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Advances in functional organic material-based
interfacial engineering on metal anodes for
rechargeable secondary batteries¥

Ruijuan Shi, & *1 Zhen Shen,i Qiangian Yue and Yong Zhao ‘& *

Metal anodes with the merits of high theoretical capacity and low electrochemical potential are promising
candidates for the construction of high-energy-density rechargeable secondary batteries. However,
metal anodes with high chemical reactivity are likely to react with traditional liquid electrolytes, leading to
the growth of dendrites, side reactions, and even safety issues. In this case, metal plating/stripping
electrochemistry is associated with an enhanced ion transfer rate and homogeneous ion distribution on
the metal surface. Herein, functional organic material (FOM)-based interfacial engineering on metal
anodes is systematically presented, focusing on the effects of forming uniform solid electrolyte interphase
(SEI) layer, homogenizing ion flux, accelerating ion transport, etc. This main content addresses the
advances of FOMs in terms of SEI modification, 3D skeleton construction, and gel/solid-state electrolytes
in multiple metal batteries, providing in-depth insights into the exploration of high-performance metal
batteries. Moreover, other applications and outlooks for FOMs are further summarized, paying potential
ways for the practical applications of FOM-based rechargeable secondary batteries.

1. Introduction

In the last few decades, the global energy crisis and environ-
mental problems have become urgent. As an important
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devices, alkali (such as Li, Na, and K) and alkaline earth (i.e.,
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Zn, Mg, Al, and Ca) metal batteries with high capacity have
become next-generation high-energy-density batteries.*® For
example, zinc metal batteries have developed rapidly in recent
years due to their high theoretical specific capacity (820 mA h
g™"), low cost, and environmental friendliness. However, the
growth of dendrites and side reactions on Zn anodes are inevita-
ble in liquid electrolytes, and the Coulombic efficiency of Zn
deposition/stripping behavior remains unsatisfactory.”® Similarly,
alkali metal anodes with high chemical reactivity are prone to
generating side reactions with the electrolyte to form an unstable
solid electrolyte interphase (SEI) layer on the metal surface, result-
ing in the loss of active material, unstable SEI, uncontrollable
dendrite growth, and severe volume expansion.'>'" All these
issues hinder the commercialization of rechargeable metal bat-
teries, and thus there is an urgent requirement to explore den-
drite-free, safe and highly stable rechargeable metal batteries."”

Generally, the unstable SEI layer is closely related to the
slow ion transfer and uneven ion flux on the metal surface, and
thus investigating schemes to suppress metal dendrite growth
and side reactions is crucial for the construction of high-safety
and high-energy-density energy storage devices. There are four
main methods used, as follows: firstly, the construction of a
three-dimensional (3D) skeleton, which can effectively promote
the ion transfer rate, reduce the local current density, and
enhance the uniform deposition of metals."® Secondly, the modi-
fication of the electrolyte. The electrolyte additives contribute to
the in situ formation of an even SEI layer on the metal surface,
which will improve the stability of the anode/electrolyte interface
and reduce side reactions."*® Thirdly, designing an artificial SEI
layer. The introduction of artificial SEI layer can effectively avoid
the direct contact between the liquid electrolyte and metal
anode, reducing the loss of active substances and electrolyte.'”
Finally, the construction of gel/solid-state electrolytes (SSEs). This
method inhibits dendrite growth and reduces side reactions,
further improving the battery safety.?°> Among them, the modi-
fication of the SEI generally has a high ion transport rate and
mechanical strength to induce uniform ion deposition, which
also effectively inhibits the growth of dendrites and side reac-
tions.”® Besides, this method can be effectively combined with
other strategies to construct rechargeable secondary batteries
with high safety and high cycle stability.

The structural stability of the SEI layer determines the cycle
life of metal anodes, and thus various strategies have explored
to stabilize the SEI layer, such as regulating the electrolyte
components and designing 3D skeleton structures.**°
Notably, the modification of the SEI with functional organic
materials (FOMs) has attracted increasing attention due the
abundant resources, structural designability, and eco-friendly
nature of FOMs.>” A favorable SEI layer with FOMs can prevent
the excessive depletion of the electrolyte, limit the growth of
dendrites, and minimize the volume change, while still allow-
ing fast ion transport.”®*® The reported FOMs for metal/elec-
trolyte interface engineering mainly include small organic
molecules, polymers, metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), metal-covalent organic
frameworks (MCOFs), and other 2D materials.*>*' The inter-
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facial engineering of the SEI layer on metal anodes has wit-
nessed great improvement with the addition of FOMs, owing
to their effects of forming a uniform SEI layer, homogenizing
the ion flux, accelerating ion transport, etc.***> For example,
small organic molecules in FOMs have flexible structures and
small mass, which play an important role as electrolyte addi-
tives in stabilizing metal anodes.**™” Polymers with design-
able structures (such as polyvinylidene fluoride (PVDF), poly
(ethylene oxide) (PEO), and polyvinyl alcohol (PVA)) usually
take part in the construction of artificial SEI layers in the
liquid electrolytes, as well as porous 2D COF and MOF
materials.?®?%3° Moreover, 2D materials with adjustable func-
tions and designable structures can also be used as a 3D skel-
eton and solid/quasi-solid electrolytes, in combination with
flexible polymers.**** However, a polymer-based artificial SEI
layer can mitigate dendritic growth and volume changes, but
its high crystallinity leads to a low ion migration efficiency.***>
Besides, the practical application of COFs and MOFs with poor
flexibility and crystallinity in SSEs or artificial SEI layers is
limited by their low ionic conductivity and poor mechanical
strength.>**®*” Therefore, a comprehensive review of the devel-
opment and advances of FOM-based interfacial engineering is
necessary, which will open up avenues toward the further
exploration of high-performance rechargeable batteries.

FOM-modified anodes are mostly employed in the construc-
tion of high-performance alkali metal batteries, and their appli-
cation in practical areas is foreseeable.’® However, few reviews
have systematically summarized the research on the use of FOMs
in structural engineering for anode protection, and the metal
deposition behaviors on FOMs are still lacking in-depth
reviews.””*> Herein, the recent progress on the use of FOMs in
secondary batteries is outlined. Various FOMs and their appli-
cations in different rechargeable metal batteries are summarized
in detail, including electrolyte additives and SEI construction in
anode protection, 3D skeleton construction, and solid/quasi-solid
electrolyte. In this review, we summarize the use of FOMs in Li,
Na, K, and Zn secondary batteries in recent years, emphasizing
the advances and corresponding design strategies in liquid elec-
trolytes and SSEs. The conclusion and outlooks for FOMs on the
structural engineering of metal anodes are further discussed,
paving potential ways for the practical application of FOM-based
rechargeable secondary batteries.

2. lIssues of current metal anodes

Although secondary batteries, particularly lithium metal bat-
teries are being widely studied, their further development is
hampered by several problems, including unstable SEI, dendri-
tic growth, side reactions, volume change, and safety
issues.”™" Thus, researchers have proposed numerous
methods to alleviate these problems via the protection of
metal anodes, improving the cycling stability of metal bat-
teries. These strategies can be summarized into four aspects
(Fig. 1), as follows: (1) design of artificial SEI layer, (2) regu-
lation of the electrolyte, (3) construction of a 3D skeleton and
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Fig. 1 Schematic diagram of the problems and common strategies of
metal anodes.

(4) construction of gel/solid-state electrolytes."**"** These
issues confronted by metal anodes are discussed below.

2.1. Unstable SEI film

Alkali and alkaline earth metals are a class of metals with a
lower electrochemical potential, which means they are more
reductive. Thus, they will react with the organic electrolyte to
generate a large number of inorganic salts and organic salts,
which cover the metal surface, forming a layer of electronic
insulation SEI film.'>*> However, the SEI layer generated
in situ has the disadvantages of heterogeneous composition,
loose morphology, and poor mechanical properties, owing to
the slow ion transfer and uneven distribution of ion flux on
the metal surface.”® The unstable SEI cannot withstand the
stress caused by the metal deposition and volume change.
Consequently, a large amount of the liquid electrolyte and
active metal are consumed, and the repeated damage and
repair of the SEI will lead to the uneven local deposition on
the metal surface, resulting in the production of dendrites and
“dead lithium (sodium, potassium)”.>®* The unstable SEI film
not only increases the internal resistance of the full battery,
but also reduces the Coulombic efficiency of the battery,
leading to rapid battery failure and even safety hazard.>
Therefore, modification to achieve a uniform and dense SEI is
needed to protect the metal electrodes, preventing direct
contact and side reactions between the electrolyte and the
alkali and alkaline earth metals.

2.2. Side reactions

Alkali/alkaline-earth metal anodes with high chemical reactiv-
ity can spontaneously and irreversibly react with most of the
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electrolyte components. The side reaction can cause irrevers-
ible consumption of the active metal and electrolyte, leading
to a low Coulombic efficiency and limited cycle life of
batteries.”>*® Simultaneously, the side reaction process will
also produce a large amount of flammable gas, resulting in
battery swelling, performance deterioration, and even great
safety hazard.”" For Zn metal batteries, hydrogen evolution is
the most serious side reaction, which forms a passivation layer
and affects the Zn** transport rate.”” The gas pressure gener-
ated by the hydrogen evolution reaction will also gradually
increase the volume of the battery and even burst the battery.
Accordingly, electrolyte additives and artificial SEI films
should be considered to prevent the continuous side reactions.

2.3. Dendrite formation

Dendrite growth can be attributed to the uneven ion deposition
on the metal surface, owing to the uneven metal surface, mass
transfer rate of electrolyte at different locations on the electrode
surface, etc.”® Dendrite growth risks penetrating the separator,
resulting in direct contact between the positive and negative elec-
trodes and triggering a short circuit. Furthermore, the formation
of dendrites increases the surface area of the metal anode,
leading to the irreversible consumption of the metal and electro-
lyte, which increases the polarization, gas production and other
side reactions on metal anodes.'**® Due to dissolution and
adhesion factors, some dendrites are easy to break away from the
matrix surface during the cycle, which is the primary reason for
capacity attenuation in metal batteries. Thus, the combination of
SEI modification and 3D skeleton construction should be carried
out to suppress the formation of dendrites.

2.4. Volume change

Metal without fixed substrate is repeatedly deposited and stripped
on the anode during the charge and discharge cycle, resulting in
large volume expansion at the anode. In addition, the continuous
side reactions between the electrolyte and the metal can cause the
collapse of the internal structure of the metal electrode. During
this process, the metals in the SEI dissolve in the electrolyte, creat-
ing holes in the electrode. The large volume change stress causes
the unstable SEI layer to fracture, and the electrolyte seeps into
the electrode and further reacts with the alkali metal until the
fresh metal or electrolyte is completely consumed. In addition,
electrode pulverization causes dendrite fracture to generate “dead
lithium (sodium and potassium)”, which increases the internal re-
sistance of the battery and hinders the transmission of ions in
the battery. Thus, the construction of a 3D skeleton with an artifi-
cial SEI layer is an ideal way to alleviate the volume expansion of
metal anodes.

2.5. Safety issues of liquid electrolytes

The traditional organic liquid electrolytes usually consist of
flammable organic solvents and corrosive electrolyte salts,
which are easy to react on the surface of the cathode material
in the high oxidation state to produce flammable gas, resulting
in electrical corrosion and damage. Besides, metal dendrites
are easily formed on the anode surface, which will pierce the

This journal is © The Royal Society of Chemistry 2023
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separator and cause internal short circuit of the battery.
Additionally, metal batteries with liquid electrolytes easily
burn when subjected to severe impact, limiting the application
of liquid batteries. In contrast, SSEs and non-flammable elec-
trolytes have been proposed to improve the safety of recharge-
able batteries, avoiding volume changes and the use of a large
amount of liquid electrolyte.®>®!

In conclusion, it should be noted that the above-mentioned
issues are all related. An unstable SEI will cause side reactions
and dendrite growth, which will make the metal anode volume
expand, and then cause a series of safety problems. Dendrite
growth and side reactions promote each other, consume a
large amount of electrolyte and metal active substances during
the cycle, continuously damage the anode, and lead to a
decrease in the Coulombic efficiency of the electrode. Also, the
volume expansion of the metal anodes will damage the SEI
film and induce more serious side effects, resulting in a
limited cycle life. Therefore, any methods that can regulate
each of the above-mentioned aspects can greatly improve the
electrochemical performance of metal batteries.

3. Types and functions of FOMs used
in interfacial engineering

Most FOMs are easily accessible from natural raw materials
and usually composed of light elements of C, H, O, B, N, S,
etc.®” The types of FOMs used in interfacial engineering can be
mainly divided into small organic molecules, flexible poly-
mers, COFs, MOFs, and other 2D materials (e.g., MXenes,
carbon nanotubes (CNTs), and graphene), as shown in
Fig. 2.>”% The investigation on FOMs in rechargeable batteries

govm uniform Sgy lay,
2o

$ %

o 5 Small 2

5 N organic <
< & 53
o o molecules S
g s 3 vn 51
s S %% &
<& © Z ¢ s
FOMs 22 =
SO =
£
o, =

Op 0(0“ ‘zﬁ
(“é
%, %
{O,.o 62
G, o &
lbﬂ '0(6 ZQ
91‘/ 2 l‘fa
6]/]. Ce qo\“
(42 Solve

Fig. 2 Types and functions of FOMs used in interfacial engineering on
metal anodes.
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can be traced back to the advent of LIBs, as early as the
organic electrolyte used in the Li primary battery in the 1960s.
Small organic molecules in FOMs have flexible structures and
small mass, which play an important role in stabilizing metal
anodes as electrolyte additives.®*®® Most ether (1,3-dioxolane
(DOL), dimethoxyethane (DME), diglyme, etc.) and ester (pro-
pylene carbonate (PC), ethylene carbonate (EC), diethyl car-
bonate (DEC), dimethyl carbonate (DMC), etc.) solvents
applied in organic electrolytes are typical small organic mole-
cules of FOMs, and organic functional additives are also
employed (fluoroethylene carbonate (FEC), thiourea, organic
fluoride/phosphide, etc.).®*® The organic solvents used in the
electrolytes have attracted increasing attention due to their
merits of fast ion conductivity, good interface compatibility,
structural diversity, and abundant resources. The FOM-based
additives can promote the formation of high-performance
in situ SEI due to their low cost, high efficiency, easy operation,
and low impact on the electrolyte.®*””* However, highly reactive
metal anodes are likely to react with organic solvents contain-
ing functional groups, especially ester-based -electrolytes,
forming an original and uneven SEI on the metal surface.”
The designed organic electrolytes with functional groups favor
ion transport between the positive and negative electrodes,
while the functional additives contribute to the formation of
uniform SEI layers, resulting in enhanced Coulombic
efficiency and cycling stability in rechargeable batteries.”

The unstable SEI layer always shows uneven ion flux and
slow ion transfer rate, causing poor cycling stability and
capacity fading in metal batteries. Polymers with designable
structures (such as PVDF, PEO, polyacrylonitrile, poly(methyl
acrylate) (PMA), and PVA) usually take part in the construction
of artificial SEI layers in liquid electrolytes, owing to the advan-
tages of the homogenized ion flux and fast ion transfer
rate.”*””” The enhanced mechanical strength of the artificial
SEI can prevent the growth of metal dendrites, and uniform
metal deposition helps to maintain the interfacial stability of
metal anodes.”®®® Moreover, considering their flexible struc-
ture and good interface compatibility, flexible polymers can be
applied as SSEs to reduce voltage polarization.®"®* Similarly,
COFs and MOFs with porous structures and rigid channels are
promising candidates for the formation of artificial SEI layers
and gel/solid-state electrolytes, owing to their well-defined ion
channels, enhanced mechanical strength, and homogenized
ion deposition/stripping processes.>**** However, their poor
flexibility cannot cope with the large volume changes during
the battery cycling. In this case, COFs/MOFs with poor flexi-
bility and processability can be improved by bottom-up struc-
tural design (grafted with flexible polymer chains or functiona-
lized with acidic/anionic groups), combination with flexible
polymers or 3D structures, and in situ formation on the metal
surface. Besides, they are also used as 3D skeletons, separators
and S-loading hosts, to accommodate the volume expansion of
metal anodes, block the shuttle effect of the active materials,
and increase the structural stability of S cathodes,
respectively.®*"®” Nevertheless, the practical applications of
COFs and MOFs in rechargeable batteries are limited by their
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poor processability and complex synthesis process, which need
further exploration and study with the support of advanced
technological methods.®*%8

Furthermore, FOMs with other 2D structures are widely used
for the modification of the SEI, separators, and 3D skeletons.®**°
In comparison to COFs, these 2D materials (e.g:, MXenes) exhibit
less structural designability and higher electron conductivity, dis-
playing high mechanical properties and abundant active group-
grafted surface.”’ For example, MXenes with multiple grafted
functional groups could improve the transport of Zn>" effectively
in combination with the polymer matrix.”> Therefore, the design
and study of 2D materials with grafted multifunctional surfaces
for interfacial engineering should be highly desirable, offering
new insights into the further exploration of high-performance
rechargeable batteries (Table 1).

4. Advances in FOMs used as
protection layers in secondary metal
batteries

4.1. SEI modification in liquid electrolytes

SEI modification mainly includes electrolyte regulation and
construction of artificial SEI films. Electrolyte regulation refers

Table 1 The types and illustration of the structures of typical FOMs. Reproduced with permission.®®
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to the addition or changing a certain component in the elec-
trolyte to form SEI in situ on the metal surface. The resulting
in situ SEI layer has better contact with the metal interface,
while the thickness and uniformity of the formed SEI are
difficult to control.'®* The formation of an artificial SEI film
involves the pretreatment of the metal before battery assembly,
forming a uniform and dense passivation layer with a control-
lable thickness on the metal surface.'®® These two strategies to
modify the SEI layer are widely used in secondary batteries,
including Li, Na, K, Zn, Mg, and Al

4.1.1. Lithium metal batteries. Lithium metal anodes with
low redox potential and high theoretical capacity endow lithium
metal batteries with high energy density."®® However, lithium
metal anodes face continuous dendrite growth and side reac-
tions due to their unstable SEI layer and low Li" transport rate,
resulting in short cycle life and low Coulombic efficiency. Peled
et al. discovered that an SEI layer was formed on the Li surface
when Li metal contacted with an organic electrolyte. This pris-
tine SEI was not only an ionic conductor, but an electron insula-
tor.’®* However, the self-formed SEI layer always showed poor
cycling stability and homogeneity during the long deposition/
stripping process. Based on the characteristics of organic
materials, the SEI formed by organic materials has good
mechanical strength and high Li" conductivity, which becomes
an important component in the anode protection layer.

Copyright 2022, Nature Publishing Group.

Reproduced with permission.®* Copyright 2019, Elsevier B.V. Reproduced with permission.®>°¢ Copyright 2022, Wiley-VCH GmbH. Reproduced with
permission.®” Copyright 2019, The Royal Society of Chemistry. Reproduced with permission.°®~1°° Copyright 2020 and 2022, the American
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Given that the original SEI is prone to breakage during the
repeated deposition/stripping process, organic materials are
used as electrolyte additives to induce the formation of an arti-
ficial SEI or directly on the anode surface as a protective layer.
For instance, Guo et al. induced the formation of an in-
organic-organic composite SEI layer on the surface of a
lithium electrode by using lithium difluorobis(oxalato) phos-
phate (LiDFOP) as an electrolyte additive (Fig. 3a), forming an
LiF/Li,PO,F,rich inorganic SEI on the Li metal surface.'® In
addition, the cation-induced in situ ring-opening polymeriz-
ation between LiDFOP and DOL contributed to the formation
of a polymer organic SEI matrix. The Li||Li symmetrical bat-
teries with a composite protective layer could achieve a cycle
life of up to 1000 h at 1 mA ecm™> and a stable polarization
voltage of 20 mV (Fig. 3b). Moreover, the LiDFOP-assembled
Li||S batteries showed a discharge capacity of 910 mA h g
after 100 cycles (Fig. 3c). Unfortunately, the electrolyte addi-
tives are involved in the formation of the SEI layer, and thus
their positive effect will diminish as they break down during
the cycling process.

Moreover, the introduction of an artificial SEI layer in the
alkali metal anodes before battery assembly is an effective
strategy to protect the Li anode. In principle, the morphology
of Li deposition largely depends on the structure of nucleation
and the subsequent trend of nuclear growth, which is related
to the surface energy and diffusion barrier.'® Based on this,
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Zhao et al. prepared a functional film by coating perylene-
3,4,9,10-tetracarboxydiimide organic molecules on the Li
surface (PTCDI-Li), as shown in Fig. 3d. PTCDI-Li had lower
diffusion barrier and higher surface energy than the bare Li
metal, which could guide the homogeneous nucleation and
growth of Li metal to achieve a dense morphology and den-
drite-free lithium metal anode even at high current densities
(Fig. 3e and f).'%” Therefore, high surface energy can generally
promote multidimensional nucleation, and a low diffusion
barrier is conducive to the uniform deposition of Li’, which
synergistically promote the uniform Li deposition in lithium
metal batteries.

In general, the inner layer of the SEI formed by the
decomposition of lithium salt in the electrolyte is mainly in-
organic, and the outer layer is mainly an organic substance.
Some researchers have reported that increasing the content of
inorganic substances in the SEI is beneficial for improving its
stability and mechanical strength. Based on this, Wang et al.
synthesized two polymers, ie., C-1 (chain structure) and C-2
(crosslinked structure), to modify the surface of Cu foil and
optimize the SEI composition (Fig. 4a).'°® Due to the inter-
action between the polymer and DOL solvent, the solvent con-
sumption was reduced, while the decomposition of the Li salt
was promoted, causing an increase in the content of LiF and
Li,S, inorganic components in the SEI layer. Compared with
the C-1 polymer, the SEI formed by the C-2 polymer had a
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Fig. 3 (a) Schematic illustration of SEI generation induced by LIiDFOP. (b) Charge/discharge curves of Li||Li symmetrical battery at 1 mA cm™2. (c)

Cycle performances of Li||S cells with/without LIDFOP additive at 0.2 C.

Reproduced with permission.1°® Copyright 2021, the American Chemical

Society. (d) Schematic diagram of deposition mechanisms of bare and PTCDI-protected Li anodes. (e) Cycling stability of Li||Li symmetrical cells
with/without PTCDI-Li at 5 mA cm™2. (f) SEM images of pure Li and PTCDI-Li after 120 cycles at 10 mA cm~2. Reproduced with permission.'®”

Copyright 2020, Elsevier B. V.

This journal is © The Royal Society of Chemistry 2023
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Schematic diagram of electrochemical growth mechanism of Li metal with cationic PDDA polymer film. (d) High-resolution XPS F 1s spectrum on
Cu foil without (blue) and with (red) cationic PDDA polymer films. Reproduced with permission.'°® Copyright 2020, The Royal Society of Chemistry.

moderate proportion of organic and inorganic components,
showing a flatter deposition morphology (Fig. 4b) and
enhanced cycling stability. Lee et al. reported a novel strategy
for inhibiting dendrite growth with poly(diallyldimethyl-
ammonium chloride) (PDDA) cationic polymer, achieving LiF-
rich SEI layers without providing additional fluorine in the
electrolyte (Fig. 4c).'” PDDA coating is an attractive cationic
polymer electrolyte with high charge density, which could
capture the PF¢~ in the electrolyte by electrostatic adsorption,
forming an LiF-rich SEI layer with high ionic conductivity and
chemical stability (Fig. 4d). This LiF-rich SEI layer facilitated
the nucleation of lithium nanoparticles, inducing uniform Li
stripping/plating behavior.

MOFs show great prospect in energy storage systems due to
their modifiable functional groups and controllable mor-
phology, which can effectively suppress the growth of Li den-
drites by enhancing the mechanical strength and homogeniz-
ing the Li deposition/stripping processes.’'® Nevertheless,
these strategies still cannot solve the problems of bulk metal
lithium anode expansion and high interfacial impedance of
unmodified SEI. Wu et al. designed an open-architecture MOF
(OA-MOF) network (Fig. 5a), which could fully expose the
lithiumphilic sites and promote interfacial charge transfer and
uniform Li* flux, achieving even Li deposition morphology and
smaller polarization voltage even at 3 mA cm™>.""" As shown in
Fig. 5b, an Li||S full battery with an OA-MOF-based layer

9262 | Nanoscale, 2023, 15, 9256-9289

showed a discharge capacity of 815.5 mA h g™" after 100 cycles.
However, the main problem faced by the 2D-MOF layer is that
the poor electrolyte infiltration hindered the transmission of
Li*, which may lead to higher polarization voltage and poor
magnification performance."** Qian et al. synthesized nano-
MOF-199 particles via a controlled simple liquid-phase reac-
tion (Fig. 5c¢), which showed great potential in inhibiting den-
drite growth and achieved an enhanced cycling performance
and Coulombic efficiency (Fig. 5d)."** The copper foil coated
with MOF-199 had a uniform and dense porous shield layer,
which could effectively reduce the loss of active lithium and
the consumption of electrolytes, and also limit the growth of
Li dendrites through the spatial effect.

COFs are porous crystalline polymers with high stability.
COFs offer flexibility both in function and structure to effec-
tively adjust the Li" migration and mechanical strength,
thereby inhibiting lithium dendrite growth and side reac-
tions.""* Zhao et al. embedded LiF in situ in a COF material to
obtain a new artificial SEI layer (Fig. 6a).""* A p-ketoenamine-
linked COF contributed to the trapping of high concentrations
of Li salts in its abundant pores, resulting in the formation of
anion-derived LiF-structured films in the original location of
the COF (LiCOF-LiF). LiF particles were evenly dispersed in the
COF matrix and closely combined with it, effectively prevent-
ing the penetration of the liquid electrolyte. Consequently, the
LiCOF-LiF@Li||NCM full cells showed an improved cycle per-

This journal is © The Royal Society of Chemistry 2023
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formance and high average Coulombic efficiency (over 99%)
under harsh test conditions (Fig. 6b). Besides, Li et al. also
synthesized a lithiophilic COF containing carbonyl groups and
triazine rings (COF-TpTt) as a multifunctional SEI layer for
lithium metal batteries (Fig. 6c)."*® In addition to carbonyl
groups with Li" adsorption sites, the electron-rich triazine ring
with lone pair could be used as a donor to attract Li'.
Consequently, the periodic arrangement of COF-TpTt guided
the uniform distribution of Li" flux, ensuring the even and

This journal is © The Royal Society of Chemistry 2023

reversible deposition of Li metal with an ultralow polarization
voltage (14 mV at 1 mA cm™?).

In addition, Wang et al. successfully synthesized 3D spheri-
cal COFs (S-COFs), which could drive uniform Li* deposition
using spatial confinement effects (Fig. 6d).""” The polar lipo-
philic methoxy and imine bonds in the highly crystalline
spherical COF structure further coordinated with Li", improv-
ing ion pair dissociation and unhindered Li" transfer process.
S-COFs with ordered channels could efficiently distribute the
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Li* flux uniformly under a low interfacial resistance, which
could be owing to its accurate geometric symmetry and good
morphology. However, it is difficult for organic polymers to
possess mechanical strength and ionic conductivity simul-
taneously the because mechanical strength is closely related to
the crystallinity of the polymer, while high ionic conductivity
requires low crystallinity to migrate ion along the polymer
chains.'*® Therefore, COFs with good mechanical strength and
high ionic conductivity need further exploration to achieve
dendrite-free and rapid deposition on Li anodes.

To improve the ionic conductivity of COFs, anionic and cat-
ionic groups are introduced on the skeleton of COFs, enhan-
cing the electrostatic interactions between the functional
groups in the versatile ionic COFs (ICOFs) and Li*. In 2015, Du
et al. reported the preparation of ICOFs, which showed good
thermal stability and achieved high lithium ion conductivity at
room temperature."’® With the further research and explora-
tion of ICOFs in recent years, Li et al. constructed a thin layer
of anionic COF (ACOF) on the surface of a lithium anode to
achieve favorable ion conduction and interface contact
(Fig. 7a)."*°® ACOF exhibited a microporous layered nanocrystal
structure, and the anions filled around the framework could
adsorb Li* and shield the anions to achieve rapid Li* conduc-

4““-‘
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tivity. The layered structure caused the aromatic ring of ACOF
to have a lower ion migration barrier, which indicated that Li*
was more inclined to be uniformly distributed in the layered
structure to achieve the dendrite-free dense deposition of
lithium. Due to the synergistic effect of porous structure and
functional groups, the ACOF-based protective layer on the
surface of a lithium sheet could achieve a high ion mobility
number (¢;+ = 0.82) and an ionic conductivity of 3.7 mS em™
(Fig. 7b).

With further investigation, Zhang et al. used the bis(fluoro-
sulfonyl)imide anion (FSI") as the coordination anion to con-
struct a 2D ionic vinylene-connected COF (ivCOF-FSI) (Fig. 7c),
which was equipped with a triazine ring for the easy desolva-
tion of Li".'*! The ivCOF-FSI film could not only inhibit side
reactions between the solvent molecules and active lithium
but also accelerate the Li" transport in the SEI layer, thus
forming a stable electrode/electrolyte interface. The ivCOF-FSI-
protected Li||Cu half-cell could cycle for more than 390 cycles
with a high average Coulombic efficiency of 99.2% (Fig. 7d).
The ivCOF-FSI-protected Li anode delivered long-term Li depo-
sition/stripping stability compared to the original Li electrode,
and the bare Li anode showed fading Coulombic efficiency
just after 71 cycles. This work opens a new avenue for the inter-
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facial chemistry of solid-liquid interface on other alkali metal
anodes.

The orientation of metal ions in porous COFs to form
MCOFs may help to solve the problems of COFs of loose
packing and surface compatibility.'** By combining the advan-
tages of MOFs and COFs, Ke et al. constructed two nickel-
based MCOFs as protective layers (Fig. 7e), which showed
excellent lithiophilicity and high ionic conductivity.'*® By
introducing an Ni-bis(dithiolene)-based linker, the 4-con-
nected tetra(aminophenyl)pyrene (TAP) or 3-connected tris
(aminophenyl)amine (TAA) was connected to form Ni-TAP and
Ni-TAA, respectively. The Ni-TAP and Ni-TAA assembled Li||Cu
half-cell showed highly reversible Li deposition/stripping be-
havior, and the Coulombic efficiency of Ni-TAA/Cu maintained
99.1% after 220 cycles at 1 mA ecm™2. In addition, Li@Ni-TAA/
Cu||LFP and Li@Ni-TAP/Cu||LFP full cells could provide
appreciable discharge capacities of 140.3 and 122.3 mA h g™*
after 400 cycles at 1 C, respectively, and superior rate capability
(Fig. 7f). Therefore, an artificial SEI layer with impressive
lithiophilicity and ionic conductivity can effectively inhibit
dendrite growth and achieve uniform Li deposition.

4.1.2. Sodium and potassium metal batteries. Sodium and
potassium metal batteries with merits of low cost and abun-
dant resources are promising alternatives to lithium metal bat-
teries for large-scale energy storage systems, while the metals
with high reaction activity are easily affected by the redox-
active intermediates in the electrolyte, leading to poor cycling
stability and low output capacity.’** The existing methods to
inhibit dendrite growth and side reactions mainly increase the
Na'/K' transport rate and mechanical strength and reduce the
local current density of SEI films, thus improving the uniform-
ity of sodium/potassium deposition and stripping.>® The for-
mation of a uniform and flexible SEI layer on the metal anode
is an effective way to stabilize the anode/electrolyte interface
and improve the cycling life of secondary metal batteries.

An increasing number of organic additives are added to the
electrolyte to achieve an in situ/artificial SEI layer on the
sodium anode, demonstrating the high ionic conductivity of
the sodiophilic groups (such as NaF, Na-O, and Na,S,).">>*?¢
For instance, Forsyth et al. studied the effects of the NaFSI salt
concentration and pretreated potential on the interface chem-
istry of sodium electrolyte using atomic force microscopy and
molecular dynamics simulations, demonstrating the good
cycling stability of the dendrite-free metal anode with a
molten-salt-like structure.'*” Additionally, Wu and colleagues
reported the use of an organosulfur compound additive (tetra-
methylthiuram disulfide, TMTD) as an interface protection
layer to stabilize the sodium anode in carbonate-based electro-
lytes (Fig. 8a)."*® The stable stripping/plating cycling (more
than 1600 h in Fig. 8b) of sodium metal batteries was enabled
by the in situ-formed SEI with rich organic sulfide salts, as well
for the full battery using Prussian Blue cathode (80% capacity
retention after 600 cycles). To elucidate the underlying mecha-
nism of the protective effect of SEI on an Na anode, Kong’s
research group monitored the formation process and chemical
evolution of SEI derived from sodium difluoro(oxalato)borate

This journal is © The Royal Society of Chemistry 2023
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(NaDFOB), as shown in Fig. 8c."*® The protection effect offered
by the borate/fluoride-rich SEI layer was tested in Na||Na sym-
metric cells with different pre-cycles, indicating the gradual
evolution of the DFOB anion during cycling (Fig. 8d).
Consequently, the NazV,0,(PO,),F (NVOPE)||Na full cell with
borate/fluoride-rich SEI layer after 50 pre-cycles showed the
longest life span, as shown in Fig. 8e (with a capacity retention
of 94% after 2500 cycles).

Notably, Zhu et al. constructed a sodium benzenedithiolate
(PhS,Na,)-rich protection layer via an in situ method to present
the sodium dendrite growth in carbonate electrolyte (Fig. 9a
and b).”" The PhS,Na, organic salt had a critical effect on the
Na plating/stripping performance, leading to 800 h cycling life
for dendrite-free sodium metal batteries (Fig. 9c). This result
provides a promising strategy to suppress the growth of
sodium dendrites via the use of organic sodium salts rather
than traditional inorganic salts. Generally, polymers with mul-
tiple functional groups, mechanical strength, and flexible
structure are suitable to effectively protect the high-reactive Na
metal.'*® Archer and colleagues reported functional ionic
polymer films on metallic sodium via the in situ electropoly-
merization of imidazolium-type ionic liquid (IL) monomers in
liquid electrolytes (Fig. 9d)."*° The protected Na anodes exhibi-
ted a high Coulombic efficiency (as high as 95%) and stable
long-term cycling (more than 120 cycles) at 1 mA cm™?, as
shown in Fig. 9e. Besides, Li’s research group presented a free-
standing PMMA/graphene film on Na metal surface to stabilize
the Na anode upon repeated electrochemical stripping/plating,
as shown in Fig. 9f."*" The PMMA/graphene films with tunable
thickness (Fig. 92) on Na anode displayed a stable cycling per-
formance for over 300 h at 2 mA cm™>, providing in-depth
insights into high-energy-density Li/Na metal batteries.

Moreover, an organic-inorganic (NaF-PVDF) hybrid protec-
tive layer was prepared on a Cu current collector via a direct
coating method."*® NaF in the hybrid protective layer could
improve the Na' diffusion conductivity, and flexible PVDF
could maintain the compatibility of the Na/coating interface,
leading to an excellent cycle life of over 2100 h at 1 mA cm ™2
and at 50% depth of discharge based on the hybrid protective
layer. The uniformity of NaF particles could affect the Na* flux
on the anode, while how to homogenize the distribution of
sodiophilic sites is crucial to achieve a uniform and stable Na
metal anode.

In contrast, the weak solvation of K and Na ions offers
faster diffusion in electrolytes compared to Li ions.'*> Much
effort has been devoted to exploring organic interface protec-
tion for potassium metal anodes, mainly by regulating the
electrolyte composites and constructing 3D skeleton hosts."??
According to Wu’s work, it was firstly reported that the KFSI/
DME electrolyte enabled reversible potassium plating/stripping
behavior with high Coulombic efficiency (~99%), as shown in
Fig. 10a, owing to the uniform SEI on the K surface."** This
work contributes to a better understanding of the SEI layer
and potassium plating/stripping electrochemistry (Fig. 10b),
promoting the development of high-performance potassium
metal battery technologies. Dai and colleagues reported the
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use of an intrinsically non-flammable IL electrolyte, combined
with AICl;/KCI/KFS], as the electrolyte in a high-safe potassium
metal battery.'®® Particularly, robust K, Al, F, and Cl-containing
passivating interphases are afforded both on the cathode and metal batteries.
anode interfaces, leading to a high Coulombic efficiency of 4.1.3. Zinc metal batteries. Although lithium metal bat-
~99.9% and excellent cycling stability (89% capacity retention
after 820 cycles) for the potassium metal battery. Besides, Gu
et al. constructed a uniform and elastic SEI via the in situ
electro-polymerization (ISEP-SEI) of IL electrolytes.'*> The
ISEP-SEI layer with excellent elasticity and uniformity could
maintain the potassium metal with good interface integrity
(Fig. 10c). Consequently, the K||K symmetric batteries with
ISEP-SEI could cycle for 5000 h, and the ISEP-SEI-protected K| |
Prussian Blue full cell showed a stable cycle performance for energy storage devices.
400 cycles at 0.5 A g~* (Fig. 10d). Lu’s group demonstrated that
the cyclic anion of hexafluoropropane-1,3-disulfonimide-based
electrolytes with highly efficient passivation ability was promis- storage systems.
ing to mitigate the “dead K” and improve the cycling stability
of high-voltage potassium-metal batteries, as shown in
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(@) Schematic diagram of surface morphology of the treated sodium anode in TMTD-added electrolyte. (b) Cycling stability comparison of
Nal|Na symmetric cells in different electrolytes at 0.25 mA cm™2. Reproduced with permission.'?® Copyright 2021, the American Chemical Society.
(c) Schematic illustration of the SEI formation and reassembled workflow of protected Na anodes. (d) Time to failure of the reassembled Na||[Na sym-
metric cells after different pre-cycles. (e) Cycling performance comparison of reassembled NVOPF||Na full cells with different pre-cycles of SEI
coating. Reproduced with permission.'?® Copyright 2022, Lina Gao et al.

Fig. 10e.”*® The potassium-metal batteries with a high-voltage
polyanion cathode (4.4 V) exhibited excellent cycling stability
(Fig. 10f), enabling the fabrication of high-performance alkali

teries can partially address the issue of storing new energy,
their widespread use is currently constrained by their flam-
mable electrolyte, the limited supply of lithium, and safety
risks."®”'*® As a result of these issues, a new generation of
energy storage devices with high capacity, high safety, and
affordable cost is being investigated by researchers, for
example, zinc metal batteries with high energy density and
cycle stability are one type of ideal candidates for large-scale
Besides, Zn has many advan-
tages, such as abundant natural reserves, low price and high
specific energy, which will play a huge role in future energy

Aqueous electrolytes provide numerous potential merits
over organic electrolytes, including low cost, easy operating

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 (a) Schematic diagram of a PhS;Na,-rich protection layer on sodium metal surface. (b) SEM image of the protected layer on Na anode. (c)

Long-term cycling performance of symmetric Na||Na cells with different

types of electrodes. Reproduced with permission.”* Copyright 2020, Wiley-

VCH GmbH. (d) In situ formation of polymeric IL film on Na anode. (e) Electrochemical performance comparation of Na||NazV,(PO,4)sz (NVP) batteries
with and without protected Na metal anode. Reproduced with permission.**® Copyright 2017, Wiley-VCH GmbH. (f) Illustration of surface mor-
phology and cycling stability of graphene-coated Na anode during the repeated electrochemical stripping and plating. (g) SEM image of ML-G/Na
anode surface after 100 cycles. Reproduced with permission.** Copyright 2017, the American Chemical Society.

requirements, safety, and environmental friendliness."**'**

However, the cycling performance of aqueous-based Zn metal
batteries is damaged by the serious corrosion and dendrite
growth.'*>'*® Yu et al. designed a highly hydrophobic Zn,-di-
ethylenetriaminepenta (methx-phosphonic acid) (Zn,-DTPMP)
layer to provide Zn>' attraction sites on the metal surface,
achieving uniform and smooth Zn deposition (Fig. 11a).**’
The hydrophobic Zn,-DTPMP layer reduced electrode cor-
rosion and induced a uniform distribution of Zn*" flux
(Fig. 11b and c), causing the modified Zn symmetric battery to
exhibit a cycle life of up to 1300 h at relatively low hysteresis
voltages, as shown in Fig. 11d. Huang et al. found that the
addition of y-butyrolactone (GBL) could significantly improve
the Zn electroplating/stripping performance.'*® GBL weakened
the solvation between Zn>* and H,O, which rearranged the
bonding network between particles and reduced the activity of
water, inhibiting the formation of corrosion and byproducts

This journal is © The Royal Society of Chemistry 2023

(Fig. 11e). Besides, considering the unstable structure of the
pristine protective layers, Yu et al. proposed the design of a
methyltriethoxysilane-based protective layer with hydrophobic
donor to prevent hydrogen evolution corrosion on the Zn
anode.'*® Meanwhile, hydroxy ethylidene diphosphonic acid
with a phosphate group was introduced in the SEI layer to
form a strong chelating bond with Zn, which ensured the
effective adhesion of the protection layer on the Zn anode.
Consequently, the protected Zn symmetric cells exhibited a sig-
nificantly long life of over 2000 h at 1 mA em ™2, indicating the
improved ion migration kinetics and uniform deposition of
Zn>" on the multifunctional layer-protected Zn anode.
Moreover, Kim et al. induced pyrrole oxidation polymeriz-
ation (PPy) by reacting dilute HNO; with zinc metal to produce
NO', and the hydrogen generation contributed to the in situ
formation of 3D nanostructures (Fig. 12a).”° The 3D-PPy
could not only regulate the volume changes and Zn dendrite
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Wiley-VCH GmbH.

growth process through mechanical protection, but also bring
abundant electrochemical active sites to facilitate ion transport
(Fig. 12b). Therefore, the assembled symmetric cells exhibited
a long-term Zn deposition/stripping process for up to 1500 h
at 1 mA cm™2 Wang et al. developed a rigid poly(vinylidene
fluoride-trifluoroethylene (P(VDF-TrFE)) coating to guide zinc
growth rather than inhibit it, owing to the 90% crystallization
and the stiffness of P(VDF-TrFE) increased significantly after
heating.’®" After polarizing the polymer substrate with a con-
trolled external electric field from the downward direction, an
internal electrostatic field could be generated to induce loca-
lized concentrated Zn>" on the surface of the coated polymer
and achieve the uniform deposition morphology of Zn metal
(Fig. 12¢ and d). In addition, P(VDF-TrFE) with a small
amount of zinc trifluoromethanesulfonate (Zn(OTf),) nano-
particles could form a randomly distributed porous mor-
phology in the polymer coating, which provided sufficient
channels for Zn metal growth and Zn>* diffusion.

This journal is © The Royal Society of Chemistry 2023

Similarly, Cao et al. separated the drainage electrolyte from
Zn by coating the surface of zinc metal with a hydrophobic
zinc-salt modified MOF layer (Fig. 13a)."**> The modified MOF
layer with 3D channel structure could restrict the hydrophobic
Zn(TFSI),-tris(2,2,2-trifluoroethyl)phosphate  (TFEP) organic
electrolyte and form a ZnF,-Zn;(PO,), SEI layer on Zn anode,
which could further prevent the trace H,O dissolved in the
organic electrolyte of Zn(TSI),-TFEP layer and reduce H,O cor-
rosion and side reactions of the Zn anode (Fig. 13b). More
interestingly, the ZnF,-Znz(PO,), SEI also had self-healing
capabilities, and the Zn(TFSI),-TFEP-protected Zn anodes
achieved 99.9% Coulombic efficiency and dendrite-free Zn
deposition. Unlike alkali metals, an SEI could not be formed
at the zinc metal anode and aqueous electrolyte interface, and
the poor infiltration between the electrolyte/anode interface
may lead to high voltage polarization. Liu et al. constructed an
MOF composite protective layer to improve the poor infiltra-
tion of aqueous electrolyte in the Zn anode, as shown in
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Fig. 13¢.”? By coating Zn anodes with PVDF and MOFs with
chemically inert and microporous structures, the MOF-PVDF
interface showed better wettability and lower interfacial charge
transfer resistance compared to bare Zn. The good interfacial
wettability maximized the solid-liquid contact and further pro-
moted the Zn>" transport flux, which reduced the overpotential
of the Zn||MnO, cells during long-term cycling at high rates
(Fig. 13d).

The merits of permanent porosity, ordered structure and
adjustable skeleton of COFs have attracted increasing attention
to protect Zn anodes. Hu et al. prepared zinc electrodes using
a 2D high-crystallinity alkynyl-based COF (COF-H) as an artifi-
cial protective layer.”* Due to the large number of electron-
rich sites (acetylene, keto and enylamine) in COF-H, Zn**
could be evenly distributed in 2D COF-H, which inhibited the
formation of zinc dendrites and increased the corrosion resis-
tance of Zn metal surface. Wu et al. synthesized a homo-
geneous and dense 3D-COOH-COF protective layer with hydro-

9270 | Nanoscale, 2023, 15, 9256-9289

philic functional groups and microporous morphology
(Fig. 13e), which offered good hydrophilicity and high ionic
conductivity to reduce the generation of dendrites and the
interface impedance (Fig. 13f).">> Meanwhile, the
3D-COOH-COF film exhibited good adhesion on the surface of
the Zn anode, and the Zn||Zn symmetric batteries exhibited
stable cycling for over 2000 h at 1 mA cm™>.

4.1.4. Magnesium/aluminum metal batteries. Magnesium/
aluminum metal batteries are promising alternatives in large-
scale energy storage systems owing to their abundant reserves,
high specific capacity, good safety, etc."*"” Unlike the
lithium oxides and salts with accessible ionic conductivity, SEI
layers containing magnesium salts usually display poor Mg>*
diffusion capability and irreversible stripping/plating behavior.
In the case of Al metal, the aluminum oxide/hydroxide passive
film on the surface of Al is thermodynamically irreversible in
aqueous electrolytes, accompanied with self-corrosion and
parasitic hydrogen evolution.'*® ILs are always applied to alle-

This journal is © The Royal Society of Chemistry 2023
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viate the self-corrosion of Al metal, as well as the structural
modification of Al anodes.'® Therefore, the exploration of
reversible Mg/Al electrochemistry is crucial to realize the prac-
tical application of  magnesium/aluminum metal
batteries.'®”'®" Generally, the potential electrolytes for Mg
metal batteries include Grignard-based, boron-based, and IL
electrolytes. For example, various fluoride alkyl magnesium
salts with high solubility and interfacial compatibility were
introduced in Mg metal batteries, which favored the in situ for-
mation of a robust SEI layer on the Mg anode. The perfluoro-
tert-butanol magnesium-based electrolyte enabled the Mg||Mg
asymmetric cell to exhibit an ultralong cycling performance
for over 2000 h and a Coulombic efficiency of 99.5%.'°>

The early artificial interphase layer on Mg metal surface
was constructed from thermal-cyclized polyacrylonitrile and
Mg trifluoromethanesulfonate, which could promote the
reversible deposition/stripping process of the Mg anode.'®
The elastic and Mg>*-conductive polymeric interphase pre-
vented the direct contact between Mg metal and carbonate-
based electrolyte, endowing the polymeric SEI-protected Mg/
V,0s5 full cell with reversible cycling performance (over 1000 h)
and fast diffusion of Mg”*. Similarly, Zhao et al. reported the
preparation of an artificial SEI layer comprised of N-rich
organic compounds and halide salts, which was derived from
an aluminum chloride-1-ethyl-3-methylidazolium chloride
IL.*** The aluminum electrochemical cells with artificial IL-
based SEI layer showed excellent reversibility and high specific
energy (~500 W h kg™" in Al||MnO, cell based on MnO, mass).
Notably, the surface coating with high ionic conductivity could
block the serious self-corrosion and insulating passivation of
the Mg metal, which could facilitate Mg>* transport and
uniform Mg deposition.'®® Recently, Zhang et al. constructed a
defect-free MOF membrane on Mg surface, which was
designed to realize selective Mg”* transport and uniform depo-
sition of Mg metal.'®® The MOF/Mg electrodes with IL incor-
porated in the MOF showed improved interfacial charge trans-
fer kinetics (with an exchange current of 6.3 x 10~* mA cm?)
and long-term stability (with a polar voltage of 0.75 V over
100 h). In contrast, the cell voltage of bare Mg electrode
increased to 2 V within 5 h, indicating the high migration
barrier of the passive layer on pristine Mg metal. This work
provides a new idea to regulate the ionic transport pathways of
porous MOF-based SEI layers in rechargeable metal batteries.

4.2. Constructing 3D skeleton

2D porous materials (MOFs/COFs) with the combined pro-
perties of stable skeleton, well-defined pore channels, and low
density provide desirable lithium hosts for Li" transport/separ-
ation, which can reduce the current density of electrodes, uni-
formize the electric field distribution, and relieve volume
changes.'®”'®” Zhu et al. demonstrated that lithiophilic carbo-
nized metal-organic frameworks (Li-cMOFs) with abundant Zn
clusters and 3D conductive porous structure enabled the hom-
ogenization of the distribution of Li nucleation sites and Li"
flux (Fig. 14a-c)."®® Similarly, Zhao and colleagues introduced
Ni;(HITP), films on Cu foil as a current collector, as shown in

This journal is © The Royal Society of Chemistry 2023
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Fig. 14d."® The lithiophilicity of MOFs can reduce the initial
nucleation overpotential, and the Li||Li symmetrical cell with
Niz(HITP),@Cu foil exhibited a high Coulombic efficiency of
99.7% after 900 cycles (Fig. 14e). Nevertheless, COFs cannot
hybridize well with the insoluble 2D nanosheets to get stable
COF-based nanohybrids, which could decay the ionic/charge
transfer efficiency during the lithium storage process. In par-
ticular, Guo et al. reported the preparation of a 2D COF-on-
MXene heterostructure with covalent assembly process
(Fig. 14f), which was used as a suitable host for dendrite-free
and fast-charging lithium anode.'’® The accessible lithiated
COF channels and conductive MXene endowed fast Li" trans-
port and wultralow Li nucleation/deposition overpotential
(Fig. 14g and h). The covalent assembly of COFs on 2D conduc-
tive materials extends the applications of MXene-based hetero-
structures, which affords resultant nanohybrids with effective
mass/charge transfer as anode hosts.

Similarly, the freestanding MZXene/carbon nanotube
scaffold with modified groups could be used to confine Na/K
metals. The sodium/potassium-philic MXene sheets contribute
to reduce local current density and homogeneous Na'/K" flux
on the MXene skeleton, enabling high electronic/ionic trans-
port and enhanced stability during the Na/K plating/stripping
processes. Cao et al. synthesized an MXene-coated carbon
cloth (Ti;C,T,-CC) host with highly metallic conductive and
multiple sodiophilic sites for a flexible sodium metal anode
(Fig. 15a)."° The TizC,T,-CC host efficiently induced the
initial nucleation and oriented deposition of Na metal, avoid-
ing the formation of mossy/dendritic Na metal. Consequently,
the Na-Ti;C,T,-CC electrodes derived from thermal infusion
treatment presented high cycling stability and stripping/
plating capacity, providing a strategy for the MXene-based pro-
tection of flexible Na metal anode (Fig. 15b and c). Similarly,
Wang and colleagues reported the preparation of a titanium-
deficient N-containing MXene/carbon nanotube (DN-MXene/
CNT) freestanding scaffold for confining potassium metal,
which exhibited a dendrite-free morphology and high
efficiency (improved to ~98.6% over 200 cycles) for high-per-
formance potassium metal batteries (Fig. 15d)."”* The nuclea-
tion guidance from the DN-MXene sheets contributed to a
uniform potassium distribution in the scaffold upon cycling
(Fig. 15e and f). Besides, the full batteries with the
K@DN-MXene/CNT anode and sulfur-poly(acrylonitrile)
(SPAN) cathode showed a better rate performance in compari-
son to the bare K||SPAN full cells (Fig. 15g), which provides a
novel way to enhance the potassium plating/stripping electro-
chemistry in stable potassium metal batteries. In addition,
Mai’s group designed practical carbon-based composite
anodes by infiltrating molten potassium during the amine
functionalization of the carbon scaffolds.”® The highly potas-
siophilic amine groups accelerated the compatibility of the
anode/electrolyte interface, providing abundant nucleation
sites and nondendritic morphology for potassium metal
anodes.

The emerging Na-K liquid alloy with deformation and self-
healing properties shows high capacity, no dendrites, and
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Fig. 14 (a) lllustration of the preparation of Li-cMOFs via a molten lithium infusion approach. Comparison of nucleation overpotential of Li depo-

sition on carbonized ZIF-8 (b) with or (c) without Zn clusters. Reproduced with permission.®® Copyright 2018, Wiley-VCH GmbH. (d) Schematic
illustration of Li plating process on Niz(HITP),@Cu foil or Cu foil. (e) Cycling performance of Li symmetrical cells with different current collectors.
Reproduced with permission.'®® Copyright 2021, The Royal Society of Chemistry. (f) lllustration of the fabrication of 2D MXene@COF heterostructure
by the MXene covalent amination method. (g) Cycling performance of MXene@COF/Li symmetrical cell at different current densities. (h) Voltage
hysteresis comparison of MXene@COF/Li anode with other reported 3D-host-based lithium anodes. Reproduced with permission.*’® Copyright

2021, Wiley-VCH GmbH.

slight volume change during the Na/K plating/stripping pro-
cesses, which is regarded as ideal alternative for Na/K metal
anodes. However, the practical electrochemistry of the Na-K
alloy anode is limited by its high surface tension and fluidity,
while infiltrating liquid Na-K alloy in the electronic conductive
matrix is commonly applied as an efficient immobilization
approach to achieve a dendrite-free stripping/deposition per-
formance. For example, an Na-K alloy electrode coupled with
an in situ-formed graphite intercalation compound network
enabled the fabrication of stable alkali metal alloy batteries
(Fig. 16a)."”> The Na-K composite electrode exhibited ultra-
high cycling stability without dendrite growth (maintaining
the stable electrodeposition over 5000 h at 20 mA cm™>), owing
to the enhanced Na/K deposition nucleation on the conductive
framework and the self-healing behavior of the Na-K liquid
alloy (Fig. 16b and c). To improve the compatibility between
Na-K liquid alloy anode and electrolyte, Wang et al. treated the
hydrazone linkages of covalent organic frameworks (Tf-
DHzDM-COFs) with a reducing agent (Na-K alloy), achieving
carbon-oxygen radical COFs for high-energy alkali metal bat-
teries (Fig. 16d)."”> The COR-Tf-DHzDM-COFs@Na-K compo-
site anode could not only effectively inhibit dendrite for-
mation, but also exhibit excellent cycle stability of K and Na
metal batteries (Fig. 16e and f), which was associated with the
synergistic effect of fast electron/mass transport of the cross-
linked networks and the self-healing feature of the Na-K alloy.

9272 | Nanoscale, 2023, 15, 9256-9289

Furthermore, 3D substrates have obvious advantages in
improving the growth of zinc dendrites. They can increase the
surface area of the matrix, reduce the local current density, and
control the migration of Zn**, thus maintaining the stability of
the cell volume."”* Zhou et al synthesized a foldable aerogel
(MGA) using a 3D MXene and graphene, and the highly zincophi-
lic framework caused zinc to be densely packed in a 3D manner
on the microscale, effectively alleviating dendrite growth.*’ In
addition, the inherent fluorine terminal group of MXene could
form a ZnF,-rich SEI on the metal surface in situ, leading to a flat
deposition morphology without dendrites and fast kinetics for
MGA®@Zn electrodes. The quasi-solid-state Zn metal battery
assembled by the MGA@Zn anode provided an initial capacity of
110 mA h ¢ and a capacity retention of 90.3% under continu-
ous folding at 2C. Therefore, the construction of a stable 3D
framework is essential for the application of zinc metal batteries.

4.3. FOM-based gel/solid-state electrolytes

LIBs assembled with typical liquid electrolytes are faced with
the uncontrollable growth of dendritic lithium and detrimen-
tal side reactions, as well as electrolyte leakage and safety
issues.'”® Accordingly, SSEs have been proposed with the
merits of stable electrochemical performance, wide electro-
chemical window, and enhanced thermal stability."”®""®
Currently, the SSEs can be divided into inorganic solid electro-
Iytes and polymer solid electrolytes. Inorganic solid electro-

This journal is © The Royal Society of Chemistry 2023
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lytes have attracted wide attention due their high ionic conduc-
tivity and superior mechanical strength, while their practical
application is limited by the poor interfacial wettability and
inherent rigidness of inorganic compounds.'®®'”° In contrast,
polymer solid electrolytes show good interface compatibility,
structural designability, and abundant raw materials.'®*"®"
However, their poor ionic conductivity and inferior mechanical
strength are still urgent problems to be solved."®*'®
Nevertheless, the emerging polymer solid electrolytes with
ionic conductivity or massive electrolyte salts offer SSEs a
chance to approach practicality.'*'%

For solid lithium metal batteries, Manthiram’s group pre-
sented an electrolyte-mediated single-Li*-conductive COF-

This journal is © The Royal Society of Chemistry 2023

based electrolyte, and the in situ solidification of liquid electro-
Iyte could raise the charge-carrier concentration among SSEs
(Fig. 17a-c).'®® The increased Li* conductivity in the
DMA@LiTFSI-mediated COF (DLC) electrolyte was attributed
to the release/decoupling of Li" ions from the rigid COF back-
bone with the help of functional groups of flexible DMA
chains in the solid polymer electrolyte (SPE). Therefore, the
DLC electrolyte with high flexibility exhibited a stable cycling
performance for over 450 h (Fig. 17d), enabling the fabrication
of a foldable SSE battery for practical applications. Besides, Hu
and colleagues designed a topological polymeric solid electro-
Iyte with 21 poly(2,2,2-trifluoroethyl methacrylate) fluoropoly-
mer arms and postmodified p-CD core (21-p-CD-g-PTFEMA), as
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shown in Fig. 17f.'®” The X-ray tomography and SEM images

(Fig. 17g and h, respectively) showed that there were no Li den-
drites with the use of FMC-ASPE-Li electrolyte, indicating
uniform Li plating/stripping. Consequently, the LMFP|
FMC-ASPE-Li|Li pouch cell showed a discharge capacity of
~2.47 mA h and stable cycling performance over 200 cycles
(Fig. 17i).

The structural design of efficient ion conductive/transport
pathways in SPEs has been a challenge for the development of
all-solid-state batteries. COFs are an emerging class of crystal-
line polymer electrolytes with periodic structure and tunable
functionality, while their ion conductivity is usually limited by
their block structure and requires a certain amount of solvent
support.'®® Horike and colleagues designed a flexible COF-
based electrolyte with glassy PEO moieties through a bottom-
up self-assembly approach, as shown in Fig. 18a.%® The Li* con-
ductivity was affected by the dynamics and length of the PEO
chains in COF-based electrolyte (Fig. 18b), and the solid-state
lithium battery using the as-synthesized COF-PEO-9-Li showed

9274 | Nanoscale, 2023, 15, 9256-9289

sodium metal anodes. Reproduced with permission.’”* Copyright 2022,

a discharge capacity of 120 mA h g™ (Fig. 18c), suggesting the
great potential of functional groups with dynamics on COF-
based architecture in solid-state batteries. Moreover, Niu et al.
introduced lithiophilic groups and quinolyl aromatic ring lin-
kages in COFs applied as SSEs in lithium metal batteries, as
shown in Fig. 18d."®® The as-prepared quinolyl-linked COF
(Q-COF) SSE thin films displayed an ion conductivity of 1.5 x
107" S em™" (Fig. 18e), owing to the holistically oriented chan-
nels in the Q-COF SSE film via the crystallographic orientation.
The Li|Q-COF SSE|Li symmetrical cells showed stable cycling
stability over 1000 h and low polarization voltage (about
50 mV) at 0.1 A cm~>, as shown in Fig. 18g, laying the foun-
dation for the exploration of fast ionic conductive adaptive
COF SSE for high-energy-density solid-state batteries.

COFs or MOFs with well-ordered channels and stability
against phase transition are potential SSEs for rechargeable
metal batteries, and their ion conductivity is affected by the
Li* solvated structure, salt ratio, ion diffusion pathways, etc.*®
COFs/MOFs can be functionalized with acidic/anionic groups

This journal is © The Royal Society of Chemistry 2023
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in their nanopores, which may allow them to coordinate/dis-
sociate with single-ions quickly under solvent-free con-
ditions.” To improve the ion transfer rate among COF-based
SSEs, Li et al. demonstrated the porous structure of ionic COF
nanosheets (LiCONs) in an all-solid-state organic Li-ion battery
(Fig. 19a), which showed an ion conductivity of 107> S cm™" at
—40 °C with enriched ion diffusion pathways, as shown in
Fig. 19b."°° The LiCON-based SSEs with an Li" transference
number of 0.92 (Fig. 19¢) displayed a steady cycling perform-
ance over 500 cycles, demonstrating that ionic COFs useful as
SSEs and separators in all-solid-state organic Dbatteries.
Besides, Sun et al. constructed a lithium-sulfonated covalently
anchored COF (LiO3;S-COF) as a single-Li-ion conductor
(Fig. 19d)."' Benefiting from the directional ion transfer
pathway and single-ion frameworks, LiO;S-COF2 showed an
ion conductivity of 5.47 x 107> S em™, as shown in Fig. 19,
and the Li|LiO;S-COF2|Li symmetric cell delivered a steady Li
stripping-plating performance for over 450 h (Fig. 19f). Xu’s
group synthesized 3D anionic COF-based SSEs via microwave-

This journal is © The Royal Society of Chemistry 2023

assisted method for Li-O, batteries (Fig. 19g). The anionic
COF-based SSEs with abundant ion transport channels,
unique skeleton flexibility and short interfacial transmission
impedance showed a high ionic conductivity (2.7 x 107> S
em™')."*? Severe Li* polarization and electrolyte depletion were
found in the liquid electrolyte; in contrast, the local concen-
tration of Li" near the CD-COF-Li SSEs increased significantly,
as shown in Fig. 19h, and the current density was uniformly
distributed on the Li metal surface. This work provides a new
idea for the diversified design of SSEs for LIBs.

In comparison with LIBs, the development of wide-tempera-
ture range sodium batteries with SSEs is limited mainly by the
slow Na-ion diffusion kinetics."®® The construction of con-
nected ion diffusion channels in the gel polymer electrolyte
(GPE) can offer a promising solution to improve the interface
compatibility and ion conductivity of SSEs at expanded temp-
erature. Zhou et al. designed an interlock GPE with the intro-
duction of trihydroxymethylpropyl triacrylate (TMPTA) in the
liquid electrolyte via the in situ electrolyte polymerization strat-
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egy, as shown in Fig. 20a."®* As shown in Fig. 20b and c, the

Na|GPE|Na symmetric batteries with interfacial contact
showed a good cycling performance over 400 cycles, and the
GPE-based cell exhibited a capacity of 98% after 100 cycles
when combined with the P2-Na,;Nij;3Mn,3Ti; 30, (NMT)
cathode. Moreover, Forsyth and colleagues developed a
solvent-free SPE with perfluoropolyether-terminated polyethyl-
ene oxide (EO10-PFPE)-based block copolymer (Fig. 20d and e)
for solid-state sodium metal batteries, and the control homo-
polymer poly(PEOA),, (EO10-CTRL) was used as the blank elec-
trolyte.'>> The EO10-PFPE-based SPE enabled the assembled
symmetric cell to exhibit an ultra-stable cycling performance
at 0.5 mA cm™2 over 1000 h, which could be attributed to the
fast Na' transport capacity of the self-assembled nano-
structures (Fig. 20f and g). The long-term cycling performance
of the all-solid-state Na|EO10-PFPE/PVDF SPE|NVP full cell
displayed slight capacity loss after 900 cycles (Fig. 20h), indi-
cating the formation of a stable SEI layer from the PFPE-based
SPE.

Ionic COFs with the features of enhanced ionic conduc-
tivity, easy chemical modification, and well-defined ion chan-
nels are promising ion conductors for SSEs. In the case of the
LiO;S-COF, a lower Li* migration barrier (1.0 kcal mol™) can
be obtained along the axial pathway than the planar pathway,
and the calculated activation energy of LiO;S-COF was only

9276 | Nanoscale, 2023, 15, 9256-9289

0.13 eV, indicating the superior conductivity of single ionic
COFs.” Considering the structural designability and frame-
work uniqueness of ionic COFs, as shown in Fig. 21a and b,
Sun’s research group reported the use of a carboxylic acid
sodium-modified polyarylether conjugation COF (NaOOC-COF)
as SSEs for a solid-state sodium organic battery.'*® The con-
structed Na|NaOOC-COF|Na symmetric battery displayed
stable Na plating/stripping behavior over 700 h at 0.05 mA
em~? (Fig. 21c), which could be ascribed to the homogeneous
Na' migration and hopping of Na* along the axial pathway in
the NaOOC-COF channels. Ionic COF-based SSEs have also
been reported in Zn metal batteries. For example, Park et al.
synthesized a single-ion conducting SO;Zn, 5-COF electrolyte
for rechargeable Zn-ion batteries,"”” and SO3;Zn,;-COF
improved the stability of the Zn anode surface due to the struc-
tural and ion conductive features (Fig. 21d and e). New designs
for multiple ionic COFs or MOFs should be further proposed
to extend the practical applications of high-performance solid-
state alkali/alkaline metal batteries.

Furthermore, quasi-SSEs with a wide electrochemical
window, high ionic conductivity, and good mechanical
strength are desirable electrolytes for solid-state zinc metal bat-
teries. The well-dispersed multifunctional polymers could be
expected to obtain a hydrogen bond network with flexible
matrix for efficient Zn ion transport and interface contact.'®®

This journal is © The Royal Society of Chemistry 2023
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For example, polyzwitterionic hydrogel electrolytes are promis-
ing platforms to design safe, economic, and stable quasi-solid-
state zinc metal batteries. The charged groups of the zwitter-
ionic polymer not only homogenized the Zn>" distribution, but
also improved the ionic conductivity of an SPE to 32.0 mS
at room temperature.'®® Inspired by the multiple func-
tional groups and porous features of MXenes, Zhi’s group
developed a method for the chemical grafting of MXenes to
induce abundant F-H hydrogen bond interactions between the
highly grafted PMA and poly(vinylidene fluoride co-hexafluoro-
propylene) (PH) matrix in SPEs, improving the ionic conduc-
tivity (2.69 x 107" S em™") of the PH/PMA/MXene SPE in the
dendrite-free Zn plating/stripping process.>® Moreover, Feng
et al. constructed a SPE by combining an MXene and PH/Zn
(OTf), network (PH/MXene-SPE), as shown in Fig. 22a.>°" The
designed PH/MXene-SPE improved the cycling performance of
the Zn|PH/MXene-SPE|Zn symmetric cell for over 2500 h
(Fig. 22b), which was attributed to the enhanced ionic conduc-
tivity and regulated the interphase chemistry and Zn depo-
sition. To explore the realistic application of zinc air batteries,
Lee’s research group presented a 1-Ah-class all-solid-state zinc-
air pouch cell with a (101)-facet copper phosphosulfide [CPS
(101)] cathode, anti-freezing chitosan- biocellulosic (CBC) elec-
trolyte and zinc metal anode (Fig. 22¢ and d).>°*> The hydroxide

CBC electrolyte exhibited ultrahigh ionic conductivity (86.7 mS
1

cm™!

cm™ at 25 °C) and stable Zn stripping/plating behavior in a

This journal is © The Royal Society of Chemistry 2023

cell-level all-solid-state zinc-air battery (Fig. 22e-g), which
potentially paved the way for fast-charging and safe high-
power/energy-density batteries
devices.

Moreover, magnesium/aluminum metal batteries also face
the issues of self-corrosion, insulating passivation films, and
irreversible stripping/plating behavior, which limit their appli-
cation in specific electrolytes.>”® With the rapid development
of solid-state electrolytes, polymer electrolytes are emerging in
the studies of magnesium/aluminum metal batteries, offering
a novel solution to improve the reversible stripping/plating
and interfacial compatibility for magnesium/aluminum
metals. For example, Cui and colleagues presented a robust
self-standing polyepichlorohydrin-based polymer electrolyte
for high-safety magnesium metal batteries.”® The rationally
designed single-ion cross-linked network and triglyme-plasti-
cized structure endowed the polymer electrolyte with a remark-
able Mg>* transfer number (0.79) and reversible Mg plating/
stripping behavior (stably cycling for 150 h at 0.05 mA cm™?).
Besides, the MogSg||Mg full batteries with this single-ion
polymer electrolyte exhibited superior thermal stability and
high safety under extreme conditions (150 °C). Additionally, to
prevent the self-corrosion and improve the utilization
efficiency of Al metal in alkaline electrolyte, Tang’s research
group reported a dual-electrolyte consisting of polyacrylic acid
hydrogel and aqueous electrolyte (4 M KOH) for an Al-air

in electric and wearable
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battery.”®> Consequently, the dual-electrolyte- constructed Al-
air Dbattery displayed an enhanced discharge capacity
(1769.0 mA h g7") and suppressed polarization at 20 mA cm™>
in comparison to the single electrolytes. Therefore, the dual-
electrolyte system could suppress the self-corrosion of the Al
anode and without losing its high ionic conductivity and
decreased polarization merits.

4.4. Other applications

4.4.1. Hosts for lithium/sodium sulfur batteries. Lithium-
sulfur batteries (LSBs) offer the characteristics of high energy
density, low cost, low toxicity, and environmental friendliness,
making them promising energy storage devices.’*>*°” The
shuttling effect of lithium polysulfides and slow redox kinetics
cause irreversible capacity loss and limited sulfur utilization,
making it a challenge to apply LSBs on a broad scale. Hence,
an effective method is developing stable sulfur-containing

9278 | Nanoscale, 2023, 15, 9256-9289

cathode materials.>®® For loading sulfur and immobilizing
lithium polysulfides during electrochemical processes, MOFs
and COFs with large specific surface areas and clearly defined
pores are regarded as the promising hosts.'®> Zhang et al.
reported the preparation of a 3D porous S-ZIF-8 and CNT
hybrid structure.*®® Large CNT sponges were directly used as
templates and S-ZIF-8 particles were uniformly grafted on
S-ZIF-8@CNTs (Fig. 23a and b). MOF particles with a 3D
porous structure could be used to achieve a high area sulfur
loading. By combining physical confinement and chemical
bonding, MOFs could serve as a functional sulfur host to hold
polysulfide intermediates in situ, which offered effective
charge transport pathways linked with CNT networks. In 2021,
Liu et al. evenly coated CNTs with a conjugate micro/meso-
porous polymer, which not only enabled the adsorption of
lithium polysulfides, but also accelerated the catalytic trans-
formation of LBSs.”'® FOMs with high stable capacity and out-

This journal is © The Royal Society of Chemistry 2023
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standing cycle stability are promising composite cathodes for
advanced energy storage systems.

Similar to MOFs, the porous structure of COFs also provides
space for energy storage. However, the physical blocking of
sulfur in their channels is not enough to inhibit the shuttle
effect of the lithium polysulfide intermediates, resulting in the
poor cycling performance of LSBs. Feng’s research group
designed a flexible and self-standing MXene/COF framework
for Li metal anodes, with the lithiophilic COF distributing
among the MXene framework to induce the uniform Li nuclea-
tion/deposition.”"" The MXene/COF-based Li||S cells showed
enhanced electrochemical stability (with a capacity retention
of 73.8% after 300 cycles) and Coulombic efficiency, owing to
the regulation of the COF seeds for Li* flux homogenization
and low nucleation barrier. Moreover, Xu and colleagues
reported a new imine-linked TFPPy-ETTA-COF host via the
solvothermal reaction between 1,3,6,8-tetrakis(4-formylphenyl)
pyrene (TFPPy) and 4,4',4",4"-(ethene-1,1,2,2-tetrayl )tetraani-
line (ETTA), which was used to suppress the shuttle effect of
lithium polysulfides.”™ The imine bonds in S@TFPPy-
ETTA-COF could cause sulfur to polymerize in the COFs,

This journal is © The Royal Society of Chemistry 2023

forming polysulfide chains that could cling to the channel
walls, which showed the good cycling performance of lithium-
sulfur batteries (Fig. 23c and d).

Sodium-sulfur batteries have a similar reaction mechanism
to LSBs, but they face greater challenges, owing to their low
reversible capacity and fast capacity decay. Ye et al. demonstrated
that the dynamic electrons of metals in MOFs can regulate the
interaction between polysulfides and MOFs during cycling,
which is conducive to the rapid conversion of polysulfides.
Polysulfide intermediates can be confined in the porous structure
of MOFs, reducing their shuttle effect.>'* Besides, Huang et al.
employed Fe(CN)s'"-doped polypyrrole as a cationic reservoir,
which exhibited strong adsorption to the sodium polysulfides
and short chains, effectively reducing the loss of sodium polysul-
fides (Fig. 23e).>'* During reverse charging, the Fe redox centers
could reduce the Na,S activation energy barrier and promote the
reversibility of Na,S deposition. Consequently, the constructed
Na-$ cell exhibited a high reversible capacity of 1071 mA h g™
and a capacity retention of 72.8% after 200 cycles, indicating the
confined electrocatalytic effect of Fe(CN)s* -doped polypyrrole for
high-efficiency sulfur electrochemistry.
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Relationship between the E/A E/C ratios and the realistic cell-level energy densities of this work and other conventional zinc batteries. The inset is
the optimal weight distributions of the ampere-hour-scale zinc-air pouch cell. () Hydroxide ion conductivity of SPEs with different portions of CBC.
(f) lllustration of the configuration the an all-solid-state zinc-air pouch cell and its corresponding cross-sectional SEM image. (g) Rate performance
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4.4.2. FOM-based separators. As early as 2016, Bai et al.
firstly proposed the use of MOFs as separators in LSBs.*"
MOF-modified separators can function as an ionic sieve, selec-
tively screening Li" and inhibiting the shuttle effect of polysul-
fides. Based on this study, an MOF gel separator was designed
to match the organic electrode material-5,5"-dimethyl-2,2"-bis-
p-benzoquinone (Me,BBQ) (Fig. 24a—c).>'® The micropore size
of zeolitic imidazole framework-8 (ZIF-8) was sufficient to
block the passage of the Li-Me,BBQ complex, which con-
firmed the regulation effect of the selective MOF gel separator
to the Me,BBQ"™ intermediates. The majority of research on
separators concentrated on minimizing the “shuttle effect” in
LSBs, while only a few studies focused on stabilizing the metal
anode in lithium metal batteries (LMBs). Hao et al. developed
a well-designed MOF separator with Nafion, which could
realize ion regulation and solve the lithium dendrite
problem.>"” The -NH, groups and the intrinsic nanochannels
in the MOF facilitated Li* migration, and the Nafion com-

9280 | Nanoscale, 2023, 15, 9256-9289

ponent with negatively charged SO;~ groups could inhibit the
migration of PF,~ by electrostatic interactions in the separator,
thus achieving uniform lithium deposition (Fig. 24d).
Therefore, MOFs offer good solvation performances, while
their huge mass and density limit the energy density of the
overall LMBs.

Notably, COFs with tunable structure, thermal stability, and
low density have become alternative candidates.”™® Yang et al.
designed an excellent self-supporting TPB-BD(OH),-COF/PVDF
separator, which could induce the uniform distribution of Li"
and greatly inhibit dendrite growth.*'® COFs with hydroxyl
functional groups will interact with the electrolyte components
to form a hydrogen bond network, showing a good desolvation
effect and limited side reactions in the resultant separator.
COF materials have also been applied in Na-S cells to improve
their cycle performance. For example, Yin et al. synthesized a
COF film with 1,3,5-triformylbenzene and azobenzene-modi-
fied hydrazide linkers (Azo-TbTh), which could inhibit the

This journal is © The Royal Society of Chemistry 2023
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“shuttling effect” of sodium polysulfides.”** The functional
azo groups of the Azo-TbTh COF film served as a redox center
to interact with Na* in a reversible manner, which acted as an
Na' jump site to promote Na' migration (Fig. 24e). Utilizing
this thin Azo-TbTh COF layer as a separator, the specific
capacity and rate performance of the Na-S cell were greatly
improved with a capacity decay rate of 0.036% for each cycle
during 1000 cycles (Fig. 24f).

4.4.3. FOM-based redox flow batteries. Aqueous redox flow
batteries (ARFBs) are promising alternatives for large-scale
electricity energy storage devices to realize the effective utiliz-
ation of the intermittent renewable energy, but they suffer
from a short cycle life and limited capacity.”*' Organic redox-
active molecules with good structural tunability, electrochemical
reversibility, and reaction rates offer the merits of enhanced
capacity, eco-friendly, and fast redox reaction kinetics for
ARFBs.”*” Generally, organic molecules (such as quinone, violo-
gen, azo, phenazine, phenothiazine, TEMPOs, and their deriva-
tives) with high solubility in electrolyte and highly reversible
redox-active sites are ideal electroactive materials and charge/
electron transfer carriers in ARFBs.”*® Novel organic salts are
designed by molecular engineering, for example, Yu’s research

This journal is © The Royal Society of Chemistry 2023

group reported the use of azobenzene-based molecules with
hydrophilic groups as an anolyte for ARFBs, as shown in
Fig. 25a.** The highly soluble azobenzene-based molecules
with amino and sulfonic groups displayed outstanding solvation
behavior and fast redox chemistry, and the ARFBs with 0.8 M
active material exhibited a high anolyte capacity of 41.5 Ah L™
and high energy efficiency (Fig. 25b).

Moreover, Wang and colleagues designed a biomimetic
high-capacity phenazine-based anolyte for ARFBs, and the
soluble phenazine molecular shifted its redox potential by
about 400 mV.*** The ARFBs demonstrated a reversible anolyte
capacity of 67 Ah L' and a capacity retention of 99.98% per
cycle over 500 cycles. Therefore, these results are critical
towards the further development of ARFB technologies with
practical applications. Recently, Wang’s group reported dihy-
droxyanthraquinone (DHAQ)-based alkaline electrolytes for
ARFBs via molecular engineering, and 1,5-DHAQ molecule
undergoes a hydrogen bond-mediated degradation mechanism
during the charge/discharge process (Fig. 25c and d).**°
Afterwards, the assembly redox flow batteries exhibited an
output capacity of nearly 570 mA h after cycling for 1100 h
(Fig. 25e), owing to the combination of redox-active polymer-
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Fig. 25 (a) Schematic illustration of the working process of ARFBs. (b) Rate performance of ARFBs with 0.5 M functional azobenzene-based
anolyte. Reproduced with permission.224 Copyright 2022, Wiley-VCH GmbH. (c) Calculated energy changes of 1,5-DHAQ at different coordinated
states. (d) Cyclic voltammetry curves of 1,5-DHAQ, PAQS/CB, and [Fe(CN)¢]*>~/4". (e) Long-term cycling performance of the assembled flow cell.
Reproduced with permission.??® Copyright 2022, Nature Publishing Group.

based capacity-boosting composite anolyte and [Fe(CN)¢]*/*~ tion rates in conjunction with PAQS/CB granules, which pro-
alkaline catholyte. The DHAQ-based anolyte delivered highly vided a promising avenue for the further exploration of solid-
electrochemical reversibility (over 1000 cycles) and rapid reac- state organic-based ARFBs.
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5. Conclusion and outlooks

In summary, we summarized the recent advances in FOM-based
interfacial engineering for metal anode protection of rechargeable
batteries in liquid/solid-state electrolytes. Organic additives favor
the formation of uniform SEI layer and maintaining the structural
stability of metal anodes during metal plating/stripping
process.”?” Additionally, FOMs with stable framework, regular
pores, modifiable structures, and abundant active sites can miti-
gate the inherent problems such as dendrite growth, side reac-
tions, and even volume change confronted by metal anodes.'”*¢
Moreover, the application of polymers and 2D porous materials
in gel/SSEs and other areas was also presented, and thus it is
expected that more effort will be devoted to the development of
FOMs in rechargeable batteries.*'® However, most of the previous
studies on FOMs have focused on improving the metal interface,
especially in Li metal batteries."**"'°"'** They also appeared in
the anodic protection of Na, K, Zn, and Mg metal batteries, but
the studies are still in their infancy.'® More effort should be
devoted to the structural design and interfacial engineering of
FOMs for SEI modification and SSEs to promote the practical
application of high-energy-density rechargeable metal batteries.
As an outlook, the further exploration of FOMs for rechargeable
batteries are emphasized below.

5.1. Structure design of novel FOMs

FOMs with different structures and functional groups will
make a difference in the deposition behaviors of metal
anodes, and thus muti-functional COFs/MOFs and their
derivatives should be explored to regulate the metal plating/
stripping process and ion transfer behavior, improving the
overall electrochemical performance of rechargeable metal bat-
teries. Moreover, polymers with flexible structures and metallo-
philic groups are potential substrates to realize the uniform
distribution of ion flux and accommodation of the volume
expansion, which are also suitable for COFs/MOFs and their
derivatives with porous structure and rigid channels. However,
most of the synthesis routes for COFs and MOFs are complex,
time-consuming, and even require harsh conditions, and thus
FOMs with simple and efficient preparation processes are
worthy of further exploration. COFs/MOFs with poor flexibility
and processability can be improved by bottom-up structural
design, combination with flexible polymers, and in situ for-
mation on the metal surface. In addition, the inherent physical
properties of FOMs such as mechanical strength, structural
frame and porosity are also important factors affecting the
cycling performance of rechargeable metal Dbatteries.
Therefore, in conjunction with machine-learning methods and
sophisticated synthetic techniques, finding and synthesizing
more economical and efficient materials without sacrificing
the function of materials will effectively promote the appli-
cation scope of materials in secondary batteries.

5.2. Application of FOMs in anode protection

With the development of secondary metal (Li, Na, K, Zn, Mg,
Al, etc.) batteries in recent years, the exploration and utilization
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of FOMs for metal anode protection have become more exten-
sive and comprehensive.””” However, the current studies
mainly focus on making use of the flexible structure and func-
tional groups for anode protection, while few studies refer to
the ion transfer ways and inner mechanisms. FOMs with
redox-active groups are emerging for SEI modification for
metal anode protection, having potential effects on accelerat-
ing the ion transfer and metal deposition/stripping behavior.
Besides, the broader application of FOMs in different battery
systems also needs to be explored with different reaction
mechanisms. Therefore, the preparation of FOM-based protec-
tive layers with tight structure, low grain boundary resistance,
and rapid ion transport characters has become an urgent
pursuit of researchers.

5.3. Modification of gel/solid state electrolytes

The high crystallinity of polymers affects their ionic conduc-
tivity as SEI films or SSEs, and thus reducing the crystallinity
and regulating the ion transfer rates of polymer solid electro-
Iytes are an urgent concern. In contrast, the applications of
COFs/MOFs and their derivatives with periodic structure and
tunable functionality are foreseeable in SSEs, while the related
research in SSEs has been gradually emerging in secondary
metal batteries recently. The development of COFs/MOFs in
SSEs is closely associated with their structural designability
and synthesis technology, favoring the construction of SSEs
with modified ion transport channels and interface compat-
ibility. Researchers need to explore ways to combine FOMs
with electrolytes more evenly and design SSEs with a wide
voltage window to match the high-voltage cathodes, achieving
a more reasonable ion transport path to realize the efficient
utilization of FOMs.

5.4. Application of FOMs in other areas

FOMs have been employed for the construction of quasi-SSEs,
the modification of separators, sulfur hosts, and redox electro-
Iytes, etc., but the research in emerging secondary batteries is
still in its infancy. The porous structures of FOM-separators/
hosts can limit the shuttling effect of polysulfides and achieve
rapid transformation of intermediates, realizing their rapid
conversion and enhanced cycle life in Li/Na sulfur batteries.
Moreover, FOM-based separators with flexible structures are
promising candidates for redox flow batteries, limiting the
shuttling effect of some soluble redox intermediates. However,
the physical/chemical adsorption between materials and poly-
sulfides may not be stable, and the FOMs may be consumed,
fall off or dissolve in the electrolytes during the battery oper-
ation, which are intractable issues that remain to be further
explored. Therefore, the outstanding performance and related
ion transport mechanism of FOMs should be determined in
rechargeable secondary batteries.

Therefore, FOMs with multifunctional properties are prom-
ising candidates for stabilizing the metal interface, distribut-
ing the uniform ion flux, and accelerating the rapid transport
of target ions. How to utilize the potential properties of FOMs
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to satisfy the practical requirements of rechargeable metal bat-
teries is a crucial point in the near future.
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