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Abstract

Future generations of electrified vehicles require driving ranges of at least 300 miles to
successfully penetrate the mass consumer market. A significant improvement in the energy
density of lithium batteries is mandatory, maintaining at the same time similar, or improved,
rate capability, lifetime, cost, and safety. Several new cathode materials have been claimed
over the last decade to allow for this energy improvement. The possibility that some of them
will find application in the future automotive batteries is critically evaluated here by first
considering their theoretical and experimentally demonstrated energy densities at the
material s level. For selected candidates, the energy density at the automotive battery cell
level for Electric Vehicle applications is calculated using an in-house developed software. For
the selected cathodes, literature results concerning their power capability and lifetime are also

discussed with reference to the automotive targets.
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1. Introduction.

Changes in planet climate and the limited availability of fossil fuels require the development
of new mobility concepts to balance between individual mobility needs, sustainable use of
resources, and environment protection. Electromobility appears today as a viable solution
thanks to the maturity of its development and the acceptance by society, politics and industry.
The renaissance of electromobility was boosted over the last decade by the introduction of Li-
ion batteries in the automotive field. Despite the large variety of batteries that have been (and
in some cases still are) employed to power electric vehicles, lithium-ion seems the only
battery technology with the potential to meet the future requirements of automotive industry,
in terms of energy and power density [1]. Moreover, thanks to its flexibility in terms of
materials and design, Li-ion technology allows for the construction of batteries within a broad
range of power to energy ratio (P/E) which enables their use in the entire range of electrified
vehicles, from hybrid (HEV, P/E ~15), to plug-in hybrid (PHEV, P/E ~ 8), to fully electric
(BEV, P/E ~ 3) [2] [3] [4] [5]1 [6] [7] [8]1 [9][10][11][12][13]. Figure 1 shows the typical
range of specific power and energy for the different types of electrified vehicles, as well as
projected target ranges for the next generations of Li-batteries. If the actual power density
values can be considered quite satisfactory, in particular for HVs, a drastic increase in energy
density is imperative to increase the drive electrical range and meet the target value of 300
miles defined by the US Department of Energy as the threshold value to achieve mass market
penetration of BEVs [14]. To meet such goal, the energy density of BEVs must be increased
by a factor 2.5 over the next 15 years, together with an increase of specific power of around
1.5 (Figure 1).

This simultaneous increase of energy and power represents a tremendous challenge for battery
manufacturers. Although improvements in volumetric and gravimetric energy densities are
still possible by improvements of cell, modules, and battery packs design, as well as through
optimized sub-components (e.g. cooling system, Battery Management System, etc.), the
development of novel anode and cathode materials seems at this point mandatory.

The goal of this paper is to critically evaluate the chances that several of the recently proposed
cathode materials could be implemented in the next generation of batteries for transport
applications. Simulations have been performed to obtain the energy density of these future
cells which take into account not only the intrinsic characteristics of the new cathode
materials, but also how these impact on the other active and non active components of the

cell.
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Although the focus here is mainly on energy and power, it should be kept in mind that
numerous other factors must be taken into account when evaluating a new technology, design,
or material for automotive batteries. These include cost, safety, lifetime, charging time, and
low temperature performance just to mention the most obvious. Figure 2 shows present and
future target values for these parameters. Although the detailed numeric values might slightly
vary depending on the specific strategies of the automobile manufacturers, they offer
nonetheless a picture of the complexity associated with future electromobility challenges.
Reference to the parameters of Figure 2, safety and lifetime in particular, will be made in the

following when discussing the applicability of the individual materials of families.

2. From battery targets to materials properties.

Evaluating the potential of a given material to be used as cathode in a battery for automotive
application is far from being trivial. Considerations based on the characteristics of the pure
active material, like its capacity, Li* insertion/extraction voltage, crystallographic density,
etc., though important for a preliminary screening are far from providing a precise and
trustworthy estimate of the final outcome in terms of energy density at cell, or battery pack
level (Figure 3).

A three step calculation is required for this purpose to take into account the decrease in
specific energy caused by the presence of the required inactive components. In the first step,
properties of the pure cathode active material must be translated into energy values at the full
cathode level (Figure 3a). For this step parameters like porosity, amounts and types of binder
and conductive carbon are required, which in turn depend on the specific properties of the
active material like its particle size, conductivity etc.. In the following step, parameters
concerning the cell format must be selected including type, size and number of jelly rolls.
Three main cell formats are nowadays used in commercial electric or hybrid vehicles:
prismatic hard case, cylindrical, and pouch cells (Figure 3b). From the energy density point
of view the choice of a given format is relevant due to the different volume occupancy inside
the cell, typically higher in the cylindrical cells than for the other formats, and the different
packing efficiency in the battery pack level. For the latter, prismatic cell is the most
convenient format. In the last step, one must choose among the multiple available strategies to
connect individual cells into battery modules and battery pack in order to reach the practical
voltages (typically between 200V up to 400V) and capacities required for vehicle applications
(Figure 3c¢). Different choices will clearly lead to different packing designs and volume

efficiencies.
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In Figure 4 the calculated energy targets at different levels for year 2025 are shown (dark
blue bars) and compared with the actual values derived from the BMW i3 (light blue bars). In
the calculation, performed using a home-developed software, the same battery pack,
consisting of 96 serial connected BEV hard case prismatic cells comprising four jelly-rolls,
has been considered in both cases.

As starting point, the 250Wh kg™ target value (Figure 1) at the battery pack level of was
selected [14]. To obtain projected target values as reliable as possible for cell, electrode and
material levels, improved characteristics for the inert components were used, on basis of the
trend observed in the last few years in the commercialized products. As an example, reduced
thickness values for the current collectors (aluminum foil: 12um; copper foil: 8 pm) and
separator (15um) have been chosen. Also the required weight of electrolyte was considered in
dependence of porosity and wetting in order to predict the energy density of the cells
correctly. For some other parameters, where a reliable estimate for 2025 is not foreseeable,
like for the volume of the battery package, weight of the cooling system and of battery
management system (BMS), values for the 2025 target was kept identical to the actual ones.
The same balancing between anode to cathode (N/P ratio) used today, with an over
dimensioning of the anode of 20%, was maintained in the target values in order to ensure at
least the same level of safety in future cells [15]. At this regard it should be underlined that,
although this paper is focused on cathode materials, we cannot ignore that novel or improved
anodes might be available by 2025. This point will be considered in more detail in paragraph
4, where calculations at the cell level performed by considering different anode materials will
be shown. In the example of Figure 4, target values were calculated by considering an anode
consisting of blended graphite and silicon with a specific energy density of 1100mAh g and
a voltage of 0.4V against Li/Li". Although clearly arbitrary, this choice allowed keeping the
anode’s thickness required to match the cathode energy target close to the values currently
used. Finally, the composition of the cathode layer was selected using parameters (porosity
and amounts of conductive agent and binders) similar to those nowadays employed in Li-ion
cells based on layered oxide cathodes. As discussed in detail in a following section, such
choice might be too demanding for several future cathode materials, unless a dramatic

improvement in their transport properties is achieved.

As shown in Figure 4, the energy density of present battery packs (BMW i3, light blue bars)

increases nearly four times moving from the battery to the material s level. Starting from ~
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100 Whkg™' on battery level, we reach 120 Wh kg™ at cell level; this relatively small increase
is an indication of the overwhelming contribution the cell weight to the total battery weight.
On the contrary, the volumetric energy density ratio between battery pack and cell levels (Wh
I'") (not shown) is larger than a factor two, due to the volume required for cell’s packaging,
wiring, and cooling systems. The largest increase occurs between the energy density at the
cell level and the one at the electrode level (340Wh kg'l). Cause for such large variation, is
the weight of anode, separator, electrolyte, cell case and the required safety devices (e.g.
pressure vent). A further increase of about 20% is finally observed at the material s level,
when the weight binder and conductive agent and aluminum current collector are taken into
account. As a result, cathode materials with energy density of nearly 400Wh kg™ are required
to achieve 100Wh kg™ at battery level.

This four-fold difference between material and battery levels is expected to decrease of
approximately 20% in the next battery generations, thanks to forecasted improvements in the
inactive components. As a consequence, to reach the target of 250Wh kg'1 at the battery level
a cathode material with an energy density slightly less than 800Wh kg™ will be required.

In order to broaden the validity of the target values shown in Figure 4, calculations have been
performed for different battery geometries and cells formats so to include other formats
among those employed for automotive applications. The outcome is shown in Figure 4 by the

error bars on the target values.

The second key parameter that is generally used as an indicator of the possibility to employ a
given material as cathode for automotive batteries is power. As an example, the power
performance of the BMW full-electric 13 cells (present, light blue squares, and next
generation, light blue circles) is shown in Figure 5. The nearly constant fully discharged
capacity (converted to mAh'g” of cell weight) at different current densities, ranging from 10
to 550 mA g'l, testifies the excellent rate capability of actual cells. Almost no capacity
decrease is observed even for the higher C-rates. In order to find applications in the electro
mobility field, future higher energy cells (dark blue square) must exhibit rate capabilities at
least equal to the actual value.

It should be at this regard considered that a precise and trustworthy estimation of the power
capability requirements for the next generations of batteries materials is less straightforward
than for energy. Differently from the capacity/voltage measurements, routinely performed on
half and/or full cells for all newly introduced materials, power tests, usually based on pulse

discharges (normally between 10 or 30 seconds) at very high rates, are less frequently
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available in the literature, making a direct comparison between power capability of new
materials difficult.

In the next section literature reports on novel cathode materials will be discussed with
reference to the energy targets of Figure 4. Data concerning other key parameters, including

power, lifetime, safety and cost will be also discussed, although in less detail.

3. Cathode materials for vehicle applications.
3.1. Present generation of cathode materials.

The vast majority of cathode materials that have already been commercialized in Li-batteries
for vehicle applications are represented by oxides, with the sole exception of LiFePO, (LFP).
They include cathodes belonging either to the layered oxides family with the a -NaFeO, -type
structure, such as Li; 1[NijzMn;3C013]090> (NMC-111) or LiNig §Coq.15Alp050> (NCA), or to
the spinel structure, with cubic symmetry, like for LiMn,O4 (LMO) [16].

Thanks to its fast transport properties, LMO shows excellent rate performance. The large
amount of Mn guarantees good thermal stability [17]. On the other hand, the limited capacity,
around 120 mAh g™, limits the achievable energy density to around 500 Wh kg™' despite the
rather high operating voltage (~ 4.1V). The poor energy density prevents the use of LMO for
PHEVs and EV, at least in pure form. Moreover, capacity fade, due to manganese dissolution
at elevated temperatures [18] represents a critical issue for automotive applications where
operation and storage in warm environments is frequently encountered. Despite these
limitations, LMO still finds applications in the automotive field either in combination with
layered oxides, or even as the sole cathode active material. Prominent example using
manganese spinel based cells are the Mitsubishi i-MiEV and the Nissan Leaf [19] [20].

LFP allows higher energy densities, up to around 580 Wh kg™, thanks to a capacity of 170
mAh g and a discharge voltage of ~ 3.45V. Application of LFP as a cathode material was,
until the mid-nineties, prevented by its low conductivity. LFP is a semiconductor with a band
gap of 0.3 eV and an electronic conductivity of only ~10” S cm™ [21] [22]. Inorganic as well
as organic carbon-based coating during the material s synthesis and processing together with
nano-scaling of the particle size and doping [23][24] were successfully applied, resulting in a
dramatic increase of achievable capacity at acceptable charge-discharge currents. Carbon-
coated LFP material was successfully commercialized and thanks to the capability of the so
called “nanophosphate” to sustain high peak powers with limited effect on its lifetime, it
attracted the attention of the major car industries. [25] Batteries based on LFP cathodes found

application in HEV and PHEVs, like for example, in the BMW Active Hybrid 3 and 5 series,

6
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introduced in the market in 2011 [26]. Around the same time, the Fisker Karma, an electric
sports sedan with range extender was developed [27] was commercialized. Powered by a
LFP-based battery pack, Karma offers an electric drive range slightly above 50 km. In the
mass market segment, the Chevrolet Spark, is another example of fully electric vehicle
powered by nanophosphate based battery cells [28].

More recently, other cathode materials, such as NMC-111 and NCA, as well as cathode
blends of NMC, NCA and LMO became the main target of OEMs. Layered oxide materials
would theoretically offer the possibility to achieve capacities as high as 270 mAh g
Nevertheless, degradation processes, including phase transitions, transition metal dissolution,
and electrolyte oxidation have so far limited the operating potential window to the 4.2 ~ 4.3
V, thus allowing for capacities considerably lower than the theoretical value [29]. Despite
that, energy densities around 600-650 Wh kg' for NMC-111 and 700-750 Wh kg™ for NCA
[30] can be achieved which lead to their application in several electrical vehicles at all degrees
of electrification. Examples include the Chevrolet Volt (PHEV), BMW i3 (BEV), and the
Nissan Leaf (BEV), all adopting a NMC/LMO blended cathode [31]. Pure NMC can be found
in the Daimler Smart EV (BEV) and NCA in the Tesla Model S (BEV), BMW Active Hybrid
7 (HEV), and the Daimler S Class Hybrid (HEV) [32] [33] [34] [35].

Despite the success obtained so far, even NCA and NMCI111 cathodes will not meet the
future requirements for PHEV and BEV vehicles, unless lifetime and safety limitations at
higher voltages are solved [36]. For that reason, over the last decade, a large number of
studies were devoted to the investigation of novel cathode materials that should replace those

mentioned above in the next generations of automotive batteries.

3.2. Future cathode materials

In the search for new cathode materials, characterized by higher energy densities, countless
papers have been published over the last 15 years. Dozens of novel intercalation cathodes
have been proposed that could offer the possibility of an increased energy density thanks to a
higher voltage, and/or higher capacity, and/or lower molecular weight. When considering
cathode materials with voltage above 4.3-4.5V one has to consider that the potential
applications of these materials would be bound to the possibility of simultaneously
developing new electrolytes with higher stabilities than those nowadays available [37]. No
such limitation applies when exploring materials with higher capacity. Among those, new
intercalation cathodes characterized by multi-electron processes have recently attracted

considerable attention. Finally, conversion materials offer the possibility to reduce the metal
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atom to its metallic state through a process which is most often related to the transfer of two
or three electrons.

In the following a brief description of several cathode candidates will be given with particular
emphasis on the aspects that are more relevant for automotive applications, energy density in
particular. For that purpose in Figure 6 the theoretical and practical capacities for all the
candidates are summarized, together with their theoretical and experimental mean practical
voltages. Theoretical capacities have been calculated on the basis of the materials
stoichiometry and molecular weight considering the full Li range (from O to 100% Li in the
formula). The theoretical voltage has been, when possible, derived from ab-initio simulation
studies [38] [39] [40] [41] [42] [43]. For the practical values, data coming from those papers
showing the highest discharge capacity were used (for a full list of the reference used for
Figure 6 see the figure caption). Based on the data of Figure 6, theoretical and practical
gravimetric and volumetric energy densities have been calculated as shown in Figure 7a and
7b, respectively.

In the following, the results of Figure 6 and 7 will be discussed by separately considering
materials belonging to the oxide, polyanionic, and conversion families. As previously
discussed, an analysis based on energy values at the material s level is not sufficient to fully
evaluate the potential of a given material to enter the automotive battery market. Nonetheless
it will provide a useful initial screening, to single out the most interesting candidates. In the
subsequent paragraph, candidates selected on the energy basis are evaluated in more detail

and the properties of realistic cells based on them are shown.

3.2.1. Oxides.

The widespread use of oxide materials in the present generation of automotive batteries is
motivated by the favorable balancing between capacity, rate capability, voltage, and density
[29]. It is then not surprising that, also among the future generation of cathode materials,
some of the most promising candidates still belong to this family. Moreover, thanks to the
higher maturity compared to other types of cathodes, future oxide cathodes are those closer to
a possible use, at least on a prototype level. However, several issues remain to be solved, as
most of the novel oxide cathodes share the same, and often magnified disadvantages of their
nowadays counterpart, in particular structural instability and reactivity towards the electrolyte.
Currently, three types of oxides share the vast majority of published data: Ni-rich NMCs, high
energy (HE) NMC, and high voltage (HV) spinels. Reports from field tests of cars equipped

with lithium ion cells using such cathodes are not yet available, indicating their low maturity
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and the consequent absence of large scale industrialization. Some results concerning
prototype cells containing HE-NMC cathodes have been presented by Envia (IMLB2012)
[44], whilst HV spinel based cells are known to be under evaluation by some OEMs
companies, such as ETV Motors Ltd [45].

Ni-rich NMC materials, with the general composition Li[Ni;.«CoyMn,]O; (x < 0.4), are
amongst the most serious candidates for PHEVs and EVs applications [46]. Both advantages
and disadvantages of this class of compounds scale with the Ni contents. Although the
theoretical capacity is similar for all compositions, the reversible capacity increases from the
163 mAh g of NMC-111 to above 200 mAh g for NMC-811 (Figure 6) [46]. The latter
shows energy densities above the target values of Figure 4 (760 Wh kg'1 and 3650 Wh1',
respectively), as shown in Figure 7a and 7b. Also the rate capability gradually improves with
the Ni, thanks to both a higher electronic conductivity (from 5.2-10® S cm™ for NMC-111 to
2.8:107 S-cm™ for NMC-811) and a higher Li* diffusivity (from 10"'-10™"* cm*s™ for NMC-
111 to 10°-10” em®s™ for NMC-811) [46].

On the other hand, similarity to NCA, the high Ni content has drawbacks in terms of thermal
stability, due to oxygen release from the highly delithiated Li;_s[Ni; xMx]O, host structure [47]
[48]. Moreover, the reactive and unstable Ni** ions in the delithiated Li;_5[N1;Mx]O»
materials are easily reduced to form more stable LixNi; xO compounds (NaCl structure) [49],
leading to increased interfacial impedance and decreased cycle life. The high pH values
represent an additional difficulty for the cell production [36]. As a consequence, the future of
Ni-rich NMC seems at the moment to be linked to the possibility to mitigate its surface
reactivity, as discussed in paragraph 5.

HE-NMC layered-layered composite materials, with general formula xLi,MnO3(1-x)LiMO,
(M =Ni, Co, Mn), have raised considerable interest in the automotive industry, thanks to their
particularly high specific capacities [S0] [51] [52]. In these materials the layered LiMO, (M =
Ni, Co, Mn) component is stabilized via integration of the structurally compatible Li,MnO3
component [53]. This allows achieving a much larger degree of delithiation than that normally
possible with pure layered compounds (e.g. LixCoO,, x (min) ~ 0.5). In the potential window
between 2.0 and 4.4 V vs. Li, LiMO; is the only electrochemically active component, whilst
Li,MnO; does remain inactive as the manganese ions are already tetravalent and cannot be
oxidized further [54]. Although a full picture of the complex chemistry of this family of
compounds is yet to be achieved, the stabilizing effect of Li,MnO3 seems to be linked to its
ability to provide Li" ions to the LiMO, component, therefore stabilizing the layered structure

[54].
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As the voltage is increased further to 4.4 — 4.6 V, Li,MnO3 becomes active and capacities
above 250 mAh g can theoretically be achieved. In the higher voltage range, Li,O is
formally removed from Li,MnO3, leaving behind electrochemically active MnQO,. Despite the
potentially high capacities, poor cycling stability xLi,MnO3(1-x)LiMO, (M = Ni, Co, Mn) has
so far hindered applications in the automotive field. The reasons behind the poor cycle
stability of HE-NMC seem to be linked to the extensive removal of Li,0, that damages the
electrode surface causing impedance increases, particularly at high currents. Moreover, severe
voltage fading occurs when cycling between 2.0 and 4.5-4.6 V, probably due to the transition
towards a spinel phase [55] [56]. In addition to poor cyclability, low electronic conductivities
and low tap densities need to be improved before HE-NMC can be considered for vehicle
applications.

Through partial substitution of Mn for Ni in LiMn,Oy, [39] HV spinels are formed with
operating voltages around 4.7 V. Thanks to a practical capacity of ~130 mAh g, [57] HV
spinels provide a specific energy of ~580 Wh kg'1 (Figure 7a and 7b). Although this
represents a modest, or negligible, energy increase with respect to state of the art cathodes,
LMNO still attract attention thanks to the inexpensive and environmentally benign
constituents, good safety properties and excellent rate capability, thanks to both high
electronic and ionic (Li*) conductivities [58]. Rate capability during both lithium extraction
and insertion is particularly good in the disordered LNMO phase (spacegroup Fd-3m), since
the electronic conductivity and diffusivity of lithium ions in this phase is several orders of
magnitude larger than in the ordered phase (spacegroup P43;32) [59]. The formation of one or
the other phase has been reported to be extremely sensitive to the synthesis conditions [60]
[61]. On the other hand, a severe capacity fade at elevated temperatures (60°C) and the need

for high voltage electrolytes can be mentioned as the main drawbacks [4].

3.2.2. Polyanionic compounds.

Evolving from early research by Padhi and Goodenenough [62][63] on phospho-olivines,
polyanionic materials raised immediate attention due numerous potential advantages
compared with oxides. They show superior safety properties due to the strong covalent X-O
bond, lower costs thanks to the natural abundance of the constituting elements, and
environmentally friendliness. Moreover, the polyanionic structure, offers the possibility to
tune the voltage by selecting the most suitable electronegativity of the non transition metal
element (B, P, S, Si etc.) element, i.e. modifying the ionic character of the M-O bond (the so-

called inductive effect) [62]. The voltage can be further adjusted by the introduction of -F and

10
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-OH groups, like in the case of fluoro- and hydroxo- sulphates and phosphates. For a given
active transition metal, M, the theoretical potential follows roughly the order LiIMBO; <
Li,MSiO4 < LiMPO,4 < LIMPOLF < Li,MP,07 = LiIMSO4F [64] [65] [66]. On the other hand,
for a given polyanionic group, the potential will increase with the transition metal following
the order: Fe**/Fe™*, V*/V>* Mn**/Mn**, Co**/Co’*, Ni**/Ni’* [67]. In some cases the voltage
can be further changed by altering the crystallographic structure of a given compound, like in
the case of LiFeSO4F where the triplite polymorphs is characterized by a voltage of 300 mV
higher than the tavorite one [68]. The large number of polyanionic compounds and
crystallographic structures enable the design of “on demand cathode materials” [67] making it
possible not only to target a higher energy density through the selection of a compound with a
higher voltage, but also decrease the operating voltage to reduce the risks of electrolyte
decomposition.

Figures 6 and 7 clearly indicate that, although many of this compounds show the potential for
application as high energy cathode, only few of them have been proven to possess acceptable
electrochemical performances in terms of reversible capacity. Three main factors concur to
limit the applicability of a large part of these compounds. For some of them, the excessively
high potentials, in the range between 4.7-5.5 V, are incompatible with the present generation
of electrolytes. Although the evolution of electrolytes, possibly moving to new concepts based
on solids, polymers or ionic liquids, might reach the necessary maturity, it is at the moment
impossible to foresee an application before 2025 for many phosphates and sulphates
comprising Ni, Co and, in some case, Mn. The second critical factor is represented by the
high electronic energy gaps, coupled in many cases with a low Li* diffusion coefficient. For
the vast majority of polyanionic compounds, poor transport properties make it necessary to
use large amounts of conductive carbon coating and/or to nanosize the powder. Despite that
no, or negligible electrochemical activity, was detected for some of polyanionic materials, like
in the case of several compounds belonging to the fluoro-phospates, fluoro-sulphates,
hydroxy-phospates, hydroxyl-sulphates and borates families (Figure 6). Finally, the larger
molecular weight, compared to oxides, negatively impacts capacity and energy density. With
respect to oxide materials, it is the volumetric energy densities of polyanionic compounds that
are far from being acceptable for the 2025 targets (Figures 7c and 7d). As a consequence,
several materials, otherwise showing promising properties in terms of costs, safety, lifetime,
and operating voltage, cannot be considered as potential candidates like, for instance, in the

case of pyrophosphates.
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Few polyanionic materials remain that possess at least a gravimetric energy density above, or
close to, the targets for 2025 and, at the same time, show the required technological maturity.
Among them LiFeBOs3, LiVPO4F, LiMnPQOy,, and LiMnSiO4 should be mentioned.

LiFeBOs allows reaching a rather large theoretical energy density (660 Wh kg™), despite a de-
intercalation voltage of only ~ 3V [69] [70], thanks to the light (BO3)* group. Its small
volume change (2%) during cycling is responsible for the excellent cycle stability. When
prepared as carbon coated nanopowder, reversible capacities close to the theoretical value of
200 mAh g'1 could be obtained [71] [72] [73].

LiVPOJF has been the first and, by far, the most investigated compound of the
flourophosphate family. The interest was motivated by the appealing operating voltage
originating from the F inductive effect [74] [41]. Upon lithium extraction, LiVPO4F shows a
two step processes with plateaus at 4.26 and 4.30 V, respectively, whilst a single lithium
insertion plateau at 4.19 V is observed. A capacity close to the theoretical value (155 mAh g
" can be achieved with a relatively low polarization [75] [76] which corresponds to energy
densities around 650 Wh kg™ and 2000 Wh I™".

As most fluorophosphates, LiVPO4F possesses a high stability upon lithium insertion and
extraction [77] and fast 1D lithium diffusions [78] thanks to their favorite crystallographic
structure. As a consequence, good capacity retention was demonstrated even in long-term
cycling tests coupled with a rate capability superior to phosphates [75] [79]. Nevertheless,
poor electron conductivities required also in this case the use of nanosized powder and large
amount of conductive carbon coatings [74].

Compared to the other phosphates with olivine structure, LiMnPQ; is perceived as the most
promising candidate for vehicle applications due the less prohibitive voltage, compared with
the Co and Ni counterpart. For this reason, numerous efforts were undertaken over the last
few years in the attempt to improve its transport properties, thus achieving discharge
capacities closer to the theoretical value. Nano-sizing via sol-gel synthesis [80][81], carbon-
coating [82], doping with multivalent metal ions [83][84], and morphology control on the
particle level are just some examples [85]. These efforts allowed achieving energy densities
around 600 Wh kg™'. Nevertheless major issues still remain to be solved including poor long
term cycling behavior, and the presence of a Jahn-Teller distortion [86] coupled with thermal
instability in the delithiated state [87][88]. This thermal instability, though still object of some
controversy, represents another major drawback since safety was always perceived as one of

the most positive aspect that olivines have to offer to the automotive industry
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When discussing the future application of polyanionic cathodes, it should be kept in mind that
many of compounds, including, fluorophosphates fluorosulphates, hydroxyphosphates,
hydroxysulphates, pyrophosphates, and silicates could in principle operate with a two electron
process. This would indeed allow reaching considerably higher energy densities through a
doubled capacity [41]. It is therefore not surprising that double electron processes have been
deeply investigated for most of the above listed materials although, up to now, with rather
limited success. The main limitation lies in the difficulty to find a compound showing both
M*/M** and M**/M** redox couples within a useful voltage range. In some cases, like for
vanadium and molybdenum compounds, the M**/M** couple is centered at too low potential
to be exploited as cathode [89]. On the other hand, many compounds comprising Fe, Mn, Co,
or Cr, are characterized by a voltage for the M*/M* redox couple too high for the present
generation of electrolytes.

Among the few exceptions are some manganese compounds, like LiMnPO4(OH) and, in
particular, Li,MnSiO,. The accessible Mn>*/Mn** couple in Li,MnSiO; (~ 4.5 V) coupled
with a theoretical capacity around 330 mAh g, (Figure 6) would open the possibility to
produce cathodes with energies above 1300 Wh kg'1 and 4000 Wh 1"! [90] [91] [92]. Although
the extraction of more than one Li per formula unit has been demonstrated by several authors
[90] [91] [92], the overall performance is still far from being acceptable, due to poor transport
properties and structural instabilities. Despite the smaller band gap than that of phosphates
[93], due to the lower electronegativity of Si with respect to P, very low conductivities have
been reported for Li;MnSiOy (5.10"° Scm™ at 25°C and 3.10™* Sem™ at 60°C) [94] [95].
Moreover, all silicates show low Li* diffusion coefficients [96]. It is then not surprising that
literature results often refer to experiments performed at fairly high temperatures [90] [91]
[92] using nanosized powder coated with conductive carbon layers, typically obtained by
introducing carbon precursors in the reacting mixture [97]. The necessity of nanosized coated
powder negatively impacts not only on the energy density but also the materials” cost due to
the expensive synthesis routes [90] [91] [92]. Moreover, a rapid irreversible capacity loss is
observed, probably due to an amorphization process occurring upon lithium extraction [94]
[98]. In the attempt to minimize this effect several different approaches have been considered.
These include the use of different synthetic methods to obtain products characterized by
different crystal structures, different particle size and morphologies [98] [99] [100] [101]
[102] [103]. Doping (e.g. with Cr, Mg or P) [103] [104] [105], as well the use of mixed Fe-
Mn compositions [106] [95] [107], have been also investigated in the attempt to limit the

structural instability upon delithiation. Although some improvement was reported [108], the
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best demonstrated capacity in a conventional composite cathode configuration, is still limited
to 210 mAh g at room temperature and 250 mAh g at 55°C (measured C/50). Due to the
poor capacity retention, only around 1/5 of the initial value is retained after 40 cycles at room
temperature and after 20 cycles at 55°C. Capacities close or above 300 mAh g have been
recently reported, but under conditions that are at the moment very far from a practical
application, including the use of Li,MnSiO4 nanosheets [109], graphene network [110], and
polymeric coating [102].

In order for these compounds to achieve the necessary maturity level, further investigations
are necessary to elucidate the root causes and possibly solve the stability issues. Moreover, an
improvement in the transport properties must be obtained to reduce the production costs and
increase the energy density. Nevertheless, exploiting multielectron processes seems at the
moment one of the few strategies to bring polyanionic insertion cathodes in the same range of
energy density of oxides and conversion materials.

At this regard, a new class of polyanionic materials has been recently proposed [41] that
include either compounds characterized by the presence of more than one transition metal or
more than one anionic group. In the first case one would take advantage of the simultaneous
presence of a transition metal with a M**/M* couple, like Fe or Co, and one with a M**/M*
or M*/M*® couple (i.e., V and Mo), adequately placed within a useful voltage window. The
second group would exploit the advantageous effect of a double anion group to (e.g.
LiM(YO3)(X0y)) to force the two redox couples of the transition metal within a suitable
voltage range. Although no experimental data are at the moment available, these compounds

have been also included, for comparison, in Figure 6 and 7.

3.2.3. Conversion materials

Contrary to conventional intercalation reactions where, with few noticeable exceptions, only
one electron can be transferred per metal atom, conversion materials offer the possibility to
reduce the metal atom to its metallic state. This reduction reaction generally requires the
transfer of two or more electrons [40]. Conversion materials follow the general reaction

mechanism shown below:
M, X, + (b-n)Li = aM + bLi, X

where M is a transition metal, X is the anion (X=F, S, N, P, ...) and n is the oxidation state of
X in M X, [111]. The product of the lithiation reaction is, from the microstructural point of

view, a dispersion of metal nano-particles in the Li, X matrix.
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Several different conversion compounds have been considered in the last few years as
possible battery cathodes. Despite the often large differences observed in the electrochemical
behavior of these compounds, several common aspects can be identified. Among the general
positive aspects we can mention: high theoretical gravimetric capacity (up to 700 mAh'g™)
due to multi-electron reactions [112] [113] [114] [115] [116], high intrinsic thermal stability
[117] [118] [115], low cost [119], and low molar weight [120]. On the other hand, the
commonly reported negative general aspects are: poor electronic conductivity due to
insulating behavior caused by intrinsically high band gaps [121] [122] [117] [113] [118] [119]
[123] [124], poor ionic conductivity [116], insulating Li,, X products [125], complete
structural reorganization during conversion reaction with large volume changes during
lithiation and delithiation leading to particle delamination and low cycle stability [111] [114],
large voltage hysteresis [111] [40] [116], low coulombic efficiency in 1 cycle [111], and
changes in the crystalline structure after every cycle [40]. Moreover, it should be considered
that conversion materials have operating voltages that are typically lower that most oxides and
polyanionic cathodes. Similarly to the polyanionic families, the reaction potential of
conversion materials is strongly dependent on the anion. For some of them, like transition
metal nitrides and phosphides [126] [127] [126] [128] [129] and some sulfides like CoS,
[130] [131], the operating voltage is so low that they are more suitably considered as potential
anode materials.

Figure 6 and 7 clearly indicate that several conversion materials have the potential to meet
the energy target for 2025. Nevertheless, for some of these compounds the degradation
reactions listed above dramatically impair stability already after few cycles. For that reason
these materials cannot, in our opinion, be realistically considered as candidates for 2025. This
is, for instance, the case of CuCl, due to its solubility in organic solvents and sulfides that
suffer from polysulfide dissolution upon discharge [132]: a problem well known in lithium-
sulfur batteries, which leads to loss of active material and passivation of the counter electrode.
As a consequence, the possibility of an application of sulfide cathodes in combination with a
liquid electrolyte in an electric vehicle seems at the moment highly unlikely [133] [134]. Also
some fluorides, like BiF3, though characterized by extremely favorable energy content at the
second discharge cycle, show unacceptably poor capacity retention [135] [136] [137] [138].
At the moment, all appealing conversion cathodes belong to the fluoride family (FeF;, FeF,,
CoF,, and NiF,). The highly ionic character of M-F bonds is responsible for the higher
operating voltages, compared to the other families of conversion materials [139] [125]

(Figure 6 and Figure 7). This, coupled with the large discharge capacities, allows for
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practical energy values close, and sometime well above, the 2025 targets. In should be
considered anyways that, due to the poor transport properties of fluorides, fairly large
amounts of conductive additive are typically used. This also provides a buffer for the volume
changes upon charging and discharging and ensures electrical integrity of the active material
over the whole life time. When discussing the practical energy values of fluorides (Figure 7),
it should be kept in mind that, due to the large differences in the amount of active material
employed as well as to the sometimes large difference in the voltage range and current
densities reported in the literature, it is more difficult to perform a fair comparison between
results obtained by different authors than in the case of oxides and polyanionic materials.
FeF; is characterized by a very large theoretical capacity of 712 mAh'g” coupled with a fairly
high theoretical voltage (2.74 V) [40] low cost, and low toxicity [123]. Lithiation of FeF3
involves two stages. The first one is a conventional intercalation reaction of lithium in the
interstitial sites of FeF; to produce LiFeFs;; this reaction takes place in the voltage range
between 4.5 and 2.0 V, delivering 237 mAh'g”". The subsequent stage is the true conversion
process that leads to the formation metallic Fe and LiF nano-particles; this step characterized
by a long plateau in the voltage profile at approximately 1.75 V, and provides a capacity of
475 mAh'g'1 [125] [124]. As for the other fluorides, a low coulombic efficiency in the 1%
cycle and rather large hysteresis (AE=0.8 V) between lithiation and delithiation process [116]
should be mentioned as the main drawbacks.

Using a FeFs-carbon fiber composite electrode, a reversible discharge capacity of 690 mAh'g™”
was demonstrated, which is the highest value among those reported in Figure 6 [116].
Although the investigation was limited to 25 cycles, a stable reversible capacity around 450
mAh'g'1 and 600 mAh'g'1 was obtained at 25°C and 60°C, respectively. On the contrary, bare
FeF; electrodes were shown to deliver almost no capacity after only 13 cycles together with a
significantly larger voltage hysteresis [116]. Further improvements in the composite structure
are been investigated, in the attempt to reach longer cycle stability, higher rate capability, and
smaller voltage hysteresis. As an example, a cycle stability over 200 cycles with a stable
reversible capacity of ca. 275 mAhg” (4.3 0.5V, 20.83 mA'g"') was demonstrated [113].
Excellent rate capability was observed for FeF;-MLG (multilayer graphene) electrodes with a
stable capacity at 10C of more than 200 mAh'g™ [116]. Doping (e.g. with Co) was shown to
successfully decrease the voltage hysteresis and improve the cycle stability [122]. Finally, it
should be mentioned that, thanks to the high ionic character of the Fe-F bond, FeF; has high
intrinsic thermal stability. As-prepared FeF; exhibits no heat flow until 500 °C [117].
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Compared to FeFs, CoF, has a lower theoretical capacity of 553 mAh'g™, but a higher
theoretical voltage (2.85 V), leading to a potential energy density as high as 1576 Wh'kg'l.
Differently from FeF;, CoF, undergoes a reversible two-electron reaction without any
intercalation stage [140]. The best reversible capacity so far reported was of 460 mAh'g”
(current density 50 mA'g™, voltage range 1.0 - 4.3 V), although a large voltage hysteresis
between discharge and charge reaction was observed [140].

Compared to FeFs_ cycle stability and rate capability are poorer. If on the one hand a capacity
of 160 mAh'g” after 70 cycles for a Co/LiF/C nano-composite electrode was reported [141],
other authors obtained a strong decrease of capacity within the first 10 cycles using for
CoF,/C electrodes, [142] [140] due either to the loss of CoF, crystallinity or to incomplete
conversion reactions [141] [140] [142][143].

Although the lower fluoride content of FeF, leads to a lower theoretical capacity of

571 mAhg" [40] compared to FeFj, it shows a comparable theoretical discharge voltage of
2.66 V. Literature values for capacity as well as voltage strongly differ from author to author.
FeF,-LiF composites were reported to have a mean voltage of 3.0 V [144], while voltages
between 2.0 [145] and 1.5 V [142] [116] have been found for FeF, electrodes. First lithiation
capacities between 190 mAh'g” [125], and 1100 mAh'g” (i.e. twice the theoretical value)
[142] have been reported. At the moment, no clear explanation has been put forward to justify
the observed voltages and capacities beyond the respective theoretical limits. It is likely that
the origin of the conflicting results is related to the complex lithiation process which involves
several conversion, and possibly even intercalating, steps. As suggested by Armstrong et al.
[142], some intercalation mechanisms could play a role in the overall lithiation process only
when the active phase is prepared with specific particle morphologies, causing materials
prepared by different synthetic routes to show drastically different behaviors.

Even more conflicting results have been published for what concerns capacity values vs. cycle
number. Martha et al. [116] reported an increasing capacity up to 500 mAh'g™ after 25 cycles,
while Armstrong et al. [142] observed strongly decreasing values to 200 mAh'g'1 after 25
cycles.

The low average practical discharge voltage of ca. 1.5 V of NiF, [146] [147] further reduces
the theoretical energy density output, but Shi et al. [146] have shown, that the material
exhibits a lower voltage hysteresis between the lithiation and delithiation steps, which
increases the energy efficiency compared to other fluorides. Although the capacity retention is
not yet stable in the first few cycles, Shi et al. [146] demonstrated very low impedance values

(30-45 Q) of NiF, / C electrodes between the upper and lower voltage limits.
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Based on the previous discussion, a restricted number of cathode materials offer concrete
chances of being used in EV applications, although improvements, in some cases of
considerable entity, still need to be achieved. These include some oxides (Ni-rich NMC, HE-
NMC, HV-spinel, NCA), polyanionic (LiFeBO3, LiVPO4F, LiMnPO,, Li,MnSiOy), and
conversion (FeF3, NiF,, CoF,, FeF,) compounds. Besides considerations based on the bare
comparison of their theoretical and practical energy values, further aspects must be evaluated
as already previously pointed out. Among them, the shape of the voltage discharge profile is
sometimes overlooked in the literature. In Figure 8 typical discharge curves for selected
compounds are shown. Remarkable differences can be notices moving from LiVPO4F, whose
flat discharge curve is thermodynamically required by the two phase lithiation reaction, to
compounds showing a continuously sloping behavior, like in the case of Li,MnSiO,. The
complex behavior of FeFs, with an initial sloping part followed by a more flat one, is
attributable to the already discussed double nature of its lithiation reaction.

For the specific needs of automotive applications several aspects of the discharge curve
profile may become critical. A flat voltage profile, as an example, allows for constant power
capabilities over a larger SOC range, and can therefore be beneficial to the usable energy. On
the other hand, classical SOC determination from voltage levels is facilitated by a potential
profile with a sufficient gradient. If the ratio of higher to lower cutoff voltage is too large,
power electronic components, such as DC/DC and DC/AC inverters cannot operate in an
efficient modus. Furthermore, excessive lower voltage limits would lead, in the case of
constant power requirements, to larger currents therefore reducing the cell lifetime [148]

[149] [150].

4. Battery cells based on next generation cathodes.

A fair comparison between the potentials offered by the selected cathode materials to find
application in the automotive field requires evaluating energy densities at least at the full cell
level. For this purpose, the energy densities of virtual prismatic hard case cells (BMW i3
format) employing the twelve selected cathode materials [151] were calculated following the
principles introduced in paragraph 2.

As previously discussed, together with the energy density of the active material (Figure 7a
and 7b), electrode loading (mg of composite cathode per-cm? of electrode surface) as well as
the composition of the composite cathode must be taken into account in order to derive energy

densities at the cell level. The loading can be varied by either depositing different electrode
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thicknesses or by changing the cathode porosity. Cathode composition depends, on the other
hand, on the ratio between the amount of active material and inert components (i.e.
conductive carbon and binder). Although, irreversible losses during the first few cycles are
unavoidable and dependent on the specific material, in our calculations a complete
reversibility was assumed in order to better outline the energy dependency on electrode
loading and composition.

In practical applications, cathode loading cannot be selected at will. High loadings can indeed
only be applied when conduction in the active phase is fast enough to avoid electrode’s
polarization. Loadings as high as 15-25mg-cm are applied in the present generation of
automotive batteries, not only to increase the energy density, but also to contain the cost (less
separator and current collectors are necessary at high loadings). On the opposite, many newly
proposed cathode materials have been tested in the literature using loadings as low as 1
mg-cm 2.

Figure 9a and 9b show the gravimetric and volumetric energy densities, based on theoretical
values at the materials level (Figure 7a and 7b, blue bars), calculated for all the selected
cathode materials with loadings equal to 1 mg-cm?, 5 mg-cm?, and 15 mg-cm? respectively.
In the calculation, loading was varied by changing the electrode thickness. A constant
porosity of 35% for the cathode as well as for the anode was assumed in all cases, which is a
typical value for the porosity in today’s lithium ion cells. For what concerns electrode
composition, different values were chosen depending on the cathode type, as listed in Table
1. These values represent an averaged composition between those reported in literature cited
in the previous paragraph and are a reflection of the different conductivities and particle size
that characterize each material.

Three sets of data are shown in Figure 9a and 9b, corresponding to three different choices for
the anode going from a now-a-days employed conventional graphite anode (synthetic graphite
with 96% active material) to possible anode candidates for the next battery generations (Table
2). These include a blend of graphite and 20% silicon, with a theoretical capacity of 1100mAh
¢! and pure lithium (100% of active material). The porosity of the first two anodes was set
like stated before to 35% and 54%, whereas the porosity for the pure lithium was set to 0%.
Also in case of a lithium anode, the additional copper foil of 8 um thickness was assumed in
order to avoid considering excess lithium for the calculations. The advantage in using future
anodes indirectly stems from their higher specific capacity. Since, as discussed in paragraph
2, the anode/cathode ratio (N/P ratio) is kept constant, high capacity anodes will be coated as

thinner layers than in the case of graphite. The reduced space requirement on the anode side
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leaves space for a higher number of electrode windings which results in an overall increase of
the cell capacity.

Since, contrary to intercalation cathodes, conversion materials are prepared in the delithiated
state, the calculation of energy density with graphite and silicon anode required to consider
additional lithium to fulfill the necessary stoichiometry. This was formally done by
considering a formation reaction between the transition metal in the conversion cathode (e.g.
Fe, Ni) with the required amount of LiF.

Comparing the data for different loadings (Figure 9a and 9b) one can observe that the
increase of energy density is non-linear. A larger energy increase is produced, in fact, moving
from 1 mg cm™ (triangles) and 5 mg cm (circles) than the one obtained further increasing
loading to15 mg cm™ (squares). The nonlinearity is caused by the decreasingly large impact
that inert components play on the energy density as loading is increased. The amount of non
active materials, such as separators and foils represent on the other hand the largest weight
contribution in cells with loadings of 1 mg cm™ or less. The expected increase in cell energy
density is observed when using anodes with higher capacity, i.e. from graphite (blue symbols
and lines), to Si/C composites (black symbols and lines), to lithium (red symbols and lines).
An increase of energy density can be also observed when moving from polyanionic to oxides
and from oxides to conversion cathodes, when Li anodes are considered. Due to the
previously mentioned necessity to include extra lithium in the case of composite and graphite
electrodes, the use of conversion materials in combination with these anodes results to be less
advantageous, with energy densities in the same range as for oxide cathodes.

Comparing the results of Figure 9a and 9b with the targets values for 2025, it is evident that
an improvement in the anode material is also required, in particular for the volumetric energy
density values whose targets appear to be slightly more demanding. If graphite would remain
the anode of choice also in the future, little gain will be obtained in comparison to materials
already employed today, like NCA. Moreover, the use of high loadings, above 20-25 mg cm?,
will be in any case necessary, which plays a detrimental role when considering battery
lifetime [152] [153]. Si/C anode will, on the other hand, allow for the use of most oxides and
all conversion cathodes with loadings as low as 15 mg cm™. Only in the case of polyanionic
materials the use of advanced anodes and high coatings will in any case be required, with the
sole exception of Li,MnSiO4 whose cell’s energy lies in the same range as those using oxide
cathodes. It should be also noticed that the simultaneous use of conversion cathodes and

lithium anodes could allow for the use of loadings even below 5 mg cm™.
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The energy densities at the cell level, calculated on the basis of the practical energy densities
at the materials level (Figure 7a and 7b, red bars), are shown in Figure 9¢ and 9d for the
same selected cathodes. Only cells using metallic lithium as anodes are shown here, since the
experimental values reported in the literature refer, in the vast majority of cases, to
experiments conducted with lithium anodes. Data for four different loadings are shown which
correspond to the typical values employed in the literature for these materials. As expected,
the energy densities calculated on the basis of the experimentally demonstrated values are
considerably lower than the theoretical counterpart. Despite the use of lithium as anode,
loadings of 10 to 15 mg cm™ are required to bring at least some of the candidates into above
or close to the target value. The yellow dots in Figure 9¢ and 9d represent the typical loading
values found in literature for each of the individual materials. The low loadings, between 1
and 5 mg cm™, typically used for most of these cathodes, in particular for the conversion and
polyanionic ones, clearly indicate that, for several candidates the distance from the 2025
target is, at the moment, very large. As an example, despite the large potential of FeFs,
improvements in its transport properties are required to allow at least a loading around 10 mg
cm?, i.e. a five-fold improvement compared to the actual value. Based on the data of Figure
9¢ and 9d, it is once more evident that only oxide materials show at the moment the necessary
level of maturity to allow achieving acceptable energy densities. Despite the fact that the data
of Figure 9c¢ and 9d indicate that HE-NMC, NMC-811 and even NCA are close or above the
target value, it should be considered that values obtained using other, probably more realistic
choices for the anode, would worsen this scenario, making an improvement for these
materials, with respect to their actual properties, necessary.

When discussing the data of Figures 9a-9d, it should not be forgotten that energy densities
can be increased not only through the use of higher loadings, but also by improving the
amount of active material in the composite electrode. Although, once more, a reduction in the
binder and in particular conductive carbon percentage would require an improvement in the
transport properties of these materials, it leave nevertheless room for improvement, at least for
some of these compounds. This is particularly true for those cathodes, like polyanionic and
conversion materials that nowadays require large amounts of inactive components (Table 1).
The potential for energy density improvements through the improvement of the cathode
composition is quantitatively exemplified in Figure 10 for Li,MnSiO,4 with loading of 15mg
cm? and graphite anode. The light blue balloon indicates the cell capacity obtained for this
material by using the binder and conductive carbon amounts used today. The dark blue

balloon indicates on the other hand the potential capacity for this cell if the conduction
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properties of the cathode active phase could be improved so to allow using the same cathode
composition actually adopted for most oxide cathode materials. By decreasing the percentage
of both inactive components to 2.5%, a capacity gain of 35% could be obtained.

It is not therefore surprising that together with the search for new cathode materials, an
enormous experimental and theoretical effort in the last years has been dedicated to methods
for improving the transport properties of cathodes. Examples of these methods will be given

in paragraph 6.

5. Other properties of the selected cathodes.

Before entering the discussion of possible techniques to improve the characteristics of cathode
materials, two other properties that allow for a direct comparison with the literature data will
be here presented: rate capability and cycle lifetime.

As previously mentioned, the availability of literature data concerning rate capability is much
inferior to energy data. As a consequence, only nine of the previously selected twelve
cathodes are compared. Figure 11 summarizes selected rate capability data for these
compounds. Due to the large variety of applied current densities, a direct comparison between
the materials, as tested under identical experimental conditions, is not possible. Therefore, the
experimental data has been grouped within six discharge current density ranges, indicated by
different colors as shown in the legend of Figure 11. For those publications where a C-rate
instead of a current density was stated, the indicated practical capacity was used for the data
conversion. Most often, different rates have been tested for the same material and
consequently several colored spots are shown for each material in Figure 11. The target line
as well as the today’s values were drawn according to the data shown in Figure S. In this kind
of representation, the best materials are those, not only having the highest y value, but also
having most symbols clustered close to each other. The target will be reached when symbols
from yellow and above lie above the target line. As it can be seen even cathode materials with
rather good rate capabilities, for today’s requirements, like NCA and in particular NMC-811
fall short from the 2025 target. Once again these results clearly indicate that improving the
transport properties is mandatory for proposed candidates.

FeF; deserves some comments on its own. Judging from the results of Figure 11, FeF; clearly
meets the requirements showing capacities above the target for currents as high as 3000 mA g
! Tt should in any case be considered that these results have been obtained at lower loadings

than for most intercalation materials to maximize transport Kinetics.
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Differently from safety whose data, in particular for newly introduced materials, are seldom
available, a more direct comparison can be done for what concerns lifetime. In Figure 12 the
discharge capacity vs cycle number is shown for all the selected cathodes. To allow for a
direct visual comparison, cycles number up to 50 have been reported, although for some of
these materials capacity retention for cycle numbers up to 1000 and beyond has been
measured. In the attempt to keep the comparison as fair as possible, measurements as close as
possible to T = 25°C and slow C rates have been selected. Please consider that in some cases,
ageing tests were conducted at C rate or temperature different from those used for the
determination of the maximum demonstrated capacity leading to discrepancies between the
initial data of Figure 12 and the values reported in Figure 6. This is particularly evident in the
case of FeFs due to differences in the C rate employed [116].

Although differences, in particular in the C rate make a fully quantitative direct comparison in
any case impossible, the overall trend of Figure 12 is anyways very clear.

With the exception of LiFeBO3, LiVPOy, materials affected as discussed earlier by quite low
energy densities, all the other future cathodes show a decrease in capacity that, although small
for some materials like NCA or NMC-811, might be nonetheless critical for automotive
applications, where a cycle life of hundreds or thousands cycles is expected. At this regard it
should be observed that the data of Figure 12 refer to current densities and temperature lower
than those required in typical automotive applications (currents in particular), leading to an
underestimation of the capacity fade compared to real life conditions. In some cases, like for
instance for most conversion materials and Li,MnSiOy, the capacity fade upon cycling is still
dramatic indicating once more the poor maturity level of the compounds. Again, FeF;
deserves separate considerations. Although a 15-20% capacity decrease is observed for this
material in the first 2-3 cycles, the residual capacity is then maintained or even slightly
increased. More data are indeed necessary for this compound since, as shown in Figure 12,

the investigation of its cycle life was so far limited to 25 cycles.

6. Future perspective for the next generation of cathode materials.

Based on the previous paragraphs, it is evident that none of the compounds discussed so far
fulfills all requirements for the “ideal”” automotive application. However that does not
necessarily mean that these compounds should be discarded at this stage of development.
Some of the drawbacks of these materials can in fact be overcome taking advantage of several
improvement methods recently proposed in the scientific literature (Figure 13). A general

distinction is often made between physical and chemical methods, although a clear
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differentiation is in some cases rather arbitrary. Figure 13 describes some of these possible
improvements routes in more details, including different doping techniques, surfaces coatings
as well as morphology and microstructure control.

Not all of these methods are necessarily easy, cheap and of general applicability. Nevertheless
for some specific materials they have proven to be successfully applicable. In the following, a
short overview of these approaches together with examples of applications is provided.

One of the most prominent examples for an improvement in material performance is the
covalent coating method. For some of the previously discussed materials, like in the case of
carbon coating of LiFePOy, coatings are mandatory and ubiquitously applied as discussed
before [122] [154][155]. However this method is not restricted to carbon, and other examples,
including coating of conversion materials with transition metal oxide, inorganic compounds
(e.g. fluorides), or more stable cathode materials (e.g. olivines) has been reported. The goal of
these coatings is in most cases the improvement of the lifetime and safety properties of the
active material through the reduction of its interfacial reactivity towards the electrolyte. This
generally also results in the improvement of the transport properties thanks to the limited
formation of poorly conductive interfacial product layers [156][157][158]. Moreover it
contributes to the protection of the materials towards HF attack, also limiting the dissolution
of transition metals material [159]. A successful application of coating to our selected
cathodes is the surface coating of HE-NMC materials with thin layers of inorganic materials,
[160][161] which e.g. in the case of AlF; results in an discharge capacity increase of ~20%
after 100 cycles [162] (Figure 14).

Stabilization of the interface was also pursued via shape modification of the active material s
particles. Modifications in the synthetic method used to obtain the active material allows
changing the geometric shape of the particles, obtaining, in some cases, single crystal-like
particles where selected crystal facets are exposed to the electrolyte. Since for these materials
it has been demonstrated that different crystal facets/surfaces can show largely different
reactivity’s with the electrolyte [163][164][165], numerous efforts have been undertaken to
maximize the exposure of low reactive facets. Work pioneered by Chen et al. and Manthiram
et al. directly showed a correlation of particle shape/crystal facet with transport properties and
lifetime [166][167][168]. In particular, Chen et al. synthesized two different types of LNMO
crystals in similar surface area - Octahedrons with (122) as the dominant surface and plate-
like shaped crystals with a (111) surface [168]. At a C-rate of 0.8 the Octahedrons
outperformed the platelets by a factor of 2 (~125 vs. 60 mAh g™ retained capacity), due to a

faster lithium-ion transport along this facet. In a similar approach, changing the morphology
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of the LMNO to a cubic or octahedral structure instead of a spherical particle, resulted in a
significant increase in capacity retention after 100 cycles [169] [170]

Another route towards the stabilization of the electrode-electrolyte interface is doping,
especially when this is applied to produce core-shell gradients. Work pioneered by Sun et al.
aimed at developing a nickel concentration gradient in NMC particles in which the
concentration of nickel is highest close to the core and falls over the particle radius to favor a
higher concentration of the less reactive manganese at the interface [162][171] thus improving
both lifetime and safety. Compared to Ni rich bulk NMC this core-shell gradient material
shows a better efficiency, rate performance, cycle life (Figure 14) and thermal stability.
Homogenous doping is on the other hand typically used to stabilize the material s bulk
property, although in few cases was also considered for interfacial stability effects, like
decreasing manganese dissolution of in Li,Mn,0O4 [172]. Multiple simultaneous beneficial
effects of bulk doping have been for instance reported in the case of Co addition to FeFs;,
including increased electronic conductivity, decreased voltage hysteresis but also increased
roughness of the synthesized particle leading to improved electrolyte wetability [119].
Improved structural stability is another typical effect of doping as observed when Li,MnSiO4
is doped with Fe or Mg. Here, a solid solution between the iron and manganese silicates is
formed which reduces the structural instability of the Mn-based compound upon cycling [106]
[103]. Another noteworthy example is the addition of Al to layered materials with the NaFeO,
structure. The strong Al-O bonding enhances the structural stability of the material and
impedes oxygen liberation with the side effect of facilitating Li movement by increasing the c
axis [29].

A very different approach based on nano-scaling and/or nano-structuring, is most frequently
proposed to increase the transport performance of cathode materials. Here the interface of the
particle with the electrolyte is increased in order to tune parameters e.g. nano-sizing reduces
Li-diffusion pathways, it results in shorter electron paths, a better ,,infiltration* of the
electrolyte and overall, in improved diffusion kinetics. However, this is sometimes to the
expense of the structural stability and the gravimetric density of the material. Also the
increased interfacial reactivity of the material can results in increased electrolyte
decomposition and overall in safety concerns.

Nevertheless, in some material families, particles with a diameter of less than 1 um has
already been become the standard. This is especially true for materials with more complex
reaction pathways including conversion materials, e.g. FeFs [125] [139] [114] [123] [116] but
also in high-voltage phosphates [80][81].
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A modification of this approach is the nano-structuring. Here, not the size or shape of the
particle, but the particle/electrode structure is the tailored in order to increase the
performance. An example by Wagemaker et al. clearly shows a positive effect of a three-
dimensional nano-structuring of TiO,, i.e. of the anatase modification - using soft lithography,
3D microshaped electrodes were synthesized and showed high lithium ion transport
capabilities and a long cycle life [173].

A different approach to go “nano” is the use of nano-sized materials to coat order of
magnitudes bigger particles. This can result in significant performance increases or an
improved stability of the compound [174][175][176][177], e.g. NCA coated with Si0, shows
a significant performance increase when operated at high temperature [178].

Control of the microstructure is another typical example that can be used to reduce the
interfacial/grain boundary resistance in cathode materials that are typically formed as large
secondary particles (typically ranging between 10 to 50 micrometers) containing tightly
packed primary particles in the range of tens or hundreds of nanometers (as in most layered
oxides). Preparation of secondary particles comprising needle-like primary particles along the
radius direction was shown to improve the transport properties in fully gradient NMC-811
[179] [162].

Despite the sometime dramatic improvements obtained by these methods, like those
concerning lifetime shown, as an example in Figure 14, a careful evaluation of the effort
required by the implementation of these modifications of the synthetic route must be done,
before their application at the industrial level can be envisioned. It should for instance be
considered that all the above described methods imply at least one additional step to the
synthesis process. This will require a careful evaluation of time and costs requirements
brought by these additional treatments, as well as the additional cost for the extra chemicals

required (e.g for additives).

7. Summary

In order to achieve the goal of 300 miles range in EVs, next generations of lithium batteries
will require cathodes with energy densities at the material s level of at least 700 Wh kg™ and
300 Wh kg'1 at the cell’s level. The last decade, a large number of cathode materials has been
introduced and investigated. However, only few candidates seem to offer the chance for actual
applicability in the automotive field. Even if the theoretical energy values are considered,
neglecting the distance to the actual demonstrated energy values, several candidates do not

meet the minimum requirements. An additional point that needs to be certainly stressed is that
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the goal achievement on cell level is strongly depended on the choice of anode. Independent
of the cathode potential to meet the targets, fabricating a cell without a paired high energy
anode will always lead to decreased capacities and hence lower driving ranges.

Among the several candidates proposed and investigated oxides and conversion cathodes can
be found as the only materials which today, with proper engineering, can meet the
requirements. Polyanionic materials, though characterized by superior lifetime and safety,
possess energies that even in the most favorable cases are not satisfactory, in particular when
volumetric energy density is considered (Wh 1™"). Appealing energies could be achieved if the
stability issues affecting the multi-electron Li exchange could be solved, like for example in
the case of Li-MnSiOy.

Oxide cathodes, including HE-NMC, NMC-811 and NCA, show a high level of development
which on one hand is the basis for their relatively satisfactory performance even today, but on
the other greatly limits the room for further improvement. Possibilities to achieve the target
levels for 2025 using the above mentioned oxides rely on either developing novel anode
materials and/or the possibility to increase the cathode loading by increasing its thickness
and/or reduce its porosity. For higher loadings, improvements in the material s lifetime and
safety are mandatory. Novel synthetic approaches, including use of surface coating, core shell
doping, and microstructure control gave promising indications in this direction, in particular
for what concerns Ni rich materials, like NMC-811.

Finally, conversion materials like FeFs may offer the chance to a large energy improvement
leading to cells with energy contents well beyond the actual target. The latter is strongly
dependent again to the paired anode, in particular if a lithium anode could be successfully
developed in parallel. The development status of conversion cathodes is at the present
moment still represented by conflicting literature reports and incomplete characterizations.
Their potential as well as the large room for further research and development hopefully will

encourage further investigations in this direction in the next future.
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8. Tables

Journal of Materials Chemistry A

Table 1: Ratio of active material, conducting agent, and binder used, for each cathode family,
in the cell’s energy calculation.

Cathode class Ratio of active Ratio of conducting Ratio of binder
material agent

Oxides 90% 5% 5%

Conversion 75% 15% 10%

Phosphates 84% 5% 11%

Silicates 66% 29% 5%

Borate 81% 10% 9%

Table 2: Characteristics of the anodes used in the cell s energy calculation.

Anode 1 Anode 2 Anode 3
Active material Graphite Si/C (1:3) Lithium
Capacity of active material 360 mAh g' 1100 mAh g’ 3800 mAh g
Average Voltage against Li/Li* 0,1V 04V ov
Ratio of active material 96% 88% 100%
Ratio of conducting agent 1% 2% 0%
Ratio of binder 3% 10% 0%
Density of electrode 1,4g cm3 1,4g cm3 0,5g cm?3
Porosity of electrode 35% 35% 0%
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9. Figures
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Figure 1: Specific power and energy roadmap for battery pack for hybrid (HEV), plug-in

hybrid (PHEV) and full electric (BEV) vehicles.
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conversion [116] [142] [136] [140] [180] [137] [181] [182] [183], oxides [17] [57] [184] [46]
[52] [30], and polyanionic cathode materials [108] [185] [89] [186] [187] [188] [64] [189]
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Figure 7c: Ratio between theoretical gravimetric and volumetric energy densities for several
conversion, oxides, and polyanionic cathode materials. Green bands: targets at material s

level.
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Figure 8: Discharge curves for selected cathode materials [147] [140] [142] [116] [57] [52]
[46] [30] [185] [89] [108] [176].
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Figure 9a: Gravimetric energy density for selected cathode materials in full cell configuration
with metallic lithium (red lines), graphite (blue lines) and silicon (black lines) as anode. The
different curves refer to different loadings. Calculation based on the theoretical gravimetric
energy density values of Figure 7a for the cathode. Green bands: targets at cell s level.
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Figure 9b: Volumetric energy density for selected cathode materials in full cell configuration
with metallic lithium (red lines), graphite (blue lines) and silicon (black lines) as anode. The
different curves refer to different loadings. Calculation based on the theoretical volumetric
energy density values of Figure 7b for the cathode. Green bands: targets at cell’s level.
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Figure 9c. Gravimetric energy density for selected cathode materials in full cell configuration
with metallic Li as anode. The different curves refer to different loadings. Calculation based
on the practical gravimetric energy density values of Figure 7a for the cathode. Yellow dots
indicate for the various materials the typical coating densities nowadays achievable. Green
bands: targets at cell’s level.
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Figure 9d. Volumetric energy density for selected cathode materials in full cell configuration
with metallic Li as anode. The different curves refer to different loadings. Calculation based
on the practical volumetric energy density values of Figure 7b for the cathode. Yellow dots
indicate for the various materials the typical coating densities nowadays achievable. Green
bands: targets at cell’s level.
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Figure 10: Dependence of the relative cell capacity on the amount of binder and conductive
agent for the example of Li,MnSiOy against graphite and a loading of 15mgem™. The lower
ball represents the actual status (29% conducting agent + 5% binder), the upper one the
potential in capacity increase by reaching the amount of active material in today’s oxides
(2.5% binder, 2.5% conducting agent).
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Figure 11: Capacities of promising future cathode materials obtained at different discharge
currents [57] [46] [52] [175] [185] [89] [108] [176] [116].
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