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Lithium metal batteries (LMBs) are one of the most promising energy storage
technologies that would overcome the limitations of current Li-ion batteries,
based on their low density (0.534 g cm™), low reduction potential (—3.04 V
vs Standard Hydrogen Electrode) as well as their high theoretical capacities
(3860 mAh g~' and 2061 mAh cm™3). The overall cell mass and volume would
be reduced while both gravimetric and volumetric energy densities would be
greatly improved. Their electrochemical performance, however, is hampered
by the low efficiency at high current densities and continuous degradation,
which are related, among other factors, to the properties of the lithium metal
anode (LMA). Hence, the production and processing of LMAs is crucial to
obtain the desired properties that would enable LMBs. Here, the conven-
tional method used for the production of LMAs, which is the combination

of extraction, electrowinning, extrusion, and rolling processes, is reviewed.
Then, the advances in the different alternative methods that can be used

to produce and improve the properties of LMAs are described, which are
divided into vapor phase, liquid phase, and electrodeposition. Within this
last method, the anode-less concept, for which different approaches to the
development of advanced current collectors are illustrated, is included.

storage devices including lithium-ion bat-
teries (LIBs).'¥ As the dominant power
sources for consumer portable elec-
tronics,?4 LIBs still cannot fulfill the
requirements of other applications such as
mobility, for which higher specific energy
and energy densities are highly desir
able. These properties are determined by
the capacity of the electrodes and by the
operating voltage. For commercial LIBs,
which rely on cobalt-based intercalation
cathodes and graphite anodes,! the spe-
cific energy density could actually overstep
250 Wh kg, with a likely growth rate of
7-8% per year.'8] Despite the promises
to shortly approach the upper theoretical
value limit,l it would still be far below
the desired values for high energy devices,
being unable, for instance, to overcome
the limits on the driving range of electric
vehicles.

In response to this demand, consider-

1. Introduction

The global energy crisis and environmental deterioration have
encouraged the development of green energy technologies,
which in turn has attracted widespread attention to energy
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able research efforts have been directed

toward improving the energy density of
LIBs by developing high-capacity cathode materials such as
lithium (Li)-rich (or Li-excess) cathodes® 3! and other high-
capacity cathode materials.'*6 However, the majority of LIBs
are still using graphite anodes that, due to the intrinsic limi-
tations of intercalation chemistry, are limiting to high degree
the available specific energy density, being a true bottleneck for
many applications.

Furthermore, fast charging rates are becoming a key ele-
ment as well for the development of next-generation batteries,
especially to accelerate the widespread use of electric vehicles.
However, graphite anodes are unable to achieve fast charging
without adversely impacting the battery performance and safety.
In fact, when LIBs are charged at high rates, high current den-
sities induce large graphite-anode polarizations resulting in
limited energy utilization.”-2%1 Moreover, the graphite anode
can reach electrochemical potential values lower than the ther-
modynamic potential of Li metal, making Li plating a favorable
process.l?l The formation of metallic Li on graphite anode sur-
face causes irreversible loss of Li, leading to significant cell
capacity fading, as well as safety issues.?"23 Besides, Euro-
pean Union has considered graphite as one of the critical raw
materials.?*l

In this respect, some alternative materials, from which sil-
icon (Si) has attracted special attention, have been proposed

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 1. (Left) Schematic comparison between Lithium-ion and Lithium-metal batteries; (right) benefits and challenges of three types of anodes:

graphite, alloy-based, and Li-metal.

as candidates to replace graphite in anodes, based on the
increased theoretical capacity they offer.?>2¢] However, lithium
ions do not intercalate neatly; instead, electrochemical alloying
reactions take place in these alternative materials, creating
an entirely new phase. As a result, all these materials experi-
ence a dramatic volume change upon lithiation and delithi-
ation,”?8 which causes the anodes to crack, to electrically
disconnect from the active material, and finally to pulverize over
many cycles.?”) Moreover, many alloy anodes have large initial
irreversible capacities (the difference between charge and dis-
charge capacity).3%31 There may be few workarounds for these
problems, such as the prelithiation of the anodes, the use of
high pressures to prevent cracking, or the use of nanostruc-
tured anodes that can accommodate the volume expansion.
However, all of them have serious tradeoffs and add high cost
while making manufacturing far more difficult. Additionally,
Si anodes also suffer from a voltage penalty that reduces cell
energy. Alternative compositions with lowered Si-content and
a similar working voltage as graphite are under study, e.g., sil-
icon—graphite (SiG) mixtures.?”l Despite reducing both volume
change and side reactions, while maintaining a high capacity,
effective, and controllable manufacturing technique should be
still developed to obtain low electrode swelling, requiring much
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more efforts for future widespread applications.?” Therefore,
there is an unmet need to go beyond Li-ion technology to
simultaneously achieve high-energy density and efficient fast
charging.

Concerning the anode side, Li metal is considered as the
uttermost material because of its highest theoretical gravi-
metric capacity of 3860 mAh g and the lowest electrochem-
ical potential (—3.04 V vs standard hydrogen electrode),®3] as
schematically described in Figure 1. Li metal anode (LMA) can
be paired with different cathode materials, such as intercala-
tion based (e.g., LiFePO,,*¥ LiNi,Co,Mn,_, ,0,>3¢) or multi-
electron conversion chemistry-based cathodes (as in Li-SP*”) or
Li-0, batteries®®)), to achieve different levels of energy density
and produce different battery technologies according to the
specific needs. LMA also plays an important role in the devel-
opment of solid-state-batteries (SSBs).’?#l In most cases, the
specific energy densities of batteries employing LMA have the
potential to reach over 500 Wh kg1.[42

Nevertheless, rechargeable Li-metal batteries have not
yet been to a great extent commercialized. LMA was already
applied in rechargeable batteries in 1980s, but safety issues lim-
ited their use and have been the major challenges hindering the
practical applications since then.>* The main origin of safety
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issues comes from the formation of Li whiskers and dendrites,
which is induced by unstable interfaces between Li metal and
the electrolyte. All these remaining problems, in addition to
causing security risks, are also related to the low efficiency and
poor performance of lithium metal batteries, as stated in recent
reviews.>#] It is necessary not only to control the deposition
of lithium below the interface, but also to avoid continuous side
reactions between the LMA and the electrolyte in addition to
controlling the infinite volume change during cycling.*¥l Many
works and reviews have already specifically focused on different
strategies toward enabling lithium metal in batteries.**=>* The
challenges concerning LMAs implementation and performance
have been, as of now, extensively explored, and its discussion
goes beyond the scope of this article.

On the contrary, not so many works have focused on the effect
that the fabrication process of LMAs has on their inefficient use
in cell performance. In fact, the production of LMAs still encoun-
ters many crucial challenges, such as quality, reactivity, handling,
safety, etc. Moreover, despite Li is fairly abundant in Earth, the
supply needs to be extracted from brines or underground reserves,
and current mining operations might not be sufficient to keep up
with the industry's growing needs. Additionally, metallic lithium
in the form of Li® is only achieved by electrowinning of LiCl-KCI
and no alternative to this industrial process is expected in the
short term. Therefore, novel strategies are needed to reduce the
amount of lithium used in LMAs in order to enable it as anode.

Here, we aim to review the state-of-the art on current Li
extraction, LMA fabrication and processing methods and intro-
duce alternative strategies that are currently under study. Sev-
eral fabrication methods are covered, ranging from conven-
tional method based on Li metal obtention, metal extrusion,
and rolling to alternative methods here classified as vapor-
based, liquid-based, and ex situ and in situ (anode-less) electro-
deposition methods. We account for the remarkable progress
achieved in each technique by reporting the recent develop-
ments and by discussing the research highlights obtained by
several groups. Finally, we conclude the review article with an
outlook on future challenges. This review aims to be a useful
introductory resource for readers from the outside or just
starting in this field. It also provides thorough description on
the current LMA fabrication processes and potential alterna-
tive methods for those who already have an established under-
standing of the topic; it includes perspectives on the strengths
and weaknesses of each method toward commercialization of
LMAs with improved properties.

2. Production of Lithium Metal Anodes

As mentioned above, LMA emerges as a potential candidate
to replace current graphite anodes used in Li-ion batteries due
to its properties. For LMAs to be successfully implemented
in LMBs, though, their efficiency upon cycling needs to be
improved. The fabrication and processing methods used for
the production of LMAs have an impact on their properties,
being, thus, a crucial part for the development of high per-
forming LMBs. In this section, standard industrial processes
are described, followed by the developments and potential alter-
natives that could be implemented in the future.
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2.1. Industrial Standard Process
2.1.1. Extraction

Metallic Li is highly reactive with ambient components, and,
thus, it never occurs freely in nature. Therefore, it needs to be
extracted out of lithium compounds that are geographically dis-
tributed across the Earth’s crust (Figure 2) mainly located in
salt pans that exist along the lithium triangle (54% of the world's
lithium reserves). Lithium deposits are mainly found in brines
or spodumene pegmatites and, to a small extent, in sedimentary
rocks.> Brines are saline waters with high contents of dissolved
salts. They are extracted from aquifers located mainly in Chile,
Argentina, China, and Tibet and pumped into shallow evapora-
tion solar ponds for about 2 years to eliminate deleterious ele-
ments and compounds, principally magnesium and sulfate.’®!
In addition, this evaporation process enriches the brines until
6000 ppm of LiCl, which is then reacted with Na,COj; (soda ash)
to yield Li,COs3, the most common precursor of lithium metal.
Spodumene pegmatites deposits, on the other hand, are coarse-
grained intrusive igneous rocks, mainly found in Australia, that
were formed from the crystallization of magma at certain depth
in the crust. In this case, the Li,COj; is obtained from the con-
centrated pegmatite ore. The mineral is heated to about 1100 °C
to make it more reactive and after grinding and mixing it with
hot sulfuric acid, it is heated to 250 °C to form Li,SO,. Water is
added to dissolve the Li,SOy4 which is finally treated with soda
ash to yield Li,COs. Although the produced lithium concentra-
tion is higher, this process is more expensive making it less com-
petitive than other sources such as brines.

In both cases, the obtained Li,CO; material (or the LiOH
that can be also obtained) can be directly employed to pro-
duce cathodes, although, in order to have metallic lithium, the
transformation of the precursors into raw LiCl (anhydrous) is

Continental brine
@ Volcano-sedimentary
® Pegmatite and granite

Geothermal and oilfield brine

Figure 2. Schematic map of the global lithium mines, deposits, and
occurrences. Based on ref. [239].
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needed. The production of LiCl involves the reaction of Li,CO;
with HCI and subsequent crystallization of LiCl after reaching
temperatures close to 100 °C. LiCl must be stored in dry atmos-
pheres to protect it from moisture. As a result, this industry
transforms natural resources into basic materials through pro-
cesses that require high energy inputs being part of the energy-
intensive processing (Figure 3a).l’”l The industrial method was
invented about 100 years ago,l’®>% and barely changed ever
since. This process, also known as the electrowinning method,
electrolyzes the LiCl component of the molten LiCl-KCl eutectic
in the temperature range of 450-500 °C.[60.61]

Currently, the methods of producing LiCl-KCl compounds
vary from the origin of the feedstock and can be adapted to
improve the purity of the final product. The selection of the
extracting method of Li from brines is limited by the presence
of contaminant multivalent ions (Mg/Li mass ratio), and the
effects of other competing coexisting ions, such as Na* and
K*. For instance, the application of the evaporation precipita-
tion method is limited to brines with high Mg/Li ratio because
the pre-processes needed for removing coexisting ions are
highly complex and time-consuming. Therefore, some alter-
natives, such as column adsorption and diffusion dialysis are
employed.[%2] These methods employ either Li-selective adsor-
bents (activated carbon or spinel type materials) or osmotic dis-
tillation membranes to achieve a high degree of saturation of
LiCl in the aqueous solutions. Additionally, these Li-enriched
solutions can by further augmented in Li by ion exchange,
sequential adsorption, or solvent extraction. The efficiency of
these processes could be enhanced by combining them with
electro-membranes since this technology allows for the extrac-
tion of lithium in higher grades.®¥l From spodumene ores, Li
is recovered chemically or through a combination of chemical
and pyro-metallurgical processes. Two different processes,
namely, roasting and calcination or chlorination and leaching
(either in acidic or alkaline aqueous solutions) are reported to
recover high purity Li compounds from ores.

The LiCl-KCl eutectic is formed at the temperature of 353 °C
with a molar ratio of 59:41. At this temperature, lithium metal
is obtained via electroreduction of Li* ions on the cathode in the
liquid form (Equations (1)—(3)), as the melting point of metallic
Li is 180.5 °Cl*4

Cathodereaction: Li*+e = Li (1)
Anodereaction: ClI” +e” =1/2Cl, (2)
Netreaction: LiCl= Li+1/2Cl, (3)

Moreover, due to its small density, Li metal floats on the sur-
face of the LiCl-KCl eutectic and facilitates the isolation of the
pure metal. Hence, the eutectic phenomenon is greatly desired
and beneficial for electrowinning of lithium because it allows
to produce metallic lithium at much lower temperatures with a
low energy consumption. Unfortunately, the process lacks sus-
tainability due to the high operating temperatures needed and
the generation of toxic Cl, gas as a byproduct.

Worldwide researchers are trying to overcome these draw-
backs by exploring new alternatives based on the modifica-
tions of the current industrial method. Most of the strategies
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are based on the application of electrowinning technology
to nonindustrial eutectics or thermal reduction or decom-
position via pyrolysis of lithium compounds.®® Other novel
approaches are based on the use of solar-power electrolysis of
brines!®® and the extraction of Li from both seawater and salty
lake water with the FePO, electrode using the electrochemical
intercalation method.l”! To easily collect the metallic Li, electro-
chemical extraction of Li from molten LiOH using a liquid tin
cathode with a high molar content of Li in the product has been
reported.%8! Electrodeposited materials from LiCl dissolved in
an amide solvent in the form of thin film were transformed
into bulk material by smelting.®¥) Using the same approach
high pure Li metal films with a controlled morphology and
thickness are produced by electrolytic deposition of lithium.""!

Since the industrial method employs harsh conditions for
the electrowinning process, a typical synthesis cell (Figure 3b)
must consist of a highly resistant cell body in which a graphite
anode and a mild steel cathode are immersed in a fused LiCl-
KCI eutectic bath as the electrolyte. In addition, argon gas is
purged above the molten salt surface to protect Li and the
reactor from oxidation and corrosion. In operation, the newly
formed lithium metal wets the surface of the steel cathode,
rises to the surface of the bath, and forms a pool of molten
metal. Liquid lithium is dipped from the cell with an iron
dipper and cooled to about 300 °C to solidify the amount of salt
present. The metal is then cast onto iron molds and coated with
an industrial, white mineral oil to limit further reaction with
the atmosphere.’l Once the lithium metal ingot is obtained it
is extruded to form a film, rolled to reduce the thickness, and
passivated to conduct further manufacturing steps and avoid
oxidation with the storage.” These steps will be individually
discussed in the following section.

2.1.2. Extrusion

Extrusion is a metal forming process, widely used in industry, in
which a round billet is placed in a chamber and submitted to a
force applied by an asymmetric die. In the case of lithium metal
extrusion, the force is applied by a hydraulically driven ram and the
process is called hydrostatic extrusion (Figure 3c). The use of a fluid
avoids the contact between the ram or container and the lithium
metal billet. The friction between the billet and the chamber is
eliminated due to the plastic deformations that occur because of
the high hydrostatic pressure. Thereby, the pressurized fluid acts
as a lubricant between the billet and the die.”® The main factors
considered to determine the extrusion pressure are the die angle,
the reduction in cross-section, the extrusion speed, and the billet
temperature/lubrication.” The extruded product can be obtained
in the form of bars, rods, strips, or sheets. The strips can be as thin
as 250400 pum with a good surface finishing but poor thickness
uniformity. To mitigate these limitations, the ingot can be formed
into a thin sheet by adapting the extrusion die with a die holder.”>7¢!

2.1.3. Rolling

Depending on the size of the final battery, variations in all
the dimensions of the strips are required and thereby the
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Figure 3. Schematic of: a) conventional lithium metal anode production process; b) electrowinning cell for lab scale; c) lithium metal foil industrial

production process.

extruded product must be subjected to external pressure.”’!
This process is also known as cold rolling and allows for high
throughput production and the adaptability of the extruded
product into dimensions of the cell formats. The high-inten-
sity process (line loads greater than 500 N mm™™) for lithium
metal differs from conventional calendering of other elec-
trodes since metallic lithium is nonporous, and thickness as
low as 10-20 um are sometimes targeted.’8! The use of poly-
meric supporting layers covering either the lithium metal or
the rollers can facilitate the processing since lithium is very
adhesive and the obtention of damage-free thin-films after the
rolling step is challenging. This method is used commercially
to produce limited quantities of strips of 30-75 um thick.””!
Some alternatives employ rolling additives as lubricants that
make possible control the tension applied to the film and
gives lithium of =22 pum with relatively good flatness.[®"! Sim-
ilar approaches®!l were employed to continuous production
of rolls 30 m long by 15 cm wide. A significative reduction
in defects without the use of lubricants has been achieved by
adding a gettering material to the molten lithium metal and
separating them by filtration.®?) After forming the ingot, the
extruding and the rolling the film, the final thickness was
=20 um.

Besides obtaining a self-standing lithium foil, the lithium
metal can also be combined with planar or perforated metal
foil as current collectors to form a negative electrode sheet
with reduced weight.®3] The pore size, the thickness of the
metal current collector (CC) and the nature of the contact
layer are important parameters to improve the binding force
of the lithium electrode and prevent the poor electrical contact
between both elements. In this regard, strong affinity was gen-
erated in a nanostructured lithium metal electrode by calen-
dering and subsequent folding of lithium and lithium tin alloy
(Li;»Sns) enabling for stable lithium stripping/plating cycling
under ultrahigh current densities.[4

Adv. Energy Mater. 2023, 13, 2203744 2203744 (5 of 23)

Tension is also a key component in the rolling process and is
usually applied for detaching the film in a controlled manner®’!
allowing for films with thickness close to 20 um. However, this
parameter should be minimized in the foils being extruded.
Too much tension would induce camber into the extruded foil,
as well as negatively affect the surface appearance and internal
grain structure of the lithium metal foil.[%

Compared to the extrusion process, the rolling process is
more costly, and the number of rolling steps increases the cost
of the process.”l To minimize this, Stumper et al.®® studied
the effect of the lithium foil geometries, line load, and roller
temperature on the deformation behavior of the lithium foil
to stablish a semiempirical model to predict the lithium pro-
cessing and validity ranges. Unfortunately, the densification
toward 0% has still not been solved by the industry.

In some cases, a winder is coupled with the roller to wind
the lithium directly after the rolling process. This coupling
requires a delicate balance between the pressure and tension
created by both components and the speed of the winder must
exactly match the speed of the extruder, so that the finished foil
is not torn or stretched, retaining all the dimensional charac-
teristics required and removing the resulting tensions in the
materials. Lithium must be processed in a dry atmosphere, or
it will oxidize, when in contact with ambient air, resulting in a
poor quality of the product. Therefore, it must be passivated to
be used in the subsequent process under dry-room conditions.
For passivation, multiple approaches such as gas treatment,
coating with a layer of polyethylene wax, or surface fluorina-
tion are available. The most common method to remove the
passivation layer includes mechanical scraping, roll pressing,
and hexane cleaning. For instance, the kerosene on the lithium
ingot surface was first removed with an oil-absorbing paper
and after that, the lithium ingot surface was scraped with the
rough polypropylene. Second, the surface layer was removed
with a clean surgical knife and finally it was wrapped with
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Polyethylene terephthalate (PET) film and pressed into foils by
hydraulic machine.®JAfter these treatments, lithium metal is
considered clean. However, even if it is stored in the glove box
or under ultrahigh vacuum, lithium metal will inevitably react
with trace gases, and its surface will be again passivated, which
will inhibit further reactions.

The passivation layer can, in addition, act protectively to sup-
press lithium metal dendrite formation/growth, and to sup-
press reaction of lithium metal with electrolyte, which would
result in a reduced cell performance due to electronic conduc-
tivity and/or decompensation. The electrochemical properties
of lithium metal are highly dependent on the native and solid
electrolyte interphase (SEI) films. This layer is composed of
various lithium compounds such as Li,O, Li,CO;, and LiOH,
which are commonly formed on lithium metal even in an
inert atmosphere. The performance of native and SEI films
on lithium metal could be significantly enhanced through
appropriate heat treatment during extrusion of the lithium
ingot,®% by flattering the topography of the electrodes by roll-
press technique,® by modifying the surface of the chemistry
of the native layerl® or by removing it.’3l Other approaches
have employed structured (either pillars or pyramids) to force
the deposition of the Li alongside these wall structures®
or have tuned the mechanical methods for the obtention of
lithium electrodes with {110} texturing.” This preferential ori-
entation is obtained by prerolling and scraping a 600 um foil
and subsequent annealing and rolling the resulting film.

After passivation, the mother coil is laser-slit to daughter
coils or single electrodes. Mechanical roll-knife slitting, which
is the established process for LIBs, is not suitable, due to the
adhesive properties of Li. Lithium metal foils are finally stacked
together with polymer,°®" gels,1%®l and polymer compositel>”!
electrolytes at lab and industrial level.]

Despite being a well stablished industrial process developed for
long time, lithium films commercially available do not meet the
requirements of quality, length, width, and thicknesses required
for the assembly of LMBs at competitive costs. Thus, alternative
processing techniques are needed, if beyond Li-ion battery technol-
ogies based on LMAs are successfully going to be commercialized.
Such alternative techniques under study and their recent develop-
ments are discussed in the following sections.

2.2. Vapor-Based Techniques

Physical vapor deposition (PVD) techniques are methods to
deposit thin-films and coatings by the transport of material
from a condensed matter source, via the gas phase, to another
surface to be coated. In contrast to conventional ceramic pro-
cessing, where materials are heat-treated or densified at high
temperatures,'™ PVDs are robust and efficient methods that
allow for the preparation of coatings with high reproducibility
and high quality at significantly lower temperatures. Moreover,
in order to minimize any possible source of process poisoning,
ultrahigh vacuum (UHV) conditions are set prior and during
any deposition.

The actual deposition process depends on several parameters
such as the selected materials and the substrate to be coated,
the substrate temperature, the system geometry, and the kinetic
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aspects of the growth. Except under very special conditions,
the deposition usually leads to polycrystalline arrangements
consisting of many crystallites or grains with different relative
crystallographic orientation. They can be randomly oriented,
due to statistical randomness, or they can show preferential ori-
entations, i.e., a crystallographic texture.92l On the other hand,
coatings with specific crystallographic order can be fabricated
by epitaxial growth, meaning that the crystallographic order of
the deposited layers is induced and controlled by that of the
substrate.[102]

PVD techniques are being employed in a widespread range
of applications, and they can be regarded as an essential aspect
of microelectronics, optics, storage media, hard and corrosion
resistant coatings, and many more.[104102]

Because of their design, PVD has enough versatility to utilize
virtually any type of inorganic and some organic coating mate-
rials on an equally diverse group of substrates and surfaces,
being able to create a wide range of alloys, multilayers, or com-
posite materials. Furthermore, different PVD techniques can be
combined to deposit given layers of multilayers coatings.

The deposition rates in PVD-processes are highly dependent
on the processing conditions and typically range between 0.1
and 100 nm s~%. Accordingly, this leads to layer thicknesses from
a few angstroms (A) to hundreds of micrometers (um) with
process times varying from fractions of seconds to hours. For
solid-state battery research, the most important PVD processes
are sputtering, pulsed laser deposition (PLD) and evaporation
(thermal and electron beam) techniques. Simplified schematics
of each process are shown in Figure 4. Sputter deposition and
evaporation processes are already well-established in industrial
processes due to their ability to coat large areas, including roll-
to-roll processes, whereas PLD was limited to small substrate
sizes for many years. In the last decade, the available areas
for coating increased substantially due to beam widening and
shaping, with orders of magnitude higher output powers com-
pared to typical PLD laser systems for research.l]

Vacuum and energy uptake during the phase transition from
the condensed phase to the gas phase are important aspects
and are discussed in more detail in the following sections in
which the fundamental characteristics of widely applied PVD
techniques are described.

2.2.1. E-beam Vapor Deposition

The e-beam vapor deposition (EB-PVD) method is based on the
action of an electron beam, which is given off, under UHV, by a
tungsten filament that is heated up to the point where thermi-
onic emission of electrons takes place.'*l The generated elec-
tron beam is accelerated to a high kinetic energy and steered
by means of a magnetic field toward the material target, com-
monly placed into a crucible. Upon striking the target, the elec-
trons lose their energy very rapidly, with their kinetic energy
converted into thermal energy that heats up the target causing
it to melt or sublimate, as schematically depicted in Figure 4a.
Accordingly, the material is transformed into vapor and coats
the surface of the substrate.

The highlighted advantages of EB-PVD are the very low level
of impurity of the coated layers, the high deposition rate, the
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Figure 4. Schematic illustrations of four different PVD techniques employing lithium sources. The small blue spheres represent the Ar* ions, whereas

the gray ones the lithium leaving the target source.

good directionality of the ejected material from the target, the
high material utilization efficiency, while being suitable for
metals and dielectrics with high melting points. Moreover, it
is compatible with ion-assist sources. EB-PVD can be widely
used for optical coatings such as high purity film and conduc-
tive glass. It also has potential industrial applications for wear-
resistant and thermal barrier coatings in aerospace industries,
hard coatings for cutting, and tool industries, due to the strong
adhesion between coatings and substrates.[10410%]

However, very few works have shown EB-PVD as a valuable
tool to evaporate metallic lithium as anode of a solid-state bat-
tery, solely focusing on advancing the understanding of solid—
solid (electrolyte/lithium) interfaces.96197) Therefore, EB-PVD
still need to demonstrate its ability to be a suitable mean for the
fabrication of Li-metal anodes.

2.2.2. Pulsed Laser Deposition

PLD evaporates the material through one or a series of high
energy laser pulses, as sketched in Figure 4b. The target
material to be deposited is placed in a rotating holder inside
a stainless-steel chamber where UHV is established prior to
any deposition. The substrate, which is also located inside the
chamber, can be heated, if necessary, since substrate holders
usually include a resistance that allows the temperature to be
raised. During PLD processes, a series of complex physical reac-
tions occur, which transform the solid-state material (target)
into a vapor phase by interaction with the laser radiation, gen-
erating an energetic plasma plume made of atoms, molecules,
and ions. The plasma condenses on the surface of the substrate
thanks to the particular geometry of the component arrange-
ment inside the chamber, where the laser strikes at an angle of
45° relative to the target surface (Figure 4b).

In order to obtain the correct stoichiometry of the deposited
layers, a series of parameters must be controlled. The level and
quality of the UHV prior to depositions is one of the critical
factors along with the selection of the optimal gas environment,
which includes the correct choice of carrier gas and its partial
pressure inside the chamber (background gas pressure). For
the deposition of oxides, such as layered oxides or perovskites,
oxygen is usually used as transport gas,'%! but if the material
is sensitive to oxidation in that environment, the use of inert
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atmospheres such as argon and even argon/hydrogen mixtures
are usually chosen.['"] The temperature to which the substrate
is heated and the nature of the substrate itself influence the
type of growth of the layer, being possible to obtain single-
crystal, polycrystalline, or amorphous films. Furthermore, the
substrate (lattice parameters, orientation, and temperature) is
crucial to produce an epitaxial growth of the thin layer.

The source of the pulsed laser radiation is also very impor-
tant in the deposition of high-quality thin layers and in the con-
trol of the thickness of the films. Among the more important
laser parameters there are its characteristics (wavelength, pulse
duration, dimension of the beam, or distribution of energy), the
laser fluence (generally between 1 and 3 ] cm™2), and the repeti-
tion rate. Moreover, the deposition time (main film thickness
control) and the distance between the target and the substrate
are also crucial. ™ By controlling all these parameters, it is pos-
sible to obtain thin layers of both pure metals or alloys! and
more complex systems such as stoichiometric multielement
oxides.12113]

For battery research, PLD has played and plays an important
role in the development of microbatteries. These batteries avoid
the use of liquid solvents, being completely solid devices where
the entire system has a thickness of few micrometers. In this
way, it is possible to deposit by PLD thin layers of each com-
ponent of the microbattery separately or even to manufacture
the device completely by means of this technique through the
sequential growth of the different components."* Another
interesting application focuses on the structuring of C-based
anodes or current collectors, which enables the stabilization of
the lithium-metal anode since lithium nucleation occurs prefer-
entially in the defects that act as nucleation centers.[116-118]

Regarding LMAs, thin lithium layers have been prepared on
2 cm? stainless steel (SS) substrates at room temperature using
a KrF excimer laser.™ This work sought to acquire a better
understanding of the factors that affect the growth of dendrites
throughout the lithium metal stripping/plating processes. To
achieve this goal, the authors studied different lithium surface
states obtained from different methods: electrochemical treat-
ment, lithium metal polishing and PLD. The latter produces
metallic lithium deposits with a homogeneous and rough
morphology, showing the presence of particles with a grain
size of 400 nm, as can be seen in Figure 5, left."®) No pref-
erential growth is observed, which was expected when using
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Figure 5. (Left) Surface morphology of lithium thin films prepared by PLD. (Right) Surface morphology after lithium plating on lithium thin-film in EC/
DMC-LiPFg 1 M at 1 mA cm~2. Reproduced with permission."”l Copyright 2006, Elsevier.

SS substrates. In the study of lithium plating, after applying a
polarization of 1 mA cm™ on thin layers of lithium 1 um thick,
rough nondendritic plated lithium morphologies are observed
(Figure 5, right)."” Hence, proving that on smooth and pol-
ished surfaces (with less concentration of defects) the current
density distribution is more homogeneous, showing less/null
dendritic growth.

As far as the authors are aware, there are no other scien-
tific works in which the use of PLD is applied to obtain layers
of metallic lithium. Indeed, lithium is extremely reactive to
moisture traces, which complicates its handling. The vacuum
chamber where the laser ablation will be performed should be
equipped with at least a glove box to avoid lithium contamina-
tion. This drawback, together with the high cost of the system
and the limitation in terms of the area of the thin film that can
be obtained, means that PLD might not be the most conven-
ient for working with lithium. However, the Finnish company
Pulsedeon, focused on developing next generation Li-ion bat-
tery solutions based on PLD technology, markets thin-Li-metal-
anodes manufactured using this technique.

In conclusion, although PLD is not the most appropriate
for obtaining thin-films of lithium, it can still hold a relevant
position for the future of lithium metal batteries or in the devel-
opment of the next generation of anode-less lithium metal
batteries, through the optimization of the surface of the current
collectors.

2.2.3. Sputter Deposition

In a basic sputtering process, a target material is bombarded
by energetic inert Ar* ions that are generated by the glow
discharge plasma situated in close vicinity of the target mate-
rial.1?% An electric potential difference is established between
the chamber wall and the material target to accelerate the Ar*
ions toward the negatively charged target material to strike
it with enough kinetic energy to tear off atoms from it. The
extracted atoms move toward an appropriately positioned sub-
strate. A schematic of the process is depicted in Figure 4c,
where the small blue spheres represent the Ar*, whereas the
gray ones the material leaving the target source.
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Generally, the Ar* flow responsible for the erosion of the
target is continuously generated by the plasma itself, with
no need of any external ion supplier. The rate of the material
leaving the target depends primarily on the number of bom-
barding Ar* ions. This can be further increased by placing an
array of permanent magnets behind the target to create a static
magnetic field, which leads to much higher self-regeneration
yields for the plasma and higher deposition rates.[2122]

The sputtering process is usually generated by a direct cur-
rent (DC). In the case of nonconductive target materials, an
alternating radio frequency (RF) power is instead applied!'?*124
to neutralize the positive charging at the target surface. Sputter
deposition has multiple advantages, such as fast deposition
speed, low rise of substrate temperature, and high purity films
with good compactness and uniformity. The sputtering pro-
cess has very good repeatability, and the film with a uniform
thickness can be obtained on a large area substrate.[120:123,124
At the same time, the film's grains and crystallite size can be
controlled by changing the sputter parameters, and different
metals, alloys, and oxides can be mixed and sputtered on
the substrate simultaneously.2>126127] Moreover, it is easy to
industrialize.[128]

To improve battery performance and fabricate specific bat-
teries, since 1993, magnetron sputtering has played a key
role in the growth of thin-film electrode materials,313% solid-
state electrolytes, 3313 separators,[¥13% interlayers,'**-*2] and
artificial SELI"-] However, the sputtering of metallic lithium
has almost not been studied. Indeed, only few works have been
published. For example,[24122 lithium layers of 10-40 um thick-
ness were deposited onto glass and SiO, substrates to investi-
gate, by resonant nuclear reaction analysis, the Li diffusion into
the substrates (Figure 6, left) and the lithium stability in air
after being covered by a sputter-deposited thin-film of stainless-
steel (Figure 6, right).[146147]

Actually, lithium sputter targets and sputtering are very well
known. However, to prove the viability of sputtering as a valu-
able tool for LMAs production, there is the need of a great fun-
damental improvement, particularly in the fabrication methods,
configuration, and handling of Li sputter targets. In fact,
conventional Li targets have several disadvantages due to the
physical and chemical properties of metallic lithium itself (low
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Figure 6. (Left) Cross-sectional SEM pictures of four samples (10 um lithium) after 5 min of air exposure. Reproduced with permission.
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[146]

Copyright 2008, Elsevier. (Right) SEM picture of the surface of a lithium sample covered by stainless steel (0.5 um)/Li (10 um)/SiO,. Reproduced with

permission."] Copyright 2009, Wiley.

melting point, low thermal conductivity, presence of passivating
films on lithium surface). Moreover, a Li sputter target typically
includes a Cu backing plate or similar support structure due to
the malleable nature of Li; usually, the Li target heats up during
the sputtering process and it can melt and/or have very poor
adhesion onto the backing plate. Thus, improved methods are
strongly needed of either fabricating lithium sputter targets,
as suggested by Neumann et al.,¥ or improved associated
methods of sputtering, as proposed by Mochalov et al.l'*’]

2.2.4. Thermal Evaporation

Thermal evaporation is a well-known and very basic technique
for coating surfaces and substrates by both organic and inor-
ganic thin layers.® The source material, which can be in a
refractive wire form or placed into a metallic crucible, is electri-
cally heated under UHV conditions. UHYV is needed in order to
avoid any possible chemical reaction of the source and to reach
high purity of the deposited layers. The Joule heating, gener-
ated by the DC current, provides appreciable vapor pressures
to the source material, which evaporates and condenses onto
the substrate. A schematic of the thermal evaporation system is
exhibited in Figure 4d.

This technique is especially suitable for materials with
low melting points and high vapor pressure, as for instance
lithium. Indeed, it is important to note that thermal evapora-
tion is the preferred method to deposit lithium films,!>-157]
due to lithium s low melting point (T = 180.5 °C)* and
high vapor pressure at low temperatures (p = 10~ Torr at
T = 407 °C). As an example, cross-sectional Scanning Elec-
tron Microscope (SEM) images of LiCoO, /Li;PO, /Li
samples are shown in Figure 7, with thermally evaporated
metallic Li anodes, as detailed by Matsuda et al.'>2l However,
in order to successfully evaporate lithium thermally, it is impor-
tant that the material is not oxidized. In fact, LiO,, requires more
initial power to break through the oxide layer and then melt the
metal, and such high power may cause the remaining lithium
metal to flash evaporate quickly. To avoid oxidation, lithium
should be kept under an argon inert atmosphere. Moreover,
it is important to identify at what electrical power the lithium
melts. This can be done by manually ramping up the power
and observing the material to determine when it melts. Once
this power level is identified, it can be used as set point. Then,
the power can be increased slowly until the desired deposition
rate is reached. Furthermore, it is important to note that, once
Li melts, liquid lithium may eventually alloy and damage the
source itself, so the lifetime of these sources is unfortunately

%

Figure 7. Cross-sectional SEM picture of samples made of LiCoO, (0.32 um)/LisPOy (2.4 um)/Li [left] and LiCoO, (2.2 um)/LisPOy (3.4 um)/Li [right].

Reproduced with permission.['2l Copyright 2018, Elsevier.
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limited. Finally, since lithium has a relatively high vapor pressure
one must carefully consider executing lithium evaporation in
any deposition system. At already 300 °C, lithium has a signifi-
cantly high enough vapor pressure to cause ppm level contami-
nation in a vacuum system. For this reason, it is preferred to
use only dedicated vacuum chambers for lithium deposition.

In summary, PVD techniques represent a more than inter-
esting strategy to deposit thin layers of metallic lithium.
Table 1 provides the most commonly used parameters for the
manufacture of metalliclithium. Among the different techniques
analyzed, both EB-PVD and the sputtering process have yet to
demonstrate their applicability beyond basic research, since due
to limitations related to the nature of lithium itself, the extrapo-
lation of these techniques far from the laboratory scale is quite
complicated. Something similar occurs in the case of laser abla-
tion. Although PLD is a highly versatile technique that allows to
play with multiple parameters in order to prepare thin Li-metal
layers with very different characteristics, it also presents an
added complication related to the handling of lithium, which
can be easily contaminated. Even so, it is possible to commer-
cially obtain thin layers of metallic lithium prepared by PLD for
implementation as anodes in lithium batteries.

Finally, thermal evaporation has been demonstrated to be
the most appropriate PVD technique for obtaining thin films
of metallic lithium, and it can hold a relevant position for
the future of LMBs."13l LMAs produced by PVD in gen-
eral, including evaporation, are particularly good in terms of
homogeneity and conformality of the surface, with defect-free
surfaces being achievable. Moreover, PVD offers really good
control of the thickness for lithium layers that could be in the
range from nanometers to tens of micrometers, thus, being
possible to overcome the current limitation on thickness for

Table 1. Summary of metallic lithium deposition conditions using
vapor-based techniques.

Technique Conditions Refs.

EB-PVD Electron beam (magnetic field) [104]
High deposition rate
Pressure: 107-1072 mbar
Temperature: =2000 °C
All types of material

PLD KrF excimer laser (A = 248 nm; 1.4 ) cm? 150 m)™") [m9]
Repetition rate: 2 Hz
Deposition time: 1-4 h
Pressure: =2 X 107 Pa
Temperature: room temperature
Target-substrate distance: 2-3 cm
Substrate: 2 cm? stainless steel (SUS 316L)

Plasma (1-10 mA cm~2; 10-200 kHz: 500-3 kV) [122]
High deposition rate

Sputtering

Pressure: 107-1072 mbar
Temperature: 100-500 °C
Target-substrate distance: 6-16 cm
Large area substrates

Thermal DC current [150]
evaporation Pressure: 107 mbar
Sample temperature: room temperature

Target-substrate distance: =5 cm
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the conventional method. Additionally, intimate contact with
the solid electrolyte would be ensured, which is often a problem
in SSBs. Thermal evaporation is currently already used for
the production of LMAs for thin film microbatteries. Besides,
research and development and pilot line level equipment for
lithium evaporation are commercially available. In fact, Cana-
dian company Li Metal is intending to commercialize evapo-
rated LMAs, having a pilot line already operational.

2.3. Liquid-Based Fabrication Technique

Liquid-based technique is another promising method to prepare
LMAs for LMBs. By taking the advantage of lithium relatively low
melting point,[®4 it can be transformed into a liquid state easily
in an anaerobic atmosphere. It can be then deposited on a sub-
strate/surface by using standard methods, such as dip coating,
spray coating, or doctor blading. However, one disadvantage
that must be considered when dealing with melted lithium is
its low wettability on various relevant substrates due to its high
surface energy, being the major technological challenge of this
approach. Regulating the wettability between liquid — Li and the
scaffold materials is crucial in this process. Several researchers
have already noticed the importance of controlling the lithi-
ophilicity™®®1>% and have classified the different approaches as
chemical strategies;%% coatings on the host materials, doping
with lithophilic species or alloying the Li metal with polar func-
tional groups, and physical strategies, i.e., modifying the surface
roughnesst'® and adjusting the surface energy.'6

It has been demonstrated in the last years that a combination
of lithiophilization and inexpensive liquid coating techniques
could be suitable for the battery manufacturing industry. In
2016, the research group led by Cuil'® described a straightfor-
ward melt-infusion approach to effectively encapsulate Li inside
a porous host scaffold based on 3D carbon. They overcame the
low wettability of liquid-lithium by using a lithiophilic Si-coating.
Indeed, the porous host carbon scaffold was directly coated by
Si. The melted-Li was then encapsulated into the 3D-matrix Si/C
structure. By doing so, a Li-composite-like material was created,
which showed high gravimetric (=2000 mAh g™) or volumetric
(=1900 mAh cm™3) capacities. The reported strategy led to very
good battery performance with low interfacial impedance, stable
voltage profile, and long cycle life. Despite a minimal volume
change was observed, due to the host scaffold that encapsulated
the lithium-metal, this did not impact the high conductive sur-
face area and the good electrolyte/electrode interface stability.
Compared with a host-less LMAs, this Li/C composite electrode
showed multiple advantages and therefore opened a new path
for overcoming the intrinsic problems of LMBs.

In 2018, Reinhart et al.B% reported a large number of lith-
ium-anode processing techniques including melt processing
combined with polymer-based foils."*4 lithium was deposited
into nonporous electrolyte or infiltrated by melt infusion from
the uppermost surface of the porous electrolyte structure. A
lithiophilic coating and/or surface treatment was also in this
case needed to increase the wettability of the electrolyte against
Li. Moreover, the atmosphere where all these processes took
part had to be finely controlled due to the high reactivity of lig-
uefied lithium.
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Figure 8. a) Scanning electron microscope cross section image of a Cu,O layer (450 nm) on copper foil (6 um). b) Photographs of molten lithium
on copper foil with and without Cu,O layer. c) Schematic of the lithium-melt deposition process. d) photograph of the coating tool. Reproduced with

permission.%8 Copyright 2022, Elsevier.

In 2022, melt-induced stacking!'®>'%l followed by vacuum
deposition and melt-induced infusion'®”! were considered by
Hatzell et al.l'® as promising techniques for manufacturing
LMAs. Melt-induced infusion allows plastic flow of lithium
resulting in better contacts with the electrolyte. Even though
tough thin lithium layers are achieved, it is a very expensive
method for large-scale production.

Recently, Kaskel et al.'®® have proposed an alternative
strategy based on lithium melting processing to obtain thinner
and longer lithium foils. They have reported the absence of
publications referring to production technologies or scalable
concepts for thin anodes, whereas a vast amount of those could
be found on cycling at small scale.[%%*-73] Metallic lithium has
low mechanical strength, thus, as mentioned earlier, methods
such as extrusion and rolling have some limitations when thin
(e.g., < 50 um), wide (e.g., > 100 mm) and long (e.g., > 10 m)
foils or even coils are required.”Y Moreover, handling lithium
thicknesses below 50 pm remained challenging. As mentioned
above, metallic lithium is highly reactive and sticks on tools or
rolling cylinder surfaces.”® Some solutions, as using lubricants
have been proposed, but lead to side-reactions and to nonper-
fectly controlled surface coatings.
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In this respect, Kaskel et al.'%® have introduced a disrup-
tive deposition process for thin lithium metal coating on thin
copper current collector (CC) foils. The low wettability of the
liquid lithium has been tackled by using a thin lithiophilic
interlayer based on the mild thermal oxidation of the copper
CC. The resulting Cu,O layer (Figure 8a) dramatically enhances
the wettability of the copper substrate, by taking advantage of
the reactive conversion of Cu,0O by elemental lithium. The oxi-
dation reduction reaction that occurs is listed below:

Cu,0+2Li —2Cu +Li,0 (4)

Upon the interaction of molten lithium with the Cu,0 layer,
the Cu,0O is consumed leading to Li,O and Cu species which
are no longer present as a compact film and embedded lithium-
metal in the interface region Cu-substrate/lithium coating.
The liquid-lithium coatings were carried out in an inert argon
atmosphere by roll-to-roll dip coating-inspired processes. With
this new process the lithium-thickness could be tuned in a wide
range (1-30 um). The coating width was manipulated to provide
uncoated edges for CC tabs. In addition, the resulting lithium
surface offered high purity, allowing specific functionalization.
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The effect of the Cu,O lithiophilic layer can be observed in
Figure 8b where solid spherical lithium samples were placed
on hot substrates with and without lithiophilic interlayer with
different thicknesses. For the pure copper foil, no lithium
spreading was observed after the melting, whereas for the two
explored Cu,O thicknesses a perfect wetting was found after a
time inversely proportional to the thickness.

Figure 8c,d shows this coating process schematically where
the substrate is in contact with the liquid-lithium at a defined
angle. The evaluation in prototype solid batteries showed high
electrochemical lithium utilization and no detrimental effects.
Therefore, Kaskel et al.l'%l proved the feasibility of the fabri-
cation lithium foil by melting technique using a lithiophilic
coating on the substrate.

From a completely different approach, Livent company devel-
oped a printed lithium foil to be used as LMA, which is inspired
by the current Li-ion slurry-based technology for electrode
production.”>7%l The formulation of the slurry is composed
of lithium metal powder, rheology modifiers, and a solvent,
which is then spread on a current collector (or, potentially, on
the separator or on a solid-state electrolyte) by means of slot die
coater, to be finally calendered. The thickness of the produced
lithium foil ranges from 10 to 50 um. Beyond the possibility of
producing thinner LMAs than with the conventional method,
printable technology also gives higher flexibility on widths.
The fact that the process is basically identical to current elec-
trode production technology is the main benefit of this original
method.

To summarize this section, melt processing of lithium is
an alternative enabling technology not only for achieving high
energy density on system level but also because opens impor-
tant opportunities for subsequent native surface engineering
adapted to various solid state and liquid electrolyte interfaces in
future. Costs of production increase exponentially when a high-
quality layer and thickness-controlled layer can be made on top
of Cu current collector. A reduction of the anode thickness by
using ultrathin lithium metal films is a key requisite to achieve
a significant overall reduction of thickness and, thus, higher
energy densities on cell level.

2.4. Electrodeposition

Beyond the previous method described for LMA produc-
tion, metallic lithium films can also be produced by means
of electrochemical processes. The origin of the electrodepo-
sition of metals dates back to the 19th century, to the days
when Volta invented the first electrical battery, and it has been
developed and implemented in different industries since
then. Electrodeposited metal films are obtained by applying
a certain current between two electrodes, which are con-
nected to an external electrical power supply and immersed
into an electrolyte. Metal film grows on top of the negative
electrode via a reduction process, whereas the positively polar-
ized electrode is oxidized. At lab-scale development, this elec-
trochemical process is performed in relatively small cells or
containers, using either two or three electrode configurations
(to control the potential of each electrode). On a commercial
scale, however, big tanks in the order of meters are used,
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where even continuous plating in reel-to-reel format can be
implemented.["”’]

In contrast to other metals, metallic lithium films produced
by electrodeposition are still not commercially available, though
this method would bring several benefits if implemented
for LMA production. First of all, high temperatures and toxic
gases produced with the current conventional method would
be avoided. Moreover, the production cost could potentially be
lower due to lower process temperatures and lower raw mate-
rial costs, among others. Additionally, this technique would
allow the production of lithium films with a thickness much
below the limit of current extrusion method and higher flexi-
bility in widths. On the negative side, compared to other metals
produced by electrodeposition, the process would need to be
done in dry-room atmosphere and probably using hazardous
electrolytes, due to the properties of lithium.

Although Li foil usually used as LMA is mainly manufac-
tured by extrusion from ingots, the electrodeposition of lithium
on metallic current collectors has also been considered and
studied to produce thin lithium films that could be used as
electrodes in LMBs. In the 1990s, Kanamura et al.l'’® studied
the electrodeposition of lithium on nickel substrate in non-
aqueous electrolytes. They observed that hydrofluoric acid (HF)
traces on the electrolyte were beneficial to obtain more homo-
geneous deposition of the lithium on the substrate. Adding a
controlled amount of HF in LiClO, salt-based organic electro-
lyte, they obtained a smoother surface formed of regular spher-
ical deposits, being the outermost surface mainly composed
of LiF.I”8 Same group further investigated the impact of the
formation of such outermost layer on the morphology of elec-
trodeposited lithium, concluding that the beneficial role is lim-
ited to the first deposition, evolving toward dendritic Li deposi-
tion over time.[””) Hence, the LiF containing layer would enable
the deposition of homogeneous Li films that could be used
as LMAs, though it would not overcome limitations related to
Li metal electrode degradation upon cycling in conventional
electrolytes.

More recently, other researchers have also studied the effect
of controlled amounts of impurities on the deposition mor-
phology and homogeneity of electrodeposited lithium films.
The positive effects of controlled amounts of H,O added to
LiPF¢ salt based organic electrolyte were demonstrated by dif-
ferent groups.'8%81 Both the amount of added H,0 and the
time elapsed between the addition and the electrodeposition
were demonstrated to be crucial to obtain a better homoge-
neity and deposition morphology. The beneficial effect of H,0
traces for lithium electrodeposition has also been shown with
tetraglyme-based electrolytes, where improved Coulombic effi-
ciencies (CE) were obtained for controlled amounts of H,0
traces added to the electrolyte.['82

Many recent studies have demonstrated the great importance
of electrolyte composition on deposition morphology and sta-
bility of LMA upon cycling. Despite being focused on the use of
LMA in actual cells and not in the production of lithium films,
the results obtained in these studies are also relevant for the
production of LMAs by electrodeposition and could be useful
to identify improved electrolyte formulations to optimize the
production process. For instance, more compact circular island-
like deposition is observed when using ether-based electrolytes,
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whereas higher surface area whisker-like or mossy lithium is
observed with carbonate-based electrolytes.¥] Conducting salt
and its concentration does also highly influence the deposition
morphology of lithium. High concentration electrolytes (HCE),
and, the practically more viable localized high concentration
electrolytes (LHCE), form much smoother and less porous sur-
faces compared to conventional electrolytes.[*>>4183] Moreover,
additives can also be used to modify lithium plating behavior.
Besides H,0 and HF mentioned before, other additives have
also been explored to form a LiF layer that would form a more
homogeneous and stable lithium deposition, among which
fluoroethylene carbonate (FEC) stands out.’ Other additives,
such as LiNO;["® or CsPF,['®% have also been demonstrated to
have a profound impact on lithium deposition morphologies in
LMBs.

The effect that other parameters have on the electrodeposited
films, such as the distance between electrodes or current densi-
ties used, has also been explored. The relation between applied
current density and morphology of the deposited layer has
been described in many works. Columnar growth of lithium
(Figure 9a—f) was observed in many studies for the best elec-
trodeposition conditions,[180:181186.187] \which was always linked
to the formation of LiF layer on the surface of the copper sub-
strate, in line with the results obtained in the 1990s.

Moreover, the correlation between nuclei diameter and
applied current density has also been confirmed,'8" with
an inversed relationship between deposits diameter and
applied current density, in good agreement with the nuclea-
tion theory.'®8 The effect of the distance between the electrodes
during the electrodeposition process was recently studied by

www.advenergymat.de

Chae et al.™® They observed an evolution of deposited lithium
morphology with the distance between the electrodes, with
inhomogeneous morphology for short distances and homoge-
neous deposition with regular spherical deposits beyond certain
separation. They suggested that this phenomenon is nested on
high Li-ion concentration region generated near the counter
electrode during the electrodeposition process.[®]

The electrodeposition processes described in the works cited
so far, rely on a metallic lithium counter electrode as lithium
source to deposit a thin lithium layer on the working electrode
in a controlled manner. Such dependency on a metallic lithium
counter electrode would imply the need to produce metallic
lithium previously by other means. Being able to produce
electrodeposited metallic lithium film using a lithium source
other than metallic lithium counter electrode would be highly
beneficial if this technology is going to be considered for the
production of LMAs from a commercial standpoint. From this
approach, Mashtalir et al.'® described a process based on a
circulating aqueous solution containing Li,CO; as feedstock
(Figure 9g), which is separated by a ceramic membrane from
the LiPF4 based electrolyte and Cu working electrode.'®% Using
this original setup, they demonstrated the deposition of high-
purity lithium metal films with different nucleation morpholo-
gies depending on the current density that was applied.

Besides academic studies on different methods and the
impact of different parameters for obtaining electrodeposited
metallic lithium films, interest has also been directed toward
the commercialization of electrodeposited LMAs. Alpha-
En, a US-based company, is in the process to scale-up and
commercialize electrodeposited lithium electrodes based on

Figure 9. Electrodeposition of metallic lithium on Cu CCs. a—f) SEM images of lithium deposited with a—c) and without d—f) H,O additive. Reproduced
with permission.®% Copyright 2015, Elsevier. g) Visual and SEM images of electrodeposited lithium and configuration used by Masthalir et al. Repro-

duced with permission.['® Copyright 2018, American Chemical Society.
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their patented technology,®*'°2 which is based on a method

described above.!® Pure Lithium, another US based company,
is also developing their patent-pending technology for the elec-
trodeposition of lithium electrodes and intending to implement
it in their own cell development. Their electrodeposition pro-
cess is based on using Li salts, such as Li,SO, or Li,CO;, as
lithium source to deposit it in copper current collectors through
a polymer membrane. Beyond these emerging entities, well
stablished companies on the lithium and battery markets!®3194l
have also demonstrated interest on the electrodeposition pro-
cess for LMA production.

2.4.1. Anode-Less Concept

The cathodes currently used in Li-ion cells and most of the next
generation cathodes under development already contain the
lithium source in their composition when the cell is assembled.
In most of the LMBs, LMA is included as an additional lithium
reservoir (excess), which is required due to the high irreversi-
bility of the electrochemical process upon cycling that produces
a constant loss of lithium inventory. Ideally, if such inefficien-
cies are overcome and close to 100% CE is achieved, there
would be no need to have an additional lithium source, and,
thus, the cell could be assembled without LMA, having only the
CC on the negative electrode side. In such configuration, which
is named anode-less or anode-free, LMA would be formed
during the first charge (and subsequent charges). Hence, this
could be described as an in situ electrodeposited LMA.

The anode-less concept has many benefits, among which the
most obvious is the increase on specific energy and energy den-
sity. Additionally, having less amount of lithium within the cell
would be beneficial from the safety point of view, and it could
also make the production process simpler (avoiding lithium
processing) and less expensive.

The anode-less concept for LMBs was demonstrated two
decades ago by Bates et al.,®3l who developed a LMA free thin-
film battery prepared by PVD techniques in which lithium
from LiCoO, cathode was deposited in the copper negative CC
during charge. This kind of thin film microbattery, however,
contains low areal capacity. When the anode-less concept is
implemented in bigger cell formats in the order of mAh cm™2
cathode active material loading, the inefficiencies during the
lithium plating/stripping on copper CC leads to a rapid degra-
dation of the cell. Hence, many works have focused lately on
the design of anode-less cells that would improve such limi-
tations from different approaches, including solid and liquid
electrolyte development, study of artificial SEI layers and engi-
neering of CC and host materials. Here, only the most relevant
examples at CC and 3D host level will be described since the
rest are beyond the scope of this review work.

Cu Current Collector Modification: Copper CC (Cu CC) is com-
monly used in the negative electrode in Li-ion battery cells, and
for this reason, it is the most usual choice in anode-less studies.
However, due to the inefficiencies of lithium stripping-plating
process on it, the use of bare copper foil CC is not a viable
option. Therefore, many works have been oriented toward the
development of modified Cu CCs with modified surface. Some
of them have focused on the improvement of copper surface
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by modifying its main surface crystal orientation,*>-1% by pre-
depositing some lithium,?%2% or by depositing a thin layer of
another material,?°"22] aiming to improve the nucleation and
deposition morphology of lithium on the CC and lifetime of
the cell. Some alloys formed by lithium with other metals have
been demonstrated to be more lithiophilic and, thus, favor the
lithium deposition in comparison to copper. Some of the exam-
ples include Zn,203-205 A1 [206.207] B [208] '§p [209.210] o Ag 211212
which showed, in general, a lower nucleation overpotential and
more homogeneous lithium deposition.

Beyond Cu CC, other modified metallic CCs have also been
used for anode-less cell development. One of the works that
attracted most interest, published by Lee et al.,?!3 was based on
the use of SS as negative current collector in an all-solid-state
cell in which a thin composite layer was added at the SS CC
and the SEI. The composite, formed of carbon black with silver
nanoparticles, was key for enabling a stable lithium deposi-
tion with CE above 99.8% for high loading cathodes (>6.8 mAh
cm™2) demonstrated at 0.6 Ah prototype pouch cell level.

Current Collector and Hosts: Another area of study for lithium
metal anode-less batteries is the development of 3D structured
CC or hosts. A 3D structure could potentially increase the sur-
face area for deposition of lithium, which would reduce the
current densities on the CC. Furthermore, certain structures
could deal better with the large volume expansion of the LMA
during cycling. One of the most common strategies among
3D CC development is the design of 3D Cu CCs. In 2015,
Yang et al.’™ showed a 3D CC with a submicrometer-sized
skeleton and porous structure capable of improving lithium
plating behavior (Figure 10j). The submicrometer skeleton was
produced starting from planar Cu foil, which was chemically
treated by submerging in a solution to obtain a self-assembled
CuO structure, then dehydrated and reduced to have the final
porous copper CC. Using this porous CC, lithium was observed
to grow within the submicrometer-sized Cu skeleton, filling
the pores of the 3D CC and avoiding dendritic growth. From a
process also based in chemical solution, Lu et al.”" prepared
a Cu CC made of interconnected nanowires that enabled the
controlled lithium growth. Another method to fabricate porous
Cu CC is the electrochemical dealloying of Cu-Zn tape, with
which more stable SEI formation, improved CE and lifespan
and enhanced mechanical properties have been reported.?12"]

CCs with ordered structures have also been reported as suit-
able hosts for efficient lithium deposition. An electrophoretic
deposition of a colloidal template followed by Cu electrodeposi-
tion was reported by Tang et al.,?!®l resulting in a 3D ordered
macroporous Cu structure after the template was removed.
A similar approach using a dynamic H,-bubble template via
electrodeposition to obtain porous CC formed of Cu dendritic
superstructures was also described.?!”] Besides, a more con-
ventional slurry-based method, similar to the one commonly
used for electrode production, was described by Chen et al.,
with which micrometric Cu particle structure was casted on
Cu foil.[22% Development of vertically aligned microchannels??!l
or Cu pillars??? (Figure 10e—i) have also been demonstrated
as 3D CCs, produced by laser microprocessing, and templated
electrodeposition process, respectively. The use of Cu meshes
has also been an approach used by different groups, with dif-
ferent processing including pressing lithium into the Cu mesh
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Figure 10. a—d) Circular holes on Cu foil by laser patterning: a) schematic representation of the process. b—d) Visual and SEM details of the patterned
foil. Reproduced with permission.?23l Copyright 2018, Springer Nature. Scale bars in (b—d) are 1 cm, 100 um, and 1 um, respectively. e-i) Vertically
aligned Cu pillars: e) schematic representation of the processing method; f-h) SEM images of pillars with different diameter; i) detail of the ALD
coating on Cu pillars. Reproduced with permission.?24l Copyright 2020, Elsevier. j) Schematic representation of the method to produce 3D Cu CC with
submicrometer-sized skeleton and SEM image of the 3D CC. Reproduced with permission.2"¥ Copyright 2015, Springer Nature.

to form a composite, changing facet orientation for improved
lithiophilicity,®! patterning Cu foil with circular holes by laser
patterning (Figure 10a—d),1??)! or implementing different coat-
ings in a commercial 3D mesh to induce homogeneous lithium
deposition across the CC.

Beyond Cu CCs, 3D collectors and hosts made of other mate-
rials, either conductive or nonconductive, have also been engi-
neered. Alternative metallic CCs have been explored by modi-
fying their structure and surface by different methods. These
include, for instance, the use of carbon-nitrogen modification
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of a SS mesh as a 3D host (Figure 11a-g),??! or the develop-

ment of patterned Ti foil with ZnO nanowire arrays deposited
by hydrothermal reaction method. Another strategy to produce
a conductive host consists of directly casting a porous layer on
top of the CC, such the work reported by Liu et al.??’] where
a layer of LiNO;, carbon black and Polyvinylidene fluoride
(PVDF) was demonstrated as host.

Nonconductive layers can also be effective in homogenizing
the Li-ion concentration across the 3D CC. Based on that con-
cept, Liu et al.??! developed an engineered polyamide coated
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Figure 11. a-g) Schematic representation of processing, visual top images, and SEM images of carbon-nitrogen modification of a stainless steel mesh
(SSM), conductive carbon-nitrogen modified stainless steel mesh (CNSSM) carbon-nitrogen modified stainless steel mesh and lithium composite
electrode (CNSSM.-Li). Reproduced with permission.[?24 Copyright 2020, Elsevier. h) Schematic representation of Ni scaffold with lithiophilic gradients
and its benefits upon cycling. Reproduced with permission.?*l Copyright 2019, Springer.

SS-CC made of small channels to stabilize lithium plating by
lithium deposition within the channels more homogeneously.
Other works that have focused on nonconductive hosts with
similar strategy include the use of 3D porous polymelamine
and lithium composite,?””l or the use of a Cu CC covered by
a cloth such as polyethylene terephthalate-based fabricl??®! or
modified glass fiber with large functional groups.’?l Despite
being designed for a different application, dual LiF/Li,O layer
was reported as a shell for stabilizing lithium spheres which
were then electroplated on graphite as a prelithiation strategy
to compensate the active lithium loss due to the formation of
SEL.1229]

More complex designs include the use of several coatings
that induce conductivity and lithiophilic gradients across the 3D
current collector. Pu et al. developed a Ni scaffold with top and
bottom layers consisting of Al,03; and Au, respectively, which
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were deposited by sputtering Cu CC (Figure 11h).12%% A similar
concept, using same coating materials, was also reported on 3D
Cu mesh.[231]

Besides structured and modified 3D metallic CCs, carbon-
based hosts have also been proposed to efficiently plate metallic
lithium. Although some works use only the carbon-based mate-
rial as a host, such as graphene particles,?*2l most of reported
methods include the use of additional materials or layers to
improve lithiophilicity, guide lithium deposition or even limit
the reactivity with the electrolyte. Xie et al.,[?**l for instance,
coated the surface of hollow carbon spheres with Al,O; using
atomic layer deposition (ALD). Several other groups have
reported the addition of metallic nanoparticles or nanowires
into the carbon-based host to facilitate lithium nucleation and
lower the overpotential.[23+-23¢] Additionally, processing of hybrid
carbon-based electrodes that enable both intercalation and
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controlled electrodeposition of lithium have also been explored
by engineering 3D electrodes based on graphitized carbon
fibers or spherical granules.[?37:23]

3. Conclusions and Perspectives

In conclusion, current production of lithium foil used for
LMAs relies on a process that did not change considerably for
around a century and presents some limitations in relation
to its sustainability and the quality of the lithium foil that is
produced. As a matter of fact, the quality of the lithium foil
produced by the conventional method (i.e., electrospinning,
extrusion, and rolling) is good enough for its use in primary
lithium cells, which has been the main use in batteries up to
date. However, it does not meet the requirements to be used
as a LMA in secondary LMBs, as for instance, the high cur-
rent density demanded by the automotive industry. First, the
quality of the outermost surface of the lithium presents some
deficiencies that jeopardize its efficient performance during
continuous plating and stripping processes. Due to the reac-
tivity of lithium, the outermost surface of the lithium shows
a relatively thick layer of material, which composition is other
than metallic lithium, generally formed of an inner thin oxide
layer followed by a thicker lithium carbonate layer. In addi-
tion, for lithium foils with thicknesses below the extrusion
limit (generally around 100 um), a lubricant is used during the
rolling process, which produces contamination in the surface
in the form of Si-based traces. The morphology and structure
at the surface of the lithium foil can also influence its effi-
cient performance during cycling. The presence of relatively
big grains on the surface with different orientations, and the

www.advenergymat.de

roughness produced by the grain boundaries and defects from
the extrusion and rolling processes can also be detrimental.
Furthermore, the dimensions of the foil obtained by the con-
ventional method are an additional limitation. The need for
thinner LMAs with only few micrometers in thickness is
beyond the limits of the technique. The maximum limits on
the width from the extrusion step are also a limitation when
big dimension cells are designed, particularly those oriented
toward the use in Electric Vehicles.

Hence, the need for alternative methods to produce lithium
films to be used as LMAs is striking. Different approaches can
be used to find an alternative method, which were classified in
this work as vapor based, liquid based, and electrodeposition.
Suitability as a production method at large scale would not
depend only on the properties of the product, the feasibility of
the method at industrial scale would also need to be consid-
ered. The trade-off between properties and process feasibility is
visually represented in Figure 12.

Among the vapor-based techniques, thermal evaporation is
the best choice to be implemented at large scale. In fact, this
method is already used for LMA production in thin-film micro-
batteries that are commercial, and prototype level equipment
for the production of evaporated lithium reels to be used as
LMAs in larger cells is also a reality nowadays. One of the main
strengths of this method relies on the quality of the lithium
that is produced, both from the compositional and morpho-
logical points of view. It would be a particularly suitable option
if the lithium deposition process is combined with the depo-
sition of a protective layer in the same vacuum process, that
would help to stabilize the anode-electrolyte interface and boost
the performance of LMBs. The other main benefit would be the
possibility to reduce the thickness of the LMA, into a range that
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Figure 12. Trade-off between properties and process feasibility for the different alternative LMA production methods. Liquid phase figure, reproduced
with permission.'%8l Copyright 2022, Elsevier. Electrodeposition figure, reproduced with permission.®¢l Copyright 2018, American Chemical Society.
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could go from nanometer scale up to tens of micrometers, with
a good control of the thickness. The need of high vacuum sys-
tems, which require high investment and maintenance costs,
could be considered as a drawback compared to other alterna-
tives and could limit the implementation of this techniques at
large scale.

Liquid-based methods described in this work, despite being
a simple approach that does not require complex systems to be
implemented, lack the accurate control of the thickness and
surface morphology that other techniques offer. Moreover, if
implemented at large scale, having large amounts of lithium in
molten state would raise safety concerns. Nevertheless, a very
specific case is the slurry-based method developed by Livent
(different to molten lithium process), which could easily be
scaled up since the process is very similar to that used nowa-
days for Li-ion electrode manufacturing. The limitation of this
method might be in the quality of the lithium, which would be
similar to that of the extruded lithium foil.

Electrodeposition offers a good trade-off between the quality
of the lithium layers that are produced and the viability of the
process. It is a mature technology that has been used industrially
for many years to produce metallic layers. For lithium, at experi-
mental level, pure layers with very homogeneous surfaces and
really good control of surface morphology and thickness have
been demonstrated. Thus, this technique would potentially be
one of the best alternative choices for the conventional method to
produce LMAs. If the developments that use lithium salts, such
as Li,CO;, as source of lithium during the electrodeposition pro-
cess can be demonstrated at large scale, this method would be
particularly attractive from an industrial point of view.

Anode-less concept, which could be described as an in situ
electrodeposition of the LMA, would be the ideal case scenario
for the LMBs that have the lithium source in the cathode active
material when the cell is assembled.

For this configuration to be competitive, though, very high effi-
ciencies are needed, for which lithium plating and stripping mech-
anism needs to be homogeneous, ordered and degradation-free
during long cycling. To achieve that, the development of advanced
current collectors with defect-free and lithiophilic surfaces is of
paramount importance. Some promising performances have been
reported, as described in the corresponding section, although the
scalability of the process would need to be studied to see if they are
real alternatives that could be widely implemented. Furthermore,
3D current collectors and host materials are also being explored for
anode-less LMBs, being their main advantages the higher surface
area and space of the 3D structures that can help with lower cur-
rent densities and dealing with the large volume changes, respec-
tively. Many different processing techniques and materials have
been reported to show promising results. It is important, though,
to ensure that the benefit of using LMA in terms of energy density
and specific energy is not lost with the additional space and weight
of 3D current collectors.

In summary, although other developments such as the engi-
neering of interfaces or development of advanced electrolytes
and cathodes are also crucial to enable the LMBs, LMAs with
improved quality produced by feasible methods are a require-
ment. Many alternatives are on the table and progress is being
made both at research and scale-up and commercialization
levels, which suggests that this is going to be a crucial topic
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for the development of future generations of lithium-based
batteries.
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