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[26_TD$DIFF]A B S T R A C T

The lithium metal battery has been considered as a promising candidate for next generation batteries.
However, safety concerns caused by uncontrollable lithium dendrite growth on lithium anode are
severely hampering the commercial application. Metal-organic frameworks (MOFs) become one of the
most attractive materials due to the high porosity, structural designability and tunability. With unique
open channels and pores as well as functional components inMOFs, the transportation and deposition of
lithium ions can be regulated, which leads to enhanced electrochemical properties. Various strategies for
lithiummetal protection are proposed in recentworks on applications ofMOFs in lithiummetal batteries.
In this review, we highlight latest key approaches in this field and discuss the prospects for MOFs in
advanced Li anodes.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Lithium metal battery (LMB) is considered as one of the most
promisingbatteries for the futureenergystoragesystemduetothehigh
theoreticalcapacity(3860mAh/g)andlowestredoxpotential(–3.040V
vs. standard hydrogen electrode) of lithium anode [1–4]. However,
there remain some challenges greatly hindering its commercial
application, such as [27_TD$DIFF]1) the safety issue (short circuit and thermal
runaway), which could be caused by the uncontrollable Li dendrite
growth during the charge process; 2) the increasing internal
resistance of batteries due to the accumulative “dead Li” formed on
Li anode, significantly decreasing the capacity and lifespan; 3) the
unstable and fragile solid electrolyte interphase (SEI) layer on Li
metal, consuming lots of electrolytes and fresh Li during the
continuous fracture and formation; 4) the volume change in the
cycling process, which leads to the drop of native SEI layer from Li
metal surface, further destroying the interfacial stability.

Recently, various targeted strategies have been proposed to
solve the above-mentioned problems [5–8]. 1) Modification of the
current collector [9,10]: coating a lithiophilic material to guide Li
nucleation or a robust physical layer to suppress the Li dendrite
growth; 2) Construction of anode structure [11–15]: a three-
dimensional (3D) Li anode can decrease the volume change and
enable dendrite-free Li deposition; 3) Introduction of additives in
electrolyte [16,17]: additives can minimize the side reaction and
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help to obtain a stable SEI layer; 4) Manufacture of artificial SEI
[18–23]: artificial SEI layers are more stable than native SEI, which
can reduce the consumption of fresh Li and organic electrolyte; 5)
Modification of separator [24–27]: themodified separators provide
homogeneous channels for Li+ flux, lead to uniform Li deposition,
as well as prevent Li dendrite growth by the mechanical strength;
6) Utilization of solid state electrolytes (SSEs) [28–30]:
well-designed SSEs with remarkable chemical stability, high
Young’s modulus, and superior Li+ conductivity lead to dendrite-
free Li anodes, overcoming security issues of flammable liquid
electrolytes.

Metal-organic frameworks (MOFs), a novel class of porous
materials constructed by metal nodes and organic linkers, have
been widely studied in the field of energy storage and conversion
[31–33]. The versatility, porosity, and tunability of MOFs provide
effective solutions for LMBs. Recently, various MOFs have been
applied to protect Li metal anodes. In this mini review, we mainly
focus on the recent progress of MOFs in lithium metal anode
protection and summarize applications of MOFs in separators,
electrodes and electrolytes for LMBs in detail. The future trends
and prospects are also presented here.

2. MOFs in Li metal anode protection

2.1. Solid state electrolytes

Solid-state batteries (SSBs) have attracted much attention
because of their unique properties. As is known to all, the liquid
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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electrolytes in commercialized Li-ion batteries are suffering from
some fatal problems, such as leakage and flammability. Fortunate-
ly, the safety issue can be solved by introducing SSEs into SSBs of
which Li metal is employed as the anode. However, high interfacial
resistance and low ionic conductivity are two major issues of SSBs
that inhibit practical application. Therefore, the uppermost
priority for high performance SSBs is to develop a solid-state
electrolyte with high ionic conductivity, good compatibility with
electrodes.

MOFs, the rising star, were first exploited in the field of SSEs by
Long’s group in 2011 [34]. Mg-MOF-74 based materials with open
metal centers exhibit a high ionic conductivity of 3.1�10–4 S/cm at
room temperature (RT). After that, other MOFs such as ZIF-8 [35],
Al-Td-MOF-1 [36], and MIT-20 [37] also have been reported as the
ionic conductors. Here, we provide an overview of the recent
progress of MOFs as the components in SSEs to protect Li metal
anode in SSBs.

2.1.1. Host
Guo and [28_TD$DIFF]co-authors synthesized a MOF-derived solid-like

electrolyte (SLE), inwhich UiO-66was used as the host for lithium-
containing ionic liquid (Li-IL) owing to the abundant nanopores
(Fig. 1a) [38]. In the SLE, MOFs provide stable porous frameworks
as the host and the Li-IL acts as the Li+ conductor. The composite
[(Fig._1)TD$FIG]

Fig. 1. [15_TD$DIFF](a) Preparationprocess of nanostructureUiO/Li-IL SEs. Reprinted with
permission [38]. Copyright 2019, Wiley VCH. [16_TD$DIFF](b) Schematic illustrations of Li
plating/stripping processes at the [17_TD$DIFF]Li/SLE-L, Li/SLE-S and Li/SLE-H interfaces,
respectively. (c-e) SEM morphologies of the Li metal surface after Li plating/
stripping cycles of Li|SLE-L|Li, Li|SLE-S|Li and Li|SLE-H|Li symmetric cells,
respectively. Reprinted with permission [40]. Copyright 2018, Royal Society of
Chemistry. (f) Schematic illustration for the architecture of the SSBs with LIM ionic
conductive agent and its working mechanism. The particles with green, yellow,
blue, and [18_TD$DIFF]black color represent the cathode material, LLZO, LIM, and conductive
carbon, respectively. Zr6(IV)O4(OH)4 clusters in UiO-67 are shown by blue
polyhedrons. The migrating Li+ ions are highlighted by the glowing [19_TD$DIFF]pink spheres
and the [EMIM]+ and [TFSI]� ions are randomly distributed in the pores of UiO-67 in
Space-Fillingmodel. Hydrogen atoms are omitted in the UiO-67 structure for clarity.
Reprinted with permission [41]. Copyright 2018, Elsevier.
exhibited high ionic conductivity of 3.2�10�4 S/cm at 25 �C.
However, limited by the low decomposition voltage of Li-IL (4.5 V
vs. Li/Li+), this SLE cannot match with the high voltage cathode
materials. Chen and [28_TD$DIFF]co-authors selected ZIF-67 as the host and a
stable IL as the guest and prepared a SLEwithwide electrochemical
window (<5.4 V vs. Li/Li+) [39].

In Pan’s paper, the author prepared three different SLEs: SLE-L,
SLE-S, and SLE-H (SLE with large, small, and hybrid size UiO-66
nanoparticles, respectively) to research the size effect on the SSBs
performance (Figs. 1c-e) [40]. The SLE-H exhibited the highest
ionic conductivity among the others. According to Fig. 1b, the Li
metal surface using SLE-H is smoother, which indicates a
synergistic effect of the large (suppressing Li dendrite growth)
and small (guiding a homogenous Li stripping/plating) nano-
particles of MOFs on SSBs. Pan and co-authors proposed another
hybrid SSE by mixing host-guest composites of Li-IL@MOF (UiO-
67) with Li7La3Zr2O12 (LLZO) to promote the ionic conductivity and
block Li dendrite growth (Fig. 1f) [41]. The hybrid SSEs exhibited a
wider electrochemical window to 5.2 V, as well as a high ionic
conductivity of 1.0�10–4 S/cm at room temperature. The
interspace between the LLZO grains is fully filled with nano-Li-
IL@MOF, which greatly enhances the kinetics of Li+ transport.

2.1.2. Filler
MOFs impregnated with IL were increasingly utilized in

composite polymer electrolytes (CPEs). Pan and co-authors
reported a CPE which is consisted of MOFs (MOF-525(Cu)), Li-IL
and polytetrafluoroethylene (PTFE) (Fig. 2a) [42]. The composite
Li-IL@MOF CPEs exhibited a good thermal stability (over 300 �C)
and a stable electrochemical window between 2 V to 4.1 V, as well
as a superior electrochemical performance (an ionic conductivity
of 3.0�10–4 S/cm at room temperature and an enhanced Li+

transference number of 0.36 compared with 0.14 of pristine Li-IL).
The unique nanowetted interfaces between the electrodematerials
and Li-IL@MOF CPEs enhanced the Li+ transport kinetics effective-
ly, and the 3D porous nano-structure ofMOFs provided an effective
Li+ pathway. On top of that, the SSEs also exhibited a high thermal
stability and ionic conductivity within the temperature from
�20 �C to 150 �C in the LiFePO4 (LFP) SSBs, performing a capacity of
67mAh/g in the temperature of �20 �C at 0.05 C and a reversible
capacity of 145mAh/g at 0.5 C in the high temperature of 150 �C
(Fig. 2b). PEO solid electrolyte with Li-IL@UiO-66 showed an
improved lithium ion conductivity, higher limit voltage and long-
term stability.

In 2018, Dunn and co-authors designed a novel class of pseudo
solid-state electrolytes using MOFs with open metal sites as the
filler to achieve fast Li+ transport and high ionic conductivity [43].
Sun and co-authors synthesized an anion-immobilized polymer
electrolyte using cationic UiO-66 (CMOF) as the filler in poly
(ethylene oxide) (PEO) for dendrite-free SSBs [44]. The composite
polymer electrolytes can lead to a uniform Li+ distribution via
fixing the anions and inhibit the Li dendrite growth by the
synergetic effect of PEOwith CMOF (Fig. 2c). The ionic conductivity
(from 3.9�10–6 S/cm to 3.1�10–5 S/cm), transference number (as
high as 0.72), and electrochemical window (4.97 V) of the CPEs
were also significantly improved. Guo and co-authors also reported
a PEO-UiO-66/Li-IL CPE that enhanced the SSBs performance [45].
The ionic conductivity of the SPEs greatly increased due to the
existence of Li-IL in the porous MOFs structure. More than that,
long-lifespan Li|LFP solid-state batteries were performed by
introducing UiO-66/Li-IL as the filler for SPEs. Zhang and
co-authors reported another Zr-based MOF, NH2-UiO-66, as the
filler for CPEs (Fig. 2d) [46]. The author first proposed a facile
photopolymerization with postsynthetic modification MOFs of
CPEs with high ionic conductivity (4.31�10–4 S/cm at 30 �C) and
good interfacial compatibility with electrodes.
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Fig. 2. (a) Schematic illustration for the architecture and nanowetted interfacial mechanism of the solid-state battery with a magnification showing crystal structures of the
MOF. [EMIM]+ and [TFSI]� ions in space-filling model are randomly displayed in the pores of the MOF. The migrating Li+ ions are highlighted by glowing pink spheres.
Hydrogen atoms are omitted in MOF structure for clarity. (b) Temperature-dependent cyclability of the Li|Li-IL@MOF|LFP SSBs with corresponding charge/discharge curves.
Reprinted with permission [42]. Copyright 2018, Wiley, VCH. (c) Schematic of the Li deposition behavior with PEO (LiTFSI) electrolyte and anion-immobilized P@CMOF
electrolyte. Reprinted with permission [44]. Copyright 2019, Elsevier. (d) Synthetic route of the hybrid covalently linked MOF-PEGDA-based all-solid-state electrolyte.
Reprinted with permission [46]. Copyright 2018, Royal Society of Chemistry.

[(Fig._3)TD$FIG]

Fig. 3. (a) MOF film coated on PP separator membrane. (b) Top-view SEM image of
the pristine separator. (c) Top-view SEM image of the MOF-decorated separator. (d)
Voltage profiles of Limetal plating/striping in symmetric Li|Li cellswith pristine and
NH2-MIL-125(Ti)-coated separators. Reprinted with permission [54]. Copyright
2017, Royal Society of Chemistry. Digital photographs (inset) and SEM images of the
Li metal surface after the cycling process with (e) UiO-66-S/Nafion hybrid-coated
separators and [20_TD$DIFF](f) the pristine separator. Reprinted with permission [55]. Copyright
2018, Royal Society of Chemistry.
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In the above works, whether as host or filler materials for solid
electrolytes, MOFs exhibit promising application prospects in high
performance SSBs. MOFs with high thermal and chemical
stabilities, e.g., Zr-based MOFs, or with special functional groups
are good choices for SSEs.

2.2. Separator

Separators, which are indispensable in conventional batteries,
provide ionpathwayand prevent short circuit. Excitedly, optimizing
the separatorsvia facilemethods can improve the performance of Li
metal anodes. Polydopamine coating ameliorates the electrolyte
wettingandelectrolyteuptakeabilityof thepolyethylene separator,
which affect the power performance of batteries directly [47]. The
homogeneousporedistribution in the separator leads toa sufficient
Li+ flux and even electrochemical depositions on the electrode
surfaces [48]. High ionic conductivity, prominent contact quality
and other properties render functional separators potentials to
improve the performance of lithium metal batteries.

2.2.1. Coating
Themost commonmethod is coating inorganicmaterials on the

commercial separator films, such as Al2O3 [49,50], TiO2 [51,52],
andMoS2 [53]. However, there are some drawbacks that need to be
addressed before practical application, including slower Li+

transport kinetics and deficiency of regulating Li ion redox. In
these years, MOFs with inorganic metal ions and organic ligands
have been proposed as the modifiers of separators to increase the
stability of Li metal anodes.

In Wang’s paper, NH2-MIL-125(Ti) was coated on Celgard
3501, a kind of commercial separators, by doctor blade [54].
After coating, NH2-MIL-125(Ti) was distributed on the separator
uniformly without apparent crack ( [29_TD$DIFF]Figs. 3a–c). The symmetric
cell with NH2-MIL-125(Ti)-coated separators performed a
stable cycling for more than 1200 h, whereas the cell with
pristine separator displayed a short circuit (Fig. 3d). Further
research on the mechanism indicated that the enhanced
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electrochemical performance was benefit from the amine
groups on NH2-MIL-125(Ti), which can greatly promote Li+

transportation and guide a uniform Li deposition, reducing the
possibility of short circuit.

Park and co-authors coated polyethylene (PE) membrane with
sulfonated UiO-66 (UiO-66-S) and Nafion, as a functional separator

[(Fig._4)TD$FIG]

Fig. 4. (a) Schematic showing the Li-metal electrodewith pristine electrolyte andMOF-m
MOF host. Reprinted with permission [56]. Copyright 2018, Elsevier. (c) Schematic illustr
flexible MOF@PVDF-HFP separator. Reprinted with permission [57]. Copyright 2018, W
separator (MOG), and an enlarged view showing ion transport behaviours in MOG. Re
for LMBs [55]. By using the functional separator, the Li metal
showed smooth surfaces, whereas Li dendrite (rough particles) on
the Li metal surface after cycling was occurred with the pristine
separator ([29_TD$DIFF]Figs. 3e and f). Analogously, the sulfonic acid groups are
the keys in inhibiting the polysulfide diffusion and suppressing Li
dendrite growth.
odified electrolyte. (b) Schematic of the selective Li+ ionic transport imposed by the
ation for fabricating a flexible MOF@PVDF-HFP membrane. [21_TD$DIFF](d) Digital photos of the
iley VCH. [16_TD$DIFF](e) Schematic illustrations of [22_TD$DIFF]glass fiber (GF), the MOF-GF composite

printed with permission [58]. Copyright 2019, Royal Society of Chemistry.
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As modifiers of separators, MOFs with polar functional groups
are proved to be the critical points to obtain long-lifespan batteries
with dendrite-free anode. Functionalizing MOFs by amination,
carboxylation, hydroxylation and sulfonation is the future trend for
utilizing MOFs as the coating in LMBs separators.

2.2.2. Fabricating freestanding separators
Except for ameliorating commercial separator, MOFs can also

play an important role in fabricating freestanding separators for
LMBs. In 2018, Zhou and co-author proposed a MOF-based
separator, which can not only inhibit the polysulfides diffusion
but also suppress the dendrite formation benefit from MOFs’
porous structure ([29_TD$DIFF]Figs. 4a and b) [56]. The porewidth of HKUST-1 is
about 8 Å, and the length of TFSI–[30_TD$DIFF] anion (anion of the lithium (bis)
trifluoromethanesulfonylimide salt) is 7.9 Å. Considering the size
effect, the anions TFSI– [31_TD$DIFF] will be restricted within the pores of
HKUST-1. However, Li+ can rapidly transform from the pore
channel to the Li metal surface, resulting a homogeneous Li
deposition. Zhou and co-authors also reported another HKUST-1-
based separator that enhanced the batteries performance [32_TD$DIFF](Figs. 4c
and d) [57]. In this report, the flexibleMOF-based separator, named
HKUST-1@PVDF-HFP membrane, was fabricated by filtering
HKUST-1 and PVDF-HFP for several times. The membrane not
only inhibited the polysulifdes diffusion through physical barrier
affection but also guided uniform Li deposition. Owing to these
advantages, the Li-S battery with HKUST-1@PVDF-HFP membrane
achieved a high initial capacity of 1192mAh/g, and remained a
reversible capacity of 802mAh/g after 600 cycles. In comparison,
the battery with commercial separator remained 304mAh/g after
600 cycles.

According to aboveworks, we know that the porous structure of
MOFs is essential to achieve dendrite-free Li metal anodes.
However, besides the effect of pores, the open metal sites of
MOFs are also benefit for the enhancement of battery perform-
ances. Recently, Lu and co-authors developed a MOF-glass
fiber (GF) composite separator (MOG) fabricated by in situ growing
[(Fig._5)TD$FIG]

Fig. 5. (a) TEM image of MOF nanosheets. SEM images of surface morphologies of 1.0mA
Cu-MOFs electrode. The insets are optical images. (d) Comparison of the CE of Li deposit
with a lithiation capacity of 1mAh/cm2. (e) Voltage hysteresis of the Li plating/stripping f
voltage-time curves of 0.5mAh/cm2 Li plating/stripping in pre-Li stored Cu electrode and
with permission [61]. Copyright 2018, Elsevier.
NH2-UiO-66 on the GF [33_TD$DIFF](Figs. 4e and f) [58]. Li+ transference
number, tLi+, is an indicator for Li+ transport kinetics in electrolytes,
which can be affected by the separator. The tLi+ obtained as high as
0.67 after introducingMOG, which is about twice of the pristine GF
separator. The high tLi+ with MOG led to a smooth and dense Li
surface after 100 cycles compared with porous and dendrite
surface with bare GF. The enhancements profit from the
unsaturated open metal sites with Lewis acidity.

As components of separators in LMBs, MOFs play [34_TD$DIFF]vital roles in
improving the electrochemical performance of batteries. The
functional groups, suitable pores/channels and open metal sites,
even the particle size of MOFs all benefit the development of
advanced LMBs with high energy density.

2.3. Advanced electrodes

The current collector, as a component of the electrodes, affects
the performance of Li anode [59]. Li deposition on the conventional
current collector usually leads to dendritic growth. Guo et al.
fabricated a three-dimensional (3D) Cu foil current collector,
achieving long-lifespan and dendrite-free lithium metal anode
[60].

Li and co-authors designed aMOFmodified electrode (Cu-MOFs
electrode) to suppress Li dendrite growth (Fig. 5) [61]. Cu-based
MOF nanosheets were synthesized to guide well-distributed Li
deposition due to the abundant polar functional groups and
the high surface area. According to the pioneer works, it has
been evidenced that Li nuclei generates immediately when Li+

obtains e– [35_TD$DIFF] on Li metal surface and tends to grow Li dendrite at
higher current density. In theMOFmodified electrodes, MOFs with
high surface area can uptake lots of electrolytes and benefit Li-ions
homogeneously flux. After five plating/stripping cycles, top-view
SEM images of planar Cu foil showed ununiformed morphology
like curved filaments. By contrast, for Cu-MOFs electrodes, uniform
cylinder-like Li deposited on the Cu-MOFs layer surface. In the
cycling stability test, Cu-MOFs electrode exhibited a considerable
h/cm2 Li deposition at a current density of 0.5mA/cm2. (b) Bare Cu electrode and (c)
ion of bare Cu electrode and Cu-MOFs electrode at the current density of 2mA/cm2

or different electrodes at a current density of 2mA/cm2. Symmetrical cell test. (f) The
Cu-MOFs electrode symmetrical cell at a current density of 2.0mA/cm2. Reprinted
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stability, which maintained for more than 180 cycles along with
the high Coulombic efficiency (CE) and stable voltage hysteresis.
Further evaluation of cycling stability was carried out by
assembling symmetric cell to understand the mechanism of
interfacial stability. Pre-Li stored Cu-MOF electrode showed
consistent voltage plateaus for more than 250 h while the voltage
hysteresis of Cu electrode gradually increased to an unacceptable
extent.

MOFs, as electrode modifiers integrate the advantages of: 1)
high electrolyte absorptivity, 2) polar functional groups, 3) high
surface areas, and 4) tunable pore structure. These superiorities
may promote MOFs-based electrodes to be widely researched and
applied in future.

2.4. Anode structure

Preparing anode with 3D structure is an efficient strategy to
control the volume change and restrain Li dendrite [62,63].
However, there are some frameworks [36_TD$DIFF]lacking lithiophilic sites for
Li nucleation, such as carbon fiber network and copper metal foam
[64]. Cui and co-authors studied 11 kinds of metal substrate
materials and revealed the Li nucleation overpotential on these
substrates [65]. It was found that there was no overpotential
needed to nucleate lithium on Au, Zn, Mg and Ag, because a solid
solution lithium matrix formed before the formation of Li metal.
Framework porphyrin (POF) materials were employed as host
materials for advanced dendrite-free Li metal anodes because of
porphyrin lithiophilic sites [66,67]. The POF-based lithium metal
anodes demonstrated superior electrochemical performances,
inspiring further investigation of lithiophilic electrochemistry.
The results of these reports give a new sight to solve the problems

[(Fig._6)TD$FIG]

Fig. 6. (a) Phase diagram of Li with Zn. The dashed red circle indicates the solubility of
5mA h/cm2. (b) Schematic illustration, and (c) surface SEM images of the Li deposition
images for the Li deposition of the cMOFs film without Zn clusters. Reprinted with pe
of the unlithiophilic anode structure by introducing nucleation
seeds to exactly control the Li deposition and the morphologies of
the Li metal surface.

A lithiophilic structure, Ag@MOF, was employed as a lithium
host, which is composed of KHUST-1 with abundant oxygen sites
and Ag nanoparticals [68]. The Ag@MOF substrate exhibited
uniform Li deposition with reduced overpotential.

Yang and co-authors reported a Li-cMOFs (cMOFs: carbonized
MOFs) hybrid 3D anode structure greatly inspired by Cui’s work,
and researched its electrochemical performance (Fig. 6) [69]. ZIF-8,
a Zn-based MOF, was chosen in this work. After carbonization,
numerous Zn sites are spread on the frameworks universally, and
the carbonized ZIF-8 is a lithiophilic host to accommodate the
molten Li. During infusion process, Zn can be dissolved into Li,
forming a solid soluble layer, and can react with Li to form LiZn
alloy, which are the reasons for affinity and low overpotential. In
the Li deposition process, the Zn sites in the Li-cMOFs hybrid films
can act as nucleation seeds to guide the Li deposition, and the
surface of Li-cMOFs film is smooth and dendrite-free. However,
after etching the Zn from cMOFs, lithium deposited on the surface
of film immediately due to the lack of nucleation sites, forming
lithium dendrite on the surface. Similarly, Zhang and co-authors
designed a ZnO/carbon/Li advanced anode which provides
excellent battery performance [70]. The porous and lithiophilic
ZnO/carbon derived from ZIF-8 offers a stable scaffold for Li
stripping/plating, mitigates the volume change and dendritic Li
growth.

Now there are more than 30, 000 kinds of MOFs with different
metal ions or clusters, exhibiting huge potential to obtain
carbonized composites which can be employed as templates or
precursors. The products, such as metal, metal oxides and metal
Zn in Li. Li deposition of cMOFs film with and without Zn clusters with capacity of
of the cMOFs film with Zn clusters. (d) Schematic illustration and [23_TD$DIFF](e) surface SEM
rmission [69]. Copyright 2018, Wiley VCH.
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Fig. 8. Selected effective strategies to solve issues of lithium anodes with MOFs for
advanced Li metal batteries.
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sulfides,[37_TD$DIFF] can act as the lithiophilic sites for Li nucleation and
deposition. Besides constructing freestanding Li-cMOFs anodes,
we can use other methods like hot-pressing method to introduce
MOFs into a network [71,72], forming a lithiophilic 3D anode
structure to enhance the electrochemical properties.

2.5. Additives

Improved cycling stability of LMBs can be achieved via
introducing electrolyte additives [73–77]. In general, the additives
will react with Li and form SEI to protect the anodes. In addition,
some solid additives have been employed to suppress the Li
dendrite [78]. Recently, Li and co-authors proposed three typical
MOFs as the electrolyte solid additives to inhibit the Li dendrite
growth [79]. In this report, the author synthesized three different
MOFs (UiO-66, HKUST-1, NH2-MIL-101) to discuss the effect of
MOFs on Li metal anode. It was found that all MOFs additives
stabilized the voltage hysteresis, and UiO-66 exhibited the best
cycling performance at the concentration of 1% with lowest
overpotential. Compact morphology without dendrites was stabi-
lized by altering Li plating pathway owing to the distinctive
structure of MOFs. The UiO-66 additive can suppress the
degradation of Li salt anion and other undesired side reactions.
Fluorination of UiO-66 also contributed for protecting Li anode
from dendrite (Fig. 7).

3. Conclusions and perspectives

Lithium metal has been considered as a “Holy Grail” anode for
next generation energy storage batteries since the rechargeable
LMBs firstly commercialized in the 1970s. However, the safety
problems severely hamper its development. Uncontrollable Li
dendrite growth on anode surface during electrodeposition can
cause short-circuit and thermal runaway. Besides, “dead Li”, side
reaction with liquid electrolyte, and volume change are all greatly
hindering the practical applications. Various approaches have been
proposed to solve the above-mentioned problems in the past
decades, such as solid-state electrolytes, 3D anode structure,
[(Fig._7)TD$FIG]

Fig. 7. Li plating/stripping performance of Li|Li symmetric cells based on LiPF6-EC-DMC
0.5mA/cm2 with a constant areal capacity of 1.5mAh/cm2. XPS spectra of (b) F 1s for
LiPF6–EC–DMC systems afterfive plating/stripping cycles at 0.5mA/cm2. SEM images of c
cycles at 1mA/cm2 with a capacity of 3mAh/cm2 for (c) 1wt% UiO-66-contained and (d
2019, American Chemical Society.
electrolyte additives, separators, current substrate modification
and artificial SEI protection etc. MOFs, with the numerous
advantages, such as well-defined structure, high surface area,
and tunable channels have gained more and more attention in the
field of Li anode protection. Overall, we summarized the recent
works on utilizing MOFs for high performance LMBs. The main
strategies are illustrated schematically in Fig. 8 and summarized
below:
[38_TD$DIFF]1)
syst
the
ycle
) ad
Solid-state electrolytes: MOFs can act as hosts or fillers in SSEs
for solid-state batteries. The stable porous structure of MOFs
can provide an efficient Li+ transport pathway and nanowetted
interfaces between electrode materials and MOFs, to enhance
the Li+ transport kinetics and transference number. Introduc-
tion of MOFs into SSEs have [39_TD$DIFF]ameliorated their thermal and
electrochemical stabilities, with a wide electrochemical win-
dow which usually match with high voltage cathode materials.
em containing (a) UiO-66 of different concentrations under a current density of
cycled Li anode at plating stage for both UiO-66-contained and additive-free
d Li surfacemorphology at Li plating stage based on Li|Li symmetric cells after 60
ditive-free LiPF6–EC–DMC systems. Reprinted with permission [79]. Copyright
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2)
 Separator modification: MOFs functionalized separators can be
prepared via i) coating MOFs on a commercialized separator by
slurry coating or filtration techniques, and ii) fabricating a
freestanding separator using MOFs with graphene oxide or
some polymers etc. The polar functional groups, open metal
sites, and suitable pore channels can promote Li+ transport
kinetics and suppress the Li dendrite growth. Especially the
structural particularity of MOFs can restrict anions within the
pores and permit Li+ transmission in the channel. Particle size of
MOFs also affects the performance of LMBs.
3)
 Electrode structure: Constructing 3D Li anode frameworks can
effectively control the volume change and the Li dendrite
growth during cycling. MOFs and their derivatives provide
lithiophilic seeds that can help to diminish the overpotential of
Li nucleation and guide uniform Li deposition. In this strategy,
MOFs exhibit a huge potential for wide application in LMBs.
Modifying current collectors with MOFs is another advisable
choice. The MOFs with high surface area can ad/absorb
electrolytes within its tunable channels, which is benefit for
Li+ flux.

In a word, MOFs provide various ways to achieve high
performance in LMBs. Despite the existing difficulties, we believe
that more and more valuable progress will be achieved through
precise and targeted design of MOFs for LMBs and the clean energy
blueprint will be realized in the near future.
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