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ABSTRACT 
The growing concern for the exhaustion of fossil energy and the rapid revolution of electronics have created a rising demand for 
electrical energy storage devices with high energy density, for example, lithium secondary batteries (LSBs). With high surface 
area, low cost, excellent mechanical strength, and electrochemical stability, amorphous carbon-based materials (ACMs) have been 
widely investigated as promising platform for anode materials in the LSBs. In this review, we firstly summarize recent advances in 
the synthesis of the ACMs with various morphologies, ranging from zero- to three-dimensional structures. Then, the use of ACMs 
in Li-ion batteries and Li metal batteries is discussed respectively with the focus on the relationship between the structural features 
of the as-prepared ACMs and their roles in promoting electrochemical performances. Finally, the remaining challenges and the 
possible prospects for the use of ACMs in the LSBs are proposed to provide some useful clews for the future developments of this 
attractive area. 
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1 Introduction 
Since the commercialization of rechargeable lithium-ion batteries 
(LIBs) in the 1990s, LIBs have gradually dominated the market 
of consumer electronics due to their favorable energy density, 
long cycle life, negligible memory effect, and environmental 
friendliness [1, 2]. The growing concern for the exhaustion of 
fossil energy as well as the rapid evolution of electronics has 
created a rising demand for electrical energy storage devices 
with high energy density, such as lithium secondary batteries 
(LSBs) [1]. One of the most important LSB-based systems 
developed so far is the rechargeable LIBs, which have obvious 
advantages of high operating voltage, high energy density, 
and long cycle life [2–4]. Recently, numerous efforts also turn 
to more powerful LSBs, for example, the Li-metal batteries 
(LMBs). In the conventional LIB-based systems, the Li source 
is provided by the cathodes like LiFePO4 and LiCoO2, while 
Li-free materials, such as graphite, metal oxides, silicon, tin, etc., 
are employed as the anodes. In comparison, the LMBs directly 
use metallic lithium as both the anode and the Li source. 
The Li-metal anode (LMA) is featured with high theoretical 
capacity (3,860 mA·h·g−1) and ultralow electrochemical potential 
(−3.04 V versus standard hydrogen electrode), which sheds 
new light on constructing high-energy-density LSBs [5, 6]. One 
such type is the lithium-sulfur (Li-S) batteries that comprise 
an LMA and a sulfur cathode. Of note, the Li-S batteries can 
achieve an ultrahigh energy density of 2,567 Wh·kg−1, which 
is approximately six times larger than that of LIBs based on 
graphite anode and LiCoO2 cathode [7, 8]. Undoubtedly, the 

LIBs and LMBs are two representatively advanced and promising 
energy storage systems in the field of LSBs.  

To achieve high energy density for LSBs, it is crucial to develop 
high-performance anode materials. In the past decades, carbon- 
based materials, especially those with micro/nanostructures, 
have been widely investigated and considered as promising 
candidates for the anode materials in LSBs due to their acceptable 
specific capacity, low discharge potential, ultrahigh electrochemical 
stability, and variably porous structures [9–12]. Recently, 
amorphous materials have been demonstrated as advanced 
electrode materials with high-performance for applications in 
the energy-related fields [13–17]. With regard to the regime of 
LSBs, although the graphite materials have been commercialized 
as the anode of LIBs for decades, the low theoretical specific 
capacity of 372 mA·h·g−1 is gradually unable to satisfy the ever- 
increasing demand for high-energy-density batteries [18–20]. 
Therefore, a great number of researchers pay their attention 
to amorphous carbon-based materials (ACMs), which exhibit 
higher surface area, lower cost, more abundant sources of 
precursors (such as corn straw [21], bean dregs [22], wood [23], 
bamboo [24], peat moss [25], etc.), and more variable nano-
structures [9]. More importantly, ACMs can be combined with 
other high-capacity anode materials such as silicon [25–27], 
metal oxides, metal sulfides [28–30], and metal phosphides [31], 
obtaining functional carbon-based composites, which enable 
the further improvement of specific capacity of LIBs. In addition, 
the functionalized ACMs are often introduced into the LMA 
systems to improve their stability, where those ACMs can 
effectively affect the nucleation and growth behavior of the Li 
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metal, thus addressing the growth of Li dendrites which is the 
critical issue in this type of batteries [32].  

In this review, we mainly focus on summarizing the synthetic 
methods of the ACMs and their promising applications in the 
LSBs. Firstly, the synthesis approaches of ACMs are systematically 
classified and discussed on basis of their nanoscale morphologies, 
that is, zero-dimensional (0D), one-dimensional (1D), two- 
dimensional (2D), and three-dimensional (3D) structures. In 
the following part, we conduct a comprehensive discussion 
on the potential applications of ACMs, including their specific 
structural features and general design rules, in constructing 
advanced anode materials for the LIBs and the LMBs. Finally, 
the remaining challenges along with the prospects for the future 
development of ACMs for LSBs are proposed. 

2  Synthesis of ACMs 
The applications of ACMs in constructing advanced and high- 
performance anodes are highly dependent on their properties. 
Therefore, it is very necessary to summarize the relevant 
synthesis strategies, analyze the formation mechanisms, 
and investigate the effects of the synthesis methods on the 
properties of the final ACM-based products. Undoubtedly, this 
could provide multiple choices and inspirations towards the 
development of synthetic methods for novel ACMs, thus paving 
the way for their numerous elegant applications. In this part, 
the universal and representative synthesis methods for ACMs 
are introduced from the aspects of their morphologies.  

2.1  0D structures 

The 0D materials have gained focus among researchers 
because they exhibit unique properties including the uniform 
and symmetrical structures, as well as large specific surface 
areas. Hence, various types of 0D ACMs have been widely 
applied in the field of batteries, such as carbon quantum dots 
(CQDs) and carbon nanospheres [32–34]. In this part, we 
summarize the synthesis methods of 0D nanomaterials of the 
ACMs applied in the energy storage.  

CQDs are a new class of carbon-based nanomaterials with 
minimal size. The extreme reduction of the particle size towards 
the quantum system leads to the realization of the maximum 
properties of quantum effect, available ion diffusion, and 
high electrochemical activity [35]. Benefiting from the above 
advantages, CQDs are widely used in energy storage [36]. For 
instance, Hou et al. reported a large-scale fabrication method 
of homogeneous CQDs without any auxiliary toxic reagents or 
surface-active agents [37]. In a typical procedure, CQDs were 
synthesized from acetone by a one-step NaOH-assisted 
treatment (Fig. 1(a)). A typical transmission electron microscope 
(TEM) image shows that these CQDs are monodisperse 
spherical particles with the diameter of 1.5–3.0 nm (Fig. 1(b)). 
The templating method has been found to be an important 
way to obtain 0D ACMs with stable morphology. 

Carbon nanosphere is another common kind of 0D ACMs. 
Attributed to the disordered nature, porosity, and spherical 
morphology, the amorphous carbon nanospheres allow facile 
electrolyte/electrode contact and fast Li-ion diffusion, which 
promotes the anode materials to deliver superior electrochemical 
performances [38]. Therefore, amorphous carbon nanospheres 
are regarded as important carbon materials in the field of 
energy storage. Currently, a number of strategies have been 
developed to prepare amorphous carbon nanospheres. Tang et al. 
prepared the hollow carbon nanospheres based on hydrothermal 
carbonization of glucose in the presence of latex templates [39]. 
The disordered shell thickness of hollow carbon nanospheres 
is 12 nm, composed of 2–3 short carbon layers [39]. Etacheri 
et al. reported the synthesis of 0D amorphous porous carbon 
spheres (PCSs) via a template-free spray pyrolysis method 
using sucrose as the carbon source (Fig. 1(c)) [38]. From Figs. 1(d) 
and 1(e), the obtained PCSs annealed at 1,200 °C (PCS-1200) 
and 2,300 °C (PCS-2300) show different structure. As the 
annealing temperature increases, the amorphous structure 
of PCSs is gradually changed to a local graphite state [38]. In 
addition to regulate the graphitic degree, heteroatom-doping 
is another effective strategy to improve the electrochemical 
performances of carbon spheres, which has been widely  

 
Figure 1  (a) Formation mechanism of CQDs. (b) TEM image of CQDs. Reprinted with permission from Ref. [37], © WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim 2015. (c) Schematic illustration of the synthesis process of the PCSs. (d) High-magnification TEM image of the PCS-1200. (e) High-
magnification TEM images of the PCS-2300. Reprinted with permission from Ref. [38], © The Royal Society of Chemistry 2015. (f) TEM image of the
N-HPCSs at low magnification. (g) TEM image of the N-HPCSs at high magnification. Reprinted with permission from Ref. [41], © WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim 2020.  
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applied in the preparation of ACMs to improve the electronic  
conductivity and enrich active sites for Li-ions storage [39, 40]. 
Ye et al. reported the synthesis of nitrogen-doped (N-doped) 
hollow porous carbon spheres (N-HPCSs) [41]. The obtained 
N-HPCSs with the uniform size exhibit a porous and amorphous 
structure, and the thickness of the carbon shell as the nitrogen- 
supporting framework is about 23 nm (Figs. 1(f) and 1(g)). 
Zhang et al. fabricated a kind of S-doped carbon nanospheres via 
a hydrothermal synthesis, followed by 800 °C calcination. The 
S-doped carbon nanospheres with an average size of 500–600 nm 
maintain ordered channels, which show mesoporous morphology 
with pore diameters around 3 nm. 

2.2  1D structures 

1D ACMs show great advantages in energy storage applications 
due to their unique physical and chemical properties, such 
as direct ions/electrons paths for their fast transfer and larger 
specific surface area for facile contact between electrode and 
electrolyte. Notably, large numbers of synthesis approaches have 
been developed for 1D ACMs, including templating method 
[42], electrospinning [43, 44], hydrothermal synthesis [45], 
magnetron sputtering [46], and so on.  

Among a variety of synthesis methods, electrospinning is 
a simple and effective method to prepare 1D carbon-based 
nanofibers. By adjusting the parameters of the electrospinning 
device, nanofibers with unique structures such as coaxial or 
directional arrangement can be easily obtained [47]. Chen et al. 
reported amorphous carbon nanotubes decorated with hollow 
graphitic carbon nanospheres (ACNHGCNs) using a triple- 
coaxial electrospinning method [48]. The specific synthesis 
process of ACNHGCNs is illustrated in Figs. 2(a) and 2(b). 
The walls of the amorphous carbon nanotubes partly consist 
of hollow graphitic carbon nanospheres, some are decorated 
on the inside and outside surfaces (Figs. 2(c) and 2(d)) [48]. 
Further, combining with other methods, such as chemical vapor 
deposition (CVD), magnetron sputtering and hydrothermal 
method, electrospinning enables an effective strategy to prepare 
the structural and compositional features of 1D anode materials. 
For example, Huang et al. reported a scalable method for 
the synthesis of flexible half-tube amorphous carbon film by 
electrospinning and the followed magnetron sputtering, which 
is composed of carbon nanofibers [46]. The scanning electron 
microscope (SEM) image indicates the diameter of half-tube 
amorphous carbon fiber is 20 nm (Fig. 2(e)). 

 
Figure 2  (a) and (b) Schematic illustration of the formation of ACNHGCNs. 
(c) SEM image of the ACNHGCNs. (d) TEM image of the ACNHGCNs. 
Reprinted with permission from Ref. [48], © The Royal Society of Chemistry 
2012. (e) SEM image of the 20-nm-thick semi-tubular-carbon-coated electrode. 
Reprinted with permission from Ref. [46], © Elsevier Ltd. 2017. 

In addition to electrospinning, the templating method is 
regarded as a useful method to synthesize 1D amorphous carbon 
materials. Zhou et al. reported that the Sn nanoparticles were 
confined within amorphous CNTs (Sn@aCNT) via a nanowire- 
directed templating method [42]. The diameter of the Sn@aCNT 
nanorods is about 10 nm [42]. Analogously, by using the MnOx 
nanowires as the template and SnO2 as well as polydopamine 
as coating materials, a kind of Sn enclosed in N/P-co-doped 
porous carbon nanorods (Sn@C) was designed by Ye et al. [49]. 
The length of Sn@C nanorods is 1–2 μm and the diameter is 
400–500 nm [49]. 

2.3  2D structures 

As a typical 2D nanomaterials, ACMs have the advantages 
of large specific surface area, good ionic as well as electronic 
conductivity, and high mechanical strength [50–52]. Therefore, 
2D ACMs have been widely applied in energy storage systems. 

Guo et al. synthesized N-doped amorphous carbon nanosheets 
by thermal decomposition of ethylenediaminetriacetic acid 
manganese disodium salt (as carbon source) at different tem-
peratures [52]. Figures 3(a) and 3(b) indicate that the as-prepared 
N-doped carbon nanosheets annealed at 500 °C display an 
“urchin-like” structure and amorphous characteristic [52]. 
Compared to single dopant, the synergistic effect of S and N 
dopants could further realize the improvement of conductivity 
and interlayer distance for carbon nanosheets. Yang et al. 
reported a facile sol-gel method for synthesizing amorphous S/N- 
co-doped carbon nanosheets (S-N/C) using citric acid and 
urea as the raw materials [53]. Figure 3(c) shows that the 
interlayer spacing of common carbon nanosheets is 3.4 Å, 
which increases to 3.47 Å after N doping. As to the carbon 
nanosheets co-doped with S and N, the lattice spacing further 
expands to 3.73 Å. As shown in Figs. 3(d) and 3(e), S-N/C 
show a unique arched tile-like structure [53]. Besides, Wang et al. 
reported a direct synthesis of amorphous molten-salt carbon 
nanosheets (MSCs) by adjusting the carbonization temperature 
of petroleum pitch in molten KCl/CaCl2 (2:1 by weight) (Fig. 3(f)) 
[54]. Notably, molten salts have been proved to effectively suppress 
the graphitization of MSCs. The obtained carbon nanosheets 
display different morphologies at different carbonization 
temperatures. MSC550, prepared at 550 °C, shows a porous 
nanostructure with interconnected pores. At the carbonization 
temperature of 675 °C, the product shows a cheese-like shape with 
irregular pits on its surface. In addition, when the carbonization 
is conducted at 800 °C, the product shows a typically folded 
ultrathin sheet-like structure (Fig. 3(g)) [54]. 

2.4  3D structures 

In the past few decades, more and more researches have been 
devoted to the synthesis of 3D ACMs. Meanwhile, the properties 
of 3D ACMs are highly dependent on the template and the 
preparation methods. Owing to interconnected pores and 
conductive channels, 3D ACMs demonstrate high potential as 
anode materials in a variety of batteries. 

Due to low cost, environmental friendliness, and abundant 
resource, renewable biomass materials have been widely used 
in the fabrication of 3D ACMs for energy storage [55–59]. 
Shen et al. developed a simple method to produce ultra-thick, 
low-tortuosity, and mesoporous carbon via directly carbonizing 
the natural wood (Fig. 4(a)) [23]. Figures 4(b) and 4(c) show 
the high porosity and low curvature of the obtained carbon 
materials. There are two different types of pores, with an 
average size of about 10–15 and 100–200 μm, which originate 
from plant vessels and cellulose fibers, respectively [23]. Typically, 
fibrous biomass with cross-linking and porous structures, such 
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as pistachio shells [58], acori tatarinowii rhizome [60], and 
pomelo peel [61], are promising precursors for the fabrication 
of 3D ACMs. Li et al. reported the synthesis of 3D macroporous 
carbon membrane via carbonization of natural leaves at 1,000 °C 
[62]. The carbon sheet is 50–100 nm, which facilitates the 
fast diffusion of the Li ions [62]. Except for carbonized-leaf 
membrane, Qiu et al. presented a novel method for the synthesis 
of versatile plant-derived mesopore-dominant hierarchical 
porous carbon (KHPC) via carbonizing the hemp stem, 
followed by activation with KClO4 (Fig. 4(d)) [63]. The natural 

hemp stem displays an open 3D structure composed of 
micron-scale channels. The pore structures and heteroatom 
contents within the KHPC can be controlled by adjusting 
the pyrolysis. After the pyrolysis activation at 600 °C, the 
KHPC-600 remains the original 3D channel of the hemp stem 
and shows a hierarchical porous structure that riches in 
micropores and mesopores (Fig. 4(e)) [63]. Besides, Ding et al. 
used peat moss, a plant that covers 3% surface of the earth, as 
a precursor to prepare cross-linked carbon nanosheets [25]. As 
shown in Fig. 4(f), the product exhibits a hollow 3D structure 

 
Figure 3  (a) and (b) TEM images of the C-500. Reprinted with permission from Ref. [52], © Elsevier Ltd. 2015. (c) Calculated of layer spacing of 
graphite, the N/C and the S-N/C. (d) SEM image of the S-N/C. (e) TEM image of the S-N/C. Reprinted with permission from Ref. [53], © WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim 2016. (f) Schematic illustration of the synthetic process of the MSCs. (g) TEM image of the MSC800. Reprinted
with permission from Ref. [54], © American Chemical Society 2018. 

 
Figure 4  (a) Schematic diagram of natural wood channel. (b) Top-viewed SEM image of wood slabs after carbonization. (c) High-magnification SEM 
image of (b). Reprinted with permission from Ref. [23], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (d) Schematic illustration of the 
synthetic process of the KHPC-600, pre-freeze-dried hemp stem@KClO4 mixture (HKM). (e) TEM images of the KHPC-600. Inset shows the porous 
structure. Reprinted with permission from Ref. [63], © Elsevier Ltd. 2020. (f) SEM images of hollow macroporous structure of carbon particles. Reprinted 
with permission from Ref. [25], © American Chemical Society 2013. (g) SEM image of the P-PHC. (h) TEM images and selected-area electron diffraction 
image of the P-PHC. Reprinted with permission from Ref. [64], © American Chemical Society 2019. 
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with interconnected macropores. The ordered pseudo-graphic 
structure of nanosheets allows for facile intercalation of Li ions 
into the bulk carbon [25]. Furthermore, Jiang et al. reported 
a facile annealing strategy to synthesize pinecone-derived 
P-doped hive-like carbon (P-PHC) [64]. Figure 4(g) reveals that 
P-PHC displays a unique 3D structure with obvious large pores, 
which range from 2–8 μm in diameters. P-PHC manifests 
segmental graphitization under high-temperature calcination 
(Fig. 4(h)) [64]. Consequently, on account of abundant source 
of biomass materials and their various natural pore structures 
and facile thermal-treatment procedures, biomass-derived 
3D ACMs have been anticipated to be promising sustainable 
materials for energy storage.  

The templating method has been found to be an important 
way to obtain 3D ACMs with stable structure. Liu et al. prepared 
a kind of SnS2 ultrathin nanosheets confined in amorphous 
carbon nanoboxes (SnS2@CNBs) by templating Fe2O3 nano-
cubes and following an annealing process [65]. The sulfurized 
particles exhibit the special “nanosheets-in-nanobox” structures. 
To extend this methodology, the same research group also 
prepared SnS2 enclosed hollow carbon nanospheres (SnS2@CNSs) 
using SiO2 spherical template [65]. Wang et al. reported 
the synthesis of amorphous CoSnO3@C nanoboxes by using 
CoSn(OH)6 nanoboxes as the hard template [66]. The uniform 
CoSnO3@C nanoboxes are covered with a carbon shell with a 
thickness of 30–40 nm [66]. 

3  Applications of ACMs in LSBs 

3.1  Anode materials for LIBs 

The materials with suitable discharge potential, high theoretical 
specific capacity, good electronic conductivity, and excellently 
structural stability are considered as the ideal anode materials 
for LIBs [42, 67]. The conventional graphite anode with a low 
theoretical capacity is unable to meet the needs of advanced 
LIBs. New types of anode materials with high capacity and high 
stability need to be explored. Recently, the anode materials 
such as organic materials, transition metal compounds, metal 
oxides, silicon, tungsten, tin elements, amorphous carbon and 
the composite of various materials have been widely applied 

in LIBs. Among these anode materials, ACMs can be used 
individually as the anode materials or combined with other 
materials [68–71]. In the following part, we present some 
demonstrations of the ACMs applied in the LIBs. 

3.1.1  Serving in carbon-based anodes 

It is expected that a stable construction of amorphous carbon 
may ensure a promising electrode with high capacitance and 
long cycle life. We summarized the electrochemical performance 
of carbon-based anodes in Table 1 for clear information. 
Confirmed by previous works, adsorption on the wall of the 
pores and intercalation between the nanosized graphene layers are 
two main forms of Li+ storage in the porous ACMs. However, 
there are controversies about which one is the dominant. Yang 
et al. reported the fabrication of 3D porous carbon via pyrolyzing 
sucrose to investigate the lithium ions storage form in porous 
ACMs [72]. Nuclear magnetic resonance spectroscopy and cyclic 
voltammograms are applied to confirm that adsorption is the 
main form of lithium storage throughout the studied potential 
range. Nanopores shorten the diffusion distance of lithium 
ions in electrode materials, so this storage characteristic is the 
reason for the good electrochemical performance of porous 
carbon. When the current density is 50 mA·g−1, the reversible 
capacity could reach 400 mA·h·g−1 [72].  

Amorphous carbons with high specific surface areas, shorter 
diffusion paths and larger interlayer distances can offer large 
electrode/electrolyte interfaces for charge-transfer reaction, and 
enhance ion transport and Li+ insertion/extraction. Consequently, 
ACMs are highly recommended for the fabrication of high- 
performance anodes for LIBs. For instance, Song et al. reported 
the fabrication of 2D hierarchical amorphous porous carbon 
nanosheets (HPCS) via a hard templating method [51]. Owing 
to rich microporous/mesoporous structures and active sites, 
this kind of material exhibits a high reversible capacity as 
the anodes for LIBs. When the current density is 20 mA·g−1, 
the reversible capacity could reach 748 mA·h·g−1. However, 
high surface area of HPCS shows more side/edge C atoms  
and more structural defects, which provide more lithium 
storage sites. These may be the reasons why initial Coulombic 
efficiency (CE) of HPCS is only 36% at the current density of 
20 mA·g−1. As been reported before, low initial CE is an serious 

Table 1  Typical carbon-based anodes for LIB applications in reported literatures 

Structure Materials Initial CE Reversible capacity Ref. 

Carbon quantum dots ~ 80% 864.9 mA·h·g−1 at 0.5 C [34] 

Porous carbon sphere 70% 365 mA·h·g−1 at 37.2 mA·g−1 [38] 0D 

Amorphous carbon nanotubes/graphitic carbon nanospheres ~ 60% 969 mA·h·g−1 at 50 mA·g−1 [48] 

Carbon nanofibers ~ 40% 271.7 mA·h·g−1 at 30 mA·g−1 [119]
1D 

Core–shell structured porous carbon nanowires 86% 811.9 mA·h·g−1 at 0.1 A·g−1 [120]

Nitrogen-doped carbon nanosheets 39% 465.8 mA·h·g−1 at 0.5 C [52] 

Hierarchical porous nitrogen-doped carbon nanosheets 49.2% 1,865 mA·h·g−1 at 0.1 A·g−1 [121]

Hierarchical porous carbon nanosheets ~ 36% 550 mA·h·g−1 at 20 mA·g−1 [51] 
2D 

Porous carbon nanofibers/nanosheets 75% 454 mA·h·g−1 at 3 A·g−1 [122]

Honey derived mesoporous nitrogen-doped carbons 61% 1,359 mA·h·g−1 at 0.1 A·g−1 [73] 

Metal-catalyzed graphitic porous carbons 95% 945 mA·h·g−1 at 0.2 A·g−1 [76] 

Plant-derived mesopore-dominant hierarchical porous carbon 54.7% 1,064 mA·h·g−1 at 0.1 A·g−1 [63] 

Heteroatom-enriched amorphous carbon with hierarchical porous structure 76% 510–1,090 mA·h·g−1 at 50 mA·g−1 [69] 

Multilayer graphene film/amorphous porous carbon film ~ 85% 420 mA·h·g−1 at 0.1 A·g−1 [67] 

Ultrathin amorphous carbon nanosheets 59.4% 731 mA·h·g−1 at 0.1 A·g−1 [54] 

3D 

Sucrose-derived porous carbon 40.1% 400 mA·h·g−1 at 50 mA·g−1 [72] 
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phenomenon in amorphous carbon anodes in LIBs, which 
may result from the decomposition of electrolyte and solid 
electrolyte interphase (SEI) formation on the high surface [51]. 
The low initial CE issue could be solved by high-temperature 
carbonization or chemical reduction to optimize the surface of 
amorphous carbon and reduce the content of oxygen functional 
groups. Zhang et al. reported a kind of nitrogen-doped 
carbons (HMNC) via higher temperature carbonization [73]. 
The HMNC-700 carbonized at 700 °C for 2 hours shows highly 
amorphous state (Fig. 5(a)). The HMNC-700 shows an excellent 
reversible capacity of 1,359 mA·h·g−1 at the current density of 
100 mA·g−1 and superior cycling stability of 722 mA·h·g−1 after 
200 cycles at the current density of 1 A·g−1 (Fig. 5(b)). The 
excellent electrochemical performance of the HMNC-700 
may be attributed to the highly ordered mesopore structures 
and the corresponding large specific surface areas which can 
provide large electrode/electrolyte interfaces, more favorable 
paths for penetration and transportation of ions and serve as Li+ 
reservoirs [73]. Additionally, the electrochemical performance of 
ACMs is significantly improved by doping with heteroatoms 
in the carbon networks, including N, P, S, and their mixtures 
[74, 75]. Doping with N has been intensively proven to be an 
efficient strategy to enhance both the capacity and the cycling 
stability of amorphous carbon materials. For example, Guo 
et al. synthesized amorphous nitrogen-doped carbon nanosheets 
via thermal decomposition, which shows the capacity of 
465.8 mA·h·g−1 at 0.5 C after 600 cycles. 

A kind of 0D amorphous PCSs was fabricated using sucrose 
as a carbon source via template-free spray pyrolysis method, 
which have been mentioned above (Fig. 1(e)) [38]. It is obvious 
that the porosity of the PCSs is retained even after annealing the 

carbon spheres at 2,300 °C (Fig. 5(c)). The electrode based on 
amorphous PCS-2300 shows a specific capacity of 270 mA·h·g−1 
at the current density of 372 mA·g−1, which is four times higher 
than that of commercial graphite (60 mA·h·g−1) (Fig. 5(d)). After 
100 cycles at current densities of 37.2 and 372 mA·g−1, PCS-2300 
retains specific capacities of 365 and 250 mA·h·g−1, respectively 
(Fig. 5(e)). The excellent electrochemical performance of PCSs 
can be explained by their abundant porosity and disordered 
structure. Disordered layers of PCS-2300 also facilitate the fast 
insertion of Li ions to reach excellent specific capacity [38]. 
Similarly, Yang et al. prepared a kind of metal catalyzed graphite 
porous carbons (M-GPCs) embedded with amorphous carbon 
[76]. Different M-GPCs with rich defects and amorphous 
carbon structures were obtained by adjusting the types of metal 
catalysts. Figures 5(f) and 5(g) show the nanostructures of Co 
catalyzed graphite porous carbon (Co-GPC). Graphitic structure 
defects and the concomitant amorphous carbon can be clearly 
observed in Co-GPC. Compared with pure graphite materials, 
Co-GPC exhibits excellent electrochemical performance. At 
the current density of 3 A·g−1, the electrode based on Co-GPC 
shows a high capacity of 493 mA·h·g−1 after 3,000 cycles (Fig. 5(h)). 
Such excellent Li-ion storage performance of M-GPCs is mainly 
due to the amorphous structure with rich active sites and the 
interconnected graphite structure, which greatly promote the 
mass transportation and penetration [76]. Therefore, amorphous 
carbon increases the active sites of lithium ion adsorption in 
carbon based materials, and improves the overall capacity. 

In comparison of pure graphite (372 mA·h·g−1), ACMs with 
different morphologies exhibit higher specific capacity, which 
could be ascribed to the following aspects: (1) The redox 
potential of ACMs (0–1.2 V) is wider than that of the graphite 

 
Figure 5  (a) XRD spectra of HMNCs. (b) The cycling performance of HMNC-700 at a current density of 1 A·g−1. Reprinted with permission from Ref. [73], 
© Elsevier B.V. 2016. (c) Pore size distribution of PCS-1200 and PCS-2300. (d) Electrochemical performances of PCS-1200 and PCS-2300. (e) Galvanostatic
cycling performance of PCS-2300 at 0.1 C (0.1 C = 37.2 mA·g−1) and 1 C (1 C = 372 mA·g−1) rate. Reprinted with permission from Ref. [38], © The Royal 
Society of Chemistry 2015. (f) and (g) TEM images of the Co-GPC. (h) Cycling performance of the Co-GPC at current density of 3 A·g−1. Reprinted with
permission from Ref. [76], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018.  
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(0–0.5 V); (2) the expanded interlayer and richer defects in 
ACMs provide more active sites for the Li-ion storage; (3) the 
facilely-modified ACMs (that is doped with O, N, S, B, P, etc.) 
further improve their capacity; (4) the channels in ACMs 
greatly promote the fast transfer of electrons and lithium ions. 
Besides, the porous structures in ACMs can also relieve volume 
change during the process of Li+ insertion/extraction, enabling 
the cycling stability of the ACMs. Consequently, ACMs are 
considered as one of the most attractive anode candidates for 
the LIBs. 

3.1.2  Serving in non-carbon composite anodes 

Silicon-based materials are considered as one of the attractive 
anode materials for the next generation LIBs, which is attributed 
to their high theoretical capacities and low voltage plateau 
[77]. However, the large volume change of Si-based materials 
during the cycling processes results in the rapid capacity 
degradation, limiting their practical applications [78]. In an 
attempt to suppress the volume change and enhance rate 
capability, a number of strategies have been developed, such as 
producing silicon-nanoparticles [78], aligning silicon-nanowires 
[79]/nanotubes [80], and dispersing silicon into the matrix 
(e.g. amorphous carbon) [81]. Taking benefit of the high 
mechanical stability of ACMs, recent reports demonstrate that 
carbon-silicon composites can suppress the volume change 
and improve the overall electrochemical performance for LIBs 
[77, 81]. For example, Fan et al. developed a novel approach to 
synthesize carbon microspheres/silicon/amorphous carbon by 
a facile solution-based method using wheat flour as a carbon 
source and the followed pyrolysis reaction [82]. The amorphous 
carbon spheres with a size of 20 μm provide a stable conductive 
carrier for nano-sized silicon, and the overall 3D network 
structure is beneficial for improving its mechanical stability 
(Fig. 6(a)). In addition, the amorphous carbon layer with a 
thickness of 7 nm can also effectively buffer the volume change 
of silicon particles during the battery cycling, which helps to 
form a stable SEI between the electrode and the electrolyte 

(Fig. 6(b)). After 100 cycles, the specific capacity of the electrode 
based on MSC is 585 mA·h·g−1 at the current density of 100 mA·g−1, 
showing a high capacity retention of 90.3% (Fig. 6(c)) [82]. 
Besides, Yan et al. reported the fabrication of folded carbon 
nanosheets coated with silicon nanoparticles (Si/C) using 
one-pot salt melt synthesis [26]. The carbon nanosheets with 
graphene-like structure are beneficial for the improvement of the 
conductivity of silicon particles. In addition, the amorphous 
carbon nanosheets provide limited physical space for the 
volume expansion of silicon nanoparticles during cycling. 
After 500 cycles, the Si/C anode can gain 881 mA·h·g−1 at the 
current density of 420 mA·g−1 with about 86.4% capacity 
retained [26]. Silicon material coated with layered N-doped 
carbon (Si@NPC) is developed through the processes of universal 
solvent treatment, high pressure sputtering, and carbonization 
by Liu et al. [27]. The Si@NPC with abundant pores and 
heteroatom dopants can greatly improve its capability for Li 
storage. The porous carbon doped with heteroatoms is beneficial 
for the formation of stable SEI and alleviates the volume 
expansion of Si during cycling. Therefore, the assembled battery 
shows a reversible capacity of 1,565 mA·h·g−1 after 100 cycles 
at 0.5 A·g−1 [27]. The packaging strategy of ACMs for nano-
particles is also suitable for Sn metal, which has been considered 
as another promising anode candidate. Zhou et al. reported 
the fabrication of Sn nanoparticles packaged in amorphous 
porous carbon nanotubes (Sn@aCNT) using the MnOx nanowires 
as the template [42]. The amorphous carbon nanotubes with 
porous network structure not only inhibit the agglomeration 
of Sn particles, but also relieve the volume expansion and 
contraction during the battery cycling (Figs. 6(d) and 6(e)). 
At the current density of 0.2 A·g−1, the Sn@aCNT electrode 
exhibits a high capacity of 749 mA·h·g−1 after 100 cycles (Fig. 6(f)) 
[42]. Ye et al. developed the synthesis of Sn nanoparticles 
embedded in N and P co-doped carbon nanorods (N/P-Sn@C) 
[49]. The Sn nanoparticles are uniformly distributed throughout 
the carbon nanorods without obvious agglomeration. Due  
to the homogeneous distribution of Sn nanoparticles in the 

 
Figure 6  (a) SEM image of the MSC composite sphere. (b) TEM image of amorphous carbon layer on the silicon surface. (c) Cycle performance of the
MSC at 100 mA·g−1. Reprinted with permission from Ref. [82], © Elsevier Ltd. 2019. (d) TEM image of the Sn@aCNT composite. (e) TEM image of the 
Sn@aCNT electrode after 100 cycles. (f) Cycling performance of the Sn@aCNT electrode at a current density of 0.2 A·g−1. Reprinted with permission 
from Ref. [42], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016. (g) SEM image of the CS@PC composite. (h) TEM image of the CS@PC
composite. (i) Raman scattering spectra of pure carbon (PC), cobalt sulfide without carbon-coated (CS). Reprinted with permission from Ref. [29], 
© Yin, B. et al. 2018. 
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amorphous carbon matrix, N/P-Sn@C shows a reversible 
capacity of 560 mA·h·g−1 under the current density of 1 A·g−1 
after 1,500 cycle [49]. 

The capacity ranges from 600 to 1,500 mA·h·g−1 have made 
transition metal compounds (TMCs) as another potential anode 
materials for the LIBs, which is much higher than the theoretical 
capacity of commercial graphite anode [28, 71]. Nonetheless, 
TMCs inevitably suffer from several severe challenges, including 
extensive volume variation during the battery operation, the 
continuous aggregation of nanoparticles, and poor electronic 
conductivity, which limit their commercial application [83, 84]. 
Numerous strategies have been developed to address these 
problems for Li storage. One useful method is to combine the 
TMCs with a highly conductive carbon matrix. For example, 
Yin et al. reported the fabrication of honeycomb-like N/S 
co-doped porous carbon-coated cobalt sulfide (CS@PC) as an 
anode material for the LIBs. Figures 6(g) and 6(h) clearly show 
the honeycomb-like morphology of the CS@PC with the size 
of tens of microns. Raman spectrum analysis noted that the 
value of ID/IG is 1.22, proving the amorphous structure of the 
CS@PC (Fig. 6(i)). The CS@PC electrode shows a high capacity 
of 717 mA·h·g−1 at the current density of 1 A·g−1 even after 
500 cycles. Therefore, the CS@PC electrode exhibits a high 
specific capacity and stable cycle performance, which could be 
mainly attributed to the sufficient contact between the electrode 
and the electrolyte as well as the uniquely amorphous carbon 
skeleton structure with rich mesoporous [29]. Besides, other 
TMCs associated with ACMs are also widely applied in the 
LIBs, such as NiO [85], VOx [86], Fe7S8 [87], ZnO [88], and 
MoS2 [89]. To date, there are a great many reports on the ACMs 
as advanced anode materials for LSBs, which can be attributed 
to the fact that the ACMs show higher mechanical stability, 
higher electrical conductivity, and more morphological and 
porous structures than the graphite. 

3.2  Stabilizing Li metal anodes for LMBs 

LMA is described as the “Holy Grail” of anode materials used 
in the LMBs. However, uncontrolled growth of Li metal during 
the repeated plating/stripping processes, usually embodied as 

dendritic and mossy Li, induces a series of thorny issues, such as 
low CE, short circuit, and even fire/explosion of batteries [90, 91]. 
Recently, researchers have proposed a large number of protective 
strategies including constructing an artificial SEI [92, 93], 
designing 3D hosts for Li deposition [94], employing solid- 
state electrolytes [95–97], and exploiting advanced electrolyte 
additives [98]. 

3.2.1  Serving as artificial SEI 

The SEI between Li metal and electrolyte can act as a protective 
layer for LMA. However, the naturally formed SEI is not 
strong enough against the inevitably mechanical deformation 
of LMA during the repeated cycles due to the limitations of 
present battery chemistry [99, 100]. In addition, the huge 
volume variation of Li metal during Li plating/stripping makes 
the SEI suffer from continuous fracture and regeneration, which 
further expedites electrolyte decomposition and Li dendrite 
growth [18]. Constructing additional artificial SEI is considered 
as an effective method for protecting the LMA [101, 102]. 

Carbon-based materials are known to be electrochemically 
stable in battery systems, making an ideal candidate for LMA 
protection. Some works have explored the potentiality of graphene 
as artificial SEI for LMA. Nevertheless, due to its conductive 
feature, part of Li deposits above graphene instead of under it, 
resulting in poor improvement in CEs (< 95%) [103, 104]. To 
serve as a stable artificial SEI layer for LMA, the ideal carbon 
film should be ionically conductive but electronically insulating. 
Huang et al. reported a scalable method for the synthesis of 
flexible half-tube amorphous carbon film by electrospinning 
and the followed magnetron sputtering, which was used as 
the artificial SEI for the protection of LMA [46]. The SEM 
measurements are employed to distinguish the morphology 
difference between the plated Li on bare and 20-nm-thick 
semi-tubular-carbon-coated Cu electrodes, respectively. Sharp 
Li dendrites with numerous cracks and pores are clearly formed 
on the bare Cu (Fig. 7(a)). For comparison, the Li plating on the 
semi-tubular-carbon coated Cu electrode exhibits a metallic 
luster without cracked deposits (Fig. 7(b)). It is believed that 
the amorphous carbon film with low chemical activity and high 

 
Figure 7  (a) SEM image of Li deposition on bare Cu electrode. (b) SEM image of Li deposition on semi-tubular-carbon-coated Cu electrodes. (c) Cycling 
performance of Cu|Li asymmetrical cells with bare and semi-tubular-carbon-coated Cu electrodes. Reprinted with permission from Ref. [46], © Elsevier 
Ltd. 2017. (d) STEM and elemental mapping images of the C, Na, Mg, Mn and F elements. (e) ICP-MS results of the sample from the ether electrolyte 
containing NMMF. (f) ICP-MS results of the sample from the ether electrolyte containing NMMF@C. Reprinted with permission from Ref. [105], © Yuan, 
H. D. et al. 2020. 
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mechanical strength is in favor of the formation of stable SEI. 
As a result, the ameliorative electrodes display greatly improved 
cycling stability with high CE up to 99.5% (Fig. 7(c)) [46]. 
Yuan et al. developed “spansules” that can sustainably supply 
functional ingredients for the LMA. To be specific, the spansules 
are made up of NaMg(Mn)F3@C core@shell microstructures 
(NMMF@C) via precipitation of fluorides, coating with resin, 
and high-temperature carbonization [105]. The elemental 
mapping images of a typical NMMF@C cube exhibit the 
elemental composition and distribution within the core@shell 
structures. It is noticed that the amorphous carbon layer is 
about 30 nm in the periphery region (Fig. 7(d)). Functional 
ingredients (Na+, Mg2+, Mn2+, and F− ions) would be released 
from the NMMF solid, which could guide the deposit behavior 
of the Li metal and stabilize the SEI. From the inductively 
coupled plasma mass spectrometry (ICP-MS) experiments, 
it is revealed that the dissolution rate of NMMF in the ether 
electrolyte is reduced with the protection of the amorphous 
carbon shell (Figs. 7(e) and 7(f)). Further, the mass loss of the 
NMMF@C is almost linear as a function of time, with the 
calculated mass loss rate of ~ 0.06 wt.%·h−1. This indicates that 
the carbon coating of the NMMF@C effectuates stable release of 
the functional ingredients. The NMMF@C anode exhibits a high 
CE of 98% after 1,000 cycles at a current density of 2 mA·cm−2 
[105], which is the most stable LMA reported up to now. In a 
brief summary, amorphous carbon-based artificial SEI 
directly coated on Li metal is beneficial for forming stable SEI 
and decreasing the continuous consumption of active Li and 
electrolyte, which is of great significance to realize the practical 
application of LMA in the future.  

3.2.2  Serving as 3D hosts 

ACMs with good electronic conductivity and high specific 
surface area can not only afford enough channels for electron 
transfer to reduce the local current density, but also provide 
enough space for the uniform deposition of Li metal. In 
addition, ACMs are also beneficial for alleviating the huge volume 
change during the batteries cycling [106–108]. Therefore, 
ACMs could be the efficient 3D hosts for Li metal deposition 
[93, 109–111]. For instance, Liu et al. reported the synthesis of 
a bendable 3D hollow carbon-based fiber (3D-HCFs) using 
cotton as precursor for LMA [112]. The Brunauer-Emmett- 
Teller data indicates that the pore size of hollow carbon 
fibers is 0.6–2.5 nm (Fig. 8(a)). With the increase of deposition 
capacity, the morphology of plated Li is still smooth without 
the appearance of dendritic structure (Fig. 8(b)). The LMA 
based on 3D-HCFs exhibits a high CE of 99.5% after 300 cycles 
with a plating capacity of 2 mA·h·cm−2 at the current density 
of 0.5 mA·cm−2 (Fig. 8(c)) [112]. Kang et al. reported the 
synthesis of conductive film via combining amorphous globular 
carbon grains with polyvinylidene fluoride for stabilizing the 
LMA [113]. The high special surface area of the amorphous 
carbon grains significantly reduces the local current density 
for Li metal deposition. In addition, the pores in amorphous 
carbon not only provide large space for Li metal deposition, 
but also inhibit the fracture of SEI films. Due to the high 
conductivity and high specific surface area of hollow amorphous 
carbon, numerous kinds of hollow amorphous carbon are 
widely used in the protection of LMA [32, 94, 106]. For example, 
Zheng et al. reported a templating method for synthesizing the  

 
Figure 8  (a) Nitrogen adsorption–desorption isotherm. Inset is the pore size distribution in 3D HCFs. (b) SEM images of the pristine 3D-HCFs and 
after plating 1, 2, 3, 4, and 6 mA·h·cm−2 of Li metal into the 3D-HCFs. (c) Comparison of CE of the 3D-HCFs electrode (solid symbols) and the bare Cu 
electrode (hollow symbols) with special capacity of 2 mA·h·cm−2 at a current density of 0.5 and 1 mA·cm−2. Reprinted with permission from Ref. [112], ©
Elsevier Inc. 2017. (d) EDS elemental mapping image of the Au@aCNTs. (e) TEM images of Li plating and stripping processes inside an Au@aCNT during
the first cycles. Reprinted with permission from Ref. [114], © Elsevier Ltd. 2019. 
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hollow carbon nanospheres via the deposition of polystyrene 
[33]. The diameter of hollow carbon nanospheres is 500 nm, 
and the thickness of carbon wall is around 20 nm. With the 
increase of plated Li, the uniform nucleation and growth of Li 
metal on hollow carbon nanospheres without the Li-dendrite 
structures can be clearly observed, which confirms that Li 
metal could be uniformly deposited in the constructed carbon 
spheres [33].  

In addition to the construction of favorable structures and 
morphologies, the modification of lithiophilic groups/additives 
on amorphous carbon is another effective strategy for suppressing 
the growth of Li dendrites. Recently, some metals, metal 
compounds (such as Au [114], Al2O3 [32], ZnO [24], etc.) and 
doping heteroatoms (such as N [41], S [106], etc.) have been 
applied as efficient seeds to induce the uniform deposition of 
Li. Lan et al. reported the preparation of Au nanoparticles 
modified amorphous carbon nanotubes (Au@aCNTs), which 
act as the plated framework for LMA [114]. Illustrated from the 
energy-dispersive spectrometer (EDS) elemental mapping of 
the Au@aCNTs, Au particles with the size of 10 nm are evenly 
distributed inside the hollow carbon nanotubes (Fig. 8(d)). 
Figure 8(e) shows the Li deposition and exfoliation processes 
of Li metal on a single Au@aCNT during the first cycle. At the 
initial stage of alloying process with Li, the volume of gold 
particles increases slightly. Subsequently, Li metal nucleates 
around the gold particles. When Li metal is stripped from the 
carbon cavity, the Au particles appear in the CNTs again [114]. 
Analogously, a type of hierarchical porous carbon modified 
with ZnO quantum dots (ZnO@HPC) was fabricated by Jin et al. 
[24]. From Fig. 9(a), the average diameter of pores is 0.9 μm, 
which can be served as the good matrix for Li metal deposition. 
Meanwhile, the local current density is also believed to be 
decreased by its porous structure. From Fig. 9(b), a mass of 
Li dendrites grow on the hierarchical porous carbon (HPC) 
electrode surface. In contrast, no obvious Li dendrites can be 
found on the surface of the ZnO@HPC electrode (Fig. 9(c)). 
The LMA based on 15% ZnO@HPC exhibits a stable cycling 
life, which can be ascribed that the ZnO nanoparticles are 
evenly loaded within the HPC and thus induce the growth of 

Li within the 3D HPC host (Fig. 9(d)). As shown in Fig. 9(e), 
15% ZnO@HPC as an anode material for LMBs delivers an 
average CE of 97.1% at the current density of 1 mA·cm−2 after 
200 cycles [24].  

4  Conclusions and outlook 
The past decades have witnessed the development of ACMs 
for LSBs due to their high surface area, low cost, various 
structures, and abundant resources. In this review, we have 
summarized the recent progress of ACMs in LIBs and lithium 
metal protection, with a specific attention on the aspects of 
rational synthesis, composition, structure, as well as electro-
chemical performance. 

With the help of fast development of nanotechnology in 
the field of materials synthesis, a mass of ACMs with various 
nanostructures from 0D to 3D, mainly including quantum 
dots, nanospheres, nanofibers, nanosheets, and hierarchical 
porous structures, have been developed as anode materials for 
LSBs, gaining substantial achievements. The synthesis methods 
for ACMs are important as they directly determine the final 
properties and the possibilities for advanced applications. The 
commonly used methods for synthesizing 0D ACMs are 
hydrothermal method and template-free spray pyrolysis. Due 
to the high surface area, the 0D ACMs are advantageous in the 
improving of capacity. As for 1D ACMs, the employed methods are 
template-engaged strategies, electrospinning, and hydrothermal 
synthesis. The 1D ACMs usually show good mechanical properties 
and efficient electron diffusion pathways, which is in favor of 
promoting electronic transport and improving the rate 
capability. The 2D ACMs can be fabricated by sol-gel methods, 
thermal decomposition, and molten salt method. Due to the 
high stability of 2D ACMs during the charge/discharge processes, 
long-term cycle life can be achieved. Porous 3D ACMs can be 
obtained from hydrothermal method, templating method, and 
high-temperature carbonization. ACMs with 3D nanostructures 
not only create hierarchical porous channels, but also maintain 
better structural mechanical stability. From a practical point of 
view, electrode materials with 3D nanostructures exhibit high 

 
Figure 9  (a) SEM images of the 3D HPC scaffold. (b) and (c) SEM images of the HPC and the ZnO@HPC electrodes after 80 cycles at 1 mA·cm−2 with a 
stripping/plating Li capacity of 1 mA·h·cm−2, respectively. (d) Schematic diagram of Li deposition within the HPC scaffold with the modification of ZnO
nanoparticles. (e) The comparison of the CE of Li deposition on pristine HPC and various ZnO@HPC based electrodes at 1 mA·cm−2. Reprinted with 
permission from Ref. [24], © Elsevier Ltd. 2017. 
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application prospect for LSBs. 
Although the applications of ACMs in LSBs have obtained 

great progress, there are still several challenges toward the 
communization in practical battery systems. At the end of this 
review, we attempt to propose several potential solutions to 
address the problems: 

1) In terms of preparation strategy of ACMs, the precise 
control of nanostructures is lacked to satisfy the demands of future 
practical applications for LSBs. Hence, some novel synthesis 
strategies for ACMs should to be explored and developed. 
Derenskyi et al. reported the fabrication of carbon nanotubes 
for the field effect transistors by self-assembly of semiconducting 
single walled carbon nanotubes (s-SWNTs) on prepatterned 
substrates [115]. We believe that the self-assembly approaches 
could inspire the ones for fabricating 1D amorphous carbon with 
precise nanostructures and might be an attractive research 
direction. In addition, the self-assembly of lower-dimensional 
ACMs including CQDs, nanofibers, nanosheets, and hierarchical 
porous carbon is an effective method to construct ACMs 
with precise nanostructures, which exhibit unique synergistic 
effects, revealing the advantage of each unit and overcoming 
the deficiencies. 

2) Due to the high conductivity, high surface area, and 
abundant channels for ions/electronics transport, the electrodes 
based on ACMs exhibit high performance for LSBs. However, 
some preparation processes are not environmentally friendly 
which prevent the step of ACMs toward practical applications. 
Therefore, developing simple and green methods for synthesizing 
ACMs is urgently important, which can meet the ever-increasing 
demand of LSBs. Biomass in nature with various micro-nano 
structures has been considered as a kind of promising precursors 
for ACMs due to the abundant resources, low-cost, and facile 
treatment procedure. Porous ACMs can be directly obtained 
by a simple carbonization. This sustainable synthetic method 
provides the possibility for the commercial development of 
ACMs. 

3) Owing to the irreversible formation of SEI on the surface 
of the electrodes, the initial CE of electrodes based on ACMs 
with large surface area is much lower than that of graphite, 
which seriously hinders the commercial application of ACMs. 
Improving the initial CE of electrodes based on ACMs becomes 
an urgent issue to be solved. There are two types of methods 
to improve initial CE so far: One is reducing the content of 
oxygen functional groups via high temperature or chemical 
reduction; the other one is the pre-lithiation, which can achieve 
the aim of increasing initial CE of ACMs. Nevertheless, 
developing new methods to improve initial CE is still needed 
for promoting the performance of ACMs toward practical 
application. 

4) Compared with graphite, the high surface area of ACMs 
provides abundant pores and large interlayer space for ion 
storage, resulting in a high capacity. However, the main storage 
forms of lithium ions in amorphous carbon have not been 
understood. The internal disorder of the amorphous materials 
adds the challenge for characterization analysis. With the 
purpose of understanding the mechanism of ions storage in 
ACMs, advanced observation techniques should be employed 
and performed, such as in-situ TEM, cryo-transmission 
electron microscopy (cryo-TEM) [116, 117], nuclear magnetic 
resonance (NMR), etc. Benefitting from in-situ observation 
techniques, Zhao et al. explored the dominant mechanisms of 
the phase transformation, structural evolution, and lithiation 
kinetics of the Bi2S3@N-doped mesoporous carbon composite 
anode [118]. 

The exciting works summarized in this review are just the tip 

of the iceberg in the research of ACMs. Despite the undeniable 
challenges ahead, the development prospect of the ACMs is 
quite encouraging. With the development of synthetic strategies 
and analysis methods, ACMs are expected to become unique 
candidates for constructing advanced anode materials for the 
commercialization of the LSBs in the future. 
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