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A B S T R A C T   

Two-dimensional (2D) materials, for instance, graphene/graphene derivatives, transition metal-dichalcogenides 
(TMDs), and MXenes (e.g. transition metal carbides (TMCs) as well as nitrides (TMNs)) are under increasing 
research attention due to their unique physical, mechanical, magnetic, electrical, optical, and chemical prop
erties. They are explored for a variety of applications, including energy generation and storage systems. 
Notwithstanding the developing interest in these materials, with respect to the later area, there is an absence of 
comprehensive overview and analysis on the synthesis and application of 2D materials aimed at lithium (Li) ion 
batteries. In this review, we have gathered and discussed the main issues faced by the different methods involved 
in the synthesis of 2D inorganic materials and their composites, along with their main properties in addition to 
applications for lithium, sodium (Na), and potassium (K) ion batteries. In addition, the problems raised during 
the charging and discharging of batteries for those materials are also discussed and possible proposed solutions 
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are also included here. Overall, this review provides a road-map on current demands and future research di
rections on 2D materials to address the critical limitations of Li, Na and K ion batteries, for the afterward 
generation of high-performance energy storage systems.   

1. Introduction 

Environment and energy (generation and storage) have become is
sues of increasing concern and activity in the entire world. The exploi
tation and utilization of renewable energy sources (solar, wind, 
andthermal) attract growing research attention. However, due to the 
variability of those sources, energy storage becomes an important 
cornerstone in the efficient utilization of energy [1]. In relation to the 
efforts in the area of energy generation and storage and to the relevance 
in the upcoming “Green deal” [2], John B Goodenough, M Stanley 
Whittingham, and Akira Yoshino were awarded by the Nobel Prize for 
their work in the field of Li ion battery. Various energy storage systems, 
such as batteries, capacitors, and supercapacitors, are available based on 
the eventual usage [3]. However, the output power of these devices is 
highly dependent on the electrode materials’ efficiency, stability, and 
cost. For example, new metals like Ir and Pt are good electrode materials 
in energy storage technologies, but their high cost and restricted avail
ability make them uneconomical [4–10]. Hence, a number of novel 
non-metals, such as Co, Ni and Fe [11–14] have been suggested as 
possible candidates for battery applications but their poor performance 
compared to the used noble metals entailed to find other research lines. 

Numerous researchers have focused their attention on two- 
dimensional (2D) materials since the discovery of graphene’s remark
able physical and chemical properties during the early days of experi
mentation. Research in laboratories has made possible to create many 
different types of nanomaterials, such as hexagonal Boron Nitrides (h- 
BNs) [15,16], transition metal dichalcogenides (TMDs) [17–19], silicene 
[20], germanene [21], and phosphorene [22–24]. In terms of energy 
storage devices, 2D materials’ high electronic mobility and energy 
density are made possible by their enormous surface area to volume 
ratio and interior surfaces [25]. 

In particular, MXene 2D material were developed, composed by a 
family of transition metal carbides and transition metal nitrides [26]. 
Generally, MXenes can be prepared by selective etching of “A” layers 
from MAX phase. With the general formula Mn+1AXnTx where (n = 1–3), 
“M” represents early transitional metal (such as Ti, V, Mo, Sc, Nb, etc.), 
“A” is an element of group IIIA or IVA (such as Al, Ga, Si or Ge), “X” 

represents carbon and/or nitrogen and “T” represents a surface func
tional group attached on the surface during selective etching process, 
such as O, OH and/or F. Recently, MXenes with surface termination of Cl 
[27,28] are reported to be deployed for 2D battery applications. As 
previously mentioned, up to now, most of the MXenes have been pre
pared by selective etching of the Al layer from MAX phases, which can 
be prepared by using the solid solutions of “M”, “A” and “X”, such as Ti 
(Nb2AlC) [29], Ti3(Al0.5Si0.5)C2 [30] and Ti2Al(C0.5N0.5) [31]. To date, 
over 70 MAX phases have been reported, and the number continues to 
grow. Bonds containing “A” are more chemically active than strong M–X 
bonds [32,33]. 

This review presents and discusses the preparation, features, and 
trends of graphene, graphene derivatives, transition metal dichalcoge
nides (TMD), and MXene focusing on the application of these materials 
as anodes for metal-ion batteries as well as electrodes for supercapacitor. 
Fig. 1 illustrates the classification of 2D inorganic materials for metal- 
ion battery applications. 

With the advancement of 2D materials, wider ranges of applications 
are now possible. They are, however, well suited to energy harvesting 
and storage due to their high ion transport efficiency and huge surface 
area with many readily accessible active sites. Fig. 2 shows the different 
synthesis methods and properties of 2D materials and in Fig. 3, battery 
applications are using 2D materials that are the newest in research. 

This review is organized as follows: Section 2 covers graphene and its 
derived materials. Section 3 is devoted to transition metal dichalcoge
nides. Section 4 focusses in MXenes. In all those sections, synthesis, main 
properties and applications in the area of batteries are covered. Section 5 
covers some others materials used as anode for metal ion batteries. 
Section 6 covers limitation of 2D materials. Section 7 the basic re
quirements of 2D promising anode materials in battery application and 
section 8 concludes this review by summarizing the current trends of 2D 
materials for battery systems. 

2. Graphene and related materials 

Graphene is a single atom thick sp2 hybridized carbon layer pre
scribed in a honeycomb crystal lattice [34]. Although it is a 2D material, 

Fig. 1. Classification of 2D inorganic anode materials in battery applications.  
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which means all atoms of graphene are on the same surface, it can form 
all the basic structures of the other carbon materials like graphite, car
bon nanotube in addition to fullerenes. Novosolov et al. obtained gra
phene in an easy way and attracted worldwide attention due to its 
innovative structure and properties. Specifically, with a specific surface 
area of 2600 m2g-1, graphene is a great candidate for lithium storage as 
anode electrode [35,36]. It has very high electron mobility, 1500 
cm2V− 1s− 1, outstanding thermal conductivity 300 Wm− 1k− 1, great 
chemical stability, as well as exceptional mechanical properties. 

2.1. Synthesis approaches for graphene & its derived materials 

Different approaches have been adopted for graphene synthesis that 
can be divided into: (i) Top-down and (ii) Bottom-up approaches (see 
Fig. 4 a).  

(i) Top-down approach 

To synthesize high-quality graphene with no defects, scientists 
turned to the scotch tape method or the peel-off method, which involves 

the micromechanical fracturing of graphite [35]. Graphite is in the form 
of a stack of graphene layer by van der Waals forces. Thus to get a stable 
one atom thick graphene, compensation of van der Waals force of 
attraction is needed. During this approach, graphite is broken into 
layers. As a consequence, many defects appear as surface defects during 
sheet separation, leading also to a low yield [37]. On the other hand, 
exfoliation of graphite oxide or derivatives is suitable for large pro
duction, cost effective, and scalable yields [38].  

ii) Bottom-up approach 

In this approach, carbon molecules from different carbon sources are 
implemented as a building block, allowing to produce large surface area 
sheets, in addition to graphene nanoribbons (GNRs) and graphene dots 
(so-called nanoflakes) as it offers the possibility of large-scale produc
tion [39]. Chemical vapor deposition (CVD) was used as a common 
approach to fabricate defect-free graphene sheets. However, compared 
with micro-mechanical cleavage approach, it was realized that this 
method cannot produce large yields, as it takes a larger time, and it is not 
cost-effective, limiting the effective and full exploitation of these 

Fig. 2. Different synthesis method and its properties.  
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materials [40–42]. Nevertheless, techniques are being developed to 
produce high quality crystals up to100 μm in size, which can be easily 
separated with graphite intercalated compounds (termed as GIC) [43]. 
Focusing on the bottom-up approaches designed to obtain 2D material, 
relevant approaches are (i) Progress from metal-carbon melts (ii) 
Epitaxial development on silicon carbide (SiC) (iii) Dry-ice (iv) 
Deposition.  

(i) Growth from metal-carbon melts: This is a simple approach for the 
production of single/few layers of graphene, where precursor of 
graphene is placed in contact with a transition metal and then 
heated up to the melting temperature of metal. When carbon 
starts to dissolve in the metal, the temperature is reduced to 
control the excessive carbon precipitation. Although nickel is the 
most suited transition metal for this process [44], ruthenium and 
iridium are also used. But the quality of produced graphene is less 
than the quality of graphene produced by nickel and copper [45, 
46]. The most suitable method for the growth of graphene on 
nickel films is CVD. In this method, nickel film is heated up to 900 
to 1000 ◦C with an inert gas (flow of Ar), where methane gas is 
introduced in the system along with inert gas (Ar) as a precursor 
for the extraction of carbon. After absorption of the carbon on the 
nickel film the system is cooled down, allowing the diffusion of 
carbon on nickel film to form graphene sheet [47–50].  

(ii) Epitaxial growth on silicon carbide (SiC): This technique is able to 
produce graphene films of more than 50 μm. The graphene layer 
is obtained on a SiC substrate by using heat treatment of silicon 
carbide at 1100 ◦C [51]. The graphene obtained from this method 
has more mobility and carrier density compared to chemical 
exfoliation methods [52]. 

(iii) Dry ice method: Chakrabarti et al. was the first group that intro
duced the dry ice method. In this method, 3 g Mg ribbon is burned 

out in a dry ice bowl, which is covered with another dry ice (solid 
CO2) slab. Besides, Mg must burn completely and the residue is 
agitated overnight in the presence of 100 mL of 1 M HCl. Since 
both Mg and MgO are water soluble, the mixture is filtered out to 
extract graphene sheets, resulting in a graphene yield of 92% 
(680 mg) [53]. 

(iv) Deposition: Due to easy scalability and feasibility, researcher 
have reported many deposition-based techniques for the graphene 
synthesis [54–57]. Although large size and good quality of graphene 
films are obtained [41,47,58], most of the CVD techniques are scalable 
but financially not suitable. On the other hand, spin coating method is 
characterized for being an easy and fast deposition technique. In addi
tion, this technique enables the use of nanotubes to reinforce graphene. 
In particular, Yan et al. used a solution containing trichloromethane and 
dodecyl-functionalized single wall carbon nanotubes (DF-SWCNT). It 
contains a 200 mL solution of DF-SWCNT CHCl3 at a concentration 3.2 
mg/ml. The solution was then spun coated on a treated Cu foil of size 1 
cm2 at 500 rpm for 10 s. The Cu foil was loaded into a CVD furnace and 
annealed for 15 min at the temperature of 1080 ◦C, under the flow of H2 
(flow rate of 50 standard cubic centimeter per minute (sccm)) and Ar 
(500 sccm) at the pressure of 7 Torr. After annealing, the Cu foils were 
quickly removed from the hot chamber by using a magnetic rod and then 
cool down to room temperature [59]. Another interesting approach 
consists of the use of a supersonic spray providing a simple and low-cost 
option to deposit graphene films on different substrates. This method 
allows to reduce the defects density and provides a very low ID/IG ratio 
(0.02). In this system, the spray is assisted by the supersonic acceleration 
of droplets through a converging and diverging De Laval nozzle [60]. 
Wang et al. deposited GO sheets on silica/quartz substrates and then 
reduced them into graphene by thermal treatment under uniform flow of 
Ar/H2, producing ultrathin and homogeneous graphene films. This 

Fig. 3. Overview of 2D material for battery applications.  
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process could be also applicable for the production of solar panels and 
optically transparent devices. Synthesized graphene also offers very 
high conductivity, chemical and thermal stability along with trans
ferability between substrates [61]. Barcenas et al. developed a new 
modified technique for the production of graphene. In this method, N2 
(90%):H2 (10%), C2H2 and electrolytic copper are used as a precursor. In 

the process, a discontinuous flow system was used at atmospheric 
pressure instead of a continuous flow system with vacuum. It optimized 
the consumption of gas and hence reduced the production of waste and 
pollution gases. It was evaluated the growth of graphene films under 
different gas flow rates was also evaluated. The process presents many 
advantages such as; (1) a reduction of the number of parameters (2) the 

Fig. 4. (a)Diagram sketch of conceivable approaches for the fabrication of graphene, GO and rGO from graphite by means of mechanical cleavage, exfoliation, CVD 
in addition to reduction systems, together with chemical, thermal and electrochemical approaches. [Reprinted with permission from ref. [289]]. Fabrication and 
characterization of the gLi anodes.(b) The schematic diagram showing the coating of Li surface with a CVD graphene film via the wax-assisted protocol. (c) 
FFT-filtered aberration corrected TEM image taken on the CVD graphene film. Insert is the corresponding selected-area electron diffraction (SAED) pattern. (d) XRD 
pattern of the gLi-100 anode displaying the co-existence of Li and graphene signatures. Inserts are the optical pictures of the corresponding bare-Li and gLi-100 
anodes. (e) Measurement of water contract angle on the gLi-100 electrode. AFM top-view and 3D topograph of the (f) bare-Li and (g) gLi-100 anodes. [Reprinted 
with permission from Ref. [287]. 
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synthesis time is shorter than in traditional methods (3) electrolytic 
technical grade copper was used instead of mono crystalline copper 
which reduced the cost, (4) explosive risk is reduced due to mixture of 
N2/H2 instead of H2. In general, the produced graphene shows very good 
quality as like mono-layer graphene hence it offers industrial applica
tions [7]. 

2.2. Properties of graphene & its derived materials 

Graphene has numerous qualities connected to increased sensitivity 
because of its enormous surface-to-volume ratio. These characteristics, 
in particular, make it an appealing material with a lot of potential for use 
in a range of sectors and technologies. The properties of graphene are 
briefly described in the next section. 

2.2.1. Electronic properties 
Novoselov et al. first explored the electrical and electronic features of 

graphene [35]. They found that the electrical as well as electronic fea
tures of graphene are sensitive to the number of layers of graphene 
sheets. Furthermore, the application of graphene in transistors was 
studied showing that the charge carrier concentration variation from 
holes to electrons is only applicable for single layer graphene sheet, and 
not for multilayer sheets due to the screening effect of electric field 
applied by other layers. Zhang et al. explored the quantum hall effect on 
electron besides hole carriers for graphene, showing that this effect re
sults in higher mobility of electron at several temperatures plus exposure 
of magnetic field [62]. For mechanically synthesized graphene, the 
mobility can exceed 2000 cm2V− 1s− 1. Characteristically, the classical 
integer quantum Hall effect occurs at 4e2/h, where e is the electron 
charge and h is the Planck’s constant, but due to the unique band 
structure of graphene, the quantum hall effect for graphene is only half 
integers. Bolotin et al. found that the mobility of electrons for graphene 
not only depends on temperature but also depends on the substrate. To 
date, the largest mobility of any semiconductor is more than 200,000 
cm2V− 1s− 1, when graphene is suspended and annealed on Si/SiO2. 

2.2.2. Mechanical properties 
Materials based on carbon usually show outstanding mechanical 

features. For example, diamond is the world hardest known natural 
material, while carbon nanotubes are known to have the highest tensile 
strength. In this regard, graphene was characterized by Lee et al. 
obtaining a tensile strength of 130 GPa, meanwhile the breaking stress 
was 200 times more than steel and the Young’s modulus of 1 TPa. 
Though, the strength is highly dependent on the impurities present in 
the graphene sheet [64]. Alternatively, suspended graphene layer ex
hibits Young’s modulus of 0.5 TPa [62]. Dikin et al. prepared and 
explored the characteristics of graphene oxide paper obtaining a 
modulus of elasticity nearly to 32 GPa and a fracture strength of around 
120 MPa [65]. In the direction of progressing the mechanical features, 
Park et al. introduced divalent ions and polyallylamine between the 
layers of graphene [66]. Further, when the thickness of the graphene 
layers increase, the mechanical strength decreases. 

2.2.3. Optical properties 
The absorption of white light of graphene linearly increases with 

cumulative number of sheets, the absorption of each layer can be 
calculated by formula A = 1-T = π⋅α, where α is the fine structure con
stant and it is nearly equal to 1/37. Bae et al. found that one atom thick 
graphene is capable of absorbing 2.3% of white light while bilayer 
graphene absorbs up to 4.6% [49]. For UV light, the absorption ability of 
graphene is maximum observed for 270 nm. Sharma et al. explored the 
effects of the thickness of graphene by optical microscopy on a Si/SiO2 
substrate. Furthermore, the contrast of microscopy depends on the 
thickness of the sample where, multilayer samples present higher 
contrast [68]. 

2.2.4. Thermal properties 
Zhu et al. found that the thermal conductivity of graphene was 

conquered through phonon transport, i.e. ballistic conductivity in 
addition to propagation at high as well as low temperatures, respectively 
[69]. Nonetheless, the electronic thermal transport of pure graphene is 
negligible as a result of low carrier density [70]. Besides, the intrinsic 
thermal conductivity is about 2000–6000 Wm− 1K− 1 for suspended 
graphene sheets at room temperature and 600 Wm− 1K− 1for suspended 
graphene on SiO2 substrates [71,72]. 

The thermal conductivity is also reliant on the faults in graphene 
such as edge scattering, isotopic doping, plus sample fabrication resi
dues [71,73–75]. Consequently, graphene produced by micro
mechanical cleavage present higher thermal conductivity attributable to 
high quality of the sheets. In addition, Balandin et al. produced sus
pended graphene by mechanical exfoliation and measured the thermal 
conductivity. They found that it is in the range of 4800–5300 Wm− 1K− 1 

that is greater than that of natural diamond (2200 Wm− 1K− 1), 3000 
Wm− 1K− 1 for multi-wall, besides 3500 Wm− 1K− 1 aimed at single wall 
carbon nanotubes at room temperature, respectively [75–77]. Cai et al. 
compared the thermal conductivity of suspended and supported gra
phene produced by CVD and they found that it is nearly 3000 Wm− 1K− 1, 
which is less than the graphene produced by mechanical exfoliation 
[78]. Due to the excellent thermal conductivity of graphene, it can be 
used for manufacturing in heat dissipaters, thermal sensors, and 
composites. 

2.3. Battery application of graphene & its derived material 

2.3.1. Graphene as anode material for Li ion battery 
For large-scale production in addition to application, low cost and 

easy methods for prepairing graphene are developed. Graphene has 
attracted attention in the area of energy storage, in particular because of 
its large specific surface, which makes graphene suitable as electrode 
material for Li ion batteries. Li can be attached to both the surfaces of 
graphene and form Li2C6 stoichiometry, which increases the theoretical 
capacity of graphene 744 mAhg− 1 [313]. However, from in-situ Raman 
spectroscopy of CVD-grown single-layer plus multi-layer graphene, it 
was found that the LiC6 stoichiometry could not be formed with 
single-layer graphene. This problem occurs because the binding energy 
of Li to carbon atoms is lower than the repulsive force between Li atoms 
on the contrary edges of the surface. The low surface coverage (about 
5% Li) showed on a single layer graphene is corresponding to LiC20 
stoichiometry and hence leads to a very low specific capacity [79, 
314–316]. Uthaiser et al. found that defects increase on the conversion 
of polar form to coordinate form as the Li ion adsorbs and diffuses, 
reducing its accumulation. These findings allow to improve the elec
trochemical act of LIB [80,81]. Besides, Pan et al. explored the effect of 
disordering in graphene in the electrochemical performance of LIB an
odes. It was found that defects and sites play an important role for Li 
storage [82]. Samples that shown more disorder reveal superior ca
pacity, suggesting that storage in defects sites is the core appliance of Li 
ion storage in these materials. Xiang et al. also investigated the effects of 
layers of graphene and multilayer graphene with few defects plus found 
that both have a comparable electrochemical absorption actions for Li+

interacted graphite [83]. One other thing to observe is how many edge 
sites there are, and how this increases the contact surface between the 
electrolyte and anode electrode, makes them unsuitable for battery use 
(see Fig. 4 b-f) . It also leads to further formation of solid electrolyte 
interphase (SEI) and low coulumbic efficiency at first discharge. Fang 
et al. synthesized a mesoporous graphene material leading to remark
able electrochemical properties. Lithium ion battery anodes made of 
these mesoporous graphene nanosheets exhibited a high reversible ca
pacity of 770 mAhg− 1 at 100 mAg− 1 [84]. A detailed comparison of 
graphene, doped graphene, and derived materials used as anodes and 
their first charged and discharged cycle and efficiency for Li-ion and 
other ion technology (Na, K) are shown in Tables 1 and 2, respectively. 
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The efficiency of graphene material as anode is typically around 50%, 
making difficult its use in a full cell. Wang et al. discovered that doping 
graphene sheets with heteroatoms improves the interaction between the 
Li-ion and the active sites, resulting in a slight increase in the efficiency 
of the first coulombic cycle, according to the findings [85]. 

Doping with B, N, S and F also allows to improve cycle performance 
and first cycle coulombic efficiency [86–90]. For graphene-based Li ion 
batteries to function better, a new synthesis technique is required. This is 
because graphene materials can only be efficiently distributed in a 
coating solvent at extremely low concentrations below 2–3% by weight, 
which is insufficient for good performance. Even with advanced 
manufacturing techniques, it is still difficult to achieve high packing 
densities of graphene materials. Up to now, nanocarbon based materials 

could not achieve the volumetric capacity of graphite electrodes 
(330–430 mAhcm− 2) [91]. 

2.3.2. Graphene doped anode material for Li-ion battery 
Since surface modification enhances the Li adsorption capacity of 

carbon materials, the specific capacity of doped graphene material as 
anodes for Li ion batteries has been explored. Since atomic size of B and 
N are closest to the size of carbon atoms, doping of these atoms on 
carbon materials have been investigated. Sun et al. synthesized N-doped 
graphene nanosheet (N-GNS). In this approach, graphene nanosheet 
(GNS) was prepared from graphite by Hummers’ method and rapidly 
exfoliated via thermal treatment at 1050 ◦C in the presence of nitrogen 
gas. Finally, GNS was further annealed in the presence of ammonia gas 
to obtain N-GNS. The produced N-GNS showed superior electrochemical 
performance, the specific capacity increasing with increasing charge/ 
discharge cycles, e. g 452 mAhg− 1 after 100 cycles in addition to 684 
mAhg− 1 after 500 cycles. The significant improvement is attributed to 
the nitrogen insertion in the graphene level, which directed to an rise in 
the amount of fault places as well aspositions as Li+ active sites above 
the apparent of GNS [88]. Wang et al. produced nitrogen doped gra
phene by using GO prepared by Hummers and Offeman methods. The 
obtained GO was then dried out in a vacuum oven at 600 ◦C for 4 h and 
then heated for 2 h in the presence of ammonia. The obtained N-GNS 
shows a great rescindable capacity of 900 mAhg− 1 at the rate of 0.05C 
plus 250 mAhg− 1 at a current density of 2.1 Ag-1 [87]. Reddy et al. 
prepared one to few layer N-GNS on Cu substrates by using CVD, by 
means of hexane in addition to acetonitrile as precursors, N-doped 
graphene sheet were obtained exhibiting an specific capacity of ~0.06 
mA h cm− 2 at the rate of 1 A cm− 2 after 20 cycles [92]. 

Wu et al. also demonstrated that graphene improves when doped 
with nitrogen (N) or boron (B). It was found that the reversible capacity 
greater than 1040 mAhg− 1 at a low rate of 50 mAg− 1, with a charge- 
discharge time of 1 h to numerous tens of seconds, as well as extraor
dinary rate competency in addition to brilliant long term cyclability. 
Results indicate that B-doped graphene behaves better than N-doped 
graphene with a capacity of 235mAhg− 1 and 199 mAhg− 1 at 25 Ag-1, 
respectively [86]. Ma et al. investigated the specific capacity of N-doped 
graphene as anode materials for Li ion batteries using first principle 
methods according to three different defect models of graphene; 
graphitic, pyridinic and pyrrolic, respectively. It was found that 

Table 1 
First cycle charge/discharged capacity, rate life and cycling performance of graphene as well as doped graphene aimed at Li-ion battery anodes.  

2-D Material First cycle charge/ 
discharge 

Capacity Cyclingperformance Ref. 

Graphene sheets, of ~ 4 layer thickness 1264/2035 mAhg− 1 718 mAhg− 1 at 500mAg− 1 54% once 20 cycles [93] 
Graphene (hydrazine nanosheet reduced rGO) 650/945 mAhg− 1 650 mAhg− 1 at 372mAg− 1 70% once 100 cycles [94] 
N-doped graphene 0.05/0.255 mAhcm− 2 0.03 mAhcm− 2 at 100 

mAcm− 2 
66% once 50 cycles [94] 

Thermally exfoliated graphene at 10500C 1264/2035 mAhg− 1 1264 mAhg− 1 at 100mAg− 1 67% once 40 cycles  
Thermally exfoliated graphene at 7000C with N doping 1123/2800 mAhg− 1 241 mAhg− 1 at 20 Ag− 1 No significant decay over 50 cycles [96] 
Thermally exfoliated graphene at 7000C 848/2000 mAhg− 1 112 mAhg− 1 at 20Ag− 1 87% once 50 cycles [96] 
S-doped graphene 870/1700 mAhg− 1 870 mAhg− 1 at 374 mAg− 1 52% over500cycles [97] 
Thermally exfoliated graphene at 1050C 672/1233 mAhg− 1 672 mAhg− 1 at 0.2 

mAcm− 2 
74% over 30 cycles [98] 

rGO reduced in a H2/Ar atmosphere at 3000C 1540/2274 mAhg− 1 1540 mAhg− 1 at 50 mAg− 1 97% over 50cycles [99] 
Microwave-assisted exfoliation of graphene oxide (GO) 

at 10000C 
414/600 mAhg− 1 250 mAhg− 1 at 1C 65% over 60cycles [100] 

H-graphene reduced under 60 Co-gamma ray 
irradiation 

1570/3404 mAhg− 1 490 mAhg− 1 at 1000mAg− 1 80% over 550 cycles [101] 

Thermally reduced rGO at 1050C 835/2381 mAhg− 1 835mAhg− 1 at 50 mAg− 1 50% over 25cycles [102] 
Holey graphene 889/2207 mAhg− 1 486 mAhg− 1 at 1C 93% over 30 cycles [103] 
S-doped graphene 1400/2520 mAhg− 1 280 mAhg− 1 at 20 Ag− 1 increasing over500 cycles [104] 
N-doped graphene 1043/2128 mAhg− 1 200 mAhg− 1 at 20 Ag− 1 42% over 30cycles [86] 
B-doped graphene 1549/2786 mAhg− 1 250 mAhg− 1 at 20 Ag− 1 47% over 30 cycles [86] 
N and S-doped graphene 1016/2157 mAhg− 1 250.1 mAhg− 1 at20 A g− 1 35% over 70 cycles [105] 
HighlyN-doped porous graphene 640/1279 mAhg− 1 317 mAhg− 1 at 150 mA g− 1 Remains same after 200 cycle at the rate of 400 

mAg− 1 
[32] 

Sn/N-doped rGO nanocomposites 1200/2028 mAhg− 1 535 mAhg− 1 at 2C 76% over 30 cycles [54]  

Table 2 
First cycle capacity, cycling life and performance of graphene and doped gra
phene for Na/K/Mg-ion battery anodes.  

Battery Appellation First cycle 
charge/ 
discharge 
capacity 

Rate 
performance 

Cycle 
life 

Ref. 

Na-ion N-doped 
graphene sheet 

371.5/ 
1186.6 
mAhg− 1 

155.8 
mAhg− 1 at 
500 mA g− 1 

58% 
after 
600 
cycles 

[55] 

Na-ion Solvothermal 
derived S-doped 
graphene 

500/900 
mAhg− 1 

217 mAhg− 1 

at 3200 
mAg− 1 

1000% 
after 
900 
cycles 

[56] 

Na- 
ion 

B-dopped AGNR 833 
mAhg− 1 

NA NA [298] 

Na-ion Twin-graphene 496.2 
mAhg− 1 

NA NA [302] 

K-ion B-doped 
graphene 

546 
mAhg− 1 

NA NA [57] 

Mg- 
ion 

Graphene like 
BSi 

2749 
mAhg− 1 

NA NA [299] 

Mg- 
ion 

Antimonene/ 
graphene 
hetrostructure 

735 
mAhg− 1 

NA NA [300] 

Mg- 
ion 

Pentagraphene 1653 
mAhg− 1 

NA NA [301]  
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pyridinic graphene is furthermost appropriate for Li storage as the 
specific capacity can reach up to 1262 mAhg− 1 [106]. Haung et al. 
synthesized N and B double-doped graphene sheets, the obtained 
NBGs-1000 exhibiting high reversible capacity of 909 mAhg− 1 and 
excellent discharge capacity 877 mAhg− 1 after 125 cycles. It has also 
shown a large capacity 429 mAhg− 1 at 1 Ag-1 and 318 mAhg− 1 at the 
rate of 2Ag-1 in contrast of graphite which shows 50 mAhg− 1 at 1 Ag− 1 

[107]. 
With the help of a sandwich-structured nanocomposite of N-doped 

graphene, Wen et al. created monodisperse Fe3O4 nanoparticles for use 
in solar energy conversion. Through interactions between N dopants, 
surfactant molecules, and iron precursors, N-doped graphene not only 
provides a conducting framework for the self-assembled structure, but 
also controls Fe3O4 nucleation. The unique sandwich-structure delivers 
a large conductivity and extraordinary reversible capacity of ~ 1227 
mAhg− 1in addition to retains 96.8% capacity after 1000 cycles at a rate 
of 3 Ag− 1 [108]. Young et al. synthesized sulfur doped graphene based 
nanosheets by using thermal treatment of elemental lyophilized GO 
mixtures. The reversible capacity of the produced S-GNS is two times the 
one of pristine GNS at a current density of 372 mAg− 1 and three times at 
the rate of 11600 mAg− 1. Cyclic stability is constant up to 500 cycle at a 
high rate of 4C [97]. Zhan et al. synthesized fluorine doped GNS (F-GNS) 
by liquid exfoliation method of commercially available F-graphite 
powders via a sonication. 

The resulted F-GNS exhibited a very large reversible capacity of 780 
mAhg− 1 at a rate of 50 mAg− 1 after 70 cycles in contrast of fluorinated 
graphite ~ 400 mAhg− 1 [109]. Zhan et al. synthesized iodine doped 
GNS (I-GNS) through facile heat treatment method and found that it 
exhibits large reversible capacity 1690 mAhg− 1 at the rate of 100 
mAg− 1as compared to 593 mAhg− 1 of fluorine doped graphite [110]. 
Luan et al. prepared a nitrogen and phosphorous doped multilayer 
graphene (NPG) by using arc discharge method. The synthesized NPG 
shows large reversible capacity of 798 mAhg− 1 at the rate of 1 Ag− 1 and 
with a coulombic efficiency of 98.6% after 1000 cycles [111]. Hu et al. 
premeditated the theoretical specific capacity of Germanium doped 
graphene by using first principle calculation method and it was found 
that Germagraphene exhibits a reversible capacity of 1734 mAhg− 1 that 
is four times the one of graphite. It was also investigated the diffusibility 
of Li-ion on germagraphene along with found that the dispersal obstacle 
of Li-ion is nearly equal to 0.151 eV. Therefore, Li-ion gets fastly diffused 
on Germagraphene surface [112]. Sui et al. arranged a novel heavily 
N-doped porous graphene material (NPGM), when applied as anode for 
Li-ion batteries; it exhibits a discharge capacity of 672 mAhg− 1 at a 
current density of 100 mAg− 1. NPGM also exhibits superior cycling 
stability, keeping its capacity value constant after 200 cycles at a current 
density of 400 mAg− 1 [32]. 

2.3.3. Graphene active material composites 
Li4Ti5O12 (LTO) is currently applied as an anode material in com

mercial cells. Since the insertion of electrons and Li ions produces a 
small change in lattice dimensions, LTO exhibits a long cycle life 
through its probable platform at 1.5 V versus Li/Li+. Nevertheless, the 
electrical conductivity of LTO is less than 10− 13Scm− 1. One simple 
approach to improve the electrical conductivity is the fabrication of 
composites with carbon materials. In this regard, Shi et al. created LTO 
composites containing 5% rGO using a simple mixing process. Besides, 
the derived hybrid material achieved a specific capacity of 122 mAhg− 1 

at a charge/discharge rate of 30C associated with 172 mAhg− 1 at 1C. 
Additionally, after 300 cycles at 20C charge/discharge rate, the capacity 
only reduced by 6% [113–118]. Ding et al. discussed about the size 
consequence of the synthesized LTO/rGO composites and it was 
concluded that the nano LTO anchored with rGO provides a capacity of 
120 mAhg− 1 at a higher current density of 1600 mAg− 1 [83]. Cai et al. 
explored the capacity of TiO2 nanoparticles when attached on rGO 
sheets in two dissimilar potential windows: 1.0–3.0 V and 0.01–3.0 V. It 
was found that in the extended voltage window (0.1–3.0 V), TiO2/rGO 

shows a specific capacity of 499 mAhg− 1while it has the same capacity 
as bare TiO2 (200 mAhg− 1) in the 1.0–3.0 V potential window. When 
tested from 0.01 to 3 V, the coulombic efficiency was 45% in the first 
cycle, which is lower than for TiO2 (71.8%). It was suggested that the 
excessive amount of SEI formed and the irreversible Li ion insertion have 
bigger influence when discharge occurs at lower cut-off voltage [118]. 
Sun et al. arranged a Sn/Nitrogen-doped reduced graphene oxide 
(Sn@N-G) composites. When implemented as anode for LIBs, it exhibits 
specific capacity of 535 mAhg− 1 at the current rate of 2C and it exhibits 
cycling stability up to 300 cycles at the rate of 0.5C [54]. 

2.3.4. Alloying anode materials 
Caused by the high specific capacity, alloying materials are used as a 

potential anode for LIB. However, their enormous volume expansion 
throughout charging/discharging reduces their cycle life. To overcome 
this problem, composites of graphene and alloying material have been 
used to enhance mechanical integrity and electrical conductivity. 
Because of its great capacity (4000 mAhg− 1) and low cost, Si is applied 
as a new type of alloying anode material for Li ion batteries, but low 
conductivity and high volume expansion (300%) after lithiation limits 
its use. Jeong et al. synthesized a composite material of Si nanoparticles 
exceedingly distributed in the middle of graphene sheets as well as 
supported through a graphite sheet designed via altering sections of 
graphene stacks, improving Li ion storage capacity in addition to cycling 
stability. The storage capacity was more than 2200 mAhg− 1 after 50 
cycles and more than 1500 mAhg− 1 after 200 cycles. The storage ca
pacity decreases by ~0.5% per cycles, maintaining the same coulombic 
efficiency when prepared at 550 ◦C and 850 ◦C [119]. Tang et al. syn
thesized a composite of porous Si/rGO films by evaporation. Further
more, the prepared composite film deliver an extraordinary reversible 
capacity and high rate capability of 1500 mAhg− 1 after 50 cycles plus 
1261 mAhg− 1 after 70 cycles [120]. To improve the cycle stability free 
standing Si/graphene paper was prepared with an initial capacity of 
1650 mAhg− 1 in addition to retained 150 mAhg− 1 even after 100 cycles 
[121]. Chang et al. prepared a Si based architecture, alternating Si/rGO 
layers on Ni substrates, improving the mechanical stability and exhib
iting outstanding reversible capacity of 2300 mAhg− 1 at 0.05C plus 700 
mAhg− 1 at the rate of 10C, respectively. It also showed good cycling 
stability, 6300 mAhg− 1 at a rate of 10C after 152 cycles and 780 
mAhg− 1with a rate of 3C after 300 cycles. Although the electric and 
ionic conductivity of Geanatase is better than Si, it also has a large 
specific capacity but large volume expansion during charging and dis
charging [122]. Li et al. prepared CGe/graphene composite, with an 
equal distribution of very fine Ge nanoparticles of size 20–30 nm. Due to 
the insertion of the Ge between the graphene sheet and the carbon 
layers, this structure prevents the volume change showing initial specific 
capacity of 1600 mAhg− 1 at a rate of 1C which negligibly drop during 
charging when the rate increase from 0.2 to 5C. The capacity of C/Ge/G 
composites remains 992.8 mAhg− 1 after 160 cycles at the rate of 1C, 
which corresponds to 86.4% of the 2ndcycle, while the Ge/G sample 
retain 643.9 mAhg− 1 at the 160th cycle, only retained 64% of the ca
pacity [123]. Kein et al. synthesized graphene on Ge nanowires via using 
a metal catalyst free CVD route at 7600 ◦C. The synthesized alloy 
composite that exhibits a high specific capacity of 1059 mAhg− 1 after 
200 cycles at a rate of 4.0C, which is three times larger than the bare Ge 
nanowire without graphene coating [124]. 

Nanomaterial based on SnO2 also engrossed research courtesy as a 
potential anode material, because of its specific capacity 1494 mAhg− 1 

that it is almost four times greater than graphite. The well-established 
reaction involved in SnO2 depending electrodes is:  

SnO2 + 4Li+ + 4e− → Sn + 2Li2O                                                   (1)  

Sn + xLi+ + xe− → LixSn (0 ≤ x ≤ 4.4)                                            (2) 

For bulk SnO2, the Sn produced in a first step is usually reported as 
irreversible but being reversible for nano-sized particles. Nevertheless, 
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during Li alloying/dealloying, the volume changes by more than 300% 
and a very thick SEI is formed in the course of cycling, foremost to a 
reduction of the electrodes as well as the development of Li2O, which is 
an inactive electrochemically. Regarding particle size, Wang et al. and 
Zhou et al. synthesized SnO2/RGO (see Fig. 5) and a SnO2 nanocrystal/ 
nitrogen doped rGO hybrid material (SnO2NC@N-RGO), respectively, 
with uniformly distributed SnO2 in graphene sheets [125,290]. 
Considering the fabrication methods, Zhang et al. prepared SnO2/rGO 
composite using a hydrothermal technique without reducing agent 
obtaining a specific capacity of 757 mAhg− 1 after 150 cycles at 200 
mAg− 1 [126]. Li et al. used atomic layer deposition (ALD) technique for 
the deposition of SnO2 on graphene nanosheetsthat exhibits a specific 
capacity after 154 cycles with almost 100% charging efficiency [127]. 
Table 3 summarized the electrochemical act of composites depending in 
their formation on graphene as anode materials aimed at Li-ion and 
Na-ion energy storage technology. 

2.3.5. Conversion anode material 
In conversion-type electrodes, the active material is totally replaced 

by Li and produced a Li encompassing compound as well as metal. These 
materials are usually oxides, sulphides, phosphides, nitrides, and car
bides of transition metal. The electrochemical reactions for adaptation 
response can be inscribed as;  

Li + MaXb → aM + bLinX                                                               (3) 

Where, M is a transition metal ion with valency n and X is an anion. 
During conversion reaction, more electrons are there which increased its 
specific capacity. However, its cycle life is reduced by different factors, 
such as the formation of unstable SEI and volume changes during cycling 
as well as its electrical conductivity due to agitation of oxide nano
particle [151]. In order to avoid the consequences that entails the for
mation of a SEI, a reduction of the material size produces a 
heterogeneous phase conversion [152]. Although it is not fully under
stood that the conversion electrode requires large over-potential to drive 
the conversion reaction [90], the polarization can be dependent on the 

electrode fabrication technique [153,154]. Su et al. fabricated 2-D core 
shell nanostructured (G@Fe3O4@C). Having double protection, this 
structure improves the storage capacity of MO in lithium storage. 
Because the presence of graphene, it possess high electrical conductivity, 
large aspect ratio and also tackle the deformation of metal oxide nano
particles during charging and discharging while overall electrode are 
highly conductive and active in lithium storage. Remarkably, the ma
terial displays excellent rate performance for lithium storage 920 
mAhg− 1 at the rate of 200 mAg− 1 after 100 cycles [155,156]. Accord
ingly, to previous sections, the application of this kind of conversion 
materials can also be extended to Na-ion technology. Table 4 displays 
the electrochemical performance of graphene-based conversion anode 
material aimed at Na-ion batteries. 

2.3.6. Some 2D carbon allotropes 
Not only graphene carbon allotropes also used as anode materials for 

battery application, these allotropes are graphyne, graphdiyne, gra
phenylene, Phographene, T-Graphene, Xgraphene, Ψ-Graphene, Penta
graphene etc. ‘Graphyne’ is a class of two dimensional graphene like 
materials consisting of one atom thick planar sheets of sp and sp2 linked 
carbon organized in a crystal lattice. According to the proportion of 
acetylene linkages (sp carbon atoms) between carbon bonds (sp2) in the 
graphene structure, the graphyne may be one of three distinct (α, β and 
γ) types. Thus, the structures of α, β and γ graphyne contain 100%, 
66.67%, and 33.33% acetylene links, respectivel [322]. In 1997, Haley 
et al. synthesized graphdiyne substructures, it is planar polymeric net
works consist of sp and sp2 carbon atoms [323]. Linjie et al. reported the 
effective synthesis of large area graphdiyne films on the surface of 
copper through a cross-coupling process using hexaethnylbenzene by 
modifying the Glaser-Hay coupling reaction [324,325]. There are 33.3% 
sp2-and 66.7% sp-carbon atoms in graphdiyne, making it a 2D flexible 
developing carbon allotrope material. The DFT (Local Density Approx
imation) simulation predicts a bandgap of 0.46 eV for this semi
conductor with a direct bandgap of 1.22 eV [326,327]. While the 
electrons of C––C double bonds are delocalized in graphene, they are 

Fig. 5. (a) CV curves of the as-synthesized SnO2/ 
RGO-S electrode at a scan rate of 0.2 mV s− 1 in a 
voltage window of 0.01–3 V aimed at the first five 
cycles. (b) Galvanostatic charge/discharge curves of 
SnO2/RGO-S cycled at a current density of 200 
mAg− 1 at different cycles. (c) Cycling performance of 
SnO2–F, SnO2–S, SnO2/RGO-F, and SnO2/RGO-S 
electrodes at 200 mAg− 1(d) Comparison of the rate 
capability of SnO2–F, SnO2–S, SnO2/RGO-F, and 
SnO2/RGO-S electrodes at various current densities. 
Reprinted with permission from Ref. [290].   
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localised in the thermodynamically stable structure of graphenylene. 
Through ab-initio Molecular Dynamics (AIMD) simulations, Brunetto 
et al. verify the viability of synthesizing this graphenylene by selective 
dehydrogenation of porous graphene. Electronic and physical features 
(pore structure) could be able to help store atoms and molecules for 
energy storage devices [324,328]. Both Mandal et al. and Sharma et al. 
anticipated the existence of 2D carbon allotropes formed of the 5–6–8 
carbon rings. These carbon allotropes are referred to as phographenes. 
These constructions include rings of pentagons, hexagons, and octagon 
[329,330]. The experimental investigations of defect chains in graphene 
have shown that it is possible to readily generate polygons such as 5–7 
(the Stone–Wales defect) and 5–8 by introducing defects into the gra
phene. Among all of the several configurations of phographene (α, β, γ, 
δ, and ε), α, -phographene is the most stable one. It is even more stable 
than Phagraphene, and its Young’s modulus and Poisson’s ratio values 
are comparable to those of graphene. Phographene is metallic in nature 
and has outstanding thermal and dynamical stabilities even at extremely 
high temperatures [331–334]. First-principles calculations were used by 
Liu and his colleagues to theoretically indicate the existence of an 
energetically metastable (up to 700 K) and dynamically stable 2D tet
rasymmetrical carbon with tetra-rings termed T-graphene. Both the 

planar and buckled descriptions are applicable to it. These two systems 
have formation energies that are equivalent to graphite. The negative 
formation energies of these two systems are 8.73 and 8.41 eV per atom, 
respectively [335,336]. 

3. Transition metal dichalcogenides 

Based on the interesting physical in addition to chemical features of 
graphene, various two-dimensional (2D) materials, for instance, hex
agonal BN, transition metal dichalcogenides (TMD), silicene, germa
nene, or phosphorene have been also investigated. Among them, TMDs 
become potential candidates for energy storage devices because of their 
high surface-to-volume ratio as well as internal surface areas. TMDs are 
of the form of MX2, in which M is a transition metal, and X is a dichal
cogenides. TMD materials are composed of many stacked layers, which 
are connected by weak Vander Waal forces. Consequently, exfoliation or 
CVD process is common techniques to synthesize single or few layers 
TMDs. They present excellent properties including electrical, magnetic, 
optical, and mechanical, suitable for different applications. 

Herein, we have explored the different fabrication techniques, 
properties as well as applications of TMDs as anode for different metal 
ions batteries. 

3.1. Synthesis method of TMD and its derived materials 

In general there are four method used for synthesis of TMD and its 
derived materials. These methods are as follows: Mechanical exfoliation 
method, Liquid exfoliation method, Sulfurization (or selenization) of 
metal (or metal oxide) thin film, Vaporization of metal oxide with 
chalcogen precursor, and Femtosecond laser irradiation method. 

3.1.1. Mechanical exfoliation method 
Yin et al. used mechanical exfoliation method to fabricate the single 

layer MoS2 for phototransistor. In this method a single layer of MoS2 
deposited on the substrate of Si/SiO2 using scotch-tape mechanical 
exfoliation process [308]. 

Table 3 
Electrochemical performance of graphene based composite recently used as anode for Li/Na battery.  

Type of 
Battery 

Composite materials Electrochemical capacity 
(mA⋅h⋅g− 1) 

Current density 
(mA⋅g− 1) 

No. of 
cycles 

Ref. 

Li-ion Si@crumpled graphene 940 1000 250 [92] 
Li-ion FeS@reduced graphene oxide 978 100 40 [128] 
Li-ion Sn@N-doped reduced graphene oxide 481 100 100 [129] 
Li-ion Cobalt sulphides/graphene nanosheet 950 100 50 [130] 
Li-ion Si–rGO stratum structure 1500 1350 100 [131] 
Li-ion NiCo2O4/graphene nanosheets 1267 100 10 [132] 
Li-ion Silicon-nanowire@graphene sheath@reduced graphene overcoat 1650 840 50 [132] 
Li-ion Co3Sn2@Co–N-doped graphene 1615 250 100 [133] 
Li-ion Carbon nanofibersbers/silicon nanoparticles@reduced graphene oxide 1048 890 200 [133] 
Li-ion Sn@porous graphene networks 682 2000 1000 [134] 
Li-ion Si/reduced graphene oxide 780 7200 300 [122] 
Li-ion TiO2 nanotube/N-doped graphene 369 100 180 [135] 
Li-ion Defect-free graphene/Co3O4 900 1000 200 [136] 
Li-ion Si/templated carbon-bridged oriented graphene 1390 2000 200 [137] 
Li-ion Graphene–Si 1989 100 200 [138] 
Li-ion Sandwich-structured metal sulfide@reduced graphene oxide 1345 500 400 [139] 
Li-ion Room-temperature synthesized ZnO@GOnanocomposites 660 0.1 100 [140] 
Li-ion 10 RGO/Si-600 composite 728 2000 100 [141] 
Li-ion SnO2–SnS2@C/NG 944.3 1000 950 [142] 
Li-ion Reduced graphene oxide (RGO)/hexagonal boron nitride (h-BN) 

nanocomposites (1500C) 
~200 1240 100 [143] 

Na-ion FlakyCoS2andgraphene nanocomposite 192 1000 1000 [144] 
Na-ion FeO3/gC3N4–graphene 980 50 50 [145] 
Na-ion SnO2–reduced graphene oxide 330 150 150 [146] 
Na-ion Phosphorus/graphene hybrid 1706 260 60 [147] 
Na-ion SbOx–reduced graphene oxide 409 1000 100 [148] 
Na-ion NaTi2(PO4)3 embedded in 3D graphene networks 77 1330 1000 [149] 
Na-ion Sb/multi-layer graphene 405 100 200 [149] 
Na-ion N-doped modified graphene/Fe2O3 nanocomposites 428.3 500 100 [150]  

Table 4 
Electrochemical performance of graphene-based conversion anode material for 
Na-ion batteries.  

Battery Composite used 
as anode 

First cycle 
charge/ 
dischage 
capacity 

High rate 
Performance 

Cycle Ref. 

Na-ion SnS2 quantum 
dots uniformly 
dispersed on S- 
doped graphene 

795/1141.6 
mAhg− 1 

236 mAhg− 1 

at 27 A g− 1 
92% 
after 50 
cycles 

[157] 

Na-ion SnS2 NC/ 
EDA–RGO 
nanosheets 

~700 at 
1000 mA h 
g− 1 

480 mAh⋅g− 1 

at 1000 mA 
g− 1 

85% 
after 
1000 
cycles   
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3.1.2. Liquid exfoliation method 
Large amounts of TMDs nanosheets are required to fully realize the 

tremendous potential of these stacked materials. A solution processing 
technique would be more ideal for obtaining large volumes of single- or 
few-layer TMDs nanosheets. Zeng et al. prepared high yield, single layer 
TMDs using electrochemical lithiation process. In this process they have 
used TMDs bulk materials as cathode in electrochemical cell and inter
calation of Li is controlled during discharge process. After getting the 
intercalated compound, to produce high-grade TMDs single-layer ma
terials in large quantities, the intercalated compounds can be ultra
sonicated and exfoliated in water or ethanol [309]. 

3.1.3. Sulfurization (or selenization) of metal (or metal oxide) thin film 
TMDs materials must be grown on a huge scale for real device ap

plications. To apply TMDs materials to real devices, their large scale 
growth is essential. The most efficient approach to achieve large-area 
growth is by chemical vapor deposition (CVD). This approach is 
divided into two types first one is sulfurization (or selenization) of metal 
thin films and second is vapor phase reaction of metal oxides with 
chalcogen precursor. Song et al. used this approach for synthesis of WS2 
nanosheets. In this method WS2 nanosheet fabricated on SiO2 substrate 
by using sulfurization of WO3 film. Here, WO3 film prepared by atomict 
layer deposition method. Number of layers of produced WS2 nanosheets 
is controlled by the number of cycles of sulfurization of WO3 [310]. 

3.1.4. Vaporization of metal oxide with chalcogen precursor 
Nazmaei et al. synthesized MoS2 nanosheets using vapor phase 

deposition using MoO3 metal oxide and sulfur as precursore and reactant 
materials. To control the thickness layers of MoS2, concentration of 

MoO3 nanoribbons varied on a substrate however, other parameters 
taken as constant [311]. 

3.1.5. Femtosecond laser irradiation method 
An et al. used the same process to fabricate the high quality few layer 

of TMDs by femtosecond laser irradiation. This method indicates that 
TMDs can be exfoliated from bulk to few layers (up to 3 layers). This 
method is very fast and significantly easier than other method [312]. 

The examination of MoS2 nanosheets using transmission electron 
microscopy (TEM) and high-resolution transmission electron micro
scopy (HRTEM) is shown in Fig. 6. 

Xia et al. synthesized ultrathin MoS2/N-graphene composites by 
using simple and facile technique. Fabricated ultrathin nanosheet of 
MoS2 is uniformly distributed on the N-dopped graphene by using 
reduction and functionalization process [160]. Microstructures of 
MoS2nanosheet are observed by HRTEM are founded in Fig. 7. 

3.2. Properties of TMDs 

3.2.1. Composition of TMDs 
A transition metal from groups 4–10 (M) and chalcogens (X = S, Se, 

and Te) make up TMD materials. A layered structure is generally found 
in TMD comprised of metals from groups 4 to 7, while metals from 
groups 8 to 10 are non-layered. There are six to seven layers of TMDs, 
each of which is a hexagonally packed layer of metal atoms surrounded 
by weak van Der Waals forces [161]. For the TMD bonding states, 
transition metal atoms provide four electrons and chalcogen atoms 
provide two electrons. For TMD, the bonding length is between 3.15 and 
4.03 Å, depending on the size of the transition metal and the chalcogen 

Fig. 6. (a) Low magnification image of MoS2 nanosheets, (b) selected area electron diffraction pattern, (c, d) are magnified image of MoS2 nanosheet, (e) HRTEM 
image of resolved lattice, (f) fast fourier transform of MoS2 nanosheet. Reprinted with permission from Ref. [159]. 
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atoms utilized. 

3.2.2. Mechanical properties 
Castellanos-Gomez et al. investigated the elastic features of MoS2

containing 5–25 layers, showing that the Young’s modulus lies between 
0.33 ± 0.07 TPa [162]. Bertolazzi et al. also calculated the breaking 
strength and stiffness ofsingle and bilayer of MoS2 produced by exfoli
ation method, the stiffness constant and the Young’s modulus of elas
ticity being 180 ± 60 Nm and 270 ± 100 GPa, respectively. It was also 
reported that the strength of the monolayer membrane was 11% of the 
Young’s modulus. This crystalline and almost defect-free materials is 
suitable aimed at a diversity of tenders as well as especially for flexible 
electronic devices [163]. 

3.2.3. Electrical structure and optical properties 
TMDs show different electronic properties depending onthe sub

stantial of non-bonding d-bands as of the group of 4–10 elements while it 
shows the metallic properties when its d band is partially filled. 
Although chalcogen atoms do no contribute to the electronic properties 
when compared to the metal, it reductions the bandgap when the atomic 
number of chalcogen increases [161]. TMDs in bulk show an indirect 
bandgap [164,165], showing negligible photo-luminescence (PL) signal 
when MoS2 was explored irradiated by white light. However, few layers 
of MoS2 presents a pronounced emission at ~670 and ~627 nm [166], 
depending the intensity of PL signal on the number of layers present in 
TMDs [166,167]. Besides, two main peaks are perceived for Si/SiO2-
sustained MoS2 at 1.85 eV (670 nm) in addition to at 1.98 eV (627 nm), 
respectively. Benameur et al. used broadband green illumination to 
differentiate the single, bi and tri-layer of MoS2 and WSe2 on a 90/270 

nm SiO2 through gauging the contrast [168]. The same technique was 
also applied via Li et al. to distinguish the single to tri-layer MoS2 
nanosheets fabricated on 300 nm SiO2 substrate by using optical mi
croscopy [165]. Some researchers also used the intensity difference 
method to investigate the number of layers between the MoS2 nano
sheets and SiO2 layers. 

3.3. Transition metal dichalcogenides as anodes for Li, Na and K ion 
batteries 

According to the aforementioned properties, TMDs have strained 
noteworthy curiosity by way of a latent chemically active materials as 
compared to the standard carbon based anode material (graphite) [169]. 
Su et al. prepared ultrathin few layer MoS2 nanosheets of thickness 
nearly equal to10 nm. For the synthesis, a simple and scalable exfolia
tion technique was used [159]. TMDs exhibits Li ion storage capacity 
(~800–1000 mAhg− 1) in contrast of graphite anode (372 mAhg− 1) 
[170,171]. Among all possible options, MoS2 and WS2 are the most 
attractive anode materials aimed at Li-ion battery. The layered structure 
of MoS2 is similar to graphite, with a double theoretical capacity in 
addition to outstanding cycle stability. In addition, for Li ion inter
calation/deintercalation interlayer distance is ~ 0.6 nm that is larger 
than in graphite [172]. Nanostructured MoS2shows better capacity than 
bulk MoS2 because it has more storage holes for Li ions over a larger 
surface area [173–177]. Farabi et al. prepared MoS2 nanopowder 
(MoS2-NP) via the so-called self-propagating high-temperature synthesis 
(SHS) investigating the electrochemical properties. Jing et al. explored 
the adsorption plus diffusion characteristics of Li ion on VS2 monolayers. 
It was concluded that VS2 exhibits an electrochemical capacity of 466 

Fig. 7. (a) As well as (b) show the HRTEM appearance of MoS2 nanosheet, (c) STEM image, in addition to (d)–(g) elemental mapping of anchoring MoS2 nanosheet 
anchoring on N-dopped graphene nanoshete. Reprinted with permission from Ref. [160]. 
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mAhg− 1 with an open circuit voltage of 0.9 V [176]. Chang et al. syn
thesized MoS2/graphene nanosheet composites with a specific capacity 
of ~1300 mAhg− 1 for LIBs. MoS2/GNS composites show a charge/di
scharge capacity of 2200/1300 mAhg− 1with a large reversible specific 
capacity of 1290 mAhg− 1 after 50 cycles in comparison to the free 
electrode of MoS2 after 50 cycles [178]. It has also been proved as 
MoS2/GNS composites have large capacity (1040 mAhg− 1) at 1000 
mAg− 1. It also shows extraordinary cycling performance, when current 
changes from 1000 mAg− 1 to 100 mAg− 1, the specific capacity of the 
MoS2composite revenues to 1300 mAhg− 1 [178]. 

Darwin et al. investigated the monolayer VS2 polytypes as potential 
material for Na ion battery using DFT and found that VS2 does not 
change its structure during phase transition in cycles of charging and 
discharging hence providing better stability than other TMDs. It was also 
found that V top and H center sites of VS2 polytypes are both favorable 
adsorption sites for Na and it was found that 1H phase is stronger. 
Finally, it was reported that 1H phase has specific capacity of 232.91 
mAhg− 1and 1-T phase has 116.45 mAhg− 1 also, 1H phase has better 
OCV [199]. Zhang et al. used first principle technique to explore the 
capacity of VS2 and TiS2 as potential candidates for anode material for 
potassium ion battery (KIBs) with optimal open circuit voltage 
(1.2–1.34 eV v/s. K+/K) of electrochemical capacity of 278 mAhg− 1 in 
addition to 282 mAhg− 1, respectively [179]. 

Due to large density of active sites and auspicious supplement and 
abandonment of Li/Na ions sideways the planar route and governor on 
the crystal structure, TMD exhibits stable cycling performance. Zhang 
et al. synthesized MoS2 nanobelts and found that they present large 
active sites, short ions diffusion distances and stable structure during 
charging and discharging. When used for LIBs, it is found that they 
exhibit 820 mAhg− 1 and 480 mAhg− 1 at the rate of 1 and 20 Ag− 1, 
respectively after 100 cycles. Nevertheless, for SIBs they exhibit 520 
mAhg− 1 and 380 mAhg− 1 at the rate of 1 and 20 Ag− 1 after 100 cycles, 
respectively [180]. Ning et al. synthesized Molybdenum ditelluride 
nanosheets encapsulated in a few layers of graphene by using simple 
heating method by using Te and Mo powder subsequently ball milling 
with graphite. The prepared MoTe2/FLG exhibits excellent reversible 
capacity 596.5 mAhg− 1 at 100 mAg− 1 and 334.5 mAhg− 1 at the rate of 
2Ag− 1. Moreover, the capacity remains constant after 400 cycles at a 
rate of 0.5 Ag− 1 [181]. Cao et al. synthesized a novel heterogeneous 
nanowire array of TiO2–B@VS2 on Ti foil by using two-step hydrother
mal process and used as additives-free anodes for LIBs. This structure 
exhibits reversible capacity of 365.4 mAhg− 1 at the rate of 1C after 500 
cycles [182,183]. Zhang et al. discovered the electrochemical potential 
of 2D MoN as anode material for Li ion battery using first principle 
theory, concluding that for single Li ion, the adsorption energy is − 4.04 
eV and it exhibits maximum capacity 406 mAhg− 1 [184]. Table 5 
demonstrates the electrochemical performance of the transition metal 
dichalcogenides as anode material aimed at Li/Na/K-ion batteries. 

4. MXene synthesis, properties & battery applications 

At Drexel University, 2D transition metal nitrides and carbides called 
as MXene were developed [26]. In 2011 Naguib et al. prepared the first 
2D titanium carbide (Ti3C2Tx) leadingto the MXenes family [33,192]. In 
general, MXene was prepared through discerning etching of “A” layers 
from MAX stage. Furthermore, the general formula of MAX phase is 
Mn+1AXnTx where (n = 1–3). “M” is used for early transitional metal 
(such as Ti, V, Mo, Sc, Nb, etc.), “A” is an element of group IIIA or IVA 
(such as Al, Ga, Si or Ge), “X” represents the carbon/nitrogen ratio and 
“T” represents the surface functional group which are attached on the 
surface during selective etching process such as O, OH and/or F. 
Although it has been also reported the MXene having surface termina
tion of Cl [27,28]. 

However, MAX phases can also be synthesized by using solid solu
tions of “M”, “A” and “X”, such as (Ti,Nb)2AlC [29], Ti3(Al0.5Si0.5)C2 
[30] and Ti2Al(C0.5N0.5 [31]. Efforts are being deboted to prepare 

fluorine free MXene. Tengfi et al. reported an alkali assisted hydro
thermal method to prepare Ti3C2Tx (T = –OH, –O) where the whole 
method is free from fluorine [194]. 

4.1. Synthesis of MXenes 

To produce high quality and controlled structure, CVD is used in 
bottom up approach. However, CVD is not suitable for MXenes prepa
ration because it produces thin layers instead of a single layer. Xu et al. 
used CVD to yield thin films of Mo2C, Tungsten carbide (WC) in addition 
to tantalum carbide (TaC), finding that the thinnest Mo2C presented 
having six layers [195]. Top-down approaches are divided into me
chanical strips and chemical strips [193]. Therefore, top-down ap
proaches for MXenes mainly consists of (i) Etching (ii) Exfoliation. 

4.1.1. Top-down approaches 

4.1.1.1. Etching. Almost all-2D material undergo exfoliation processes 
when extracted from bulk layer materials, as they present a robust in- 
plane bond besides weak out-of-plane bond [196–198]. In general, 
2-D materials as graphene, dichalcogenides, or boron nitride have been 
produced by mechanical approaches such as ball milling, scotch tape 
shearing, etc. In 2013, Nicolosi et al. used mechanical exfoliation to 
synthesize MXene from MAX phase, however they could not able to 
break the metallic bonds M-A [199]. Therefore, the wet chemical 
etching procedure for MXene synthesis from their MAX phase is 
preferred. In 2011, Naguib et al. produced the first MXene, titanium 
carbide (Ti3C2) by using hydrofluoric acid (HF) selective etching to 
remove the Al from its precursor Ti3AlC2 (MAX) [33]. Generally, fluo
ride based etchant is used for selective etching of A due to its selectivity 
to etch the A element from its MAX phase. In general, the produced 
MXene surface is not pristine, functionalization depending on the syn
thesis approach and etchant used for selective etching [33,200–202]. 
Properties of MXene such as band structure, chemical reactivity and 
optical absorption depends on the surface functionalization of Fluorine 
(F), hydroxyl (OH), and oxygen (O) [203–206]. To date, about 70 

Table 5 
Electrochemical performance of the transition metal dichalcogenides as anode 
material aimed at Li/Na/K-ion batteries.  

Battery Composite Capacity 
(mAhg− 1) 

Current 
density 

Cycle Ref 

Na-ion MoS2/rGO 
composite 

512 1844.1 83% after 
20 cycles 

[185] 

Na-ion MnTe2 130 – – [184] 
Li-ion MoS2Embedded in 

Carbon Nanofiber 
985 100 – [183] 

Li-ion Defects-rich few 
layers 
nanocomposites 

1000 0.5 Remains 
constant 
after 100 
cycles 

[186] 

Na-ion MoS2(1− x)Se2x 

MoS2@LEGr 
heterostructures few 
layer 

387 100 – [187] 

Na-ion ZnSe/MWCNT 447 500 83% after 
80 cycles 

[188] 

Li-ion (NiSe/rGO) 1125 50 Gradualy 
increases 
for first 50 
cycles 

[189] 

Na-ion Decorated NiSe 
nanoparticles 
reduced graphene 
oxides (NiSe/rGO) 

423 50 89.4% after 
50 cycles 

[189] 

LI-ion ZnS–TiC–C 613 100 ~85% after 
600 cycles 

[190] 

K-ion WS2 60 500 ~90% after 
400 cycle 

[191] 

K-ion VS2 and TiS2 278/282 – – [179]  
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MXene have been reported, although it is predicted that in future MXene 
becomes one of the mostly evolving family of 2D material [199,204,207, 
208]. 

HF Etchants: Naguib et al. first used HF etchant of concentration 
50% on a layered precursor (e.g. Ti3AlC2) to the M–A metallic bonds 
resulting in etching of the Al layer from Ti3AlC2 [33]. For selective 
etching with fluorine-containing etchants the involved reaction is  

Ti3AlC2 + 3HF → AlF3 + (3/2) H2 + Ti3C2                                        (4) 

During this reaction, the aluminum layer between the individual 
Ti3C2 layers is removed, which results in the defeat of metal bonds 
among Ti as well as Al [209]. Besides, the coverage time of Ti3AlC2 in HF 
varying from few hours to days plus the temperature changing from 
(220–500 ◦C) depending on the precursors [207]. Since many coated 
forerunners exist with dissimilar constructions in addition to configu
rations, not only etching time, concentration and temperature varied, 
synthesis via selective etching of Al is also varied. Mashtailer et al. used 
HF as an etchant for the extraction of Al from Ti3AlC2, and it was found 
that less than 2 h of exposure time is sufficient [210]. Moreover, Sang 
et al. concluded that the concentration of HF also affects the defect 
concentration of the synthesized materials [211]. In general, thinner 
Mn+1AXn requires less exposure time to HF etchant as compared to the 
thicker counterparts. Zhou et al. and Tao et al. synthesized new MXene 
(Hf3C2 and Mo1.33C) from its MAX phase Hf3(AlSi)4C6 and 
(Mo0.67Sc0.33)2AlC using HF as an etchant [212,213]. Wang et al. 
showed that the MXene produced by selective etching with HF acid 
shows large exteriors completed with –F and –OH compared to –O 
groups and it does not depend on the concentration of HF [214]. 

HF-Forming Etchants: Since HF is harmful and dangerous to the 
atmosphere, new substitutes to reduce the amount of HF are being 
explored. HF can be shaped by reaction of fluoride salts with acid or by 
the hydrolysis of alkaline biflouride salts. Feing et al. used sodium and 
potassium bifluoride and ammonium bifluoride to form HF as an etchant 
for discerning design of Al as of its MAX phase precursor Ti3AlC2 to 
synthesize the Ti3C2 [215]. Ghidiu et al. used LiF with HCl to synthesize 
Ti3C2 [216]. When HF is used as etchant, the produced MXene exhibits 
smaller interlayer spacing, however when HF-forming etchants are used, 
it shows large interlayer spacing due to intercalation of cation of salts 
which is used for the preparation of etchants. However, this route has 
taken less time to achieve delamination but the major issue comes at the 
time of scalability, since produced MXene contains unetched MAX phase 
[208,216]. 

HF-Containing Etchants: Shahzad et al. used etchants aimed at the 
creation of MXene depending on acid mixtures of HF/HCl instead of LiF/ 
HCl which contains a lesser attentiveness of HF (5–10 wt%) to synthe
size Mo2TiC2 and Mo2Ti2C3 from Mo2TiAlC2 and Mo2Ti2AlC3MAX 
phases, respectively [217]. Also, addition of tetrabutylammonium hy
droxide solution (TBAOH) inside Mo2TiC2 and Mo2Ti2C3 MXenes, re
sults a stable colloidal solution of MXene [217]. This method is more 
controllable and more beneficial, however it requires less amount of 
etching ingredients than etching with HF alone. 

Alkaline and/or Hydrothermal Treatment: Since alkali’s formed 
strong bonds with Al, alkaline etchants may be used for the etching of 
Ti3AlC2 or other layered precursors. In some cases, higher temperature 
and pressure are also required due to the strong affinity of alkalis with 
third group elements. Xuang et al. etched Ti3AlC2 powders for 30 min in 
little concentrated (10–20 wt %) HF solution, then they immersed the 
resulted Ti3AlC2 in tetramethylammonium hydroxide solution 
(TMAOH), which produced the Ti3C2 [218–220]. It was also found that 
the formed Ti3C2 surface is terminated with aluminium oxide/hydroxide 
layers; therefore it was required additional steps to clean the surface. Liu 
et al. used the hydrothermal process for the fabrication of 
Nitrogen-doped Nb2CTx MXene. The fabrication of N–Nb2CTx was 
divided in two steps; first, the layered Nb2CTx MXene was fabricated by 
immersing Nb2AlC MAX powder into a concentrated solution of HF 

under continuously stirring for 90 h at room temperature and a pH value 
up to 6. The produced Nb2CTx suspension was washed, centrifuged, 
filtered and dried at room temperature under vacuum condition. The c 
lattice parameters for NeNb2CTx, Nb2CTx MXene and Nb2AlC MAX are 
34.78 Å, 22.32 Å, and 13.88 Å, concluding that the interlayer spacing 
increases with nitrogen doping [221]. 

Thermal-assisted electrochemical etching: Sin et al. established a 
thermal-assisted electrochemical etching (E-etching) process, which can 
be considereda safer and more gentler method than the traditional HF 
etching. After the preparation of MXene (Ti2CTx) with the E-etching 
method with diluted HCl, it was found that the structural and surface 
properties of the prepared MXene varied with varying etching condition. 
This method is also used to produce MXenes (e.g. V2CTx and Cr2CTx up 
to 25 nm and a flower-like architecture. 

Selective etching of Ga, Si, and other A elements: Since Al has the 
lowest reduction potential compared to additional A elements: Si, Ga 
and Ge, most of theMXene are derived from Al containing MAX phase in 
HF containing solution. Due to the limited quantity of Ti3AlC2 and costly 
manufacturing, Ti3SiC2 is the most studied MAX phase due to its avail
ability in large quantities and less expensive than Ti3AlC2. At the first 
stage 80 mL of colloidal black solution of exfoliated MXene is taken, (if 
diluted its colour is green) collected after centrifugation at 3500 rpm 
(4500 g) for 30 min. 

4.1.1.2. Exfoliation. The exfoliation techniques used to exfoliate the 
MXene depend on two factors (i) Etching method (ii) Composition of 
MXene. Naguib et al. found that exfoliation using direct sonication of 
multilayer MXene produced by HCl/LiF results in small yields [33]. The 
yield has been increased by using liquid exfoliation followed by inter
calation of molecules, which results in 20 mg mL− 1 of MXenes 
[222–224]. M. Ghidiu et al. used alkylammonium cations for the 
intercalation to obtain single nanosheets on large scale [223]. Anasori 
et al. and Mastalir et al. used polar organic molecule dimethyl sulfoxide 
(DMSO) as an intercalant in the direction of exfoliating Ti3C2Tz and 
(Mo2/3Ti1/3)3C2Tz [224,225]. In addition, the d-spacing is further 
increased to 22.4 Å with the co-intercalation of water. The use of DMSO 
is only restricted to the two compositions aforementioned, in the case of 
Nb2CTz, the exfoliation takes place by using intercalation of isopropyl
amine [226]. Naguib et al. proved that the exfoliation using tetrabuty
lammonium hydroxide are frequently applied as intercalant for the 
other 2D material by producing V2CTz and Ti3CNTz [227]. In this 
method, TBA+ ions intercalate in the space and increase the d− spacing. 
This method is also used to exfoliate (Mo2/3Ti1/3)3C2Tz and 
(Mo1/2Ti1/2)4C3Tz, Ti4N3Tz, Mo2CTz [33]. 

Mashtalir et al. found that TBAOH did not exfoliate Ti3C2Tz but 
TMAOH [226]. HCl/LiF etching methods are used not only to reduce the 
concentration HF along with its hazardous effect, it also increases the 
interlayer spacing due to the intercalation of Li+ ion combined with its 
shell hydration between the interlayer space which helps in exfoliation 
also. M. Ghiddu et al. found that the after etching, the d-spacing between 
interlayer in dry condition is close to 13 Å which is 3 Å more than the 
multilayers etched with HF alone [216]. The same group observed that 
the co-intercalation of water in between the wet multilayer increases the 
d spacing up to 16.5 Å and exfoliate each layer separately [222]. 
Furthermore, spontaneous exfoliation is observed with washed and 
etched via HCl/LiF solution at 6 pH value [216]. Sonication also in
creases the produced amount. Maleski et al. explored the dispersion 
behaviour of Ti3C2Tz in organic solvent and it was found that for 
dispersing of Ti3C2Tz, the polar solvents are better than the non-polar 
ones [228]. Commonly, colloids and centrifuging process are used to 
exfoliate the multilayers sheet. Once the colloidal suspension of mono
layer or multilayer sheet is obtained, it can be treated in various ways for 
the fabrication of thick films (typically it is in the range of few microns). 
Spray or spin coating is also used to obtain the thin films (below 100 nm) 
[229–232]. Collini et al. applied electrophoretic deposition to form thick 
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films [233]. Fig. 8 depicts the schematic of the fabrication of Ti3C2 
(MXene) by selective etching of silicon from its layered MAX phase 
[288]. 

4.1.2. Bottom-up preparation of 2D transition metal carbides as well as 
nitrides 

For the mass production of synthesis of pristine MXene, functional
ized carbide and nitrides top-down approach is used. However, during 
etching process, MXene surface is completed with several well-designed 
groups such as –O, –OH as well as –F introducing defects [207]. Me
chanical vibration or sonication also reduces the size, which results in 
more defective structures. These chemical and mechanical damages to 
MXene hampered research into the unique properties of 2D TMC and 
TMN. It is found that the only M2X, M3X2, and M4X3 structures are 
produced by using top-down method [207]. Synthesis of TMC and TMN 
based MX structures such as MoC, MoN, NbC, and NbN, etc. are not 
possible with top-down synthesis methods. The excellent properties 
exhibited by bulk MX structures based on TMC and TMN make them 
suitable for potential application as superconductors. Moreover, WC 
exhibits semi metallic property with Dirac cone [234]. As consequence, 
researchers are working to improve the quality of 2D TMC and TMN 
family by developing various synthesis approaches. 

In contrast to the top-down synthesis approach, the bottom-up 
approach is suitable for synthesizing large areas of great superiority 
2D material. In addition, this technique is more flexible and can be used 
for the growth of 2D material based heterostructures. Moreover, these 
methods also allowed the growth of non-layered materials. Various 
bottom-up approaches have been aimed at the fabrication of diverse 2D 
TMCs in addition to TMNs through CVD, template approaches, and 
plasma chemical vapor deposition methods (e.g. PEPLD). 

Chemical Vapor Deposition: Xu et al. first described high-quality 
ultra-thin 2D TMC crystals. Two ultra-thin metal foils of Cu and Mo 
were used as a substrate. First, both metal foils are stacked and heated to 
more than 1085 ◦C in presence of H2. During this step, Mo diffuses on the 
surface of Cu. After that, CH4 in very low concentration was introduced 
to provide the C atom, which results in 2D Mo2C crystals on the Cu 
[195]. 2D crystals produced by this method exhibit 10 μm in lateral size 
with thickness 3–20 nm. They have found that the thickness in addition 
to lateral size of the created 2D α-Mo2C crystals depends on the growth 
time and temperature. Importantly, produced 2D crystal can be trans
ferred to the other substrate by using 0.2 M (NH4)2S2O8 as etchant. Geng 
et al. used the similar procedure to fabricate 2D Mo2C crystals of 
different shapes by changing temperature (1100 ◦C), thickness of copper 
foil (50 m), and concentrations of CH4 [235]. It was found that when the 
concentration of CH4 was 0.1 sccm, fabricated Mo2C crystals have 
fractal shape. When the concentration of CH4 increases, the shape of the 
crystal changes from fractal to hexagonal. When the thickness of the 
copper foil increases, thinner crystals of Mo2C are obtained [236]. Qi 
et al. used the same method to fabricate a mono-atomic layer of rhenium 
carbide (ReC). Re (0001) was used as a substrate with C2H4 as carbon 

source under ultrahigh vacuum condition. After the formation of gra
phene at 903 K, it begins to decompose when the substrates are heated to 
953–1113 K. Then the decomposed carbon atoms melted in Re 
throughout the cooling route, forms 2-D ReC crystals with a periodic 
“flower-like” superstructure [237]. 

Chemical Vapor Deposition Growth of Graphene/2D TMC Het
erostructures: Since CVD technique is generally applied for preparation 
of high-quality graphene films on copper foils, there are two methods of 
growth of graphene/2D TMC structures (i) Direct or one step method 
and (ii) two-step process. Deng et al. used the direct method shown in 
Fig. 9 aimed at the growth of vertical graphene (top)/2D α-Mo2C (bot
tom) heterostructures [238]. 

It was found that this method required more concentration of CH4for 
the growth of 2D TMCs. Geng et al. used one-step CVD method for the 
fabrication of 2D α-Mo2C graphene heterostructures [239]. Similarly, Xu 
et al. manufactured vertical graphene α-Mo2C heterostructure via 
two-step CVD method with high purity. In a first step, graphene was 
developed on the Cu/Mo substrates at the temperature (1070 ◦C), less 
than the melting point of Cu [195]. It was also found that the 2D α-Mo2C 
crystals plus graphene exhibits the similar crystal lattice. Zeng et al. also 
used the same technique to obtain the 2D in-plane WC–graphene 
(i-WC-G) heterostructures. Droplet of Ga was used in place of Cu foil in 
addition to CH4 as a carbon basis at 980–1020 ◦C and based on AFM 
measurements dimension of the 2D i-WC-G heterostructure were ~1 
0.36 nm thick [240]. 

Template Method: Along with CVD, template routine is additionally 
applied for the progress of 2D TMCs and TMNs, being the one that 
produces large yields. In this system, 2D transition metal oxides (TMOs) 
nanosheets are applied as templates, that are carbonized or nitride ac
cording to the TMO based TMCs and TMNs structure [241,242]. Hex
agonal MoN, (h-MoN) nanosheets have been synthesized using 
salt-templated method as shown in Fig. 9. In this method, TMO coated 
with NaCl are synthesized by annealing of Mo at 280 ◦C as depicted in 
Fig. 9(a) Similarly, to synthesize the 2D MoN@NaCl powders, 
MoO3@NaCl crystals initially ammoniated by NH3 at 650 ◦C. Finally, to 
obtain the 2D MoN nanosheets (NS), NaCl is washed out by deionized 
water. From (XRD) patterns it is found that the 2D MoN NSs have hex
agonal lattice structure with lattice constants a = b = 5.75 Å and c =
5.62 Å (Fig. 9(b)). Similar to the etching method, it can be also discrete 
in water faster by Tyndall effect, as shown in Fig. 9(c). It was concluded 
that the obtained 2D MoN nanosheet is laterally uniform of thickness 71 
nm (Fig. 9(d) and (e)). This method is also used for the synthesis of 2D 
WN and VN NSs. Joshi et al. synthesized 2D layered δ-MoN NSs via 
applying a two-step method exposed in (Fig. 9(f)). In first step, 
hot-filament CVD (HFCVD) process was used to synthesize highly 
aligned 2D layered MoO3 nanosheet. In the second step, produced MoO3 
NSs is ammoniated in presence of Ar at 700 ◦C for 8 h resulting in 2D 
δ-MoN NSs. When 2D layered MoO3 NSs ammoniated, due to nitridation 
changes from bluish to dark blue. It was found that the produced 2D 
δ-MoN NSs have lateral size 20–30 m and a thickness of 5–40 nm as 

Fig. 8. Schematic representation of the synthesis of 
Ti3C2 (MXene): Synthesis of MXene was achieved via 
selective etching of silicon from its layered MAX 
phase (Ti3SiC2) by using etching solution which 
consists of HF and an oxidizing agent (H2O2 or 
(NH4)2S2O8 or HNO3 or KMnO4 or FeCl3). The pre
cursor MAX powder exhibits a grayish-to-silverish 
color (top left). Reprinted with permission from 
Ref. [288]. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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shown in Fig. 9(g) [243]. Instead of MoO3 NS, MoO2 NS can also be used 
as template for synthesizing of N-doped Mo2C (N–Mo2C) and conse
quently N–Mo2 NSs. Jia et al. used MoO2NSs as a template and 
dicyandiamide (C2H4N4) used to provide the C and N atom by heating at 
450 ◦C for 2 h and then 750 ◦C for 2 h. From SEM images it is clear that 
the N–Mo2C NSs have same morphology as MoO2 NSs as shown in (Fig. 9 
(h)), providing a solid proof of the effectiveness of template synthesis. It 
was found that the thickness of N–Mo2C NSs is a little less than the 
thickness of the MoO2template as well as the interplanar spacing of 
MoO2 NSs (0.241 nm) is slightly larger than the N–Mo2C NSs (0.237 nm) 
as shown in (Fig. 9(i)). The quality of obtained crystalline N-doped Mo2C 
nanosheets is poor due to many nanopores observed on it (Fig. 9(j)–(l)). 
By using same approach, pure Mo2C NSs can also be synthesized by 
using glucose instead of dicyandiamide. 

Further, Fig. 10(a) displays the graphic of heterostructures of 2D 
TMCs with graphene fabricated by two-step CVDprogressionaimed at 
the production of graphene (top)/2D α-Mo2C (bottom) vertical hetero
structure. Fig. 10(b) demonstrates the optical appearance of graphene/ 
2D α-Mo2C heterostructures grown on Cu/Mo substrate, Fig. 10(c) 
demonstrate Raman spectra taken from a pure 2D α-Mo2C crystal, 
Fig. 10(d) typicalHAADF-STEM image taken from a 2D α-Mo2C crystal in 

heterostructure. As shown in Fig. 10(e), an optical picture of the G peak 
point is shown in Fig. 10(f). 2D crest location as depicted in Fig. 10(g), 
strain domains can be clearly seen in the graphene and 2D -Mo2C het
erostructure. Figures (b–d) show the 5 μm scale bars. 

Plasma-Enhanced Pulsed Laser Deposition: Zhang et al. used 
plasma-enhanced pulsed laser deposition (PEPLD) technique to syn
thesize a large-area high-quality 2D face-cantered cubic (FCC)-struc
tured Mo2C crystal on sapphire (0001) substrate. In this method, 
modified pulsed laser deposition system is used for generating CH4 
plasma. To provide Mo atom metal, a KrF laser of 248 nm the target was 
impinged. Fig. 11(a) and 11(b) show the XRD patterns of the grown 
samples at 700 ◦C. It was concluded that the ionized CH4 is essentially 
required for deposition, as Mo2C ionized CH4 plasma plays an important 
role in the deposition of 2D FCC-structure Mo2C crystal. The 2D Mo2C 
film dumped through PEPLD technique presents a smooth surface 
(Fig. 11(c)) [245] and the thickness of 2D Mo2C film can be optimize 
from 2 nm to 25 nm. Although the crystal quality degrades when 
deposition temperature decreases [246], it can be fabricated a high 
quality single crystal when Mo2C film grown at 700 ◦C, as shown in 
Fig. 11(e). However, the resulting film has lower quality of crystal when 
compared it with CVD growth sample, and numerous stacking defects 

Fig. 9. 2D MoN as well as N-doped Mo2C prepared via template scheme. (a) Representation of combination process of 2D MoN, (b) XRD pattern of 2D MoN powder, 
the inset displays the Tyndall effect of the 2D MoN colloidal dispersion in water, (c) SEM image of 2D MoN NSs. The scale bar is 500 nm, (d) HRTEM image of the 
edge of a 2D MoN nanosheet. The scale bar is 5 nm, (e) Schematic representation of the two-step procedure for synthesizing 2D layers of δ-MoN, (f) Photographs of 
MoO3 and δ-MoN grown on a FTO-coated glass substrate, (g) Top-down SEM images of vertically aligned 2D layers of δ-MoN synthesized on FTO substrates, (h) SEM 
images of MoO2 NSs (top) and N–Mo2C NSs (bottom). (i) Thicknesses characterized by AFM and crystal models of N–Mo2CNSs. (j)–(l) TEM image (j), the corre
sponding electron diffraction pattern (k), and fast Fourier transform (l)–(n) of N–Mo2CNSs. (Panels (a)–(d) are reprinted with permission from Ref. [241], Panels (e)– 
(f) are reprinted with permission from Ref. [243], Panels (g)–(k) are reprinted with permission from Ref. [242]. Panels (l)–(n) are reprinted with permission 
from Ref. [245]. 
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were observed on the cross-sectional TEM images (Fig. 11(f)). It sug
gested that unlike other crystal structures, the formation of the FCC 
structure is due to the alignment association as well as little lattice 
disparity between {111} Mo2C and {0003} sapphire. 

4.2. Properties of exfoliated MXenes 

MXenes show remarkable features, for instance, high Young’s 
modulus, thermal in addition to electrical conductivity and tunable band 
gaps. In this section, the potential properties of exfoliated MXene are 
presented. 

4.2.1. Electronic and electrical features 
Electronic as well as electrical features of MXenes can be adjusted via 

functional group modification, stoichiometry, or solid solution forma
tion. It has been well established that the electrical conductivities of 
pressed disc of MXene are similar as for multi-layered graphene and 
higher than for carbon nanotubes and rGO materials [216,247]. In 
addition, Naguib et al. found that the resistivity of MXene growths ac
cording to the number of layers and functional groups [192,224,248]. As 
a result, experimental conductivity is generally higher than reported 
according to simulation technique [249,250]. Since electrical conduc
tivity based on numerous aspects as the concentration of defect, surface 
functional groups, delamination yield, d− spacing between MXene flakes 
and the lateral size induced by each etching process, these effects on 
MXene have been addressed. H. wang et al. prepared highly conductive 

MXene (Ti3C2) nanosheets by using layered Ti3AlC2 in aqueous solution 
of HF and alkalizate and calcinate the samples to remove the functional 
groups. It was found that the conductivity of Ti3C2 nanosheets increased 
from 850 Scm− 1 to 2410 Scm− 1 by calcination at 600 ◦C for 1 h, because 
of elimination of OH functional groups in addition to reduction of 
conduction paths [251]. Jhang et al. prepared a transparent film, by 
spin-casting the Ti3C2Tx nanosheet colloidal solution, and then 
vacuum-annealed it at 200 ◦C. It was found that the electrical conduc
tivity of transparent films nearly equal to 9880 Scm− 1 [61]. Maleski 
et al. fabricated the Mxene by using lower concentration of HF and 
etching times, showing that MXene with larger lateral size present 
higher conductivity ~5000 Scm− 1, whereas the films collected of the 
minimum flakes displayed the lower most conductivity ~1000 Scm− 1 

[182,200]. Muckley et al. remarked the influence of humidity on the 
conductivities, pointing its application towards humidity sensing [252, 
253]. Surface modification by heat treatment and alkaline treatment 
also improved the electrical properties, as proven by the alteration 
and/or exclusion of functional groups (especially–F) [248,251, 
254–257]. 

4.2.2. Mechanical properties 
Because of the toughest bonds between M − C as well as M − N, it 

attracted more interest towards mechanical properties of MXenes. Kur
toglue et al. explored the elastic constants (c11) of MXene by using 
simulation techniques. Results shown that the c11 value of MXene is two 
times greater than for its MAX phases [258] in addition to other 2D 

Fig. 10. Schematic of heterostructures of 2D TMCs with graphene prepared viaCVD method (a) representation diagram of the two-step CVD route aimed at the 
fabrication of graphene (top)/2D α-Mo2C (bottom)vertical heterostructure, (b)optical image of graphene/2D α-Mo2C heterostructures grown on Cu/Mo substrate, (c) 
Raman spectra taken from a pure 2D α-Mo2C crystal, (d) typical HAADF-STEM image for a 2D α-Mo2C crystal in heterostructure. (e, f) The graphene (indicated by 
black circle) and heterostructure (indicated by red circle) in (e), showing the graphene is compressed in the heterostructure. (e)–(g) Optical image (e) and the 
corresponding G peak position (f) and 2D peak position (g) mappings of a CVD-grown graphene/2D α-Mo2C heterostructure, showing clear strain domains. Scale bars 
in (B–D) are 5 μm. Reproduced with permission from Ref. [244]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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materials, such by means of MoS2, while it is 2–4 times lower than 
graphene (1060 GPa) [259,260]. Nevertheless, bending stiffness of 
MXene is high [33,216,258,261], indicating its potential as a reinforcing 
material for composites. Feng et al. discovered the effect of alloying on 
mechanical properties of MXene. It was determined that when Ti is 
replaced by V, the elastic constant increases and (Ti0.25V0.75)2CO2 shows 
the largest mechanical strength, with an elastic constant c11 of 425 GP. 
However, when Ti is replaced by Sc, the composition of Sc increases, 
resulting in a lower lowest c11 of 104 GPa [262]. Zha et al. explored the 
effect of functionalization on mechanical features of the carbide M2CT2. 
It was proven that the use of oxygen improves the mechanical strength 
(example W2CO2 shows the highest mechanical strength with c11 
equivalent to 592.7 GPa) compared to functionalized MXene by fluorine 
or hydroxyl groups [263]. Zhang et al. determined by DFT that the 
elastic properties of Tin+1Cn decreases when thickness increase, i.e. in 
the demand of Ti2C > Ti3C2>Ti4C3 with standards of 601 GPa, 473 GPa, 
and 459 GPa, respectively [264]. Lipatove et al. performed mechanical 
characterization of single layer flakes of Nb4C3Tx MXene showing that 

the effective Young’s modulus of Nb4C3Tx monolayers was 386 ± 13 
GPa, which is higher than for Ti3C2Tx MXene [216,263]. 

4.2.3. Thermal properties 
Due to the continuous miniaturization of electronics and energy 

storage devices, thermoelectric properties play an increasingly relevant 
role. Zha et al. discovered the thermal properties of oxide fictionalized 
MXene flake of 5 μm. It was found that at room temperature, thermal 
conductivity of Hf2CO2 is 86.25Wm− 1K− 1 exceeding the values of MoS2 
and phosphorene [265]. Luo et al. analyzed the effect of fluoride on 
Sc3(CN)F2, concluding that the thermal conductivity is nearly equal to 
the conductivity of MoS2 and phosphorene. They also found that when 
lateral size of flakes increases, the thermal conductivity also increases 
[266]. Zha et al. explored the effect of surface termination on carbide 
MXene. When the surface is functionalized with –OH and –F, the thermal 
conductivity increases according to the flake’s length [267]. In the case 
of oxidized carbide MXene, the thermal conductivity increases with the 
atomic number of metal “M” [256,268]. Kim et al. presented a pioneer 

Fig. 11. FCC-structured Mo2C film invented through PEPLD. (a),(b) show the XRD pattern of the grown sample (a) in ionized CH4 plasma, (b) non-ionized CH4, (c) 
AFM image of as-grown thin film of Mo2C, (d) enlarged cross-sectional TEM image and the inset showing a low-magnification TEM image of Mo2C film grown on the 
sapphire substrate, (e) high-resolution TEM image and SAED pattern taken from the cross section of the Mo2C film grown at 700 ◦C, (f) It shows the schematic of 
coherence of the atomic planes at sapphire substrate and FCC-structured Mo2C interface. (Panels (a)–(e) are reprinted with permission from Ref. [245]. Panels (f) are 
reprinted with permission from Ref. [246]. 
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work regarding the thermoelectric conductivity of Mo-based MXenes 
such as Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C3Tx. It was found that these 
MXenes show high conductivity and n-type Seebeck coefficient after 
heating to 800 K. As an example, Mo2TiC2Tx MXene the thermoelectric 
power reaches 3.09 × 10− 4 Wm− 1K− 2 at 803 K [218]. 

4.2.4. Magnetic properties 
Since MAX phases show magnetic properties, the magnetic features 

of MXene have been explored. A number of pristine MXene such as Ti4C3 
[269], Ti3CN [244], Fe2C [270], Cr2C, Ti3N2 [271,272], Ti2N [273], 
Zr2C, and Zr3C2 [274] possess magnetic moments. However, function
alization could vanish in some cases their magnetic response. Urban
kowski et al. explored the magnetic properties of pristine and 
functionalized MXene and it was found that pristine Ti4N3 MXene ex
hibits a magnetic moment of 7.0 μB per unit cell while terminated 
Ti3CNTx and Ti4C3Tx show zero magnetic moment [218]. Khajaei et al. 
explored MXenes such as Cr2CF2, Cr2C(OH)2, Cr2NF2, Cr2N(OH)2, in 
addition to Cr2NO2 which are ferromagnetic in ground state [203] while 
Mn2NTx is ferromagnetic [275]. 

4.2.5. Optical properties 
Optical properties of MXene are important for photocatalysts, pho

toelectrons, photoelectrons, and transparent conductive electrode de
vices. Zhang et al. fabricated transparent films of Ti3C2Tx via spin 
casting of colloidal solutions, followed by annealing in vacuum condi
tion at 200 ◦C, obtaining transmittance values of 93% and 29% with a 
thickness of 4 nm as well as 88 nm, respectively [276]. Adsorption 
properties of MXene depend on the thickness of the film, showing a 
strong and wide absorption band around 700–800 nm, resulting in a pale 
greenish film color [230]. Hantanasirisakul et al. fabricated transparent 
conductive homogeneous films of thickness 5–70 mm by spray coating 
of delaminated Ti3C2 MXene flakes with a transmittance of 40%–90%. 
According to the optoelectronic properties, Ying et al. explored V2CTx 
MXene into flexible transparent films. They used tetrabutylammonium 
hydroxide as an etchent (TBAOH) for the fabrication of V2CTx MXene 
films from aqueous colloidal suspensions. It was obtained an absorption 
coefficient of 1.22 ± 0.05 × 105 cm− 1 at a wavelength of 550 nm which 
is twice the Ti3C2Tx. Further, by ion intercalation the optical properties 
are also optimized. Regarding the solvent used, Hydrazine, Urea, and 
DMSO decrease the transmittance of Ti3C2Tx film meanwhile tetrame
thylammonium hydroxide (NMe4OH) improved it from 74.9 to 92.0% 
[277]. In this context, Berdiyorov et al. discovered the consequence of 
functional groups on the optical features of MXene. It was found that 
when the sample is oxidized its absorption features increases, but when 
sample is fluorinated, absorption features decreases. For the ultraviolet 
energy range, all functional groups enhance both reflectivity and ab
sorption properties of the MXene [278]. Malesky et al. initiate that when 
lateral size reduced the absorption in the visible range [182]. Due to the 
metallic conductivity and optical transparency in visible range the 
MXene are potential candidate for flexible transparent electrode appli
cation. Whereas due to high resistivity in the ultraviolet region it can be 
used as ultraviolet filter coating materials. Li et al. found that the light to 
heat conversion efficiency of Ti3C2 is nearly equal to 100. 

4.3. Battery application of MXene as anodes 

Naguib et al. exfoliated the Ti2C produced by HF treatment of Ti2AlC 
powder. Used for Li-ion batteries, the produced Ti2C exhibits specific 
capacity of 80 mAhg− 1 at the rate of 3C after 120 cycles and 70 mAhg− 1 

at the rate of 10C after 200 cycles [279]. Tang et al. reported the effect of 
functionalities when MXenes are used as anodes in Li ion batteries. In 
particular, pristine Ti3C2 exhibits a specific capacity of 320 mAhg− 1 and 
when Ti3C2 terminated with F/OH, capacity drastically falls down to 
130/67 mAhg− 1 [272]. Mashtalior et al. synthesized a binder-free 
MXene after filtering the aforementioned colloidal solution through a 
membrane. The produced binding free MXene ‘paper’ exhibits a specific 

capacity of 410 mAhg− 1 at the rate of 1C and 110 mAhg− 1 at the rate of 
36C [224]. Sun et al. synthesized 2D Ti3C2 by etching Ti3AlC2with 
concentrated HF. Then, in order to increase the d-spacing, intercalation 
process was used with dimethyl sulfoxide (DMSO), increasing the stor
age of Li, and consequently the specific capacity. It was found that the 
intercalated Ti3C2 exhibits a first charge capacity of 107.2 mAhg− 1 and 
118.7 mAhg− 1 after 75 cycles, which means a capacity retain of 96% 
[224]. Wang et al. explored the electrochemical capacity of single layer 
Ti2N and surface functionalized Ti2NT2 (where T = O, F, in addition to 
OH) using first principle for Mg2+ ions battery. Results exhibited a 
specific capacity more than 2000 mAhg− 1 because of the two electron 
reactions as well as unique multilayer adsorption behavior of Mg2+ ion 
[280]. Naguib et al. synthesized two new MXene Nb2CTx and V2CTx by 
simple HF treatment of Nb2AlC and V2AlC powders. Nb2Tx and V2CTx 
exhibit specific capacity of 110 mAhg− 1 and 125 mAhg− 1 at the rate of 
10C after 150 cycles, respectively. They also found that Nb2CTx exhibits 
reversible capacity of 170 mAg− 1 at the rate of 1C at lower lithiation 
voltage while V2CTx exhibits larger capacity 210 mAhg− 1 at the rate of 
1C at higher lithiation voltage [281]. The electrochemical capacity of 
titanium carbonitride Mxene (Ti3CNTz) for potassium ion batteries was 
also explored. Although, it exhibits first cycle specific capacity of 710 
mAhg− 1 at 20 mAg− 1 it dropped to 275 mAhg− 1 after second cycle. After 
100 charge/discharge cycles it exhibits reversible capacity 75 mAhg− 1 

at the rate of 10 mAg− 1 [282]. Zhou et al. explored the electrochemical 
properties of Hf3C2Tz as an anode material for Li and Na ion batteries. 
After 200 cycles, it exhibits reversible volumetric capacities of 1567 
mAh cm− 3 and 504 mAh cm− 3 at the rate 200 mAg− 1 for Li and Na ions 
batteries, respectively [213]. Zhou et al. prepared a 2D Nb4C3Tx for Li 
ion batteries finding that its charging/discharging capacity increases 
from 310 to 380 mAhg− 1 at 0.1 mAg− 1and from 116 to 320 mAhg− 1 at 
1Ag− 1 after 100 cycles [283]. Yang et al. investigated the electro
chemical performance of 2D Hf based MXene Hf3C2, its derivative and 
hybrid passivated: Hf3C2FxO2− x and Hf3C2Ox(OH)2− x [x = 1.0,1.5] as 
anode material for Li/Na ion battery by using first principle theory. It 
was determined that Hf3C2monolayer exhibits excellent characteristics 
like good conductivity, high specific capacity, low diffusion energy 
barrier and low open circuit voltage (for Li ion battery 1034.70 mAhg− 1 

and for Na ion battery 444.90 mAhg− 1) [284]. Meng et al. investigated 
the electrochemical characteristics of S-functionalized Ti3C2 monolayer 
MXene using first principle calculations. Comparing the specific capac
ity of Ti3C2S2, Ti3C2 and Ti3C2O2 for Na ion battery, maximum capac
ities of 320, 268 and 463 mAhg− 1, respectively, were found. Dong et al. 
prepared Ti3C2 MXene derived ultrathin nanoribbons of sodium titanate 
(M-NaTO) and potassium titanate (M-KTO). M-NaTO and M-KTO exhibit 
reversible specific capacity of 191 mAhg− 1at the rate of 200 mAg− 1 for 
Na ion battery and 151 mAhg− 1 at the rate of 50 mAg− 1 for K ion battery 
respectively. M-KTO also shows high rate capacity of 88 mAhg− 1at 300 
mAg− 1 after 900 cycles [285]. Shukla et al. investigated the electro
chemical characteristic of S-functionalized Nitride Mxenes V2NS2 and 
Ti2NS2 as anode materials by first principle method for Li/Na ion bat
teries. They found that the V2NS2 and Ti2NS2 exhibits the specific ca
pacity of 308.28 and 299.52 mAhg− 1 for Li ion batteries and 84.76 and 
99.8 mAhg− 1 for Na ion batteries respectively [286]. Zho et al. inves
tigated the VS4 carbon coated VS4@Ti3C2/C nanosheet as anode mate
rial for Mg-ion battery, it exhibits discharge capacity of 492 mAhg− 1 at 
50 mA g− 1 [291]. Li et al. investigated the electrochemical properties of 
VS2/Ti2CO2 and VS2/Ti2CS2 for Li, Mg, K and Na ion battery and they 
have found that VS2/Ti2CO2 and VS2/Ti2CS2 shows strong adsorption, 
low diffusion barrier, high capacity and low open circuit voltage for 
Mg-ion batteries and VS2/Ti2CS2 shows good for Na-ion batteries [292]. 
Zhang et al. prepared a free-standing COF derived porous N-doped 
carbon/MXene paper for Li–S batteries and they have found that it 
shows good storage capacity with excellent cyclic stability 584 mAhg-1 

after 100 cycle [293]. Wei et al. prepared a flexible and freestanding 
MXene/COF framework for Li–S batteries and found that it does not 
raise issue regarding Li dendrites, high chemical reactivity, large volume 
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changes, and unstable SEI [294]. Fan et al. investigated the electro
chemical potential of V3C2 as an electrode material for metal-ion (such 
as Li, Na, K, and Ca) battery application. Calculation shows that V3C2 
shows excellent storage capacity 606.42 mAhg− 1 for both Li and Na ions 
battery compared to 269.86 mAhg− 1 for K and 539.71 mAhg− 1 for Ca 
ion batteries [317]. Fan et al. also investigated the electrochemical po
tential of phosphorous carbide monolayer (PCx, x = 2, 5, and 6) as anode 
material for Li ion battery. From nudged elastic band calculation it was 
found that for single Li atom diffusion barrier for PC2 is 0.18 eV and it 
was 0.44 eV for PC6 [318]. 

5. Other 2D materials used as an anode 

Ma et al. investigated the new phases of two dimensional transition 
metal borides and named as (MBenes) for Mg-ion battery they have 
taken Sc2B, Ti2B and V2B materials as electrode for MIBs and found that 
these shows the capacity of 3192.81 mAhg− 1, 3018.41 mAhg− 1and 
2853.95 mAhg− 1 respectively [295]. Yuan et al. investigated the elec
trochemical properties of MoS2/M2CS2 (M = Ti, V) heterostructures for 
metal ion batteries they have found that it shows storage capacity of 400 
mAhg− 1 for NIBs and 320 mAhg− 1 for LIBs. This indicate that 
MoS2/M2CS2 (M = Ti, V) heterostructures is more suitable for NIBs 
rather than other metal ion batteries [296]. 

He et al. calculated the storage capacity of 1T-MoS2 monolayer for 
metal ion battery and they have found that Li, Na, Mg shows more 
adsorption and it formed up to 7 layers for Li on 1-T MoS2. The capacity 
exhibits by MoS2 for Li ion is largest (1172 mAhg− 1) compare to other 
metal ions such as Na-ion (335 mAhg− 1) [297]. 

Xu et al. investigated the electrochemical potential of single layer 
silicene nanosheet and found that it exhibits storage capacity up to 1196 
mAhg− 1 without breaking of Si–Si bonds [303]. Zhu et al. investigated 
the electrochemical potential of freestanding silicone, 
graphene-silicene-graphene and graphene-silicine hetrostructure for 
Na-ion batteries they have found that free standing silicene shows good 
storage capacity (954 mAhg− 1) compared to graphene-silicene super
lattice (760 mAhg− 1) [304]. Teng et al. synthesized the ultrathin ZnO 
nanosheet covered by a carbon coating of 5 nm (C–ZnO). Synthesis of 
C–ZnO nanosheet achieved by hydrothermal method followed by CVD 
process where C2H2 used as a source of carbon. When it is used as anode 
for Li ion batteries it exhibits reversible storage capacity of 804 mAhg− 1 

at the rate of 1 Ag-1 after 200 cycles and when used for Na-ions batteries 
it exhibits 100 mAhg− 1 at the rate of 100 mAg− 1 after 200 cycles [305]. 

6. Limitations of conventional 2D materials 

To some extent, all traditional 2D materials suffer from their open 
structure and nanoscale morphology. Many 2D materials have signifi
cant redox activity in intercalation processes and shows good perfor
mance when used as anode for energy storage devices however, they all 
have some drawbacks. Large specific surface area of 2D materials pro
vide more interaction with electrolyte which improve the ions transfer 
but it results in more consumption of electrolyte and forming SEI layer 
causing irreversible capacity in first cycle. Common limitation of 2D 
materials is as follows: Fabrication of controlled 2D materials is very 
difficult, Doping amount and position of doped material are less 
controllable, Mature fabrication techniques of 2D materials is not there, 
Bulk production are not feasible, Buckled structure etc. Furthermore, 2D 
materials often have a significant number of active sites for ion inter
calation, resulting in parasitic electrolyte decomposition [306,307]. To 
overcome these limitations researcher uses different techniques which 
control the doping concenteration as well as doping position, Kawai 
et al. synthesized the atomically controlled boron doped armchair gra
phene nanoribbons of width 7, 14 and 21 [337]. Intermediate assisted 
grinding exfoliation techniques used by Zhang et al. for mass production 
of 2D materials using this method control both the lateral size and 
thickness [338]. 

7. Basic Requirements of 2D promising anode materials in 
battery application 

Anode materials required some basic characteristics for battery 
application. These characteristics are excellent porosity, conductivity, 
durability, light weight, low cost, and voltage compatibility with 
selected cathode. 2D materials improve the electrical conductivity of the 
electrodes. 2D materials often provide the ability to add increased 
gravimetric and volumetric capacities while fine-tuning the electrical 
characteristics [319]. These substances may increase the surface area of 
the electrodes and the amount of active material that is available [320]. 
Pulverization of high-capacity electrodes owing to volume expansion 
and stress buildup during cycling reduces battery cycle life and perfor
mance. A network of 2D materials enveloping electrode particles may 
avoid cracking and increase electrochemical as well as thermal stability. 
10–60 wt % of active materials are employed to improve electrode 
mechanical and electrochemical performance [321]. 

8. Conclusions and outlook 

The synthesis, modification techniques and important properties of 
graphene/composites of graphene and other 2D structures such as TMDs 
and MXene have been summarized, as well as theis applicability for Li, 
Na and K ion batteries. In contrast to bulk material, the unique physical 
and chemical properties of 2D materials, with high surface to volume 
ratio, make them suitable candidates for applications in metal ions 
batteries. Significant improvement in synthesis techniques and in per
formance of electrochemical capacity has been described with the 
engagement of these graphene related 2D materials. N-graphdiyne 
shows specific capacity of 600–900 mAhg− 1 for Na-ion battery, while T- 
graphene exhibits 2232 mAhg− 1, it is three times larger than its capacity 
for Li-ion battery. Till now reported capacity for K ion battery are 1871 
mAhg− 1 when N-TpG used as anode. MoO2 shows very high storage 
capacity for Li ion battery nearly equal to 2513 mAhg− 1. MoO2 shows 
ultrahigh capacity for Na storage capacity of 857 mAhg− 1. ReS2 shows a 
high storage capacity for Na-ion battery 428 mAhg− 1 in comparisons of 
MoS2 and VS2 .VS2 and TS2 shows good storage capacity for K-ion bat
tery, it is nearly equal to 278 and 282 mAhg− 1 respectively. TiCP2 and 
V2CP2 show storage capacity 1264 and 1220 mAhg− 1 and very high 
storage capacity 1767 and 1592 mAhg− 1 for Ti2CSi2 and V2CSi2 for Li 
ion battery. Zr2C shows highest Na-storage capacity among all MXene 
and it is nearly equal to 546 mAhg− 1. Although a significant evolvement 
has been accomplished in the field of synthesis of 2D materials for its 
directions as anode for metal ion battery, reliable mass production with 
high quality is still a big challenge. Furthermore, it desires to be also 
handled the production of freestanding 2D materials like Germanene, 
Borophene and Tellurene, etc. Chemical exfoliation method may be used 
for the construction of large-scale 2D material with high quality. 
Nevertheless, when 2D materials such as MXene and TMDs are 
employed in Li ion batteries, a detailed surface chemistry of MXene and 
reaction mechanisms of TMDs are still not fully understood. Therefore, 
computational techniques would contribute to untangle the final struc
ture, electrochemical properties and mediated reactions. By using den
sity functional theories researchers can be able to developed some new 
2D materials and realize their physical and chemical properties without 
fabrication and when the characteristics of the predicted 2D materials 
shows excellent property required for anode materials then suitable 
fabrication technique used for synthesis. Kawai et al. synthesized the 
atomically controlled boron doped armchair graphene nanoribbons of 
width 7, 14 and 21 [337]. After synthesis of para-boron doped AGNR, 
Liu et al. investigated the Li adsorption, diffusion barrier and open cir
cuit voltage and predicted that it can be used as anode material for Li ion 
battery [339]. The large volume-to-mass ratio exhibited by 2D materials 
results in low volumetric energy density for Li/Na ion batteries as 
electrode material. For example, graphene can be easily re-stacked 
during charging/discharging, resulting in inferior cycling stability. 
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Moreover, the formation of SEI took places due to large surface area, 
contributing to a poor electrochemical capacity. In order to overcome 
those problems, composites based on graphene, TMDs and MXene are 
being explored. 

Functionalization as well as different etching materials have been 
used in the synthesis of pristine MXene to reduce, safety hazards, by- 
products and to develop the electrochemical capacity of those mate
rials. To overcome the charging and discharging rate problems, re
searchers used hetroatom doped 2D materials, it improve the chemical 
potential as well as diffusion barriers of metal ions. 2D materials contain 
large surface areas and lots of active spots, which can be utilized to hold 
several insulated active compounds, like S, red P, and Si. 2D materials 
stabilized the active sites, reduced volume expand and provide suitable 
path for metal ions diffusion. 

The application of graphene, TMDs and MXene or their composites 
for Li/Na/K ion battery are in early stage in addition to the current 
research are far from industrial application. In the near future, it will be 
expected that the challenges mentioned above are tackled with the 
purpose of developing the capacity, cycle life as well as manufacturing 
for industrial application. 
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