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a b s t r a c t 

Lithium metal is considered a promising anode material for high-energy-density rechargeable batteries because 

of its high specific theoretical capacity (3860 mAh g − 1 ), low mass density (0.534 g cm 

− 3 ), and low electrochem- 

ical redox potential (-3.04 V vs. the standard hydrogen electrode). However, the high reactivity of Li with the 

electrolyte leads to the formation of an unstable solid electrolyte interphase (SEI) and continuous side reactions. 

Also, the non-uniform lithium-ion flux and infinite volume expansion of Li metal cause the growth of Li dendrites. 

These pose significant safety challenges and cause rapid capacity fading of the lithium metal batteries (LiMBs). 

To resolve these issues, a low-cost, easily processed, lightweight, high-performance carbon-based porous matrix 

is considered promising to host Li metal deposition. The three-dimensional (3D) porous nano/microstructured 

carbon provides sufficient space for Li accommodation during Li plating, buffers the volume changes during Li 

plating/stripping, and lowers the effective current density contributing to dendrite-free Li deposition. Besides, 

the outstanding electrochemical and mechanical stability, flexibility and the high electronic conductivity enable 

the nano/microstructured carbon to serve as both Li host and current collector. The development of 3D carbon/Li 

composite by mechanical roll-press techniques not only eliminates the complex and risky procedure of making 

carbon/Li composite based on Li plating or molten Li infusion but also stabilizes the capacity at higher Li plat- 

ing/stripping rates. Recently, there is an advancement in the lithiophilic decorations of 3D structure to introduce 

sufficient nucleation sites and the development of artificial SEI on top of the 3D matrix to suppress Li dendrite 

formation. Such 3D structural modifications create a uniform electric field, lower the Li nucleation overpotential, 

provide strong mechanical and chemical stability, and stabilize the interface thereby inhibiting the degradation 

of lithium and the electrolyte. In this review, we summarize the research progress on porous carbon/Li compos- 

ites in terms of materials type, structure, fabrication technique, their electrochemical battery performance, and 

identify the critical challenges that need to be addressed for high-energy-density practical LiMBs. 
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. Introduction 

State-of-the-art lithium (Li)-ion batteries (LIBs) with graphite as an

node are reaching their practical specific energy density limit [ 1 , 2 ].

t is challenging to meet the demands for current energy storage and

ower requirements mainly in electric vehicles, microgrids, and portable

lectronics with the conventional Li-ion systems [3–5] . The lithium

etal anode (LiMA) is considered as a promising candidate to replace

he graphite anode because of its high specific theoretical capacity
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3860 mAh g − 1 ), low mass density (0.534 g cm 

− 3 ), and low electrochem-

cal redox potential (-3.04 Vs standard hydrogen electrode) [6–8] . The

iMA is expected to provide specific energy of 500 Wh kg − 1 or higher

t the cell level when coupled with high capacity/voltage cathodes

uch as high Ni- LiNi x Mn y Co z O 2 (NMC), 5V-spinel (LiMnNiO 4, LMNO),

r multi-valent conversion cathodes, e.g., metal fluorides, sulfur, and

nvironmentally-accessible oxygen [ 9 , 10 ]. However, major challenges

re associated with the high-volume expansion, highly reactive nature,

nd aggressive electrochemical nature of LiMA in practical cells. The for-
021 
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Fig. 1. Schematic of the different strategies for reviving Li metal anode. 
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ation of Li dendrites and unstable solid electrolyte interphase (SEI) not

nly challenge the safety but also limit the cycling performance of bat-

eries that incorporate the LiMA. The in-situ -derived SEI lacks adequate

lectrochemical stability. The fragile and unstable SEI breaks down lead-

ng to continuous consumption of Li and electrolyte during repeated SEI

ormation or Li passivation. 

Numerous efforts have been devoted to realizing stable LiMA, in-

luding the application of solid-state electrolytes [11–19] , in-situ / ex-situ

rotective layers on top of LiMA [20–29] , modification of the separa-

or [30–40] , and advanced three dimensional (3D) Li hosts [41–48] as

hown in the schematic Fig. 1 . Other approaches such as insertion of

n interlayer [49–52] and implementation of compressive force during

i deposition [ 53 , 54 ] are also widely adopted for protecting the LiMA

rom dendrite formation or propagation. The use of an optimized elec-

rolyte with suitable electrolyte additives, co-solvents, and salts can ho-

ogenize the Li-ion flux. Despite increased control over the Li dendrite

rowth and improved battery performance, the in-situ developed SEI

ven with additives, co-solvents, or highly concentrated Li salts has poor

ohesion with the metal surface and lacks controllability on the dimen-

ion/distribution of SEI components. Consequently, the in-situ -derived

EI usually cracks due to the volumetric expansion of Li during Li depo-

ition. The excess amount of Li and electrolyte consumed in the initial

ycles for SEI formation lead to rapid capacity fading. In the case of

he solid electrolyte, a great deal of research has focused on high mod-

lus solid-state electrolytes which can effectively suppress Li dendrite

rowth. The physical blocking of Li dendrite growth, however, does not

lter or improve the fundamental electrochemical properties during Li

lating/stripping cycles. Besides, the interface incompatibilities and the

ow ionic conductivity of most solid electrolytes lead to high interfacial

mpedance and low power output. Moreover, cells manufactured using

rue polymer electrolytes and ceramic solid electrolytes typically must

e operated at elevated temperatures at the expense of mechanical sta-

ility. The development of ex-situ artificial SEIs, either by physical depo-

ition or chemical reaction deposition, is another strategy to successfully

tilize the LiMA [ 6 , 7 , 55 ]. Despite the noteworthy successes, scientists

re still facing challenges to engineer highly flexible, conductive, and

echanically/chemically stable SEIs. The strong anchorage binding en-

rgy of the SEI with Li metal can also inhibit delamination of the SEI

ayer from the bulk Li electrode. 

Recently, an advanced 3D Li host has attracted great attention in

eviving the LiMA, because the 3D Li host can provide sufficient sur-

ace area to accommodate the high-volume expansion and regulate the

i plating and stripping during charge-discharge cycles. Besides, the re-

uction in the effective local current density due to the high surface

rea of the 3D host material inhibits the growth of Li dendrites. Despite

hese attractive features, the practical applications of such 3D frame-

orks have been impeded by various limitations. This review will focus

n the limitations and direction to address them as briefly pointed be-

ow. 

1) The utilization of excess or flooded electrolyte to compensate for

the loss due to the high specific surface area of porous carbon. The

flooded amount of electrolyte accounts for the major proportion of
449 
the total weight of the cell, compromising the volumetric or gravi-

metric energy density. Thus, it is required to prevent such excess

consumption of electrolyte in the porous carbon Li host. 

2) The fundamental in-depth understanding of dendrite-free Li depo-

sition limit based on porous carbon with various pore size, pore-

volume, and pore depth, which requires the optimization of the

porous structure. 

3) The lack of Li-ion affinity towards porous carbon due to the lithio-

phobicity, flexibility, poor electrical conductivity of porous carbon

structure. Besides, and low mechanical/chemical stability could de-

teriorate the material and structural disintegrity, leading to low CE

and quick capacity fading. The improved lithiophilicity, flexibility,

and mechanical/chemical stability can pave the pathway to achieve

enhanced electrochemical cycling performance. 

4) The complex synthesis and high material/ manufacturing cost by

simple C/Li composite anode preparation technique with effective

large-scale production could help to commercialization. 

Based on these considerations, the design and development of prac-

ical and efficient 3D porous carbon as a dual Li host/current collector

s highly needed. The lean carbon/Li composite anode provides higher

node-specific capacity vs. cathode. The dual feature of 3D carbon/Li

omposite to accommodate Li and act as a self-supporting current col-

ector with an artificial SEI could synergistically improve the LiMA and

rovide a pathway for its use in practical high-energy-density lithium

etal batteries (LiMBs). 

This review paper focuses on advancing concepts in designing 3D

orous carbon as Li hosts/current collectors while identifying critical

hallenges, possible solutions, and promising prospects. The high sur-

ace area, electronic conductivity, and lithiophilicity of 3D porous car-

on toward the further advancement of LiMBs are discussed. The key

ocus should be on developing an innovative 3D design that facili-

ates homogeneous Li deposition with a stable interface during long-

erm cycling emphasizing the feasibility of such 3D porous carbon Li

ost/current collector for high energy density LiMBs. Finally, the per-

pective of the current challenges, future directions to develop the ad-

anced 3D carbon/Li composite, understand state-of-art characteriza-

ion tools, and modeling techniques to achieve the goal of high-energy-

ensity, practical LiMBs are presented. 

. Pathways toward advanced 3D Li host 

The current collector is one of the key components to regulate the

nitial Li nucleation and subsequent Li deposition in LiMBs. The conven-

ional planar current collectors for the anode of LiMBs such as copper

Cu), Li, and nickel (Ni) are prone to inhomogeneous and dendritic Li

eposition. The spatial inhomogeneous electric field on the planar cur-

ent collector renders the inhomogeneous growth of lithium nuclei. The

ithium nuclei create hotspots for the accumulation of charge leading to

he rapid growth of Li dendrites. These needle-shaped sharp protrusions

an pierce the separator causing an electrical short-circuit and even fire

r explosion. Besides, the high surface area of the dendritic Li growth

onsumes excess electrolyte, which can lead to electrolyte dry-out and

remature death of the cell. 

The development of advanced nano/microstructured Li hosts has

een adopted to investigate the lithium deposition mechanism during

ithium plating/stripping cycles. The advanced nano/microstructured

urrent Li hosts can reduce the current density and provide sufficient

oom for lithium deposition. The numerous protuberance tips on 3D

rameworks serve as charge centers to obtain a uniform electric field

nd manipulate the lithium deposition sites. The protuberant tips have

igh electric field intensity and can serve as nucleation sites for Li de-

osition. If the protuberant tips are uniform on the porous Li host the

lectric field intensity will be informed, inducing uniform Li nucleation.

or example, Wang et al. engineered vertically aligned microchannels in

he Cu current collector/Li host which demonstrate a tip effect but sup-
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resses the Li dendrite growth [56] . This strategy relies on the widely

ccepted diffusion model known as Sand’s law [57] . This law indicates

hat the time at which the lithium dendrite starts growing, 𝜏, follows a

ower as a function of the current density: 

= πD e C o 
(
μa + μc 

)2 ∕2J μa (1)

Where D is the ambipolar diffusion coefficient, e is the electronic

harge, C o is the initial Li concentration in the bulk electrolyte solution,

a and μc are the anionic and cationic mobilities and J is the practical

ffective current density at the electrode surface. The porous host re-

uces the effective current density for Li plating/stripping and provides

normous rooms to accommodate the deposited Li inside, maintaining

imensional stability. 

Therefore, a higher surface area of the Li host at the electrolyte in-

erface lowers the practical current density, J, and increases the Li den-

rite onset time, 𝜏, which consequently delays the nucleation of den-

rites. Numerous efforts have been carried out in exploring the mi-

ro/nanostructured sized framework to reduce the effective current den-

ity during Li deposition. Although the small-sized porosity in the Li host

ncreases the surface area, the insertion of Li inside the porous struc-

ure might be blocked. In contrast, the large porosity in the framework

oes not have any effect in confining the Li which could lead to Li de-

achment from the backbones and consequent electric contact loss and

nduces Li dendrite growth. Thus, the suitably optimized porosity of

ano/microstructured porous Li host is crucial in confining the Li de-

osition and suppressing Li dendrite growth. Tuning the pore structure

ignificantly influences the distribution of the electric field and eventu-

lly the Li-ion flux. Thus the pore size distribution greatly dictates the

i plating/stripping behavior. 3D porous framework for Li host has the

iameter ranging from nanometer to tens of micrometer. Zhang et al.

rouped different Li hosts based on their pore diameter size [ 186 ]. They

re (1) small: pore diameter < 1 μm, (2) medium: pore diameter ranging

rom 1 μm to 10 μm and (3) large: pore diameter > 10 μm. 

The smaller pore size Li host has a higher specific surface area which

educes the effective current density significantly compared to medium

r large pore size Li host. Thus, according to Sand’s law, uniform Li de-

osition and high rate capability can be expected. However, at the same

ime, the high surface increases the electrode/electrolyte contact area,

onsuming a tremendous amount of electrolyte during SEI formation.

esides, the high surface area of porous Li host will spread the Li de-

osition in the structure and a surplus amount of electrolyte comes in

ontact with the Li. This direct contact of Li and electrolyte render side

eaction, consuming both lithium and electrolyte. This higher consump-

ion of electrolyte results in the electrolyte dry-out and increases the

mpedance for Li-ion transport. Eventually, the undesired consumption

f liquid electrolyte and lithium metal results in the premature death of

he cell. In addition, the accumulated SEI or dead Li on the small porous

tructure could further block the pathway for Li-ion transport. As a re-

ult, the active surface area of porous carbon is reduced and cannot be

ully utilized [64,186] . Lee et al. studied the Li plating/stripping mech-

nism in microporous carbon (MSP-20) with pore size < 2.0 nm and

ore volume 1.0 cm 

3 g − 1 , and mesoporous carbon (CMK-3) with pore

ize 3.4 nm and pore volume 1.3 cm 

3 g − 1 . Although MSP-20 has a high

urface area (2110 m 

2 g − 1 ), its CE started decreasing after 80 cycles

nd cells died around the 110th cycle. CMK-3 electrode with lower sur-

ace area (1120 m 

2 g − 1 ) delivered CE > 95% and remain almost steady

p to the 200th cycle. CMK-3 electrode could easily regulate the Li-ion

ransport. Thus, it can be implied that Li plating/stripping does not only

epend on 𝜏 but also the pore structure of the Li host. 

Similarly, the large porous structure in carbon-based Li host yield

igh lithiation capacity, lowers the effective current density and ac-

ommodates a large amount of Li volume expansion. The high conduc-

ivity enables fast Li-ion transport, enabling superior high rate perfor-

ance. For example, Zhang et al. employed the unstacked 3D hexago-

al graphene drum as conductive nanostructured scaffolds with SSA of
450 
666 m 

2 g − 1 , pore volume of 1.65 cm 

3 g − 1 , and electrical conductivity

f 435 S cm 

− 1 [ 57 ]. Such large pore volume unstacked graphene facili-

ates a high theoretical Li cycling capacity of 4 mAh g − 1 , reflecting the

mportance of large pore volume in nanostructure in LiMA. However, if

he pore volume of the Li host is too big, instead of deposition, the Li

etal can be easily detached from the backbone of the porous structure,

esulting in electrical disconnection. For example, Guo et al. reported

hat a 3D porous Li host with a large pore volume of 0.58 cm 

3 g -1 does

ot have any effect of space constraint leading to Li dendrite growth

 73 ]. 3D Li host with large pore size of 170 μm and pore volume of 0.58

m 

3 g -1 create a large amount of inactive dead Li and demonstrate very

oor CE ∼ 40% at around 20th cycle of Li plating/stripping. 

Pore depth also governs the morphology of the Li deposition as the

lectric field distribution can be varied by tuning the pore depth. While

ncreasing the pore depth from 50 to 150 μm, the current density in-

reases from 70.4 to 160.1 mA cm 

− 2 according to the phase-field model

58] . The variation in the diameter of deposited Li due to variation in

ore depth creates variation in the effective surface area and eventually

he effective current density [56,58] . 

The porous structure of carbon is always challenging in making C/Li

omposites by any of the methods (electrodeposition, molten Li infusion,

r mechanical roll press). During Li electroplating or molten Li infusion,

ithium metal might be clogged inside the very small porous structure

nd in some cases, it might get electrical disconnection due to a very

arge porous structure. Similarly, while making C/Li composite by me-

hanical roll/press method, the process may result in inhomogeneous

i metal distribution or could accumulate on the surface of the carbon.

he porous carbon modifications using lithiophilic materials can help

o distribute the Li deposition uniformly, however, it is very tricky dur-

ng the process of making C/Li composite with high uniformity, into the

omplex porous structure. 

The high flexibility and mechanical stability of interconnected

orous framework serve as Li storage reservoir, buffering the large

i volume expansion issue and inhibiting the loss of active material

uring electrochemical cycling performance. The high flexibility and

echanical stability in carbon-based Li hosts can retain its original

hape/structure after repeated folding and unfolding test or coiling the

arbon-based strip around the glass rod [ 58–62 ]. The outstanding flex-

bility and mechanical stability in terms of toughness or ductileness of

orous carbon Li host help to buffer the huge internal stress and fluc-

uations during fast charge/discharge or repeated Li plating/stripping

ycles, suppressing the Li dendrite growth and inhibiting the electrode

isintegration or collapse [ 63 ]. The modulus of the porous carbon-based

i has a higher Young’s modulus than the threshold of 6.0 GPa, suf-

cient to suppress the Li dendrite [ 136 ]. Carbon is chemically stable

ith the Li metal and with the liquid electrolyte, preventing side re-

ctions. Besides carbon offers excellent electrochemical stability during

ong or high-rate charge/discharge. The high electrochemical stability

f interconnected porous carbon contributes to the formation of sta-

le SEI. The unchanged structure of the porous carbon framework dur-

ng electrochemical cycling helps to maintain stable capacity. Thus, the

igh flexibility, mechanical stability of the porous carbon are of great

mportance in battery manufacturing, as pouch cell or cylindrical cell,

onfigurations require high flexibility and mechanical strength during

olding or rolling process and the chemical stability maintain the struc-

ural integrity and form robust SEI during the electrochemical cycling

erformances [ 137–140 ]. 

The uniform electronic conductivity within the porous carbon also

elps to obtain uniform Li deposition. The high conductivity of the

orous carbon is equally important to capture or withhold the deposited

i [59–62] . Liang et al. reported uniformly distributed silver nanowire

AgNW) on 3D graphene as the host for Li metal composite anode [63] .

he intrinsic high electrical conductivity of AgNW facilitates the fast

harge transport, guiding the high capacity of lithium at a high current

ensity. The high graphitization in the porous carbon Li host increases

he conductivity which leads to fast Li-ion transport [64–68] . 
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The gradient of electrical conductivity in the porous Li host could

ead to uneven Li deposition because the area with high electronic con-

uctivity captures the Li-ions quickly than the area with poor electronic

onductivity. The higher electrical conductivity material will produce

ore current flow than the poor electrical conductivity material, creat-

ng a difference in the electric field within the Li host. The structure with

oor electrical conductivity has large electrical impedance and strong

olarization. When compared with the poor conductive area, the higher

lectronic conductive area accumulates the Li deposits which act as a

otspot leading to lithium dendrite growth. Thus, the non-uniform Li-

on flux due to the gradient of electrical conductivity in the porous Li

ost could lead to Li dendrite growth. In contrast, the uniform Li depo-

ition can be expected if we use two bilayers as SEI, for example, poor

lectronic conductive on top of the high electronic conductive layer.

n such a case, the poor electronic conductive layer should allow suf-

cient Li-ion diffusion, allowing the deposition on the high electronic

onductive bottom layer. Various conductive 3D porous Li hosts such as

etals and carbon have been widely investigated. Other 3D porous non-

onductive Li hosts such as h-BN [ 69 , 70 ], polyacrylonitrile, polyimide

71] , poly-melamine-formaldehyde [72] , and glass fibers [51] have also

een studied in LiMBs. 

Metals such as copper (Cu), nickel (Ni), Titanium (Ti), stainless

teel, and Li have been widely reported to develop a three-dimensional

3D) nanostructured Li host. The metal-based Li host has excellent

lectronic conductivity which can easily capture Li-ions and reduce

he chances of dead Li formation. Researchers have developed various

anostructures on the Cu-metal-based Li host such as porous Cu [73–

7] , copper nanowires (CuNW) [ 78 , 79 ], 3D pie-like structures [80] , ver-

ically aligned Cu [81] , and Cu foams [ 73 , 82 ]. The other metal-based

ano/microstructured Li host employed includes Ni foam [83] and Ti

 84 , 85 ], stainless steel fibers [49] , and porous lithium metal foam [86] .

n general, the electric field between the electrodes inside the battery

s predominantly scattered in a vertical configuration, vertically favor-

ng the Li dendrite growth. This vertical growth of sharp needle-shaped

endrites can pierce the separator, causing an internal short-circuit. To

vercome this, scientists have been working continuously to design a

eries of porous frameworks which create a more uniform electric field.

ang et al. designed vertically aligned microchannels in Cu to accom-

odate the maximum amount of Li inside the microchannels [81] . As

he pore diameter, pore depth, and pore spacing determine the average

article size, shape, or morphology of the deposited Li, optimization is

equired to deposit most of the lithium inside the microchannel. The

ptimized pore radius of 5 μm, pore depth of 50 μm and pore spacing

f 12 μm (Cu-5–50–12) showed the least overpotential of ∼144 mV at

 current density of 1 mA cm 

− 2 compared to the other conditions as

hown in Fig. 2 a. The planar Cu showed a non-uniform Li deposition,

owever, the porous Cu-5–50–12 showed uniform, spherical shaped Li

eposition into the vertically aligned microchannels ( Fig. 2 b,c). Zou et.

l designed a Li host which exhibited a laterally oriented electric field

hich consequently facilitated Li deposition in the lateral pattern [87] .

ig. 2 d-f shows the stripping/plating and subsequent stripping of the Li

ith dendrite-free Li deposition and complete stripping of the Li. 

To further govern the initial Li nucleation and subsequent voltage

ysteresis, Zhang et al. developed lithiophilic, nitrogen-doped graphene-

odified 3D Cu (3DCu@NG) where the scattered distribution of elec-

rons shows a strong Li-ion affinity [88] . Fig. 2 g shows a schematic

f Li deposition in 3DCu@NG and Figs. 2 h-l show the Li morphologi-

al evolution on 3DCu@NG at 0.5 mA cm 

− 2 at different amounts of Li

eposition. As the Li plating areal capacity increases, the pore size de-

reases owing to the strong interaction between the N-doped graphene

nd Li. Fig. 2 m shows the complete retaining of the initial morphology

f 3DCu@NG with SEI. Fig. 2 n shows the schematic of the Li deposition

n 3D Cu. In contrast, 3D Cu shows uneven and lumpy Li deposition

 Figs. 2 o-t) owing to the weak interaction between 3D Cu and Li-ion.

esides, after complete Li stripping, the 3D Cu shows broken SEI with

i residues indicating high irreversibility ( Fig. 2 u). The use of a lithio-
451 
hilic coating or decoration on the metal-based porous Li host has now

een widely adopted for smooth Li deposition and reducing the volt-

ge overpotential [89–97] . The design of conductivity and lithiophilicity

radient approach reported by Pu et al. showed excellent electrochem-

cal performance up to 40 mAh cm 

− 2 at a high current density up to

0 mA cm 

− 2 and low temperature down to -15 °C [98] . The 3D scaf-

old framework was electrically passivated on the top region using an

l 2 O 3 coating and chemically activated on the bottom region using an

u coating. Recently, the design of Li/3D metal porous structure com-

osites by molten Li infusion or by mechanical pressing has been consid-

red as an advanced technique to eliminate the electroplating, complex

isassembling, and electrode cleaning steps [83,99–102] . However, the

etal-based Li host has a high cost, high density, and is electrochemi-

ally unstable to moisture and oxygen. Besides, the complex engineer-

ng process of metal-based nanostructured materials limits their further

ractical application. Thus, more attempts should be done on reducing

he cost and facilitating the processability before the commercialization

f such a metal-based Li host. To circumvent these shortcomings, the 3D

orous carbon structures grown on the metal-based current collector are

esigned [103] . 3D carbon-based materials can be easily processed and

ossess better flexibility to buffer the volume change of Li during plat-

ng/stripping cycles. Self-supporting, 3D porous carbon materials are

onsidered promising next-generation Li hosts owing to their low cost,

atural abundance, and low density. In this review, the advancement of

he fundamental challenges associated with 3D porous carbon such as

ow conductivity, unstable SEI, and low lithiophilicity will be discussed

n detail. 

The high mass density which leads to low energy density, inflex-

bility, complex and expensive processing cost of metal-based Li host

hallenges its applications in LiMBs. To integrate the advantage of both

etal and carbon, the modification of the 3D metal current collector

ith carbon is a good choice. We reported the copper-clad carbon frame-

ork (CuCF), where the carbon framework provides flexibility in the

ackbone and the ultrathin/rough surface layer of Cu provides high

lectronic conductivity and lithiophilicity. Figs. 3 a-c show the voltage

rofile of Li plating at various capacities up to a total Li deposition of

 mAh cm 

− 2 . The CuCF (obtained after electroplating Cu on CF for 6

ins) shows the lowest nucleation overpotential of 29.0 mV compared

o 47.1 mV and 150 mV for CF and planar Cu, respectively, indicating

ell-distributed nucleation sites and the highest lithiophilicity of CuCF.

igs. 3 d-e show the corresponding SEM images of planar Cu, CF, and

uCF after plating 4 mAh cm 

− 2 amount of Li on them. CuCF ( Fig. 3 d)

hows dendrite-free and smooth Li deposition compared to the dendritic,

hisker Li deposition on planar Cu ( Fig. 3 d) and CF ( Fig. 3 e). The long

brous dendritic Li deposition could break during the Li stripping cycle,

orming inactive dead Li. Fig. 3 g shows a cross-sectional SEM image of

 single fiber in the CuCF electrode with ∼200 nm Cu layer after elec-

roplating of Cu on CF. The CuCF electrode shows a higher CE of 99.5

 even after 300 cycles ( ∼1200 h) at 0.5 mA cm 

− 2 compared to planar

u and CF due to the synergy of electronic conductivity, lithophilicity

nduced by rough Cu surface, and the flexible backbone support CF as

hown in Fig. 3 h. 

. Advanced strategies for development of porous carbon Li host 

.1. Porous carbon coated on metal-based current collector 

Among various 3D porous Li hosts, carbon has been regarded as an

deal Li host due to its light-weight, flexibility, high mechanical and

hemical stability, high electronic conductivity, low cost, and natu-

al abundance. To protect the LiMA from side reactions with the liq-

id electrolyte and to accommodate the Li deposition, various porous

arbon matrices such as carbon nanotubes (CNT), carbon nanofibers

CNF) [ 104 , 105 ], graphitized carbon fiber/foams [ 68 , 106 ], hollow car-

on nanospheres [ 103 , 107 ], multilayer-graphene [108–113] , graphene-

NT hybrids [114] , reduced graphene oxide (rGO) [115] , and metal-
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Fig. 2. Metal-based porous framework for dendrite-free Li deposition. a Voltage-areal capacity profile with different Cu current collectors. Reproduced with 

permission from Ref. [81] , John Wiley and Sons. b,c SEM images of Li deposition in planar Cu and Cu-5–50–12 current collector. d-f SEM images after stripping 1 

mAh cm 

− 2 from 2 mAh cm 

− 2 deposited E-Cu followed by subsequent 1 mAh cm 

− 2 Li deposition and all Li stripping. Reproduced with permission from Ref. [87] , 

Springer Nature. Schematic representation of Li plating/stripping on g 3DCu@NG and n 3D Cu. SEM morphology for various amounts of Li deposition at 0.5 mA 

cm 

− 2 on h-m 3DCu@NG and o-u 3DCu.Reproduced with permission from Ref. [88] , John Wiley and Sons. 

o  

l  

s  

t  

m  

o  

s  

m  

b  

c  

t  

a  

d

 

p  

[  

n  

l  

p  

A  

w  

u  

i  

e  

f  

i  

t  

a  

c  

o  

t  

o  
rganic frameworks [116] have been deposited on metal current col-

ectors such as Cu, Ni or Li. Besides coating on the current collector,

eparate interlayers have been employed to stabilize the SEI and revive

he LiMA. The electrical conductivity between the carbon and the bulk

etal current collector underneath allows the bottom-to-top deposition

f Li. The growth of Li dendrites underneath the porous carbon after

everal cycles of Li plating is further suppressed by the high Young’s

odulus of the carbon. Moreover, the highly porous and flexible car-

on accommodates the volumetric Li expansion without any mechani-

al destruction. In comparison, a compact coating of carbon thin film on

he current collector may crack upon cycling due to the lower flexibility

nd insufficient space for Li accommodation and the protrusion of Li

endrites. 

Zheng et al. fabricated hollow carbon nanospheres by a tem-

late synthesis method ( Fig. 4 a-c) to modify a Cu/Li current collector

103] . Fig. 4 d shows an SEM image of the carbon-coated polystyrene
452 
anospheres and the inset shows a digital photo of the as-fabricated hol-

ow carbon nanospheres after removing the polystyrene template. The

hotograph shows the bending ability of the hollow carbon nanospheres.

t the beginning of the Li deposition, Li nucleates on the Cu substrate

ithin the hollow carbon nanospheres. As Li deposition continues, gran-

lar Li elevates the hollow carbon nanospheres, indicating the high flex-

bility of carbon and deposition of Li underneath the carbon. Cheng

t al. reported in-situ formed SEI-coated on nanostructured graphene

ramework (GF) denoted as (SCG) which provides both electron and

on channels to improve the charge transport properties and recycle

he dead Li [117] . The GF exhibited a pore volume of 1.6 mL g − 1 , an

verage pore size of 10 nm, and ionic conductivity of 7.81 ∗ 10 − 2 mS

m 

− 1 . Fig. 4 e shows the schematic and Fig. 4 f shows an SEM image

f Li deposition/dissolution in SCG. The polysulfide-containing elec-

rolyte stimulates the thin ( ∼10 nm), smooth, robust, and stable SEI

n the surface of the porous and interconnected graphene framework.
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Fig. 3. a-c voltage profile of Li plating at 0.5 mA cm 

− 2 

to achieve a capacity of 4 mAh cm 

− 2 on planar Cu, 

CF and CuCF electrode. and corresponding SEM image 

during 4 mAh cm 

− 2 Li plating. d-f corresponding SEM 

image of the planar Cu, CF and CuCF electrode after Li 

deposition of 4 mAh cm 

− 2 capacity. g cross-sectional 

SEM image of CuCF. h CE test of planar Cu, CF and 

CuCF electrode at a current dfensity of 0.5 mA cm 

− 2 

to achieve a capacity of 1 mAh cm 

− 2 . Reproduced with 

permission from Ref. [82] , Royal Society of Chemistry. 
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uch thin-film SEI lowered the Li-ion diffusion resistance. Besides, the

F has a high density of structural defects which act as Li nucleation

ites, and the GF nanopores provide sufficient interspace for Li depo-

ition. The lower electrical conductivity of the nanostructured Li host

esults in a large electrical impedance and large voltage overpotential

t a higher charging/discharging current density rate. Zhang et al. de-

igned unstacked GF with a hexagonal 3D drum-like structure with two

ayers exhibiting a large specific surface area of 1666 m 

2 g − 1 , a pore vol-

me of 1.65 cm 

3 g − 1, and electrical conductivity of 435 S cm 

− 1 [104] .

igs. 4 g,h show Li deposition behavior on the graphene flake. The ho-

ogeneously deposited Li on the graphene drum form a sandwich-like,

ore-shell structure, which consists of graphene as the core, the lithium

s the outer shell, and the SEI as the outermost shell. The dual salt

LiTFSI-LiFSI) electrolyte and nanostructured GF retain a highly flexi-

le and robust SEI, which allows Li deposition underneath the SEI (yel-

ow) on the graphene flakes thereby maintaining stable cycling of the

iMBs. Graphite-based carbon anode materials have already been com-

ercialized in LIBs owing to their appropriate layered structure, high

lectronic/ionic conductivity, and storage ability by intercalation. Ye

t al. have effectively exploited the benefit of graphite materials as

i hosts for stable Li plating/stripping cycles [118] . Each carbon (C)

tom on the planar graphite has an unpaired and delocalized 𝜋 elec-

ron which induces weak interaction with dissociated Li-ion of the elec-

rolyte ( Fig. 4 i). In contrast, each C-atom on the curved graphite has

 partially localized 𝜋 electron ( Fig. 4 j), enhancing the binding affinity

owards Li-ions. The insertion of Li into curved graphite leads to the for-

ation of the C/Li composite, which further enhances the electroneg-

tivity of the C-atom on the curved graphite ( Fig. 4 k). The numerous

ayers of curved graphite facilitate a uniform Li-ion flux, which results

n enhanced Li wettability. This results in uniform Li plating and sta-

ilized mass/charge transfer across the interphase. Fig. 4 l shows that

uring initial plating/stripping cycles, the pre-plated Li in the nanogap

f the graphene layer can reversibly be stripped back, where most of

he Li-ions remain in their intercalation state. During extensive plat-

ng/stripping cycling, pre-plated Li in the nanogap of the graphene layer

rogressively dissolves in the electrolyte leading to a reversible deinter-

alation of the Li-ions to compensate for any Li loss. As a result, a hybrid

ntercalation/nano-plating storage mechanism enables long-term stable

e  

453 
ycling performance. In addition to the 3D porous carbon materials, the

xcellent electrical conductivity, lithophilicity, and open nanoscale ver-

ical 3D structure in carbon can significantly improve the charge trans-

ort, govern the initial Li nucleation, provide sufficient room for Li de-

osition, and reduce the effective current density. Chen et al. designed a

ertically aligned carbon nanofiber (VACNF) array with excellent con-

uctivity and graphitic edge sites with a high density of oxygen-and

itrogen-containing functional group [119] . Figs. 4 m,n show SEM im-

ges of pristine VACNF and dendrite-free 2mAh cm 

− 2 Li deposited on

he VACNF. The insignificant change in the thickness of VACNF after

mAh cm 

− 2 Li deposition indicates the effective suppression in Li vol-

me expansion (inset of Fig. 4 n). Pei et al. also designed lithiophilic 3D

urrent collectors by using N-doped porous carbon nanosheets to modify

etal-based Cu/Ni foams to create a yolk-shell structure [120] . Such a

etal-modified current collector exhibit significantly improved capacity

etention of 78.1% after 1400 cycles. 

.2. Porous carbon as interlayer 

The uneven surface of the current collector creates large protuber-

nces which induce a non-uniform electric field distribution. This results

n the adsorption of Li-ions on the tip of protuberances called the “tip

ffect ”. If there is a single tip or nonuniform tip, they can lead to the

ccumulation of Li deposition which acts as a hot spot for Li dendrite

rowth [51,121–123] . The accumulation of Li-ions at the tip creates

 charge center that gradually leads to the formation of Li dendrites.

he use of an interlayer between the current collectors and the sepa-

ator helps to disperse the Li-ion flux. The poor electronic conductivity

f the interlayer does not allow Li deposition on top of the interlayer

ather, the Li-ion plating is diffused between the interlayer and current

ollector. However, the electronically conductive interlayer enables fast

lectron transport which induces fast Li plating. Other additional fea-

ures such as lithiophilic functional groups and electronic conductivity

overn initial Li nucleation for smooth Li deposition even at higher cur-

ent densities. The ideal interlayer possesses a high electrolyte affinity,

trong lithiophilicity, high Li-ion conductivity, and poor electronic con-

uctivity. Recently, the mixed Li-ion and electronic conductive interlay-

rs have also been widely adopted in LiMBs [ 124 , 125 ]. The uniform dis-
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Fig. 4. Fabrication of porous structured carbon on the current collector. a-c Synthesis process of hollow carbon nanospheres on the Cu electrode. d SEM images 

of the carbon-coated polystyrene nanoparticle and the inset show the flexible as-fabricated hollow carbon nanospheres. Reproduced with permission from Ref. [103] , 

Springer Nature. e, f Schematic and the corresponding SEM images of Li deposition/dissolution in GF. Reproduced with permission from Ref. [117] , American 

Chemical Society. g,h Schematic illustration of Li plating/stripping on single graphene flake. Reproduced with permission from Ref. [104] , John Wiley and Sons. 

i-k Mechanism of Li plating/stripping on planar graphite sheet, curved graphite sheet, and Lithiated curved graphite sheet, respectively. l backup source of Li in 

Li intercalated Carbon (C/Li) to compensate for the capacity loss. Reproduced with permission from Ref. [118] , American Chemical Society. m,n Perspective SEM 

images of VACNF and 2 mAh cm 

− 2 plated VACNF. The inset shows the cross-section of mAh cm 

− 2 plated VACNF. Reproduced with permission from Ref. [119] , John 

Wiley and Sons. 
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L  
ribution of local electric-field on the interlayer, porous structure which

rovides the space for Li deposition and buffer the Li expansion con-

ribute to the dendrite-free Li deposition, enabling improved battery

erformance. The use of various interlayers such as carbon paper on

iMA [126] , glass fiber modified Cu [51] , and polymer nanofiber mod-

fied Cu [127] have shown improved battery performance. Zhao et al.

as reported dendrite-free Li deposition and almost 10 fold longer plat-

ng/stripping cycles with the use of carbon paper (CP) as an interlayer

n top of the LiMA [126] . The strong mechanical stability and flexibil-

ty of CP contributed to stable electrochemical performance. Figs. 5 a,b

hows SEM images of the Li electrode with CP as interlayer after 3 mAh

m 

− 2 of Li deposition. The uniform Li-ion flux and of the porosity of the

P allow smooth Li deposition. The CNF interlayer on both sides of the

eparator was demonstrated to control the tip effect for stabilizing the

iMA [128] . Fig. 5 c shows a schematic of the uniform redistribution of

lectrons and Li-ions along with the CNF skeleton. Eventually, the uni-

orm Li-ion flux renders smooth and dendrite-free Li deposition on the

urrent collector. Xu et al. designed a multifunctional covalent organic

ramework (COF) as a Li protective interlayer [129] . The lithiophilic

OF can immobilize anions and uniformly disperse Li-ions resulting in

 uniform Li-ion flux ( Fig. 5 d) and yielding a dense and smooth Li de-

osition. The interlayer with high surface area, porous structure, and

mbedded with a polar functional group reduces the migration of sol-

ble polysulfide intermediates, protecting the LiMA [130–135] . Kong
 i  

454 
t al. stabilized the LiMA and improved Li-S battery performance using

orous carbon paper as the interlayer [134] . This interlayer prevents

he shuttling of soluble polysulfides from cathode to anode and protects

he LiMA from degradation. As a result, a smooth and dense Li deposi-

ion was obtained after 100 cycles ( Fig. 5 e). In contrast, a Li-S battery

ithout interlayer is prone to the shuttling effect of lithium polysulfides

eading to pulverization and cracks in the LiMA resulting in dendritic Li

eposition ( Fig. 5 f). Interlayers other than carbon, such as glass fiber on

u current collector [51] and 2D Ti 3 C 2 T x MXene on Li [127] , have been

eported to guide the Li deposition. Cheng et al. modified the Cu current

ollector with 3D glass fiber cloth (10 𝜇m) with a sufficient number of

olar functional groups such as Si-O, O-H, and O-B [51] . The presence

f polar functional groups on glass fiber offset the electrostatic inter-

ctions between the Li-ion and protuberances on the current collector

reventing the accumulation of Li-ions. The strong interaction between

he Li-ions and the glass fiber induces a uniform Li-ion flux. Moreover,

he non-conductive glass fiber allows the deposition of Li underneath

he glass fiber and suppresses Li dendrite growth. 

.3. Lithiophilic 3D carbon matrix 

The non-polar carbonaceous materials have a poor affinity towards

i. Thus, they cannot promote uniform initial Li nucleation and cannot

nfuse Li quickly into the inner porous structure. The introduction of
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Fig. 5. Interlayers on the top current collector. 

a High-resolution SEM image corresponding to fig- 

ure b. b Li deposition SEM topography of CP pro- 

tected Li electrode. Reproduced with permission from 

Ref. [126] , Elsevier. c Schematic of the anion-cation 

charge distribution using CNF on top of Cu cur- 

rent collector. Reproduced with permission from Ref. 

[128] , Elsevier. d Schematic of the lithiophilic COF 

interlayer for immobilization and dispersion of anion- 

cation charges. Reproduced with permission from 

Ref. [129] , Elsevier. e,f SEM images of Li electrode 

with and without porous CP interlayer. Reproduced 

with permission from Ref. [134] , American Chemical 

Society. 
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olar species within the porous carbon material is essential for inducing

niform Li nucleation sites. The polar species such as (1) metal oxides,

etal-organic frameworks, metal carbides, metal phosphides; (2) het-

roatom dopants such as nitrogen (N) , boron (B), oxygen (O), phospho-

ous (P); (3) metals with a high Li solubility such as gold (Au), silver

Ag) and silicon (Si); and (4) functional groups such as C = N, C-N, C = O,

-H, [127] C = O, N-H, [136] and -NH [137] can preferentially induce

he nucleation of lithium. The higher Li cohesive energy of lithiophilic

aterials allows the Li-ion to interact strongly. Yan et al. studied the

ithium nucleation overpotential on various substrates including Au, Ag,

n, Mg, Al, Pt, Si, Sn, C, Cu, and Ni [138] . Among this representative

ist, some elements such as Cu and Ni do not react with Li at room tem-

erature, showing higher overpotential. Elements such as Au, Ag, Zn,

nd Mg form an alloy with Li showing zero overpotentials. Although

, Sn, and Si form an alloy with Li, an overpotential is still observed.

he voltage-capacity profile was studied to understand the Li nucleation

verpotential and voltage overpotential. The Li nucleation overpotential

s defined as the difference between the highest plating voltage (bottom

f the voltage dip) and the stable voltage plateau. The overpotential is

he voltage required to compensate for the heterogeneous nucleation

arrier accompanied due to the thermodynamic mismatch between Li

nd the substrate. The Au, Ag, Zn, and Mg demonstrated zero overpo-

ential owing to their highest solubility in Li as shown in Fig. 6 a. The Ag

nd Mg also have a high solubility but showed a flatter sloping voltage

rofile before the onset of the Li deposition indicating the dissolution of

hese metals in Li. The Al and Pt showed Li nucleation overpotentials of

 mV and 8 mV, respectively, indicating that they have lower solubility

n Li. Fig. 6 b shows the solubility test for Cu, Ni, Si, Sn, and C in Li.

s they do not have solubility, both Cu & Ni which do not form alloy

howed a high overpotential of around 30 mV, and Si, Sn, and C showed

ucleation overpotentials of 13, 16, and 14 mV, respectively. Liang et al.

oated the lithiophilic Si on porous carbon by chemical vapor deposition

CVD) [139] . The lithiophobic porous carbon due to the lack of bonding

etween the molten Li and carbon showed a droplet of molten Li on the

arbon framework ( Fig. 6 c). In contrast, the Si-modified carbon frame-

ork formed a binary alloy phase-lithium silicide due to the interaction

etween the molten Li and the Si coating. This allowed the molten Li to

et the total surface of the porous framework ( Fig. 6 d). 

Nitrogen (N) containing functional groups endow N-doped porous

arbon with a lithiophilic surface that exhibits a dendrite-free mor-

hology during Li plating/stripping cycles, enabling a high CE [140–

43] . The high-resolution C 1 s spectrum from X-ray photoelectron spec-

roscopy (XPS) presents peaks at 285.9 and 287.2 eV, which can be as-
455 
igned to C = N and C-N bonds, respectively [141] . The high-resolution

 1 s spectrum as shown in Fig. 6 e presents peaks at ∼ 398, ∼ 400.1,

nd ∼ 401 eV which can be assigned to pyridine, pyrrolic and quater-

ary nitrogen, respectively [ 144 , 145 ]. The pyrrolic nitrogen and pyri-

inic nitrogen have larger Li binding energies (BE) of -4.46 and -4.26 eV

ompared to graphene (-3.64 eV) and Cu (-2.57 eV) [146] . The pyrrolic

itrogen group contains one extra electron and the pyridinic nitrogen

roup contains lone-pair electrons. The N-containing Lewis base site

trongly adsorbs Lewis acidic Li-ions. In contrast, quaternary Nitrogen

hich has saturated electron orbitals cannot provide extra electrons to

dsorb Li-ions, resulting in a lower BE. Chen et al. studied three key fac-

ors, electronegativity, local dipole, and charge transfer, to understand

he origin of lithiophilicity of heteroatom doped porous carbon materi-

ls [147] . Based on these key factors, among single boron (B), N, and

xygen (O) doping, O-doped showed the best lithiophilicity, and among

-B/sulfur (S)/phosphorous (P) co-doped heteroatoms, O/B co-doping

as predicted to deliver excellent lithiophilicity. This study provides

 rational strategy to develop the single or co-doping of lithiophilic

eteroatoms into the porous carbon framework for LiMBs. The use of

arious lithiophilic materials on nano/mirostructured porous carbon is

ummarized in Table 1 . 

Liu et al. reported the coordination of Co atom and N doping in the

arbon matrix to tailor the local electronic structure, promoting the Li

ucleation process [177] . Although sufficient N-doping could signifi-

antly improve the lithiophilicity of the carbon matrix, on the other side,

t can dismantle the structural integrity, decreasing the electronic con-

uctivity. The N heteroatoms in N-doped carbon initiate coordination

ith Co atoms forming Co-N x -C. The higher electronegativity of CoN x 

enter in CoNC than N-site in N-doped carbon provides stronger Li-ions

ffinity. Besides, heteroatoms, diverse metal oxides such as ZnO, CuO,

nO 2 , SiO 2, and NiO with fairly high lithiophilicity have been proposed

o introduce uniform Li nucleation sites and stabilizing the SEI [178] .

owever, the low electrical conductivity of most oxides is problematic

n promoting a uniform Li-ion flux, especially at higher current den-

ities. Metal oxide can also undergo irreversible conversion reactions

hich form insulating Li 2 O and result in low CE. Moreover, alloying re-

ctions are typically accompanied by a large volume expansion. Thus,

ithiophilic metal nitrides with higher electrical conductivity and elec-

rochemical stability are considered more promising than metal oxides

or delocalizing the Li plating/stripping current rates. The capacitive

harge storage across the grain boundaries of conductive lithiophilic

etal nitride also retards dendrite growth [156] . 
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Fig. 6. a,b Voltage profile of various materials with some solubility and negligible solubility, respectively. Reproduced with permission from Ref. [138] , Springer 

Nature. c,d Li wettability of porous carbon without and with lithiophilic Si coating. Reproduced with permission from Ref. [139] , Proceedings of the National 

Academy of Sciences. e High-resolution N 1 s XPS spectra of N-doped graphitic carbon foams. Reproduced with permission from Ref. [144] , John Wiley and Sons. f-h 

Top view, and i-k side view of PG, NG, and SANi-NG, respectively, showing the Li adsorption site on their structure. H, M, and K indicate the most stable Li adsorption 

sites. C 1 and C 2 denote the C-atoms for N-atom bonding. Reproduced with permission from Ref. [145] , John Wiley and Sons. l Schematic of cobalt-embedded N-doped 

porous carbon nanosheets (Co/N-PCNSs). Reproduced with permission from Ref. [180] , John Wiley and Sons. m Schematic illustration of Li-air battery with lithiated 

Co/Co 4 N-N-doped carbon nanocubes as an anode. Reproduced with permission from Ref. [157] , Royal Society of Chemistry. 

Table 1 

Lithiophilic materials used in the different porous structures of carbon. 

Lithiophilic material Example Carbon-based Li host Ref. 

Metal oxides ZnO 3D porous carbon/CNT/graphene nested carbon fiber cloth/carbonized MOF [148–152] 

SiO 2 CNT, carbon paper [ 153 , 154 ] 

MnO 2 ,CO 3 O 4 ,SnO 2 Graphene foams [155] 

Metal nitrides TiN CNF [156] 

Co 4 N + Co + N Hollow carbon nanocubes [157] 

Metal carbides LiC 6, TiC Carbon fibers, carbon core/shell arrays [158–160] 

Metal-organic framework Co 3 O 4 -N, Zn Porous carbon nanoflake, carbonized porous MOF [ 161 , 162 ] 

Heteroatoms Nitrogen-N Carbon rod arrays, graphitic carbon foams, 3D nanoporous graphene [ 144 , 163 , 164 ] 

Oxygen-O Crumpled graphene balls, CNF [ 165 , 166 ] 

N + O CP, carbon cloth, carbon granules [ 167 , 168 ] 

N + Phosphorous-P Porous carbon [169] 

Gold-Au pillared rGO, carbon fiber [ 170 , 171 ] 

Ag CNF, carbon fiber framework [ 172 , 173 ] 

Silicon-Si Porous carbon [139] 

N + Fe Carbon matrix [174] 

N + Fe + Ni CNT [175] 

C = O, N-H Graphene oxide [136] 

-NH Mesoporous CNF [137] 

-COOH, -NH 2 , C-N, C-O, C = O, N-C-O multi wall-CNT [176] 

456 
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The stability of the coordination structure in a carbon matrix is also

 major factor affecting the uniformity of Li deposition, especially un-

er long-term cycling or plating/stripping at high current density rates.

he strong interaction energy between N and Li can change the carbon-

itrogen bond length during long-term cycling, resulting in the forma-

ion of lithium nitride (Li 3 N) [145] . This will lead to the formation of a

ithiophobic carbon matrix and the loss of active Li. As a result, there will

e rapid capacity fading, large overpotentials, and low CE in the battery

erformance. A solution to this issue is to further introduce single metal

toms into the N-doped porous carbon Li host materials. The moderate

nteraction energy between Li and metal atoms embedded in N-doped

arbon exhibits better stability of the atomic structure, preventing the

oss of active materials and enhancing the cycling stability. There are

everal reports on co-doping of N and metal, N, and metal oxides or ni-

rides. A simple, one-step approach to creating a co-doped porous carbon

ramework is the carbonization of MOFs [157,179–181] . The synergy of

onductivity by carbonization and lithiophilicity by metal and N-doping

s expected to effectively regulate the Li nucleation sites leading to uni-

orm Li deposition. 

Zhai et al. designed single-atom metals supported on the N-doped

raphene (SAM-NG) matrix as Li hosts, where M = Ni, Pt, Cu [145] . The

etal atoms coordinated with nitrogen atoms on the layered graphene

atrix increase the Li binding energy, inhibiting structural damage and

ncouraging uniform, dendrite-free Li deposition for long-term plat-

ng/stripping cycles. The pristine graphene (PG) and N-doped graphene

NG) showed cracks on the SEI film and larger Li metal islands project-

ng out from the Li host, respectively. At higher current densities, the

ifference in the surface morphology is more pronounced. The SAM-NG

lectrode prepared with Ni (SANi-NG) exhibited smooth Li deposition

orphology with no obvious cracks and Li dendrites while the NG elec-

rode showed dendritic Li growth with large dead Li particles. As a re-

ult, the SANi-NG electrode showed longer stable cycling stability with

igher CE. It was calculated that the Li adsorption energy for PG, NG,

nd SANi-NG was 1.23 eV, 3.02 eV, and 1.92 eV, respectively, using Li

dsorption energy mappings. If the Li adsorption of the host material is

igher than the cohesive energy of Li (1.63 eV), Li nucleates on the sur-

ace of the host material, instead of forming bulk Li. Figs. 6 f-h illustrate

he Li-ion adsorption configurations on PG, NG, and SANi-NG structures.

hus, NG and SANi-NG can enable a sufficient nucleation site than PG,

esulting in dendrite-free smooth Li deposition. Besides, the electroneg-

tivity of different materials such as Li (0.98), C (2.54), N (3.04), and

i (1.91) dictates the Li adsorption activity. Figs. 6 i-k show electron

ransfer from Li to PG, NG, and SANi-NG electrode, respectively. The

lectrode SANi-NG demonstrates the highest Li adsorption due to the

mallest electronegativity of Li. In NG, a higher Li adsorption can be

ttributed to the strong N-Li bond, because N and Li have a large elec-

ronegativity difference. Nevertheless, this strong N-Li bond could lead

o atomic structural damage between N-atoms and C-atoms. Liu et al.

esigned graphitic carbon-encapsulated Co nanoparticles (NP), and N-

oped in their carbon skeleton designated as Co/N-PCNSs ( Fig. 6 l) as

wo-in-one hosts both for LiMA and sulfur (S) cathodes [180] . This helps

o protect the LiMA anode and also enables high sulfur utilization with

nhibition of lithium polysulfides shuttling effect. 

The density functional theory (DFT) calculations were done to ana-

yze the charge density and binding energy to understand the interaction

etween the Li-ion and heteroatom or N-doping [ 182 , 183 ]. Lee et al.

tudied the DFT calculations to understand the stable configurations of

i interstitial atoms in various N-graphitic structures [182] . They ob-

erved that pyridinic N exhibits higher Li adsorption energy (-6.12 eV)

han pyrrolic N (-5.907) and quaternary N (-5.084 eV). To lower the Li

nterstitial formation energy, the heteroatom doping or N-doping into

he porous carbon is an effective strategy. As a result, Co-embedded N-

oped mesoporous graphite derived from bimetallic ZIF (Zn/Co) showed

mproved electrochemical cycling performance. Due to saturated elec-

ron orbitals, the carbon atom in a six-membered ring cannot provide

dditional electrons for Li-ion adsorption, resulting in weak interaction
457 
etween them [183] . In contrast, the defects, edges or high coordina-

ion site due to N-doping replace the carbon atoms in a six-membered

ing with N-atom. The N atom in graphitic-N forms a pi bond, providing

xtra electrons which leads to the increased charged density or conduc-

ivity. Further, pyrrolic N-atom replaces additional two carbon atoms.

he lone pair containing pyrrolic-N acts as a Lewis base, strongly absorb-

ng the Lewis acidic Li-ion. These results obtained from the simulation

tudies matches well with the XPS results. As a result, protected LiMA

ith N-doped CNT protected LiMA enable uniform distribution of Li-

on, resulting a high CE of ∼ 99% over 500 h at a high current density

f 8 mA cm 

− 2 . 

The synergy of fast electron transport, the high electronegativity of

-atoms with extra electrons from Co, and rearrangement between Co

anoparticles and N-doped graphene render uniform Li-ion flux and

ithiophilic site for dendrite-free Li deposition. Liu et al. atomically dis-

ersed CoN x into graphene as a Li host to obtain strong lithiophilicity.

s a result, a high CE of 99.2% was achieved at a current density of 2 mA

m 

− 2 ( ∼ 400 cycles) to achieve a capacity of 2 mAh cm 

− 2 . Moreover,

he hierarchical porous network lowers the effective current density,

rovides sufficient large space for Li accommodation, and alleviates the

olume expansion of Li during Li plating/stripping cycles. Guo et al.

esigned lithiophilic Co/Co 4 N NP embedded in hollow N-doped carbon

anocubes as Li host which displays high CE of 98.5% over 300 cycles

nd dendrite-free Li deposition and long-term cycling performance in

igh energy density Li-air battery [157] . Fig. 6 m shows the schematic

f the Li-air battery with lithiated Co/Co 4 N NP embedded hollow N-

oped carbon nanocubes. The high content of N and Co NP not only

nsures lithiophilic and uniform distribution of the nucleation site but

lso stores store sufficient Li through the intercalation reaction of Co

pecies and electroplating of Li into the porous structure. 

.4. Free-standing carbon electrode 

It is challenging to create high-energy-density batteries using con-

entional metal current collectors such as Cu, Ni, Ti, and stainless steel

ue to the high-mass-density of these materials. The high cost and com-

lexity of fabricating metal-based Li host/current collectors have moti-

ated the search for free-standing conductive, flexible, and lithophilic

orous carbons to replace these metals. The facile and low-cost produc-

ion of carbon-based materials with various dimensions and hierarchi-

al nanostructures is possible due to its flexibility and controllable me-

hanical properties. The incorporation of electrically conductive carbon

hich can function as both Li host and current collector is a promising

ethod for further realization of LiMA. Employing conductive carbon

s a free-standing Li host eliminates the need for a metal current collec-

or. The use of an electrically conductive, lithiophilic, flexible, and free-

tanding light-weight 3D carbon matrix is an effective approach to mini-

ize the volume expansion issues, reduce the effective local current den-

ity and provide sufficient space for Li accommodation. This reduces Li

endrite growth and improves interface stability. Porous, sp 2 -hybridized

arbon scaffolds such as CNT, CNF, and graphene have high electrical

onductivity and excellent chemical and mechanical stability making

hese materials highly attractive as free-standing Li hosts [ 184 , 185 ]. The

ree-standing carbon electrode with high graphitization ensures high

lectrical conductivity. Besides, an ideal carbon-based Li host or current

ollector requires the lowest mass density and an optimized pore volume

nd porosity [59,60,164,186–191] . If the pore volume and surface area

re too high, this may reduce battery performance. For instance, the un-

ecessarily large pore volume of carbonaceous materials may form an

nstable SEI film resulting in the continuous consumption of both Li and

lectrolyte to compensate for the loss of SEI. The interconnected struc-

ure could collapse during repeated Li plating/stripping cycles, leading

o the failure of the host material. Table 2 shows some representative

tructural and electrical properties of the free-standing carbon used as

i host and current collector. Cui et al. demonstrated that porous CNF

PCNF) with a specific surface area of 126.4 m 

2 g − 1 , the electrical con-
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Table 2 

Structural and electrical property of the free-standing carbon. 

3D Carbon structure 

Electrical conductivity (S m 

− 1 )/ Specific surface 

area (m 

2 g − 1) & I G/ I D Pore size/pore volume (cm 

3 g − 1 ) CE/N: cd/capacity Ref. 

MSP-20 -/2110/0.98 < 2 nm/1 90/5:1/1 [64] 

CMK-3 -/1120/0.96 3.4 nm/1.3 > 95/200:1/1 

graphene 7.81 ∗ 10 − 5 /-/- 10 nm/1.6 97/100: 0.5/0.5 [117] 

ONPCGs -/2396/- 2.18 nm/1.3 > 99%/350:2/2 [168] 

CNTs-decorated carbon sponge 9960 / ∼408/- 0.25/- 95.8/40:5/10 [199] 

Hollow carbon fibers -/140.1/0.93 0.6–2.5 nm/1.83 ∗ 10 − 2 cm 

3 cm 

− 2 ∼99.5/350:0.5/2 [65] 

PCNF-0.5-HNO 3 127 /126.4/- 2.5–4 nm/0.23 96.6/ ∼125:1/1 [166] 

Fibrous carbon-N-graphene foam 9.6 Ω /482.16/- 2.13 nm/0.27 98.2/150:1/4 [141] 

Carbon cloth 6700 /0.294/1.19 -/2.09 -/200:5/5 (ST) [66] 

CNF-TiN 755/412.4/- 2.04/0.211 95.8/300:1/1 [156] 

CS-CNT -/272/- 40 nm(CNT) /0.67 98.8/500:0.5/1 [200] 

CS -/123/- < 40 nm/0.34 ∼94/55:0.5/1 

g-microtube 10,000/12/No D-peak ∼1 μm/- 97.5/100:5/10 [67] 

UGF - ∼ 400 μm/- ∼50/ ∼90:1/- 

AgNW-Graphene 440,000/19.9/ 3 μm/4.95 97/50:0.5/1 [63] 

CF -/-/- 30–60 μm 3.25 mAh cm 

− 2 –0.1C-100 cycles [158] 

GCF -/0.37/0.86 ≈72 μm/0.04 cm 

3 cm 

− 2 98/50:0.53/8 [68] 
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uctivity of 1.27 S cm 

− 1, and pore volume of 0.228 cm 

3 g − 1 results in the

mallest nucleation overpotential of 32.1 mV with an exceptional energy

ensity of 385 Wh kg − 1 at the 100th cycles in Li-S batteries [166] . In-

reasing these parameters with a higher precursor ratio during material

ynthesis leads to rapid capacity failure and low CE. Benefitting from the

lectronic conductivity, mechanical flexibility, structural and chemical

tability, hierarchical 3D nanostructured porosity, and low-cost, carbon

as been successfully realized in LiMBs [192] . Free-standing porous car-

on can be employed as Li host/current collector by making C/Li com-

osite in a variety of methods such as Li electroplating, molten Li infu-

ion, and mechanical pressing. However, the lithiophobic surface of the

orous carbon matrix cannot promote uniform Li deposition at a high

urrent density and high Li plating capacity. The lattice mismatch be-

ween the body-centered cubic structured Li metal and hexagonal struc-

ured carbon leads to a poor affinity of carbon towards Li. As a result,

he initial Li deposition and plating/stripping at higher current densi-

ies nucleates poorly leading to non-uniform and dendritic Li deposition

uring subsequent Li plating cycles. These sparse Li agglomerates lead

o the loosely connected Li deposition increasing the possibility of dead

i formation. With these considerations in mind, various surface modi-

cations of porous carbon with lithiophilic materials have been investi-

ated using methods including Li electroplating [ 152 , 166 , 171 ], molten

i infusion [ 121 , 139 , 159 , 164 , 173 , 193-197 ], and mechanical roll press

ethods [ 158 , 198 ]. As a result, smooth Li electrodeposition and uni-

orm insertion of molten Li into the porous structure can be obtained. 

In the electroplating method, free-standing electrodes are considered

s the working electrode and Li foil as the counter/reference electrode,

nd then the electrochemical performance such as the symmetrical cell

est (ST) and CE test is evaluated. For practical full cell testing, a suffi-

ient amount of Li is electroplated on the free-standing 3D porous car-

on, and the battery is disassembled. The electroplated carbon electrode

s cleaned to remove residual Li salts and electrolyte, and then coupled

ith a cathode to fabricate a full cell [ 44 , 67 , 68 , 199 , 201 , 202 ]. This re-

ults in the complex processing of electrode fabrication for practical

iMBs. Besides, it is still challenging to obtain uniform Li electroplat-

ng because the short Li-ion diffusion path leads to the deposition of Li

n the outer surface of the Li host [83] . Thus, the development of an

lectroplated C/Li composite anode still suffers from high cost, uncon-

rolled and uneven Li distribution, and time-consuming fabrication. 

Pre-storing of molten Li into the free-standing porous electrode is a

romising technique for making C/Li composites because it predefines

he Li anode space and provides sufficient Li for high-energy-density bat-

eries [203] . The direct infusion of molten Li into such porous structures

an avoid the complexity of dissembling the batteries before fabricat-

ng a full cell. Lin et al. reported lithiophilic layered reduced graphene
458 
xide (rGO) to restore or infuse Li into the uniform nanoscale inter-

ayer gaps [121] . The synergy of lithiophilicity and capillary force gen-

rated by the nanogaps in rGO imparts a high Li wettability. Figs. 7 a-c

how an SEM image of densely stacked pristine graphene oxide (GO),

parked rGO, and layered Li-rGO, respectively. The inset of Fig. 7 c shows

 Li-rGO strip coiled around a glass rod, illustrating the good flexibility.

ourier transform infrared (FTIR) spectroscopy measurements confirm

he reduction of GO by the spark reaction ( Fig. 7 d). The presence of

OH peak in GO has disappeared in rGO. The XPS analysis also con-

rms the significant reduction in O 1 s signal and C-O-H peak. The

olten Li-infused lithiophilic and flexible rGO shows ∼20% dimensional

hange during cycling and reduced overpotential in the ester-based elec-

rolyte. Zhang et al. designed a highly conductive, free-standing car-

on with well-aligned porous channels as a Li host material [193] . The

/Li composite was prepared by pre-storing molten Li into lithiophilic,

nO-coated carbonized wood as shown in Fig. 7 e. This C/Li composite

node demonstrated a high capacity of 2650 mAh g − 1 and excellent

ong-term cycling performance even at a high current density of 3 mA

m − 2 with reduced overpotential. Zhang et al. demonstrated a coral-

oid carbon fiber (CF) by electroplating silver (Ag) on CFs [173] . Fig. 7 f

hows a schematic illustration of preparing carbon fiber/Ag-Li compos-

te materials from CF. The lithiophilic Ag was coated on the CF before

nfusing the molten Li into the CF matrix. Fig. 7 g shows SEM images

ith digital photos in the inset for CF, Ag-decorated CF, and CF/Ag-Li

omposites. The CF/Ag-Li (I) is the composite with surface Li infusion

nd CF/Ag-Li (II) is the composite with molten Li in the porous frame-

ork. Electroplating can be a more facile and cost-effective approach for

btaining lithiophilic property on porous carbon compared to chemical

apor deposition, sputtering, or atomic layer deposition. The lithiophilic

ucleation sites uniformly wet the surface with molten Li to achieve

F/Ag-Li composite. The symmetrical cell test demonstrated long-term

table plating/stripping cycles with low voltage hysteresis at a high cur-

ent density of 10 mA cm − 2 and to achieve a high capacity of 10 mAh

m − 2. The CF/Ag-Li composite anode paired with S-cathode achieved

apacity retention of 64.3% at 0.5 C even after 400 cycles. 

The infusion of molten Li into nano/microstructured carbon at high-

emperature and the electrodeposition of Li into porous carbon can be

isky and complex. Besides, the infusion of molten Li into a porous car-

on framework demands a thick and heavy, free-standing electrode,

hich is not considered suitable for practical high-energy-density bat-

eries. As an alternative to the thermal infusion of molten Li and electro-

lating methods, a rolling press method has been recently reported as

 simple and scalable mechanical technique to fabricate Li composites

 100 , 204–206 ]. The fabrication of C/Li composites provides excellent

echanical & chemical strength under the redox environment and high
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Fig. 7. a-c SEM images of pristine GO film, lay- 

ered rGO, and Li-rGO composite film. d FTIR spec- 

trum of pristine GO and sparked rGO layer. Repro- 

duced with permission from Ref. [121] , Springer Na- 

ture. e Schematics of the C/Li composite preparation 

process from C-wood after ZnO coating and molten 

Li infusion. Reproduced with permission from Ref. 

[193] , Proceedings of the National Academy of Sci- 

ences. f Schematic of the preparation steps of carbon 

fiber/Ag-Li composite. g Corresponding SEM images 

and the inset: digital photos. Reproduced with per- 

mission from Ref. [173] , Elsevier. 

Fig. 8. a Schematic demonstration and correspond- 

ing SEM images of pristine CF, CF/Li composite af- 

ter roll-press, and shelving for 72 h. Reproduce with 

permission from Ref. [158] , John Wiley and Sons. b 

Schematic illustration of C/Li composite anode by a 

roll-press method. Reproduced with permission from 

Ref. [210] , Elsevier. c Optical image and folding prop- 

erty of carbon cloth. d Top-view SEM image of carbon 

cloth. e the synthesis steps of C/Li composite anode 

by applying pressure. f Cross-sectional SEM image 

of C/Li composite anode. Reproduced with permis- 

sion from Ref. [66] , Elsevier. g Molecular structure 

of phosphoric acid and ammonia gas precursor. h,i 

LBASEI fabrication process by LBS method and trans- 

fer of LBASEI from Cu to produce LBASEI/Li compos- 

ite by roll press method. j Digital photos of pristine 

Li and LBASEI/Li. Reproduced with permission from 

Ref. [198] , Springer Nature. 
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nergy density due to the low density of carbon. Although the Li wetta-

ility of the carbon host materials may not be needed while making the

omposites, the interaction of Li-ions and lithiophilic materials can gov-

rn the Li deposition curing plating/stripping cycles. Li metal has excel-

ent malleability even at room temperature, and this property facilitates

he easy production of C/Li composite anode by pressing, roll-in or fold-

ng methods [ 66 , 158 , 205 , 207 , 208 ]. Besides the advantages of flexible,

onducting, and lithiophilic carbon, lithium offers a very low-density of

.53 g cm 

− 3 and excess Li-ion source. Moreover, the high mechanical

trength of carbon host materials can endure the high pressures required

o manufacture such composites [209] . 

Shi et al. fabricated carbon fiber/Li composite materials through a

ne-step rolling method at room temperature [158] . Fig. 8 a shows a
459 
chematic illustration and corresponding SEM images of pristine CF,

F/Li composite after roll-press, and shelving for 72 h. The thin lithio-

hilic LiC 6 layer, which enhances the wettability of the carbon fiber was

ormed between the carbon fibers and the metallic Li due to an in-situ

ntercalation reaction between Li and C. The C electronegativity is in-

reased due to electron transfer from Li upon intercalation. As a result,

he formation of lithiophilic LiC 6 increases the interaction between the

arbon framework and Li-ions. The Gibbs free energy of the intercalation

eaction (-10.59 kJ mol − 1 ) indicates that this is the reaction is sponta-

eous once the Li metal and carbon fiber come into contact. This demon-

trates that a one-step rolling method is appropriate for the large-scale

arbon fiber/Li composite to revive the LiMA for practical high-energy-

ensity. Shu et al. fabricated C/Li composites by sandwiching Li between
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Table 3 

Symmetrical cell performance based on C/Li composite. 

carbon matrix fabrication method symmetrical cell performance Ref. 

Graphitized CF Electroplating 2 mA cm 

− 2 for 0.5 h - 300 h/Ether [68] 

3D carbon paper Electroplating 2 mA cm 

− 2 for 1 h - 1000 h/Ether [211] 

Ag- 3D graphene Electroplating 40 mA cm 

− 2 for 1.5 min - 50 h/Ether [63] 

CNF-TiN Electroplating 4 mA cm 

− 2 for 15 min - 100 h/Ether [156] 

Graphite microtube Electroplating 1 mA cm 

− 2 -for 10 h - 3000 h/Ether [67] 

N-CNTs decorated carbon sponge Electroplating 15 mA cm 

− 2 for 1 h - 600 h/Ether [199] 

CNT on porous carbon cloth Molten Li infusion 5 mA cm 

− 2 for 1 h - 500 h/Ether [212] 

TiC/C Molten Li infusion 3 mA cm 

− 2 for 20 min - 200 h/Ester [159] 

Ag-Coralloid carbon fibers Molten Li infusion 1 mA cm 

− 2 for 1 h - 400 h/Ether [173] 

ZnO@carbon cloth Molten Li infusion 10 mA cm 

− 2 for 3 min - 30 h/Ester [197] 

3D nanoporous N-graphene Molten Li infusion 1 mAcm 

− 2 for 1 h - 1454 h/Ether [164] 

Molten Li infusion 3 mA cm 

− 2 for 20 min - 250 h/Ester [193] 

carbon fiber/Li Mechanical press 5 mA cm 

− 2 for 1 h - 90 h/Ether [158] 

rGO/Li/rGO Mechanical press 10 mA cm 

− 2 for 1 h - 1500 h/Ether [210] 

Li/carbon fiber/Li Mechanical press 1 mA cm 

− 2 for 1 h - 950 h/Ester [205] 

Li/carbon cloth/Li Mechanical press 5 mA cm 

− 2 for 12 min - 80 h/Ester [66] 

PrGO/Li Mechanical press 1 mA cm 

− 2 for 1 h - 400 h/Ester [198] 

CNT/Li Mechanical mix 0.5 mA cm 

− 2 for 1 h - 30 h/Ether [207] 
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C

arbon layers of rGO, activated microwave exfoliated GO (aMEGO), and

ctivated carbon through the rolling press method as shown in Fig. 8 b

210] . The thickness of the C/Li composite was maintained at 100 𝜇m

nd 460 𝜇m based on the number of Li and carbon layers, keeping in

ind the rolling hardening of Li. Zhou et al. designed carbon cloth/Li

omposite through a facile, one-step method by applying 10 MPa pres-

ure to a stack of carbon cloth placed over the Li [66] . Figs. 8 c,d show

hotographs of the commercially available carbon cloth and a top-view

EM image of the carbon cloth. Fig. 8 e shows the one-step process of

tacking the carbon cloth with the Li foil by applying pressure. Fig. 8 f

hows a cross-sectional SEM image of well-attached carbon cloth on top

f the Li foil. The carbon cloth/Li composite anode paired with both

i 4 Ti 5 O 12 (LTO) and LiNi 5 Co 2 Mn 3 O 4 (NCM) cathode exhibited long and

table cycling performance. Kim et al. used Langmuir-Blodgett artificial

EIs (LBASEIs) to functionalize the rGO with phosphate (PrGO) and am-

onia (NrGO) in a facile and scalable production process to stabilize the

iMA [198] . Fig. 8 g shows the molecular structures of phosphoric acid

nd ammonia gas. Functionalizing rGO with phosphorus or ammonia

llows nanoscale thickness control and provides an easy and scalable

ethod for fabricating the ASEI. Figs. 8 h,i show the fabrication process

f LBASEI on Cu foil by the Langmuir–Blodgett scooping (LBS) method

nd transfer of the LBASEI on Li foil by the roll-press method, respec-

ively. Fig. 8 j shows digital photographs of pristine Li metal and the

BASEI-Li composite. The pairing of a Li/PrGO composite anode with

n NCM (811) cathode delivered stable cycling of more than 120 cycles

ith an energy density of 260 Wh kg − 1 . Table 3 shows some represen-
460 
ative symmetrical cell performance of C/Li composite based on their

tructures and fabrication methods. 

To further improve the Li plating/stripping behavior and realize a

table and safe LiMA, the development of in-situ or ex-situ SEI on me-

hanical roll-press C/Li composite anode has been considered as an ef-

ective approach [ 112 , 205 , 207 , 213 ]. The tailor-designed SEI effectively

rovides a physical barrier between the C/Li composite and the liquid

lectrolyte to prevent side reactions and suppress Li-dendrite growth.

ig. 9 a shows a schematic illustration of the engineered C/Li composite

ollowed by the SEI generation process. The C/Li composite anode with

EI on top and carbon fiber matrix on the bottom ( “housed Li ”) showed

 stable structure and fast Li-ion/electron transport. Fig. 9 b shows the

table long-term pouch cell cycling performance at 0.5 C after one cy-

le at 0.05 C using housed Li as the anode and LiFePO4 as the cath-

de. Guo et al. fabricated a CNT/Li composite with ASEI via molecular

elf-assembly monolayer of octadecyl phosphonic acid (OPA) to accom-

odate the volume expansion of Li during plating/stripping and pro-

ect the composite anode from side reactions with the electrolyte and

ir [207] . The CNT/Li + SEI composite anode coupled with CNT micro-

pheres (CNTm) O2 cathode demonstrated improved electrochemical

eversibility i.e., the O2 recovery efficiency of 95% for more than 90 cy-

les. The SEI-developed C/Li composite anode showed highly reversible

E with stable cycling performance, which was further improved using

NTm even at higher current densities as shown in Figs. 9 c-e. 
Fig. 9. a Schematic illustration of SEI formation on 

C/Li composite developed by the roll-press method. 

b Full cell cycling performance in pouch cell using 

LiFePO4 as a cathode and SEI-protected C/Li com- 

posite anode. Reproduced with permission from Ref. 

[205] , Elsevier. c-e Voltage profile of Li-O 2 cell using 

Li/KB, Li-CNT/KB, and Li-CNT/CNTm configuration. 

Reproduced with permission from Ref. [207] , Ameri- 

can Chemical Society. 
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. Conclusion and perspectives 

Lithium metal-based batteries which offer the advantage of higher

nergy density compared to conventional graphite-based anode batter-

es have been pursued for many years. The lithium metal anode (LiMA)

s considered a key component for next-generation batteries potentially

ffering energy densities of > 500 Wh kg − 1 at the cell level to drive the

nergy storage market for electric vehicles. However, the practical ap-

lication of LiMA is hindered by the high chemical reactivity and the

igh-volume expansion of Li that lead to uncontrolled side reactions, Li

endrite growth, and the formation of an unstable SEI. The C/Li com-

osite anode has demonstrated discernable progress with flooded elec-

rolyte excess Li ( > 50 mAh cm 

− 2 ), high ratio of negative electrode ca-

acity to positive electrode capacity (N/P > 3), and charge/discharge at

 low current density ( < 1 mA cm 

− 2 ). However, key challenges remain

ith C/Li composite anodes including the mitigation of the large vol-

me expansion and high chemical reactivity of Li. There is still a need to

llustrate the feasible pathways for high-energy, stable, and long-cycling

iMBs with lean lithium ( < 10 mAh cm 

− 2 or < 50 μm), low N/P ( < 2),

ean electrolyte or low electrolyte to capacity ratio ( < 3 g (Ah) − 1 ) and

igh current density ( > 3 mA cm 

− 2 ). The limited Li/3D carbon com-

osites fabricated by electroplating, molten Li infusion, and mechanical

oll-press methods overcome significant limitations of the LiMA. The in-

roduction of highly conductive and lithiophilic free-standing electrodes

as proven to be the best candidate as both Li host and current collec-

or for reviving the LiMBs. The initial focus should target safety, high-

nergy density, and long-term stable battery performance. Moreover,

he use of 3D porous carbon as both Li host and current collector will

educe the size, weight, and cost. The advantages of well-designed mi-

ro/nanostructured C/Li composite could effectively improve the safety

ssues and enhance the battery performance due to: (1) high surface

rea of carbon provides sufficient space for Li accommodation, (2) sig-

ificantly lower effective current density, (3) mechanical and chemical

tability to provide high stability during long-term cycling (4) reduced

eight with good flexibility to increases the energy density and stabilize

he electrode/electrolyte SEI, and (5) reduce the cost of processing and

aterial cost. This improved reliability of LiMA batteries and success

n these Li/3D carbon composite will open new opportunities and make

hem appealing for large-scale energy applications. The key technical

ssues associated with C/Li composite anodes are listed below to serve

s a roadmap for academic and industrial partners to reach the goal of

ractical, high-energy-density batteries. 

1) The deeper understanding of the in-situ SEI formation on carbon/Li

composite anode and Li plating/stripping behavior by state-of-art

characterization tools [214–217] such as synchrotron X-ray analyt-

ical techniques, cryogenic electron microscopy, XPS, time of flight

secondary ion mass spectrometry (TOF-SIMS), Fourier transform in-

frared spectroscopy (FTIR), atomic force microscopy (AFM, trans-

mission electron microscopy (TEM), cryo-TEM, enhanced Raman

spectroscopy, auger electron spectroscopy (AES) are critically im-

portant to understand the morphology, chemical composition, and

Li-ion transport behavior during and/or after plating/stripping. The

simulation techniques [ 147 , 218–225 ] such as the finite Peled model,

Mosaic model, coulombic interaction mechanism model, element

method, phase field theory, molecular dynamics, first-principle den-

sity functional theory are also equally essential to verify the experi-

mental results and provide insight into the new ideas on the differ-

ent status of SEI. Besides, the complex reaction mechanism across

the interface of 3D porous carbon/Li composite and the liquid elec-

trolyte/solid electrolyte, the transport of charges such as positive

Li-ion, partially positive Li-ion, and electron need to be explored

further. 

2) The key factors such as lithiophilicity and conductivity in host mate-

rials play an important role in Li nucleation and deposition behavior.

The different interactions which induce the Li nucleation depending
461 
upon the lithiophilic functional group, heteroatom, or other polar

atoms need to be understood in detail. Due to higher mass loading of

cathodes and charge/discharge for higher capacity, the lithiophilic

materials may be covered, resulting in the formation of non-uniform

and mossy Li. Further advancement such as a composite of flexible

polymer and lithiophilic carbon host may confine the Li within the

3D porous structure. 

3) In addition to the lightweight, conductive, and lithiophilic 3D porous

carbon/Li composite anode, the artificial ultrathin, and flexible,

highly mechanical, and chemical stable ex-situ SEI are desired to sep-

arate the hyperactive LiMA and liquid electrolyte. 

4) The use of solid-state electrolyte is a promising strategy to pro-

vide safety and higher energy density compared to flammable liq-

uid organic electrolyte [226–229] . Moreover, replacing planar Li

with Li/3D porous carbon composite anode is capable to lower the

impedance and interface incompatibilities under high areal capacity

and current density [ 44 , 230 ]. 
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