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Abstract:
corporation of carbon into the lithium metal anodes has gained considerable attention due to its excellent chemical and electrochem-

To solve the problems of large volume changes and the formation of lithium dendrites in lithium metal batteries, the in-

ical stability, as well as its exceptional mechanical strength that allows repeated cycling. This review provides a comprehensive over-
view of the formation of lithiated graphite (LiC,) and its role in both bulk and electrode-electrolyte interface regions during lithium
plating and stripping. In bulk form, LiC, has excellent lithiophilic properties, reducing the overpotential for lithium nucleation and
promoting uniform lithium deposition. Additionally, when LiCq is introduced at the electrode-electrolyte interfaces, it improves con-
tact between the electrode and electrolyte by acting as a buffering layer, thereby reducing interfacial impedance. Finally, prospects
and challenges for the development of Li/C composite anodes are discussed.
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mAh g ') and low electrochemical potential (-3.04 V
vs. SHE)* 1,

However, the formation of lithium dendrites, ex-

1 Introduction

With carbon neutrality and sustainable develop-

ment goals in prospect, energy storage systems be-

. . ) ) treme volumetric fluctuation, and rapid fracture of
come an essential approach to employing the intermit- o o
. . lithium metal are significant challenges for the prac-
tent and dispersed renewable energies for future

[1-3] tical application of LMBs"”**") Many emerging in-

power grids' . Among the various types of energy

storage devices, rechargeable lithium batteries are novations have been proposed to enhance the per-

formances of working Li metal anode, including elec-
[32-35] [36-38]
b

widely applied due to their efficiency, affordability,
, interfacial modification in-
[39-40]

and portability!*'*. Nevertheless, current commercial trolyte design

troducing solid-state electrolytes ,and construct-

[41-42]

lithium-ion batteries seem unable to meet the ever-

ing composite anodes . Among them, composite

growing energy storage demands'® ", Lithium metal

batteries (LMBs), on the other hand, are regarded as
one of the most promising next-generation energy
storage systems, as lithium metal anode has an ex-

tremely high theoretical specific capacity (3 860

Received date: 2023-05-31; Revised date: 2023-07-04

anodes that integrate lithium metal into 3-dimension-
al hosts (3D hosts) stand out as a promising
approach™, The origins of the advantages brought by
3D hosts are as follows: (1) The 3D host material
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provides a porous matrix to encapsulate metallic lithi-
(" Sony carbon anode

um, effectively reducing volumetric changes, promot-
ing uniform lithium plating, and enhancing the mech-
anical strength of the anode™ ¥\, (2) The large specif-
ic area and high conductivity of certain 3D hosts ef-
fectively reduce the local current density on the com-
posite anode, therefore further suppressing lithium
dendrite growth and metallic lithium pulveriza-
tion™> **1_(3) Numerous interconnecting pores and
lithiophilic surface areas offered by the 3D frame-
work enable the efficient transport of lithium ions,
which magnifies the benefits mentioned above!*> *>>%,

The emerging 3D hosts can be classified into 2
categories: insulate hosts (such as polymers and glass
fibers) and conductive hosts (such as metallic or car-
bon-based materials). The carbon-based hosts exhibit
not only excellent chemical and electrochemical sta-
bility”' ", but also extraordinary mechanical strength
during repeated cycling, which promotes the constant
sizing and thus higher safety levels for batte-

ries4243, 57601

Consequently, lithium-carbon (Li/C)
composite anodes are given great attention and being
widely studied.

The superior properties of Li/C composite an-
odes are largely attributed to the lithiophilic LiC,
which is in-situ formed during the composing process
of lithium and carbon™. The lithiophilicity of the
LiC, surface enables the uniform nucleation and
"7 And the 3D hosts

provide sufficient space to accommodate volume ex-

growth of lithium metal

pansion during lithium plating"®>> 77 Aiming at a
deeper insight into the interfacial evolution of Li/C
composite anodes and further improvement on com-
posite anode-based battery design, it is crucial to un-
derstand the way that LiC, functions'**>* 7",

The development of LiC, traces back to the prac-
tical applications of Li/C composite anodes. Fig. 1 il-
lustrates the most important events in carbon materi-
als for lithium metal batteries.

In this contribution, the recent advances in Li/C
composite anodes are summarized, along with an in-
sightful discussion on the role of LiC, in rechargeable

lithium batteries (Fig. 2). The pathways for generat-
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Fig. 1 The timeline of typical events in the development stages of LiCy-

contained composite anodes in lithium metal batteries!*** **")

ing composite anodes are presented, followed by a
clarification of the evolution mechanisms related to
LiCq in both the bulk phase and at the interface The
design principles of Li/C composite anodes are out-
lined, highlighting major opportunities and providing

a blueprint for their future advancements.
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Fig.2 Summary of the roles of LiCg in lithium composite anodes

2 LiCq in the battery

LiC, compounds are formed through in situ inter-
calation reactions between lithium metal and carbon-
based materials'™. Lithiophilic LiC, can enhance the
intercalation detachment process during bulk phase in-
teraction and act as a buffer layer for electrolytes and
interfaces during interfacial interaction.

2.1 LiC, generation in composite anodes
2.1.1 Lithiated carbon anode

The widely accepted method for LiC, fabrication
is by generating a Li/C composite anode. This can be
achieved by adding molten lithium to carbon or by
bringing lithium into contact with carbon during the
construction of a lithium metal battery. The chemical
reaction between graphite and Li metal are illustrated
in Fig. 3a: Li" + 6C—LiC,, AG=—10.59 kJ mol". The
process of inserting Li atoms into carbon is thermody-
namically spontaneous, as indicated by Gibbs free en-
ergy variation””. After Li intercalation, the bonds
between carbon framework and Li" in the electrolyte
are strengthened, leading to the generation of lithio-
philic of LiC,.

The lithium kinetic processes in Li/C composites
involve several stages™”:
(1) Lithium ions are transported from the electro-

lyte to the carbon surface.

(@)
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Fig. 3 (a) Schematic of the mechanism of graphite reacted with Li metal to
generate LiCq. (b) Different lithiation stages of a carbon-based anode dur-
ing charging. Reproduced with permission'®"’. Copyright 2018 American

Chemical Society

(2) During the charge transfer process, lithium
ions react with carbon matrices and are transported in-
to the carbon anode through the interface, forming the
Li/C composites. The reaction continues and the lithi-
um-ion contents in the carbon matrices gradually in-
crease until all the carbon matrices are fully lithiated
into LiCq.

(3) Following the formation of LiC, the nucle-
ation and growth of lithium metal occur as a result of
the lower potential.

The evolution of LiC, during charge and dis-
charge processes is distinct. The charging process in-
volve a sequential lithiation process of Li" insertion
into graphite (Fig. 3b). This progressive process com-
prises several stages: initial solid solution state (ori-
ginal graphite), stage III (from LiC,, to LiC,y), stage 11
(from LiC g to LiC,,), and the final stage I (from LiC,,
to LiC,)™”. The anode materials in different lithiation
stages are distinguished by different colors, transition-
ing from black (LiC) to silvery-black (LiC,,), and fi-
nally to golden yellow (LiC,) at the end of the
charge!™'.

During the discharge process, as metallic lithium
is fully consumed from the composite anode, the con-
centration of LiC, gradually decreases™. The carbon

skeleton still participates in the discharge process,
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formation of LiC,,. Subsequently, the phase with
lower lithium content gradually becomes dominant.
Considering practical battery design, the anodes will
retain an amount of excessive lithium, typically main-
taining a negative/positive (N/P) ratio between 1.05
and 1.20™1. This approach not only preserves the lith-
iophilicity and structural stability of the framework
but also compensates for capacity loss during the cyc-
ling process.

Li metal has a low melting point of 180.5 °C and
good fluidity at temperatures above 200 °CP**,
Hence, injecting molten Li through direct thermal in-
jection is a routine strategy for pre-storing lithium in
the 3D hosts™ ¥ For instances, Cui’s group de-
scribed an effective layered Li-reduced graphene ox-
ide (Li-rGO) anode made by injecting molten Li into
the surface of rGO (Fig. 4a)'”. The rGO offers the ex-
cellent framework for accommodating the infusion of
Li metal, which contributes to a stable plating strip-
ping process and significantly mitigates the volume
change. The emergence of lithiophilic LiC facilitates
the even distribution of lithium ions into the gaps
within the layer of rGO. This anode was found to
maintain a capacity of up to 3 390 mAh g with good
rate capability and stable cycling, as well as a low
hysteresis in a full-cell matched with the LiCoO, cath-
ode. The molten Li can not only be added into layered
carbon matrices, but also can be combined with 3D
carbon nanotube networks. Chen’s group demon-
strated impressive results by soaking CNT particles in
molten Li metal under stirring (Fig. 4b)°”. Molten
lithium is spontaneously absorbed into CNT particles
to form Li-CNT composite particles. Compared with
bare lithium, the carbon nanotube frame structure of
Li-CNT composite anodes can inhibit dendrite growth
and form stable SEI. In addition, the larger specific
surface area of Li-CNT particles provides internal
space to accommodate the volume expansion during
lithium plating. The full cell composed of Li-CNT
composite anode and LiFePO, (LFP) cathode exhibits
a CE 0f 90.1% in a prolonged 300 cycles at 1 C. Thus,

the construction of various lithium carbon structures is
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Fig. 4 (a) Schematic illustration for the fabrication of the Li-rGO compos-
ite film by lithium metal melting. Reproduced with permission'®”. Copy-
right 2016, Springer Nature. (b) The construction of the Li-CNT composite
anode. Reproduced with permission®. Copyright 2013, Royal Society of

Chemistry. (c) The fabrication process of Li-graphite composite anode by
(99

the stirring and melting method. Reproduced with permission®”. Copyright

2018, Elsevier. (d) Formation process of Li@LiC &LiF-x composite anode
materials. Reproduced with permission!'*). Copyright 2021 American
Chemical Society

deemed suitable through the process of making com-
posite anodes via molten lithium.

Achieving a better N/P ratio and avoiding excess
lithium while improving energy density can be lucrat-
ively achieved through the melting method by pre-
cisely controlling the Li content. However, pairing ex-
cess lithium (averaging 300% in current studies) with
the positive electrode inevitably reduces the battery’s
energy density”®**. Therefore, prioritizing cost sav-
ings and minimizing the waste of lithium is strongly
considered for large-scale production through the
melting method. Tu, Xia and co-workers demon-
strated a successful large-scale fabrication of lithium-
graphite composite anodes (LGH) via a simple one-
step stirring-melting process (Fig. 4c)”. Notably, this
process allows for the precise control of the mass load
of Li metal, thereby avoiding an excessive amount of
Liin the complete battery. Stirring method acceler-
ates the contact reaction between molten lithium and

layered graphite sheets, resulting in a high-density
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surface featuring LiC, nucleation sites. This surface
enables to reduce local current density during the
stripping/plating process, allowing for more uniform
plating of lithium. These advantages realize stable op-
eration of LGH symmetrical cells for up to 100 cycles
at 5 mA cm’ with a capacity of 1.5 mAh cm?, and
lithium utilization rate per cycle is 25%.

The use of the melting method in preparing LiC,
enables the uniform reaction between lithium and car-
bon, resulting in a homogeneous phase distribution in
the composite anode. At high temperatures, lithium
metal exhibits good fluidity, facilitating uniform con-
tact between lithium and carbon-based materials and
favorable lithiophilic properties throughout the mater-
ial. However, the melting method necessitates a strict
inert atmosphere and specialized equipment, which
can increase production costs. At the same time, when
the composite anode is prepared on a large scale by
molten lithium injection, the hidden risk of high tem-
perature will possibly damage the lithiophilic
surface!'™ """, To address this issue, a simple and safe
method of roller pressing was explored to take advant-
age of lithium metal’s good ductility at room temper-
ature. Gao’s group designed the rolling with heat
treatment strategy to fabricate the Li@LiC(&LiF com-
posite Li anode. (Fig. 4d). In this composite anode,
LiCq is derived from the direct contact reaction of lith-
ium and graphite. LiC, composite anode is success-
fully fabricated by direct contact between Li and car-
bon, which is triggered by the lower Li ion diffusion
barrier of LiC, (0.05 eV) than that of Li (0.13 eV).
The homogenization of nucleation and growth get
profits from the excellent lithiophilic properties. Not-
ably, LiC, material has a high lithium-ion diffusion
coefficient (2x107 cm® s )"l which effectively
promotes the interfacial diffusion kinetics of lithium-
ion. The rapid ionic diffusion eliminates the excess-
ive Li accumulation induced dendrite. The
Li@LiC,&LiF coupled with Ni-rich NCM cathode
realized a capacity retention rate of 94% after 100
cycles at 0.1 C.

2.1.2  Anode-free carbon anode

The electrochemical reaction of LiC, generation

during the battery cycle process is enabled by using
lithium-free carbon materials as the anode. This ap-
proach reduces the pre-treatment process of materials,
minimizes the weight of the negative electrode, and
increases the overall energy density of the battery by
producing LiC, in situ. Due to the absent of pre-lithi-
ation, the lithiophobic anode free carbon anode may
suffer from inhomogeneous Li deposition leading to
subsequent Li dendrite. Essential structural design for
carbon material should be adopted to solve these prob-
lems.

Hence, increasing specific area of carbon
matrices is the basic strategy in a lithium free anode.
Kang et al. reported the synthesis of three-dimension-
al (3D) carbon materials (CMs) to modify electrodes
using a high-temperature carbonization method
(Fig. 5a)'"). During lithiation, CMs were converted in
situ to LiCq. The lithiophilic LiC, dispersed lithium-
ion flow, resulting in uniform lithium nucleation. In
addition, the 3D structure provides a large specific
surface area, combined with lithiophilic LiCg, results
in a synergistic effect that facilitates uniform and con-
trolled lithium growth avoiding dendrite formation.
Therefore, the CMs-modified electrode achieved a
high Coulombic efficiency of 97% even after 300
cycles of long life. During the electroplating process
of lithium in a battery, the unavoidable volume expan-
sion can make the internal stress distribution within
the battery uneven, which can adversely affect the
cycle life of the battery. Although the large surface
area of the electrode material can potentially delay the
growth of dendrites, the volume expansion will still
destroy the anodic structure, deteriorating the anodic
lifespan. Therefore, He’s group reports a 3D graphene
frame (3D-GF)!'*, an interconnected hollow sphere
with large internal spaces (Fig. 5b). The tough
graphene skeleton can stabilize the structure of the
lithium metal anode. The macropores within the
sphere offer a larger volume to alleviate the signific-
ant volume changes during the lithium deposition.
This selective lithium deposition effectively prevents
the formation of lithium dendrites at a deposition ca-

pacity of up to 10 mAh cm . The anodic structure
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trode. Reproduced with permission''*!. Copyright 2019, Elsevier;

(b) Schematic diagrams showing the Li nucleation and growth process on
the 3D-GF. Reproduced with permission’'*. Copyright 2019, American
Chemical Society. (¢) Schematic diagrams of lithium plating process on the
CMN. Reproduced with permission'””). Copyright 2017,

American Chemical Society

combining high specific area with special three-di-
mensional design can overcome the dendrite forma-
tion and volume expansion simultaneously. Wan’s
group proposed to attach spherical carbon granules to
the three-dimensional conducting skeleton as the an-
ode to facilitate the long cycle of the battery
(Fig. 5¢)'"". This novel approach benefits from the
three-dimensional skeleton’s ability to accommodate
volume expansion. Besides, the spherical carbon gran-
ules increase the surface area to suppress the Li dend-
rite filaments''” "%, The lithiophilic LiC, formed in
initial charging improves the wettability of lithium to
spherical C, promoting stable lithium deposition and
replenish the Li loss in subsequent cycles. The pre-
pared anode exhibits a lithium utilization rate above
95% and maintains stable plating/peeling perform-
ance over 500 cycles. At the same time, the full cell
matched with LiFePO, strike a long lifespan of 1 000
cycles at a surplus Li of merely 5%.
2.2 The roles of LiC, in a working battery

The lithiophilic properties of LiC, in the Li/C

composite anode can reduce the nucleation overpoten-

on the surface of the anode. Solvated lithium ions tra-
verse the SEI, undergo desolvation, and subsequently
reach the anode!"'*""”). The resulting LiC,, featuring a
lithiophilic functional site, can decrease the nucle-
ation overpotential of lithium metal deposition. Com-
pared to lithium deposited directly on copper foil, the
higher surface energy deposited on LiC, realizes a
smaller wetting angle during lithium deposition.
which results in the smaller deposited nucleation over-
potential of <0.1 V'],

2.2.1 Bulk phases

LiC, in bulk phase plays important roles in redu-
cing overpotential of lithium-ion insertion, promoting
uniformity of lithium deposition. The intrinsic lithio-
philicity of LiC, skeleton can protect the surface of
the negative electrode, which improves the perform-
ance, stability, and lifespan of the battery.

However, the primary carbon is lithiophobic,
which cannot deliver satisfy performances. A pre-lith-
iation on forming LiC, for carbon matrices is essen-
tial. In order to explore the lithiophilicity of the car-
bon materials, Li’s group compared the wettability of
Li in pure carbon materials and lithiated carbon mater-

ials (Fig. 6a)/®"

. They conducted apparent contact
angle (ACA) measurements of molten lithium liquid
(Liy,) droplets on porous graphite paper (PCP) and
drops on prelithiated PCP. As shown in the Fig. 6a,
Li;’s ACA on PCP is 142°, while Li;,,’s ACA on pre-
lithiated PCP becomes less than 90°. At the same
time, Li is permeated into the pores and diffused into
the whole porous substrate rapidly even in 2 s. The
above phenomenon proves that prelithiated PCP ex-
hibited a transition from lithiophobicity (Cy) to lithio-
philicity  (LiCy).
matrices, Li began to grow along the lithiated LiC,

Comparing with bare carbon

fiber, forming a core-shell structure with LiC; fiber as
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Fig. 6 (a) Li wettability of PCP, lithiated PCP. ACA measurements of
(I, II) PCP and (1V, V) lithiated PCP. Digital photos of a Li droplet on (III)
PCP and (VI) lithiated PCP after cooling down to room temperature!**.,
(b) Schematic diagrams of electrochemical plating/stripping process of lithi-
um on the CNT sponges. Reproduced with permission'"'”’. Copyright 2019,
American Chemical Society; (¢) Schematic diagrams of coralloid layered
composite electrode. Reproduced with permission!'*”’. Copyright 2018, El-
sevier. (d) Schematic of the Li-EG composite anode fabrication process. Re-

produced with permission'*". Copyright 2019, Royal Society of Chemistry

the core and excess Li as the shell. Li-PCP composite
materials exhibit better performance than bare Li
foils, displaying over 200 stable cycles.

The carbon framework conducts electricity and
decreases local current density, while a stable com-
posite structure helps handle volume changes during
repeated electrochemical plating and stripping.

Based on the above, a prelithiation procedure
forming lithiophilic LiC is important. Many research-
ers have adopted pre-lithiation processes for various
carbonaceous hosts to change lithiophobicity to lithio-
philicity for guiding uniform lithium plating. Wang
and colleagues reported a commercial carbon nan-
otube (CNT) sponge as a 3D current collector to im-
prove the electrochemical performance of the battery
(Fig. 6b)""""!. During battery discharge, lithium is in-
tercalated into CNT interlayers forming LiC,, then Li

metal is plated on the surface nanopores when the
voltage reaches 0 V. Since the “pre-lithiation” behavi-
or generates LiC, on the surface and the affinity of the
carbon bulk phase, inducing the Li nucleation with
low over-potential. In addition, the high specific sur-
face area of carbon nanotubes (113.8 m’ g') in-
creases the density of lithium nucleation sites and re-
duces the local current density, which ensures the uni-
formity of lithium deposition on carbon nanotube
matrices. Therefore, dendrite-free lithium plating with
high capacity of 10.0 mAh cm > was achieved on the
CNT sponge.

Adding more lithiophilic components into LiCq
matrices can substantially improve the Li plating.
Zhang’s group uses a silver coating to guide the mol-
ten Li permeation on fabricating the structured CF
electrode (Fig. 6¢)!'*”. Taking advantage of the si-
phonic effect of a silver coating, molten lithium is
automatically infused into the CF/Ag framework and
rapidly diffuses throughout the entire electrode. The
CF/Ag-Li anode exhibits structural stability on sup-
pressing the volume changes during repetitive lithium
plating/stripping processes. The LiC, formed in the
CF graphite crystal and Ag nanoparticles both pro-
mote the uniform deposition of lithium in a carbon
fiber frame. Therefore, the full cell constructed with S
demonstrates a high initial discharge capacity of the
785 mAh g ' and a high-capacity retention rate of
64.3% after 400 cycles at 0.5 C.

LiC, can act on the bulk phase not only by mol-
ten lithium injection, but also by mixing heating and
pressurization. He and colleagues heated and pressur-
ized Expanded Graphite (EG) and Li powder to form
a lithium-expanded graphite composite anode (Li-EG)
(Fig. 6d) "*"!. According to BET tests, the specific sur-
face area and pore volume of EG were 21.398 m* g
and 0.1703 cm’ g, respectively. The abundant
porosity contributes to providing sufficient space for
lithium metal deposition. More importantly, EG in
situ reacts with lithium metal to form LiC,. LiC, has
good affinity for lithium ions and electronic conduct-
ivity, providing sufficient sites for lithium nucleation
and effectively reducing the overpotential during char-
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stable SEI helps to reduce interfacial side reactions. e '-:i LiC,
Therefore, the Li-EG composite negative electrode 01 Conversion-deintercalation (CTD)
exhibits excellent electrochemical performance. The —
prepared electrode exhibits excellent cycle stability of Conversion 0 Oezlrg?fetﬁ&
more than 1500 cycles even at ultra-high current Initial cycles Long cycles i

densities of 10 mA cm ™.

During the process of lithium removal, dead lithi-
um production from the lithium metal anode can re-
duce the utilization efficiency and cycle life of work-
ing batteries. In regular circumstances, the formation
of dead lithium in Li metal through only conversion
mechanism is inevitable. The de-intercalating process
in Li carbon materials can realize much higher utiliza-
tion efficiency. The lithium potential of the Li/C com-
posite anode is 0.1 V, higher than the 0 V potential of
metal lithium removal. Therefore, realizing the de-in-
tercalating mechanism of the Li/C composite anode
can reduce the generation of dead lithium and im-
prove the cycle stability of the electrode. Zhang’s
group puts forward a successive conversion-deinter-
calation (CTD) delithiation mechanism (Fig. 7) to reg-
ulate the deposition and shedding behavior of lithium
by manipulating the overpotential of the lithium an-
ode in the cycle!™. This CTD mechanism contributes
to improving lithium metal utilization efficiency redu-
cing dead lithium generation, and enhancing cycle sta-
bility. During the initial cycles, the lithium metal is
plated and stripped at potential less than that of LiC,
(0.1 V vs. Li/Li"), indicating that the capacity is com-
pletely contributed by the conversion mechanism. In
subsequent cycles, the accumulation of dead lithium
increases the anodic interfacial overpotential. When
the overpotential reaches LiC intercalating potential,
the delithiation will be triggered in the LiC, and Li
metal simultaneously. At this time, the delithiation
mechanism converts from a single conversion mech-
anism to the CTD delithiation mechanism. The inter-
calation reaction between lithium metal and graphite
enables the rapid replenishment of graphite by lithi-
um ions. The speed of lithium supplementation of
graphite is greater than the speed of Li metal strip-

ping, allowing for continuous de-intercalation and

Fig. 7 Diagram of the overpotential and delithium mechanism in compos-

ite anode during initial and long cycles. Reproduced with permission!**!.

Copyright 2022, American Chemical Society

conversion of Li". This reduces the accumulation of
dead lithium on the surface of lithium metal in sub-
sequent cycles. The electrochemical testing shows that
the full cell with the CTD delithiation mechanism can
maintain up to 210 cycles, which is higher than that of
a bare Li anode that can only last for 110 cycles.

During the battery formation process, the electro-
chemical method involves the gradual in sifu forma-
tion of LiC, from lithium ions and carbon skeleton
matrices, followed by the subsequent deposition of
lithium onto the LiC, skeleton. Consequently, the
electrochemical methods offer simplicity, cost-effect-
iveness, and higher efficiency. However, this method
suffers from uneven lithium metal deposition on the
anode surface, which will shorten the battery cycle
life. Therefore, the preparation of a lithiophilic com-
posite anode using the electrochemical method re-
quires specific considerations for the uniform struc-
ture and surface design of the carbon materials.

2.2.2 Interface

The LiC, bulk can not only improve the anodic
performance in liquid electrolyte batteries, its intrins-
ic lithiophilic nature can also work as sole interface to
adjust Li interfacial properties, guiding the homogen-
ously Li plating and stripping in both liquid electro-
lyte and solid-state batteries.

LiC, can work as powerful interlayer to improve
the solid-state batteries. The solid-state batteries suf-
fer from the poor initial interfacial contact and un-
stable interfacial Li kinetics at the Li/solid-state elec-
trolyte (SSW) interfaces. The LiC, can act as a buffer
layer to improve the initial anodic contact and reduce
the interface impedance. Li-garnet solid-state batter-

ies suffer from the poor interfacial contact. Shao’s
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group reported a method to draw a graphite-based soft
interface on the surface of the electrolyte with a pen-
cil to enhance the interface connection (Fig. 8a)!'**.
The reaction between the graphite-based interfacial
layer and metallic lithium forms LiCg, obtaining a lith-
iated connection interface with good lithiophilic and
electronic conductivity. This strategy significantly im-
proves the wettability and interface contact between
SSE and lithium metal, effectively reducing the inter-
face impedance. Lithium ions can be evenly distrib-
uted at the interface, so that the battery has excellent
cycle stability of more than 1 000 cycles. In polymer
based solid-state electrolytes, LiC, is also a recom-
mended interfacial aider. Shen’s group''”! used the
scraping method instead of manual pencil drawing for
large-scale preparation (Fig. 8b). The graphite-modi-
fied solid electrolyte (GSE) has a high electrochemic-
al potential window of exceeding 4.6 V and a high
ionic conductivity of 3.08x10™* S cm™' at room tem-
perature. The graphite modification layer and lithium
undergo a spontaneous reaction to produce a lithio-
philic LiC, layer, which significantly improves inter-
face contact and stability, enhances current distribu-
tion uniformity, and reduces the impedance of
NCM622/SE/Li batteries. Moreover, the assembled
NCM622/G-SE/Li cell exhibits an initial capacity of
160 mAh g ' at 0.5 C and the capacity remains above
100 mAh g after 200 cycles.

Multiple methods can help to import LiC, inter-
faces in the solid-state batteries. Zhou’s group repor-
ted that graphitized carbon nanospheres as a modified
material modified a layer of LiC4 heterogeneous inter-
face layer on the surface of the metal lithium anode by
rolling on lithium foil (Fig. 8c)"””. The increase in sur-
face area by this LiC, layer can homogenize the cur-
rent density and Li ion flux on the surface of the lithi-
um foil. The heterogeneous interface layer can signi-
ficantly improve the reversibility and uniformity of Li
electrochemical plating and stripping, inhibiting dend-
rite growth and maintaining the interfacial stability.
Rolling method possesses universality which is prom-
ising for industrial production.

In addition to drawing graphite layers to the elec-
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Fig. 8 (a) A pencil sketch of the preparation of a graphite-based interfa-
cial layer and a wetting behavior comparison between molten lithium metal
on LALZWO ceramics with and without the interfacial layer. Reproduced
with permission!'**. Copyright 2018, American Chemical Society.

(b) Schematic diagram of the graphite-modified composite solid electrolyte
membrane. Reproduced with permission''**’. Copyright 2020, American
Chemical Society; (c) Schematic diagram of the preparation process of the

heterogeneous interface layer””!. (d) Schematic diagram of the mechanism

of action of carbon-based optimal interlayer!'**!

trolyte surface, Kang’s group designed a slurry casted
method for fabricating carbon-based interlayer to in-
duce directed growth of lithium metal (Fig. 8d)!"**.
After introducing a layer of lithium metal seed layer,
the lithiated LiC, can induce the rapid preferential de-
position of lithium metal in the anode and interlayer,
thereby effectively reducing the nucleation barrier.
Furthermore, the utilization of amorphous carbon as
an intermediate layer preserves the stability of the in-
terface after cycling. The full cell assembled with the
interlayer shows excellent electrochemical perform-

ance with a capacity retention rate of up to 99.6%
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after 250 cycles at 2.5 mA c¢cm ° and a cumulative lith-
ium metal capacity exceeding 1 000 mAh cm .
2.3 Advanced characterization methods

In recent years, researchers have realized that
real-time monitoring and tracking the evolution of
lithium metal electrodes at the nano- and micro-scale
during cycling is important to better understand the
electrochemical performance of the electrode. With
the development of advanced characterization tech-
niques, there are more methods to track the morpholo-
gical evolution, chemical components transition,
structure and dynamics of lithium-carbon.

In situ optical microscopy (OM) is an optical in-
strument to extract information such as volume and
morphology change in working battery, which is a
non-destructive, non-contact and non-vacuum
method"> %, A typical example of in situ light mi-
croscopy is the real-time observation on the dynamic
morphological evolution of the Li/CP@LIiC, elec-
271 Cross-sectional images of Li@CP/LiC,
electrodes measured at 0.5 and 3 mAh cm . The Li

plating/stripping evolutions are shown in Fig. 9a. The

trodes

original Li@CP/LiC, electrode is covered with a uni-
form lithiophilic LiC, and has a thin Li metal bottom
layer. No Li dendrite formation/growth was observed
during the plating process. LiC, with strong lithiophil-
ic properties makes most of the Li metal stored in the
pores of the electrode, so that the volume changes are
obviously suppressed. During the stripping process,
no dead lithium accumulation was observed at the
electrode/electrolyte interface thanks to the three-di-
mensional space of the electrode. In order to visually
observe the deposition behavior of lithium ions and
study the influence of lithiophilic sites on the depos-
ition process, Wang et al.'"* conducted in situ OM
observation of lithium dendrite growth and electrode
volume expansion of Cu, Ag/HC and other electrodes
in electrochemical processes at a current density of
4 mA cm . It was found that with the continuous in-
crease of lithium deposition capacity, Ag/HC elec-
trode showed the best performance to inhibit volume
expansion and abnormal growth of lithium dendrites

throughout the excess deposition of lithium.

Scanning electron microscopy (SEM) mainly
uses various physical signals excited by secondary
electrons and backscattered electrons when scanning
the sample surface to modulate imaging. Utilizing
SEM can enable the observation of processes such as
LiC particle formation, growth of lithium dendrites
on the negative electrode surface, and volume changes
of composite anodes before and after battery cycling
through cross-sectional analysis. Coupling with inert
focused ion beam (FIB), the samples can be cut and
the inside structure of samples can be captured by
SEM. The FIB-SEM is a more powerful tool to ana-
lyze the surface and bulk simultaneously'*").

Zhang et al. used SEM to characterize the Li/CF
composite anode obtained by the roll pressing method.
Under rolling pressure, metallic lithium was pressed
into the gaps between carbon fibers as shown in
Fig. 9b*). After 72 h of standing, further magnifica-
tion revealed small particles of 100-200 nm in size
that were uniformly and densely distributed on the CF
surface, and could be identified as LiC, compound.
The corn granular LiC, layer constructs a three-di-
mensional interconnected lithiophilic framework in
the composite anode.

In order to determine the spatial distribution of
LiC, and metal Li in the Li@G anode, Liu et al. char-
acterized the internal structure using a focused ion
beam (FIB)-SEM!*”. In Fig. 9c¢, the two components
of metallic lithium and LiC, canbe clearly distin-
guished: the metallic lithium is tightly surrounded by
the LiC, framework (marked in light red). Cross-sec-
tional SEM images show many irregular cavities with-
in the electrode, which are thought to be removed lith-
ium. The remaining skeleton is considered to be the
structural skeleton of the Li@G anode, which is
mainly composed of LiC. It forms a continuous net-
work supporting the composite anode. The FIB-SEM
image in Fig. 9c reveals that most of the Li metal is
attached to the walls of the LiC, framework, and the
abundant LiC, framework provides a continuous elec-
tronic pathway for the recycling of “dead Li”.

In situ electron microscopy (in situ TEM) can

provide real-time high-resolution information such as
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Fig. 9 (a) Operado optical microscopic image of the Li@CP/LiC; electrode-electrolyte interface. Reproduced with permission!"*”. Copyright 2022, Elsevier.

(b) Schematic illustration and high-resolution SEM images for pristine CF, initial Li/CF composite anode, and Li/CF composite anode shelving for 72 h with

the formation of LiC, layers. Reproduced with permission'*”. Copyright 2019, John Wiley and Sons; (c) Removal of cross-sectional SEM and FIB-SEM images

of LiC4 and dead lithium backbones in the anterior and posterior Li@G anodes of lithium metal. Reproduced with permission

[130]

. Copyright 2021, Royal Soci-

ety of Chemistry. (d) High-resolution cryo-EM image of lithium graphene shell. Reproduced with permission””. Copyright 2019, American Chemical Society.
(e) Raman spectroscopy of bare lithium, pencil graphite and lithium coated with LiCy. (f) XRD spectra of Li, EG, Li-EG. (g) C 1s XPS spectra for EG and Li-
EG. (h) Li and Li-EG for Li 1s XPS spectrum!'"), (i) the C", Li", and Li,  maps of the graphite electrode after 15 cycles by TOF-SIMS after depth sputtering™**

microstructure changes, phase transitions and evolu-
tions at specific observation sites!”'"**. The spatial
resolution can reach atomic scale and high temporal
resolution can realize sub-millisecond level. To char-
acterize the Li metal deposition in wrinkled graphene
cage (WGC) in real batteries, cryo-electron micro-
scopy, which is a recently developed method is used
to characterize the active and sensitive battery materi-
als under electrochemical conditions without dam-

[77]

aging the sample In high-resolution images

(Fig. 9d), the lattice spacing of lithiated graphene
shells was measured to be 0.363 nm, significantly mit-
igating the volume expansion.

Raman spectroscopy is an effective technique for
detecting vibrational frequencies and is widely used in
materials research. As a sensitive technique for de-
termining the structural information of graphite inter-

34 Fig. 9e shows the Raman

calation compounds
spectra collected from bare lithium electrode, graph-

ite, and LiC,. Graphite exhibits prominent peaks at
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1346 and 1581 cm™', corresponding to the D and G
bands of crystalline graphite carbon. The spectrum of
LiC, shows a G band peak at 1 581 cm ', indicating
the presence of LiC,. While the D band peak overlaps
with the broad peak of bare Li, demonstrating the
presence of graphite and lithium metal.

X-ray characterizations provides fast, precise,
and non-destructive analysis of crystal structures,
making it useful for studying the phase and crystal
structure of matter in lithium metal batteries. In situ
X-ray diffraction (XRD) allows for the detection of
phase transitions and structural evolution during plat-
ing and stripping'** %, X-ray photoelectron spectro-
scopy (XPS) technology is an effective way to ana-
lyze elemental composition and content, chemical
valence state, and chemical bonds of the material sur-
face. As a typical example, He et al. observed the
XRD spectrum of Li-EG and found the characteristic
peak of LiC, due to EG embedding into the lithium
metal"?"), indicating the lithiation process of the neg-
ative electrode (Fig. 9f-h). Additionally, XPS spectra
further confirmed the formation of LiC,. The C 1s
XPS peak at 285.2 eV in the Li-EG spectrum belongs
to LiC, corresponding to the Li 1s peak at 57.1 eV.
The lithiophilic LiC; is conducive to reducing the nuc-
leation overpotential and inducing uniform lithium de-
position.

Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) is one of the most cutting-edge and prac-
tical surface analysis techniques that accurately de-
termines the composition of surface elements by bom-
barding the sample surface with an ion beam to gener-
ate secondary ions. Zhang et al. analyzed the distribu-
tion of lithium ions in the composite negative elec-
trode after delithiation using TOF-SIMS (Fig. 9i)"*.
The images show the lithium distributions in the elec-
trode with different delithiation stages. The different
intensities of lithium demonstrate the different lithi-
ation level, indicating the removal of Li ion in weak
Li intensity area. Additionally, based on the mapping
of Li*", partially deposited Li metal was found to re-
main on the surface of the graphite. The TOF-SIMS

methods provide solid evidence on investigating the

transformation mechanism shifts from a single inter-
calation mechanism to a delithiation-insertion conver-

sion mechanism.

3 Conclusions and perspectives

Composite lithium metal anodes with carbon-
based materials contributes to a highly reversible lithi-
um plating and improved electrochemical perform-
ances. Among them, LiC plays vital roles in the Li/C
composite anode. This review provides an overview
of LiC, formation and the mechanism of LiC in the
bulk and interface phases during plating and stripping
processes. When LiC, functions in the bulk phase, its
exceptional lithiophilic properties can reduce the nuc-
leation overpotential of lithium, promoting uniform
nucleation and growth of lithium deposits. When it
acts at the interface between the electrode and the
electrolyte, LiC, as a buffering layer can improve its
contact and reduce interfacial impedance. Advanced
characterization techniques, including in-situ methods,
can monitor the morphological evolution of LiC, in
the electrode, allowing for a deeper understanding of a
working Li/C composite anode.

At present, the construction lithium composite
anode by introducing a 3D carbon skeleton still poses
challenges. The bulk energy density of the battery de-
creases as the 3D skeleton increases the weight of the
anodes. Furthermore, a larger specific surface area
creates significant obstacles in achieving a stable elec-
trolyte-electrode interfacial layer, as it results in lar-
ger electrochemical interfaces and consequently leads
to more side reactions. Moreover, the feasibility of
Li/C composite anodes and the lithium kinetic mech-
anism remain to be investigated, impeding the practic-
al application of 3D skeletons.

To address the aforementioned challenges, the
combination of lithiophilic materials with lightweight
skeletons can significantly enhance the reversibility
and reduce the impact on energy density. Considering
that 3D skeletons possess a large contact area, it res-
ults in increased consumption of active materials.
Therefore, an important direction for future lithium

batteries is the design of advanced compatible electro-
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lytes realizing high interfacial stability. Additionally,
conducting in-depth research on the mechanism of
lithium deposition kinetics on 3D carbon skeleton
structures through the integration of multiple theoret-
ical and experimental methods, such as finite element
simulation and first-principles calculations, can
provide valuable insights.

Although Li/C composite anodes have achieved
remarkable accomplishments, further research is still
needed, including:

(1) Exploring advanced materials characteriza-
tion and simulation techniques. Advanced characteriz-
ation methods such as NMR and theoretical simula-
tion techniques can help to investigate the distribution
and evolutions of LiC, in composite anodes, under-
stand the working principles of composite electrodes,
and afford theoretical support for improving battery
performance.

(2) Optimize the electrode/electrolyte interface.
The design of a highly stable electrode/electrolyte in-
terface is critical for future applications of composite
lithium anodes. This is because the 3D skeleton with
high specific surface area in the composite lithium an-
ode helps to reduce the local current density and in-
hibit the growth of lithium dendrites, which is desir-
able. However, this also leads to the challenge of in-
creased battery side reactions, which can significantly
reduce the coulomb efficiency. Therefore, it is neces-
sary to balance the inhibition of lithium dendrite
growth with the prevention of side reactions to
achieve the best performance of composite lithium an-
odes in practical applications.

(3) Developing new manufacturing methods or
optimization of existing composite processes. Elec-
trodeposition and melt injection pre-lithiation meth-
ods are difficult to achieve uniform distribution of Li
in the carbon-based matrix. The rolling method neces-
sitates the skeleton material to possess good mechan-
ical strength and flexibility. An environmentally
friendly, low-cost and easy-to-operate synthetic pro-
cesses are also crucial factors for the implementation

of carbon-based hosts.

(4) Designing Li/C composite anodes with ad-
vanced carbon materials. The ideal carbon material is
supposed to possess a combination of excellent elec-
trical conductivity, high Li diffusion coefficient, good
mechanical properties and stable solid-electrolyte in-
terphase (SEI) generation. It is worth noting that these
attributes may be found in one or more carbon materi-
als. In the future, by integrating multiple disciplines, it
will be possible to design composite lithium elec-
trodes that exhibit high stability, high energy density,
and excellent electrochemical performances. This in-
terdisciplinary approach will facilitate advancements
in the field of lithium batteries, leading to the develop-
ment of more efficient and reliable energy storage sys-
tems.

The development of Li/C composite anodes has
greatly improved the plating/stripping process. In the
future, in-depth research on LiC, is beneficial for de-
veloping lithium metal batteries, improving the en-
ergy density, cycle life, and safety of batteries to pro-

mote their practical application.
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