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Abstract Lithium metal has been considered as an ulti-
mate anode choice for next-generation secondary batteries
due to its low density, superhigh theoretical specific
capacity and the lowest voltage potential. Nevertheless,
uncontrollable dendrite growth and consequently large
volume change during stripping/plating cycles can cause
unsatisfied operation efficiency and serious safety concern,
restraining its commercial use for the last 40 years. As
widely used lithium-ion battery is approaching its theo-
retical limit at present, it is increasingly urgent to develop
new energy storage equipment with sufficient practical
capacity. Herein, two important processes of lithium
deposition, nucleation and growth on lithium metal anode
are reviewed. Modified three-dimensional (3D) porous
anodes with unique structure and dynamic surface condi-
tions, as one of the most efficient designs on dendrites
suppression, are specifically discussed in terms of their
beneficial adjustment on the dendrite formation. Problems
on current designs and prospects on future advanced porous
anode are explored in the end.
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1 Introduction

The rapid development of modernization and industrial-
ization causes wide concerns in human society about
energy storage and environmental problems [1, 2].
Lithium-ion battery (LIB) is an outstanding example of an
energy storage device. Charge storage and charge transfer
in LIBs are achieved by Li* intercalation and deinterca-
lation of carbon or compound lattice in the cathodes [3, 4]
(Fig. 1a). Commercial lithium-ion batteries can have a
long-lasting operation over 1000 cycles steadily without
safety problems [5]. Relatively light, durable and envi-
ronmentally friendly LIBs compared to traditional lead-
acid batteries have largely promoted the development of
portable electronic devices and modern electric vehicles, as
approved by 2019 Noble Prize in Chemistry awarded to
three scientists who have made great contributions to the
research and industrialization of lithium-ion batteries
[6, 7].

However, even the best commercial LIB cannot meet
the high energy density required for advanced power
vehicles, as the theoretical limit of graphite anode is only
376 mAh-gfl [8]. Novel cathodes/anode materials are
urgently needed. Lithium metal is believed to be a
promising candidate for advanced high-energy-density
anodes [9]. Due to the lowest electrochemical potential of
lithium metal (-3.04 V versus standard hydrogen elec-
trode), lithium metal battery can obtain high voltage dif-
ference in full cell configuration, allowing abundant charge
release before the end of the discharge process [10].
Moreover, the density of lithium metal is only
0.534 g-cm>. During discharge, one lithium atom dis-
solves into an electrolyte accompanied by one-electron
transfer. According to Eq. (1), the specific capacity of
lithium metal anode is 3860 mAh-g_1 [11]:
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where F is Faraday constant (96,485 C~mol_1), n is the
number of charges per mole reaction, m is the mass of
anode materials per mole, Cy is the specific capacity of
materials. The ultra-high-energy-density lithium metal
battery (2600 Wh-kg™" for Li-S battery, 3505 Wh-kg ™" for
Li—O, battery) is regarded as the most potential energy
storage device for next-generation electric vehicles [4, 12]
(Fig. 1b). Nevertheless, disadvantages of lithium metal
battery are also prominent. Li metal with body-center-cu-
bic (bcce) structure has large adsorption energy (—1.13 eV at
bridge site on (001) surface). Interaction between Li ada-
toms is also weak [13]. As a result, deposited Li atoms
prefer to stay isolated rather than aggregate to form
stable nucleation sites. Surface energy of lithium metal is
also low (0.46 J-m~2 for (100) surface), leading to den-
dritic lithium deposition with a large surface area [14].
Uncontrollable lithium dendrite is the most serious
problem for lithium metal anode (Fig. 1c). Firstly, alkali
lithium metal has very high chemical activity. The Fermi
energy of lithium atoms is higher than the lowest unoc-
cupied molecular orbital (LUMO) of most polar solvents
and lithium salt additive anions [15]. Therefore, lithium
metal is easy to react with electrolytes to form a solid
electrolyte interphase (SEI) [16]. Large surface area of
fractal lithium dendrites increases the contact area between
lithium metal and electrolyte, resulting in large consump-
tion of active lithium and electrolyte [17]. What’s more,
naturally formed solid layer at the interphase between
lithium metal and electrolyte is heterogeneous and brittle.
Dendritic lithium, on the contrary, has a high yield strength
[18]. Protrusion of SEI layer exposes fresh lithium metal to
the organic electrolyte, aggravating the adverse reactions
which accelerate the depletion of active reactants in the
battery and capacity decay [19]. Secondly, relatively weak
roots of lithium dendrites may fracture and lose electron
contact from base metal, because of the electron insulating

Co =

~ 26801— (1)

Rare Met. (2022) 41(8):2800-2818

SEI layer covering the broken sites [20]. These “free”
lithium dendrites, named as “dead” lithium neither par-
ticipate in electrochemical reaction nor contribute to bat-
tery capacity [21]. Loose “dead” lithium spreading around
the anode hinders the ion transportation, increases polar-
ization and interphase impedance, leading to extra voltage
loss. Lastly, large volume change coming from continuous
dendrite growth and partial dissolution exacerbates the
instability of anode structure and charge/discharge perfor-
mance [22]. Tip-growth threadlike lithium dendrites can
penetrate separator and reach the cathode. Short circuit
consequently occurs, causing battery failure even explosion
[23, 24].

Dangerous lithium dendrite is the biggest barrier to the
practical application of lithium metal battery. Although the
original design of lithium battery was based on lithium
metal anode, scientists had to change the road to a safer
system, which is lithium-ion battery, in order to take
advantage of light and small radius lithium. Nevertheless,
current lithium-ion battery has almost reached its theoret-
ical capacity limit. Higher energy density storage equip-
ment is urgently required for the further development of
electric devices [25]. In the past 20 years, deposition/dis-
solution behavior of lithium metal anode and its impact on
the full cell are gradually revealed. Strategies on restrain-
ing lithium dendrites and stabilizing battery performance
are also reported to be effective in the laboratory [26].
Although current understanding and corresponding designs
of lithium metal battery are difficult to meet the require-
ment of industrialization and commercialization, possible
approaches toward advanced lithium metal battery are
becoming clear. Several recognized principles have been
established and developed continuously [27].

In this review, lithium deposition behaviors in lithium
metal battery including nucleation, dendrite growth and
their co-effect are summarized. Corresponding principles
on regulating these two processes are also reviewed.
Modified three-dimensional (3D) porous anodes, as an
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important method on regulating both lithium nucleation
and dendrite growth, is specifically discussed. Finally,
problems of existing current designs and the prospect of
future development of advanced 3D porous anode are
presented.

2 Fundamental of lithium dendrites
and modifications on lithium deposition

2.1 Nucleation

Driven by electric field of double electric layer, a Li*
moves to anode, gets an electron and deposits on the sur-
face. At the same time, Li atoms at the stage of thermo-
dynamic instability lose electrons and redissolve into
electrolyte. When the deposited lithium aggregates to a
critical nuclei size, these Li clusters are able to exist stably
and grow continuously [28, 29]. Defects of anodes such as
dislocations, grain boundary cracks with high electrons
concentration and large electric field are preferable to Li
deposition. Highly conductive solid ceramic electrolytes
and inner pores with excess electrons or negative charges
also facilitate Li* reduction [30, 31]. Li nucleation may
also occur inside bulk lithium metal anode due to the inner
contaminants such as LizN in solid polymer electrolyte
system [32]. Further deposition is prior to existing nuclei,
leading to heterogeneous nucleation [33]. Li deposition
inside solid electrolytes is dangerous because it renders the
possibility of fast short circuits in lithium metal battery.
Extremely low conductivity of solid electrolytes helps
restrain inner dendrites formation [34]. Tiny and homo-
geneous nucleation on the anodes is desirable in terms of
stable battery operation. Based on the heterogeneous
nucleation model, smooth anode surface is required for
homogeneous nucleation while fabrication of a perfect
surface without any defects in large scale is almost
impossible. Pre-distributing chemical active sites or “nu-
cleation seeds” on the anode is an alternative method to
guide lithium deposition [35]. “Nucleation seeds” decrease
lithium nucleation overpotential by increasing wettability
between current collector and lithium metal [36]. Suc-
cessful examples include organic ligands, such as -NH [37]
and —OH [38], which provide extra electrostatic interac-
tion. Metals, including Au [39] and Ag [40], can form
alloys with lithium at room temperature and oxides such as
Co30,4 [41], ZnO [42] showing high reaction wettability
with Li are also used as active seeds to uniform Li depo-
sition. As-formed alloys not only have higher surface
energy and electrochemical stability than that of pure
lithium metal, but also remain lithiophilic nature to guide
further electrodeposition through alloying-dealloying

aQ

process, resulting in less formation of subsequent lithium
dendrites and side reactions [43].

2.2 Dendrite growth

After a nucleus stably exists, Li* in the electrolyte driven
by current density can continuously deposit on the sub-
strate, resulting in nucleus growth. High deposition rate
causes the depletion of Lit near the nuclei. Huge space-
charge electric field forces the rapid Li deposition towards
the reverse direction of the largest concentration gradient,
leading to uncontrollable dendrites [44]. The critical time
when ion concentration in the anode-electrolyte interphase
decreases to zero is named as “Sand’s time”. “Sand’s
time” represents the dividing line between smooth plating
and fractal lithium dendrites. It was firstly reported by Sand
[45] in 1901 for describing electrodeposition behavior of
copper ion in binary electrolyte, when copper salt con-
centration decreases to zero near the cathode after which
hydrogen occurs at constant current density. In the lithium
metal battery system, Sand’s time could be measured by
voltage—time profile and defined as the time when the
second spike appears (Fig. 2a, b). “Experimental Sand’s
time” can be defined by real-time optical observation as the
time when the first dendrite appears (Fig. 2c) [46]. Equa-
tion (2) gives the mathematics description of Sand’s time
(tSand):

(Z.CoF)*

4(Jt,)? @)

Isand = TCDapp
where D, is the diffusion coefficient, Z. is the charge
number of electroplating cations, Cy is the salt concentra-
tion, F' is the Faraday constant (96,485 C-molfl), J is the
current density, #, is the transference numbers of the dis-
charging anions. According to Eq. (2), low current density,
high ion concentration and transference number delay the
time for dendrites growth.

2.2.1 Current density

Current density is defined as the amount of charge per unit
time passing through a unit area. It represents the redox
reaction rate on anode/electrolyte interphase. Violent
reduction reaction accelerates ion depletion near the sur-
face of anode during charge cycle. Bai et al. [47] defined
two characteristic current densities J.. and Jj;,, based on
morphology change in liquid electrolyte system to divide
the whole plating process into three parts (Fig. 2d): J < J..
for root-growing whiskers, J.. <J < Jy, for prevailing
surface growth and J > Jj;, for tip-growing dendrites.
Relatively large current density (J > J..) will more likely
result in the penetration of lithium dendrites into separators
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Fig. 2 Sand’s time theory and corresponding morphology evolution. a Voltage—time profile of discharging cycle at current density of
2.61 mA.cm~2; b schematic illustration of lithium dendrite at Sand’s time pointed in a; ¢ real-time optical observation of dendrite
growth, where red arrow points to primary lithium dendrite, red dash line shows boundary between mossy whiskers and fractal
dendrites. Reproduced with permission from Ref. [46]. Copyright 2017, The Royal Society of Chemistry. d Morphology evolution of
lithium deposition under different current densities. Reproduced with permission from Ref. [47]. Copyright 2018, Elsevier B.V

and cause battery failure. Surface morphology on lithium
metal anode changes from root-growing on the base metal
to rapid tip-growing serpentine dendrites during plating
half-cycle. It is worth mentioning that Joule heat generated
by ultra-large current density on metal anode may also melt
the dendritic structure of deposited lithium, thus stabilizing
charge—discharge cycling [48].

2.2.2 lon distribution

Uniform and stable Li™ distribution in the deposition area
are ideal for homogeneous lithium plating and long dura-
tion time of lithium metal battery, especially cycling at a
high rate. Direction and velocity of moving Li* can be
affected by electric field in the battery, subsequently
influencing the ion distribution and dendrites growth.
Chazalviel et al. reported that the velocity of dendrites tips
was reversely proportional to the electric field strength
based on a thin rectangular cell model [44]. Although this
model did not take the diffusion factor into account, it still
revealed the effect of the electric field, especially during
the early stage in the charging process. Zou et al. [49]
pointed out that homogeneous electric field distribution
was vital to uniform electrodeposition while local aggre-
gated electric field at defect or dendrites’ tips facilitated
heterogenous ion distribution and accelerated unsta-
ble plating process.

Besides electric field, ion distribution is largely affected
by ion concentration and ion movability in the lithium
metal battery. According to Sand’s time theory, large salt
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concentration ensures a steady and sufficient ion supply for
the reduction reaction, as well as to delay and restrain
electrolyte depletion [50]. However, the high viscosity and
poor wettability of concentrated liquid electrolytes can
harm the operational performance of lithium metal batter-
ies [51, 52]. Utilizing the synergistic effect of different
electrolytes can help solve this dilemma [53]. Besides
enhancing ion-concentration in the whole electrolyte, nar-
rowing or even eliminating zero-concentration region near
deposited Li clusters is also effective to suppress lithium
dendrites [54]. For example, the Lorentz force caused by
the magnetic flux around the dendrite tip can guide Li*
away to achieve uniform lithium deposition [55]. High ion
conductivity can also replenish cations quickly and main-
tain ion concentration at thermodynamic equilibrium,
thereby affecting dendrites formation [56, 57].

Li* in the electrolyte needs to go through SEI layer
before electroplating [58]. Therefore, the high Li* con-
ductivity in SEI layer plays a decisive role in ion concen-
tration. SEI layer results from side reaction between active
Li, ambient atmosphere and electrolyte [16]. It is composed
of inner inorganic components such as Li,O, LiF, LiCO3;,
and outer organic components such as LICOOH, RCOO,Li
[59]. SEI layer is electron insulating but ion conductive.
Highly ion-conductive SEI layer can help maintain
homogeneous ion-concentration on anode side, leading to
uniform lithium deposition [60]. It has been reported that
ratio of dendritic to spherical lithium deposition decreases
with decreased current density and increased ion-conduc-
tivity of SEI layer [61]. SEI layer riches in LiF has high
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Li* conductivity with energy barrier (Ey) of only 0.19 eV
in a vacuum and large surface energy with high stability.
Electrolyte solvents such as fluoroethylene carbonate
(FEC) [62], fluorosulfonamide (FSA) [63], N,N-dimethyl-
trifluoromethane-sulfonamide (DMTMSA) [64] and salts
in electrolytes such as lithium bis(fluorosulfonyl)imide
(LiFSI) [65], lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) [66] are proved to be beneficial in the formation
of LiF-riched inorganic SEI layer. A thin LiF layer for
stabilizing lithium deposition can also be obtained by pre-
treatment of anodes before cell assembly. For example,
Yuan et al. [67] dropped NH,HF; on the surface of lithium
metal to fabricate a thin and porous LiF layer (Fig. 3a).
This artificial LiF layer promotes flat lithium deposition by
lowering the activation energy for dendrite growth towards
lateral direction. Full cell with LFP cathode had a CE over
99% at 340 mA-g~" over 100 cycles.

The components and additives of liquid electrolyte will
affect the stability of SEI layer, and then affect the ion
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conduction rate in SEI layer. Electrolyte additives such as
LiNO; [68], Mg>" [69], Ga®" [70] are usually used for
modifying lithium plating through in-situ reactions on the
metal anode to stabilize the SEI layer. However, these
additives are gradually consumed as SEI layer reforms
continuously in cycling, so that their functionality to sup-
press Li dendrite growth deteriorates inevitably. One novel
way to supply additives is to assemble the additional
components within the metal anode. It has been recognized
that LiNOj3 and lithium metal powder (LMP) can be mixed
to prepare LiNOj pre-planted lithium metal powder anode
[71]. LiNO5; powder partly reacts with fresh metal on the
surface of LMP to form a N-enriched protective mask,
resulting in dense and spherical lithium deposition
(Fig. 3b). Residual LiNO; is stored inside intervals
between lithium particles. These extra LiNOj3; powders
generally dissolve into the electrolyte and supply the
additives consumption in prolonged cycling. Moreover,
direct addition of LiNO; into carbonate-based electrolyte
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Fig. 3 Regulating ion distribution for stable lithium deposition. a LiF-rich addition on SEI layer for fast ion conductivity. Reproduced
with permission from Ref. [67]. Copyright 2019, Elsevier B.V. b LINO3;-LMP composited anode for extending life of robust SEI layer.
Reproduced with permission from Ref. [71]. Copyright 2021, WILEY-VCH. ¢ Adjustment of ion distribution based on SHES
mechanism. Reproduced with permission from Ref. [73]. Copyright 2013, American Chemical Society
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may restrain other additives like PF®~ to make effect on
constructing robust SEI layer because of the earlier
reduction process of LiNO; than PF®~. However, LiNO;
inside LMP composite anode does not participate in the
initial decomposition of electrolyte. Therefore, effective
components like LiF can successfully form and even be
intensified under the effect of LiNOj3. Full cells of 20 um
LiNOs-LMP composite anode and NMC622 with nega-
tive/positive electrode capacity (N/P) ratio of only 1.1
steadily operated 120 cycles at 1/3C with over 96%
capacity retention. Another way to keep additives con-
centration is to change their working mechanism from
modifying SEI layer to control electrochemical reaction
conditions. This category of additives includes Cs* and
Rb" based on self-healing electrostatic shield (SHES)
mechanism [72]. Take Cs™ for example, Cs™ has a larger
reduction potential (-2.925 V) than Lit(-3.04 V) under
standard measurement when cation concentration is
1 mol-L ™", However, reduction potential of Cs™ can be
lower than that of Li™ when their concentrations are less
than 0.1 mol-L™" according to Nernst equation. When
applying a potential higher than Ecgcgy but lower than
Einis, small bump on the surface from Li* reduction has
higher negative charge density attracting both Cs™ and Li*
to its tip. Under the effects of charge repulsion and elec-
trostatic shield, Li* is repelled from small dendrites to
vicinity and achieve homogeneous distribution (Fig. 3c). In
contrast, Cs* is functioned as a leveling agent with no
consumption [73]. Nevertheless, the SHES mechanism
only works on elements with similar deposition potential as
lithium, so the applied potential needs to be precisely
controlled to avoid co-deposition of Li* and additive
cations.

Realization of uniform ion distribution in solid-state
electrolyte (SSE) is critical because Li* movability in
SSEs by solid diffusion is much harder than that in liquid
electrolytes. Slow ion compensation rate in SSEs limits the
application of solid-state batteries at high current density
and rate cycling [74]. Large concentration difference at
anode-electrolyte interphase promotes the establishment of
a double-layer electric field and accelerates dendrites for-
mation. Inorganic solid electrolytes usually have faster Li*
movability (1 x 10™-1 x 102 S-cm™') than polymer
electrolytes (1 x 108-1 x 107 S-cm_l) [75]. Solid-state
electrolytes with sulfide have relatively high ion conduc-
tivity. For example, argyrodite-type solid-state electrolyte
can achieve ionic conductivity of 1 mS-cm ™! [76]. Addi-
tion of active fillers with intrinsic high Li* conductivity or
passive fillers for the introduction of glassy region in
polymer electrolyte can accelerate Li* movability in SSEs
[77, 78]. Aligning fillers to construct straight and contin-
uous Li™ channels in SSEs is also effective to increase ion
conductivity and rate performance of SSEs [79]. Since
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most high ion-conductive SSEs were tested at temperatures
over 40 °C, desirable ion distribution at room temperature
remains challenge for the further development of solid-
state lithium metal batteries.

2.2.3 Force

Tips of lithium dendrites can produce stress as high as
130 MPa. Lithium whiskers also show a yield strength of
244 MPa under pure stress load according to in-situ mea-
surements in atomic force microscope [18]. The mechani-
cal strength of SEI layer will have a certain impact on the
growth of lithium dendrites. Naturally formed SEI layer is
usually brittle and hard to withstand such high mechanical
stress. Broken SEI losses its effect on blocking electrolyte
from contacting fresh metal, leading to further side reaction
and capacity loss [80]. Thin but strong SEI layer is ideal
because of less consumption of Li* and large surface
tension induced by high elastic module [81]. Artificial SEI
layer such as carbon-based materials and modified glass
fiber are believed to make sense due to their good con-
ductivity and high mechanical strength [82]. As a typical
example, Zheng et al. [83] fabricated interconnected hol-
low carbon nanospheres on the surface of lithium metal
anode using a template synthesis method. The carbon layer
had a Young’s modulus around 200 GPa which was suf-
ficient to prevent dendrites growing. Results showed that
the dendrites beneath hollow carbon nanospheres were
thick and coarse. In addition, carbon-spheres thin film was
loosely attached to the current collector and it could move
freely to accommodate volume change during Li plating.
Besides SEI layer, extra strength from physical pressure
outside battery, separator and solid electrolyte are also
reported effective in dendrites suppression [84]. Applying
stress on dendrites can induce horizontal deposition
direction. Short and thick lithium dendrites with dense
morphology can be achieved under physical pressure [85].
Coarse dendrites with a low specific surface area have low
electrolyte consumption, thereby extending the lifespan of
lithium metal battery. External mechanical force on lithium
metal battery is achievable on flat pouch cells or coin cells
[86]. However, it is hard to apply in cylindrical cells and
large devices in practice. To solve this problem, research-
ers introduce stress constraints inside the battery such as
nanoporous ceramic separators, which can efficiently pre-
vent dendrites penetration [87]. Reducing the pore size can
further suppress dendrite penetration but may impede
normal ionic flow [88]. Recently, scientists conducted
surface modification on separators to improve the wetta-
bility of electrolytes and methods to restrain dendrites
penetration [89]. For example, a nano-shielded (NS) sep-
arator whose curved surface is composed of SiO,
nanoparticles takes advantage of this idea [90] (Fig. 4a).
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Curved shield deflects the tip growing direction and redu-
ces the equivalent stress to the separator. Limited space
between nanoparticles can also help to prevent the pene-
tration of lithium dendrites. Xu et al. [91] took use of
carbonized melamine sponge (HCS) as a separator for
stable lithium metal battery (Fig. 4b). Rich -N and
—COOH ligands on carbon foam regulated the interaction
between Li* and solvent molecules. Mobility of Li™ in the
electrolyte was largely enhanced, and therefore, Li—S bat-
tery with HCS could maintain 350 cycles at 0.5C with a
capacity of around 800 mAh-g~".

Solid state electrolyte (SSE) is also a desirable candidate
due to its intrinsically high mechanical strength compared
to liquid electrolyte [92]. Garnet-type or even some poly-
mer SSEs can process modules above 10 GPa which is
theoretically enough to restrain lithium dendrites growth
[93, 94]. However, poor electrode—electrolyte interphase
hinders the performance of all solid-state lithium metal
batteries [95]. Electrodes and high-strength SSEs, espe-
cially inorganic electrolytes are basically in point-to-point
contact, leading to poor interfacial wettability. It is hard to
withstand high current density under large interphase
impedance. What’s more, lithium dendrites in SSEs system
tends to grow in voids at the interphase and along the grain
boundary of inorganic SSEs because of low physical bar-
rier, low ion concentration and intensive electric field in
these sites, leading to fast protrusion of solid electrolytes
and short circuits. Fine-grain size and polished SSEs sur-
face are, therefore, preferable for uniform Li deposition.

Q

Polymer-based electrolytes like poly(ethylene oxide)
(PEO) can realize good interfacial contact because of their
high flexibility. Additives such as Mg" [96] and inorganic
Li salts [97, 98] can further enhance the mobile ion con-
centration and interfacial stability of polymer-based elec-
trolyte. Adding skeleton in polymer is a promising strategy
to enhance the performance of SSEs because a hard
skeleton ensures mechanical strength while soft polymer
improves the interphase contact [99]. Meanwhile, hard
skeletons working as fillers can also disrupt the crys-
tallinity of polymers and improve the ionic conductivity of
composited SSEs. A SiO,-aerogel-reinforced composite
polymer electrolyte (CPE) with high elastic modulus
(around 0.43 GPa) and ion conductivity (around 0.6
mS-cm™! at 30 °C) was reported in 2018 (Fig. 4c) [100].
LFP-Li with SiO,/CPE could achieve nearly 100%
Coulombic efficiency (CE) at 200 cycles with a capacity
around 100 mAh-g~' at 0.5C. The Li//Li symmetric cell
with SiO,-aerogel-reinforced CPE could stably operate
over 400 cycles without a short circuit at 0.05 mA-cm ™,
0.05 mAh-cm™2. Poor anode/SSE contact can also be
relieved by improving interfacial wettability. Interfacial
treatments such as coating Al [101], TiO, [102] and surface
patterned [103] are proved to be effective to avoid bad
interfacial contact. Modification of lithium metal anode is
also beneficial in regulating the wettability of anode/SSE
interphase. Duan et al. [104] composited lithium metal with
graphite to change the wettability with garnet-type SSE.
Li-C composite anode showed a large contact angle with
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the SSE and the interfacial impedance was only 11 Q-cm?
compared with that of pure Li/SSE. Huang et al. [105]
combined lithium metal and g-C3N, for continuous inter-
facial contact. The Li-C3N4ISSEILi-C3N, symmetric cells
showed 11 Q-cm? at 1.5 mA-cm 2. Formation of Li;N with
favorable ion-conductivity on the anode surface further
suppressed dendrites growth and improved the cycling
performance.

In summary, nucleation and dendrites growth are two
important processes in Li deposition. Homogeneous
nucleation and uniform plating are desirable for
stable plating/stripping cycling. Electric field, surface
wettability, electron concentration, current density, ion
distribution and physical force play vital roles in Li
nucleation and growth behaviors. Modification directions
of lithium dendrites including electrolytes, separators, SEI
layers, electrodes and battery facilities thereby focus on
these factors, leading to enhanced cycling efficiency and
prolonging battery life.

3 Modified 3D porous anodes for lithium metal
battery

During a discharge cycle, most nucleation and growth of
lithium dendrites occur at the anode side, either on the
current collector or self-supported active substance.
Therefore, the composition and structure of lithium metal
anodes influence greatly on formation of lithium dendrites.
Using lithium metal anodes based on porous or hollow
materials with surface modification is one of the most
effective approaches to improve lithium metal battery with
liquid or gel electrolyte. The large specific surface area and
internal storage space of the porous matrix provide favor-
able conditions for restraining lithium dendrites and vol-
ume change during the stripping/plating process. Various
designs on composition as well as the architectures of
porous metal anodes make a positive effect on moderating
nucleation and growth of lithium deposition.

3.1 Regulation of lithium nucleation

As mentioned in Sect. 2.1, absolute smooth interphase is
desirable for a stable lithium metal anode because of its
uniform electric field as well as electron concentration
[106]. Ultra-rough surface is more feasible since defects
are much easier to be induced rather than be removed. The
overall electric field almost remains uniform when the local
nucleation electric field resulting from defects distributes
everywhere. Dense pores as a kind of “defects” on metal
anodes are thereby useful for nucleation modification
[107]. Porous skeletons or arrays such as mesh [108] and
foam [109] are classical designs of disordered structures.
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Wang et al. [110] fabricated 3D Cu skeleton with open
unobstructed pores consisting of loose stacking copper
powders (Fig. 5a). Spherical lithium deposition was
observed inside porous copper, proving its positive effect
on attracting lithium. Ryou et al. [111] introduced micro-
holes on lithium metal by applying a micro-needle roller on
the lithium surface. The side area of micro-holes has a
lower resistance compared to another surface because of
the removal of native oxide layer and large surface area
from vertical striation pattern after micro-needle treatment.
SEM images of lithium metal anode after the charging
process showed that lithium plated mostly inside vertical
striation pattern (Fig. Sb—d). Lu et al. [112] designed a
porous current collector composed of copper nanowire
(Fig. 5e). In plating cycle, Li* is successfully deposited
inside copper nanowire without obvious dendrites. Large
surface area on porous anodes facilitates the exposure of
active sites and further modification of lithiophilic sites on
porous precursors. These “nucleation seeds” have good
wettability with lithium through chemical reaction or
electrostatic attraction, thereby stabilizing lithium metal
batteries [113]. Wang et al. [114] combined MXene paper
and carbon nano fibers (CNFs) to assemble spheres/sheets
mixed porous matrix for stable lithium metal anodes
(Fig. 5f). Unique spheres/sheets mixed structure enhances
the strength and flexibility of porous matrix. Plenty of polar
functional groups on MXene skeletons favor the homoge-
neous plating of Li*, leading to uniform lithium nucleation
and long-term operation. Xue et al. [115] composited Ag
nanowires (AgNWs) on graphene to fabricate a porous host
by freeze-drying. AgNWs enhance the wettability and
conductivity of metal anodes, promoting lithium deposition
inside porous arrays. Full cells with NCM523 achieved
38% capacity retention after 1000 cycles at 10.0C
(1.0C = 155 mAh-g™h.

3.2 Regulation of dendrites growth
3.2.1 Current density and force

Porous anode can reduce actual current density thereby
inhibiting the growth of lithium dendrites. The biggest
characteristic of the porous anode is its ultra-large specific
surface area and corresponding large inner space volume.
When applying a certain current, the actual current density
of an anode with a larger specific surface area will be much
smaller than that of an anode with a smaller one. According
to Sand’s time theory, small current density delays the time
when the first dendrite starts to grow. Moreover, the mor-
phology of lithium deposition on porous matrix tends to be
spherical or “mossy” other than dendritic under a mild
reaction rate resulting from small current density. Amor-
phous lithium may also occur, which is more resistant to
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Fig. 5 Modified porous anode for regulating lithium dendrite nucleation. a Porous arrays composed of stacked copper powder.
Reproduced with permission from Ref. [110]. Copyright 2018, American Chemical Society. b—d Porous arrays composed of patterned
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copper nanowires. Reproduced with permission from Ref. [112]. Copyright 2016, American Chemical Society. f Spheres/sheets mixed
porous anodes composed of CNF and MXene paper. Reproduced with permission from Ref. [114]. Copyright 2020, Elsevier B.V.

organic electrolyte than crystalline lithium. Side reaction is
thereby restrained [116]. When lithium plating occurs in
porous anode, this unique hollow structure also provides an
additional physical barrier on lithium tips [117]. Large
space volume inside porous matrix contains violent volume
change during lithium stripping/plating cycles, relieving
the pressure from dendrites to a separator, thereby stabi-
lizing lithium metal battery [118]. Materials with high
strength and toughness such as alloys [119], carbon nan-
otube [120], and graphene [121] are suitable for fabricating
porous anodes. Cheng et al. [122] covered glass fiber on
lithium metal to construct a porous barrier for dendrites
suppression. What’s more, polar ligands on glass fiber
evened Li" distribution through electrostatic interaction,
avoiding Li* aggregation on formed lithium nucleus.

3.2.2 lon distribution

In a conductive matrix, pores with large curvature have
high electron concentration and electric field, resulting in
Li* aggregation and nucleation [123]. The gradient of
electron concentration and electric field intensity from the
surface of the nucleus to the electrolyte pushes Lit to
deposit along the opposite direction of the gradient [124].
Therefore, the location and direction of lithium deposition
can be controlled. As a short circuit occurs when lithium
dendrites penetrate the separator and meet the cathode,
changing columnar lithium growth from vertical facing
cathode towards horizontal is a method of prolonging
battery life too [125]. Zou et al. [126] took the use of
etching to fabricate micro-compartmented arrays on Cu
current collector (E-Cu) to accommodate lithium deposi-
tion. Under the combined effect of upper/lower two insu-
lating polyimide (PI) films and conductive copper walls,

Y
H’“

NN

the electric field inside micro-compartments was modified
to be mostly vertical to the walls. Therefore, lithium was
restrained to deposit only in lateral direction compared to
the planar Cu electrode (P-Cu), minimizing the possibility
of lithium dendrites protruding the separator and causing a
short circuit (Fig. 6a). Improved design of the micro-
compartmented arrays was reported by the same research
group in 2018 [127]. They alternately stacked the lithium
films and graphene oxide (GO) films with designed vertical
holes (Fig. 6b). The patterned reduced graphene oxide/Li
composite anodes (P-rGO/Li) contributed to horizontal
centripetal plating and further enlarged the volume for
lithium accommodation.

Interconnected porous structure is beneficial to increase
ion transport rate and suppress lithium dendrite growth
[128] considering the influence of ion transmission rate on
ion concentration. Compared with solid anodes, through-
holes in porous anodes provide more ion-conducting
channels, thereby reducing polarization and conductive
voltage loss [129]. Small pores with large curvature help
concentrate the electric field to regulate Li™ distribution,
consequent deposition location as well as direction. Rela-
tively large pores are also needed to obtain sufficient inner
space for lithium accommodation. Therefore, ideal porous
structure is a combination of various pore sizes. Never-
theless, complex porous structures are difficult to fabricate
artificially. Some natural biomass and their processed
products have hierarchical fine pore structures [130] such
as wood [131], fiber [132] and cotton [133], which can be
utilized to fabricate advanced porous materials for
stable lithium metal anodes. Jin et al. [134] used bamboo
fibers as precursors and fabricated a 3D hierarchical porous
carbon host (ZnO@HPC) for stable lithium deposition.
Natural bamboo fibers have abundant pores on the surface
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for water and nutrient transportation. After being treated by
KOH at 700 °C, interconnected large pores with diameter
of 0.9 pm were uniformly distributed through the fibers.
Micropores induced by gas release during activation as
well as carbonization treatment were also formed on the
large pores’ walls, leading to fast ion transportation and
portable surface condition for further loading of lithiophilic
seeds. ZnO quantum dots were doped in pores to guide
lithium deposition. Coulombic efficiency of 25 wt%
ZnO@HPC could maintain 95% over 200 cycles at
1 mA-cm™2. Zhang et al. [135] carbonized litchi shells to
fabricate hierarchical porous anode for lithium-sulfur bat-
teries. Interconnected macropores in the obtained carbon
from litchi shells can form channels that are conducive to
ion transition and elements storage, while nanopores can
block the movement of polysulfides in the electrolytes.
Coulombic efficiency of 60 wt% sulfur contained com-
posite anode could maintain 99% over 100 cycles at
800 mA-g~ .

3.3 Designs of gradient porous anodes
for regulating lithium nucleation and growth

Lithium metal anodes usually need to be thick enough to
ensure that the anodes have sufficient capacity [136].
Although ion transport condition inside porous host is
better than that of the solid bulk anode because of large
inner volume, the ion conductivity of porous anodes is still
far lower than that of liquid electrolyte [137]. Therefore,
ion concentration on the side of porous anodes in contact
with the electrolyte is higher than that on the current col-
lector side. Ion transition on the top is also relatively easier.
Meanwhile, electron concentration or electric field
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intensity on a top surface of a porous host is even a little
larger [49]. As a result, Li* is preferentially reduced on the
outmost surface of the porous host, hindering the subse-
quent movement of Li* to the depth [138]. In addition,
deposited lithium on the surface of a porous host is in direct
contact with a corrosive organic electrolyte, leading to
serious side reaction, the formation of dead lithium and
deterioration of battery life [139]. In consequence, an
anode with an evenly porous structure alone cannot fully
exert its theoretical effect on suppressing lithium dendrites
in the deep charge/discharge process and long-time
cycling.

One way to enhance the performance of a porous host is
to construct a porous anode with an electron conductive-
insulating or lithiophilic-lithiophobic gradient. The elec-
tron conductivity of the gradient anode is gradually
reduced from current collector side to the outmost surface
contacting electrolyte, hindering the electron movement to
the surface where free Li" firstly meets. The lithiophilic—
lithiophobic gradient in the same direction attracts the Li*
to the deep anodes, reducing the ion concentration at
anode-electrolyte interphase [140]. Therefore, porous gra-
dient anodes restrain dendritic lithium formation on the
outside surface but facilitate dense plating from the inside
out. The contact area between deposited lithium and the
organic electrolyte is greatly reduced, leading to less gen-
eration of SEI layer and “dead” lithium [141]. Hong et al.
[142] used insulating cellulose fiber (CNF) decorated with
SiO, and highly conductive nanowires (CuNW) to con-
struct an electrical conductivity gradient host for lithium
metal anode (Fig. 7a). Resistance of top conductive CUNW
layer is 0.1 Q while that of the insulating CNF layer is 0.9
Q. Full cell with NCMS811 as the cathode (N/Px5)
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maintained 90% capacity retention over 100 cycles.
Lithiophilic seeds can also be introduced on conductive
layers to increase the effect of attracting Li*. Yun et al.
[143] improved the performance of 3D porous copper

f

&«

frameworks by introducing Ag nanolayer and PVDF film to
its two sides (Fig. 7b). During discharging, Li* plates from
bottom Ag-blended region to top PVDF-blended region.
Symmetric cycling at 1 mA-cm 2, 1 mAh-cm 2 can be
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maintained voltage hysteresis lower than 100 mV over
260 h. Cycling performance may be further improved by
adjusting pore size and distribution. Besides direct addition
on porous scaffold, integration of small units with gradient
structures into overall porous electrodes can further stabi-
lizing lithium metal anode. Zhai et al. [144] designed a
gradient unit by in situ growing an electron insulating but
ion conductive g-C3N, layer on graphene oxide. After
freeze-drying and calcination, these units were assembled
to form a 3D porous matrix (Fig. 7c). Although g-C5N, can
serve as nucleation sites because N is lithiophilic, further
lithium deposition is inclined to happen inside g-C;N4/GO
transition layer because of lower structure fluctuation and
larger adsorption energy. Full cell with 3D g-C3N, as
anode and LFP as cathode (N/P~0.45) maintained 90%
capacity retention for 200 cycles at 0.5C. Anode-free full
cell with high-loading LFP (3.5 mAh-cm™?) could also
achieve 40 cycles with CE over 99.3% at 0.2C.

In summary, 3D porous anode is a promising design for
a stable lithium metal battery. The biggest characteristics
of porous anodes are large specific surface area and con-
sequently inner space. Compared to other optimization
methods such as electrolytes additives, SSEs, coated sep-
arators, or artificial SEI layer, porous anode can signifi-
cantly decrease current density to delay “Sand’s time”
occurrence and accommodate large volume change during
the lithium plating/stripping process. Moreover, a large
surface area provides sufficient sites for subtle properties
modification such as “nucleation seeds” and electric field.
Porous anodes based on the mechanically strong matrix can
also withstand high physical stress from lithium dendrites
and maintain battery stability. Further enhancement of 3D
porous anodes’ life can be achieved by construction of
conductive or lithiophilic gradient.

4 Conclusion

In this review, we discuss the mechanism and strategies to
stabilize lithium metal battery which is one of the most
promising candidates for next-generation storage devices.
A surface-modified porous matrix is a hopeful material for
high-energy-density lithium metal anode. Its large surface
area and internal space provide a stable platform for
lithium deposition. Further improvement of a porous host
can be achieved by controllable surface adjustment. Par-
ticularly, the porous gradient anode further makes a full use
of the porous structure. It enables repeated Li plating/
stripping and thus achieves superior cycling performance.
Nevertheless, the disadvantages of porous anodes cannot
be ignored. The development of gradient porous anode also
needs further optimization and efforts. Details are dis-
cussed below.
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Firstly, the relatively large thickness and weight of
porous anodes hinder the realization of high-energy-density
of lithium metal batteries. Thickness less than 50 um is
more desirable for lithium metal anodes. Large surface area
of porous anodes promotes the contact area between
lithium metal and electrolyte, resulting in additional side
reactions and capacity loss. What’s more, sufficient inter-
facial contact between 3D porous matrix and SSEs is
hardly obtainable, especially in inorganic solid electrolyte
system. Since SSEs are effective in avoiding leakage,
flammability of lithium metal battery and suppressing
lithium dendrites through intrinsic strength compared to
liquid electrolytes, it is essential to overcome the chal-
lenges of poor interfacial wettability [145]. Assembling
porous anodes inside SSEs is a possible solution [146],
while further research on stability of these novel designs is
still necessary.

Optimization of gradient porous anodes should consider
the following aspects. During electrochemical plating, an
electron-conductivity gradient could guide the nucleation
position of lithium metal. Sufficient ion conduction is also
needed to ensure the penetration of Lit in lithium elec-
troplating process. Based on the above two points, complex
requirements are put forward for the porosity of material.
Small holes with large curvature aggregate more electron
charge and electric field with strong attraction to lithium-
ion, realizing the regulation of plating sites at the structural
level. Large holes provide fluent ionic flux channels and
sufficient space to accommodate volume change during
cycles. The precise hole size, ratio of “small” to “large”
and the gradient of the hierarchical structure still need
further discussion. Here we summarize several pore
parameters and corresponding cycling performance from
several reports in Table 1 [35, 38, 42, 59, 109, 115, 131,
135, 144, 147, 157], hoping that it can provide some ref-
erences for the future designs of porous materials. More-
over, the lithiophilic-lithiophobic gradient can eliminate
the mossy Li corrosion layer at the interphase. The gradient
porous materials considering the above aspects can basi-
cally meet the conditions of suppressing lithium dendrite
formation.

What’s more, the physical realization of gradients in
electrodes is crucial, especially in thin electrodes. Most
gradient designs are achieved by separating the whole
materials into a few parts followed by different treatments
and orderly arrangements. It is hard to obtain a continuous
gradient of electron conductivity or lithiophilic sites which
is theoretically more desirable for uniform lithium depo-
sition. Moreover, ultrathin anodes and corresponding low
negative/positive electrode capacity (N/P) ratio is essential
to ensure the high energy density of lithium metal batteries.
Achieving gradients in thinner materials presents a new
technical challenge and further efforts are needed on
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Table 1 Details of modified porous anodes for lithium metal battery

Brief description Information of pores Cycling performance Refs.
Cu(Pl)@Sb 2-90 nm, Half cell: 3 mA-cm™2, 3 mAh-cm™2, CE ~98.5%, 120 [35]
SSA = 1.9303 m2.g~" cycles (60 ul, 1 mol-L~" LiFTSI in DOL/DME with 2 wt%
LiNO3)
Full cell: Li,Cu(Pl)@Sb]||LFP, 0.5C (4 mA-cm~2), N/P~ 1.5,
150 cycles, 91.23% capacity retention
Oxygen and nitrogen co-doped porous 0.5-4 nm, Half cell: 2 mA-cm~2, 2 mAh-cm~2, CE ~99.83%, 350 [38]
carbon granules (ONPCGs) SSApet = 2386.5 cycles (4 mol-L~" LiFTSI in DME)
m?.g~",
pore volume = 1.3
Cme’-g_1
ZnO nanosheets on Ni foam 1-5 um Half cell: 1 mA-cm~2, 1 mAh.cm~2, CE ~98.5%, 150 [42]
cycles (1 mol-L=" LiFTSI in DOL/DME with 1 wt%
LINO3);
Full cell: LZNFJ|LFP, 0.5C (1.0C = 85 mAh-.g~"), N/P~ 27,
200 cycles (1 mol-L~" LiPFg in EC/EMC/DMC)
2D TizC,Tx MXene stacks on Li metal < 100 nm, Full cell: ILC-Li[[NMC532, 0.2C/0.5C, N/P ~3, 200 cycles, [59]
SSA=561m%g™", 83% capacity retention (1 mol-L~" LiPFg in
pore volume = 0.036 EC:EMC = 3:7 with 2 wt% VC)
Cm3-g’1
CNTs/graphene foam (LPM-3D rebar ~ 5 nm, Half cell: 5 mA-cm™2, 10 mAh-cm~2, CE ~98%, 120 cycles [109]
GF) SSAper = 42.032 (80 pl, 1 mol-L~" LiFTSI in DOL/DME with 2 wt% LiNO3)
m2_5—1
Silver-nanowire graphene host (3D- 3 um, Half cell (pre-lithiated 12 mAh-cm™2): 1 mA-cm™2, 6 [115]
AGBN) SSAper = 19.9 m2.g~" mAh-cm~?, CE~97.3%, 50 cycles (1 mol-L™" LiFTSI in
DOL/DME)
Full cell (pre-lithiated 12 mAh-cm~2): Li@3D-
AGBN]|INCM523, 10.0C (1.0C = 155 mAh-g~"), N/P ~ 52,
1000 cycles, 38% capacity retention (1 mol-L=" LiPFg
and 0.1 mol-.L=" LiFTSI in EC/DMC/EMC)
Nanowood-protected LMBs ~ 2.3 nm, Half cell (nanowood-protected Li): 1 mA-cm™2, 1 [131]
SSApet = 33 m2.g~ mAh-cm~?, CE ~99%, 400 cycles (1 mol-L™" LIFTSI in
DOL/DME with 0.1 mol-L=" LINO3)
Full cell: nanowood-protected Li||LFP, 0.5C (1.0C = 174
mAh-g~"), 800 cycles (50 pl, 1 mol-.L~" LiFTSI in DOL/
DME)
Litchi shells-derived activated carbon/ 1-2 nm (BJH size 800 mA-g~", over 800 cycles, 51% capacity retention [135]
60 wt% sulfur composite for Li-S distribution), (1 mol-L~" LiFTSI in DOL/DME)
battery 205 m2-971
3D g-CsN4/graphene composite 3.23cm3g";241.73  Half-cell: 1 mA-cm™2, 1 mAh-cm™2, CE~99%,500 cycles [144]
anodes m2.g~" (25 pl, 1 mol-L~" LiFTSI in DOL/DME with 1 wt% LiNO3)
Full cell: Li-3D g-C3N4/G/g-C3Ny||LFP, 0.5C (1.0C = 2.2
mAh-cm~2), N/P~0.45, 200 cycles (20 pl, 1 mol-L™"
LiPFg in EC/EMC with 2 wt% VC)
3D porous Cu mesh dealloyed from 200 nm—-2 pm Half cell: 1 mA-cm™2, 1 mAh.cm™2, CE ~97%, 140 cycles [147]
Cug.64ZNo 36 0.5 m2.g~" (40 pl, 1 mol-L~" LiFTSI in DOL/DME with 1 wt% LiNO3)
Full cell: 3D porous Cul|LFP, 0.5C, N/P~10, 300 cycles,
89.7% capacity retention
Unstacked graphene framework 0.5-10 nm, Half cell: 2 mA-cm™2, 1 mAh-cm™2, CE~97%, 50 cycles  [148]
SSALe: 1666 m2-g~", (1 mol-L=" LiFTSI in DOL/DME)
pore volume: 1.65
Cm3-g’1
Graphene nested Cu foam (CuFG) Macropores, ~ 5 um Half cell: 1 mA-cm™2, 1 mAh-cm™2, CE ~98%, 200 cycles [149]

(100 pl, 1 mol-L~" LiFTSI in DOL/DME with 1 wt%
LiNO3)

K4
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Table 1 continued

Brief description Information of pores

Cycling performance

Refs.

0.6-2.5 nm,
SSA = 140.1 m%.g~"

3D hollow carbon fiber from cotton

Porous CuZzn alloy 1-5 um

N-doped amorphous Zn-carbon fibers  SSApet = 74.7 m2.g~"

Al-Al,0,-C-25% 2-15 nm

SSApet > 400 m2.g~!

Li metal-graphene oxide host foils
(eGF)

Effective pore sizes,
~ 2o0r ~3nm,
SSApet = 338 m2.g~!

Ni-Co hollow prisms@carbon fibers Mesopores

SSApet = 215.7 m2.g~!

~ 0.9 nm
SSApet = 424 m2.g~!

Lignin carbon membranes (OLCMs)

100-500 nm,
SSApet = 5.21 m2.g~"

Fluorinated porous copper powder

Half cell (pre-lithiated 6 mAh.cm~2): 1 mA.cm™2, 2

Half cell (pre-lithiated 2 mAh.cm~2): 1 mA.cm~2, 1

Half cell (pre-lithiated 6 mAh-cm™2): 1 mA-cm™2, 1

Half cell: 1 mA-cm~2, 1 mAh-cm~2, CE~99.5%, 150

Pouch full cell: 20-pm-thick Li@eGF||LFP, 0.5C

Full cell: Li-NCH@CFI|LFP, 1.0C (1.0C = 169 mAh-g~"),

Half cell: 1 mA-cm™2, 1 mAh-cm™2, CE ~98%, 230 cycles

Full cell: LiF-Li-Cu|[NCM111, 0.5C (1.0C = 170 mAh-g~"),

[150]
mAh-cm~2, CE ~99.5%, 240 cycles (1 mol-L~" LiFTSI in
DOL/DME with 1 wt% LiNO3)

Full cell: 3D-HCFs@Li||LFP, 0.5C (1.0C = 1 mA.cm™2),

N/P ~3, 200 cycles, 91.3% capacity retention

[151]
mAh-cm~2, CE ~97.8%, 250 cycles (80 pl, 1 mol-L~"

LiPFg in EC/EMC/DMC)

Full cell: Cuzn-Li|[NMC811, 1.0C (1.0C = 170 mAh-g~"),N/

P a4, 500 cycles, (80 ul, 1 mol-L~" LiPF6 in EC/EMC/

DMC)

[152]
mAh-cm~2, CE ~99%, 800 cycles (50 pl, 1 mol-L~"

LiFTSI in DOL/DME with 2 wt% LiNO3)

Full cell (pre-lithiated 6 mAh-cm~2): CC-Zn-CMFs-Li||LFP,

1.0C (1.0C = 170 mAh-g~"), NIP ~ 7.5, 200 cycles (50 l,

1 mol-L~" LiPFg in EC/ DMC)

[153]
cycles (100 pl, 1 mol-L~" LIFTSI in DOL/DME)

Full cell: CC-Zn-CMFs-Li|[NMC-811, 0.5C (1.0C = 120

mAh-g~"), N/P~2.7, 300 cycles, 94% capacity retention

(40 pl, 1 mol-L~" LiPFg in EC/DEC/EMC)

[154]
(1.0C = 150 mAh-g~"), N/P~1.3, 200 cycles, 94%

capacity retention (30 pl, 1 mol-L~" LiPFg in EC/DEC

with 1 wt% VC and 10 wt% FEC)

[155]
N/P ~6, 150 cycles, 90% capacity retention (60 pl,

1 mol-L~" LiPFg in EC/DEC/EMC)

[156]
(40 pl, 1 mol-L~" LiFTSI in DOL/DME with 1 wt% LiNO3)

Full cell: OLCM@Li|[NMC811, 1.0C (1.0C = 0.8

mAh-cm~2), N/P~7.5, 150 cycles, 88% capacity

retention (1 mol-L~" LiPFg in EC/DEC with 2 wt% VC)

[157]
300 cycles, 83% capacity retention (1 mol-L~" LiPFg in
EC/DEC)

advanced porous lithium metal anodes [124]. Besides,
current designs of gradient porous anodes are almost fab-
ricated in labs. Low-cost and efficient manufacturing pro-
cess is under urgent need for large-scale applications in the
markets.

Porous anode is expected to solve the problems in the
practical application of lithium metal battery and has a
broad prospect. We are committed to achieving higher
energy density and more stable cycling performance
through the designs of porous anode. High-energy-density
storage devices are increasingly demanded and an efficient
manufacturing process is essential for large-scale applica-
tions in the industry. Under the constant efforts from
researchers all over the world, stable, safe and efficient

Rare Met. (2022) 41(8):2800-2818

lithium metal battery can be commercially available in the
near future.
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