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Providing powerful, sustainable, and green energy sources is one of the most difficult challenges for maintain- Article history:

ing a cleaner environment today. Rechargeable lithium-ion batteries (LIBs), as effective energy storage devices, Received 25 March 2022

have gained lots of attention because of their relatively low self-discharge rate, high energy density, and rapid Received in revised form 29 May 2022
response. Since the efficiency of LIBs is significantly dependent on electrode materials, special consideration has Accepted 13 June 2022

been given to the design of different electrodes. Carbon-based materials are considered as promising LIB anode

materials because of their unique structural, electrical, and mechanical properties. Nonetheless, more research Keywords:

is still needed to identify most optimal carbonaceous materials for improving the electrochemical, thermal, and Carbon materials
mechanical properties of anodes. In this regard, transition metals and silicon (Si), as high-capacity materials, can - Composites

be combined with carbon to create high-potential LIBs. This paper reviews various carbonaceous materials and [ jthjum-ion batteries
their composites used as LIB anodes. Finally, present challenges and future outlook on these anodes are presented. Anodes
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1. Introduction

Energy consumption is constantly increasing as a result of economic
and population growth, as well as the development of agriculture and
industry. [1]. The economic development of a country is directly reflect-
ed by the relentless increment in energy consumption in various sec-
tors. The main challenges to energy sustainability are the finite nature
of nonrenewable energy sources and the need to limit carbon dioxide
emissions. Hence, eco-friendly alternative energy sources such as hy-
dropower, wind energy, solar cells, etc. have been broadly examined.
Nonetheless, because of the unpredictable nature of such electricity gen-
eration sources, a proper technology for effective energy storage and
distribution is needed [2-4]. Among different energy storage systems,
rechargeable (secondary) batteries, which store electrical energy in a
form of chemical energy, are regarded as one of the most effective and
practical methods for the electric power management as well as the in-
tegration of renewable energy generation with grid applications [5, 6].
LIBs are the most commonly used ones. They present higher operating
voltages, no memory effect, lower maintenance requirements, higher
energy density, long cyclic life, and limited self-discharging relative to
other rechargeable batteries, including nickel-metal hydride and nick-
el-cadmium batteries [7-9].

Graphite is the current commercial anode used in LIBs. However,
it cannot fulfill the great demand for high power/energy density and
improved cyclic performance required for a variety of applications, in-
cluding electric devices, transportation, and stationary energy storage
systems. They have a relatively low theoretical capacity (372 mAh/g)
and serious safety issues because of the lithium plating and subsequent
Li-dendrites formation on the graphite surface [10, 11]. Hence, consider-
able efforts have been invested in developing a new generation of anodes
with proper charging-discharging potential, high capacities, low manu-
facturing costs, and better safety [12-15].

Carbon-based materials including graphene, carbon nanofibers
(CNFs), carbon nanotubes (CNTs), and their composites have been ex-
tensively investigated as LIB anode materials. Relative to conventional
electrodes, such as activated carbons (ACs) or graphite, these kinds of
carbonaceous materials differ in morphology, dimensionality, and also
in chemical bonding distribution, allowing mixtures of local electron-
ic structures between sp® and sp®. Hence, they exhibit different carri-
er-transport properties from classic carbonaceous materials, in reactants’
contact time. These novel materials with short ion diffusion length and
high available surface area offer a new perspective for high power/en-
ergy density devices [16]. Several reviews have been published on the
advancement of LIB anodes from different perspectives [10, 17-19].
Nonetheless, various carbonaceous anode materials and their compos-
ites have not been comprehensively explored. The current review gives
an overview of the development in technologies for Li-ion storage con-
cerning the usage of carbon-based materials and their composites. This
paper is organized as follows: a brief discussion on the LIB cell, LIB
anode materials, and the introduction of carbonaceous anodes and their
composites.

2. Li-Ion Cell Components

Li-ion system generally comprises three parts: conducting electro-
lyte, cathode, and anode (Fig. 1). Anode is commercially made up of
graphitic carbon, acting as a negative terminal, and cathode is typically
composed of a lithium metal oxide, being the positive terminal of the
cell. Li-intercalation compounds are the form of energy storage in the
electrodes. Dissolved lithium salt (Lithium bis-oxalate borate (LiBOB)
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Fig. 1. Schematic of Li-ion cell.

or Lithium hexafluorophosphate (LiPF)) in an organic solvent (dimeth-
yl carbonate or ethylene carbonate) is commonly employed as a con-
ducting electrolyte. In an ideal LIB, the number of transferred Li-ions in
the electrolyte should be united. The cathode and anode react according
to the following half-reactions (in mole units), respectively:

LiMO, « xLi* + Li, MO, + xe’ (1)
6C+xLi" + xe > Li C, 2)

where, M denotes the metal used to form lithium metal oxide, and x
represents the coefficient (typically 1) for a complete reaction.

Upon charging, the half-reactions proceed in the forward direction
by the voltage exerted on the electrodes. Metal in LiMO, is reduced,
forming Li-ions and releasing them into the electrolyte. In the following,
the ion diffusion via the electrolyte and their insertion into the graphite
anode occur. Besides, to maintain the charge neutrality, free electrons
are also generated, subsequently conducting through a wire connected
to electrodes. This provides the necessary electrons needed to insert Li-
ions into the anode. Upon discharging, the reaction occurs reversely and
the electrons pass from the anode to the cathode via the external load
derived from the potential difference between the electrodes. This leads
to originate a positive current from the cathode, acting as a positive ter-
minal of the cell [20-22]..

3. An Overview of LIB anode materials

An ideal LIB anode need to meet the requirements of high reversible
volumetric and gravimetric capacities, low potential against cathode ma-
terials, long cycle life, high-rate capability, environmental compatibility,
excellent abuse tolerance, and low cost. [22]. At the early development
of LIBs, the most widely used anode was graphite. However, as men-
tioned above, several intrinsic drawbacks have limited their applica-
tions. Hence, further advancements in LIB anode materials are required
to develop portable high energy-consuming devices [17].

Among all potential anodes for LIBs, Si is considered the promising
alternative to graphite because of: (1) an appropriate discharge voltage
(~ 0.2-0.3V vs. Li/Lit+) which is able to adequately pair up with com-
mercial LiFePO,, LiCoO,, etc. cathode materials and avoid adverse
Li-plating process; (2) high theoretical specific capacity (4200 mAh/g
for Li, ,Si); and (3) being eco-friendly, inexpensive and naturally abun-
dant [11, 23-25]. However, during the Si lithiation/delithiation process,
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Fig. 2. Schematic of storage mechanisms of Li-ions in HCs.

huge stress is generated by excessive volume expansion (~360% for Li4.
48i). This causes a series of intense destructive outcomes, which include
the disconnection between the current collector and electrode via the
interfacial stress, deterioration of electrode structure integrity resulting
from the gradual increase of pulverization during repeated charge-dis-
charge processes, and continuous Li-ion consumption during constant
solid electrolyte interface (SEI) layer formation—breaking—reformation
process [25-32]. In this regard, capacity fading and electrode collapse
are accelerated in a synergistic way by all these processes. In addition,
the weak intrinsic electron conductivity and volume expansion problem
of Si contribute to the sluggard electrochemical kinetics [33].

The other promising candidate to substitute graphite is the conver-
sion electrode materials owning to their high specific capacity [34].
These groups mainly refer to the transition metal oxides (TMO), and
also include the metal nitrides and sulfides. Nonetheless, same as alloy
anodes (Si), these anodes have the problems of volume and morphology
changes at the whole electrode level, unstable SEI layer, and pulveriza-
tion of materials at the individual particle level. The great voltage hys-
teresis (~1V) of conversion anodes between charge-discharge is another
challenge, which should be addressed [22]. Despite the significant prog-
ress that has been made in designing novel anode materials for LIBs,
carbon-based materials still remain very favorable anodes because of
their good features, which are investigated in the next sections.

4. Carbon-based materials

Carbon or its compounds are a significant aspect of nature [35]. Dif-
ferent carbon-based materials have been theoretically and experimental-
ly studied for conversion and energy storage devices like supercapacitors
[36-39], LIBs [40-42], and fuel cells [43-46] to improve their lifetime,
cyclic efficiency, power, and energy densities, and specific capacity.
They were also used as the electrocatalyst [47], and biosorbent [48].

A special combination of chemical and physical properties including
low cost, ease of accessibility, thermal, chemical, and electrochemical
stability, and good lithiation-delithiation reversibility is the underlying
reason for the usage of these materials to enhance the storage device
electrodes’ performance. Currently, research activities are strongly
concentrated in graphene, CNTs, porous carbon, and CNFs as the most
promising carbonous anodes. The reduced size and special shape of
these structures offer unique features that significantly enhance the ca-
pacity of energy storage [8, 49-51].

4.1. Hard carbon (HC)

HC has been well-proven to be electrochemically active and provide
desirable performance in alkali metal-ion batteries [52, 53]. The specific
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Fig. 3. Schematic of defects types in CNTs.

capacity of up to ~1000 mAh/g can be obtained by HC in LIBs (ap-
proximately three times greater than that of graphite anodes), which is
appropriate for LIBs with high energy density [54]. Further, a low-volt-
age plateau of HC anode with a significant amount of capacity make it
able to deliver high power density in LIBs [55]. In general, the voltage
profile is mainly divided into two regions including a sloped region with
the capacity of 150-250 mAh/g in the 1.0-0.1V voltage range and a
plateau region with the capacity of 100400 mAh/g [56]. Furthermore,
because of the three-dimensional (3D) pathways for ion transfers in the
structure, HC offers better rate performances than graphite [55]. A high
potential for low production costs is another attractive feature of HC.
In fact, it can be produced by a wide variety of precursors such as com-
mercially available polymers, worn-out tires, recycled electronic circuit
boards, and renewable biomass materials. Direct precursor pyrolysis for
HC synthesis is a relatively easy and scalable process [57-59]. Hence,
due to their low expansion rate and working potential of the electrode,
improved cycling stability, high capacity, and outstanding capacity re-
tention, HC is becoming preferred anode for next-generation LIBs in
high power applications.

HC, known as non-graphitizable carbon materials, has a random
alignment of graphene sheets and is unable to reshape into graphite even
at temperatures above 3000°C. The formation of covalent C-O-C or
cross-linking bonds in precursors can be responsible for its non-graphi-
tizability. During pyrolysis, rigid cross-linking structures, oxygen-con-
taining functional groups, defects, and micropores are formed. These
significantly eliminate the growth of graphite sheets [60-62]. The most
accepted structural model for HC is falling cards presented by Dahn
et al. [63]. This model offers the presence of amorphous regions with
nanopores and defects, and small graphene sheets with a limited later-
al dimension of 40A, which are ordered in short range. The paralleled
layers of graphitic domains have been shown to be turbostratic, bent,
or curved than flat. The spacing of (002) interlayer of graphitic layers
in HC is 3.6-4.0 A, which is larger than that of graphite (3.35A). It
can be expanded by introducing heteroatoms or controlling the synthetic
conditions [60].

The complicated and important constituents of HC are nanopores
which are either closed or open in the HC matrix. Large specific surface
area is resulted from the open pores, leading to weak initial Coulombic
efficiency (ICE) because of the excessive formation of SEI [64]. Though
closed pores are preferred because of providing active sites for alkali
metal-ions accommodation, the SEI layer formation is also reported in
the closed pores of HC by in situ small-angle neutron scattering [65].
Because determining the size and number of closed pores is challenging,
it is difficult to relate the performance of HC to the pore structures. The
HC structures also contain defective sites, edges, and vacancies. Though
the majority of carbon atoms are present in the six-membered ring sys-
tems, some heptagonal or pentagonal defective sites also exist [66]. The
defect content is also diverse, depending on the precursor properties.
Relative to the HC derived from high-molecular-weight precursors,
more defects can be attained by those derived from medium molecular
weight precursors with medium molecular weight [67]. Cao et al. [68]
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Fig. 4. Schematic of failure modes in (a) Si, and (b) Si-CNTs electrodes.

showed that the crystalline size of HC also affects the content of defects,
presenting more defects with smaller crystalline size. Heteroatoms in-
cluding K, O, N, P, B, S, and F have been frequently reported as the
defective sites in the structures of HC [69-73]. These special structural
features make the Li-ion transport length shorten and offer many active
sites for charge transfer reactions.

Based on the Li-ions storage mechanisms, they are classified into the
following three categories, including (1) Li-ions absorption at the defect
sites, (2) Li-ion intercalation into the graphitic layers, and (3) Li-ions
uptake in the nanopores (Fig. 2) [64].

Early research suggested that the Li intercalation into the graphitic
domains derives from the sloping region in the discharge-charge curves.
Stevens [74] and Dahn [75] investigated HC structural evolutions during
the insertion of Li. The Li-ions intercalation into the graphitic domains at
the sloping region is proposed by in situ X-ray diffraction analysis with
a reduction in the (002) peaks intensity. At the low potential plateau, an
increase in electron density is demonstrated by in situ small-angle X-ray
scattering. This can be derived from the nanopores filling. The suggest-
ed intercalation-pore filling mechanism is supported by these results.
In this mechanism, the plateau and sloping regions are ascribed to the
Li nanopores filling and Li-ions intercalation into the pseudo-graphitic
sheets, respectively. In recent studies, more evidence that assigns the
sloping region of HC to the Li-ions adsorption at the edge or defect sites
and the plateau region to the Li intercalation into the pseudo-graphitic
layers are revealed [54, 62]. The adsorption-intercalation mechanism for
Li-ion storage is supported by a recent in situ Raman analysis [54].

However, HC has two major limitations, including low tap density
and low ICE. Several strategies have been employed to overcome these
drawbacks such as using a thin layer of soft carbon or metal coating or
through fluorination, and surface oxidation [76, 77]. In particular, better
LIB performance resulted from a soft carbon thin layer by improving
both the capacity and the Coulombic efficiency [76]. In addition, both
the cycling life and the Li-ion storage capacity of HC still require to
be improved. In this regard, to enhance the capacity, HCs with porous
structures were synthesized [78]. Li et al. [79] used potato starch to
synthesize the micron-sized HC which showed well rate capability and
cycling life with about 530 mAh/g reversible capacity. Similarly, Yang
et al. [80] employed pyrolyzed sucrose to prepare nanoporous HCs and
evaluated their electrochemical performances. A good cycling life and
rate capability along with a considerable capacity close to 500 mAh/g
were presented by these nanoporous materials. The high-rate capability
was ascribed to the fast Li diffusion (4.11x10-5 cm?/s) for the hierarchi-
cal nano-porous structure of HC.

X105

cene

CNTs Growth

Fig. 5. Schematic of nanostructured Si/CNT synthesis.

4.2. CNTs

Owing to their high tensile strength of up to 60 GPa, high conductiv-
ity (106 S/m and >105 S/m at 300 K for single-walled (SWCNTs) and
multi-walled CNTs (MWCNTSs), respectively), high rigidity (Young’s
modulus on the order of 1 TPa), specific structure (rolled Graphene
sheets piled in the cylindrical/tubular structure) [21, 81, 82], CNTs have
been considered as the potential LIB anode materials [21].

The Li-ions storage mechanisms in CNTs have been widely stud-
ied [16]. In the first-principles studies, the nature of Li intercalation in
the CNT ropes was investigated. The obtained results revealed a charge
transfer between carbon and Li, as well as, a slight CNT structure defor-
mation because of the intercalation. Li intercalation was discovered to
be possible in both the interstitial and interior spaces of the nanotubes
[83]. Ab initio studies on Li intercalation through the cap region or side-
wall of CNTs indicated that the energy barrier of Li insertion is depen-
dent on the carbon ring size. The outside the tube and inside the tube
near the wall were preferred positions for Li insertion [84].

Intercalation capacity in CNTs is no longer restricted to LiC, and
is closely related to the nanotube morphology [85, 86]. It is mainly af-
fected by the naturally-occurred or artificially-induced defects [86, 87].
The researchers have quantified the defects caused by carbon atoms re-
moval from the ordered hexagon rings, which create a hole in the side
walls. The hole is found to be broadened by simultaneously removing
more carbon atoms. Li can simply diffuse inside the nanotubes with
three removed carbons (n=9), while it scarcely diffuses to the interior
of defect-free nanotubes (n=6) and nanotubes with one (n=7) and two
(n=8) removed carbon atoms (Fig. 3). The diffused Li-ions freely move
through the interior of the CNTs and can accumulate [88-90].

CNTs can be treated with acids like nitric acid to introduce defects.
In addition to the common intercalation between the graphene layers,
chemical etching introduces additional electrochemical active sites in-
cluding microcavities, edges of graphitic layers, disordered graphitic
structures, and defects, enhancing the Li storage capacity of MWCNTs.
In this regard, a significant increase in the first discharge capacity of
MWCNTs from 312 mAh/g to 2087 mAh/g was reported through the
chemical etching [30]. Defects in CNTs can also be introduced by ball
milling. In general, ball-milling has been considered a useful approach
for improving the electrochemical properties of CNTs. Eom et al. [91]
investigated the impact of high-energy ball-milling on the properties of
Li intercalation of MWCNTSs synthesized by the Chemical vapor depo-
sition (CVD). An increase in the ball-milling time was accompanied
by increasing the reversible capacity and decreasing the irreversible
capacity from 351 and 1012 mAh/g for purified MWCNTs to 641 and
518 mAh/g for ball-milled ones, respectively. This irreversible capac-
ity reduction led to the Coulombic efficiency increment. Furthermore,
the stability of ball-milled MWCNTs were more than the purified ones.
The fractured graphene layers’ edges and the surface functional groups
chemically linked to these edges were thought to be responsible for in-
creasing the reversible capacity of ball-milled MWCNTSs [91]. Gao et al.
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Fig. 6. Schematic of Si nanoparticles/CNFs fibers fabrication via a dual nozzle

electrospinning equipment.
[92] compared the properties of electrochemical intercalation of as-pre-
pared, filtered, and ball-milled SWCNTs, showing reversible capacities
of 450 mAh/g (Li, ,C)), 600 mAh/g (Li, .C,), and 1000 mAh/g (Li, ,C)),
respectively.

1.6

Ends of open-ended CNTs are the other pathways for Li entrance. For
instance, the capacity difference between opened and unopened CNTs
was determined to be almost 120 mAh/g [93]. However, to be effective
in this approach, tailoring the CNTs to shorter tubes is needed. This al-
lows ions to enter and exit freely [94]. Shimoda et al. [86] reported an
increase in the reversible capacity from LiC, for closed-ended tubes to
LiC, after etching because of the shortening and introducing defects into
the CNTs. The length of the CNTs can be also reduced via ball milling.
Yang et al. [95] compared the electrochemical properties of two kinds
of CNTs -long (LCNTs) and short (SCNTs). SCNTs revealed a capacity
of 266 mAh/g, which was approximately two times higher than that of
LCNTs. Because of the surface resistance of nanotubes and the surface
functional groups in the CNTs, LCNTs showed larger voltage hysteresis.
In addition, according to AC impedance results, relative to SCNTs (3—4
Q), LCNTs had a higher charge transfer resistance (31.2— 61.2 Q). In
general, short CNTs have two advantages over longer nanotubes includ-
ing presenting more edges per unit length and fascinating the entry and
exit of Li ions to and from the nanotube’s interior. These provide easier
Li-ion intercalation/deintercalation into/from the graphitic layers.

Many attempts have been made to substitute graphite in LIBs with
pure CNTs. Nonetheless, a slight improvement in the graphite capacity
is provided by raw CNTs. Besides, CNTs face problems such as diffi-
culty in consistently controlling their morphology and structure during
synthesis, and high irreversible capacity. As a result, employing the pure
CNTs as the substitution for graphitic anodes is currently difficult to
justify [21].

4.3. Graphene

Graphene is composed of a single layer of sp? hybridized carbon
atoms with nanometer thickness arranged in a two-dimensional honey-
comb lattice. Since its discovery in 1987, graphene has gained a lot of
interest due to its unique features and adaptability in different fields,
including physical, chemical, engineering, and biological sciences [96-
101]. High mechanical strength, good conductivity, high surface area,
and high carrier mobility of graphene have made it a promising LIB
anode material [16, 102]. However, theoretical investigations on the
graphene’s lithium storage are quite contentious. Although, the amount
of Li absorbed on the single-layer graphene is lower over the graph-
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Fig. 7. Schematic of Si@C/CNFs fabrication process.

ite [103], as a set of graphene sheets are held together, this amount ex-
ceeds the performance of graphite to 780 mAh/g or 1116 mAh/g [104,
105]. These two amounts are related to two different explanations of
Li-graphene interaction. In particular, the first one supposes the Li-ions
adsorption on the both sides of graphene, whiles the second one suppos-
es the covalent trapping of Li-ions at the benzene ring.

Interestingly, there are many experimental activities concerning
graphene as a LIB anode [36, 106-109]. For instance, Pan et al. [105]
synthesized disordered graphene sheets by different means including
electron beam irradiation, low-temperature pyrolysis, and hydrazine
reduction process. High gravimetric capacity (between 790 mAh/g to
1050 mAh/g) of graphene sheets was reported which was ascribed to the
existence of more active sites like edges and other defects for Li stor-
age. In-situ preparation of doped graphene electrodes with hierarchical-
ly porous structure possessing long and ultrafast cycling capability for
LIBs was reported by Wang et al. [110]. Long cycling capability at 5 A/g
current density (about 3000 cycles) and high Li storage were achieved
by the usage of these electrodes. These resulted from the synergetic ef-
fects of hetero-atom doping, good conductive network, and hierarchi-
cally porous structure, facilitating the mass transport and accelerating
the electrochemical reactions. Among the graphene materials, promising
potential in the capability of Li storage can be obtained by nanoribbons
made from MWCNTs. In particular, Fahlman et al. [111] synthesized
both oxidized and reduced graphene nanoribbons. The oxidized ones
showed a stable capacity of 800 mAh/g and increased Li uptake. Atten-
tively engineered layer spacings between the nanopores, defective sites
on the plane of graphene, or reassembled graphene nanosheets, for the
diffusion of Li-ions, can be also considered to achieve a good rate capa-
bility and high capacity. A capacity in the range of 200-500 mAh/g has
been reported for pure graphene sheets reduced by various approaches
[112, 113]. To expand the layer spacing in graphene, C60 and CNTs have
been introduced and the performance improvement has been achieved
in both cases [114]. An increase in anode capacity from 540 mAh/g to
784 mAbh/g has been reported by C60 incorporation into the graphene
structure [112].

5. Carbon composites

Due to the high demand for electrodes with good rate capability, long
cycling life, and high capacity, achieving all of these features with sin-
gle-phase materials is difficult, even when the dimensions are reduced.
As a result, composites have gained much interest as electrode materials
for energy storage devices. They can combine the unique features of in-
dividual nanostructures with possible synergistic effects [115]. Recently,
carbon has been combined with alloy materials like Si, metal sulfides,

and metal oxides to form composites.
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5.1. Si-Carbon composites
5.1.1. Si-CNT/CNF

Currently, CNFs and CNTs are the main nanocomposites with Si
[116-119]. In particular, because of several advantages such as impres-
sive thermal and mechanical stabilities, and high electrical conductivity,
Si-CNTs composite materials display high potential to use in LIBs [120,
121]. These characteristics are essential for good electrode performance
in electrochemical processing.

To prepare Si/CNT composite, the in-situ growth of CNTs via the
CVD method has mostly been used [122-124]. In one research, CNTs
were directly grown onto the surface of fine Si nanoparticles using the
CVD method [125]. Relative to directly mixed Si/CNTs and bare Si
electrodes, superior performance was obtained by this electrode. The
flexible characteristics and void space of CNTs were thought to accom-
modate the Si core’s volume expansion without severe swelling of the
electrode. Fig. 4 shows the principle underlying the improved electro-
chemical performance by core-shell Si/CNTs composites in comparison
with Si powder electrodes consisting of a random blend of carbon black
and Si particles. Si particles have tendency to de-bond and separate from
the binder after discharging. Hence, for the conventional anode materi-
als, the electrical-conductive networks can simply break during cycling.
Superior electrochemical performance can be delivered by the full in-
tegration of CNTs with Si particles, forming a core-shell structure. The
accommodation of Si (the core of the electrode) volume expansion by
the CNT layer minimizes the swelling of the electrode. This results in
the maintenance of the electrical-conductive network even with a large
volume expansion. The performance of the directly mixed Si/CNT elec-
trode is not equally improved, since CNTs essentially play the same role
as the carbon black [10].

Wang and Kumta [126] proposed another interesting concept to pre-
pare Si/CNTs electrode composite. They used a simple two-step CVD
technique to vertically align MWCNTs on the quartz slides using ferro-

Fig. 8. Schematic of Si/graphene composite fabrication

via electrostatic self-assembly approach.

cene as the catalyst and xylene as the source of carbon (Fig. 5). Crystal-
line/ amorphous Si nanoparticles were uniformly deposited onto CNTs
with SiH, as the source of Si. The homogenous dispersion of Si nanopar-
ticles was facilitated by the space between MWCNTs. This inhibition of
agglomeration diminished the strain induced by the Si volume expan-
sion. Besides, the hybrid nanostructure of Si/CNT offered the rapid ion
and electron transportation. The hybrid anode presented high Columbic
efficiency and high reversible capacity of ~2000 mAh/g over the first
charge/discharge cycles. Afterward, a rapid performance loss was re-
vealed in the cycling tests because of the weakening of the Si/CNTs
interface, fragmentation of the attached Si nanoparticles, and continuous
growth of SEI. As a result, while this hybrid structure avoided the Si
particle agglomeration and enabled the ion and electron transportation,
it could not address the SEI and pulverization concerns.

To address the weakening of the Si/CNTs interface, Sun et al. [127]
functionalized the CNTs using atomic oxygen. This successfully retain
the dispersion and regularity by the strong anchoring of Si nanoparticles
onto CNTs, which allows uniform layer (~ 15 nm) growth of Si nanopar-
ticles on the functionalized CNTs. An excellent cyclability (capacity re-
tention of 80% after 160 cycles), high areal capacity of 3.86 mAh/cm?,
and high specific capacity of 922 mAh/g were simultaneously attained
by the interface-tailored electrodes. These values are among the highest
reported. In fact, chemical tailoring of the carbon-Si interface improved
the electrical and structural interconnections throughout the whole elec-
trode, resulting in remarkable electrochemical performance.

Despite their excellent performance, the formation of tiny cracks
after expansion and contraction is a common stress-related issue in Si
core-shell anodes. This can eventually lead to the shell’s fracture and
separation [128-130]. Introducing a rough Ni layer between Si shell
and CNT core can address this issue. Improved adherence and stabil-
ity, superior charge transport, and better accommodation of stress were
obtained by the resulted nanohybrid structure. The electrode presented
a capacity over of 2500 mAh/g with a low fading rate of 0.2% per cy-
cle after 110 cycles. Effective charge transfer between Ni and Si was

Table 1.
Li storage performance of Si/carbon composite materials.
Sample Structure Preparation Method Cycling stability Ref.
nano-Si/carbon Core—shell Substrate induced coagulation method 1800 mAh/g over 50 cycles [163]

Amorphous-Si@SiO /carbon Core—double layer shell Ball-milling and carbonization 1450 mAh/g at 100 mA/g after 100 cycles [164]

Fluorine functionalized Si/ Core—shell High-temperature pyrolysis method 683 mAh/g at 200 mA/g after 50 cycles [165]
carbon
Si microsphere/carbon Core-shell Self-corrosion reaction, annealing, and chem- 1027.8 mAh/g at 1 A/g after 500 cycles [166]
ical etching
Si/carbon Core—shell Esterification, and carbonization 1131 mAh/g at 0.5 A/g over 200 cycles [167]
Si@graphite/N-doped carbon Core—shell Spray-drying process, and two-step heat 611.3 mAh/g at 300 mA/g after 100 cycles [168]
treatment
Si/void/mesoporous carbon yolk-shell Stober sol-gel method, Surfactant-templating 1000 mAh/g after 400 cycles [169]
sol—gel route, and nano-casting route
Si/void/carbon yolk—shell Hydrolysis coating, carbonization, and chemi- 617.7 mAh/g after 20 cycles [170]
cal etching processes
Si/void/SiO2/void/carbon Dual yolk—shell Stober method, and chemical etching 956 mAh/g after 430 cycles [171]
Si/carbon Porous Purification, reduction, and pyrolysis 759 mAh/g after 30 cycles [172]
Si/carbon Porous ball milling, spray drying, carbonization and 560 mAh/g after 50 cycles [173]
CVD processes,
Si/carbon Porous chemical etching, and calcination method 1287 mAh/g at 100 mA/g after 50 cycles [174]
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thought to be responsible for the improvements [131].

CNFs were firstly made by Thomas Edison via the carbonization of
bamboo and cotton. This approach has been developed and employed in
both practical settings and scientific studies [132, 133]. The processing
conditions and the morphology of the precursor determine the structure
of CNFs. They generally show excellent stress resistance, high chemical
and thermal stabilities, and good electrical and thermal conductivities
which lead to the wide application prospects in hydrogen storage mate-
rials, nanoelectronic devices, composite materials, and LIB anode ma-
terials [134, 135]. Electrospinning, CVD, or solid-phase synthesis can
be used to synthesize CNFs [136-138]. However, CNFs employed for
Si-carbon composite anodes are mainly prepared by electrospinning. It
is a scalable and low-cost method for the fabrication of Si nanoparti-
cles-CNF composites [139].

Si nanoparticles encapsulation into the CNFs has been considered
an effective mean to enhance the Si anode’s electrochemical properties.
In this regard, Hwang et al. [140] employed the electrospinning meth-
od to fabricate Si nanoparticles/CNFs fibers using a dual nozzle (Fig.
6). Into the nozzle’s shell channel, Polyacrylonitrile (PAN) dissolved in
N, N -dimethylformamide (DMF), and into the nozzle’s core channel,
poly (methyl methacrylate) and Si nanoparticles dissolved in acetone
and DMF were injected. After electrospinning process and carboniza-
tion, Si/CNFs nanoparticles composite was achieved. The CNFs could
diminish the large Si volume expansion and improve the electric con-
ductivity via the formation of continuous electron pathways. In addition,
the Si surface in contact with the electrolyte was reduced by the CNFs,
thus preventing the Si nanoparticle pulverization during cycling. Hence,
the resulted composite showed an outstanding rate and cycling perfor-
mance. At the rate of 3C, the capacity loss was only 1% after 300 cycles.
In addition, 52.2% of the original capacity was still retained with the rate
increment from 10C to 12 C, which demonstrates good cycle stability
and high-rate capability.

In another approach, Chen et al. [141] fabricated a novel nanofiber
with hollow core-shell structured silicon@carbon nanoparticles embed-
ded in CNFs (Si@C/CNFs). The composite fabrication process is shown
in Fig. 7. The voids between the carbon shell and the Si nanoparticles

core allowed the formation of a stable SEI film and aided to accom-
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Fig. 9. Schematic of graphene/carbon
coated-Si nanoparticles composite
fabrication.

NH,

In-situ
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modate the Si volume changes during the charging-discharging process.
Further, both the carbon shell and CNFs offered superior electrical con-
ductivity. A high reversible capacity of 1020.7 mAh/g was delivered by
the resulted electrodes at 0.2 A/g after 100 cycles. In addition, at the high
current density of 3.2 A/g, these composite electrodes exhibited excel-
lent cycling performance. The other means to composite CNFs materials
with Si are branched CNFs on Si nanowires [142], branched CNFs on Si
particles [143], and Si nanoparticles anchored onto CNFs [144].

5.1.2. Si-Graphene

Another excellent choice to composite with Si is graphene because
of its superior mechanical properties, large theoretical surface area of
2630 m?/g, and excellent electrical conductivity [145-148]. Si/graphene
composites were firstly prepared by Chou et al. [149] via simple man-
ual mixing. However, this approach would result in the weak adhesion
between the graphene sheet and Si nanoparticles, and the non-uniform
distribution of the Si nanoparticles on the graphene sheets because of the
weak interaction and agglomeration [150].

To create well-mixed nanocomposites, electrostatic self-assembly is
an effective approach. It is based on the electrostatic attraction between
sequentially absorbed components with opposite charges. Graphene
oxide displays a negative charge because of the ionization of phenolic
hydroxyl and carboxylic acid groups existing on it. Si nanoparticles are
easily oxidized to form a surface oxide layer, endowing with a negative
charge, and then functionalized to interact with graphene oxide. This
leads to the uniform Si/graphene composite [151]. However, the pres-
ence of an oxide layer as both a Li* diffusion barrier and an electrical
insulator negatively affects the Si-based materials’ electrochemical per-
formance, including lower Coulombic efficiency and reversible capacity
[152-154]. Therefore, the usage of an oxide layer (e.g., SiO,) can pose
a problem. In one approach presented by Zhou et al. [155], Si nanopar-
ticles with a surface oxide layer (SiO ) were firstly functionalized by
polyelectrolyte poly(diallydimethylammonium chloride) (PDDA) with
the positive charge and then added into a graphene oxide dispersed
aqueous solution. PDDA-functionalized Si nanoparticles were wrapped
by graphene oxide via the electrostatic attraction between the graphene
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oxide and the PDDA (Fig. 8). After freeze-drying, thermal reduction,
and hydrofluoric acid treatment, complete decomposition of PDDA and
etching away the SiO_ from the Si nanoparticles occurred. The result-
ed nanocomposite exhibited excellent rate capability and stable cycling
performance (1205 mAh/g after 150 cycles).

Such sandwich structure has been found to play an important role
in the enhancement of the Si/graphene composites’ performance [156-
158]. In this configuration, hierarchically porous structure can be con-
structed by alternating stacked elastic layers of graphene. This offers a
sufficient void space for Si materials’ insertion, and the inside void space
can accommodate the Si volume changes and buffer the strain during the
charging-discharging process. The number and the thickness of layers
for this sandwich structure have been shown to have a direct effect on
the properties of Coulombic efficiencies, first discharge capacity, and
reversible efficiencies of batteries [157].

In another electrostatic approach, acid-treated Si nanoparticles
were used instead of Si nanoparticles with an oxide layer to prepare
the pyrolyzed polyaniline (PANI)-grafted Si nanoparticles uniformly
encapsulated within graphene. In-situ polymerization of aniline initiat-
ed on the aniline functionalized-Si nanoparticles formed a PANI layer
on the Si surface. Electrostatic attraction and n—m interaction between
graphene oxide and PANI resulted in the wrapping of the PANI-grafted
Si nanoparticles by the graphene oxide. Finally, PANI and graphene ox-
ide were pyrolyzed (Fig. 9). The Si nanoparticles and graphene sheets
were firmly bound together in the composite via this pyrolyzed PANI
layer. Relative to physically mixed Si/graphene composites and pure
Si nanoparticles, the resulted composite materials showed better Cou-
lombic efficiency and cycling stability. A specific capacity of about 900
mAh/g could be still delivered after 300 cycles at 2 A/g, corresponding
to the capacity retention of about 76%. The improved electrochemical
performance was related to the better electronic conductivity, the ab-
sence of surface oxides, strong interaction between the firmly-bound
carbon-coated Si nanoparticles and the graphene sheets, and faster ion
diffusion rate [159].

In these composites, the synergistic functions of Si nanoparticles,
amorphous carbon, and graphene have been shown to result in the
improved electrochemical performance. For example, Yi et al. [160]
reported that at the high mass loading, low electrical resistance could

Table 2.
Li storage performance of TMO/CNTs composite materials.

be maintained because of the dual conductive networks both between
different Si particles created by graphene and within single Si particles
created by amorphous carbon in micro-sized Si@carbon-graphene com-
posite. Correspondingly, the obtained electrode showed high Coulom-
bic efficiency (99.51% from 2nd to 100th cycle) and areal capacity (3.2
mAh/cm? after 100 cycles). In addition, Agyeman et al. [161] reported
the excellent electrochemical properties of reduced graphene oxide/
Si@carbon composite with sandwich structure ( high gravimetric ca-
pacity and long cycle life) and ascribed it to the synergistic effect of
the graphene sheet supported sandwich structure, carbon coating, and
uniformly distributed Si nanoparticles, maintaining the overall electrode
highly conductive, preventing the Si nanoparticle aggregation and pul-
verization and maintaining the stability of the structure.

In an effort to obtain improved electrochemical performance, Si
nanoparticles/graphene composites with core-shell structures have been
also proposed. For example, multi-layer graphene was directly grown on
the Si nanoparticles’ surface by Son et al. [162] via the CVD technique.
This was done to receive well cycling performance with considerably
greater volumetric energy density. Sliding between adjacent layers of
graphene shell could accommodate the volume changes of Si nanoparti-
cles. Besides, in the LIB cell, at the current density of 0.5 C, volumetric
energy densities at the first and 200th cycle were 972 and 700 Wh/L
respectively, which are 1.8 and 1.5 times greater than those reported
for the commercial LIBs (550 Wh/L). In another approach, multi-layer
graphene was catalytically grown on the surface of electroless Ni (as
the catalyst)-coated Si nanoparticles. By using the composite, reversible
discharge capacity retained up to 1909 mAh/g at the current density of
0.2 A/g after 100 cycles. Even at the high current density of 52 A/g,
discharge capacity of 975 mAh/g was received. It was suggested that
the flexibility and mechanical strength of graphene can mitigate the
drastic Si expansion and close contact between the Si nanoparticle and
graphene providing high conductivity. In addition, graphene layers pre-
vented direct exposure of Si nanoparticles to the electrolyte, which is
useful for maintaining the SEI films’ stability [150].

Other Si/carbon composites are summarized in Table 1.

Sample Structure Preparation Method Specific Capacitance Ref
Co,0 tals di d in th
Co,0,/CNT 05V, nanoerystas ls'perse e hydrothermal method 510 mAh/gafter 500 cycles [203]
CNTs matrix
Co,0,/CNT Co,0, spheres threaded with CNTs hydrothermal method 400 mAh/g at 6000 mA/g [204]
Co or Co304 rticl bed-
Co-Co,0,/CNT oortoe lnanopa 1e1es embe solvothermal method 600 mAh/g after 120 cycles [205]
ded in the CNTs
SnO2 deposited in the interior of
SnO/MWCNT N2 depostiec in the mterior o diffusion method 505.9 mAN/g after 40 cycles [206]
MWCNT
mesoporous SnO, overlaid on the
SnO,/MWCNT . hydrothermal method 344.5 mA h/g after 50 cycles [207]
outside surface of MWCNTs
Au species dispersed over the
CNT/SnO,~-Au amorphous SnO, overlayers sup- one-pot synthetic route 467 mA h/g at.6 A/g [208]
ported on coaxial CNT
Ni-NiO particles attached ont
Ni-NiO-CNT e ICC;STa ached onto combustion method 736 mAl/g at 200 mA/g after 50 cycles [209]
NiO mi h int -
NiO/CNTs porous i mucrospheres itercon pyrolysis 812 mAh/g at 100 mA/g after 100 cycles [210]
nected by CNTs
NiO particles distributed on fh vacuum solution infiltration
iO particles distributed on the
NiO/MWCNT P method and calcination 873 mAh/g at 0.1 C after 50 cycles [211]

surface of MWCNTs

treatment
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5.2. TMO-carbon composites
5.2.1. TMO-CNT

Research efforts to improve the chemistry of LIBs have resulted in
the emergence of conversion-based electrode materials such as TMO.
The following relation can describe the reaction mechanism of this

group:

nLi" +ne” + Mn'O < nLiO + M°
M= (Mn, Mo, Fe, V, Co, Ti, Cu, etc.)

TMO nanoparticles have shown high recharging rates and electro-
chemical capacities over 700 mAh/g, with the capacity retention of
100% after 100 cycles [175-179].

Amon different TMOs, the electrochemically active ones including
Fe,0,, Fe,0,, NiO, f, Co,0, and SnO, have been considered as potential
LIB electrodes due to their high theoretical specific capacities, non-tox-
icity, and being earth-abundant. For instance, the theoretical capacity of
1007 mAh/g has been received by Fe,O, anodes [180, 181]. Nonethe-
less, the pulverization of electrode resulted from the volume expansion
(over 200%) during the charging-discharging process and poor conduc-
tivity cause a drastic capacity fading and hinder the practical application
of Fe,0, as LIB anode materials [182]. To address these issues, several
strategies have been employed including heteroatom doping [183, 184],
nano-crystallization [185], and materials compositing [186, 187]. Com-
bining the carbon materials and nanostructured Fe,O, to fabricate com-
posite structures is a promising approach, creating a synergistic effect on
the electrochemical performance of the battery. Fe,O, with a nano-size
structure provides a high surface area and short diffusion pathway for
Li-ions. The conductive carbon matrix can consolidate the nanocompos-

Table 3.
Li storage performance of different metal sulfide-carbon composite materials.

ites” integrity and also offers fast transfer paths for the electrons [188].
So far, many attempts have been made to increase the electrochemical
performance of Fe,O,/carbon composites through designing the carbon
matrices with various morphologies [189-191]. Because of its superior
performance over typical carbon-Fe,O, composite, CNT-Fe, O, com-
posite has lately received more attention. For example, Su et al. [192]
synthesized bubble-nanorod-structured Fe,O,/CNTs as high-perfor-
mance LIB anode materials using the electrospinning method. At the
current density of 1 A/g, the discharge capacity of the composite was
812 mAh/g after 300 cycles. It was about three times higher than that
of hollow bare Fe,O, nanofibers (285 mAh/g). In addition, a composite
of Fe,O, nanoparticles firmly anchored onto the surface of CNT was
prepared with the specific capacity of 898 mAh/g at the current density
of 0.1 A/g after 100 cycles by in-situ regenerating ionic liquid mixture
in water [193]. To integrate Fe,O, particles on the hierarchical networks
of MWCNTs, the biomimetic strategy was also employed. The resulted
composite displayed a high capacity of 822 mAh/g at the current density
of 0.05 A/g [194]. The above-mentioned synthesis routes are difficult
to implement because they consume a lot of energy and leave chemical
residues. In-situ oxidation of residual Fe particles on the CNTs, which
is considered a low-cost and environment-friendly method, was shown
to be effective in the preparation of high-performance anodes for LIBs
[180]. For example, Zhou et al. [195] prepared nanosized Fe,O, decorat-
ed SWCNT composite by oxidizing a flow-assembled membrane of Fe/
SWCNT. It exhibited great cyclic stability and high reversible capacity
(1243 mAh/g).

CNTs have been also employed to fabricate Fe,0,/CNTs compos-
ites, which improves the electrochemical properties of Fe,O,. In this
regard, CNTs-Fe,O, nanocomposites synthesized through an inorganic
hydrothermal strategy showed a reversible discharge capacity of about

Sample Structure Preparation Method Specific Capacitance Ref.
MoS,/carbon Carbon-coated MoS2 nanorods Sulfidation and CVD 621 mAh/gat 200 mA/g after 80 cycles [226]
MoS, nanosheet dispersed in the
MoS,/carbon 2 Hydrothermal method 1011 mAh/g after 120 cycles [227]
? amorphous carbon

MoS,, carbon 3D nanoporous architecture Instant gelation 410 mAh/g at a current density of 1 A/g [228]

MoS heets (NS th
MoS,/CNT oS, nanosheets (NSs) on the Glucose-assisted hydrothermal method 698 mAR/g after 60 cycles [229]

? CNT backbone
1 d MoS heet ted
MoS,/CNT ayered VoS, nan‘os cets supporte L-cysteine-assisted hydrothermal route 823.4 mAh/g at 100 mA/g after 30 cycles [230]
- on coaxial CNTs
lithiation-assisted exfoliation process and
MoS,/graphene nanosheet—nanosheet . . . 915 mAh/g at 0.5 A/g after 700 cycles [231]
hydrazine vapor reduction technique
MoS,/nitrogen-doped modified Hummers” and Solvothermal
nanosheet 1285 mAh/g at 100 mA/gafter 50 cycles [232]
graphene

SnS,/carbon Carbon-coated SnS, nano particles Solvothermal method 668 mAh/g after 50 cycles [233]

SnS flakes d ted
SnS,/MWCNT 1>, Hanoraxes decorate Solution-phase approach 510 mAh/gafter 30 cycles [234]

’ MWCNTs
3D hi hical self- rted

SnS,/MWCNT rerarciiical sefi-supporte Two subsequent vapor-phase transport method 432 mAh/g at 645 mA/g after 100 cycles [235]

1D/2D hetero-nanostructure
SnS,/graphene SnS2 nanoplate incorporated with solution-based and solid-gas reactions 650 mAh/g at 0.1 A/g after 30 cycles [236]

graphene nanosheets
SnS,/graphene few-layer SnS, supports on solution-phase method 920 mAh/g at 100 mA/g after 50 cycles [237]
graphene surface
VS /graphene oxide single- hydrothermal method 954 mA h/g at 0.1 C after 100 cycles [238]
crystalline VS4 nanostructures
distributed on rGO

VO /VN-carbon VO /VN encapsulated in an amor- 380 mAh/g at 500 mA/g after 200 cycles [239]

phous carbon matrix
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700 mA h/g after 50 cycles at 50 mA/g. It was ~ 4 times greater than
that of micro-sized Fe,O, (171 mA h/g) [196]. Despite enhancement
in the electrochemical performance of Fe,O,, the synthesis of Fe,O,/
CNTs nanocomposites has some limitations including low loading of
Fe,0, on the CNTs and poor adhesion of Fe,O, to the CNTs. To modify
MWCNTs, Polyvinyl alcohol was employed as a hydrogen bond func-
tionalizing agent. Fe** and Fe** were chemically coprecipitated in an al-
kaline solution in the presence of CNTs, forming Fe,O, nanoparticles
along the sidewalls of the functionalized-CNTs. High discharge capacity
(656 mAh/g after 145 cycles) with stable cyclic retention was delivered
by CNTs-66.7 wt.% Fe,O,nanocomposite [197].

As mentioned above, MnO, with the theoretical capacity of 1250
mAh/g is the other promising LIB anode material. However, some
drawbacks limit its application. The poor electronic conductivity results
in the low Coulombic efficiency and inferior rate capability, and large
volume changes during the phase conversion reaction lead to the poor
cycling stability [198, 199]. To enhance its electrochemical properties,
surface modification of MnO, via the carbon coating such as CNTs is
proved to be effective not only in improving the structural stability and
electrical contact during cycling but also in mitigating the typical ag-
glomeration problems accompanied by the nanoparticles and some side
reactions between the electrolyte and the electrode [200]. However, a
complete coating method is usually expensive and difficult. In addition,
during lithiation/delithiation, the contraction/expansion of the TMOs
can break the coating. To address these limitations, Mao et al. [201]
proposed an inner coating method using CNTs to form a 3D mechan-
ical and electronic conductive network. It increased the reactive area,
improved the ionic and electronic conductivity, and accommodated the
MnO, volume changes. The reversible capacity of MnO,/CNT (with in-
ner coating) composite was 1097.3 mAh/g which was higher than that
of MnO, (without inner coating, 528.0 mAh /g). Inner coating approach
also improved cycling stability. In another approach, Fan et al. [202]
used atomic layer deposition to apply aluminum oxide film with ultra-
thin thickness onto the MnO,/CNT composite. The non-reactive Al,O,
layer restrained the volume change strain of MnO,. In addition, it offered
a stable film to protect MnO, and CNTs from the unpleasant reactions
with the electrolyte. Depending on the coating thickness, the Coulombic
efficiency of the electrodes at the first cycle was enhanced to different
extents. In the following cycles, good ability of capacity retention, high
specific capacity, and perfect rate charge/discharge performance were
provided by the coated electrodes. Other TMO/CNT composites are

summarized in Table 2.

5.2.2. TMO-Graphene

CoO has received a lot of attention due to its simple synthesis pro-
cess and high specific capacity (715 mAh/g). [212]. However, CoO
nanoparticles have poor durability, insufficient conductivity, and a small
specific surface area. To address these drawbacks, carbon composite
materials with excellent durability and significant conductivity are com-
monly employed to support CoO nanoparticles [213-215]. In this regard,
Zhou et al. [216] used a hydrothermal reaction and annealing process to
synthesize the nanoporous CoO nanowire clusters on a 3D porous cloth
of graphene. The unique microstructures of the composite components
not only improved ionic and electronic conductivity but also significant-
ly suppressed the volume changes during the charge-discharge cycles.
Accordingly, the resulted composite showed excellent rate performance,
good stability, and high specific capacity. In another research, wrapping
of hierarchical CoO nanospheres with graphene via the hydrothermal
treatment and vulcanization resulted in considerably better cycle stabili-
ty and Li storage performance than the single CoO electrode. At the cur-
rent density of 100 mA/g, the initial discharge capacity of the composite
was 1974 mAh/g [217]. Tan et al. [218] employed a simple hydrother-

mal method to synthesize the conversion Co,0,/Graphene composite.
Outstanding extreme-temperature Li storage capacity was provided by
this composite. This makes it a viable LIB anode material. Thanks to the
high conductivity of graphene, excellent lithiation/delithiation potential
of Co,0,,
had a higher temperature than the alloy and intercalation anodes at the
temperatures below zero. NiO and TiO, are the other TMOs which has

been investigated to composite with graphene, used as anode materials.

and the ingenious nanostructure, the Co,0,/graphene anode

For instance, Fu et al. [219] fabricated a unique 3D hierarchically porous
NiO micro-flowers/graphene paper electrode. 3D porous structure com-
bined the advantages of both micro-sized NiO flowers and graphene.
Hierarchical between-layer pores were induced by the micro-sized
NiO flowers which improved the electrolyte penetration and prevented
the graphene layers from re-stacking. Highly flexible and conductive
graphene buffered the NiO volume expansion during the charging/dis-
charging process and provided rapid ions/electrons transfer. Deng et al.
[220] synthesized TiO,/graphene nanosheet composite with 3D struc-
ture via an in-situ method. The porous honeycomb structure had high
stability and abundant Li/electron pathways. It, as LIB anode, showed
outstanding rate and cycle performance. At the current density of 16.5
Al/g, the capacity of 184 mAh/g was maintained after 10000 cycles. At
the current density of 52.5 A/g, the electrode could still receive the re-
versible capacity of above 125 mAh/g.

The mixed TMOs composited with graphene have been also studied
as the LIB electrodes. In this regard, Gong et al. [221] synthesized Co-
,V,0,/graphene composite via a simple water bath and used it as LIB
anode. In this composite, Co,V,0, microplatelets with the hexagonal
structure were uniformly attached to the few-layer graphene. The ob-
tained composite showed a high reversible capacity of 1048 mAh/g after
300 cycles at 1 A/g and excellent rate capability. This resulted from the
synergistic effects of Co,V,0, and graphene. Shen et al. [222] prepared
SnO,/NiFe,O,/Graphene nanocomposites via a one-step hydrothermal
synthesis technique. These nanocomposites provided good rate perfor-
mance and cycle stability. The excellent anode performance was as-
cribed to the synergetic effect between the graphene slices and the SnO,
nanoparticle. The graphene nanosheets increased the specific surface
area and reduced the electrical resistance. Meantime, SnO, participated
in the electrochemical reaction and acted as a buffer in the system. To
achieve ultrafast Li-ion storage performance, Lin et al. [223] suggested a
synergistic combination of a highly conductive vertical graphene frame-
work and nitrogen-doped Li,Ti,O,, nanoparticles. Significant advantag-
es such as great structural stability, enhanced electrical conductivity, and
high specific surface area were achieved owning to the positive syner-
gistic effect of vertical graphene backbone with high conductivity and
nitrogen doping. Accordingly, long-term cycle stability (98.9% capacity
retention after 10000 cycles) and high-rate capacity of 142.5 mAh/g at
20 °C were received.

In addition to above-mentioned composites,, metal-organic frame-
work (MOF) composites have also great potential application prospects
in the field of LIBs [224]. In this regard, Ni-based MOF hollow micro-
spheres were grown on a substrate of graphene foam via a simple solvo-
thermal method. The obtained composite, as an independent LIB anode,
showed superior cycle stability and specific capacity to graphene foam
and pure NiO. The great electrochemical performance was ascribed to
the synergistic effect between the graphene foam and NiO components.
The GF matrix increased the electrode’s conductivity. It also provided a
versatile platform for the active elements loading, hindering NiO from
escaping and diffusing into the solution during cycling. Meantime, the
volume expansion of metal oxide was effectively reduced by the layered
hollow structure of NiO [225].
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5.3. Other carbon composites

Research in the field of LIB composite anodes is not limited to the
carbon-silicon and carbon-transition metal oxides materials. Other com-

posites used and their Li storage performance are shown in Table 3.

6. Summary and outlook

This paper reviews the application of carbon-based materials and
their composites as potential LIB anode materials. According to the
literature review, carbonaceous materials are prospective substances
which could be used effectively as anodes for Li-ion battery applica-
tions. However, the current commercial graphite anodes used in LIBs
have a low theoretical capacity and serious safety issues. Carbon nano-
structures including graphene, CNTs, and CNFs with short ion diffu-
sion length and high available surface areas have been shown to provide
better electrochemical performance over the commercial LIB anode
materials. In addition, their capacity and rate capability can be further
enhanced by accurate structural engineering. For example, to meet the
requirements needed for high energy/power electrochemical cells, car-
bon nanostructures can combine with alloy or metal oxide anodes to
form carbon-based nanocomposites with improved electrochemical per-
formance in a synergistic way. In spite of great advancement in carbon
nanostructures as LIB anodes, there are some questions and challenges
facing their development for practical usage. First, the lithiation/delithi-
ation mechanism of carbon-based nanocomposites should be understood
in-depth to obtain valuable data for their designing and optimizing. Sec-
ond, over the first charge/discharge cycles, these nanocomposites com-
monly show large irreversible capacity which is mainly resulted from
excessive SEI formation during discharging. To mitigate this challenge,
further efforts like designing an artificial SEI layer, prelithiation treat-
ment, etc. are needed. Third, developing novel polymer binders and
electrolyte additives is needed to enhance electrode performance. In
fact, the integrity of electrodes, as well as the adhesion between the ac-
tive materials and current collectors, can be affected by binders, while
the formation of a stable and thin SEI layer can be facilitated by elec-
trolyte additives, which contributes to the charge efficiency and cycling
stability of LIBs cells. Last, the synthesis process should be adapted
and simplified for industrial requirements. Hence, future attempts need
to be focused on comprehensive research into the in-depth understand-
ing of the relation between electrochemical performance and composite
structure as well as structural design to develop low cost-high potential
nanocarbon-based anode materials.
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