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Abstract:

This review highlights several recent models of Li dendrite formation that have been proposed. Based on the compre-

hensive understanding and insight gained from these models, carbon materials have been developed to prevent the formation of Li
dendrites by virtue of their exceptional electrical conductivity, electrochemical stability, mechanical properties and mouldability. A
comprehensive review of the advantages of using carbon materials, such as graphene, carbon nanotubes, carbon fibers and hollow

carbons, to deal with the formation of Li dendrites in recent years is provided. Finally, the limitations of carbon materials and future

research directions for inhibiting Li dendrite formation are summarized as a reference for the development of new carbon materials

for high-performance Li metal anodes.
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1 Introduction

As a critical component of energy conversion
and storage in transport, power and other industries,
secondary batteries continue to push the global in-
dustry and energy structure to adjust to the direction
of green, environmentally friendly and low-carbon''" >,
The rapid advancement of new energy vehicles has
raised the demands for power batteries in terms of en-
ergy density, cycle life, and safety performance®*.
Currently, conventional lithium-ion batteries with
graphite anodes are insufficient in meeting the grow-
ing demand for electric vehicle range® .

Among all metallic elements known, Li metal
stands out as the most ideal electrode material due to
its highest theoretical capacity (3 860 mAh g'), low-
est electrochemical potential (—3.04 V vs. SHE) and
lowest mass density (0.534 g cm™ at 20 °C)"*. In re-
cent years, research on Li metal batteries (LMBs) with
Li metal anodes has become a hot topic both domest-
ically and internationally, making it a key develop-
ment target for next-generation high energy density
batteries'”. However, the further commercial imple-

mentation of Li metal anodes is impeded by 4 primary
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issues: (1) Li dendrite formation, (2) inactive Li accu-
mulation, (3) unstable solid electrolyte interface (SEI),
(4) drastic volume change, resulting in shortened
lifespan and reduced Coulombic efficiency of
LMBs™*'""_ 1t should be noted that these challenges
are interrelated at various stages of cycling. Amongst
these major problems, the uncontrolled formation of
high modulus Li dendrites has garnered attention from
researchers due to its negative impact on both Cou-
lombic efficiency and safety hazards resulting from
the puncturing of the SEI and separator'* ",
Tremendous efforts have been dedicated to elu-
cidating the mechanism of Li dendrites and Li
plating/stripping. The process of Li deposition in-
volves solvated Li ions undergoing mass transfer from
the bulk electrolyte to the outer limit of the electrical
double layer near the electrode, followed by electro-
sorption, desolvation and reduction into adsorbed
atoms on the electrode surface!'". The adsorbed atoms
diffuse on the surface to reach suitable nucleation sites
for Li deposition. The growth of Li dendrites is a
complex process that involves various factors, such as

Li" diffusion and coupling, nucleation and growth,
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electrolyte properties, SEI characteristics, substrate
surface properties and multi-physical field coup-
ling">"*!. To stabilize the Li metal electrode and pre-
vent the formation of Li dendrites, numerous
strategies have been developed to regulate the Li de-
position behavior. (1) Electrolytes'’ > The final Li
electroplated morphologies are largely determined by
the Li" mass transfer in bulk electrolyte. Meanwhile,
the solvated structure of Li" in the electrolyte domin-
ates the formation of SEI, which is essential for homo-
geneous Li deposition™. Electrolyte additives, super-
concentrated electrolytes, and locally highly concen-
trated electrolyte strategies have been developed to
enhance the Li" mass transfer capacity and change the
Li" solvation structure”™ **. These improvements aim
to promote uniform Li deposition while inhibiting the
formation of Li dendrites. (2) SEI****, The highly re-
active Li inevitably reacts with the electrolyte com-
ponents to form a SEI layer. However, due to its in-
sufficient chemical and mechanical stability as well as
heterogeneity, the SEI layer can lead to electron tun-
neling, uneven distribution of Li” flow and interfacial
electric field, which exacerbates the formation of Li
dendrites!'”. For this, the SEI layer was artificially in-
duced to possess uniform composition, stable struc-
ture, electronic insulation and ionic conductivity in or-
der to inhibit the growth of Li dendrites”. (3) Depos-
ition substrates'”*'!. Unlike conventional intercalated
anodes such as lithium titanate, which have control-
lable volume expansion, the deposition of Li on metal
Li as the substrate or other 2D substrates has virtually
infinite volume expansion''!). The large deformation
stresses induced by this process are directly associ-
ated with the rupture of SEI and the growth of Li
dendrites. Tailoring the interfacial energy and litho-
philicity between substrates and Li through depos-
ition substrate design provides an effective approach
to control Li plating behavior. Meanwhile, following
the classical Chazalviel theoretical model, reducing
effective local current densities has been validated as
an efficacious strategy for mitigating Li dendrite™>?.
Thus, if a suitable 3D substrate can be identified to

impede Li metal volume reaction, stabilize SEI and

disperse current density to inhibit Li dendritic growth,
the performance of Li metal anodes can be signific-
antly enhanced.

Typically, 3D substrates are constructed predom-
inantly from conducting materials, including metallic
materials, carbon-based materials and conducting
polymers, to accommodate the rapid conduction of
electrons and the reduction of the local current dens-
ity®***. Moreover, 3D conducting substrates can be
optimally designed with further modifications to en-
hance their lithophilicity and homogenize the interfa-
cial Li" distribution, which has very promising applic-
ations. The use of 3D metal substrates with high elec-
trical conductivity and mechanical strength is limited
by their high cost, relative heaviness, and insufficient
chemical and electrochemical stability, which hinders
their use in Li metal electrodes”® "), In comparison,
carbon materials with excellent electronic conductiv-
ity, light weight, satisfactory mechanical properties,
and electrochemical stability have been considered as
promising substrates. In addition, carbon-based mater-
ials have abundant natural sources and are cost-effect-
ive, making them more suitable for commercial ap-
plications™ ). In contrast to traditional metal current
collector like copper, they are more inert to HF gener-
ated by the decomposition of F-based electrolytes,
which are widely used in Li-metal anodes, thereby en-
suring substrate structure stability””*”. Furthermore,
carbon-based materials such as graphene, carbon nan-
otubes and carbon fibers are malleable and can be
structurally and functionally designed to meet the re-
quirements of relieving the volumetric effect, rapid
mass transfer, uniform electric field, dispersed ion
electron flow and rapid nucleation during Li
plating/stripping, ultimately inhibiting the growth of
Li dendrites and the stability of Li metal electro-
des">*'*1. Consequently, the development of LMBs
has been largely facilitated by the adoption of various
carbon materials with fruitful successes.

This review primarily focuses on the mechan-
isms underlying the formation of Li dendrites, includ-
ing surface diffusion model, heterogeneous nucle-

ation model, space charge model and SEI-induced
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nucleating model. Based on classical theoretical mod-
els of Li dendrite formation, recent advancements in
various advanced carbon materials for stabilizing Li
metal anodes, such as graphene, carbon nanotubes,
carbon nanofibers and other carbon-based materials,
are systematically summarized (Fig. 1). The advant-
ages and limitations of each carbon-based material for
suppressing Li dendrites are discussed in detail from
structure to chemistry, covering SEI engineering and
substrate applications. Finally, a perspective is
provided on the current challenges and further ration-
al design of carbon-based materials for Li metal elec-
trodes. The fundamental understanding and technolo-
gical advances in suppressing Li dendrites by carbon-
based materials will facilitate the development of high

energy density LMBs.

2 Mechanisms of dendrite formation
and growth

The uncontrolled growth of Li dendrites poses a
significant challenge to the commercialization of
LMBs, as they can breach conventional battery separ-
ators and cause short circuits, thermal runaway, or
even explosions™ *¥. In the 1970s, researchers dis-

covered the formation of Li dendrites during charge
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Fig. 1 Schematic summary of Li dendrites formation models and ad-

vanced carbon materials

and discharge cycles of Li metal anode, and conduc-
ted detailed studies on the Li deposition behavior*.
However, the formation mechanism of Li dendrites is
a highly intricate process that encompasses various
fields such as electrochemistry, crystallography, kinet-
ics and thermodynamics. The origin of Li dendrites
remains a topic of debate and there is no universally
accepted theoretical models for their growth. Cur-
rently, several mainstream models describing the
formation of Li dendrites are summarized below.
2.1 Surface diffusion model

The surface diffusion process plays a crucial role
in the deposition of metals. Desolvated metal ions are
reduced to adsorbed atoms by coupling with electrons
on the electrode surface, and then diffuse to suitable
nucleation sites for nucleation and growth. This pro-
cess relies on the self-diffusion ability of metal atoms
(Fig. 22)* ). From a thermodynamic perspective, the
growth of Li dendrites is primarily influenced by
lower surface energy and higher migration energy. A
decrease in self-diffusion barrier promotes uniform
nucleation growth of metal while inhibiting Li dend-
rite formation™®*. Through simulation and theoretic-
al analysis, it has been determined that the difference
in free energy between low-dimensional and high-di-
mensional phases of Li is lower compared to other
metallic elements such as magnesium. Meanwhile, the
self-diffusion on the electrode surface is relatively
sluggish, indicating that Li tends to maintain a low-di-
mensional morphology and preferentially distribute
nearby for low-dimensional deposition rather than an
ideal two-dimensional planar deposition, which is
highly conducive to dendrite growth*). The model
demonstrates that the mobility of interfacial atoms
significantly impacts Li dendrite formation. Modify-
ing interface or selecting a deposition substrate to re-
duce surface self-diffusion barriers and enhance sur-
face migration of Li atoms are effective strategies for
guiding uniform Li deposition and inhibiting Li dend-
rites.
2.2 Heterogeneous nucleation model

In most cases, researchers opt for heterogeneous

materials as the substrate for Li deposition. During the
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Fig.2 (a) Schematic illustration of electrodeposition!*”. (b) Schematic illustration of a nucleus with a spherical cap shape. Behavioral patterns during the early

stages of nucleation and growth, and the growth electrodeposit size varies with time

11 (c) Scheme of the cell. The relationship between ion concentration C,,

and C,, and the electrostatic potential®. (d) A nonuniform SEI renders irregular Li deposition”"’. (Reprinted with permission)

initial stage, Li" acquire electrons and deposit on the
current collector through a process of heterogeneous
nucleation that determines both the uniformity of ini-
tial deposition and subsequent morphology of Li de-
position, including Li dendrite formation. Therefore, a
comprehensive understanding of heterogeneous nucle-
ation is imperative. Ely and Garcia proposed a hetero-
geneous nucleation model based on theoretical simu-
lation to establish a correlation between the initial
stages of heterogeneous nucleation and the formation
of Li dendrites!"'”". The process of Li’s heterogen-
eous nucleation involves 4 distinct steps: (1) Nucle-
ation suppression. At this stage, the thermodynamic-
ally unstable embryos cannot be effectively separated

from the electrolyte. (2) Long-term incubation. In this

process, the thermodynamics of the system gradually
tends to stabilize, allowing for retention and gradual
growth of the incubated embryos. (3) Short-term in-
cubation. Driven by the overpotential, the embryo un-
dergoes rapid growth until it reaches its critical kinet-
ic size, at which point it is primed for the formation of
a Li nucleus that is both thermodynamically and dy-
namically stable. (4) Growth stage. This stage can be
divided into 2 phases: early growth and late growth.
During this process, the embryo undergoes thermody-
namic and kinetic stabilization before reaching its fi-
nal nucleus size. Once the Li nucleus reaches a stable
state of development, its growth rate will remain con-
stant until it achieves its desired form. According to

this model, the formation of Li embryos requires
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reaching a critical thermodynamic radius, while main-
taining their growth necessitates achieving a critical
kinetic radius (Fig. 2b)''"*"!. The growth of Li dend-
rites can be effectively controlled or regulated by ad-
justing the Li nucleation process, ensuring that the
particle size of the anode is smaller than the critical
thermodynamic radius and optimizing substrate sur-
face smoothness and lithophilicity.
2.3 Space charge model

This model is widely employed in the investiga-
tion of Li dendrite growth and inhibition, enabling the
quantification of Li dendrite formation''”. Chazalviel
et al. postulated that cation migration in dilute electro-
lytic liquid systems is primarily driven by diffu-
sion™". However, if Li" are deposited rapidly on the
electrode surface and the near-surface Li" are con-
sumed quickly without being replenished, a depletion
zone will form, generating a localized space charge
layer and establishing an electric field. Subsequently,
the Li" migration in this region is governed by an elec-
tric field with a significantly lower potential than that
of the anode (Region II). The intense electric field
electroadsorbs and electroplates numerous cations
within a short time frame, leading to non-uniform Li
deposition behavior and ultimately resulting in the
formation of Li dendrites (Fig. 2c). This model ad-
heres to the Sand’s law proposed by Henry J S Sand,
which states that dendrite generation occurs when the
Li" concentration on the electrode surface reaches 0,

also known as Sand’s time®* ™

. The space charge
model is widely accepted due to its establishment of
the relationship between Sand’s time and diffusion
constant, provision of a quantitative calculation meth-
od for dendrite formation time, and correlation of the
relationship between applied current density and
dendrite formation. This theoretical model provides a
large number of effective ideas for inhibiting the
formation of Li dendrites, including improving the
cationic conductivity/migration number or fixing an-
ions to relieve space charge, using three-dimensional
conductive substrates to reduce local current density,
etc., and has been demonstrated by extensive research

results.

2.4 SEl-induced nucleating model

Due to the high reactivity of Li, it readily reacts
with electrolyte components to form a SEI layer
between the solid and liquid phases™. This also im-
plies that during deposition, Li" must undergo a pro-
cess of solid-state migration within the SEI, which can
significantly impact the final morphology of Li depos-
ition"”. However, the SEI interface chemistry has not
been thoroughly examined in the theoretical models of
Li dendrite formation summarized above. Under ideal
conditions, Li" permeate through the SEI layer and de-
posit beneath it, thereby challenging the mechanical
properties of SEI due to volume expansion caused by
Li deposition™”. Once the SEI fractures under stress,
an electrochemical hot spot is generated, leading to
preferential deposition of Li" inhomogeneously and
dendritically within the bare Li region lacking SEI
coverage. Simultaneously, the exposed Li will under-
go continuous side reactions with the electrolyte, res-
ulting in ongoing consumption of both electrolyte and
active Li (Fig. 2d)!">*%. This leads to an accumulation
of inactive Li which further contributes to the forma-
tion of dendrites until they penetrate the separator and
cause a short circuit. On the other hand, the formation
of Li dendrites is directly influenced by both the com-
position distribution of SEI layer and the diffusion
rate of Li". The inhomogeneity in composition and
structure of SEI can result in uneven distribution of
Li" flow, thereby promoting generation of Li dend-
rites. The resistance to Li~ diffusion in the SEI re-
flects the overpotential during deposition and signific-
antly impacts the morphology of deposits. Based on
this theoretical model, researchers have optimized the
design of artificial SEI by preconstructing or electro-
lytic chemistry to construct LiF-rich SEI layers. These
improvements enhance the SEI modulus and Li" trans-
port capacity, effectively inhibiting the formation of
Li dendrites®™” . Furthermore, significant efforts
have been made in constructing SEI through introdu-
cing alloy components and polymer components, suc-
cessfully demonstrating its effectiveness in suppress-
ing dendrite growth!*> !,

In general, the above theoretical models describe
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the formation of Li dendrites from the perspectives of
self-diffusion, nucleation, interface, thermodynamics
and dynamics''?. However, as the Li dendrite prob-
lem is being studied in greater depth, it has become
apparent that the aforementioned theoretical models of
Li dendrite formation are insufficient to fully describe
the complex process of Li dendrite growth. Mean-
while, ongoing research is constantly enriching our
understanding of the formation of Li dendrites by
identifying new factors that affect it, including mech-
anical, electrical and other physical field factors.
These theoretical models provide researchers with
multiple perspectives on Li dendrites and offer a range

of ideas and methods to address the issue.

3 Carbon materials for suppressing Li
dendrites growth

In lithium-ion batteries, in addition to being the
active electrode material for the anode, carbon materi-
als play an important role as a carrier structure for oth-
er active materials due to their strong plasticity, and as
a conductive agent for both electrodes™ *. To
provide increased gravimetric energy density, carbon
materials, thanks to features like light weight, high
conductivity, malleability, chemical and electrochem-
ical stability and high mechanical strength, also play
an important part in constructing stable Li metal an-
odes!®* Although the theory of Li dendrite forma-
tion is not yet perfect, optimizing Li plating/stripping
from the perspective of nucleation, SEI and substrate
design based on several models mentioned above can
be effective® . Advanced carbon materials, such as
graphene, carbon nanotubes, carbon fibers and hol-
low carbon have shown great potential in guiding Li
plating/stripping and suppressing Li dendrites. They
are particularly effective in building artificial SEI lay-
ers and depositing substrates.

3.1 Graphene

Graphene is a 2D monolayer carbon material
with sp” hybridization, exhibiting excellent electron
conductivity (~2000 S cm') and specific surface
area (SSA) (~ 1500 m* g )***. Additionally, both

graphene and reduced graphene oxide (rGO) possess

remarkable structural stability and plasticity””. Ow-
ing to these advantages, graphene materials have been
extensively employed in the construction of high-per-
formance Li metal electrodes in recent years, includ-
ing artificial SEI layers as well as 2D or 3D sub-
strates for Li deposition™’"],

Recent studies have reported that graphene,
thanks to its high mechanical strength, can effectively
inhibit the formation of Li dendrites by regulating the
SEI layer. Wei et al. utilized a spraying method to
coat the Li metal surface with graphene oxide (GO),
which was then spontaneously reduced due to the
strong reducibility of Li, resulting in the formation of
SEI on its surface (Fig. 3a)’*. The symmetric cell as-
sembled can maintain stability for 1 000 cycles with
negligible overpotential increase at 5 mA cm . There-
fore, the SEI layer formed by graphene’s high mech-
anical strength can effectively inhibit the formation of
Li dendrites, as confirmed by other work!””. Based on
graphene, the incorporation of other components to
enhance SEI-Li affinity and regulate nucleation barri-
ers can more effectively inhibit Li dendrites. Cheng et
al. have reported an artificial interface of GO-
BQ@LITFSI (GBL) with abundant lithiophilic active
site groups, which can assist the formation of a LiF-
rich SEI. The synergistic effect between GBL and SEI
not only effectively suppresses Li dendrite formation
due to the intrinsic high modulus of GO, but also reg-
ulates Li" flux distribution”". After incorporating the
GBL into symmetric cells, an excellent cycling per-
formance was obtained (600 h at 3 mA cm ™ with 3
mAh cm ) (Fig. 3b). Although some researchers have
reported the use of graphene as SEI layer to enhance
Li deposition behavior, its suitability for this purpose
is limited due to the high electronic insulation require-
ments of SEI. Generally, in order to better exhibit the
mechanical properties and other characteristics of
graphene and inhibit the formation of Li dendrites, it
is necessary to combine graphene with other insulat-
ing components or functionalize it to construct a new
insulated interface.

In fact, graphene is more suitable as Li depos-
ition substrate than as SEI layer. In 2016, Zhang et al.
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proposed the concept of utilizing non-stacked
graphene with high SSA, pore volume and electrical
conductivity as a substrate to guide Li deposition for
reducing local current density and inhibiting dendrite
formation in graphene-Li metal composite electrodes
(Fig. 3c)™. Additionally, a sandwich-like structure
with graphene at its core, Li in the outer layer, and
SEI in the outermost layer was fabricated by combin-
ing the SEI layer induced by LiTFSI-LiFSI double salt
ether base electrolyte. This structure has been proven
to increase Coulombic efficiency of LMBs. However,
it should be noted that the Li nucleation on the basal
plane of single-layer graphene is much more challen-
ging than that on Cu under the same current density or

Li deposition capacity. As the amount of deposited Li
increases, dendrites are more likely to form from Li
nuclei. Therefore, lithiophilic defects and functional
groups need to be introduced onto the basal plane of
graphene'”®. In view of this, zhang et al. used het-
eroatomic doping to enhance the lipophilicity of
graphene and serve as the Li deposition substrate
(Fig. 3d)"”. When nitrogen(N) is doped onto gra-
phene, lithiophilic functional groups such as pyridinic
and pyrrolic nitrogen provide a smaller nucleation
barrier and more uniform distribution of nucleation
points compared to copper substrate, inhibiting Li
dendrite growth and exhibiting a high Coulombic effi-
ciency of 98% for nearly 200 cycles. It should be
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noted that excessive N content may destroy the con-
jugated structure of graphene and reduce conductivity,
making them unsuitable for Li deposition. This dop-
ing concept is further expanded by introducing S, F
and other elements to enhance the lipophilicity of
graphene, exhibiting excellent performance in inhibit-
het-

eroatomic doping, combining other components is

ing Li dendrite growth”™ 7! In addition to

also an effective method for enhancing the lipophili-
city of graphene and inducing uniform Li deposition.
Wang et al. proposed a rGO and Cu,0 co-modified
Cu substrate, which lower the nucleation barrier, in-
duce Li nucleation, and promote charge transfer due
to the conducive rGO generated, resulting in a uni-
form electric field distribution and inhibition of Li
dendrite formation (Fig. 3e)*".

Under the guidance of Sand’s Law, the construc-
tion of a 3D Li deposition substrate can effectively
homogenize ion flux and reduce local current density,
thereby regulating Li deposition and inhibiting the
growth of Li dendrites. Due to its excellent plasticity,
graphene exhibits promising prospects in constructing
a 3D Li deposition substrate. Cui et al. reported a
composite Li metal anode with 7% (mass fraction) ‘li-
thiophilic’ layered rGO as the Li substrate®®'!. The
spark reaction initiates the injection of molten Li into
arGO film with uniform nanogaps, resulting in a uni-
formly periodic stacking of nano-scale Li and rGO
(Fig. 4a). This process significantly mitigates the
volume effect of Li (approximately 20%-dimension
variation) during cycling, ensuring uniform Li depos-
ition and stripping. Meanwhile, the top layer of rGO
can serve as an artificial SEI to enhance the stability
of composite metal electrodes. In subsequent research,
Cui et al. incorporated silicon nanoparticles into this
substrate constructed by nucleation points to further
optimize Li deposition behavior™. A similar ap-
proach was further developed by Cao and Wu to con-
struct a conductive and lithphilic 3D MXene/graphene
framework for dendrite-free Li metal anodes™ **.
However, as previously mentioned, the untreated pure
graphene exhibits insufficient affinity for Li, which

hinders the Li nucleation on its surface. Therefore, a

strategy involving tailored carbon nanoparticles with
specific shape and electronic properties can be em-
ployed to facilitate zero overpotential Li nucleation on
sp’ carbon substrates®™. As shown in Fig. 4b, Wei et
al. reported a 3D carbon nanofiber (CNF) substrate of
vertically grown edge-rich graphene which not only
exhibits excellent electronic properties and open struc-
ture but can also act as a nanosite to achieve 0 nucle-
ation overpotential and guide Li to uniformly deposit
without dendrites™. Further advancements have been
made in the development of similar strategies for con-
structing 3D substrates in collaboration with other
components, such as graphene and g-C;N,, to effect-
ively remove Li dendrites™”. Xu et al. fabricated a
tent-shaped artificial interface (TLI-GO/Zn/CC) via
the self-assembly of GO on Zn nanosheets (Fig. 4c),
which effectively confines the spatial distribution of
Li plating and ultimately obtains a stable composite Li
metal anode'”!. A tented interface with a nano-cavity is
constructed, wherein the nano-cavity provides space
for the Li deposition/stripping. The Li metal is con-
fined inside the nano-cavity to effectively reduce dir-
ect contact between electrolyte and Li metal, minim-
ize side reactions, and decrease continuous consump-
tion of electrolyte and Li metal. The self-assembly of
GO results in the formation of Zn-O-C covalent
bonds, which serve as anchor points for attaching the
GO layer to the substrate material and ensure its sta-
bility during cycling. Additionally, due to its lithophil-
ic properties, the Zn—O—C bond can facilitate Li de-
position within nanocavities. The tented interface sig-
nificantly enhances the electrochemical performance
of TLI-GO/Zn/CC anode. The symmetric battery ex-
hibits stable cycling for 1 600 h at a current density of
1 mAh cm ™, and the full cell retains 94.6% capacity
after 3 000 cycles at a high rate of 5 C.

In general, although pure 2D graphene exhibits
excellent film-forming properties, its exceptional con-
ductivity cannot prevent the occurrence of side reac-
tions without modification, rendering it unsuitable as a
stable SEI layer. In contrast, graphene with high plas-
ticity is more suitable as a 3D substrate for guiding the

uniform Li deposition.
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However, the low affinity of pure graphene to-
wards Li makes it unsuitable for rapid nucleation and
growth. The incorporation of functional groups, het-
eroatomic doping, and recombination of lithiophilic
components can effectively lower the nucleation barri-
er for Li deposition and achieve a stable morphology
during plating/stripping cycles, which is conducive to
dendrite suppression and improvement in electro-
chemical performance. In addition, as a host material,
careful attention must be paid to the design of
graphene’s pore structure and stacking mode due to its

unfavorable effect on spatial transport.

3.2 Carbon nanotubes

Compared to 2D graphene, carbon nanotubes
(CNTs) are one-dimensional (1D) nanomaterials com-
posed of sp® hybrid carbon atoms. They possess a
light weight and a perfectly connected hexagonal
structure, exhibiting outstanding mechanical, electric-
al and chemical properties. The unique 1D structure of
CNTs endows them with strong plasticity and com-
posability. For the Li metal electrode, it can be manip-
ulated to form a Li deposition substrate or composite
with other components to construct a substrate togeth-

er. This results in rapid electron transmission and dis-
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persed current density abilities, making it highly
promising for Li dendrite suppression.

As previously mentioned, the 1D morphology
and properties of CNTs make them more suitable for
constructing 3D host structures for Li. Wu et al. have
successfully prepared a dendrite-free Li/CNTs hybrid
material for LMBs by directly coating molten Li onto
CNTs (Fig. 5a). The reasonable supercooling condi-
tions applied to the molten Li result in pressures far
exceeding its gravitational differential pressure™. The
Li core is elevated, allowing for the infusion of mol-
ten Li into a CNT sponge film (CSMF), obtaining a
homogeneous mixture of molten Li coated CSMF
(LiCSMF) which possessed ample active sites and
balanced electric fields distribution, facilitating Li"
transport during charge and discharge. The prepared
LiCSMF electrode can cycle 2 000 times even at 40
mA cm°, showing a superstable cycling performance.
CNT is used to construct composite Li metal anode,
which not only disperses current density, but also
provides conductive path for “dead Li” to a certain ex-
tent, so as to realize efficient utilization of Li metal™.
The incorporation of additional lithiophilic compon-
ents into the Li deposition substrates constructed by
CNTs can further enhance the affinity between the
CNTs substrates and Li, thereby inhibiting the forma-
tion of Li dendrites””. By implementing a zinc oxide
(ZnO) load gradient reduction, Mai et al. were able to
achieve a lithiophilic and lipophobic interface layer®".
The bottom layer of CNTs coated with ZnO exhibited
lithiophilic properties that facilitated the uniform
formation of the SEI layer while inhibiting the growth
of Li dendrites (Fig. 5b). Meanwhile, the top layer is
lithiophobic CNT with high mechanical strength and
porous structure, which effectively suppressed Li
dendrite growth and promoted Li" diffusion. In com-
bination with the high plasticity of CNT and the litho-
philicity of ZnO, various approaches have been em-
ployed to integrate them for constructing Li metal
electrodes that can effectively suppress the formation
of dendrites™.

Chen et al. reported a kind of Li-CNT-acetylene

black (Li-CNT-AB) composite microsphere electrode
Lithiophilic carbon nanotubes (CNTs)

were employed to fabricate a porous spherical frame-

material®,

work, within which lithiophilic AB particles were dis-
tributed to exploit the pore space of the spheres
(Fig. 5c). This strategy effectively enhanced the Li
content of composites and served as an accelerator for
Li deposition during battery cycling due to their low
nucleation barrier and excellent inhibition properties
against dendrite growth. Later, Chen et al. pioneered
the application of single molecular layer self-as-
sembly (SAM) in surface protection of Li metal®.
Octadecylphosphinic acid (OPA) molecules were util-
ized to coat Li-CNT composites, and SFG characteriz-
ation revealed that OPA assembled on Li-CNT in a
single molecular layer mode (Fig. 5d). The alkyl
chains of OPA exhibit excellent water repellency,
while the monolayer coating is too thin to impede Li"
and electrons. The coated Li metal exhibits excellent
stability in dry air and is highly compatible with spe-
cific solvents, enabling the preparation of a Li metal
cathode through mixed slurry coating. Additionally,
the monomolecular layer provides protection for the
Li metal during electrochemical cycling.

In brief, the application of 1D CNTs in SEI has
not been widely explored, but they exhibit promising
potential as a 3D Li deposition substrate. While main-
taining the excellent electrical conductivity of carbon
materials, the high plasticity and compatibility of
CNTs facilitate their combination with other active
materials and enable precise structural design. This
shows great potential in inhibiting the formation of Li
dendrites by reducing the Li nucleation barrier, direct-
ing the Li" flow distribution, and reducing the local
current density. However, achieving a balance
between pore structure, density of CNTs, electro-
chemically inert components (such as lithiophilic ma-
terials), and battery performance is critical and worthy
of consideration for further applications.

3.3 Carbon fibers

Carbon fiber (CF) is an optimal material for con-

structing high-performance composite Li metal an-

odes because of its exceptional SSA, excellent elec-
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(c) Schematic of preparation of the Li-CNT-AB"), (d) Schematic diagram of the preparation of OPA—Li—CNT sphere
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tron conductivity, low density and remarkable electro-
chemical stability™. To tackle the issue of uneven Li
deposition at high current density and achieve high
areal capacity, the development of heterogeneous seed
decorated 3D substrate is an effective strategy to im-
pede the proliferation of Li dendrites. However, the
mechanical and electrochemical stability of these nano
seeds are pivotal prerequisites for ensuring prolonged
cycling performance of LMBs and need to be taken
seriously.

It should be noted that, in the micrometer-scale

CF substrates, the capacity provided by the intercala-
tion reaction cannot be disregarded alongside the de-
posited Li. Guo et al. designed a self-supporting 3D
multifunctional graphitized carbon fiber as a collector
for Li metal anode (Fig. 6a)”". Using a commercial
freestanding graphitized carbon fiber (GCF) electrode
as a 3D substrate offers several advantages: (1) The
GCEF electrode facilitates Li intercalation and depos-
ition, resulting in a remarkable enhancement in Li
storage capacity, and ultra-high areal capacity of 8

mAh cm™ can be gained using this multifunctional 3D
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SAFeNi@LNCP modulation layer!'”. (Reprinted with permission)

collector. (2) The large SSA provided by CF reduces can effectively mitigate the volume changes during
local current density and promotes homogeneous Li cycling®”. However, an excessively high intercala-

plating. (3) The porous structure of the 3D collector tion capacity may compromise the energy density of
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Li metal anodes; thus, it is necessary to balance the in-
tercalation and deposition capacity.

To further restrict the formation of Li dendrites,
CF materials decorated with heterogeneous seeds or
surface functionalization of CF materials can optim-
ize the Li deposition on these substrates while imped-
ing the proliferation of Li dendrites. Li et al. de-
veloped a TiN nanoparticle-modified 3D carbon nan-
ofiber (CNF) mat that can be used as Li deposition
substrate (Fig. 6b)°". The homogeneous Li plating
was obtained by the synergistic effect of TiN and the
3D CNF structure with excellent conductive frame-
work. Li was preferentially adsorbed on lithiophilic
TiN due to its low diffusion energy barriers.
Moreover, the pseudocapacitive property of TiN as
determined by kinetic characteristic facilitated high-
rated Li" storage and charge transfer processes. The
electrochemical performance of the Li metal anode
based on CNF-TiN is significantly enhanced, en-
abling stable operation for 200 cycles at 3 mA cm >,
as well as a long cycling life. Zhang et al. have de-
veloped a facile and scalable method, operable at
room-temperature for preparing lithium-carbon com-
posite anodes by rolling an ultra-thin layer of Li met-
al onto CFs to form a prelithiation coating through the
spontaneous generation of LiC, via the reaction
between Li and graphite (Fig. 6¢)°”". The electroneg-
ativity of carbon atoms is enhanced, thereby strength-
ening the bond between the carbon skeleton and Li",
effectively mitigating volume change, dendrite growth
and pulverization caused by Li deposition. The
S||ILi/CF pouch cell displays a high capacity of 3.25
mAh cm” and maintain 98% capacity after 100
cycles.

Liu et al. used amine-functionalized 3D meso-
porous CFs to provide stable Li-C anodes for high en-
ergy density LMBs!"". The preferential Li nucleation
and growth in pores and cavities under the action of
amine on carbon substrate enables uniform Li depos-
ition during operation (Fig. 6d). The gradual smooth-
ing of the rough electrode surface observed in the
early-stage contrasts with the conventional formation

of large Li dendrites on flat Li metal. When com-

bined with a high-capacity cathode, this thin Li-C an-
ode enables a full cell with an energy density of 350-
380 Wh kg ' and cycling stability (over 200 cycles).
Reasonable treatment of functional groups on CF can
effectively enhance the lithiophilicity of CF, promot-
ing the Li adsorption and nucleation. Furthermore, it
can optimize the electrolyte-electrode contact, which
is highly beneficial for guiding uniform Li plating and
efficiently inhibiting dendrite growth. Lin et al. repor-
ted a lignin-derived CF membrane modified by mild
surface ozonolysis and ammoniation (Fig. 6¢), which
effectively improved the permeability of Li in the car-
bon matrices, making it easier for molten metallic Li
to infiltrate into this carbon substrates''’"). The au-
thors prepared a Li@carbon fibre film (Li@CF) com-
posite metal electrode with 3 222 mAh g'. After deep
charge/discharge pre-cycling, a uniform, thick Li was
formed in the Li@CF electrode, effectively suppress-
ing volume expansion and dendrite formation.

Lou et al. constructed a 3D host composed of N-
doped amorphous Zn-C multichannel fibers (CC-Zn-
CMFs) that were modified with carbon cages
(CCs)"™. The 3D conductive layered CFs possess a
large SSA, which can effectively facilitate electron
transport and reduce local current density (Fig. 6f).
The multi-channel carbon fibers with nanocages in
their large pore structures are capable of accommodat-
ing significant volume changes during long electro-
chemical cycling. Moreover, the N-doped carbon and
Zn nanoparticles exhibit an enhanced anchoring ef-
fect on Li" due to their ultra-low superpotential. This
effectively controls Li nucleation and growth, allow-
ing for directional deposition onto the layered carbon.
Lin et al. employed density functional theory (DFT)
simulations to investigate the potential of single-atom
catalyst activators in modulating the diffusion kinet-
ics and Li plating behavior (Fig. 6g)!'"". Simulations
were conducted to determine the surface diffusion en-
ergy barriers involved in the formation and breaking
of Li dimers between neighboring Li atoms (away
from other Li atoms) on various substrates, with a fo-
cus on modeling the electrochemical diffusion pro-

cess. The results indicate that atomic iron and nickel
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catalysts, well-distributed throughout ultralight N-
doped carbon nanofiber paper (SAFeNi@LNCP), sig-
nificantly enhance both Li surface diffusion and later-
al distribution. The mobility of neutral Li is non-negli-
gible, and the atomic surface diffusion rate is signific-
antly promoted by single-atom catalysts. A series of
characteristics reveal that SACs act as kinetic activat-
ors to promote the Li surface diffusion and lateral re-
distribution, thereby achieving uniform Li deposition.

As another 1D carbon material, CF offers a more
cost-effective advantage compared to CNTs. Its dia-
meter can range from nano to microscopic, and its
structure can be transformed from solid to hollow,
providing an optimal pathway for Li storage. There-
fore, it is widely utilized in related research on Li met-
al electrodes. However, further functionalization or
combination with other active ingredients is neces-
sary to reduce the Li nucleation barrier and inhibit the
formation of dendritic Li. Additionally, during the fur-
ther functionalization of CF, its mechanical strength
may be significantly reduced, which is also a crucial
consideration for Li metal substrates.

3.4 Hollow carbon

Compared to other carbon materials, hollow car-
bon materials with unique hollow configurations ex-
hibit superior mechanical strength, electrical conduct-
ivity, low density and abundant micro-mesoporous
distribution. The hollow carbon inner space can ef-
fectively encapsulate metallic Li through the porous
inner wall and the lithiophilic material. Additionally,
the high modulus carbon shell serves as an interface
layer to effectively inhibit Li dendrite growth and alle-
viate the volume effect during operation.

Cui’s team applied a monolayer of amorphous
hollow carbon nanospheres with an interconnected
structure onto the surface of Li metal (Fig. 7a), effect-
ively mitigating Li dendrites formation and facilitat-
ing the formation of stable SEI films!'*"!. The findings
indicate that under 1 mA cm, the formation of Li
dendrites is not observed. The Coulombic efficiency
was enhanced to 99% after 150 cycles. Compared to
the unmodified sample, its electrochemical perform-

ance exhibited a significant improvement. Cui et al.

further investigated the Li nucleation mechanism on
different metal substrate and discovered a substrate-
dependent growth pattern, which manifests signific-
ant differences in Li nucleation barriers among differ-
ent substrates. This finding enables selective Li depos-
ition'”. By utilizing binary phase diagrams, it has
been determined that metals exhibiting a certain de-
gree of solubility in Li do not have nucleation barriers.
Therefore, a composite metal anode featuring a nano-
capsular structure was developed by using hollow car-
bon spheres and nanoparticle seeds (Fig. 7b). During
the plating process, Li primarily grew within the con-
fines of these spheres. This selective growth and
stable encapsulation effectively prevented Li dendrite
formation.

The introduction of heterogeneous components
in the recombination process of functionalized hollow
carbon also possesses outstanding performance for
constructing Li metal electrodes and inhibiting Li
dendrites!*. Wang et al. synthesized N-doped por-
ous hollow carbon spheres by a simple and effective
approach, which can serve as promising nano-encap-

sulation materials!'"”

. Each hollow porous carbon
sphere is equipped with a lithophilic carbon shell fea-
turing a dense N-rich layer on the inner shell layer, fa-
cilitating the selective Li plating into the carbon
sphere (Fig. 7c). In situ electron microscopy has
demonstrated that these N-doped porous hollow car-
bon spheres are capable of repeatedly and stably en-
capsulating Li metal. The Li" can traverse multiple in-
terconnected hollow carbon spheres to achieve uni-
form and long-range ordered deposition. Furthermore,
Wang et al. have ingeniously designed carbon
nanobowls (CBs) with outer surfaces featuring vary-
ing positive and negative curvatures (Fig. 7d), as well
as fully enclosed inner cavities and semi-enclosed re-

cessed spaces!'™

. The growth behavior of Li metal
under geometric guidance was further investigated via
in-situ electron microscopy, using CBs as a model
substrate. The results revealed that because of the sur-
face curvature, Li metal preferentially plated on the
concave of isolated CBs rather than on their convex
surface. Fully confined cavities are more favorable for

Li plating compared to partially confined spaces, such
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Fig. 7 (a) Schematic illustration of the Li plating/stripping behavior on different structure:

s (b) Schematic illustration of Li metal nanocapsules design and

preparation of hollow carbon with Au NPs!"””\. (c) Schematic diagrams of the Li plating and stripping on Cu foil and N-HPCSs"""". (d) Schematic illustration

and SEM images of Li plating on the CB!"”

1. (e) Schematic illustration of the Li nucleation and plating/stripping on the Co@N-G substrate. Coulombic efficien-

cies of different electrodes at 1, 3, 10, 15 mA cm > with 1 mAh cm™'*), (f) Schematic diagrams of the Li deposition on c-Au@ZIF-8 and TA-ZIF-67 host based
electrodes. Coulombic efficiencies of different electrodes at 10 mA cm > with 1 mAh cm™"', (Reprinted with permission)

as hemispherical concave cavities and gaps between
adjacent hemispherical concave cavities.

Based on their periodic structure, metal-organic
frameworks (MOFs) can serve as precursors for the
preparation of hollow carbon materials. Fan et al. have
successfully transformed ZIF-67 into a carbon materi-
al with cobalt active sites under rational control

through one-step carbonization (Fig. 7¢)"'". The ho-

mogeneous dispersion of cobalt nanoparticles in nitro-
gen-doped porous graphene clusters through a one-
step method demonstrated a synergistic enhancement
of lithophilicity, resulting in a smooth and uniform
process for Li nucleation and plating. In addition, the
carbonized ZIF-67 exhibits optimized electrical con-
ductivity and electrochemical active area that facilit-

ates uniform electron dispersion and prevents charge
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accumulation, thereby impeding Li dendrite growth
and withstanding higher current densities. Addition-
ally, this carbonized architecture provides ample in-
ternal and external space to accommodate Li
plating/stripping without volumetric fluctuations. As
anticipated, the electrode shows excellent cycling sta-
bility (130 cycles at 10 mA cm >, and 80 cycles at 15
mA cm ). As is commonly known, MOF refers to a
type of porous structural material that consists of met-
al ions and organic ligand clusters. Different types of
metal ion MOFs serve different functions in the pro-
cessing of carbon-based Li deposition substrates, in-
cluding lithiophilic components such as Zn!"'". Li et
al. proposed a dual modulation strategy involving con-
tinuous Li nucleation and restricted growth by MOF-
derived hollow capsules embedded with Au or Co-O
nanoparticles with Li affinity as a non-homogeneous
substrate (Fig. 70)!"'". These nanoparticles can func-
tion as heterogeneous crystalline species with zero
overpotential nucleation, facilitating the Li plating in-
to the substrate cavity during the plating process. This
results in the formation of a conformal Li coating on
the interface of the substrate. Modulating the elec-
trode structure with c-Au@ZIF-8 and TA-ZIF-67 ef-
fectively suppresses dendrite formation, enabling the
cycling performance at 10 mA cm > for 220 cycles.
The advanced structure's heterogeneous crystalline
species and restricted domains synergistically prevent
dendrite deposition, enhancing cycling stability and
durability of LMBs anode.

Overall, unlike other carbon materials, hollow
carbon allows for Li deposition within its internal cav-
ity while the carbon shell acts as a SEI, effectively
mitigating volume expansion and suppressing dend-
rite formation. However, the high SSA of the hollow
carbon result in significant initial side reactions, ex-
acerbating electrolyte consumption. Furthermore, the
reasonable design of porous structure and distribution
within hollow carbon walls is crucial in determining
Li transport dynamics.

3.5 Other carbon materials

In addition to the abovementioned mainstream
advanced carbon materials, a diverse range of other
carbon materials such as graphite, graphene quantum

dots, biochar and fullerene have been selected for

their ability to restrain the Li dendrites in electrolyte
additives, SEI layers or deposition substrates.

Sun et al. employed a molecular tunnelling
strategy to fabricate a superdense bulk diffusion Li
conductor (BDLC) with abundant atomic channels
(Fig. 8a)!'"”l. Pre-tunnelling through graphite layers
(with a layer spacing of approximately 0.7 nm) estab-
lished inter- and intra-layer channels for Li diffusion,
introducing both vacant and lithiophilic sites. Unlike
conventional surface diffusion/deposition mechan-
isms, atomic channels effectively mitigate dendritic
problems caused by non-uniform surface deposition
and enable rapid bulk diffusion. The in-situ visualiza-
tion techniques also further confirmed the highly re-
versible and dendrite-free Li plating/stripping behavi-
or in BDLC blocks. As a result, the symmetric cells
can maintain stable operation with low polarization of
27 mV for more than 2 000 h. Yan et al. utilized hy-
drophobic graphite fluoride (GF) to react with molten
Li metal at high temperatures, resulting in the forma-
tion of a SEI layer composed of GF and LiF on Li sur-
face!'!. The SEI layer effectively shields the Li met-
al from water and oxygen in air, ensuring long-term
stability (Fig. 8b). Additionally, the GF-LiF layer ex-
hibits greater viscoelasticity than bare Li and is less
susceptible to fracture, thereby inhibiting the Li dend-
rite growth and stabilizing the anode interface. Wang
et al. constructed LiF-rich SEI by lithiating the anode
of commercial surface-fluorinated mesocarbon mi-
crobeads (MCMB-F)!"". This robust and LiF-riched
SEI exhibits high interfacial energy, and effectively
promotes the planar growth of Li (Fig. 8c). This res-
ults in large grain formation without dendrites and ex-
hibits a smooth, dense structure. Simultaneously, it
hinders the vertical infiltration into the LiF-enriched
SEI to generate Li dendrites and restrains the prolifer-
ation of Li dendrites in the Li metal anode. At a dis-
charge areal capacity of 1.2 mAh cm >, the anode can
achieve a CE for Li plating/stripping exceeding 99.2%
within 25 cycles. Qiao et al. demonstrated for the first
time that a radio frequency sputtering of graphite/SiO,
ultra-thin bilayer on Li metal as a protective layer al-
lows for uniform Li deposition''"*. The flexible graph-
ite within the protective layer serves as an electronic
bridge between the deposited Li and the Li foil,
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(d) Comparative schematic diagrams of the Li plating on Li with or without graphite-SiO, bilayer-modified """\, (¢) Schematic diagram of the preparation of

RCM. (f) Schematic diagram of the preparation of MgO@WC/Li composite electrode

117 (g) Comparative schematic diagrams of the Li* in bare Li anode and

LAL/Li anode upon Li deposition. And the preparation of the LAL™®. (h) Schematic of the bifunctional effects of

nitro-C60 additive!"'”. (Reprinted with permission)

thereby reducing the dead Li and buffering volume ef-
fects resulting from Li deposition (Fig. 8d). The incor-
poration of SiO, enhances Li" conduction and redox
reaction processes, provides high electrolyte infiltrab-
ility, electrochemical stability and mechanical modu-
lus to inhibit the formation of Li dendrites.

Rice husk, due to its rich porous structure and
high SiO, content, is widely utilized in the prepara-
tion of electrode materials such as silicon carbon and
hard carbon. Building upon this foundation, Tao et al.
have developed a multifunctional carbon (RC) extrac-
ted from rice husk to enhance Li anodes and S cath-

[116]

odes' ™. The RC was functionalized with F-contain-

ing groups on its surface, which facilitated the forma-
tion of high-efficiency SEI components and uni-
formly dispersed natural SiO, nanoparticles (Fig. 8e).
These factors combined to create a porous structure
that effectively controlled Li deposition, significantly
reducing nucleation overpotential and improving cou-
lombic efficiency. Tao et al. utilized balsa-derived
porous carbon and metal oxide nanoparticles to con-
struct Li deposition substrate, effectively reducing the
barrier for lithium nucleation (Fig. 8f)""'"\. The non-in
situ observation follow the initial Li plating process
confirms preferentially Li nucleation behavior in the
step-edge region. This edge-guided effect may facilit-
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ate Li stripping/plating primarily near the step region
within the channel and inhibit negative dendrite form-
ation. The modified Li anode exhibits the capability to
operate at ultra-high current densities of 15 mA cm 2,
achieve a Coulombic efficiency of 96%, and demon-
strate reduced nucleation barrier as well as improved
cycling stability.

Peng et al. first proposed the ultrathin Li" adsorp-
tion layer (LAL) composed of graphene quantum dots
with polar functional groups on their surfaces
(Fig. 82)"""". The high Li" affinity of the quantum dots
in LAL enables precise distribution of the Li" flux at
the solid-liquid interface, resulting in increased local
Li" flux and furtherly mitigating Li" depletion under
high rate. Simultaneously, the LAL allows for Li
penetration, resulting in continuous Li" adsorption ef-
fects and dendrite-free Li deposition. The efficiency
Li deposition/dissolution exceeding 1 000 h can be
achieved at high current densities (60 mA cm’) and
areal capacities (60 mAh cm ), surpassing those of
existing lithium anodes. Xie et al. utilized nitro-
fullerene Cg, (nitro-Cy,) as a bifunctional additive in
clectrolyte with a smoothing effect!''”. Nitro-Cg, can
be attracted to anode protrusions through electrostatic
adsorption and subsequently form NO, and C,. The
uneven grooves on the surface of Li serve as anchor-
ing sites for Cg,, resulting in a flattened anode surface
and more evenly distributed electric field, which ulti-
mately leads to uniform Li" distribution (Fig. 8h).
Simultaneously, the NO, anion and Li metal react to
generate a robust SEI enriched with Li;N and LiN,O,
species, which facilitates efficient ion transport. Con-
sequently, these modified Li anodes exhibit enhanced
cycling life.

4  Conclusion and perspectives

LMBs, driven by high energy density demand,
are the most promising candidates for next-generation
high energy density energy storage systems. However,
the unbridled Li deposition/stripping as well as the in-
tense formation of dendrites continue to hinder the
commercial application of LMBs. A more compre-
hensive explanation of the process behind Li dendrite

formation is necessary in order to develop effective

prevention methods. In recent years, several models
have been proposed to explain the formation of Li
dendrites, including surface diffusion model, hetero-
geneous nucleation model, space charge model and
SEI-induced nucleation model. These models contrib-
ute to a better knowledge of the mechanism behind Li
dendrite formation. Although these models have cer-
tain prerequisites and limitations, they provide re-
searchers with different perspectives to address the Li
dendrite problem, such as electrolyte optimization,
nucleation control, SEI modification, 3D substrate
design, etc. Advanced carbon materials, such as
graphene, CNTs, CFs and hollow carbons, are crucial
in addressing the lithium dendrite issue on Li metal
electrodes caused by their high electrical conductivity,
chemical and electrochemical stability, excellent
mechanical properties and plasticity.

Graphene and graphite exhibit superior film-
forming properties compared to other carbon materi-
als, making them ideal for constructing effective SEI
layers that homogenize the distribution of interfacial
electric fields and ion flux. Furthermore, through
functionalization or combination with other lipophilic
components, transport kinetics of Li" are enhanced
while nucleation barriers are reduced, effectively in-
hibiting the formation of Li dendrites. CNTs and CF,
as one-dimensional materials in advanced carbon ma-
terials, possess inherent advantages over other carbon
materials for constructing a 3D Li deposition sub-
strate. In addition to their lightweight nature, the 3D
substrate also exhibits high electrical conductivity and
a large SSA. These properties effectively reduce local
current density and transport kinetics, which are con-
ducive to improving the critical formation conditions
of Li dendrites according to Sand’s law. Additionally,
incorporating other lipophilic components into the 3D
carbon substrate can further enhance the uniformity of
Li deposition. Due to its lower commercial cost com-
pared to CNTs, CF holds greater potential for applica-
tion in Li metal electrodes. The structural advantages
of hollow carbon enable it to deposit Li within its in-
ner cavity and facilitate the construction of SEI
through its carbon shell, which plays a crucial role in
mitigating volume expansion and dendrite growth.

However, its synthesis is complicated. In general, ad-
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vanced carbon materials show great potential in inhib-
iting Li dendrite formation through a variety of tun-
ing mechanisms, including, nucleation, diffusion, SEI
control, and also by serving as deposition substrates,
as shown in Table 1. However, there are still several
issues and functional developments, as mentioned be-
low, that require further understanding and develop-
ment for the construction of high energy density
LMBs using advanced carbon materials as composite
electrodes:

(1) The carbon material’s intrinsic properties,
while advantageous for suppressing Li dendrites, also
present some undesired issues. Its high SSA results in
increased consumption of electrolyte and active Li
sources during the initial electrochemical process for
SEI construction. On the other hand, the high conduct-
ivity of carbon material as a 3D substrate facilitates
rapid electron migration to different regions of the
substrate, potentially resulting in preferential Li de-
position near the electrolyte end and thus impeding
dendrite suppression. Additionally, achieving a stable

SEI formation in the 3D carbon substrates during Li
plating/stripping is challenging, and there remains
controversy surrounding the existence and distribu-
tion of the SEI. Therefore, it is necessary to strike a
better balance and further explore the constitutive re-
lationship between structural design and performance
optimization of carbon materials for Li metal elec-
trode applications.

(2) The dendrite suppression mechanism of car-
bon materials is often attributed to the dispersion of
the current density and homogenization of electric
field, among other factors. However, this explanation
is insufficient, particularly when considering compos-
ites of carbon materials with other substances. To op-
timize the structural design of carbon-based inter-
faces and 3D substrates, a more profound comprehen-
in the Li
plating/stripping process is necessary. Additionally,

sion of the role of carbon materials

employing new characterization techniques to com-
prehend the function of carbon-based Li metal com-
posite electrodes will aid in establishing principles of

Table 1 Summary of the electrochemical performance of electrodes based on different advanced carbon materials

Electrode Symmetric cell Full cell Reference
SR-G-Li 1000 cycles at 5 mA cm 2, 1 mAh cm ™ LiFePO,||SR-G-Li, 1 C, 128.8 mAh g " after 300 cycles [72]
GBL 600 h at 3 mA cm ™, 3 mAh cm > LiFePO,||GBL|ILi, 1C, 100 mAh g after 1600 cycles [74]
NG basedLi metal anodes 150 cycles at 1 mA cm 2, 0.042 mAh cm? _ [77]
rGO—Cu,O/Cu@Li 300 h at 0.5 mA cm? LiFePO,|[rGO—Cu,0/Cu@Li,2 C,94.3mA hg"' [80]
Layered Li—rGO clectrodes  Beyond 100 cycles at 3 mA cm >, mAh cm™ LiCoO,||ILi-rGO, 10 C, ~ 70 mAh g™ [81]
Li-Si0,@ERG-CNF 1000 h at 0.5 mA cm?, 1 mAh cm > Llfoeggﬂkﬁsg@i%fi?)b%ﬁ%le & [86]

Li@TLL-GO/Zn/CC >1600 hat 1 mA ecm 2, 1 mAh em LiFePO,| Li@TLI-CO/Zn/ rC3C(3050(<::’y capacity 7
LiCSMF 2000 cycles at 40 mA cm 2, 2 mAh cm > S-CSMF||LiCSMF, 1 C, 200 cycles [88]
GZCNT-coated Li 100 h at 10 mA cm™ S||GZCNT-coated Li, 0.2 C, 1.73 mAh cm™ after 200 cycles [91]
Li-CNT-AB 100 cycles at 3 mA cm %, | mAh cm? LiFePO,||Li-CNT-AB, CE of ~ 98.7% after 700 cycles. [93]
OPA-Li—-CNT 200 cycles at 3 mA cm 2, 0.5 mAh cm LiFePO,||OPA-Li—CNT, 1 C, 250 cycles [94]
GCF@Li over 300 h at 2 mA cm™ LiFePO,||GCF@Li, 300 cycles with a capacity retention of 80% [96]
CNF-TiN 200 cycles at 3 mA cm ? LiFePO,|[CNF-TiN, 122.4 mAh g ' after 250 cycles [98]
. 2 .
Li/CF 90 h with a small polarizationvoltage of 120 mV S”];eligri; 03Ii2rztr;10Afh9%nL;0 E;f(t)e.ll' lCO,Oa ;}iﬁzzlty [99]
Li-C anode 500 hat 1 mA cm 2, 1 mAh cm™ NMC]|[Li-C, 350-380 Wh kg ™' for 200 cycles [100]
Li@CF 270 cycles at 3 mA cm %, | mAh cm? Mg/Ti-LiNiO,|[Li@CF, 0.5 C, 127 mAh g after 140 cycles [101]
CC-Zn-CMFs 2000 h at 1 mA cm2, 1 mAh cm Mg/Ti-L.iNiOZHCC.-Zn-CMFs--Li, 200 cycles [102]
without obvious capacity decay
SAFeNi@LNCP-Li 650 h at 5 mA cm >, 20 mAh cm > SAFeNi@LNCP||SAFeNi@LNCP-Li, 5 C, 856 mA h g ' [103]
. ,*]
N-HPCSs : A capacty rtenion e of 80,19 aher 400 cyeles 107
Li-Co@N-G 1000 h at 1 mA cm>, 1 mAh cm™ NCM]|[Li-Co@N-G, 1 C, a capacity retention of 92% after 100 cycles  [109]
BDLC 2000 hat I mA cm? 1 mAh cm™ 100% capacity retention is achieved over 370 cycles [112]
. . I .

- LFIOLGNOT 2 dmthem G e
MgO@WC - LiCoO,|MgO@WC/Li, 1 C, 300 cycles [117]
LAL/Li >1000 h at 60 mA c¢m 2, 60 mAh cm 2 LAL/Li-air, stably cycled for over 450 cycles [118]

Nitro-Cy,

>400 h at 1 mA cm >, 1 mAh cm™

S||Li, retention of 63.2% over 100 cycles [119]
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design in general.

(3) Currently, research on the application of Li
metal electrodes supported by carbon materials has
primarily been conducted using button cells and un-
der
However, these conditions are insufficient for practic-

ideal conditions for operation and testing.

al commercial applications. Therefore, it is crucial to
evaluate the feasibility of carbon-based Li metal elec-
trodes under realistic operating conditions. The key
parameters governing the performance of carbon-
based Li metal electrodes, as evaluated under test con-
ditions such as pouch cell, are of paramount practical
importance in guiding the design of carbon material
interfaces, substrates and other functionalizations and
structures. These parameters are crucial to promoting
real-world applications of advanced carbon materials.
The application of LMBs still faces numerous
challenges. The key to commercializing LMBs lies in
solving the problem of Li dendrites on their elec-
trodes. Advanced carbon materials, with delicate
structure and chemical design advantages, exhibit
great potential for addressing this issue. We believe
that a more profound comprehension of the crucial
parameters and mechanisms of carbon-based Li metal
electrodes in practical applications will serve as a
guide for further optimization and design of carbon
material structures, thus expediting the development

and application of LMBs.
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