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Lithium metal batteries possess remarkable energy storage capabilities, but their commercial realization
is hindered by challenges in controlling the reactivity of lithium. Interfacial engineering has emerged as a
promising strategy for addressing lithium reactivity. In this article, we discuss several key interfacial
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Accepted 11th November 2023 tor interfaces. We examine these commonly employed interfacial engineering methods and highlight
unresolved questions crucial for advancing the understanding of lithium reactivity. Our discussion high-

lights the potential of interfacial engineering tools to enhance our understanding of and overcome the
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Introduction

Society’s accelerating shift towards renewable and intermittent
energy technologies necessitates the use of dependable energy
storage systems. While lithium-ion batteries (LIBs) are often
used for this purpose, the search for alternative energy storage
technologies with higher capacity is becoming increasingly
crucial as we approach their theoretical capacity limit."?
The lithium metal anode, with a high gravimetric capacity of
3860 mA h g™, presents opportunities for significant capacity
enhancements over LIBs. However, the deployment of lithium
metal batteries (LMBs) is hindered by the instabilities asso-
ciated with lithium metal.>* Specifically, the strong reducing
ability of lithium causes its reaction with battery electrolytes,
resulting in poor capacity retention over extended battery
cycles. Additionally, the poor control of lithium growth on the
copper current collector used in LMBs promotes inhomoge-
neous Li microstructures commonly known as dendrites, which
pose safety hazards.

Numerous strategies have been employed to address the
instabilities of lithium metal batteries, and some of the most
successful ones are based on interfacial engineering.”” Inter-
facial engineering schemes stabilize the Li-electrolyte and
Li-copper interfaces by decreasing lithium metal reaction dur-
ing battery cycling. These interfacial engineering approaches
include the molecular engineering of liquid electrolytes, the
design of artificial solid electrolyte interphases (a-SEIs), and the
modification of the copper current collector upon which
lithium grows. Each of these strategies addresses the interfacial
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challenges associated with lithium reactivity.

instability of lithium metal in a specific way. First, in molecular
engineering of electrolytes, the electrolyte is designed to react
with Li and form species that prevent further Li-electrolyte
reactions. The species that form from electrolyte decomposi-
tion and remain at the Li-electrolyte interface are referred to as
the solid electrolyte interphase (SEI).*>° In the second strategy,
a-SEIs are formed before battery assembly to serve as protective
layers that isolate Li from the electrolyte."®'! In the third
strategy, copper modification is carried out using materials
that control the growth of Li microstructures and reduce the
extent of Li reaction with the electrolyte.’>'* Copper modifica-
tion is a relatively new approach to interfacial engineering,
possibly due to its indirect role in regulating lithium reactivity.
While each of these interfacial strategies has significantly
contributed to the improvement of lithium metal batteries,
questions about their working mechanisms, failure processes,
and design principles still need to be addressed for the lithium
metal anode to achieve commercial efficacy.

In this perspective article, we present some concepts
required for advancing interfacial engineering of lithium metal
anodes along each of the three strategies — SEI manipulation
through molecular engineering of electrolytes, the design of a-
SEIs, and the modification of the copper current collector.
Under each interfacial engineering strategy, we discuss the
underlying fundamental principles, highlight some of the
major discoveries within the approach, and present some
unresolved questions that are crucial for further advancement.
We pose several unanswered questions and provide discussion
from a surface science perspective, enabling readers to under-
stand these systems and formulate additional questions.
Finally, we conclude with an outlook on interfacial engineering
for lithium metal anodes by discussing opportunities for syner-
gies across the common interfacial engineering thrusts, the
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importance of understanding interface evolution, and the need
for a fundamental understanding of the mechanistic under-
pinnings of existing strategies. While other promising methods
for stabilizing alkali metal batteries have been discussed in
excellent perspective and review articles,"*"” our focus in this
article is on interfacial engineering. This choice stems from the
intriguing and yet unresolved scientific questions that inter-
facial engineering presents.

The Li—electrolyte interface

Controlling the Li-electrolyte interface is essential for stable
battery operation due to the (electro)chemical instability of Li.
Li is a potent reducing agent, which means it quickly reacts
with most liquid electrolytes.’ This reaction leads to the loss of
active Li and electrolyte, and if left uncontrolled, could result in
battery failure caused by the complete consumption of active
Li or electrolyte. To prevent these undesirable reactions at the
Li-electrolyte interface, two methods aimed at creating a
stabilizing interface between the Li and the electrolyte are
commonly employed: SEI design through molecular engineer-
ing of electrolytes, and the design of a-SEIs.

SEI design through molecular engineering of electrolytes

Conceptual framework. The reaction of Li with liquid elec-
trolytes forms an SEI, a solid barrier layer that resides at the
Li-electrolyte interface.” The SEI controls the extent of Li-
electrolyte reactions and dictates the transport of Li ions
towards the cathode and anode during battery cycling. To
ensure that the Li-electrolyte reaction is self-limiting, the SEI
should ideally be electrically resistive to prevent the transport
of electrons from Li towards the electrolyte, non-porous to
prevent infiltration of electrolyte towards Li metal, and
mechanically robust to prevent cracks that could expose Li
metal to the electrolyte. In addition to these characteristics, the
SEI should be ionically conductive to ensure that Li ions shuttle
across battery electrodes easily during cycling, and homoge-
nous to ensure that the transport of Li occurs uniformly across
all its domains (Fig. 1a). These SEI properties are usually
achieved by tuning electrolyte salts and solvents and introdu-
cing additives into electrolytes (Fig. 1b). Here, we will highlight
the key trends and findings in SEI design by electrolyte engi-
neering. Rather than offering an exhaustive list of all electrolyte
engineering efforts, we refer the reader to excellent reviews for a
more extensive discussion on this subject.®*%?

Key approaches to date. First, the use of additives for SEI
design involves the preferential decomposition of additives into
favorable SEI species. This preferential decomposition occurs
due to changes in electrolyte species distribution or their
corresponding decomposition voltage. Some of the common
additives are fluoroethylene carbonate (FEC)*°">* and lithium
nitrate (LiNO;).>*">® FEC changes the solvation structure of Li
ions in electrolytes due to the electron-withdrawing property of
fluorine (F). Due to this behavior of F, FEC has been shown to
preferentially decompose into LiF, an SEI component that is
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mechanically stable, electrically resistive, and ionically conduc-
tive.””2° Several reports have shown that the incorporation of
FEC into electrolytes improves the long-term cycling stability
of the lithium metal anode.**"2* More importantly, the extent of
reversibility of lithium deposition, referred to as Coulombic
efficiency (CE), increases in the presence of FEC, suggesting
that it reduces the extent of parasitic reactions between Li and
the electrolyte. A similar strategy is employed with LiNO; as an
additive. LiNO; has a high decomposition potential,*® indicat-
ing its tendency to decompose at potentials higher than the Li/
Li" redox potential. More importantly, LiNO; decomposes into
species like Li,O and LizN, which are considered beneficial for
the SEI because of their mechanical robustness and high ionic
conductivity.*** As a result, LiNO; is used as an additive
for the formation of stable SEIs in many electrolyte mixtures,
the most common of which is the 1 M lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) in 1:1 v:v 1,3 dioxolane and
1,2 dimethoxyethane mixture.

Another strategy for controlling the SEI involves changing
salt chemistry and concentration. This approach aims to pro-
mote Li'-anion coordination and induce the formation of
favorable SEI species, such as LiF, Li;N, and Li,O at the Li-
electrolyte interface while preserving bulk electrolyte transport
properties. Over the years, there has been a systematic shift
from salts like lithium hexafluorophosphate (LiPF,) and lithium
hexafluoroarsenate(v) (LiAsFs) to salts like lithium bis(fluoro-
methanesulfonyl)imide (LiFSI) and LiTFSI, which decompose into
LiF, Li;N, and Li,0.'** Other salts that have been used with some
success include lithium difluoro(oxalato)borate (LiDFOB) and
lithium tetrafluoroborate (LiBF,) because they also decompose
into species that are associated with improvements in lithium
metal performance.>**> However, the benefits of changing salts
are often hindered by the presence of organic solvents that react
with lithium to form unfavorable SEI compounds.*® To circumvent
this challenge and preserve the benefits of modifying salt chem-
istry, salt concentration is usually increased to raise the likelihood
of salt/solvent decomposition.>”*® Essentially, by populating the
electrolyte with more salt species, the immediate solvation
environment of Li" is predominantly occupied by anions, resulting
in the decomposition of those anions into favorable SEI species
after lithium deposition. Furthermore, combinations of salts in
high and low concentrations are also employed to obtain syner-
gistic Li-passivation benefits.>**

Finally, electrolyte solvents have also been molecularly
tuned for improving the passivation of lithium. Solvents are
usually modified to improve SEI chemistry via two routes,
namely: the addition of elements like fluorine that react with
Li to form favorable SEI species such as LiF, and by molecular
changes that impact the solvation of Li" ions. Some of the
notable efforts have involved the introduction of new fluori-
nated ethers that coordinate weakly with Li’, resulting in Li"
coordination environments that are rich in anions, yielding
preferential decomposition of anions, and ensuing formation
of favorable SEI species.’>*® Similar changes in Li* solvation
and SEI chemistry have also been achieved using non-
fluorinated ethers like diethoxyethane and tert-butyl ether,

Energy Adv, 2024, 3,108-122 | 109
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Fig. 1 SEl design through electrolyte engineering: (a) SEI location and ideal properties in a lithium metal battery. (b) Depiction of SEI formation from the
decomposition of electrolyte components. (c) Correlation between SEI composition (expressed as % composition of O, F, or C) and CE in a sample of
electrolytes (linear correlation for each component is calculated and denoted as p). The data in (c) are from Table 1. (d) Correlation between SEI elemental
ratio and CE in a sample of electrolytes. (e) Weak correlation between SEI thickness and CE in a sample of electrolytes (data from Table 2).

which also coordinate weakly with Li*.">*' Another strategy for

promoting favorable SEI species is to use solvents that promote
clusters of highly concentrated cation-anion pairs. The work-
ing principle behind these solvents is that they dilute electro-
lytes without participating in Li" solvation, resulting in
electrolytes that are referred to as localized high concentration
electrolytes (LHCEs).**** Because LHCEs accentuate Li*-anion
coordination, they promote anion decomposition even at low
salt concentrations. Some of the commonly used solvents in
LHCEs are 1,1,22-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether and bis(2,2,2-trifluoroethyl) ether.

Unresolved questions to date. One of the most pressing
issues in SEI design is understanding the connection between

10 | Energy Adv, 2024, 3,108-122

the presence of LiF in an SEI, improved lithium passivation,
and the subsequent increase in CE. An examination of litera-
ture reports of 10 electrolytes used in lithium metal batteries
reveals that LiF was identified in the SEI of each one, i.e., across
each electrolyte and across differing performances that ranged
from 95% CE to 99.5% CE (Table 1). This finding is not
surprising since most of the salts used in LMBs contain
fluorine and decompose into LiF when in contact with Li metal.
Yet, beyond the consistent presence of LiF across the electro-
Iytes, there is no strong linear correlation (pg = 0.43) between
CE and the quantity of fluorine in the SEI (of which the majority
can be attributed to LiF as indicated by the X-ray photoelectron
spectroscopy (XPS) data in the analyzed literature reports) (Fig. 1c).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 SEI composition for different electrolytes with varying CEs. All
SEls listed here contain LiF

Index  Electrolyte CE  SEI F%®  SEI C%®  SEI 0%  Ref.
1 97.3 6.94 13.94 79.12 46
2 99.2 8.85 12.24 78.91 46
3 99.1 4 16 80 42
4 99.3 4 17.8 78.22 42
5 98.16 7.69 53.85 38.46 40
6 99.04 12.12 30.3 57.58 40
7 99.02 13.46 32.69 53.85 40
8 99.38 11.11 44.44 44.44 40
9 95 4.94 73.49 21.57 47
10 99.5 19.77 39.53 40.7 47

% SEI composition, obtained using XPS, was normalized to include only
its major component elements, namely F, C, and O. All CEs were
obtained with Li|Cu cells tested using the modified Aurbach
method*® or long term cycling CE averages, at 0.5 mA cm >,

Hence, this observation suggests that the mere presence of
fluorine or LiF in the SEI does not imply passivation of Li metal.
A more useful metric for assessing SEI stability may be the ratio of
F to other elements that constitute less beneficial components of
the SEI, such as C. To explore whether such a relationship exists,
the C/F and C/O ratios for the data presented in Fig. 1c are
calculated and correlated with CE as shown in Fig. 1d. The analysis
shows that C/F and C/O correlate strongly with CE, with linear
correlation values of —0.83 and —0.78, suggesting that an increase
in carbonaceous species relative to F and O species in the SEI
results in lower CE. We speculate that C/F correlates more strongly
with CE than C/O because C/F is a more direct comparison
between undesired solvent-derived species and desired anion-
derived species. Essentially, the electrolytes analyzed in Table 1
contain fluorine-free solvents and carbon-free salts while all the
solvents contain O, making the C/F ratio a stronger indicator of
solvent/anion incorporation in the SEI than C/O. A few studies
have shown that such ratios are useful indicators for anion/solvent
decomposition in the SEI, consistent with the strong correlation
identified here.***> Measurements of SEI species ratios like these
can serve as valuable guides for electrolyte selection and design.
In particular, the atomic ratio of electrolytes can be combined with
simulated distributions of salts and solvents at the lithium-
reducing interface to predict the ratio of species within the SEI
These predicted ratios, when combined with insights into the
correlation between CE and measured SEI ratios, can inform the
design of new electrolytes.

Additionally, it could be helpful to quantify the spatial
distribution of elements in the SEI to assess its homogeneity.
SEI homogeneity is valuable for evaluating the likelihood of SEI
breakdown because it provides information regarding the
existence of local regions with high ionic conductivity or low
mechanical strength, which could be more susceptible to
fracture during battery cycling. The chemical quantification
of SEI homogeneity can be carried out by using XPS to charac-
terize multiple spots atop the surface of lithium metal.**

Another question surrounding any approach to influence
the SEI design is its structural characterization. Typically, the
structural properties of an SEI are determined by evaluating its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thickness and uniformity, which are measured using cryogenic-
transmission electron microscopy (cryo-TEM). The common
understanding has been that thinner and structurally uniform
SEIs are beneficial for ion transport and indicative of reduced
lithium-electrolyte reactions. However, a comparison of litera-
ture reports on SEI thickness reveals only a weak correlation
between SEI thickness and CE (Fig. 1e and Table 2, p = 0.26).
This observation suggests that SEI thickness should not be
assessed in isolation but rather must be combined with the
measurement of other SEI properties. One of these properties is
the chemical identity of the SEI, as discussed earlier, because
it could provide insights into the ideal chemistry-thickness
combination required for stable SEIs. Another common char-
acterization employed for the SEI is the classification of its
microstructure into amorphous or crystalline domains and the
subsequent association of Li-ion transport with the properties
of those bulk domains. However, Li-ion transport is more
complex. Beyond its microstructure, the chemistry and arrange-
ment of local regions of the SEI could significantly impact Li-
ion transport. For instance, a computational study showed that
Li-ion transport at the interface of LiF and Li,CO; can be
accelerated by interfacial defects.*® Furthermore, it is reason-
able to infer that Li-ion transport can be modified by changing
the grain size and volume fraction of constituent SEI materials.
Therefore, it is important to use nanoscale TEM images in
combination with micron-scale SEI chemical information to
understand the local and global distribution of components in
the SEI Finally, metrics related to SEI thickness, such as the
swelling ratio recently identified by Cui and coworkers,” can
provide information regarding the likelihood of electrolyte
infiltration into the SEI, equipping us to better understand
lithium passivation.

SEI analysis is often performed on freshly deposited lithium.
While fresh deposits improve the ease of characterization, they
do not provide much information about SEI evolution in
subsequent battery cycles. For instance, similar SEIs could
form across different electrolytes in the first cycle but evolve
differently due to differences in reactivities of solvents and salts
present across such systems. The evolution of the SEI in those
cases would influence changes in battery performance in sub-
sequent cycles. As such, late-stage cycling analysis of the SEI
should be combined with the analysis of freshly formed SEIs to
provide a more robust understanding of lithium’s interfacial

Table 2 SEI thickness for different electrolytes with varying CEs

Index Electrolyte CE (%) SEI thickness (nm) Ref.
1 98.4 10 33
2 99.52 6 33
3 99 25 39
4 99.3 18 39
5 99.3 16 39
6 99.5 13 39
7 99.5 12 39
8 99.5 10 51
9 91.7 8.8 50
10 97.2 10.2 50
11 99 9.8 50
Energy Adv, 2024, 3,108-122 | 111
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evolution. This analysis could be carried out using spectro-
scopic techniques like XPS and Fourier transform infrared
(FTIR) spectroscopy that can resolve chemical information even
after repeated cycles, or methods like electrochemical impe-
dance spectroscopy (EIS) that can be used to characterize SEI
growth.

Optimizing the anode’s SEI through electrolyte engineering
should not occur in isolation from the considerations required
for a stable cathode. When addressing the stability challenges
of lithium metal, the electrolyte is likely to be paired
with numerous cathode materials, spanning from high-
voltage transition metal oxides to sulfur and oxygen cathodes.
These cathodes introduce additional constraints on the elec-
trolyte,”*>* requiring them to resist oxidation at high voltage,
promote facile cathode reaction kinetics, and prevent active
cathode disintegration. Consequently, the design of lithium
metal electrolytes should encompass both lithium passivation
and cathode stabilization.

Finally, there is very little emphasis on the measurement of
concrete descriptors for the SEI using metrics such as electrical
resistance, mechanical strength, and ionic conductivity. These
descriptors are useful because they provide quantitative ways of
assessing the requirements for lithium metal passivation.
Electrical resistance captures the likelihood of electron trans-
port towards electrolyte decomposition, mechanical strength
captures the likelihood of SEI fracture especially under high
Li-ion flux, and ionic conductivity captures the energy barrier
associated with transporting lithium ions across the SEI. Elec-
trical resistance can be measured using electron spectroscopy,
mechanical strength can be measured using atomic force
microscopy (AFM), and ionic conductivity can be measured
using EIS techniques. These descriptors provide a more holistic
view of SEI stability and passivation, and they should be
correlated with the more widely used metrics like SEI composi-
tion and thickness. By connecting these descriptors with the
chemistry, structure, and evolution of the SEI during battery
cycling, the battery community will have a more accurate
picture of ideal SEI properties.

Artificial SEI design

Conceptual framework. Due to the high reactivity of lithium
metal, a-SEIs are situated at the lithium-electrolyte interface to
isolate lithium from the electrolyte and preserve its capacity
over the course of battery cycling. However, for an a-SEI to
adequately prevent lithium capacity loss without adversely
impacting the battery, it must possess several properties,
similar to those of “natural” SEIs. First, it must have reason-
able ionic conductivity to ensure effective lithium-ion trans-
port. Second, it must be mechanically stable enough to
withstand the large stress changes associated with the deposi-
tion and dissolution of lithium metal. Third, it must be
electrically insulating to prevent electrolyte decomposition
caused by electron transport. Finally, it must be chemically
inert when placed in contact with lithium to prevent capacity
loss. To obtain a-SEIs with all these beneficial properties,
many material chemistries and synthesis methods have been

N2 | Energy Adv, 2024, 3,108-122
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33757 are available that

explored. Again, excellent review papers
contain detailed discussions of a-SEIs; here we focus only on a
few approaches to highlight the fundamental concepts shared
among different classes of a-SEIs.

Key approaches to date. The earliest demonstrations of a-
SEIs involved inorganic materials such as metal oxides like
Al,O; and TiO,, which were deposited on top of lithium to
isolate its reactive surface from the electrolyte.”®**' One of the
main benefits of using inorganic materials is that they have a
high Young’s modulus, which allows them to retain their
mechanical integrity under battery cycling conditions. In addi-
tion, when placed in contact with lithium, these inorganic
materials can be reduced to form lithium-containing com-
pounds such as Li,Al,O5 and Li, TiO,, which are conductive to
lithium ions. Alternatively, inorganic materials that contain Li,
such as LizPO,, LiF, LizPS,, and Li3;N, have also been used
because they are intrinsically conductive to lithium,>%3>°27%*
These Li-containing a-SEIs are also expected to be more che-
mically stable when in contact with Li, thereby reducing para-
sitic lithium loss in batteries. Inorganic a-SEIs are synthesized
using a variety of methods, including atomic layer deposition
(ALD), which offers precise control over the thickness and
conformality of thin films, enabling nanoscale control over a-
SEI properties. Other methods include sputtering, drop-casting,
dip-coating of lithium in reactive liquid media, and lithium
reaction with gas phase precursors.

Polymers represent another class of a-SEIs. One of the
reasons for using polymers as a-SEIs is that their flexibility
enables them to adapt to the rapid changes in mechanical
stress and surface roughness when lithium metal is deposited
and dissolved. Some of the early demonstrations of polymeric
a-SEIs were polyethylene oxide,®*® polyacrylic acid,®” poly (vinyl-
idene difluoride),®>**®° polyurea,” and polydimethylsiloxane,®>”*
and they showed reasonable stability by extending the cycle life of
lithium metal under practical testing conditions. These polymers
are often infused with electrolyte mixtures, modified with
chemical moieties, and modified structurally to enhance their
ionic conductivity. In addition to improved ion transport, poly-
mers can be designed to react minimally with lithium and
decompose marginally at the reduction potential of lithium.”>
Even though the aforementioned polymers are flexible, they are
still likely to fracture under the high stress of practical current
densities. As a result, significant efforts have been focused on the
design of self-healing polymers which quickly regain their original
structure after fracture.*>”® This design is useful because it
prevents electrolyte infiltration after polymer fracture, resulting
in high-capacity retention of lithium metal batteries. Some nota-
ble efforts by Bao and coworkers have fueled the development of
self-healing polymer a-SEIs which are cross-linked with hydrogen
bonds of different types.®>”* Polymer a-SEIs are often synthesized
using traditional polymer chemistry routes®>°® or techniques like
molecular layer deposition,”® before being coated onto the lithium
anode or battery current collector.

The use of hybrid materials that combine some of the bene-
fits of inorganic materials with those of polymers is another
strategy for designing a-SEIs. One notable effort by Sun and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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coworkers involved using a-SEIs made up of alternating layers
of Al,O; and alucone (a flexible polymeric film with Al-O and
glycol moieties), providing the combined benefits of Al,O;’s
high Young’s modulus with alucone’s flexibility.”* Other hybrid
methods have involved embedding inorganic particles, such as
Cu;N, LizPS,, and LiF, into polymers such as styrene butadiene
rubber,” polydimethylsiloxane,”® and poly vinylidene difluoride,*®
respectively, to obtain the strength-flexibility synergy of hybrid a-
SEIs. Recently, new synthetic routes have emerged for designing
single-ion conducting polymers that contain metal-oxide seg-
ments, thereby augmenting the flexible polymer backbone with
high mechanical strength. Some of these hybrid SEIs have
perfluoro-alkane-diol polymer backbones with Si-O, Al-O, or B-O
cross-linked segments.”” Hybrid SEIs are often synthesized using
thin-film deposition methods or solution-phase chemistry.
Unresolved questions to date. One of the key unresolved
questions about a-SEIs is how they fail in batteries. In principle,
if a-SEIs retain their integrity under repeated battery cycling
conditions, lithium metal batteries will not fail. However, in
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practice, lithium metal batteries do fail even in the presence of
a-SEIs, and it is unclear how they do so. First, it is important to
distinguish between the possible ways in which a-SEIs can fail.
Based on the stresses associated with deposition and dissolu-
tion of lithium,”® a-SEIs could fail by delamination. Alterna-
tively, based on the reducing conditions of lithium deposition
and the reactivity of common battery electrolytes, a-SEIs could
fail due to chemical corrosion (Fig. 2a). By understanding
exactly how a-SEIs fail, we will be able to design appropriate
mitigation strategies. If physical delamination is identified as
the dominant mechanism, more design emphasis can be
placed on the mechanical and structural integrity of the a-
SEIs. Whereas, if chemical corrosion is the dominant mecha-
nism, emphasis should be placed on designing less reactive
electrolytes or designing a-SEIs that are more resistant to
chemical degradation. This question regarding the failure
mode of a-SEIs in batteries can be addressed by systematically
characterizing a-SEIs, electrolytes, and counter electrodes after
extended cycling. By identifying and mapping the chemical
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Fig. 2 Design considerations for artificial SEls: (a) illustration of possible failure modes of a-SEls in lithium metal batteries. (b) Illustration of delaminated
a-SEls and their effects on ion transport. (c) Illustration of dissolved a-SEls and their effects on counter electrodes.
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species atop Li after prolonged battery cycling, it will be
possible to ascertain if a-SEIs retain their physical integrity.
Additionally, by quantifying the chemistry of species in liquid
electrolytes and characterizing the surface of counter electrodes
after extended battery cycling, we can determine whether
corrosion and dissolution of a-SEIs occur.

In addition to identifying the failure modes of a-SEIs, it is
important to understand the implications of their failure on
other aspects of the battery. One important phenomenon to
consider if a-SEI delamination occurs is how it changes electro-
lyte properties (Fig. 2b). Foreign species in liquid electrolytes
can modify the transport of Li-ions and alter the solvation
thermodynamics of the electrolyte. In fact, there are two classes
of electrolytes called soggy-sand electrolytes’®*° and suspen-
sion electrolytes®®* in which solid species with unique
chemical properties are intentionally introduced into liquid
electrolytes to modify properties that influence battery perfor-
mance. Therefore, it is important to understand how a-SEIs
that become unintentionally incorporated in the electrolyte
affect battery performance. To tackle this challenge, one could
first understand the rate at which delamination occurs, identify
the regions of the electrolyte that delaminated a-SEIs access,
and then design electrolytes that contain the chemical consti-
tuents of a-SEIs to understand how they impact lithium metal
battery cyclability.

Another important phenomenon to consider during a-SEI
failure is how chemically corroded species affect the counter
electrode (Fig. 2c). If an a-SEI reacts and forms new species
close to the Li electrode, those species will diffuse under a
concentration gradient towards the counter electrode. This
dissolution phenomenon and its deleterious effects have been
observed from the native SEI formed on lithium metal.®* As a
result, it is important to identify how the interfacial and
electrochemical properties of the counter electrode change in
the presence of the a-SEI species that have diffused. The
accumulation of foreign non-conductive species could impede
the transport of Li-ions at the counter electrode and prove
detrimental to battery performance.?*® To clarify these issues
associated with a-SEI dissolution and diffusion, one could
use spectroscopy and electrochemistry methods to examine
counter electrode materials after long-term battery cycling in
the presence and absence of a-SEIs. By using characterization
tools, the differences in species adhered to the counter elec-
trode surface can be identified and used to quantify the extent
of a-SEI diffusion. Additionally, by pairing cycled counter
electrodes with uncycled (fresh) lithium electrodes, one could
identify how changes in counter electrode interfaces affect
charge transfer at the counter electrode. It is noteworthy that
corroded species could also modify transport properties in the
electrolyte, similar to delaminated a-SEI species. Likewise,
delaminated SEIs could also migrate to the counter electrode
interface and affect battery cycling, similar to corroded species.

One other relatively unexplored question is the effect of
a-SEIs on molecular properties such as the interfacial solvation
of liquid electrolytes. Since a-SEIs typically consist of materials
that differ from the species present in electrolytes, they are
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likely to change the distribution of electrolyte species at the a-
SEI-electrolyte interface. These changes in electrolyte distribu-
tion can impact Li ion transport and the chemistry of new SEIs
formed at those interfaces. Because a high Li ion transport
number is deemed to reduce the likelihood of dendrite
formation,®® and certain SEI chemistries improve the efficiency
of Li cycling,”””** it is possible that a-SEIs provide these added
benefits to Li cyclability. Furthermore, because a-SEIs could be
porous, the local changes in electrolyte distribution at the
a-SEI-electrolyte interface could influence the species that
reach the surface of Li. Species that reach the surface of Li
react with Li to form SEIs, and these SEIs could impact battery
failure. For instance, a-SEIs that promote the local enrichment
of anions will drive preferential transport of anions towards the
surface of Li. These anions will react with Li to form anion-rich
SEIs, which are reportedly beneficial for improving battery
performance.?**>*>*>>® To understand how a-SEIs impact inter-
facial electrolyte properties, there is an opportunity to use
molecular simulations to quantify the distribution of electrolyte
species on top of corresponding a-SEI materials.?” By perform-
ing those simulations under bias, one could also understand
how the distribution of electrolyte species at the a-SEI interface
changes under battery cycling conditions.

The Li—current collector interface
Modification of the copper current collector

Conceptual framework. The growth of lithium on Cu incurs
a large energy barrier because of the high cost of forming
lithium deposits at the Li-Cu interface. As a result, lithium
particles tend to prefer growth away from the surface of Cu.
This poor wetting of Li at the surface of Cu leads to poor
coalescence of lithium and the formation of lithium particles
with high surface area. These high surface area particles can
then react severely with the electrolyte, resulting in poor
cyclability of lithium. To resolve these cyclability problems,
Cu modification strategies have been introduced to ensure that
uniform, low-surface area lithium deposits form during battery
charging. In addition to controlling lithium growth morphol-
ogy, these strategies must avoid compromising other important
battery metrics such as electrical conductivity and energy
density. Numerous modification methods have been reported;
here we highlight only a few approaches that illustrate thematic
threads. For a more exhaustive exploration of copper modifica-
tion strategies, the reader should refer to excellent review
articles.®%%

Key approaches to date. The most commonly employed
copper modification strategy is the design of porous, three-
dimensional Cu templates with controlled pore size and dis-
tribution (Fig. 3a). Owing to their design, template structures
control the homogeneity of lithium-ion flux from the electrolyte
to the substrate and enable uniform growth of lithium particles.
Moreover, because these 3D structures have a higher surface area
than planar Cu, they reduce the effective local current density of
lithium ions, resulting in lower overpotentials for lithium growth.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Lower overpotentials for lithium growth have been shown to sup-
press the likelihood of forming high surface area Li particles,”
resulting in reduced Li-electrolyte reactions. In addition, the
improved homogeneity in lithium-ion flux which can be attained
by tuning the spacing and size of 3D structures, reduces the
likelihood of local depletion of lithium ions at the electrode which
could lead to the formation of dendrites.” These benefits make 3D
structures advantageous for ensuring that lithium metal batteries
operate without losing capacity due to dendrite formation and
Li-electrolyte reactions. Many ways have been explored to make 3D
Cu structures, including selective etching and dealloying of Cu
alloys,””** and co-reduction of H" with Cu®".*

Surface modification of Cu is also commonly used to change
the growth structure of lithium (Fig. 3a). Surface modification
strategies are centered on selecting materials that alter the
energy barrier for nucleating and/or growing (coalescing)
lithium particles. These modified materials enable the for-
mation of large lithium nuclei, which subsequently coalesce

© 2024 The Author(s). Published by the Royal Society of Chemistry

to form larger lithium particles. Large lithium particles usually
have a smaller contact area with the electrolyte, resulting in
reduced Li-electrolyte reactions. Some of the materials used for
modifying Cu and in turn improving lithium growth include
zinc,”® tin,'>®” gold and silver,’®°° and oxides."'°°™'%* In most
cases, the materials used for modification layers are selected
because they react with lithium and form lithium alloys or
lithium-containing compounds. When these alloys are formed
prior to lithium deposition, they serve as the template for
improved lithium growth, as they have lower lithium nuclea-
tion barriers than the surface of Cu. In one demonstration of
this concept, our group used ALD to modify the surface of Cu
with thin films of TiO,.'°? These TiO, films reacted with Li"
prior to lithium metal deposition to form a lithium-containing
compound that promoted the growth and coalescence of large
lithium particles. In another demonstration of the benefits of
surface modification, our group showed that electrically resis-
tive films of ALD-grown Al,O; can restrict the nucleation of

Energy Adv, 2024, 3,108-122 | 115
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lithium particles to small defect sites, promote the lateral
growth of lithium particles, and foster large clusters of lithium
on the current collector.'®® One notable finding from that work
was that, contrary to conventional wisdom which suggests that
low nucleation overpotentials (nucleation energy barriers) are
required to form large lithium grains, we showed that high
nucleation overpotential surfaces like Al,O; can promote large
lithium particles. This lithium growth on Al,O; followed a
radial diffusion-assisted route that is different from common
modes of lithium nucleation and growth.

The crystallographic orientation of the Cu current collector
is another approach for controlling the growth of lithium. The
copper substrate commonly used in batteries is polycrystalline
with exposed [100], [110], and [111] planes.'®® However, these
planes have different surface energies and thus different energy
barriers for lithium nucleation and growth. Consequently,
lithium grows on these heterogeneous planes in different
morphologies thereby consuming varying, and often significant
amounts of, electrolyte. This heterogeneity has motivated stu-
dies of single crystal Cu substrates to determine the relation-
ship between surface plane and the growth of lithium. There
have been a few reports on single crystal Cu substrates: one
study reports that Cu[100] has the lowest energy barrier for
nucleating lithium, resulting in non-dendritic lithium particles,"**
while other groups have reported that Cu[111] also yields non-
dendritic lithium particles.'®>'°® One possible explanation for the
difference in conclusions regarding the superior Cu plane is that
different lithium growth mechanisms may be dominating on the
two planes. In any case, it is clear that more understanding is
needed on the role that crystallographic orientation plays in Li
deposition morphology.

Unresolved questions to date. The mechanism behind the
performance improvements in modified Cu current collectors
has not been fully elucidated. Fig. 3b displays a representative
performance trend for both modified and unmodified Cu
current collectors, showing CE as a function of cycle index.
In the illustration, the unmodified Cu exhibits a drastic decline
in CE after 40 cycles, while the modified Cu maintains a high
CE beyond 40 cycles. This improved performance of the modi-
fied Cu is often attributed to a decrease in the contact area
between Li and the electrolyte (Fig. 3b inset). The rationale is
that a higher Li-electrolyte contact area in the unmodified Cu
results in quicker consumption of the electrolyte and a faster
buildup of resistive SEI species, leading to a rapid decline in CE
after 40 cycles. However, this contact area rationale alone does
not explain the similarities in CE during the early battery cycles
(index 1-39). In principle, differences in Li-electrolyte contact
area should impact the quantity of Li lost in early cycles,
resulting in differences in CE. The fact that similar CEs are
displayed in the early cycles suggests that other factors are at
play on modified Cu. It is possible that Cu modifications
introduce alternative pathways for lithium consumption that
offset the lithium preserved from the reduction in Li-electrolyte
contact area. To gain a deeper understanding, experiments
should be designed to investigate the effects of Cu modifica-
tions on the deposition and dissolution of lithium during
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cycling and calendar aging conditions. By characterizing the
battery under both conditions, one could discern if the similar
CEs observed in early cycles can be attributed to additional
pathways for lithium consumption or electrical isolation. For
example, by using titration gas chromatography to quantify the
amount of metallic lithium that is unrecovered after stripping
on both modified and unmodified Cu,'®” one could identify
how much lithium is lost to electrical isolation in the early
cycles. Also, by using coulometry to quantify the amount of
lithium that is recoverable after open circuit calendar aging on
both modified and unmodified Cu,'®® we could measure differ-
ences in corrosion rates. This comprehensive analysis will
provide valuable insights into the mechanisms underlying the
performance improvements of modified Cu current collectors.

Another unresolved question in current collector design is
whether the advantages provided by modification of the copper
are solely due to changes in the extent of Li-electrolyte reac-
tions. Current collector modification strategies often involve
both structural and chemical changes at the Li-substrate inter-
face, so it is reasonable to assume that these changes can also
affect other parameters, such as the rate of lithium galvanic
corrosion, the strain within lithium, and the dissolution path-
way of lithium (Fig. 3c). Unfortunately, although these factors
can strongly influence the reversible cycling of lithium metal,
they are not commonly investigated in studies employing
current collector modifications. For instance, galvanic corrosion
is characterized by the transfer of electrons at the Li-current
collector interface due to differences in electrochemical potential
between Li and the current collector. Therefore, changes in the
structure and chemistry of the current collector could directly
impact the surface area available for corrosion, the kinetics of
corrosion, and the electrical resistance to corrosion. Similarly, the
extent of stress within the bulk and surface of lithium could vary
with the underlying substrate, resulting in different implications
for the stability of the SEI and rate of consumption of lithium
particles. Finally, the dissolution of lithium constitutes the second
half of lithium cycling, and its preferred pathway could be
altered by changing the current collector. Even though studies of
Li dissolution have typically lagged those on Li deposition in
lithium metal batteries, it is still important to understand how
current collectors change the dissolution rate at the region of
contact between Li and the underlying substrate. All these
factors can be investigated using carefully designed experiments
such as measuring currents when the voltage on Cu is fixed
at 0 V vs. Li'/Li to understand how galvanic corrosion varies,
measuring CE after lithium deposition at different charge capa-
cities to understand how stress-related SEI fracture varies, and
using in operando microscopy to identify lithium dissolution
mechanisms.

One concern with current collector modifications is that the
modifications are “buried” at the lithium-substrate interface,
which raises questions about their effectiveness when lithium
deposits grow beyond the monolayer level. Changes in the
energy barrier associated with nucleating and coalescing
lithium particles at the lithium-current collector interface can
affect the way lithium grows, but it is uncertain to what extent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Summary of avenues for further investigation in the interfacial engineering of lithium metal anodes.

these changes propagate through the lithium films as they
become thicker (Fig. 3d). This question has implications for the
mechanism of lithium deposition. By using scanning electron
microscopy to visualize the diameter and thickness of lithium
as it grows away from the current collector, we could under-
stand how lithium growth structures at the monolayer level
affect deposition beyond the monolayer level. This could pro-
vide insights into structural templates that are beneficial for
depositing lithium particles with improved reversibility during
battery cycling.

Outlook and conclusions

Interfacial engineering strategies have advanced the develop-
ment of lithium metal batteries. These strategies include
molecular engineering of liquid electrolytes for improved SEIs,
designing a-SEIs, and modifying copper current collectors. Our
discussion demonstrates the versatility of these strategies, as
each can effectively preserve lithium capacity by minimizing
lithium-electrolyte contact and reactions. Yet, a few important
points need to be addressed for the strategies to be used to
their full advantage (Fig. 4).

First, we suggest conducting more thorough mechanistic
studies to understand how interfacial engineering strategies
work. This includes the need for more concrete descriptors of
SEI properties that can inform fundamental principles of
lithium passivation and guide the design of improved SEI
layers. Additionally, mechanistic studies should be utilized to
unravel the molecular impact of a-SEIs on Li-ion transport and
solvation in the battery. Furthermore, mechanistic work can
help reveal new performance drivers at the Li-Cu interface
when Cu modification strategies are employed for stabilizing
lithium metal anodes.

Second, we propose characterizing battery interfaces over
long timescales to shed light on the evolution of interfacial
engineering strategies. At different timescales, characterization
methods like X-ray photoelectron spectroscopy and infrared
spectroscopy can reveal the chemical state of battery interfaces,
nuclear magnetic resonance can reveal the species in the elec-
trolyte, Raman spectroscopy can reveal the solvation of electro-
lyte components, and electrochemical impedance spectroscopy

© 2024 The Author(s). Published by the Royal Society of Chemistry

can reveal the resistance and capacitance of battery interfaces.
These approaches will reveal the implications of SEI evolution
during battery cycling and unravel the failure mechanisms
of a-SEIs. Understanding these changes over time will provide
valuable insights into the stability and effectiveness of inter-
facial engineering strategies.

Finally, we emphasize the importance of combining inter-
facial engineering strategies to understand the compatibility of
materials designed for specific interfacial engineering pur-
poses. Developing a foundational understanding of combined
approaches is crucial because most interfacial engineering
strategies are developed in isolation from each other. For
instance, it is unclear if the best performing electrolytes are
compatible with the best performing artificial SEIs. As some of
these strategies address unique aspects of the lithium reactivity
problem, it is essential to ensure their compatibility when
combined in a battery. This will promote the retention of their
individual ensuing benefits and enhance the overall battery
performance.

Interfacial engineering encompasses vast unexplored
regions that hold immense potential for comprehending and
regulating the reactivity of lithium metal, and ultimately
enabling the development of advanced LMBs.
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