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ARTICLE INFO ABSTRACT

Keywords: The All-Solid-State-Battery (ASSB) is projected to offer higher energy density and enhanced safety compared to
A}I:SOIid'State'batterY the current commercial Li-ion battery. In this study, we have used a simple model to evaluate the effect of
Lf'lon different cell components on the battery’s overall performance. We critically examine the promised 100% in-
Elgz;;ln lithium crease (vs. a standard Li-ion battery) in the overall energy density of an ASSB— a claim often made in both the
Anode-free literature and industry. Through a survey of cell parameters possible with current technology, we were able to

evaluate optimum parameters that can be expected in future ASSBs. Herein, we identify three critical parameters
required to reach the promised energy density: (1) minimize the thickness of the solid electrolyte to less than 20
pm; (2) modify the cathode formulation to minimize the amount of catholyte and optimize the electrode
thickness; and (3) minimize the N/P ratio by developing cells that are anode-free or utilize ultrathin lithium
anodes. In conclusion, we believe that the often-cited 100% improvement in energy density for ASSBs is overly

Solid electrolyte

optimistic. Instead, a 30% improvement is a more reasonable target for the near future.

1. Introduction

All-solid-state batteries (ASSBs) use solid electrolytes (SEs) to replace
flammable liquid electrolytes (LE) resulting in safer batteries with
increased energy density enabled by the lithium metal anode. Despite
the breakthroughs at the material and cell level, there are still various
challenges to overcome besides the grand challenge of manufacturing
these types of batteries without altering current manufacturing pro-
cesses at lower costs (< 100$/KWh). The electric vehicle market con-
tinues to drive the research on ASSBs and there has been a major push to
introduce the technology into the market through partnerships between
ASSB developers and major original equipment manufacturers (OEM)
with ambitious Start of Production (SOP) goals before 2025.

The promised increase in energy density of ASSBs is often quoted at
100% in volumetric and gravimetric values compared to Li-ion batteries
(200 Wh/Kg or 400 Wh/1) when ultra-thin lithium is used. [1] For this to
happen it is important to investigate all the changes that need to be
made at the material and cell level compared to what is used in Li-ion
cells (used herein as a baseline). This work focuses on the following
limiting parameters: the thickness of the SE, anode and cathode mate-
rials; N/P ratio; and amount of cathode active materials. In general, a SE

* Corresponding author.
E-mail address: Yaser.Abu-Lebdeh@cnre-nre.ge.ca (Y. Abu-Lebdeh).

https://doi.org/10.1016/j.ceja.2022.100436

has 10 to 100 times lower ionic conductivity (107* to 1072 S/cm)
compared to a LE (102 S/cm). The commercial battery uses a 20 pm
separator with a LE, and to perform the same for ASSBs the thickness of
the SE needs to be less than 20 pm if the remaining components in the
battery stay the same (which is also a major challenge depending on the
class of the SE). There are three classes of SEs: inorganic, polymer, and
composite (hybrid) solid electrolytes. [2-5] Inorganic solid electrolytes
(ISEs) generally have a lower ionic conductivity than LEs and re-
searchers have explored ISEs comparable to or higher than LEs. [6-10]
ISEs have excellent mechanical properties and can be made thinner than
20 pm. However, their brittleness, interface resistance, and chemical
instability in air, moisture, and lithium have hindered their application
in ASSBs. [11-18] Solid polymer electrolytes (SPEs) are another type
that use a high molecular weight polymer that can solvate a lithium salt.
[2, 5, 19] The electrolyte Poly-ethylene-oxide (PEO) was first introduced
by Michel Armand as a suitable electrolyte for the early generation of
Li-ion batteries. [20-22] PEO electrolyte is easy to mass produce as a
film and easy to utilize in roll-to-roll processes. In addition, it has better
electrode/electrolyte interfacial resistance compared to the ISE. [23]
Nevertheless, even though it is currently used in commercial batteries
produced by Blue solutions in Canada and France for niche applications,
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its mass-market penetration is heavily hindered by the low conductivity
(10_6 ~10°8%s cm‘l) at room temperature. [24, 25] To improve the
conductivity at room temperature, additives such as succinonitriles have
been studied. However, the increase in conductivity with the additives
gives rise to poor mechanical and thermal properties. [19] As a result,
composite (or hybrid) solid electrolytes (CPEs) are suggested to maxi-
mize the advantages and minimize the disadvantages of ISEs and SPEs
[2, 5, 16, 26-28]. Nevertheless, the fabrication of thin SEs is difficult.
[29] Moreover, the reactivity of lithium towards ISEs and SPEs is
another challenge that needs to be overcome. [26]

The projected 100% increase in energy density of ASSBs depends on
the use of a lithium metal anode. However, the traditional assumption
that dendrites will have more difficulty penetrating through the SE upon
cycling is not entirely correct. [1, 30, 31] Nevertheless, lithium is a light
metal with a high specific capacity (3.8 Ah/g) that is 10 times higher
than that of the commercial graphite anode. Park et al. claim that using
190% excess Li metal as an anode decreases the volumetric energy
density below that of a graphite anode. Therefore the benefits of high
energy density are offset when using excess Li metal. [32] In principle,
the lithium that shuttles between cathode and anode originates from the
cathode, which suggests that any amount of lithium in the lithium metal
anode will always be in excess. One approach to reduce the dead-weight
associated with excess lithium is the use of an ultra-thin lithium anode
with a thickness of less than 50 pm. [33] Moreover, the N/P ratio (ca-
pacity ratio of negative to positive) needs to be optimized for the lithium
metal anode with the consideration of Coulombic efficiency, 99% [34],
to maximize the energy density and durability. Another approach is an
anode-free, “anode-less”, Li-ion battery [32, 35-37] that uses no or very
thin layer of anode materials where N/P is close to 0, which can maxi-
mize the energy density. Lee et al. [37]. succeeded to use a Ag-C layer to
control the lithium plating and stripping for 1000 cycles. The thickness
of the Ag-C layer was 10 pm which is smaller than the cathode capacity
used in the studies that result in lithium plating and stripping during
cycling. Yan et al. have also shown an anode-free concept by coating the
copper electrode with a 2D boron nitride layer that results in lithium
dendrites-free cycling. [38]

The ASSB cathode has only 60 to 85 wt% of cathode active material
(CAM) due to the addition of SE to aid ionic conductivity. [2, 5, 37, 39,
40] The addition of SE in the cathode electrode increases the inactive
material volume and mass, which lowers the energy density and is one of
the limiting factors to improving the energy density. [41] The amount of
CAM in a commercial battery range from 95 to 98% to maximize the
energy density of the cell. The only way to compensate for the lower
CAM in ASSBs is thicker electrodes, however, the study by Du et al. [42].
has shown that thick electrodes show lower power densities due to the
limitation of the lithium diffusion in LEs. However, considering the
lower ionic conductivity of most SEs, the cathode thickness would have
a more severe effect on the power density.

The limiting factors studied in this work are (1) SE thickness, (2) N/P
ratio that also corresponds to (2a) lithium metal thickness, (2b) cathode
thickness, and (2c) cathode active material volume. Fig. 1 shows the
schematic of the battery and is used as the basis for evaluating the stack
energy density using Eq. (1) from our previous work. [43] The energy of
an active material is evaluated by multiplying the capacity by the
voltage. However, the battery also contains inactive materials such as
the casing, electrodes and separator. To find the influence of the inactive
materials on the overall density of the battery, Obrovac et al. [44].
derived an equation for the stack energy density using the thickness of
the cathode, anode, separator and current collector. The equation
summarizes the dilution of the energy density due to the inactive ma-
terials. Their study concentrated on the effect of the average voltage and
the capacity of the anode, while the rest of the parameters were held
constant (such as the cathode thickness and the type of materials). In our
previous work, we have applied the equation to study the effect of the
changes in the silicon composite with changing the materials of the
cathode to optimize the overall stack energy density. [43] The

Chemical Engineering Journal Advances 13 (2023) 100436

>

L Y G | ‘«‘Q

Cathode Electrode
-

Anode Electrode

Cu anode current collector Al cathode current collector

Fig. 1. Schematic of stacked electrodes and separator/solid-state electrolyte to
show the thickness used for the equation, t/, and t., are the thickness of cathode
and anode current collector, t+ and t- are the thickness of cathode and anode,
and ts is thickness of separator.

Separator/ Solid state Electrolyte

parameters optimized in our previous study were irreversible capacity,
the energy density of the cathode, and the composition of the anode. In
this study, we used the equation to study the change of all parameters
except the thickness of the current collector to identify the limiting
factors that influence the solid-state battery performance. The parame-
ters are as described below and Table 1 shows the parameters used for
the studies unless it is the factors of interest. The percent improvements
are compared to the stack energy density when NMC and graphite are
used and parameters are also shown in Table 1. Eq. (1) does not include
the thickness of the anode since it depends on the N/P ratio and the
thickness of the cathode. Eq. (2) shows the volumetric reversible ca-
pacity of the electrode that depends on the percentage of the active
material volume in the electrodes. Due to the limitation of the equation,
the type of the solid electrolyte is not discussed in this work. Only the
thickness dependency of the solid electrolyte is discussed. Furthermore,
due to the focus of this theoretical work on the energy density, the cycle

Table 1
Parameters used for the simulation.
Electrode NMC with Commercial NMC ~ Li Graphite
catholyte electrodes anode

Active Material 4.77 4.77 0.53 2.26
Density (g/mL)

Vaverage (V) 3.7 3.7 0 0.125

Specific Gravimetric 163 163 3860 350
Capacity (mAh/g)

Percentage of initial 6.0 6.0 6.0 6.0
irreversible capacity
(%)

Active material 60 80 100 60
volume (%)

Thickness of coating 70 70 18 81
(um)

Thickness of current 15 15 15 15
collector(pm)

N/P - - 1 1.1

Stack Energy Density - - 1326'  729°
(Wh/L)

! Based on NMC/Li with 20 pm SE.
2 Based on NMC/Graphite with 20 um SE.
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life and reversibility is assumed to be similar with the commercial
battery.

= = 20x! (Vi Vi) 6))
th+ b+ 2t 4 2tF [1 + Late (%)]
9k %
Where:
Constants
t7. and t_: Thickness of anode and cathode current collector
Parameters

t*: Thickness of cathode t;: Thickness of separator

qx and gr: Volumetric reversible capacity of anode and cathode
¢§ and ¢y Initial Coulombic efficiency of anode and cathode
N/P: Negative to positive capacity ratio

Ve and Vg,,: Average voltage of anode and cathode

Gr = Pay X RC X Vay (2)
qg: Volumetric reversible capacity of the anode or cathode
RC: Reversible capacity of the anode or cathode
Vaum: Percent volume of active material in the anode or cathode

2. Results and discussion

Fig. 2a shows the percent improvement of the stack energy density as
N/P changes with different thicknesses of SE. All performances were
compared with the NMC cathode and graphite anode. Three different
thicknesses of SE were considered: 20, 50, and 100 pym to study the
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change in percent improvement compared to an NMC cathode and a
graphite anode. Even though ionic conductivity is an important factor in
SE performance, it was not considered in the evaluation since the energy
density is a function of the materials’ capacity and potential. As a result,
we have assumed the ionic conductivity of the SE to be similar to LEs. 20
pm is the thickness of the separator in a commercial battery, where the
target of the SE should be to match or surpass the performance of the LE
batteries. 50 pm is the thickness where a SE can be prepared as a free-
standing film using tape casting. It is likely a thinner electrolyte could
be produced with process optimization, but 50 pm was selected for
comparison to see what improvements we could observe. Finally, 100
pm is compared since the minimum possible thickness of the SE could be
prepared by cutting a disc from films/pellets that are currently tested in
lab-scale batteries for proof-of-concept. The highest percent improve-
ment was achieved with an N/P ratio of O for all three SE thicknesses. A
maximum percent improvement of 130% was achieved with a thickness
of 20 pm. This improvement is very optimistic and also not realistic for
three reasons. The commercial battery has an N/P ratio of 1.1 because of
the initial irreversible capacity of the graphite anode. [45, 46] As dis-
cussed, when lithium metal is used, the lithium metal acts as a reservoir
of lithium ions in the cell. [47] Theoretically, it is possible to omit
lithium completely. However, when the Coulombic efficiency of lithium
metal is considered the cell would need the excess lithium but not as
much as N/P to 1.0. [32] Fig. 2b shows the thickness of the lithium as a
function of the N/P ratio when 70 pm and 60% cathode active material
thickness and volume are used. As shown, due to the high energy density
of the lithium, 3.8Ah/g, the thickness of the anode is thin. When N/P is 1
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Fig. 2. a) Percent improvement of the stack energy density as N/P changes, b) thickness of anode with N/P ¢) percent improvement of stack energy density as
cathode thickness changes, d) percent improvement of stack energy density as cathode active material volume changes.
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the thickness of the lithium becomes 20 pm. This suggests the need for
an ultrathin lithium anode, probably less than 50 pm to limit excess
lithium to below 190%. [32] The result also emphasizes the need for an
anode-free battery to improve energy density. Nevertheless, the
anode-free battery also has a lot of challenges ahead. The stability of SEI
formation for long cycle life is necessary, which mostly forms during the
first cycle. The additive materials to form SEI need to be carefully chosen
for ASSBs. Many research was performed on the LE batteries for lithium
anode, [47-50] however, most of the salt and solvents will not be
required for ASSB. As a result, an additive for in-situ solid-electrolyte
interphase formation could be considered to withhold the full cycling
life of the battery as in LE, which can also improve the Coulombic effi-
ciency of the lithium metal anode [51]. Optimization of the stack
pressure applied to the cell during lithium plating and stripping for high
CE is another factor since maintaining high pressure will require addi-
tional structural support at the pack level. Furthermore, the anode-free
battery will experience close to 20 pmof added lithium plating which is
close to a 20% expansion of the total thickness during charging to
2mAh/cm?, which is another concern for EV manufacturers. As a result,
dense and porous bi or tri-layer solid electrolytes are studied. [52, 53]

Silicon anodes are also considered for next-generation anodes for Li-
ion batteries. [54] It has 3.5 Ah/g of practical capacity and there are
already some commercial batteries with small amounts of silicon. The
silicon anode for ASSBs has several benefits besides the high energy
density. However, it still has well-known challenges such as a high
volume expansion when lithiated, which results in pulverization with
repeated charging and discharging. The repeated volume expansion and
contraction also exposes a new surface to the silicon particle that creates
solid electrolyte interfaces and result in irreversible capacity when the
LE is used. Using solid electrolytes, the SEI formation on the silicon can
be minimized due to the solid-solid interaction which can also result in
better durability for the silicon anode. [54] Two possible implementa-
tions of the silicon can be considered. Silicon as an anode that can result
in a 25 pm thick anode or interface materials for the anode-free ASSB.
The high specific capacity of the silicon is preferred for SSB compared to
graphite anode, but not to the lithium anode since the lithium can be
used with a lower N/P ratio. The silicon can act as an interfacial layer
between the solid electrolyte and the current collector to protect the
solid electrolyte and also improve interface resistance. The application
can also lower the N/P ratio, increase overall ASSB energy density and
compete with the ultra-thin lithium anode. Furthermore, silicon is
abundant and less sensitive to air and moisture which is much easier to
process, resulting in lower manufacturing costs.

Fig. 2c shows the change of percent improvement as cathode thick-
ness changes at different SE thicknesses. The results assume the cathode
electrodes include SE resulting in 60% active material volume in CAM
with an N/P ratio equal to 1. As shown when 100 pm SE is used no
improvements can be achieved. It is also important to note, that com-
mercial cathode thickness range from 40 to 80 pm, depending on the
high-energy or high-power application purpose. As mentioned before
thick cathodes hinder the power density in the LE [42] and SE will have
a more profound effect due to the lower ionic conductivity. This suggests
that the thinner the SE the higher the energy density. However, due to
the challenge of scaling up the process to produce 20 pm SE, it becomes
important to improve active material volume in the cathode and opti-
mize N/P by reducing the amount of lithium used as an anode. It should
also be pointed out that the SE also requires improvement of the in-
terphases with the cathode and anode, which can also increase the
thickness of the SE layers.

Fig. 2d shows improvement in stack energy density as the cathode
active material volume changes while the thickness of the cathode is
fixed at 70 pm. As shown the improvements are highest when the
thickness of the electrolyte is 20 pm. The commercial battery has 95 to
98% of active material in the cathode which represents 80 to 95% active
material volume (AV). This represents a 90% improvement with 95% AV
and 20 pm SE thickness. However, most of the ASSB battery adds 20wt%

Chemical Engineering Journal Advances 13 (2023) 100436

SSE to the cathode electrode to provide ionic conductivity that results in
60% AV. With 60% AV, the thickness of the SE needs to be lower than 50
pm to obtain improvement in the stack energy density. The result also
shows improving the AV for the cathode provides better performance
improvement compared to the thickness of the cathode electrodes.

Fig. 3 shows the percent improvement of the stack energy density
when the cathode thickness and active material volume change at three
SE thicknesses, 20, 50 and 100 pm. At 100 pm SE thickness the im-
provements can be 50% when the cathode thickness is 100 pm, but the
study from Du et al. [42]. suggests that going over 60 um will lower the
power density due to the diffusion limitation. Also, the active material
volume cannot be 100% on the ASSB due to the SE, carbon additives,
and binders on the cathode. Devaux et al. [55]. studied a 54 pm thick SE
and the maximum cathode thickness without impairing the battery
power performance is 48 pm. The needs for the interphase layer on the
SE are another important factor. The interfacial layer on the SE lowers
interphase resistance and improves the contact between the anode and
cathode. Also depending on the SE material, the interfacial layer can
protect the SE from lithium metal. The thickness of the layer has not
been studied, but based on our studies, the thickness should be part of
the SE, which can reduce the actual SE layer to thinner than 20 or 50 pm.
This imposes a very difficult challenge to the production of SE. In
Fig. 3b, where SE thickness is 50 pm, the energy density starts improving
when cathode thickness and CAM volumes are 40 pm and 60% respec-
tively. The limitation of cathode thickness can only be overcome by a
decrease in the SE thickness and/or an increase in CAM volume for
significant improvement in the energy density. The result implies the
importance of catholyte development. Many SE battery includes 10 to
40 wt% of SE in the CAM which corresponds to less than 50% CAM
volume. The catholyte in the CAM has many challenges. The amount of
catholyte will impact the thickness of the cathode to optimize the energy
and power density. The catholyte also needs to have good ionic con-
ductivity to deliver lithium ions to and from the SE. It also needs to have
a good interface coating to minimize the interface resistance to lower the
overall impedance. Another possible solution to improve the overall
energy density can be using the high voltage (5 V) spinel cathode,
LiMn; 5Nig 504, LMNO, instead of the conventional LiNip33Mng ss.
Co0¢.3302, NMC 111, and its variants. Based on the calculation when all
parameters are the same, due to the higher working potential, 4.7 V, the
stack energy density can be improved by up to 82%, which is 20% higher
than NMC which is used to evaluate the energy density in this work.
However, due to the instability of most SE at high potential, it is difficult
to find compatible materials that can last and perform in the battery.
Currently, NMC is still challenging due to the instability of the SE over
3.7 V, and many studies are performed using LiFePO4 which has a much
lower average voltage of 3.4 V.

Fig. 4 shows the performance improvement as a function of N/P and
CAM volume at different SE thicknesses of 20, 50, and 100 pm. Lowest
N/P, high CAM volume, and thin SE will provide the biggest improve-
ment as shown in Fig. 4a. However, CAM volume cannot be higher than
95%, due to the carbon additives and polymer binders, especially when
the SE is added to the cathode. Much research use 50 to 85 wt% CAM
which corresponds to 40 - 75% CAM by volume. This implies that with
100 pm SE thickness, the ASSB will not achieve any improvement in
energy density when a 70 pm thick cathode is used. The SE should be at
least 50 pm to see the improvement in the energy density. The N/P ratio
has a minor effect compared to CAM volume. N/P should be less than 1
to benefit from the high energy density of ASSB and it is only possible
when lithium metal is used. To get lower than 1 the manufacturing
process needs to be improved since the thickness of the lithium anode
becomes less than 25 pm.

Table 2 shows the possible generation of ASSB. Generation 1, GEN 1,
can be the current state of the ASSB where the active material in volume,
N/P ratio and thickness of SE are set to 60%, 1, and 100 pm, respec-
tively. This results in no improvements, but poor performance. This
generation would be better described as a proof of concept only.
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Fig. 3. Performance improvement on cathode thickness and active material volume on three SE thicknesses a) 20 pm, b) 50 pm, and c¢) 100 pm, N/P ratio = 1.
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Fig. 4. Performance improvement on cathode thickness and N/P ratio on three SE thicknesses a) 20 pm, b) 50 pm, and c¢) 100 pm, cathode thickness = 70 pm.

Table 2
Possible strategic target for SSB energy density.

GEN 1 GEN2 GEN3

ACTIVE MATERIAL VOLUME IN CATHODE 60% 70% 80%
N/P RATIO 1 0.5 0
THICKNESS OF SE 100ym 50 pm 20 pm

PERCENT IMPROVEMENTS IN STACK ENERGY —18% 33% 110%
DENSITY
PERCENT IMPROVEMENT TO THE SYSTEM N/A 23% 77%

Generation 2, GEN 2, can be the next ASSB where the active material in
volume, N/P ratio and thickness of SE are set to 70%, 0.5, and 50 pm,
respectively. These factors were determined by considering improve-
ment on the cathode formulation to increase the active material in the
cathode, minimizing the amount of lithium in the anode, and thinner
fabrication of SE. GEN 2 could be the next commercial ASSB that can be
introduced in the near future. This would be the best target with the
most recent technological development to achieve 30% higher energy
density compared to the current commercial Li-ion battery. With these
improvements, it is possible to obtain a 33% increase in the stack energy
density. Improving stack energy density does not have equal improve-
ment to the energy storage system as it was shown by Lobberding et al.
[56]. that the energy density of the whole system is 60% of that of the
cell. When the estimation is considered the energy density improvement
for the whole system can be 23%. The final concept generation 3, GEN 3,
would be the maximum active material volume in the cathode,
anode-free battery, and 20 pm SE same thickness as the commercial
separator. This improvement results in 110% and 77% improvement in
the stacking and the system energies, respectively. GEN 3 would be the
holy grail for the ASSB that can achieve close to a 100% energy density
increase. To achieve the GEN 3 battery following parameters should be
met and also the challenges would need to be solved.

3. Conclusion

In this study, we have calculated the energy densities of ASSBs using
a different set of parameters and compared energy improvements to a
baseline of current lithium-ion batteries under different scenarios. By
assuming the ionic conductivity of the SE to be the same as the LE, the
influence of certain limiting factors (SE thickness, cathode thickness,
cathode active material volume, N/P ratio and lithium metal thickness)
on the energy density was evaluated. From this study, we found that the
SE thickness must be 20 um or less to achieve the highest possible energy
improvements. Also, we found that thicker cathodes can provide higher
energy density reaching 50% when the cathode thickness is 100 um, but
this will have a negative impact on power density. We found that the
active material volume in the cathode must reach 80 % which corre-
sponds to the maximum 95% active material weight at the optimized SE
and cathode thicknesses, 20 um and 100 um, respectively. However, this
target is hard to achieve because of the need for a critical volume of
catholyte that is currently way higher than 20% of the cathode formu-
lations. As for the N/P ratio we found that it must be close to O that can
only be achieved by the use of anode-free or ultrathin lithium anodes.
This study demonstrates that are still ongoing challenges that are yet to
be overcome before the successful commercialization of All-Solid State
Batteries.
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