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CHAPTER I 

INTRODUCTION 
 

1.1 Magnesium-ion batteries 

Global civilization's increasing energy consumption, driven by population 

growth, urbanization, and industrialization, demands the ongoing development of 

efficient energy devices. Moreover, the implications of this increasing energy 

consumption on the environment cannot be ignored. Fossil fuel combustion (Gurney 

et al., 2009), a primary source of electricity generation, releases greenhouse gases (Shen 

et al., 2020), contributing to climate change and its subsequent adverse effects on the 

planet. As a result, there is a global responsibility to transition towards clean and 

renewable energy sources, including solar (Kannan et al., 2016), wind (Joselin Herbert 

et al., 2007), hydroelectric (Sims, 1991), and nuclear power (Abu-Khader, 2009), to 

mitigate the impact on the environment and ensure a sustainable energy future. In this 

transition, energy storage becomes vital. We need good energy storage devices, like 

rechargeable batteries, to keep our energy supply stable and dependable. Several 

energy storage technologies are currently in use, such as rechargeable batteries (J. B. 

Goodenough et al., 2013), thermal energy storage (Alva et al., 2018), fuel cells (Nørskov 

et al., 2004) and compressed air energy storage (Lund et al., 2009), among others. 

Among these options, rechargeable batteries have gained widespread popularity due 

to their lightweight, compact size, and high energy density when compared to other 

alternatives (John B. Goodenough, 2012). 

Rechargeable batteries, notably lithium-ion batteries, have transformed 

modern life by providing power to an extensive array of portable electronic devices, 

including smartphones, laptops, and tablets. These rechargeable batteries comprise 

four essential components: 

(1) Electrode: Comprising both a cathode and anode, the electrode plays a 

pivotal role in the battery's operation. 
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(2) Separator: Serving as a barrier, the separator ensures that the cathode and 

anode do not come into direct contact, thus preventing short-circuits. 

(3) Electrolyte: This critical component consists of an ion-conducting solution 

that permits ion migration while blocking the flow of electrons. 

(4) Current Collector: The current collector facilitates the flow of electrons 

through the external electrical circuit, allowing the battery to discharge and 

charge effectively. 

The functioning of rechargeable batteries hinges on electrochemical reactions, 

which are divided into two main processes: charge and discharge. 

In the discharge process, as illustrated in Figure 1.1(a), a spontaneous reaction 

occurs. Cations migrate from the anode materials and intercalate into the cathode 

materials, while electrons flow through the external circuit into the anode materials. 

This process is activated when an electronic device is in use. 

Conversely, during the charge process, depicted in Figure 1.1(b), an external 

voltage is applied to the battery, inducing chemical reactions within. Cations exit the 

cathode materials, traversing through the electrolyte and separator, before 

intercalating into the anode materials. Simultaneously, electrons must flow from the 

cathode materials to the anode materials through the external circuit to maintain 

charge equilibrium. This process takes place when there is a need to store electrical 

power in the batteries. 
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Figure 1.1 Operational mechanism of rechargeable batteries: red, blue, and brown 

arrows depict electron, current, and ion movements respectively, Illustrated for (a) 

Discharge Cycle and (b) Charging Cycle (J. B. Goodenough et al., 2013). 

 

Rechargeable batteries have become the preferred choice for applications 

where size and weight constraints are crucial, because of compact design and high 

energy storage capacity. As the demand for high-performance rechargeable batteries 

continues to surge in the field of renewable energy storage, magnesium-ion batteries 

have emerged as promising candidates, offering potential advantages over 

conventional lithium-ion batteries (Massé et al., 2015). 

Magnesium-ion batteries (Mg-ion batteries or MIBs) have emerged as a promising 

alternative that has the potential to replace traditional lithium-ion batteries. Compared 

to lithium-ion cells, Mg-ion batteries have a superior specific capacity of around 2000 

mAhg-1 and a volumetric capacity of ~3800 mAhmL-1. These findings are supported by 

studies conducted by Shah et al.  (Shah et al., 2021) and You et al. (You et al., 2020). 

This increased capacity allows Mg-ion batteries to store more energy within the same 
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volume and weight constraints, making them an interesting choice for various 

applications.  

When we explore the electrochemical details of Mg-ion batteries, it becomes 

clear that Li undergoes an oxidation process during operation. This process leads to 

the generation of Li+ ions and the release of a single electron. On the other hand, Mg 

atoms exhibit a divalent nature, giving rise to Mg2+ ions and the release of two electrons 

as part of their electrochemical transformation. The fundamental difference between 

Li and Mg is magnesium's higher electron count per cation. This unique characteristic 

enhances the volumetric capacity of Mg-ion batteries (MIBs) when compared to their 

lithium-ion batteries. This advantage further solidifies the appeal of MIBs in the field of 

advanced energy storage technologies, especially as the need for higher capacity and 

more sustainable battery solutions continues to rise. 

 Li ® Li+ + e- (1.1) 

 Mg ® Mg2+ + 2e- (1.2) 

One of the most notable advantages of Mg-ion batteries is their enhanced 

safety profile, a crucial factor for the widespread adoption of energy storage 

technologies. These batteries exhibit remarkable safety characteristics, reducing the 

risk of fire or explosion during charging and discharging processes (Davidson et al., 2018; 

Y. Zhao et al., 2022). This safety aspect gains utmost significance, particularly in 

applications where safety is a top priority, such as in electric vehicles and grid energy 

storage systems. Moreover, the abundance of magnesium sources presents a notable 

advantage, as shown in Figure 1.2, ensuring a steady and reliable supply for battery 

production (Bae et al., 2021; Pavčnik et al., 2021). Unlike lithium, which is often 

extracted from limited sources, magnesium can be sourced from various locations, 

making Mg-ion batteries a more sustainable and environmentally friendly option. 

 



 
 

5 
 

 
Figure 1.2 Distribution of chemical element abundance (atom fraction) in Earth's 

upper continental crust as a function of atomic number (Massé et al., 2015). 

 

The comparison of cathode material performance in Li-ion and Mg-ion batteries 

is depicted in Figure 1.3. In the case of MoO3-based cathodes for Li-ion batteries, the 

discharge voltage, capacity, and retention are observed to be 2.4 V, 65 mAhg-1, and 

92%, respectively, after 15 cycles (Huie et al., 2015). In contrast, for Mg-ion batteries, 

these cathodes exhibit a higher discharge voltage of 2.8 V, a greater capacity of 143 

mAhg-1, but a reduced retention of 50% after 300 cycles (Jiang et al., 2017). When 

examining V2O5-based cathodes for Li-ion batteries, they demonstrate a discharge 

voltage of 2.3 V, a capacity of 147 mAhg-1, and a retention rate of 80% after 40 cycles 

(Rashad et al., 2020). Comparatively, in Mg-ion batteries, the same cathodes provide a 

lower discharge voltage of 1.73 V, a higher capacity of 250 mAhg-1, but a retention rate 

of 70% after 100 cycles (Rashad et al., 2020). These experimental findings suggest that, 

when comparing cathode materials for both Li-ion and Mg-ion batteries, Mg-ion 

systems offer a notable advantage in terms of capacity. However, they tend to exhibit 

a shorter lifecycle, as evidenced by the lower retention rates over a small number of 

charge-discharge cycles. This trade-off between capacity and cycling stability should 

be considered when selecting cathode materials for specific battery applications. 

Additional research into the electrochemical mechanisms underlying these 
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performance differences is needed to enhance the efficiency of both Li-ion and Mg-

ion battery systems. 

 

 
Figure 1.3 Comparison of cathode material performance in Li-ion and Mg-ion batteries. 

(a) Discharge profile on graphene-based cathode for Li-ion and Mg-ion batteries (Rashad 

et al., 2020). Charge and discharge profiles on MnO2-based cathode for (b) Li-ion and 

(c) Mg-ion batteries (Huie et al., 2015; Jiang et al., 2017). (d) Rate performance on V2O5-

based cathode for Mg-ion batteries (Rashad et al., 2020). 

 

However, several challenges must be addressed for Mg-ion batteries to reach 

their full potential. A critical issue pertains to the interaction between divalent Mg2+ 

ions and the host cathode material. The strong interaction between these ions and 

the cathode poses hindrances to charge transport kinetics, resulting in slower charging 

and discharging rates (Tian et al., 2017). Additionally, the low ion utilization further 

limits overall battery performance. 

To overcome these challenges and enhance the performance of Mg-ion 

batteries, researchers are exploring suitable cathode materials that exhibit a moderate 

interaction with Mg-ions. Finding the right cathode materials is instrumental in 
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improving charge transport kinetics and increasing ion utilization, thereby enhancing 

the battery's overall efficiency and energy storage capabilities. 

In conclusion, Mg-ion batteries exhibit significant promise as an alternative to 

conventional Li-ion cells, with superior specific and volumetric capacities, enhanced 

safety features, and the advantage of abundant magnesium sources. Nonetheless, 

unlocking their full potential necessitates dedicated research efforts to identify 

cathode materials that can mitigate the strong interaction between Mg2+ ions and the 

cathode, propelling improved battery performance and broader adoption of this 

promising energy storage technology. To optimize the performance of Mg-ion batteries, 

a crucial focus lies on the choice of cathode materials, with V2O5 emerging as a 

promising candidate due to its unique properties and potential to enhance the overall 

electrochemical performance of these advanced battery systems. 

 

1.2 Vanadium pentoxide-based cathode materials 

Vanadium pentoxide (V2O5) has emerged as a promising cathode material for 

various metal-ion batteries, including magnesium-ion batteries (Andrews et al., 2018; 

Murata et al., 2019; Zhang et al., 2017). The synthesis of V2O5 materials involves a wide 

range of methods. For example, the polyol-assisted solvothermal method, 

accompanied by thermal treatment at 500 °C, has been employed to achieve 

controlled formation of V2O5 nanorods. This synthetic strategy leverages solvothermal 

conditions and the reduction of the vanadium precursor within the presence of a 

polyol and a reducing agent (Umeshbabu et al., 2016).  

As elucidated in Figure 1.4(a), transmission electron microscopy (TEM) imagery 

reveals the distinctive nanorod morphology characteristic of synthesized V2O5. 

Furthermore, high-resolution transmission electron microscopy (HRTEM) imagery, also 

depicted in Figure 1.4(b), provides detailed insights into the layered structure inherent 

to V2O5. The selected area electron diffraction (SAED) pattern of the synthesized V2O5, 

as shown in Figure 1.4(c), substantiates the single crystalline nature of the V2O5 

nanorods. The layered structure of vanadium pentoxide, as exemplified in Figure 1.4(d), 

underscores its classification as a prototypical intercalation compound. This structural 

trait is pivotal to its suitability as a cathode material in metal-ion batteries, facilitating 
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the efficient insertion and extraction of ions during the charge and discharge processes. 

It is imperative to acknowledge that these findings contribute to the growing body of 

knowledge surrounding V2O5's potential utility in advancing metal-ion battery 

technology. 

 

 
Figure 1.4 The synthesized V2O5 presented as (a) TEM image, (b) HRTEM image and (c) 

SAED pattern (Umeshbabu et al., 2016). (d) Structural model of V2O5 with red spheres 

representing oxygen atoms and grey spheres representing vanadium atoms. (Roginskii 

et al., 2021). 

 

Researchers have explored its potential as it accommodates Mg ions, leading 

to the formation of MgxV2O5 compounds (Rocquefelte et al., 2003), which has shown 

favorable characteristics for energy storage applications. O The V2O5 cathode boasts a 

remarkable specific capacity of up to 427 mAhg-1, a key advantage. Additionally, it 

exhibits a high Coulombic efficiency of 82% even after 2000 charge-discharge cycles 
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(Drosos et al., 2018), indicating its excellent reversibility and long-term stability as a 

cathode material. Figure 1.5 offer a deeper insight into the performance of V2O5 

nanoparticle-based electrodes (S. Liang et al., 2014), a subject of considerable interest 

in the field. These figures display the electrode's remarkable capability to maintain a 

consistent specific capacity of 110 mAhg−1 over the course of 100 charge-discharge 

cycles, all conducted at a current density of 100 mAg−1. It is worth noting that the 

power performance of these materials exhibits an intriguing size-dependent behavior. 

When comparing nanostructured electrodes to their microstructure counterparts, the 

former exhibit superior rate capabilities. Even when subjected to the demanding rate 

of 20 °C (2000 mAg−1), nanostructured electrodes deliver a specific capacity of 

approximately 100 mAhg−1. These findings provide robust evidence that V2O5 

nanoparticles reduce the diffusion length for Li+ ions within the electrode material. 

Consequently, this reduction in diffusion length plays a pivotal role in the observed 

enhanced rate capabilities of V2O5 nanoparticles when compared to V2O5 

microparticles. This observation underscores the critical role of nano structuring as a 

means to optimize the performance of V2O5-based materials in the context of energy 

storage applications. 

 

 
Figure 1.5 Cycling characteristics of the V2O5 electrode demonstrating repeated cycles 

between 2.5 and 4.0 V vs. Li/Li+. (a) Galvanostatic cycling response. (b) Successive 

cycling at varied specific currents. (S. Liang et al., 2014). 

 

However, despite these benefits, there are critical issues that need to be 

addressed to unlock the potential of V2O5 as a cathode material for Mg-ion batteries. 
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The primary challenge lies in the sluggish diffusion kinetics of magnesium ions within 

the V2O5 structure (Wang et al., 2017). Unlike lithium ions, magnesium ions face higher 

migration barriers, with a migration barrier of approximately 1.26 eV in a- V2O5, as 

opposed to the lower migration barriers of lithium (0.35 - 0.37 eV) in the same material 

(B. Zhou et al., 2014). This slower diffusion of Mg ions impacts the charging and 

discharging rates of the battery, leading to reduced overall performance. Furthermore, 

another critical problem associated with V2O5 as a cathode material is the capacity 

fading observed at high Mg contents. This capacity fading is caused by irreversible 

phase transformations occurring within the cathode during repeated cycling, resulting 

in a decline in the battery's capacity over time (X. Zhao et al., 2016). To overcome 

these challenges and improve the performance of V2O5-based cathodes for 

magnesium-ion batteries, further research and development efforts are necessary. 

Scientists are exploring various strategies, such as nano structuring the V2O5 material 

(Johnson et al., 2021), introducing dopants (Ngamwongwan et al., 2021), or using 

composite materials (J. Liu et al., 2009), to enhance the diffusion kinetics of magnesium 

ions within the cathode structure. These approaches aim to reduce the migration 

barriers for Mg ions and thereby improve the overall rate capability of the battery. 

Additionally, to address the issue of capacity fading, researchers are investigating ways 

to stabilize the V2O5 structure during repeated charge-discharge cycles. This involves 

designing cathode architectures and electrode formulations that can mitigate the 

irreversible phase transformations, ensuring better cyclability and longer battery 

lifetime. 

In conclusion, V2O5 holds great promise as a cathode material for magnesium-

ion batteries, offering a high specific capacity and good reversibility. However, the 

sluggish diffusion kinetics of magnesium ions and capacity fading due to irreversible 

phase transformations remain significant challenges. With ongoing research and 

innovative approaches, it is anticipated that these issues can be overcome, leading to 

further improvements in the performance of V2O5-based cathodes and advancing the 

development of efficient magnesium-ion battery technologies. 
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1.3 Aqueous electrolytes  

The addition of aqueous electrolytes has proven to be an effective strategy for 

enhancing the electrochemical properties of V2O5 cathodes in metal-ion batteries, 

including Mg-ion batteries (Karapidakis et al., 2021; Y. Liang et al., 2017; Wu et al., 2019). 

By incorporating a small amount of water into the electrolyte, the capacity and stability 

of the V2O5 cathode can be significantly improved, as supported by various 

experimental and computational studies. The research of Niya Sa (Sa et al., 2016) 

unveils a noteworthy breakthrough in achieving compatibility between Mg anodes and 

a-V2O5 cathodes. This compatibility is achieved through the utilization of magnesium 

bis (trifluoromethane sulfonyl) imide in diglyme electrolytes, albeit at notably low 

water levels. The electrolytes with higher water content fail to facilitate reversible Mg 

deposition. However, these electrolytes seem to provide enhanced capacities upon 

a-V2O5 cathodes, reaching approximately 300 mAhg-1 and 20 mAhg-1 for high and low 

water content, respectively, during the first cycle, as demonstrated in Figure 1.6. 

 

 

Figure 1.6 Galvanostatic cycling of a-V2O5 versus carbon coin cell in a 1 M Mg(TFSI)2/G2 

electrolyte at 20 mAcm-2 under two different water concentrations: (a) 2600 ppm H2O 

and (b) 15 ppm H2O (Sa et al., 2016). 

 

The precise role of water additives in the electrolyte has been the subject of 

extensive investigation. One proposed mechanism suggests that water can be inserted 

into the lattice of the V2O5 cathode, stabilizing its layered structure by forming a water 

pillar (Xu et al., 2019). This structural stabilization contributes to better performance 

and longer cycling life of the cathode. Recent research has put forth another 

explanation, indicating that water can dissociate at the electrode/electrolyte interface, 
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leading to the generation of H+ ions and electrons (Kim et al., 2021; Park et al., 2020; 

Q. Zhao et al., 2020; L. Zhou et al., 2021). The dissociated H+ ions and electrons then 

diffuse into the V2O5 structure, where they protonate lattice oxygen atoms, resulting 

in the formation of HxV2O5. This formed HxV2O5 compound acts as an intermediate 

during the charge-discharge process, improving the capacity of the cathode. Moreover, 

supporting experiments have confirmed the occurrence of water dissociation during 

the discharge process, leading to the alkalization of the electrolyte. The loss of H+ ions 

and electrons upon insertion into the cathode further validates the proposed 

mechanism and highlights the importance of water as a critical component in the 

electrolyte to facilitate improved cathode performance (X. Liu et al., 2020). Recent 

computational studies have also provided valuable insights into the role of hydrogen 

(H) insertion in enhancing Mg intercalation within the V2O5 structure (Ni et al., 2019). By 

reducing the ion diffusion barriers, H insertion contributes to faster and more efficient 

Mg-ion transport within the cathode material, thus addressing one of the major 

challenges associated with the sluggish diffusion kinetics of magnesium ions. The 

benefits of incorporating water additives become apparent in the long-term cycling 

performance of the V2O5 cathode. The presence of the synthesized HxV2O5 material is 

depicted in Figure 1.7(a), where X-ray diffraction (XRD) patterns and structural modeling 

are showcased in Figure 1.7(b). Remarkably, the synthesized HxV2O5 exhibits 

exceptional capacity retention, retaining 91.3% of its initial capacity (425 mAhg-1) even 

after an impressive 5,000 charge-discharge cycles, as depicted in Figure 1.7(c), and (d). 

Computational analysis further supports these findings, suggesting a reduced energy 

barrier for metal-ion migration attributable to the influence of proton insertion as 

shown in Figure 1.7(e) (Cao et al., 2022). 
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Figure 1.7 (a) X-ray diffraction pattern of HxV2O5. (b) Structure of HxV2O5. (c) 

Galvanostatic charge-discharge (GCD) curves of HxV2O5 at 0.1 Ag-1. (d) GCD curves of 

HxV2O5 at different current densities. (e) Energy barrier for Zn2+ diffusion in HxV2O5. (Cao 

et al., 2022). 

 

In conclusion, the addition of aqueous electrolytes and the role of water 

additives have been instrumental in enhancing the electrochemical properties of V2O5 

cathodes in metal-ion batteries, particularly for Mg-ion batteries. Water additives 

contribute to structural stabilization, facilitate the formation of HxV2O5, and improve 

the capacity retention of the cathode during prolonged cycling. The dissociation of 

water at the electrode/electrolyte interface plays a crucial role in providing H+ ions 

and electrons that protonate lattice oxygen, leading to improved cathode 

performance. Further advancements in this area hold significant promise for the 

continued development and optimization of efficient and high-performance Mg-ion 

battery technologies. 

 

1.4 Research objectives  

In light of the existing experimental and computational studies, the impact of 

H insertion on the structural stability of the V2O5 cathode remains unexplored. 

Therefore, the main objective of this research is to employ first-principles tools to 

conduct a systematic investigation into the role of H insertion and its influence on the 

enhanced electrochemical properties of the V2O5 cathode. Specifically, we will analyze 

its effect on the electronic structures and the overall electronic conductivity of the 
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material. By conducting calculations of Mg diffusion barriers, considering both ion and 

polaron transport, our research aims to propose how H insertion can lead to 

improvements in Mg-ion diffusion kinetics. Furthermore, through structural analysis, we 

will explore how H insertion can prevent the formation of irreversible phases of V2O5 

structure, which is critical for maintaining the stability and performance of the cathode. 

The insights gained from this research will contribute to the development of strategies 

to enhance the overall performance of Mg-ion batteries. By understanding the 

underlying mechanisms and interactions involved in H insertion, this knowledge can 

help design and improve V2O5 cathodes, which in turn can help make better Mg-ion 

batteries. 

 

1.5 Scope and limitations 

The computational in this thesis employs the spin-polarized Density Functional 

Theory (DFT) method with the plane-wave technique as implemented in the Vienna 

ab initio Simulation Package (VASP 5) (Kresse et al., 1993). The electron-ion interaction 

is treated using the frozen-core projector-augmented wave (PAW) approach (Amadon 

et al., 2008). For the exchange-correlation functional, the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation is chosen. While DFT calculations yield accurate 

results for total energy and mechanical properties, it is essential to acknowledge that 

electronic properties, especially the band gap, might be underestimated compared to 

experimental reports due to the intrinsic self-interaction error in the PBE 

approximation. Nonetheless, electronic density of state (DOS) and band structure 

calculations still provide valuable insights into the electronic features of electron 

states and other essential characteristics. It is crucial to recognize that DOS-related 

electronic structures might not directly correspond to macroscopic conductivity. To 

analyze charge distribution on atoms and the amount of charge transfer, we employed 

the Bader charge calculation method, considering the Bader volume of an atom to 

estimate the zero flux regions and determine the net charge on particles. However, it 

should be noted that the assigned charge may not be represented by an integer 

number, necessitating careful consideration when interpreting the results. Specifically, 

we employed the Nudged Elastic Band (NEB) approach (Henkelman et al., 2000) for 
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the migration path of Mg-ion and H-ion. By combining these computational techniques, 

we can study the properties and behavior of the material. This helps us understand 

the electronic structure and how charges are spread out in the system. This method 

helps us get to know the material better, and it's important for making energy storage 

materials better in the future. 
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CHAPTER II 

CALCULATION DETAILS 
 

 In this chapter, we exploded the theoretical and computational methods used 

in our study. To begin, we introduced the basics of computational quantum materials, 

focusing on the Schrödinger equation for systems with many particles (section 2.1). To 

find approximate solutions to the Schrödinger equation, the variational principle was 

described in section 2.2. Subsequently, we explored the historical development of 

computational quantum materials science (covered in sections 2.3 and 2.4). Following 

that, we explained the key concepts of density functional theory (section 2.5). Moving 

forward, we detailed the methodology employed for achieving structural optimization, 

crucial for identifying stable structures (section 2.6). We then delved into the 

techniques used to rectify errors arising from density functional theory calculations 

(discussed in sections 2.7 and 2.8). An overview of the climbing image-nudged elastic 

band (CI-NEB) method used for kinetic investigations is provided in section 2.9. 

Expanding on the dynamic aspects, we introduced the ab-initio molecular dynamics 

(AIMD) simulation technique (section 2.10). To understand the battery’s character, the 

open circuit voltage profile was explained (section 2.11). Finally, we concluded this 

chapter with a summary of the calculation details employed in this work. These 

methodologies are implemented using the Vienna Ab initio Simulation Package (VASP), 

and this summary is presented in section 2.12. 

 

2.1 Schrödinger equation for many particles 

At the heart of understanding the quantum behavior of systems with multiple 

particles lies the Schrödinger equation. This fundamental equation, first formulated by 

Erwin Schrödinger in the 1920s, provides a mathematical framework for describing the 

wavefunctions of complex systems as described by 
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(2.1) 

The equation (2.1) represents an eigen equation, where  is the Hamiltonian 

operator that describes the kinetic and potential energy operators of a quantum 

system. The  is the wave function, and it is a functional dependent on the 

coordinates of the nucleus index i ( ) and the electron index j ( ). The  denotes 

the eigenvalue, representing the energy of the system. The Hamiltonian operator 

consists of the kinetic energy operators of nucleus ( ) and electron ( ) and potential 

energy operators of nucleus-nucleus interaction ( ), nucleus-electron interaction    

( ) and electron-electron interaction ( ). Therefore, the Hamiltonian operator can 

be written as 

 

 

(2.2) 

 According to the Born-Oppenheimer approximation (Born et al., 1927), The 

assumption of motion of atomic nuclei and the motion of electrons in a molecule 

occur on vastly different time scales. In other words, it treats the electronic and nuclear 

motions as if they are decoupled or independent of each other. By treating the 

electronic and nuclear motions separately, and position of the nuclear is fixed. So, we 

can focus on solving the electronic Schrödinger equation for a fixed set of nuclear 

coordinates. Therefore, the most calculation cost is the Schrödinger equation for 

electrons using equation (2.1) as expanded following  

 
 

(2.3)  

This assumption allows us to determine the electronic energy levels and 

electronic wave functions of the molecule. Once the electronic structure is known, it 
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Ĥ ( ~Ri, ~rj) = E ( ~Ri, ~rj)
<latexit sha1_base64="HP3n4JfcDmP74wtV6/nGjMdb4S8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIUY8FLz1WsB/QhrLZbtqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpb2zu7e8X90sHh0fFJ+fSsY+JUM95msYx1L6CGS6F4GwVK3ks0p1EgeTeY3i/87hPXRsTqEWcJ9yM6ViIUjKKVuoMJxaw5H5Yrbs1dgmwSLycVyNEalr8Go5ilEVfIJDWm77kJ+hnVKJjk89IgNTyhbErHvG+pohE3frY8d06urDIiYaxtKSRL9fdERiNjZlFgOyOKE7PuLcT/vH6K4Z2fCZWkyBVbLQpTSTAmi9/JSGjOUM4soUwLeythE6opQ5tQyYbgrb+8STrXNe+mVn+oVxrVPI4iXMAlVMGDW2hAE1rQBgZTeIZXeHMS58V5dz5WrQUnnzmHP3A+fwBiaI+I</latexit>

Ĥ
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becomes possible to calculate various molecular properties, such as bond lengths, 

bond angles, vibrational frequencies, and more. 

 

2.2  Variational principle 

The variational principle is a concept used to find approximate solutions to the 

Schrödinger equation. The energy from solving the Schrödinger equation using any 

normalized wave function is always greater than or equal to ground state energy. The 

mathematical expression is as follows 

 
 

(2.4)  

Where  is the ground state energy, E is the expectation value of the Hamiltonian 

operator of the system and  is the total wave function (eigenvector). The total wave 

function is a linear combination of the basis wave function as follow. 

 
 

(2.5)  

The expectation value can be solved using the equation as follow 

 

 

(2.6)  

According to equation (2.6), the expectation value is function of set of probability 

amplitude. Using the variational principle, we have to find the minimum expectation 

value as a function of probability amplitude ( ) following. 

 

 

(2.7)  
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Solving the equation (2.7), we can determine the secular equation as follow 

  (2.8)  

Where  is the probability amplitude vector of basis wave function. The  and  

are the core Hamiltonian and the overlap matric, respectively, the matric element in 

core Hamiltonian and the overlap matric as determined by 

 
 

(2.9) 

 

 

(2.10) 

 

2.3 Hartree approximation 

The Hartree approximation (Hartree, 1928), also referred to as the Hartree 

method, stands as a simplified quantum mechanical technique employed to elucidate 

the electronic structure of multi-electron systems, such as atoms and molecules. 

Devised by Douglas Hartree during the 1920s,  

It is imperative to emphasize that the Hartree approximation represents a 

rudimentary model, falling short of a comprehensive depiction of the intricate 

electron-electron correlations inherent in actual systems. 

Within the Hartree approximation, electrons are considered to move 

independently of one another within the mean electrostatic field established by the 

other electrons and the nucleus. Consequently, electron-electron interactions are 

approximated as an average or mean-field influence, omitting the complete quantum 

mechanical interplay among electrons. The Hartree method relies on employing a 

distinct single-electron wave function, known as an orbital, for each electron. These 

orbitals are used to depict the motion of individual electrons within the system, as 

explained below: 
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  (2.11)  

where  is the total wave function of the N-electron system and  is the one-electron 

wave function for the ith electron, which depends only on the coordinates of that 

electron. 

It is essential to highlight that the Hartree approximation treats electrons as 

distinguishable entities and does not consider the anti-symmetry requirement imposed 

by the Pauli exclusion principle on the electron wave function. Consequently, it falls 

short of providing a comprehensive account of the intricate quantum mechanical 

behavior of electrons in systems characterized by significant electron-electron 

correlations. 

 

2.4  Hartree-Fock approximation 

The Hartree-Fock (HF) approximation (Fock, 1930; Hartree, 1928) represents a 

sophisticated quantum chemistry method employed to elucidate the electronic 

structure of atoms and molecules. It stands as a substantial improvement over the 

basic Hartree method, as it takes into consideration the effects of electron-electron 

correlations to a certain degree. The primary objective of the Hartree-Fock method 

revolves around identifying the optimal set of single-electron wave functions, often 

referred to as orbitals, that minimizes the total electronic energy of a system while 

adhering to the essential Pauli exclusion principle. 

Within the framework of the Hartree-Fock method, the electronic wave 

function for a multi-electron system is approximated as a Slater determinant (Slater, 

1930), also known as an anti-symmetrized product, of one-electron wave functions. 

This representation ensures the required anti-symmetry of the electron wave function, 

a fundamental mandate imposed by the Pauli exclusion principle. The specific 

mathematical expression for this Slater determinant can be denoted as equation (2.12). 
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where  is the Slater determinant representing the quantum state of the  

electrons and  is the one-electron wave function (spatial orbital) for electron 

index j in spatial orbital index i 

 According to the HF approximation, the exchange energy term arises due to 

the enforced anti-symmetry of the electron wave function. Consequently, when 

examining systems with multiple particles using the HF approximation, it can be 

concluded that the total energy comprises the kinetic energy of electrons, the 

potential energy of electron-nuclei interactions, the potential energy of electron-

electron interactions, and the exchange energy stemming from the HF approximation. 

 

2.5  Density functional theory 

The density functional theory (DFT) scheme is based on the concept of 

considering the total electron density, denoted as equation (2.13), rather than focusing 

on individual particles within the system. This approach leads to a more simplified 

approximation of the Schrödinger equation when compared to the Hartree-Fock 

approximation. The electron density can be expressed in terms of the wavefunction, 

representing a fundamental connection between the DFT method and the quantum 

mechanical description of electronic systems. 

 
 

(2.13)  

2.5.1 The Hohenberg-Kohn theorems 

The Hohenberg-Kohn theorems (Hohenberg et al., 1964) are fundamental 

principles in the field of quantum mechanics and DFT. They provide a theoretical 

foundation for DFT, a widely used method for predicting the electronic structure and 

properties of many-electron systems, such as atoms, molecules, and solids. The 

theorems were developed by Pierre Hohenberg and Walter Kohn in the 1960s. There 

are two Hohenberg-Kohn theorems, often referred to as the first and second theorems. 

1. First Hohenberg-Kohn Theorem: 

The first theorem states that the external potential, , uniquely determines 

the ground-state electron density, , and vice versa. In other words, if you know 
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the external potential, you can determine the electron density, and if you know the 

electron density, you can determine the external potential. This theorem provides the 

foundation for the idea that the total energy of a quantum system can be expressed 

as a functional of the electron density, , and the external potential, . The 

goal of DFT is to find the electron density that minimizes the total energy, as this 

corresponds to the ground-state electron density and energy. 

2. Second Hohenberg-Kohn Theorem: 

The second theorem focuses on the uniqueness of the ground-state electron 

density and total energy. It states that there is a one-to-one correspondence between 

the ground-state electron density, , and the external potential, , that leads 

to the same minimum value of the ground-state energy,  In other words, there is 

only one ground-state electron density and one corresponding external potential that 

minimize the total energy. Mathematically, the second theorem can be expressed as: 

 
 

 (2.14) 

These theorems provide a rigorous foundation for the development of density 

functional theory, which seeks to find the electron density that minimizes the total 

energy of a quantum system. While the theorems themselves do not provide an 

explicit method for finding the ground-state electron density, they are crucial in 

establishing the theoretical framework for DFT and ensuring its accuracy and reliability 

in predicting the properties of many-electron systems. 

2.5.2 The Kohn-Sham equation 

According to the second Hohenberg-Kohn theorem, knowledge of the total 

energy of a quantum system provides the necessary information to determine the 

conditions for achieving the minimum total energy. In the context of the Kohn-Sham 

equation, which is a key component of DFT, the kinetic energy of electrons in a many-

particle system can be separated into two distinct terms: (1) the kinetic energy of non-

interacting electrons and (2) the contribution arising from electron-electron 

correlations, often referred to as the correlation effect on kinetic energy. Consequently, 
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the expression for the kinetic energy of electrons in a many-particle system can be 

formulated as follows: 

  (2.15) 

If we consider a many-particle system composed of N nuclei and Ne electrons, 

the kinetic energy of non-interacting electrons can be described as equation (2.16). 

This term accounts for the kinetic energy of electrons as if they were moving 

independently, neglecting electron-electron interactions. 

 
 

 (2.16) 

The potential energy terms corresponding to electron-electron interactions and 

electron-nucleus interactions can be expressed as equation (2.17) and (2.18), 

respectively. These terms encapsulate the electrostatic forces between electrons           

( ) and between electrons and nuclei ( ), respectively, and are pivotal in 

determining the overall energy of the quantum system. 

 
 

(2.17) 

 
 

(2.18) 

In accordance with the Hartree-Fock approximation, the exchange energy 

naturally emerges due to the enforced anti-symmetry of the electron wave functions. 

However, it's important to note that the total energy computed using the Hartree-Fock 

approximation does not encompass the correlation energy. To address this limitation, 

DFT consolidates both the exchange and correlation energy components into a single 

term known as the exchange-correlation energy, as depicted below 

   (2.19) 

Therefore, the total energy of many particles system depicted below 
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 (2.20) 

According to the second Hohenberg-Kohn theorem, the ground state energy of 

a quantum system can be calculated through the minimization of the total energy 

functional with respect to the electron density. The condition that yields the minimum 

total energy can be expressed as 

 
 

 (2.21) 

Effective potential can be expressed as 

 

 

 (2.22) 

 

2.5.3 Exchange-correlation functional 

In DFT calculations, the exchange-correlation functional is a crucial component 

of the DFT approximation. It is a mathematical expression that accounts for the 

exchange and correlation effects of the electrons in a many particles system. These 

effects arise due to the interactions between electrons, and accurately modeling them 

is essential for predicting the electronic structure and properties of materials. 

 In present day, the widely used exchange-correlation functional have two type 

(1) the local density approximation (LDA) and (2) the generalized gradient 

approximation. 

1. The local density approximation (LDA) 

The local density approximation using the assumption that electron have 

equally distribution as homogeneous electron gas. The exchange energy can be written 

by 
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 (2.23) 

 Currently, the true form of the correlation functional in DFT remains unknown, 

and as such, practical implementations often involve approximations. One common 

approach is to fit the DFT correlation functional to data obtained from quantum Monte 

Carlo simulations (QMC) (Ceperley et al., 1980) to achieve better accuracy. A widely 

used correlation functional in this context is the Perdew-Zunger (PZ) correlation 

functional (J. P. Perdew et al., 1981), which is described as follows 

 
 

 (2.24) 

When and the associated parameters in equation (2.24), it is 

common practice to represent these values in a tabular format, as shown in Table 2.1. 

 

Table 2.1 Assorted constants for PZ correlation energy calculations. 

g b1 b2 A B C D 

-0.1423 1.0529 0.3334 0.0311 -0.0480 0.0020 -0.0116 

 

The LDA functional is not always suitable due to its limitations in accurately 

describing non-local exchange-correlation effects, dispersion interactions, strongly 

correlated systems, and electronic properties, making it less reliable compared to more 

advanced exchange-correlation functionals like GGAs and hybrid functionals. 

2. The generalized gradient approximation (GGA) 

The generalized gradient approximation (GGA) takes into account not only the 

electron density at a given point in space but also its gradient, providing a better 

description of electron-electron interactions and often leading to more accurate 

predictions of electronic and structural properties in a wide range of materials and 

systems. One of the widely used exchange-correlation functionals for density DFT 

calculations is the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional (John 
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P. Perdew et al., 1996), which can be described by the following mathematical 

expression as 

 
 

 (2.25) 

when 

 

 

  

The PBE functional enhances the LDA-based foundation for correlation energy 

by incorporating the gradient term. 

   (2.26) 

when 

 

 

   

 

2.5.4 Pseudopotentials 

Pseudopotentials represent a valuable approach to streamline complex 

calculations in computational chemistry. They serve as substitutes for the genuine 

potential of atomic nuclei, offering an effective potential meticulously tailored to 

emulate the behavior of valence (outermost) electrons while simplifying or ignoring 

the behavior of tightly bound inner-core electrons. This strategic simplification 

substantially reduces the computational intricacies associated with electronic structure 

calculations, all while yielding precise results for numerous properties of interest. 
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As depicted in Figure 2.1, the convergence of the pseudo and exact potential 

occurs when the interparticle distance surpasses the specified cutoff radius, rc, as does 

the convergence of the pseudo ( ) and exact ( ) wavefunctions. Notably, the 

authentic wavefunction exhibits oscillations within the lower rc region. This oscillatory 

behavior poses a challenge in solving the Schrödinger equation effectively, as achieving 

a smooth wavefunction in this region is demanding, as illustrated by the red solid line. 

Employing a smoother wavefunction serves to reduce computational expenses while 

preserving accuracy. Consequently, the prerequisites for the pseudo wavefunction and 

potential are as follows: 

 
Figure 2.1 Contrast between wavefunctions in nuclear coulomb potential (blue) and 

pseudopotential (red). 

 

1. At , it is a requirement that the pseudo wavefunction aligns with the 

exact wavefunction, and the total energy of the pseudopotential matches that 

of the exact potential. 
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2. At , it is imperative that the pseudo wavefunction and the exact 

wavefunction exhibit continuous properties, as articulated in the mathematical 

equation that follows 

 

 

 (2.27) 

3. The pseudo wavefunction is required to possess a total charge within a sphere 

of radius  that is equivalent to that of the exact wavefunction. 

 
 

 (2.28) 

4. The pseudopotential should exhibit transferability properties, meaning it can 

accurately describe both the isolated atom and its ions. 

Within the realm of pseudopotentials, several distinct categories exist: 

1. Norm-Conserving Pseudopotentials: This category of pseudopotentials is 

carefully crafted to maintain the norm, ensuring the conservation of the total 

number of electrons. Additionally, norm-conserving pseudopotentials offer 

accurate representations of valence electron wavefunctions. 

2. Ultra-Soft Pseudopotentials: Specifically engineered for smoothness, ultra-soft 

pseudopotentials find extensive utility in plane-wave basis Density Functional 

Theory (DFT) calculations. Their smoothness facilitates efficient convergence 

and enhances the computational efficiency of simulations. 

3. Projector-Augmented Wave (PAW) Pseudopotentials: PAW pseudopotentials 

(Amadon et al., 2008) stand out as highly precise and versatile tools in 

electronic structure calculations. Combining elements from both 

pseudopotentials and all-electron calculations, they enable a remarkably 

accurate representation of electron properties, allowing for in-depth 

investigations of various electronic phenomena. 
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2.5.5 Self-Consistent Field approach 

In practical DFT calculations, the ground state energy can be determined 

through a self-consistent field calculation, as outlined in Figure 2.2. 

 

 
 

Figure 2.2 The schematic of self-consistency iteration for solving the Kohn-Sham 

equation and determining the calculated total energy and other properties. 
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This self-consistent field calculation involves the following steps: 

1. Initial Electron Density Guess: Begin by making an initial guess for the electron 

density. 

2. Effective Potential Calculation: Utilize the initial electron density to compute 

the effective potential. 

3. Solving the Kohn-Sham Equation: Solve the Kohn-Sham equation to obtain the 

eigenvalues (total energy) and eigenvectors (wave functions). 

4. New electron density calculation: Calculate a new electron density based on 

the obtained eigenvectors (wave functions). 

5. New electronic energy calculation: Calculate a new energy using the Kohn-

Sham Equation 

6. Comparing energy  

a. If the difference of new and old electronic energy is lower than the 

energy criteria (EDIFF), terminate the calculation and use the resulting 

values.  

b. If the difference of new and old electronic energy is greater than the 

energy criteria (EDIFF), update the electron density with the new values 

and return to step 2 for further iterations. Repeat this process until 

convergence is achieved. 

This iterative self-consistent field approach ensures that the electron density 

and effective potential converge to a consistent solution, ultimately yielding the 

ground state energy in DFT calculations. The energy criteria (EDIFF) used in this research 

is 10-6 eV. 

 

2.6 Geometry optimization 

Geometry optimization plays a pivotal role in DFT calculations, especially in 

the study of molecules and materials. This process involves seeking the most 

energetically favorable arrangement of atoms by minimizing the system's total energy 

while considering changes in atomic positions and, if applicable, unit cell dimensions. 
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Below is an overview of the geometry optimization process in DFT calculations (as you 

can see in Figure 2.3): 

1. Initial Geometry: Provide the initial atomic coordinate. 

2. Energy Calculation: Perform DFT calculation for energy of the system using the 

SCF calculation. 

3. Forces and Gradients: Calculate the atomic force using the Hellmann-Feynman 

forces calculation. 

4. Evaluate Convergence: Check all of atomic force. 

a. If atomic force is lower than the tolerance force, terminate the 

calculation and use the resulting values. 

b. If atomic force is greater than the tolerance force, atomic positions are 

adjusted based on the calculated forces and gradients. Optimization 

algorithms such as the conjugate gradient method (Dai et al., 2016) is 

employed for this purpose and return to SCF loop at step 2. 

Geometry optimization is fundamental for accurate predictions of molecular 

and material properties, offering insights into atomic positions and total energy. These 

insights are essential for comprehending the behavior and stability of chemical 

systems. 
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Figure 2.3 The schematic of optimization in DFT calculations. 
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2.7  DFT+U 

DFT+U, short for Density Functional Theory + Hubbard U (Anisimov et al., 1991), 

is an extension of the conventional Density Functional Theory (DFT) method used in 

computational materials science and solid-state physics. DFT is a widely employed 

approach for calculating electronic properties and predicting the behavior of materials. 

However, it has limitations when it comes to accurately describing systems with 

localized electron interactions, such as transition metals and strongly correlated 

electron systems. The DFT calculates electronic properties by approximating the 

electron density of a system and minimizing the total energy. While it can provide 

reasonable results for many materials, it often struggles with accurately describing 

systems where electron-electron interactions are strongly localized and correlated. 

This is where DFT+U comes in. 

The "+U" term represents an additional parameter introduced to account for 

the on-site Coulomb interactions (Hubbard U) between electrons on the same atomic 

orbital. In a transition metal oxide, for example, electrons in d orbitals can be strongly 

localized due to electron-electron repulsions. DFT+U introduces a correction to the 

energy functional to better capture these localized electron interactions. In essence, 

DFT+U aims to correct the electronic structure description provided by standard DFT, 

making it more suitable for systems with localized electron correlations. The Hubbard 

U term effectively adds a repulsive energy to the electrons occupying the same orbital, 

simulating the Coulomb repulsion between them. Mathematically, the DFT+U 

correction can be expressed as follows: 

 

 

 (2.29) 

when  is the Hubbard U parameter,  is the Hund's exchange coupling parameter 

and  is the density matrix of d electrons. 

It's important to note that DFT+U is not a universal solution and requires careful 

parameter tuning, specifically choosing appropriate values for the Hubbard U 

parameter for different elements and materials. The choice of U can have a significant 

impact on the results, so there's an element of empirical adjustment involved. 
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2.8 vdW correction 

In DFT, one of the known limitations is its inability to accurately account for 

van der Waals (vdW) interactions. Van der Waals forces are weak, long-range 

interactions between molecules or atoms that arise due to fluctuations in electron 

density. Since standard DFT functionals, such as LDA and GGA, are designed to capture 

primarily local exchange and correlation effects, they often underestimate vdW 

interactions. To address this limitation, various vdW correction methods have been 

developed to incorporate vdW interactions into DFT calculations. One common 

approach is the use of the DFT-D3 method developed by Grimme (Grimme et al., 

2010). The method employed in this study is optPBE-vdW (Optimized Perdew-Burke-

Ernzerhof with van der Waals) (Klimes et al., 2010), which is a modification of DFT 

aimed at incorporating vdW interactions in a more systematic and accurate manner. 

Unlike the standard PBE functional, optPBE-vdW incorporates a correction term that 

addresses long-range vdW interactions, enhancing the applicability of DFT for 

investigating systems where vdW forces are of significant importance, such as 

molecular complexes, layered materials, and intermolecular interactions. 

The optPBE-vdW correction introduces a pairwise vdW interaction term to the 

conventional PBE exchange-correlation functional, expressed as follows: 

 
 

 (2.30) 

when  is the dispersion energy correction,  represents a sum over all 

atom pairs  and  in the system,  is the dispersion coefficient for the atom pair 

 and , determined empirically based on the atom types involved,  is the 

distance between the atom pair  and  and  is a damping function that 

ensures the correction decreases smoothly at long distances to avoid unphysical 

divergences. The damping function is often modeled as: 

   (2.31) 

when  is a damping parameter controlling the rate of decay and  is a cutoff radius 

beyond which the correction becomes negligible. 
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The  coefficients for various atom pairs are typically obtained from 

empirical databases or parameterization. These coefficients represent the strength of 

dispersion interactions between different atom types. 

 

2.9  Climbing image-nudged elastic band method 

The climbing image-nudged elastic band (CI-NEB) (Henkelman et al., 2000) is a 

valuable technique in DFT calculations for identifying transition states and elucidating 

reaction pathways. It extends the Nudged Elastic Band (NEB) method by introducing a 

"climbing" image that automatically converges toward the transition state, improving 

accuracy in locating the highest energy points along a reaction coordinate. Key aspects 

and mathematical expressions of the CI-NEB method include: 

1. Nudged Elastic Band (NEB) 

NEB depicts the reaction pathway by employing a series of intermediate 

configurations (images) that link the initial and final states, each characterized by 

specific atomic coordinates. The elastic band, consisting of N+1 images, can be 

represented as [R0, R1, R2, …, RN], where R0 and RN remain fixed. The overall force 

exerted on the atom at each image index i is the summation effect of the spring force 

in the local tangent direction and the true force perpendicular to the local tangent, 

denoted as: 

 
 

 (2.32) 

Where the true force is given by 

 
 

 (2.33) 

Here,  is the energy of the system as function of all the atomic coordinates, and  

is the normalized local tangent at image index i. The spring force is represented as 

 
 

 (2.34) 

where  is the spring constant. An optimization algorithm is used to move the images 

according to the NEB force in equation (2.32). The images converge on the minimum 
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energy pathway with the NEB force must lower than the force criteria. Note that, the 

force criteria for NEB calculation in this thesis is 0.05 eV/Å. 

2. Climbing Image 

The climbing image nudged elastic band method represents a minor adaptation 

of the NEB method. While preserving information about the shape of the minimum 

energy pathway, it ensures convergence to a saddle point. Following several iterations 

with the standard NEB, the image with the highest energy (imax) is determined. The force 

acting on that image is not determined by equation (2.32) but rather by 

 
 

 (2.35) 

The maximum energy image is not affected by the spring forces at all. 

 

 
Figure 2.4 Schematic of the potential energy surface (PES) and NEB Calculation. White 

and black lines denote the initial guess and optimized reaction pathways. 
 

 

In summary, the CI-NEB method combines NEB principles with the concept of 

a climbing image to efficiently pinpoint transition states and calculate energy barriers 

for chemical reactions. Widely used in computational chemistry, CI-NEB aids in studying 
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reaction mechanisms and understanding complex reaction pathways, ensuring 

accurate positioning of the transition state along the reaction coordinate. 

 

2.10  Ab initio molecular dynamics 

Ab initio molecular dynamics (AIMD) is a computational technique used in the 

field of quantum chemistry and materials science to simulate the motion of atoms 

and molecules over time. AIMD combines molecular dynamics (MD) with quantum 

mechanical calculations, typically using DFT or other ab initio methods, to accurately 

describe the electronic structure and interactions among particles.  

In AIMD simulations, the positions and velocities of all atoms in a system are 

propagated through time using classical molecular dynamics equations, such as the 

Verlet algorithm (Verlet, 1967). However, instead of using classical force fields to 

calculate interatomic forces, AIMD employs quantum mechanical calculations to 

determine the forces acting on the atoms. The mathematical model of AIMD comprises 

several fundamental components: 

1. Quantum mechanical calculations 

AIMD incorporates quantum mechanical calculations, using DFT, at each time 

step. These calculations determine the forces acting on each atom based on the 

electronic structure. 

 
 

 (2.36) 

2. Newton's equations of motion 

These classical equations describe the time-dependent evolution of atomic 

positions (r) and velocities (v). 

 
 

 (2.37) 
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3. Integration Scheme 

Numerical integration methods, such as the Verlet algorithm, are employed to 

integrate the equations of motion. These methods update the positions and velocities 

of atoms at each time step. 

 

 

 (2.38) 

 

4. Boundary Conditions 

AIMD simulations often employ periodic boundary conditions, replicating the 

simulation cell periodically in all directions to mimic an effectively infinite system. This 

ensures an accurate representation of interactions between atoms. 

5. Temperature Control 

AIMD simulations may incorporate thermostats to control the system's 

temperature, enabling simulations at a constant temperature, e.g., through the use of 

the Nose-Hoover thermostat (Hoover, 1985; Nosé, 1984). 

6. Time Steps 

The choice of the time step (Dt) for integration is crucial. It must strike a 

balance between accuracy and computational efficiency. It must be small enough to 

capture atomic motion accurately but not so small as to render the simulation 

computationally prohibitive. 

The AIMD simulations are tools for investigating dynamic processes in chemistry 

and materials science, encompassing phenomena like chemical reactions, and 

vibrational dynamics. They offer insights into atomic and molecular behavior at the 

quantum mechanical level, playing a vital role in comprehending complex molecular 

and material dynamics. 

 

<latexit sha1_base64="fM6txGPXedyTCvNu3XZj1PW3npY="></latexit>

~ai(t+�t) =
~Fi(t+�t)

mi

~vi(t+�t) = ~vi(t) +
1

2
(~ai(t) + ~ai(t+�t))

~Ri(t+�t) = ~Ri(t) + ~vi(t)�t+
1

2
~ai(t)�t2

 



 
 

44 
   

2.11  Open circuit voltage calculation 

The voltage of the battery, which can be measured using a voltmeter inserted 

between the anode and the cathode in an open circuit, can be determined by utilizing 

equation (2.39) (Van der Ven et al., 2020) 

 
 

 (2.39) 

In the provided equation, and  represent the electrochemical potential 

of electrons on the cathode and anode, respectively, while e denotes the elementary 

charge of an electron (~ 1.602 × 10-19 C). 

The electrochemical potentials provide a means of quantifying how the energy 

of cathode or anode materials changes when a charged species is introduced. These 

electrochemical potentials can be directly linked to the chemical potentials for neutral 

species. In the specific case of the neutral Mg chemical potential within the cathode 

or anode materials, it is defined as the change in energy that occurs upon the addition 

of neutral Mg atoms, and it is expressed by the equation: 

 
 

(2.40)  

In this equation,  represents the electrochemical potential of Mg2+ ions 

in the cathode or anode material, and  denotes the electrochemical potential of 

electrons within the same material. This equation establishes a fundamental 

relationship between the electrochemical potentials and the chemical potential of 

neutral Mg species, shedding light on the intricate energy changes occurring during the 

electrochemical processes within the battery. 

Utilizing equation (2.40), we can express equation (2.39) as: 

 
 

(2.41) 
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In an open-circuit and equilibrium state, it is crucial for the Mg2+ 

electrochemical potential to remain uniform throughout the entire battery, which 

implies . This condition allows us to simplify equation (2.41) to 

 
 

(2.42) 

To calculate the voltage, we will apply the definition of the chemical potential 

of neutral Mg in the context of the cathode (HxV2O5) and anode (pure Mg metal) 

materials. Specifically, we will focus on HxV2O5 as the cathode material and pure Mg 

metal as the anode material. Thus, equation (2.42) can be expressed as follows: 

 

 

 

(2.43) 

Using equation (2.43), we conducted calculations to determine the open-circuit 

voltage (OCV) of Mg insertion into HxV2O5-based cathodes with varying H concentrations 

as a function of Mg concentration. 

 

2.12  Summary of computational details 

In this thesis, the all calculations were conducted employing spin-polarized 

density functional theory (DFT) within the Vienna Ab Initio Simulation Package (VASP 

5) (Kresse et al., 1993). Core electron and ion interactions were treated using the 

projector augmented wave method (Amadon et al., 2008), while valence electrons 

were expanded in the plane-wave basis set: H 1s, Mg 2s, O 2s2p, and V 3p3d4s, with a 

kinetic energy cutoff set at 500 eV. For the exchange-correlation functional term, the 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

approach was utilized. To mitigate self-interaction errors, an effective Hubbard U value 

of 3.5 eV was applied to the V 3d orbitals (Ngamwongwan et al., 2021; Porsev et al., 

2014). 
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Incorporating van der Waals interactions between the V2O5 layers, we 

employed the optPBE-vdW method (Klimes et al., 2010; Klimeš et al., 2011; John P. 

Perdew et al., 1996). The insertion of ions was accomplished using a 1x2x2 V2O5 

supercell. Structural optimization and electronic density of state (DOS) calculations 

involved a Monkhorst–Pack grid (Monkhorst et al., 1976) of 4×4×4 k-points and 

12×12×12 k-points, respectively. A Gaussian smearing method with a width of 0.05 eV 

was applied. Convergence criteria were set at 10-6 eV for the self-consistent field and 

0.02 eV/Å for optimization. 

To investigate Mg and H diffusion behaviors, a larger 1x3x3 supercell with 4×4×4 

k-point sampling was utilized for Brillouin zone coverage. The climbing image nudged 

elastic band (CI-NEB) method (Henkelman et al., 2000) was employed to determine 

diffusion paths and barriers. Bader charge analyses (Tang et al., 2009) were performed 

to ascertain relative charges on each atom. 
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CHAPTER III 

STRUCTURAL AND ELECTRONIC PROPERTIES OF V2O5  
 

Prior to looking into the effect of H insertion on V2O5-based cathodes for Mg-

ion batteries, we investigated the atomistic configurations and electronic characteristics 

of the a-V2O5 structure. In our study, we used the 1x2x2 a-V2O5 supercell as the 

model for the cathode structure. This initial investigation included a thorough analysis 

of the geometric arrangement of a-V2O5, as presented in detail in section 3.1. 

Furthermore, we explored the examination of its electronic properties, with discussions 

provided in section 3.2. To check the geometric and electronic structures of our 

computational results, we performed a comparison between our findings with other 

computational calculations and experimental observations. 

 

3.1 Crystal Structure of a-V2O5 

In this study, we focused on utilizing the a-V2O5 phase, specifically the 

orthorhombic configuration characterized by the Pmmn space group, as a fundamental 

model. This phase is known for its durability and strength, particularly in the demanding 

conditions encountered in metal-ion batteries. This durability is because of its unique 

layered structure, which consists of a network of VO5 square pyramids that are 

distorted and connected through both sharing their edges and corners, as depicted in 

Figure 3.1(a). This results in a notable two-dimensional (2D) layered structure that is 

limited to the ab plane, as illustrated in Figure 3.1(b). 
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Figure 3.1 Illustrations of (a) VO5 units, each containing three distinct oxygen atoms 

denoted as follows: vanadyl oxygen (O1), bridging oxygen (O2), and edge-sharing 

oxygen (O3) with the bond distance presented in Å unit and (b) an a-V2O5 supercell 
in a 1x2x2 arrangement. The red and grey represent the oxygen and vanadium atom. 

 

Within each VO5 unit, is characterized by the presence of three distinct oxygen 

atoms, each serving a specific role. The foremost is the vanadyl oxygen atom (terminal 

oxygen atom), labeled as O1, with a computed V-O1 bond distance (dV-O1) amounting 

to 1.61 Å. Accompanying this is the bridging oxygen atom, denoted as O2, exhibiting a 

V-O2 bond distance (dV-O2) of 1.81 Å. Additionally, a pair of oxygen atoms, O3, engage 

in an edge-sharing arrangement, resulting in V-O3 bond distances (dV-O3) of 1.91 Å and 

2.03 Å, respectively. The geometric arrangement of these oxygen atoms is depicted in 

Figure 3.1(a). 

Our calculations not only provide these bond distances but also align well with 

both experimental results (Enjalbert et al., 1986) and the other DFT (Ni et al., 2019). 

Notably, the difference between our calculated values and experimental data is a 

1.68% error, while a 1.90% error is with other DFT values. This comparison is highlighted 

in Table 3.1. 

 

Table 3.1 Lattice parameters and V-O bond distances of a-V2O5 obtained from 

experimental characterizations and computations (values in angstroms unit). 

a-V2O5 This work Computations (PBE+U) Experiment 

a 11.60 11.64 11.69 

b 7.27 7.15 7.26 
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Table 3.1 (Continued) Lattice parameters and V-O bond distances of a-V2O5 obtained 

from experimental characterizations and computations (values in angstroms unit). 

a-V2O5 This work Computations (PBE+U) Experiment 

c 4.48 4.43 4.42 

V-O1 1.61 1.61 1.58 

V-O2 1.81 1.80 1.78 

V-O3 1.95 1.95 1.93 

 

3.2 Electronic properties  

Our research focuses on studying the electronic configuration of a-V2O5. We 

do this by analyzing its density of states (DOS) and band structure, as shown in Figure 

3.2(a) and (b), Our calculations reveal that a-V2O5 is a semiconductor with an indirect 

band gap of 2.17 eV. The summary of these band gaps of this work and other 

computational work is listed in Table 3.2. 

 

 
Figure 3.2 (a) The projected density of states and (b) energy band structure of V2O5 

structure show a non-magnetic semiconducting character with an indirect band gap of 

2.17 eV. The red and gray solid lines represent the state of oxygen and vanadium, 

respectively. 
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When we examine the projected density of states (PDOS), we see a non-

magnetic profile. This means there are an equal number of states for both spin 

components, as shown in Figure 3.2(a). The valence band is mainly affected by O 2p 

orbitals, with some mixing involving V 3d states. On the other hand, the conduction 

band is dominated by V 3d states, with some mixing with O 2p orbitals. This unique 

band arrangement is a result of changes in the symmetry of the VO5 units, which has 

been observed in previous research (Maganas et al., 2013) and (Tolhurst et al., 2016). 

This analysis of a-V2O5's electronic properties shows how its structural complexities 

significantly influence its electronic behavior. 

An important observation to highlight is the capacity of the computational 

approach to yield more accurate electronic structures and enhance band gap 

predictions for various semiconducting materials. Notably, the Quasiparticle GW 

approximation and the utilization of hybrid functionals have proven invaluable in this 

regard. 

In the case of V2O5, as shown in Table 3.2, only the Quasiparticle GW method 

is able to accurately match the experimental band gap value. This highlights the 

accuracy of the GW method in capturing the complex electronic behavior of V2O5, 

especially concerning its band gap characteristics. On the other hand, the use of hybrid 

functionals (PBE0) leads to overestimating the band gap. 

 

Table 3.2 Calculated band gaps of a-V2O5 using different methods. 

Method Eg (eV) References 

DFT+U (U=3.5) 2.17 This work 

DFT+U (U=4.0) 2.17 (Zhou et al., 2014) 

DFT+U (U=2.0) 1.66 (Ni et al., 2019) 

DFT+U (U=3.5) 2.18 (Ngamwongwan et al., 2021) 

DFT+U (U=4.0) 2.26 (Scanlon et al., 2008) 

PBE0 4.04 (Porsev et al., 2014) 

GW 2.3 (Bhandari et al., 2015) 

GW 2.89 (Roginskii et al., 2021) 
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Table 3.2 (Continued) Calculated band gaps of a-V2O5 using different methods. 

Method Eg (eV) References 

Experiment 2.3 (Enjalbert et al., 1986) 

 

The contrast in the performance of different computational methods for V2O5 

highlights the importance of choosing the method for studying specific materials. The 

unique electronic structure of V2O5, as revealed by these comparisons, offers insights 

into the material's complex behavior, demonstrating the interplay between theory and 

experimentation in the field of materials characterization. 

In this chapter, we focused on the structural and electronic properties of a-

V2O5, emphasizing its stable orthorhombic phase and its ability to host small cations 

within its layered structure, making it a promising candidate for cathodes in metal-ion 

batteries. This analysis provided crucial context for our research. Now, in the next 

chapter, we will explore the interactions of H and Mg within the a-V2O5 structure, 

elucidating their impacts on electronic conductivity, diffusion kinetics, and structural 

stability. 
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CHAPTER IV 

THE INSERTION OF HYDROGEN AND MAGNESIUM INTO V2O5 
 

In the previous chapter, we investigated the geometric structure of a-V2O5 and 

investigated its electronic properties, establishing its suitability as a cathode material 

for Mg-ion batteries. Now, we shift our focus to a study of the effects of H and Mg 

insertion into V2O5-based cathode materials on battery performance. Next, we further 

initiate our investigation by examining the insertion of a single H atom into V2O5, looking 

into the structural and electronic consequences of this insertion as discussed in section 

4.1. Next, we investigate the impact of varying H concentrations in HxV2O5 cathode 

materials, with a particular focus on their thermodynamic and electronic properties. 

This analysis involves calculating formation energies and analyzing bond distances to 

uncover the underlying mechanisms, as discussed in section 4.2. Afterward, we assess 

the stability of the fully H-inserted V2O5 structure under various temperature conditions 

using AIMD, as outlined in section 4.3. In the final part of our study, we investigate the 

intercalation of Mg ions into the V2O5 cathode, aiming to understand the structural and 

electronic implications of this insertion as discussed in section 4.4. 

 

4.1 H insertion into V2O5 

The evidence supports the significant capacity enhancement of Mg-ion 

batteries when utilizing water-containing electrolytes, as demonstrated in various 

experimental studies (Karapidakis et al., 2021; Wang et al., 2017). In the discharge 

process of these batteries, water molecules present in the electrolyte undergo 

dissociation, resulting in the formation of H+ and OH– ions. Subsequently, both H+ ions 

and Mg2+ ions exhibit the ability to intercalate into the V2O5 cathode structure, leading 

to a notable increase in its capacity (Pan et al., 2016; Wan et al., 2018). This 

phenomenon is corroborated by the observed rise in pH levels during the discharge 

process (Liu et al., 2020). 
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In this context, the present study aims to provide an insight into the influence 

of H+ and Mg ion intercalation on the structural and electronic characteristics of the 

V2O5 cathode. To achieve this, we conducted ion insertion simulations within the 1x2x2 

V2O5 supercell. Subsequently, we conducted a calculation of the local structure and 

density of states, paying specific attention to how these characteristics change with 

different ion concentrations. This investigation seeks to elucidate the mechanisms 

underlying the capacity enhancement observed in Mg-ion batteries utilizing aqueous-

containing electrolytes. 

Our primary objective was to determine the most favorable location for the 

insertion of H within the V2O5 structure. We directed our attention to the three distinct 

oxygen sites within V2O5. To quantify the insertion energy associated with these sites, 

we employed the following equation, denoted as (4.1) 

 

 
 (4.1) 

 

When  and  is the total energy of H-inserted V2O5 and V2O5 

structure. The  is the chemical potentials of hydrogen molecule. 

The configurations for H insertion and their respective insertion energies are 

depicted in Figure 4.1. Our calculations yielded insertion energies of -0.64 eV for the 

O1 site, -0.30 eV for the O2 site, and -0.14 eV for the O3 site. Notably, these results 

imply that the insertion energy decreases as the number of bonds associated with the 

oxygen atom increases, leading to a more stable configuration. 

 

 
Figure 4.1 Representation of various hydrogen insertion configurations in V2O5. 
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This finding underlines the importance of considering the bonding environment 

of the oxygen atom when determining the optimal site for H insertion in V2O5. The 

lower insertion energies for sites with a greater number of oxygen bonds suggest that 

these configurations are energetically favorable and likely to occur in practice. 

Our investigation revealed that H exhibits a preference for binding with the 

vanadyl oxygen O1 atom, forming an O-H bond with a distance of 0.99 Å and an 

insertion energy of -0.64 eV. This particular configuration is more stable than those 

observed at O2 and O3. 

Furthermore, the direction of the O-H bond points towards the adjacent O1 

atom, leading to the formation of a hydrogen bond (H-bond) at a distance of 0.99 Å, 

as illustrated in Figure 4.2. The H-bond causes a slight distortion in the VO5 unit, leading 

to elongated V-O1, V-O2, and V-O3 bonds, with distances measuring 1.80 Å, 1.86 Å, and 

1.96 Å, respectively. (refer to Figure 4.2). These findings highlight the specific structural 

changes and bonding interactions that occur upon H insertion into V2O5, highlighting 

the significance of the O1 site as the preferred location for H binding. 

 

Figure 4.2 Demonstration of minor distortion of a VO5 unit, accompanied by electron 

localization at the V center, referred to as a small polaron. The labeled numbers 

correspond to their respective bond distances in angstrom. The yellow isosurface at 

0.032 e Å-3 highlights the electron localization. 

 

Our Bader charge analysis and spin density calculations have provided insights 

into the ionization behavior of the H atom upon insertion into the V2O5 structure. 
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Specifically, we observed that the H atom ionizes during this process, transforming into 

H+ with 0.63 electrons transferred to become localized at the connected V center, as 

depicted in Figure 4.2. 

Moreover, the examination of the gap state, which involves hybridized V 3d 

and O 2p orbitals, further supports the localization of this electron, as illustrated in 

Figure 4.3. This phenomenon of electron localization, accompanied by the concurrent 

local lattice distortion, is well-documented and recognized as the formation of a small 

polaron (De Jesus et al., 2018; Suthirakun et al., 2018). 

These findings shed light on the electronic and structural changes that occur 

upon H insertion into the V2O5 cathode material, and they contribute to our 

understanding of the underlying mechanisms driving battery performance 

enhancement in Mg-ion batteries. 

 

Figure 4.3 A visual representation of a gap state within both the projected density of 

states and the band structure for the HV16O40 structure. 

 

The relationship between the d-orbitals of vanadium atoms and the formation 

of polarons at V centers due to hydrogen insertion into V2O5 can be elucidated through 

an analysis of the electronic structure and bonding characteristics of the system. When 

H ions are introduced into the V2O5 lattice, they have the capacity to induce localized 
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electronic states within the crystal structure, resulting in the creation of polarons, as 

depicted in Figure 4.4. 

 

 

Figure 4.4 The density of state (DOS) of V2O5 before and after H insertion. the total 

DOS was show in gray filled color and the partial DOS projected on s, p and d state of 

V atom was represented in red, green and blue solid line, respectively. 

 

As shown in Figure 4.4, after H insertion, the primary components of the gap 

state in the resulting polaron are the d-orbitals related to V atoms. These d-orbitals 

engage with the H ions and contribute to the bonding process during the insertion. 

This interaction between H ions and V atoms is crucial for generating new electronic 

states that become concentrated near the V centers. 

The confinement of these electronic states, resulting from H insertion, is often 

linked to the engagement of V atom d-orbitals. This observation highlights the vital 

role of V atoms and their d-orbitals in the electronic structure and charge distribution 

dynamics during H insertion in V2O5. It enhances our understanding of the fundamental 

mechanisms that drive this process. 

 

4.2 Effect of H Concentration on HxV2O5 

We conducted an investigation of the formation energy for H insertion at the 

O1 position within the a-V2O5 structure, using the following equation (4.2) 
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 (4.2) 

 

where  and  represent the total energies of the V2O5 supercell in the 

absence and presence of intercalated H atoms, respectively, and  denotes the 

chemical potential of the isolate H2 molecule. 

Formation energy calculations can assess the energy required for the 

incorporation of H atoms into various O1 sites within the a-V2O5 structure. A lower 

formation energy value indicates greater thermodynamic stability, implying a more 

favorable configuration for H insertion at that specific concentration. Our formation 

energy calculations yielded the following values (in eV) for different H concentrations 

(x): HxV2O5 with x = 0.5 (-0.81 eV), HxV2O5 with x = 1 (-0.86 eV), HxV2O5 with x = 1.5         

(-0.92 eV) and HxV2O5 with x = 2 (-0.91 eV). 

As illustrated in Figure 4.5, these results reveal that the configuration denoted 

as H2V2O5 exhibits a trend of increasing formation energy as the H concentration 

increases. 

 

 
Figure 4.5 The formation energy profile of H insertion into V2O5. 
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Additionally, we computed the formation energy for inserting a single H atom 

into positions O2 and O3 of the fully hydrogenated V2O5 structure, represented as 

H2V2O5. The calculated formation energies were -0.66 eV and -0.65 eV for the O2 and 

O3 positions, respectively. Notably, these results suggest a substantial increase in 

formation energy compared to that of H2V2O5 (-0.91 eV), signifying a thermodynamically 

unfavorable trend, as detailed in Figure 4.5. This observation implies that the 

thermodynamic feasibility of further hydrogen insertion diminishes as the 

concentration exceeds x = 2 in HxV2O5, leading to the formation of H2V2O5 at maximum 

O1 sites. Consequently, the highest hydrogen insertion capacity is achieved at x = 2. 

Subsequent increases in the formation energy trend beyond x = 2 suggest a decreasing 

thermodynamic favorability for additional hydrogen insertion. 

These findings provide insights into the thermodynamic stability of different H 

insertion configurations within V2O5. These results offer a better understanding of the 

thermodynamic stability of various H insertion in V2O5, revealing the ideal conditions 

for maximizing H insertion capacity in the material. It is indeed noteworthy that our 

calculated formation energies suggest that the H concentration in V2O5 can reach up 

to H2V2O5, where the formation energy for H incorporation at O1 is highly negative        

(-0.92 eV). Beyond this point, further H insertion would necessitate protonation of O2 

or O3 sites, which are energetically less stable with formation energies of -0.65 eV and 

-0.66 eV, respectively. 

In our subsequent investigation, we increased the H concentrations in the 

supercell, varying the number of H atoms from 4 to 16, corresponding to HxV2O5 with 

x ranging from 0.5 to 2. As depicted in Figure 4.6, we observed a notable trend: the 

average V-O bond distance increased with rising H concentrations. Specifically,            

the V-O1 bond distances exhibited a significant increase, transitioning from 1.61 Å         

(at x = 0) to 2.04 Å (at x = 2), while other V-O bonds exhibited only minor changes.       

In contrast, the O-H bond tended to shorten with increasing H concentration. 
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Figure 4.6 Illustratration of  the impact of varying hydrogen content on the local 

structures of a-V2O5, focusing on V-O bond lengths, O1-O1’ distances, and V-V’ 

distances in the [100] direction, as well as H-O1 bond lengths. 

 

These results imply that higher H concentrations within the V2O5 structure lead 

to stronger O-H bonds but weaker V-O bonds. Moreover, higher H concentrations affect 

the distortion of lattice parameters in the a-V2O5 host. The lattice parameters, a, b, 

and c, transitioned from 11.60 Å, 7.27 Å, and 8.96 Å to 12.29 Å, 7.54 Å, and 8.12 Å, 

respectively, in the case of H2V2O5. However, as per the findings of Jesus and Sai (De 

Jesus et al., 2018; Sai Gautam et al., 2015), despite the changes in lattice parameters, 

the a-V2O5 phase remained unchanged, which was further confirmed by the puckering 

angle analysis. The puckering angle shifted from 77.43º to 88.65º in H2V2O5, suggesting 

that the a-phase of V2O5 was maintained. This increased puckering angle in H2V2O5 is 
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attributed to repulsive forces introduced by the H ions between the O1 atoms in the 

crystal lattice. 

These findings offer insights into the structural and bonding changes induced 

by varying H concentrations in V2O5. Furthermore, the presence of intercalated H atoms 

plays a crucial role in widening the ion-diffusion pathways within the V2O5 cathode, 

especially in the [010] direction. This expansion is evident in the increased distance 

between the nearest O1-O1 sites, which goes from 3.37 Å to 3.53 Å. Such an expansion 

of the diffusion pathways has the potential to improve the ion transport kinetics of the 

cathode, a topic that will be explored further in chapter 5. 

To gain a understanding of the electronic structures of HxV2O5, we conducted 

an analysis of their PDOS. As illustrated in Figure 4.7(a), an increase in H concentrations 

correlates with a narrowing of the band gap. For instance, at x = 0.5, the additional 

electrons introduced by the inserted H atoms occupy multiple V centers, resulting in 

occupied extra states situated at the uppermost region of the valence band, as seen 

from the band decomposed charge density shown in Figure 4.7(b). 
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Figure 4.7 (a) The electronic structures in the projected density of states of HxV2O5 

structure. It is evident that increasing hydrogen content leads to a reduction in band 

gaps. (b) The additional electrons resulting from the inserted hydrogen occupy V 

centers, creating states located at the uppermost portion of the valence band. This 

phenomenon is represented by the yellow isosurface at 0.032 e Å-3. 

 

As H concentrations increase (x = 1 and 1.5), these additional occupied states 

extend towards the conduction band, resulting in smaller band gaps. When x reaches 

2, the band gap is reduced to 0.07 eV, a value close to the thermal energy at room 

temperature (0.03 eV). This tiny band gap suggests that the material displays metal-

like characteristics at room temperature. This metallic behavior is like the one observed 

in Li-intercalated V2O5 systems, where higher Li concentrations can induce itinerant 

behavior among the additional electrons (De Jesus et al., 2018). Consequently, the 

material is expected to demonstrate metallic properties at high H contents. 

Based on our computational findings, it suggest that the electronic conductivity 

of V2O5 undergoes substantial improvement upon H intercalation during the discharge 
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process. This enhancement in electronic conductivity has the potential to significantly 

impact the overall performance of V2O5 as a cathode material in Mg-ion batteries. 

Our calculation reveals that while there is a general trend of decreasing band 

gap with increasing H concentrations in HxV2O5, certain arrangements of H atoms and 

their associated polarons can lead to non-symmetric distributions and localized 

structural distortions. The variation in the band gap of HxV2O5 with increasing H 

concentrations is indeed a complex phenomenon influenced by multiple factors, 

including the electronic structure, lattice distortions, and changes in the local 

environment. 

In the cases of H0.5V2O5, HV2O5, H1.5V2O5, and H2V2O5, the observed decrease in 

the band gap with increasing H concentrations aligns with the general trend identified 

in our study. This suggests that the presence of H atoms at certain positions within the 

crystal structure promotes electronic conductivity that results in a narrower band gap. 

However, for H0.125V2O5 and H0.25V2O5, where the H atoms exhibit non-symmetry 

between the V2O5 layers, as depicted in Figure 4.8(a) and (b), the trend of decreasing 

band gap with increasing H concentrations may not conform to the general trend 

observed, as shown in Figure 4.8(d)-(f). This variation in behavior can be attributed to 

the specific spatial arrangement of H atoms, which can introduce localized distortions 

or interactions that affect the electronic properties compared to symmetric 

configurations. 
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Figure 4.8 The polaron localized at each V2O5 layer for (a) H0.125V2O5, (b) H0.25V2O5, and 

(c) H0.25V2O5. The projected density of states of (d) H0.125V2O5, (e) H0.25V2O5, and (f) 

H0.25V2O5. the gray, red, and white colors represented vanadium, oxygen, and hydrogen, 

respectively. 

 

The non-symmetric distribution of H atoms within the V2O5 layers can lead to 

the formation of asymmetric charge distributions, all of which can impact the 

electronic structure and modify the band gap. These findings underscore the 

relationship between the arrangement of H atoms, crystal symmetry, and resulting 

electronic properties within the HxV16O40 structure, resulting in deviations from the 

expected trend of band gap reduction. 

In summary, the band gap behavior in HxV2O5 is not only determined by H 

concentrations but is also related to the specific arrangement of H atoms and resulting 

structural and electronic consequences. These complexities necessitate a detailed 

understanding of the interplay between H insertion, crystal structure, and electronic 

properties for the design and optimization of HxV2O5 as a cathode material in Mg-ion 

batteries. 
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4.3 Thermal Stability Investigation of H2V2O5 Structure 

To investigate the thermal stability of the H2V2O5 structure, we performed the 

AIMD simulations at different temperatures, specifically at 300, 600, and 900K. These 

simulations were conducted within a Nose-Hoover thermostat (Hoover, 1985; Nosé, 

1984), employing an NVT ensemble with a total simulation duration of 1 picosecond 

and a time step of 0.5 femtoseconds. The k-points sampling method utilized the 

Gamma point. 

To assess the bond distances of O-H pairs within the H2V2O5 structure under 

varying temperatures, we employed the radial distribution function (RDF). The RDF is a 

pair correlation function that characterizes the spatial distribution of particles within a 

system. It provides insights into the finding of a particle at a specific distance from a 

reference particle. The RDF is mathematically defined as equation (4.3) 

 

 
 (4.3) 

 

where  is the radial distribution function as a function of the distance ,  is the 

total number of particles in the system,  is the volume of the system,  is the 

number of particles found in the spherical shell of radius  to  around a 

reference particle, and  is the differential distance. 

By analyzing the RDF of O-H pairs at different temperatures, we gain insights 

into how the O-H bond distances within the H2V2O5 structure evolve as a function of 

temperature. This data is essential for evaluating the material's thermal stability, 

especially in the context of its potential use as a cathode in Mg-ion batteries. Our AIMD 

simulations reveal that the H2V2O5 structure maintains thermal stability even at high 

temperatures of 300, 600, and 900K, as shown in the thermal stability profile in Figure 

4.9. Additionally, the RDF analysis of the O-H bond in H2V2O5, as shown in Figure 4.9(b), 

reveals only minor changes in the bond distances with increasing temperature. 
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Figure 4.9 (a) The thermal stability investigation in total energy evolution using AIMD 

simulation at 300K, 600K and 900K. (b) The RDF of the O-H bond in H2V2O5 at the last 

time frame for 300K, 600K and 900K. The blue, orange, and green line represented for 

300K, 600K and 900K, respectively. 

 

Specifically, the RDF calculations for the O-H pair exhibit peaks at 

approximately 0.99 Å, 0.99 Å, and 1.01 Å for temperatures of 300K, 600K, and 900K, 

respectively. These results suggest that the O-H bond remains stable even at high 

temperatures. While our thermal stability investigation may not directly elucidate the 

stability of H2V2O5 in the context of the electrochemical process, it does imply that 

H2V2O5 retains its structural stability even in challenging environments. This property 

underscores its potential suitability as a cathode material in Mg-ion batteries, where 

stability in non-friendly environments is a crucial factor for long-term performance. 
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4.4 Mg Intercalation in V2O5 

In our study of Mg insertion into the V2O5 structure, we explored two potential 

ion-polaron configurations. Given the presence of a divalent Mg atom, it has the 

capacity to donate two electrons, which can become localized at any of the eight V 

centers surrounding the Mg atom. To investigate the most stable configuration of 

electron localization resulting from Mg insertion into V2O5, we considered two distinct 

configurations of electron localization, as depicted in Figure 4.10. 

 

 
Figure 4.10 Electron localized configuration for Mg insertion into V16O40. (a) two 

configurations of electron localized. (b) total energy of each configuration. (c) bond 

distance of V-O in Å unit of the most stable configuration.  

 

Our computational analysis revealed that the most stable configuration 

corresponds to the localization of the two electrons from the Mg atom at two V 

centers. This finding provides crucial insights into the preferred electron localization 

behavior associated with Mg insertion into V2O5, which is fundamental for 

understanding the charge distribution and electronic properties in this system. 
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Our investigation reveals that the most stable configuration of Mg insertion into 

V2O5 involves the localization of the two electrons provided by the Mg atom at two 

nearby V centers, resulting in the formation of two polarons. This configuration is 

associated with a favorable insertion energy of -5.39 eV, suggesting its thermodynamic 

stability. 

Conversely, the alternative configuration, where the two electrons are 

distributed among eight V centers, is less stable, characterized by an insertion energy 

of -4.87 eV (as depicted in Figure 4.10). 

These results imply that upon intercalation, the Mg atom ionizes and 

contributes two electrons, both of which become localized at the two adjacent V 

centers. This phenomenon is evident in the spin density (Figure 4.11(a)) and is further 

supported by the presence of localized gap states in the projected density of states 

(PDOS) plot (Figure 4.11(b)). 

The formation of polarons has important implications for the electronic 

structure and charge distribution in the Mg-inserted V2O5 system, which is significant 

for understanding the material's behavior as a cathode material in Mg-ion batteries. 
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Figure 4.11 Sketches of Mg Insertion and its Impact on a-V2O5. (a) Depicts the local 

structure after Mg insertion into a-V2O5. Upon insertion, Mg ionizes and generates two 

polarons at neighboring VO5 units, represented by the yellow isosurface. (b) Shows the 

corresponding gap states in the projected density of states resulting from the formation 

of these polarons. (c) Demonstrates the effect of high Mg concentrations on the a-

V2O5 phase transition, as characterized by the puckering angle of O1-O2-O1. (d) Displays 

how the puckering angle decreases with increasing Mg concentration. (e) Depicts the 

structural transformation from the a-phase to the d-phase as a consequence of Mg 

insertion. 
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Our investigation reveals that the insertion of Mg into V2O5 induces greater in-

plane distortion compared to H insertion. The formation of two polarons and 

electrostatic interactions between Mg2+ ions and electronegative oxygen atoms 

contribute to this distortion. Specifically, the in-plane V-O2 and V-O3 bond lengths 

exhibit elongation greater than that observed during H insertion, with differences of up 

to 0.1 Å. 

Nevertheless, it's crucial to highlight that H insertion leads to a more elongation 

of the V-O1 bond compared to Mg insertion (1.80 vs. 1.67 Å). This happens because 

the introduced H forms a chemical bond with O1, which subsequently weakens the V-

O1 bond, resulting in a greater bond length. 

Due to the in-plane distortion caused by Mg insertion, it is expected that 

increased Mg content could result in structural distortion over long distances and 

trigger a phase transition. To investigate this, we measured the puckering angle (q) of 

O1-O2-O1 within the layer, as shown in Figure 4.11(c). It is known that a-V2O5 exhibits 

a puckering angle of 76°, which decreases to 54° when transitioning to the d-phase (Sai 

Gautam et al., 2015). As depicted in Figure 4.11(c) , (d), and (e), we observed a decrease 

in the puckering angle from 76° to 52° and 60° as the Mg concentration increased from 

x = 0 to 0.75 and 1.00, respectively. These results suggest that the V2O5 phase 

transitions from a to d at Mg concentrations higher than 0.75, as illustrated in Figure 

4.11(d), which corresponds with the structures shown in Figure 4.11(e). 

Notably, at higher Mg concentrations, the electronic structures are similar to 

those observed during H insertion. The band gap decreases with increasing Mg 

concentration, as demonstrated in Figure 4.12. 
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Figure 4.12 Density of state of MgyV16O40 (y=2,4,6 and 8). The red, grey and green line 

represented oxygen, vanadium and magnesium state. 

 

In summary, our findings indicate a shift in the electronic properties of V2O5 

from a high band gap semiconductor to a low band gap semiconductor at high H 

contents. This transition is primarily attributed to the emergence of additional states 

resulting from H insertion. Consequently, these insertions enhance the electronic 

conductivity of the cathode material. Additionally, phase transitions are expected to 

occur at high Mg concentrations, while the insertion of H, even at high concentrations, 

does not affect long-range lattice distortion. These insights are crucial for understanding 

and optimizing the behavior of V2O5 as a cathode material in Mg-ion batteries. 
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CHAPTER V 

DIFFUSION KINETICS OF ION MIGRATION IN V2O5 CATHODE 
 

During the discharge process, the presence of water in the electrolyte leading to H 

intercalate into the V2O5 cathode. This observation is supported by several studies 

(Dong et al., 2020; Kim et al., 2021; Zhou et al., 2021). To elucidate the kinetics of their 

diffusion, we conducted calculations to determine their respective diffusion barriers 

within a 1 × 3 × 3 V2O5 supercell. The results of these calculations can help us 

understand how the insertion of H affects the kinetic of Mg. Our research begins with 

a thorough examination of how H migrates within the a-V2O5 structure, discussed in 

section 5.1. The study of Mg migration is detailed in section 5.2. Finally, we explored 

the impact of H concentration in the V2O5 structure on Mg migration, which is discussed 

in section 5.3. This approach allows us to gain a understanding of how H and Mg move 

within the a-V2O5 system during the discharge process. 

 

5.1 Kinetics of H Diffusion in V2O5 Cathode 

Our initial focus was on understanding how H diffuses within the system. As 

discussed in the previous chapter, H tends to bind with O1, causing its electrons to 

localize at the V center. This localization results in the formation of a polaron within 

the VO5 unit and the simultaneous creation of H+ ions. To examine the details of H 

diffusion, we considered both H and polaron migration from one VO5 unit to another 

along the [010] direction. This particular direction is known to be the preferred 

migration pathway not only for H but also for other ions in V2O5, as previously 

investigated (Ni et al., 2019). 

To account for the movements of these system, we explored three distinct 

scenarios: (i) proton-coupled polaron transfer, (ii) proton diffusion preceding polaron 

transfer, and (iii) polaron transfer preceding proton diffusion. These scenarios, 

schematically depicted in Figure 5.1, provide us with a framework for understanding 

how H and polarons interact within the V2O5 structure. 
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Figure 5.1 The Schematic of H and polaron separated migration configuration. (a) The 

proton diffusion preceding polaron transfer and (b) polaron transfer preceding proton 

diffusion. The white sphere represented H atom and yellow isosurface represented 

polaron localized. 

 

As depicted in Figure 5.2, it is evident that all the considered scenarios exhibit 

comparable effective barriers, within the range of 0.5 to 0.6 eV. Notably, the first 

scenario, involving proton-coupled electron transfer (Figure 5.2(a)), appears to be the 

most favorable, with an energy barrier of 0.49 eV. In contrast, the other two scenarios, 

where H and the polaron undergo separate migrations, have slightly higher effective 

barriers. Specifically, scenario (ii) presents a barrier of 0.51 eV, while scenario (iii) has 

the highest barrier at 0.60 eV (Figure 5.2(b) and (c), respectively). 
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Figure 5.2 Energy profile of H and polaron migration in the a-V2O5 structure, involving 

three migration configurations: (a) H-coupled polaron transfer, (b) H Migration preceding 

polaron transfer, and (c) polaron transfer preceding H Migration. The insets 

schematically depict the sequence of migration events, where the a-V2O5 structure is 

represented by squares, H by cyan circles, and polarons by yellow diamonds. 

 

These results suggest that H and its polaron tend to stay close to each other 

within the same VO5 unit. As a result, scenarios where they move separately exhibit 
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less favorable dynamics, resulting in higher-energy configurations and less favorable 

outcomes. This behavior can be attributed to the Coulombic attraction between the 

ion and the electron, which penalizes their separation and leads to high energy barrier. 

It's worth noting that these findings align with previous computational studies 

that have reported similar coupled movements of ions and polarons in materials like 

V2O5 (Suthirakun et al., 2018) and LiFePO4 (Malik et al., 2013). 

 

5.2 Kinetics of Mg Diffusion in V2O5 Cathode 

Subsequently, our investigation shifted its focus to the migration of Mg within 

the V2O5 structure, along three distinct pathways labeled as P1, P2, and P3. These 

pathways correspond to the [010], [110] and [001] directions, as illustrated in Figure 

5.3. Using the CI-NEB method, we gained insights into the energy barriers related to Mg 

migration within a 1x3x3 V2O5 supercell. 

 

 
Figure 5.3 The possible Mg migration pathway in V2O5 structure. (a) P1, P2 and P3 

represented the Mg migration pathway in [010], [110] and [001], respectively.                

(b) minimum energy pathway of Mg migration. 

 

Our findings reveal that the energy barriers for Mg migration differ depending 

on the chosen migration pathway. Along the [010] direction, the energy barrier is 

measured at 0.93 eV, whereas the [110] direction presents a notably higher barrier of 

1.98 eV. Meanwhile, the [001] direction exhibits the highest energy barrier, reaching 

2.68 eV. These results highlight the directional sensitivity of Mg migration in V2O5, with 

the migration process being considerably more energetically favorable along the [010] 
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direction and requiring more energy for overcome the energy barrier along the [110] 

and [001] directions, respectively. 

Our investigation further studies the diffusion of Mg within the V2O5 structure. 

Building upon the insights presented in chapter IV, where we established that an 

inserted Mg ionizes, yielding two polarons at the two VO5 units, we conducted on a 

calculation of its diffusion behavior. Similar to the approach taken for H diffusion, we 

considered diffusion along the [010] direction due to its well-documented favorability 

(Xiao et al., 2018). We explored the migratory patterns of Mg and polarons in both 

coupled and separate manners, as represented in Figure 5.4. Our exploration contains 

four distinct scenarios: (i) Mg-coupled two polaron transfer, (ii) Mg diffusion preceding 

two polaron transfer (Figure 5.4(a)), (iii) One polaron transfer preceding Mg diffusion, 

followed by another polaron transfer (Figure 5.4(b)) and (iv) Two polaron transfer 

preceding Mg diffusion (Figure 5.4(c)). 
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Figure 5.4 The ion and polaron migration configuration of one Mg and two polarons 

migration. (a) Mg diffusion preceding two polaron transfer, (b) one polaron transfer 

preceding Mg diffusion and (c) two polaron transfer preceding Mg diffusion. The red, 

green and grey sphere represented oxygen, magnesium and vanadium, respectively. 

The yellow isosurface at 0.032 e Å-3 highlights the polaron localization. 

 

Our findings suggest that the scenario involving the coupled transfer of Mg2+ 

ions and two polarons emerges as the most energetically favorable, characterized by 

an effective barrier of 0.93 eV (Figure 5.5(a)). This observation reviews the synergistic 

nature of Mg and polaron movement within the V2O5 structure, contributing to the 

overall understanding of their diffusion behavior. 

In contrast to the coupled motion, the scenarios involving separate movements 

of ions and polarons, as depicted in Figure 5.5, leading to ion-polaron Coulombic 

interaction, resulting in slightly increased energy barriers spanning the range of 0.95 to 

1.60 eV, as demonstrated in Figure 5.5(b), (c) and (d). 
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Figure 5.5 Energy Profile of Mg-Two-Polaron Migration: (a) Coupled Migration of Mg and 

Two Polarons, (b) Sequential Mg Migration Followed by Polaron Migration, (c) Mg 

Migration Following a Single Polaron Migration, and (d) Mg Migration After Two Polaron 

Migrations. The accompanying diagrams provide a visual depiction of the migration 

sequence, where squares denote the a-V2O5 structure, green circles represent Mg, and 

yellow diamonds depict polarons. 

 

Specifically, Figure 5.5(b) illustrates that when the Mg ion migrates with two 

polarons, it exhibits only a higher barrier compared to the coupled motion scenario 

(0.95 eV vs. 0.93 eV). However, when the diffusion path lacks one or both polarons in 

close, the energy barrier of Mg ion's diffusion increases, leading to an energy barrier of 
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1.18 eV and 1.60 eV, respectively (Figure 5.5(c) and (d)). The difference in energy barrier 

heights can be attributed to the more significant Coulombic interaction by Mg2+ ions, 

which arises from their higher net charge when compared to H+ ions. It's worth noting 

that our calculated energy barrier for the preferred diffusion scenario is lower than 

previously reported values of 1.28 eV (Ni et al., 2019) and 1.29 eV (Xiao et al., 2018). 

The origin of these differences remains unclear but is likely related to the absence of 

polaron configurations in previous computational studies. 

In summary, our findings reveal a difference in the diffusion energy barriers 

between H and Mg, with effective energy barriers of 0.49 eV and 0.93 eV, respectively. 

These results imply that H diffusion occurs much more rapidly compared to Mg 

diffusion. As a result, it is plausible that in the early stages of the discharge process, H 

from dissociated water molecules within the electrolyte would intercalate into the 

V2O5 cathode material before the slower diffusion of Mg ions from the anode. This 

sequence of events suggests that the V2O5 structure may accumulate a substantial 

amount of H before Mg intercalation occurs. This deduction aligns well with 

observations from experimental studies involving aqueous electrolytes in V2O5-based 

cathodes for Zn-ion batteries (Dong et al., 2020; Liu et al., 2020). Furthermore, the 

stable insertion and rapid diffusion of H within the lattice have the potential to 

enhance the specific capacity of the cathode. Both the inserted H and its associated 

polarons can serve as charge carriers, contributing to improved electrochemical 

performance. 

 

5.3 Effect of H Insertion on Mg Diffusion Kinetics 

As elucidated in the preceding section, the insertion of H from dissociated 

aqueous electrolytes into V2O5 occurs at a faster rate than Mg insertion, due to the 

low diffusion barriers associated with proton-coupled polaron transfer. Consequently, 

it is reasonable to anticipate the formation of H-inserted structures, denoted as HxV2O5, 

prior to the intercalation of Mg during the discharge process. In light of this, our study 

focuses on how protonated structures affect the kinetic of Mg migration. 

To assess this effect, we considered a scenario involving a high concentration 

of H, wherein all O1 atoms become protonated, thereby yielding the H2V2O5 structure. 
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The diffusion path for Mg remains along the [010] direction. It is noteworthy that, in 

this analysis, we do not account for the migration of polarons, given the itinerant 

behavior of H2V2O5, where additional electrons stemming from H are anticipated to 

delocalize throughout the lattice. This behavior has been previously observed in highly 

lithiated V2O5 (De Jesus et al., 2018). 

As presented in Figure 5.6, when the H concentration is increased, the diffusion 

barrier for Mg decreases to 0.23 eV. This reduction in the energy barrier is substantial 

when compared to the diffusion barrier in the pristine structure, which is 0.93 eV. The 

decrease in the energy barrier can be attributed to the expansion of the diffusion 

channel along the [010] direction, a phenomenon discussed in chapter 4. Additional 

insights are derived from the transition state (TS) structures, which reveal that in the 

H-inserted system, the distances between Mg ions and their nearest oxygen atoms are 

0.03 to 0.09 Å greater than those in the pristine system (Figure 5.6(b)). This observation 

highlights the structural modifications induced by the presence of H, which facilitate 

more effortless Mg diffusion within the lattice. 

 

 
Figure 5.6 (a) Energy profiles for Mg diffusion along the [010] direction in V2O5 and 

H2V2O5. (b) Transition state structures for Mg diffusion in the protonated variants with 

noticeable relaxation, resulting in longer Mg−O Distances. The annotated bond 

distances are presented in angstroms. 
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Furthermore, we have included a visual representation of the Mg-O distances 

throughout the Mg migration process in Figure 5.7. This illustration helps us better 

understand how the diffusion happens inside the V2O5 structure. 

 

 
Figure 5.7 O-environmental atom during Mg migration in V2O5 and H2V2O5. IS, TS and 

FS represent initial, transition and final state, respectively. 

 

The relaxation structure observed in the TS structure leads to a more stable 

TS energy, resulting in a lower diffusion barrier and faster kinetics for Mg diffusion. This 

phenomenon underscores the significant role played by H insertion, as it induces 

structural changes that enhance Mg diffusion within the lattice. One notable effect is 

the reduction in the electronegative charge of O upon H insertion at O1, which leads 

to a larger O1−O1 distance and an expanded diffusion channel. 

Our computational findings align with prior DFT studies (Ni et al., 2019) and 

experimental observations (Wang et al., 2017). Both of these sources suggest that H 

insertion can indeed improve the kinetics of Mg diffusion. Facilitating ion movement 

within the H-inserted structure holds the potential to mitigate capacity fading, a 

phenomenon often attributed to slow diffusion kinetics or trapped ions within the V2O5 

structure (Huang et al., 2015; Lee et al., 2012; Yao et al., 2018). 
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CHAPTER VI 

EFFECT OF HYDROGEN INSERTION ON THE STRUCTURAL 

STABILITY 
 

The crystal structure of V2O5 has four phases: a, e, d, and g. Among these 

phases, a-V2O5 is widely employed as a cathode material in metal-ion batteries due 

to its promising theoretical capacity and stability (Liu et al., 2018). However, it has been 

observed that during discharge process with a high metal-ion concentration, the a-

phase undergoes an irreversible transformation into other phases (Sai Gautam et al., 

2015). Previous computational studies have shown that a-V2O5 can transform into the 

d-V2O5 phase when the concentration of Li exceeds 0.75 (Li0.75V2O5) (McColl et al., 

2019; Xiao et al., 2018). This phase transformation is primarily driven by strong 

electrostatic interactions between the intercalated ions and the V2O5 host lattice. 

Unfortunately, these irreversible phase changes pose a significant challenge, leading to 

poor battery performance and reduced ion usage. (Liu et al., 2018; McNulty et al., 

2014). The weakness of a-V2O5 to such transformations at high ion concentrations 

underscores the necessity for strategies to mitigate these adverse effects and enhance 

the long-term stability and performance of metal-ion batteries employing V2O5 

cathodes. In this chapter, we explored the impact of H on the phase transformation 

of the V2O5 structure. Additionally, we investigated the discharge voltage profiles under 

varying H concentrations in the V2O5 structure during Mg insertion. 

 

6.1 Influence of H Insertion on Structural Stability 

In this study, we investigated how the insertion of H can help mitigate the 

phase transition from a-V2O5 to d-V2O5 induced by Mg intercalation. To detect the a-

d phase transition, we employed a analytical approach, tracking changes in the 

puckering angle (q) of the O1−O2−O1 and the layered angle (f) formed by the V−V−V 
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layers as we increase the Mg concentration. The pristine a-phase has a puckering angle 

(q) of 76° and a layered angle (f) of 90°, while the d-phase exhibits a puckering angle 

(q) of 56° and a layered angle (f) of 80°, as shown in Figure 6.1(a). 

 

 

Figure 6.1 (a) Conceptual representation depicting the characterization of the a to d 

phase transition through puckering and layered angles. The correlation between 

intercalated Mg concentrations and (b) puckering as well as (c) layered angles. The 

introduction of hydrogen prevents the a−d phase transition. 

 

As depicted in Figure 6.1(b) and (c), our observations indicate that the fully H-

inserted structure, known as H2V2O5, maintains puckering (62°) and layered angles (90°) 

that closely resemble those of pristine a-V2O5. This result suggests that H insertion 

effectively preserves the a-phase, even at high concentrations. The preservation of 

the a-phase, even under elevated Mg concentrations, holds great promise for 

improving battery performance and ion utilization in metal-ion battery systems. 
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With the increasing concentration of Mg, the puckering and layered angles 

within pristine V2O5 gradually deviate from the characteristic values of the a phase 

and approach those typical of the d phase. The criteria threshold for this phase 

transition emerges at Mg0.75V2O5, where the puckering angle reduces to under 52°, and 

the layered angle reduces to under 78°. These distortions induced by Mg insertion can 

be attributed to the strong electrostatic interactions between Mg2+ ions and the 

electronegative O lattice. 

Notably, our findings are in agreement with previous computational studies 

involving V2O5-based cathodes used in Li-ion batteries, which have reported a transition 

from the a to e phase at Li concentrations varying from 0.3 to 0.7 and to the d phase 

at a Li concentration of 0.8 (Zhao et al., 2016). In the context of Mg-ion batteries, a 

similar transformation to the d phase occurs at a Mg concentration of 0.75 (Xiao et al., 

2018). Furthermore, experimental evidence supports these findings, indicating that 

lithiated V2O5 cathodes undergo an irreversible change to the w phase at a Li 

concentration of 3.69. 

Remarkably, the introduction of H into the structure proves to be an effective 

mechanism for mitigating the structural distortions caused by Mg insertion. As shown 

in Figure 6.1(b) and (c), the puckering and layered angles exhibit less pronounced 

changes as Mg concentrations increase within the H-inserted structures. These 

observations suggest that the H-inserted configurations are capable of maintaining their 

a phases across a wide range of Mg concentrations. This preservation can be attributed 

to the protonation of O1 atoms caused by H insertion, which weakens the electrostatic 

interactions between Mg ions and the lattice, thereby reducing structural distortion. 

Supporting this explanation, we investigated the Bader charges associated with 

O1 atoms following protonation. The result reveals a decrease in the average charge 

transfer into O1 atoms, transitioning from 0.41 to 0.25 and 0.12 electrons when Mg is 

inserted into HV2O5 and H2V2O5, respectively. In contrast, the average charge of Mg 

atoms undergoes a decrease, shifting from +1.72 to +1.69 and +1.68 electrons when 

inserted into pure V2O5, HVO, and H2V2O5, respectively. These result suggest that H 

insertion within the V2O5 structure leads to a reduction in charge transfer from the 
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inserted Mg to the lattice, consequently weakening the interactions between Mg and 

the lattice. 

 

6.2 The effect of H Insertion on the Discharge Voltage Profiles 

Furthermore, our investigation extends to the examination of H insertion's 

impact on the discharge voltage profiles. This investigation involves the calculation of 

the open-circuit voltage (OCV) profile, a pivotal aspect of our analysis. The OCV profile 

is determined at various concentrations of both H and Mg within HxV2O5, utilizing the 

following equation below (Van der Ven et al., 2020). 

 
 

(6.1) 

The open-circuit voltage ( ) profile was computed using the following 

equation (6.1), where  represents the total energy of the Mg-inserted 

 structure,  denotes the total energy of the  structure, and 

 signifies the chemical potential of Mg atoms derived from the bulk Mg structure. 

As depicted in Figure 6.2, the discharge voltage of  decreases from 2.69 

to 2.52 V as the Mg concentration increases from 0.125 to 1. Subsequently, with the 

voltage increasing from 2.44 to 2.61 V as the Mg concentration advances from 0.50 to 

0.75. These non-monotonic changes in discharge voltage within this concentration 

range can be attributed to the structural distortions that become more pronounced at 

high Mg concentrations, as shown in Figure 6.1(b) and (c). 

<latexit sha1_base64="zVRnZ50uCE/zS7m4olOoth3rGg8="></latexit>

OCV (y) =
EMgyHxV2O5 � EHxV2O5 � eEMg

y2e

<latexit sha1_base64="VcvyTasUIOXA0YpBjJm8uob7t0c=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoOQU9iVoB4DuXgzonlAsoTZSW8yZHZ2mZkVQsgnePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M63O//YRK81g+mkmCfkSHkoecUWOlh7t6q18suRV3AbJOvIyUIEOjX/zqDWKWRigNE1Trrucmxp9SZTgTOCv0Uo0JZWM6xK6lkkao/eni1Bm5sMqAhLGyJQ1ZqL8npjTSehIFtjOiZqRXvbn4n9dNTXjjT7lMUoOSLReFqSAmJvO/yYArZEZMLKFMcXsrYSOqKDM2nYINwVt9eZ20LiveVaV6Xy3VylkceTiDcyiDB9dQg1toQBMYDOEZXuHNEc6L8+58LFtzTjZzCn/gfP4A1c+Nbw==</latexit>

OCV
<latexit sha1_base64="Zq8NcPkSQtg/ga5W5bvRFVmRH18=">AAAB+nicbVDLSgMxFM34rPU11aWbYBG6KjOlPpYFEboRK9gHtEPIpGkbmskMSUYdxn6KGxeKuPVL3Pk3pu0stPXAhcM593LvPX7EmdKO822trK6tb2zmtvLbO7t7+3bhoKXCWBLaJCEPZcfHinImaFMzzWknkhQHPqdtf3w59dv3VCoWijudRNQL8FCwASNYGwnZhSuUXg9RUkePLVS5QacTZBedsjMDXCZuRoogQwPZX71+SOKACk04VqrrOpH2Uiw1I5xO8r1Y0QiTMR7SrqECB1R56ez0CTwxSh8OQmlKaDhTf0+kOFAqCXzTGWA9UoveVPzP68Z6cOGlTESxpoLMFw1iDnUIpznAPpOUaJ4Ygolk5lZIRlhiok1aeROCu/jyMmlVyu5ZuXpbLdZKWRw5cASOQQm44BzUQB00QBMQ8ACewSt4s56sF+vd+pi3rljZzCH4A+vzB1aGk1U=</latexit>

EMgyHxV2O5

<latexit sha1_base64="1PUJGYialOg2wi7RYRAProL+i1M=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw4kV2CjyOJF25iIg8Dm83sMAsTZmY3M7NGQvgKLx40xquf482/cYA9KFhJJ5Wq7nR3hQln2rjut7O2vrG5tZ3bye/u7R8cFo6OWzpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho5uZ336kSrNY3ptxQn2BB5JFjGBjpYd68NQKKrfBRVAoumV3DrRKvIwUIUMjKHz1+jFJBZWGcKx113MT40+wMoxwOs33Uk0TTEZ4QLuWSiyo9ifzg6fo3Cp9FMXKljRorv6emGCh9ViEtlNgM9TL3kz8z+umJrr2J0wmqaGSLBZFKUcmRrPvUZ8pSgwfW4KJYvZWRIZYYWJsRnkbgrf88ippVcreZbl6Vy3WSlkcOTiFMyiBB1dQgzo0oAkEBDzDK7w5ynlx3p2PReuak82cwB84nz/Ioo+s</latexit>

HxV2O5
<latexit sha1_base64="hNj8ahehGZc0Vnv2u6+lWjCFTzc=">AAAB9HicbVDLSsNAFL3xWeur6tLNYBG6Kkmpj2VBhO6sYB/QhjCZTtqhk0mcmRRL6He4caGIWz/GnX/jtM1CWw9cOJxzL/fe48ecKW3b39ba+sbm1nZuJ7+7t39wWDg6bqkokYQ2ScQj2fGxopwJ2tRMc9qJJcWhz2nbH93M/PaYSsUi8aAnMXVDPBAsYARrI7m3Xlr3nlpe5c67mHqFol2250CrxMlIETI0vMJXrx+RJKRCE46V6jp2rN0US80Ip9N8L1E0xmSEB7RrqMAhVW46P3qKzo3SR0EkTQmN5urviRSHSk1C33SGWA/VsjcT//O6iQ6u3ZSJONFUkMWiIOFIR2iWAOozSYnmE0MwkczcisgQS0y0ySlvQnCWX14lrUrZuSxX76vFWimLIwencAYlcOAKalCHBjSBwCM8wyu8WWPrxXq3Phata1Y2cwJ/YH3+ANwjkXA=</latexit>

EHxV2O5

<latexit sha1_base64="1PUJGYialOg2wi7RYRAProL+i1M=">AAAB8HicbVDLTgJBEOz1ifhCPXqZSEw4kV2CjyOJF25iIg8Dm83sMAsTZmY3M7NGQvgKLx40xquf482/cYA9KFhJJ5Wq7nR3hQln2rjut7O2vrG5tZ3bye/u7R8cFo6OWzpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho5uZ336kSrNY3ptxQn2BB5JFjGBjpYd68NQKKrfBRVAoumV3DrRKvIwUIUMjKHz1+jFJBZWGcKx113MT40+wMoxwOs33Uk0TTEZ4QLuWSiyo9ifzg6fo3Cp9FMXKljRorv6emGCh9ViEtlNgM9TL3kz8z+umJrr2J0wmqaGSLBZFKUcmRrPvUZ8pSgwfW4KJYvZWRIZYYWJsRnkbgrf88ippVcreZbl6Vy3WSlkcOTiFMyiBB1dQgzo0oAkEBDzDK7w5ynlx3p2PReuak82cwB84nz/Ioo+s</latexit>

HxV2O5
<latexit sha1_base64="m3lUcOcgXeW+IA54tFJJIi/JuK0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahp7IrRT0WRPAiVLAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK1loghtEcml6gZYU84EbRlmOO3GiuIo4LQTTK4zv/NElWZSPJhpTP0IjwQLGcHGSu2bQXo3mg3KFbfmzoFWiZeTCuRoDspf/aEkSUSFIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUoEjqv10fu0MnVlliEKpbAmD5urviRRHWk+jwHZG2Iz1speJ/3m9xIRXfspEnBgqyGJRmHBkJMpeR0OmKDF8agkmitlbERljhYmxAZVsCN7yy6ukfV7zLmr1+3qlUc3jKMIJnEIVPLiEBtxCE1pA4BGe4RXeHOm8OO/Ox6K14OQzx/AHzucPasCO9Q==</latexit>

EMg
<latexit sha1_base64="YFLbJqgc0uJW0TN/jIvA6YzurRU=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahp7Jb6sex4MWbFexaaJclm2bb2GyyJFmhlP4HLx4U8er/8ea/MW33oK0PBh7vzTAzL0o508Z1v53C2vrG5lZxu7Szu7d/UD488rXMFKFtIrlUnQhrypmgbcMMp51UUZxEnD5Eo+uZ//BElWZS3JtxSoMEDwSLGcHGSr4f1m/D87BccWvuHGiVeDmpQI5WWP7q9SXJEioM4VjrruemJphgZRjhdFrqZZqmmIzwgHYtFTihOpjMr52iM6v0USyVLWHQXP09McGJ1uMksp0JNkO97M3E/7xuZuKrYMJEmhkqyGJRnHFkJJq9jvpMUWL42BJMFLO3IjLEChNjAyrZELzll1eJX695F7XGXaPSrOZxFOEETqEKHlxCE26gBW0g8AjP8ApvjnRenHfnY9FacPKZY/gD5/MHnw+Obw==</latexit>

V2O5

 



 
 

91 
 

  

 
Figure 6.2 Voltage profile of HxV2O5 during Mg insertion. The blue, orange and green 

line represented the voltage profile of HxV2O5-based cathode where x=0, 1 and 2, 

respectively. 

 

The introduction of H atoms leads to a decrease in the initial voltage. 

Specifically, the OCV of HxV2O5, with H concentrations of 0, 1, and 2, exhibits a 

reduction from 2.69 V to 2.64 V and further down to 2.57 V, respectively. This 

observation highlights the role of H atoms in reducing the interactions between Mg 

ions and the a-V2O5 lattice. The mechanism behind this reduction can be attributed 

to the screening effect induced by the protonation of O1 atoms. 

Our computed OCV values at a low Mg concentration (Mg0.125V2O5) align 

favorably with those reported in other DFT studies, falling within the range of 2.34 to 

2.70 V, as summarized in Table 6.1. Furthermore, our calculated OCV values for V2O5 

(2.52 V) and H2V2O5 (1.69 V) are consistent with previous DFT reports, which reported 
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OCV values of 2.30 V for V2O5 and 1.70 V for H2V2O5 (Ni et al., 2019). These agreements 

support the reliability of our computational findings and emphasize their relevance in 

the context of metal-ion battery systems. 

 

Table 6.1 Compared OCV value of low Mg concentration in V2O5-based cathode. 

functional 
U-J parameter 

on V center 

vdW 

corection 
concentration voltage References 

PBE 3.5 optPBE-vdW Mg0.125V2O5 2.69 This work 

PBE - D3 Mg0.125V2O5 2.34 
(Zhao et al., 

2016) 

PBE 3.1 - Mg0.080V2O5 2.44 
(Sai Gautam 

et al., 2015) 

PBE 4 optPBE-vdW Mg0.056V2O5 2.70 
(Carrasco, 

2014) 

 

In summary, our study has presented evidence that H insertion significantly 

contributes to the structural stability of V2O5 during the process of Mg intercalation. 

This aligns with experimental data showing extended cycle life and increased capacity 

when using aqueous electrolytes. (Dong et al., 2020; Liang et al., 2017; Sa et al., 2016). 

It is hypothesized that the introduction of H serves as a preventive measure against 

the a-d phase transition by reducing the electrostatic interactions between Mg ions 

and the lattice O. This, in turn, contributes to the improved cycling performance of the 

cathode, as it helps maintain the a phase, where the formation of additional 

irreversible phases is less likely to occur. 

However, it is worth noting that the d phase has been reported to potentially 

enhance ion transport kinetics by reducing diffusion barriers (Sai Gautam et al., 2015). 

Nevertheless, these advantageous effects must be considered alongside the potential 

for the emergence of other irreversible phases, especially at high Mg concentrations. 
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The balance between enhanced ion transport and the risk of unfavorable phase 

transitions highlights the interplay of factors that impact the performance and stability 

of V2O5-based cathodes in metal-ion battery systems. 
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CHAPTER VII 

CONCLUSIONS 
 

Previous experimental studies suggest that, in the presence of an aqueous 

electrolyte, water molecules may dissociate at the electrolyte-electrode interface, 

providing H ions that can intercalate into the V2O5 cathode. The incorporation of H 

ions has been found to enhance the electrochemical performance of the V2O5 

cathode. In this thesis, we employed density functional theory to investigate the 

effects of H insertion on the electronic conductivity, ion transport kinetics, and 

structural stability of the V2O5 cathode in Mg-ion batteries. Our computational analysis 

reveals that the inserted H tends to bind with vanadyl oxygen and donates an extra 

electron localized at the V center, resulting in the formation of a small polaron. As the 

H concentration increases, the extra electrons occupy several V centers, leading to 

occupied states at the top of the valence band and a reduction in the band gap. This 

enhances the electronic conductivity of the V2O5 cathode and accounts for improved 

charge carriers, thereby potentially increasing the specific capacity of the cathode. 

Similar electronic structures are observed when Mg ions are inserted, and higher Mg 

concentrations correspond to smaller band gaps. However, a high content of Mg leads 

to long-range structural distortion due to strong ion-lattice interaction, which can trigger 

a phase transition from the a to d phase. This phase change is undesirable as it can 

cause irreversible phase transformation, leading to poor cyclability and capacity fading. 

To address these challenges, the addition of a small amount of water is found to 

promote Mg diffusion and suppress the phase transition. During the discharge process, 

dissociated H ions from the aqueous electrolyte can intercalate into the cathode, and 

the effective barriers of ion-coupled polaron transfer for H and Mg are determined to 

be 0.49 and 0.93 eV, respectively. This suggests that H can diffuse much faster than Mg 

in the V2O5 cathode. As a result, the cathode is expected to contain a high H content 

before Mg intercalation, reducing the Mg diffusion barrier from 0.93 to 0.23 eV. The 

pre-inserted H thus accelerates ion diffusion kinetics and inhibits the a to d phase 
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transition upon Mg intercalation. This effect is attributed to the reduction in 

electrostatic interaction between Mg ions and the lattice, as the vanadyl oxygen 

becomes less electronegative when it is protonated. Our study not only investigated 

the effect of H concentration on electronic and kinetic properties but also considered 

the influence of polaron configuration and structural stability, providing an atomistic 

understanding of the migration behavior in HxV2O5-based cathodes for Mg-ion batteries. 

While our study focused on first-principles computations, our results align with 

previous experimental findings on HxV2O5 cathodes, suggesting improved electronic 

conductivity and electrochemical performance. Our insights provide guidance for 

future experimental investigations, and these findings could be used to rationally 

design strategies to enhance the electrochemical performance of the V2O5 cathode in 

Mg-ion batteries. 
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