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State-of-the-art lithium (Li)-ion batteries are approaching their specific energy limits yet are challenged by the ever-increasing
demand of today's energy storage and power applications, especially for electric vehicles. Li metal is considered an ultimate
anode material for future high-energy rechargeable batteries when combined with existing or emerging high-capacity cathode
materials. However, much current research focuses on the battery materials level, and there have been very few accounts of
cell design principles. Here we discuss crucial conditions needed to achieve a specific energy higher than 350 Wh kg, up to
500 Wh kg, for rechargeable Li metal batteries using high-nickel-content lithium nickel manganese cobalt oxides as cathode
materials. We also provide an analysis of key factors such as cathode loading, electrolyte amount and Li foil thickness that
impact the cell-level cycle life. Furthermore, we identify several important strategies to reduce electrolyte-Li reaction, protect
Li surfaces and stabilize anode architectures for long-cycling high-specific-energy cells.

society'. Over the past 25 years, the specific energy of Li-ion

batteries has steadily increased while their cost has dramatically
decreased. However, the electric vehicle energy-storage market
demands an even higher specific energy, to more than 500 Wh kg™!
at the cell level, and a lower cost, below US$100 (kWh)~" at the pack
level’. At present, many approaches are being pursued in develop-
ing next-generation high-energy batteries, such as Li-oxygen and
Li-sulfur batteries’™. All solid-state batteries also have received
widespread attention due to their inherent high safety characteris-
tics”. Among these approaches, Li metal is considered a key com-
ponent to achieving a higher specific energy than that of today’s
Li-ion technology. Most studies so far have focused on characteriza-
tion and mitigation of dendrite formation on the material level®.
Although there have been some studies on new cell architectures
with improved performances’ and on properties of pouch cells',
there have been very few reports on how the many new materials
and concepts studied in the literature should be incorporated
into a practical high-energy cell with specific energy higher than
300 Wh kg and what is needed to improve the cell-level energy
density and cycle life of practical rechargeable Li metal batteries.

Here we provide a cell-level analysis of what we consider to be
the crucial conditions for a rechargeable Li metal battery to achieve
a specific energy higher than 350 Wh kg™, up to 500 Wh kg™,
using a high-capacity cathode such as a high-nickel-content lithium
nickel manganese cobalt oxide (high-Ni NMC) (Ni > 60%) based on
a pouch-cell format. We discuss the cell-level parameters required
to increase the cell energy and cycle life. Rather than providing a
complete review or summary of the properties of and advances on

|_ithium (Li)-ion batteries have had a profound impact on modern

the Li metal anode, cathode or electrolyte, we highlight the factors
that cause the cell to fail in short cycle life and limit the efficient
utilization of the full capacity of the active materials, and identify
key strategies to extend the cycle life of the full cells.

Material requirements for 500 Wh kg™ practical cells

To develop the most feasible approach to build the highest-specific-
energy cells, we consider the best cathode and anode candidates that
are available in large quantities for cell fabrication at an industrial
scale. Among the known anode materials, Li metal has an ultrahigh
theoretical specific capacity (3,860 mAh g') and an extremely low
standard electrochemical redox potential (—3.040 V versus the stan-
dard hydrogen electrode), and therefore is considered one of the
most important anode materials for future energy storage systems''.
Among the reported lithium intercalation cathode materials’,
we select high-Ni NMC (LiNi,M,_,O,, M = Mn, Co and x > 0.6)
based on the consideration of its capacity (greater than 200 mAh g™'),
operating voltage (ca. 3.8 V) and commercial availability. Other
emerging cathode materials can be explored in the future for even
higher specific capacities, including sulfur or oxygen*, metal
fluoride materials®, lithium-rich manganese-rich layered oxide
materials”’ and anion redox cathode materials'.

A commercially viable cell needs to meet many requirements,
including high specific energy, long cycle life, good mechanical and
chemical stability over a wide range of temperature, safe operation,
and so on. As a starting point, this Perspective analyses the cru-
cial conditions of the cell parameters required for a high-energy
cell using a Li||high-Ni NMC (>1 Ah) pouch-cell format contain-
ing multiple layers of current collectors, anodes, separators and
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Fig. 1| Calculated cell-level specific energy as a function of cell
parameters. (1) A baseline NMC622 material with 196 mAh g~ specific
capacity (charge cut-off at 4.6 V), 35% cathode porosity, 22.0 mg cm~2
cathode mass loading and 70 pm cathode thickness. The N/P ratio is 2.6
and the electrolyte to capacity ratio is 3.0 g (Ah)™. The lightly shaded area
in the baseline cell represents a specific energy much less than 50 Wh kg™
based on the amount of the cathode, anode and electrolyte and other
inactive materials reported in most literature studies for rechargeable

coin cells. (2) Reducing the amount of electrolyte (electrolyte to capacity
ratio) to 2.4 g (Ah)~". (3) Reducing the cathode porosity to 25% so further
reducing the electrolyte amount to 2.1 g (Ah)~". (4) Increasing the cathode
thickness to 83 pm and mass loading to 26.0 mg cm~2 thus increasing

the specific capacity of the whole cathode. (5) Increasing the cathode
capacity to 220 mAh g™, (6) Reducing inactive materials (current collector,
packaging) by more than 50%. (7) Reducing the Li to N/P ratio of 1.

(8) Using hypothetical new cathode materials with a capacity much higher
than 250 mAh g='. See the Methods for the selections of cell parameters
and the calculations of specific energies.

cathodes. The pouch cell is chosen because it is one of the most
common cell formats in commercial production with high
manufacturing flexibility.

To integrate the best material properties with the optimal cell
design parameters to achieve a specific energy up to 500 Wh kg™,
we plotted the cell-level specific energy under different scenarios
to illustrate the feasible pathways to different targets (Fig. 1). The
cell-level specific energy is calculated by multiplying the total
cathode capacity and the cell voltage (taken as the mid-point volt-
age in discharge), and then dividing by the total mass of the pouch
cell. For the baseline cell, parameters similar to a typical Li-ion
battery are used. These baseline parameters, including the cathode
thickness, porosity, amount of electrolytes and so on, represent
what can be reasonably implemented in the pouch-cell fabrication
based on knowledge from Li-ion cells and thus serve as a starting
point for our analysis. The challenge is to optimize these param-
eters to reach the desired specific energy while still achieving
good cycle life in practical Li metal cells. Figure 1 shows the upper
limit of the specific energy when those key parameters are pushed
to the limit.
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The first bar in Fig. 1 shows that a specific energy of about
350 Wh kg! for a Li||LiNi,Mn,,Co,,0, (Li||[NMC622) pouch cell
can be obtained by using the baseline cell parameters. Key param-
eters such as the cathode porosity (35%) and thickness (70 pm) are
based on what can be easily achieved in the current Li-ion pouch-
cell fabrication. The electrolyte amount (represented by the electro-
lyte to cell-capacity ratio) is higher than what would be used in a
typical Li-ion cell using graphite anodes considering the inherent
interaction and consumption of the electrolyte with the Li metal
anode, but the electrolyte to capacity ratio of 3.0 g (Ah)™! reflects the
maximum amount of the electrolyte allowed for the 350 Wh kg™
cell. The cell specific energy can be further increased by reducing
the amount of electrolyte (Fig. 1, second bar), reducing the poros-
ity (Fig. 1, third bar) and increasing the cathode thickness (Fig. 1,
fourth bar). However, a severe reduction in the electrolyte amount
may result in a significant penalty in the cycle life'>'®, unless effective
measures are discovered to reduce unwanted side reactions. In addi-
tion, state-of-the-art electrode fabrication techniques are expected
to limit the cathode loading to about 25% porosity and the thick-
ness to less than 100 pm for the NMC materials. To achieve more
than 400 Wh kg with the current cell design, the cathode materials
need to have a stable specific capacity of about 220 mAh g™ (Fig. 1,
fifth bar), which remains an ongoing research target for the com-
munity. Additional improvement in specific energy can be made by
significant reduction of the inactive material content (Cu, Al, sepa-
rator and packaging) (Fig. 1, sixth bar), and by significant reduction
of Li amount (Fig. 1, seventh bar). The effect of inactive materi-
als will not be a main focus of discussion. The Li amount, shown
as the negative/positive electrode areal capacity ratio (N/P ratio)
in the analysis, is limited by the availability of reliable Li foils (about
50 pm thick) today. Further reduction the N/P ratio is obviously
desired. Finally, if new cathode materials with a specific capacity
more than 250 mAh g can be developed in the future, a cell-level
specific energy over 500 Wh kg™ can be obtained (Fig. 1, eighth
bar). The Methods provides further details on the selection of cell
parameters and the calculations of specific energies.

Factors affecting cycle life in high-energy cells

Long cycle life of Li metal electrodes has been reported by many
groups on the coin-cell level with a large excess amount of Li metal
and flooded electrolyte'”">. However, most of these results cannot
be translated to a practical pouch cell, which requires the use of
minimal Li metal and electrolyte. The parameters reported in most
studies for rechargeable coin cells will produce a specific energy
much less than 50 Wh kg™ based on the amount of the cathode,
anode and electrolyte and other inactive materials required (lightly
shaded area in the baseline cell in Fig. 1). As illustrated in Fig. 2,
key cell parameters, including cathode loading, electrolyte amount
and Li metal amount (thickness), have serious effects on the cycling
performance. It is imperative to carefully choose these parameters,
in addition to other inactive materials, such as separators, cur-
rent collectors and packaging materials, to achieve a long-cycling
high-energy practical cell.

For practical cells with a specific energy of more than 300 Whkg™,
the amount of electrolyte used in this Perspective is 3 g (Ah)™".
However, in most previous reports about Li metal batteries with
long lifetimes in CR2032 coin cells, the electrolyte amount was in
a flooded state (75 pl or more)*. Assuming that the cathode loading
in these coin cells is 1 mAh cm™ on a 1.3 cm? electrode, the 75 pl
electrolyte translates to an electrolyte/capacity ratio of ~70 g (Ah)~!,
23 times higher than the electrolyte content typically used in a
pouch cell. Figure 2c shows that reducing the electrolyte amount
from 25 to 3 g (Ah)™" drastically reduced the cycle life to ~10 cycles.

In addition to electrolyte amount, the Li abundance also plays
a key role. With a thick Li foil, the dominant failure mechanism
is electrolyte consumption from solid electrolyte interphase (SEI)
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Fig. 2 | Relation between cell parameters and cell cycle life and Li anode
morphologies. a, Lab coin cells often use unlimited amounts of Li and
electrolytes and cannot reflect the conditions in operating practical Li
metal cells. b, High-energy pouch cells with multiple stacked layers of
electrodes; here only one unit is displayed for comparison with the coin
cell configuration. c-e, Cycling performance of Li|[NMC cells with different
electrolyte amounts (c), with electrolyte replenished after the original
lean electrolyte was consumed (d) and with different amounts (that is,
thicknesses) of Li metal (e). f, Thickness change of Li metal anode after
cycling for the cell in e with 50-pm-thick Li. Note that the cells for

c-f were tested in coin-type cells with controlled parameters at the Pacific
Northwest National Laboratory. The coin cells for c-e were conducted for
two formation cycles at C/10 rate followed by cycling at C/3 rate for both
charge and discharge processes in the voltage range of 2.7-4.4 V.

formation reactions. Under such conditions, the cell capacity
can be recovered by replenishing the electrolyte (Fig. 2d). The Li
anodes typically used in laboratory testing are very thick (250 pm or
more) and are thus five times the thickness of the Li anode (50 pm)
required to reach a high energy of 300 Wh kg™. Figure 2e shows
that even with abundant electrolytes, the cycle life may be reduced
to less than 20 cycles when the Li foil thickness is limited to 50 pm.
These results clearly suggest that the rapid degradation mechanism
in early stages is due to the electrolyte and Li consumption, not
dendrite formation. This is substantiated by a scanning electron
microscope image of the Li foil after long cycling, which shows the
formation of very thick, porous and mossy Li structures through-
out the electrode thickness (Fig. 2f). The thickness of 50 um Li
tripled after only tens of cycles indicating that the whole Li anode
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probably participates in the electrochemical and chemical
reactions. Furthermore, the cathode loading is also very important.
The low cathode loading (1 mAh cm™ or less) utilized in most pre-
vious studies leads to very ‘shallow’ stripping/deposition of Li in
the same cell, which artificially leads to long cycle life that will not
translate to high-energy-density cell designs.

Strategies for long-cycling high-energy cells

Fundamentally, the effects of the key parameters controlling cell
lifetime are all related to Li-electrolyte interfacial reactions®. In a
practical cell with high cathode loading, lean electrolyte and thin
Li, the fast failure is directly derived from the production of thick
porous SEI structures on the Li metal (Fig. 2f), whose formation
causes both electrolyte and Li metal depletion. This process leads to
pulverization of Li metal and cell swelling, which not only limits the
cycle life of the anode but also raises safety concerns. Two processes
are involved in the formation of the detrimental Li microstructure.
The first is the formation of a heterogeneous SEI layer, which is a
self-amplifying process initiated by the inherent instability of the
electrolyte at very reductive potentials and the inhomogeneous
surface chemistry and accelerated by uneven distribution of the
resulting electric field (Fig. 3a)°. The second process is Li dendrite
formation (Fig. 3b-d)". The steep concentration gradients at the
Li/electrolyte interface accelerate the growth of long, fibrous, den-
dritic Li'%, which has a high risk of shorting the cells. Therefore any
strategy to extend the cyclelife of the high-energy Li metal cell should
include fundamental studies to understand the complex inter-
play between SEI and Li metal, which leads to decomposition and
depletion of electrolytes, production of thick porous SEI structures
and ‘inactive’ Li that no longer participates in the electrochemical
reactions, and large volumetric expansion of the anode (Fig. 3c,d).
At present, there is no single and simple solution for these Li metal
problems in a high-energy cell. We now discuss four key strategies
to address the challenges of Li metal in high-energy cells.

Quantitative analysis on cycled Li metal anodes. Although Li den-
drite formation has been studied for a long time, the complex Li loss
processes under aggressive electrochemical conditions in practical
cells have received less attention. Coulombic efficiency is widely
reported and used to quantify the Li reaction'**’. However, the cycle
life measured in a cell can be much shorter or sometimes longer
than predicted by Coulombic efficiency, depending on the specific
conditions of the measurements®'.

The key to understanding the cycle life is the differentiation and
quantification of various forms of Li (including the Li* ions in the
SEI layer and the electrochemically inactive metallic Li trapped by
the SEI), and their distribution and evolution on the continuous
cycling. Unfortunately, it is challenging to apply most analytical
techniques to study Li metal because of its high chemical reactivity
and low stability’. This is particularly pronounced for in situ
investigations. Recently, cryogenic transmission electron micros-
copy was used ex situ to reveal the atomic structure, the nanoscale
composition and the growth mechanism of electrochemically
deposited Li metal”®. Cryo-transmission electron microscopy can
be used for direct observation of dendrite formation and the struc-
ture of electrochemically deposited Li metal®, the atomic structures
of SEI layers’ and the fate of various kinds of Li metal anodes*.
However, obtaining real-time, quantitative information remains
quite challenging.

The combination of electrochemical, chemical measurements
and advanced characterization techniques will be the most effec-
tive way to obtain information on the electrochemical reactions, but
such investigations should be conducted in situ under experimen-
tal conditions mimicking the cell parameters discussed earlier. For
example, in most reports, the Coulombic efficiency was measured
using Li metal and Cu counter electrodes®. To use the Coulombic

NATURE ENERGY | VOL 4 | MARCH 2019 | 180-186 | www.nature.com/natureenergy


http://www.nature.com/natureenergy

NATURE ENERGY

Mossy/

dendritic Li

Native SEI
Li plating

Li stripping

_—

PERSPECTIVE

c d 'Electrolyte depletion’
Residual and 'SEl build-up'
esidual o i
SEI\ |_|/ Dzad Li
'\ '“ After cycling

27 - —
Pit

Fig. 3 | lllustration of major failure mechanisms in Li metal anodes. a, Pristine Li metal anode with uneven surface and initial SEI. b, Mossy/dendritic Li
formation during Li deposition. ¢, Formation of residual SEI, ‘dead’ Li and pits on Li anode during Li stripping. d, Interplay between Li and SEI that depletes
the electrolyte and corrodes the Li metal anode. e, Highly porous fine Li films with carbonate electrolytes. f, Denser, coarse Li film deposited with improved
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efficiency obtained in these measurements to predict the cycle life,
these measurements should be conducted with high Li metal utili-
zation in a thin Li electrode and a variety of current densities similar
to those used in practical pouch cells. In addition, similar measure-
ments should be conducted with limited electrolytes and appropri-
ate cathode materials to understand the effects of high voltage, and
cross-over of the decomposition species generated from the cath-
ode”. A stable cathode material should be first studied, likely using
stable lithium iron phosphate or lithium nickel manganese oxide
spinel to decouple the reactions from the cathode materials. Then
the measurements should be conducted with high-Ni NMC or other
cathode materials useful for practical applications. Furthermore,
advanced techniques such as in situ X-ray nanoprobe and micro-
diffraction (Fig. 4a), should be developed to provide qualitative and
quantitative information on how much electrolyte is consumed,
how much Li metal is reacted and in what form, the nature of the Li
reaction products that are no longer electrochemically active (inac-
tive Li), and the chemical and physical characteristics of the SEI lay-
ers on the Li surface.

Furthermore, experimental work should be bolstered with
advanced modelling concepts that take into account the suite of
different conditions, which include chemical, mechanical and elec-
trochemical aspects. The development of such models will need
to include macroscale, moving boundaries, microstructure evolu-
tion, detailed kinetics, fundamental quantification of plasticity and
nucleation to arrive at a multiscale model to quantify the effect of
operating conditions on the performance of Li anodes.

New electrolytes and additives. To date, the most effective strat-
egy exploited to mitigate the SEI formation and extend the cell-level
cycle life has been the development of new electrolytes to improve
Li deposition/stripping. The cell cycle life can be greatly extended
by this approach*. Different electrolytes lead to different morpholo-
gies of deposited Li, from dendritic to fibrous, columnar or granular
(Fig. 4b)*. A deposition process that produces dense Li is essential
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to reduce surface area and suppress the SEI reactions”*. Additives
such as CsPF, (ref. ) or even a trace amount of H,O (ref. *)
or LiAsF (ref. ) have demonstrated the ability to tune the SEI
qualities, and have led to more uniform deposition of Li morphol-
ogy in the early stage of cycling. However, it is possible that once
the additive is consumed, the entangled Li and SEI reactions will
resume and deplete both electrolyte and Li metal. Other electrolyte
additives that promote the formation of alloy phases have also been
demonstrated, but the effectiveness of such approaches remains to
be studied under high-Li-consumption conditions™.

One promising approach is to use the super-concentrated Li
salts in electrolytes®’. The high salt concentration could accelerate
mass transport in the electrolyte, reduce the concentration gradient
formed at the Li/electrolyte interface and mitigate dendrite growth®’.
In addition, the large number of Li cations coordinates with the
solvent molecules, which reduces the electrolyte reactivity against
the Li metal. However, it is difficult to directly use a highly concen-
trated electrolyte for building a practical cell because it increases the
viscosity, reduces the charge transport kinetics, and increases the
cost and the difficulty of cell fabrication. Recent reports have dem-
onstrated that a co-solvent that does not solvate Li* but has good
miscibility with the solvating solvent could function as a ‘diluent’
in highly concentrated electrolytes. The ‘diluent’ addition can well
maintain the properties of the high salt concentration and greatly
reduce the salt concentration, the viscosity and the cost of the
final electrolyte**?. This concept of ‘localized high concentration
electrolyte’ has recently been further expanded to non-flammable
inorganic phosphate-based electrolytes™. The Li metal deposited in
highly concentrated electrolytes and localized high concentration
electrolytes has a much smoother surface and larger nodule sizes,
compared with the porous Li structure produced using conventional
electrolytes (Fig. 3e,f at a low current density). However, the electro-
lytes studied so far could not completely prevent the formation of a
porous Li layer. A more systematic approach should be developed to
explore a wide range of salts and additives to improve the stability
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of the electrolytes towards Li metal, and promote dense Li deposi-
tion. High-throughput experimental/computational tools** could
be used to more rapidly identify effective additives, salts and condi-
tions for stable and dense Li deposition.

Li metal protection. Solid electrolytes can protect the Li metal
from interacting with electrolytes and pave the way for significantly
reduced electrolyte volumes or future ‘solid-state batteries’ Solid-
state electrolytes, including solid polymers®, ceramic electrolytes®
and polymer/ceramic composites’”*, are being intensively studied.
Based on the Monroe-Newman model, it is expected that a solid-
state electrolyte with a high shear modulus — at least twice that of
Li metal — can effectively suppress Li dendrites®. Although many
groups are focusing on ceramic membranes, alternative cell formats
and manufacturing processes have been investigated”*. The key to
preventing ‘short circuits’ with a ceramic electrolyte such as garnet
densified at a high temperature is to have a uniform interface®.
Rather than using rigid solid electrolyte protection, polymer, block
copolymer or composite electrolytes have been widely studied**.
The polymer materials are not only flexible for easy manufacturing,
but also provide additional functionalities such as self-healing®.
One of the most widely studied polymers is polyethylene oxide
(PEO) and its derivatives due to the flexibility of these polymer
chains®. Still, it is hard to achieve sufficient ionic conductivity in
PEO-based polymers below 60 °C unless they are solvated by the
electrolyte, under which conditions the electrolyte and Li metal
reactions still occur to a large extent.

Opverall, a high-energy cell requires a very thin (less than 10 pm),
flexible and strong solid electrolyte with good Li ion conductivity
and good stability and compatibility with the liquid electrolyte,
the cathode and anode materials. Most solid electrolyte materials
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studied in the literature are not quite ready to be implemented in
a high-energy cell due to various reasons. One significant factor
is that many materials are only prepared and studied as very thick
films (sometimes over 100 pm). The state-of-the-art separators
are less than 10 pm already. Using thick films, whether ceramics
or polymers, will dramatically diminish the cell-level energy den-
sity. A very thin homogeneous film, whether formed in situ or ex
situ, is desired (Fig. 4c). Mechanically and electrochemically stable
polymers, such as fluorinated or aromatic polymers, should be
considered. The ionic conductivity of these polymers should not
be dependent on the solvation of the electrolyte. Therefore new
ion transport mechanisms need to be explored that do not com-
pletely rely on polymer segment relaxation*’. An elegant approach
was reported recently that relies on the ionic conductivity of the
single particles embedded in a polymer film*. The single particle
approach is interesting because it could eliminate the effect of the
grain boundaries on the ion transport properties. This study points
to the direction of using low-dimensional materials such as single
crystalline nanowires in a composite film. Intensive investigation
is needed to identify the appropriate conducting phase and the
desired architecture (particle or domain size, morphology, orienta-
tion and distribution) for optimum mechanical and electrochemi-
cal properties. The role of the interfaces in the composite materials
in promoting or inhibiting the Li ion conductivity and dendrite
formation should be carefully investigated.

Thin Li anode and architectures. As discussed, one of the key rea-
sons for the unstable cycling of Li cells is the large volumetric change
of the anode structure. There are two approaches to mitigate this
effect. One is to use very thin Li. This thickness needs to be reduced
to less than 20 pm. The second approach is to develop a stable and
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conductive Li host that can be used to minimize the volume changes
or ‘swelling/shrinking’ of Li during cycling, and effectively reduce
the local current density (Fig. 4d). Similar to the Li ion insertion
into a graphite or a hard carbon material, the Li metal can be depos-
ited on and stripped from the stable host structure without causing
much dimensional change. Three-dimensional-structured Li metal
anodes by using hosts of carbon (C), porous Cu and porous poly-
mer membranes have been investigated to increase the anode stabil-
ity and cycle life of the Li metal electrode®***. In particular, Li/C
composite architectures have attracted wide attention®. However,
there have been no reports of successful use of such host structures
under realistic conditions required for practical high-energy cells.
A host structure naturally introduces voids and additional weight
of the inactive materials. Therefore the thickness, the porosity and
the relative amount of host material with respect to the Li should be
minimized for practical uses. To achieve a cell-level specific energy
higher than 350 Wh kg, the mass ratio of Li to C host should be
larger than 1, while keeping high cathode loading, lean electrolyte
and small N/P ratio that need to be used as discussed above. In addi-
tion to these requirements, most methods used to prepare the C
hosts are not scalable for large-area production for cell fabrication
and testing. Dedicated efforts are needed for infiltration, coating,
stacking, tabbing and sealing of an anode structure containing very
thin porous hosts during cell fabrication.

Outlook

Developing a long-cycling, high-energy rechargeable Li metal
battery pushes almost all the parameters to their limits. Effective
methods must be developed to enable the use and long-cycling of
a Li anode in a practical cell with high cathode loading, lean elec-
trolyte and limited N/P ratio. Understanding the cell-level failure
mechanisms can be facilitated by new measurement techniques and
characterization tools to fully quantify the reactions of the active
and inactive Li during cycling. Better electrolytes and electrolyte
additives using concepts of concentrated electrolytes or localized
high concentration electrolytes are effective in reducing the reactiv-
ity towards the electrolyte, but significant research is still needed
to promote a dense, not porous Li deposition. Ultrathin, flexible
solid electrolytes are desirable to separate the Li metal from the
electrolyte. Mechanical and electrochemically stable polymers other
than PEO should be studied. A future high-energy Li metal battery
will also most likely use a very thin Li layer, and possible Li host
structure as the anode, but the Li host structures must be within the
boundaries of the cell design parameters, and the host structures
must be scalable and compatible for cell manufacturing.

Ultimately, the development of a commercially viable recharge-
able Li metal battery adequate for electric vehicles and other con-
sumer applications depends on not only achieving high specific
energy and long cycle life, but also demonstrating safety and reli-
ability. We hope that this Perspective will draw attention to the fact
that more efforts are needed on cell-level problems so that new
developments and advances can be more aligned with the require-
ments of the performance of the cells and new materials can be
more rapidly implemented.

Methods

Calculation of cell-level specific energies. This method part gives detailed
explanations of the specific energies shown in Fig. 1 in the main text, which depicts
the variation of the specific energy of a cell as a function of different cell parameters
with a fixed negative/positive electrode areal capacity ratio (N/P ratio) and gives
the upper limit of the achievable specific energy of Li||high-Ni NMC pouch cells.
The specific energy (Eg,, in Wh kg™') of a cell can be calculated as

Egy = CoanX Vear/ Ween (1)

where Cq is the cell capacity (in Ah), V is the cell voltage (in V) and W, is the
total cell weight (in kg). Cc is correlated to the specific capacity of the cathode
material and the loading of the cathode when the anode is in excess in capacity,
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that is, Ceg (Ah) = Cypeun (Ah kg™) X Wey, (kg). Ve is normally defined as the
mid-point voltage during the discharge process. W, includes the weights of all
components used to build the whole cell such as the active materials (cathode
material, Li anode and electrolyte) and the inactive materials (conductive carbon,
binder, current collectors, tabs, separator and packaging material). To achieve a
practical Li metal battery, all cell parameters similar to those used in traditional
Li-ion cells have been used. In this work, cell dimensions were based on the pouch-
cell configuration used at the Pacific Northwest National Laboratory, that is, length
70.0 mm, width 41.5 mm and thickness up to 4.5 mm.

As a starting point, the LiNi, ;Mn,,Co,,0, (NMC622) cathode was chosen to
build the Li metal pouch cell. When the Li|[NMC622 cell was charged to 4.6 V, the
specific capacity of NMC622 of 196 mAh g™ and an average mid-point discharge
voltage of 3.89 V could be obtained. The NMC622 cathode was made of active
material of 96%, conductive carbon 2% and binder 2%, and had an areal mass
loading of about 22 mg cm™ for a single side on an Al foil of 12 pm thickness. The
cathode was calendared to a single side thickness of 70 pm to yield a density of
3.1 g cm™ and a porosity of 35%. In the Li|[NMC622 cell, the ratio of the areal
capacity of negative electrode (Li) to the areal capacity of positive electrode
(NMC622), that is, N/P ratio, was set at 2.4. A Cu foil of 6 pm thickness was used
for the Li metal anode. The pouch cell was assembled at a 20 layer construction.
Considering the electrolyte to capacity ratio in commercial Li-ion batteries is
roughly 1.3-1.5 g (Ah)™, and the facts of the high reactivity of Li metal and the
electrolyte as well as of the porous Li formed after deposition and redeposition, an
electrolyte to capacity ratio of 3.0 g (Ah)™ was used. By controlling the weights of
current collectors and packaging material, a baseline specific energy of about
350 Wh kg™ at the cell level could be obtained from the calculation of
2.26 Ah x 3.89 V /0.0252 kg, which is the specific energy used in the first bar in Fig. 1.

When the same ratios of electrodes, electrolyte and current collectors were used
in CR2032 coin cells, but just the packaging material (including the spacer and the
spring) was changed to stainless steel, the specific energy of the coin cell was less
than 50 Wh kg™!, which is shown as the lightly shaded area in the first bar in Fig. 1.

For the second bar in Fig. 1, the cell parameters used in the pouch cell of the
first bar in Fig. 1 were kept the same except for the reduction in electrolyte amount.
The electrolyte to capacity ratio of 2.4 g (Ah)™! was chosen for this calculation. Of
course, another electrolyte to capacity ratio, such as 2.6 g (Ah)™" or 2.3 g (Ah)~,
could be used but it should not be lower than the 1.3-1.5 g (Ah)~! value, which
is used in conventional Li-ion batteries. It is seen that the specific energy can
be increased to 368 Wh kg™ (= 2.26 Ah X 3.89 V / 0.0239 kg) by reducing the
electrolyte amount due to the decrease of the total cell weight.

Similarly, based on the cell parameters in the second bar of Fig. 1 but by
reducing the cathode porosity from 35% to less than 25% (normally the porosity
less than 20% is very difficult to achieve), the utilization of electrolyte amount can
be further reduced. Here, we chose an electrolyte to capacity ratio of 2.1 g (Ah)™!
for the case of porosity reduction to 25%. Certainly, the specific energy
of the Li||[NMC622 pouch cell can be further increased to 379 Wh kg™
(=226 Ah X 3.89 V /0.0232 kg) (Fig. 1, third bar).

For the fourth bar in Fig. 1, based on the cell parameters used of the third bar
in Fig. 1 and by increasing the cathode loading (cathode thickness to more than
80 pm, on each side of the current collector) one can actually increase the active
material amount in the cathode so as to increase the cell capacity. In this case, the
mass loading of the active material in the cathode was increased from 22.0 to
26.0 mg cm™. Then the specific energy of the Li||[ NMC622 pouch cell was
increased to ca. 392 Wh kg (= 2.66 Ah X 3.89 V / 0.0264 kg).

If a higher-Ni-content NMC cathode, for example, LiNi,;Mn,,Co,,0,
(NMCB811) with a specific capacity of ca. 220 mAh g~' was used, thus reducing the
N/P ratio to 2, together with the above mentioned other parameters, it is possible
to design a cell with a specific energy of more than 400 Wh kg'. For the fifth bar of
Fig. 1, the specific energy of 442 Wh kg™ was obtained from the calculation of
2.98 Ah X 3.89 V/0.0262 kg.

The cell design for more than 500 Wh kg™ cell requires more than 50%
reduction of the amount of Li metal and the inactive materials (Cu, Al and
packaging). When reducing the weight of inactive materials (such as conductive
carbon, binder, Al and Cu current collectors, separator and packaging material)
used in the Li|[NMC811 cell in the fifth bar of Fig. 1, the cathode areal loading
was slightly increased so the cell capacity was slightly increased; at the same time,
the cell polarization was reduced, thus the average discharge voltage was slightly
increased too. Then the specific energy of the cell could be further improved to
ca. 506 Wh kg (= 3.19 Ah X 3.93 V / 0.0248 kg) (Fig. 1, sixth bar). Furthermore,
when reducing the N/P ratio to 1 and maintaining the other parameters used for
the sixth bar in Fig. 1 cell, the specific capacity of the cell could be increased to
525 Wh kg™ (=3.19 Ah X 3.93 V / 0.0239 kg) (Fig. 1, seventh bar).

Of course, if new cathode materials with a more than 250 mAh g™' specific capacity
can be developed in the future, without sacrificing the voltage, packing density,
stability and other parameters we discussed in this Perspective, more than 500 Wh kg!
specific energy can be obtained. In the eighth bar of Fig. 1, the specific capacity of the
cell could be increased to 552 Wh kg™ (= 3.64 Ah x 3.93 V / 0.0259 kg).
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