Open Access Article. Published on 29 July 2021. Downloaded on 11/9/2025 8:32:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & T

Environmental SCF)Y?#ESN?QTER
. L

Science

PERSPECT'VE View Article Online

View Journal | View Issue

W) Cheok for updates Strategies towards enabling lithium metal in
batteries: interphases and electrodes

Cite this: Energy Environ. Sci.,

202114, 5289 Birger Horstmann, (2 12° Jiayan Shi, (2 +¢ Rachid Amine, (2 19 Martin Werres, () +2°

Xin He, (2 ¢ Hao Jia, 2" Florian Hausen, (29 Isidora Cekic-Laskovic, (2"

Simon Wiemers-Meyer, (2" Jeffrey Lopez, {2/ Diego Galvez-Aranda, (2%

Florian Baakes, (2! Dominic Bresser, (2™ Chi-Cheung Su,® Yaobin Xu, &2

Wu Xu, @' Peter Jakes,® Rudiger-A. Eichel, (2 ¢ Egbert Figgemeier, ('

Ulrike Krewer, ' Jorge M. Seminario, (2 * Perla B. Balbuena, (2%

Chongmin Wang, (2" Stefano Passerini, (2 °™ Yang Shao-Horn, (2°°

Martin Winter, ©" Khalil Amine, €2 *<9 Robert Kostecki {2 *¢ and Arnulf Latz () *3°

Despite the continuous increase in capacity, lithium-ion intercalation batteries are approaching their
performance limits. As a result, research is intensifying on next-generation battery technologies. The use
of a lithium metal anode promises the highest theoretical energy density and enables use of lithium-free
or novel high-energy cathodes. However, the lithium metal anode suffers from poor morphological
stability and Coulombic efficiency during cycling, especially in liquid electrolytes. In contrast to solid
electrolytes, liquid electrolytes have the advantage of high ionic conductivity and good wetting of the
anode, despite the lithium metal volume change during cycling. Rapid capacity fade due to
inhomogeneous deposition and dissolution of lithium is the main hindrance to the successful utilization
of the lithium metal anode in combination with liquid electrolytes. In this perspective, we discuss how
experimental and theoretical insights can provide possible pathways for reversible cycling of two-
dimensional lithium metal. Therefore, we discuss improvements in the understanding of lithium metal
nucleation, deposition, and stripping on the nanoscale. As the solid—electrolyte interphase (SEI) plays a

Received 12th March 2021, key role in the lithium morphology, we discuss how the proper SEI design might allow stable cycling.
Accepted 8th July 2021 We highlight recent advances in conventional and (localized) highly concentrated electrolytes in view of
DOI: 10.1039/d1ee00767j their respective SEls. We also discuss artificial interphases and three-dimensional host frameworks,

which show prospects of mitigating morphological instabilities and suppressing large shape change on
rsc.li/ees the electrode level.
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Lithium-ion battery technology is driving the current growth in electric vehicle (EV) sales. Despite the tremendous research and development in the field of LIB,
it is still not sufficient to meet the demand of new markets such as pure EV. Therefore, there is a need to pursue next-generation electrochemical systems with

higher energy densities. The development of high-energy lithium metal electrodes is a promising path in this direction. However, the practical application for
such batteries is still challenging due to several obstacles. Lithium tends to grow into inhomogeneous structures, which continuously reduces cell capacity.

Such structures can short-circuit the battery, leading to catastrophic failure. The solid-electrolyte interphase, which is forming on the lithium metal electrode,
is known to play a key role in their emergence. Here, we give our perspective on the current understanding and design of lithium metal in liquid electrolytes

towards stable cycling of lithium metal electrodes.

1. Introduction

Lithium-ion batteries are currently demonstrating their great
potential in helping reach a carbon-neutral society. To obtain
this aim, battery design can be adjusted for fueling portable,
mobile, and stationary systems. Many positive electrodes have
been developed to match different requirements, such as high
power and/or long lifetime. By contrast, the negative electrode is
basically limited to graphite." The use of carbonaceous anodes
initiated the successful commercialization of lithium-ion
technology in the 1990s, which was honored with the Nobel
Prize in Chemistry in 2019.> Historically, however, the lithium
metal electrode came first. It offered a superb energy density, but
suffered from safety issues and short cycle life.?

In this perspective, recent efforts to overcome aforementioned
challenges and to develop durable and safe lithium metal
electrodes will be discussed. This direction of research becomes
increasingly more important with the advent of high-energy
cathodes. Much research is devoted to combining solid
electrolytes and lithium metal electrodes.”® However, liquid
electrolytes as used in lithium-ion batteries offer a high ionic
conductivity and can stay in contact with the moving surface of a
metal,® as demonstrated, for example, in commercial zinc metal
batteries.” Moreover, liquid electrolytes for lithium-ion batteries
have been studied for decades and have better compatibility with
the current manufacturing process than solid-state electrolytes.
Therefore, only electrodes and electrode-electrolyte interphases in
liquid electrolytes will be discussed in this perspective.

Low Coulombic efficiency constitutes the central problem
with lithium metal as an electrode in rechargeable batteries,
which can be traced back to its tendency to form non-uniform
surface structures on the nano- and macro-scale.® However, for
conventional electrolytes, nano-scale lithium whiskers and porous
lithium are observed under typical operation conditions.”*® The
protecting solid-electrolyte interphase (SEI), which forms upon
electrolyte reduction, is thought to play an important role in this
process.'! Simulations reveal how SEI determines transport and
reaction processes on and close to the surface of the negative
lithium electrode.”* During cycling, the volume changes of
lithium metal lead to rupture and reformation of SEI. Nucleation
of whiskers and porous lithium occurs at these SEI cracks."
Lithium can lose its connection to the current collector during
stripping. This so-called dead lithium reduces the battery capacity.
Ultimately, a soft short-circuit can lead to cell failure.
New diagnostic and simulation tools are supplying insights into
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the nano-scale processes of nucleation and growth of porous
lithium structures, accelerating the progress on lithium metal
electrodes (see Fig. 1).

Herein, we provide a perspective on how smooth electro-
dissolution and -deposition of lithium metal might become
feasible. In Section 2, we first categorize different growth
modes of lithium metal. Emphasis is given to the correlation
between electrochemical test conditions and the observed
structures. It is widely recognized that the electrolyte determines
the SEI and thereby influences the surface properties of lithium
metal."* Thus, Section 3 emphasizes how the electrolyte should
be designed to reach smooth plating of lithium. Common
electrolytes used in lithium-ion batteries and novel electrolytes
designed for lithium metal batteries are divided into three types:
conventional, novel highly concentrated, and localized high
concentration electrolytes. They differ in the coordination of
lithium with solvent molecules and anions. This affects the
reduction products and opens up the field for new interphases
on lithium electrodes. Nevertheless, experience from other metal
electrodes shows that tuning the surface properties alone is not
sufficient to achieve rechargeable electrodes. Therefore, we
discuss in Section 4 how lithium electrodes can be engineered
to improve cycling performance, such as host structures and
surface coatings. The experimental techniques for observing the
metal anode structure and its interface with the electrolyte are
discussed in Section 5.

2. Classification of structural changes
during lithium stripping and plating

The structural changes of the lithium metal anode during
cycling are critical for their low performance. We discuss
experimentally gained insights of the deposition and stripping
processes in common electrolytes, the nucleation of lithium
deposits, the growth of high-surface-area structures, and the
morphologic changes during stripping. Based on the current
theoretical understanding, we classify the observed morphologies
and highlight the critical processes responsible for their
formation.

2.1 Nucleation mechanism

The first step leading to inhomogeneous surface structures
upon lithium plating is nucleation, which makes understanding
the nucleation process of lithium deposits necessary. Progress

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Various methods for studying metallic lithium are schematically presented, along with a typical result, and are divided into microscopic and
spectroscopic & scattering techniques. Microscopic techniques include transmission electron microscopy (TEM), 2415 scanning electron microscopy
(SEM),® laser scanning microscopy (LSM),*® micro computed tomography (micro-CT),Y” atomic force microscopy (AFM),*®° and optical microscopy.2°
Spectroscopic & scattering techniques include grazing-incidence small angle X-ray scattering (GISAXS),?! small-angle neutron scattering (SANS),22
Fourier-transformed infrared (FTIR),%?* nuclear magnetic resonance (NMR),2#?° and electron paramagnetic resonance (EPR)>* Spectroscopy. Within the
classifications and individual rows, the spatial resolution becomes higher the more left the method is depicted. From bottom to top, it is indicated if a

technique is rather used ex situ or in situ. Details on the different characterization techniques are given in Section 5.

has been made towards a clearer picture of how current,
potential, and SEI influence the nucleation.

Recently, Pei et al. studied the nucleation and growth of
lithium deposits on a copper substrate by measuring the
voltage profile against Li'/Li and taking ex situ scanning
electron microscope (SEM) images of the anode under different
plating current densities.>® The voltage profiles showed two
distinct overpotential regions: a large negative nucleation
overpotential first shows up, followed by a plateau with smaller
negative overpotential. This trend illustrates that the
nucleation is the harder step during the initial electrodeposition
process. During galvanostatic plating, we can distinguish a
growth- and nucleation-governed regime. In the growth-
governed regime, at low plating currents, a few large deposits
grow continuously, which are nucleated in a short initial phase.
In the nucleation-governed regime, at large plating currents,
many smaller deposits keep on being nucleated. The corres-
ponding SEM images indicate that the size of the lithium
deposits is proportional to the inverse of the nucleation
overpotential, whereas the density of the lithium deposits is
proportional to the cube of the nucleation overpotential, as
depicted in Fig. 2a.>® After the initial nucleation phase, the
nuclei density remains constant, and the lithium particles grow
continuously during galvanostatic plating.>® A large density of
nuclei would favor 2D lithium plating. The dependence of the
nucleus size on the nucleation overpotential is explained in the
context of homogeneous nucleation theory. This theory explains
the nucleation barrier with a critical radius that has to be

This journal is © The Royal Society of Chemistry 2021

reached before deposits are thermodynamically stable.** For
hemispherical particles, the critical radius is

Terit = 27 VM/F| n | »

where y [J m™~?] is the surface energy, Vy [m® mol '] is the molar
volume, F = 96 485 C mol " is the Faraday constant, and # [V] is
the nucleation overpotential. The critical radius is typically in
the order of 1-5 micrometer for lithium plated on copper.>® For
a given plated capacity, the nuclei density N times the nuclei
volume has to be constant. Thus, the nuclei density scales as
N ~ i*7® (see Fig. 2a).

As this theory shows, surface energy is the critical material
property for the nucleation of inhomogeneous lithium
morphologies. However, lithium metal is very reactive such
that its bare surface cannot be found within lithium batteries.
Thus, surface energy is an effective parameter that depends on
various factors. Ely et al. apply the homogeneous nucleation
theory and point out that the interfacial energy between lithium
metal and the substrate plays an important role in lithium
plating.*® This can help to identify suitable materials for
current collectors, which are discussed in Section 4 (see, e.g.,
Zhang et al.**). Moreover, lithium metal forms a passivating
layer, the SEI, in contact with the electrolyte, where the surface
tension of the SEI represents an effective surface energy for the
lithium metal. Biswal et al.*® proved the theory of Ely et al.>* by
demonstrating how the surface energy affects the nucleation of
inhomogeneous surface structures. The effective surface energy
of lithium metal is influenced by SEI composition.*®

Energy Environ. Sci., 2021, 14, 5289-5314 | 5291
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Fig. 2 Scheme of lithium nucleation, plating, and stripping behavior. (a) Critical nuclei radius and nuclei density as a function of nucleation
overpotential.?® (b) Lithium morphology in dependence on plating current density and plated capacity. Initially, lithium whiskers are formed. Mossy
lithium is formed when plating more capacity.?” (c) Nucleation and growth of a single lithium whisker.1° (d) Dissolution of lithium, formation of dead
lithium (black),?°2® and pit formation.?° More dead lithium remains for lower stripping current densities. 33

stripping current density.

Fluoroethylene carbonate (FEC) as a functional electrolyte tension and effective surface energy.>> Biswal et al. found that
additive is assumed to favor an SEI with increased surface with increasing amounts of FEC, the observed nuclei plated on
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Fig. 3 Snapshots (time in ps) of dendrite growth under three charging modes: (a) a pulse train of ten Li* is sent from the cathode to the anode every 4 ps
regardless of the rate of reductions at the anode, i.e., cathode driven oxidations; (b) Li* ion is sent from the cathode to the anode whenever a Li* is
reduced at the anode, i.e., concerted redox anode driven reactions; and (c) Li* is sent from the cathode every 0.4 ps, keeping the number of ions in the
electrolyte always constant, i.e., constant-current cathode driven reactions. Li metal (blue), Li* (pink, difficult to see), ethylene carbonate and PFg~
(green), LiF SEI (yellow).*”
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stainless steel more smoothly and became flatter and slightly
larger, which agrees nicely with the prediction from nucleation
theory based on the increased surface energy.*

Nucleation is closely linked to defect sites as lithium deposits
nucleate heterogeneously. On a microscopic scale, Sanchez et al.
showed in operando optical microscopy cells that microstructure
features such as grain boundaries act as preferential nucleation
sites.*® They suspect that a locally different SEI can be the
underlying cause. On a nanoscopic scale, classical molecular
dynamics (MD) simulations can help to understand how structural
inhomogeneities in the surface affect the nucleation of lithium.
Selis et al. performed MD simulations of a lithium metal anode
covered by a LiF SEI that is cracked open (see Fig. 3). They showed
that at this crack, lithium is reduced preferentially, and lithium
does not grow homogeneously.”® This observation highlights that
not only the surface tension of SEI but also its mechanical strength
is crucial during lithium plating. We conclude that the SEI
composition and its mechanical properties strongly influence
lithium nucleation.

In summary, the nucleation of lithium electrodeposits
strongly depends on the applied current density and the
resulting overpotential. Homogeneous nucleation is desirable
for smooth lithium electrodeposition. The governing parameter
for nucleation, the surface energy on the different lithium
metal interfaces, can be tuned by the choice of the current
collector and by the design of the SEI. Cracks in the SEI
represent preferred nucleation sites. Thus, the SEI needs to
be adjusted by carefully tailoring the liquid electrolyte via
conducting salt, and functional additives choice, as will be
explained in Section 3. Nucleation can also be tuned by surface
coatings, which will be discussed in Section 4.

2.2 Growth morphology

Experiments studying the lithium metal anode report different
forms of heterogeneous lithium morphologies under different
conditions. To understand their underlying mechanisms and to
find strategies for homogeneous lithium plating, classification
and precise terminology are necessary. We distinguish two
growth modes according to recent experimental observations:

e Lithium metal electrochemically grows as nano-sized
whiskers, independent of the applied current density in

View Article Online
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common electrolytes®® (see Fig. 4a). These whiskers quickly
get entangled and form mossy-like, porous lithium (see
Fig. 4b).

e Above a critical current density, fractal-like micron-sized
dendrites grow’ (see Fig. 4c). We note that under practical
conditions in lithium batteries, dendrites hardly appear.*’

Recently, Bai et al. experimentally classified lithium growth
modes by taking in situ snapshots of lithium plating for a Li||Li
symmetric cell in a glass capillary at different current densities
using conventional electrolytes.” At a high current density, they
observed a transition between the two growth regimes: at early
times, mossy-like lithium gets deposited. After a distinct time,
rapid, fractal-like dendrite growth occurs (see Fig. 4c).

The fractal-like dendrites were observed to be tip-growing,
similar to the behavior known from other metals like Cu and
Zn.*"*? The behavior can be explained by electrolyte transport
limitations, which occur when the ion concentration at the
anode is depleted for current densities exceeding a critical
current density at Sand’s time.*® Bai et al. observed the onset
of dendrite growth clearly at this time.’ Simulations predict
elongated dendrites that get more fractal-like when the diffusion
limitation becomes more severe.** The dendrites grow towards
the positive electrode and can traverse the full battery cell due to
a macroscopic diffusion limitation.

Mossy lithium growth is different from the known dendrite
growth behavior of Cu and Zn. It consists of individual whiskers
that intertwine®”** with no clear growth direction® (see Fig. 2b
and 4b). The shape of the whisker tip does not change during
growth, indicating root growth.'® This hints at a different under-
lying mechanism compared to the macroscopically diffusion-
limited dendrite growth. This is due to the inherent (electro-)
chemical instability of lithium with the electrolyte leading to SEI
formation. The slow ion-transport through the SEI leads to a low
effective exchange current density, so that the growth is micro-
scopically reaction-limited.® As in practical batteries, the condi-
tions for diffusion-limited dendrite growth are hard to achieve,*’
the focus should lie on understanding and mitigating mossy
lithium growth and its precursor, ie., whisker formation.
Therefore, we focus on this deposition morphology here.

To further investigate the deposition of lithium, Kushima
et al. directly observed lithium deposition on a gold substrate
for low current densities by in situ environmental transmission

whiskers

mossy lithium

dendritic lithium mossy lithium

Fig. 4 Pictures of typical lithium morphologies in conventional electrolytes at different length scales. (a) Standard SEM picture (left) and cryo-SEM
picture (right) of lithium whiskers® — reprinted with permission from Science. Whiskers are needle-like, can have kinks and are ~100 nm in diameter.
(b) SEM picture of mossy lithium?” — reprinted with permission from Electrochimica Acta. Mossy lithium consists of many whiskers that intertwine.
(c) In situ snapshot of lithium electrodeposition in a glass capillary cell® - published by The Royal Society of Chemistry. The transition from mossy lithium
to dendritic lithium happens at Sand's time.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ee00767j

Open Access Article. Published on 29 July 2021. Downloaded on 11/9/2025 8:32:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

electron microscopy (TEM) videos.'® Depending on the over-
potential, they observed two growth modes. Low overpotentials
led to “buds”, which grow from the surface in all directions
(see Fig. 2c-ii). For high overpotentials, root growing whiskers
were observed (see Fig. 2c-iii). The whiskers follow a characteristic
growth scheme. First, the nucleus grows with the square root of
time. Second, the nucleus is pushed away from the root, growing
rapidly in length, but the diameter stays the same. As a third step,
the growth rate decreases. The procedure of fast and slower
growth then repeats randomly while kinks may be formed with
the start of a new cycle (see Fig. 2c-iv). Whisker growth can also be
observed by in situ optical microscopy experiments, as studied by
Steiger et al, but due to the small diameter of whiskers, the
images are governed by diffraction in this case.”

The two growth modes observed at low current densities are
explained to be the result of the competing kinetics of the two
reactions of lithium deposition and SEI formation at the
electrode’s surface.”® The SEI formation plays a crucial role
for the growth mode. For graphite electrodes, it was shown that
the SEI formation depends on the electrode potential.***”
Consequently, it is expected that the SEI formation depends on
overpotential.*® At low overpotentials, the SEI grows slowly, and
lithium-ion transport through the SEI is fast. The lithium metal
deposit is covered by a very thin SEI, which does not provide
much mechanical resistance to growth. As a result, the lithium
metal can grow in all directions pushing the thin SEI forward.
At higher overpotentials, on the other hand, the SEI forms
rapidly, and a thick SEI will cover the whole electrode surface.
In this case, eventually, whiskers form. The favored growth
mode is thought to depend on many different factors, such as
operating conditions or details about the electrolyte. It is also
subject to theoretical works.*’

The formation of whiskers is understood to be a stress
relaxation process similar to tin whiskers known from lead-free
soldering, as illustrated in Fig. 2¢.’*®' There, whiskers are
formed due to compressive stress.>” In the case of lithium, stress
builds up if lithium is inserted underneath a SEI, which does not
strongly deform or break. At weak points, the SEI cracks and
lithium is pressed out of the bulk. This opens a way to relief the
stress by pushing lithium in whisker form through the crack.
Lithium atoms move to the weak point due to the high atomic
mobility of lithium and fast processes for grain boundary
diffusion.>® Wang et al. investigated the role of internal stresses
during lithium plating by evaluating a soft substrate against the
commonly used copper substrate.>* They found that plating on a
soft substrate strongly mitigates lithium whisker growth, and
that, instead, the soft substrate wrinkles. This is understood
as a stress-releasing mechanism that lightens the internal stress
in lithium and lowers the driving force of whisker growth.
Thus, a softer substrate is expected to allow for improved stress
release.

Recently, cryo-TEM techniques were applied to study the
morphology of lithium in its initial stages. Xu et al. observed
crystalline whisker-like lithium deposition for all applied
current densities in organic carbonate-based electrolyte, in
good agreement with the finding that morphological
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inhomogeneities arise from whisker formation.** This is in
contrast to findings from Wang et al that an additional amor-
phous, sheet-like morphology for lithium occurs at low current
densities.>® The amorphous Li structure changed to more crystal-
line and whisker-like structures for longer deposition times and
higher current densities in a disorder-order phase transition. The
seemingly contradictory results motivate a deeper look into the
initial stages of whisker formation.

Whisker growth also occurs for other electroplated metals,
e.g., tin, cadmium, and zinc.’*® These whiskers are single
crystals growing from the base.>” However, the situation there
is slightly different than for electroplated lithium. High-aspect-
ratio whiskers are reported to grow to considerable lengths
when storing substrates with the electroplated metal for long
periods. As the whiskers could carry large enough currents to
induce short circuits, whisker growth is a problem in micro-
electronics. Research focuses on the long-term formation of
whiskers in contrast to lithium whiskers, which grow in the
early stages of electrodeposition. The density of whiskers is
much larger for plated lithium as well. Still, lithium whisker
growth could be related to other metal whiskers. Although
whisker growth is not fully understood, the general consensus
is that there are necessary conditions for it to occur, such as (1)
in-plane compressive stress gradients as a driving force for
growth, (2) a fast self-diffusion mechanism for matter transport,
and (3) limited surface diffusion, i.e., by a passivating surface
layer.>® As stated, there is evidence that lithium whiskers
originate from the same underlying features.'®>>** The much
earlier nucleation and fast growth of lithium whiskers could
be related to a lower activation energy for self-diffusion of
lithium, as lithium has the comparably lowest melting point
(180.5 °C).6*°! 1t is worth noticing that lithium creep is expected
over a wide range of battery conditions.®>®" The surface passivating
layer is assured by the SEI. While for example tin whiskers are
covered by oxide layers, the SEI covering lithium is inhomogeneous
in composition, and this will certainly also influence lithium
morphology. As the whisker nucleation seems to correlate with
surface defects, a mechanically less stable SEI would explain a
higher density of lithium whiskers. Sodium metal anodes also
suffer severely from whisker growth,*”** where sodium has an even
lower melting point than lithium (97.8 °C). As lithium research is
ahead of sodium as anode material, understanding lithium
whiskers would also contribute to the future development of
sodium metal batteries.

From the comparison of lithium whiskers to other metal
whiskers, many research questions arise that upcoming
research could address. For tin whiskers, the formation of
intermetallic compounds leads to volume expansion and stress
build-up.>® What are the contributing factors to the stress
build-up for lithium? For tin whiskers, the grain boundary
structure underneath the whiskers is known to be prominently
V-shaped. While Rulev et al. studied the role of grain boundaries
concluding that lithium flows through the grain boundaries to
the base of shallow grains pushing these grains upward,> a clear
link to whisker formation is still missing. Does the grain
boundary diffusion provide the atom transport to the whisker
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root, are other creep mechanisms important, or is lithium
preferentially deposited at the whisker root?

Similar whisker-like and mossy morphologies of plated lithium
are also reported for lithium-ion batteries,®>®® suggesting a
universal underlying growth principle. There, lithium electrode-
position on the carbon anode can occur as an unwanted side
effect under harsh conditions. This effect, known as plating,
enhances the inhomogeneity of electrode structures so that
plating should be avoided in lithium-ion batteries.

In literature, there also exist other views on whisker formation.
Thermodynamically, electrochemical deposition is closely related
to the adsorption/desorption energies of ions at surfaces.®”
Surfaces with larger areal packing densities tend to exhibit lower
surface energies.”” Magnesium metal batteries are often
considered dendrite-free or less prone to dendritic growth.®®
According to density functional theory (DFT) studies, the free
energy differences between high and low dimensional phases are
greater for Mg than for Li, resulting in preferable 2D and 3D
growth of Mg compared to 1D growth of Li.*>”° However, research
has proven Mg dendrite growth in various electrolytes.”"””> Note
that DFT results have to be interpreted carefully, as DFT addresses
the equilibrium physics at the lowest length scale and cannot
account for out-of-equilibrium dynamics. As mentioned above, in
transport-limited scenarios, dendrite formation is anticipated
independent of the electrodeposited metal. Thus, it is important
to report the applied current densities and to estimate whether
the system is transport limited when reporting dendritic growth.
Nevertheless, the surface properties of Mg crystals can have a
huge impact in mitigating whisker-like structures when the
system is not transport limited. Note that with the high melting
point of magnesium (650 °C), plastic deformation due to creep is
not anticipated at room temperature.

To conclude, the morphology of lithium mainly depends on
the applied current density. Dendrites only occur if the current
density surpasses the diffusion-limited current density at
Sand’s time, which seldom occurs in lithium-ion batteries.*°
In standard scenarios using conventional electrolytes, mossy
lithium occurs, which should not be called dendritic. Mossy
lithium is macroscopically reaction limited® and consists of
individual whiskers.?”** The lithium deposits grow either as
buds by surface growth or as whiskers from the root. Root
growth is probably a stress relaxation mechanism induced by
large compressive stress, which evokes the need for inter-
disciplinary efforts to understand and mitigate the problem.
A precise theoretical explanation of whisker growth would
greatly add to the fundamental understanding of metal whiskers,
not only for lithium. As the macroscopic reaction limitation is
governed by lithium-ion transport through the SEI, the interfacial
design is crucial for lithium metal anode operation and will be
discussed in Section 3.

2.3 Formation of dead lithium and strategies towards 2D plating

Denderites are often described as a fatal safety risk for rechargeable
lithium metal batteries. As discussed before, however, the
practical use of lithium metal is much more hindered by mossy-
like, porous lithium growth. During long-term cycling, porous
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lithium can grow through the cell and lead to a cell short in rare
cases. On shorter time scales, the structural inefficiencies always
lead to capacity loss because of (1) an enlarged anode surface,
which leads to an increased lithium and electrolyte consumption
due to SEI formation, and (2) electrochemically inactive lithium
evolving during stripping, which is either disconnected from the
current collector or only connected through the electronically
isolating SEI. Fang et al. performed detailed studies about the
quantification of both contributions and concluded that SEI
formation is the most important capacity fade factor for very high
Coulombic efficiencies, while inactive lithium, commonly referred
to as ‘“dead lithium”, is the dominating factor for Coulombic
efficiencies below 95%.”° Experiments applying in situ optical
microscopy show that inactive lithium evolves as whole structures
disconnected from the current collector,’®? lithium needles are
not completely dissolved, and a portion of lithium remains
entrapped in the shell of the SEL.>>*® To compensate for the loss
of active lithium, pits are formed,? after the reversible part of the
new deposits is stripped. The pits act in the following cycle as
preferred nucleation spots and enhance the growth of mossy
lithium.”® During cycling, a porous layer of inactive lithium can
accumulate. This increases the overpotential and slows down the
lithium-ion transport in the liquid electrolyte.”* Higher stripping
current densities result in less inactive lithium, as illustrated in
Fig. 2d.***" Tewari et al argued that with low overpotentials
during stripping, the process is reaction limited, leading to
lithium stripping at preferential points, disconnecting other parts
from the current collector.*>*' Thus, the plating as well as the
stripping current density strongly influences the evolution of the
lithium morphology during cycling. For lithium foils, there is a
need for strategies to realize 2D plating with as few structure-
related inefficiencies as possible to meet the requirements for
practical lithium metal batteries of average Coulombic efficiencies
well above 99.8%. Other research tries to target the inefficiencies
caused by shape change and dead lithium by applying 3D
electrode design principles that minimize shape change
consequences and try to reactivate dead lithium, and will be
discussed in Section 4.

Pulse charging has been proposed as a suitable method to
compensate for diffusion limitations in the electrolyte.”” As the
plating of lithium at practical current densities is reaction
limited, or more specifically limited by the lithium ion transport
through the SEI, pulse charging is not sufficient to render all
inhomogeneities. Rehnlund et al. suggested employing a large
density of initial lithium depositions to obtain a homogeneous
starting point for further plating.”® Following the idea that
large nucleation overpotentials are necessary for large nuclei
densities, this work suggested using low salt concentration
electrolytes to achieve higher overpotentials and an initial
nucleation pulse. Additionally, Rehnlund et al. suggested use
of a pulse charging protocol and a supporting salt that does not
take part in the reduction reaction.”® The nucleation pulse
should lead to instantaneous dense nucleation. With a pulse
charging protocol, larger current densities can be applied with
fewer effects of transport limitations, as lithium ions can
redistribute to regions of lower concentration via diffusion.”
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The low salt concentration leads to a smaller diffusion-limiting
current, so that transport limitations are reached more easily,
and the pulse charging protocol gains importance. The supporting
salt should prevent large local electric fields and thus further
suppress dendrite growth. By cycling a Li||Li symmetric cell and
using SEM imaging techniques, Rehnlund et al. observed
almost no mossy lithium deposition on a micrometer scale
after the first plating.”® Extended cycling showed that the
suggested routine leads to much less mossy lithium growth
compared to the same setup with a higher salt concentration.
The mitigation of mossy lithium should imply less inactive
lithium, and a more even surface should lead to slower SEI
formation. However, for practical use of the applied routine,
accurate determination of the Coulombic efficiency, as well as
full cell tests, are necessary.

Wang et al. suggested an altered pulse charging protocol
for achieving 2D plating.”” They applied an asymmetrical
bidirectional current, meaning that a plating pulse is followed by
a shorter stripping pulse at the same current. Traditional pulse
charging protocols use alternating plating and rest times. With this
charging protocol, they observed a more 2D-like anode surface.
As structural inhomogeneities such as needles occur, they can
dissolve during the applied stripping current, before they evolve
too much and cannot be stripped reversely. During the following
applied plating current, it takes some time before new structural
inhomogeneities nucleate and develop. Thus, the plating current
can be applied for a longer time than the stripping current, while
preserving a 2D structure. However, the energy loss due to the high
stripping current is a major drawback for practical applications.

To conclude, strategies for 2D plating are strongly correlated
with the nucleation of lithium deposits. Not only the plating
current density and the resulting overpotential, but also the
stripping current density influences the reversibility of the
reaction. Likely, an optimized cycling protocol alone cannot
account for the required Coulombic efficiency. As stated before,
SEI strongly affects the nucleation behavior and morphology
evolution of lithium and needs to be optimized as well. In the
case of whisker-like growth of lithium deposits, strategies for
mitigating the internal stress of lithium can be considered to
achieve more 2D-like plating.

3. Electrolyte and interphase

Electrolytes play a critical role for the development of lithium
metal batteries, as in addition to the basic function, the
stabilization of electrode-electrolyte interfaces under aggressive
electrochemical conditions represents a crucial task. The
incompatibility between the extremely reductive lithium metal
and the liquid electrolyte formulations has imposed enormous
challenges for practical applications due to the delicate balance
between the kinetic stabilization of the lithium metal anode and
the thermodynamic stability of the electrolyte. The formation of
the SEI is governed by the reduction of electrolyte via corrosion
reactions involving lithium and (electro-)chemical reactions of
electrolyte components.*"
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3.1 Properties of solid-electrolyte interphase (SEI)

By exposure to electrolyte, in general, insoluble corrosion
products are generated on the surface of the lithium anode
and form an SEI. As frequently stated in Section 2, the SEI is
critical to achieve a stable electrochemical cycling of lithium
metal. The de-solvation of lithium ions occurs at the interface
between the electrolyte and SEI,”® whereas the ionic transport
proceeds within the SEI and ends when the lithium ion is
reduced at the electrode surface. The efficacy and stability of
the SEI depend heavily on its properties, including ionic and
electronic conductivity as well as mechanical properties, which
are determined by the presence and nature of the SEI components
and their relative distribution in this layer.*>”® In line with this,
deep insights and knowledge related to ionic transport properties,
chemical composition, nanostructure, and mechanical strength
of the SEI are crucial for designing long-term cyclable lithium
metal electrodes (see Fig. 5).

3.1.1 Jon transport. Experiments reveal that the SEI is a
mixture of inorganic and organic components forming a porous,
outer, organic layer and a dense, inner, inorganic layer.** Multi-
scale simulations, including first-principles calculations, MD
simulations, kinetic Monte Carlo and continuum simulations
are very useful in silico tools to elucidate the transport mechanism
of lithium ions in the SEL'>*® The SEI nucleation and growth
morphologies are analyzed by modelling transport and reaction
processes considering the different SEI components.® %> The SEI
constitutes a resistance for lithium ion transport between
electrode and electrolyte.*® Anions are immobilized in the SEI,”®
while a combined experimental/theoretical analysis indicates that
lithium ions migrate through the SEL”*%”

Zhang and coworkers convincingly demonstrated the importance
of lithium transport through the SEI for the deposition process.'**®

a) Li* mobility b) nanostructure c) mechanical stiffness
and particle sizes and strength
crystalline’
grains
Li Li Li
metal metal metal
crystalline o
s I Al
~
e
‘
~
\ A
Li Li Li v A
metal metal metal

Fig. 5 Schematic illustration of how the SEI properties contribute to the
lithium metal deposition morphology and how they can positively (top
green boxes) or negatively (bottom red boxes) influence smooth electro-
deposition. (a) High Li* mobility is desirable, (b) small crystalline grain size
allows for more homogeneity, and (c) a stiff and strong SEI (high elastic
modulus and high yield strength) can suppress whisker nucleation by
pressing against lithium protrusions, while a SEI with low mechanical
strength (low yield strength) breaks and allows whiskers to grow into the
electrolyte.
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They present an impressive line of argument: substituting
TFSI™ with NO;™ anions in the electrolyte leads to more LizN
in the SEI, while more Li;N leads to higher ionic mobility in the
SEL The higher ionic mobility corresponds to higher effective
macroscopic exchange current densities for plating/stripping
(as SEI resistance appears as an effective reaction limitation on
the macro-scale). Finally, higher exchange current densities
lead to lower overpotentials at galvanostatic conditions or lower
applied currents at potentiostatic conditions, thus, a more
spherical and less needle-like deposition, as discussed in
Section 2.2.'° For the process of lithium stripping, nano-
voids, caused by the accumulation of lithium metal vacancies,
will form between the SEI layer and lithium.** Under high rate
lithium electro-dissolution or low lithium mobility in the SEI,
the aggregation of voids leads to the collapse of the SEI layer.®°
This induces an inhomogeneity that favors the growth of
lithium whiskers during subsequent plating.

3.1.2 Nanostructure. Apart from low ionic mobility, the
heterogeneity of chemical phases, structural defects, and nano-
morphology of SEI can result in an uneven lithium deposition
or dissolution due to the spatially non-uniform lithium ion flux
through the SEL°® Cui and coworkers used cryo-electron micro-
scopy to study the electro-deposited lithium and to analyze the
structure and composition of the SEI on lithium metal.?®°*
They found a mosaic-like SEI nanostructure with inhomo-
geneously distributed inorganic crystalline components (Li,O
and Li,COj3) in an amorphous matrix (organic polymer formed
by decomposition of the organic carbonate electrolyte). Fast
lithium ion transport occurs through the amorphous matrix, or
more likely at the crystalline-polymer interface. When 10 vol%
FEC is added to the electrolyte, the SEI appears as a multilayer
nanostructure, and Li,O crystalline grains are consistently
aligned on top of the amorphous matrix. As a result, uniform
lithium ion transport can proceed through such multilayer
SEI, and lithium stripping is more homogeneous. As the nano-
morphology of SEI matters, the size of each SEI component is
quite important as well. Lucht and coworkers reported that the
lithium ion transport through the SEI is hindered by the
presence in it of large LiF particles.”® If the size of these
components is small enough, however, the overall lithium flow
field is undisturbed, and the transport through the SEI appears
homogeneous. The difference in component size directly relates
to a uniform lithium flow field and leads to the desired 2D
plating.®*

3.1.3 Mechanical stability. The SEI's instability has been
extensively investigated in the last decades, being the primary
obstacles hindering the use of lithium metal electrodes.®
This is because the lithium plating process is accompanied by
an infinitely large volume expansion. This expansion exerts
stress on the SEI and leads to cracks. As discussed in Section 2,
a SEI with low mechanical strength cannot cope with this
volume change. As a result, cracks form in the SEI and cause
root-growing lithium whiskers due to stress relaxation.
Shen et al. investigated the local stress and deformation
evolvement of the SEI during lithium electrodeposition and
showed that an SEI with a high ratio of organic compounds
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leads to low mechanical strength, unable to accommodate the
high local stress.*> Their numerical analysis shows Young’s
moduli of polymeric (PEO), organic (Li,EDC, LiEC, and LiMC),
and inorganic (LiF and Li,CO3) components in the range from
2.4 GPa to 58 GPa.

Also as noted in Section 2, the SEI can further increase the
effective surface tension of lithium and reduce the tendency to
nucleate high-surface-area lithium. Fan et al. calculated the
lithium suppression ability for different SEI components, such
as LiF, Li,O, and Li,CO;.°* LiF has the highest ability to
suppress lithium whiskers, with a value of 5129 ev A~2.%*
Xu and co-authors performed DFT calculations to understand
the interface stability and the Li whisker suppression capability
of LiF.>® The high surface energy at the Li-LiF interface
improves the lithium ion diffusion, relieves interface stress,
and promotes a uniform lithium deposition. With high
mechanical stability (high adhesion, high elastic modulus,
high yield strength), even a thin SEI layer could effectively
suppress inhomogeneous lithium growth.”®°® Note that it is
untypical for materials to have both, a high elastic modulus and
a high yield strength.

Another concern as a consequence of mossy lithium growth,
is the formation of electrochemically inactive dead lithium
during the stripping process.”” Kramer et al. observed dissolution
of lithium needles by in situ optical microscopy.>® Dead lithium
remains in the electrolyte after lithium stripping. Notably, the SEI
still connects the dead lithium with the substrate and holds it in
place. Thus, we expect the mechanical properties of SEI to play
some role in the formation of dead lithium, too. A stiff SEI might
actually support nucleation of defects in the lithium and favor
dead lithium.

3.2 Conventional electrolytes and their interphases

Chemical constituents of SEI are strongly determined by the
reductive activation of conducting salts, solvents/co-solvents,
functional additives, and impurities present in the electrolyte.
Fig. 6 schematically summarizes the most common SEI
components and their gaseous and liquid by-products
clustered into those that are considered favorable or unfavorable
for 2D lithium plating. In this section, we discuss the fundamental
mechanisms behind the correlation between electrolyte, SEI, and
lithium stripping/plating. Their further elucidation will be a vital
route to rationalize and advance the use of liquid electrolytes in
functional lithium metal batteries.

3.2.1 Solvents and conducting salts. The chemical composition
and morphology of SEI are mainly determined by the nature of
the electrolyte components. Nonaqueous aprotic electrolytes
are generally composed of solutes containing conducting salts
and functional additives dissolved in single solvents or a
mixture of organic solvents/co-solvents, such as esters and
ethers. The conducting salt, as the indispensable component of
each electrolyte, has a profound influence on the electrochemical
performance of each battery. Lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI), lithium bis(fluoro-sulfonyl)imide (LiFSI), lithium
hexafluorophosphate (LiPFg), and lithium perchlorate (LiClO,)
are the most widely used representatives in lithium metal
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batteries."””"*° With respect to solvents/co-solvents, organic Based on the experimental results mentioned above, LiPF

carbonate ester-based compounds are the most commonly with conventional organic carbonate formulations is detrimental
used due to their broad electrochemical stability window, to the lithium metal anode, mainly due to poor passivation with
enabling the coupling of lithium metal with high-voltage this electrolyte. A well-designed lithium metal battery, with a
cathodes. In this family, linear carbonates (e.g., ethyl methyl reasonable amount of lithium metal and electrolyte, only lasts
carbonate [EMC], dimethyl carbonate [DMC], and diethyl for tens of cycles before it consumes all fresh lithium (also
carbonate [DEC]) and cyclic carbonates (e.g., propylene carbonate  known as the “lithium reservoir”)."**'*> Due to the reactive
[PC] and ethylene carbonate [EC]) stand for the two major classes. nature of lithium metal, once the fresh surface is exposed, the
Ether solvents mainly refer to 1,2-dimethoxyethane (DME), tetra- consumption of electrolyte starts. This process is known as an
ethylene glycol dimethyl ether (TEGDME),1,3-dioxolane (DOL), “endless and disappointing” cycle of continuous formation of
and tetrahydrofuran (THF). Fluorinated solvents, with fluoroethy- the SEI, resulting in serious corrosion of the lithium metal
lene carbonate (FEC) as the most effective representative so far, anode, increase of cell impedance, and mossy lithium growth.
are considered to afford LiF-rich SEI layers, enabling high lithium The reduction of electrolyte occurs via electron transfer through
plating/stripping Coulombic efficiency and suppressing inhomo- the poorly passivating SEI.

geneous structures without raising the interfacial impedance. Apart from lithium salts, different solvents are also being
This is explained by their high surface tension, to some investigated. In the case of a single-solvent EC-based electrolyte,
extent.'”’?° Though LiF is viewed as one of the most favorable the main component of the formed SEI is [CH,OCOOLi],.
components of the SEI, as mentioned in Fig. 6, the working By adding a co-solvent, the SEI composition becomes more
mechanism is still under investigation. Apart from the foremen- complex."*® Higher EC content in the electrolyte could impact
tioned possibilities related to facilitating lithium-ion diffusion the generation of more lithium alkyl carbonates and polycarbo-
(through the LiF/Li interface) and excellent mechanical properties, nates in the passivation film, thus enhancing the protection of
some research emphasizes the improvement of the surface the lithium metal anode.'®” However, alkyl carbonates are
diffusion of ions with LiF instead of the ionic conductivity of generally considered as weak SEI components (Fig. 6), as pointed
LiF."*® Recent studies further point out that LiF is a well- out by studies of stability and depletion of different solvents
researched compound, that has low ionic conductivity compared (organic carbonates and ethers) on lithium metal."*®

to the other SEI components, and the viability of LiF as a surface Typically, ether-based electrolytes have higher Coulombic
protector is closely related to its formation rate."*" In LiPFs-based efficiency than organic carbonate-based ones as they are
electrolyte, though a large amount of LiF is always observed, the generally stabler towards electrochemical reduction compared
passivation process is not fast enough to protect the lithium metal ~to commonly used organic carbonates.'*® Moreover, ether-based
surface.”** In presence of FEC, a well-known SEI enabler, cycling electrolytes are reported to generate mechanically strong SEI
of lithium metal cells is improved.'** Interestingly, performance films, mitigating the whisker-shaped deposits.’>'*° However,
results upon LiF addition can be improved by applying different few studies compare organic carbonate and ether solvents with
methods, which will be discussed in Section 4.2. the same salt. This is understandable since the field of
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application for these electrolytes is different. For LiPF, ethers
are not widely used owing to their instability towards the high-
voltage (> 4.1 V) cathodes!” but are extensively used for sulfur-
lithium metal batteries. However, the application of LiPF¢ with
commonly used ethers in lithium-sulfur batteries is limited
because the compatibility between polysulfides and LiPFg is
debatable. For LiFSI and LiTFSI, though organic carbonates
are stable towards high voltage, the anodic dissolution of
aluminum current collectors introduced by these two salts
discourages researchers to investigate the combination of
organic carbonates and low-concentration LiFSI/LiTFSI salts.
Fang et al. recently published a study on commonly used lithium
salts with corresponding solvents.”* For DOL-based electrolyte,
the surface film formed on lithium metal includes ionic species
(CH3CH,0CH,O0Li, HCO,Li, etc.) and oligomers of polydioxolane.
The partial polymerization of DOL via the anionic mechanism
leads to the formation of oligomers, which are insoluble and
adhere to lithium due to the alkoxy (OLi) edge groups."** Due to
the enhanced flexibility of the surface film containing elastomers,
compared to the fully ionic surface formed in other classes of
electrolytes, the SEI is less prone to fracture. Note that the SEI
should not be brittle and have a high surface tension to
reduce nucleation of whiskers.>*** The electrolyte formulation
significantly impacts the composition of the SEI, which further
influences the morphology of the resulting lithium
microstructure."*® Detailed studies of the DOL and DME
decomposition, including reaction pathways and activation
barriers, were reported based on DFT and ab initio MD simulations,
revealing significant changes for the reaction mechanisms with the
increase of the salt concentration."*>

Since ethers are not commonly used in high-voltage lithium
metal batteries, ionic liquids (ILs) are potential candidates for
alternative electrolytes and/or electrolyte components for
lithium metal batteries owing to favorable physicochemical
properties tunable by chemical design of the anion and the
cation. This can be combined in numerous ways to tailor
relevant physicochemical properties thereof and enhance the
compatibility with lithium metal to fulfill the demands of a
targeted application."**™*° In fact, ILs have also been successfully
demonstrated as an interlayer for optimizing the interface
between lithium metal and inorganic solid-state electrolytes,
underlining the stability of the Li/IL-electrolyte interface.®

In general, the optimization of the electrolyte and its
components may significantly enhance the electrode reaction
kinetics facilitated by the enhanced stability and conductivity
of an as-formed SEI. This may mitigate the parasitic reactions
between the lithium anode and the electrolyte, thus alleviating
electrolyte decomposition and by-product generation.'?”*>°
Liquid electrolyte designs are getting exotic, and certain
formulations have shown promising results. However, there
are challenges still to be addressed, such as control of the
mechanical deformation due to the volume variation during
charge/discharge cycles and understanding of the morphology
of lithium influenced by the SEI

3.2.2 Functional additives. In extensive efforts to advance
the overall performance and safety of lithium metal batteries,
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the introduction of functional additives with a sacrificial
decomposition nature has been recognized as a gainful and
cost-effective approach. Present in small amounts (usually up to
5% per volume or weight), functional additives bring about
obvious changes in the lithium metal chemistry and performance.
Many research activities comprising both scientific and engineering
fields in the past decades concentrated on the rational design
of powerful additive species as single, multifunctional and/or
mixtures/blends.”"'>> Several additives are proven to assist an
effective SEI formation (see Fig. 6), enhance the transport of lithium
ions in the resulting SEI layer, and advance its mechanical stability.
As a result of the different SEI formation processes, governed by the
nature of the electrolyte and its components, the composition of
the SEI will be strongly impacted.

Among the combination of different components present in the
SEI, LiF-rich SEI is able to enhance its self-protective capability'> as
well as mechanical stability””'>*'*> and to improve significantly
the stability of lithium electrodeposition,'*® thus enhancing the
reversibility of lithium metal electrodes. Instead of directly
adding LiF into an electrolyte formulation, fluorinated compounds
such as hydrofluoric acid (HF),"””” fluoroethylene carbonate
(FEC),"”®"°  1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropylether
(TTE),'*° 3,3,3-fluoroethylmethyl carbonate (FEMC),'®" 1,1,2,2-tetra-
fluoroethyl-2/,2/ 2/ -trifluoroethyl ether (HFE),"” and 2-fluoro-
pyridine (2-FP)'®* effectively contribute to the formation of an
LiF-rich SEI layer, as do the salts lithium bis(fluorosulfonyl)imide
(LiFsI),'* lithium-cyclo-difluoromethane1,1-bis(sulfonyl)imide
(LiDMSI),*** lithium difluorophosphate (LiDFP),'® lithium hexa-
fluorophosphate (LiPFg),"®® lithium tetrafluoroborate (LiBF,),"®”
and lithium trifluoroacetate (LiTFA)'®® as electrolyte components.
Addition of a controlled trace amount of water (25-50 ppm) as
functional additive for LiPFs-based electrolytes yields a smooth
lithium metal deposition and suppressed side reactions as a result
of uniform and dense formation of an LiF-rich SEL The battery
is thus able to sustain faster lithium cation diffusion across
the electrolyte-electrode interface along grain boundaries.'®"*
The synergistic effect of lithium bisoxalatodifluorophosphate
(LiDFBOP) and FEC as an additive mixture results in a fluorinated
SEI rich in LiF and Li,PO,F,, which can further improve the stability
and ionic conductivity of the SEI for fast Li" transportation."”>

Apart from the functional electrolyte additives contributing to
the LiF-rich SEI, the formation of Li;N as one of the fastest lithium
conductors (with an ionic conductivity of 10 >-10"* S ecm ™) results
in highly effective SEI layers for fast lithium-ion transfer and
lithium deposition."”® The addition of nitrate anions in ether-**
or organic carbonate-based electrolyte,'”* even at very low
concentration, substantially alters the interfacial chemistry and
leads to the formation of a Li;N-rich SEI, thus enabling improved
Coulombic efficiencies and spherical lithium electrodeposition.'”>
Use of LINO; as a functional electrolyte additive enables more
compact lithium plating and markedly lower overpotential
compared to the baseline analogue.”® As a successful alternative,
abundant KNO; positively impacts the reinforcement of the formed
SEI due to the synergistic effect of K" and NO; ™~ ions.'”® Present in
the electrolyte formulation as an additive mixture, LINO; and FEC
will both take part in the solvation shell of lithium ions and form a
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uniform SEI abundant in LiF and LiN,O,, thus resulting in smooth
electrodeposition of lithium and enhanced cycling stability."””
Succinic anhydride (SA) affords the formation of a modified SEI
layer containing lithium carboxylate on the lithium electrode,
which can effectively suppress mossy lithium growth and
electrolyte decomposition.'”® Reacting with trace amounts of H,0
inevitably present in the electrolyte, AICl; is involved in the
formation of an Al,Oj-rich SEI layer, thus preventing undesirable
mossy lithium growth and enabling high lithium stripping/plating
efficiency of the corresponding cells."”® The synergistic effect of
lithium polysulfide and LiNO; in ether-based electrolyte leads to
the formation of an effective and uniform SEI layer with rounded
particle morphology.'®>'®! The functional additive complex Li,S¢-
P,Ss in DME-based electrolyte enables direct formation of an
amorphous single-ion-conducting LizPS, layer, sufficient to
eliminate the ion depletion and strong electric field buildup at
the lithium surface.'®” The presence of the trace functional additive
tetrapotassium heptaiodobismuthate (K,Bil;) in 1 M LiTFSI in
DOL/DME (1:1 by vol) + 1% LiNO; in the electrolyte results in a
robust polycrystalline mosaic-like SEI layer, which yields improved
conductivity that facilitates 2D-like lithium deposition and
significantly enhances the average Coulombic efficiency of lithium
metal anodes.'®

The identification and design of novel classes of functional
additives with high inhibition capability leading to a
controllable passivation layer is one of the most promising
paths to enhance the existing lithium metal batteries. Although
valuable progress has already been made, great advances still
await to be discovered.

3.3 Electrolytes with unique solvation structures

In addition to tuning the composition of the conventional
LiPFs-organocarbonate electrolytes, another effective approach
to modify the SEI formed on lithium is to tune the solvation
structure of the electrolyte.'®**#¢ In the conventional LiPFg-
organocarbonate electrolytes, cyclic carbonate solvents, such as
EC and PC, have a preference for coordinating to Li' ions
compared with linear carbonate solvents such as DMC, DEC,
or EMC (see Fig. 7a).'%7'%8

The Li'~(cyclic carbonate), ion sheathes are surrounded by the
linear carbonates, which act as diluent in the electrolyte system.

4 @ : -, '
A A

Fig. 7
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In these liquid electrolyte systems, the degrees of lithium con-
ducting salt dissociation are usually within the range of 30-80%.
By increasing the lithium salt to a near saturation concentration
or by using a mixture of a solvating solvent and a non-solvating
solvent, the solvation structure of the electrolyte can be signifi-
cantly modified. The resulting electrolytes can be categorized as
high concentration electrolytes (HCEs) and localized high
concentration electrolytes (LHCEs). In these two electrolytes,
the ion sheath is composed of not only Li" and solvating
molecules, but also a significant number of anions. In conven-
tional electrolytes, the anions are considered to play a relatively
weak part in the SEI formation process due to the electrostatic
repulsion between the dissociated anion and the negative
electrode. However, by tuning the solvation structure, the
Li"-anion™ —(solvating solvents),, ion sheath can participate in
the SEI formation process as a whole.'®'*® Consequently, the
SEIs formed in HCEs and LHCEs are composed of a significant
amount of anion decomposition products.'8%'91192

Nie et al. studied the relationship between the solution
structure and the SEI structure.’®® In 1.2 M LiPFs-PC electrolyte,
the coordination number of PC to Li' is 4 on average. The
primary reduction product in the SEI is lithium propylene
dicarbonate (LPDC). At high concentration of LiPF, in PC (3.0
3.5 M), the coordination number of PC to Li" is reduced to 3.
The electrolyte structure is dominated by contact ion pairs (CIPs)
(Li'(PC)sPF; ), and the SEI contains a high concentration of LiF
and a low concentration of LPDC. Qian et al. also observed the
solvation structure difference in ether-based electrolytes with
different concentrations." It was discovered that in 1 M LiFSI-
DME electrolyte a large fraction of solvent molecules is
dissociated, and approximately 60% of the FSI” anions and Li"
cations are uncoordinated. In contrast, only about 3% of the anions
are uncoordinated, and 6% of the Li" cations are fully solvated in
the 4 M LiFSI-DME electrolyte. The majority of the ions exist as
CIPs and aggregate solvates in the 4 M electrolyte. As a result, the
anions react with Li metal and generate a less resistive SEI layer,
which has a greater fraction of inorganic components than that
formed in the 1 M electrolyte. Ren et al. reported that in LHCEs,
FSI™ anions enter the Li" inner solvation shell and the diluent
molecules of 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
(TTE) are outside the solvation sheath.' The anion incorporation

Potential window

b Conductivity

Viscosity

Cost Safety

(a) Solvation structures in conventional electrolyte, highly concentrated electrolyte (HCE), and diluted concentrated electrolyte denoted localized

high-concentration electrolyte (LHCE). In HCEs, the Li cation coordinates with anion and solvent molecules, which plays a major role in interfacial
processes. In LHCEs, the Li ion-anion-solvent complexes are maintained but segregated by an inert solvent called diluent, which is added to reduce the

electrolyte viscosity. (b) Spider web chart of electrolyte properties of conventional electrolyte, HCE, and LHCE. Reproduced with permission.
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can be assigned to the scarcity of the solvating molecules in LHCE.
Because the diluent solvent in LHCE has very weak coordination
ability, the introduction of diluent does not increase the
coordination solvent for LiFSI. Therefore, the majority of LiFSI is
not dissociated, and the anions are incorporated in the solvation
sheath. There are more FSI™ anions in the Li" solvation sheath in
the LHCESs than those in the HCEs. This solvation sheath structure
can promote the reactions between FSI” and lithium metal.
Consequently, the SEI layer in the LHCE has higher F atomic ratio
and lower C atomic ratio. Based on the previous evidence, it can be
concluded that by tuning the solvation structure, the anions are
activated in the SEI formation process.

The participation of anions results in significantly changed
SEI properties. The SEIs formed in HCEs and LHCEs are
generally considered to be ionically more conductive.'8>*%*
The reason can be partially attributed to the formation of
highly ionically conductive species such as Liz;N and Li,S in
SEL.'%>'7® Moreover, SEIs formed in HCEs and LCHEs are also
confirmed to have a unique structure. As revealed by the latest
investigation by Cao et al., SEI formed in a typical LHCE
exhibits a monolithic amorphous structure, being intrinsically
different from the classic layered SEI model."®* Furthermore,
SEIs formed in HCEs and LCHEs also offer better protection
against solvent corrosion. As revealed by Yamada et al., metallic
lithium exhibits extraordinary chemical stability against the
electrolyte after adopting the HCE concept.'®*

With this, it can be concluded that manipulating the structure
of the solvation sheath represents a very effective strategy to
control the decomposition products at the lithium-electrolyte
interface. This strategy, in turn, prominently influences
the composition, structure and, consequently, the properties of
the SEL

4. Electrode design

Apart from the governing mechanisms of metal deposition
discussed in Section 2, repeated volume change during cycling
should also be taken into consideration when studying cell
designs. Due to the rapid reaction between the electrolyte and
lithium, the growth of porous lithium, e.g., mossy lithium,
introduces a huge volume change. Apart from the in situ formed
interphases as presented in Section 3 related to electrolyte
design, the application of artificial interphases provides a
suitable route towards stabilized lithium metal/electrolyte
interfaces. Meanwhile, besides the chemical properties of the
interphase, the mechanical properties could also be improved.
In addition to a stable interphase, the change of volume can be
counteracted by offering a “constant-volume” skeleton for
lithium deposition.

An important question that needs to be answered before we
think about potential cell designs is: From an engineering
perspective, do the cells die because of the formation of
dendritic lithium structures at certain current densities,**® or
do they fail because of the mechanical deformation of the
separator (due to repeated volume changes) finally letting

This journal is © The Royal Society of Chemistry 2021
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lithium to pierce through?'*” If the answer lies in the former,
cell designs should focus more on the deposition kinetics to
adjust the mass transfer processes at the interface. If the latter
one is correct, that means a ‘“‘constant-volume” skeleton is
indispensable for lithium metal cells, unless the thermodynamic
properties of lithium metal or electrolytes could be tuned to
make them compatible with each other. Representative studies
on the modification of lithium metal cells will be discussed in
the following sections.

4.1 Lithium alloys and lithium-free anodes

Conventional lithium foil electrodes suffer from drastic volume
changes during the repeated metal plating and stripping
process. This behavior is rooted in the thermodynamic incom-
patibility between liquid organic electrolytes and lithium metal.
Due to the reactive nature of metallic lithium, decomposition of
electrolytes on fresh deposited Li is inevitable. Therefore,
instead of pure lithium, lithium alloys, or lithium-free anodes
functioning with an alloying mechanism, have been introduced
in beyond lithium-ion batteries, including lithium-sulfur and
lithium-air batteries.’®”'*® Great success was observed with
Al-Li*®® and other combinations, including In, Zn, Bi, As, and
others.?*®?°" As shown in Fig. 8a, an additional metal cation
could be added to the electrolyte to form an alloy.>**> Adding
supporting metal sources in the electrolyte has been examined
in plating multivalent metals such as magnesium.>*?
Liang et al. observed that by immersing a lithium foil in a
metal chloride-containing electrolyte, the lithium foil can be
protected by an in situ formed Li-alloy layer and an electro-
nically isolating LiCl layer forms as a by-poduct.>*® Another
route of alloying is by applying lithiophilic metal substrates, as
shown in Fig. 8b. The application of lithiophilic metals such as
zinc and gold offers a beneficial effect on the reversible lithium
deposition.>®* The corresponding alloys LiZn and Li;sAuy,
which are formed before lithium metal is deposited, do not
serve as a passivating layer, but as they lower the overpotential
of lithium deposition underneath themselves, they yield a
smooth and homogeneous lithium deposition. Lithiophilic
metals can be coated on copper substrates®®® for the use of
lithiated cathode materials and on the surface of lithium metal
by means of sputter coating®®* to enable the use of non-
lithiated cathode materials (or simply to maintain a certain
lithium reservoir to balance a non-ideal Coulombic efficiency).
The advantage of applying such anodes is that unfavorable
thermodynamic properties can be adjusted. However, lithium-
free anodes require very high Coulombic efficiencies since
there is no excess of lithium that can buffer the irreversible
losses. ®®2% Otherwise, a pre-lithiation process, such as forming
a lithium-excess alloy before cycling, is needed to compensate
the lithium loss during the formation of SEI and cycling.>*”%%

Furthermore, recent studies show substantial differences
between the reductive electrolyte reactions on lithium and
copper surfaces. While these reactions typically form SEI on
lithium, preventing further decomposition, copper surfaces
have been observed to remain reactive. In the case of copper
current collectors only partially covered with lithium metal, the
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Fig. 8 Schematic illustration of lithium free anodes with lithium alloy formation. The alloy may form (a) by introducing an additive metal cation to the

electrolyte, or (b) by alloying with a different metal substrate.

electrolyte reactions on the copper surface lead to an ongoing
corrosion of lithium.>**>**® This indicates that the copper
current collectors might have a strong impact on the Coulombic
efficiency, especially during the first electrodeposition step.
Similar phenomena are also anticipated in Al-Li, Si-Li, and
other alloys. Moreover, though the reactions between electrolytes
and alloying anodes are supposed to be milder, enormous
volume change seems to be a universal problem of most anodes
based on the alloying mechanism. It is reasonable to believe that
completely different or even more complex interphases and
interfacial behaviors may be introduced by anodes based on
alloying mechanisms.

4.2 Artificial interphase design on lithium metal anode

Among all cell designs, the artificial interphase is the most
diverse one. Forming an interphase between electrode and
electrolyte before cell assembly is a promising way to extend
cycling lifetime by utilizing cell design.”’* In lithium metal
batteries, artificial interphases are typically either polymeric or
inorganic in nature, though there are also some examples for
composites. The overarching goal of using these coatings at the
anode is to decouple the SEI formation from the electrolyte
chemistry. This has the potential to ease design constraints on
the electrolyte and allow for much more precise control over the
ion transport and surface interactions at the electrode-electrolyte
interface. In addition, it offers regulation of the mechanical
property of the interphase.

A number of different polymers have been used as artificial

lithium metal interphases, including soft siloxanes®'* and
supramolecular polymers,”*® fluoropolymers,** polymers with
216-219

intrinsic microporosity,”*® and lithium-containing ionomers.
While many of these studies have revealed improvements to the
lithium deposition morphology and increased cycling lifetimes,
there remains significant work to be done to understand the
origins of these performance improvements. To date, two studies
have systematically explored the effects of polymer properties on
the lithium electrodeposition process. Both of these studies, one
using a classical nucleation model**® and the other using linear
stability analysis,”*" find that the interfacial energetics described by
the polymer surface energy and modulus, together with the lithium
transport described by the polymer dielectric constant, ionic
conductivity, and transference number control how lithium
deposits on the surface. High interfacial energy promotes smooth
lithium surfaces and can be obtained either through high modulus
or low surface energy or a combination of both. Fast and selective
lithium transport through the artificial interphase prevents

5302 | Energy Environ. Sci., 2021, 14, 5289-5314

depletion of Li" near the electrode-electrolyte interface and further
promotes smooth lithium deposition. With these findings, it is now
becoming possible to rationally design polymer coatings for high-
performance lithium metal batteries.

Inorganic artificial interphase layers have also been studied
due to their well-defined nature and high mechanical strength.
Some examples of inorganic interphases include alumina,**
Li;PO4,*** and lithium-rich antiperovskites.*** Among inorganic
coatings, lithium fluoride has been identified as a key SEI
component and so has become the most popular target for
synthesis (see Section 3.1). Deposition of LiF coatings has been
demonstrated by flowing a F-containing gas over a lithium metal
surface’* or through atomic layer deposition (ALD).”*® Recent
work has found that ex situ-formed artificial LiF interphases do
not enhance cycling stability in the same way as in situ-formed
LiF-rich SEI does, because they will be broken down during
cycling and cannot be repaired by reaction of the fresh lithium
surface with the electrolyte,"*" as depicted in Fig. 9. This
indicates that the intrinsic properties of LiF may not be as
important as the holistic stability of SEI (artificial or otherwise).
Specifically, the interphase must not form cracks or pinholes
during lithium deposition and promote selective transport of Li"
to the electrode to prevent further electrolyte decomposition.

Overall, the design of a polymeric and inorganic artificial
interphase on a lithium metal anode could suppress the
formation of inhomogeneous lithium deposition by changing
ion diffusivity, surface energy, and mechanical strength, among
other factors. The idea is very close to the liquid electrolyte
formulation design. It is of high importance to point out
that the in situ-generated SEI components from electrolyte
decomposition may show different results in terms of cell
performance than the preliminary addition of these components
on top of the lithium anode via other techniques. The observed
contradictory results require continued investigation into the
overall properties of artificial SEI, including but not limited to
chemical composition, crystal structure, and mechanical contact
between interphases.

4.3 Framework design for lithium metal anode

Apart from modifying the thermodynamic or interfacial properties
of the lithium electrode, the use of a smartly designed framework
for the lithium deposition is another effective route towards stable
cycling of lithium metal. Conductive or non-conductive skeletons
not only potentially lower the local current density, but also
constrain the volume changes. However, fundamentally speaking,
phase separation could happen depending on the depth of
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Fig. 9 Schematic illustration of an (a) ex situ formed SEI and (b) in situ formed SEI, and the difference after plating Li. Both ex situ and in situ formed SEI|
can rupture when lithium is deposited inhomogeneously. In (a) the ex situ SE| is irreparably damaged, and a different SEI will form (omitted), while in (b)

the in situ SEI can at least partially heal.

cycling, especially when electron-conducting frameworks are
used. That means, in the long run, the conductive framework
and deposited lithium can detach due to the preferential
deposition of lithium on the lithium surface. It is necessary to
evaluate the parameters, e.g., interfacial activity, that could
possibly postpone or prevent the phase separation to meet
practical requirements.

As shown in Fig. 10a, lithium prefers being deposited on top
of a copper framework instead of on the current collector due to
the negligible difference in interfacial activity between the
copper current collector and the copper framework. Therefore,
the rational design depicted in Fig. 10b, in which lithium
deposits easiest at the bottom but harder on the top, has been
introduced to form a bottom-up growth of lithium metal. Apart
from traditional framework designs, Liang and coworkers
introduced a novel electrode design enabling the growth direction
horizontal to (and inside) the lithium composite electrode,**® in
contrast to the traditional growth of lithium perpendicular to (and
only on the surface of) the lithium chip. In their work, a composite
lithium electrode was fabricated via a rolling-cutting method in
which a layer of lithium foil and a layer of polymer strip were
rolled into a cylinder. Subsequently, the as-made cylinder was cut
into round disks. As a result, the growth direction of lithium is

a Uniform interfacial activity Top growth

>

> |

Li plating

Fig. 10 Growth of lithium metal on the framework with (a) uniform
interfacial activity and (b) interfacial activity gradient. The figures are
reproduced from ref. 231.2%7
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horizontal to and inside the lithium composite electrode when
the cycling conditions are well controlled.

In terms of local current density, high-surface-area lithium
is preferentially formed during the fast charge transfer process.
Therefore, further lowering the local current density and allowing
charge re-distribution are beneficial to form a more uniform
plating layer. Conductive frameworks are extensively used to
increase nucleation sites and enlarge the surface area.””® As a
strategy to flatten the lithium electrodeposits, Zhang et al
employed a nitrogen-doped graphene matrix as the current
collector.>® The nitrogen-containing functional groups in the
matrix are lithiophilic and lead to a homogeneous lithium
deposition. A more stable cycling behavior was observed for a
nitrogen-doped graphene current collector than for a copper
current collector. This was attributed to a smaller local current
density due to an enhanced surface area and to a better wettability
of lithium on the nitrogen-doped graphene matrix. Use of lithium
powder is another method that effectively reduces local current
density by the increase of surface area and nucleation sites.>*°
Carbon is another conducting host structure for lithium. Hu et al.
proposed a sponge-like host material formed by three-
dimensional (3D) carbon nanotubes (CNTs) for lithium metal
anodes, showing good electrochemical stability.”>' They took
advantage of the high specific surface area in CNTs, which
enables a homogeneous charge distribution for lithium. Yuan
et al. applied carbon-capsuled soluble alkali metal fluoride and
insoluble transition metal fluorides as a skeleton. Apart from
being a framework of lithium, mixed metal fluorides release
fluorine elements to form stable SEI, which further lowers the
charge transfer resistivity.”*> A combination design of interfacial
activity and cage was also introduced.”®* Lithium metal can be
plated inside a carbon cage embedded with gold nanoparticles
due to its lower nucleation overpotential. The carbon cage not
only provides a volume to hold the electrode in place during
plating and stripping, but also acts as an artificial surface layer.

The advantage of applying frameworks to lower the local
current density and suppress electrode volume change is
pronounced. During the initial cycling, deposited lithium has
a smoother surface and is accommodated in the 3D skeleton.
However, phase separation should always be taken into
consideration when electronic conducting frameworks are used.
Depending on the depth of cycling, detachment of the
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