbhai.Kotak@carissma.eu (B.S.K.)

check for *  Correspondence: m.buysse@baxcompany.com

updates
Citation: Tidblad, A.A.; Edstrom, K; Abstract: Nowadays, batteries for electric vehicles are expected to have a high energy density, allow
Hernandez, G.; de Meatza, 1; fast charging and maintain long cycle life, while providing affordable traction, and complying

Landa-Medrano, L; Jacas Biendicho, J.;
Trilla, L.; Buysse, M.; Ierides, M.;

Horno, B.P; et al. Future Material

with stringent safety and environmental standards. Extensive research on novel materials at cell
level is hence needed for the continuous improvement of the batteries coupled towards achieving

these requirements. This article firstly delves into future developments in electric vehicles from
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Publisher’s Note: MDPI stays neutral 1, Introduction

ith regard to jurisdictional claims in . . . .
e ! Nowadays, batteries have become an essential part of everyday life. With products

and devices becoming increasingly electrified, battery usage has grown heavily over the
past decade. Currently, they are mainly used in portable electronics, mobility applications
and stationary storage. Mobility applications, comprising different categories of electric
vehicles (EVs), represent the biggest share of the global battery market and are expected to

= continue growing, following the expected increase in electromobility [1]. EVs are projected
Copyright: © 2021 by the authors. 4, Jemand 90-95% of the total production of Li-ion batteries (LIBs) by 2030 with most
Licensee MDPL, Basel, Switzerland. 0 gictions indicating around 150 million EVs on the roads by that time. Because of the
dominating share on the battery market, the demands of the electrification of vehicles and
their end-user expectations have been the primary drivers for the development of advanced
battery technologies over the past decade. In the automotive industry, the end-user is
demanding batteries that should be safe, sustainable and have affordable traction com-
bined with high volumetric and gravimetric energy density and power, excellent electric
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performance and durability in a wide ambient temperature range, low self-discharge and
long shelf-life. In addition, the ability to sustain fast charging with a minimal impact on cell
ageing is becoming increasingly important as electromobility is rolling out in increasing
numbers to a wider circle of users and locations [2,3].

A variety of different materials have been thoroughly analysed and tested on battery
components, aiming to meet and balance all these requirements while ensuring comple-
mentarity and stability when combined in a battery cell. Up until now, LIBs have proven
to be the most robust technology enabler for the development of EVs. Different chemistries
have been demonstrated to be more suitable for different applications, as shown in Figure 1.
Incremental improvements over time and the Ni-rich cell chemistries currently available on
the market have made LIBs even more suitable by improving aspects such as their specific
energy and power among others. However, the quest for even higher energy density and
specific energy as well as fast-charging capabilities remains a priority for the industry. At
the same time, the demands from the end-users change with time as the mobility appli-
cations evolve and new usage patterns and behaviours are established. This accentuates
the need for further improvements and has accelerated the need for development of novel
battery materials that can meet the needs of future generations of EVs. Several articles have
reviewed different novel battery materials and their influence on the different parameters
of the battery in terms of performance, safety, cost etc. However, most articles make this
review from a technology push perspective and do not take into account the future end-
user demands. Therefore, this article will look at upcoming and changing future end-user
demands and how these influence battery requirements. The analysis of novel material
developments will be made coming from this end-user perspective and will highlight the
technology pull perspective. Special focus is placed on the safety requirements of cells and
batteries made from these novel materials.

Performance Main Applications
. Trucks/
Type Chemist i
e ik Energy Power Cale'ndar CYde Safety/Stability ~Cost Consum'er Power nght-Duty Cars Commerecial Buses Grid
Life Life Electronics  Tools Vehicles X
Vehicles
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Figure 1. Li-ion battery overview (TRL = technology readiness level).

2. Projected Demand from End-User Side

Looking from the side of the end-users, in addition to the need for affordable and
safe EVs, one of the main drivers is “range anxiety”, caused by a combination of limited
EV driving range and relatively long charging times plus an underdeveloped charging
infrastructure [2,3].

All things remaining the same, increasing the battery energy density will translate
into longer driving ranges in vehicles, as there will be more energy available for propulsion
per battery unit. If the added energy comes with improved fast charging capability, this
would be even better, as it would reduce the refuelling time, and further enhance freedom
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to move with minimum inconvenience [4]. In the interest of sustainability, the combination
of high energy density with fast charging capability opens another possibility, namely, to
reduce the battery size and to rely on frequent, fast charging events to accumulate mileage.
The latter option has the potential to significantly reduce the cost of the traction battery as
well as decrease the material resources and energy consumption needed to produce the
battery. However, it would also require batteries with improved cycle life to ensure that the
total lifetime of the battery is not shortened. The traction battery currently represents up to
30-50% of the total cost to produce a battery-powered vehicle, depending on the level of
electrification [5]. By reducing the battery size, the current cost gap between conventional
internal combustion engine vehicles and EVs can potentially be closed and make them
more affordable and achievable to a wider customer base [6,7].

Climatisation, of both the traction battery and the occupant compartment, is a notable
load on the battery even today [8]. Owners of battery-powered vehicles who live in
climate zones with seasonal variations will note a decline in the driving range per charge
during sub-zero temperature periods, as the battery needs to be warmed for optimal
electric performance. In warm climates, the battery needs cooling in order to prevent
accelerated ageing at higher temperatures [9]. Hence, new battery systems with electrical
and durability performances that are less affected by operating temperatures would have
many advantages and free up battery energy for other uses on the vehicle, such as extending
the driving range.

However, there are two parallel technology developments emerging alongside with
electrification which are closely associated with the sustainability transition of the transport
sector. These are autonomous (self-driving) cars and connected services. The gradual
introduction of these technologies will likely have a major impact on the energy demand
and usage of available energy in the battery in future EVs [10]. The energy demand
from powering these applications is provided by the same battery that is also used for
traction, which means that the total packed energy must be split between different loads.
Autonomous driving requires 360° sensors, monitoring and online data processing to
detect and manoeuvre obstacles, as well as to respond to the activities of all surrounding
road users. The processors needed to manage these operations with sufficient speed and
safety represent a significant energy load on the battery. In dense urban traffic, the energy
consumption of these processors is typically of the same order of magnitude as the energy
required to propel the vehicle. Under these conditions, future EV batteries would need to
have double the energy density in order to retain the same driving range per charge cycle
as they do today [11].

The energy consumption related to connected services depends on the nature of the
over the air information exchange with the vehicle and how the systems are designed.
For example, extensive use of the infotainment system and apps offering streaming services
will have an impact on the amount of energy available for propulsion [12]. This technology
is still very much in development, and it is not unlikely that the EVs will experience an
evolution as the technology develops and matures, similar to the one we have witnessed in,
e.g., mobile phones over the last two decades. The first mobile phones were very limited in
what they could do and the smartphones currently on the market are a far cry from what
we dreamed was even possible from the start. However, as with all other functions and
features on the vehicle, the connected services will be powered by the traction battery and
this will have an impact on the energy demand. The following section of this paper will
show how the foreseen energy demand increase will be supplied by new battery technology
with higher energy density as the research on novel components evolves and matures.

Ultimately, it is the driver and other vehicle occupants who will decide how the
available energy in the EV battery is used, for example maximising driving range or
accepting a shorter driving range to enjoy the freedom of a self-driving car and the on-board
infotainment system. In addition to the on-board energy consuming functions discussed
above, the future role of the EV batteries as energy storage support to the smart grids
discussed in the context of the electrification transition should also be considered [13,14].
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Making the traction battery available to vehicle-to-grid (V2G) applications will result
in an increased total energy throughput over the battery lifetime [15]. This increase in
battery usage yields a faster battery degradation. Preliminary studies show that over five
years driving-related degradation accounts for 1-2.5% of capacity loss, V2G degradation
is in the range of 1-2% and calendar ageing brings around 6% of the total capacity fade
in a passenger car [16,17]. It is unlikely that vehicle owners will accept a trade-off that
involves negative impacts on the durability performance of the battery in the vehicle [18,19].
Hence, improved cycle life and capability to retain long-term electric capacity with higher
total energy throughput is also likely to emerge as increasingly important to meet the
expectations and needs of the market and society. End-users’ priorities regarding long-
range or affordability are also going to be an important factor [3]. As the access to charging
infrastructure improves, not only in city centres but also in more remote areas, the demand
for affordable vehicles with smaller batteries is likely to increase, especially if the fast
charging capability improves compared to now. Future batteries with higher energy densities
would support these possible user trends, as well as other development directions that become
possible as new technology advances in autonomous cars and connected services are made
available and become mainstream. An overview of current demands and the corresponding
battery requirements is provided in Table 1 in light of the end-user needs.

Table 1. End-user needs overview.

Demand Battery Requirements
Reducing range anxiety. Increasing energy density.
Convenience of charging. Fast charging.

Reduce size of battery by higher density + fast
charging. Reduction of critical raw materials
Sustainable EV. (Novel active materials that do not rely on
critical elements and materials). Increase the
recycling potential of the components.

Climatisation. Wider operating temperature window.

Autonomous driving.

Increase energy density to maintain same
Connected vehicles. range performance or higher energy
throughput (cycle life).

Comfort and infotainment.

Temporary energy storage applications, e.g., Energy throughput not reflected by mileage
vehicle-to-grid, vehicle-to-vehicle. and calendar life (cycle life).

Reduction of critical raw materials use,

Reduced cost. reduction of battery size.

Non-flammable materials, high stability of

Increased safety. components

Finally, it is also worth mentioning that there are ongoing regulatory developments
that are likely to affect how batteries can be designed and used in electrified vehicles. Two
examples are the Global Technical Regulation (GTR) on in-use battery durability within the
UN ECE Vehicle Regulations framework [20] and the European Commission’s proposal for
a new Battery Regulation [21]. Both regulations are expected to be adopted during 2021
and they incorporate mandatory electrical performance and durability requirements on
batteries. The proposed Battery Regulation also includes sustainability requirements for
repair, remanufacturing, repurposing, recyclability and use of recovered substances in new
cells and batteries, which may limit the cell chemistries, battery systems’ design options and
vehicle usage patterns that will be possible in the EU internal market. It is important to be
watchful that these regulations and similar global initiatives do not introduce unintended
technology restrictions, which create unsurmountable obstacles to developing batteries
capable of meeting the demands and expectations of future applications.
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3. Projected Improvements on Component and Cell Level

The continuous increase in demand from the end-user side and the anticipated changes
in end-user expectations will require further improvement of the battery and its compo-
nents. Further development of the materials used for the battery components will be one
of the main focus areas for research to meet new requirements.

Commercial LIBs are based on intercalation materials and have energy density
<600 Wh- L~! and specific energy <300 Wh-kg ! at cell level [22], cycling performance
<1000 cycles and C-rate capability <2C [23]. Additionally, there are still concerns regarding
their safety, cost and sustainability that should be addressed by the next-generation battery
systems for future automotive applications. Considering the current and future end-user
needs mentioned above, increasing energy density, cycle life, and enabling fast charging
capabilities are the main aspects to be improved in future battery cells. The driving range of
the best performing current EVs is set at 600 km. This range can be directly correlated to the
specific energy at the cell level among other parameters. Therefore, next-generation LIBs
are expected to reach 700 Wh-L~! and 350 Wh-kg ! with outstanding cycling performance
of 2000 cycles and higher current response > 3C to satisfy user demands. To achieve
this, a large spectrum of (electro)chemical and physical improvements are expected (and
required) for all components, from the materials up to the cell level optimisation and design.
These are presented and discussed in the following sections: anode, cathode, electrolyte,
together with cell considerations and alternative battery systems. Equally important to
performance are the end-user needs related to the cost, safety and sustainability aspects of
future LIBs. Certain chemicals/metals have limited resources, are highly toxic, present eth-
ical issues related to their sourcing or are expensive. All these aspects should be evaluated
as a whole to achieve an innovative LIB technology for the next generation of EVs.

3.1. Anodes

The first LIBs commercialised by Sony back in 1991 consisted of coke carbon as the
active material in the negative electrode [24,25]. Around 1995, graphite was introduced
when it was understood how the surface of the graphite could be protected to prevent
exfoliation [26]. Twenty-five years later and despite considerable research efforts to find
higher performant substitutes, most of the commercially available Li-ion cells still include
graphite in their anode formulation [27,28]. Thus, one could expect negligible advances
in the development of novel materials for this electrode. The most pursued feature in the
search of electrode active materials is the specific capacity, i.e., the capacity of the material
to accommodate Li in its atomic structure [29]. A higher specific capacity implies a lower
volume of material necessary to store a certain amount of Li and, at the end of the game,
a clear advantage towards other candidates. In addition, from an electrochemical point
of view, it is preferable for an anode material to have a reduction potential close to that
of Li/Li* (—3.04 V vs. Normalised Hydrogen Electrode, NHE). The closer the potential
of the material is from this value, the higher will be the voltage of the final cell [29].
The combination of a high specific capacity and a working potential close to —3.04 V vs.
NHE would result in an anode appropriate for high energy density applications, such as
EVs [30-32].

Furthermore, it is necessary to maintain these characteristics upon repetitive discharge
and charge cycles [33,34]. Thus, a third significant feature of ideal anode material is high
reversibility towards the storage of Li. In this regard, the formation of a stable solid
electrolyte interphase (SEI) plays a key role in the cycling stability of these materials. This
SEI, identified for the first time by Prof. Peled back in 1979 [35], is a passivation layer
formed on the anode surface by the reaction of some electrolyte with the fresh electrode [36].
This layer prevents the continuous reaction of electrolyte at the anode and it is mainly
formed during the first galvanostatic cycle(s) of the battery [32,33]. It is permeable for Li*
diffusion while it is not for the rest of the electrolyte components [37,38]. Interestingly, it is
a crucial component of the battery and it represents an industrial bottleneck for battery
manufacturers, which try to optimise the SEI formation protocol [39,40]. Last but not least,
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safety, cost, and environmental aspects also influence the selection of the negative electrode
material [41].

The most widely studied anode materials can be classified in two main groups de-
pending on the mechanism followed to store Li: (i) insertion/intercalation materials and
(ii) conversion materials. The former accommodate Li-ions in their structure, while the
latter, also known as alloying materials, form compound phases [42].

3.1.1. Insertion /Intercalation Materials
Graphite

Graphite is the dominating anode active material in Li-ion technology. Its theoretical
capacity is 372 mAh-g~! between 0.25 and 0 V vs. Li/Li* [43,44]. This carbonaceous mate-
rial presents planar structure with hexagonal rings [45] and can accommodate one Li-ion
per hexagon, in-between graphene planes, as the fully lithiated graphite structure is defined
as LiCq [44,46]. This material shows good 2D mechanical stability, electric conductivity,
and Li* transport. In addition, it has high electrical conductivity, and electrodes based on
this material do not need significant fractions of conductive additives [42,47]. Furthermore,
it is cheap and abundant, and even though it can be obtained directly from mining (natural
graphite), it can also be manufactured (artificial graphite). However, the former is in the
Critical Raw Materials (CRM) list [48].

Nevertheless, this excellent material also has some disadvantages that prompt re-
searchers and battery manufacturers to find alternatives. On the one hand, its operation
potential can be too close to Li/Li* reduction potential: under high currents Li transport
might not be fast enough to allow successful intercalation of Li-ions [49,50]. This cre-
ates limitations on fast charge capability and induces the safety issue known as Li plating,
which consists of the deposition of metallic Li at the surface of the graphite electrode [51,52].
Moreover, this can also occur when there is a shift in the working potential of the electrode
and it approximates to (or overpasses) 0 V vs. Li/Li* [53].

On the other hand, the necessary SEI formation can also be troublesome depending
on the electrolyte used [41,43]. The volumetric expansion of graphite is not high—roughly
10% for the fully lithiated LiCs phase—but the continuous expansion and contraction of
this component leads to a gradual cracking of the SEI and exposure of fresh graphite to
the electrolyte [41,54,55]. Thus, it is important to build up a mechanically stable SEI and
minimise the electrode cracking. For that aim, selecting the adequate additives and cell
formation protocol defined for each electrode-electrolyte combination is key [39-41,56,57].

Lithium Titanate Oxide

Lithium titanate oxide (Li4TisO1p, LTO) is nowadays the main alternative to graphite in
commercial Li-ion cells. Interestingly, many of the disadvantages of graphite can be overcome
by this material. Nevertheless, its output is lower compared with graphite in some other
respects. The main advantage of this oxide is that it is considered as a “zero strain Li host”,
meaning that it does not undergo volumetric expansion upon lithiation [58-60]. Thus, the
SEI formed is not fractured during cycling and allows an extended cycle life compared to
graphite, even at high C-rates [61,62]. This makes LTO a good candidate for high power
applications [63,64]. However, the formation of this SEI is accompanied by prominent gassing,
particularly at high temperatures [59]. Another significant disadvantage compared to
graphite is its low capacity (175 mAh-g~1) and its working potential (1.55 V vs. Li*/Li),
which hinders the implementation of this material in high energy Li-ion cells. Yet, the
latter can also entail an advantage due to the impossibility of Li plating. Its poor electric
conductivity requires conductive additives in the anode formulation [41,62]. The energy
density is, therefore, further diminished due to the addition of inactive components to LTO
electrodes. In addition, it does not permit a particularly high Li* diffusion and is more
costly than graphite [42,62]. All in all, even though it has been implemented in some EV
models, such as the Honda Fit [24], due to its excellent response to high C-rates, high safety
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and cycle life, it has more widely been adopted as an anode material for low energy density
applications.

Other Alternatives

New rock salt type anode lithium-vanadium oxide (LizV,0s5) can reversibly cycle
two Li-ions at an average voltage of about 0.6 V vs. Li/Li*, providing a capacity of
260 mAh- g~ !, fast charging (up to 40% of the capacity in 20 s), as well as over 6000 stable
cycles [65]. The start-up Tyfast was spun out to commercialise this technology, with a focus
on electric buses and power tools.

3.1.2. Conversion/Alloying Materials
Silicon (Si)

Silicon has been explored as a strong candidate for high energy Li-ion cells due to
its enormous theoretical capacity: 4200 and 3579 mAh-g~! based on the formation of
Liy 4Si and Liz 755i, respectively [66,67], and low working potential (0.4 V vs. Li/Li") [68].
However, this significant ability to store Li is associated with a ~400% volume expansion
that jeopardises the mechanical integrity of the SEI formed at the electrode surface [69,70].
Indeed, the most significant drawback of this material is associated with the expansion-
contraction of Si during the lithiation-delithiation cycles. The SEI is fractured continuously
during the cell cycling: when the fresh Si surface is exposed to electrolyte, the latter further
reacts forming new SEI, as previously discussed for graphite [71-73]. The electrolyte
consumption, however, is much higher for Si due to the forty-fold higher volumetric
expansion. In addition, the volume variation upon cycling also promotes the formation of
void spaces in the electrode structure. This change of morphology is usually associated with
a decrease in the electric conductivity of the electrode [70]. Furthermore, the mechanical
stress induced by the expansion-contraction cycles leads to the pulverisation of Si particles,
which lose contact with the rest of the electrode [70]. This last disadvantage has been
faced by tailoring the Si material size: it was determined that there is a critical particle size,
150 pm for crystalline Si, below which pulverisation is significantly mitigated [74]. Indeed,
several groups have focused their research on obtaining innovative Si nano-structures
to limit the difficulties associated with the volumetric expansion [75,76]. Nevertheless,
incorporating micron-sized particles is unequivocally more cost-effective for processing real
Li-ion anodes [77]. Furthermore, Si requires fluoroethylene carbonate (FEC) as an additive
in the electrolyte to form a stable SEI, which further increases the cost of the cell [71,78].
Some more realistic research fields attempting the adoption of Si as a regular anode material
have been associated with the development of novel binders to minimise the impact of
the volumetric expansion [69,79] or the prelithiation of Si-based electrodes to mitigate the
capacity losses during the first cycles [75,80,81]. In any case, Si is usually added as an
additive, blended with graphite, in the anode formulation [75,77,81] as the aforementioned
difficulties associated with its volume change limit its use as the sole active material. In the
last years, the development of Si-carbon composites has been widely promoted due to
the industrial interest of Si [82-85]. In most of them, carbonaceous structures are used
to buffer the volume expansion and reduce the particle and SEI fractures. Finally, apart
from the electrochemical characteristics of the material, the possibility of using Si from
metallurgical waste is a plus point in favour of this material as well as silicon oxide, which
will be discussed in the following lines [84].

Silicon Oxide (5iOy)

The addition of silicon oxide (5iOx) has been adopted by the industry as an intermedi-
ate step previous to the definitive implementation of Si. SiOx has lower specific capacity
than Si (1200 mAh-g~! [86]) but its volumetric expansion is accordingly lower (~118%
for the full lithiation of SiOy) [68,74]. Furthermore, Si-O bonds in the oxide structure are
stronger than Si-5i bonds, and particle pulverisation is, therefore, minimised [68,87]. How-
ever, the main disadvantage of this material is the presence of oxygen radicals at the SiOx
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particle surface, which enhances the reaction with the electrolyte leading to an enhanced
irreversible capacity loss in the first cycle [41,88]. Even blended in small fraction with
graphite, this last parameter complicates the widespread implementation of the material in
high concentrations for commercial LIBs [24,41,86]. However, it has been confirmed to be
an anode component in Tesla’s batteries [76,89].

Other Alternatives

Metal (principally iron and manganese) sulphides can provide remarkable capacities
above 650 mAh-g~! and can be obtained from side-products of some industrial activities,
which is in favour of the circular economy [90,91]. However, their capacity retention and
cycle life are low [92,93]. Many efforts related to these materials have been associated with
the development of sulphide-carbon composites to enhance their cycling stability [93-95].
Nevertheless, to our knowledge they have not yet been implemented in industrial Li-ion
cell prototypes.

Recently, black phosphorous has been claimed as an extraordinarily high capacity
material (2596 mAh-g~1) [96]. Nevertheless, phosphorous is toxic and can be dangerous
due to phosphine formation [42]. On the other hand, germanium, an element from the
same group as Si, has a high capacity [97] and does not fracture [76], but it might be too
expensive for practical devices [42]. In addition, a recent publication [98] reported the
use of iron-doped zinc oxide (Zng9Fe(10) as an alternative to graphite due to its superior
specific capacity and rate capability. It is a promising material that improves the output
of traditional metal oxides, but its voltage hysteresis is still too high and needs further
research before upscaling from laboratory-scale cells to more realistic systems.

Finally, Table 2 has been included to sum up the characteristics of the different anode
materials and make a direct comparison between them.

Table 2. Characteristics and evaluation of the different anode materials described. The minimum
grade is 1 and the maximum is 5. Env. Friend. refers to environmental friendliness.

Energy Cycle Power Ca- Env.

Material Density Life pability Cost Safety Friend. Readiness
Graphite 3 5 4 5 5 4 5
LTO 2 5 5 3 4 4 5
LizV,05 3 4 3 3 3 4 2
Si 5 2 2 3 5 5 3
SiOx 4 3 3 4 5 5 4
Sulphides 4 2 2 2 3 5 2
P 4 2 2 3 1 1 2
Ge 4 2 2 1 4 3 1
ZnggFe 10 3 3 1 4 4 4 1

3.2. Cathodes

Currently, several materials are investigated as potential cathode for next-generation
LIBs. In this section, two candidates are mainly discussed in-depth due to their high
theoretical capacity to store energy: Ni-rich and Li-rich oxides. Even though LiMn,0Oy4 and
LiFePOy have interesting (and critical) properties for the automotive industry, such as being
Co-free, low cost and presenting high C-rate performance for rapid battery charging, they
are not considered in this manuscript due to their lower theoretical capacity <200 mAh-g~!.
Other reviews can be considered for these materials [42,99].
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3.2.1. Nickel-Rich Cathodes

Layered oxides for LIBs have the x-NaFeO,-type structure and are composed of al-
ternate layers of M and Li (where M is a metal) between oxygen atoms. During charge,
layered oxides undergo structural transitions to an irreversible phase which limits the
capacity of the electrode. This irreversible transformation is much dependent on mate-
rial stoichiometry [100] as well as electrode cycling conditions [101] and the operational
voltage for these materials must be carefully adjusted between 4-4.4 V to avoid cation
reorganisation and oxygen loss [102]. For instance, an irreversible phase transformation
occurs in LixCoO, at x = 0.5 (or 4.2 V) where x corresponds to Li stoichiometry [103]. This
induces fracture of particles and particle isolation from the electrically conductive net-
work, so its capacity is limited to 140 mAh-g~! to avoid irreversible capacity loss together
with an increased cell polarisation. To maximise discharge capacity, LiNiO, was investi-
gated [104] and early studies demonstrated that the material can deliver >150 mAh-g~!
depending on synthesis conditions [105]. Besides, Ni is readily available, cheaper and
less toxic than Co. From these considerations, and because LiNiO; is a complex oxide
difficult to prepare in large amounts [104,105], efforts were re-directed to Ni-rich compo-
sitions [106]. The LiNiggCog1Mng10, (NCM811) compound is mainly considered as a
potential candidate for next-generation LIBs. It delivers a high capacity >200 mAh-g~!
but suffers from low ionic diffusivity and poor cycling [107,108]. If the Ni content is
decreased, e.g.,, NCM622 or NCM523, compositions store less energy but their capacity
retention, as well as kinetics, improve significantly [106]. NCM622 and NCM523 are indeed
commercially available and represent current state-of-the-art layered materials for LIBs.
Other interesting compositions are LiNixCoyAl,O, (NCA) or LiNixCoyMg,O, (NCMg).
The first, i.e., LiNig gCoq 15Al 0502, [109] is promising but it also suffers from rapid struc-
tural degradation on cycling as in NCMS811 requiring coating strategies to optimise per-
formance [106,110]. Mg-doped compositions deliver a high capacity of 228 mAh-g~! at
moderate rates and remarkable capacity retention after 300 cycles [111]. A more recent ap-
proach to improve cycling performance of Ni-rich oxides is to fabricate core-shell structures;
a Ni-rich core encapsulated with a stable concentration-gradient layer that has reduced Ni
content. This approach is interesting but challenging from the material up-scaling point
of view. An example of a concentration gradient structure is GC-LiNig g3Cop 97Mng 1002
which exhibits a higher discharge capacity of 213 mAh-g~! with improved thermal and
cycling stability compared to the bare oxide [112]. In brief, layered compositions with Ni
content beyond 80% are promising, with suitable dopants to replace cobalt and new coating
strategies to improve cycling performances and electrode kinetics. In addition, aqueous-
based electrode formulations would be preferred for improved processing sustainability,
and the surface reactivity of these materials should also be addressed.

3.2.2. Lithium-Rich Oxides

Li-rich oxides are another class of materials that are currently investigated for mobil-
ity applications. Li-rich oxides with the formula Li;,xM;.xO; integrate two structurally
compatible components, LIMO, and Li;MO3, and they are often referred to as composite
oxides. Both structures are analogues, hence LiyMOj3 can be described in layered nota-
tion with Li/M cation ordering in the M layer, i.e., Li[Lij ;3Mj;,3]O, [113]. The use of
composite oxides (1 — x)LiMO;3-xLiMO; [114,115] is appealing because it allows the elec-
trochemically active LiMO; structure to be stabilised, which, in turn, improves the cycling
performance of the electrode e.g., NCM811-Li,MnOj3 [116]. However, the main challenges
of Li-rich oxides remain unresolved. Li-rich oxides can theoretically store a large capacity
>400 mAh-g~! if two Li are considered active per LiMO3 formula unit but, in reality,
the electrodes deliver lower capacity and in the range of 200-300 mAh-g~! [117-119] due
to irreversible electrochemical (de)intercalation of Li ions. Additionally, Li-rich based
electrodes show limited capacity retention, poor efficiencies and sluggish kinetics [120].
This gap in terms of material performance was first discussed for Li,MnOs3 [121]. Sev-
eral mechanisms were considered at charging voltages > 4.5 V vs. Li/Li*, from oxide
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decomposition via oxygen evolution [122] to phase transformation [123,124] and oxidation
of the non-aqueous electrolyte [125]. Recent reports demonstrate that a reversible and
stable anionic capacity is feasible for the oxides [126] requiring fine-tuning of the chemical
compositions, in addition to stable electrolytes at high voltages. Several approaches have
been discussed in the literature to improve cycling performances of Li-rich oxides, and
the most promising results have been obtained by material doping. For instance, a Na-
doped Li-rich cathode material delivers 281 mAh-g~! at 0.1C and good rate capacity up
to 5C by reducing the Li(Na)/Mn cation mixing in the structure [127]. Al-doped samples
show superior cycling performances and lower voltage decay than parent composition,
since it appears that the dopant reduces the transition rate to the spinel phase [128]. The
higher electronegativity of Sn** with respect to Mn** leads to stronger structural bonds which
improve cycling performance of the material with respect to parent LNMO [129] (Figure 2).
Other interesting approaches are particle encapsulation using a conductive layer [130]
or surface modification [131,132]. Both approaches have shown improved kinetics and
cycling performances with respect to bare materials. In general, Co-free Li-rich materials
are promising cathodes for next-generation LIBs due to the high experimental capacities
reported, but significant improvements on cycling performance and rate-capability are still
needed. Fine-tuned compositions are expected in the near-term, together with electrolytes
with stable operation at >4.5 V vs. Li/Li*.
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Figure 2. Cycling performance of LNMO, LNMO-5ng g1, LNMO-5ny o3, and LNMO-5ny o5 samples at
30 mA- g_l. Republished with permission of The Royal Society of Chemistry from [129]; permission
conveyed through Copyright Clearance Center, Inc.

Table 3 summarises the characteristics of the different cathode materials and makes a
direct comparison between them.

Table 3. Characteristics and evaluation of the different cathode materials presented. The minimum
grade is indicated with 1 and the maximum with 4. Env. Friend. refers to Environmental Friendliness.

. Energy Cycle Power Ca- Env. .
Material Density Life pability Cost Safety Friend. Readiness
LiFePOy 2 4 4 4 4 4 4
LiMn, Oy 3 3 3 4 3 4 3
NCMS811 3 2 3 2 3 1 2
Lizx(Mn, 4 1 2 3 2 3 1

Ni);-xO2
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3.3. Electrolytes

Besides the electrodes, the electrolyte is another vital component of the battery and it
also contributes to the energy density, cycle life, power, cost, and safety. The main function
of an electrolyte in LIBs is to conduct Li* ions between the positive and negative electrodes
and the key technological parameters linked to increasing the performance and demands
are related to having high ionic conductivity (to obtain high performance), low electronic
conductivity (to avoid self-discharge), wide electrochemical window (to be used with high-
and low-voltage electrodes), high chemical stability (to avoid side reactions), and high
thermal stability (to enhance safety).

The state-of-the-art electrolyte in LIBs since market introduction is composed of LiPFg
salt dissolved in carbonate-based solvents. Although many researchers have only focused
on the components, the amount of electrolyte is also important and is often disregarded,
especially when considering the cell level [133]. Below the optimal electrolyte volume, the
cell resistance increases, resulting in a higher capacity fade, while further increasing the
electrolyte volume does not improve the cyclability significantly [134]. As the electrolyte
will contribute to the weight of the battery, the electrolyte volume should be optimised to
maximise the cell performance and energy density. There are several factors to consider
when calculating the amount of electrolyte. It should fill the pores in the electrodes and the
separator and it is consumed to form passivating layers on the surface of the electrodes to,
ideally, prevent further electrolyte decomposition [134,135].

The electrolyte components; salt, solvents and additives, have been developed to
meet the increasing demands in batteries mainly in terms of performance but also of
sustainability and safety.

3.3.1. Lithium Salts

The archetypical LiPFg salt provides good ionic conductivity, solubility, cycling perfor-
mance and sufficient electrochemical stability for current cathode materials. However, the
drawback of LiPFg its its low thermal and chemical stability, which involves the release
of hydrogen fluoride (HF) in the presence of trace amounts of water. Although it is ben-
eficial for passivating the aluminium current collector [136], HF is highly toxic and can
react further with other electrolyte components to form other toxic compounds such as
fluorophosphonates [137]. Therefore, it is a safety hazard during the manufacturing and re-
cycling processes [138]. While other fluorinated salts, such as LiTFSI and LiFSI have shown
higher solubility, conductivity and thermal stability than LiPFg-based electrolytes [139],
and good electrochemical performance in high-energy-density batteries [140], they fail to
passivate the aluminium and, in the case of LiFS], it contains labile F atoms susceptible to
hydrolysis [141]. Therefore, efforts should be made to find alternative fluorine-free salts
that will make LIBs safer and more sustainable. The most popular one is LiBOB. which has
slightly lower solubility and conductivity in conventional carbonate solvents, but features
good electrochemical performance below 4.2 V vs. Li/Li* [141]. Examples of LiBOB-based
electrolytes in high-energy-density LIBs (Si-graphite and NCM111) have been reported
featuring improved performance to that of LiPF¢-based electrolytes at low current rates
(85% capacity retention after 200 cycles at C/10) but still limited at high current rates (60%
capacity retention after 300 cycles at C/2) [142]. Despite the general belief that the utmost
requirement of the solid electrolyte interphase (SEI) is to be fluorinated [143], it has also
been proven that an O-rich SEl is also able to passivate a silicon-graphite composite anode
and provide good electrochemical performance in full cells with NMC111. Overall, more
efforts should be made to understand the role of fluorine in the SEI and how it can be
replaced by other fluorine-free alternatives.

3.3.2. Solvents

Electrolyte’s solvents used nowadays in LIBs combine cyclic carbonates, ethylene
carbonate (EC), and linear carbonates, ethyl methyl carbonate or diethyl carbonate. This
combination leads to good salt solubility, high ion mobility and low viscosity. However, the
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main limitation of EC, in particular, is its high anodic reactivity, which makes it unsuitable
when using high-voltage cathode materials [144]. Different strategies have been developed
to overcome this issue, such as including additives to passivate the cathode and to replace
EC with other solvents. Alternative solvents to carbonates are sulfones, which can operate
with high-voltage cathodes but require the incorporation of additives to form a stable SEI
and allow graphite operation [140]. This points out that the best electrolyte composition
for the anode might not be the best for the cathode, thus full cell tests should be carried
out to investigate the feasibility of an electrolyte to provide good performance at the cell
level. This is particularly important when using, for example, high-energy-density Si in the
anode, as it is known to consume active Li from the cathode due to continuous electrolyte
degradation [145-147]. Nevertheless, the aforementioned solvents are still volatile and
flammable which compromise the safety and recyclability of the battery. To overcome
these issues, room temperature ionic liquids could be used as alternative solvents as they
have wide electrochemical stability, low flammability, low volatility and high thermal
stability [148,149]. An electrolyte based on 1-ethyl-3-methyl imidazolium-TFSI with LiTFSI
as salt used with Li-rich layered oxide (Lij 2Nip2Mng ¢O,) in half-cell configurations has
shown an initial capacity of 200 mAh-g~! and 70% capacity retention after 50 cycles at
C/10 and 30 °C [150]. Ionic liquids have also been used in full cells with LNMO-LTO [151]
but, to the best of our knowledge, in these cases, graphite has not been used as an anode.

3.3.3. Additives

Due to the overall good electrochemical performance of LiPF4 in carbonate-based
solvents, they remain the state-of-the-art electrolyte composition. However, the new
electrode materials with higher capacity and cell voltage introduced in LIBs operate beyond
the thermodynamic stability limits of electrolytes. Inevitably nowadays, this leads to the
formation of passivating layers (SEI and CEI) from the decomposition of the electrolyte.
To circumvent this issue, sacrificial additives are included in the electrolyte formulation,
mainly to form stable passivating layers on the electrodes prior to the bulk electrolyte
components (salt and solvent). Each additive has its own reaction mechanism depending
on its chemical structure as well as the interface where the reaction occurs. Therefore,
additives should be designed to target specific properties of the interphases, such as the
surface where they will react (cathode or anode), the voltage at which it will happen, the
composition, thickness, conductivity and resistance (Figure 3). Developing high-energy-
density active materials entails that they will be highly reactive and impose tougher
requirements for the passivating layers and the electrolyte. In general, electrolyte additives
for anode materials should be able to be reduced before the electrolyte and should form
a stable and thin passivating layer that remains stable throughout battery operation. For
materials suffering from high volume changes, such as Si and Sn, the formed SEI should
also be flexible and mechanically strong. Examples of successful additives are FEC and
VC, where the former can form a dense F-rich layer composed primarily of LiF and both
additives can form a polymeric flexible layer [152,153]. In the case of the cathodes, the main
challenges are the transition metal dissolution (especially manganese), interfacial reaction
and contact loss of the components. To form a stable cathode electrolyte interphase (CEI)
the additive should oxidise before the electrolyte and cover the electrode’s surface to avoid
further decomposition of the electrolyte and prevent the degradation of the active material.
In addition, the presence of active sites on the cathode decreases the electrochemical
stability window of the electrolyte [154]. Therefore, an accurate determination of the
electrochemical stability window of the electrolyte should be carried out with the active
material in the intended chemical system rather than with only the current collector or
other surfaces [155]. Promising additives targeting the cathode electrode to lower cell
are, for example, methylene methanedisulfonate and tris(trimethlysilyl)phosphite for
NCM [156,157], 1,3-propane sultone are used for Li-rich cathode materials to prevent metal
dissolution and electrode structural changes [158,159], and tris(trimethylsilyl)phosphate
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for Li-rich and spinel LiMn,Oy4 to improve the rate capability, metal dissolution and allow
high-temperature storage [160-162].

Proposed reaction mechanism for different additive systems
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Figure 3. Proposed reaction mechanism of different additives on the passivating layers of
NMC523/graphite cells and the specific atomic ratio of the SEI components on the anode. Reprinted
from [163], with permission from Elsevier.

Another parameter to optimise is the number of additives. Ideally, it should be kept
to the minimum and still be able to form thin SEI and CEI with low resistance. Above
the optimum amount, it could have a negative effect on the battery performance with a
continuous electrolyte decomposition and, consequently, faster battery ageing. Interphases
have been investigated for several decades and they are still the most elusive and least
understood components in batteries [143], while electrolyte additives have become a billion-
dollar industry [163]. As one single additive unfortunately does not solve all the issues,
especially in the full cell configuration, a combination of additives is preferred to provide
a cooperative effect on the performance of the battery [154,164]. Attaining the “right”
interphases and interfaces in batteries is key to achieving successful high-performance
long-life batteries.

3.3.4. Solid-State Electrolytes

Liquid electrolytes present some limitations, not only regarding safety but also their
inability to be used with other high-energy-density active materials such as Li metal. It
is not surprising that Li metal with the highest capacity and energy density would be the
most reactive component in LIBs. That is what has limited its application in LIBs. One way
to overcome these challenges is to use solid-state electrolytes, which can be summarised
into ceramic (garnet structure oxides, halides, phosphosulphides, etc.) [165] and polymeric
(poly(ethylene oxide), polycarbonates, polyesters, polynitriles, etc.) [166,167]. While they
feature different properties, common benefits over liquid electrolytes include battery
safety, chemical stability, functionality with high-energy-density electrodes and low cost.
Additionally, solid electrolytes will allow the voltage of Li-ion cells to extend beyond 5 V,
as expected for oxide- and phosphate-based solid electrolytes [168]. These developments,
together with the use of Li metal as an anode, will effectively increase the specific and
volumetric energy of the cells [22]. However, state-of-the-art solid electrolytes still possess
low ionic conductivity and poor electrode wetting, which limits their performance at room
temperature but could be an advantage for applications at elevated temperatures [169].
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3.4. Cell Considerations

Electrode fabrication is another critical step in order to increase the energy density
at the cell level. In brief, electrodes are fabricated by coating the slurries (with a given
active material, carbon and binder weight %) on a current collector (CC). Depending on
the active material physical and chemical properties, the amount of carbon and binder are
adjusted to optimise the conductivity and mechanical integrity of the electrode, respectively.
State-of-the-art materials are conductive carbons able to withstand high operation voltages
to improve the energy density of cells [170], water-soluble binders to process both anode
and cathode electrodes in a greener and cost-effective way, e.g., Carboxymethyl cellulose
(CMC) [171], and new functional membrane separators for safer and smarter Li-ion batter-
ies [172]. However, the tendency is to reduce the weight % of inactive components as much
as possible by using new active materials with higher conductivities and better mechanical
properties. State-of-the-art LIBs contain electrodes with areal loadings in the range of
2-3 mAh-cm 2 to maximise discharge capacity, cycle life and rate capability at cell level.
Electrode loadings for next-generation LIBs are expected to reach >4 mAh-cm~2 but this
has consequences on the electrode thickness and porosity. High mass loading means highly
compacted electrodes with reduced porosity which can result in a lower cell performance.
Another important factor is the capacity ratio of negative to positive electrodes, called the
N/P ratio which dictates battery discharge capacity and cycle life [133]. It is generally
set to 1.10-1.15 for LIBs to offset Li lost at the anode (graphite) [22] but new electrode
combinations will require optimised N/P values to achieve good performances. Regarding
slurry toxicity and cost, alternatives to 1-Methyl-2-pyrrolidinone (NMP) as processing
solvent are needed. Water works well as a processing solvent for the anodes, but it reacts
with most cathodes leading to chemical leaching of the transition metals, e.g., Ni-rich
oxides [173], leading to performance loss. Equally important are the thickness, structure,
composition and coating layers of the CCs. Carbon-coated CCs are currently used in the
mass production of LIBs because of their high performance and low cost. However, thinner
CCs will help to increase energy density, and 3D CCs will improve the current response
and cycle life at the cell level [174]. Cell production considering electrodes, separator
and electrolyte have mainly two bottlenecks: electrolyte filling and battery formation.
Electrolyte filling aims to dose the necessary amount of electrolyte into the battery. It
is an expensive and time-consuming process that involves many steps [175], especially
for highly compacted electrodes. The amount of electrolyte in a cell can be expressed as
the ratio of electrolyte weight to cell capacity E/C, gA-h~!) and it is usually in the range
1-2 gA-h~! for commercial Li-ion cells. E/C < 1 will help to increase energy density at
the cell level. The second bottleneck in cell production is the initial battery formation
cycles. Specific current and voltage profiles are applied to enable safe and high-quality cell
activation; they can take up to 20 h for LIBs [176]. Therefore, shorter cell activations are
necessary to reduce cell production cost. Overall, developments discussed at the cell level
are expected to contribute, together with the materials discussed in sections above, to an
increased energy density for the Li-ion technology.

3.5. Alternatives to LIB: Lithium-Sulfur and Potassium-lon as an Alternative for Li-Ion

In spite of the rapid development of LIBs over the past years to catch up with the
necessities of the automotive industry, there are still uncertainties regarding cost, sustain-
ability, extended driving range, fast charging as well as safety for the Li-ion technology. The
lithium-sulphur (Li-S) technology can address some of these drawbacks but commercial
Li-S cells are not yet available. Li-S batteries are promising because of their high theoretical
energy density 2800 Wh-L~!, low price and improved sustainability and safety with respect
to LIBs. In brief, Li-S batteries do not operate in the same way as intercalation batteries do.
S reacts with Li via a conversion mechanism forming new (and soluble) products during
battery operation which need to be contained at the cathode. Over the past years, efforts
have been made to design new cathodes to avoid the so-called “shuttle-effect” [177,178],
separators with better efficiency [179], and suitable liquid electrolytes together with ad-
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ditives to improve Li anode stability and safety [180]. An example of high-performance
cathodes are 2D-organic layered materials containing atomically dispersed cations that
deliver discharge capacities up to 1540 mAh-g~! at 0.1C while retaining 496.5 mAh-g~!
after 2600 cycles at 3C with a decay rate as low as 0.013% per cycle [181]. Up-to-date results
for Li-S are indeed promising but have been only demonstrated at lab-scale level [182] or
as prototype cells by OXIS with an energy density 471 Wh-kg ! [183].

Potassium-ion (K-ion) batteries have also started gaining attention, promising to ad-
dress the Li scarcity issue. In comparison, K is more abundant. Research on K-ion batteries
is still in its infancy, although existing work has shown promising results. K-based cathodes
have exhibited energy densities close to 500 Wh-kg ™!, provide fast ionic conductivity in
electrolyte, and high operating voltage. In addition, potassium has significantly lower cost
than lithium, which could result in a lower cost per kWh for a battery system. Nevertheless,
work is still needed to improve stability and address safety issues, as mentioned in the next
section.

4. Safety Considerations

As mentioned in the previous sections, demands related to the electrochemical per-
formance are becoming more challenging. Section 3.2 explained that LIBs are currently
the most suitable for meeting these demands and that researchers are continuously de-
veloping new methods for improving their performance and enhancing their safety [184]
by strongly focusing on cell material research. Table 4 demonstrates the safety of LIB and
the influences of different anodes, cathodes, electrolytes and separators. However, with
rising energy content, the safety risks increase [185]. The typical safety concerns associated
with liquid battery technologies are leaking electrolyte, smoke, fire, and explosion as a
result of thermal runaway (although most cells are designed to preclude the possibility of
explosion) [186]. Usually, these safety concerns are caused due to excessive temperature
at a significant state of charge (SOC). Cell failure and abusive conditions are the causes
of excessive temperatures, which arise due to mechanisms on different levels: (a) elec-
trical e.g., short-circuit and overcharge, (b) mechanical/physical, e.g., crush and shock,
(c) environmental, e.g., overheating. To avoid the repetition of the text, authors would
suggest readers to refer [186,187] for a detailed description (battery failure mechanism and
processes along with battery standards and regulations) about these levels. Measures to
improve safety are taken at the cell material level in parallel to optimisation with respect to
energy content. This includes electrode materials, advanced separators and electrolytes as
well as additives to further improve their properties. In addition, “external” measures such
as sensor surveillance and battery management systems (BMS) are applied and constantly
improved [188]. However, traditional liquid electrolyte LIBs are reaching their theoretical
limits. In such a context, other emerging liquid battery technologies such as K-ion and Li-S
are being intensively studied.

K-ion batteries have recently gained significant attention due to their low cost, fast
ionic conductivity in an electrolyte, and high operating voltage. Similarly, Li-S batteries are
becoming popular for their low cost and higher energy density. However, safety is the most
critical factor when it comes to the regular usage and commercialisation of such battery
technologies. As mentioned in Section 3.5, Li-S cells can lead to an improved state of safety.
However, investigations on K-ion batteries show different results. For example, compared
to the commercial Li-graphite anodes, thermal runaway studies of K-ion batteries show
an inherent threat due to the poor heat dissipation, and thermal runaway (100 °C versus
150 °C), but generate less heat (395 ]~g’1 versus 1048 J- g’l) [189]. This is the main issue
causing safety concerns, i.e., K has a lower melting point and more reactive characteristics
compared to Li [185]. The three major possible ways that could address the safety concerns
of K-ion batteries are, (a) thermally stable and low-cost separators with high melting
points, (b) solid electrolytes and quasi-solid electrolytes such as polymer-based electrolytes,
which will lower the risks of internal short circuits and thermal explosions, and (c) liquid
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electrolytes or electrode materials with flame retardants as additives to increase the thermal
activation temperature [185].

Similarly, the safety enhancement of Li-S batteries can be achieved by modifying metal
anodes [190,191], optimising cathode materials [192,193], designing new separators [194-196],
selecting suitable electrolyte [197-199], and adding additives [200,201]. The detailed safety
aspects of Li-S batteries along with the scientific issues for its industrial application are
elaborated in [202].

Li-ion batteries consist of liquid or gel electrolyte which are flammable, toxic, and
the cells can experience short circuit due to accidents or internal faults, which could lead
to thermal runaway and fire propagation. In contrast to this issue, solid electrolytes are
considered a safer alternative to mitigate such risks because the electrolyte is mostly non-
flammable [203] and shows improved mechanical properties. Moreover, as discussed
in Section 3.3.4 the use of solid electrolytes can lead to further improvements not only
regarding performance but also safety, thus, solid-state batteries have attained growing
interest from authorities as well as vehicle manufacturers [186]. Cell producers claim
that they “can achieve more than two times the energy density of conventional LIBs and
significantly improve safety” [184]. This can be achieved by replacing the liquid electrolyte
with a solid electrolyte which would also suppress dendrite growth [184], i.e., one of the
major concerns for cell failure of LIBs. While solid electrolytes tend to show enhanced
safety levels in this respect, a major drawback compared to common technologies is the
reduced ion diffusivity. When comparing liquid electrolytes to their solid counterparts,
a difference in conductivity of the order of 1072 S-cm ! can be noticed [184]. The ion
conductivity of solid electrolytes is thermally dependent and increases with temperature,
meaning that they are well suited for high-temperature applications. However Table 4
presents the list of advantages and challenges of Li-ion versus solid-state batteries for a
better understanding of both technologies.

Table 4. Advantages and challenges of Li-ion battery versus solid-state battery [204].

Li-Ion Liquid Battery

Solid-State Battery

Advantages Challenges Advantages Challenges
L Ceramic and glass separators
Low processing cost. Shelf time s reduced by High thermal stability. are brittle and break due to
self-discharge.

pressure/stress.

Flexible separators can

withstand high mechanical

stress.

Ceramic and glass are harder
to manufacture in large
quantities. Manufacturing
process may emit toxic gases.

Flammable electrolyte causes

Less self-discharge.
a safety concern.

High ionic conductivity at
room temperature.

Solid-electrolyte Interfacial
Layer impacts the life cycle.

High ionic conductivity over a
broad range of temperature.

Limited choice of cathode
material due to liquid

Non-volatile electrolyte

electrolyte reaction.

Safer and non-flammable

Poor thermal stability. electrolyte options available

High energy density and

Overcharge sensitivity issue.
tolerance.

Overall, it can be said that one of the potential solutions at the cell material level to
overcome the challenges of liquid batteries is the solid-state battery. This technology has
its own challenges, but it certainly has more advantages compared to its counterpart. Solid
electrolytes improve battery safety due to their superior mechanical, electrochemical, and
thermal stability when compared to liquid electrolytes, and are considered a promising
solution for increasing battery capacity while enhancing battery safety [184]. It should
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be mentioned that additional measures can be applied to enhance the overall system’s
safety. These might include battery packaging design (such as material choice, crash-
worthiness), positioning of cells inside the battery and the battery itself inside the vehicle,
threat detection mechanisms (sensors, BMS), contingency measures such as extinguishing
systems or non-flammable shielding and warning and signalling strategies. Although these
measures are targeted to damage limitation, they play a key role in enhancing the safety
of future battery systems, since none of the aforementioned cell improvement efforts can
guarantee the complete absence of hazardous situations.

Recognising the safety challenges of the LIB, in particular in light of ever-increasing
volumetric energy densities, development of thermal runaway and thermal propagation
detection methods have been seeing intensified interest from the industry and research
communities [205-212]. Battery safety is increasingly becoming a matter of system safety,
rather than an inherent cell safety question. As the knowledge about the battery systems
increases, the BMS algorithms and functionalities are becoming more advanced and able to
identify faulty cell behaviour and intervene to prevent or mitigate safety incidents. Differ-
ent types of detectors are being evaluated and implemented into EV batteries to provide or
enable early detection of cells at risk. Gas detection, pressure sensors, strain gauge and
force sensors show promise as their response time is faster than temperature sensors [206].
Pressure sensors and gas detection are quite similar, since they are activated by gas emis-
sions from the cells, whereas the pressure sensor is monitoring the forces between cells and
how these are affected by cell swelling, and the strain gauge measures cell deformation
and excessive swelling. There are also examples of more advanced detection principles
based on acoustic signals, e.g., ultrasonic methods, and predictive models incorporated
into the BMS, which use data from the battery, e.g., cell voltages, temperatures and currents,
to detect inconsistencies [213,214]. Commercial systems based on these principles are
appearing on the market. The acoustic detection systems monitor changes in the cell active
materials. Predictive models monitor electrochemical performance and monitor deviations
compared to expected behaviour. Impedance monitoring is another example of detection
technology which monitors and responds to changes in the electrochemical performance
that are associated with abnormal cells [212].

The UN ECE Global Technical Regulation on Electric Vehicle Safety (GTR 20) [215]
adopted 2018, requires that new EVs registered in 2023 have technology installed which
can detect the occurrence of a thermal event in case of a single-cell thermal runaway, which
can lead to thermal propagation within the battery. The vehicle must also provide a timely
warning to allow safe evacuation of vehicle occupants prior to hazardous conditions occur
inside the passenger compartment. Furthermore, GTR 20 does not specify a test to assess
thermal propagation safety, but assumes a functional safety approach and requires the
vehicle manufacturer to provide evidence of appropriate risk reduction management and
verification of the effectiveness of the implemented safety measures to satisfy the safety
requirements.

5. Conclusions and Outlook

Future developments within EVs and their use have an impact on the end-user
requirements. As a result, user-driven demands will require battery densities surpassing
currently used batteries with 300 Wh-kg~! and 600 Wh-L~! to address range anxiety as
well as accommodate the incorporation of novel technologies and usage patterns that will
consume a significant part of the battery’s energy on non-traction-related activities, such as
autonomous driving, as well as connected vehicles, comfort and infotainment. At the same
time, higher energy throughput will support the additional energy-consuming activities
while maintaining or improving cycle life. Improving cycle life will be crucial for the
adoption of V2G applications. Fast charging capabilities (>3C) will ensure that charging
an EV will become more convenient and therefore increase EV adoption, while it would
contribute to improving EV sustainability by reducing the size of the battery. Gravimetric
and volumetric energy densities of 350 Wh-kg ! and 700 Wh-L~! with exceptional cycling
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performances of 2000 cycles and higher current response >3C are the key targets in the
short-term. Increasing the operating temperature range of battery cells will avoid the use
of energy towards climatisation and hence would contribute to increasing range and/or
reducing the size of the battery.

Looking at how the different components and their materials will need to evolve in
the future to answer these changing requirements, following future research is expected
per component.

1. Anodes. Although graphite is the dominating active anode material in Li-ion technolo-
gies, its energy and power density limitations in combination with natural graphite
being in the critical raw material list have raised the need for researching new com-
positions such as Si-based and other metal sulphides, which can provide capacities
above 650 mAh-g~! and could be recycled from other products, contributing to a
circular economy.

2. Cathodes. Ni-rich and Li-rich oxides are gaining attention, showing that Co-free
Li-rich materials bring improved kinetics and cycling performances. However, these
still need further research to improve cycling performance and rate capability.

3. Electrolytes. The impact of electrolyte composition on the battery’s energy density,
cycle-life, power, cost and safety has shifted the industry’s attention to improving all
its components—salts, solvents and additives—looking at a considerable number of
diverse compositions. Solid-state electrolytes are currently thought to be a promising
alternative as they increase safety, chemical stability and energy density with the
possibility to use Li metal, while reducing costs.

4.  Further considerations for safety enhancement. From the authors” knowledge, there
is no literature available that compares the exact characteristics of solid-state battery
to liquid-state battery under abuse conditions, henceforth this area can be researched
further. Nonetheless, based on this research it can be said that the solid-state solutions
can be combined with a good packing design, positioning of cells and the battery
within the vehicle, inclusion of contingency measures and signalling strategies to
ensure optimal safety standards.

Research efforts are ongoing in parallel, for the various battery materials and compo-
nents. An added challenge is that such components will need to be combined in a stable
and well performing battery cell; in many cases, individual materials could perform well
in low TRLs, but poorly when combined with other materials in cell environments. Several
initiatives that look into finding the best combination of such materials in a stable cell
environment are ongoing, such as the COBRA H2020 project.

All of the above-mentioned expected future material developments for battery com-
ponents will finally not only meet the changing end-user demands but also contribute to
Europe’s holistic sustainability objectives while ensuring affordability of EVs, making them
accessible to a wider audience and therefore, exponentially increasing the impact of these
vehicles.
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