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CHAPTER I 

INTRODUCTION 
1 introduction 

 Throughout the past few decades, two-dimensional (2D) materials have 

attracted increasing attention due to their remarkable physical properties. Most of 2D 

materials have layered structure that show significantly different properties comparing 

to their bulk form. Among the 2D materials, Graphene and Transition metal 

dichalcogenides (TMDs) have been widely investigated in both theoretical and 

experimental researches (Novoselov et al., 2004; Wang et al., 2012; Mak et al., 2010; 

Bertolazzi et al., 2011). These layered materials have stacks of strongly bonded layers 

with weak vdW interlayer interactions allowing to exfoliation into 2D layers of 

atomically thin thickness (Novoselov et al., 2005). Graphene is a monolayer 

counterpart of graphite having layered honeycomb structure. An electronic structure 

of graphene has a linear dispersion and charge carriers can be described as massless 

Dirac fermions (Geim and Novoselov, 2007). However, pristine graphene is limited its 

application due to zero energy gap. Hence, the remarkable properties of graphene 

have renewed in thin layer of TMDs which have sizeable band structure crossing from 

indirect in bulk form to direct gap in monolayer form (Kuc et al., 2011). Interlayer 

spacing of TMDs makes them possible for intercalation by metal ions such as alkali 

metals. In 2014, potassium atoms were intercalated into interlayer vdW gap at the 

surface of bulk MoS2 which was investigated by angle-resolved photoemission 

spectroscopy (ARPES) technique reported by Eknapakul and co-workers (Eknapakul et 

al., 2014). It has been investigated that intercalation of alkali metals significantly alters 

electronic structure of TMDs. This approach has shown a potential for tuning the 

electronic structure of layered structure materials. 

 Recently, transition metal carbides and nitrides are almost the latest additions 

to the 2D materials having a graphene-like structure so called MXenes (Naguib et al., 

2011). MXenes exhibit ultra-large interlayer spacing in which Ti3C2-MXenes exhibit the 

original interlayer spacing of 0.977 nm which are greater than that of TMDs (~ 0.3 nm) 

(Luo et al., 2017). Hence, the ultra-large interlayer spacing makes it easier to intercalate 
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ions and attracted huge attention for high-performance capacitors. Furthermore, 

MXenes family have environmental friendly, excellent biocompatibility and 

thermodynamically stable in water so that some of them have proper band structure 

to generate H2 from water by photocatalysis process (Khazaei et al., 2017). Due to the 

unique properties of MXenes, a growing family has been becoming an important 

candidate for many applications such as electrode materials for energy storage devices 

such as alkali metals ion (Li+, K+, Na+) batteries, supercapacitors, ion capacitors, 

hydrogen storage, and hydrogen harvesting material from photocatalytic process 

(Anasori et al., 2017; Peng et al., 2019; Lashgari et al., 2014; Zhao et al., 2015; Sun et 

al., 2018). Restriction in structural features, such as the arrangement of their surface 

functional of MXenes, can, however, be extended further. For this reason, the 

modification of its electronic property, ionic mobility along the surface and so on for 

many applications can then be achieved. Moreover, some of the structural 

configurations and their electronic properties have not been examined yet. As a result, 

the lack of different site combinations for the surface functional groups, which may be 

potential for various property, will be performed in this work. In addition, the structural 

properties, the electronic properties, and Li–ions application for these surface 

configurations for MXenes are focused. We hope that this work will provide more 

insight into MXene's structural and electronic properties and will be the guideline for 

some experimental research in the future. 
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CHAPTER II 

LITERATURE REVIEWS 
2 Literature reviews 

 It is well known that MXenes have attracted a lot of interest as appropriate 

materials for a variety of specialized qualities in both experimental and theoretical 

research. However, the electrical and structural properties of MXenes are still not well 

understood in the scientific literature. In this chapter, we present brief reviews of the 

literature on 2D transition metal carbide and nitrides (MXenes), including structural and 

synthesis reports, reports on tuning intrinsic properties by modifying their structure, 

strong adsorption properties, and layered MXenes Li–ion batteries. This chapter also 

provides more insights into the electronic structure of the literature reviews. 

 

2.1 Transition metal carbides and nitrides (MXenes) 

 MXenes are made by selective etching of certain atomic layers from their bulk 

precursors, such as the MAX phase. The MAX phase is a very large family of ternary 

carbides and nitrides that consist of the chemical compositions of Mn+1AXn e.g., Ti3AlC2 

and Ti2AlC. Because the bonding between M and A atoms is metallic, the separation 

of the Mn+1Xn layers by mechanical technique is not possible. Thus, wet etching, or 

chemical exfoliation of the MXenes synthesis process, such as etching with aqueous 

hydrofluoric acid (HF) or by in situ formation of HF through the hydrochloric acid (HCl) 

and fluoride reaction, is the most widely used method to fabricate them (Naguib et 

al., 2014; Ghidiu et al., 2014; Srivastava et al., 2016). During the chemical exfoliation, 

by removing “A” atom, the MAX phase is transformed into a multi-layered structure 

which will be provided as MXenes, as indicated in Figure 2.1. 
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Figure 2.1 show the structure of MAX phase bulk and MXenes monolayer (a), 

Monolayer of MXenes when selective etching A from MAX phases bulk (b), The periodic 

table and the compound elements of MAX phase bulk (Naguib et al., 2011). 

 

2.1.1 Structure of layered MXenes  

 The chemical compositions of MXenes are given by the formula Mn+1Xn, which 

is later denoted as bare-MXenes, where n = 1, 2, or 3, “M” represents an early 

transition metal, e.g., Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, and Mo, and “X” represents carbon 

or nitrogen. At least three different formulas of MXenes, which are M2X, M3X2 and M4X3 

can be made. Furthermore, three different forms of structures can be achieved, as 

shown in Figure 2.2, which include the following (Anasori et al., 2017). “Mono-M 

elements” consist of only one element of M transition metal in the formulas, for 

example, Ti2C, Sc3C2 and Nb4C3. “A solid solution” consists of at least two different 

elements of M transition metal in the formulas, for example (Mo, Ti)3C2 and (Nb, Sc)2C. 

“Ordered double-M elements” consist of one transition metal involve the outer layers 

and another fills middle layers, for example Mo2TiC2 in which Ti locate at the middle 

layer and be covered by the perimeter Mo layers. Anasori had also presented the 

structural constructing of MXenes in the simple way to understand. The overall atomic 

structure of the M2X, M3X2 and M4X3 MXenes structure is combined with a hexagonal 

close-packed stacking that corresponds to the hexagonal building blocks of their 

precursors, such as the MAX phase. The X atoms are located inside the M close packed 

structure, performing the octahedral interstitial sites. The representation of capital 
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Roman and Greek letters may refer to the M and X positions in the structure, 

respectively. The 𝛼, 𝛽, and 𝛾 positions are vertically directed to the A, B, and C, 

respectively. Therefore, the arrangement of M2X and M3X2 is B𝛾A and B𝛾A𝛽C stacking 

composition, respectively, where the structure of layered M2X and M3X2 is shown in 

Figure 2.3. In addition, the arrangement of M4X3 is B𝛾A𝛽C𝛼B stacking composition. For 

the double layer structural form, B𝛾A-A𝛾B for M2X-M2X, B𝛾A𝛽C- C𝛽A𝛾B for M3X2-

M3X2, and B𝛼C𝛽A𝛾B-B𝛾A𝛽C𝛼B for M4X3-M4X3 ordering are presented. 

 

 
Figure 2.2 show three different structure including mono-M elements, a solid solution 

of at least two different M element, or ordered double-M elements, where one 

transition metal involve the outer layers and another fills middle layers can be made 

(Anasori et al., 2017). 
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Figure 2.3 present the structure for (a) M2X layer and (b) M3X2 layer arranging from the 

different M and X atomic compositions and the different possible positions of the 

functional atoms in which locate on the (c) A and B, and (d) C stacking sites of M2X 

layer and the (e) A, and (f) C and B stacking sites of M3X2 layer (Anasori et al., 2017). 

 

2.1.2 Surface functional groups 

 During the etching process, all MXenes samples, which synthesis using the 

acidic-fluoride-containing solutions, are covered by surface functional groups (Tx) such 

as -O, -F, and -OH. MXenes with the functional groups denote as Mn+1CnTx where Tx 

represents the functional groups. Since none of bare-MXenes are successfully 

synthesized, most of the computational studies usually consider the surface functional 

groups, to evaluate the properties for MXenes. By calculating the electronic properties, 

such as the Formation energy, the computational work can predict the proper site for 

the T atom that will include three possible sites in which the T functional groups can 

be placed on the surface of Mn+1Xn MXenes which is A, B and C stacking sites as 

indicated in Figure 2.4. 

 

2.1.3 Synthesis and single-layer delamination of MXenes 

 The timeline of the experimental exfoliation methods are collected by Alhabeb 

that would provide a guideline for synthesis of MXenes, as indicated in (Alhabeb et al., 

2017). After Ti3C2Tx multilayered MXenes was synthesized by using HF acid for the 

exfoliation in 2011, a variety of different MXenes, such as Ti2CTx, (Ti,Nb)2CTx, (V,Cr)3C2Tx, 
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Ti3CNTx, and Ta4C3Tx, were also successfully made in 2012 (Naguib et al., 2012). In 2013, 

single layers of MXenes were isolated by intercalation and delamination with organic 

molecules (Mashtalir et al., 2013). In 2014, in situ HF etchants such as NH4HF2 or LiF/HCl 

mixture were used as the exfoliation method of Ti3C2Tx (Halim et al., 2014). 

Additionally, the isolation of single flakes of Ti3C2Tx are done by clay-like behavior 

method that sonicate of Ti3C2Tx clay in water (Ghidiu et al., 2014). In 2015, the report 

of using the amine-assisted method or TBAOH for high yield delamination of MXenes 

were achieved (Mashtalir et al., 2015). Furthermore, the ordered double-M elements, 

e.g., Mo2TiC2Tx, Cr2TiC2Tx, and Mo2TiC3Tx, are discovered (Naguib et al., 2015). In 2016, 

delamination and isolation of large single flakes of Ti3C2Tx were achieved through 

optimization of the LiF/HCl exfoliation method, which is referred to MILD (Anasori et 

al., 2015). In 2017, Mo1.3CTx MXenes with ordered divacancies was achieved by 

exfoliating one of the transition metals from in-plane double transition metal MAX 

phase, such as Mo2/3Sc1/3AlC (Tao et al., 2017). 

 

 

 

 
Figure 2.4 present the timeline of synthesized MXenes (Alhabeb et al., 2017). 
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2.2 Tunable properties of MXenes by structural modifications 

 Since MXenes compose of wide chemical and structural variety, these makes 

them competitive among the 2D materials. For this reason, theoretical and 

experimental works report about tunable intrinsic properties of MXenes by either 

structural form modifications or changing their elemental compositions. Additionally, 

the characteristics of MXenes may be altered by structural changes such as (1) adjusting 

the atom type and n-ordering of the "M" transition metals, (2) tuning the "X" atom, (3) 

tuning the "T" surface functional groups, and (4) external influences where examples 

are listed in the following. 

 

2.2.1 Tuning atom type and n-ordering of the “M” transition metals 

 A complex material made of mixture of light and heavy transition metals can 

be chosen from MAX phase before the etching process, which makes it possible to 

tune the number of valence electrons and its electronic property. For example, despite 

Ti3C2Tx is metallic, the Mo-containing in the Ti3C2Tx exhibits semiconductor-like 

properties conforming that changing the layers ordered can affect to the electronic 

properties (Anasori et al., 2015). Based on DFT calculation, the stability properties of 

M' and M'' mixed transition metal of monolayer Mo2M''nCn+1Tx (where M'' is Ti, V, Ta and 

Nb; n = 1 or 2) MXenes are predicted. The result show that Mo2+xM''1-xC2 and Mo2+xM''2-

xC2 and with higher concentration of M'' in the middle layer will provide higher stability 

in the structure. In addition, the comparison of calculating DOS for Mo3C2Tx, Mo2TiC2Tx, 

and Ti3C2Tx also confirmed that DOS of the M' and M'' mixed system shift down to the 

lower energy region leading them to perform lower of the total energy. 

 Recently, Nb-transition metal substitution in scandium-based carbide MXenes 

(ScNbCO2) are performed in term of density functional calculation (Guo et al., 2017). 

Interestingly, by rearranging positional of Nb and Sc transition metal atoms, their 

electronic structures are changed which would be further provided as band engineering 

material. The calculation of partial DOS indicated that dx2-y2 orbital of Nb-atom, which 

below fermi-level (Ef), obtained the charge from the Sc-atom leading it to decrease in 

the energy gaps. By the Nb-doping, a direct energy gap was also obtained that provide 
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the visible light adsorption coefficient to be remarkably improved allowing applications 

such as transistors and optoelectronic devices.  

 In 2017, Zhang symmetrically predicted that Li–ion mobility of bare-M2C 

MXenes, where M is Ti, Zr, Hf, Ta and Mo, are extremely low compared to that of 

TMDs, e.g., MoS2, and graphene as shown in Figure 2.5 (A), (B) and (E) (Zhang et al., 

2017). In Figure 2.5 (A), (B) and (C) show that a tendency of different M transition metals 

atom and the n-ordered layer of M2C affects to a diffusion barrier in transition states 

in which its different of energy range does not greater than 20 meV. However, the 

addition of the functional groups, such as O and F as indicated in Figure 2.5 (D), leading 

the Li–ion diffusion barrier to increase about 10 times to that of nonfunctional groups. 
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Figure 2.5 show the symmetrically prediction of Li–ion mobility of MXenes that 

include the comparison for that of (A)M2C where M is Ti, Hf, and Zr, (B)Ti, Ta and Mo, 

(C) Ti2C where the n-ordering vary by n = 1, 2 and 3, (D)Ti2C with including functional 

atoms (F and O), (E) Ti2C comparing to that of MoS2 and Graphene, (F, G, and H) applying 

the biaxial strain to Ti2C, Ti2CO2, and Ti2CF2, respectively (Zhang et al., 2017). 
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2.2.2 Tuning of the “X” atom 

 M3C2Tx, M3N2Tx and M3CNTx may refer to transition metals carbide (TMC), 

transition metals nitride and transition metals carbonitride, respectively. Some report 

shows a different electronic properties of different X atom such as the following 

example. The reason of Ti3CNTx becoming higher charge capacitance than Ti3C2Tx 

compound, by replacing N to C atoms of Ti3C2Tx, was explained (Jindata et al., 2021). 

In details, the first experimental observation of the spectroscopic signature of negative 

electronic compressibility (NEC) in MXenes and theoretically calculations were 

confirmed that Ti3CNTx allowing more charge to be stored in the material, as indicated 

in Figure 2.6(b) and (c). In addition, the hybridization of titanium-nitrogen bonding in 

Ti3CNO2 helps to promote the available states of Ti atoms for gaining more electrons 

above the fermi level, as indicated in Figure 2.6(a), which could be applied to enhance 

energy storage materials.  

 

 
 

Figure 2.6 indicate (a) comparison of DOS between Ti3CNO2 and Ti3C2O2, and 

calculations of  the charge density difference upon electron doping of 0.5e per 

supercell of (b) Ti3CNO3 and (c) Ti3C2O2 (Jindata et al., 2021). 
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2.2.3 Tuning of the “T” surface functionals groups  

 Some of reports showed that optical response, crystal structure, and electronic 

structure may strong dependence on the surface functional groups and its position 

offering possibilities for surface state engineering (Bai et al., 2016; Lashgari et al., 2014). 

Recently, the report of electron energy-loss spectroscopy in scanning transmission 

electron microscope (STEM) (Karlsson et al., 2015; Wang et al., 2015), high-quality 

neutron total scattering (Wang et al., 2016), and NMR spectroscopy (Hope et al., 2016) 

in the surface functional groups of Ti3C2Tx MXenes compound were presented. As a 

result, the studies confirmed that a random distribution of the Tx on MXenes surfaces 

is preferable than a certain kind of functional group. Interestingly, the surface functional 

groups on the layer of Ti3C2Tx MXenes had been selected by increasing the 

temperature during the synthesis process (Persson et al., 2017). As indicated in Figure 

2.7, the organization of the surface types on Ti3C2Tx-MXenes were accomplished as a 

function of temperature in which the functional F was found to be predominate over 

the functional O at room temperature. Furthermore, the F functional desorbs, and the 

O functional moved to the alternative site after the temperature over 550°C. 

 Furthermore, some reports presented that the properties may depend on the 

Tx functional atom type. Although, both MAX phase bulk and bare-MXenes are all 

reported to be metallic (Barsoum and Radovic, 2011; Khazaei et al., 2013; Khazaei et 

al., 2014), eight types of MXenes with functional groups transforming to semiconductor, 

including Sc2C(OH)2, Sc2CF2, Sc2CO2, Ti2CO2, Zr2CO2, V2CF2, V2C(OH)2 and Hf2CO2, were 

provided (Tang et al., 2012; Zhang et al., 2015; Hu et al., 2014; Khazaei et al., 2013). 

Figure 2.9 depicts the DOS of bare-Sc2C, Sc2CO2, and Sc2CF2, whereas Figures 2.9(c) and 

(d) illustrate different functionalization positions, indicating the transformation of 

metallic to semiconductor by the presence of the F or O atom. Additionally, the 

electronic and optical properties of pristine and functionalized of monolayer Ti2C and 

Ti3C2 with F, OH, and O were theoretically examined (Bai et al., 2016). The total density 

of state (TDOS), as shown in Figure 2.8, indicates that the monolayer of Ti2C, Ti2CT2, 

Ti3C2 and Ti3C2T2 (where T is O, F and OH functional groups), except Ti2CO2, have DOS 

around the fermi energy exhibiting electronic conduction behaviors. Whereas Ti2CO2 is 

the one that has a narrow band gap because of, although, the DOS at Ef are mainly 
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dominated by Ti-d state in bare, F and OH functional of Ti2C, the O-p state take place 

in the valence bands from -6.0 eV to 0 eV, in which strongly hybridize with both Ti-d 

and C-p state, leading Ef to shift downward to the narrow gap. 

 Compositions of the surface functional groups can also affect their electronic 

properties. For example, by calculating the band structure in the Sc base MXenes, 

despite Sc2CO2 are reported to be semiconductor for a-II and a-III model of O functional 

group configurations, a-I model perform conducting behavior (Guo et al., 2017). The 

bond length between Sc and O of the a-I model is shortest among others which may 

affect to the electronic orbital at the Femi energy of the electronic structure as shown 

in Figure 2.10. 

 

 
 

Figure 2.7 show (a) bare-Ti3C2 surface and O functional atoms occupying on (b) the 

bottom surface, (c) the top surface, and (d) both bottom and top surface of Ti3C2 of 

false color STEM image of a single Ti3C2Tx sheet after heating 700˚C (Persson et al., 

2017).  
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Figure 2.8 show the calculated DOS of bare-Ti2C, Ti3C2, Ti2CT2 and Ti3C2T2, where T 

include F, O and OH (Bai et al., 2016). 

c. d. 

e. f. 

g. h. 

a. b. 
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Figure 2.9 DOS of (a) bare-Sc2C, (b) the a-I model of Sc2CF2, (c) the a-I model of Sc2CO2, 

and (d)the a-II model of Sc2CO2 (Khazaei et al., 2013). 

 

  
Figure 2.10 show the comparison of the electronic structure by different of surface 

functional configurations of the O atom. model a-I present conductor with no energy 

gap whereas model a-II and a-III are semi-conductor with 2.965 eV and 3.118 eV, 

respectively (Guo et al., 2017). 
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2.2.4 External effects 

 Generally, applying strain, external charge, electric field, and impurity may 

affect to the electronic structure, ionic mobility, and charge distribution on the surface 

of materials (Van de Walle and Neugebauer, 2004; Schedin et al., 2007; Zhang et al., 

2017). Zhang reported that, by applying strain to the layer of Ti2C, Ti2CO2 and Ti2CF2, 

the significant change of Li–ion mobility was simulated as shown in Figures 2.5(F), (G) 

and (H). Lee and co-worker symmetrically reported that tuning of indirect-direct energy 

gaps was done by applying strain to monolayer Sc2CO2 allowing high carriers mobility 

in a novel optical nanodevice (Lee et al., 2014). Effects of strain on bulk and few layer 

semiconductors may result in tunable electronic structure as well (Peelaers and Van 

de Walle, 2012; Desai et al., 2014; Fan et al., 2015; Chang et al., 2013; Su et al., 2014). 

Moreover, the tuning of indirect-direct band structure in 2D semiconductors were 

systematically investigated to greatly enhancement of the absorption coefficients in 

low photon-energy range (Miao et al., 2017).  

 

2.3 Strong adsorption properties of MXenes 

 The spontaneous intercalation of cations from aqueous salt solutions, including 

Na+, K+, NH4+, and Al3+, had been demonstrated on between Ti3C2 layered MXenes and 

found that these variety of cations co be intercalated electrochemically, offering 

capacitance in excess of 300 Fcm-3 (Lukatskaya et al., 2013). In addition, because of 

MXenes exhibiting ultra large interlayer spacing, it was easily intercalate for Li+, K+ and 

Na+ ions performing good performance for energy storage material (Anasori et al., 

2017). The alkali, alkaline earth, and some lanthanide ions, which do not directly 

contribute to the band formation, can be able to construct for the crystal structure by 

intercalation process. Moreover, based on the calculation of the formation energy, Li 

et al. revealed that almost all the transition metal atoms, excepting Cd and Hg, in gas 

phase were strongly absorb on the surface of Sc2CO2, Nb2NO2 and Ta2NO2 (Li et al., 

2018). Because of the intercalation of chosen light and heavy transition metals ion into 

MXenes were possible, MXenes may provide as a candidate for next-generation energy 

storage devices such as alkali ion battery and metal ion capacitors. Furthermore, 
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electrically conducting with polymers and transition metal oxides such as RuO2, also 

provided higher volumetric and areal capacitance in macro-porous Ti3C2Tx films 

(Lukatskaya et al., 2017). 

 

2.4 Li–ions applications 

 Energy harvesting and storage materials are a key development of today’s 

technology such as Li–ion batteries (LIB) for transportation and energy storage devices. 

Since, graphene had involved high electrochemical properties of anode material for 

rechargeable LIBs, such as the large surface areas, low migration barrier and board 

voltage windows (Yoo et al., 2008). However, extensive research has been attempted 

to explore and develop new anode materials with higher capacities and long-lasting 

than current. Furthermore, other graphene-like 2D materials, such as transition metal 

dichalcogenides (TMD) (Jing et al., 2013) and MXenes (Mashtalir et al., 2013), have also 

been widely studied exhibiting high specific capacity and extremely high charging rates. 

To date, it is still a challenge to obtain a satisfactory electrode with good electrical 

conductivity, excellent cycling stability, and high-rate capability. 

 

2.4.1 Reviews of MXenes as Li–ions applications 

 Since, MXenes compose of wide element compositions and provide of tunable 

structure, the competitive among the 2D materials make them popular in the 

worldwide research especially in energy storage application. In 2012, the reversible 

capacity of layered Ti2CTx had been reported, at 1 C, to be 110 mA∙h∙g-1 after 80 cycles 

(Naguib et al., 2012). Furthermore, Nb2C and V2C with functional groups (f-Nb2C and f-

V2C) are experimentally reported as promising electrode materials for LIBs which 

achieve high charge-discharge rate of reversible capacities of 170 and 260 mA∙h∙g-1 at 

1 C cycling rates, respectively (Naguib et al., 2013). A large capacity of first cycle 

capacity of V2CTx of ~380 mA∙h∙g-1 is obtained while that of Nb2CTx is obtained to be 

~422 mA∙h∙g-1. In addition, high theoretical capacitance of single layered Nb2CO2, 

V2CO2 and Ti2CO2 had symmetrically predicted to be 233-250, 335-367 and 350 mA∙h∙g-

1, respectively (Eames and Islam, 2014; Xie et al., 2014). 
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 The calculated diffusion barriers of MXenes, particularly for bare-M2C MXenes, 

are expected to be remarkably low, ranging from 0.01 to 0.05 eV. However, because 

no bare-MXenes have been synthesized, the theoretical predictions usually take 

functional-MXenes into account. For example, Ti2CO2 and Ti2CF2 are achieved the 

value around 0.10 and 0.18 eV, respectively. Gravimetric capacity, diffusion barrier, and 

volume expansion of Li intercalations into lightweight multilayer MXenes are 

investigated as described in Table 2.1 (Ashton et al., 2016). Surprisingly, the gravimetric 

capacitance predictions of Ti2CO2 and V2CO2 in bilayer form are quite consistent with 

the experimental values.  
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Table 2.1 Theoretical prediction for the LIBs and experimental information. 

Material 

Theoretical calculations  Experimental data 

Gravimetric 

capacitance (mA∙h∙g-1) 

Diffusion 

barrier by CI-

NEB (eV) 

Reversible capacity 

(mA∙h∙g-1) 

graphite 372 0.3 350 

graphene - 0.152 7  

M2C (M: Sc, Ti, V) 400-500 4 ~0.015 (M: Ti) 7 - 

M2C (M: Zr, Nb, Mo) 200-300 4 ~0.020-0.035 7 - 

M2C (M: Hf, Ta) 100-150 4 ~0.02 7 - 

Ti2CTx multilayer - - 110 1 

V2CTx multilayer - - 260 2 

Nb2CTx multilayer - - 170 2 

d-Ti2CTx  - - 410 3 

d-Ti2CO2 350-383 4,5 0.18 7 - 

d-V2CO2 335-367 4,5 - - 

d-Nb2C2 233-250 4,5 - - 

Ti2CO2 multilayer 192 6 0.63 6 - 

V2CO2 multilayer 276 6 0.82 6 - 

1(Naguib et al., 2012), 2(Naguib et al., 2013), 3(Mashtalir et al., 2013), 4(Eames and Islam, 2014), 5(Xie et al., 2014), 

6(Ashton et al., 2016), 7(Zhang et al., 2017) 
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2.4.2 Key development of MXenes as electrode material for LIBs  

 Theoretical studies can help to identify the post promising properties of 

materials for LIBs, such as gravimetric capacitance, Li–ion mobility, and calculated 

voltage. Furthermore, increasing of theoretical gravimetric capacitance for Li–ions are 

one of the main propose of the future theoretical study. Because of the theoretical 

gravimetric capacitance is calculated by the number of Li–ions adsorbed on the 

surfaces, from the binding energy calculation, divided by the formula weights in one 

unit-cell, the compound with low weight and high adsorption properties will perform 

high gravimetric capacities. For example, it was found that in terms of theoretical 

gravimetric capacity, MXenes with low formula weights, e.g., Sc2C, Ti2C, V2C and Cr2C, 

were the most promising among all MXenes. This was also relevant to M2X electrodes, 

which were expected to perform at higher gravimetric capacities than their M3X2 and 

M4X3 counterparts. Identically, there are some experiments that have confirmed that 

the gravimetric capacity for Li–ions of Ti2CTx is more than 50% higher than that of 

Ti3C2Tx in the same preparation condition. (Naguib et al., 2012; Mashtalir et al., 2013). 

Moreover, all the O-functional MXenes, where M is Sc, Ti, V and Cr, was also predicted 

to be higher capacity among other functional groups, such as F and OH, which feasible 

for Li–ion storage (Eames and Islam, 2014; Xie et al., 2014). 

 In the experimental aspect, delamination of any 2D material is necessary for 

exploring its adsorptions properties. The intercalation of surface functionalized f-Ti3CO2 

MXenes had been found that intercalated by hydrazine, and its co-intercalation with 

N, N-dimethylformamide, resulted in increases the c-lattice parameters from 19.4 Å to 

~30% and ~37%, respectively (Mashtalir et al., 2013). By increasing of interlayer spacing 

from the delamination process, the performance of the f-Ti3CO2 MXenes as anode 

material in Li–ion batteries show excellent capacity at extremely high charging rates as 

shown in Figure 2.11. The measurement of the specific capacity of d-Ti3C2 obtained a 

capacity of 410 mA∙h∙g-1, which was 4 times higher than that of f-Ti3C2. Therefore, some 

theoretical works attempt to guide the delamination of multilayers to a single layer, 

such as the metal-intercalation model, by increasing the interlayer spacing. 

 On the other hand, in theoretical study, the voltage calculation is commonly 

used, with a positive result indicating that Li ions intercalation is a desirable reaction 
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for LIBs. Systematically calculation of the relation between theoretical gravimetric 

capacity and calculated voltage of Li2M2C(OH)2, Li2M2C(O)2, Li2M2C(F)2, Li2M2CH2, and 

Li2M2C2, where M is Hf, Ta, Zr, Nb, Mo, Sc, Ti, V, and Cr early transition metal, were 

reported (Eames and Islam, 2014). As a result, high capacitance was found to be 

exhibited by Sc, Ti, V, and Cr-based MXenes, whereas the structure composed of F, 

OH, and H functional groups exhibited a low calculated voltage and was not preferable 

as an electrode for the LIBs. The charge density difference for Ti2CH2Li2 in Figure 2.13 

indicates that the surface cannot acquire large amounts of electron density, which 

restricts the amount of lithium adsorption atoms on the surface, which relates to an 

unfavorable voltage of below 0 V as shown in Figure 2.12. Therefore, the most 

promising group of MXenes that are predicted to have more than 200 mA∙h∙g-1 and a 

preferable voltage above 0 V are compounds containing light transition metals, such 

as Sc, Ti, V, and Cr, with O-functional groups. 

 In general, the theoretical Li-ion mobility can assure the experimental charging 

rate in the electrode. Decreases in the diffusion barrier would enhance the Li-ion 

mobility on the material's surface. For example, in the theoretical prediction as 

indicated in Figure 2.5(F, G, and H), the applying of the biaxial strain to Ti2C, Ti2CO2 and 

Ti2CF2 monolayer as well as decreasing of the n-ordering of M transition metal atom 

results to higher of the Li–ion diffusion barrier. Moreover, it has also been 

symmetrically observed that the decreasing of the diffusion barriers of the VnCn+1O2 

MXenes was related to the volume expansion of the unit cell and the raising of the n-

order of M transition metals. (Ashton et al., 2016). However, electronic structure, for 

example, the electronic charge state of the system that can be indicative of more 

physical insight, is still waiting to be investigated. 
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Figure 2.11 presents the specific capacity of exfoliated and delaminated of f-Ti3C2 

where inset shows SEM image of delaminated f-Ti3C2 film (Mashtalir et al., 2013). 

 

 

 

 
Figure 2.12 indicate systematically calculation of the relation between theoretical 

gravimetric capacity and calculated voltage of Li2M2C(OH)2, Li2M2C(O)2, Li2M2C(F)2, 

Li2M2CH2, and Li2M2C2 where M is early transition metals (Eames and Islam, 2014). 
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Figure 2.13 show Charge density difference after Li intercalation of (a) Ti2CH2 and (b) 

Ti2CO2 where red indicate decreasing of charge density, and dark blue indicate 

increasing of charge density (Eames and Islam, 2014). 
 

2.4.3 Future research perspective for MXenes 

 From the literature reviews, we found that the tunable structural properties 

will be importance for the development of the LIBs anode of MXenes. The structural 

and electronic properties, and Li–ion characteristic of anode materials for LIBs were 

investigated theoretically in this thesis by altering the M transition metal carbides with 

Sc, Ti, V, Nb, or Cr, and including O and F as the functional groups of M2CT2 MXenes. 

In addition, positions of T functional atoms of two side in the monolayer of MXenes 

which will be constructed in many configurations, are considered as the surface 

modification in these studies. Moreover, we point out all possible configurations the 

monolayer structure that will later be provided into bilayer configurations in which 

symmetry and asymmetry in bilayer are presented. The significant of bilayer study may 

refer to, even though the monolayer can be chosen as the ionic insertion structure, 

but it is not enough to cover overall effect between two different enclosed layer and 

the ionic insertion. 
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2.5 Research Objectives 

- In this research, we would like to study the structural and electronic properties 

of MXenes from a theoretical perspective.  

- Beyond the monolayer-structure, to investigate the variety of structural 

configurations from their surface combinations, we will further investigate the 

bilayer-structures of the selected compounds of MXenes family for Li–ions 

battery application. Moreover, the electronic properties will be performed in 

the systems. 

- We will address intercalation with alkali metals and transition metals, and 

charge impurities on to the selected MXenes by mainly focus on a tendency 

of the structural and electronic properties.  

- Other properties (such as structural parameters, formation energy, density of 

states, band structure, etc.) that can be compared with experiments will be 

calculated as well. 

 

2.6 Scope and Limitations of the Study 

 This research will cover the theoretical study of selected transition metal 

carbide compounds, especially Sc, Ti, V, Cr, and Nb based transition metals with the 

oxygen and fluorine surface functional groups provided as M2CT2 for both monolayer 

and bilayer structure. Using first-principles calculations based on DFT, the metals (Li, 

Be, Mg, Ca, Na, and K atoms) and non-metal (such as sulfur atom) intercalated into the 

selected bilayer system are simulated. The electronic and ionic mobility properties of 

MXenes systems with and without intercalation will be investigated. The calculations 

will employ GGA exchange correlations and the DFT-D3 method of Grimme to treat 

properly the van der Waals interaction. It is widely known that DFT calculations yield 

precise mechanical characteristics and reliable total energy outputs. However, the 

many-body interaction approximation causes the electronic band structure utilizing 

the Perdew-Burke-Ernzerhof (PBE) version of the generalized gradient approximation 

(GGA) for the exchange-correlation functional to be undervalued. 
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2.7 Expected Results 

 We expect that different structural configurations of the selected MXenes will 

indicate a significant feature of electronic properties. On the other hand, we expect 

that some intercalation atoms inserted into the material will improve the diffusion 

properties of Li–ion. As a result, we hope that this work will provide useful information 

about the properties of 2D materials and encourage the development of next-

generation energy storage devices. 
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CHAPTER III 

THEORETICAL BACKGROUND 
3 Theoretical background 

 Advanced computational systems and highly developed computational 

techniques open an opportunity to study many physical and chemical properties of 

various materials. The “first-principles calculations” or “ab initio calculations” based 

on quantum mechanical calculations and density functional theory (DFT) are the 

theoretical methods for investigating physical and chemical properties of materials 
(Kresse and Hafner, 1993). Without taking any parameters from experiment in 

calculations except some fundamental information such as the number of atoms in 

the systems etc., DFT calculations allow one to obtain many properties of materials. 

Therefore, this chapter provides an overview of theoretical research and the historical 

timeline used to develop DFT. Based on Quantum mechanics, the many bodies 

problem and their interactions are also introduced. Furthermore, DFT that was 

developed to simplify electron interactions in terms of exchange-correlation, hence 

reducing the complexity of electron interactions are also included. 

 

3.1 Many-body problem and Schrödinger equation 

 Basically, physics of condensed matter could be obtained from the interactions 

of positively charged nucleus and negatively charged electrons. Quantum mechanics 

is the branch of physics that describes the interactions between nuclei and electrons. 

The quantum mechanical wave function of the Schrödinger equation, which governs 

the dynamics of a time-independent non-relativistic system, can be used to derive the 

matter characteristics of any system (Schrödinger, 1926). In the hydrogen atom system, 

the simplest example of the Schrödinger equation is as follows: 

  3.1 − !
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2m
∇2 − e2

4πε0r1
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Where  is the kinetic energy of the electron,  is the potential due to 

the nucleus and  is the electron wave function (probability distribution of electron 

position), and  is the total energy of the electron. A single electron and a nucleus 

are separated by the distant . There are multiple solutions, each defined by the set 

of quantum numbers: the principle quantum number ( ), the orbital angular 

momentum number ( ) and the magnetic quantum number ( ) in terms of wave 

function . When the equation is extended to the Helium atom system, it 

becomes more complicated. Because Helium has two electrons and one nucleus, the 

Hamiltonians for the first and second electrons can be split, resulting in the following 

Schrödinger equation: 

   3.2 

We have three distance to consider , , and (distance between the two 

electrons).  is the cross term between them and the operator can be spelled out 

as  

3.3 

where  is the problem that comes in. We must consider the interaction 

between two electrons.  

 In fact, we cannot simply solve this equation analytically. In general form, the 

full multi-electron and multi-nucleus Schrödinger equation for a N-atom and n-

electron is defined as 

.       3.4 

The wave function can be written in terms of  and  which are the 

positions of nuclei and electrons, respectively. The Hamiltonian is given by  

. 
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Here, the first term is the kinetic energy of the ions, the second term is the potential 

energy of the ions, the third term is the kinetic energy of the electrons, the fourth term 

is electron-ion interactions, and the last term is electron-electron interactions. 

3.2 Density functional theory 

 It is a challenge task for calculation due to large number of atoms and even 

larger number of electrons. The density functional theory (DFT) based on Kohn-Sham 

equations (Kohn and Sham, 1965) introduced to reduce the complication of the 

interactions between electrons by simplifying the electrons interactions in term of 

exchange-correlation. 

 

3.2.1 Born-Oppenheimer Approximation 

 The Born-Oppenheimer approximation (Born and Oppenheimer, 1927) is based 

on the assumption that the electrons in a system move on a much faster time scale 

than the much heavier nuclei, and thus they adjust their positions “instantaneously” 

in response to such atomic motion. This simplifies the Schrödinger equation to a multi-

electron equation in the presence of a potential due to fixed atomic nuclei . The 

Hamiltonian of the system from Eq. 3.5 can be written as:  

   3.6 

However, according to Eq. 3.6, a 3N-dimensional problem has to be solved, where N 

is the total number of electrons in the system. We still need to figure out a good way 

to account these interactions within the system. If we try to solve the many body 

problems numerically, we still quickly run into trouble and waste on computational 

time. The Density functional theory (DFT) finally came along that was formulated by 

Walter Kohn who won the Nobel Prize in 1998 (Kohn and Sham, 1965). Basically, the 

density functional theory (DFT) mentions that working with the wave functions with 3N 

variables is very complicated. Ideally, in the ground state, all aspects of the electronic 

structure of the interacting electrons system in an “external” potential, due to the 

nuclei, are determined by electron density  which can be written as:  
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   3.7 

where N is the total number of electrons in the system. 

 

3.2.2 The Hohenberg-Kohn theorem 

 The two basic theorems of the Hohenberg-Kohn theorem are: 

• The first Hohenberg-Kohn (Hohenberg and Kohn, 1964) theorem establishes that 

for any external potential, there is a unique ground state electronic density. 

• This implies that the ground state electronic density determines all the 

properties of the system. 

The first Hohenberg-Kohn theorem can be proven by supposing that there are two 

potentials, differing by more than a constant, that yield the same ground state density. 

The expectation value of the energy is defined as  

 .  3.8 

Assume that two external potentials (two Hamiltonians) with the same ground state 

charge density  are written as:  

   3.9 

and 

  . 3.10 

From the variational principle (Sakurai, 1994), if the expectation value of the energy for 

a given Hamiltonian is computed operating on the wave function which is not the 

ground state, an energy value greater than the ground state energy will always be 

received. From Eq. 3.9 and 3.10, can be denoted as: 

   3.11 

and  

   3.12 

By substituting  and  back into Eq. 3.11 and 

3.12 then we get  

   3.13 

and  
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   3.14 

It can be concluded that , which is obviously false. 

 The second Hohenberg-Kohn theorem can be proven by showing that this 

leads to a contradiction involving the expectation values of the energy. The DFT 

theorem implies that we can determine the ground state energy  of an interacting 

electron system in terms of the charge density, . The energy functional can be 

defined as 

  

 3.15 

 where  is the kinetic energy of a homogeneous non-interacting electron gas, 

 is the energy due to the external potential,  is 

the Hartree energy, and  is the exchange-correlation energy. The exchange 

correlation energy basically includes all the stuff. Therefore, it can be concluded that 

the interesting part of the kinetic energy is included in the exchange energy which is 

related to the Pauli exclusion principle (Pauli, 1925). Moreover, it also includes the 

correlation energy, which is related to Coulomb repulsion, and overall spin and 

symmetry in the system. Finally, it also includes the self-interaction correction. 

 

3.2.3 Kohn-Sham equations 

 To find the wavefunctions that minimizing the total energy, the variational 

principle must be performed. A functional derivative lead to the Kohn-Sham equations 

(Kohn and Sham, 1965) can be written as  

   3.16 

where  and  are the single-electron Kohn-Sham orbitals and energies 

respectively. We must solve N single-electron equations for non-interacting electrons 

in an effective potential due to the nuclei and the other N-1 electrons. 
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Figure 3.1 Illustration of the formally equivalent between the density functional 

theory (DFT) and the traditional quantum mechanics. 

 

3.2.4 The exchange-correlation energy 

 In principle, DFT is an exact formulation with no approximations. One can find 

exact solutions to the Schrödinger equation if one knows the form of the potential: 

   3.17 

where  is the “external” potential generated by nuclei acting on the electron. 

Unfortunately, we do not know the exact value of  which can be defined 

as  

   3.18 

The Kohn-Sham equations (Kohn and Sham, 1965) from Eq. 3.16 can be written with 

the ground state energy  as  

   3.19 

If  and  are neglected, the Kohn-Sham equations are reduced to 

the self-consistent Hartree equations. In addition, the Many-body effects are already 

included in  and . In practice, the main approximations for exchange 

correlation energy  are listed in following (Calais, 1993). The most 
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commonly used approximations based on DFT are the local density approximation 

(LDA) (Ceperley and Alder, 1980) and/or generalized gradient approximation (GGA) 

(Perdew et al., 1996). Alternatively, hybrid functionals constructed by mixing Hatree-

Fock (HF) exact exchange energy (Becke, 1993) generally provide better accuracy for 

band structure and total energy but the methods are more computationally intensive 

than LDA or GGA (Hafner, 2008). 

 a. The Local Density Approximation (LDA) 

 The local density approximation (LDA) computes the exchange-correlation 

energy for a more simplified system than the actual one. it is a good approximation if 

the charge density does not change very rapidly in the system. The exchange-

correlation energy can be written as  

   3.20 

where  is the exchange-correlation energy per particle of uniform electron 

gas of density . The exchange-correlation energy can be defined as: 

   3.21 

where  and  are the exchange energy and correlation energy per 

particle respectively. Dirac’s expression (Dirac and Fowler, 1926) can be used to define 

the exchange energy as  

   3.22 

The correlation part was estimated by Wigner (Wigner, 1934) as  

   3.23 

 where  is the mean interelectronic distance expressed in atomic unit which is 

defined as . 

 b. The Generalized Gradient Approximation (GGA) 

 The generalized gradient approximation is used to improve the LDA. By 

expanding Exc as a series in terms of the density and its gradient , the 

inhomogeneity of density is also considered. This approach is known as gradient 

expansion. The exchange-correlation energy can be written in the following form: 
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   3.24 

Where  is the function’s factor for modifying LDA 

expressions according to the density variation at the considered point. The negativity 

of the exchange density can remarkably improve the quality of exchange energy. A 

modified gradient has been proposed, for instance, BLYP (Becke, 1988), PW91 (Perdew 

et al., 1992), and PBE (Perdew et al., 1996). Perdew, Burke, and Ernzerhof (PBE) 

presented a simplified construction, in which all parameters are fundamental 

constants. 

  3.25 

where , ,  is the PBE exchange enhancement factor, 

 is the exchange dimensionless reduced density gradient, and 

. 

 

3.3 Projector augmented waves 

 In 1994, Blöchl (Blöchl, 1994) proposed the projector augmented waves (PAW) 

to create a smooth wavefunctions ( ) by the transformation operator ( ) which 

made a linear transformation relating between all electron wave function ( ) to the 

smooth wave function defined as:  

 .  3.26 

The whole electron wavefunction ( ) can be written as:  

   3.27 

where  is a localized all electron partial wave for state ,  is a localized 

smooth partial wave for state , and  is the localized projection operator. The 

transformation operator ( ) can be written as:  

   3.28 

The transformation operator can be used to add back the core potential of all electron 

wave functions to the smoothed wavefunctions. Additionally, the equation can be 
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applied equally well to core and valence states so that applying this equation to all 

electron state can derive all electron results (Martin, 2004). 

 

3.4 Plane waves  

 The Blöchl’s theorem presented the plane waves (PWs) or the Blöchl wave 

functions for the solutions of the Kohn-Sham equation. The plane waves are given by  

   3.29 

The wave functions in terms of , times a function of periodic function,  

(Kittel, 1982). The periodic part of the wave function can be expanded in term of a 

special set of plane wave:  

   3.30 

where  is the plane wave basis set, the summation is over the reciprocal lattice 

vectors (giving by  for all integers ). This means that solving 

for  at each point in k-space requires the summation over an infinite number 

of  vectors. Combining these two equations gives: 

   3.31 

The function  are solutions of the Schrödinger equation and the lower energy 

solutions are more physically relevant than very high energy solutions. Therefore, the 

reciprocal lattice vectors are included only that lead to solutions with kinetic energy 

less than some cutoff energy which defines as  

 . 3.32 

 

3.5 Pseudo wavefunction and Pseudopotential 

 The atomic orbitals are calculated by employing the single particle’s, the Kohn-

sham equations, and the wave functions, then the energy for all electron orbitals of 

the atomics are obtained. This is called “all electron calculation”. However, performing 

all electron calculation for larger systems is very expensive. The wavefunctions for the 

lower energy states, e.g., 1s, are spatially localized closer to the nucleus while having 

larger amplitude away from the nucleus for the valence states. All the wave functions 
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also have shaper features closer to the nucleus. The sharper feature in the wave 

functions requires many planes to represent. If the wave function is removed near the 

cutoff radius, (rc) from the nucleus, the wavefunction will have a very smooth behavior, 

which can represent by a few planewaves and the pseudowavefuntion. This method 

yields a result that exactly matches with the all electron wave function (Heine, 1970). 

The pseudopotential approximation basically has two main parts. The first part only 

treats the valence electrons explicitly and the second part treats nucleus plus core 

electrons which produces an effective or “pseudo” potential. The pseudopotential 

matches exactly with the core potential in larger range than the cutoff radius as show 

in Figure 3.2. 

  
Figure 3.2 Schematic illustrations of comparison of a wavefunction in the Coulomb 

potential of the nucleus (dashed blue) to the one in the pseudopotential (solid red). 

Above of the certain cutoff radius  represents a radius that the real and the pseudo 

wavefunction and potentials match (Quester, 2006). 

 

3.6 Van der Waals approximation 

 In some cases, static density functional theory using LDA and GGA fail to 

describe the structural properties of materials, especially for layered materials, due to 

long-range dispersion interactions, generally denoted as van der Waals (vdW) 

interactions between atoms and molecules. The vdW correction to GGA that are 
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proposed by Grimme, introduces the dispersion force field parameters to the 

conventional DFT, so called the DFT-D3 method (Grimme et al., 2010), are, therefore, 

importance role for the studies of layered material properties. The total energy is 

obtained by adding the term  to the DFT interaction energy as 

   3.33 

where  is the DFT interaction energy estimated using an approximation exchange 

correlation function, and  is the dispersion energy specified for periodic systems 

as two-body interactions, as seen in the equation below. 

   3.34 

where  denote the distance between atom  and atom , and the summations 

apply to all N atoms and all  unit cell translations.  and  specify 

the dispersion coefficient for the atom pair  that are geometry-dependent, as they 

are changed around atoms i and j based on local geometry (coordination number). 

Parameters  can be calculated by .  is a damping function 

that scales the force field so that contributions from interactions within typical bonding 

distances are minimized. In practice, the parts in the  equation relating to 

interactions over distances greater than a specified cutoff radius contribute only a tiny 

portion to  and can be neglected. The DFT-D3 approach employs damping of the 

following equation. 

   3.35 

where , and the parameters , , ,  are fixed at values of 14., 

16., 1., and 1., respectively. The values of  and  are variable parameters that are 

defined by the exchange-correlation functional employed. 
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CHAPTER IV 

RESEARCH METHODOLOGY  
4 Research methodology 

 Based on the approximations in the previous chapter, the Kohn-Sham 

equations can be solved. The solutions provide the ground state electronic 

wavefunctions, electronic structure, and total energy, etc. These solutions enable one 

to calculate the measurable quantities of material, such as lattice constant, band 

structure, electronic structure, density of states, and so on, allowing whether prediction 

or direct comparison that are in good agreement with experiment. The approach and 

details of the calculations performed using DFT calculations are described in this 

chapter. 

 

4.1 Vienna ab initio simulation package (VASP) 

 The first principles calculations will be performed by employing the projector 

augmented-wave (PAW) (Blöchl, 1994; Kresse and Joubert, 1999) method as 

implemented in the Vienna ab initio simulation package (VASP). Based on DFT, the GGA 

functional will be used with the parameterization of Perdew, Burke, and Ernzerhof 

(PBE) exchange-correlation function (Perdew et al., 1996). The vdW interactions, which 

have been effectively employed to layered structures, such as graphene and layered 

MXenes, and are rectified using Grimme's DFT-D3 approach, can be incorporated in the 

VASP (Grimme, 2006; Yarifard et al., 2016; Grimme et al., 2010). The VASP uses self-

consistent scheme to optimize wavefunctions as shown in the flowchart of Figure 4.1. 

After providing the atomic positions and calculation conditions as inputs, the self-

consistent iterative minimization begins with trial charge density ( ) and trial 

wavefunctions ( ), that are generated by assuming from atomic orbitals on each 

atom. Hence, the input charge density and wavefunctions are independent quantities. 

Within each self-consistent loop, the charge density is used to set up the Hamiltonian. 

The effective potential and the energy of the system with the input charge density is 

calculated where the new charge density can further be obtained by solving the Kohn-

inr

nf
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Sham equation. Furthermore, the mixing of the new and previous charge densities will 

be utilized to calculate new energy that may be compared to the old energy. If the 

energy difference ( ) is smaller than the specified accuracy by setting this energy 

value in the INCAR file, iteration is completed and the optimized energy, force, 

equilibrium volume, and so on are obtained. 

 

 
Figure 4.1 The self-consistent scheme used in the VASP code. 

 

4.2 Structural optimization 

 General structure of MXenes has hexagonal unit cell with two equal axes (a 

and b) and a height (c) perpendicular to the base axes. In this research, equilibrium 

volume of pristine MXenes intercalated with alkali metals such as Li, Na, K and Rb will 

be determined by fitting total energy as a function of volume with Rose–Vinet 

isothermal equation of state (Vinet et al., 1989). After that, the ground state 

wavefunctions of the relaxed structures can then be used to calculate the electronic 

structure, density of states, and so on. 

 

4.2.1 Equation of state 

 The solid equation of state (EOS) specifies the correlation between 

thermodynamic variables of compressed solids and is used to investigate 

thermodynamic properties of materials. To describe the EOS, many empirical 

relationships have been presented. The Birch–Murnaghan isothermal equation of state 
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which is a relationship between the volume of a body and the pressure to which it is 

subjected (Murnaghan, 1944; Birch, 1947). Initially, the definition of the energy of a 

compressed system as a Taylor series based on the finite strain is given by 

   4.1 

where  is a finite strain specified by 

 . 4.2 

In the above equation,  is the equilibrium volume of the system. The pressure and 

bulk modulus are respectively defined as  

   4.3 

 . 4.4 

The second order of the equation 4.3 gives 

   4.5 

The isothermal bulk modulus ( ) and pressure derivative of the bulk modulus ( ) 

are further performed by 

   4.6 

  . 4.7 

The third-order Birch–Murnaghan isothermal equation of state is given by 

   4.8 

The internal energy is found by integration of the pressure: 

                .  4.9 

 In this work, Rose–Vinet equation of state, that is a modification on the Birch–

Murnaghan isothermal equation of state, have been generally used for the studies 

(Vinet et al., 1987). The approach explains how the equation only involves four inputs: 

the isothermal bulk modulus, the derivative of bulk modulus with respect to pressure, 
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volume, and thermal expansion, all of which are assessed at zero pressure and at a 

single temperature. The same equation can be applied to all solid’s classes and a wide 

range of temperatures. By giving the volume's cube root as  

 , 4.10 

the equation of state is 

 . 4.11 

 

4.3 Electronic properties 

 The electronic structures are calculated along the high symmetry points in the 

first Brillouin zone (BZ). However, Bloch theorem (Bloch, 1929) which is used in DFT 

calculations builds upon the translational symmetry of the periodic crystal systems. A 

problem arises in the practical use of DFT calculations whenever we encounter with 

systems which the original translational symmetry is broken. Therefore, we must 

employ large supercells whose size determines the periodicity of the band structure 

through the Bloch theorem. This results in a smaller Brillion zone compared with the 

Brillion zone of primitive cell. 

 A self-consistent solution to the Kohn-Sham equations results in many Kohn-

Sham orbitals and the corresponding Kohn-Sham energies (one-electron eigenvalues) 

for the set of k-points. By grouping them according to their orbitals, we can construct 

two very important pieces of information: band structure and density of state (DOS). A 

band structure displays the electronic states only along lines of high symmetry in the 

irreducible Billion zone (IBZ), while a DOS diagram collects electron states in the whole 

BZ. DOS provides the distribution of electronic states in k-space in terms of energy and 

is defined as the number of states at each energy interval that are available to be 

occupied in a band n given by 

 .  4.12 

A high DOS at a specific energy level therefore means that there are many states 

available for occupation. If we integrate the DOS up to the fermi energy, it becomes 

the number of electrons in the system 
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 .  4.13 

 In practice, the DOS calculation is composed of two steps including ground 

state calculation and static self-consistent calculation as show in Figure 4.2. The ground 

state is calculated by self-consistency to get the wave function, the charge density, 

and the magnetic properties. Before the calculation of the ground state, right 

parameters for the material system such as exchange correlation functional, k-points 

and the partial occupancies ( ) need to be performed. In the second step, in order 

to plot DOS with high resolution and more accuracy, the grids in k space (number of 

k-points) is increased and the partial occupancies ( ) is changed to tetrahedron 

method with Blöchl corrections (Blöchl et al., 1994). After that, the charge density from 

the ground state calculation will be performed after 1 iteration loop of the calculation 

(static self-consistency or no Ionics updated). 

 

 

 

 
 

Figure 4.2 The calculation procedure of DOS.  
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CHAPTER V 

STUCTURAL AND ELECTRONIC PROPERTIES OF M2CT2 (M = Sc, Ti, 

V, Nb, AND Cr; T = O AND F) MONOLAYERS  
5 monolayer 

 In this chapter presents the theoretical results and discussion for first principles 

study of structural and electronic properties for monolayer MXenes of M2CT2 (M = Sc, 

Ti, V, Nb, Cr and T = O, F). The equilibrium lattice parameters, total energy, and 

formation energy are included in the structural properties part. Moreover, the density 

of states for different forms of monolayer’s surfaces is investigated. The excellent 

correlation between DOS, formation energy and layer thickness has also been explored 

in discussion. 

 

5.1 Structural properties 

 The monolayer structure of the M2XT2 MXenes (M = Sc, Ti, V, Nb, Cr; X = C; and 

T = O, F) are the interesting component for this study. According to Figure 5.1, the 

possible MXenes' components for the M, X, and T atomic types are represented by 

red, violet, and green colors, respectively, where the border for each color designates 

the chosen type for the study. For the M atomic type, Sc, Ti, V, and Cr are chosen 

based on the periodic table's trend of numbers of electrons in their outer shells, which 

are represented as |Ar|3d14s2, |Ar|3d24s2, |Ar|3d34s2, and |Ar|3d54s1, respectively, where 

Nb (|Kr|4d45s1) has the same number of electrons as V. To investigate the relaxation of 

the M2XT2 monolayer MXenes, firstly, bare-MX2 are chosen as preliminary compound 

with M is Sc, Ti, V, Nb, and Cr. The primitive cell of the structure was used for the initial 

computations to investigate the properties in MXenes compounds. 

 



 
 

43 

 
Figure 5.1 MXenes family is indicated in the periodic table by the red, purple, and 

green regions, which represent the M, X, and T atoms, respectively, and the frame of 

that color denotes the chosen atom in the research. 

 

5.1.1 Computational details  

 The structural parameter of MXenes have been calculated by using VASP as a 

theoretical implement for DFT calculations. The structural properties of the bare-M2C 

and the M2CT2 monolayers (M = Sc, Ti, V, Nb, Cr and T = O, F) are obtained by using 

the projector augmented-wave (PAW) method as implemented in the VASP. The 

Perdew-Burke-Ernzerhof (PBE) approach has been used to account with the form of 

exchange correlation energy in the Kohn-Sham equation. The cutoff energy of the 

plane wave expansion is 500 eV and the Γ-centered Monkhorst-Pack k-mesh of 

12×12×1 is used for the BZ integrations of the calculations of hexagonal-like structure. 

The vdW interactions is also included in the calculations. In addition, the equilibrium 

state of volume and lattice parameter of the compound is revealed by fitting the 

calculated total energy of varying lattice parameters with the equation of state by 

Rose–Vinet. 

 

 

 



 
 

44 

5.1.2 Structural relaxation of the bare-M2C MXenes 

 Because MXenes have a hexagonal structure, the angle between the a-vector 

and the b-vector in the primitive cell is 120 degrees. The c-vector is perpendicular to 

the a and b vectors, and a vacuum spacing of 20 Å has been included to optimize the 

monolayer structure. The initial coordinates of the M1, M2, and C atoms in the primitive 

cell in which T1, and T2 surface functional atoms would be added afterward are listed 

in Table 5.1, with the a and b vectors referring to lattice parameters and the c vector 

referring to layer thickness. The findings reveal that the equilibrium structure of Sc2C, 

Ti2C, V2C, Nb2C, and Cr2C are discovered by fitting the calculations with the Rose–Vinet 

EOS, and its plotting is depicted by Figures 5.2(a), (b), (c), (d), and (e), respectively. The 

global minima of total energy for the Sc2C, Ti2C, V2C, Nb2C, and Cr2C, which correspond 

to the plots in Figure 5.2 , are -22.101, -25.164, -26.545, -29.5162, and -26.239 eV, 

respectively. Moreover, the a-lattice parameters for the Sc2C, Ti2C, V2C, Nb2C, and Cr2C 

are 3.3104, 3.0113, 2.8813, 3.1105, and 2.7780 Å, respectively, which is almost 

equivalent to the reference from Guo (Ti2C ~ 3.082 Å), Zhao (V2C ~ 2.897 Å and Nb2C 

~ 3.135 Å) and Naguib (Cr2C ~ 2.787 Å) (Guo et al., 2015; Zhao et al., 2014; Naguib et 

al., 2014). The structural parameters and total energy of the M2C compound are 

obtained as shown in Table 5.2.  
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Figure 5.2 The finding of an equilibrium structure of Sc2C, Ti2C, V2C, Nb2C, and Cr2C by 

fitting the calculations with the ROSE–Vinet’s equation of state where its plotting is 

represented by (a), (b), (c), (d), and (e), respectively. 

  

a. b. 

c. d. 

e. 
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Table 5.1 indicate the initial structural composition of bare-M2C MXenes. 

Label Coordinate 

 x y z 

M1 2/3 1/3 0.8 

M2 1/3 2/3 0.2 

C 0 0 0.5 

T1 - - 1.0 

T2 - - 0 

 

Table 5.2 indicate the calculation information of structural relaxations of the M2C 

compounds. 

compound a-lattice parameters  

(Å) 

Total energy 

(eV) 

a from Ref. 

Sc2C 3.3104 -22.101 - 

Ti2C 3.0113 -25.164 3.082a 

V2C 2.8813 -26.545 2.897b 

Nb2C 3.1105 -29.162 3.135b 

Cr2C 2.7780 -26.239 2.787c 
a Ref. (Guo et al., 2015) 
b Ref. (Zhao et al., 2014) 
c Ref. (Naguib et al., 2014) 
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5.1.3 Surface functional configurations and structural relaxations 

 By covering the surrounding M atoms with T surface functional atoms on both 

sides of the bare-MXenes surface, the structural configurations are predicted to be the 

preferred position among three alternative sites provided by M, M', and O as indicated 

in Figure 5.3 and Table 5.3. The M and O sites are respectively above the M1, and C 

atoms as represented in Figure 5.3(a) and Figure 5.3(c). The M' site denotes a site where 

the T atom is on top of the hollow site and corresponds to the lower transition metal 

M2 which is indicated in Figure 5.3(b). Furthermore, after choosing the T functional 

atom's available sites, a mixing of T atoms on both sites of the M2C monolayer's surface 

is achievable. As shown in Figure 5.4, six different adsorption site combinations are 

proposed based on structural symmetry. As different types of surface combinations, 

symmetric structure, including MM, M'M', and OO models, and asymmetric structure, 

including MM', M'O, and MO models, are distinguished. Based on the DFT calculation, 

the results of total energy, lattice parameter and layer thickness for all configurations 

of O and F surface functional groups are present in Table 5.4. 
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Figure 5.3 The preferable site of the M2C surfaces that include (a) M, (b) M' and (c) O 

sites. 
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Figure 5.4 Combinations of the M, M' and O surface sites of the functional atoms 

forming M2CT2 structure that present (a) MM, (b) M'M', (c) OO, (d) M'O, (e) MM' and (f) 

MO models. 
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Figure 5.4 Combinations of the M, M' and O surface sites of the functional atoms 

forming M2CT2 structure that present (a) MM, (b) M'M', (c) OO, (d) M'O, (e) MM' and (f) 

MO models. (Continued) 
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Table 5.3 compose of the compositions of T atom on both top and bottom surface 

of the M2C monolayer in the unit cell (where M is Sc, Ti, V, Nb, Cr and T is O, F). 

Label Sites Co-ordinate 

  x y z 

M top surface 2/3 1/3 1 

M' top surface 1/3 2/3 1 

O top surface 0 0 1 

M bottom surface 1/3 2/3 0 

M' bottom surface 2/3 1/3 0 

O bottom surface 0 0 0 
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Table 5.4 indicate the structural relaxation of the M2CT2 monolayers where total 

energy, lattice parameter, and layer thickness are included. 
 Total Energy (eV) Lattice parameters a (Å) Layer thickness d (Å) 

 F O F O F O 

Sc2C       

MM -35.288 -33.740 3.503 3.461 6.003 6.166 

M'M' -38.132 -40.965 3.251 3.220 4.783 4.792 

M'O -37.550 -41.622 3.218 3.410 4.970 3.843 

OO -36.927 -41.498 3.171 3.351 5.180 4.067 

MM' -36.651 -37.482 3.355 3.288 5.350 5.464 

MO -35.993 -37.528 3.301 3.584 5.579 4.610 

       

Ti2C       

MM -38.086 -39.848 3.202 3.344 5.761 5.596 

M'M' -39.794 -45.104 3.042 3.027 4.794 4.437 

M'O -39.678 -44.381 3.004 2.999 4.919 4.609 

OO -39.391 -43.421 2.963 2.953 5.070 4.861 

MM' -38.936 -42.537 3.106 3.141 5.271 4.973 

MO -38.722 -41.739 3.063 3.095 5.394 5.162 

       

V2C       

MM -38.591 -42.437 3.165 3.105 5.328 5.362 

M'M' -39.593 -44.756 2.964 2.882 4.632 4.433 

M'O -39.128 -44.519 2.903 2.847 4.885 4.568 

OO -39.338 -44.160 2.782 2.811 5.134 4.721 

MM' -39.164 -43.397 2.986 2.962 5.092 4.908 

MO -38.668 -43.240 2.903 2.927 5.394 4.999 
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Table 5.4 indicate the structural relaxation of the M2CT2 monolayers where total 

energy, lattice parameter, and layer thickness are included. (Continued) 

 

  

 Total Energy (eV) Lattice parameters a (Å) Layer thickness (Å) 

 F O F O F O 

Nb2C       

MM -41.359 -45.412 3.113 3.307 6.310 5.859 

M'M' -42.491 -48.730 3.184 3.122 4.990 4.634 

M'O -42.068 -48.580 3.015 3.080 5.522 4.797 

OO -42.326 -48.215 2.988 3.032 5.541 4.990 

MM' -42.008 -46.833 3.187 3.181 5.540 5.271 

MO -41.827 -46.702 3.045 3.149 5.927 5.378 

       

Cr2C       

MM -37.611 -41.543 3.140 3.116 5.109 5.029 

M'M' -37.829 -42.709 3.012 2.768 4.299 4.625 

M'O -37.372 -43.018 2.844 2.721 4.844 4.739 

OO -37.417 -43.385 2.777 2.687 4.996 4.812 

MM' -37.521 -42.278 3.010 2.962 4.843 4.620 

MO -37.296 -41.992 2.846 2.790 5.253 5.101 
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5.2 Electronic properties and stability of the M2CT2 monolayer 

 This section builds upon the literature studies in Section 2.2.2, which discuss 

how to tune the electronic properties of a material by including surface structure 

variations. The structure that is formed by various surface functional groups, as well as 

their position, can have a significant impact on the material's electronic characteristics. 

For example, different types of functionalized atom (T), such as Ti2CO2 and Ti2CF2, 

differentiate electronic behavior of semiconductors and metals, as shown in Figure 2.8. 

Moreover, the difference electronic in properties was also achieved by rearranging the 

functionalized atom composition of Sc2CO2 in Figures 2.9 and 2.10. However, it is 

important to investigate why certain surface functional types and their locations 

control the electronic properties of layered MXenes. Thus, the studies utilizing a 

significant number of surface functionalized permutations and transition metal based 

MXenes will then be improved. This section has provided computational studies of 

electronic characteristics such as DOS and formation energy as well as the association 

between layer thickness (d), DOS, and formation energy. 

 

5.2.1 Stability of the T atoms on the M2C layer. 

 In the computation and experiment, the stability of each model for the M2CT2 

MXenes is assessed using the formation energy (Ef) estimations for the T functional 

group atoms adsorbed on the M2C layer, which are referred to as the adsorption energy 

(Fu et al., 2019). In this work, the electronic characteristics consisting of DOS and 

adsorption energy for the structural models of MM, M'M', OO, MM', MO, and M'O in the 

M2CT2 (M = Sc, Ti, V, Nb, Cr, and T = O, F) system are symmetrically performed. The 

preliminary results of the total energy from the structural relaxation sections are 

utilized. The formation energy ( ) of the surface functional atom adsorbed on 

the surface of the M2CT2 MXenes is defined as 

 , 5.1 

where , , and  are the total energies of the M2CT2, pristine M2C, and Tx 

obtained from the (VASP) DFT calculations. According to this definition, the greater 
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negative formation energies indicate the high possibility of the T atoms adsorbing on 

both surface sides of the pristine layer, leading to compositions that are 

thermodynamically stable. The computation of the formation energy is presented, as 

shown in Figure 5.5 by displaying the lowest energy of every models in each 

compound, and compared to the reference from Khazaei et al (Khazaei et al., 2013). 

In addition, the M'O model for Sc2CO2, the M'M' model for Ti2CO2, V2CO2 and Nb2CO2, 

and the OO model for Cr2CO2 are achieved the lowest energy. Interestingly, the 

estimated formation energy for M2CO2 molecules is significantly shifted down by about 

1 eV when the vdW interactions are incorporated. 
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Figure 5.5 Comparisons formation energy between our calculation with the vdW 

interaction and the reference's calculation without the vdW interactions of the M'M' 

model of the M2CO2 MXenes (Khazaei et al., 2013). 
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Figure 5.6 Formation energy of (a) M2CO2 and (b) M2CF2 monolayers with M is Sc, Ti, 

V, Nb, and Cr transition metal.  

  

b. 

a. 
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 The calculations of the formation energy for the monolayer M2CT2, which 

consist of MM, M'M', M'O, OO, MM', and MO models, are presented in Figure 5.6, where 

Figures 5.6(a) and (b) illustrate the M2CO2 and M2CF2, respectively. Consequently, 

excluding the Cr2CF2, the M'M', M'O, and OO models constitute a set of the M2CT2's 

most favorable models. Instead of the M'M' model, which usually becomes a favorable 

structure among the M2CT2 compounds, the M'O and OO models are preferable for 

the Sc2CO2 and Cr2CO2, respectively. The calculations also show that the structural 

models for the compounds Ti2CO2, V2CO2, Nb2CO2, Sc2CF2, and Ti2CF2 have unique 

formation energy patterns. These compounds' favorable structures are arranged 

according to the M'M', M'O, OO, MM', MO, and MM models. The V2CF2 and Nb2CF2 

almost have the same pattern as compared to the pattern of the Ti2CO2, V2CO2, 

Nb2CO2, Sc2CF2, and Ti2CF2 compounds. However, the formation energy of the M'O 

model for the V2CF2 and Nb2CF2 has slightly shifted up to a value above that of the 

MM' model. On the other hand, for the Sc2CO2 structure, the M'O, OO, and M'M' models 

clearly separated from other models in the relatively low formation energy area, with 

the M'O model having the lowest formation energy. Interestingly, Ti2CO2 and Sc2CF2 

show the global minima formation energy among the M2CT2’s structural models, which 

can be correlated with the neutral oxidation state in the compound. 

 On the other hand, the plotted pattern for the formation energy of all structural 

models has an initial trend to constrict and further increases corelated with the 

number of transition metal's valence electrons for both M2CO2 and M2CF2. We also 

observed that the larger size of the transition metal may contribute to the constricting 

trend for the formation energy value. For instance, when V2CT2 and Nb2CT2 (T=F, O) 

are taken into consideration, the trend of the formation energy value of the structural 

models constricts as the transition metal size decreases, despite Nb2CT2 having a larger 

size than V2CT2 and the same number of valence electrons. 

 

5.2.2 Effect of the layer thickness of the M2CT2 on the formation energy  

 In this section, we would like to observe the relation between the layer 

thickness and the formation energy. We may define the layer thickness (d) by 
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measuring the distance between two functional groups on both sides of a layer in the 

z-coordinate. For instance, d is determined by measuring the length between both O 

atoms of the M2CO2. The various surface structures constructed at different T locations 

would have different d values. The depiction of the relationship between layer 

thickness (d) and the formation energy shown in Figure 5.7 is made using all the 

estimated data for the M2CT2 MXenes from the preceding section. The linearly 

tendency of the M2CO2 and M2CF2 are indicated in Figures 5.7(a) and (b), respectively. 

The plots show that Ti2CO2 and Sc2CF2 have the highest slopes for O and F adsorptions, 

indicating that the T position is very important for structural stability in these 

compounds. Our findings support the notion that reducing structural thickness is crucial 

for reducing formation energy. 
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Figure 5.7 The plotting of the relation between layer thickness (d) and the formation 

energy of (a) M2CO2 and (b) M2CF2. 

  

a. 

b. 
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5.2.3 Density of state 

 The density of state (DOS) calculations is also obtained by using the projector 

augmented-wave (PAW) method as implemented in the Vienna ab-initio simulation 

Package (VASP). The form of exchange correlation energy in the Kohn-Sham equation 

is treated according to the Perdew-Burke-Ernzerhof (PBE) approach. The plane wave 

expansion's cutoff energy is specified to be the largest energy on the pseudopotential 

of all atomic species in the compound. For the BZ integrations, the Γ-centered 

Monkhorst-Pack k-mesh of DOS calculation is extended to be 20×20×1 in which the 

vdW interactions are also considered in the computations. In the theoretical aspect, 

partial density of state (PDOS) can provide additional information about the electronic 

structure of each component for each selected compound. Note that the bare Ti2C 

and Sc2C structures are metallic in nature, as illustrated in Figure 2.8(a) (Bai et al., 2016) 

and Figure 2.9(a) (Khazaei et al., 2013), respectively, whereas the energy states around 

the fermi energy are mostly constituted of the d orbitals of the transition metals (Ti 

and Sc). The lowest valence bands in the Ti2C compound are generated by C-s states 

with a tiny mixture of Ti-p and d states, whereas the higher valence bands range from 

-5.5 eV to -2.5 eV and correspond to a substantial hybridization of Ti-d and C-p orbitals. 

However, addition of the surface functional groups with the F and O, on the other 

hand, results in a variety of electronic characteristics. The PDOS for each structural 

model, that rearranges by the formation energy values, is systematically investigated 

as illustrated in Figure 5.8, 5.9, 5.10, 5.11, 5.12, 5.13, 5.14, 5.15, 5.16, and 5.17, for the 

Sc2CO2, Ti2CO2, V2CO2, Nb2CO2, Cr2CO2, Sc2CF2, Ti2CF2, V2CF2, Nb2CF2, and Cr2CF2 

compounds, respectively. 
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Figure 5.8 PDOS of Sc2CO2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.9 PDOS of Ti2CO2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.10 PDOS of V2CO2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.11 PDOS of Nb2CO2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.12 PDOS of Cr2CO2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.13 PDOS of Sc2CF2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 

  

 



 
 

68 

 

 

 

Figure 5.14 PDOS of Ti2CF2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.15 PDOS of V2CF2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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Figure 5.16 PDOS of Nb2CF2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value.  

  

 



 
 

71 

 

 

 

Figure 5.17 PDOS of Cr2CF2 with M'M', M'O, OO, MO, MM', and MM models rearranged 

according to formation energy value. 
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 The estimations show that the Sc2CO2, Sc2CF2, Ti2CO2, and Ti2CF2 exhibit 

semiconductors with the conduction band being mostly given by the empty M-d 

transition metal states where the valence band edge is mostly given by the C-p sharing 

states. Interestingly, high energy gaps can be modified by adjusting the functional 

group’s compositions for Sc2CO2 and Sc2CF2 compounds as indicated in Figure 5.8 and 

Figure 5.13. In some cases, e.g., the Sc2CO2 compound with the M'O, OO, and MO 

models and the Cr2CF2 compound with the M'M' model, exhibit semiconducting 

behavior whereas others are metallic. Moreover, all models of the Ti2CO2 exhibit 

semiconductors with energy gaps of less than 1.0 eV and vary slightly between them. 

 Furthermore, we note that Sc has a maximum oxidation state of +3, Ti has a 

maximum oxidation state of +4, V and Nb have a maximum oxidation state of +5, and 

Cr has a maximum oxidation state of +6, all of which are classified as positively charged 

transition metal atoms. Alternatively, C, F, and O are negatively oxidation states, with 

a charge of -4, -1, and -2, respectively. The V2CO2, Nb2CO2, Cr2CO2, Ti2CF2, V2CF2, Nb2CF2, 

and Cr2CF2 compounds perform as negative compounds with electron occupations in 

the d orbitals of the M transition metal due to charge state balancing. Because O 

requires more electrons than F functionalization, the Sc atom in the M'M' model 

cannot provide enough electrons for both attached M' sites in Sc2CO2. The PDOS of 

the Sc2CO2 with the M'M' model, as shown in Figure 5.8, implies that because oxygen 

orbitals are devoid of electrons, electrons from the C-p orbital migrate to the O-p and 

Sc-d hybridization states. Certain C-p orbitals become electron deficient, as illustrated 

by the empty C-p orbitals above the fermi level. As a result, altering the oxygen atom 

from the M' site to above the Carbon atom (O site) is the most effective approach to 

get electrons from the O-p orbitals where the M'O model is an appropriate structure 

for Sc2CO2, as evidenced by the formation and total energy estimation. Similarly, the 

MM' and MM models exhibit electron deficiency in both O-p orbitals at the M site and 

C-p orbitals above the fermi level, indicating electron transfer from O or C atoms to 

Sc-d orbitals. 

 Additionally, the calculations reveal that the total DOS of M2CT2 mainly 

contributes to the O-p and M transition metal sharing states. For example, the TDOS 

of Ti2CO2 in Figure 5.9 clearly plots the shifting of occupied states from the M'M' 
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model's lowest energy zone to the MM model's highest energy zone, with formation 

energies of -10.5869 and -5.3312 eV, respectively. The M'M' model's O-2p and M-3d 

orbitals have more frequently occupied states at the lowest energy region than the 

other models, implying that the M'M' model can be energetically favorable among the 

studied models. In the PDOS calculations for Sc2CO2, Sc2CF2, and Ti2CF2 MXenes, as 

shown in Figures 5.8, 5.13, and 5.14, respectively, show the obvious separation of O-p 

or F-p orbitals in the MO, M'O, and MM' models. They can be distinguished by the 

positions of O or F atoms on each surface side, while the PDOS of the other atoms, 

such as Sc, Ti, and C, remains largely unchanged. The PDOS in Sc2CF2 and Ti2CF2 also 

reveals that the F-p orbital for M'M', OO, and MM models depicts the sequence of 

energy state features from the lowest to highest states, respectively, which is 

interestingly related to that of the tendency of the formation energies. 

 Furthermore, TDOS in the other M2CT2 MXenes reveals a similar trend for the 

energy state feature of the T-p orbitals (T = O and F), in which semiconducting 

compounds, such as Sc2CO2, Sc2CF2, Ti2CO2, and Ti2CF2, are more prominently shown 

than metallic compounds. As a general tendency, the model representing the major 

state of the T-p sharing orbitals at the lowest energy zone may be related to the 

lowest formation energy. The results also imply that the T-p orbitals may be performed 

as the influencing states that provide the most energetically stable structure. For 

example, especially in the case of the Cr2CF2, although the F-p orbitals of the MM', 

OO, M'O, and MO models occur in the lower energy zone than that of the MM model, 

which has the lowest total energy among them. 

 

5.2.4 DOS plotting for different O-O length of Ti2CO2 and CO2 

 It is proposed that the composition of surface functional groups plays an 

important role in determining the energetic properties of DOS and formation energy. 

The M' and O sites, which are hollow, allow the surface functionalized atom (T) to 

reach deeper than the M site, which is placed above the outmost transition metal 

atom. Therefore, the structure that has the T atomic composition constructed by the 

M' or O sites may perform as the thinnest structure while mostly exhibiting an 
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energetically favorable structure. Accordingly, the subsequence investigation is to 

explore the relationship between DOS and O position above the MX2 layer in the z-

coordinate. The framework of Ti2CO2 monolayer for the M'M' and OO models has been 

used for this reason. We perform the simulation by raising the height of oxygen 

functionalization atoms in the z-coordinate on both surface sides, while the M 

transition metal and carbon atoms will be fixed. The calculation details in this part are 

provided like those in the previous DOS computations. Figure 5.18 and 5.19 show PDOS 

with varieties of O-O distance in the z-coordinate of the Ti2CO2 monolayer for the M'M' 

and OO models, respectively. On the other hand, the PDOS of CO2 with different O-O 

length is shown in Figure 5.20.   
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Figure 5.18 PDOS with different layer thickness of Ti2CO2 monolayer for the M'M' 

model.   
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Figure 5.19 PDOS with different layer thickness of Ti2CO2 monolayer for the OO model.  
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Figure 5.20 PDOS with different O-O length of CO2. 

 

 
Figure 5.21 The identical peak state, as indicated in the arrow pointing, of the O-p 

orbitals of both M'M' and OO models of Ti2CO2 monolayers and CO2. 
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 We note that the equilibrium structure for the M'M' and OO models of Ti2CO2 

correspond to the layer thickness of 4.4372 Å and 4.856 Å, respectively. The results 

show that the O-p orbitals of the M'M' and OO models are indicated by the identical 

peak state, which is represented by the arrow pointing in the figures. By plotting this 

energy peak state as a function of the layer thickness as shown in Figure 5.21, it is 

shown that the peak linearly moves as the O-O distance increases. Because of the 

increased bonding, the rest interaction between the O and the MC2 layer yields the 

higher energy of the O-p orbital. Therefore, we propose that the O-p energy state 

depends on the height of the O atom on the surface (layer thickness) in a similar 

manner to that of the CO2 molecule. 

 

5.3 Discussion 

 In this section, the structural characteristics, and the electronic properties as 

well as their stability were investigated. We classified the monolayer’s structural model 

as in the six forms that consist of M'M', M'O, OO, MM', MO, and MM. At first, we observed 

that M2CT2 displays various characteristics in various compounds within its family, such 

as the switch from semiconducting to conducting by adjusting the T and M 

components, and the compositions of T atoms. For more insight into this finding, the 

trend of formation energy and DOS was further analyzed. It could be predicted that 

the relative structural stabilities of the M2CT2 compounds were expected to be mainly 

influenced by the transition metal’s ionic states. It is suggested that in the formation 

of the surface functional groups, the suitable M transition metal atoms would take 

precedence. These evidently had been found from the obvious oxidation state and 

formation energy estimations. Among the M2CO2 and M2CF2, molecules with charge 

balance, such as Ti2CO2 and Sc2CF2, maintain the highest stability. Furthermore, the 

type of structural models distinguished by surface functional group compositions took 

second precedence in the stability of the M2CT2 structure. As a result, the formation 

energy calculation confirmed that most M'M' models perform the highest stability 

among the others. Additionally, the majority of the M'M', M'O, and OO models for the 
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M2CT2 MXenes, respectively, highlighted the preferable structure in terms of the 

analysis of the formation energy. 

 On the other hand, it should be concluded that the tendency of the reduced 

total energy was due to the DOS around the valence band edge shifting to the lower 

zone of the energy. The evidence showed that the DOS feature of M-d and T-p sharing 

orbitals of the M'M' models of the M2CT2 compounds mostly takes place in the lowest 

energy legion, which might give the lowest of the computed total and formation 

energies. In some cases, such as the Sc2CO2, alternative electron deficiency structures 

compound, with a negatively charged state of -2, attempted to relocate O closer to 

Sc and C atoms on one surface side. For example, the M'M', M'O, and OO models of 

Sc2CO2, had an opportunity that the C and O atoms might obtain the electrons that 

they required through the sharing orbitals. As a result, the DOS of the O-p, C-p, and 

Sc-d sharing orbitals in the M'O model had the lowest energy state and formation 

energy, resulting in the M'O model being the most preferred structure of the Sc2CO2. 

Furthermore, the F-p sharing orbitals of the M2CF2 structures, where electrons were 

primarily attributed to the F-p and M-d orbitals, had generally constricted at a lower 

energy zone compared to that of the O-p state in the M2CO2 structure. However, 

regarding the oxidation state and DOS of the M2CF2 structure, the F-p orbital was 

unlikely to share electrons with the C atom, despite the F atom becoming closer to 

the C atom. This causes the F-p orbitals to have fewer altered features as the F atoms 

approach the C atoms rather than the transition metal atoms. For example, the DOS 

characteristic differed slightly between the M'M' and the OO models of the M2CF2, in 

which the OO model had the F atom closer to the C atom. 

 The relationship between DOS and the increasing height of O atoms above the 

layer for Ti2CO2 was further presented. It was confirmed that the O-p state slightly 

shifted up as the height of the O atom in the z-coordinate above the surface increased. 

Consequently, it might be assumed that because of the M'M' model, that mostly have 

the thinnest structure, perform the best among all models of the M2CT2 compounds 

in terms of stability. However, although the O-p orbital in the compound with the 

deepest of the O atoms occurred in the zone with the lowest energy state, it did not 

perform the lowest total energy due to the intermolecular distance between the two 
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oxygens. In particular, the models that merely shared by O-p, C-p, and M-d orbitals of 

the M2CO2 appearing in the lowest energy zone, which was influenced by the O-p 

orbital, would be confirmed to have the energetically favorable structure. We 

concluded that the DOS of the surface functional groups, such as O-p and F-p sharing 

orbitals, and their locations heavily influence the stability of compounds. Finally, since 

the majority of the M'M', M'O, and OO models performed the highest stability among 

the M2CT2 MXenes, we therefore select these for the next calculations in which the 

integration of those models into the bilayer structures can then be expanded. 
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CHAPTER VI 

STUDIES ON THE STRUCTURAL CHARACTERISTICS OF M2CT2 

BILAYERS 
6 bilayer 

 In this chapter, the structural characteristics of bilayer M2CT2 (M = Sc, Ti, V, Nb, 

and Cr; T = O and F) MXenes are investigated by employing the three types of 

monolayers from the previous chapter. This chapter firstly presents the structural 

parameter for simply identifying the bilayer system which contain the compounds, 

layer-layer combined types, and stacking configurations in a parameter. By considering 

the first and second outer atoms of the interface between the layers and operating 

the translation and rotation vectors to the overlying layer, the possibility of bilayer’s 

stacking configurations is simplified. It has been discovered that the stacking 

configurations for different layer-layer combination types can be transformed into one 

another. Finally, the formation energy calculation of the various bilayer structures is 

presented. Interestingly, the M'M'-M'M' combined types of the bilayer as well as the s1 

stacking configuration are found to be the most energetically favorable structures for 

the global estimation of the formation energy. 
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6.1 X c, t, s parameters for specifying bilayer structure 

 In this section, the integration of the selected models of the monolayer will be 

expanded, forming a bilayer structure. To make the bilayer structure comprehensible, 

it will be divided into three parts: compounds, layer-layer combined types, and 

stacking configurations. Therefore, we define X c, t, s as a parameter which specifies the 

type for both atomic and co-ordinates of the bilayer system, where “c” refers to the 

compound of the system, “t” is the layer-layer combined types of the bilayer, and “s” 

is the bilayer’s stacking configurations, as exemplified in Figure 6.1. The dark blue atom 

and the blue atom represent the foretop layer’s M2 atom and the bottom layer’s M1 

atom, respectively, while the foretop layer’s T2 atom and the bottom layer’s T1 atom 

are orange and red, respectively. In addition, the integer “c” composted of the 10 

numbers of the interested compound which rearranged by Sc2CO2, Ti2CO2, V2CO2, 

Nb2CO2, Cr2CO2, Sc2CF2, Ti2CF2, V2CF2, Nb2CF2, and Cr2CF2, respectively. For example, 

the Sc2CO2, Ti2CO2, V2CO2… and Cr2CF2 compounds are equivalent to the “c” integers 

of 1, 2, 3… and 10, respectively. The layer-layer combined types of the M2CT2 bilayer 

in the unit cell are illustrated in Table 6.1 that formed by the combination of the M'M', 

M'O, and OO monolayer models, in which the “bold” letter indicates the closed 

interface types for both layers. Ten of the layer-layer combined types of the bilayer 

were categorized in terms of AM'-M'B, AM'-OB, and AO-OB types of interfaces where 

M'M'-M'M', M'M'-M'O, and OM'-M'O belong to the AM'-M'B group; M'M'-OM', OM'-OM', 

M'M'-OO, and OM'-OO, belong to the AM'-OB group; M'O-OM', M'O-OO, and OO-OO, 

belong to the AO-OB group, in which A and B can be any surface form. 
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Figure 6.1 shows the Xc,t,s parameter, which is used for simply identifying the bilayer 

system. For example, X2,5,5 contain the Ti2CO2 compounds, “c = 2”; layer-layer 

combined types of M'M'-M'M', “t = 5”; and s5 stacking configurations, “s = 5”. 
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Table 6.1 present the combination of two single-layer of the M2CT2 bilayer (where M 

is Sc, Ti, V, Nb, Cr and T is O, F) in the unit cell from the combination of the M'M', M'O, 

and OO monolayer models in which the “bold” letter indicate the closed interface 

types of both layers. 

t 
Combined bilayer types 

foretop layer bottom layer 

1 M'M' M'M' 

2 M'M' M'O 

3 M'M' OM' 

4 OM' M'O 

5 OM' OM' 

6 M'O OM' 

7 M'M' OO 

8 M'O OO 

9 OM' OO 

10 OO OO 

 

6.2 Bilayer stacking configurations 

 To scan and identify all possible equilibrium structures for the bilayer formed 

by two single layers, including M'M', M'O, and OO models, the total energy for all 

possible stacking overlying layers would be examined. The self-consistency of the DFT 

computations is used to calculate the total energy of the Sc2CO2, Ti2CO2, and V2CO2 

bilayers. The scan of the total energy along the 12 × 12 divided grids in the x and y 

co-ordinates as a relative sliding site of the overlaying layer are performed while the 

z-coordinate of the bilayer is allowed to relax. In addition, because the bilayer is 

chosen from the three-monolayer the lattice parameter of combined bilayer is 

determined by the average values of its counterpart layers. As a result, the three 
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related sites for the stacked overlaying layer are identical in the sample framework of 

AM'-M'B, AM'-OB, and AO-OB groups (using the Xc,t for c = 1, 2, 3 and t = 1, 5, 10). By 

considering the translation and rotation vectors as included in the following, our result 

may also be further described in terms of structural transformations within the six 

specific types of bilayers stacking configurations. 

 

6.2.1 Energy profiles of relative sliding for the overlying layer 

 Initially, the stacking coordinate of the overlying layer that is relative to the 

underlying layer is defined as the overlying layer’s translation. A direct stacking bilayer 

with respect to the corresponding of both C atoms in x and y coordinates from both 

layers (the overlying layer’s translation of ∆a = 0 and ∆b = 0 coordinate) is referred to 

by its energy of (0,0) coordinate. In addition, the energy landscape for the stacking of 

the overlying layer sites in terms of total energy is included in Figure 6.3, while the 

corelated illustration structure for that of the stacking bilayer is shown in Figure 6.2. 

The results reveal that three overlying layer’s translations of (0, 0), (1/3, 2/3), and (2/3, 

1/3) coordinates can be achieved to be the computed favorable sites. In addition, the 

overlying layer’s translation of (0, 0), (2/3, 1/3), and (2/3, 1/3) coordinates give the 

lowest energy for the Xc,t parameter of X2,1, X2,5, and X2,10, respectively. However, 

different compounds may show up in different energy landscapes but still obtain 

favorable sites within the overlying layer’s translation of (0, 0), (1/3, 2/3), and (2/3, 1/3) 

coordinates. The supplementary information shows a similar tendency for the mapping 

of the total energy in the Sc2CO2 (Figure S1) and V2CO2 (Figure S2) bilayer compounds 

except for the X3,10 which indicates the different lowest energy in (1/3, 2/3) translation 

coordinate. According to this finding, to further explore the various stacking 

configurations, we would precisely consider these three symmetric sites and identify 

the relationship between them. 
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Figure 6.2 Top-down views of the overlying layer’s translation of the MXenes bilayer 

along the fixed underlying layer with the (a) M'M'-M'M', (b) M'O-M'O, and (c) OO-OO 

bilayer’s combined types of the Ti2CO2. 

  

a. 

b. 

c. 
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Figure 6.3 Energy profiles of the overlying layer’s translation for the (a) M'M'-M'M', (b) 

M'O-M'O, and (c) OO-OO bilayer’s combined types of the Ti2CO2.  

a. 

b. 

c. 
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6.2.2 Translation and rotation vectors 

 We noted that the overlying layer’s translation for (0, 0), (1/3, 2/3), and (2/3, 

1/3) distances had been revealed as the significant symmetric structure. However, the 

computations for the overlying layer’s translation in the x and y coordinates may not 

cover all conceivable stacking configurations. Therefore, the rotation for the overlying 

layer must be also considered. In this section, we analyzed the overlaying layer's 

translation and rotation vectors as well as their correlations. Translation vectors are 

redefined by a vector in x and y coordinates that begins from the underlying layer's T2 

atom to the overlying layer's T1 atom by a size and direction equal to dn vector as 

illustrated in Figure 6.4(a). Furthermore, as shown in Figure 6.4(b), possible high 

symmetric translation vectors are composed of six directions for the dn vectors (where 

n = 1, 2, 3, 4, 5, and 6). It is shown that the translation of the overlying layer operated 

by the d1, d3, and d5 vectors has a homogeneous structure, whereas the translation of 

the overlaying layer operated by the d2, d4, and d6 vectors has a different homogenous 

structure. Due to the d1 and d4 vectors, which are defined as 2/3a+1/3b and -2/3a-

1/3b, respectively, having the same size but taking place in the opposite direction, it 

may be reduced to one translation vector (d) as indicated in Figure 6.4(c). Therefore, 

the Di operator is defined by the number of i times to displacing the overlying layer 

with the d vector. 
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Figure 6.4 Illustrations of the translation vectors in x and y coordinates include: (a) di 

vector that begins from the underlying layer's T2 atom to the overlying layer's T1 atom, 

(b) possible high symmetric translation vectors composed of six directions (where i = 

1, 2, 3, 4, 5, and 6), and (c) a reducible vector of the di vector into d translation vector. 
 

a. 

b. 

c. 
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 The rotation vector is defined by the counterclockwise rotation of the overlying 

layer with an angle of 𝛳, where a pivot point is at the overlying layer's T2. The high 

symmetric structure of the bilayer’s stacking configurations may also be obtained by 

operating the rotation vector with proportional to the 𝜋/3 radian. The high symmetric 

structure of the bilayer’s stacking configurations is given by 

𝛳j = j∙𝜋/3      6.1 

where j is an integer indicating the number of the overlying layer rotation. 

 

6.2.3 Structural transformations of the bilayer 

 By considering the first and second outer atoms of the interface between the 

layers, the stacking configurations are observed within the s1 (Xc,t,1), s2 (Xc,t,2), s3 (Xc,t,3), 

s4 (Xc,t,4), s5 (Xc,t,5), and s6 (Xc,t,6) forms of the stacking configurations for the association 

of AM'-M'B, AM'-OB, and AO-OB bilayer’s combined types. For examples, side views 

and top-down views of the s1, s2, s3, s4, s5, and s6 stacking configurations for the AM'-

M'B bilayer’s combined type are presented in Figure 6.5 and Figure 6.6, respectively. If 

we firstly consider the structure of the relative translation of (0, 0) coordinate for the 

AM'-M'B, AM'-OB, and AO-OB bilayer’s combined types, respectively, in Figure 6.2(a), 

(b), and (c), we found that it is related to the s1, s5, and s3 stacking configurations. 

Moreover, for the AM'-M'B bilayer’s combined type, the overlying layer’s relative 

translation of (1/3, 2/3), and (2/3, 1/3) coordinates can be classified into s2, and s3 

stacking configurations, respectively. For the AO-OB bilayer’s combined type in Figure 

6.2(b), the overlying layer’s relative translation of (1/3, 2/3), and (2/3, 1/3) coordinates 

are classified into s2, and s1 stacking configurations, respectively. However, there are 

differences for the combined type of the AM'-OB bilayer. The overlaying layer’s relative 

translation of (1/3, 2/3), and (2/3, 1/3) coordinates are categorized into s6, and s4 

stacking configurations as shown in Figure 6.2 (c) and Figure 6.6.  
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Figure 6.5 Side view of in the s1, s2, s3, s4, s5, and s6 stacking configurations of the AM'-

M'B bilayer’s combined type. 
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Figure 6.6 Top-down views of the s1, s2, s3, s4, s5, and s6 stacking configurations. 

 

 It is found that for the AM'-M'B, as well as the AM'-OB bilayer’s combined types, 

the s1 configuration operated by D1 and D2(or -D1) can be transformed into the s2 and 

s3 configurations, respectively, that are given by  

D1∙Xc,t,1 = Xc,t,2      6.2 

D2∙Xc,t,1 = Xc,t,3 (or -D1∙Xc,t,1 = Xc,t,3)     6.3 

where t composes 1, 2, 3, 4, 5, 7 and 9. Meanwhile, the s1 operated by D1(or -D2) and 

D2(or -D1) can be transformed into the s3 and s2 configuration, respectively, for the AO-

OB bilayer’s combined type that are given by 

D1∙Xc,t,1 = Xc,t,3 (or -D2∙Xc,t,1 = Xc,t,3)    6.4 

D2∙Xc,t,1 = Xc,t,2 (or -D1∙Xc,t,1 = Xc,t,2)     6.5 
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where t composes of 6, 8, and 10. As a result, we can assume that the AO-OB bilayer’s 

combined type performs inverse transformation while compared to the AM'-M'B and 

AM'-OB bilayer’s combined types as concluded in Figure 6.7. In addition, initial stacking 

configurations at the relative translation of (0, 0) coordinate for the AM'-M'B, AM'-OB, 

and AO-OB bilayer’s combined types are depicted in the light green border of Figure 

6.7(a), (b), and (c), respectively. 

 Our finding further revealed that there are two specific rotation planes for the 

rotation of the overlying layer. The observations for the s1, s2, and s3 stacking 

configurations in Figure 6.6 can be grouped into the first rotation plane, whereas those 

for the s4, s5, and s6 configurations may be categorized into the second one. 

Interestingly, the rotation vector 𝛳j operating on the overlying layer of the s1, s2, and 

s3 stacking configurations can be transform into the s4, s5, and s6 stacking configurations, 

respectively, which is given by  

𝛳j∙Xc,t,1 = Xc,t,4      6.6 

𝛳j∙Xc,t,2 = Xc,t,5      6.7 

𝛳j∙Xc,t,3 = Xc,t,6      6.8 

where j is an odd number (1,3,5… and so on), c and t are any integers. For example, 

as indicated in Figure 6.7, by varying the j integer by 1 step, the first rotation plane (s1, 

s2, and s3) transforms into the second plane (s1, s2, and s3). Besides, the rotation vector 

𝛳j operating on the overlying layer of the s1, s2, and s3 stacking configurations is an 

identical operator where j is an even number (2, 4, 6… and so on), where an example 

is given by 𝛳2∙Xc,t,1 = 𝛳4∙Xc,t,1 = Xc,t,1. If we look at Figure 6.7's illustration, we can see 

how to change the interface forms of each combined type of the bilayer. However, 

Figure 6.7 (a), (b), and (c) merely demonstrate the similarity of the four interface atoms 

(the stacking configurations); nevertheless, the system's entire atomic compositions 

(used in the computation as POSCAR) are different. Namely, it would not notify us of 

the connection between the different combined types of the corresponding stacking 

configuration. For this reason, we can only conclude that the structural transformations 

with i = n+3 and j = n+2 as shown in Figure 6.8, where n is an integer and Xc,t,sb is any 

structural form, alternatively control the symmetry for the structural transformation in 

these hexagonal structures.  
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Figure 6.7 Simply implication for bilayer’s stacking configuration tranformation of (a) 

AM'-M'B, (b) AM'-OB, and (c) AO-OB bilayer’s combined types where light green border 

corresponds to the relative translation of (0, 0) coordinate of Figure 6.2. 

 
Figure 6.8 The symmetric structural transformations with i = n+3 and j = n+2. 

a. 

b. 

c. 

 



 
 

95 

6.3 Formation and binding energies 

 To study the stability of the bilayer that is constructed by two bare-pristine 

layers and the T surface functional groups, the formation energy of the functional 

groups (Ef) is a property used to quantify the adsorption stability of the specific 

functional groups on each structure. The formation energy may be defined as the 

required energy to separate the T functional group from the M2CT2 bilayer, which is 

given by 

   6.9 

where Ebilayer-M2CT2, EM2C, and ETx are total energies of the M2CT2 bilayer, M2C, and Tx (in 

this work Tx is O2 or F2), respectively, obtained from the DFT calculations. Additionally, 

since ten numbers of the c, ten numbers of the t, and six numbers of the s are 

employed in the calculations, exactly 600 estimations for the formation energy are 

performed showing in Figure 6.9. Violet, dark blue, blue, cyan, green, light green, 

yellow, orange, red, and pink colors have been used to symbolize M'M'-M'O, M'M'-OM', 

OM'-M'O, OM'-OM', M'O-OM', M'M'-OO, OM'-OO, M'O-OO, and OO-OO combination 

types, respectively. Besides, the shading of the color of any layer-layer combination 

type in the plot indicates the stacking configurations, with most of the configurations 

consisting of the most energetically favorable classifications represented by darkened 

shading and the least energetically favorable types represented by lighter shading. We 

do, however, shift the energy scale in the y-axis to facilitate analysis, as shown in Figure 

6.10. By doing this, in each compound, the structure consisting of the lowest formation 

energy must be shifted to 0 eV. 
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Table 6.2 Lowest formation energy of the bilayer structural configurations in each 

compound. 

Compounds of 

the belayer (“c”) 

Bilayer’s Combined 

type (“t”) 

Stacking 

configuration (“s”) 

Formation energy 

(eV) 

Sc2CO2 OM'-M'O s1 
-5.177 

Ti2CO2 M'M'-M'M' s1 
-5.415 

V2CO2 M'M'-M'M' s1 
-4.506 

Nb2CO2 M'M'-M'M' s1 
-5.211 

Cr2CO2 OO-OO s5 
-3.946 

Sc2CF2 M'M'-M'M' s1 
-6.296 

Ti2CF2 M'M'-M'M' s1 
-5.638 

V2CF2 M'M'-M'M' s1 
-4.804 

Nb2CF2 M'M'-M'M' s1 
-4.976 

Cr2CF2 M'M'-M'M' s1 
-4.038 

 

 According to our finding, the Ti2CO2 performs the lowest energy among the 

M2CO2, while the Sc2CO2 has the lowest energy among the M2CF2. In addition, we 

include the computed information of the estimated formation energy for every 

compound in Table 6.2. The lowest formation energy of Sc2CO2, Ti2CO2, V2CO2, Nb2CO2, 

Cr2CO2, Sc2CF2, Ti2CF2, V2CF2, Nb2CF2, and Cr2CO2 may be achieved, respectively, by -

5.177, -5.415, -4.506, -5.211, -3.946, -6.296, -5.638, -4.804, -4.976, and -4.038 eV. All of 

those consist of the s1 stacking configuration with M'M'-M'M' combined type except the 

Cr2CO2 and Sc2CO2, which acquire the s1 stacking configuration with OM'-M'O and the 

s1 stacking configuration with OO-OO. The scope of energy between the lowest and 

highest is not greater than 0.4 eV and has a trend to decrease as the M (numbers of 

valence electrons) increases. However, two of them, including Ti2CO2 and Sc2CF2, 

exhibit a large difference in energy (0.9 and 0.7 eV) that interestingly corresponds to 

the neutral charge for both compounds. According to our finding, there is a specific 
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pattern in the apparent formation energy for the different bilayer combination types, 

which are divided into 4 groups of features. For the lowest energy trend, these features 

mostly imply the M'M'-M'M' forms. The first feature represents the ordering energy 

trend from highest to lowest as corresponded to the M'M'-M'M' to OO-OO combination 

types, where this group includes Ti2CO2, V2CO2, Nb2CO2, Sc2CF2, and Ti2CF2. The Cr2CO2 

shows the second feature, which is the opposite trend from the first feature. V2CF2, 

Nb2CF2 and Cr2CF2 compounds exhibit similar trend and will be classified as the third 

feature. We can see that the M'M'-M'M' have the lowest energy, but the OM'-M'O, OM'-

OM', and M'O-OM' seem to have the highest energy. In contrast to the third feature, 

the Sc2CO2 compound’s structure consists of OM'-M'O, OM'-OM', and M'O-OM', having 

the lowest energy, while the M'M'-M'M', having the highest energy, is arranged in the 

fourth feature.  

 In the formation energy trend for the bilayer’s stacking configurations, 

interestingly, it is slightly altered as its configuration (2nd atomic order of the interface’s 

composition) changes. When all the combined types of M2CT2 bilayers are considered, 

the energy characteristics of the stacking configurations seem to follow an identical 

pattern. The s1 configuration emerges as the majority configuration, as shown in the 

plot, which may be depicted by the color's darkened shading. In addition, the s4, which 

corresponds to the bilayer’s overlying layer operated by the rotation vector of 𝜋/3 

radians of the s1 configuration, displays the second most favored configuration. We 

observed that the s1 appears to contribute to about 50 percent of the favored structure 

across all computations, whereas the s4 contributes to about 40 percent. Additionally, 

s5, s2, s3, and s6 represent the high probability sequence of the formation energy from 

lower to higher. If we compared the tendency between the bilayer’s combined type 

and the stacking configurations, the formation energy is changed more when we 

transform the combination type of the bilayer than when we transform the stacking 

configuration in a single compound. We may claim that the estimation of the formation 

energy has been influenced by the change in the combined type of the bilayer over 

the stacking configurations. 
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6.4 Discussion 

 The stability and structural characterization of the M2CT2 bilayer were discussed 

in this section. Each bilayer compound's structural forms might be classified into two 

categories: combined types and stacking configurations which consisted of ten and six 

numbers, respectively. This proposed a way to understand the interrelationships 

between the structural arrangements in the M2CT2 MXenes. The bilayer’s interface 

consisted of 3 different groups of the combined types of AO−M'B, AM'−M'B, and 

AO−OB, which consisted of exactly 18 stacking configurations and might be reduced 

to exactly 6 specific forms. We demonstrated that the specified translation or rotation 

vectors can turn the s1, s2, s3, s4, s5, and s6 stacking configurations into one another. 

Furthermore, using the DFT calculation, which provided exactly 600 different structural 

computations, the global evaluated formation energy for every prospective structure 

was obtained. The research confirmed that the M'M'-M'M' bilayer’s combined type 

tends to display the lowest formation energy, while the s1 indicated the most preferred 

among all varieties of the stacking configuration. As a result, the finding would be 

chosen for the subsequent section.  
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CHAPTER VII 

STUDIES OF LI-ION AND CO-INTERCALATIONS IN MXENES 
7 LIBs 

 The study of Li–ion applications is presented in this chapter, which covers 

adsorption energy, voltage calculation, specific capacitance, and ionic mobility for both 

monolayer and bilayer M2CT2 MXenes. Since Ti-transition metal based MXenes and the 

O functional group have attracted widespread attention, this chapter concentrates on 

the Ti2CO2 compound as the computation framework. Initially, the adsorption energy, 

open circuit voltage (OCV) calculations, and specific capacitance for Li–ion storage in 

the Ti2CO2 monolayer are presented, followed by a study of Li–ion ionic mobility along 

the monolayer and bilayer using structures chosen from prior structural relaxation. 

Moreover, the diffusion rate, which indicates the ability of atoms to diffuse into the 

bilayer MXenes, and the selectivity, which is defined as the relative of the diffusion 

rate, have been calculated by using the Arrhenius equation. Furthermore, choosing 

metals for co–intercalation in the bilayer Ti2CO2 has been studied to investigate the 

length widened by intercalation. Consequently, the essential to the development of 

the MXenes bilayer's LIB properties has been discovered. 
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7.1 Adsorption energy and voltage calculation for the Li–ions reaction. 

 Calculating the adsorption energy, Ead, which is directly proportional to the 

open circuit voltage (OCV), may be used to investigate an ion binding on the material 

(Meng et al., 2017). The OCV estimation is given by 

    7.1 

where n is the number of adatoms inserted in the M2CTx MXenes. By utilizing the 

following reaction to calculate the OCV,  

M2CTx + nLi+ ⟶ LinM2CTx ,    7.2 

the corresponding Ead involved in the adsorption process is defined as 

  7.3 

where  is the total energy of the composite system with n numbers of the Li 

atoms adsorbed in the unit cell of M2CTx;  is the total energy of a single Li adatom; 

and  is the total energy of isolated M2CTx. It is reasonable to conclude that the 

large positive OCV implies energetically efficient adsorption. The reaction below would 

be implemented to obtain the OCV in the secondary layer of Li-adsorption, where n1 

is the total number of Li atoms prior to insertion and n2 is the total number of Li atoms 

after insertion into the Lin1M2CTx. 

   7.4 

   7.5 

 

7.1.1 Results of the adsorption energy and the OCV calculations for Li–ions 

adsorption of the monolayer Ti2CO2  

 The OCV and adsorption energy of Li–ion calculations are evaluated for Li–ion 

adsorption into the M'M' structure of monolayer Ti2CO2. Figure 7.1 (a) depicts the 

possible first layer adsorption sites for Li adatoms on the surface of monolayer Ti2CO2. 

including at Mad1, Cad1 and Oad1 adsorption sites. The initial Li adatom is probably to 

be attracted on the Mad1, and Cad1 adsorption sites. Due to the Li-adsorption energies 

on the Mad1 and Cad1 sites being -1.23 eV and -1.56 eV, respectively, the Li adatom 
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prefers the Cad1 site over the Mad1 site. Furthermore, by utilizing the Cad1 adsorption 

site as the first layer for the Li adatom, Figure 7.1(b) depicts the second layer for the 

sites of the Li adatom, including Mad2 and Oad2 adsorption sites. Therefore, the Oad2 

site, which corresponds to an adsorption energy of around -0.03 eV, is selected as the 

Li adatom favorable site, as indicated in Table 7.1. Figure 7.2 shows the schematics of 

OCV calculations for the 1st and 2nd layers of Li–ion adsorptions of up to three adatoms 

into the monolayer Ti2CO2. Finally, the OCV and adsorption energy for the Li–ion 

adsorption, with the storage of three Li atoms in the monolayer Ti2CO2, are summarized 

in Figure 7.3. 

 

 

 
Figure 7.1 indicate the top views of (a) Li adsorption site for the 1st layer and (b) Li 

adsorption site for the 2nd layer of the monolayer Ti2CO2. 
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Table 7.1 The total energy and adsorption energy of the Li adsorption in the various 

sites for two Li adsorption layers. 

Adsorption 

layer 
Li adsorption sites Total Energy (eV) 

Adsorption energy 

(eV) 

1st layer 

Cad1 -48.53 -1.56 

Mad1 -48.19 -1.23 

Oad1 > -48.19 > -1.23 

2nd layer 

Cad2 - - 

Oad2 -53.84 -0.03 

Mad2 -52.91 0.90 

 

 

 

Figure 7.2 The schematics of the OCV calculations for the first and second layers of 

Li–ion adsorptions in the monolayer Ti2CO2 
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Figure 7.3 The OCV and adsorption energy for Li–ions adsorption in the monolayer 

Ti2CO2.  

1st Li on the Cad1 site  2nd Li on the Mad1 site 

3rd Li on the Oad2 site 3rd Li on the Mad2 site 

OCV = 1.56 eV OCV = 1.56 eV 

OCV = 0.03 eV OCV = -0.90 eV 
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7.1.2 Specific capacitance for Li–ions storage on Ti2CO2 

 The ability of a compound to store adatoms is referred to as its capacitance. 

At a given voltage, a material with a high capacitance may store more ions than one 

with a low capacitance. Gravimetric capacitance, which is the ratio of the system's Li–

ions to the compound's mass, is included in the theoretical specific capacitance. The 

highest number of Li–ions adsorbed on the material with an adsorption energy and an 

OCV less than zero is referred to as the maximum value of the Li–ion adsorbed atoms. 

The gravimetric capacitance (Cg) can be calculated by  

   7.6 

Where  is the mass of the compound,  is the mass of Li, n is the number 

of adsorbed Li atoms, and  is the Faraday’s constant which equal to 96,485 C/mol. 

The computations of Li–ion storage on monolayer Ti2CO2 were performed using 1, 2, 

and 3 atoms for Li–ions adsorbed on the unit cell, respectively, with gravimetric 

capacitances of 183, 349, and 500 mAh∙g-1. Our result, referring to Li–ion storage for 2 

atoms per unit cell of the monolayer Ti2CO2, is comparable to the publication by 

Eames and Islam and Xie et al., which details computation findings of around 350–383 

mAh∙g-1 (Eames and Islam, 2014; Xie et al., 2014). 

 

Table 7.2 Correlation of Specific capacitance, numbers of the Li adatom, and the open 

circuit voltage. 

Number of Li adatom OCV (eV) Specific capacitance (mAh∙g-1) 

1 1.56 183 

2 1.56 349 

3 -0.03 500 
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7.2 Diffusion properties of Li–ion and metals co-intercalation of bilayer 

MXenes  

 The diffusion properties in this work consist of the diffusion barrier, the diffusion 

rate, and the relative diffusion rate (selectivity) for the Li–ion adsorption into the 

monolayer and the bilayer Ti2CO2 MXenes. The static potential energy surface (SPES) 

and the climbing image nudged elastic band (CI-NEB) are used to explore diffusion 

barriers. Particularly, both methods are applied to the monolayer framework. According 

to the previous section, the M'M'-M'M' combination structure with the s1 stacking 

configuration is the most energetically favorable bilayer structure. It is chosen for 

studying Li–ion mobility as the intercalation framework for the Ti2CO2 bilayer in the 

following subsection. The diffusion energy along two high-symmetric diffusion paths 

inside the Ti2CO2 bilayer, including paths I and II, is analyzed. The total energy of distinct 

interlayer-spacings, later referred to as d-spacings, is used to identify the diffusion 

barrier for the bilayer Ti2CO2 MXenes. Moreover, the diffusion rate of various d-spacings 

and the selectivity as a function of temperatures over the equilibrium state of Li atom 

intercalation at 50 K are also included where the final part presents the interlayer 

spacing related with metal intercalations with their selectivity over similar condition. In 

addition, the diffusion rate of various d-spacings and selectivity as a function of 

temperatures over the equilibrium state of Li atom intercalation at 50 K are included. 

The final part discusses the expansion of interlayer spacing associated with metal co-

intercalations, as well as their selectivity over comparable situations. 

 

7.2.1 Li–ion mobility for MXenes monolayers 

 By performing DFT calculations from VASP, SPES and CI-NEB methods, the 

diffusion barrier of the Li–ion in the material is obtained. The SPES method, that has 

been extensively used (Ashton et al., 2016), is applied to single-point calculations for 

a Li atom at the surface of the monolayer MXenes. The supercell system has been 

used in the simulation to avoid an interaction of Li atoms in the periodic system. The 

Γ-centered Monkhorst-Pack k-mesh of 2 × 2 × 1 is performed for the BZ integrations 

in the 3 × 3 × 1 supercell computations, in which the vdW interactions are also 
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considered in the calculation. To evaluate the SPES diffusion barrier, we first split the 

grids along the diffusion path, then insert the Li–ions in those sites above the 

monolayer that are held fixed in x and y coordinates. After structural relaxation, their 

total energy is acquired. The SPES method is used when we want to obtain the 

equilibrium state total energy at the considered Li atom site. The difference in total 

energy between each site and the most energetically favorable site of the Li adsorbed 

atom across the diffusion path in the monolayer is described as the relative diffusion 

energy. Hence, the diffusion barrier will be specified as the Li site with the highest 

relative energy along transition path.  

 Figure 7.4 shows the diffusion path of the Li–ion moving along the surface of 

the Ti2CO2 monolayer from the mi to the mt and, subsequently, to the mi adsorption 

sites, where the mi and mt adsorption sites may refer to the initial state and transition 

state, respectively. It should be noted that the mi and mt adsorption sites may 

correlate to the Cad1 and Mad1 sites, respectively, in Figure 7.1 (a). The diffusion barrier 

is represented as a function of the relative energy variation as a function of diffusion 

distance, approximately eight translation steps, as illustrated in Figure 7.5 while the 

calculation information is included in Table 7.3. The computed diffusion barrier for the 

SPES and CI-NEB approaches is 0.223 eV and 0.215 eV, respectively, where the 

transition state is the mt site implying at 0 Å of the diffusion coordinates in Figure 7.5. 

Moreover, the results reveal that both methods have identical phenomenological 

features, so we will choose one of the methods for the subsequent simulation. Our 

calculation value of around 0.2 eV is consistent with the literature from Zhang et al., 

which reports that the delaminated Ti2CO2 system (d-Ti2CO2) has a value of roughly 

0.18 eV at the corresponding transition state location (Zhang et al., 2017). 
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Figure 7.4 The Li atom moves from the mi to the mt and then to the mi adsorption 

sites on the Ti2CO2 monolayer's surface. 

 

 

 
Figure 7.5 The relative energy along the diffusion path corresponds with Figure 7.4. 
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Table 7.3 the relative energy and x, y coordinates 

Steps Diffusion coordinate (Å) 
Total energy (eV) Relative energy (eV) 

SPES CI-NEB SPES NEB 

0 (initial) -2.26 -410.698 -410.698 0.000 0.000 

1 -1.69 -410.605 -410.611 0.093 0.089 

2 -1.13 -410.513 -410.518 0.185 0.181 

3 -0.56 -410.468 -410.473 0.231 0.227 

4 0.00 -410.475 -410.483 0.223 0.223 

5 0.56 
-410.470 

-410.475 0.228 0.227 

6 1.13 -410.519 -410.523 0.180 0.181 

7 1.69 
-410.615 

-410.617 0.084 0.089 

8 2.26 -410.698 -410.698 0.000 0.000 
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7.2.2 Li–ions intercalated bilayer MXenes  

 To evaluate the Li atom diffusion behavior inside the interlayer of the bilayer 

MXenes, the CI-NEB method and the SPES are priority used in the study. This presents 

the Li–ion diffusion paths for the M'M'-M'M' combination structure with the s1 stacking 

configuration of the Ti2CO2 bilayer. The 2 × 2 × 1 supercell is appropriate for the bilayer 

calculation because it reduces computation costs while maintaining the distance 

between Li atoms. Moreover, the BZ integrations for the Γ-centered Monkhorst-Pack 

k-mesh of 3 × 3 × 1 are used. Unlike the monolayer, the diffusion paths for the bilayer 

have been partitioned into two high-symmetry routes: transition path I and path II, as 

shown in Figure 7.6, where the only second order of obstacle atom near the Li atom 

in the interface is shown. The b-TS I and b-TS II sites are the transition states of the 

diffusion path of path I and path II, respectively, as indicated by red arrows pointing in 

Figure 7.6. In addition, the energetically favorable adsorption location for the Li atom 

inside the bilayer Ti2CO2 is identified as the bilayer initial state (b-IS). The CI-NEB 

method is used to identify the relative diffusion energy as a function of the diffusion 

coordinate of the Li–ion for both diffusion paths, as illustrated in Figure 7.7, where 

Table 7.4 contains the calculation information. As a result, the computed diffusion 

barrier for the CI-NEB methods is 0.776 eV and 0.363 eV at the b-TS I and b-TS II 

transition state sites, respectively. 
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Figure 7.6 The b-TS I (left red arrow) and b-TS II (right red arrow) sites are represented 

as the bilayer Ti2CO2 transition states for the diffusion path of path I and path II, 

respectively, while the b-IS site is indicated by a dark blue arrow. 

 

 

Table 7.4 The relative diffusion energy as a function of diffusion coordinate of the 

transition path I and II for the Ti2CO2 bilayer. 

Steps Diffusion coordinate (Å) 
Total energy (eV) Relative energy (eV) 

Path I Path II Path I Path II 

0 (initial) -2.26 -367.323 -367.323 0.000 0.000 

1 -1.69 -367.255 -367.295 0.068 0.028 

2 -1.13 -367.018 -367.214 0.305 0.109 

3 -0.56 -366.730 -367.091 0.594 0.232 

4 0.00 -366.547 -366.960 0.776 0.363 

5 0.56 
-366.725 -367.098 0.598 0.225 

6 1.13 -367.106 -367.218 0.217 0.105 

7 1.69 
-367.281 -367.298 0.042 0.025 

8 2.26 -367.323 -367.323 0.000 0.000 
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Figure 7.7 Relative diffusion energy (eV) as a function of diffusion coordinate (Å) for 

the diffusion path I and path II (red and blue lines, respectively) simulated by CI-NEB 

method. 

 

 Furthermore, the framework for depicting the relative total energy for the b-IS, 

b-TS I, and b-TS II transition sites as a function of distinct interlayer-spacings, later 

referred to as d-spacing, is presented in Figure 7.8 by using the SPES method. This 

study seeks to find out how d-spacings affect the diffusion barriers in bilayer MXenes. 

In addition, the b-IS transition site for Li-ion is set for the reference energy, which is 

plotted as 0 eV in Figure 7.8. The distance in the z-coordinate between the overlaying 

and underlying functional groups (using oxygen atoms for this framework) that are far 

from or do not interact with the Li atoms of the interface surface, would be used to 

determine the d-spacing value. In practice, the interlayer is kept constant in the 

direction of the c-axis by anchoring the furthest Ti atoms from the Li-ion of each bilayer 

to preserve the d-spacing during computation. Besides, we provide a plot of the 

distance in z-coordinate between the Li atom and both layers for the b-IS, b-TS I, and 

b-TS II Li's transition sites, as shown in Figure 7.10. The green slope line in Figure 7.10 

show the center distance between the overlying and underlying layers that increases 

as the d-spacing rises. The horizontal lines represent the distance between the Li atom 
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and the monolayers for three different sites that correspond with the b-IS, b-TS I, and 

b-TS II (gray, red, and blue lines, respectively). In addition, Table 7.5 includes the 

diffusion barriers calculated information according to the variation of energy as a 

function of interlayer spacing with two diffusion paths, as presented in Figure 7.9. 
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Figure 7.8 Relative energy of b-IS, b-TS I, and b-TS II Li's adsorption sites as a function 

of d-spacing (black, red, and blue lines, respectively). 
 

 

 
Figure 7.9 Relative diffusion barrier achieved by the differential energy between the 

transition state and the initial state at the same d-spacing for the diffusion path I and 

path II. 
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Figure 7.10 The z-coordinate distance from the Li atom to both the underlying and 

overlying layers of b-IS, b-TS I, and b-TS II Li's adsorption sites as a function of the d-

spacing. 
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Table 7.5 Diffusion barrier information as a function of d-spacing along diffusion path 

I and path II. 

d-spacing 

(Å) 

Diffusion barrier (eV) 

Diffusion path I Diffusion path II 

2.74 1.107 0.716 

3.00 0.485 0.280 

3.19 0.222 0.125 

3.28 0.133 0.066 

3.47 0.013 0.013 

3.70 0.027 0.009 

3.94 0.071 0.008 

4.18 0.147 0.080 

4.43 0.200 0.138 

4.71 0.262 0.182 

5.17 0.329 0.240 

5.85 0.396 0.245 

6.29 0.422 0.240 

6.74 0.444 0.240 

7.19 0.463 0.240 

7.64 0.475 0.240 
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 Figure 7.8 present the equilibrium state of the Li-ion insertion at a d-spacing of 

2.74 Å for the b-IS site while those for the b-TS I and b-TS II sites have d-spacings of 

3.14 and 3.27 Å, respectively. If we assume that it has enough time to let the interlayer 

move to the proper state during the Li-ion diffusion, the energy from the equilibrium 

states of both Li atom transition states and the Li atom's initial state position is 

sufficient to generate the diffusion barrier. As a result, the diffusion barrier can be 

calculated as 0.44 and 0.35 eV for the transition paths I and II, respectively. However, 

since the distances between the two layers might practically move slower than the 

mobility of lithium ions, we therefore assume that the diffusion barrier, as shown in 

Figure 7.9, can be generated from the differential energy of the SPES method between 

the transition state and the initial state at the same d-spacing as in Figure 7.8. Thus, 

according to this approach for the b-TS I and b-TS II transition sites, the diffusion barriers 

were 1.02 eV and 0.68 eV (corresponding to d-spacings of 2.74 Å from the Li's 

equilibrium adsorption for the b-IS site), which were much more comparable with the 

CI-NEB method calculation (0.78 eV and 0.36 eV) than the previous method (0.44 eV 

and 0.35 eV). The diffusion barrier agrees well with Ashton et al., who report the 

diffusion barrier for an identical diffusion path of the path I that yields 0.91 eV and 0.63 

eV, respectively, for the SPES and CI-NEB methods (Ashton et al., 2016). However, since 

the Li-atom is kept fixed at the center between two layers, they revealed that the 

diffusion barrier at the identical transition path II yields a higher diffusion barrier than 

that at the transition path I. In contrast, the Li-O bonding adopts a tetrahedral form 

and has a lower diffusion barrier than the transition path I if the Li-atom is not fixed as 

the center, which is consistent with our findings. Figure 7.8. also shows that when the 

d-spacing surpasses 5.50 Å, total energy increases significantly, and the diffusion barrier 

at the b-TS II transition site (0.24 eV) is essentially equal to that of the monolayer at 

an equivalent Li-adsorption site (0.22 eV).  

 We also provide a plot of the distance in the z-coordinate between the Li atom 

and both layers for the b–IS, b–TS I, and b–TS II Li's transition sites, as shown in Figure 

7.10. The green slope line in Figure 7.10 shows the center distance between the 

overlying and underlying layers, which increases as a function of d-spacing. The 

horizontal lines represent the distance between the Li atom and the monolayers for 
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three different sites that correspond with the b-IS, b-TS I, and b-TS II (gray, red, and 

blue lines, respectively). According to our findings, the Li-O bonding forms a tetrahedral 

structure at the b-TS II. 

 It is interesting to note that the total energy at the b-IS, b-TS I, and b-TS II of 

the Li-transition sites exhibits similar ascending features, whereas the trend of these 

positions obviously overlaps with each other in the d-spacing range between 3.40 Å 

and 4.10 Å, indicating a near-zero diffusion barrier in this region. The near-zero diffusion 

barrier may be achieved for the following reasons: Firstly, the Li atom prefers to reside 

close to both layers, which is evident by the total energy for the equilibrium state in 

Figure 7.8 being lower as the Li atom is located at the center site and interacts 

equivalently with both the overlying and underlying layers as indicated in Figure 7.10. 

The Li atom at the b-TS I site is off center in the z-coordinate into one of the layers 

when the d-spacing reaches about 4.20 Å, with the same feature as the b-TS II, where 

the Li atom's center at the b-TS II represents the tetrahedral shape. The Li atom at the 

b-IS site (around the d-spacing of 3.40 Å), on the other hand, arrives off center before 

the b-TS I and b-TS II sites, resulting in a shorter duration of the evenly interact distance 

between the Li atom and both the overlying and underlying layers. Consequently, 

despite the equilibrium state at the b-IS site having the deepest energy, its energy 

increases faster than that for the b-TS I and b-TS II sites, appearing in energy overlap 

at around 3.40 to 4.10 eV in the d-spacing zone. The results show that it is important 

to examine the co-intercalations that will be valuable for extending the interlayer 

spacing. 

 

7.2.3 Diffusion rate and Selectivity of Li–ions intercalated bilayer MXenes  

 The diffusion rate, or reaction rate, indicates the ability of atoms to diffuse into 

the electrodes of a variety of substances, which can reflect how quickly a battery can 

be charged. The diffusion rate can be estimated by using Arrhenius equation which is 

given by  

 , 7.7 /
0 e b BE k Tk A -=
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where k is diffusion rate, A0 is diffusion pre-factor, which is constant obtaining from the 

experiment, kB is the Boltzmann constant, Eb is the diffusion barrier, and T is 

temperature. According to the Arrhenius equation, the diffusion rate of the Li atom 

passing through the interlayer is a function of the diffusion barrier. As a result, the 

selectivity for Li–ion diffusion as a function of temperature is defined as the relative of 

the diffusion rate at a considered condition to the reference diffusion rate (k*) at 50 K. 

In addition, the reference diffusion rate is referred to the rate of the Li atom diffusion 

along the transition path II into the Ti2CO2 bilayer by using the d-spacing of 2.74 Å (d'), 

which corresponds to the optimized structure for Li insertion at the b-IS site. Thus, the 

selectivity (S) is given by  

 , 7.8 

where kd,T is the diffusion rate of the identical d–spacing for the given T temperature, 

A0 is diffusion pre–factor,  is diffusion pre–factor of the reference diffusion rate, kB 

is the Boltzmann constant, and Eb is the diffusion barrier. We know that the term of 

diffusion pre-factor of  is constant for every simulation, but we don’t know the 

exact values for a particular system. The selectivity can be quantified by arbitrarily 

defining the diffusion pre-factor as equal to 1. By using equation 7.8, we may primarily 

obtain the general features of the relative diffusion rate of the materials. Figure 7.11 

shows the general characteristic of the relative diffusion rate calculated as a function 

of temperature, where the diffusion barrier of 0.74 eV, which corresponds to the d-

spacing of 2.74 Å was used. 
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Figure 7.11 The general characteristic of the relative diffusion rate as a function of 

temperature. 
 

 Furthermore, the calculated diffusion barrier and the selectivity (using transition 

Path II) of Li atom as a chosen temperature, including 50 K, 100 K, 200 K, and 300 K, 

are shown in Figures 7.12(a) and (b), respectively, in which the calculated information 

is listed in Table 7.6. The selectivity is shown to be greatly enhanced for all examined 

temperatures, reaching approximately 72 orders of magnitude when the d-spacing is 

below 3.50 Å. The feature is present at various temperatures simultaneously; however, 

it tends to be substantially amplified at low temperatures compared to high 

temperatures. We also found that the selectivity become constant as the d-spacing is 

above 5.50 Å, where the selectivity is obtained by 48, 60, 66, and 68 orders of 

magnitude for the temperature of 50 K, 100 K, 200 K and 300 K, respectively. 

Interestingly, the selectivity around the d-spacing range between 3.50 and 4.10 is 

relatively unchanged throughout the changes in temperature, allowing it to be used 

even at very low temperatures while preserving great performance for the diffusion 

characteristics. 
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Table 7.6 The relationship between the diffusion barriers and the selectivity of various 

temperatures, including 50 K, 100 K, 200 K, and 300 K, as a function of the d-spacing. 

d-spacing 

(Å) 

Diffusion barrier 

(eV) 

Selectivity of Li–ion over equilibrium d-spacing at T = 50 K 

50 K 100 K 200 K 300 K 

2.74 0.716 1.00 1.22 × 1036 1.34 × 1054 1.39 × 1060 

3.00 0.280 8.85 × 1043 1.14 × 1058 1.30 × 1065 2.92 × 1067 

3.19 0.125 3.72 × 1059 7.41 × 1065 1.05 × 1069 1.17 × 1070 

3.28 0.066 3.29 × 1065 6.97 × 1068 3.21 × 1070 1.15 × 1071 

3.47 0.013 7.23 × 1070 3.27 × 1071 6.95 × 1071 8.94 × 1071 

3.70 0.009 1.83 × 1071 5.20 × 1071 8.77 × 1071 1.04 × 1072 

3.94 0.008 2.31 × 1071 5.84 × 1071 9.29 × 1071 1.08 × 1072 

4.18 0.080 1.28 × 1064 1.37 × 1068 1.43 × 1070 6.70 × 1070 

4.43 0.138 1.82 × 1058 1.64 × 1065 4.92 × 1068 7.10 × 1069 

4.71 0.182 6.68 × 1053 9.94 × 1062 3.83 × 1067 1.30 × 1069 

5.17 0.240 9.52 × 1047 1.19 × 1060 1.32 × 1066 1.37 × 1068 

5.85 0.245 2.98 × 1047 6.64 × 1059 9.91 × 1065 1.13 × 1068 

6.29 0.240 9.52 × 1047 1.19 × 1060 1.32 × 1066 1.37 × 1068 

6.74 0.240 9.52 × 1047 1.19 × 1060 1.32 × 1066 1.37 × 1068 

7.19 0.240 9.52 × 1047 1.19 × 1060 1.32 × 1066 1.37 × 1068 

7.64 0.240 9.52 × 1047 1.19 × 1060 1.32 × 1066 1.37 × 1068 
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Figure 7.12 The relation between (a) the diffusion barrier (eV) of diffusion path II and 

(b) the selectivity of Li-ion diffusion over the Li-adsorption site equilibrium state at 50 

K in the bilayer as a function of d-spacing (Å). 

  

a. 

b. 
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7.2.4 Interlayer spacing induced by Co-intercalations of Li–ion in bilayer 

Ti2CO2  

 The alkali metal intercalations, including Be, Mg, Ca, Na, and K alkali metals, as 

well as S atom intercalations, are addressed in the simulations. Therefore, the co-

intercalation atoms are fully doped into the interlayer of the M'M'-M'M' combination 

structure with the s1 stacking configuration of the Ti2CO2 bilayer (the X1,1,1 model), 

approximately 10 percent doping (one atom in the unit cell). There are several 

positions to adsorb the considered co-intercalation atom; for this reason, one site that 

is energetically favorable among all the sites is chosen. Figure 7.13 includes the wider 

spacing induced by the co-intercalations, indicated in color lines with the plot of the 

diffusion barrier for diffusion paths I and II. In addition, light blue, yellow, green, violet, 

dark blue, and pink lines indicate the Be, Mg, Ca, Na, K, and S intercalations, 

respectively, which have the correspond value of interlayer spacing of 1.97, 2.33, 2.93, 

2.99, 3.84, and 4.17 Å. We can assume that the K and S intercalation can enhance the 

interlayer spacing between approximately 3.40 Å and 4.10 Å in the near-zero energy 

barrier zone of the Li–ion diffusion. 

 Furthermore, the diffusion rate (and selectivity) of Li atom to that of the co-

intercalation atom, including S and K, inserting into the X1,1,1 model are compared. Like 

the previous result for the sake of simplicity, we also assumed the pre-factor as the 

similar values for all types of atomic diffusion. The comparison of the selectivity for 

the Li atom and the co-intercalation diffusion is also set relative to the k*
d', T=50K value 

(equivalent to the previous result), which is examined by using equation 7.8 equations 

2 and 3. In the ideal condition with maximize the capacitance of the Li atoms, we 

reduce the co-intercalation concentration by using a single atom of S and K for the 

2×2×1 supercells, which can achieve around 2.5 percent doping. We discovered that 

fully doped K atoms cause a significant contraction of the interlayer spacing (around 

3.84 Å with the 10 percent doping), which can rise to around 4.10 Å with the 2.5 percent 

doping. In addition, the d-spacing is increased from the fully doped of S atoms, about 

4.20, to around 5.40 Å. From equation 2, since the rate of ionic diffusion inside the 

materials is diffusion barrier-dependent, the diffusion barriers of the Li atom along two 

diffusion paths (Path I and Path II) at the specific bilayer’s d-spacing of 4.10 Å (for K co-
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intercalation) and 5.40 Å (for S co-intercalation) were selected. As a results, Figures 

7.14(a) and 7.14 (b) depict the temperature-dependent selectivity of the Li atom with 

K and S co-intercalations, respectively. The calculations used the diffusion barriers of 

the K co-intercalation atom's diffusion paths I and II of 0.550 and 0.542 eV, respectively, 

whereas the Li atom's diffusion barriers with equivalent d-spacing are 0.109 and 0.042 

eV, respectively. The diffusion barrier of the S co-intercalation atom along diffusion 

paths I and II is 0.101 and 0.033 eV, respectively, while the diffusion barrier of the Li 

atom with the same d-spacing is 0.353 and 0.245 eV. Additionally, Table 7.7 contains 

the diffusion barrier used to compute the selectivity of the Li and K co-intercalation 

diffusion, while Table 7.8 shows the calculated information of the diffusion barrier and 

selectivity for the Li and S co-intercalation diffusion. 

 

 
Figure 7.13 The interlayer spacing induced by the various types of intercalations with 

the diffusion barrier of the diffusion path I and path II 
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Table 7.7 Calculated diffusion barrier and Selectivity of Li and K co-intercalation atoms 

in bilayer Ti2CO2. 

Type of diffusion atom 
Diffusion 

barrier (eV) 

Selectivity over temperatures 

50 K 100 K 150 K 200 K 250 K 300 K 

Li  
Diffusion path I 0.109 1.53×1061 4.75×1066 3.22×1068 2.65×1069 9.39×1069 2.18×1070 

Diffusion path II 0.042 8.64×1067 1.13×1070 5.74×1070 1.29×1071 2.11×1071 2.91×1071 

K 
Diffusion path I 0.550 5.41×1016 2.83×1044 4.91×1053 2.05×1058 1.21×1061 8.52×1062 

Diffusion path II 0.542 3.43×1017 7.13×1044 9.09×1053 3.25×1058 1.75×1061 1.16×1063 

 

 

Table 7.8 Calculated diffusion barrier and Selectivity of Li and S co-intercalation atoms 

in bilayer Ti2CO2. 

Type of diffusion atom 
Diffusion 

barrier (eV) 

Selectivity over temperatures 

50 K 100 K 150 K 200 K 250 K 300 K 

Li  
Diffusion path I 0.353 3.88×1036 2.40×1054 2.04×1060 1.88×1063 1.13×1065 1.74×1066 

Diffusion path II 0.245 2.99×1047 6.65×1059 8.68×1063 9.92×1065 1.70×1067 1.13×1068 

S 
Diffusion path I 0.101 9.65×1061 1.19×1067 5.96×1068 4.20×1069 1.36×1070 2.97×1070 

Diffusion path II 0.033 6.68×1068 3.14×1070 1.13×1071 2.16×1071 3.17×1071 4.10×1071 
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Figure 7.14 Selectivity of Li and the co-intercalation of (a) K atom and (b) S atom as a 

function of the temperatures. 
  

a. 

b. 
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 At 50 K, the selectivity of Li (kLi
d=4.10Å,T=50K/k*) and K (kK

d=4.10Å,T=50K/k*) is over 1061 

and 1016, respectively, indicating an extremely high selectivity for Li in the interlayer 

spacing of around 4.10 Å, as shown in Figure 7.14(a). Additionally, the selectivity of the 

diffusion path II for the Li diffusion is around 107 orders of magnitude higher than that 

of the path I, whereas those for the K diffusion are roughly equal for both paths. As 

the temperature rises, the selectivity of the K (kK
d=4.10 Å,T/k*) increases faster than that 

of the Li (kLi
d=4.10Å,T/k*). For a temperature of 300 K, our findings show that the selectivity 

of the Li (kLi
d=4.10Å,T=300K/k*) is approximately 108 times higher than the selectivity of the 

K (kLi
d=4.10Å,T=300K/k*). According to the results, K co-intercalation not only promotes 

interlayer spacing along the length of the ultra-low diffusion barrier of the Li atom, but 

it also remains stationary during Li diffusion. However, Figure 7.14(b) shows that at 50 

K, the selectivity of Li (kLi
d=5.40Å,T=50K/k*) and S (kS

d=5.40Å,T=50K/k*) is approximately 1036 and 

1062 for diffusion path I, respectively, and 1047 and 1068 for diffusion path II. The S atom 

has a diffusion rate that is approximately 4–8 orders of magnitude greater than Li 

diffusion for each path at 300 K, indicating that S atom co-intercalation may not be 

proposed as the co-intercalation. 

 

7.3 Discussion 

 Firstly, the M'M' model of Ti2CO2 monolayer's adsorption energy, voltage 

calculations, and specific capacitance were performed. It is revealed that the highly 

probability for the adsorption coordinate of Cad1 and Oad2 is, respectively, the 

adsorption site for the 1st and 2nd Li-adsorption layer. The computations give an 

evaluated value of up to 500 mAh∙g-1 for the gravimetric capacitances, which 

corresponds to the OCV of 0.03 Volt (3 Li adatoms onto the unit cell). Furthermore, 

the framework for the LIB investigation of the Ti2CO2 bilayer with the combined type 

of the M'M'-M'M' and the bilayer's s1 stacking configuration is described. We have 

provided the Li diffusion properties by using the static potential energy (SPES) and the 

climbing image nudged elastic band (CI-NEB) methods. For the SPES and CI-NEB 

methods, the calculated diffusion barriers are 0.223 eV and 0.215 eV, respectively. In 

the subsequence study, we chose the SPES method to simulate the trend for diffusion 
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barrier as the interlayer spacing changes. It turns out that we can get ultra-low diffusion 

barrier for the Li atom by using interlayer spacings between 0.34 and 4.10. The ultra-

high Li-ion mobility inside the bilayer of the Ti2CO2 structure, with a specific distance 

of the expanded interlayer spacing, is higher than that on the monolayer as presented 

in the literature. As a result, it is assumed that two of the Ti2CO2 layers in the bilayer 

disregard the Li atom at the bilayer interface when the interlayer distance is 

appropriate. Besides this, we tested the interlayer length for the co-intercalation into 

the Ti2CO2 bilayer where the Be, Mg, Ca, Na, K, Ca, and S had been chosen as the co-

intercalation atoms. The interlayer spacing of the Ti2CO2 bilayer can be adjusted to 

around 0.37 due to the K co-intercalation, enabling the ultra-low diffusion barrier. Our 

investigations are further expanded to the aspects of selectivity and diffusion rate, 

which can provide information about our potential in comparison to an experiment. 

Consequently, we determined that K co-intercalation is a promising candidate for 

enhancing the Li-ion diffusion characteristics because it promotes interlayer spacing 

into a length with an ultra-low diffusion barrier and would remain stationary throughout 

Li diffusion. Therefore, potassium co-intercalation may be used to improve the LIB 

application. 
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CHAPTER VIII 

CONCLUSIONS AND FUTURE DIRECTION 
8 LIBs 

8.1 Conclusion 

 Thus far, this thesis has covered many aspects of the Ph.D. research. The entire 

study has been addressed, including the structural characteristics, electrical properties, 

applications for Li-ion batteries, and the selectivity of the Li-ion and the co-

intercalation diffusion for the MXenes monolayer and bilayer. Firstly, we discovered 

that, despite having a similar structure, M2CT2 exhibits different properties in different 

compounds in their family, such as the transition from semiconducting to conducting 

by changing the T and M elements. Likewise, the varied composition of the T inside 

the same compound's component may similarly display distinct electrical 

characteristics. For instance, various Sc2CO2 monolayer structural models, such as the 

M'O, OO, and MO models, display multiple band gaps, and some of which, such as the 

M'M', MM, and MM' models, show conducting behavior. In terms of structural stability, 

it can be assumed that the ionic states of the transition metals will have a significant 

impact on the relative structural stabilities of the M2CT2 compounds. These have 

obviously been discovered based on estimates of formation energy and oxidation 

state. The most stable among M2CO2 and M2CF2 molecules are those with a balanced 

charge state, such as Ti2CO2 and Sc2CF2. The types of structural models characterized 

by surface functional group compositions were given secondary precedence for 

stability, and the formation energy calculation reveals that the M'M' model has the 

highest stability among the monolayer models. Additionally, the majority of the M'M', 

M'O, and OO models for the M2CT2 MXenes, respectively, reveal the most preferred 

structure according to the evaluation of the formation energy. 

In the subsequent section, the characterization of the bilayer structures and 

their stability have been presented. Our discovery is a significant issue because of the 

bilayer’s interface of the 3 different types for the combination types (AO−M'B, 

AM'−M'B, and AO−OB) which consist of exactly 18 forms of the stacking configurations 
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can be reduced to just 6 forms. We also infer that the stacking configurations can be 

transformed into one another by the given translation or rotation vectors. Furthermore, 

we use the DFT calculation to perform formation energy for every prospective 

structure. As a result, there is a distinct pattern in the apparent formation energy of 

the various bilayer's combined types for each compound. Our results demonstrate that 

as we switch the bilayer’s combined type into other forms in each compound, the 

formation energy is shifted greater than that of the stacking configurations. However, 

the energy characteristic of the stacking configurations almost appears to be a 

particular pattern that identifies the s1 emerging as the most preferred configuration 

among all the combined types of the M2CT2 bilayers. This study will draw attention to 

the fact that the properties of the M2CT2 MXenes multilayer can be manipulated by 

regulating the structural arrangements in addition to the monolayer.  

 In the final part of the calculation, the framework for the LIB study of the Ti2CO2 

bilayer with the s1 stacking configuration of the M'M'-M'M' bilayer’s combined type is 

explored. We used both the CI-NEB and SPES methods to simulate the diffusion barrier 

for the transition paths I and II. As a result, the computed diffusion barrier for the CI-

NEB methods is 0.776 eV and 0.363 eV, for the transition paths I and II, respectively. 

The SPES approach is subsequently used to simulate the trend of the diffusion barrier 

for those two transition parts as a function of interlayer spacing (d-spacing). We 

discovered that interlayer spacings ranging from 0.34 Å to 4.10 Å allow us to achieve 

ultra-low diffusion barrier characteristics for the Li-ion mobility. Accordingly, the Li atom 

is interpreted as being neglected by both Ti2CO2 layers at the bilayer interface when 

the interlayer distance is suitable. Interestingly, the potassium co-intercalation offers 

the opportunity to alter the Ti2CO2 bilayer's interlayer spacing to about 0.37 Å, covering 

the ultra-low diffusion barrier characteristic and maintaining its position during Li 

diffusion. For this reason, in terms of enhancing the charging rate in the LIB application, 

potassium co-intercalation may be suggested.  
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8.2 Future direction 

 As previously mentioned, the M2XT2 (M is Sc, Ti, V, Nb, and Cr; X is C; T is O and 

F) is one of the MXenes families (Mn+1CnTn+1 where M is Sc, Ti, V, Nb, and Cr; X is C and 

N; T is O and F) used in the DFT calculations on the structural and electronic 

characteristics. Future study would have to include broadening the DTF calculations 

to analyze the electrical characteristics of the different n values (n > 1) of the 

Mn+1CnTn+1 compounds. Furthermore, in the investigation of LIB applications, only the 

bilayer of the Ti2CO2 molecule with the most favored structure—the s1 stacking 

configuration of the M'M'-M'M' bilayer combination type—is used. We have given some 

interesting preliminary results on the Ti2CO2 bilayer. One of the attractive issues might 

be the ultra-high Li-ion mobility inside the layered structure with a specific distance of 

expanding the interlayer spacing (higher than that on the monolayer) by utilizing the 

proper co-intercalation. However, an insightful explanation of our findings is still 

lacking. Thus, more DFT studies and more analysis methods to understand the 

electronic structure for the ultra-high Li-ion’s mobility characteristic of the MXenes 

system will be very interesting topic. On the other hand, research into the diffusion 

properties of substances with favorable structures deviating from the simulation, such 

as Sc2CO2 and Cr2CO2, is waiting to be simulated. In particular, the equilibrium 

structures for the compounds Sc2CO2 and Cr2CO2 are, respectively, the s1 stacking 

configuration of the OM'-M'O bilayer's combined type and the s5 stacking configuration 

of the OO-OO bilayer's combined type. Finally, the framework we have provided may 

be expanded to include additional alkali ion batteries, such Na and K ion batteries. 

That would also be a vast feature of future research. 
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APPENDIX 

SUPPLEMENTARY INFORMATION 
9  

 

 

 
Figure S1 Energy profiles of the displacing top-layer along the fixed bottom-layer for 

the stacking configurations (a) M'M'-M'M', (b) M'O-M'O, and (c) OO-OO of the Sc2CO2 

bilayer. 

a. 

b. 

c. 
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Figure S2 Energy profiles of the displacing top-layer along the fixed bottom-layer for 

the stacking configurations (a) M'M'-M'M', (b) M'O-M'O, and (c) OO-OO of the V2CO2 

bilayer. 
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Computational resources 

a. High Performance Computer Cluster (2.2 GHz, 504 CPUs), operating on Rocks 

Cluster, at SLRI 

b. Institute of Science (IOS) High-performance computer (HPC) at SUT 

c. Vienna Ab-initio Simulation Package (VASP) for first principles calculations at SUT 

and SLRI 

 

Locations of Research 

a. School of Physics, Institute of Science, Suranaree University of Technology, 

Nakhon Ratchasima, Thailand. 

b. Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. 
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