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In this thesis, we conducted first-principles computations to study the effects
of hydrogen (H) insertion on electronic conductivity, magnesium (Mg) diffusion kinetics,
and structural stability upon Mg intercalation. Our findings demonstrate that the
insertion of H at high concentrations leads to a remarkable reduction in the band gap
and a substantial increase in the electronic conductivity of the vanadium pentoxide
(V,05) material. This inserted H can act as a charge carrier, effectively enhancing the
cathode's capacity. Moreover, we observed that the transport kinetics of H are
significantly faster compared to Mg. During discharge, it is expected that the cathode
will contain a high concentration of H before Mg intercalation. The pre-inserted H
structure accelerates the Mg diffusion by lowering the diffusion barrier from 0.93 to

0.23 eV. Additionally, a fully protonated V,0s cathode effectively suppresses the

irreversible alpha to delta phase transition, which is considered the main cause of
capacity fading in these batteries. The improved ion transport kinetics and the
suppression of phase transformation arise from the weakened electrostatic interaction
between the Mg-ion and the lattice oxygen upon H insertion. These significant findings
provide valuable insights for the rational design of strategies to enhance the
electrochemical performance of V,0s cathodes in Mg-ion batteries. By leveraging this
knowledge, we can move closer to unlocking the full potential of Mg-ion batteries as

a promising energy storage solution.
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CHAPTER |
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 (Ngrskov
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.



(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™ and a volumetric capacity of ~3800 mAhmL™. 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



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 Mg®* 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 —> Mg*" + 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; Pav¢nik 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.
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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 MoOs-based cathodes for Li-ion batteries, the
discharge voltage, capacity, and retention are observed to be 2.4 V, 65 mAhg?, 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™, but a reduced retention of 50% after 300 cycles (Jiang et al.,, 2017). When
examining V,0s-based cathodes for Li-ion batteries, they demonstrate a discharge
voltage of 2.3 V, a capacity of 147 mAhg*, 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™, 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



performance differences is needed to enhance the efficiency of both Li-ion and Mg-

ion battery systems.
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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 MnO,-based cathode for (b) Li-ion and
(c) Mg-ion batteries (Huie et al., 2015; Jiang et al., 2017). (d) Rate performance on V,Os-
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 Mg?*
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



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 Mg?* 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 V,0s 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 (V,05) 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 V,Os 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 V,0s 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 V,0Os.
Furthermore, high-resolution transmission electron microscopy (HRTEM) imagery, also
depicted in Figure 1.4(b), provides detailed insights into the layered structure inherent
to V,0s. The selected area electron diffraction (SAED) pattern of the synthesized V,Os,
as shown in Figure 1.4(c), substantiates the single crystalline nature of the V,Os
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



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 V,0s's potential utility in advancing metal-ion battery

technology.

Figure 1.4 The synthesized V,0s presented as (a) TEM image, (b) HRTEM image and (c)
SAED pattern (Umeshbabu et al., 2016). (d) Structural model of V,0s 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 Mg,V,0s compounds (Rocquefelte et al., 2003), which has shown
favorable characteristics for energy storage applications. O The V205 cathode boasts a
remarkable specific capacity of up to 427 mAhg?, a key advantage. Additionally, it
exhibits a high Coulombic efficiency of 82% even after 2000 charge-discharge cycles



(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 V,0s
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™! over the course of 100 charge-discharge
cycles, all conducted at a current density of 100 mAg™. 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™), nanostructured electrodes deliver a specific capacity of
approximately 100 mAhg™!. These findings provide robust evidence that V,Os
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 V,0s nanoparticles when compared to V,0s
microparticles. This observation underscores the critical role of nano structuring as a
means to optimize the performance of V,0s-based materials in the context of energy

storage applications.
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Figure 1.5 Cycling characteristics of the V,05 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 V,05 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 V,0Os structure (Wang et al., 2017). Unlike lithium ions, magnesium ions face higher
migration barriers, with a migration barrier of approximately 1.26 eV in o- V,0s, 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 V,0s as a cathode material is the capacity
fading observed at hish 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 V,0Os-based cathodes for
magnesium-ion batteries, further research and development efforts are necessary.
Scientists are exploring various strategies, such as nano structuring the V,05 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 V,0s 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, V,0s 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 V,0s-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 V,0s 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 V,0s 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
o-V,05 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
o-V,05 cathodes, reaching approximately 300 mAhg™ and 20 mAhg™ for high and low

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

2600 ppm H,0

(b) 15 pp'm H,O '
15( 9”‘ 10"‘

N
B
N

0 50 100 150 200 250 300 O 20 40 60 80
Capacity (mAh/g) Capacity (mAh/g)
Figure 1.6 Galvanostatic cycling of a-V,Os versus carbon coin cell in a 1 M Mg(TFSI),/G2

electrolyte at 20 mAcm™ under two different water concentrations: (a) 2600 ppm H,0O

and (b) 15 ppm H,O (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 V,05 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 V,0s structure, where they protonate lattice oxygen atoms, resulting
in the formation of H,V,0s. This formed H,V,0s 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 V,0s 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 V,0s cathode. The presence of the synthesized H,V,05 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 H,V,05 exhibits
exceptional capacity retention, retaining 91.3% of its initial capacity (425 mAhg™) 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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In conclusion, the addition of aqueous electrolytes and the role of water
additives have been instrumental in enhancing the electrochemical properties of V,0s
cathodes in metal-ion batteries, particularly for Mg-ion batteries. Water additives
contribute to structural stabilization, facilitate the formation of H,V,0s, 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 V,0s 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 V,05 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 V,0s
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 V,05 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 Il
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 Schrodinger equation for systems with many particles (section 2.1). To
find approximate solutions to the Schrédinger 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  Schrédinger equation for many particles

At the heart of understanding the quantum behavior of systems with multiple
particles lies the Schrédinger equation. This fundamental equation, first formulated by
Erwin Schrédinger in the 1920s, provides a mathematical framework for describing the

wavefunctions of complex systems as described by
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HY(R;,7) = EY(R;, 1) (2.1)

The equation (2.1) represents an eigen equation, where H is the Hamiltonian
operator that describes the kinetic and potential energy operators of a quantum
system. The W is the wave function, and it is a functional dependent on the
coordinates of the nucleus index i (ﬁi) and the electron index j ("5). The E denotes
the eigenvalue, representing the energy of the system. The Hamiltonian operator
consists of the kinetic energy operators of nucleus (I'n) and electron (Te) and potential
energy operators of nucleus-nucleus interaction (VNN), nucleus-electron interaction
(VNe) and electron-electron interaction (Vee). Therefore, the Hamiltonian operator can

be written as

H=Tn+T,+Vyn + Vne+ Vee
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(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 Schroédinger equation for a fixed set of nuclear
coordinates. Therefore, the most calculation cost is the Schrédinger equation for

electrons using equation (2.1) as expanded following

o R2 2 N n 1 Z;e?
< Z]:l 2m; VTj ziZl ijl 4meq ‘Ri—gﬂ

(7)) = BU(7;) (2.3)
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This assumption allows us to determine the electronic energy levels and

electronic wave functions of the molecule. Once the electronic structure is known, it



23

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
Schrédinger equation. The energy from solving the Schrédinger equation using any
normalized wave function is always greater than or equal to ground state energy. The

mathematical expression is as follows

co < E = (Y|H|¢) 2.4)

Where €0 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.

¢ 1 Z Cn¢n (2.5)

The expectation value can be solved using the equation as follow

LA, (S, cnbm) .
[ A3 (3, o) oy o)

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

E

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

value as a function of probability amplitude (€i) following.

iE — 8 f dr?’(Zn szﬁb;)ﬁ(zn Cm¢m) 2.7)
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Solving the equation (2.7), we can determine the secular equation as follow

hé = ES¢ 28
Where C is the probability amplitude vector of basis wave function. The h and S

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

core Hamiltonian and the overlap matric as determined by

A

[h] = hom = € cm / dr® ¢’ H (29)

[S] = Spm = C;‘;Cm /dT?)(b;;gbm (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:



25

\I](Flv FZ? s 77?%) = ¢1 (771)1/)2(?72) e wn(Fn) (2-11)

where W is the total wave function of the N-electron system and ¥iis the one-electron
wave function for the i 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).

- R (2.12)
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where U7 is the Slater determinant representing the quantum state of the N
electrons and ¥i(75) 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 Schrédinger 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.
ZZIQ? (7)2() = EE:IW' (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:

L V()

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

the ground-state electron density, p(?“)’ 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, E[p]’ and the external potential, V(T). 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, Po (T), and the external potential, Vo (7“), that leads
to the same minimum value of the ground-state energy, Eo n 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:

Elpo()] = S, ) = ming . Elp(r) 219
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:

Tlp(r)] = Thonlp(r)] + Teor[p(r)] (2.15)

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

Ne

Taon ()] = 3 3Pl 5 1) 216

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

determining the overall energy of the quantum system.

1 Ne N,
i3 Z ;m_mliﬂe // |T_T,’ PP gyt (2.1
N N, N
- ~ =7 \ 8 Zip(r)
Ve = (te(r)] ;; mwe(?”» p? ;/ R ] 7q|dr (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

Eqelp(r)] = Exlp(r)] + Eclp(r)] (2.19)

Therefore, the total energy of many particles system depicted below
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Elp(r)) = Tuonlo)) + 5 [ | %dd
(2.20)
N\ Zip(r)
= IR~

dr + Eye[p(r)]

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

V2
{_QZ + Veff[ﬂ(r)]] WES (1) = EppIS(r) (2.21)

Effective potential can be expressed as
Verslp(r)] = Vi [p(r)] 4 Vet [p(r)] + Vaclp(r)]

1 p(r') / t Zi
= B ———dr’ — T Tc
] e oy + Ve

(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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LDA 3 (3\"° 1/3 (2.23)
By )] =—3 1) ») :

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

EPZ _ /(14 Biy/Ts + Bars); re > 1 (2.20)
¢ Alnrs 4+ B+ Crglnrs + Drg; 0<rg <1 '

3 1/3
= ()
When dmp(r) 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.

Y 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



31

P. Perdew et al,, 1996), which can be described by the following mathematical

expression as

3 (3\"*
By p(r), Vp(r)] = =5 (;) p(MV3F(z) (2.25)
when
a
Fe)=1t+a-195
_ [Vp(r)]
BRVORE

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

by incorporating the gradient term.

EFPBE (1), Vp(r)] = BEEPAlp(r)] + H[p(r), Vp(r)] (2.26)

when

1+ At? + A%t4
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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, r., as does
the convergence of the pseudo (Vpseudo) and exact (¥) wavefunctions. Notably, the
authentic wavefunction exhibits oscillations within the lower r. region. This oscillatory
behavior poses a challenge in solving the Schrédinger 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:

A

LI'Ipscudo

<~

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

pseudopotential (red).

1. At T 2T 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 T =Tec, it is imperative that the pseudo wavefunction and the exact

wavefunction exhibit continuous properties, as articulated in the mathematical

equation that follows

1 d,lvbpseudo - l%
seudo AT _ o pdr|
Vpseud rmre WA, (2.27)
dln¢pseudo - dlm/}
dr r=r¢ - dr r=r,

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

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

/ 12 pseudo|2dr = / 2|2 dr (2.28)
0 0

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.

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

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

U—J
Il DRI (2.29)
o J gl

when U is the Hubbard U parameter, J is the Hund's exchange coupling parameter
and Pl 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:

optPBE—vdW __ CGAB
Edisp 1 RS fdamp(RAB) (2.30)
AB AB
optPBE —vdW
when “disp is the dispersion energy correction, as represents a sum over all

atom pairs A and B in the system, CeAB s the dispersion coefficient for the atom pair
A and B, determined empirically based on the atom types involved, RaB is the
distance between the atom pair A and B and faamp(RAB) js 3 damping function that
ensures the correction decreases smoothly at long distances to avoid unphysical

divergences. The damping function is often modeled as:

faamp(Rag) =1 — exp(—a(Rap — Rs)?) (2.31)

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

beyond which the correction becomes negligible.
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The CsaB 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 [Ry, Ry, Ry, ..., Ryl, where Ry and Ry 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:

Fv’iNEB £ F’_SH - VE(R’z)J_ (2.32)

2

Where the true force is given by

VE(R;)* = VE(R;) — VE(R;) - 7; (2.33)

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

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

Fl = k(|Ripr — Bi| = |Ri = Ria]) (239

where k 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/A.

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 (i) is determined. The force
acting on that image is not determined by equation (2.32) but rather by

— —

max

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

A
A
a1

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.
o OH
F; = —(¢|T|¢> (2.36)
OR;

2. Newton's equations of motion
These classical equations describe the time-dependent evolution of atomic

positions (r) and velocities (v).

TR (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.

it + At) = Fi(t + At)
mys
Ui (t + At) = 4;(t) + %(Ji(t) +d;(t + At)) (2.38)

. q 1
Ri(t + At) = R;(t) + 0;(t) At + §6i(t)At2

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 (At) 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.
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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)

C A
V= M= T Ne- (2.39)
e

c A
In the provided equation, "le~and e~ represent the electrochemical potential
of electrons on the cathode and anode, respectively, while e denotes the elementary
charge of an electron (~ 1.602 x 10 Q).

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:

« _ OE* 9B ONy .. L OB ONg
HMg = BN,  ONg .. ONg,  ONZ ONg,

= 77?\[/[g2+ + 27}2‘7 (2.40)

In this equation, Mhtg2+ represents the electrochemical potential of Mg?* ions
in the cathode or anode material, and Ne- 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:

1 C C 1 A A
0 e) b)) o
(&
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In an open-circuit and equilibrium state, it is crucial for the Mg**

electrochemical potential to remain uniform throughout the entire battery, which

c  _ A
implies "Mg2+ = "IMg2+ This condition allows us to simplify equation (2.41) to

c A
~ Hag T Py (2.42)
2e

V =

To calculate the voltage, we will apply the definition of the chemical potential
of neutral Mg in the context of the cathode (H,V,Os) and anode (pure Mg metal)
materials. Specifically, we will focus on H,V,0s as the cathode material and pure Mg

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

<EngHIV2()5—Esz2()5> . EM
g

Vy) = — A
g 2¢ (2.43)
_ Eumg,a.v05 — Eravi0s — yEMy
y2e

Using equation (2.43), we conducted calculations to determine the open-circuit
voltage (OCV) of Mg insertion into H,V,0s-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 3p3dds, 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 (Neamwongwan et al., 2021; Porsev et al,,
2014).
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Incorporating van der Waals interactions between the V,0s layers, we
employed the optPBE-vdW method (Klimes et al., 2010; Klime3 et al., 2011; John P.
Perdew et al., 1996). The insertion of ions was accomplished using a 1x2x2 V,0s
supercell. Structural optimization and electronic density of state (DOS) calculations
involved a Monkhorst-Pack grid (Monkhorst et al,, 1976) of dx4x4 k-points and
12x12x12 k-points, respectively. A Gaussian smearing method with a width of 0.05 eV
was applied. Convergence criteria were set at 10° eV for the self-consistent field and
0.02 eV/A for optimization.

To investigate Mg and H diffusion behaviors, a larger 1x3x3 supercell with dx4x4
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.

2.13 References

Amadon, B., Lechermann, F., Georges, A, Jollet, F., Wehling, T. O., and Lichtenstein, A.
. (2008). Plane-wave based electronic structure calculations for correlated
materials using dynamical mean-field theory and projected local orbitals.
Physical Review B, 77(20).

Anisimov, V. |., Zaanen, J., and Andersen, O. K. (1991). Band theory and Mott insulators:
Hubbard U instead of Stoner I. Physical Review B, 44(3), 943-954.

Born, M., and Oppenheimer, R. (1927). Zur Quantentheorie der Molekeln. Annalen der
Physik, 389(20), 457-484.

Ceperley, D. M., and Alder, B. J. (1980). Ground State of the Electron Gas by a Stochastic
Method. Physical Review Letters, 45(7), 566-569.

Dai, X., Liu, Z., and Zhou, A. (2016). A Conjugate Gradient Method for Electronic
Structure Calculations. SIAM Journal on Scientific Computing, 39.

Fock, V. (1930). Naherungsmethode =zur Losung des quantenmechanischen

Mehrkorperproblems. Zeitschrift fir Physik, 61(1), 126-148.



ar

Grimme, S., Antony, J., Ehrlich, S., and Krieg, H. (2010). A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for the
94 elements H-Pu. The Journal of Chemical Physics, 132(15).

Hartree, D. R. (1928). The Wave Mechanics of an Atom with a Non-Coulomb Central
Field. Part I. Theory and Methods. Mathematical Proceedings of the Cambridge
Philosophical Society, 24(1), 89-110.

Henkelman, G., Uberuaga, B. P., and Jénsson, H. (2000). A climbing image nudged elastic
band method for finding saddle points and minimum energy paths. The Journal
of Chemical Physics, 113(22), 9901-9904.

Hohenberg, P., and Kohn, W. (1964). Inhomogeneous Electron Gas. Physical Review,
136(3B), B864-B871.

Hoover, W. G. (1985). Canonical dynamics: Equilibrium phase-space distributions.
Physical Review A, 31(3), 1695-1697.

Klimes, J., Bowler, D. R., and Michaelides, A. (2010). Chemical accuracy for the van der
Waals density functional. Journal of Physics: Condensed Matter, 22(2), 022201.

Klimes, J., Bowler, D. R., and Michaelides, A. (2011). Van der Waals density functionals
applied to solids. Physical Review B, 83(19).

Kresse, G., and Hafner, J. (1993). Ab initio molecular dynamics for liquid metals. Phys
Rev B Condens Matter, 47(1), 558-561.

Monkhorst, H. J., and Pack, J. D. (1976). Special points for Brillouin-zone integrations.
Physical Review B, 13(12), 5188-5192.

Ngamwongwan, L., Fongkaew, ., Jungthawan, S., Hirunsit, P., Limpijumnong, S., and
Suthirakun, S. (2021). Electronic and thermodynamic properties of native point
defects in V,0s: a first-principles study. Physical Chemistry Chemical Physics,
23(19), 11374-11387.

Nosé, S. (1984). A unified formulation of the constant temperature molecular dynamics
methods. The Journal of Chemical Physics, 81(1), 511-519.

Perdew, J. P., Burke, K., and Ernzerhof, M. (1996). Generalized Gradient Approximation
Made Simple. Physical Review Letters, 77(18), 3865-3868.



48

Perdew, J. P., and Zunger, A. (1981). Self-interaction correction to density-functional
approximations for many-electron systems. Physical Review B, 23(10), 5048-
5079.

Porsev, V. V., Bandura, A. V., and Evarestov, R. A. (2014). Hybrid Hartree—-Fock-density
functional theory study of V,05 three phases: Comparison of bulk and layer
stability, electron and phonon properties. Acta Materialia, 75, 246-258.

Slater, J. C. (1930). Note on Hartree's Method. Physical Review, 35(2), 210-211.

Tang, W., Sanville, E., and Henkelman, G. (2009). A grid-based Bader analysis algorithm
without lattice bias. Journal of Physics: Condensed Matter, 21(8), 084204.

Van der Ven, A, Deng, Z., Banerjee, S., and Ong, S. P. (2020). Rechargeable Alkali-lon
Battery Materials: Theory and Computation. Chemical Reviews, 120(14), 6977-
70109.

Verlet, L. (1967). Computer "Experiments" on Classical Fluids. I. Thermodynamical

Properties of Lennard-Jones Molecules. Physical Review, 159(1), 98-103.



CHAPTER llI
STRUCTURAL AND ELECTRONIC PROPERTIES OF V,04

Prior to looking into the effect of H insertion on V,0s-based cathodes for Mg-

ion batteries, we investigated the atomistic configurations and electronic characteristics

of the AL-V,05 structure. In our study, we used the 1x2x2 OL-V,05 supercell as the

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

of the geometric arrangement of OL-V,0s, 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 O-V,05

In this study, we focused on utilizing the OL-V,05 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 VOs 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) VOs units, each containing three distinct oxygen atoms

denoted as follows: vanadyl oxygen (O1), bridging oxygen (02), and edge-sharing

oxygen (03) with the bond distance presented in A unit and (b) an OL-V,0s supercell

in a 1x2x2 arrangement. The red and grey represent the oxygen and vanadium atom.

Within each VOs 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 (dy.o;) amounting
to 1.61 A. Accompanying this is the bridging oxygen atom, denoted as 02, exhibiting a
V-02 bond distance (dy.o,) of 1.81 A. Additionally, a pair of oxygen atoms, O3, engage
in an edge-sharing arrangement, resulting in V-O3 bond distances (dy.os) of 1.91 A and
2.03 A, 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 highligshted
in Table 3.1.

Table 3.1 Lattice parameters and V-O bond distances of O-V,0s5 obtained from

experimental characterizations and computations (values in angstroms unit).

Ol-V,0s This work Computations (PBE+U) Experiment

a 11.60 11.64 11.69
b 1.27 7.15 7.26
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Table 3.1 (Continued) Lattice parameters and V-O bond distances of Ql-V,0s obtained

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

OL-V,0s This work Computations (PBE+U) Experiment
C 4.48 4.43 4.42
V-0O1 1.61 1.61 1.58
V-02 1.81 1.80 1.78
V-03 1.95 1.95 1.93

3.2 Electronic properties

Our research focuses on studying the electronic configuration of O-V,0s. 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 Ol-V,0s 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.

-25 0 25 T
DOS (states/eV)
Figure 3.2 (a) The projected density of states and (b) energy band structure of V,0s

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.



52

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 VOs units, which has

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

This analysis of Ol-V,0s'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 V,0s, 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 V,0Os,
especially concerning its band gap characteristics. On the other hand, the use of hybrid

functionals (PBEO) leads to overestimating the band gap.

Table 3.2 Calculated band gaps of OL-V,0s using different. methods.

Method E, (eV) References
DFT+U (U=3.5) 2.17 This work
DFT+U (U=4.0) 217 (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)
PBEO 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 OL-V,0s using different methods.

Method E, (eV) References

Experiment 2.3 (Enjalbert et al., 1986)

The contrast in the performance of different computational methods for V,0s
highlights the importance of choosing the method for studying specific materials. The
unique electronic structure of V,0s, 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 Ol-
V,0s, 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 O-V,Os 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 V,054

In the previous chapter, we investigated the geometric structure of O-V,05 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 V,0s-based cathode materials on battery performance. Next, we further
initiate our investigation by examining the insertion of a single H atom into V,0s, 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 H,V,0s 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 V,Os 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 V,0s5 cathode, aiming to understand the structural and

electronic implications of this insertion as discussed in section 4.4.

4.1 Hinsertion into V,05

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 Mg?* ions exhibit the ability to intercalate into the V,05 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
V,05 cathode. To achieve this, we conducted ion insertion simulations within the 1x2x2
V,0s 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 V,0Os structure. We directed our attention to the three distinct
oxygen sites within V,0s. To quantify the insertion energy associated with these sites,
we employed the following equation, denoted as (4.1)

Eﬁzs = EHV16040 - EVIGO4O - 1/2:uH2 (4.1)

When £HVis040 and £Vie0uo is the total energy of H-inserted V,05 and V,0s
structure. The HH: 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
01 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.

H@OM H@0®@ H@0®
EH =-0.64 eV EH =-0.30 eV Ejns=-0.14 eV

Figure 4.1 Representation of various hydrogen insertion configurations in V,Os.
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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 V,0s. 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 A 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 A,
as illustrated in Figure 4.2. The H-bond causes a slight distortion in the VOs unit, leading
to elongated V-01, V-02, and V-O3 bonds, with distances measuring 1.80 A, 1.86 A, and
1.96 A, respectively. (refer to Figure 4.2). These findings highlight the specific structural
changes and bonding interactions that occur upon H insertion into V,0s, highlighting

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

Before H insertion After H insertion

Figure 4.2 Demonstration of minor distortion of a VOs 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 A 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 V,0s 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 V,0s cathode material, and they contribute to our
understanding of the underlying mechanisms driving battery performance

enhancement in Mg-ion batteries.
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Figure 4.3 A visual representation of a gap state within both the projected density of

states and the band structure for the HV;404q structure.

The relationship between the d-orbitals of vanadium atoms and the formation
of polarons at V centers due to hydrogen insertion into V,0s can be elucidated through
an analysis of the electronic structure and bonding characteristics of the system. When

H ions are introduced into the V,0s 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.
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Figure 4.4 The density of state (DOS) of V,0s 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 V,0s. It enhances our understanding of the fundamental

mechanisms that drive this process.

4.2 Effect of H Concentration on H,V,0;
We conducted an investigation of the formation energy for H insertion at the

O1 position within the O1-V,O5 structure, using the following equation (4.2)
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where £205 and EH.v205 represent the total energies of the V,05 supercell in the
absence and presence of intercalated H atoms, respectively, and #H: denotes the
chemical potential of the isolate H, molecule.

Formation energy calculations can assess the energy required for the

incorporation of H atoms into various O1 sites within the O-V,0s 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): H V05 with x = 0.5 (-0.81 eV), H,V,0s with x = 1 (-0.86 eV), H\V,05 with x = 1.5
(-0.92 eV) and H,V,05 with x = 2 (-0.91 eV).

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

as H,V,05 exhibits a trend of increasing formation energy as the H concentration

increases.
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Figure 4.5 The formation energy profile of H insertion into V,0s.
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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 V,0s structure, represented as
H,V,0s. 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 H,V,0s (-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 H,V,0s, leading to the formation of H,V,05 at maximum
01 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 V,0s. These results offer a better understanding of the
thermodynamic stability of various H insertion in V,0s, 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 V,0s can reach up
to HyV,0s, 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 02
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 H,V,0s 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 A
(at x = 0) to 2.04 A (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 OL-V,0s, 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 V,Os structure lead
to stronger O-H bonds but weaker V-O bonds. Moreover, higher H concentrations affect
the distortion of lattice parameters in the Ol-V,0s host. The lattice parameters, a, b,
and c, transitioned from 11.60 A, 7.27 A, and 8.96 A to 12.29 A, 7.54 A, and 8.12 A,
respectively, in the case of H,V,05. 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 OL-V,05 phase remained unchanged, which was further confirmed by the puckering

angle analysis. The puckering angle shifted from 77.43° to 88.65° in H,V,0s, suggesting

that the Ql-phase of V,0s was maintained. This increased puckering angle in H,V,0s 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 V,0s. Furthermore, the presence of intercalated H atoms
plays a crucial role in widening the ion-diffusion pathways within the V,05 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 Ato3.53 A. 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 H,V,0s, 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 H,V,0s
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 A”.

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 V,05 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 V,05 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 V,0s 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 H,V,0s, 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 H,V,0s 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 Hy5V,0s5, HV,0s, Hy 5V,05, and H,V,05, 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 Hg 1,5V,05 and Hy 25V50s, where the H atoms exhibit non-symmetry
between the V,Os 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.



66

(b) Ho.25V20s (c) Ho.5V20s
Layer A ﬁ% ’ 9.5%4
[ | . o
Layer B [ \ Dosiidea o 2.
L ? ‘ T4
Layer A N ‘%ﬂ‘rbg
(d) (e) ®
% 40 “© 40
2
g
S
A (NN “ N
é 0 0 0
s
2 A"m“-’f‘  / 20 ’A‘\f 20
2 ' v '
-40 -40 -40

EE (V) EE (V) EE (V)
Figure 4.8 The polaron localized at each V,0s layer for (a) Hg 125V20s, (b) Hg25V,0s, and
(€) Hy25V,0s. The projected density of states of (d) Hg125V-0s, (€) Ho2s5V,0s, and (f)
Ho.25V,0s. the gray, red, and white colors represented vanadium, oxygen, and hydrogen,

respectively.

The non-symmetric distribution of H atoms within the V,0s 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 H,V;6049 structure, resulting in deviations from the
expected trend of band gap reduction.

In summary, the band gap behavior in HV,0s 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 H,V,0s as a cathode material in Mg-ion

batteries.
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4.3 Thermal Stability Investigation of H,V,05 Structure

To investigate the thermal stability of the H,V,05 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 H,V,0s 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)

(r) = |4 AN(r)
g N 4nr2Ar (4.3)

where g(r) is the radial distribution function as a function of the distance (7"), N is the
total number of particles in the system, V is the volume of the system, AN(r) is the
number of particles found in the spherical shell of radius r to 7+ A7 around a
reference particle, and Ar 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 H,V,0s 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 H,V,05 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 H,V,0s, 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 H,V,0s 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 A, 0.99 A, and 1.01 A 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 investication may not directly elucidate the
stability of HyV,0s5 in the context of the electrochemical process, it does imply that
H,V,0s 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 V,05

In our study of Mg insertion into the V,0s 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 V,0s, we considered two distinct

configurations of electron localization, as depicted in Figure 4.10.
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Figure 4.10 Electron localized configuration for Mg insertion into Vi¢Oq. (@) two
configurations of electron localized. (b) total energy of each configuration. (c) bond

distance of V-O in A 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 V,0s, 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
V,0s5 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 V,05 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 O-V,Os. (a) Depicts the local
structure after Mg insertion into OL-V,0s. Upon insertion, Mg ionizes and generates two
polarons at neighboring VOs5 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 OL-
V,05 phase transition, as characterized by the puckering angle of 01-02-O1. (d) Displays
how the puckering angle decreases with increasing Mg concentration. (e) Depicts the

structural transformation from the Ol-phase to the S—phase as a consequence of Mg

insertion.
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Our investigation reveals that the insertion of Mg into V,05 induces greater in-
plane distortion compared to H insertion. The formation of two polarons and
electrostatic interactions between Mg** 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 A.

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 A). 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 (0) of
01-02-01 within the layer, as shown in Figure 4.11(c). It is known that O-V,05 exhibits

a puckering angle of 76°, which decreases to 54° when transitioning to the 6—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 V,0s5 phase
transitions from O to O 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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In summary, our findings indicate a shift in the electronic properties of V,0s
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 V,0s5 as a cathode material in Mg-ion batteries.
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CHAPTER V
DIFFUSION KINETICS OF ION MIGRATION IN V,0; CATHODE

During the discharge process, the presence of water in the electrolyte leading to H
intercalate into the V,0s 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 x 3 x 3 V,05 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 Ol-V,Os 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 V,0s 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 O-V,05 system during the discharge process.

5.1 Kinetics of H Diffusion in V,05 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 VOs unit and the simultaneous creation of H™ ions. To examine the details of H
diffusion, we considered both H and polaron migration from one VOs 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 V,0s, 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, (i) 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 V,0s 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 (i) 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 OL-V,0s 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 O-V,0O5 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 VOs unit. As a result, scenarios where they move separately exhibit



78

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

V,05 (Suthirakun et al., 2018) and LiFePO, (Malik et al., 2013).

5.2  Kinetics of Mg Diffusion in V,05 Cathode

Subsequently, our investigation shifted its focus to the migration of Mg within
the V,0s5 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 V,05 supercell.

Migration coordinate

—— (100 —
Figure 5.3 The possible Mg migration pathway in V,0s 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 V,0s, 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 V,05 structure.
Building upon the insights presented in chapter IV, where we established that an
inserted Mg ionizes, yielding two polarons at the two VOs 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, (i) Mg diffusion preceding
two polaron transfer (Figure 5.4(a)), (i) 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 A highlights the polaron localization.

Our findings suggest that the scenario involving the coupled transfer of Mg?*
ions and two polarons emerges as the most energetically favorable, characterized by
an effective barrier of 0.93 eV (Figure 5.5(2)). This observation reviews the synergistic
nature of Mg and polaron movement within the V,0s 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 OL-V,0s 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 Mg®* 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
V,05 cathode material before the slower diffusion of Mg ions from the anode. This
sequence of events suggests that the V,05 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 V,0s-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.

53  Effect of H Insertion on Mg Diffusion Kinetics

As elucidated in the preceding section, the insertion of H from dissociated
aqueous electrolytes into V,0s 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 H,V,0s,
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 H,V,0s 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 H,V,0s, where additional electrons stemming from H are anticipated to
delocalize throughout the lattice. This behavior has been previously observed in highly
lithiated V,O5 (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 A 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.

Energy (eV) (a)
1.0
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Figure 5.6 (a) Energy profiles for Mg diffusion along the [010] direction in V,Os and
H,V,0s. (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 V,Os structure.

Mg-ion migration in V,04

221A 1.89 A 192A

A3A 1.93A

IS TS

Mg-ion migration in H,V,05

IS TS FS
Figure 5.7 O-environmental atom during Mg migration in V,05 and H,V,0s. 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 O1-01 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 miticate capacity fading, a
phenomenon often attributed to slow diffusion kinetics or trapped ions within the V,05

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 V,0s has four phases: Q., €, 0, and Y. Among these
phases, O-V,0s 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 higsh metal-ion concentration, the Ot-
phase undergoes an irreversible transformation into other phases (Sai Gautam et al,,
2015). Previous computational studies have shown that Ol-V,0s5 can transform into the
8—V205 phase when the concentration of Li exceeds 0.75 (Lip75V,0s) (McColl et al,,
2019; Xiao et al,, 2018). This phase transformation is primarily driven by strong
electrostatic interactions between the intercalated ions and the V,Os 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 Q-V,05 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 V,0s
cathodes. In this chapter, we explored the impact of H on the phase transformation
of the V,0s structure. Additionally, we investigated the discharge voltage profiles under

varying H concentrations in the V,0s 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 miticate the
phase transition from OL-V,0s to 8—VZO5 induced by Mg intercalation. To detect the Ot-
0 phase transition, we employed a analytical approach, tracking changes in the

puckering angle () of the 01-02-01 and the layered angle ((I)) formed by the V-V-V
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layers as we increase the Mg concentration. The pristine Ol-phase has a puckering angle
(0) of 76° and a layered angle ((1)) of 90°, while the O-phase exhibits a puckering angle
(0) of 56° and a layered angle ((1)) of 80°, as shown in Figure 6.1(a).
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Figure 6.1 (a) Conceptual representation depicting the characterization of the & to o
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 -0 phase transition.

As depicted in Figure 6.1(b) and (c), our observations indicate that the fully H-

inserted structure, known as H,V,0s, maintains puckering (62°) and layered angles (90°)
that closely resemble those of pristine Ql-V205. This result suggests that H insertion
effectively preserves the Ol-phase, even at high concentrations. The preservation of

the Ol-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 V,0s gradually deviate from the characteristic values of the QU phase

and approach those typical of the 0 phase. The criteria threshold for this phase
transition emerges at Mg;75V,0s, 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 Mg* ions and the
electronegative O lattice.

Notably, our findings are in agreement with previous computational studies

involving V,0s-based cathodes used in Li-ion batteries, which have reported a transition

from the QL to € phase at Li concentrations varying from 0.3 to 0.7 and to the 0 phase

at a Li concentration of 0.8 (Zhao et al,, 2016). In the context of Mg-ion batteries, a

similar transformation to the O phase occurs at a Mg concentration of 0.75 (Xiao et al,,

2018). Furthermore, experimental evidence supports these findings, indicating that

lithiated V,05 cathodes undergo an irreversible change to the ® 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

Ol 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 HV,0s and H,V,0s, 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 V,0s, HVO, and H,V,0s, respectively. These result suggest that H

insertion within the V,0s 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 H,V,0s, utilizing the

following equation below (Van der Ven et al., 2020).

EngHa:VZO5 - EH(EV205 - eEMg (6.1)
y2Ze

oCV(y) =

The open-circuit voltage (OCV) profile was computed using the following
equation (6.1), where Eng, H, V205 represents the total energy of the Mg-inserted
HyV20s5 structure, Er,v,05 denotes the total energy of the H V205 structure, and
Erg signifies the chemical potential of Mg atoms derived from the bulk Mg structure.

As depicted in Figure 6.2, the discharge voltage of V205 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).
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Figure 6.2 Voltage profile of H,V,0s during Mg insertion. The blue, orange and green
line represented the voltage profile of H,V,0s-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 H,V,0s, 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 OL-V,0s 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 (Mgg1,5V,05) 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 V,05

(2.52 V) and H,V,0s (1.69 V) are consistent with previous DFT reports, which reported



92

OCV values of 2.30 V for V,05 and 1.70 V for H,V,Os5 (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 V,0s-based cathode.

U-J parameter vdW
functional concentration voltage  References
on V center corection

PBE 3.5 OptPBE-vdW Mg 125V,05 2.69 This work
(Zhao et al,,
PBE - D3 Mg0A125V2O5 234
2016)
(Sai Gautam
PBE 31 2 Mg0A080V2O5 2.44
et al,, 2015)
(Carrasco,
PBE a OptPBE—VdW !\/\gvo56VZO5 270
2014)

In summary, our study has presented evidence that H insertion significantly
contributes to the structural stability of V,0s 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 OL-O 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 Ol phase, where the formation of additional
irreversible phases is less likely to occur.

However, it is worth noting that the 0 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 V,0s-based cathodes in metal-ion battery systems.
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CHAPTER VI
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 V,05 cathode. The incorporation of H
ions has been found to enhance the electrochemical performance of the V,0s
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 V,05 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 V,0s 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 O to 0 phase. This phase change is undesirable as it can
cause irreversible phase transformation, leading to poor cyclability and capacity fadins.
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 V,05 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 QL to 0 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 H,V,0s-based cathodes for Mg-ion batteries.
While our study focused on first-principles computations, our results align with
previous experimental findings on H,V,0s 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 V,0s5 cathode in

Mg-ion batteries.
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ABSTRACT: Vanadium pentoxide, V,Os, is a promising candidate
for Mg-ion batteries owing to its high theoretical capacity. But
sluggish electron—ion conductivity and capacity fading limit its
commercialization. Adding a small amount of water into the
electrolyte greatly enhances the charge transport kinetics and
increases the capacity of the V,0; cathode. It is suggested that | /(
water could dissociate and provide H that could be inserted into the
cathode, but the role of H insertion remains unclear. In this work, we
carried out first-principles computations to explore the effect of H
insertion on the electronic conductivity, Mg diffusion kinetics, and
structural stability upon Mg intercalation. We find that H insertion at
high concentrations greatly reduces the band gap and increases the )\ IN
electronic conductivity of the material. The inserted H could act as a y
charge carrier, which enhances the capacity of the cathode. The transport kinetics of H is much faster than that of Mg. It is expected
that during discharge, the cathode contains a high content of H before Mg intercalation. The preinserted H structure hastens the Mg
diffusion by lowering the diffusion barrier of Mg from 0.93 to 0.23 eV. In addition, the fully protonated V,0O; cathode greatly
suppresses irreversible a to & phase transition which is considered the main cause of capacity fading. The enhanced ion transport
kinetics and suppression of phase transformation stem from the weakened electrostatic interaction between the Mg ion and the
lattice oxygen upon the H insertion. These findings could be used to rationally design the strategy to improve the electrochemical
performance of the V,05 cathode of Mg-ion batteries.
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1. INTRODUCTION

Mg-ion batteries are proposed as an alternative substitution to
partially replace conventional Licion cells"” owing to their
superior specific (~2000 mAh/g) and volumetric capacity

studies suggest that the migration barrier of Mg (1.26 eV) is
much higher than that of Li (0.35—0.37 €V) in a-V,0.”"*
Hence, the performance of the V,O;-based cathode still needs
some improvement.

(~3800 mAh/mL)’ with better safety”” and abundance of Mg
sources.”” However, divalent Mg** ions interact too strongly
with the host cathode leading to slow charge transport kinetics
and low ion utilization.® Suitable cathode materials with
moderate interaction with Mg ions are needed in order to
improve the batteries’ performances.

Vanadium pentoxide, V,0s, has been proposed as a
promising cathode material for several metal-ion batteries,
including Mg.”~'* The V,0; cathode can effectively
accommodate Mg ions to form MgV,0s."° Its specific
capacity is up to 427 mAh g~! with a Coulombic efficiency
of 82% after 2000 cycles and high reversibility.'® Despite
several benefits, its critical problems are the sluggish diffusion
kinetics of Mg and capacity fading due to irreversible phase
transformation at high Mg contents.'”'” First-principles
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The addition of aqueous electrolytes is one of the effective
strategies that has been applied to enhance the electrochemical
properties of the V,05 cathode. Adding a small amount of
water stabilizes and increases the capacity of the V,0g
cathode.'”™ Several efforts, both experimentally and
computationally, have been made to understand the role of
water additives in the electrolyte. It was proposed that water
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could be inserted into the lattice that stabilizes the layered
V,05 structure by forming a water pillar.*®

One recent explanation tells that water could dissociate at
the electrode/electrolyte interface and yield H* and
electrons.”’ ™ For example, in the case of Zn-ion batteries,
the dissociated H* and its electron could diffuse into the V,04
structure and protonate lattice O to form H,V,Os, which, in
turn, improves the capacity of the cathode where H is account
for a charge carrier.” " Specifically, the H,V,05 retains its
capacity of 425 mAh g~! (91.3%) at 5000 cycles.” In addition,
for Mg-ion batteries, proton intercalation from an aqueous
electrolyte emerges as a promising strategy to enhance the
performance of V,05 cathodes. Yanan Xu and co-workers
demonstrated the potential of a bilayer-structured vanadium
oxide with Mger ions and lattice water, showcasing excellent
rate performance and an unprecedented cycling life with 80.0%
capacity retention after 10,000 cycles.”® Niya Sa and co-
workers further highlighted the compatibility of Mg anodes
with V,05 cathodes in low-water-level electrolytes, leading to
the reversible Mg deposition and direct evidence of reversible
Mg intercalation.”” These collective findings underscore the
importance of proton intercalation and appropriate electrolyte
design in optimizing V,0; cathodes for Mg-ion batteries,
providing promising prospects for high-energy-density battery
applications. Other experiments also support this explanation
that electrolyte becomes basic after discharge due to water
dissociation and loss of H" and electron upon insertion into
the cathode as using the operando pH determination method
revealing that both H* and metal ions intercalate into V,05.””
A recent computational study reveals that H insertion could
improve Mg intercalation by reducing the ion diffusion
barriers.””

Besides the experimental and computational efforts cited
above, the role of H insertion in the structural stability of the
V,0; cathode remains unexplored. Hence, we aim to use first-
principles tools to systematically study the role of H insertion
on the improved electrochemical properties of the V,O;
cathode, including the enhanced electronic conductivity, ion
transport kinetics, and structural stability. In particular, we
discuss its effect on the electronic structures and the enhanced
electronic conductivity of the materials. By calculating Mg
diffusion barriers considering both ion and polaron transport,
we propose that H insertion improves Mg-ion diffusion
kinetics. In addition, systematic structural analysis shows that
H insertion could prevent the formation of irreversible phases
at high Mg contents. The insight obtained from this work can
be used to further design strategies to improve the perform-
ances of Mg-ion batteries.

2. COMPUTATIONAL DETAILS

All calculations were performed using spin-polarized density
functional theory (DFT) as implemented in the Vienna Ab
initio Simulation Package (VASP 5).' The projector
augmented wave method®” was used to treat the core electrons
and ion interactions where the valence electrons were
expanded in the plane-wave basis: H 1s, Mg 2s, O 2s2p, and
V 3p3d4s, with the kinetic energy cutoff of 500 eV. The
generalized gradient approximation (GGA) with the Perdew—
Burke—Ernzerhof (PBE) approach was used as the exchange—
correlation functional term. The effective Hubbard U value of
3.5 eV was applied for V 3d to partially correct self-interaction
%3 We used the optPBE-vdW method to correct for

the van der Waals interaction between the V,Oj layers.” ™’

Insertion of ions was carried out using the 1 X 2 X 2 V,05
supercell. The Brillouin zone was sampled using the
Monkhorst—Pack grid*® of 4 X 4 X 4 k-points for structural
optimization and 12 X 12 X 12 k-points for the electronic
density of states (DOS) calculations. The Gaussian smearing
method with a smearing width of 0.05 eV was used. The
convergence criteria for the self-consistent field and for the
force on each atom were set to 10™° eV and 0.02 eV/A,
respectively.

To explore the behavior of Mg and H diffusion, we used a
larger 1 X 3 X 3 supercell with the k-points of 4 X 4 X 4 for
Brillouin zone sampling. The climbing image nudged elastic
band (CI-NEB) method®” was used to find the diffusion paths
and barriers. Relative charges on each atom were determined
using Bader charge analyses.*’

3. RESULTS AND DISCUSSION

3.1. Structural and Electronic Properties of V,0s. We
used the a-V,0; phase (the orthorhombic with the Pmmn
space group) as a model. It is one of the most stable phases
under operating conditions of metal-ion batteries.*" Its layered
structure possesses a series of VOs-distorted square pyramids
connected via edge- and corner-sharing to form a two-
dimensional (2D) layered structure in the ab plane, as shown
in Figure la. Stacking these 2D layers in the normal direction

(a) (b)
o1

-25 0 25 X s Yr
DOS (states/eV)

Figure 1. Sketches of (a) 1 X 2 X 2 a-V,0; supercell comprises a
series of (b) VO units with three inequivalent oxygen atoms, namely,
vanadyl oxygen (O1), bridging oxygen (02), and edge-sharing oxygen
(03). The labeled numbers are their bond distances in angstrom. (c)
Its projected density of states shows a nonmagnetic semiconducting
character with an indirect band gap of 2.17 eV. The red and gray solid
lines represent the states of oxygen and vanadium, respectively.

yields a three-dimensional framework of @-V,05 where each
layer is held together by a weak van der Waals interaction.
Such a layered structure can effectively accommodate small
cations such as Li,'%*** Na,**** and Mg,“'““47 leading to
high theoretical capacity when used as a cathode of metal-ion
batteries.

Each VOj; unit comprises three inequivalent O atoms
including one vanadyl oxygen atom, O1, with the calculated
V-01 bond distance (dy_o,) of 1.61 A, one bridging oxygen
atom, 02 (dy_o, = 1.81 A), and two edge-sharing oxygen
atoms, O3 (dy_o3 = 1.91 A, 2.03 A), as shown in Figure 1b.
The calculated bond distances are in good agreement with
both experimental®® and other DFT-reported””*”** values
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with maximum errors of 1.68 and 1.90%, respectively, as
summarized in Table 1.

Table 1. Lattice Parameters and V—O Bond Distances in
Angstroms of a-V,0; as Obtained from Experimental
Characterizations and Computations

a-V,05 our work computations (PBE + U)*’ Exp.*
a 11.60 11.64 11.69
b 727 7.15 7.26
c 4.48 443 442
V-01 1.61 1.61 1.58
vV-02 1.81 1.80 178
V-03 195 195 193

Next, we explore the electronic structure of a-V,05 by
analyzing the density of states (DOS), as shown in Figure lc.
Our computations reveal that a-V,0; exhibits semiconducting
character with a calculated indirect band gap of 2.17 eV, which
is consistent with those of the previous DFT+U studies and
experimental value, as summarized in Table 2. The calculated

Table 2. Calculated Band Gaps of a-V,0; Using Different
Methods

method E, (eV) references
DFT + U (U = 3.5) 2.17 this work
DFT + U (U = 4.0) 2.17 18
DFT + U (U = 2.0) 1.66 27
DFT + U (U = 3.5) 218 34
DFT + U (U = 4.0) 226 53
hybrid functional (PBEO) 4.04 54
GW approximation 23 SS
GW approximation 2.89 56
experiment 23 48

projected density of states (PDOS) shows a nonmagnetic
character with the equivalent number of states of both spin
components as shown in Figure lc. Its valence band is
predominated by the O 2p states with some hybridization of
the V 3d states, while it is vice versa for the conduction band.
The unique character of the split conduction band stems from
the deviation of octahedral symmetry of VO units.”"*

It is noteworthy that the robust quasiparticle GW
approximation and hybrid functional could provide more
accurate electronic structures and band gap predictions for
several semiconducting materials. Nevertheless, for V,05 as
summarized in Table 2, only the GW method could reproduce
the experimental band gap, while the hybrid functional
significantly overestimates the band gap.

3.2. Insertion of H and Mg. It has been experimentally
reported that using aqueous-containing eIectrol?n.:es could
increase the capacity of the Mg-ion batteries.'””>*” During
the discharge process, water molecules in the electrolyte can
dissociate to generate H* and OH™. The H* and also Mg ions
can then intercalate into the V,Oj structure leading to the
increased capacity of the cathode,”****” while the dissociated
OH™ remains in the electrolyte as evidenced by the increase in
pH upon discharging.”® Herein, to better understand the
effects of H and Mg intercalation on the structural and
electronic properties of the V,0; cathode, we inserted these
ions into the 1 X 2 X 2 V,O5 supercell (Figure la) and
analyzed the local structure and density of states as a function

of ion concentrations. In addition, we calculated the insertion
energies, E;,, to determine its stability using the following
equation,

EpMe = Eamgvisoso ~ Evicoso — Hipng 1)
where Eyj040 and E(umgvicoso are the total energies of the
V,05 supercell in the presence and absence of an intercalated
H or Mg atom, respectively. fiy; v is the chemical potential of
the H or Mg atom taken from their most stable forms, i.e., an
isolated H, molecule and Mg bulk, respectively.

First, we explore the behavior of H insertion. As shown in
Figure 2, we find that H prefers to bind with the vanadyl

2_HV1604U
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Figure 2. Schematic illustration of the effect of H insertion on (a)
slight distortion of a VO; unit with electron localization at the V
center (yellow isosurface of 0.032 e A™) known as a small polaron.
All of the VO5 units in the pristine V,Oj lattice are identical. The
labeled numbers are their bond distances in angstrom. The polaron
formation appears as (b) a gap state in the projected density of states
and band structure.

oxygen Ol atom with an O—H bond distance of 0.99 A and
insertion energy of —0.64 eV, which is more stable than those
at 02 (=0.30 eV) and O3 (—0.14 eV) as detailed in SI Section
S1. The bond direction of the O—H bond points to the nearby
O1 atom to form a H bond with the distance of 1.82 A, as
shown in Figure S1. This leads to a slight distortion of the VO,
unit where V=01, V=02, and V—03 bonds are lengthened to
1.80, 1.86, and 1.96 A, respectively (Figure 2a).

The Bader charge analysis and spin density reveal that, upon
insertion, the H atom ionizes and becomes H* where 0.63 e~ is
transferred to localize at the connected V center, as shown in
Figure 2a. The gap state of hybridized V 3d and O 2p also
suggests the localization of the electron, as shown in Figure 2b
(see also SI section S2). The electron localization accompanied
by the local lattice distortion is known as a small polaron
formation.*>*

It is noteworthy that the H concentration in V,0j as
predicted from their calculated formation energies could be up
to H,V,0;. As detailed in SI section S1, the formation energy
of H incorporation at the O1 for H,V,O5 (fully hydrogenated
at the O1) is highly negative of —0.92 V. Further H insertion
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Figure 3. Effects of H contents on (a) local structures of a-V,05 including V—0O bond lengths, O1—O1’ and V-V’ distances in the [100] direction
(inset) and H—O1 bond lengths (inset) and (b) electronic structures of projected density of states. Increasing H contents reduces the band gaps as
(c) the extra electrons from the inserted H occupy V centers, generating states at the top of the valence band as shown in the yellow isosurface of
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will need to protonate the O2 or the O3 sites which are
energetically less stable with formation energies of —0.65 and
—0.66 eV, respectively.

Next, we increased the H concentrations in the supercell,
where the number of H atoms was varied from 4 to 16
corresponding with H,V,0; when x = 0.5 to 2. We find that
the average V—O bond distance increases with increasing H
concentrations. Predominantly, the V—O1 bond distances
significantly increase from 1.61 A (at x = 0) to 2.04 A (atx =
2), while other V—O bonds only slightly change. In contrast,
the O—H bond tends to be shortened upon the increased H
concentration. The results indicate that the higher the H
concentration in the V,Oj structure, the stronger the O—H
bond but the weaker the V—O bond. High H concentrations
also affect the distortion of lattice parameters of the a-V,05
host from 11.60, 7.27, and 8.96 A to 12.29, 7.54, and 8.12 A
(H,V,0;) for lattice parameters a, b, and ¢, respectively;
however, according to Jesus and Sai,"** the puckering angle
was determined for phase transition investigation that the
phase of V,0; will transform from the a phase to the & phase
with puckering angle change from 76° to 54°; we also find that
the @-V,05 phase does not change on high H concentration
because puckering angle is changed from 77.43° to 88.65°. The
increased puckering angle in H,V,Oj5 is due to the repulsive
forces introduced by the H ions between the O1 atoms in the
crystal lattice.

In addition, the presence of the intercalated H atoms helps
expand the ion diffusion channel in the b direction where the
distance between the nearest O1—O1 increases from 3.37 to
3.53 A (Figure 3a). Such an expansion of the diffusion channel
could improve the ion transport kinetics of the cathode, which
is discussed in Section 3.4. The H-inserted structure is also
thermally stable at elevated temperatures, as suggested by ab
initio molecular dynamic simulations that the O—H bonds are
still intact within the considered simulated time of 1 ps, as
detailed in SI Section S3.

To understand the electronic structures of H.V,0; we
further analyzed their projected densities of states (PDOS). As

shown in Figure 3b, the increased H concentrations narrow the
band gap. For example, at x = 0.5, the extra electrons from the
inserted H occupy several V centers, creating occupied extra
states at the top of the valence band, as shown in the band
decomposed charge density in Figure 3c. As the H
concentrations increase (x = 1 and 1.5), the extra occupied
states expand toward the conduction band leading to smaller
band gaps. At the very high concentration of x = 2, the band
gap is reduced to only 0.07 eV which is very close to the
thermal energy at a room temperature of 0.03 eV. Such a small
band gap could imply that the material exhibits a metal-like
character at room temperature. The metal-like character was
also proposed in the Li-intercalated V,05 systems where the
increased Li concentrations could lead to itinerant behavior of
extra electrons.”” The material is then expected to behave like
metal at high H contents. Hence, it is suggested based on the
computational results that the electronic conductivity of V,0Og
is greatly improved upon H intercalation during the discharge
process. However, our findings demonstrate that while the
band gap generally decreases with increasing H concentrations
in H,V,0s, certain arrangements of H and its polaron can lead
to nonsymmetric distributions and localized distortions,
resulting in deviations from the general trend of band gap
reduction, as detailed in SI section S4.

Then, we studied Mg insertion where two possible ion—
polaron configurations were examined, as detailed in SI section
S5. We find that the most stable configuration corresponds to
the localization of the two electrons from the Mg atom at two
V centers with an insertion energy of —5.39 eV. On the other
hand, the other configuration with the distribution of the two
electrons at four V centers exhibits a less stable insertion
energy of —4.87 eV, as shown in Figure S6. The results indicate
that upon intercalation, Mg ionizes and provides two electrons
localized at the two nearby V centers forming two polarons, as
shown in the spin density (Figure 4a) and localized gap states
in the PDOS plot (Figure 4b).

The formation of two polarons and electrostatic interactions
between Mg®* and electronegative oxygen atoms induce
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Figure 4. Sketches of (a) the local structure of Mg insertion in the a-
V,05. Upon insertion, Mg ionizes and forms two polarons at the two
nearby VOj units (yellow isosurface) which correspond with the (b)
gap states of the projected density of states. At high Mg contents, it
induces phase transition from @ to & as characterized by (c) the
puckering angle of 01-02—01. (d) The puckering angle decreases
as the Mg concentration increases, while (e) the structure transforms
from the @ to & phase.

greater in-plane distortion than that of H insertion. The two
polaronic VOs units exhibit in-plane V=02 and V-03 bond
elongation greater than that of the H insertion by up to 0.1 4,
as detailed in SI Section S2. However, the H insertion leads to
greater V—O1 bond lengthening than that of the Mg insertion
(1.80 vs 1.67 A). This is because the inserted H forms a
chemical bond with the O1 which in turn weakens the V—01
bond resulting in a greater bond lengthening.

Due to the large in-plane distortion upon Mg insertion, it is
expected that a higher Mg content could lead to long-range
distortion and result in structural transformation. Such phase
transition was investigated by measuring the puckering angle
(0) of 01-02—01 within the layer, as shown in Figure 4c. It
has been reported that a-V,0Os displays a puckering angle of
76°, while it decreases to 54° when the phase changes to -
V,05:.%° As shown in Figure 4c—e, we find that the puckering
angle decreases from 76° to 52° and 60° when the Mg
concentration increases from x = 0 to 0.75 and 1.00,
respectively. The results imply that the V,0O4 phase changes
from a to & at Mg concentration higher than 0.75, as shown in
Figure 4d which corresponds with the structures in Figure 4e.

It is noteworthy that at higher Mg concentrations, the
electronic structures are similar to those of H insertion where
the band gap decreases with increasing Mg concentration and
eventually becomes metallic as the occupied extra states reach
the conduction band, as shown in Figure S7.

In summary, we find that the electronic property of V,05 has
changed from semiconductor to metal-like at high H or Mg

contents. This is due to the overlapping of extra states
originating from ion insertion. Hence, such insertions greatly
improve the electronic conductivity of the cathode. In
addition, the phase transition is expected to occur at high
Mg contents, while the insertion of H even at high
concentrations does not significantly affect long-range lattice
distortion.

3.3. H and Mg Diffusion. During the discharge process,
the water-containing electrolyte could provide intercalated H
in the V,05 cathode.”**"~***7¢17%% At the same time, Mg ions
from the anode diffuse through the electrolyte and intercalate
into the cathode. To determine their diffusion kinetics, both H
and Mg, we calculated their diffusion barriers in the 1 X 3 X 3
V,0; supercell. The obtained results could be used to suggest
the effect of H insertion on the intercalation behavior of Mg, as
further discussed in Sections 3.4 and 3.5.

First, we explored the kinetics of the H diffusion. As
discussed in the previous section, H prefers to bind with the
vanadyl oxygen, while its electron mainly localizes at the V
center forming a polaron at the VO unit and yielding H". To
describe the diffusion of H, we considered both H* and
polaron migration from one VOj unit to the nearby VO unit
in the [010] direction, which is the Ereferred direction of H
and other ion migration in V,05>" To account for their
coupled movements, we considered three different scenarios,
including (i) proton-coupled polaron transfer, (i) proton
diffusion prior to polaron transfer, and (jii) polaron transfer
prior to proton diffusion, as schematically shown in Figure S.

As shown in Figure 5, all considered scenarios exhibit similar
effective barriers in the range of 0.5—0.6 eV, with the first
scenario, proton-coupled electron transfer, being the most
favorable one with a barrier of 0.49 eV (Figure Sa). The other
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Figure 5. Energy profile of proton and polaron migration in the a-
V,0; structure: (a) proton-coupled polaron transfer, (b) proton
diffusion prior to polaron transfer, and (c) polaron transfer prior to
proton diffusion. The insets schematically define the order of
migration where the @-V,0j structure, proton, and polaron are
represented by squares, cyan circles, and yellow diamonds,
respectively.
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two scenarios, where the proton and polaron move separately,
display somewhat higher effective barriers of 0.51 and 0.60 eV
for scenarios (ii) and (iii), respectively (Figure Sb,c). This
implies that the proton and its electron prefer to stay close to
one another at the same VOj unit, where separate movements
are less favorable with higher barriers. In other words,
Coulombic attraction between ion and electron penalizes
such separate movements leading to high-energy configura-
tions and less favorable scenarios. The results are consistent
with previous computational works that rePorted the coupled
movements of ions and polarons in V,05* and LiFePO,.**

Next, we explored the diffusion behavior of Mg. As discussed
in Section 3.2, an inserted Mg ionizes and provides two
polarons at the two nearby VOj units. Like H diffusion, we
only considered the diffusion in the [010] direction since it is
the most favorable pa\'th,w as detailed in SI Section S7, and
explored their movements in the coupled and separate fashion,
as shown in Figure 6. We find that the coupled ion—polaron
transfer, involving Mg and two polarons, is most favorable
with an effective barrier of 0.93 eV (Figure 6a).

Energy (eV)
2 (@)

14

0 /'//\‘\‘

Emcal e G
o

0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate

Figure 6. Energy profile of a Mg—two-polaron migration: (a) Mg—
two-polaron coupled migration, (b) Mg migration occurs before
polaron migration, (c) Mg migration occurs after one polaron
migration, and (d) Mg migration occurs after two polarons migration.
The insets schematically define the order of migration where the a-
V,05 structure, Mg, and polaron are indicated by squares, green
circles, and yellow daimons, respectively.

Other scenarios had separate movements of ions and
polarons (the schematic is shown in Figure S9) suffering
from ion—polaron Coulombic penalties leading to slightly
higher effective barriers in the range of 0.95—1.60 eV (Figure
6b,d). As shown in Figure 6b, when the Mg ion moves in the
vicinity of the two polarons, it displays only a slightly higher
barrier than that of the coupled motion (0.95 vs 0.93 eV). In
contrast, when there is only one or no polarons close to the
diffusion path, the Mg ion diffuses much more slowly with the
barriers of 1.18 and 1.60 eV, respectively (Figure 6¢,d). The
Coulombic penalty for Mg?* is more pronounced than that for

H* migration due to the higher net charges of the Mg ion. Our
calculated barrier of the preferred diffusion scenario is lower
than the previously reported values of 1.28”” and 1.29 eV.*
The origin of such differences is unclear due to the absence of
polaron configurations in previous computational works.

Overall, the results suggest that H diffuses much faster than
Mg with effective barriers of 0.49 and 0.93 eV, respectively. It
is expected that at the beginning of the discharge process, H
from the dissociated water molecule in the electrolyte first
intercalated into V,0Os, followed by slow Mg diffusion from the
anode. The structure of V,05 may contain a significant amount
of H before the intercalation of Mg. Such a conclusion is
consistent with that observed in experiments of aqueous
electrolytes in the V,0s-based cathode for Zn-ion bat-
teries.””*” In addition, the stable insertion and fast diffusion
of H in the lattice could improve the specific capacity of the
cathode, where inserted H and its polaron serve as charge
carriers.

3.4. Effect of H Insertion on Mg Diffusion Kinetics. As
discussed in the previous section, insertion of H from
dissociated aqueous electrolytes is much faster than Mg
insertion, owing to low diffusion barriers of proton-coupled
polaron transfer. It is expected that during the discharge
process, the H-inserted structures, H,V,Oj, are formed prior to
Mg intercalation. Hence, in this section, we explored the effect
of protonated structures on the diffusion behavior of Mg.

We considered the high concentration of H where all
vanadyl oxygen atoms are protonated, corresponding to the
H,V,05 structure. The Mg-ion diffusion path is along the
[010] direction. The migration of polarons is not considered
due to the itinerant behavior of H,V,0; where extra electrons
from H are expected to delocalize throughout the lattice as
discussed in Section 3.2 and previously reported in highly
lithiated V,05.**

As shown in Figure 7, at a high concentration of H, the
diffusion barrier of Mg is 0.23 eV which is much lower than
that in the pristine structure (0.93 eV). This is because H
insertion enlarges the diffusion channel in the [010] direction,
as discussed in Section 3.2. The transition state (TS) structures
reveal that the distances between Mg and nearest O atoms in
the H-inserted system are 0.03—0.09 A greater than that of the
pristine system (Figure 7b). Such a more relaxed TS structure
yields a more stable TS energy, leading to a lower diffusion
barrier and fast kinetics. This also implies that H insertion at
Ol reduces the electronegative charge of O which results in
the larger O1—O1 distance and expanded diffusion channel.
Our calculated results are consistent with a previous DFT
study”” and experimental observations'” that H insertion could
improve the Mg diffusion kinetics. Such facile ion movements
in the H-inserted structure could alleviate the capacity fading
caused by slow diffusion kinetics or trapped ions in the V,05
structure.”>”®” We also provided the Mg—O distance during
Mg migration in Figure S10.

3.5. Effect of H Insertion on the Suppression of Phase
Transition upon Mg Intercalation. The V,O; crystal
structure processes four different phases, including a, €, §,
and y. Among them, a-V,0; has been widely used as cathode
materials for metal-ion batteries due to its high theoretical
capacity and stability.”* However, at deep discharge with high
ion concentration, it has been reported that the a-phase
irreversibly changes to other phases.’” A previous computa-
tional study reveals that a-V,0j could transform to 5-V,Oj at
Li concentration greater than 0.75 mole ratio
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Figure 7. (a) Energy profile of Mg diffusion in the [010] direction in
V,05 and H,V,0;. (b) Transition state structures of Mg diffusion in
the protonated structures are more relaxed with longer Mg—O
distances. The labeled bond distances are in angstrom.

(Lig75V,05).”*** The phase transition is induced by strong
electrostatic forces between the intercalated ions and the V,05
host. Such irreversible phase changes lead to poor cyclability of
the battery and low ion utilization.”**

Herein, we systematically study the effect of H insertion on
the suppression of the @-V,05 phase transition upon Mg
intercalation. As shown in Figure 8a, we determine the a—d
phase alteration by monitoring the changes in the puckering
angle (6) of the 01-02—01 and layered angle (®) of the V—
V-V upon increasing of Mg concentrations. The a-phase
exhibits the & of 76° and @ of 90° whereas the &-phase
displays the 6 of 56° and ® of 80°. As shown in Figure 8b,c, we
find that the fully protonated structure (H,V,0;) exhibits
puckering (62°) and layered angles (90°) close to the pristine
a-V,0g, suggesting that H insertion preserved the a-phase
even at high concentrations.

As the concentration of Mg increases, the puckering and
layered angles of pristine V,0; change from those of the a to §
phase. The phase change is predicted to occur at the
concentration of Mg,,sV,05 with puckering (52°) and layered
angles (78°) smaller than the threshold of the & phase. Such
large distortions upon Mg insertion originate from the strong
electrostatic interactions between Mg®" and the electronegative
lattice of the O atoms. Our results are consistent with previous
computational studies that for the V,04-based cathode used in
Li-ion batteries, V,05 was transformed from the a to & phase at
a Li concentration of 0.3—0.7 and to the & phase at a Li
concentration of 0.8. Also, for the Mg-ion batteries, V,05
changes to the § phase at the Mg concentration of 0.75.*
Furthermore, an experimental study found that the phase of
the lithiated V,05 cathode was irreversibly changed to the @
phase at a Li concentration of 3.%

Remarkably, the presence of H in the structure could
effectively reduce the distortion upon Mg insertion. As shown
in Figure 8b,c, the puckering and layered angles are less
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Figure 8. (a) Schematic illustration of puckering and layered angles
used to characterize the a to & phase change. The relationship
between intercalated Mg concentrations with (b) puckering and (c)
layered angles. H insertion prevents the a—& phase change. (d)
Voltage profile of H,V,05 during Mg insertion.

affected as the Mg concentrations increase. The H-inserted
structures are predicted to maintain their & phases throughout
the considered Mg concentrations. This is because the H
insertion yields protonated Ol atoms that could weaken the
electrostatic interaction between the Mg ion and the lattice,
resulting in smaller structural distortion.

Such an explanation is supported by the Bader charges of the
atom O1 upon protonation. The average charge transfer into
O1 atoms decreases from 0.41 to 0.25 and 0.12 e~ when Mg
inserts in HV,O4 and H,V,0s, respectively. In contrast, the
average charge of Mg atoms decreases from +1.72 to +1.69 and
+1.68 e~ when they insert into pure V,05, HV,O;, and
H,V,0;, respectively. The results suggest that the H insertion
into the V,0j structure reduces charge transfer from the
inserted Mg to the lattice, which could lead to weaker Mg—
lattice interactions.

In addition, we also investigated the effect of H insertion on
the discharge voltage profiles. This can be done by calculating
the open-circuit voltage (OCV) profile at different H and Mg
concentrations in H,V,Os using the following equation (as
described in detail in SI Section S10)
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Engl—[,vzoS = Eyyo, = YEumg

y2e (2)

OCV(y)=

where Eyg 1 v,00 Env,00 and Eyg are the total energies of the

Mg-inserted H,V,05 structure, the H,V,Oj structure, and
chemical potential of Mg atoms taken from bulk Mg structure,
respectively.

As shown in Figure 8d, the discharge voltage of V,05
decreases from 2.69 to 2.52 V as the Mg concentration
increases from 0.125 to 1. The voltage then increases from 2.44
to 2.61 V as the Mg concentrations increases from 0.50 to 0.75.
The nonmonotonic changes of discharge voltage in this region
could be attributed to the structural distortion at high Mg
concentrations as depicted in Figure 8b,c.

H insertion could lead to a decrease in the initial voltage.
Specifically, the OCV of H,V,0; with H concentrations of 0, 1,
and 2 decreases from 2.69 to 2.64 and 2.57 V, respectively.
This suggests that the introduction of H atoms weakens the
interactions between Mg ions and the a-V,Ojs lattice. This
weakening can be attributed to the screening effect induced by
the protonation of O1 atoms. Our calculated OCV values at
low Mg concentration (Mgy,,5V,05) are in good agreement
with those reported in other DFT works within the range of
2.34—2.70 V, as summarized in Table §1,6070 Furthermore,
our calculated OCV for V,0 (2.52 V) and H,V,0; (1.69 V)
are in agreement with previous computational work with the
reported OCV of V,05 (230 V) and H,V,05 (1.70 V).

To sum up, our results show that H insertion can improve
the structural stability of V,05 upon Mg intercalation. This
agrees with the experimentally observed long-life czlcle and
high capacity when the aqueous electrolyte is used.'”*"*" It is
suggested that the inserted H prevents the a—& phase
transition by reducing the electrostatic interaction between
Mg and lattice O, leading to the improved cyclability of the
cathode, since it helps maintain the a phase where further
irreversible phases are less likely to form. Nevertheless, it has
been reported that the & phase could facilitate ion transport
kinetics by lowering the diffusion barriers,”” but such phase
transitions could yield other irreversible phases at high Mg
concentrations.

4. CONCLUSIONS

Previous experimental studies suggest that when an aqueous
electrolyte is used, water molecules could dissociate at the
electrolyte—electrode interface and provide H that can
intercalate into the V,0;5 cathode. The inserted H greatly
improves the electrochemical performance of the V,O;
cathode. In this work, we employed density functional theory
to study the effects of H insertion on the improved electronic
conductivity, ion transport kinetics, and structural stability of
the V,0O4 cathode of Mg-ion batteries. Computations reveal
that the inserted H prefers to bind with vanadyl oxygen and
donates an extra electron localized at the V center, forming a
small polaron. As the concentration of H increases, the extra
electrons occupy several V centers creating occupied states at
the top of the valence band leading to a smaller band gap,
which enhances the electronic conductivity of the materials.
The inserted H can account for charge carriers which could
improve the specific capacity of the cathode.

Similar electronic structures are observed upon Mg
insertion; the higher the Mg concentration, the smaller the
band gap. Nevertheless, the high content of Mg creates long-

range structural distortion due to strong ion—lattice
interactions, which could lead to @ to & phase transition.
The phase change is not desired, as it could lead to irreversible
phase transformation where Mg cannot deintercalate from the
cathode. This is the main cause of the poor cyclability and
capacity fading.

Adding a small amount of water could promote Mg diffusion
and suppress the phase transition. During the discharge
process, dissociated H from the aqueous electrolyte can
intercalate into the cathode. The effective barriers of ion-
coupled polaron transfer for H and Mg are 0.49 and 0.93 eV,
respectively. This indicates that H can diffuse much faster than
Mg in the investigated system. It is expected that during the
discharge process, the cathode contains a high H content
before Mg intercalation. The preinserted H significantly
reduces the Mg diffusion barrier from 0.93 to 0.23 eV, which
greatly hastens the ion diffusion kinetics. In addition, the
preinserted H inhibits the @ to & phase transition upon Mg
intercalation. This is because it reduces the electrostatic
interaction between the Mg ion 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 a comprehensive understanding
of the migration behavior in H,V,0;-based cathodes for Mg-
ion batteries. While our study focused on first-principles
computations, our results align with previous experimental
findings on H,V,0; cathodes, suggesting improved electronic
conductivity and electrochemical performance. Our insights
provide valuable guidance for future experimental investiga-
tions. These findings could be used to rationally design the
strategy to improve the electrochemical performance of the
V,0;5 cathode of Mg-ion batteries.
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Vanadium pentoxide (V205) is one of the promising cathode materials for Mg-ion batteries owing
to its high capacity, safety, and low toxicity. However, it still suffers from sluggish charge transport
kinetics and low stability. To overcome these problems, experiments reported that using aqueous
electrolytes dramatically improves ion diffusion and capacity of V205-based cathode. Proton from
water in the electrolyte may alter battery performance but its role remains unclear. Herein, we
used density functional calculations to examine the effect of proton on the improved charge transfer
properties and stability of Mg-proton co-intercalation to reveal the role of aqueous electrolyte. We
find that protons prefer to intercalate into V205 and reside at vanadyl oxygen atoms. Upon proton
intercalation, the band gap of V205 decreased from 2.17 €V to 0.07 eV suggesting better electronic
conductivity. In addition, it improves Mg-ion diffusion where the diffusion barrier is reduced from
0.89 to 0.49 €V in the vicinity of intercalated proton. This work unravels the role of water in elec-
trolyte in the enhanced cathode performance which could be used to better design cathode materials
or electrolyte for Mg-ion batteries.
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