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Abstract: Li-metal batteries are attracting a lot of attention nowadays. However, they are merely an
attempt to enhance energy densities by employing a negative Li-metal electrode. Usually, when a
Li-metal cell is charged, a certain amount of sacrificial lithium must be added, because irreversible
losses per cycle add up much more unfavourably compared to conventional Li-ion cells. When liquid
electrolytes instead of solid ones are used, additional electrolyte must also be added because both the
lithium of the positive electrode and the liquid electrolyte are consumed during each cycle. Solid
electrolytes may present a clever solution to the issue of saving sacrificial lithium and electrolyte,
but their additional intrinsic weight and volume must be considered. This poses the important
question of if and how much energy density can be gained in realistic scenarios if a switch from
Li-ion to rechargeable Li-metal cells is anticipated. This paper calculates various scenarios assuming
typical losses per cycle and reveals future e-mobility as a potential application of Li-metal cells. The
paper discusses the trade-off if, considering only the push for energy density, liquid electrolytes can
become a feasible option in large Li-metal batteries vs. the solid-state approach. This also includes
the important aspect of cost.

Keywords: solid-state batteries; solid electrolytes; lithium-ion batteries; Li-metal batteries; Li-metal
anode; excess lithium; anode-free lithium battery

1. Introduction

Existing conventional lithium-ion battery (LIB) technology is reaching its performance
limits, as electric vehicle (EV) manufacturers aim to offer new EVs with extended driving
range. To achieve this goal, the first approach was to increase nickel content in the cathode.
However, the energy density of a battery does not only depend on the cathode but also
the anode chemistry. Silicon based anodes are considered to be one of the most recent
advances in Li-ion technology but they are also not expected to exceed energy densities of
800 Wh/L or 300 Wh/kg on a cell scale [1,2]. Therefore, the utilization of metallic lithium
shows huge potential to meet the energy density requirements of future applications (up
to 900 Wh/L) [3]. Li-metal has a specific capacity (3.860 mAh/g,) about ten times higher
than that of graphite [4]. Although many studies used lithium metal (Li-metal) foils with a
thickness of hundreds of microns in order to have a lithium reservoir against capacity loss,
this approach is not practical for long-term developments [5,6]. The direct use of thick Li-
metal foil will not only cause more rapid depletion of global lithium reserves and increase
manufacturing costs, but will also bring some specific challenges associated with dendrite
nucleation, limited coulombic efficiency (CE) and air and moisture sensitivity of the cell.
Additionally, increasing the thickness of Li-metal foil (with excess lithium) decreases the
volumetric capacity of lithium. For example, by a simple calculation, Genovese et al., have
shown that if there is a 10 times excess of lithium (10x), the volumetric capacity decreases
from 2060 mAh/L to 187 mAh/L, which is almost 4 times less than that of a graphite anode
(719 mAh/L) [7]. Therefore, we should first of all define the term “excess” lithium clearly.
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According to a study by Ahn et al. [8], it is suggested that maximum extraction of
Li* jons from an NMC 811 (LiNiggMng 1Cog10;) cathode was 0.5 and after this point a
significant capacity fade was observed. For this reason, in this paper the extraction of Li*
ions will be assumed as 0.5. In this case, the delithiation reaction of NMC 811 can be given
as following;:

LiNi0.8COQ.1Mn0.102 — 05Li+ Lio.5Ni0.3C00.1Mn0.102

According to the reaction above, the amount of Li of 0.5 will be released during
charging and plate the current collector. When there is no additional Li-metal on the
current collector, this layer will act as an anode (zero excess lithium).

Recently, anode-free (or zero-excess configuration) concepts have been proposed in
many studies [3,7,9-13]. In this configuration, only a thin film current collector or surface
modified current collectors are used as an anode (current collector), and the cathode
material is the only lithium resource. During the first charge, lithium ions migrate from the
cathode side to the negative current collector, are electrodeposited in situ on the current
collector, and build a temporary Li-metal anode. Conversely, during discharge lithium
ions move back into the cathode. The CE of such cells determines the reversibility of the
cathode intercalation reaction and the cycle life since there is no extra Li source in the
system. Moreover, from a safety point of view, since there isn’t any Li-metal foil for the cell
preparation, a protected environment is not required during cell manufacturing. However,
it is still challenging to establish a highly reversible in situ lithium electrodeposition &
intercalation process. Tong et al. showed that an anode-free cell with 99.9% of CE presented
a cycle life less than 400 cycles [13]. As an increase of CE is the major key to success, it
is also important to conduct research with thin film lithium metal anodes. Therefore, it
has been recommended to use lithium foils thinner than 50 pm and most ideally less than
30 um [6,7,14].

CE or Faraday efficiency can be simply described as the proportion of the total charge
extracted from the cell (Qq4.) to the total charge put into the cell (Q.):

CE = Qdc/Qc (1)

For conventional LIBs, it was observed that the CE increases with the first 15-20 cycling,
after which a CE-value of more than 99.9% [15,16] can be reached. Here the question is
what type of Li-metal battery cell design is required in order to achieve at least the same
performance values of the current LIB technology? Within the scope of this article, we
will discuss different Li-ion excesses, with different anode and cathode thicknesses to
understand the effect of different numbers and parameters on the columbic efficiencies
and the energy density. This paper aims to present various realistic scenarios in order to
answer how much energy density can be gained by the technology transition from LIBs to
Li-metal batteries (LMBs). For this aim, the paper is organized with the following sections:

e  Understanding the need for a Li-metal anode: Why do we need Li-metal instead of
conventional graphite or silicon/graphite for anode active materials?

e  Excess lithium and energy density: How much lithium do we need in the cell in order
to gain higher energy density and higher CE?

e  Thickness of the Li-metal anode: Does a thick Li-metal anode provide the best perfor-
mance? What is the limit?

e Achieving long cycle life and long driving distance range with a reasonable excess
lithium: Different EV battery capacities and different energy consumption scenarios.
What do these scenarios tell us?

e  Liquid electrolytes vs solid electrolytes for LMBs: As an option, the feasibility of liquid
electrolytes will also be discussed if the increase of the energy density is considered as
the main goal. At the end the cost aspect will also be reflected on.
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2. Understanding the Need for a Li-Metal Anode

The performance of the LIBs is determined by cathode, anode and electrolyte. How-
ever, as the anode materials provide much more specific capacity than the cathode materials,
the overall cell capacity is limited by the cathode active material. For example NMC 811
(LiNig gMng 1Cop 10;) offers 220 mAh/g of capacity where graphite and Li-metal offer
372 mAh/g and 3860 mAh/g of capacity, respectively [16]. An overview of the characteris-
tics of different cathode and anode active materials are given in Table 1.

Table 1. Specific properties of the most common anode and cathode materials in LIBs.

Specific Capacity * Potential vs.

Cathode Abbreviation (mAh/g) LULi* (V) Ref.
LiMn, Oy LMO 110 4.1 [16]
LiFePOy4 LFP 160 3.45 [16,17]
LiNip5Mng3Co0p2,0, NMC 532 175 3.8 [16,17]
LiNipgMng1Cog10, NMC 811 220 3.8 [16,17]
Anode
LigTi;5015 LTO 175 1.5 [16]
Graphite C 372 0.1 [16,17]
Silicon Si/C (1:3) 1100 0.4 [18]
Li-metal Li 3860 0.0 [16,19]

* Cell potential is equal to difference of chosen electrode pair potentials.

In order to meet the requirements of next generation battery systems for electromo-
bility, the battery should provide an energy density of more than 300 Wh/kg at cell level
to achieve a range of more than 600 km per charge. If we compare today’s high specific
cathode material NMC 811 with graphite and Li-metal anode, we can see that according
to capacity ratios (Ccathode / Canode), €ach gram of NMC 811 corresponds to either 0.6 g of
graphite or 0.06 g of Li-metal (see Supplementary Materials). Assuming an extra 15% of
weight is coming from other cell materials (separator, current collector and electrolyte) [16],
theoretical capacity (C) and energy density (ED) of the cells can be calculated by the
following equations:

C hode
Ceell = cathoce__ /(1.15) @)
Ce Welghtcathode + Welghtanode

ED= Ccell X Vcell (3)

As it is sketched in the Figure 1, using a high-capacity anode with lower redox
potential results in high ED cells. The challenging point here is not only to achieve the
highest ED but to keep this high ED in the cell for many cycles. For example, another
high capacity silicon (Si) anode (4200 mAh/g) is hard to consider as a “next-generation”
EV battery component, due to its volumetric expansion (up to 400%) during cycling [20].
In order to increase its cycle life, many approaches, such as using Si nano-wires and/or
mixing Si with different ratios of graphite, were proposed [2,20-23].

As one of the biggest hurdles in the development of LIBs is the long charging time,
other important criteria for material selection are the electrochemical and physical per-
formances of the material at high C rates (>1C). The goal for future EVs is to reduce
charging time to less than 15 min [24]. Nevertheless, charging the battery at higher rates
accelerates battery degradation and capacity fading [24-26]. This capacity fading mainly
occurs because of two different phenomena: (i) deposition of metallic lithium onto the
graphite anode (Li-plating) [24-26] and (ii) failure/fracture of electrode particles due to
diffusion-induced stresses [27-29]. For the first, as the deposition takes place in dendritic
form, it leads to a safety risk through short circuits. Additionally, the volume expansion
due to Li-plating deforms the stable solid electrolyte interphase (SEI) which protects liquid
electrolyte decomposition [30]. For the second, Shim et al., showed that the charging &
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discharging process causes stress on the graphite anode [31]. This stress does not result
only in volume changes and cracks in the anode structure but also in a slow diffusion of Li
ions during the intercalation process. Undoubtedly, this second phenomenon tends to be
more aggressive if the charging rate is increased.

Weight

C=178 Ah/kg
ED= 677 Wh/kg
with reduced weight

C=117.5 Ah/kg
ED= 435 Wh/kg

Figure 1. Illustration of graphite vs. Li-metal anode with combination of NMC 811 cathode.

Fast charging may also cause overheating of the liquid electrolyte, and these elec-
trolytes can catch fire. Since all solid-state batteries (ASSBs) contains no liquid in the cell,
this risk is eliminated and they can be charged at higher C-rates.

Last but not least, the cost of ASSBs is expected to be lower due to (i) use of less anode
active material for higher capacity and ED, (ii) no need for sophisticated safety components
(saving more space), and (iii) less production steps compared to LIBs (no electrolyte filling).

All points discussed above favor the utilization of Li-metal in the batteries instead of
conventional graphite anodes. The crucial question of “how much Li-metal in the cell?”
still remains not fully answered. The following sections will discuss this question, taking
into account CE and cycle life of the battery through different scenarios.

3. Excess Lithium and Energy Density

As a first approach, we will compare a Li-metal battery (LMB) cell and a LIB cell only
from the point of view of the active materials. For this purpose, we start with the reaction
equations between the cathode NMC 811 and a graphite anode and Li-metal anode. Here
we assume 0.5 Li extraction from the cathode (see introduction). As a result, we obtain the
following discharge reactions for two different anode materials:

LiNiQBCOO_ano_lOz —0.5Li+ Lio_5Ni0_8COO.1Mn0.1OZ (Li—Metal) (4)

C6 +2 LiNi0_8C00.1M1’10.102 — LiC6 +2 Li0.5Nio_8C00.1Ml‘10_102 (Graphite) (5)

The amount of charge (Q) is obtained by multiplying the electrons transported in
relation to the equations (1), by the Faraday constant (F = 96,485 C/mol or 26,801 Ah/mol).
Specific capacity (Csp) of the cell and the ED can be calculated by the following equations:

nxF
Csp(Ah/g) =~ Mw

(6)

ED (Wh/kg) = w "
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It should be noted that the molecular weight (Mw) values correspond to the Mw of
the discharge products as a whole.

Table 2 compares the zero-excess (anode-free) LMB and LIB according to the given
discharge reactions 5 and 6. This theoretical capacity is difficult to obtain, because it is
not feasible to recover the in-situ deposited Li-ions 100% from the anode due to formation
of the SEI [32]. In order to overcome loss of Li, the excess amount of Li is introduced
to the cell. Assuming that NMC 811 exhibits 2.2 mAh/cm? of areal capacity [33], and
combining it with a zero-excess anode, namely only a copper current collector, this cath-
ode would deposit dense Li-metal layer with a volumetric capacity of 2061 mAh/ cm3
(Cri*densityy;). Li et al., reported that zero-excess is defined as the initial lithium thickness
at the anode and corresponds to the areal capacity of the anode [32]. In this case, when
the NMC 811 cathode is delithiated, the thickness of the Li-metal would be 2.2 mAh/cm?:
2061 mAh/cm? 22 10 um. Hence, if we initially use 10 um of Li-foil on the copper it corre-
sponds to a one times excess of Li, 20 um of Li-foil with two times the excess Li, and so
on. As the thickness of Li-metal increases, the volumetric ED decreases which is one of the
main reasons to limit thickness of the Li-metal anode. However, the following question
should be answered: How much excess provides benefits? Depending on the excess factor
(XLi) used to get a complete cell, one can calculate change in energy densities and bring
these values into relation with LIBs in a very good approximation. The Figure 2 shows the
maximum theoretical limit of the excess lithium in order not to obtain an ED lower than
that of the cell with a graphite anode (423 Wh/kg). The calculations of the ED values for
different excess amounts of lithium can be found in the Supplementary Materials.

Table 2. Theoretical specific capacities and energy densities calculated for zero-excess LMB and LIB.

System LMB LIB
Discharge products LiNiggCog.1Mng 10, Cg + 2 LiNip gCog.1Mng 10,
Mw (g/mol) 97.28 266.63
n 0.6 1
Cell Potential (V) 3.8 3.7
Csp (Ah/g) 165.31 114.28
ED (Wh/kg) 628.15 422.84
600
550
D "%‘
< 500
< l@
=
2450 1 458
3 . @
& 400- m407
> l3§6
3 =367
2 350 349
L .3@ 9
[ ]
300 %'306
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Excess Lithium Factor(X ;)

Figure 2. Change of EDs with different factors of excess lithium on the anode.

In theory, if the Xy is less than 6, the ED of the cell will be already more than graphite-
based LIBs. Every excess lithium factor after 6 will deliver less than 367 Wh/kg which
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represents the energy density value of current lithium ion batteries with graphite anode. In
order to reach to maximum values of ED and a long cycle life, it is indispensable to create a
cell with high CE [7,13,34]. The cycling stability and X; correlation can be estimated from
the following equation:

X x CE" =1 ®)

where 7 is the cycle number and 1 refers to 100% consumption of the lithium. For example
if we take 2 times excess lithium and obtain 98% of CE:

2x098" =1
_ In05 _
n = poss = 343

After approximately 34 cycles the lithium excess is depleted. Then we can answer
how much excess would be needed to reach 80% lithium consumption after 1000 cycles at
this efficiency?

Xpi x 0.981000 — 0.8

Xy = 09%% =47.5 x 10°

Approximately 47 million of lithium excess is obtained where we need a maximum
value of X = 6 to obtain an acceptable ED. If we take Xi; = 6 in the last equation, 80% of
lithium will be consumed after almost 100 cycles. All these calculations prove that only
increasing the excess lithium is not enough to obtain long lasting cells. The correlation
between CE and Xp; for a cell with 1000 cycle life span is presented in Figure 3.

10000 -
1000 -
100 "

-
X

10 4

0.1

T T T T T T T T T
99.0 99.2 994 99.6 99.8 100
CE [%]

Figure 3. The need of total excess lithium at different CEs (vertical axis is in logarithmic scale).

When we combine the results of Figures 2 and 3, it can be assumed that an energy
density of 367 Wh/kg and CE of 99.8% can achieve X; = 6. Nevertheless, the capacity ratio
of negative to positive electrode (N/P ratio) is another parameter in order to determine
the full cell performance [35-37]. For example, N/P ratio is equal to zero for an anode-free
(zero excess) configuration. The recommended N/P ratio range is between 1 and 1.2 for
LIBs and between 0 and 1 for LMBs [37].
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4. Thickness of the Li-Metal Anode

In further modeling, we can assume the specific thicknesses of the cathode to be 50 pum,
100 pm and 150 pum. Starting from reaction Equation (4), for each cathode we can calculate
the ratio of anode thickness to cathode thickness using the following equation:

Mwy;
Anode thickness d‘ﬁL ©)
Cathode thickness ~ MWnmc s11

NMC 811

According to the reaction Equation (4), for Xi; = 1 we need 2 times 0.6 Li:

6.941x0.6 (6.941 g/mol)

Anode thickness __ 0534 g/cm3
Cathode thickness — 97.2805 g/mol
22 g/ cm3

Anode thickness __
Cathode thickness 0.47

The NMC 811 density of 2.2 g/cm?3 is taken from the study by Laveda et al. [38]. Based
on the calculated thickness ratio for Xj; = 1, the thicknesses of the anode are obtained
as 23.5, 47, and 70.5 um for cathodes with thicknesses of 50 um, 100 um, and 150 um,
respectively. It has to be noted that these thickness values correspond to the thickness of
the anode side including Li depostion during the discharge. If we assume that the lithium
deposition occurs on the anode side homogenously, it will already create a layer with a
thickness of between 8.8 and 26.5 um (Table 3, column for X;; = 0). The needed metal foil
thickness can then be calculated by subtracting this plating value from the total thickness.
Table 3 represents the required Li-metal thicknesses for each scenario.

Table 3. Required Li-metal Anode thickness for given cathode thicknesses.

XLi 0 1 2 3 4 5 6

50 50 50 50 50 50 50

Cathode thickness (um) 100 100 100 100 100 100 100
150 150 150 150 150 150 150

8.8 23.5 38.2 529 67.6 82.3 97.0
17.6 47.0 76.4 105.8 135.2 164.6 194.0
26.5 70.5 114.6 158.7 202.8 246.9 291.0

Anode thickness (um)
(after Li deposition)

0 14.7 294 44.1 58.8 73.5 88.2
Li foil thickness (um) 0 29.4 58.8 88.2 117.6 147.0 176.4
0 441 88.2 132.3 176.4 220.5 264.6

5. Achieving Long Cycle Life and Long Driving Distance Range with a Reasonable
Excess Lithium

As EVs are the main drivers for battery technology developments, the most suitable
use-case scenario can be created by using target driving ranges. In this section, a theoretical
analysis of excess lithium factor is made by considering different EV battery capacities,
different energy consumption, and driving cycles.

Considering different EVs and their battery sizes, three different average specific energy
consumption rates can be assumed: 15 kWh/100 km, 20 kWh/100 km and 25 kWh /100 km.
We have chosen three different battery sizes from the study of Sanguesa et al. [39]:

e  Peugeot e-208: 50 kWh
e Audie-tron: 95 kWh
e  Tesla Roaster: 200 kWh (outlook, future battery design)

End-of-life (EoL) driving distances of EVs range from 150,000 to 300,000 kms (from 8
to 15 years) [40]. The table below gives the theoretical required cycle numbers in order to
achieve 150,000 and 300,000 kms with different EV battery capacities and different energy
consumption scenarios.
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As has been represented above, small batteries with higher energy needs per 100 km
will require more cycles to achieve the target driving distance. Additionally, the EV batteries
are already expected to reach between 1000 and 3000 cycles.

In Section 3 we have shown the correlation between the CE and the cycle number
(Equation (8)). The amounts of excess lithium required for different cycles and different CE
values are listed in the Supplementary Materials. An overview is presented below.

If we combine the results of Tables 4 and 5, it is very clear that big capacity batteries
offer the ideal EoL driving range with lower cycle numbers. These cycle numbers can be
reduced even more by decreasing the energy consumption (kWh/100 km). It should be
noted that this consumption increases linearly with the weight of the EV, which can be
reduced by use of light weight batteries.

Table 4. Theoretical calculations of EoL cycles for different EV types.

Battery Us?ble o Energy. 1 Fharge EoL1 EoL2  Required Required
Capacity (kWh) Capacity, 90% Consumption Driving Range (km) (km) Cycles 1 Cycles 2
(kWh) (kWh/100 km) (km)

50 45 300 500 1000
95 86 15 570 150,000 300,000 263 526
200 180 1200 125 250
50 45 225 666 1332
95 86 20 430 150,000 300,000 349 698
200 180 900 167 334
50 45 180 833 1666
95 86 25 340 150,000 300,000 441 882
200 180 720 208 416

Table 5. Need of CE and excess lithium for different cycle scenarios.

Cycle CE Li Consumption Xri
500 122
1000 18,530
1500 0.99 0.8 2.8 x 10
3000 9.9 x 10'2
500 10
1000 120
1500 0.995 0.8 1474
3000 2.7 x 100
500 1
1000 1.3
1500 0.9995 0.8 17
3000 3.6

6. Liquid Electrolytes vs. Solid Electrolytes for LMBs

The first LMB was already based on a “Li-metal” anode combined with organic liquid
electrolyte (LiPF¢- propylene carbonate) [41]. However, the use of metallic lithium form
coupled with an organic liquid electrolyte caused the dendrite formations which eventually
led to an internal short circuit and thus to a thermal runaway since porous polymer-based
separators do not provide a sufficient physical barrier to stop the spread of dendrites. In
addition, the existing liquid electrolytes are toxic and flammable due to the fluorinated salt
LiPF¢ carbonate solvents respectively [19].

Li et al., studied various liquid electrolytes for Li-metal anodes, in order to give a
comprehensive understanding of the liquid electrolyte/lithium-metal anode limitations.
They have shown that the most common problems associated with low CE are issued by
fragile solid electrolyte interphase (SEI) [32]. The typical inorganic components of SEI are
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Li;CO;3, LiF, Li;O, and LiOH [42] and it has been shown that increasing the amount of
LiF in the SEI structure passivates the SEI layer and helps to increase CE [43]. In order
to obtain higher LiF species, it is important to have a liquid electrolyte composition with
high donatable fluorine concentration (DFC) [32]. As a result, among liquid electrolytes,
fluorinated electrolytes such as lithium bis(fluorosulfonyl)imide (LiFSI) in fluoroethylene
carbonate (FEC) provide longer cycle life. However, their cost is higher than that of
conventional LiPFg in carbonate electrolytes.

The replacement of a liquid electrolyte with a solid electrolyte, which is also acting as
a separator, would create an inert solid system that could solve the problems mentioned
above. In addition, solid-state batteries do not have a liquid junction, which facilitates
the formation of series-connected cells in a pack, and the absence of this junction elim-
inates unnecessary volume, resulting in higher volumetric energy densities. Typically,
organic liquid electrolytes for commercialized Li-ion batteries show conductivities of about
2 x 1072 S/cm at room temperature and this value is slightly decreased to 5 x 1073 S/cm
with the integration of common porous polyolefin separators [44]. As a result, solid
electrolytes have to compete with at least these high ionic conductivity values.

After inorganic solid electrolytes, crystalline sulfide electrolytes such as LijgGeP» Sy
(LGPS) and argyrodite-type crystallines such as LigPSsX (X = Cl, Br, I) (LPS) are the most
popular with their ionic conductivity of 1.9 x 1073 S/cm and 6.8 x 1072 S/cm, (X = Cl and
Br, respectively [45,46]. However, unlike the polymer electrolytes, they do not have flexible
structure and are expensive (~LGPS: 695%/10 g) [19].

Solid polymer electrolytes can be processed more easily than crystalline sulfide elec-
trolytes thanks to their softness. This flexibility provides low-cost production. Nevertheless,
they suffer from good ionic conductivities at room temperature and the requirement of
high operational temperature limits their use in EV applications.

In order to overcome many challenges related to SEI, dendrite formation, and low ionic
conductivity, “solid” composite electrolytes may be the alternative solution. The reduced
contact area of the liquid electrolyte part with a lithium metal anode can be benefitted
by preparation of gel polymer electrolytes. Gel polymer electrolytes are prepared with a
low crystalline polymer such as poly(vinylidene fluoride)-co-hexafluoropropylene (PVdF-
HFP) and an organic liquid electrolyte such as LiPFg in EC-DMC) in the polymer matrix.
Despite their good ionic conductivities (up to 6 x 1072 S/cm) [47], they suffer from lower
mechanical properties and electrode compatibilities [48]. The addition of crystalline sulfide
electrolytes to the composition would solve the low mechanical characteristics of the
resulting electrolyte.

7. Summary

A significant improvement in the energy density of rechargeable lithium batteries
is needed to meet future requirements, especially for e-mobility. In order to design a
high-technology battery it is important to understand the limitations of both current and
next-generation battery systems.

The energy density of a battery is mainly limited by two elements of a battery cell: the
cathode and anode materials. Cell performances can be significantly enhanced through the
selection and matching of electrode materials. Conventional Li-ion batteries are accepted
as a very mature technology, however they are far behind future breakthroughs.

Even though there are associated technical challenges with Li-metal anodes, they
are still regarded as key elements for next generation battery systems due to their high
capacity and fast charging compatibility. Many studies have increased the energy density
of lab-scale Li-metal batteries simply by using a thick Li-metal foil as an anode material.
Although utilizing large amount of excess lithium appears to be a straightforward solution,
it is clear that it cannot be a practical solution in the long term.

Within the scope of this paper, we have described basic parameters such as Coulombic
efficiency, excess lithium, and cycle life for Li-metal anodes. It is clear that limited excess
lithium brings higher energy density but unfortunately for a reduced number of cycles.
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From this perspective, one can ask the key question: Do the next generation Li-metal
batteries have to completely replace conventional ones? Or is there a compromise? The last
section of this paper demonstrates clearly that Li-metal anodes can be an attractive material
for large capacity batteries (>100 kWh) since significantly lower cycles are required for the
EoL driving distance. These lower cycle numbers enable a Li-metal battery design with a
feasible CE. Lower capacity batteries (<100 kWh) can still use conventional LIBs.

It should be noted that use of excess liquid electrolyte in LMBs may be an option
to extend the life of the cells. However, in our experience, only those amounts of excess
electrolyte which can be physically bound in the separator and the positive electrode are a
good option, this electrolyte excess is at most around 10-20%. However, compared to LIB
cells, about 25-30% of electrolyte can be subtracted, since the graphite anode does not exist
and bare Li-metal cannot absorb any electrolyte. Recalculation for the entire cell means
that although excess electrolyte can be applied, assuming the CE is high enough, there is
an additional gain in gravimetric energy density of around 10-20% because electrolyte can
be saved. In fact, this will increase rather than decrease the energy density of true lithium
metal cells. If a liquid electrolyte is replaced by a solid electrolyte the gravimetric energy
density decreases about 5-10% since solid electrolytes are heavier than liquid electrolytes.

Last but not least, it is very challenging to develop a battery technology with high
energy density and low manufacturing cost at the same time. Cost reduction may be
achieved by choosing non-critical raw materials, new cell design and easy manufacturing
processes. At the moment, however, there is no mass production of Li-metal and/or
solid-state cells, and as a result the costs are disproportionately high. Additionally, use
of thin Li-metal foil will increase the cell cost as cells with thinner electrodes are more
expensive to manufacture due to difficulties in the processability [49]. Therefore, anode-free
(zero-excess) cell configuration and obtaining Li metal on the anode side through in situ Li
deposition may be a promising cell design. This type of cell will both save on the cost of
thin Li-metal foil and the cost of the manufacturing process as there won’t be a need for an
expensive gas protected environment or a clean room.

To conclude, the variety in the battery market may allow for cost reduction, easier and
different recycling strategies, and more sustainability.
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