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Currently, high-energy rechargeable batteries are being intensively pursued to
meet the increasing energy requirements of our modern life and industrial soci-
ety. Alkali metals are considered some of the most promising anodes for next-
generation high-energy batteries because of their superior theoretical specific
capacities and low reduction potentials. Here, we provide an overview of the
recent development of alkali metal anodes. First, we highlight that their high
reactivity, unstable solid electrolyte interphase, dendrite formation, and huge
volume change bring great challenges for the safety and lifespan of alkali-
metal-based batteries. Then, we summarize various advanced strategies—
including the micro- and/or nanostructuring of alkali metals, introduction of sta-
ble hosts, structural modification of current collectors, construction of artificial
anode-electrolyte interfaces, separator modification, and electrolyte optimiza-
tion—to address these challenges. Lastly, we present the remaining challenges
and possible research directions for further developments.

INTRODUCTION

With the booming development of modern industrial society and looming crisis
of fossil fuel availability, the need for rechargeable batteries with high energy den-
sity comparable to that of gasoline is becoming increasingly urgent. Commercial
Li-ion batteries based on conventional cathodes such as layered-, spinel-, and
olivine-type electrode materials are approaching the limits of their capabilities.’
Because of multi-ion reactions, alkali-metal-free cathodes with high theoretical
capacity, including S and O, have attracted intense attention (Figure 1A). To pair
with these high-capacity cathodes, the pursuit of alkali-metal-containing anodes is
becoming a necessity for the development of next-generation high-energy batte-
ries. From this viewpoint, alkali metal anodes have been revived in recent years.

Alkali metal anodes mainly include Li, Na, and K, and their relevant properties are
compared and summarized in Table 1.%°5 Among them, metal Li anode with mini-
mum ionic radius (0.76 A), density (0.53 g cm™3), redox potential (—3.040 V), and
highest theoretical specific capacity (3,860 mAhr g~') possesses tremendous poten-
tial for high-energy-density Li-O, and Li-S batteries. Although the theoretical spe-
cific capacity and electrochemical potential of metallic Na and K are inferior to those
of Li, their high abundance and low cost are still attracting the intense interest of re-
searchers. To date, owing to its high reactivity with electrolyte components, the
investigation of plating and stripping behaviors of metallic K has been scarce, so
this review mainly focuses on the Li and Na anodes.

When alkali metal anodes are subjected to practical applications, they are con-
fronted with several serious problems in liquid organic electrolyte systems: (1) an
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The Bigger Picture

With the increasing demand for
green energy and the looming
crisis of fossil fuel availability, the
development of high-energy
batteries comparable to petrol is
imperative. The energy density of
rechargeable batteries is largely
limited by the capacity of
electrodes. Hence, alkali-metal-
based anodes with high
theoretical specific capacity have
gained extensive attention.
However, the high reactivity of
alkali metals leads to inferior
performance and safety issues.
This review highlights the recent
developments in improving the
stability of alkali metal anodes to
address the above problems.
Concrete strategies, including
electrode design, interfacial
protection, and the optimization
of electrolytes, are discussed in
detail.
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Figure 1. Schematic lllustrations of the Mechanisms and Challenges of AMBs

(A) Schematic of work mechanisms of alkali metal-O, and alkali metal-S batteries.

(B) Scheme of reactions between the alkali metal anode and electrolyte in AMBs and challenges of
alkali metal anodes.

unstable solid electrolyte interphase (SEI) and low Coulombic efficiency (CE); (2)
high reactivity, uneven metallic deposition, and dendritic growth; and (3) large vol-
ume changes during plating and stripping cycles (Figure 1B).®'° Based on the
improved understanding of the formation mechanism of SEI films as well as
dendrite nucleation and growth, several effective strategies (such as rational elec-
trode design and interface and electrolyte engineering) have been put into prac-
tice and studied in detail.

In this review, we first introduce the main challenges confronting the application of
alkali metal anodes, then discuss current strategies that are being used to stabilize
alkali metal anodes, and finally offer insights into future developments of alkali-
metal-based batteries (AMBs).

CHALLENGES FACING ALKALI METAL ANODES

High Reactivity and Unstable Solid Electrolyte Interphase

Because of their high reactivity, alkali metals exist as compounds and no elemental
forms have been found in nature. Alkali metals are extremely sensitive to moisture,
and slowly deteriorate even in dry air,'’ bringing considerable technological hin-
drances for their characterization and application. Furthermore, they tend to
spontaneously react with most polar aprotic electrolyte solvents, salt anions, and
dissolved cathode materials, leading to undesired cycle performance issues in
currently available battery types. In alkali metal-S batteries, the “shuttle effect”
derived from polysulfides dissolution induces the corrosion of the alkali metal
anode, which results in a severe self-discharge phenomenon, active sulfur loss,
and capacity fading upon cycling, while some insoluble and insulating sulfides can
accumulate on the surface of alkali metals. Similar to polysulfides, dissolved O, on
the cathode side in alkali metal-O, batteries can diffuse to the anode side and
corrode the alkali metal into oxides.

The formation of thin films on electrodes induced by reactions between electrolytes
and highly reactive Li was discovered by Dey in 1970, and Peled named it SEl in
1979.7 Likewise, SEI films can also be formed on Na and K anodes in the initial
several cycles. Goodenough and Kim proposed that if the lowest unoccupied molec-
ular orbital (LUMO) of the anode lies above that of the electrolyte, electrons would
transfer from the anode to the LUMO of the electrolyte, inducing the reduction of the
electrolyte until a passivation SEl layer is created (Figure 2A)."? The complex SEI film
is usually simplified as a dual-layer structure using a mosaic model, and its
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Table 1. Physical Parameters and Electrochemical Properties of Li-, Na-, and K-Metal Anodes

Alkali Abundance® Atomic lonic Density  Redox TGSC* Tvsc?
Metal  (wt %) Mass Radius (A) (gcm~3) Potential® (V) (mAhrg=") (mAhrcm=3)
Li 0.0017 6.941 0.76 0.53 —3.04 3,860 2,045

Na 2.36 22.99 1.02 0.97 —2.71 1,166 1,131

K 2.09 39.10 1.38 0.86 —2.93 685 589
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TGED, TVED, TGED, TVED,
M-O,° M-O,' M-S¢ M-s"
(Whrkg™")  (WhrL™") (Whrkg™") (WhrL™")
3,456 7,983 2,567 4,261
1,602 4,493 1,274 2,370
935 2,001 1,023 1,846

Data are from Wang et al.” Zou et al.,> Xiao et al.,* and Song et al.” The volumetric energy densities were given on the basis of the discharge products (Li,O,

NayO,, K;O and Li,S, Na,S, and K5S) of metal-O, and metal-S batteries.
?Abundance in Earth’s crust.

bRedox potential versus standard hydrogen electrode.

“Theoretical gravimetric specific capacity.

“Theoretical volumetric specific capacity.

®Theoretical gravimetric energy density (metal-O, batteries).
Theoretical volumetric energy density (metal-O, batteries).

9Theoretical gravimetric energy density (metal-S batteries).

PTheoretical volumetric energy density (metal-S batteries).

components are deeply related to the composition of electrolytes.”>™"” Generally
the inner layer of the SEI on Li surface mainly contains inorganic species such as
Li,O, Li,COg3, and Li halides, whereas organic polymeric species such as ROCOOLI
dominate the outer layer. Specifically, when the organic carbonate such as ethylene
carbonate (EC) was used as solvent, Li,CO3 and Li ethylene dicarbonate (LEDC) were
significant SEI' components. Through theoretical calculation, Leung’s group
believed that these two components were electrochemically stable but thermody-
namically unstable.'® With the reaction barriers lower than 0.92 eV, Li,CO3; and
LEDC were inclined to be frangible and decompose on Li (100). Because of the
decomposition reactions, a thin Li,O layer was predicted to emerge between Li
metal surfaces and the other SEl components, unless Li;O transformed into LiF dur-
ing the subsequent reactions. As for ether electrolytes, if NaPFs-glymes were
applied for sodium metal battery, the inorganic Na,O and NaF were the primary
constituent of the inner layer while the outer layer was mainly composed of
RCH,ONa."”

SEIl films act as a barrier to avoid the further decomposition of the electrolyte
reduced by alkali metals. Without the protection layer, the reaction between alkali
metals and electrolytes goes further, leading to a rapid consumption of alkali metals
and electrolytes, which ultimately results in a sharp decline of CE while the repaired
SEl exhibits increased thickness with high impedance.zo'21 Meanwhile, the inhomo-
geneity of the SEI film inevitably leads to an uneven distribution of alkali metal ionic
flux, which drives spatial variations in alkali metal deposition during cycling. Further-
more, the localized fracture in the SEI layer caused by volumetric expansion and
stress exacerbates the growth of dendrites during the repeating alkali metal plating
and stripping cycles because of the locally intensified current density near the cracks.
Therefore, it is imperative to maintain the integrity and homogeneity of the SEI film
to efficiently protect alkali metal anodes, and a desired SEI film should possess high
ionic conductivity and electronic insulating properties to inhibit uneven alkali ion
flux, strong mechanical strength to suppress dendrite growth, and high elastic
modulus with suitable thickness to accommodate large volume changes.

Dendrite Growth and Large Volume Change

Because of the uneven deposition of alkali metals during the plating and stripping
processes, the unexpected dendrite growth exists widely on alkali metal anodes.
Even in “alkali-metal-free” cells, anodic dendrite growth can also occur under
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Figure 2. Fundamental Principles of SEl Formation and Schematic of a Space-Charge Model of Li
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(A) Scheme of SEI formation condition in an aqueous electrolyte. Reprinted with permission from
Goodenough and Kim."? Copyright 2009 American Chemical Society.

(B) Diffusion energy barriers computed for Mg, Na, and Li adatoms on surfaces with possible SEI

components. Reprinted with permission from Choudhury et al."* Copyright 2017 Springer Nature.

(C) Scheme of the cell (top); profiles of the ion concentrations and electrostatic potential based on
theoretical simulation (bottom). Reprinted with permission from Chazalviel.'* Copyright 1990
American Physical Society.

some conditions, such as high current densities at low temperatures. The dendrites
not only cause adverse side reactions but, more seriously, there is a potential risk
that they penetrate the separator and reach the cathode, resulting in a short circuit
of the working cell, which can cause thermal runaway, burning, and even explo-
sions.?’"?? K is more active than Li and Na and will induce more severe hazards
once K dendrites form during battery operation. Thus, preventing undesired
dendrite formation is critical for battery safety.

Several models have been proposed to explain the nucleation and growth of den-
drites on Li metal. The surface nucleating and diffusion model®* elucidates that
owing to the higher diffusion barrier and weaker interaction between adjacent ada-
toms, both Li and Na exhibit a tendency to stay isolated rather than agglomerate,
and therefore thermodynamically easily grow dendrites. Inspired by the low surface
diffusion barrier of Mg, which tends to form a smooth surface, a NaBr (Figure 2B) pro-
tective layer on the Na metal largely restricts dendritic Na formation.'® Chazalviel
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proposed an acceptable space-charge model’*?* to explain Li dendrite behavior.
When Li ions are rapidly deposited in dilute salt solutions, anion concentrations
near the electrode surface drastically decrease, resulting in a local space-charge re-
gion (Figure 2C), and thus the electric field created at the anode-electrolyte interface
leads to dendrite growth. The model predicts that dendrites appear at a time very
close to Sand'’s time (1), which represents the moment when the concentration of cat-
ions at the electrode drops to zero.

wc_

dx~  FD’

5 _2FDC
tL

FCo\°
T=mD <2Jta> ,
where D, F, t,, Co, L, and J correspond to the ambipolar diffusion coefficient, Fara-
day’s constant, the anionic transference number, the initial ionic concentration, the
distance between electrodes, and the applied current density, respectively. How-
ever, this model applies only to high current densities above J* and cannot explain
the observed dendritic growth at low current densities because no Sand behavior is
expected in these conditions. Increasing the conductivity and transference number
of cations, as well as immobilizing anions, are effective approaches to avoid the gen-
eration of space-charge region and thus alleviate dendritic growth. Another widely
recognized model states that dendrite growth is self-enhancing. Monroe and New-
man” thought that the high-curvature tip of dendrites has a fairly intensified electric-
field density, which can be preferential sites for alkali-metal-ion deposition, resulting
in further growth of dendrites.

Various in situ techniques such as transmission electron microscopy (TEM), scanning
electron microscopy (SEM), atomic force microscopy (AFM), and nuclear magnetic
resonance (NMR) have been employed to understand the processes and mecha-
nisms of alkali metal plating and stripping. In situ AFM reveals that the deposition
behavior of alkali metals goes through nucleation, growth, dissolution, and detach-
ment processes.”’ The faster dissolution and subsequent detachment of Na den-
drites than that of Li dendrites have also been observed in similar electrolytes
when the external electrochemical process is halted.?® In symmetrical cells, the inho-
mogeneous Li deposition is inclined to occur on the existing dendrites rather than
nucleation on other sites, because the SEI film grown on the freshly plated Li pos-
sesses fast reaction kinetics,”” and Na dendrites grow in random directions.*® The
deposited Li and Na microstructures can be quantified by NMR signal intensity at
any plating or stripping time.?"?? Furthermore, current density, temperature, in-
ner pressure of AMBs,** and charging capacity also have a significant influence on
the dendrite formation. These experiments suggest that fundamental mechanisms
related to alkali metal dendrites still demand much more insightful understanding
in different circumstances.

In addition to dendrite growth, the large volume change is another fatal factor that
can destroy the SEI film on the surface of alkali metal anodes. Such volume changes
cause excessive bulk stress in the electrode during the battery operation, which the
fragile SEl film cannot withstand, resulting in instability of the internal environment of
batteries.* Hence, it is of significant importance to develop rational designs that can
effectively reduce volume changes of alkali metals during cycling.
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Figure 3. Theoretical Relations Correlated with Dendrite Formation and Schemes of Li-
Depositing Behavior on Different Structural Hosts

(A) The empirical critical condition of dendrite formation related to the total amount of discharge
and current density. Reprinted from Seong et al.*

(B) Scheme of 3D GCNT-Li formation. Reprinted with permission from Raji et al.*® Copyright 2017
American Chemical Society.

(C) Correlation between critical Li nuclei radius and areal nuclei density corresponding to the
overpotential of Li deposition. Reprinted with permission from Pei et al.*”
Chemical Society.

Copyright 2017 American

(D) Scheme of Li nucleation and plating processes on N-doped graphene (left) and Cu foils (right).
Reprinted with permission from Zhang et al.”” Copyright 2017 Wiley-VCH Verlag GmbH & Co.
KGaA.

STRATEGIES FOR STABILIZING ALKALI METALS

Electrode Design

Micro- and/or Nanostructuring of Alkali Metal Anodes

Generally, alkali metal anodes are present as foils in rechargeable batteries. Surface
defects of alkali metal foils can serve as nucleation sites for alkali metal deposition
because of topographical and electrical inhomogeneity, further leading to the for-
mation of moss-, dendritic-, or tuber-like structures. Therefore, removing the native
layer on pristine alkali metal foils to decrease surface defects can significantly boost
the uniformity of alkali metal dissolution and deposition. Moreover, the equation of
Sand’s time discloses that low current densities play an important role in retarding
dendrite growth, and the large surface area of alkali metals can effectively decrease
the current density. In this context, micro- and/or nanostructuring of alkali metal an-
odes has been conducted to increase their surface area. Compared with commercial
Lifoils, Li particles®® and Li foils treated by mechanical surface modification®” exhibit
higher surface area and thus effectively suppress dendrite growth. By suitably ad-
justing the current density or charge capacity, dendrite formation can be inhibited
on Li particles (Figure 3A).%° However, Li particles are easy to detach from current
collectors during cycling. For the Li foils treated by surface modification, metallic
Li was preferentially deposited in their holes. The plated Li exhibited a dendrite-
free morphology even when the current density increased. Nevertheless, as the
accumulated Li exceeds the volume of the holes, the subsequent deposited Li will
grow out to be dendrites. What's worse, the structures of Li particles and surface-
patterned Li foils cannot be preserved for long periods to maintain the performance
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of the working battery because of the direct exposure to electrolytes. More efforts
should be made to solve this issue. Considering the homogeneous distribution of
electrolyte, the highly porous structure is likely to exhibit better performance than
its bulk and surface-patterned Li foils.

Stable Hosts for Alkali Metal Anodes

The volume change of the "host-less” alkali metals during plating and stripping cy-
cles is drastic, resulting in poor mechanical stability of the SEI film, low CE, and poor
service life of AMBs. The introduction of a stable host is an efficient approach to
address the infinite volume variation, and alkali-metal-ion plating and stripping
behavior can be regulated to suppress dendrite formation. An ideal deposition ma-
trix should exhibit the following properties: (1) good wettability with alkali metal, (2)
high surface area to reduce the local current density, and (3) good compatibility with
the electrodes and electrolytes to avoid side reactions.

Alkali metals can be encapsulated in hosts by electrodeposition. Carbon materials
such as graphene, carbon nanotubes, graphene-carbon nanotubes (GCNTs), and
carbon nanofibers (CNFs) are widely employed as conductive matrices to manipu-
late alkali metal deposition. Mukherjee et al. found that a porous graphene network
(PGN) achieved a maximum specific capacity of 915 mAhr g’1 with a CE above 99%,
exceeding the theoretical capacity of 372 mAhr g=' to yield LiC,, which demon-
strated that Li was encapsulated within the interior of PGN via defects acting as
seeds to initiate Li plating.41 Compared with the two-dimensional (2D) framework,
the 3D structure can provide large surface area and volume to accommodate elec-
trodeposited alkali metals, which can effectively reduce the local current density
of the anode, lessening dendrite nucleation and growth rates and therefore mini-
mizing dendrite formation. After prelithiation at 4 mAhr cm~2, the lightweight 3D
GCNT (Figure 3B) exhibited a high capacity of 3,351 mAhr g~" and was successfully
employed as an anode for the polysulfide- and dendrite-free Li-S battery with allevi-

ated self-discharge performance.*®

Actually, the final alkali metal plating morphology critically depends on the initial
nucleating behavior. Cui and co-workers found that the Li nuclei size was heavily
dependent on the electrochemical overpotential and current density, which could
be adjusted to suppress dendrite growth at the early stage (Figure 3C).*” Owing
to the different overpotential during Li nucleation, Li ions tended to selectively
nucleate on seeds (e.g., Au and Ag) with small nucleation overpotential, and thus
Li was guided to uniform deposition without dendrites.® Similarly, the functional
groups of the N-doped graphene introduced by nitrogen doping offered much
more uniform nucleation sites and a smaller nucleation overpotential than the Cu
foil and graphene, resulting in suppressed dendritic Li growth at a sprouting stage
and smooth Li deposits (Figure 3D).*°

Thermal infusion is another main method to fabricate the composited alkali metal
anode. Electrodeposition easily causes uneven distribution of alkali metals during
cycling and inefficient fabrication, while thermal infusion can prestore molten alkali
metals inside the host material, preventing utilization of sacrificing cells, which not
only predefines the anode space but also supplies an abundant alkali metal source,
especially for high-energy-density rechargeable batteries. Graphene, carbon wood,
carbon felt, and carbonized metal-organic frameworks (MOFs) serve as hosts to
fabricate composite alkali metal anodes by thermal infusion. Graphene-based an-
odes usually exhibit good flexibility and improved stability against environmental
corrosion, in which the original graphene oxide (GO) film can be reduced by molten
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Figure 4. The Design of Stable Hosts to Support and Regulate Li Deposition

(A) Synthetic procedures of a layered Li-rGO composite film and their corresponding digital camera images. Reprinted with permission from Lin et al.*?

Copyright 2016 Springer Nature.

(B) Schematic of Li deposition on 3D GF-modified Cu foils. Reprinted with permission from Cheng et al.*> Copyright 2016 Wiley-VCH Verlag GmbH &
Co. KGaA.

(C) Scheme of the simulation of Li* flux during Li deposition over electrodes without (top) and with (bottom) vertical-aligned polyimide nanochannels.
Reprinted with permission from Liu et al.** Copyright 2016 American Chemical Society.

(D) The SEI film formed on the outer surface of LCNE with embedded Li domains. Reprinted with permission from Lin et al.*®> Copyright 2017 National
Academy of Sciences.

Li or Na to yield an expanded reduced GO (rGO) film with a much more porous struc-
ture, meanwhile, the capillary force produced by nanogaps facilitated the intrusion
of molten alkali metals into rGO interlayers (Figure 4A). This design could minimize
the volume change of the composite anode to below 20% during cycling. When
charged to 1 V versus Li/Li*, the Li-rGO electrode showed a specific capacity of
3,390 mAhr g~".*? The rGO/Li film with only 5 wt % rGO was successfully employed
to construct bending-tolerant anodes for Li-S and Li-O, pouch cells with long cycling
stability resulting from suppressed electrolyte decomposition, polysulfides, and O,
corrosion on the surface of rGO/Li.*® The cycling stability of Na-O, and Na/
Na3V,(POy)s batteries with Na@rGO electrodes was demonstrated to be much bet-
ter than that of cells with bare Na foils.*’ Some hosts exhibit poor wettability with
molten alkali metals, which require a lithiophilic coating such as Si and ZnO to react
with molten alkali metals to provide bonding interactions for encapsulation of alkali
metals. Inevitably, undesirable impurities are introduced into the Li metal and affect
the stability of SEI. Moreover, in most studies both Li and Na metals fill the host
without controllable amount during thermal infusion. The excessive Li or Na loading
unavoidably decreases the contact area between the electrode and electrolyte.
What's worse, dendrite formation might be exacerbated after long cycling. There-
fore, the amount of Li or Na infused into different substrates should be optimized,
which has a critical effect on the performance and stability of anodes.

The electric-field distribution in the electrolyte can be adjusted by conductive
matrices, while the alkali-metal-ion concentration gradient near the anode surface
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can be efficiently manipulated by reducing the local current density. Thus, a non-
conductive host has been proposed to regulate the concentration distribution in
the bulk electrolyte. Because large quantities of polar functional groups serve as
the adhesion sites to bind with Li* in the electrolyte, insulating polymers such as
oxidized polyacrylonitrile nanofibers, 3D glass fibers (Figure 4B),*? and 3D porous
poly-melamine-formaldehyde were coated on Cu foils to guide Li* distribution
and confine homogeneous Li deposits within the constructed network, although
they were not involved in Li deposition. Additionally, a polyimide layer with nano-
scale channels vertically coated onto stainless steel was employed to guarantee
well-confined Li plating and stripping within the matrix by regulating Li* flux and
dendrite-free cycling with minimum volume change (Figure 4C).**

Nevertheless, most of the composite anodes are limited to current densities below
5mA cm~?, and capacity fading and instability of electrodes will spring up when the
working current density further increases. Fast charging and discharging with cur-
rent density larger than 10 mA cm™2 are usually needed for high-performance
rechargeable batteries. 3D frameworks with high ionic conductivity have been de-
signed to alleviate the initial side reactions by protecting the Li surface, minimizing
volume change, and realizing a normal operation under ultrahigh current densities.
The composite anodes were chemically synthesized by excessive lithiation of inor-
ganic skeletons, in which the obtained matrix can conduct Li* and protect the Li
metal within the 3D matrix. Uniform Li embedded in a 3D LiSi-Li,O matrix
(LCNE) was able to realize safe operation at a high current density up to 10 mA
cm~2in symmetric LCNE cells for at least 100 cycles with constant volume and sup-
pressed Li corrosion (Figure 4D).*> When coupled with the S/CNFs cathode,
LCNE-S cells exhibited a lower overpotential compared with conventional Li-S bat-

teries, and had a highly improved capacity of 600 mAhr g~ at a high rate of 2 C.

In short, the matrix plays important roles in alleviating volume change, suppressing
dendrite growth, and improving the CE and stability of alkali metal anodes to obtain
high energy density. A desired 3D host should possess high surface area, high
porosity, and low gravimetric density to regulate the deposition morphology. How-
ever, in a non-conductive matrix, Li or Na can be disconnected and lose electric con-
tact easily, while in an electron-conducting matrix the rate performance is restricted
by the available electrode-electrolyte interface and sluggish Li* or Na* diffusion.
Considering the pros and cons of non-conductive and electron-conducting hosts,
a mixed 3D network should be developed to support alkali metal anodes. Neverthe-
less, it should be noted that the weight ratio of the host in the composite alkali metal
anode should be properly controlled without discounting the high mass and volume
energy density of the composite anode.

Modification of Current Collectors

The plating of Li, Na, or K can also occur on the surface of current collectors. How-
ever, alkali-metal-ion flux distribution on conventional current collectors with rough
surfaces was demonstrated to be inhomogeneous, leading to severe dendrite prop-
agation. Thus, modified current collectors have been developed to accommodate or
prestore Li and Na metals. 3D structured current collectors with high surface area are
designed to reduce the effective electrode current density and thus suppress
dendrite formation. Guo et al. proposed 3D Cu current collectors with a submicron
skeleton to regulate Li deposition. Compared with a planar Cu foil, the 3D porous Cu
current collector possesses a much larger specific surface area, resulting in a roughly
uniform electric field and homogeneous charge distribution (Figure 5A).*® Hence, a
high portion of Li was deposited in the reserved pores of 3D Cu foils without
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Figure 5. Plating Behaviors of Metallic Li and Na on Modified Current Collectors
(A) Schemes of Li deposition on planar Cu (left) and 3D porous Cu (right) foils, presenting with the electrical field. Reprinted with permission from Yang

et al.”® Copyright 2015 Springer Nature.

(B) Optical microscopy images of the soft Cu/PDMS current collectors during and after Li plating (left); schematic of the stress-driven Li dendrite growth
model (right). Reprinted with permission from Wang et al.** Copyright 2018 Springer Nature.

(C) Na deposition on planar Al (top) and porous Al (bottom) foils. Reprinted with permission from Liu et al.” Copyright 2017 American Chemical Society.
(D) Galvanostatic curve of sodiation and then plating for carbon/Al current collectors (top), as well as sodium nucleation overpotentials (bottom) for
bare Al (black curve) and carbon/Al (blue curve) foils. Reprinted with permission from Cohn et al.*” Copyright 2017 American Chemical Society.

uncontrollable dendrite growth. Furthermore, Wang et al. found that the wrinkles
formed on the soft Cu/poly(dimethylsiloxane) (PDMS) substrates evolved from 1D
to 2D patterns during Li plating, suggesting the generation of electroplating-
induced compressive stress, and proposed a stress-driven Li dendrite growth mech-
anism (Figure 5B). Consequently, dendrite growth was mitigated on the soft Cu/
PDMS substrates through stress relaxation.*

In general, Al current collectors cannot be employed as a stable host for the deposition
of Li because of the formation of Al-Li alloys during Li plating and stripping processes.
Nevertheless, neither Cu nor Al alloys with Na, so both Cu and Al current collectors can
be employed to accommodate metallic Na.”*° In addition to 3D structured current col-
lectors such as 3D Cu nanowires and honeycomb-like 3D Ni@Cu conductive scaffold, a
porous Al foil was proposed by Luo et al. as the plating substrate to mitigate the forma-
tion of Na dendrites (Figure 5C).7 The CE of Na@porous Al electrode was 99.8% over
1,000 cycles at 1.0 mA cm~? with a capacity of 0.5 mAhr cm~2 Employing the
Na@porous Al as anode for Na-O, cells, the capacity was maintained at about
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600 mAhr g~" over 200 cycles although Na deposited was only 1 mAhr cm™2. Carbon
black also acted as a nucleation layer on the Al current collectors for in situ Na plating.*?
The Na nucleation overpotential could be reduced by coating a carbon layer, which fa-
cilitates a smoother Na deposition, and the capacity contributed to sodiation was negli-
gible (Figure 5D). Although the large surface area provided by 3D current collectors and
the coated carbon layer could effectively lower local current densities to mitigate
dendrite growth, the heavy weight of current collectors inevitably discounts the gravi-
metric capacity of the alkali metal anode.

Interface Engineering

Artificial SEI Films

Because alkali metals can react with non-aqueous electrolytes, an SEl film can be
formed on the surface of alkali metals during initial charge-discharge cycles. How-
ever, this film is prone to cracking by large volume changes during prolonged
cycling. The restoration of the SEI film intrinsically consumes the alkali metal and
electrolyte, leading to a lower CE and shortened lifespan. Hence, constructing a sta-
ble and robust film, a so-called artificial SEI, is a significant way to protect alkali metal
anodes. The artificial SEI usually has excellent ionic conductivity and low electronic
conductivity, guaranteeing that alkali metal deposition takes place underneath.

The electrochemical pretreatment is a promising method to construct an artificial SEI
film resembling the SEl layer formed in a working cell. An implantable SEI was con-
structed on the Li metal anode by electroplating, which effectively suppressed Li
dendrite growth. More importantly, the protected Li anode can also work well after
being transferred from the original ether-based electrolyte to a carbonate-based
electrolyte.®’ Nevertheless, this method is a little complicated for obtaining the pro-
tected anode, which includes pretreatment in cells and the subsequent disassembly.
In situ electropolymerization of ionic liquids was performed to create an ionic poly-
mer membrane on the Na anode to mitigate Na dendrite growth and protect Na
from parasitic reactions with the electrolytes, which can be confirmed by the
morphology variations of Na anodes at different deposition times (Figure 6A).*°

Chemical pretreatment is an efficient method to construct the protective layer with
desirable components to suppress electrolyte decomposition and dendrite growth.
The surface energy and diffusion energy of surface layer significantly influence the Li
deposition behavior, which provides theoretical direction for the construction of artifi-
cial SE! films to restrain dendrite growth. Zhang's group demonstrated that columnar Li
was uniformly deposited on an LiF-rich Cu current collector, because the generated LiF,
which possesses low surface diffusion barriers for Li ions, is beneficial for the formation
of a stable and homogeneous SEI film that contributes to a well-distributed Li* flux.>*
The coatings of alloy/LiCI>> and Sn°® on Li or Na anodes are also beneficial to the fast
ionic transport. By pretreating Li metal in polyphosphoric acid, an artificial LisPO4 layer
was coated on Li metal.”” Because of the chemical stability in organic electrolytes, high
Li* conductivity, high Young’s modulus around 10-11 GPa, and homogeneous compo-
sition of the LizPO4 layer, a uniform Li* flux suppressed Li dendrite growth and reduced
corrosion of bulk Li was achieved during long-life cycling in Li|LiFePO, cells. A room-
temperature conversion reaction (4Na + MoS; = 2Na,S + Mo)>® was performed to pro-
tectNa anodes, whereby Na,S acts as an artificial SEl film to prevent Na dendrite growth
while the 3D host constructed by residual MoS; nanosheets largely accommodates the
volume change of Na metal.

Atomic layer deposition (ALD) technology, one of physical treatment methods, is uti-
lized to construct the protective layer with controllable thickness and composition
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(A) In situ optical microscopy images of electrochemical Na deposition on the bare Na anode (top) and ionic liquids-membrane-protected Na anode
(bottom) taken at different times. Reprinted with permission from Wei et al.*® Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA.
(B) In situ TEM images of the Li deposition on hollow carbon nanosphere-decorated Cu wires taken at different times. Reprinted with permission from

|21

Zheng et al.”" Copyright 2014 Springer Nature.

(C) Schematic diagrams of Li deposition on bare Cu foil (top) and the Cu foil covered with an h-BN film (bottom). Reprinted with permission from

Yan et al.”” Copyright 2014 American Chemical Society.

(D) A load-depth curve of the triplet interconnected microspheres until separation. Reprinted with permission from Lee et al.”® Copyright 2017

American Chemical Society.
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for Li and Na anodes. Typically, an Al,O3 layer was coated onto Li metal to form a
stable and ionically conductive Li,Al,O3 alloy after lithiation."" The Al,O3-protected
Li metal showed improved stability against moisture, CO,, and organic solvents.
Compared with bare Li metal, the Li anode protected with 14 nm Al,O3 exhibited
remarkable stability against sulfur species, resulting in a reduced loss of first cycle
capacity and enhanced capacity retention over 100 cycles in Li-S batteries. Consid-
ering the low melting point of Na metal (=98°C), a low-temperature plasma-
enhanced process was developed to fabricate Al,O3-coated Na anodes whereby
no obvious 3D Na dendrite growth was observed after cycling for 450 hr.>” Consid-
ering extra complex steps of these physical methods, Li et al. developed a cost-
effective strategy to protect Na and K metal anodes by directly pressing carbon pa-
per on their surface. Compared with pure Na and K metals, sodiated or potassiated
carbon possesses less reactive surface, which favors the formation of stable SEl films.
Moreover, the large surface area of carbon paper dissipates the current density, ho-
mogenizes the ion flux distribution, and mitigates the mossy Na and K deposition.°

The artificial SEI films fabricated via chemical/electrochemical pretreatment and
ALD are often thin, brittle, and vulnerable to cracking because of volume changes
of alkali metal anodes during cycling. The introduction of coating interlayers with
high mechanical strength to suppress dendrite growth has aroused wide attention.
Zheng et al. designed a protective layer composed of single-layer interconnected
amorphous hollow carbon nanospheres.?’ Such a thin carbon layer provided suffi-
ciently high Young'’s modulus of ~200 GPa to accommodate volume changes. An
upward movement of the carbon-sphere thin film was observed by in situ TEM,
creating free space for Li deposition (Figure 6B). In fact, these low-conductivity
carbonaceous coatings serve primarily to add mechanical resistance. Ultrathin
2D graphene and hexagonal boron nitride (h-BN) with point/line defects to allow
the penetration of Li* are effective layers for the formation of a 2D layer-Li-Cu
sandwich structure (Figure 6C), which have a high Young’s modulus approaching
1.0 TPa to resist Li dendrites.? Moreover, the stability and rate capability of the
Na anode were critically dependent on the thickness of the graphene coating
layer.”

Electronically insulating polymer films are promising protective layers to accommo-
date the volume change of alkali metals because of their high flexibility. A modified
PDMS thin film with nanopores, created by hydrofluoric acid etching, was coated on
Cu foils to serve as an artificial layer to improve the cycling stability of Li metal bat-
teries.’’ The nanopores in the PDMS film provide pathways for Li* transport.
Because of the strong mechanical strength and high flexibility of PDMS, deposited
Li is uniformly sandwiched between the PDMS film and Cu foil with the ability to
inhibit dendrite growth. Additionally, in situ indentation demonstrated that the in-
terconnected microspheres protective layer provided sufficient stress to pressurize
the Li dendrites (Figure 6D).%?

Organic-inorganic hybrid layers are one of the most attractive artificial films, with
favorable ionic conductivity and desired flexibility to accommodate the volume
changes of alkali metals. Liu et al. proposed a protective layer composed of CusN
nanoparticles incorporated into styrene-butadiene rubber (SBR). CuzN can react
with Li metal to form Li3N, resulting in good Li* conductivity.®” The elastic modulus
of this artificial film is helpful to suppress Li dendrites. In comparison with pure inor-
ganic Li3N coating, the structural integrity of the hybrid layer was quite stable during
Li plating and stripping thanks to the good flexibility of SBR. Moreover, hybrid
membranes such as SiO,@PMMA core-shell nanospheres, Al,Os/polyvinylidene
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fluoride-hexafluoropropylene (PVdF-HFP) membranes, and alucone are also em-
ployed as interfacial layers on alkali metals to alleviate dendrite growth. Therefore,
an ideal artificial SEI film should possess high flexibility to accommodate volume
changes and a compact structure to impede potential dendrite growth.

Separator Modification

The piercing separator leads to internal short-circuiting along with significant safety
hazards. Moreover, the cleavage of the separator caused by puncture by the Li mi-
crostructures (e.g., dendrites and fibers) was observed by X-ray tomography.®® As
the separator has a great influence on the alkali-metal-ion diffusion in the bulk elec-
trolyte and dendrite growth, the design of new membranes and the modification of
commercial separators have been conducted to resist dendrite growth.

The strong interfacial interaction between the separator and alkali metal can lead to
deformation of deposited alkali metals and thus greatly flatten the electrode surface.
After polydopamine (PDA) coating, dendrite suppression can be attributed to the
well-distributed Li* flux, which is facilitated by the enhanced electrolyte uptake ca-
pabilities and the strong catecholic adhesion of PDA onto the Li metal surface, which
then can relieve the local surface tension of Li metal (Figure 7A).°* Furthermore, the
enhanced separator-electrolyte interaction is beneficial to improving the ionic con-
ductivity of the separator and alkali-metal-ion transference number. Hence, the al-
kali-metal-ion depletion on the anode surface can be reduced along with retarded
dendrite growth. The ZrO,/polyhedral oligomeric silsesquioxane multilayer depos-
ited on polyethylene (PE) separators can weaken the solvation effect of Liions.®® The
movement of alkali metal ions can also be increased by using fibrillar polyvinylidene
fluoride film, hierarchical chitin fibers, and MOF-coated separator because of the ex-
istence of functional groups.

Theoretically, if the shear modulus of the separator is larger than 7 GPa, dendrite
suppression can be achieved. Polyoxyzole nanofiber membranes possess
dendrite-proof ability arising from an ultimate strength of 525 MPa and Young's
modulus of 20 GPa.®” Additionally, a uniform thermal distribution inside the working
battery plays an important role in improving the safety of rechargeable batteries.
The BN nanosheets coating layer can decrease the surface area available for the
initial Li deposition, so that Li deposits became much larger when using a BN-coated
separator (Figure 7B). Owing to very high thermal conductivity, the BN layer can
facilitate heat dissipation, leading to a more uniform growth and dissolution of
Li.®> Thanks to the high thermal and mechanical stabilities as well as excellent elec-
trolyte wettability, a poly(vinylidenefluoride-co-hexafluoropropylene)/polyvinylpyr-
rolidone/antimony oxide (PVdF-HFP/PVP/Sb,03) composite membrane is capable
of inhibiting the growth of Li and Na dendrites.”®

In addition, functional separators have been designed to detect and eliminate den-
drites. Separators composed of a polymer-Cu-polymer triple layer were employed
to dendrite detection, because a sharp voltage drop between Cu and Lianode could
be recorded once dendrites reached the Cu layer but did not penetrate the whole
separator (Figure 7C).%° By introducing SiO, nanoparticles®’ or GO film’" between
two polymer membranes, Li dendrites that puncture the separator were eliminated
through the chemical reaction with the middle layer (Figure 7D). Bifunctional sepa-
rators exhibit obvious advantages in alkali metal-S and alkali metal-O, batteries
because alkali metal anodes are protected from the corrosion of soluble polysulfides
and dissolved O,.”?7% Although some progress has been made in suppressing
dendrite growth by modifying separators, the fundamental mechanism has not
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Figure 7. Schemes of Modified Separators in Regulating Li Deposition and Dissolution and Suppressing or Detecting Dendrites

(A) The enhanced adhesion of the PDA-coated PE separator onto Li-metal surface during Li deposition and dissolution (top); the Li-ion flux distribution
through the PE and PDA-coated PE separators (bottom). Reprinted with permission from Ryou et al.** Copyright 2012 Wiley-VCH Verlag GmbH & Co.
KGaA.

(B) Schematic illustrations of Li deposition and striping processes with pristine and BN-coated separators. Reprinted with permission from Luo et al.®®
Copyright 2015 American Chemical Society.

(C) Schematic of dendrite detection in batteries with the traditional separator (left) and polymer-Cu-polymer separator (right). Reprinted with

permission from Wu et al.*® Copyright 2014 Springer Nature.

(D) Proposed mechanism for SiO, nanoparticle sandwiched separators to suppress dendrite growth. Reprinted with permission from Liu et al.®’
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA.

been distinctly disclosed owing to the difficulty in studying the behavior of separa-
tors in working batteries.

Electrolyte Engineering

Liquid Electrolytes

Because of the low reduction potential of alkali metals, electrolyte components are
thermodynamically unstable and decompose into a surface passivation layer on al-
kali metals. The composition and structure of the in-situ-formed SEI film are largely
determined by organic solvents, alkali salt types, and additives. A dense and robust
SEl film is beneficial to stopping the further reaction between the electrolyte and
alkali metal anode, and a uniform interface is helpful to reduce overpotential. Conse-
quently, the regulation of electrolyte components is an efficient approach to stabi-
lize the SEI layer, and some effective strategies including choosing solvents with
low reduction potential, enhancing the concentrations of salts, and introducing
proper functional additives have been proposed.
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According to Goodenough’s perspective about the relationship between the SEI
formation and LUMO/highest occupied molecular orbital (HOMO) of electrolyte, se-
lecting the solvent with low reduction potential is an effective way to solve the prob-
lems of electrolyte decomposition. Carbonate solvents can be easily reduced to
form undesirable organic components in SEI films because of their high reduction
potentials. However, ether-based electrolytes have attracted attention because
of their lower reduction potentials, and taking 1,2-dimethoxyethane (DME) as an
example, it has the lowest potential of —1.68 V (versus Li*/Li) among the liner ethers,
implying the low possibility of direct reactions between DME and Li metal. Zhang
et al. found that needle-like Li dendrites were generated in propylene carbonate
(PC)-based electrolytes with different Li salts, while nodule-like Li depositions with
a smaller surface area and round edges were present in DME-based electrolytes,
suggesting that ether-based electrolytes were much more stable in the presence

of Li metal.”*

Cui et al. successfully realized the highly reversible room-temperature
Na plating and stripping by using NaPF, in diglyme, but failed when employing
NaPF, in carbonate solvents (Figure 8A)."? The utilization of NaPF4 enables the gen-
eration of an SEl film including inorganic Na,O and NaF with high impenetrability to
electrolyte solvents and high shear moduli, which promotes a well-distributed Na™

flux and suppresses the dendritic growth of Na deposits.

Salt concentration affects the stabilization and cycling efficiency of alkali metal an-
odes. Except for the decreased conductivity, concentrated electrolytes usually
exhibit high ionic transference number, reduced reactivity, and enhanced electro-
chemical and thermal stabilities. The equation of Sand'’s time discloses T that in-
creases with the initial metal-ion concentration, demonstrating that an increase in al-
kali ion concentration can retard dendrite formation. Moreover, a high number of
alkali metal ions in the electrolyte lead to a unique coordination structure. As a
consequence, the number of uncoordinated solvent molecules decreases, which
mitigates alkali metal surface corrosion. For example, the Liions are usually solvated
with four or five solvent molecules in the liquid electrolyte,”” and Xu et al. proved
that the desolvation process of Li* is the major energy-consuming step during the
"jon transfer” through the SEI film.”® The solvation and desolvation of Li* depend
on the solvent species and Li* concentration.”®’? In low-salt-concentration electro-
lytes, a large Li* solvation shell forms, leading to relatively lower mobility of solvated
Li* cations. However, an concentrated electrolyte comprising 7 M LIN(SO,CF3),
(LiTFSI) in 1,3-dioxolane/DME (1:1, v/v) delivered a high Li* transference number
(ti;+) of 0.73, indicating that this Li salt was more capable of transporting Li*.80
The high tii is beneficial for a sufficient Li* flux and rapid Li* transfer between the
electrolyte and Li anode. As a mass of anion balances the cation (Li*) and anion
(TFSI7) in the vicinity of the Li anode, no excess Li* is available for the formation of
Li dendrites. Moreover, the high viscosity of electrolytes with ultrahigh salt concen-
trations provides an additional chemical pressure to inhibit Li dendrite growth.
Consequently, the Li-S battery that use this highly concentrated electrolyte ex-
hibited a reversible capacity of 770 mAhr g~ with capacity retention of 74% after
100 cycles at 0.2 C, and the CE reached nearly 100% after the first cycle. Besides,
Xiao et al. found that high potassium bis(fluorosulfonyl)imide (KFSI)-DME electrolyte
was beneficial for the passivation of K surface and K* conduction, and a stable SEI
was established in the early stages, which is proved by overpotential unchanged
within 200 cycles. However, 1 M potassium hexafluorophosphate (KPF¢)-DME, 1 M
potassium bis(trifluorosulfonyl)imide-DME, and 0.8 M KPF, in EC/diethyl carbonate
resulted in irreversible K deposition and dissolution with rapid capacity decay (Fig-
ure 8B).” DME molecules in high-salt electrolyte donate their oxygen lone-pair elec-
trons to K* (solvation) and have lower HOMO, which mitigated the oxidative
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Figure 8. Optimizing Liquid Electrolytes by Adjusting Components and Introducing Additives

(A) CEs of Na/Cu coin cells cycled with 1 M NaPF, in different solvents. Reprinted with permission from Seh et al.’” Copyright 2015 American Chemical
Society.

(B) CEs of K/Cu coin cells with various electrolyte formulations. Reprinted with permission from Xiao et al.” Copyright 2017 American Chemical Society.
(C) SEI films formed on Li anodes of Li-S cells with different electrolyte additives. Reprinted from Xiong et al.”®
(D) Self-healing electrostatic shield mechanism of Li deposits. Reprinted with permission from Ding et al.”® Copyright 2013 American Chemical Society.
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decomposition. Therefore, the wide electrochemical window is up to 5V versus K/K*
in the highly concentrated KFSI-DME electrolyte, which can be coupled with high-
voltage cathodes. K/potassium Prussian blue cells displayed an average discharge
capacity of 65 mAhr g~' over 50 cycles with a high CE of 98% at 100 mA g~
Recently, considering the high cost and poor ionic conductivity of high-concentra-
tion electrolytes (HCE), localized HCE by diluting an HCE with an “inert” diluent
has been reported.?’ The diluent is required to exhibit an electrochemical stability
window similar to that of the HCE and does not dissolve the salt but is miscible
with the solvent, and the Li*-solvent solvates in the HCE. This method, based on
diluting high concentrations of electrolytes without the dissolution of salts, opens
a new way for electrolyte design.

Anideal electrolyte additive should react with alkali metals prior to electrolyte and form a
strong, uniform, and chemically stable SEl layer. Generally speaking, LiF with extremely
large band gap of 13.6 eV is a good candidate as an SEl component.'*®? Fluoroethylene
carbonate (FEC) with a very low LUMO level of —0.87 eV is easy to reduce on the surface
of Li metal anode to form a dense and mechanically strong LiF-rich SEI layer, which is
beneficial to suppressing dendrite growth.** For example, Zhang et al. introduced
FEC and LiNO; into DME electrolyte to alter the Li solvation sheath and formed LiF
and LiN,O, SEI films.®* A 30 mol % LiF additive in a 1 M LiTFSI/PC electrolyte enabled
the development of a conformal crystalline SEI film, leading to smooth Li deposition
without dendrites and 25-fold enhancement in the lifetime of symmetric Li/Li cells.®
Similarly, an electrolyte comprising 1 M LiF3SOj3 in tetraethylene glycol dimethyl
ether-FEC (5:1, v/v) was beneficial for the formation of a protective film on the Li metal
surface, which effectively protected the Li metal from corrosion under attack by dis-
solved O, and organic solvents. As a result, the Li-O, battery with this FEC-containing
electrolyte showed a much more stable cycling performance, with a fixed capacity of
1,000 mAhr g~ at 300 mA g~ after 100 cycles.®® Nevertheless, FEC is not a panacea
additive for the construction of reliable Na metal batteries, because of the sudden onset
of polarization during discharge resulting in inefficient Na plating and stripping.®’ In
addition, Guo's group found that FEC could aggravate the electrolyte decomposition
in a symmetric K foil cell, which severely affects the uniformity and stability of the SEI
layer, indicating that FEC is not a good choice for K-ion batteries.®

Moreover, LINOj3 is the most commonly used additive for Li-S batteries and can be
reduced to yield insoluble LiN,O, that protects Li metal from further reactions with
polysulfides. Because of the synergetic effects of LINO3 and Li,S,, (n = 4-8), a smooth
and stable SEIl film can be produced on Li metal (Figure 8C).”° Li et al. demonstrated
that Li dendrite growth was effectively suppressed by controlling the concentrations
of Li,Sg and LiNO3.%? Contrary to the previous findings in the Li metal anode system,
Wang et al. proved that Na,;S¢-NaNOj as co-additives into 1 M NaPFg in diglyme
had an adverse effect on Na anode owing to the fact that Na metal could preferen-
tially react with NaNO3.7° However, when using Na,S as additives into 1 M NaPF in
diglyme, the SEl films composed of Na,O, Na,S,, and Na,S were robust enough to
protect the Na surface from further reacting with the electrolyte components. The
Na,Se-treated Na/S cell exhibited much more cycling stability than the untreated
Na/S cell, indicating the passivation of Na anodes and the alleviated shuttle effect
of Na-S batteries. Unfortunately, a majority of additives are continuously consumed
during repetitive restoration of SEl films because they are sacrificed to prevent
exhaustion of alkali metal anodes, solvents, or salt anions in the subsequent cycles.

On the basis of a self-healing electrostatic shield mechanism, Xu's group demon-
strated that low concentrations of Rb* or Cs*, which have a lower reduction potential
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than Li*, can form a positively charged electrostatic shield around the initial Li pro-
tuberance.”® Owing to the repulsive interaction between Li* and non-Li cations, Li*
will be deposited to adjacent regions of the anode until a smooth deposition layer
forms (Figure 8D). Even when testing Li metal with pre-existing dendrites, the nee-
dle-like Li protrusions were transformed into smaller spherical particles after contact-
ing with 1 M LiPF4/PC with 0.05 M CsPF, additive. Obviously, whether alkali metals
can be plated preferentially depends on the concentration of deposition additives.
Similarly, an ionic liquid additive, namely, 1-dodecyl-1-methylpyrrolidinium
(Pyr1(12)") bis(fluorosulfonyl)imide (FSI7), could suppress Li dendrite growth by
the synergistic effect of cations and anions. The Pyr1(12)" cations not only can
engage an electrostatic shielding effect but can also add a “lithiophobic” effect
via the non-polar aliphatic chain attached to the pyrrolidinium, whereas the FSI™ an-
ions can induce the formation of rigid SEI layers.”” Consequently, developing new
multifunctional additives to improve the stability of SEI films and regulate the distri-
bution of alkali metal ions may be one of the significant trends for AMBs.

Solid-State Electrolytes

Solid-state electrolytes (SSEs) possess several prominent advantages such as easy
encapsulation, non-inflammability, high chemical and electrochemical stability,
and high mechanical strength, which make it a good choice for the large-scale appli-
cation of AMBs. In general, the ionic conductivity of SSEs is still much lower than that
of liquid electrolytes at room temperature.

Inorganic SSEs are promising candidates for preventing alkali metal dendrite pene-
tration by way of their unity ionic transfer number and strong mechanical strength,
although unstable electrode-electrolyte interface, high interface resistance, and
poor stability in air hinder their practical demonstration. Owing to the difference
in ionic conductivity at grain boundaries (GBs), dendrite growth along GBs where
the electric field was enhanced locally during charge was found even by in situ
SEM observation in some oxide-type and sulfide-based SSEs,”*”° while initial
dendrite formation was mostly ascribed to the inhomogeneous contact between
SSEs and alkali metal anodes.”®¢ An ultrathin Al,O3 coating was introduced to
boost the Li wettability of Li;Las75Cag 25Zr1.75Nbg 25012 (LLCZN) by forming Li-
Al-O alloys at the Li-electrolyte interface (Figure 9A), leading to significantly
decreased total impedance of symmetric Li/Li cells.”’ Lithiophilic materials such as
Al, Au, Si, ZnO, and Ge were also employed to improve the interfacial contact be-
tween the oxide-garnet-type electrolyte and Li anode by alloying. Moreover, the
in situ-formed Na*-conductive layer on the surface of 380°C heat-treated
Na3zZry(PO,) (SiO4), (H-NASICON) was capable of achieving better wetting and
adhesion across the Na-H-NASICON interface with lower interfacial resistance
and suppressed dendrite growth (Figure 9B).”° Compared with inorganic SSEs,
solid polymer electrolytes (SPEs) possess good processability, high flexibility, and
strengthened resistance to volume changes of alkali metals during cycling. Polyeth-
ylene oxide (PEO)-based electrolytes are one of the most promising SPEs because of
their high solubility for alkali salts and high chain flexibility that can mechanically
mitigate dendritic growth. However, PEO hosts that imbibe organic electrolytes usu-
ally suffer from several problems such as low room-temperature ionic conductivity,
poor dimensional stability, and uncontrollable dendrite growth of alkali metals at
high temperatures. Crosslinking polymers play an important role in improving
dimensional stability and suppressing the crystallization of PEO at room tempera-
ture. Khurana et al. designed a Li-ion conducting SPE composed of stiff semi-
crystalline PE chains covalently crosslinked by PEO segments.'?° High conductivity
(>107* S cm™" at 25°C) could be obtained by tuning the PE backbone length
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Figure 9. Schematic lllustrations of Solid-State Electrolytes for Li- and Na-Metal Batteries

(A) The contact interface between LLCZN and Li metal without (top) and with (bottom) ALD Al,O3. Reprinted with permission from Han et al.”’ Copyright
2016 Springer Nature.

(B) Na plating behavior on the NASICON-pellet-Na-metal interface without (top) and with (bottom) a Na™ conductive layer. Reprinted with permission
from Zhou et al.”® Copyright 2017 American Chemical Society.

(C) Scheme of the 3D garnet fiber-reinforced CPL. Reprinted with permission from Fu et al.”® Copyright 2016 National Academy of Sciences.

(D) Electric potential profiles across the PCPSE (left) and single polymer electrolyte (right) in the charged cell. Reprinted with permission from

Zhou et al.”” Copyright 2016 American Chemical Society.

between crosslinks and the PEO segment lengths. More importantly, although pos-
sessing low shear modulus, this crosslinked SPE still exhibited remarkable dendrite
resistance, indicating that a high modulus (G’> 2 Gy)) is not a requirement for SPEs to
control dendrite proliferation.

Inorganic compounds such as SiO,, garnet-type materials, and Na* conductors
(NASICON) have been integrated with polymer matrices to fabricate composite
polymer electrolytes (CPLs) with favorable ionic conductivity, high mechanical
flexibility, and high modulus. The nanosized inorganic particles in the CPLs can
significantly decrease the crystallinity of polymers and increase contact area
with the polymer electrolyte, which results in high ionic conductivity. Lin et al.
demonstrated that a PEO-based composite electrolyte dispersed with in-situ-syn-
thesized SiO, nanospheres inside exhibited an improved Li* conductivity of 1.2 x
1073 S em™" at 60°C."°" Additionally, the content ratio of the inorganic filler also
has a great influence on the ionic conductivity of CPLs. With the addition of
40 wt % NASICON-type Nas 4Zri gMgo 2SizPO1; filler, the Na® conductivity of
the CPL increased from 9.0 X 107%t0 2.4 x 1072 S cm™" at 80°C while the polar-
ization voltage of the Na/CPLs/Na3V,(POy)s cell decreased from 0.16 to 0.06 V at
0.1 C."% To avoid the agglomeration of individual nanoparticles, nanowire- or

332 Chem 5, 313-338, February 14, 2019
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nanofiber-based 3D networks were introduced into the polymer matrices to
improve the ionic conductivity by providing more ionic transport pathways. By infil-
trating a LiTFSI-PEO polymer into a 3D porous garnet-type Lig 4LazZrAlp 2012
nanofiber network, flexible and ion-conducting hybrid membranes were fabricated
(Figure 9C).”® Thanks to the good mechanical support provided by the 3D
network, this composite electrolyte exhibited high thermal stability and fire-retar-
dant properties. The symmetric Li/CPL/Li cell showed a long cyclability at 0.5 mA
ecm™2, indicating its good mechanical stability that can block Li dendrites. How-
ever, most of the CPLs still need to work at high temperature. To satisfy the
application demand of the low-melting-point Na metal, a liquid plasticizer
(1-ethyl-3-methylimidazolium bis(fluorosulfonyl)) was further incorporated into the
PEO-NaClO,4-SiO, matrix to improve room-temperature ionic conductivity of the

hybrid electrolyte. %

It was found that the Sand's time varies inversely proportional to tanion (transference
number of anion), suggesting that alkali metal ionic transference number has a vital
impact on dendrite growth. Combining the merits of inorganic and polymeric
electrolytes, Goodenough et al. designed a polymer/ceramic/polymer sandwich
electrolyte (PCPSE), where the oligoethylene oxide pendants attached on the cross-
linked poly(ethylene glycol) methyl ether acrylate facilitate Li* transfer and the irre-
versible reduction of the Liy 3Alg 3Tiq.7(PO4)3 (LATP) was prevented by the isolating
effect of polymer layers. In comparison with single-polymer electrolytes in the bat-
teries, the prepared PCPSE effectively reduced the electric-field intensity across
the interface and stabilized the polymer electrolyte without decomposition (Fig-
ure 9D).”” Moreover, the good wetting of the polymer to Li anode resulted in lower
Li* transfer resistance and a more uniform Li* flux across the interface, thus suppress-
ing the dendrite formation on the GBs of LATP. Similarly, both Li;La3Zr,O4, and
Na3zZrp(PO,) (SiO4), containing PCPSEs also exhibited superior stability and den-
dritic inhibition.

Although SSEs exhibit better safety than liquid electrolytes in rechargeable batte-
ries, the room-temperature ionic conductivity, stability against alkali metals, and inti-
mate electrode-electrolyte contact interface need to be further enhanced for their
practical application in AMBs.

CONCLUSION AND PERSPECTIVE

Alkali metals (Li, Na, and K) are ideal anode materials for high-energy rechargeable
batteries such as the alkali-S and alkali-O; cells. Unfortunately, their high reactivity,
large volume change, dendrite growth, unstable SEI films, and low CE during
charge-discharge cycling have largely hampered the practical application of alkali
metal anodes for rechargeable batteries. With a deeper understanding of the forma-
tion of SEI films as well as dendrite nucleation and growth, significant progress in
electrode design, interfacial protection, and the optimization of electrolytes has
been made to address these challenges. Nevertheless, these strategies have their
own advantages and disadvantages (Table 2) and are usually effective under certain
conditions, but how to integrate the individual solution into a rechargeable battery
with a long lifespan at high current densities and high CE remains to be solved. Both
the theoretical and experimental investigations of AMBs need to be intensified to
meet the demands for commercialization.

Many challenges and possible development directions for future AMBs research
include the following. (1) For evaluating the ability to suppress dendrite growth
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Table 2. The Advantages and Disadvantages of Different Strategies for Addressing the Challenges Confronted by Alkali Metal Anodes

Classification

Electrode design

Interface engineering

Electrolyte engineering

Methods

micro- and/or nanostructuring of alkali metal anodes

stable hosts for alkali metal anodes

modification of current collectors

artificial SEI films

separator modification

liquid electrolytes high concentrations

electrolyte additives

solid-state electrolytes

inorganic solid electrolytes

solid polymer electrolytes

composited polymer
electrolytes

Advantages

effectively decrease the current density

possess the abilities to accommodate alkali
metals and mitigate volume changes;
regulation of electric-field distribution or
alkali-metal-ion concentration gradient to
suppress dendrite growth

reduce the current density; manipulate alkali
metal deposition sites; provide room for
alkali metal depositions; alleviate the volume
change during cycling

stabilize the alkali metal surface and mitigate

dendrite growth

improve battery safety; regulate alkali-metal-ion
flux distribution or suppress the initiation
of dendrite growth

delay the start time for dendrite formation

stabilize and adjust the properties of SEI
films with minimum side reactions

high mechanical strength

ease of processing; low cost; high flexibility;
good wettability with electrodes;
strengthened resistance to volume changes
of alkali metals

cost-effectiveness and enhanced mechanical
strength

Disadvantages

difficulty in maintaining the micro- and/or
nanostructures of alkali metal anodes after
cycling

need an additional predeposition process
to load alkali metals

heavyweight discount

gravimetric capacity of composited alkali
metal anodes; easy oxidation of the
deposited alkali metals

poor mechanical stability of most protection
layers

narrow range of structure design

high cost

continuous consumption of sacrificial
additives during repetitive restoration of SEI
films; strict concentration dependence of
deposition additives

low ionic conductivities at room temperature;
brittleness; processing difficulties; high cost;
poor wettability and stability toward alkali
metals

poor ionic conductivities at room
temperature; narrow operating
temperature; weak mechanical stability

low ionic conductivities at room
temperature; high interface resistance

0
®
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and the stability of SEI films, in situ characterization techniques for alkali metal an-
odes need to be developed urgently to reveal their original fine morphologies,
components, and structures, which can provide more reliable information than
ex situ techniques. (2) The low CE of alkali metal anodes is always ignored in
the reported research, because the oversufficient alkali metal conceals the capacity
loss of alkali metals in each dissolution-deposition cycle although dendrite sup-
pression is achieved. Therefore, the simultaneous inhibition of dendrite growth
and substantial improvement of CE should attract enough attention to realize
the extensive utilization of alkali metal anodes in AMBs. (3) The complexation of
alkali metal ions with an appropriate agent that can increase the electrochemical
polarization of alkali metal deposition and seeking ideal additives that can be ad-
sorbed onto protuberances of alkali metal surface to regulate the ionic distribution
should be efficient ways to retard the corresponding alkali metal deposition. (4)
Universally accepted criteria to evaluate alkali metal anodes, such as the choice
of tested cell pattern (coin or pouch cells) and the definition of high current den-
sities, should be established. (5) Because of the ultrahigh reactivity of metallic K,
the research on K metal batteries is still in the infant stage, and far behind that
of Li- and Na-based batteries. Thus, increased efforts should be undertaken for
the advancement of K metal batteries. Effective strategies to stabilize Li and Na
herald a new dawn for K metal anodes. (6) Exploring non-dendritic alkali metal an-
odes such as a liquid K-Na alloy for dendrite-free metallic K batteries should be a
promising strategy for realizing the application of AMBs. (7) Being capable of ad-
justing current densities, alleviating volume change, and eliminating dendrite
growth, a universal, lightweight, and low-cost micro- and/or nanostructured matrix
is critically needed to support alkali metals. (8) The stability, ionic conductivity, and
mechanical strength of SEI films are determined by their composition and struc-
ture. The SEI layer with low energy barriers for alkali-metal-ion diffusion contrib-
utes to stable and homogeneous deposition. Chemical reactions between the
alkali metal anode and electrolyte, which greatly facilitate the selection of organic
solvents, alkali salts, and electrolyte additives, need to be deeply investigated. (9)
Although SSEs usually exhibit a high ionic conductivity at high temperatures, the
room-temperature ionic conductivity of SSEs needs to be further enhanced. More-
over, optimization of the contact between SSEs and electrodes is required to
decrease interfacial resistance.

Despite being confronted with many obstacles, the wide application of high-energy-
density AMBs is of great significance, and much more efforts should be made in
fundamental study, material design, and advanced characterization techniques to
facilitate their advancement toward practical applications.
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