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B. Abstract   

Due to abundance, inexpensive, non-toxicity and the similar chemical property as lithium, 

sodium ion batteries are the best alternative to lithium-ion batteries. Many research were done to 

improve the energy density and specific capacity of anode for Sodium Ion Batteries (SIBs) by 

both experimental and computational methods. In this work, Density functional theory (DFT) 

were used to study the effect of Al dopant on monolayer graphene for application of SIBs anode. 

Formation energy, adsorption energy, cohesive energy, average voltage as well as open circuit 

voltage (OCV) of the anode were calculated. The cohesive energy and adsorption energy of the 

proposed anode were negative, indicates that the proposed 2D Al doped graphene is best 

candidate as anode for SIBs.  Other properties such as electronic structure, Density of State 

(DOS) and band structure were calculated by using quantum EXPRESSO package. Converged 

energy cutoff, lattice parameter and K-points grids were optimized. Charge dynamics of the 

structure were also calculated. Finally, the diffusion barrier of Na on the surface of Al doped 

graphene is calculated by using NEB method. All the calculation shows that Al doped graphene 

is a good candidate for SIBs. 

Key words: SIBs, Al doped graphene, adsorption, DFT, OCV, band structure, NEB, charge 

dynamics 
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1. INTRODUCTION  

At present, environmental contamination is growing at a faster rate with using fossil fuel and 

coal. It is necessary to develop a new renewable and green energy which can reduce the emission 

of pollutant. Alternative to fossil fuel energy generation, green and renewable energy generation 

such as wind energy, solar energy, hydropower has been developed over the last decades. 

Consequently, there is an increased demand for novel energy storage technology [1-4]. Because 

of their light weight, great life cycle, superior energy density, incredible electrochemical 

characteristics, and excellent storage capacity, lithium-ion batteries (LIBs) are one of the most 

significant energy storage technologies [5-8]. 

Because of these properties, it is frequently used in portable electronic equipment, hybrid electric 

vehicles (HEVs), as well as other applications [9-13]. Although LIBs offer several advantages, 

they are too costly for fixed, large-scale electrical storage, and the restricted supply of Li metal, 

as well as heating and safety concerns, are important concerns in the use of these batteries [6, 7, 

14-16].   

Sodium is the most significant substitute to Lithium because of its abundance, cheaper, superior 

safety features, similar chemical and physical properties as Lithium [4, 11, 15, 17-19]. For 

instance, trona (Na2CO3), the most common sodium mineral is 20-30 times cheaper than 

zabuyelite (Li2CO3), lithium mineral [1, 20].  Due to these reasons, research on sodium ion 

batteries (SIBs) has accelerated in the recent decades. Because of the abundance of Na element, 

SIBs are emerged as one of the substitutes of LIBs [18]. However, because the radius of the Na
+
 

ion is bigger (0.102nm) than that of the Li
+
 ion (0.076nm), the potential barrier is higher, 

resulting in slow Na
+
 kinetics. [16]. Also, there are many challenges to the commercialization of 

SIBs, such as lower cycling stability and low initial Coulomb efficiency, and low energy density 

[18].  
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Figure 1. Reserve and production scenario of Li metal 

1.1 Sodium ion battery anodes: Overview  

SIBs consist of positive and negative electrodes which are connected by immersing into sodium 

salt electrolytes [21].   

Figure 2. Working principle of an alkali ion battery [22]  

The SIB faces a significant hurdle due to a scarcity of suitable anode materials. For the last few 

decades, many scientists try to develop and discover proper electrode materials for SIBs that has 

a high storage capacity, long lifespan, high-rate capacity, and safety. The development of anode 
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material is more difficult when compared to cathode materials which can use variety of structure 

[23, 24].  

Today a great number of anode SIBs such as Carbon-based materials, titanates, metal oxide, 

Conversion Reaction Anode and alloying materials are available [25-27]. However, metallic 

compounds are limited by their large volume enlargement during sodiation, and titanates cannot 

meet needed useful use due to their poor capacity. [26]. Conversion reactions anodes, including 

alloying and metal oxide anodes, exhibit high volume fluctuations during cycling and poor 

columbic efficiency due to irreversible processes [27].  

1.1.1 Structural stability of battery electrode  

The structural stability of a battery material is critical to its cycle lifetime. Cohesive energy, 

formation energy, Gibbs free energy, and the phonon dispersion spectrum can be used to 

investigate the stability of a battery material. 

Cohesive energy: The energy produced when separated free atoms combined to create a chemical 

compound is known as cohesive energy. 

It can be calculated from the following formula  

 𝐸𝑐𝑜ℎ =
𝑚 × 𝐸(𝐴) + 𝑛 × 𝐸(𝐵) − 𝐸(𝐴𝑚𝐵𝑛)

𝑚 + 𝑛
 (1) 

Where 𝐴𝑚𝐵𝑛 denotes a compound; 𝑚  and 𝑛  denote the number of 𝐴  and 𝐵  in the formula; 

𝐸(𝐴𝑚𝐵𝑛), 𝐸(𝐴) and 𝐸(𝐵) denote the energies of compound 𝐴𝑚𝐵𝑛, isolated atom 𝐴, and isolated 

atom 𝐵, respectively; and 𝐸𝐶𝑂 is the cohesive energy. When the cohesive energy of the structure is 

higher, it is significantly more stable. 

Formation Energy: Formation energy is the energy shift that occurs when a solid or compound is 

produced by its constituent elements in their normal state. The following equation is used to 

calculate the formation energy of a compound. 

 𝐸𝑓 =
𝑚 × 𝐸′(𝐴) + 𝑛 × 𝐸′(𝐵) − 𝐸′(𝐴𝑚𝐵𝑛)

𝑚 + 𝑛
 (2) 
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While the equation is similar to that of cohesive energy, 𝐸′(𝐴) and 𝐸′(𝐵) represent the energies of 

component elements in their normal circumstances rather than separated atoms. The higher the 

positive formation energy, the more stable the structure is. Because a complex is rarely formed 

from isolated atoms, the formation energy of a structure predicts its stability better than the 

cohesive energy.  

Gibbs Free Energy: it can be used to compare the stability of isomers or polymorphs at different 

temperatures or pressures. It may be defined as follows: 

 𝐺 = 𝐻 − 𝑇𝑆 (3) 

 𝐻 = 𝐸 + 𝑃𝑉 (4) 

Where 𝐺, 𝐻, 𝑇, and 𝑆 are respectively, Gibbs free energy, enthalpy, temperature, and entropy. 𝐸, 𝑃 

and 𝑉 are internal energy, pressure, and volume.  

1.1.2 Theoretical Capacity and Reaction Voltage of Battery  

Generally, a battery's power density is proportional to its equilibrium voltage, which is an 

important commercialization metric for batteries. DFT calculations may be used to estimate the 

voltage of a new battery structure or to investigate the electrochemical events that occur during 

the cycling of a battery [28] 

A general electrochemical reaction has the form:  

 𝛼𝐴 + 𝛽𝐵 → 𝛾𝐶 + 𝛿𝐷 (5) 

𝛼, 𝛽, 𝛾, and 𝛿 are stoichiometric coefficients. DFT may be used to compute the reaction's energy. 

Under constant temperature and pressure, the Gibbs free energy of the reaction can be expressed 

as 

Where ∆𝑟𝐺𝜃  is Gibbs free energy of the reaction and ∆𝑓𝐺𝜃  is Gibbs free energy of specific 

material. At equilibrium voltage, the reaction is reversible. In a battery, ∆𝑟𝐺𝜃  is equal to the 

largest nonvolume work that the battery exerts on external systems. If all the Gibbs free energy 

of the reaction is transformed into electrical energy, the equilibrium voltage can be calculated 

from the following equation [28] 

 ∆𝑟𝐺𝜃 = 𝛾∆𝑓𝐺𝐶
𝜃 + 𝛿∆𝑓𝐺𝐷

𝜃 − 𝛼∆𝑓𝐺𝐴
𝜃 − 𝛽∆𝑓𝐺𝐵

𝜃 (6) 
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∆𝑟𝐺𝜃 = −𝑛𝐹𝐸𝜃 (7) 

where 𝑛 total number of charge transfer, F faradays constant and 𝐸𝜃 thermodynamic equilibrium 

voltage under standard state, also called electromotive force. Under isothermal and isobaric 

condition, ∆𝑟𝐺𝜃 can be expressed as [29]. 

 ∆𝑟𝐺𝜃 = ∆𝑟𝐸𝜃 − 𝑇∆𝑟𝑆𝜃 + 𝑃∆𝑟𝑉𝜃 (8) 

Where ∆𝑟𝐸 is energy of the reaction and ∆𝑟𝑆 is entropy change. Under constant pressure and 

room temperate, 𝑃∆𝑟𝑉𝜃 and 𝑇∆𝑟𝑆𝜃  terms are negligible [28, 29]. Therefore ∆𝑟𝐺𝜃 ≈ ∆𝑟𝐸𝜃 is 

applicable for electrochemical reactions inside the battery. 

Additionally, the following equations can be used to compute the theoretical mass energy density 

(𝜀𝑚), volumetric energy density (𝜀𝑣), and specific capacity (𝐶) of an electrode [28]: 

 𝜀𝑚 =
∇𝑟𝐺𝜃

∑ 𝑀
 (9) 

 𝜀𝑣 =
𝛥𝑟𝐶𝜃

∑𝑉
 (10) 

 𝐶 =
𝑛𝐹

3.6𝑚
 (11) 

Where 𝑀 and 𝑉 are total mole of masses and mole of volumes of the reactants respectively, and 𝑚 

is the mole mass of an electrode material.  

1.2 Anode Materials Made from Carbon and Their Performance in Sodium Ion 

Batteries 

Many materials have been developed for SIBs. From those materials, Carbon-based materials, 

like hard carbon, amorphous carbon, graphite, expanded graphite, and graphene, are by far the 

most attractive SIB anode materials due to their ease of preparation, relatively inexpensive, 

stability, and excellent cyclability. [23, 30]. Graphite, which is the best anode for LIBs, cannot be 

used in SIBs because Na
+
 does not intercalate into graphite[27]. Graphite has only recorded an 

extremely low capacity of 35 mAhg
−1 

for SIBs due to the formation of NaC64 because of the 

larger size of Na 
+
 and high ionization potential [21, 31].   
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From these carbon materials, graphene is the best candidate for SIBs anode material because of 

its good electrical properties, excellent mechanical properties, unique 2D structure and high 

surface area, high electron conductivity, structural maneuverability, which can enhance the Na
+
 

storage capacity through surface adsorption and micropore insertion [21, 23, 31].  

But pure graphene has poor absorption ability which limits its application as anode materials. So, 

to enhance electro performance of graphene, point defects, edges, grain boundaries and doping 

are introduced. Among these, controlled doping of graphene has been achieved in atomic 

accuracy with good thermodynamics [32]. 

1.3 Theoretical Simulation  

Theoretical methods are used extensively to design and understand material properties in every 

feature of research. Theoretical methods offer a cost-efficient process to understand the atomic 

mechanism, complement experimental investigation, screen, and forecast properties. 

Since the beginning of quantum theory, the theoretical approaches for studying the properties and 

the application of materials have been considerably developed. This approach is mainly focused 

on the Schrödinger equation and studies the electronic properties of solid materials [33].  

In investigational fields, the structure-property relationships have been foreseen by vibrational 

and solid-state NMR spectroscopy by analysis and interpretation of its spectra. Such kinds of 

progress are focused on the electronic structure of bulk and defect site in semiconductor 

materials which sever many challenges [34]. For these purposes, Density functional theory 

(DFT) was being increasingly used as an investigative tool for materials discovery, 

computational experiments, and crystal structure prediction. The density functional theory (DFT) 

has proven to be a very powerful tool to theoretically interprets the electronic and chemical 

properties of materials. The principle is based on the properties of a studied system as a function 

of the corresponding electron density, which is promising in achieving the goal of maximizing 

both efficiency and accuracy of a desired electronic properties. After significant development for 

the past decades, DFT now has become the most widely used theory for electronic structure 

study [35]. The achievement of DFT is clearly linked to the excellent compatibility of the local 

density approximation to the simulation of a homogeneous electron gas in the condensed phase. 

The electron density can be satisfactorily described with the Local Density Approximation 

(LDA) functional when dispersion or correlation effects are not strong which is common in 
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solid-state materials. New advanced approximations based on LDA, such as generalized gradient 

approximation (GGA) or hybrid functionals, were suggested over past years and showed 

considerable progress at predicting electronic structure of molecules. It is also shown that hybrid 

functionals also have a better description of the band gap of condensed phase semiconductors.  

One of the very popular programs of DFT, which implementing many functions is the Quantum 

ESPRESSO software package. So, this software package is used in this work.  

During the last few years, DFT is applied more and more to simulate the structures and explain 

the behavior of energy storage materials, and the main functionals utilized in battery materials 

are the GGA functionals, particularly the Perdew–Burke–Ernzerhof (PBE) GGA. 

Thermodynamic characteristics, electronic structures, reaction kinetics, and ion transport 

pathways of electrodes and electrolytes for batteries was all computed by using DFT. Compared 

to experiments DFT simulations demonstrate the benefits of examining reactions at the atomic 

level and for the efficient assessment of new materials for battery to lower development costs 

[28]. 

1.4 Electronic Structure Calculation  

The structure of atoms, crystals, molecules, surfaces, and their interactions are computed by 

Density Functional Theory (DFT) [36]. It relies on Hohenberg and Kohn and Sham 

approximation that can follow the local density approximation (LDA) or the generalized gradient 

approximation (GGA) to generate accurate results, for various structural and energetic properties 

of bulk materials and surfaces, interfaces, and point defects. Molecule physical characteristics are 

derived from electron assembly mechanisms. To understand these properties, one must 

investigate electron distributions and interactions which is contained in the electronic wave 

function governed by Schrödinger’s equation:  

 ĤѰ =  EѰ (12) 

Which is defining the N-electron Eigenfunction Ѱ and eigenvalue E of the Hamiltonian Ĥ. For 

single electron, Hamiltonian Ĥ is given by, 

 Ĥ =
𝑃2

2𝑚
+ 𝑉(𝑟) (13) 
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Where 𝑝, 𝑚 and 𝑉(𝑟) represent momentum, mass of electron and potential energy respectively. 

The permissible values are referred to as eigenvalues since not all energy values are permitted. 

The functions Ѱ which belong to the eigenvalues, and which are a solution of the vibration 

equation and, in addition, satisfy the boundary conditions, are called eigenfunctions of the 

differential equation. The non-relativistic Hamiltonian is written as the sum of different kinetic 

and potential contributing arising from interacting electrons and nuclei:  

 Ĥ = 𝑇𝑁 + 𝑇𝑒 + 𝑉𝑁𝑒 + 𝑉𝑒𝑒 + 𝑉𝑁𝑁 (14) 

Where 𝑇𝑁, 𝑇𝑒, 𝑉𝑁𝑒,  𝑉𝑒𝑒 and 𝑉𝑁𝑁 are kinetic energy of nuclei, the kinetic energy of an electron, 

interaction potential between nuclei and electrons, interaction potential between electrons and 

electrons, and interaction potential between nuclei and nuclei.  

According to the Born-Oppenheimer approximation (BOA) the nuclei are considered immobile 

due to their masses are much heavier than the electrons and their kinetic energy is much lower, 

and the problem is solved by considering only the electronic part of the Hamiltonian. Thus, the 

electronic Hamiltonian using atomic units given as [37]:  

 Ĥ𝑒𝑙𝑒𝑐 = −
1

2
∑ ∇𝑖

2 − ∑ ∑
𝑍𝐴

𝑟𝑖𝐴
𝐴𝑖𝑖

+ ∑ ∑
1

𝑟𝑖𝑗
𝑗>1𝐴

 (15) 

Where the first term on the kinetic energy of electron, the second term is the electric potential 

between the nuclei and the electrons, and the third term is electron-electron repulsion. Although 

the first two terms are mono-electronic, the third factor, electron-electron repulsion, prevents the 

many-body issue from being solved analytically. Generally, DFT calculations allow investigating 

the electronic structure of nanomaterials and thus predicting their fundamental properties, help 

their characterization, justify the experimental results, and forecast the potential application. The 

main equation of DFT was explained by Kohn-Sham. In this case there are two theorems which 

postulate the properties of any system. The first theorem explains as the ground state energy is the 

unique function of electron density i.e., E0 = E (no(r) while the second theorem describes the 

electron density that minimize the energy of the system is true ground electron density. Based on 

these theorems if someone get the electron density of the system it is easily to calculate the ground 

energy and know all properties of the system at ground states. The overall Kohn-sham equation is 

given as:  
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 [−
1

2
∇2 + 𝑉𝑒𝑥𝑡(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑥𝑐(𝑟)] 𝜑𝑖(𝑟) = 𝜖𝑖𝜑𝑖(𝑟) (16) 

Where 𝑉𝑒𝑥𝑡(𝑟) , 𝑉𝐻(𝑟)  and 𝑉𝑥𝑐(𝑟)  are external potential, Hartree potential and exchange 

correlation potential. 𝜑𝑖(𝑟) is Kohn Sham orbital and 𝜖𝑖 Kohn Sham eigen energy. 

 

1.4.1 K-points, Space Group and First Brillion Zone  

 K-point grid is sampling point in Brillouin zone which rises from Bloch theorem. For our 

calculation the K-points file is used to specify the Bloch vectors (k-points) to sampling the 

Brillouin zone. There is different mechanism that can specify the k-point grids in the K-POINTS 

file. These could be through automatically producing regular mesh of points, through the 

beginning and endpoints of line segments, or as the clear list of points and weights. The actual 

values of the k-points was optimized by quantum espresso code in SCF calculation, and the 

optimized values was used for other calculation purposes  

Space groups are commonly used to classify the symmetry of crystalline structure which 

incorporate 32 type of point group symmetry on the arrangement of atoms within the unit cell 

and 14 types of Bravais lattices of unit cells. There are 230 types of space groups. Within the unit 

cell, Wyckoff positions are defined to explain site symmetry group that are conjugate subgroups 

of space group [38-40]. 

1.4.2 Electronic band structure  

In a solid-state physics, the electronic band structure gives the information about a range of 

energy levels an electron inside the solid can take up, and the band gap is closely associated with 

electronic conductivity. The band gap of a material is directly related to its conductivity, and the 

electronic resistance of electrode materials could be analyzed using Density of State (DOS) plots. 

The DOS is essentially several different states at a certain energy level that electrons are 

permitted to occupy, that is, the number of electron states per unit volume per unit energy [28].  

The physical properties such as optical absorption, electrical resistivity and electrical 

conductivities are successfully described by Band theory.  
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1.4.3 Electronic Distribution  

Common way of explaining electronic structure is the electronic/charge distribution derived from 

DFT calculations. The electronic structures of the electrode materials and the chemical 

environment of the atoms are easily visible in charge distribution, which are difficult to measure 

using tests [28].   

1.5 Charge Distribution Analysis 

Materials' properties are governed through their electronic structure, and charge distribution which 

is a crucial element of that structure. The most straightforward approach to define that distribution 

is to use partial atomic charges. They give information about charge transfer, charge 

delocalization, and the type of interaction between atoms [41]. This type of information may be 

employed to better understand the way molecules and materials interact in terms of their physical, 

electrical, and magnetic characteristics [42-44]. A wave function can be used in a variety of ways 

to calculate net atomic charges. Three general classes may be identified: 

(i) population analysis, consisting of Mulliken charges, Löwdin charges, [45], and natural 

charges [46] 

(ii) partitioning the electron density, consisting of Bader charges [47, 48], Hirshfeld charges 

[49], DDEC charges, [50], and CM5 charges [51]. and  

(iii) electrostatic fitting, which includes the MerzKollman method [52]. 

According to Bader charge analysis, which is also called atoms-in-molecules theory, molecules 

are divided into atoms by zero flux surfaces [47, 48, 53]. A zero-flux surface is a two-

dimensional surface on which the charge density crosses the surface at a minimum. The total 

charge existing within each atom's atomic volume (Bader volume)  is known as the Bader charge 

[47]. Although the approach is mathematically efficient, it has been criticized for not reliably 

generating electrostatic potentials and dipole moments when atomic charges are retained without 

incorporating higher multipole moments on each atom [54]. 

1.6 Minimum Energy Path (MEP) 

One of the goals of this research is to better understand the Na diffusion and energy barrier on the 

surface of Al doped graphene.  Finding the lowest energy route for a group of atoms to change 

from one stable configuration to another is a common and significant issue in theoretical 
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chemistry and condensed matter physics. [55, 56]. This is often referred to as the minimum energy 

path (MEP). It is frequently used to define a 'reaction coordinate' for transitions like chemical 

reactions, molecule conformation changes, or solid diffusion processes. The saddle point, which 

designates the energy barrier for the migration, is the potential energy maximum along the MEP. 

It is critical to determine the minimum energy path (MEP) for the corresponding migration 

process in order to achieve the desired barrier for possible diffusion paths. There are several 

methods for determining MEP for a specific reaction such as Drag Method [57], Nudge Elastic 

Method (NEB) [55, 57, 58], Climbing Image NEB (CI-NEB) Method [57, 59], Conjugate Peak 

Refinement (CPR) Method [57], The Ridge Method [57, 60], The Dewar, Healy and Stewart 

(DHS) Method [57, 60], and The Dimer Method [57, 60] . 

1.6.1 Nudge Elastic Band Method (NEB) 

Nudge Elastic Band Method (NEB) is one of the effective way to find MEP for various reaction 

such diffusion of atomic hydrogen on metal surfaces [61], twin nucleation in Ti [62], diffusion of 

Li and Na ion 2D materials [63], sodium diffusion on 2D transition metal tellurides [64] and etc. 

The technique has been used both in conjunction with electronic structure calculations, 

particularly plane wave-based DFT calculations, and in conjunction with empirical potentials [59]. 

The MEP is found by constructing a set of images (duplicates or replicas) of the system, typically 

on the order 

 of 4–20, between the initial and final state [57, 59, 62]. In other words, NEB describes the 

movement of atoms from an initial stable state to a final stable state using as little energy as 

possible. There may be several reaction pathways connecting the reactants and products, and NEB 

selects the one that requires the least amount of energy. The NEB method is distinguished from 

other elastic band methods by a force projection that ensures that the spring forces do not interfere 

with the convergence of the elastic band to the MEP and that the true force does not affect the 

distribution of images along the MEP [59]. The NEB method is distinct from others in that it 
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provides not only an estimate of the saddle point, but also a more global view of the energy 

landscape, such as whether more than one saddle point is found along the MEP [57]. 

Figure 3. A schematic representation of nudged elastic band (NEB) method [62] 

In this study NEB was used to study the diffusion of Na on the Al doped graphene surface. 

Previously, this method is used to study many types of anode materials for batteries like 

bismuthene as anode material for alkali-metal ion battery [65], diffusion of alkali atoms on BeN 

dual doped graphene [66], diffusion of Na on heteroatom doped graphene [67] etc. 

1.7 Statements of Problem  

Even though there are many anodes developed for SIBs, they suffer from many problems such as 

over expansion, low cycling, low specific capacity, and low energy density. To overcome these 

challenges, the developments of anodes based of graphene is highly investigated in the recent 

year. But due to large energy barrier of sodium on pristine graphene, their application is still 

facing a problem.  By doping graphene sheet, the adsorption of sodium on its surface increases.  

1.8 Scopes   

The focus of these thesis is the investigation of the effects of Al dopant on graphene as anode 

materials for SIBs. Formation energy, cohesive energy, and adsorption energy of the structure 

were calculated. OCV of the electrode were calculated by using first principle calculation based 

on density functional theory (DFT). This work is limited to theoretical study and enhancement of 

doped graphene with Al by simulating at atomic level and electronic scale. It does not involve 

any experimental work.  
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1.9 Objectives  

1.9.1 General Objective  

The main objective of this research is to study the effect of doping of Al on graphene as anode for 

sodium-ion battery. 

1.9.2 Specific Objective  

• To optimize parameters such as energy cutoff, k-points, and charge density  

• To calculate formation energy for doped graphene   

• To calculate band structure, DOS, and charge distribution of doped graphene  

• To calculate adsorption energy, OCV, average voltage and specific capacity of the adsorbed 

Na ions  

• To calculate charge dynamics of doped graphene and absorbed sodium ion on the doped 

graphene 

• To calculate MEP and diffusion barrier of Na ion on doped graphene  
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2. LITERATURE REVIEW    

2.1 Introduction  

Since its discovery in 2004, Graphene has become a topic of strong theoretical and experimental 

interest in research area [68]. One area of graphene study area is its potential application as energy 

storage material. It may be used as an anode for a variety of rechargeable batteries such as LIBs 

[69, 70], potassium ion batteries (KIBs) [32, 69, 71], aluminum ion batteries (AlIBs) [71] and 

SIBs [69, 71, 72]. 

When we charge and discharge secondary battery, based on the current direction, ions 

concentration rises or falls. These processes cause the composition and structural alteration of the 

anode material [73]. 

Electronic transport in electrodes, ion transport in bulk electrolyte and electrolyte-filled pores, 

solid-state diffusion of ions in active materials, and electrochemical reactions at the 

electrode/electrolyte interface are all factors that affect high-rate capacity in rechargeable 

batteries [3, 20]. 

The ability of alkali ions to move in the host crystal of the cathode and anode, the electrolyte, and 

the electrode electrolyte interface determines the performance of a rechargeable alkali-ion 

battery. Any part of the battery with poor alkali transfer has a reduced rate capability and 

practical capacity. [22]. Electrode materials should have good ionic conductivity to exhibit 

highly efficient battery operation. Conductivity plays a key role in intercalation/deintercalation-

based energy storage devices where charge transport of Na
+
 ions take place within the electrode 

materials. Often it discovered that a significant drop in battery performance at high 

charge/discharge rate is caused by slow movement of Na
+
 ions through the material [74]. 

Fundamental problem in SIBs is the lack of good anode materials. Graphite anodes commercially 

used in LIBs cannot be used in SIBs, as Na does not intercalate into graphite [24, 27]. Much 

effort has been made during last decade to find appropriate materials for SIBs to increase the 

performance of its anodes. Since graphite is not appropriate, researchers have proposed metallic 
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oxides as TiO2, MnO2 and NiO as anode materials with higher theoretical capacities. Then 

unfortunately, these materials have inadequate electrical conductivity and an unstable chemical 

structure during the charging and discharging process, which leads to unnecessary cycling 

performance [24]. The large gravimetric and volumetric specific capacities of alloy-type anodes 

make them ideal for high-energy SIBs. But they are suffering from huge irreversible capacity, 

enormous capacity fading, severe volume expansion and inadequate cycling stability[18]. Many 

studies are focusing on 2D materials to solve the above issues. Among these 2D materials, 

graphene is the most attractive anode for SIBs because of its large surface area [3, 75], low cost 

[76], chemical stability and high electronic conductivity [75, 77], nontoxic and good thermal 

stability.  

2.2 Conceptual Framework  

In a recent year, theoretical capacity of SIBs anodes based on graphene are improved by many 

mechanisms such as doping with heteroatom elements like nitrogen, boron, and fluorine. Because 

of its unusual two-dimensional honeycomb structure and exceptional electrical capabilities, 

graphene has attracted the attention of a large scientific community, i.e., very long pathway for 

charge carriers and phonons, and therefore extremely high charge carrier mobility and thermal 

conductivity[78, 79].  

An efficient manner to change the property of graphene is chemical doping [72]. Since group III 

elements are electron deficient, doping with these elements decreases adsorption energy makes 

adsorption more energetically favorable.   

 2.3 DFT Study of Sodium Ion Battery Anodes 

The GGA functionals, particularly the Perdew–Burke–Ernzerhof(PBE)GGA, have been widely 

employed in battery materials research in recent years to model the structures and explain the 

activities of energy storage materials [28]. DFT is used to figure out how to determine the 

thermodynamic characteristics, electronic structures, reaction kinetics, and ion transport pathways 

of electrodes/electrolytes in batteries. DFT simulations outperform experiments in terms of 

investigating reaction processes at the atomic level and virtual screening novel battery materials to 

save development costs [28, 80]. 
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DFT may be used to either confirm the results gained from the experimental analysis or to 

determine among those options which were left open. DFT offers a strong relationship between 

theory and experiment by calculating a wide variety of molecular characteristics, which frequently 

leads to valuable insights regarding the geometric, electronic, and spectroscopic aspects of the 

systems under study [81]. 

2.4. Anode Materials for SIB Anode 

The lack of excellent anode materials is a major challenge in SIBs. Graphite cannot be used as 

anode for SIBs because Na does not intercalate into graphite. This challenge inspires the 

examination of a wider range of anode materials for SIBs, such as carbonaceous anodes, alloying 

anodes, Conversion reaction anodes and sodium titanium oxide anodes [27]. 

One of the most studied anode materials for SIB is graphene. Many elements, such as boron [67, 

72], nitrogen, sulfur and phosphorous  [67], can be doped into graphene for use in SIBs. 

2.5 Some Application of Al doped Graphene from DFT Perspective 

In the past years, many research have been done on the application of doped graphene with Al by 

using DFT. DFT have successfully predicted the application of Al doped graphene on sensors, 

removal of toxic substance from environment, hydrogen storage and etc. 

Ali Shokuhi Rad studied Al doped graphene as a sensor for some ether molecules such as DEE, 

EME, and DME, which are very toxic and adsorbent for some halomethane compounds such as 

Chloroform or trichloromethane (TCM), dichloromethane (DCM), and difluoromethane (DFM).  

He proves these molecules are absorbed on the surface of Al doped graphene and it can be used as 

sensor for detection of these molecules [82, 83]. 

Y.L. Tian, J.F. Ren, W.W. Yue, M.N. Chen, G.C. Hu and X.B. Yuan from Shandong Normal 

University, China also studied adsorption of chloroform on the surface of Al-doped graphene. 

They prove that interaction between graphene and chloroform is enhanced by Al doping [84]. 

In general, Al doped graphene is widely studied for the application of removal of toxic gases such 

as SO3 [85], CO and CO2 [86-89], NH3 and CH2 [87], H2CO [90] , SO2 [91], and HCN [92]. They 

proved Al doped graphene can absorb those harmful gases.  



17  

  

Another application of Al-doped graphene is to remove F
- 
and HF molecules from waste water. 

According to Tao Chen, Libao An, and Xiaotong Jia Al-doped graphene is suitable material for F
-
 

adsorbent [93]. By using DFT Diega Cortés-Arriagada, and Alejandro Toro-Labbé investigated 

the potential application of Al and Fe doped graphene as very useful adsorbent material for the 

elimination of harmful methylated arsenicals compounds (such as MMA and DMA) in their 

trivalent and pentavalent forms, as well as thiolated arsenicals [94] 

Al doped graphene is also useful for energy storage devices. Jian Gu et al investigated the 

hydrogen storage mechanism on Ni and Al doped graphene composites [95].  
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3. COMPUTATIONAL METHODS  

In this work, the overall calculations were performed under different category. First the lattice 

parameter, energy cutoff and k points (Brillion zone sampling) are optimized. Then the cell was 

relaxed to get the minimum energy of the system before doing the other calculation. Graphene is 

a single layer of graphite which has hexagonal crystal structure (where 𝑎 = 𝑏 = 2.46Å  and 

𝛼 = 𝛽 = 90𝑜 , 𝛾 = 120𝑜) and space group of 194, 𝑃63/𝑚𝑚𝑐 [96]. It has two atom per unit cell.  

We used 4 × 4 supercell for both doped and pristine graphene. For doped graphene, one carbon 

atom is substituted by one Al atom which corresponds to 3.125% of substitution.   

During lattice constant optimization, k points were kept constant at 4 × 4 × 1 and cutoff energy 

were kept at 400eV. After minimum energy were reached, the optimum value of lattice 

parameter was taken. Then, to optimize k points, we use the optimum value of lattice constant 

while keeping cutoff energy at 400eV. Finally, by using the optimum value of k points and 

lattice dimension, the cutoff energy was optimized.   

All calculations in this work were done by DFT with projected augmented wave (PAW) method.  

The approach is based on an iterative solution of the Kohn-Sham equation of the density 

functional theory in a plane-wave set with the projector-augmented wave (PAW) 

pseudopotentials [97]. The projector-augmented wave method (PAW) was used to describe the 

ion–electron interaction [69] by using QUANTUM EXPRESSO code. The periodic boundary 

condition was applied in three directions (x, y and z) [98]. Cell optimizations were made to 

completely relax the pristine graphene sheets in terms of lattice parameters and ion sites [67]. In 

order to avoid periodic image interaction between the two nearest neighbor unit cells, the 

vacuum was set to 20 Å in the z direction [69, 99]. The generalized gradient approximation 

(GGA) with Perdew–Burke–Ernzerhof (PBE) functional method was applied to describe the 

electron-electron exchange correlations [67, 69]. The interactions between valence electrons and 

ions was described with the projector augmented wave (PAW) pseudo-potentials [100]. The k-

points was generated by using the general Monkhorst-Pack scheme for the Brillouin zone 

sampling and k-points was used for structural configuration optimization and Density of State 
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(DOS) [67]. After optimization of k-points, lattice and converged kinetic energy cutoff electronic 

properties of pristine and Al doped graphene was calculated. The band structure of pristine and 

Al doped graphene was calculated by using 8 × 8 × 1. For DOS, a dense k point of 18 × 18 × 1 

was used.  

Figure 4. Metal adsorption site on the graphene surface. a) metal adsorption over carbon–carbon 

bond on the bridge position (Bridge), b)  metal adsorption over the carbon atom (Top), and c) 

metal adsorption over the center of the hexagonal C6 ring [69]. 

A 4 × 4 supercell will be used for the pristine graphene surface calculations, after metal 

adsorption, and carbon vacancy defect formation energy convergence. To model the adsorption 

of Na on the graphene, three inequivalent metal adsorption locations was considered, bridge 

site(B) above a C–C bond, above of a carbon site (T) or center of C6 unit [69]. The formation 

energy of doped graphene was calculated as follows.  

 𝐸𝐹 =  𝐸𝑇 + 𝑛μ𝐶 − 𝐸𝑔 − mμ𝐴𝑙 (17) 

where 𝐸𝑇 is total energy of graphene sheet after doping, 𝑛 is number of C atoms and 𝑚 is the 

number of Al atoms, 𝐸𝑔 is total energy of pure graphene, 𝜇𝑐 and 𝜇𝑖 are the energy of carbon 

atoms and Al atoms respectively [101]. Adsorption energy of Na atom was calculated by using 

the following equation 
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 𝐸𝑎𝑑 =
[𝐸𝑡𝑜𝑡 − (𝐸𝐴𝑙𝐶31 + 𝑛𝐸𝑁𝑎)]

𝑛
 (18) 

where 𝐸𝑎𝑑, 𝐸AlC, 𝐸𝑁𝑎, 𝐸tot and n represent the adsorption energy, the energy of the Al doped 

graphene, the energy of the Na atoms, energy of the Na absorbed on Al doped graphene and 

number of adsorbed Na atoms respectively.  

The stability of Na-adsorbed structures in different sodium concentrations is investigated by the 

cohesive energy, calculated as  

 𝐸𝑐𝑜ℎ =
[𝐸𝑡𝑜𝑡 − (𝑚𝐸𝐶 + 𝑛𝐸𝐴𝑙 + 𝑙𝐸𝑁𝑎)]

𝑚 + 𝑛 + 𝑙
 (19) 

where 𝐸𝑐𝑜ℎ, 𝐸tot, 𝐸𝐶, 𝐸𝐴𝑙, 𝐸𝑁𝑎, are, respectively, cohesive energy, energy of adsorbed structure, 

carbon atom, aluminum atom, and sodium atom. 𝑚, 𝑛 and 𝑙 refer to the number of carbon atoms, 

aluminum atoms, and number of sodium atoms, respectively. VESTA and XCrysDen used for 

visualization of the structure. 

Finally, Nudge Elastic Band (NEB) was used to study diffusion of Na on the surface of Al doped 

graphene. 
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4.  RESULT AND DISCUSSION 

The system was modeled as 4×4×1 graphene supercell which have 32 carbon atoms. One carbon 

atom is replaced by aluminum (AlC31) which correspond to 3.125% (atom percent). In order to 

prevent the interaction between graphene sheets, a vacuum space of 15 Å was created in vertical 

direction. 

4.1 Optimization of Crystal Structure 

First principle calculation, which is based on the quantum mechanics concept, is a method for 

instantly determining physical attributes from fundamental physical quantities like mass, charge, 

and Coulomb force of an electron. It is based on the information of the crystals such as crystal 

structure, plane-wave energy cutoff, k-point grids, and lattice parameter.  

Geometry Optimization 

In this work, one carbon atom is substituted by one aluminum atom (AlC31) which corresponds to 

3.125% of aluminum. Most theoretical investigations begin with optimizing the geometry of the 

species under examination. 

A 4 × 4 pristine graphene consisting of 32 atoms were fully relaxed in xy plane, while z axis is 

kept 15Å. Both pure and doped graphene cell parameters were optimized. The cell parameter for 

optimized graphene sheet was 2.46Å which is similar to experimental [102, 103] and previous 

computational [104] works. The lattice parameters of 4×4 graphene supercell was increased to 

9.84Å (four times the lattice parameter of graphene unit cell). In case of pristine graphene, the 

bond length C-C was found to be 1.4168Å after optimization which is almost close to the 

experimental value 1.421 Å [105]. The optimized lattice parameter vs total energy of undoped 

graphene is shown in figure 4.1a. The k points and energy cutoff are also optimized. Energy cutoff 

was converged at about 440 eV after optimization. Figure 4.2 shows the optimized structure for Al 
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doped graphene. Al is bonded to three C atoms by sp
2
 hybridization. As shown in figure 4.2, the 

substitution C with Al had a considerable impact on the structure. After relaxation, C-C bond 

around Al is elongated while C-C bond far from Al was contracted. It is in the range of 1.40Å to 

1.43Å. The bond length of Al-C is around 1.8547 Å which is almost similar to previous 

computational work [72, 106]. The Al-C bond length increase because of the large atomic radius 

of Al with respect to C. After geometry optimization and relaxation of the cell, self-consistent 

(SCF) calculation was performed by using 4 × 4 × 1 k mesh. Then non-self-consistent (nSCF) 

calculation was done for band structure, DOS, and partial density of states (PDOS). 

 

 

 

 

 

 

 

 

 

Figure 5. Geometry optimization of graphene a) lattice parameter optimization b) k-points 

optimization an c) energy cutoff optimization 
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Figure 6. Optimized geometry of 4×4 Al doped graphene a) side view b) top view 

 

 

 

 

 

 

 

 

Figure 7. Optimized structure of single sodium ion on Al doped graphene (green Na, black C and 

brown Al atoms) 

4.2 Formation Energy, Cohesive Energy and Adsorption Energy 

4.2.1 Formation Energy 

Formation energy is the potential energy due to the creation of vacancy or point defect. Formation 

energy of the Al doped graphene is calculated using equation 17. The calculated formation energy 

for Al doped graphene system is 11.51 eV. 

4.2.2 Cohesive Energy 

Cohesive energy is used to predict the stability of the structure. The cohesive energy of undoped 

graphene is given by the equation below.  

 𝐸𝑐𝑜ℎ =
𝐸𝑔𝑟−𝑠ℎ𝑒𝑒𝑡 − 𝑛𝑐𝐸𝑐

𝑛𝐶
 (20) 

Where 𝐸𝑔𝑟−𝑠ℎ𝑒𝑒𝑡, 𝐸𝑐  and 𝑛𝐶  are total energy of graphene sheet, carbon atom and number of C 

atoms respectively. The calculated cohesive energy of pure graphene was −8.5𝑒𝑉/𝑎𝑡𝑜𝑚. 

For Al doped graphene 
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 𝐸𝑐𝑜ℎ =
𝐸𝐴𝑙𝐶 − (𝑛𝐶𝐸𝐶 + 𝑛𝐴𝑙𝐸𝐴𝑙)

𝑛𝐶 + 𝑛𝐴𝑙
 (21) 

Where 𝐸𝐴𝑙𝐶 , 𝐸𝐴𝑙 and 𝑛𝐴𝑙 are total energy of Al doped graphene, energy of Al atoms and is number 

of Al atoms in the system. The calculated cohesive energy for Al doped graphene was −7.84𝑒𝑉/

𝑎𝑡𝑜𝑚. The negative sign of cohesive energy indicates that the system is stable. 

 

4.2.3 Adsorption Energy 

A vital for AlC31 monolayer for being a very appropriate negative electrode material for SIB is 

powerful adsorption of Na atom with the host substrate. It is an important property to understand 

the interaction between Na atoms and Al doped graphene. So, we have calculated adsorption 

energies of Na atom adsorbed on the AlC31 monolayer using equation 18.  

The calculated adsorption energy 𝑁𝑎𝑥𝐴𝑙𝐶31  where 𝑥  concentration of Na atoms ( it is integer 

from 1 to 9) was −2.39𝑒𝑉 , −2.14𝑒𝑉 , −1.93𝑒𝑉 , −1.90𝑒𝑉 , −1.78𝑒𝑉 , −1.47𝑒𝑉 , −1.41𝑒𝑉 , 

−1.3𝑒𝑉, and −1.2𝑒𝑉.  The negative sign indicates that the absorbed Na on the AlC31 is stable. If 

number of Na atoms exceeds 9, adsorption become positive, and the structure is 

thermodynamically not stable. 

The sign shows that the proposed material is a good anode for SIBs. 

4.3 Storage Capacity and Open Circuit Voltage 

Storage capacity (electrochemical performance) of electrode material is an important factor to 

determine whether the material is suitable electrode or not. To determine the storage capacity of 

Al doped graphene, the concentration of Na atoms are gradually increased until the adsorption 

energy become positive, because if adsorption energy is positive, the structure is no more stable. 

Equation 22 is used to calculate the storage capacity of Al doped graphene  

 𝐶 =
𝑛𝐹

3.6𝑀
 (22) 

where 𝑛, 𝐹 and 𝑀 are number of Na ion(s), Faraday constant (96485.33𝐶/𝑚𝑜𝑙) and Molar mass 

of Al doped graphene. 3.6 is used to convert coulombs mAh. The maximum sodium adsorbed is 

nine.  By using equation 20, the theoretical capacity of our anode (Na9AlC31) material is 

604.05𝑚𝐴ℎ/𝑔 
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Open Circuit Voltage (OCV) is the other factor which determine the novelty of anode. It is used 

to study the storage property of the anode. Form adsorption energy we can simply calculate OCV 

by using the following equation. 

 𝑂𝐶𝑉 = −
𝐸𝑎𝑑

𝑧𝑒
 (23) 

 where z is the charge of Na ion (+1), and 𝑒 is the charge of electron.  

OCV of our anode material is decrease as concentration of Na ion increases. Based on the 

calculated adsorption energy, OCV of  𝑁𝑎𝑥𝐴𝑙𝐶31 was in the range of  0.75 − 1.494𝑉. This shows 

that the proposed material is a good anode for SIBs. 

Average Voltage: Average Voltage is another important factor which is widely used to 

characterize the performance of our proposed material as an anode for SIBs. It can be calculated 

based on the equation below. 

 𝑉 = −
𝐸𝑁𝑎𝑥𝐴𝑙𝐶31−𝐸𝑁𝑎𝑥−1𝐴𝑙𝐶31

− (𝑥 − (𝑥 − 1))𝐸𝑁𝑎

(𝑥 − (𝑥 − 1))𝑒
 (24) 

Based on this equation, the average voltage is when 𝑥 = 9 (Na concentration is 9 and 8) is 0.64𝑉. 

4.4 Electronic Properties 

In this section, we try to investigate the effect of Al doping on the band structure and density of 

state of graphene monolayer. To calculate band structure 8×8×1 K points are used. And for DOS 

and PDOS, a dense 18×18×1 K point grid are used. 

4.1.1 Band structure and Density of States 

The electronic structure of graphene and aluminum doped graphene were computed by first-

principle calculation.   

The primary characteristics of electrical properties can be examined by looking at the two-

dimensional (2D) band structures along high symmetry locations. At the K point, monolayer 

graphene possesses a Dirac-cone structure (Figure 8a). Figure 8b shows the band structure of 

graphene that is undoped. The band structure diagram of undoped graphene clearly reveals that the 

valence band (π) and conduction band (π*) of undoped graphene overlap at the Fermi energy level 

(EF), resulting in a typical Dirac cone and graphene being a zero-band gap semiconductor 
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In terms of zero band gap and linear energy dispersion at the Fermi level, the computed band 

structure agrees well with the previously calculated band structure of graphene [107, 108].  As the 

state energy increases, the linear energy bands become parabolic dispersions. 

When graphene is doped with Al atom (substitution), the fermi energy (EF) level shifts to the 

valance band and linear dispersion of graphene disappeared (Figure 9). Al doping can be regarded 

as p-type doping, it modifies graphene into semiconductor.  

The Partial density of states of doped graphene shows that the s orbital has less contribution in the 

valance band of doped graphene. P orbital has strong contribution for total density of states. But as 

energy increases, the contribution of s orbitals also increases. At around 7 eV the contribution of s 

orbital is very high  

 

Figure 8. 4×4×1 Graphene supercell a) FBZ and high symmetry point, b) band structure and 

c) DOS 
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Figure 9. a) band structure and b) PDOS and total DOS of doped graphene supercell 

4.4 Charge Distribution Analysis 

To understand the interaction between Na ion and AlC31 monolayer during the charging and 

discharging process, nature of electronic transfer between Na ion and the surface of AlC31 was 

studied by using Bader charge algorithm 

The doped Al into graphene modify the charge distribution around the carbon atoms. Table 1 

shows the charge Al after doped on graphene. Since C is more electronegative than Al, it receives 

all the valance charge.  

Table 1. Bader charge distribution analysis on Al doped graphene 𝐴𝑙 − 𝐶 distance between Al and 

C (d), Bader charge on Al atom (𝑄𝐴𝑙(𝑒)) 

𝑑 (𝐴𝑙 − 𝐶) (Å) 𝑄𝐴𝑙(𝑒) 

1.8547 +2.1 

 

The Bader charge analysis indicates that out of 127 valance electrons for aluminum doped 

graphene 0.896935 is assigned to Al and the rests are assigned to carbon. To convert this to ionic 

charge we have to check the number of core electrons (on-valance electrons). From Al and Carbon 

pseudopotential, we can get the valance configuration:    

Table 2 .Valance Configuration of C 

Nl Pn l Occ Rcut Rcut US E pseu 

2S 1 0 2.00 1.00 1.200 -1.010678 

2P 2 1 2.00 0.900 1.400 -0.388489 

 

Table 3. Valance configuration of Al 

Nl Pn l Occ Rcut Rcut US E pseu 

3S 1 0 2.00 1.50 1.900 -0.569826 

3P 2 1 2.00 1.500 1.900 -0.199337 

The C pseudopotential indicates that two 1s electrons are fixed to the core. But Al pseudopotential 

indicates that two 1s, two 2s and six 2p electrons are fixed to the core. 
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The total number of electrons on Al is 2+2+6+0.896935 = 10.896935.  By subtracting this these 

values from atomic numbers of Al (13) and C (4) we get Bader charge based ionic charge of state 

Al
2.1+ 

and C
0.9-.

 This is smaller than the nominal ionic valance +3 for Al and −4 for Carbon which 

indicates that the system is covalent system.  

 

 

For the system containing Na  

Table 4. Properties of Single Na atom adsorbed on graphene surface: adsorption energy (𝐸𝑎), 

Minimum distance between Na and Al doped graphene surface (ℎ), Bader charge on Na (𝑄𝑁𝑎(𝑒)) 

𝐸𝑎(𝑒𝑉 𝑁𝑎 𝑜𝑛 𝐴𝑙 𝑑𝑜𝑝𝑒𝑑 𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒) ℎ(𝑁𝑎 − 𝐴𝑙𝐶) (Å) 𝑄𝑁𝑎(𝑒) 

−2.39 2.54 +0.9 

 

Table 5. Valance configuration of Na 

Nl Pn L Occ Rcut Rcut US E pseu 

2S 1 0 2.00 1.00 1.250 -4.158089 

3S 2 0 1 1.00 1.250 -0.198813 

2P 2 1 6.00 0.900 1.300 -2.106125 

 

From Na pseudopotential, two 1s electron if fixed to the core. The total number of electrons on the 

Na is 2+8.100 = 10.1 thus, the charge on Na is 0.9e which shows the sodium is fully ionized. Na 

donates 0.9e to the substrate.  The donated electron saturates the electron-deficient Aluminum 

carbon bond. It results in a chemical bonding between Al-doped graphene and Na+ ions. This 

indicates that there is a net charge transfer between the substrate and Na ions which indicates Al 

doped graphene can be used as anode 

 

4.5 Diffusion of Na on the Surface of Al Doped Graphene 

To be used in rechargeable batteries the anode material must exhibit a sufficiently low diffusion 

barrier in addition to suitable specific capacity, OCV, and adsorption energy values. The charge 

and discharge rate, which is crucial to the battery's performance, is controlled by the anode 

structures' electron transport and ion diffusion rates. Fast Na diffusion determines high charge 
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discharge rate of the battery. So, it is important to study the diffusion of Na on the surface of the 

doped graphene for its actual application. 

In this study, NEB method is employed to study the diffusion barrier of Na on the surface of 

doped graphene. In order to find MEP, two equivalent positions are considered (Figure 10). Figure 

10 shows the MEP and diffusion barrier of Na on the surface of doped graphene 

 

 

 

 

 

 

 

 

 

Figure 10. a) Possible pathway diffusion of Na and b) Diffusion energy barrier profile of Na over 

Al doped graphene 

Figure 10(b) shows the diffusion barrier of Na on doped graphene. Here reaction coordinate 

indicates the distance between Na atom position at a given point along the diffusion pathways 

with respect to its starting position. Figure 11 shows that the barrier for Na diffusion along a given 

point is approximately 0.1eV. The calculated diffusion barrier is smaller than many proposed 2D 

anode for Na SIBs such as boron doped graphene (0.16-0.22 eV) [72], monolayer honeycomb 

borophene (0.17eV) [98], MoS2 (0.28eV) [109] etc. The calculated diffusion energy barriers show 

promising results when compared to those of well-known heterostructure 2D materials, proving 

the value of Al doped graphene for use in SIBs. High charge and discharge rate is expected for 

this material to be used as an anode for SIBs. 
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5. CONCLUSION AND RECOMMENDATIONS 

The computational method of materials simulation and modeling based on the DFT were used to 

study the property of doped and pristine graphene, adsorption and diffusion of Na ions on AlC31. 

Maximum capacity, OCV and average voltage of AlC31 were investigated by using first principle 

calculation. AlC31 has negative adsorption energy for sodium ions. The NaxAlC31 has absorbing 

energies in the range of −2.39𝑒𝑉  to −1.2𝑒𝑉 . The maximum specific capacity can reach 

604.05𝑚𝐴ℎ/𝑔 and larger than most of SIBs anode. It has OCV in the range of 0.75 to 1.494𝑉. 

The NEB calculation shows that AlC31 has low energy barrier (0.1008eV) for diffusion of for 

diffusion of Na ions. From all these calculations, it can be concluded that AlC31 is a excellent 

anode electrode material for SIBs. 

Finally, we recommend that this electrode must be experimentally synthesized to be used in SIBs. 
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6. APPENDIX 1 

6.1 NEB Calculation 

Calculation of lowest energy path for a rearrangement of a group of atoms from one stable 

configuration to another is a common problem in theoretical chemistry and condensed matter 

physics [56, 57, 110]. Such a path is often referred to as the 'minimum energy path' (MEP) [56]. A 

common application of the MEP is to specify a "reaction coordinate" for transitions such as 

chemical reaction and diffusion process [56, 57].  The MEP may have one or more minima in 

between the endpoints corresponding to stable intermediate configurations. The MEP will then 

have two or more maxima, each one corresponding to a saddle point [57, 59]. The potential 

energy maximum along the MEP is the saddle point energy which gives the activation energy 

barrier [56]. Assuming a Boltzmann population is reached for the intermediate (meta) stable 

configurations, the overall rate is determined by the highest saddle point [57, 59, 110]. 

Computational methods for calculating MEPs are widely used in theoretical chemistry, physics, 

and materials science [58].   

Many different methods have been presented for finding MEPs and saddle points [56, 57, 59, 

110]. NEB method is an efficient technique to find MEP between two stable states of a transition 

[62].  

The NEB is a chain of states method in which a string of images (geometric configurations of the 
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system) is used to describe a reaction pathway. These configurations are connected by spring 

forces to ensure equal spacing along the reaction path. Upon convergence of the NEB to the MEP, 

the images describe the reaction mechanism, up to the resolution of the images (Figure 11) [58].  

 

Figure 11. Two components make up the nudged elastic band force 

In NEB method, a string of replicas (or images) of the system are created and connected together 

with springs in such a way as to form a discrete representation of a path from the reactant 

configuration, R to product configuration, P. Initially, the images may be generated along the 

straight-line interpolation between R and P. An optimization algorithm is then applied to relax the 

images down towards the MEP. The string of images can be denoted by [R0, R1, R2, . . ., RN] 

where the endpoints are fixed and given by the initial and final states, R0 = R and RN = P, but N – 

1 intermediate images are adjusted by the optimization algorithm. The simplest approach would 

be to create an object function and minimize with respect to intermediate images, R1,…., RN 

 𝑆(𝑅1, … . , 𝑅𝑛) = ∑ 𝐸(𝑅𝑖) + ∑
𝑘

2
(𝑅𝑖 − 𝑅𝑖−1)2

𝑁

𝑖=1

𝑁−1

𝑖=1

 (25) 

This mimics an elastic band made up of 𝑁 − 1 beads and 𝑁 spring with spring constant 𝑘. The 

band is strung between the two fixed endpoints. 

In the NEB method, the total force acting on an image is the sum of the spring force along the 

local tangent and the true force perpendicular to the local tangent 

 𝐹𝑖
𝑁𝐸𝐵 = −∇𝐸(𝑅𝑖)|⊥ + 𝐹𝑖

𝑆||| (26) 

where ∇𝐸(𝑅𝑖) is the gradient energy with respect to atomic coordinates in the system at image 𝑖 

and 𝐹𝑖
𝑆 is string force acting on image 𝑖. The perpendicular component of the gradient is obtained 

by subtracting out the parallel component 

 ∇𝐸(𝑅𝑖)|⊥ = ∇𝐸(𝑅𝑖) − ∇𝐸(𝑅𝑖). �̂�𝑖 (27) 

where �̂�𝑖 is the normalized local tangent at image 𝑖.  

In order to ensure equal spacing of the images (when the same spring constant, k, is used for all 

the springs), even in regions of high curvature where the angle between Ri – Ri–1 and Ri+1 – Ri 

deviates significantly from 0°, spring force is given by: 
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 𝐹𝑖
𝑆||| = 𝑘(|𝑅𝑖+1 − 𝑅𝑖| − |𝑅𝑖 − 𝑅𝑖−1|)�̂�𝑖 (28) 

An optimization algorithm is then used to move the images according to the force in equation 26. 

In equation 28, Ri is the position of i
th

 image. 
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