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ABSTRACT
Lithium metal batteries have recently gained tremendous attention owing to their high energy 
capacity compared to other rechargeable batteries. Nevertheless, lithium (Li) dendritic growth 
causes low Coulombic efficiency, thermal runaway, and safety issues, all of which hinder the 
practical application of Li metal as an anodic material. In this review, the failure mechanisms of 
Li metal anode are described according to its infinite volume changes, unstable solid electro
lyte interphase, and Li dendritic growth. The fundamental models that describe the Li deposi
tion and dendritic growth, such as the thermodynamic, electrodeposition kinetics, and internal 
stress models are summarized. From these considerations, porous carbon-based frameworks 
have emerged as a promising strategy to resolve these issues. Thus, the main principles of 
utilizing these materials as a Li metal host are discussed. Finally, we also focus on the recent 
progress on utilizing one-, two-, and three-dimensional carbon-based frameworks and their 
composites to highlight the future outlook of these materials.
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1. Introduction

During recent decades, research on energy storage sys
tems has grown massively as a result of the escalating 
global shortage of fossil fuels [1–3]. Li-ion batteries 

(LIBs) have emerged as a primary source of power for 
various electrical devices due to their favorable charac
teristics, such as high thermal stability, energy capacity, 
durability, and environmental friendliness [4–7]. Even 
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though LIBs can power small, portable electric devices, 
they are inadequate for long-range electric vehicles (EVs) 
because of their lengthy charging duration and short 
operation time. In addition, there is still a demand for 
higher excess energy storage than what LIBs currently 
provide to accommodate more electrochemical energy 
from intermittent renewable resources [8–10]. These 
resources, such as those harvested from hydroelectric, 
wind, and solar power, require large-scale and cost- 
effective energy storage devices with higher capacity 
[11–14].

Li metal anode has stood out as an ideal candidate, 
not only due to its ultrahigh theoretical specific capacity 
(3860 mA h g−1), but also its lowest redox potential 
among the alkali metals (−3.04 V vs. standard hydrogen 
electrode), and light weight (0.53 g cm−3). In particular, 
the specific energy density of Li metal batteries (LMBs) 
is expected to reach as high as 700 W h kg−1 [15,16]. 
Moreover, LMBs have gained substantial interest, 
including all-solid-state LMBs as well as Li-S and Li- 
air batteries, where the energy density was speculated to 
reach 2600 W h kg−1 for Li-S and 11,680 W h kg−1 for 
Li-air [15–19]. Nevertheless, Li metal suffers from 
severe drawbacks that hinder its usage in practical 
applications, including unstable or uneven solid- 
electrolyte interphase (SEI), the formation of dead Li, 
dendrite growth, and volume changes during plating 
and stripping processes. These lead to severe issues, 
such as short-circuiting, low Coulombic efficiency 
(CE), capacity loss, and safety complications 
[17,20,21]. Consequently, a plethora of research studies 
has been devoted to overcoming the failure mechanism 
of the LMBs, including stabilizing the SEI using electro
lyte additives, preventing dendrite penetration via arti
ficial SEI layers of high modulus or solid-state 
electrolytes, and guiding uniform Li deposition by uti
lizing three-dimensional (3D)-constructed porous 
hosts. Among these strategies, the latter technique has 
gained tremendous attention [22,23].

One of the candidates with the greatest potential for 
cost-effective practical usage of 3D-constructed porous 
hosts is carbon-based frameworks, as they exhibit several 
outstanding properties [18,22], and has been integrated 
in multiple applications [24–29]. In details, a carbon- 
based framework has excellent electrical conductivity 
that facilitates continuous electron transport and limits 
electrode polarization. Moreover, the large surface area 
of the carbon-based framework reduces the local current 
density of the anode and prevents dendrite growth by 
tuning the lithiophilicity of the surface. In addition, the 
pore network inside the carbon-based framework shows 
high electrochemical stability and can store a large 
amount of metallic Li while maintaining the structural 
integrity of the electrode. Finally, a carbon-based frame
work exhibits robust mechanical strength that permits 
volume change accommodation and internal stress resis
tance [30–33].

In this review, we first briefly summarize our fun
damental understanding of the failure mechanism of 
the LMBs, including Li dendrite growth, instability of 
the SEI, and significant volume changes. Then, the 
main principles for utilizing carbon-based frameworks 
as Li host material will be discussed, including carbon 
wettability. We also highlight the recent progress on 
developing stable framework materials, focusing on 
using one-, two-, and three-dimensional (1D, 2D, 
and 3D) frameworks as a feature of nanocomposites 
as host materials. Finally, we provide a future perspec
tive on the characterization mechanisms of carbon 
host materials to improve the energy density toward 
more efficient LMBs.

2. Failure mechanism of Li metal anode

The failure mechanisms of the Li metal anodes are 
primarily associated with uncontrollable dendritic Li 
growth, infinite volume changes, and the unstable SEI, 
which all occur during electrochemical cycling, as 
shown in Figure 1 [34–38].

2.1 Infinite volume change

Volume change of the battery during operation is 
a common serious issue, which afflicts almost all com
mercially available electrode materials. For example, 
the ‘rocking chair’ model shows that the volume 
changes of graphite- and silicon-based electrodes are 
limited to 10% and 400%, respectively [17,20]. 
Utilizing bare Li metal as an anode, on the other 
hand, causes infinite volume expansion due to its 
‘hostless’ nature. The problem starts with the Li inter
face movement during the stripping/plating process, 
in which the volume expansion could reach up to tens 
of micrometers in thickness, imposing SEI instability 
(see Figure 1). In addition, the significant volume 
changes may induce mechanical stresses that destroy 
the integrity of the anode, and increase electrode 
impedance and capacity fade [7,23].

2.2 Unstable solid-electrolyte interphase (SEI)

Conceptually, the electrolyte reduction on the surface of 
the electrode forms a bilayer SEI film, which consists of 
a main layer that directly grows on the anode surface and 
a second porous layer that originates from the solution 
side. Therefore, the SEI can block electrons and con
ducting ions. In normal circumstances, the formation of 
the SEI film on the battery’s electrode can eliminate 
excessive reactions between the electrode and electrolyte. 
Utilizing Li metal as the anode, however, can result in 
a fragile and unstable SEI with variable morphology and 
thickness, owing to the high reactivity of Li and infinite 
volume change (Figure 1) [35]. This takes place during 
battery cycling, in which the Li anode surface can 
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spontaneously react with various polar-aprotic electro
lyte solvents and salts. In addition, the morphology of 
the Li metal deposited on the electrode surface is highly 
affected by the diffusion behavior through the SEI layer. 
In other words, an extremely thick SEI layer, as shown in 
Figure 1, causes high interfacial impedance while an 
extremely thin SEI layer cannot protect the electrode 
from side reactions [17]. Furthermore, the irreversible 
Li depletion usually degrades the CE of LMBs, which 
severely affects its overall performance and becomes the 
main obstacle to practical applications. In addition, the 
SEI continues to react and consume more fresh Li ions 
to compensate for the breaking of its integrity, which 
eventually leads to low CE and faded capacity [17,39].

2.3 Dendritic growth

Dendritic growth is a well-known phenomenon that 
emerges during metal electroplating. The Li-ions within 
the electrolyte acquire electrons and are deposited on the 
surface of the anode, forming various dendrite structures, 
such as trees, snowflakes, needles, and whiskers [40–43]. 
The ungovernable generation of dendrites during battery 
cycling increases the surface area of the electrode, which 
increases the side reactions between the electrolyte and 
the Li metal. Consequently, the Li-ions would favor the 
dendrites as their deposition surface due to the stronger 
electric fields and larger electroactive surfaces, inducing 
more unnecessary side reactions. This results in rapid 
consumption of the electrolyte, and accelerating capacity 
fading, (see Figure 1) [42]. Moreover, the further 

extension of a Li dendrite can lead to the loss of its 
electronic contact with the electrode during stripping, a 
phenomenon called ‘dead Li’, which reduces the active 
material, minimizes the surface area, and renders huge 
impedance. Moreover, the continuous growth of the Li 
dendrites can generate sharp and long ones that could 
reach the surface of the cathode while penetrating the 
separator, causing an inner short circuit within the elec
trochemical cell. Short circuits are accompanied by heat 
dissipation, and thus electrical fires and explosions, as 
illustrated in Figure 1 [34,42,44].

3. Li deposition and dendritic growth

As explained in the previous section, dendritic Li 
growth causes many significant challenges that hinder 
the practical application of LMBs. Hence, realizing the 
main factors that play a role in the dendritic growth is 
the first step, including the failure mechanisms and 
appreciating the importance of utilizing engineered 
carbon-based frameworks as a powerful solution.

3.1 General models of Li formation and dendritic 
growth

During the last four decades, many theoretical 
models have been established to investigate the 
factors and processes responsible for dendritic 
growth. This section discusses some standard 
essential models.

Figure 1. Schematic illustration of the failure mechanisms that occur in Li metal anode; Infinite volume expansion of Li metal 
causes instability of SEI and induces mechanical stresses that destroy the integrity of the anode. Extremely thick SEI layer causes 
high interfacial impedance. The dendritic growth forms in various dendritic structures, such as trees and whiskers. The further 
extension of these Li dendrites can lead to a loss in their electric contact with the anode during stripping, resulting in ‘dead Li’. 
Furthermore, long dendrites can cause short circuits.
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At the beginning of the Li plating process, the Li-ions 
start migrating to the electrode surface under the dual 
effects of the concentration gradient and the electric field. 
The Li-ions will be reduced and start nucleating, in 
which the speed of Li-ion consumption and deposition 
relies on the applied current density [23,40,45]. 
Therefore, the cathode begins to supply Li ions to macro
scopically compensate for the Li-ion depletion at the 
anode, which also relies on the applied current density. 
Hence, the microscopic distribution of these ions at the 
anode governs the overall deposition morphology. For 
this reason, Brissot et al. have provided one of the most 
widely acceptable models that demonstrates the dendritic 
growth mechanism based on the concentration gradient 
near the electrode [46–48], as illustrated in the following 
equation: 

@C
@x

xð Þ ¼
Jμa

eD μa þ μLi
� � ; (1) 

where e is the electric charge, D is the ambipolar 
diffusion coefficient, C is the Li+ concentration in the 
electrolyte, J is the effective current density, μa is the 
anionic mobility, and μLi is the Li-ion mobility.

The change in ionic concentration (@ C/@ x) from the 
anode to the cathode is linearly correlated to J. In con
trast, two different types of behavior are expected from 
a Li symmetric cell at low and high applied current 
densities, depending on the initial concentration, C0, D, 
and the inter-electrode distance (L). At a low current 
density, when @ C/@ x < 2 C0/L, the deposition of Li ions 
shows a smooth surface morphology. In contrast, at 
a high current density, when @ C/@ x > 2 C0/L, the Li- 
ion and anionic concentrations behave differently at 
a certain point, forming a localized space charge. This 
results in a large electric field, thus inducing dendritic 
growth. More specifically, Chazlviel et al. described the 
relationship between the current density (J) and the time 
at which the ionic concentration vanishes at the anode, 
denoted as Sand’s time (τ). The Sand’s time is inversely 
proportional to J2, so that a high value of τ means that 
a longer time is needed for Li deposition [49]. This 
correlation and other influential factors are presented 
in the following equation: 

τ ¼ πD
eC0

2Jta

� �2

(2) 

where ta is the anionic transference number. A low τ 
value means that the dendritic growth will initiate in 
a shorter time. The Chazalviel model is considered as 
one of the most reliable models that simulates and 
predicts the Li deposition behavior at high current 
density. Other experimental results and models, how
ever, have clearly demonstrated that the Chazalviel 
model can also be extended to low current densities. 
This was attributed to the local fluctuations of current 
density on the anode surface [50–52].

For example, one study by Cheng et al. showed that 
mossy-like (2D) dendrites are induced at low current 
densities due to the kinetic limitations of Li reduction 
(Figure 2a) [43,44,53]. The high current density, in con
trast, causes three-dimensional dendritic growth due to 
rapid Li-ion depletion in the proximity of the electrode 
surface. Another recent study, Bai et al., explains the 
dendritic growth analytically at various current densities 
using a nanoporous ceramic separator and Li metal 
anode (Figure 2b) [54,55]. First, if the current density is 
less than its critical value (J < Jcc), the mechanism of 
dendrite growth is called ‘root-growth’, and the structure 
becomes whisker-like. In this case, the SEI remains 
intact, and the deposition occurs beneath until it reaches 
a certain point of time when pinholes in the SEI begin to 
release pressure in the form of whisker-like dendrites 
(Figure 2b). The whiskers protrude as wires from the 
SEI surface when the deposition continues further. On 
the other hand, if the current density is more than the 
diffusion-limited current density (J > Jlim), the aforemen
tioned Chazalviel model is applied, where tree-like den
drite structures form (Figure 2b). Bai et al. added to this 
model an additional interesting regime in between (Jcc < J 
< Jlim), where the intermediate current density is applied 
at a rate that is similar to the rate of SEI formation. This 
causes mossy-like dendritic growth with a non-uniform 
interfacial layer (Figure 2b).

Another model, proposed by Monroe and 
Newman, addressed the growth rate of the dendrites 
under different galvanostatic conditions [56,57]. The 
model demonstrated that the local electric field is 
intensely increased at the tip of a dendrite, inducing 
further Li deposition from the electrolyte and thus 
accelerating its growth.

Additional thermodynamic factors also contribute to 
the dendritic growth besides the kinetic factors. Ely et al. 
designed analytical frameworks for reaction-rate-limited 
systems to anticipate Li growth and nucleation during 
electrodeposition [58]. The work showed different five 
regimes of nucleation behavior, including short incuba
tion time, long incubation time, nucleation suppression, 
early growth, and late growth (Figure 3a). In the nuclea
tion suppression regime, the embryos were unable to 
persist and thermodynamically unstable, which possibly 
caused them to dissolve back into the electrolyte. In the 
long incubation time regime, the embryos were in 
a thermodynamically favored and metastable condition, 
in which they persisted without growing until they were 
subjected to thermal variations. In the short incubation 
time regime, narrow-sized embryos started to nucleate 
faster with increasing overpotential. Thermodynamic 
and kinetic stability in the growth of nuclei were dis
played in the early growth regime, where the growth rate 
reached the constant terminal velocity. Eventually, the 
late growth regime included unstable morphologies that 
were dominated by the localized electric fields, as shown 
in Figure 3a.
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A recent study by Pei et al. that investigated the Li 
deposition morphology at different current densities, illu
strated the dependence of the shape, size, and areal den
sity of Li nuclei on the current rate, as shown in Figure 3b 
[59]. This aligns with the classical nucleation and growth 
theory, as they found that the size of the nuclei is inversely 
proportional to the nucleation overpotential and that the 
density of the nuclei is directly proportional to the cubic 
power of the overpotential.

The deposition and solution model has demon
strated that mechanical stress causes dendritic 
growth [23,60]. The Laplace’s equation (2) shows 

the relationship between surface tension (γ), pres
sure difference (ΔP), and orthogonal curvature 
radii (R1, R2) as described: 

ΔP ¼ γ
1

R1
þ

1
R2

� �

(3) 

on the basis of this model, Yamaki et al. con
ducted a study on utilizing hard films with surface 
tension of more than 0.2 N/m to prevent dendrite 
penetration mechanically, acting as a blocking 
layer [61,62].

Figure 2. A) Schematic illustration showing the early stages of Li dendritic growth at different current densities Reproduced with 
permission from [44], Copyright 2021, Wiley. b) The different types of Li dendritic growth and their interactions with a nanoporous 
alumina separator under different current density conditions. AAO: anodic aluminium oxide Reproduced with permission from 
[54], Copyright 2018, Science.
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The studies and theories mentioned above provide 
a comprehensive understanding of the main mechan
isms and factors contributing to dendritic growth, which 
paves the way toward designing and engineering stable 
anode materials utilizing a carbon-based framework.

4. Principles toward utilizing carbon-based 
frameworks as Li host materials

Based on the aforementioned models and discussion, 
tremendous attention has been drawn toward designing 
Li host frameworks to regulate and stabilize the LMBs. 
Carbon matrices, such as graphite felts, carbon nano
tubes, graphene, hollow carbon nanospheres, and carbon 
foams, are among the most researched candidates owing 
to their easily controlled properties, cost-effectiveness, 
and easy synthesis and functionalization for real practical 
applications of LMBs [18,63–67]. In this section, the 
main principles that must be considered to utilize carbon 
matrices as Li host materials will be discussed.

As inferred earlier, the initial nucleation of dendritic 
growth and its rate is mainly affected by the non- 
uniform distribution of the Li-ion flux on the electrode 
surface, which arises from the enormously high local 
current density. To slow down the nucleation of den
drites, carbon-based frameworks were initially designed 
to offer a larger surface area that increases Sand’s time 
by decreasing the local current density (J). Nevertheless, 
unwanted massive electrolyte consumption might 

occur during the SEI formation due to the large elec
trode/electrolyte interface area. As a result, the impe
dance for Li-ion transport may increase, leading to 
premature death of the LMB [63,68–70].

This concept was demonstrated by Jeong et al., who 
compared two different pore sizes and surface areas of 
carbon material (Figure 4a) [71]. The microporous 
carbon (MSP-20) with a pore size of < 2.0 nm and 
a surface area of 2110 m2g−1 showed a significant 
decrease in the CE after the 80th cycle and faded at 
around the 110th cycle. In contrast, the mesoporous 
carbon (CMK-3) with a pore size of 3.4 nm and a surface 
area of 1120 m2g−1 exhibited stable cycling up to 200 
cycles and a CE of > 95%. The results of this study 
provide evidence that surface area is not the only factor 
that affects the dendrite growth, but also the pore size.

The high mechanical stability and flexibility of 
a carbon-based framework are essential properties to 
stabilize the SEI by alleviating volume change, suppres
sing the Li dendrite growth, and inhibiting the elec
trode disintegration. These properties make the SEI less 
susceptible to swelling-related stresses and fluctuations 
during Li plating/stripping cycles [18,31,33,72,73]. One 
study, conducted by Zheng et al. provided evidence that 
interconnected amorphous hollow carbon nano
spheres, acting as a monolayer coating for Li metal 
anode, as shown in Figure 4b, help in isolating the 
deposition of Li metal and facilitating the formation 
of a stable SEI [74]. In another study, conducted by Liu 

Figure 3. The main regimes of the initial stage behavior of Li nucleation and growth. a) Above the black bold curve, there is a zone 
of stable Li growth. Below the blue curve is the undesirable Li growth zone. The solid grey curves represent the fixed incubation 
times. The dotted grey curves highlight the initial velocities of Li nucleation Reproduced with permission from [58], copyright 
1948, Electrochemical Society. b) Schematic illustration of the size and density of Li nuclei deposited on Cu current collectors at 
different nucleation overpotentials Reproduced with permission from [59], copyright 2017, American Chemical Society.
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et al., a 3D porous structure was constructed as a Li 
metal host, which was made of carbon cloth and inter
connected carbon nanotubes (CNTs) (CC/CNT) [75]. 
The results showed that the porous structure of CC/ 
CNT offered enough space to suppress volume changes, 
whereas the CNTs on the top surface acted as active 
sites to reduce the local current density. Consequently, 
a stable SEI was formed, and battery life was extended.

For practical application, a large pore volume and 
low mass density are necessary to increase the gravi
metric capacity by holding more lithium inside the 
host materials while maintaining the structural integ
rity of the electrode [76–78]. For example, to achieve 
a gravimetric energy capacity of 3860 mA h cm−2 for 
1 g of Li metal, the volume required is 1.87 cm3. This 
means the host materials should offer a large pore 
volume to accommodate the lithium and increase its 
energy storage properties [79,80]. Theoretically, the 
gravimetric capacity of carbon-based frameworks can 
be calculated via the following equation: 

Qtheortical;g ¼
V � QLi þmc � Qc

mLi þmc
(4) 

where Qtheortical;g is the theoretical gravimetric capa
city, Qc is the theoretical volumetric capacity of car
bon, QLi is the volumetric capacity of Li, V is the pore 
volume, and mc and mLi are the masses of the carbon 
frameworks and the Li-metal, respectively. Although 
high pore volume is the desired property, carbon- 
based frameworks usually exhibit low reversibility 
in terms of areal capacity. A study that employed 
a Li-metal-filled carbon fiber network as a host mate
rial, showed that while the gravimetric and areal 
capacities were enhanced by 2000 mA h g−1 and 
19 mA h cm−2, respectively, the reversibility was for 
one discharge only [81]. Typically, practical applica
tions of Li-metal anodes require a reversible areal 
capacity that is higher than 5 mA h cm−2, which 
most studies in the literature have not yet accom
plished. Therefore, other factors were investigated to 
increase the reversibility, including the pore size and 
depth [82]. As discussed earlier in Figure 4a, micro
pores show resistance to Li storage, while mesopores 
show higher Li storage and reversible capacity. The 
morphology of the Li deposition is also governed by 
the pore depth, as the distribution of electric field can 

Figure 4. A) Schematic representation of the effects of different pore sizes on Li deposition behavior Reproduce with permission 
from [71], copyright 2020, The Royal Society of Chemistry. b) The hollow carbon nanospheres act as a scaffold to stabilize the SEI 
layer. The scanning electron microscopy (SEM) image on the right displays no dendritic growth after Li deposition Reproduce with 
permission from [74], copyright 2014, Nature. c) Schematic illustration of the behavior of Li plating on an electrical conductivity- 
controlled 3D host and a 3D conductive host. The SEM images present different views of the pristine partially reduced graphene 
oxide ‒graphene foam (PrGO–GF)/Cu electrode Reproduce with permission from [89], copyright 2021, Royal Society of Chemistry. 
d) LiF-rich SEI formation on Co-ZIF-C electrode stabilizes the cycling performance. The SEM image shows no dendritic growth after 
cycling Reproduce with permission from [90], copyright 2021, Springer.
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be altered by tuning the pore depth as well as the 
chemistry of the host material, which will be dis
cussed in the following section [83,84].

The electrical conductivity of the host material is 
another crucial aspect to consider when designing the 
carbon-based framework, because it facilitates contin
uous electron transport and limits electrode polariza
tion. Therefore, a highly conductive framework can 
result in fast Li-ion transportation and capture [78]. 
Nevertheless, if the electrical conductivity of the host 
material is non-uniform, this could result in irregular Li 
deposition, since the regions of higher electrical con
ductivity quickly capture more Li ions compared to 
other regions of lower conductivity [85–87]. Creating 
a conductivity gradient within the Li host is an effective 
strategy that is used to generate more current flow in 
bottom deposition [88]. A 3D conductive framework 
was introduced by Park et al. that ultimately mitigated 
the dendrite growth by integrating non-conductive 
glass fiber or polyacrylonitrile (PAN) as a top mem
brane, as shown in Figure 4c [89]. This layer induced 
a conductivity gradient that ensured a proper distribu
tion of Li-ion flux and regulated the bottom-up Li 
deposition, enhancing the overall performance.

The chemical stability and composition of the carbon- 
based framework are additional properties that prevent 
side reactions with the electrolyte under the redox envir
onment and maintain a robust SEI, respectively [18,72]. 
Lee et al., for instance, demonstrated the role of cobalt 
(Co) nanoparticles, which were integrated into a porous 
carbon framework, in forming a thick lithium fluoride 
layer that dominated the SEI in ether-based electrolytes 
[90]. The results showed that the host anode containing 
Co nanoparticles exhibited an outstanding electrochemi
cal performance with a high CE and a stable long-term 
operational lifespan (see Figure 4d).

5. Wettability of carbon-based frameworks

In normal circumstances, the mechanism of electro
plating is known to start when the Li-ions approach 
the anode from the bulk electrolyte, after which, they 
shed off the solvent molecules to reduce themselves 
and transform to Li adatoms. Following this, the Li 
adatoms diffuse on the surface of the anode until they 
become incorporated into the metal lattice [91]. This is 
not the ideal case, however, as weak interactions and 
a high diffusion barrier are expected, which make the 
Li metal thermodynamically susceptible to dendritic 
growth. Based on this, a detailed understanding of the 
chemistry of the carbon-based framework and its 
structure needs to be considered. These materials 
might suffer from poor Li wettability, which results 
in significant nucleation and diffusion barriers as well 
as upper surface electrodeposition of Li metal 
[1,17,38,43,58,92].

The pore structures and the lithium wettability of 
the carbon-based frameworks are of special impor
tance according to the classical heterogeneous nuclea
tion theory, which explains the dependence of the 
nucleation barrier on the lithium wettability of the 
anode material, as described in the following equation: 

ΔGhet ¼ S θð ÞΔGhom (5) 

where ΔGhet and ΔGhom are the heterogeneous and 
homogeneous nucleation barriers, respectively. The 
heterogeneous nucleation barrier ΔGhet is also deter
mined by the shape factor S θð Þ, which corresponds to 
the surface morphology of the substrate and changes 
its value according to the presence of pores, as shown 
in Figure 5a. The nucleation barrier does not exist 
when the angle between the host material and the Li 
metal nucleus is equal to zero. If the angle comes close 
to 180 degrees, in contrast, the heterogeneous nuclea
tion barrier is at its maximum and equals the homo
genous nucleation barrier. In summary, the lower the 
Li wettability, the greater is the nucleation barrier as 
well as the critical radius to form nuclei, resulting in 
dendrite growth [93].

On the basis of the classical heterogeneous nuclea
tion theory, the lithiophilicity of the anode is quanti
tively described by the nucleation overpotential. 
Primarily, the overpotential can be divided into three 
regimes, (Figure 5b). The first one is the initial steep 
fall in the overpotential of nucleation, which indicates 
the SEI formation. The second regime is the sharp 
negative spike in the overpotential, which indicates 
the formation of the Li metal nuclei. The spike indi
cates the electrochemical supersaturation needed to 
overcome the nucleation barrier for Li plating. The 
last regime is when the overpotential rises to a plateau 
due to the post nucleation growth phase of the Li 
nuclei. This is because adding a Li adatom to an exist
ing Li nucleus is more favorable and has a lower 
energy barrier than forming a seed of Li metal [21,94].

A comprehensive understanding of the lithiophilic 
nature of heteroatom-doped carbon-based frame
works was demonstrated by a theoretical study con
ducted by Chen et al. The binding energy between 
a lithium atom and heteroatom-doped carbon was 
calculated for various cases (Figure 5c), including pyr
rolic nitrogen (rN), a carboxylic group (aO), graphitic 
boron on the edge (egB), graphitic boron in the bulk 
phase (bgB), B-2C-O-type boron (oB), a ketone group 
(kO), quaternary nitrogen (bqN), quaternary nitrogen 
on the edge (eqN), pyridinic nitrogen (pN), cyclic 
oxygen (cO), an epoxy group (eO), a hydroxyl group 
(hO), F, Cl, Br, I, P, S, and a sulfonyl group (oS) [91]. 
The simulation results suggested three basic principles 
that could be used to improve the lithiophilicity of the 
anode substrate, in terms of electronegativity, charge 
transfer, and local dipoles. The upshot of the study was 
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that the Li ions, acting as a Lewis acid, are strongly 
attracted to heteroatoms, which act as Lewis base sites 
owing to their high electronegativity. The functional 
groups with B, N, and O are found to decrease the Li 
nucleation overpotential. In contrast, Cl, I, S, F, and Br 
do not provide high electronegativity toward Li atoms. 
The second principle includes enhancing the binding 
energy via co-doping as a strategy to induce a strong 
local dipole, such as O-S/B/P co-doping. Finally, it was 
determined that a critical charge transfer above 0.9 e− 

is required to increase the binding energy, suggesting 
that charge transfer has a crucial role during Li 
nucleation.

6. Recent progress on designing 
carbon-based frameworks (1D, 2D, 3D) and 
composites

The use of carbon-based frameworks has recently 
become a highly favorable strategy that can stabilize the 
electrochemical reactions and enhance the safety of Li 
metal anodes. In practice, any carbon-based framework 
needs to exhibit some basic requirements to improve the 
performance of the anode, including light weight, che
mical and mechanical stability, high surface area, large 
pore volume, sufficient conductivity, and most impor
tantly, lithiophilicity. Understanding the dimensionality 

Figure 5. A) Schematic illustration of how lithiophilic pores within a suitable host material can store the Li-metal. When the sum of 
the half angle of the cavity and the contact angle of the nucleus on the substrate is below 90°, the energy barrier will be zero 
Reproduced with permission from [15], copyright 2020, Elsevier. b) Typical voltage profile of galvanostatic Li deposition (black) 
and double pulse potentiostatic Li deposition (red) Reproduced with permission from [59], copyright 2017, American Chemical 
Society. c) Modelling of heteroatom-doped carbon versus pristine graphene model. The bar chart below is a summary of the 
calculated binding energy between different heteroatom-doped carbons and a Li atom Reproduced with permission from [91], 
copyright 2019, Science.
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of the host material and its corresponding properties is 
important for constructing a highly efficient anode. This 
section will discuss the recent progress on utilizing 1D, 
2D, and 3D carbon-based frameworks, and their 
nanocomposites.

6.1. 1D carbon

6.1.1 Carbon fibers
Carbon fibers (CFs) come in a 1D structure with dia
meters that range from the nano- to the microscale. 
Besides its outstanding mechanical properties, CFs can 
be mass-produced in a cost-effective way to facilitate the 
quantitative integration of electrode materials. The 
main purpose of employing CFs in the anode is to 
offer a high surface area that enhances the Li-ion flux. 
A multifunctional current collector was constructed by 
Niu et al. that utilized graphitized carbon fibers (GCF) 
to enlarge the Li storage capacity by intercalation and 

plating reactions [95]. In addition, using GCF provided 
a porous structure, which increased the surface area and 
mitigated volume changes. The enhanced electrochemi
cal performance of this designed anode structure was 
proved by its large areal capacity of 8 mA h cm−2, high 
CE of 98% for 50 cycles, and low nucleation overpoten
tial of 10 mV. (Figure 6a) Another approach was 
adopted by Niu et al., where mesoporous carbon nano
fibers were functionalized by amine groups while mon
itoring the battery stability under practical conditions, 
as shown in Figure 6b. Interestingly, in this study, it was 
found that the mesoporous carbon structure and the 
amine groups facilitated the self-smoothing of Li during 
the deposition process and enabled the carbon hosts to 
be superwetting towards Li [96]. These results were 
reflected by the electrochemical performance of the 
battery, in which the areal capacity was 1.25 mA 
h cm−2 for 1000 cycles at a current density of 
1.25 mA cm−2.

Figure 6. A) SEM images showing the morphology of the pristine GCF, intercalated GCF, and GCF charged up to 2 mAh cm−2. The 
galvanostatic discharge profile with inset schematic diagrams of lithium behavior during cycling is shown below. All scale bars in 
(a) are 10 µm Reproduce with permission from [95], copyright 2017, Wiley. b) The schematic illustration on the left shows that the 
pristine carbon is not Li-wetting, but after being functionalized with heteroatoms, it becomes superwetting. The schematic 
illustration on the right side shows that, after functionalizing graphitized fiber carbon (GFC) with amine groups, it becomes 
superwetting, and the Li grows axially. The cycling performance and CE of Li-C||NMC622 and Li||NMC622 cells, demonstrating 
long-term cycling. An SEM image of amine functionalized GFC shows smooth growth of Li Reproduce with permission from [96], 
copyright 2019, Nature.
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6.1.2 Carbon nanotubes
Carbon nanotubes (CNTs) have a unique 1D structure 
that enables fast ion and electron conduction, so that 
they serve as ideal candidates for anodes that perform 
under high current densities. The light weight, 
expandability, and mechanical robustness of the 
CNT play a significant role in enhancing the reversible 
capacity of batteries. One research study, conducted 
by Sun et al., showed the benefits of these properties by 
using CNT paper as a conductive framework to 
increase the Li metal storage by 80.7 wt % [82]. The 
physical and mechanical nature of this sp2-hybridized 
carbon framework permitted a high CE of > 97.5% for 
1000 cycles at a current density of 10 mA cm−2 and 
a high areal capacity of 10 mA h cm−2 (see Table 1). To 
enhance the lithiophilicity of their CNT framework, 
Liu and co-workers introduced oxygen into the CNTs 
as a doping material (O-CNT) [97]. The theoretical 
and experimental results proved that the ketonic 
group (C = O) enhances the Li wettability of the 
anode, which was quantitively measured by its lower 
nucleation overpotential (35 mV). Moreover, the por
ous structure of the 3D O-CNT conductive network 
facilitated Li-ion and electron transport with long- 
term durability, which was reflected in the electroche
mical performance of the battery (see Table 1).

6.2 2D carbon

Graphene is a 2D monolayer of carbon atoms that are 
oriented into a hexagonal honeycomb-like lattice, 
which provides superior electrical conductivity, high 
surface area, and mechanical flexibility and stability. 
Therefore, many studies have focused on integrating 
graphene in LMBs. For example, Li et al. utilized self- 
assembled reduced graphene oxide (rGO) as a carbon- 
based framework, owing to its compact layer-by-layer 
structure and smooth surface [98]. Interestingly, they 
obtained epitaxial and dense lithium electrodeposi
tion, even at a high current density of 20 mA cm−2. 
The deposition mechanism behind achieving planar 
(110) crystallographic planes of lithium crystal is 
related to the in-plane lattice matching between two 
Li atoms, which have atomic length of 4.96 Å along the 
(110) plane, and two carbon hexagons, which have 
length of 4.92 Å in the zigzag direction of graphene 
(See Figure 7a). The performance of the dendrite-free 
rGO-based anode was demonstrated by its high CE of 

99% for 300 cycles at a current density of 1 mA cm −2 

and a capacity density of 1 mA h cm−2. Another study, 
conducted by Zhang et al., designed N-doped gra
phene as an Li plating matrix to control Li nucleation 
and inhibit dendritic growth [99]. The pyrrolic nitro
gen and pyridinic nitrogen functional groups dis
played favorable lithiophilicity due to the relatively 
small nucleation barrier, which yielded a uniform dis
tribution of the Li metal on the electrode substrate 
compared to pristine graphene and Cu anodes. Such 
guided Li nucleation resulted in dendrite-free mor
phology during cyclic Li plating, and the cell exhibited 
a high CE of 98% over nearly 200 cycles (see 
Figure 7b). Additionally, a study was conducted by 
Liu et al. that utilized CoNx-doped graphene to obtain 
high stability and high CE of 99.2% within 400 cycles. 
They reported that the existence of CoNx as heteroa
toms in graphene enhanced the adsorption of the 
lithium ions and promoted uniform nucleation as 
well as smooth lithium deposition (see Table 2) [100].

6.3 3D carbon

Carbon materials with 3D structures have desirable 
characteristics in terms of cost-effectiveness, easy 
synthesis and functionalization, controllable micro
structures, electrical conductivity, and high surface 
area. Thus, this type of carbon structure is considered 
as one of the most practical candidates for industrial 
production. Investigations of guiding homogeneous Li 
plating via 3D carbon frameworks were conducted by 
Liu et al., who used lightweight, flexible nitrogen- 
doped graphitic carbon foam (NGCF) in situ [101]. 
The presence of N-containing functional groups, 
including pyridinic N and pyrrolic N, in the anode 
design, enabled dendrite-free Li electroplating and 
enhanced the electrochemical performance even at 
high areal capacity of 10 mA h cm−2. (See Figure 8a) 
This was evidenced by the low nucleation overpoten
tial (< 25 mV at 3 mA cm−2) and the high CE (99.6%) 
for 300 cycles. In another study, Kim et al. utilized Zn/ 
N doped porous carbon framework (PCF), which was 
derived from ZIF-8, where ZIF is zeolitic imidazolate 
framework [102]. It was shown that the dispersed Zn 
facilitated Li plating and enhanced the reversibility of 
Li storage. More importantly, the cycle test demon
strated stable behavior over 350 cycles, with an areal 
capacity of 0.2 mA h cm−2 (see Table 3). Building on 

Table 1. Electrochemical performances of Li-metal anodes utilizing 1D carbon-based frameworks.

Material
Li nucleation 

overpotential (mV)
Current density 

(mA cm −2)
CE 
(%) Cycles

Areal capacity 
(mA h cm−2)

CNT sponge [82] 33.00 1.00 98.5 90 2.00
Oxygen-rich carbon nanotube [97] 35.00 1.00 99 200 2.00
CNT paper [106] - 10.00 97.5 1000 10.00
Amine-doped carbon nanofiber [96] - 1.56 . 1000 1.56
Graphitized carbon fibres [95] 10.00 0.50 98 50 8.00
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the work completed by Kim et al., Lee et al. compared 
the performance of Zinc/Nitrogen@amorphous car
bon and Cobalt/Nitrogen@graphitic carbon to under
stand the effects of graphitized carbon and doped 
materials on the electrochemical deposition behavior 
[103]. The results showed that the Zinc/ 
Nitrogen@amorphous carbon exhibited 
a relatively less lithiophilic surface and gradually 
formed an SEI on the Li whiskers. On the other 
hand, the Cobalt/Nitrogen@graphitic carbon 
showed a relatively low nucleation barrier due to 

the uniform distribution of the lithiophilic sites 
that facilitate the nucleation of Li metal. It was 
found that the utilization of Co/N co-doped por
ous carbon can delocalize electrons to the neigh
boring C atoms, which enhances the 
electronegativity of the surface and the interaction 
between the Li+ and the Co/N doped graphite. The 
electrochemical performance results indicate 100% 
CE for > 100 cycles with an areal capacity of 
0.4 mA h cm−2 at 0.2 mA cm−2. 
(See Figure 8b)

Figure 7. A) Schematic illustration of the axial growth of Li on an rGO substrate. The red dashed lines are the graphene zigzag 
lattice directions. The electrochemical performance of the rGO demonstrates the stability of the symmetrical cell up to 500 hours 
SEM images of the rGO show the axial growth of the Li metal. Scale bars in (a) are 100 µm and all scale bars in insets are 50 µm 
Reproduced with permission from [98], copyright 2020, Wiley. b) Schematic illustration of different doped heteroatoms in the 
graphene. The middle bar chart illustrates the binding energy calculated between the Li atom and different functional groups. The 
schematic illustration below and inset SEM image show the smooth Li growth. The right-side schematic shows the total electron 
density (blue) of isolated atoms on graphene and pyrrolic-N. The red regions indicate less electron density Reproduced with 
permission from [99], copyright 2020, Wiley.

Table 2. Electrochemical performances of Li-metal anodes utilizing 2D carbon-based frameworks.
Material Li nucleation overpotential (mV) Current density (mA cm −2) CE (%) Cycles Areal capacity (mA h cm−2)

O-doped graphene [91] 15.00 0.50 - - -
Reduced graphene oxide [98] 31.20 1.00 99 300 1.00
N-doped graphene [99] 0.36 1.00 98 200 1.00
CoNx-graphene [100] - 2.00 99.2 400 2.00
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Figure 8. A) Schematic illustration of NGCF, with the SEM image showing the smooth Li deposition without dendritic growth. The 
graph below presents the difference in CE between NGCF and Cu current collector at areal capacity of 2 mAh cm−2 during Li 
plating/stripping Reproduced with permission from [101], copyright 2018, Wiley. b) Schematic illustration of the Li deposition 
behaviour on the Zn/N@amorphous carbon and Co/N@graphitic carbon. The transmission electron microscope (TEM) images 
show the morphology of the Li deposits. The schematic diagram below shows the charge densities and the charge transfer 
behaviour on the N-doped carbon and Co-N co-doped carbon. The voltage profiles of the Zn/N@amorphous carbon and Co/ 
N@graphitic carbon are on the right, and their cycling performances are at the bottom. Scale bares in (b) are 50 nm Reproduced 
with permission from [103], copyright 2021, Elsevier.

Sci. Technol. Adv. Mater. 23 (2022) 181                                                                                                                                              H. QUTAISH et al.



6.4 Nanoseed-carbon composites

Despite the ability of carbon materials to react with 
heteroatoms or functional groups, high current densities 
remain a challenge in attaining homogeneous Li nuclea
tion with a high Li content and prolonged operational 
cycles. Realizing more stable Li plating by alloying with 
other functional materials, such as Ag, Mg, Zn, Au, Si, 
and Al, is a promising alternative technique [104,108]. 
These material substrates show a low nucleation barrier 
to Li plating, since they act as an intermediate buffer layer 
and can dissolve in Li at specific see Figure 9a. Figure 9b 
displays the nucleation overpotential for different 

material substrates at which the alloy formation enabled 
by Ag, Mg, Zn, Au, Si, and Al lowers the overpotential to 
the minimum compared to Cu, Ni, and C [108]. Owing to 
this important property, research studies have focused on 
incorporating these materials in the form of nanoseeds 
into the carbon-based frameworks. One study, conducted 
by Yan et al., explored the nucleation pattern of Au 
nanoseeds encapsulated in hollow carbon spheres to ben
efit from its crystal lattice matching and solubility in Li 
[108] See Figure 10a. The deposition process demon
strated selective stable encapsulation with improved 
cycling for more than 300 cycles and a CE of 98%. 
A more recent study done by Fang et al. incorporated 

Table 3. Electrochemical performances of Li-metal anodes utilizing 3D carbon-based frameworks.

Material
Li nucleation  

overpotential (mV)
Current density  

(mA cm −2) CE (%) Cycles
Areal capacity  
(mA h cm−2)

N-doped hierarchically porous membranes [107] 0.500 1.00 99 - 2.00
Hollow carbon nanospheres [74] 25.00 0.25 99 150 1.00
N-doped graphitic carbon foams [101] - 2.00 99.6 300 2.00
Co/N co-doped ZIF-C [103] - 0.20 100 100 0.40
Zn/N co-doped ZIF-C [102] 24.40 0.50 - 350 0.20

Figure 9. A) A voltage profile of galvanostatic Li deposition on a copper substrate at 10 µA cm −2. The inset schematic shows the 
mechanism of Li nucleation. The right-side voltage profile is of galvanostatic Li deposition on a gold substrate at 10 µA cm−2. The inset 
schematic diagram demonstrates how the solid solution buffer layer of Au is dissolved in Li and reduces the nucleation energy . b) 
Voltage profiles of various materials with some Li solubility compared to materials with negligible Li solubility Reproduced with 
permission from [104], copyright 2016, Nature.
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Ag nanoparticle–embedded nitrogen-doped carbon 
macroporous fibers (Ag@CMFs) to enable targeted Li 
deposition and selective nucleation [109]. The results 
showed that the small nucleation barrier of the lithiophi
lic nitrogen-doped carbon was one of the main factors 
that allowed the formation of homogeneous nucleation 
sites. In addition, the Ag nanoparticles further enhanced 
the Li growth and nucleation behavior based on the 

alloying reaction. The Ag@CMFs therefore allowed den
drite-free Li plating and stripping behavior and exhibited 
a high CE of > 98% for more than 500 cycles See Figure 
10b. Moreover, electrospinning was exploited as 
a technique to form a flexible MnO nanoparticle/nitrogen 
(N)-doped polyimide (PI)-based porous carbon nanofi
ber (MnO–PCNF) film. Yan et al. revealed that the 
lithiophilic nature of this electrode material enabled the 

Figure 10. A) Schematic illustration and an SEM image that show the Au nanoparticles inside hollow carbon spheres followed by Li 
growth after cycling. The right-side images present the nucleation overpotential of the hollow carbon. The inset schematics and 
SEM images show the Au nanoparticles inside the hollow carbon and the smooth Li deposition compared to a carbon shell. Below 
are the electrochemical performances of different electrodes when cycled in alkyl carbonate electrolyte. Scale bare for TEM in (a) is 
100 nm and all scale bares for inset SEM images are 10 µm Reproduced with permission from [104], copyright 2016, Nature. b) 
Schematic illustration showing the Li deposition behaviour on the Ag@CMFs. The schematic on the top right explains the Li 
deposition process on Ag@CMFs. The middle schematics model the Ag, Cu, graphene, and nitrogen-doped carbons. A summary of 
the calculated binding energies of Li atom with Cu, Ag, graphene, and nitrogen-doped carbons is also shown (middle right side). 
The bottom graph shows the electrochemical performances of the Cu, Ag@CMFs and CMFs at 1 mA cm −2 Reproduced with 
permission from [105], copyright 2021, Science.
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smooth growth of Li during the deposition process [105]. 
Another advantage was the flexible nature of the inter
layer, which accommodated the volume changes of the 
anode and suppressed the dendritic growth. 
Furthermore, the conductive structure of MnO–PCNF 
offered rapid charge transfer, which reduced the electrode 
polarization. It was reported that the operational lifespan 
of the battery cycling reached up to 200 cycles at a current 
density of 1 mA cm−2 (see Table 4).

7. Summary and perspectives

In summary, Li-metal suffers from severe drawbacks that 
hinder its usage in practical applications, including 
unstable or uneven SEI formation of dead Li during 
plating and stripping processes, dendrite growth, and 
volume changes. These lead to serious issues, such as 
short-circuiting, low CE, capacity loss, and safety com
plications. Understanding the principles and mechanism 
of dendrite growth is necessary to build up our knowl
edge and enable us to design a new safe anode for lithium 
metal batteries. In this review, we have summarized the 
main principles, including light weight, chemical and 
mechanical stability, high surface area, large pore volume, 
sufficient conductivity, and most importantly, lithiophi
licity, to utilize porous carbon-based frameworks as Li 
host materials as a solution, as shown in Figure 11. In 
addition, understanding the dimensionality of the host 
materials and their corresponding properties is important 

for constructing a highly efficient anode, so we have 
discussed the recent progress on utilizing 1D, 2D, and 
3D carbon-based frameworks and their nanocomposites.

In practice, carbon-based materials show great poten
tial as host frameworks for Li. This is owing to their low 
density and affordability, enabling low-cost manufactur
ing and packaging of high-energy-density batteries. 
Nevertheless, many challenges are yet to be solved and 
require intensive investigation and improvement. First, 
the large surface area offered by the carbon-based frame
works lowers the local current density, while it also 
maximizes the electrode/electrolyte interface area, 
which consequently forms a massive SEI layer. This 
results in undesirable consumption of the electrolyte. 
Secondly, the fundamentals behind the SEI formation 
require further understanding, because the SEI is con
sider one of the most important elements that affects the 
safety, power capability, and cycling and shelf life of the 
battery. In addition, the carbon host material needs to be 
compatible with the metallic current collector in terms of 
electrical conductivity to avoid direct Li deposition on 
the current collector. Furthermore, the need for higher 
energy density results in a greater demand to further 
lower the density of utilized carbon host at the anode. 
More importantly, the cost of the materials and proces
sing of the carbon composites are relatively higher com
pared to other industry-based rechargeable batteries.

To deal with the aforementioned challenges, many key 
factors should be considered when utilizing carbon-based 
frameworks as a Li host material; First, the conductivity 

Figure 11. Schematic summary of the main properties of carbon-based frameworks and their corresponding advantages.

Table 4. Electrochemical performances of Li-metal anodes utilizing carbon-based nanocomposite frameworks. NPs stands for 
nanoparticles.

Material
Li nucleation  

overpotential (mV)
Current density  

(mA cm −2) CE (%) Cycles
Areal capacity  
(mA h cm−2)

Au NPs/hollow carbon spheres [108] 20.00 0.50 98 300 1.00
Ag NPs/nitrogen doped carbon [109] - 1.00 98 800 1.00
MnO NPs/N-porous carbon nanofibers [105] - 1.00 97 200 1.00
ZnO-decorated hierarchical porous carbon [110] 40.00 1.00 97 200 1.00
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and lithiophilicity of the porous carbon are extremely 
essential parameters that can improve the deposition 
and nucleation behavior of the lithium metal, thus 
enhance the stability and prolong the lifespan of batteries. 
Moreover, further in-depth experimental and theoretical 
studies targeting the SEI formation mechanism are still 
needed, as the SEI layer plays an important role in miti
gating further side-reactions between the electrolyte and 
the anode, as well as enabling uniform Li deposition by 
regulating the ion flux to the collector. Furthermore, it is 
required to develop an electrically, mechanically, and 
chemically stable and ultralight carbon nanocomposite 
frameworks with an appropriate surface area to pave the 
way towards a practical battery application.
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