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CHAPTER I 

INTRODUCTION 

 

1.1  Li-ion batteries and cathode materials 

Li-ion batteries (LIBs) are currently the most popular energy storage system 

which are widely used in various applications ranging from mobile phones, laptops, 

home batteries, electric vehicles (EVs), and power plants. In addition, the battery 

technology is of great importance because it is a key limiting factor of the emergence 

of other technologies, especially in the case of EVs. In particular, the driving range on 

a single charge of EVs is limited on the gravimetric and volumetric energy density of 

the batteries. Thus, the battery performances need to be further improved in term of 

low cost, long lasting, high safety, and high energy capacity in order to overcome the 

petroleum-based fuel. (Cheng et al., 2011; X. Liu et al., 2018; Michael M. Thackeray 

et al., 2012; M. S. Whittingham, 1976; Xu et al., 2012).  

Rechargeable LIB is an electrochemical cell which mainly consists of anode, 

cathode, separator, and electrolyte. The working principle is basically an energy 

conversion between chemical and electrical energy during charge/discharge process. 

When the battery is fully charged, Li-ions are inserted in the entire of anode host. 

These Li-ions have high chemical potential and are ready to intercalate into the 

cathode framework. Until discharging, the battery is connected to an electric 

appliance and the circuit is closed as shown in Figure 1.1. These Li-ions readily 

transports through the electrolyte and separator, driven by the chemical potential
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difference between two electrodes. Simultaneously, counter-electrons also migrate 

toward the cathode to compensate the flow of positively charged Li-ions. The 

transport of energetic electrons occurs via external circuit due to the blockage of the 

separator. The generated electricity can perform electronic work until the LIB is fully 

discharged. The recharge process can be done by applying an external potential to 

drive the reverse reaction. In particular, Li-ions are inserted into anode framework and 

becomes high chemically active again. 

 

Figure 1.1 Schematic picture illustrates the working principles of a lithium-ion 

battery involved the lithium ions flow and electron flow during discharge (top panel) 

and charge processes (bottom panel) (Michael M. Thackeray et al., 2012). 
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It should be noted that chemistry and morphology of electrode materials play 

substantial roles on battery performances (Xu et al., 2012). In fact, the energy 

capacity of the battery corresponds to the number of Li accommodated in electrode 

materials. The rate capability of the battery is related to the kinetics of Li-ions and 

electrons transport especially inside electrode materials. Also, the reversibility of the 

charge/discharge process directly affects to the battery lifespan. Therefore, to boost 

the battery performance, many attempts in the discovery and optimization of electrode 

materials have been employed (Nitta et al., 2015).  

Nowadays, carbon-based materials e.g. graphite is the most widely used anode 

in commercial LIBs (Lu et al., 2018; H. Wu et al., 2012). On the other hand, various 

cathode materials, based on lithium intercalation in transition-metal oxides, 

polyanions, or layered materials, have been intensively investigated for high 

performance LIBs (Daniel et al., 2014; Massé et al., 2016). There are currently three 

main material families that are commercial or near commercial cathode for LIBs 

(Daniel et al., 2014).  

Layered oxides (LiMO2) have been the most widely commercialized cathode 

materials for LIBs. Since 1980, LiCoO2 was first proposed as the intercalated cathode 

for LIBs (Mizushima et al., 1980). However, the irreversible phase transformation of 

the parent structure was observed after extracting 50% of the lithium. This poor 

structural instability limits the experimental capacity (at around 140 mAh/g) as 

compared to its theoretical capacity (280 mAh/g) (Daniel et al., 2014). Then, a 

layered LiNiO2 with iso-structure was proposed. Although it has high reversible 

capacity, its low electrochemical activity was caused by the Li/Ni antisite defect 

(Dahn et al., 1990). In addition, the solid solution between Co and Ni could decrease 
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the Li/Ni disorder and exhibit better performance (Whitfield et al., 2005). For 

example, LiNi1-x-yMnxCoyO2 (NMC) provides high operating voltages (~4.7 V) and 

reversible capacity (200 mAh/g) in the cut-off voltage range 2.8–4.6 V (C.-f. Zhang et 

al., 2009). Likewise, LiNi1-x-yCoxAlyO2 (NCA) also exhibit better electrochemical 

performance (Chen et al., 2004). These materials are now used worldwide in high 

power and high energy LIBs (Goodenough and Kim, 2010; Manthiram, 2020). 

Nevertheless, cobalt is quite expensive and may outstrip production in the short 

coming due to the expansion of electric vehicle market. Also, nickel is an essential 

component in other industries e.g. stainless steel and non-ferrous alloy. Hence, many 

efforts tend to decrease or eliminate cobalt and nickel from cathode materials (M. Li 

and Lu, 2020; W. Li et al., 2020; Schmuch et al., 2018).  

Spinel oxides (LiM2O4) are also investigated. For example, LiMn2O4 was first 

proposed for the LIBs in 1983 (M. M. Thackeray et al., 1983). Compared to layered 

oxides LiMO2, it is a low cost, environmentally friendly, and safer alternative. 

However, it exhibits low practical capacity and energy density compared to other 

cathodes and suffers from capacity fading. Various strategies were employed to 

enhance the electrochemical performance of LiMn2O4. Among them, doping with 

nickel (LiNi0.5Mn1.5O4) reveals high operating voltage and good rate capability with 

the experimental capacity of 140 mAh/g (Ohzuku et al., 1999). 

Olivine phosphates (LiFePO4) was proposed as promising alternative cathode 

materials (Padhi et al., 1997) due to its low cost, low toxicity, high safety, low volume 

expansion, low capacity fading and high specific capacity of 170 mAh/g 

(Whittingham, 2004). However, LiFePO4 exhibits a relatively low discharge voltage 

of 3.4 V which limits the power density of the battery (Whittingham, 2004). In 
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addition, it suffers from the low ionic conductivity due to the slow 1D migration of 

Li-ions. 

A promising cathode material must satisfy many criteria such as low cost, 

environmentally friendly, high electrochemical performance, high capacity, high and 

stable voltage, compatible with the electrolyte, and high structural stability upon 

cycling to ensure long cycle life. Accordingly, a material that simultaneously satisfies 

all criteria has not yet been discovered (Massé et al., 2016). Therefore, the 

development of non-commercialized cathode materials and discovery of new 

materials are of great importance. For instance, many researches pay attention on 

alternative polyanionic compounds, e.g. silicates (Li2MSiO4) (Nytén et al., 2005), 

borates (LiMBO3) (Legagneur et al., 2001), and tavorites (LiMPO4F) (Ramesh et al., 

2010), layered metal oxides, e.g. MoO3 (Hu et al., 2015) or V2O5 (Zhu et al., 2020), 

and the emerging 2D materials like MXenes (Byeon et al., 2017). In this work, the 

V2O5, a promising cathode material, was considered. In addition, it provides a 

remarkably high theoretical capacity of 442 mAh g−1 over the commercialized 

cathodes e.g. LiCoO2 and LiFePO4 (Huang et al., 2015). 

1.2 Vanadium pentoxide as cathode material 

In 1976, V2O5 was first proposed as a Li-ion intercalation host for cathode of 

Li-ion batteries by Whittingham et al. (M. Stanley Whittingham, 1976). The most 

stable phase orthorhombic -V2O5 has quasi-2D structure, and the layers of V2O5 are 

held together by weak Van der Waals interaction. The open-layered structures allow 

the facile Li-ions insertion into their interlayer space, leading to the plenty of insertion 
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sites (F. Liu et al., 2012). The energy capacity of V2O5 is related to the reversible Li-

ions insertion/extraction so called intercalation reaction, i.e., 

V2O5 + xLi+ + xe− ↔ LixV2O5.     (1.1) 

In addition, V2O5 also has the accessible redox pair e.g. V5+/V4+ and V4+/V3+ as well 

as high potential to drive the inserted Li-ions move into structure for the Li 

intercalation process (Chernova et al., 2009; Marley et al., 2015). 

During the Li intercalation, the intercalated phase or LixV2O5 is altered by the 

values of x depending on concentration of Li-ions inserted within the host. Initially, a 

slightly distorted α-phase is stable (x < 0.1). Further lithiation can lead to stabilization 

in ε-phase (0.35 < x < 0.7) and δ-phase (0.7 < x < 1). In γ-phase (1 < x < 2), the phase 

transitions involve increased in separation of the V2O5 layers and produce structural 

distortions. Upon further lithiation (2 < x < 3), the γ-phase will be irreversibly 

transformed to the ω-phase (Mai et al., 2010; Wang et al., 2011; Whittingham, 2004). 

It should be noted that the irreversible of phase transition is problematic for 

experimental capacity and lifespan of the battery. 

 During the Lithiation process, ionized Li-ions and their associated electrons 

are inserted and diffused inside the V2O5 host matrix as shown in Figure 1.2. When 

electrons transport through the material, they initially localize at V-centers leading to 

the reduction of V5+ into V4+ as well as creation of small lattice distortion around the 

V-centers. The coupling between the localized electron and the distortion forms a 

quasi-particle namely small electron polaron since the distortions are in a length scale 

of unit cell size. (De Jesus et al., 2016). The formation of the polaron can be 

supported by both experiments and computations of LixV2O5. Firstly, X-ray 

photoelectron spectroscopy (XPS) reveals that the number of reduced state V4+
 is 
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increasing with lithiation (Q. H. Wu et al., 2005). Secondly, the X-ray absorption near 

edge structure (XANES) illustrates the occupancy of electron in V-3dxy lowest-lying 

state in conduction band due to the energy band spitting. This agree well with the 

calculated partial density of state and crystal field theory (De Jesus et al., 2016). 

Thirdly, the polaronic state corresponding to localized electron can be found by using 

the ultraviolet photoelectron spectroscopy (UPS) where the peak is about 1 eV above 

valence band edge (Q. H. Wu et al., 2005) associated with the calculated peak in the 

band gap (Scanlon et al., 2008). Lastly, the calculated formation energy of polaron is 

less than that of the delocalized electron by 0.22 eV (De Jesus et al., 2016). These 

findings illustrate the formation of electron polaron in V2O5 host material. 

Furthermore, the electron polarons can be migrated through the material via polaron 

hopping process to the adjacent V-center. This process requires the thermal activation 

to overcome the calculated energy barrier of 0.22 eV for the polaron hopping along 

[110] direction. The details of the hopping process was investigated and written in 

previous work (Watthaisong et al., 2019). 

 

 

Figure 1.2 Schematic illustration of Li ion intercalation during discharge process in 

V2O5 cathode with polaron formation and migration (Watthaisong et al., 2019). 
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Lithiation process at the low Li concentration limit was investigated under 

DFT method (Carrasco, 2014; Parija et al., 2016; Suthirakun, Genest, et al., 2018; 

Suthirakun, Jungthawan, et al., 2018). The calculation reveals that the corresponding 

electron polaron prefers to locate nearby that Li-ion in order to minimize the total 

energy of the system. While other configurations, when polaron is far from Li-ion, 

could raise the energy up to 0.22 eV. This is due to the attractive force between 

positively charged Li-ion and negatively charged polaron. 

After Li is inserted in the V2O5 matrix, it can further move from one site to the 

adjacent site by the Li diffusion. Interestingly, the Li-ion is likely to stick with the 

polaron, therefore, the Li diffusion will be occurred in a coupled fashion with the 

associated polaron (Maxisch et al., 2006). In fact, the Li-ion could migrate along b 

direction and follow by the polaron hopping, alternately. This scenario has been 

proposed to be the lowest energy barrier path. Notably, the polaron hopping also plays 

an important role in Li diffusion process because it might be a rate limiting step 

(Suthirakun, Genest, et al., 2018). This is similar to Li diffusion in other intercalated 

materials e.g. LixTiO2, (Kerisit et al., 2009; Sushko et al., 2010) LixFePO4, (Maxisch 

et al., 2006), Li2FeSiO4 (Bui et al., 2012), and TiO2 host (J. Yu et al., 2012). 

Notably, in case of V2O5, the electrons are conducted through polaron hopping 

process, which occasionally slower than the band-like electron conduction. The 

polaron hopping also plays an important role in Li-ion coupled polaron diffusion. The 

kinetics of these processes rely on the thermal activation to overcome the activation 

energy, which can be implied to macroscopic transport, i.e., electronic and ionic 

conductivity of the material. In ambient temperature, V2O5 is suffered from limited 

transport properties, i.e., moderate electron conductivity (10−3 –10−2 S cm−1 ) and low 
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Li diffusion coefficient (10−13 – 10−12 cm2 s−1), resulting in slow rate capability 

(Huang et al., 2015).  In addition, the experimental energy capacity of V2O5 cathode 

is currently far from theoretical one, which could be originated from the sluggish 

electronic and ionic conductivity as well as irreversible of phase transition. These 

drawbacks could hinder V2O5 to be commercialized for high-performance LIBs. 

1.3 Tin doping 

In order to alleviate the drawbacks of material and to improve the electrode 

performance, several synthesis strategies have been utilized. Firstly, dimensional 

reduction of the particle size into nanoscale e.g. nanoparticle, nanowire, nanosheet, or 

nanoporous structure can significantly enhance the transport kinetics since Li 

diffusion and polaron hopping distance are shortened (Bruce et al., 2008; H. Zhang et 

al., 2011). Secondly, composite formation or coating with conductive carbon e.g. 

carbon black on V2O5 nanomaterials can enhances the electronic conductivity and 

suppresses the aggregation of the particles (Huang et al., 2015). Finally, doping with 

oxygen vacancy or cation impurity could introduce more redox pairs e.g. V5+/V4+ and 

V4+/V3+, resulting in the improved electron conductivity (Z. Zhang et al., 2010). In 

fact, some cation impurities could enlarge the interlayer space providing increased 

chances for Li intercalation (Zhan et al., 2009). 

Among cation impurities, Sn doping demonstrates a substantial change in 

electrochemical performance compared to the undoped as proposed in previous works 

(Y. W. Li et al., 2013; Z. Y. Li et al., 2016; Xing et al., 2019). For example, 4% Sn-

doped V2O5 provided higher specific capacity than the pristine (220.4 mAh g-1 vs 

148.6 mAh g-1 at 500 mA g-1) as well as the higher lithium diffusion coefficient 
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(4.45×10-11 cm2 s-1 vs 2.84×10-11 cm2 s-1) (Z. Y. Li et al., 2016). Likewise, in the other 

work (Le et al., 2019), the fabricated Sn-doped V2O5 has been retained the specific 

capacity of 334 mAh g−1 which is more than twice of the capacity in undoped film 

(157 mAh g−1) at 500 mA g−1. In addition, rate capability and cyclic stability of the 

batteries are improved by doping with Sn. Recently, a mesopore structure of 4% Sn-

doped V2O5 can enhance electrical conductivity by four times compared to undoped 

sample (1.9×107 vs 5.7×107 S/m) (Xing et al., 2019). However, the electrode 

performance is also related to the doping concentration. For instances, the excessive 

doping e.g. 8% can instead diminish the electrochemical performance (Z. Y. Li et al., 

2016). Moreover, if the concentration is greater than the doping limit around 10%, the 

excess Sn dopant will be formed as secondary phase of SnO2 (Rajeshwari et al., 

2018). 

To the best of our knowledge, the origin of the improvement is not clearly 

presented in the literature. Based on the previous experiments (Y. W. Li et al., 2013; 

Z. Y. Li et al., 2016), the authors proposed the role of Sn impurity as followed. 

Firstly, Sn doping can affect the morphology and reduce the size of synthetic 

particles. According to SEM observations, the particle size of Sn-doped nanosheet is 

smaller than that of the undoped (45 nm vs 23 nm) (Le et al., 2019). Secondly, Sn 

doping can increase V4+/(V4++V5+) ratio leading to the number of electron polarons, 

which might be affect to polaron hoping rate and electrical conductivity. Thirdly, the 

occupancy of Sn interstitial at interlayer cavity can stabilize the host structure during 

Li intercalation/extraction. Lastly, Sn impurity defects could be responsible for the 

nucleation centers for phase transformation. However, there is still lacking the 
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explanation and evidence especially the defect formation and charge carrier 

contribution upon Sn doping. 

Based on the previous experiments, there is still a contradiction in preference 

of Sn doping site and contribution of associating carrier. Three possibilities of Sn 

doping models are proposed (see Figure 1.3). Firstly, Sn could be intercalated into the 

cavity between two V2O5 layers so called Sn interstitial. This defect could enlarge the 

interlayer space, leading to the slight expansion of unit cell along a and c directions as 

reported in X-ray diffraction (XRD) spectra (Le et al., 2019; Y. W. Li et al., 2013). 

Also, the XPS spectra shows the stable oxidation state of Sn4+ rather than Sn2+, which 

produce compensating electron polarons nearby the Sn interstitial (Y. W. Li et al., 

2013). Secondly, the model of Sn substitution for V was also reported. The lattice 

expansion upon Sn doping can be originated from Sn located at V site due to the fact 

that Sn4+ has ionic radius 22% larger than V5+ (Xing et al., 2019). Since Sn4+ 

replacing for V5+ is negatively charge defect, it could influence other positively 

charged compensation and do not generate electron polaron. Lastly, the Sn 

substitution can further induce the formation of oxygen vacancy (Z. Y. Li et al., 

2016). To the best of our knowledge, there is no experimental evidence apart from the 

XRD results, mentioning or confirming the preferential site of the Sn heteroatom. 

Indeed, Sn could be incorporated in both sites depending on synthetic conditions, e.g. 

synthesis method, doping concentration, temperature, and oxygen partial pressure. 

Identifying the preferential doping site and associating charge compensation 

mechanism are necessary to better understand the role of the Sn dopant on electrode 

performance. 
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Figure 1.3 Three possible defect sites of Sn impurity including i) Sn interstitial, ii) Sn 

substitution for V, and iii) Sn substitution for V combined with O vacancy. 

Recently, a theoretical study on defect formation in cation-doped V2O5 has 

been reported (McColl et al., 2018). The classical pair-potential method was utilized 

to predict the location of cation dopants (M) ranging from M+ to M6+ and their charge 

balancing mechanism. In case of M4+ interstitial, its positively charge could be 

compensated by O interstitial. Under O-deficiency condition, the O interstitial is 

possibly annealed by an O vacancy, and the electron polarons become charge 

compensators. In contrast, M4+ substitution could replace both V and its vanadyl O, 

i.e., vanadyl (VO)3+ group, resulting in a net charge of +1, which is balanced by an 

electron polaron. The binding of polaron with the impurity defect is weaker than that 

with O vacancy in undoped case, leading to the better mobility of polaron as well as 

the enhanced electronic conductivity. Based on the calculated energy of formation, 

the latter case is slightly more favorable in case of Sn4+ doping (McColl et al., 2018). 

It should be noted that the prior case can be more favorable in some condition. 

Followed by a density functional theory (DFT) study of Sn-doped V2O5 

(Suthirakun, Jungthawan, et al., 2018), the Sn interstitial is energetically more 

favorable than the Sn substitution. Two extra electrons originated from Sn interstitial 
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are localized as polarons nearby the doping site. The energy barriers of these polarons 

escaping from the defect region are slightly high, but they are not bound to the defect 

center, leading to the increase in charge carrier concentration. Thus, Sn doping could 

enhance electronic conductivity. Although, the scenario of Sn-related defect inducing 

O vacancy formation has been proposed by the experiment (Z. Y. Li et al., 2016) and 

the classical model (McColl et al., 2018), it is worth noting that this complex defect 

has not been studied in the DFT level.  

Understanding the formation of point defects might be a knowledge gap to 

explain the effect of Sn on the improved electrochemical performance of LIBs. Since 

defect formation could be the source of interlayer expansion, (Z. Y. Li et al., 2016) 

blocking diffusion path, (Andrews et al., 2018) influencing repulsive coulomb force 

between Li and dopant, or even being the center of nucleation and growth of phase 

transition during cycling. (D. M. Yu et al., 2010). For decades, DFT based 

calculations have emerged as a predictive tool that complements experiments for 

defect identification (Freysoldt et al., 2014). For instances, previous studies have 

revealed the insight into fundamental and mechanism of point defect formation in 

cathode materials, e.g. LiCoO2, LiFePO4, LiMn2O4 and Mg-doped LiCoO2, which 

could be beneficial for designing the cathode (Hoang and Johannes, 2018). Although, 

this powerful tool (Freysoldt et al., 2014) was utilized to study the formation of point 

defects in a number of materials, the application on V2O5 especially upon Sn impurity 

has not been reported. The systematically study of point defect formation and charge 

compensation mechanism could provide more insight into the role of Sn doping on 

the electrode performance especially conductivity. 
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1.4 Research objective 

The objective of this work is to investigate the role of Sn doping on improving 

electrode performance of Sn-doped V2O5 using DFT+U method coupled with a 

statistical model. The thermodynamics of point defect formation i.e. native and Sn-

related defects was systematically studied using supercell approach. Subsequently, the 

calculated formation energies were used as input for the statistical model with the 

constraint of charge neutrality to estimate the defect and carrier concentrations upon 

Sn doping compared to without doping. Also, the charge transport in both cases was 

explored. These findings can imply the effect of Sn doping on the electrode 

performance especially electron conductivity. 

1.5 Scope and limitations 

As mentioned earlier, the roles of Sn doping on the improved electrode 

performance were proposed in many ways such as the reduction of nanoparticle size 

(morphology), the increase in structural stability, and the enlarging of interlayer 

space. However, this thesis mainly focuses solely on the effect of Sn doping on the 

improved electronic conductivity. Because the conductivity is strongly correlated to 

the formation of point defects and compensating charge carriers and their transport 

behavior which can be explored using the atomistic model calculations based on DFT. 

Basically, DFT suits for atomic level which is limited by the periodic model of around 

200 atoms. To study the mesoscale and more complex phenomena, e.g., morphology 

of the nanoparticle or structural stability relating to phase transition, one might need 

other tools rather than DFT. Therefore, the scope of this study is limited on the 

change in electronic conductivity of the material upon doping with Sn. 
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For the model of Sn-doped V2O5, three possibilities of Sn-related point defects 

were considered based on the previous works including i) Sn interstitial, ii) Sn 

substitutional for V, and iii) Sn substitution for VO. For simplicity, the effect of 

intercalated Li-ions was not considered, in other words, the study is limited at the 

initial state of the discharge process of the cathode where there is no Li-ion or it is in 

the very low concentration. Apart from the formation of Sn-related defects, the 

compensating defects either native defects or charge carriers were considered in term 

of defect formation energy. The statistical model was applied to estimate the 

concentrations of Sn-related defects, native defects, and charge carriers. It should be 

noted that the input parameters such as oxygen partial pressure and annealing 

temperature are set as the conventional synthesize condition of Sn-doped V2O5. 

Moreover, in this work, all DFT calculations was done by the introduction of 

Hubbard U parameters so-called DFT+U method. Relying on the assumption that the 

Hubbard U parameters can resolve the over-delocalization of electrons or the well-

known self-interaction error of conventional DFT. The DFT+U approach is 

commonly used in case of transition metal oxides including V2O5, to alleviate the 

over-localization error of d-electrons and to better describe the electron behavior 

inside the materials. However, the value of U parameter has a strong effect on the 

electron localization, polaron formation and even the transport of electron. Here, the 

value of U parameter was carefully tuned based on the localization behavior, i.e., the 

polaronic state of V2O5 observed in previous experiment. The tuned U value was used 

for all DFT+U calculations in this work. 
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CHAPTER II 

ATOMISTIC MODELING 

 

In material science community, the atomistic modeling has been found to be a 

powerful tool to provide a fundamental description of the material properties and 

phenomena. These properties of materials such as electronic, optical, and magnetic 

characters are significantly dominated by the behaviors on electrons inside the 

materials, which can be described Schrödinger equation. Density functional theory 

(DFT) is proven to be a successful quantum mechanics approach to model the material 

properties. In fact, DFT is now widespread all areas of condensed matter physics and 

quantum chemistry. This also includes the study of formation of point defects and 

carriers transport which is the focus of this work. The purpose of this chapter is to 

present an introduction into density functional theory and related concepts, which 

mostly relies on this book (Sholl and Steckel, 2011). 

2.1 Many-body Schrodinger equation 

To calculate the properties of a collection of atoms such as an isolated molecule 

or a crystalline solid, this system can be treated as a set of nuclei and their corresponding 

electrons, in which the behaviors of particles in the system derived from the 

Schrodinger equation. The simple form so-called the time independent and 

nonrelativistic Schrodinger equation is 𝐻̂𝜓𝑖 = 𝐸𝑖𝜓𝑖. The  𝐻̂ is the Hamiltonian operator 

describing the interaction of the system. While 𝜓𝑖, 
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and 𝐸𝑖 are eigen-wavefunction and associated eigen-energy of the system, 

corresponding to the solution 𝑖 of the eigen-equation. 

The expression of the Hamiltonian operator relies on the physical system. In 

some cases, e.g., the particle in a box and a harmonic oscillator, their Hamiltonian 

operators are in a simple form, and can be solved analytically. However, in case of the 

system being considered is more complicated due to the interaction between multiple 

electrons and nuclei. For the system consist of M nuclei and N electrons, the 

Hamiltonian 𝐻̂ can be written as, 

𝐻̂ =  −
1

2
∑

1

𝑀𝐼
∇𝐼

2

𝑀

𝐼=1

 − 
1

2
∑ ∇𝑖

2

𝑁

𝑖=1

+ ∑ ∑
𝑍𝐼𝑍𝐽

𝑅𝐼𝐽

𝑀

𝐽>𝐼

𝑀

𝐼=1

+ ∑ ∑
1

𝑟𝑖𝑗

𝑁

𝑖>𝑗

𝑁

𝑖=1

 − ∑ ∑
𝑍𝐼

𝑟𝑖𝐼

𝑀

𝐼>1

𝑁

𝑖=1

 

𝐻̂ =  𝑇𝑛 + 𝑇𝑒 + 𝑉𝑛𝑛 + 𝑉𝑒𝑒 + 𝑉𝑛𝑒                 (2.1) 

where i and j are the indices of electrons whereas I and J are those of nuclei. 𝑀𝐼 and 𝑍𝐼 

are the mass and charge of nuclei. Either 𝑅𝑥𝑥 or 𝑟𝑥𝑥 represents the distances between to 

particles. It should be noted that the above equation is written in atomic unit for 

simplicity. The first two terms are the kinetic energies of nuclei and electrons. The rest 

three terms are the coulomb interactions between nucleus-nucleus, electron-electron, 

and nucleus-electron, respectively. 

Since atomic nuclei are much heavier than individual electrons. In fact, the mass 

of either a proton or a neutron in a nucleus is more than 1800 times that of an electron. 

Roughly, the nuclei move so slowly compared to the speed electron movement. So that, 

the first term (kinetic energy of nuclei) is zero. In addition, the third term (interaction 

between nucleus-nucleus) can be separately solved from the total Hamiltonian as 

classical, and the energy relating to this term remains almost constant. So, the 
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complexity of system is slightly reduced by considering the three remaining terms of 

Hamiltonian, e.g.,  

𝐻̂𝑒 =  𝑇𝑒 + 𝑉𝑒𝑒 + 𝑉𝑛𝑒           (2.2) 

Then, only Hamiltonian for electron contribution was solved with fixed positions of the 

atomic nuclei. This separation of nuclei and electrons into two contributions is called 

the Born–Oppenheimer approximation (Born and Oppenheimer, 1927; Cederbaum, 

2008). 

For a particular system, the dimension of the full wavefunction rapidly increases 

as N, the number of electrons. For example, if a single molecule of O2 is considered, 

the full wavefunction is a 48-dimensional function (3 dimensions for each of the 16 

electrons). The dimension can be up to 23,000 dimensions, if a nanocluster of 100 Pt 

atoms is considered. In the Hamiltonian, the coulomb interaction term between 

electron-electron reveals that the electronic motion is correlated. This means the 

individual wavefunction cannot be solved without simultaneously considering all the 

other electrons. Finding the exact solutions of the systems is very difficult or impossible 

even in the case of moderate N. This problem is also known as a many-body 

Schrodinger equation. 

2.2 Density functional theory (DFT) 

To solve the many-body problem, several approximations have been proposed 

to simplify the complexity of problem. Let us consider the ground state electronic 

wavefunction, the wavefunction should be a function of spatial coordinates of N 

electrons, i.e., 𝜓0 = 𝜓(𝑟1, 𝑟2, … , 𝑟𝑁). The earliest approximation was proposed by 

Hartree (Hartree, 1928). The total wavefunction 𝜓0 possibly approximates as a product 
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of individual electron wave functions, 𝜓0 = 𝜓1(𝑟1) ∙ 𝜓2(𝑟2) ∙ … ∙ 𝜓𝑁(𝑟𝑁). This is 

known as Hartree product where it breaks the full wavefunction of N-interacting 

electrons into a product of N non-interacting wavefunctions. However, this electron 

wavefunction does not satisfy the anti-symmetric property of the Fermions which 

follow Pauli exclusion principle. The more appropriate trial wavefunction should be 

written in the Slater determinant format (Slater, 1930) as following,   

𝜓0 =  
1

√𝑁!
|

𝜓1(𝑟1) 𝜓2(𝑟1) ⋯ 𝜓𝑁(𝑟1)

𝜓1(𝑟2) 𝜓2(𝑟2) ⋯ 𝜓𝑁(𝑟2)
⋮ ⋮ ⋱ ⋮

𝜓1(𝑟𝑁) 𝜓2(𝑟𝑁) ⋯ 𝜓𝑁(𝑟𝑁)

|   (2.3) 

This approximated wavefunction is known as Hartree-Fock, 𝜓𝐻𝐹. Substituting 𝜓𝐻𝐹 in 

expectation value of Hamiltonian in order to find the total energy, in turns, generates a 

new term called exchange term, satisfying the anti-symmetric property (Fock, 1930). 

Nevertheless, the Hartree-Fock method does not take into account the correlation of 

interacting between electron-electron. 

Instead of using full electron wavefunction, the quantity so-called electron 

density distribution 𝑛(𝑟) is used to describe the system, which is the key concept of 

density functional theory. One example of the advantages of using electron density is 

that it compresses the information of full wavefunction, which is a function of 3N 

coordinates, into the electron density 𝑛(𝑟), which is a function of only three 

coordinates. As a result, the complexity of the system is significantly decreased 

especially the moderate or large system. The density functional theory relies on the 

mathematical theorem from Hohenberg and Kohn (Hohenberg and Kohn, 1964) and a 

set of equations derived by Kohn and Sham (Kohn and Sham, 1965). 
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Let us begin with the Hohenberg-Kohn theorems. The first one states that the 

ground state electron density 𝑛(𝑟) for any electronic system uniquely determines that 

system. In other words, all ground state properties can be expressed in term of the 

ground state electron density 𝑛(𝑟), including the total electronic energy, kinetic energy, 

or even the potential energy. Notably, the summation over all electrons number in each 

energy terms in the Hamiltonian becomes the integration over all electron density 𝑛(𝑟). 

The second theorem also states that the electron density 𝑛(𝑟) that minimizes the energy 

of the overall functional is the ground state electron density. If the functional form were 

known, then the electron density could be varied until the energy from the functional is 

minimized, giving us the electron density. 

Unfortunately, the true form of the overall energy functional 𝐸[𝑛(𝑟)] is still 

unclear. Based on Kohn and Sham method, they divide the functional into known and 

unknown energy functionals. The kinetic energy functional is separated into the known 

term corresponding to non-interacting electrons, 𝑇𝑛𝑜𝑛[𝑛(𝑟)] and the unknown term 

corresponding to electron-electron correlation, 𝑇𝑐𝑜𝑟𝑟[𝑛(𝑟)]. Likewise, the potential 

energy functional is divided into three terms. The first two known terms 𝐸𝑁𝑒[𝑛(𝑟)] and 

𝐸𝑒𝑒[𝑛(𝑟)] are coulomb interaction between the non-interacting electrons and nuclei and 

between pairs of non-interacting electrons, respectively. The last term is unknown 

which includes all unknown and quantum effect such as exchange and correlation of 

electrons. All unknown terms are combined as the exchange-correlation functional 

denoted as 𝐸𝑥𝑐[𝑛(𝑟)]. Therefore, the overall energy functional 𝐸[𝑛(𝑟)] can be written 

as  
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𝐸[𝑛(𝑟)] = Tnon[𝑛(𝑟)] + 𝐸𝑁𝑒[𝑛(𝑟)] + 𝐸𝑒𝑒[𝑛(𝑟)] + 𝐸𝑥𝑐[𝑛(𝑟)]                (2.4) 

𝐸[𝑛(𝑟)] = Tnon[𝑛(𝑟)] + ∫ 𝑛(𝑟)𝑉𝑁𝑒𝑑𝑟 +
1

2
∫ ∫

𝑛(𝑟)𝑛(𝑟′)

|𝑟−𝑟 ′|
𝑑𝑟 𝑑𝑟 ′ + 𝐸𝑥𝑐[𝑛(𝑟)]. (2.5) 

The difficulty of the fully solving the many-body Schrodinger equation was solved by 

Kohn and Sham.  They showed that the task of finding the electron density can be done 

by solving a set of equations, in which each equation considers only a single electron. 

The Schrodinger-like equations so-called Kohn–Sham equations can be expressed as 

[−
∇2

2
+ 𝑉𝐻[𝑛(𝑟)] + 𝑉𝑒𝑥𝑡[𝑛(𝑟)] + 𝑉𝑥𝑐[𝑛(𝑟)]] 𝜓𝑖

𝐾𝑆(𝑟) = 𝐸𝑖𝜓𝑖
𝐾𝑆(𝑟),      (2.6) 

[−
∇2

2
+

1

2
∫

𝑛(𝑟′)

|𝑟−𝑟′|
𝑑𝑟′ − ∑ ∫

𝑍𝐼

|𝑅𝐼−𝑟|
𝑀
𝐼=1 𝑑𝑟 + 𝑉𝑥𝑐[𝑛(𝑟)]] 𝜓𝑖

𝐾𝑆(𝑟) = 𝐸𝑖𝜓𝑖
𝐾𝑆(𝑟).       (2.7) 

𝜓𝑖
𝐾𝑆(𝑟) is the Kohn-Sham orbital of the electron number in band index 𝑖, and 𝐸𝑖 is 

corresponding electron energy. The first term in Hamiltonian is basically kinetic energy 

operator of the single electron being considered. The second term is called Hartree 

potential describing the Coulomb repulsion between the single electron and the total 

electron density. The third term is called external potential describing the Coulomb 

attraction between the single electron and nuclei. For the last term, 𝑉𝑥𝑐[𝑛(𝑟)] is the 

exchange-correlation potential which can be expressed as a functional derivative by  

𝑉𝑥𝑐[𝑛(𝑟)] =
𝛿𝐸𝑥𝑐[𝑛(𝑟)]

𝛿𝑛
          (2.8) 

To solve the Kohn–Sham equations, the second Hohenberg-Kohn theorem was 

employed. The problem is usually treated in an iterative way so-called the self-

consistent field (SCF) method as shown in Figure 2.1. 
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Figure 2.1 The scheme of self-consistent field (SCF) iterations for solving the Kohn-

Sham equations and obtaining calculate total energy and other properties. 

The procedure of self-consistent field is outlined as following: 

I) Set an initial trial electron density 𝑛(𝑟). 

II) Construct the Hartree, external, and exchange-correlation potential based 

on the electron density. 

III) Solve the Kohn-Sham equations to find single electron wavefunctions 𝜓𝑖. 

IV) Calculate new electron density from the calculated wavefunctions.  

V) Compare new electron density with the one in previous iteration. If the two 

densities are the same, then the obtained electron density is the ground state 

electron density of the system. If the two densities are different, the mixing 

of them will be used as the next trial electron density and sent back to step 

II) until being self-consistent. 
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As ground state electron density represents the characteristic of the system being 

considered, this density can be further used to calculate the ground state energy and 

force acting on each atom. Also, other material properties can be calculated from the 

(or a set of) calculated ground state electron density or energy. 

2.3  The exchange-correlation functional 

According to the second Hohenberg-Kohn theorem, the more accurate results 

can be acquired if the exact form of overall functional was known. As mentioned 

earlier, the exchange-correlation functional 𝐸𝑥𝑐[𝑛(𝑟)] is a collection of unknown terms 

such as the quantum effect of exchange and correlation between electrons. However, 

the exchange-correlation functional of the homogeneous electron gas system can be 

solved analytically. This simplest form is approximated to use in the inhomogeneous 

system as 

𝐸𝑥𝑐
𝐿𝐷𝐴[𝑛(𝑟)] = ∫ 𝑛(𝑟)𝜖𝑥𝑐[𝑛(𝑟)]𝑑𝑟        (2.9) 

where 𝜖𝑥𝑐[𝑛(𝑟)] is the exchange-correlation electron density of a uniform gas. This is 

the idea of local density approximation (LDA) where the functional depends only on 

the electron density 𝑛(𝑟) at the position being considered. Due to the inhomogeneous 

behavior of the real system, the gradient of electron density should be included to 

improve the approximation. This is called the generalized gradient approximation 

(GGA) as  

𝐸𝑥𝑐
𝐺𝐺𝐴[𝑛(𝑟)] = ∫ 𝑛(𝑟)𝜖𝑥𝑐[𝑛(𝑟), ∇𝑛(𝑟)]𝑑𝑟.           (2.10) 
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In fact, there are various forms of GGA functionals which are differed by the 

mathematical term of 𝜖𝑥𝑐[𝑛(𝑟), ∇𝑛(𝑟)]. Two of the most widely used functionals in 

calculations of crystalline solid are the Perdew–Burke–Ernzerhof functional (PBE) and 

the Perdew–Wang functional (PW91). 

2.4  DFT+U approach 

According to the ground state energy calculated from equation 2.5, the third 

term contributed from the interaction between electrons (Hartree term) also include the 

interaction between the electron and itself, leading to the so-called self-interacting error. 

In the Hartree-Fock method the self-interaction was cancelled out with the term from 

exchanged term. However, the standard DFT with an approximated exchange-

correlation functional cannot remove the self-interaction properly, and it cause the 

overestimation of electron-electron repulsion resulting in the over-delocalization. As a 

result, the standard DFT might fail to predict some properties of strongly correlated 

materials including transition metal oxides with the presence of d or f electrons. For 

instances, it is unsuccessful for predicting the electron localization behavior because of 

the over-delocalized valence electrons.  

From this problem, DFT+U method is formulated to improve the description of 

the ground state energy of the strongly correlated materials. The concept of solving this 

problem is adding Hartree-Fock like formalism at the interactions of electrons 

localization on the same atomic centers which is called as an on-site interaction. In 

addition, another term relating to double counting is also introduced to correct the 

energy contribution. Within DFT+U method, the ground state energy of a particular 

system can be expressed as (Himmetoglu et al., 2014), 
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𝐸𝐷𝐹𝑇+𝑈[𝑛(𝑟), 𝑛𝐼𝑙𝑚𝜎] =  𝐸𝐷𝐹𝑇[𝑛(𝑟)] + 𝐸𝑜𝑛−𝑠𝑖𝑡𝑒[𝑛𝐼𝑙𝑚𝜎] − 𝐸𝑑𝑐[𝑛𝐼𝑙𝜎],    (2.11) 

where 𝐸𝐷𝐹𝑇 is the convention energy of the system from the electron density 𝑛(𝑟), 

𝐸𝑜𝑛−𝑠𝑖𝑡𝑒 is the energy contribution from the Hartree-Fock like term due to the on-site 

interaction of localized electrons occupied in atom 𝐼 with angular momentum 𝑙, 

magnetic moment 𝑚 and spin 𝜎. The term 𝐸𝑑𝑐 is for the correcting of double counting 

from the added on-site energy 𝐸𝑜𝑛−𝑠𝑖𝑡𝑒. In this thesis, the Dudarev’s approach (Dudarev 

et al., 1998) with the rotationally invariant formalism was used to describe 𝐸𝑜𝑛−𝑠𝑖𝑡𝑒 

and 𝐸𝑑𝑐 in the on-site interaction energy. In practice, the on-site interaction strength is 

involved by two parameters including the on-site Coulomb term U and the site 

exchange term J. Thus, the correctness of DFT+U method depends strongly on the value 

of U and J parameters for describing each system. One need to be carefully select the 

value of these parameters. 

2.5  Wavefunction and pseudopotential 

In the previous section, the density functional theory that approximates many-

body Schrodinger equation was introduced. One might wonder about the form of the 

electron wavefunction or Kohn-Sham of the electron which is not stated in the 

Hohenberg-Kohn theorem and the Kohn-Sham equation. Indeed, the Kohn-Sham 

orbitals might be very complex or even impossible to express in exact function. In 

practical, the Kohn-Sham orbitals are, therefore, written in the form of Taylor 

expansion. The basis set can be localized atomic orbitals, Gaussian functions, or 

planewaves depending on the system being considered. Just in case of the crystalline 

solid, the system composes of well-aligned atoms, and the electrons are interacted with 

the periodic potential. So that, the planewaves with periodicity is an appropriated basis 
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set to represent the periodic behavior of Kohn-Sham orbitals. The planewave is written 

in term of wave vector 𝑘 in the reciprocal space. The number of basis set using in the 

expansion is limited by the term cut-off energy. In addition, Bloch theorem can be 

applied to this periodic system which can reduce a number of atoms in the crystal into 

considering the atoms in a unit cell. This concept dramatically reduces the required 

computational resources of solving the Kohn-Sham equations. 

 

Figure 2.2 Comparison of an all-electron wavefunction in Coulomb potential (blue 

dashed line) and a pseudo-wavefunction in pseudopotential (red line). The 𝑟𝑐 represents 

the cutoff radius where all-electron and pseudo wavefunction and potential are the same 

(Payne et al., 1992). 

The introduction of pseudopotential is another concept that can speed-up the 

calculations. Although all electrons in the atoms are indistinguishable, the reactivity or 

importance of the electrons highly depend on their energy level. In general molecules 

and crystalline solid, the valence electrons strongly influence materials properties and 
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phenomena such as chemical bonding, electron transport, light absorption, etc. Whereas 

the contribution of core electrons is negligible due to the screening effect. This leads us 

to the concept of pseudopotential where the core electrons, i.e. inside cutoff radius (𝑟𝑐), 

are fixed and combined with the nucleus. The pseudopotential and the corresponding 

wavefunction compared to all-electron ones are illustrated in Figure 2.2. From the 

graph, the pseudopotential resolves the singularity of the all-electron potential around 

the nucleus. In addition, the introduced pseudo-wavefunction also adjusts high 

oscillation of all-electron wavefunction near the core. As a result, the wavefunction can 

be expanded using a smaller number of planewave, which could also reduce the 

computational resources. To emphasize, the introduction of pseudopotential is an 

effective concept to speed-up the calculations based on the frozen-core electrons 

approximation not only decrease the number of considering electrons i.e. valence 

electrons, but also smaller the basis set using for representative of the Kohn-Sham 

orbitals. In this work, the projector-augmented wave (PAW) method was used, and 

more details about how to construct any pseudopotential are written in literature 

(Blöchl, 1994; Kresse and Joubert, 1999). 

2.6 Summary of computational details 

All calculations were carried out using the spin-polarized density functional 

theory (DFT) as implemented in Vienna Ab initio Simulation Package (VASP) (Kresse 

and Furthmüller, 1996a, 1996b; Kresse and Hafner, 1993). The projector augmented-

wave method was employed to construct pseudopotential describing the interaction of 

frozen-core and valence electrons (Blöchl, 1994; Kresse and Joubert, 1999). The 

valence electron wavefunctions of V 3s23p63d34s2, O 2s22p4 and Sn 4d105s25p2 were 

 



 

 

37 

   

expanded in plane wave basis with a cut-off energy of 500 eV. The exchange-

correlation functional was approximated by the modified Perdew-Burke-Ernzerhof 

(PBE) approach called optPBE-vdW which included van der Waals interaction (Klimeš 

et al., 2009, 2011; Perdew et al., 1996). This implementation has been proposed to be 

an efficient and accurate dispersion interaction for correcting the error in determining 

the interlayer spacing and behavior of ion intercalation in V2O5 (Carrasco, 2014). The 

U parameter was applied to account for spurious self-interaction error occurred upon 

using conventional DFT when treating the highly correlated electron materials such as 

V2O5 (Dudarev et al., 1998; Scanlon et al., 2008). In particular, the charge localization 

upon the creation of native defect is the main behavior in this thesis. Therefore, the U 

value of V-3d electrons was carefully tuned (3.5 eV) to reproduce the localization 

behavior of extra electrons obtained from UPS (Wu et al., 2005) as detailed in 

Appendix A. The Gaussian smearing method ( = 0.05 eV) was used with the self-

consistent field convergence criteria of 10–6 eV. 

The 1x3x3 supercell of orthorhombic V2O5 (18 formula units or V36O90) the 

most stable phase, with periodic boundary condition was used as the model for all 

calculations. This supercell size is sufficiently large to reach the convergence of oxygen 

vacancy formation energy (Scanlon et al., 2008) and to accommodate lattice distortion 

of the polaron (Suthirakun et al., 2018). The Brillouin zone integration was adopted by 

2x2x2 k-mesh sampling using Monkhorst-Pack scheme (Monkhorst and Pack, 1976). 

To obtain the optimized structure of pristine and defective supercell, all atoms were 

allowed to relax for minimizing the Hellmann-Feynman force acting on each atom until 

the forces are less than 0.02 eV/Å. 
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CHAPTER III 

FORMATION OF INDIVIDUAL POINT DEFECT 

 

3.1 Introduction 

The recent experimental works proposed that Sn doping can generate extra 

charge carriers, i.e., electron polarons, leading to the improved electrochemical 

performance of V2O5 cathode. In fact, these carriers could be originated from the 

charge balancing mechanism of Sn-related defects or defect complexes. The 

fundamental knowledge about formation of point defects and compensating charge 

carriers could be a key information to better understand the role of Sn doping on the 

improved electronic conductivity. Therefore, in this chapter, the geometric, electronic, 

and thermodynamic properties of each individual point defects were studied in a 

systematic manner. The detailed computational method to construct the defects and to 

calculate their formation energies are described in section 3.2. Before considering the 

point defects in the material, the crystal structure and electronic structure of 

orthorhombic V2O5 are briefly explained in section 3.3. In section 3.4, the intrinsic 

defects were constructed, and the geometry and defect formation energy were 

systematically studied. Likewise, the Sn-related point defects originated from the Sn 

doping in V2O5 also elaborated in section 3.5. 
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3.2 Computational method for studying point defects 

3.2.1 Construction of defective models 

  To construct the model of an individual defect, the supercell approach 

was used where a particular point defect was introduced into a 1x3x3 supercell of 

V2O5 (Freysoldt et al., 2014). For example, in case of Sn substitution for V, a V atom 

was replaced by the Sn atom. Subsequently, all atoms in the defective supercell were 

allowed to relax until the maximum force acting on each atom is less than 0.02 eV/A. 

Similarly, oxygen vacancy was constructed by removing an O atom. The sufficiently 

large supercell was used to minimize the interaction between the defect and itself 

from neighbor periodic images, resulting in the model of the isolated point defect. All 

lattice parameters of the supercell were fixed during the relaxation because doping at 

diluted limit should not have much effect on the lattice parameters. As a result, the 

crystal structure and electronic ground state energy of each defective system were 

obtained. This energy was used to further calculate the defect formation energy as 

explained in the next section. In addition, it is possible that defects can exchange 

electrons with the reservoir resulting in charged defects where their relative stabilities 

are of interest for studying donor/acceptor behavior. The charged defects can be 

constructed by changing the total number of electrons in the system. 

3.2.2 Defect formation energy 

The stability of neutral and charged point defects were considered in 

term of defect formation energies. The formation energy of a given point defect X in 

charge state q can be expressed by (Freysoldt et al., 2014; Zhang and Northrup, 1991) 

𝐸𝑓(𝑋𝑞 , 𝐸𝐹) = 𝐸𝑡𝑜𝑡(𝑋𝑞) − 𝐸𝑡𝑜𝑡(𝑏𝑢𝑙𝑘) − ∑ 𝑛𝑖𝜇𝑖𝑖 + 𝑞(𝐸𝑣𝑏𝑚 + 𝐸𝐹) + 𝐸𝑐𝑜𝑟𝑟.   (3.1) 
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When 𝐸𝑡𝑜𝑡(𝑋𝑞) and 𝐸𝑡𝑜𝑡(𝑏𝑢𝑙𝑘) are the electronic energy of a defective and defect-

free supercell, respectively. The integer 𝑛𝑖 is the number of elemental specie i, either 

added (𝑛𝑖 > 0) or removed (𝑛𝑖 < 0) compared to defect-free supercell. The 𝜇𝑖 

represents chemical potential of elemental specie i associated with the required energy 

for exchanging the element to the reservoir. The detailed calculations of chemical 

potential of each elemental species, corresponding to experimental condition, are 

explained in next section. In case of charged defect, the formation energy also 

depends on chemical potential of electron (Fermi energy) in the material, i.e., 𝐸𝑣𝑏𝑚 +

𝐸𝐹. The last term, 𝐸𝑐𝑜𝑟𝑟, is the electrostatic energy correction due to an artifact in 

finite-size supercell. In fact, the adapted Makov-Payne correction (Murphy and Hine, 

2013) was employed due to the anisotropic dielectricity as often used in other quasi-

2D materials e.g. CeO2 (Shi et al., 2016) and MoO3 (Lambert et al., 2017). 

3.2.3  Chemical potentials 

As the defect formation energy depends on the chemical potentials of 

constituent elements, i.e., 𝜇𝑉, 𝜇𝑂, and 𝜇𝑆𝑛. The set of chemical potentials was 

carefully defined based on synthesis condition of V2O5. In fact, 𝜇𝑉 and 𝜇𝑂 are not 

independent under thermodynamic equilibrium, as constrained by  

2𝜇𝑉(𝑇, 𝑝) + 5𝜇𝑂(𝑇, 𝑝) = μ𝑉2𝑂5
(𝑇, 𝑝) ≈ 𝐸𝑡𝑜𝑡(𝑉2𝑂5).         (3.2) 

When 𝑝 and 𝑇 are O2 partial pressure and annealing temperature corresponding to the 

synthesis condition. The μ𝑉2𝑂5
 is basically Gibbs free energy of V2O5, which can be 

approximated to be the electronic energy, 𝐸𝑡𝑜𝑡(𝑉2𝑂5) because the energy 

contributions from zero-point vibration and entropy can be ignored for solids. 
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To avoid the formation of secondary phase, it is necessary to consider 

the upper and lower limit of 𝜇𝑂(𝑇, 𝑝). In fact, when 𝜇𝑂(𝑇, 𝑝) is lower than a specific 

value, the V2O5 could be reduced to a lower-valence oxide i.e. VO2. Specifically, this 

is called the O-poor limit which can be defined as, 

𝜇𝑂
𝑂−𝑝𝑜𝑜𝑟(𝑇, 𝑝) =  𝐸𝑡𝑜𝑡(𝑉2𝑂5) − 2𝐸𝑡𝑜𝑡(𝑉𝑂2).    (3.3) 

Here, 𝐸𝑡𝑜𝑡(𝑉𝑂2) is electronic energy of VO2. As a result, the calculated 𝜇𝑂
𝑂−𝑝𝑜𝑜𝑟

 of -

3.41 eV was obtained, in which this value is independent on the synthesis parameters. 

On the contrary, 𝜇𝑂(𝑇, 𝑝) is higher than a specific point or at high 

pressures, the oxygen gas molecules possibly be condensed on the surface. This 

maximum of 𝜇𝑂(𝑇, 𝑝) is called O-rich condition which is limited by 

𝜇𝑂
𝑂−𝑟𝑖𝑐ℎ(𝑇, 𝑝) =  

1

2
μ𝑂2

(𝑇, 𝑝) ≤
1

2
(𝐸𝑡𝑜𝑡(𝑂2) + 𝐸𝑍𝑃𝐸(𝑂2)),   (3.4) 

when μ𝑂2
(𝑇, 𝑝) is the chemical potential of O2 molecule depending on the reaction 

condition, and 𝐸𝑍𝑃𝐸(𝑂2) is zero-point vibration energy of O2. Since the calculated 

𝐸𝑡𝑜𝑡(𝑂2) has a significant error from the well-known over binding energy of O2 

molecule, it was calculated indirectly as the experimental binding energy of 5.23 eV 

subtracted by two times of energy of isolated oxygen atom (Lee and Han, 2013; L. 

Wang et al., 2006). As a result, the calculated 𝐸𝑡𝑜𝑡(𝑂2) is -4.78 eV. Notice that the 

reduction enthalpy of V2O5 to VO2 is improved when using this method (-1.02 eV and 

-0.40 eV for with and without correction compared to the experimental data of -1.28 

eV) (Lutfalla et al., 2011). With the calculated 𝐸𝑍𝑃𝐸(𝑂2) of 0.096 eV, the calculated 

𝜇𝑂
𝑂−𝑟𝑖𝑐ℎ is dependent on the O2 partial pressure and annealing temperature, but no 
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greater than -2.34 eV (𝐸𝑡𝑜𝑡(𝑂2) + 𝐸𝑍𝑃𝐸(𝑂2)). In particular, the μ𝑂2
(𝑇, 𝑝) at a given 

reaction condition can be calculated by, 

                       μ𝑂2
(𝑇, 𝑝) =  𝐸𝑡𝑜𝑡(𝑂2) + 𝐸𝑍𝑃𝐸(𝑂2) − 𝑇𝑆 + 𝑘𝐵𝑇 ln 𝑝    

μ𝑂2
(𝑇, 𝑝) =  𝐸𝑡𝑜𝑡(𝑂2) + 𝐸𝑍𝑃𝐸(𝑂2) − 𝑘𝐵𝑇 ln 𝑄 + 𝑘𝐵𝑇 ln 𝑝.  (3.5) 

Here, total partition function Q is the multiplication of translational, rotational, and 

vibrational partition function at temperature T which can be calculated using the 

TURBOMOLE code and TmoleX User Interface (Steffen et al., 2010). The 𝑘𝐵 is 

Boltzmann’s constant.  

In general, the defect formation energy calculations are carried out for 

the chemical potential ranging between O-rich and O-poor limits which corresponds 

to the reaction condition. Figure 3.1 shows the assessable chemical potential range of 

O (𝜇𝑂) for V2O5 single phase synthesis under different O2 partial pressure and 

temperature. The secondary phase VO2 can be formed in case 𝜇𝑂 beyond O-poor limit 

as highlighted in gray area. Likewise, the O2 deposition can be occurred when 𝜇𝑂 is 

greater than O-rich limit as highlighted in blue area which also depending on the O2 

pressure. The O-rich limit approaches the maximum value when synthesis under very 

extreme condition near absolute zero temperature and/or high O2 pressure.  

In practical, the synthesis of Sn-doped V2O5 often did under 

atmospheric pressure (O2 partial pressure = 0.21 atm) and annealing temperature 

ranging from 350-450 °C as reported in previous experiments (Y. W. Li et al., 2013; 

Z. Y. Li et al., 2016; Xing et al., 2019). The range O of the synthesis under 

atmospheric pressure and annealing temperature of 350 °C (623 K) and 450 °C (723 

K) are illustrated as blue and yellow arrows, respectively. Notice that these range of 
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𝜇𝑂 corresponding to the experimental conditions are considerably narrow. For 

instances, O can be variated for 0.35 eV (from -3.41 to -3.06 eV) or for 0.23 eV 

(from -3.41 to -3.18) at 350 and 450 °C. Due to this narrow range, defining the 

chemical potential (O) whichever value inside this range does not affect the 

energetics of point defect formation in conventional synthesis of Sn-doped V2O5 

corresponding to aforementioned experiments. To simplify, the 𝜇𝑂 of -3.18 eV was 

selected to be a representative condition for most sections in this thesis. 

 

Figure 3.1 The assessable range of chemical potential of O (O) for V2O5 single phase 

synthesis. The range is limited by O-poor condition (gray region) at O = -3.41 eV and 

O-rich condition (blue region) which is altered under different growth condition i.e. 

annealing temperature and oxygen partial pressure. The blue and yellow dashed lines 

also show the O-rich limit under air with annealing temperature of 350 and 450 °C, 

respectively. 
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In case of Sn impurities, the chemical potential of Sn, 𝜇𝑆𝑛, is in 

equilibrium with the Sn sources including Sn-metallic, SnO, and SnO2. The chemical 

potential of Sn is always minimized among the sources, i.e., 

𝜇𝑆𝑛 = min( 𝐸(𝑆𝑛) , 𝐸(𝑆𝑛𝑂) − 𝜇𝑂 , 𝐸(𝑆𝑛𝑂2) − 2𝜇𝑂 ).     (3.6) 

When 𝐸(𝑆𝑛), 𝐸(𝑆𝑛𝑂), and 𝐸(𝑆𝑛𝑂2) are the electronic energies of Sn, SnO, and 

SnO2. As a result, SnO2 is the phase that control the Sn doping limit. So that under 

thermodynamic equilibrium, 𝜇𝑆𝑛 can be calculated by 

𝜇𝑆𝑛 = 𝐸(𝑆𝑛𝑂2) − 2𝜇𝑂.        (3.7) 

This is consistent with the observed impurity phase of SnO2 in case of the excessive 

Sn doping as previously reported in experiment (Rajeshwari et al., 2018). 

3.3  Perfect vanadium pentoxide crystal 

The crystal structure of orthorhombic V2O5 is well reported in previous 

experimental and theoretical studies (Bachmann et al., 1961; Eyert and Höck, 1998). 

For the sake of completeness, its crystal structure was briefly discussed here. Figure 

3.2(a) shows the unit cell containing two formula units (V4O10) with the calculated 

lattice constants of a = 11.665 Å, b = 3.621 Å, and c = 4.447 Å which is in agreement 

with the experimental values (a = 11.510 Å, b = 3.563 Å, and c = 4.369 Å) 

(Bachmann et al., 1961). Each vanadium ion is surrounded by five oxygen ions 

forming a distorted square pyramid (VO5) with the calculated V-O bond lengths 

depicted in Figure 3.2(b). Three inequivalent oxygen atoms can be identified: 

vanadyl-oxygen (O1) pointing in the normal direction, bridge-oxygen (O2) at the 

corner-sharing polyhedra, and chain-oxygen (O3) at the edge-sharing polyhedra. The 
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monolayer V2O5 is formed by connecting the VO5 pyramids via edge-sharing and 

corner-sharing polyhedra in ab-plane to form zigzag double chains along b-direction. 

These layers are stacked together along c-direction with weak van der Waals 

interaction to form a quasi-2D structure like graphite (Bachmann et al., 1961; 

Enjalbert and Galy, 1986). Note that the calculated lattice constant c with dispersion 

energy correction (4.447 Å), is closer to the experimental value as compared to that 

without the correction (4.804 Å) (Scanlon et al., 2008). 

Likewise, the electronic structure of V2O5 has been extensively explored 

computationally and experimentally. It is an n-type semiconductor with an 

experimental band gap of 2.35 eV (Hieu and Lichtman, 1981). In this work, within the 

DFT+U description of U3d(V) = 3.5 eV, the calculated PDOS exhibits similar band-

gap energy (2.18 eV) and DOS features to those of the previous computational works, 

Figure 3.2(c) (Chakrabarti et al., 1999; Lambrecht et al., 1981). The top of the 

valence band (VB) is predominantly composed of O-2p, while the V-3d mainly 

contributes to the states at the conduction band (CB). Due to a large distortion of VO5 

pyramids from the octahedral symmetry, the interaction between V atoms are strong, 

resulting in the split-off of V-3d orbitals with a low-lying dxy orbital (De Francesco et 

al., 2006; Eyert and Höck, 1998; Lambrecht et al., 1981; Q. Wang et al., 2016). 

In appendix A section, Table A.1 summarizes the calculated structural and 

electronic properties related values, i.e., lattice constants, bond lengths, and band-gap 

energy as compared to previous computations and experiments. The systematic 

agreement indicates that the inclusion of U parameter and van der Waals interaction 

in the model being studied is reliable. Note that the inclusion of van der Waals 
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interaction mainly affects the structural property, i.e., the interlayer spacing, whereas 

the U correction mostly changes the electronic structure, i.e., band-gap energy. 

 

Figure 3.2 (a) unit cell of orthorhombic V2O5 containing 14 atoms where gray and 

red atoms represent V and O, respectively. (b) The pink polyhedron illustrates the 

distorted squared pyramid of VO5 and all corresponding V-O bond lengths are in Å. 

All 3-dimensional representations of crystal structure are illustrated using VESTA 

program (Momma and Izumi, 2008). (c) The calculated projected density of states 

(PDOS) of pristine V2O5. The zero in energy is set to VBM where dashed line 

indicates the energy level of the last occupied electron.  

3.4 Intrinsic defects 

In this section, the properties of various native point defects in V2O5 including 

electronic defects (electron and hole), vacancies, and self-interstitials were examined. 

The antisite disorders were neglected due to the mismatch in ionic radius and strong 
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ionicity of V2O5 similar to the case of TiO2 (Na-Phattalung et al., 2006). Herein, the 

model of neutral and charged defects were constructed. The optimized defect 

structures and corresponding gap state charge density of electronic defects and neutral 

vacancies and neutral interstitials are also shown in Figure 3.3(a-j). Furthermore, in 

some important cases, the density of state was calculated and plotted in Figure 3.3(k-

m) to explore the electronic properties. Subsequently, the stability and donor/acceptor 

behavior of these defects were determined by considering defect formation energies 

(DFE). As mention earlier, the parameters are set corresponding to the representative 

growth condition, i.e.,  𝜇𝑂 of -3.18 eV and annealing temperature of 723 K. In Figure 

3.3, the DFE were plotted as a function of Fermi energy ranging from 0 to 2.18 eV 

corresponding to VBM and CBM. The slope of each line represents charge state of 

defect, and only the most stable charge state for a given Fermi energy are plotted. The 

detailed calculations of each defect species are described as follows. 

A. Electronic defects 

The electron-doped system was obtained by manually adding one extra 

electron into the supercell. The detail of local structure distortion and electronic 

structure of electron-doped system have been extensively discussed in a previous 

work (Watthaisong et al., 2019). On one hand, the added electron localized at a V-

center induces a small distortion around the VO5 unit where the V–O bonds are 

slightly lengthened leading to a formation of a small electron polaron (−). The added 

electron mainly occupied the low-lying V-dxy states at 1.2 eV above the VBM, which 

is consistent with the PDOS and the shape of the polaronic isosurface, as illustrated in 

Figure 3.3(a) and (k). Based on PBE+U method (U=3.5 eV), it should be noted that 

the electron polaron is not fully localized at the V-center, but partially (around 10%) 

 



 
 

51 

 

 

Figure 3.3 (a-j) Defect structures (near defect region) and gap state charge density of 

electronic defects, neutral vacancies, and neutral interstitials. The yellow and blue 

charge density represents occupied and unoccupied gap states. (k-m) The calculated 

PDOS of selected defects. (n) their defect formation energies at various charge states 

are plotted as a function of Fermi energy. The zero Fermi energy and its upper limit 

are set at VBM and CBM. The set of elemental chemical potentials is set as the 

experimental condition. The slope of each line indicates charge state of the defect, and 

only the most favorable charge state for a given Fermi energy is shown. 
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spills to the neighboring V center connected with O2 in a-direction. However, the 

charge localization is still located in a unit cell, referring as a small electron polaron. 

In Figure 3.3(n), the black solid line represents DFE of − in charge 

state -1. It is intersected with the zero formation energy for perfect V2O5 as plotted in 

black horizontal line at the Fermi energy of 1.89 eV. Beyond this Fermi energy, the 

perfect crystal prefers to receive an electron to form the more stable electron polaron 

due to its lower DFE. In other words, the polaronic defect exhibits the charge 

transition level (CTL) between 0 and −1 charge state at 𝜀(0/−1) = 1.89 eV. Indeed, the 

electron polaron can be occurred under the Fermi energy below the 𝜀(0/−1), but in 

less proportion depending on the exponential of its DFE at that Fermi energy. 

On the other hand, the added electron can exhibit delocalization 

behavior, which partially occupies all V centers in the supercell. Such behavior 

contributes to a shift of the Fermi energy into the conduction band indicating a 

formation of a free electron (𝑒−) as shown in Figure. 3.3(l). The DFE of e−
 is also 

plotted as black dashed line The formation of small electron polaron is energetically 

more favorable with a self-trapped energy of 0.28 eV which is consistent with the 

previously reported value of 0.22 and 0.40 eV (De Jesus et al., 2016; Watthaisong et 

al., 2019). The quantitative difference could be originated from the strong influence 

of the applied U-value as also discussed in previous work (Watthaisong et al., 2019). 

The preferred trapped state implies that carrier species in V2O5 are mainly small 

polarons rather than free electrons as also mentioned in several other theoretical 

studies (Carrasco, 2014; De Jesus et al., 2016; Ioffe and Patrina, 1970; Scanlon et al., 

2008; Suthirakun, Genest, et al., 2018; Suthirakun, Jungthawan, et al., 2018; 

Watthaisong et al., 2019). The computational predictions are consistent with the XPS 
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result of the reduced V2O5 showing the existence of partial V4+ centers (Sun et al., 

2018; Wu et al., 2004). 

In addition, the analogous calculation for hole-doped system was 

investigated where an electron is removed from the supercell. In contrast to electron 

doping, a hole prefers to partially delocalize over all O atoms in the supercell and 

contributes to unoccupied states as a free hole (h+) as shown in Figure 3.3(f). The 

DFE of h+
 is plotted as purple dotted line in Figure 3.3(n). Notably, the polaronic 

behaviors, e.g. charge localization and deep gap state, cannot be captured by this 

setting parameters. 

B. Oxygen vacancies 

Oxygen vacancies (vacO) are generally created from thermal and 

chemical reduction, which can be measured by many experimental techniques 

(Devriendt et al., 1996; Hermann et al., 1999; Kang et al., 2014; Su and Schlögl, 

2002). The role and effect of vacO on such application are of great interest. In 

theoretical studies, the geometrical and electronic structure induced by vacO are 

extensively investigated on both surface (Ganduglia-Pirovano and Sauer, 2004; 

Goclon et al., 2009; Hermann et al., 2001) and bulk models (Scanlon et al., 2008). 

From the crystal structure of V2O5, there are three inequivalent oxygen sites: vanadyl 

oxygen (O1), bridge oxygen (O2) and chain oxygen (O3). Scanlon et al. examined 

geometrical and electronic structures of all three distinct vacO. They reported that 

oxygen vacancies can produce electron polarons into the system, leading to the 

increase in carrier concentration and electronic conductivity (Scanlon et al., 2008). 

To repeat the Scanlon et. al., the neutral O1, O2, and O3 vacancies 

were studied in this work with the van der Waals interaction. As a result, the vacO in 
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all three cases can induce the local lattice distortion and donates two extra electrons 

that localized at two neighboring V-centers, becoming two electron polarons as shown 

in Figure 3.3(c-e). In Figure 3.3(m), the calculated PDOS of O1 vacancy shows that 

the two polaronic gap states are in the same spin component which is consistent with 

the ferromagnetism of V2O5-x in previous experiment and calculation (Cezar et al., 

2014; Xiao and Guo, 2009). However, the configuration of these two polarons are 

different, depending on the symmetry of vacO. In case of O1 vacancy (vacO1), it forms 

the stable apex-shared V2O9 bi-pyramid (see Figure 3.3(c)). Upon the formation of 

vacO1, the undercoordinated V atom moves downward to form V-O1 bond with the 

O1 of the underneath layer. Such a distorted structure allows accommodation of the 

two polarons resulting in a stable bi-polaronic configuration (V4+-O-V4+) as illustrated 

in the charge density plot of Figure 3.3(c). On the contrary, O2 vacancy (vacO2) repels 

the two neighboring undercoordinated V-centers in x-direction, leading to two 

polarons localized on both neighboring V-centers as shown in Figure 3.3(d). 

Likewise, the formation of the O3 vacancy (vacO3) pushes the neighboring V-centers 

in the y-direction, resulting in the polarons localized on both V-centers as depicted in 

Figure 3.3(e). These polarons configurations are consistent with the finding in 

Scanlon et. al. work. 

Next, the relative stabilities of all vacO, i.e., vacO1, vacO2, and vacO3 

were examined. Due to the two occupied gap states (electron polarons), an oxygen 

vacancy can donate up to two electrons to the host material, yielding possible charge 

states of +2, +1, or 0. The calculated DFE of vacO1, vacO2, and vacO3 in possible 

charge states are plotted as red, brown, and orange lines in Figure 3.3(n). All vacO 

exhibit neutral charge states at Fermi energy close to the CBM. These defects donate 
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their electrons to form charge state of +1 at the 𝜀(+1/0) = 1.40, 1.34, and 1.41 eV for 

vacO1, vacO2, and vacO3, respectively. It should be noted that the charge transition 

levels are quite far from the CBM, so that the vacO can be referred as deep donor 

defect. In addition, vacO1 and vacO3 can further donate the remaining electron to form 

charge state +2 at the 𝜀(+2/+1) = 0.81 and 1.03 eV, respectively. The vacO2 of +2 

charge state does not exist because its optimized structure involves movement of O1 

to occupy the original vacO2 position and form a vacO1 instead. 

Furthermore, the calculated DFEs indicate that the vacO1 is much more 

stable than vacO2 and vacO3 by at least 2 eV. This is because the two V-centers of 

apex-shared V2O9 in vacO1 is more stable than the V-centers with dangling bonds in 

vacO2 and vacO3. Thus, vacO is likely to take place at the O1 site which agrees very 

well with the previous works (Basu et al., 2016; Fujikata et al., 2020; Kang et al., 

2014; Scanlon et al., 2008). 

C. Vanadium interstitials 

To create the neutral V self-interstitial defect (Vi), a V atom was 

inserted between V2O5 layers where it is surrounded by six O atoms including four O1 

atoms of below layer and two O2 atoms of the above layer with the V-O bond lengths 

of 2.06 - 2.13 Å, as shown in Figure 3.3(g). The inserted position of the interstitial 

atom corresponds well with the previous computational works such as Li interstitial 

(Scanlon et al., 2008) and other cations interstitial (McColl et al., 2018). The neutral 

Vi generated five electrons aligned in the same spin. The two of the five electrons 

localize at the Vi site whereas the other three electrons are trapped as small polarons 

at the three different neighboring V-centers, as shown in occupied states charge 

density in Figure 3.3(g). The local distortion occurred upon the polaron formation 
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pushes the inserted V atom to the off-centered position which minimizes the distance 

to the three reduced V-centers. These three polarons are arranged in such a way that 

the in-plane distortion and vertical repulsion are avoided (Suthirakun, Jungthawan, et 

al., 2018). It is noted that the Vi, theoretically, donates only three extra electrons to 

form the polarons resulting in an oxidation state of V3+. Such a high charge state 

could dramatically increase carrier concentrations, which in turn, improve electronic 

conductivity of the materials. The yellow line in Figure 3.3(n) illustrates the DFE of 

Vi. in different charge states, which composes of 4 donor transition levels as listed 

here: 𝜀(+5/+3) = 0.15 eV, 𝜀(+3/+2) = 1.19 eV, 𝜀(+2/+1) = 1.41 eV, and 𝜀(+1/0) = 

1.69 eV. Notice that the charge state +3, corresponding to donated three polarons at 

the nearby Vi, is stable in the wide region. Whereas the charge state +5 which donate 

the two self-localized polarons is stable only at fermi energy approach VBM. The 

highly charged donor (+3 and +5) of Vi is energetically more favorable than double 

donor vacO1 when fermi energy approaches to VBM. Notably, the negative DFE of Vi 

and vacO1 could be limited the p-type doping. This is because the impurity defect 

would be compensated by these defects instead of h+. So, the doping would not 

increase h+ concentration (Freysoldt et al., 2014). 

D. Oxygen interstitials 

Likewise, the neutral O self-interstitial (Oi) was considered similar to 

V self-interstitial. An O atom was inserted at the high symmetric site between the 

layers as the initial configuration. After geometry relaxation, the inserted O atom is 

likely to bond with one terminal O1 atom. The O-O bond is tilted from the a-axis to c-

axis by 45° with the bond length of 1.33 Å and denoted as “normal interstitial” as 

shown in Figure 3.4(a). In addition, the configuration where the pair of O interstitial 
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and lattice O1 share the same O1 site which is called “split interstitial” as shown in 

Figure 3.4(b) was considered. The O-O bond length is 1.34 Å, aligned parallel to a-

axis. The center of the bond is at the lattice O1 site with the O and V distance of 2.00 

Å. In other words, this defect can be named as a substitution of O2 molecule at O1 site 

whereas the O-O bond is slightly longer than that of the O2 molecule (1.21 Å). This 

type of defect is also found in other metal oxides e.g. Ga2O3 (Kobayashi et al., 2019), 

TiO2 (Na-Phattalung et al., 2006), and ZnO (Limpijumnong et al., 2005). In addition, 

the electronic energy of the O split interstitial becomes lower than that of the normal 

one around 0.36 eV. Therefore, the O split interstitial was selected as a representative 

for the defect. 

 

Figure 3.4 The crystal structure of O interstitial in two configurations which are (a) 

normal interstitial and (b) split interstitial. Only structures at the region near the defect 

site are shown for clarity. Also, the relative energy of each configuration compared to 

the lowest energy configuration. 

In Figure 3.3(h), the charge density of neutral O split interstitial (Oi) 

displays both occupied and unoccupied states as the yellow and blue-colored 

isosurface. Both occupied and unoccupied gap states indicate that Oi could act as both 
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donor and acceptor. From the calculated DFE (blue line in Figure 3.3(n)), the Oi 

defect is, however, stable in the charge state 0 and +1 with CTL at 𝜀(+1/0) = 1.06 eV. 

The Oi donates an electron occupied in the highest energy state and turns to be a 

single donor under lower Fermi energy. In general, the Oi in metal oxides is likely to 

be the acceptors, it is interesting that the Oi in V2O5 is more stable as donors rather 

than acceptors. Such donor behavior of the Oi has also been reported in other metal 

oxides (Pakeetood et al., 2019). While the acceptor state (charge state of -1) is not 

likely to occur since the added electron does not fill the unoccupied state of O-O 𝜋 

antibonding, instead it forms a small polaron at the nearby V-center. In addition, a 

higher charge state of Oi defect was examined. The molecular O2 located at O1 site in 

the double donor Oi tends to move away from the lower V-center. As a result, the 

defect Oi is decomposed into O2 molecule and vacO1. Thus, the Oi in higher charge 

state can be neglected due to its instability. 

E. Vanadium vacancies and Vanadyl vacancies 

As shown in Figure 3.3(i), a formation of neutral V vacancy (vacV) 

creates a large lattice reorganization around the defect site. The V-center directly 

above the defect site displaces downward to bond with the dangling O1 atom with the 

V-O1 bond length of 1.61 Å yielding a distorted VO6 octahedra. Such reorganization 

was accompanied by the breaking of V-O1 bond of the original VO5 square pyramid 

where its equilibrium distance become 2.26 Å, leaving an isolated oxygen atom 

between the V2O5 layers. Its five unoccupied gap states are plotted as blue-colored 

isosurface in Figure 3.3(i). Its calculated DFE of vacV in charge states ranging from 0 

to −5 are plotted as light green color in Figure 3.3(n). The DFE of vacV is 
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significantly higher than those other defects, leading to the thermodynamically 

unstable. 

In addition, the dramatic reorganization occurred upon the formation of 

vacV leads to the formation of an isolated oxygen atom and gives rise to a possible 

formation of vanadyl vacancy (vacVO). In other words, it is structurally appealing to 

remove both V and its O1 at the same time. Formation of vacVO does not significantly 

distort the host structure as compared with that of the vacV. Its charge density of three 

unoccupied states reveals the formation of large hole polarons at the layered oxygen 

atoms as shown in Figure 3.3(h). The calculated DFE of vacVO in charge states 0 to -3 

are plotted as dark green color in Figure 3.3(n). Only highly charged acceptor of −3 is 

dominant when the Fermi energy approaches the CBM. Note that this defect is 

identical to the complex defect between vacV and vacO1. The calculated binding 

energy of the defect complex, i.e., vacVO → vacV + vacO1, is 3.80 eV at the Fermi 

energy of 1.0 eV above the VBM. Such a high binding energy implies that it is more 

likely to form the vacancy pair, vacVO, rather than the isolated vacV and vacO1.  

According to the calculated DFEs, vacV and vacVO generate shallow 

acceptor states that can provide holes to the system. However, the acceptors are 

readily compensated by the low DFE donors, i.e., vacO1, instead of forming a hole at 

both conditions. As a result, the intrinsic p-type doping is difficult to occur in V2O5. 

Nevertheless, it is noted that the recent work has been reported p-type conductivity of 

hydrated amorphous V2O5 (Choi et al., 2019). 
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3.5  Sn-related defects 

So far, the defect properties intrinsic defects relating to both native V and O 

atoms and their stabilities was examined. In this section, the formation of point 

defects originated from Sn doping was further investigated. The local defect structure 

and electronic properties of Sn-related defects as well as their stabilities were 

calculated and discuss like the previous section. Three possibilities of Sn 

incorporation were considered as proposed in the experiments including i) Sn 

interstitial, ii) Sn substitution for V, and iii) Sn substitution for vanadyl (VO). The 

optimized defect structures and corresponding gap state charge density of neutral Sn-

related defects are shown in Figure 3.5(a-c) as well as the corresponding density of 

state in Figure 3.5(d-f). Subsequently, the stability and donor/acceptor behavior of 

these defects were determined by considering defect formation energies (DFE) as also 

shown in Figure 3.5(g). The detailed properties of each defect were discussed as 

follows. 

A. Tin interstitial 

In case of Sn interstitial (Sni), a Sn atom was inserted between V2O5 

layers where it is surrounded by six O atoms including four O1 atoms of below layer 

and two O2 atoms of the above layer, as shown in Figure 3.5(a). The inserted position 

of the interstitial atom corresponds well with a previous work of Sn interstitial. In the 

neutral charge state of Sni, four occupied gap states corresponding to four electrons 

were observed in PDOS in Figure 3.5(d). The first two states with opposite spin 

alignment are partially shared between s-orbital of Sn atom and nearby atoms like 

covalent interaction. While the remaining two are fully localized at two neighbor V-
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Figure 3.5 (a-c) Defect structures (near defect region) and gap state charge density of 

(a) Sn interstitial, Sni (b) Sn substitution for V, SnV and (c) Sn substitution for VO, 

SnVO. Sn doping atoms are illustrated by dark blue balls. The yellow and blue charge 

density represents occupied and unoccupied gap states. (d-f) The corresponding 

PDOS of Sn-related defects. (g) their defect formation energies at various charge 

states are plotted as a function of Fermi energy. 

centers next to the interstitial site, forming two polarons in the same spin alignment. 

In addition, the interstitial atom is off-center e.g. shifting toward those polarons. 

These finding agree very well with a previous calculation of Sni defect in V2O5 
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(Suthirakun, Jungthawan, et al., 2018). Due to two electrons localized at Sn atom, the 

oxidation state of Sni is more likely to be +2 instead of +4. The DFE of Sni is plotted 

as light-blue line in Figure 3.5(g). The Sni defect can be formed in the charge state +4, 

+2, and 0, with the CTLs are 𝜀(+4/+2) = 1.12 eV and 𝜀(+2/0) = 1.68 eV. As a result, 

the Sni acts as a deep donor defect. Although, the calculated DFE in high positively 

charge state (+4) is significantly low in Fermi energy below 0.9 eV, the charge 

balancing acceptors like vacV or vacVO is not likely to form due to their high DFEs at 

that region. As a result, only electron polarons could be charge compensator for Sn i, 

becoming the lower charge state e.g., +2 or 0. However, the DFE of the +2 or 0 

charge state is quite high compared to the other Sn-related defects. Thus, the 

formation Sni is not favorable. 

B. Tin substitution for vanadium 

Figure 3.5(b) shows the defect structure of Sn substitution for V (SnV). 

Five O atoms slightly move outward the Sn dopant due to the larger ionic radius of 

Sn4+ compared to V5+. In theoretical, Sn4+ substituted for lattice V (V5+) can generate 

the defect with charge state of -1. The negatively charged SnV can be compensated by 

the hole localization at the neighboring O1 as shown in blue isosurface. This is 

corresponded to the unoccupied state in PDOS of neutral SnV as shown in Figure 

3.5(e). Notice that the hole polaron in the hole-doped system cannot be observed, but 

the hole localization can be found in this case. The DFE of SnV is plotted as purple 

line in Figure 3.5(g). The neutral charge state has comparatively high in formation 

energy. It is more stable as a singly acceptor at charge state -1 in a wide range of 

Fermi energy with the CTL 𝜀(0/-1) = 0.88 eV. This negatively charged SnV could be 
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compensated by other positively charged defect especially vacO1 which is the most 

stable intrinsic defect.  

C. Tin substitution for vanadyl group 

According to the charge compensation mechanism of SnV as mentioned 

earlier, the combination of negatively charged SnV and the most stable positively 

charged vacO1 was considered. In other words, Sn replaced both V atom and the 

connected O1 atom (vanadyl group), instead of only V so-called Sn substitution for 

VO (SnVO). This is also consistent with experimental work done by Li et al. where 

they proposed the possibility of Sn substitutional defect incorporating with oxygen 

vacancy (Z. Y. Li et al., 2016). The defect structure of neutral SnVO and its 

corresponding charge density are shown Figure 3.5(c). The SnVO contributes lattice 

distortion similar to the case of vacO1 where Sn moves downward to the underneath 

V-center and forms the apex-shared bipyramid of Sn-center and V-center. An electron 

polaron localized in the V-center below the Sn atom was found as shown in yellow 

isosurface. The DFE of SnVO is plotted as pink line in Figure 3.5(g). It can be formed 

in charge state +1 and 0. The neutral defect can be act as a single donor by giving the 

electron polaron to the system resulting in charge state +1. This single donor is more 

stable in wide range of Fermi energy with the CTL 𝜀(+1/0) = 1.49 eV. Notably, 

among Sn-related defects, the DFE of SnVO donor is lower than that of the Sni and 

SnV in a middle region of Fermi energy, i.e., between 0.90 and 1.53 eV. Beyond, the 

Fermi energy of 1.53 eV, the acceptor SnV becomes more dominant. 

D. Bader charge analysis 

Furthermore, the Bader charge analysis was also carried out to study 

the charge transfer of Sn dopant to surrounding atoms. The basic concept of Bader 
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charge is originated from the dividing of molecules into atoms based on their 

electronic charge density so-called Bader partitioning as developed by Richard Bader. 

A zero flux surfaces, which is a 2D surface with a minimum charge density 

perpendicular to the surface, was used to separate atom from each other. The charge 

enclosed within this Bader volume is called Bader charge which can be a proper 

estimation for total electronic charge inside an atom. A grid based method was 

proposed to calculated Bader charge population (Tang et al., 2009) which is also used 

in this work. 

To estimate the oxidation number of Sn dopant in each defect, the 

Bader charge of Sn dopant in each defect system was calculated and compared to that 

in tin oxides as shown in Table 3.1. The Sn dopant in Sni should have oxidation 

number of +2 because of the similar Bader charges of +1.55 e- (Sni) compared to 

+1.24 e- (SnO). This agree well with the calculated PDOS and charge density of 

neutral Sni. On the contrary, the Sn dopant in SnV and SnVO should have oxidation 

number of +4 because of the similar Bader charges of +2.37 e-(SnV) and +2.45 e- 

(SnVO) compared to +2.42 e- (SnO2). It should be note that the XAS result reveals the 

oxidation state of Sn in Sn-doped V2O5 to be 4+.(Y. W. Li et al., 2013; Xing et al., 

2019) So that the lower Sn oxidation state like Sni with 2+ state might not be Sn 

dominant defect in the Sn-doped V2O5. 

Table 3.1 Bader charge analysis of Sn atom in Sn oxides and Sn-related defects. 

Systems SnO SnO2 Sni SnV SnVO 

Bader charge +1.24 +2.42 +1.55 +2.37 +2.48 
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3.6 Discussion 

By considering all possible intrinsic defects that can be occurred in V2O5, the 

vacO1 has the lowest DFE in a wide range of Fermi energy which is mostly stable in 

single or double donor states. The donating electrons prefers to localize as electron 

polarons rather than free electron, and the polarons could be considered as charge 

carriers of the material. When the Fermi energy approaches to VBM, the highly 

charged Vi can be major donor defects. On the other hand, the highly charged vacVO 

can be major accepter defects when Fermi energy approaches to CBM. However, 

these highly charged defects are not likely to form because of lacking compensating 

defects.  

For Sn-related defects, all three possibilities can be the most dominant defect 

depending on the Fermi energy of the system. At the Fermi energy lower than 0.90 

eV, the highly charged Sni becomes dominant donor defects. While the single donor 

and neutral SnVO are stable when the Fermi energy ranging from 0.90 to 1.53 eV. 

Beyond this point the single acceptor of SnV turns into the dominant defects. 

However, these donors and acceptors may need other compensators which could be 

the dominant intrinsic defects, electrons, holes, or even the other Sn-related defects.  

To identify the most stable defect, the specific position of Fermi energy should 

be known. In chapter IV, the Fermi energy was pinned, and the defect concentrations 

were calculated by using a statistical model based on constraint of charge neutrality. 
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CHAPTER IV 

DEFECT CONCENTRATIONS 

 

4.1 Introduction 

The aim of this chapter is to identify the most dominant defect and to study the 

charge compensation mechanism by considering defect and carrier concentrations 

under constraint of charge neutrality. In fact, a statistical model was applied to 

estimate the concentration of each defect specie based on its DFE. The equilibrium 

Fermi energy was pinned, in which satisfies the constraint of charge neutrality. The 

details of the statistical model to pin Fermi energy and to estimate defect and carrier 

concentrations were explained in section 4.2. This procedure was utilized to explain 

the defect formation of V2O5 in the absence of Sn doping (section 4.3) and in the 

presence of Sn doping (section 4.4) to realize the effect of Sn doping on the formation 

of defects and carriers. 

4.2 Computational methods 

4.2.1  Defect concentrations at annealing 

Previously, the formation energies of point defects as well as the 

lowest-energy species are depending on the position of Fermi energy. In order to pin 

the position of Fermi energy under thermodynamic equilibrium, the procedure as 

proposed recently was used (Buckeridge, 2019). In fact, the equilibrium Fermi
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energy and defect concentration at a given experimental condition can be estimated by 

imposing the constraint of charge neutrality when the total concentration of electrons, 

from both donors and thermal excitation, is equaled to the total concentration of holes, 

from both acceptors and thermal excitation, i.e.  

𝑛𝑒 − 𝑛ℎ + ∑ 𝑁𝑖 ∙ 𝑞𝑖

𝑖

= 0. 

Here, 𝑛𝑒  (𝑛ℎ) is the concentration of electron (hole) generated from thermal excitation 

which can be expressed by using the statistical equations: 

                                                 𝑛𝑒 = ∫ 𝑓𝑒(𝐸)𝐷(𝐸)𝑑𝐸
∞

𝐸𝑔

, 

𝑛ℎ = ∫ (1 − 𝑓𝑒(𝐸))𝐷(𝐸)𝑑𝐸
0

−∞

, 

where 𝑓𝑒(𝐸) = [1 + exp (
𝐸𝐹−𝐸

𝑘𝑇
)]

−1

 is the Fermi-Dirac distribution. 𝐸𝑔 is energy band 

gap, and D(E) is the density of state per unit volume. The zero of energy scale is set at 

VBM. In addition, the concentration of a point defect specie 𝑋𝑖 at charge stage 𝑞 

denoted as 𝑁𝑖(𝑋𝑖
𝑞) for both donors and acceptors can be estimated by 

𝑁𝑖(𝑋𝑖
𝑞) = 𝑁𝑖

0 exp (−
𝐸𝑓(𝑋𝑖

𝑞
)

𝑘𝑇
), 

when 𝑁𝑖
0 is the concentration of possible sites that the defect can be incorporated. 

From above equations, the concentration of each point defect depends 

on formation energy with respect to Fermi energy 𝐸𝐹. Thus, one can use a numerical 

method to self-consistently solve the position of equilibrium Fermi energy that satisfy 

the constraint of charge neutrality. As a result, one can achieve the equilibrium Fermi 

energy and defect concentrations under thermodynamic equilibrium at a given 

(4.4) 

(4.3) 

(4.2) 

(4.1) 
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temperature and experimental condition. In this case, the effect of temperature on 

energy band gap and volumetric expansion of the material can be neglected for 

simplicity. In fact, the experiment proposed the indirect band gap that can be variated 

between 2.14 eV (300 K) and 2.07 (650 K) (Basu et al., 2016). 

It is noted for Sn-related defects, the DFE of Sn-related defects are 

relatively high compared to the dominant intrinsic defects under thermodynamic 

equilibrium of 𝜇𝑆𝑛. As a result, the calculated doping limit is dramatically small in the 

magnitude of 1012 cm-3 or 10-8 %. This finding is contrast to experiments where Sn 

can be normally doped around 1-5% even up to 10% or in the order of 1020 cm-3 

(Rajeshwari et al., 2018). However, Sn atoms are proposed to serve as nucleation 

center of V2O5 formation (Li et al., 2013). This might be the reason why Sn atoms can 

be incorporated more than the calculated doping limit. Therefore, the concentrations 

of Sn-related defects were estimated in different way by controlling and varying the 

Sn doping concentrations. The concentrations of all Sn-related defects in various 

charge state are first calculated normally based on their DFE. Then, they are 

normalized with a given Sn doping concentration. It should be emphasized that the 

normalization was applied to achieve the desired doping concentration related to 

experiments. Note that the method implemented in a previous study (Komsa and 

Krasheninnikov, 2015) was followed. 

In the calculation of defect and carrier concentration, the temperature is 

a key parameter which was defined as the experimental growth condition. As 

previously mentioned, the temperature of 723 K was set for all calculations to 

reproduce the annealing temperature in conventional growth of Sn-doped V2O5. The 

defect and carrier concentrations were reached thermodynamic equilibrium at 723 K. 
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4.2.2  Defect concentrations after quenching 

  Although V2O5 is annealed at high temperature e.g. 723 K, the material 

is normally operated under an ambient condition. After quenching to the operating 

temperature e.g. 300 K, the populations of defect and carrier are redistributed into 

new equilibrium. In fact, the numbers of h+, e− and even − from thermal excitation 

are decreasing with temperature. Whereas the total summation of all charge states for 

each defect specie was assumed to be fixed at the annealing temperature because the 

required kinetic energy for defect reorganization are usually large. However, the ratio 

between different charge states should be renormalized by the new DFE after shifting 

of Fermi energy. To renormalize, the concentration of defect X at charge state 𝑞, 

𝑁(𝑋𝑞), is derived by 

𝑁(𝑋𝑞) =
exp (−

𝐸𝑓(𝑋𝑞)
𝑘𝑇

)

∑ exp (−
𝐸𝑓(𝑋𝑞′)

𝑘𝑇 )

𝑁(𝑋) 

where 𝑁(𝑋) is total concentration of defect X and 𝑞′ runs over all possible charges.  

4.3 Defect concentrations in the absence of tin doping 

To realize the effect of Sn doping on the formation of defects and carriers, the 

defect concentration occurring in the system without Sn doping compared that with 

Sn doping were therefore calculated. In this section, the system without Sn doping 

was first have a look. The calculated DFE of all considering intrinsic defects were 

used as inputs for the statistical model, and then solved for the concentration together 

with equilibrium Fermi energy using the procedure as mentioned in previous section. 

The temperature was set to be 723 K and 300 K for the annealed and quenched 

(4.5) 
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conditions, respectively. The calculated Fermi energy and concentration of several 

intrinsic defects at different charge states under thermodynamic equilibrium at 

annealed and quenched conditions are reported as a bar chart in Figure 4.1. 

 

Figure 4.1 Illustration of the concentrations of some selected defects and carriers at 

different charge states occurred under thermodynamic equilibrium in the material 

without Sn doping at annealing temperature of 723 K (unfilled bars) and quenching 

into 300 K (filled bars). The inset shows equilibrium Fermi energy of the system 

under annealed and quenched conditions. 

 At the annealing temperature, the equilibrium Fermi energy around 1.05 eV 

above VBM is satisfied the constraint of charge neutrality. The unfilled bars in Figure 

4.1 show the concentrations of selected defects and carriers in various charge states at 

annealed condition. Among all considering defects, vacO1 shows the highest 

concentration especially in charge state +1 with the concentration around 3x1016 cm-3. 
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The concentrations of charge state +2 and 0 are slightly smaller at the level of 5x1014 

and 1x1014 cm-3, respectively. Since the constraint of total charge, these positive 

charged defects, mostly contributed from vacO1 at charge +1, are totally compensated 

by −. As a result, the concentration of − is equaled to that of vacO1 at charge state 

+1. In addition, the concentrations of other intrinsic defects are significantly lower 

than vacO1 and − The concentrations of Oi and Vi are moderately low at the 

magnitude of 1011 and 109 cm-3, whereas those of other vacancies, i.e., vacO2, vacO3, 

vacV and vacVO are negligible. Also, the concentrations of free carriers like h+ and e- 

are not comparable to − Thus, the vacO1 and the compensating − are indicated as 

the dominant defects in the system without impurity. 

During quenching, the charge states of each defect specie are redistributed 

when the temperature is rapidly decreased to the ambient temperature (300 K) in 

order to approach into new equilibrium. In this case, the new equilibrium is reached at 

Fermi energy of 1.47 eV above VBM, which is considered as n-type semiconductor. 

The increase in Fermi energy is lowering the charge states of vacO1. In fact, almost 

vacO1 are stable in neutral charge state with the concentration of 3x1016 cm-3 as shown 

in the filled bar in Figure 4.1. The concentrations of single donor vacO1 and the 

compensating − are dropped to 1x1015 cm-3, while the double donor vacO1 is totally 

disappeared. In addition, the concentration of h+ and e− after quenching is negligibly 

small. Thus, it can be implied that the electrical conductivity in V2O5 is not 

contributed by the conduction of neither h+ nor e−. Instead, the unbound −
  or the 

bound polaron in neutral vacO1 with higher concentration has more potential to be the 

prominent charge carriers for this n-type semiconducting V2O5. 
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4.4 Defect concentrations in the presence of tin doping 

In this section, the formation of point defects and charge compensation 

mechanism in Sn-doped V2O5 were studied. Like the previous section, the calculated 

DFE of all considering intrinsic defects and Sn-related defects were used as inputs for 

the statistical model in order to solve for the defect concentrations and equilibrium 

Fermi energy. In addition, the Sn concentration was controlled and varied up to 8% 

(more than 1021 cm-3). The equilibrium Fermi energy and concentration of dominant 

intrinsic defects and Sn-related defects under thermodynamic equilibrium at annealed 

and quenched conditions are illustrated in Figure 4.2. 

The explanation is divided into three scenarios based on the Sn doping 

concentration. Firstly, at diluted limit, Sn doping does not affect vacO1 and − 

formation when Sn concentration is less than 1016 cm-3 which is the concentration of 

vacO1. The concentration and equilibrium Fermi energy is similar to the material 

without doping as shown in Figure 4.2(a-b). Almost Sn dopants are formed as SnVO 

with charge state +1 under annealing temperature. However, the neutral SnVO 

becomes more stable after quenching due to shifting of equilibrium Fermi energy 

from 1.05 to 1.47 eV. Secondly, when Sn doping concentration is in range of 1016 and 

1020 cm-3, the Fermi energy is gradually increasing with doping concentration from 

1.05 to 1.50 eV. The positively charged SnVO is dominant donor which can be 

compensated by −
 However, the concentration of negatively charged SnV rapidly 

increases, becoming the charge compensators instead of − when Sn doping 

concentration more 1019 cm-3, resulting in the calculated concentration of SnVO in 

charge state +1 equals to that of SnV in charge state -1 as shown in Figure 4.2(d). 

Lastly, when the doping concentration is more than 1020 cm-3 (1%), the equilibrium
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Figure 4.2 Illustrations of equilibrium defect concentration and Fermi energy as a 

function of Sn doping concentration under annealed (solid line) and quenched (dashed 

line) conditions. (a) all charged states concentration of selected defects and carriers. 

(b) equilibrium Fermi energy. (c-d) concentration of dominant Sn-related defects at 

various charge states under annealing (c) and quenching (d) temperature.  

Fermi energy reaches the plateau at 1.50 eV. This Fermi energy is equivalent to the 

crossing point between DFE of positively charged SnVO and negatively charged SnV 

as plotted in Figure 3.5(g). So that, all of SnVO in charge state +1 are self-

compensated by SnV in charge state -1. In addition, the concentrations of both defects 

are more comparable to the neutral SnVO after quenching. This is because the pinned 

Fermi energy approaches to the charge transition level between +1 and 0 state of SnVO 

as also shown in Figure 3.5(g). 
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Since the positively charged SnVO is compensated by the negatively charged 

SnV, the complex of both defects due to the electrostatic attraction was also 

considered, denoted as [SnVO – SnV]. In other words, this defect is equivalent to two 

single acceptors of SnV, and one double donor of vacO1. The defect structure of [SnVO 

– SnV] is shown in Figure 4.3. The lattice distortion around the defect is similar to the 

case of vacO1 and SnVO, but both apex-shared pyramids are Sn-centers instead of V-

centers. The calculated PDOS shows electrically inactive behavior because there is no 

extra charge state inside the band gap, which is difficult to generate charge carriers. 

The DFE of this complex [SnVO - SV] is plotted as gray solid line in Figure 4.3[right]. 

This defect is stable only in the neutral charge state, which is consistent with the 

electrically inactive behavior. In addition, the complex formation can be claimed by 

the positive energy gain for the formation of defect pair compared to the isolated 

defects (i.e. SnVO + SnV → [SnVO - SnV]) in the entire range of Fermi energy as shown 

in the dashed gray line. Moreover, this defect might be the origin of the Sn-O-Sn 

vibration peak with wavenumber around 600 cm-1 as reported in Fourier transform 

infrared spectroscopy (FTIR) of Sn-doped V2O5 material (Xing et al., 2019). 

Moreover, this complex might accelerate the Li diffusion in the material due to the 

open up of the Li tunnel along b direction and the zero net charge without formation 

of polaron which do not interact with the intercalated Li-ion or coupled polaron. 

Although, the complex defect is thermodynamically more favorable than the isolated 

SnVO and SnV, the kinetics of the defect formation is not considered. Indeed, it is

possible to find the isolated defects due to the configurational entropy or the 

possibility of both defects interacting with each other. 
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Figure 4.3 Defect structure (near defect region) of neutral complex defect between Sn 

substitution for V and Sn substitution for VO denoted as [SnVO - SnV]. The 

corresponding PDOS and defect formation energy of the complex are also plotted. 

We noticed that the Sni is not likely to occurred due to lack of the charge 

compensating defects. The concentration of Sni is less than 1013 cm-3 even in the high 

Sn doping content. In general, Sn doping concentration is around 0.1 up to 8%. With 

this significantly high doping concentration, Sn dopant are formed as the third 

scenarios where neutral SnVO is the main contribution. The positively charged SnVO, 

the compensating SnV and their complex are also occurred in the significantly high 

concentration. Moreover, the concentration of h+ and e− after quenching is negligibly 

small. Thus, it can be implied that the electrical conductivity in Sn-doped V2O5 

should be contributed by the unbound −
  or the bound polaron in neutral SnVO with 

higher concentration. The positively charged SnVO, the negatively charge SnV and 

their complex are electrically inactive and cannot contribute the charge carriers. 
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4.5 Discussion 

In this chapter, the statistical model was employed to estimate the equilibrium 

Fermi energy and concentration of defect based on the calculated DFE for the V2O5 

materials in the absence and presence of Sn doping. In both cases, the concentrations 

of h+ and e− are negligible, which could be implied that the electron conduction is 

contributed by the unbound −
  or the bound polarons with significantly high 

concentration. In the absence of Sn doping, the concentration of bound polarons is 

around 3x1016 cm-3, in which the polarons are bound in neutral vacO1. While the 

concentration of bound polarons in the presence of Sn doping is roughly Sn doping 

concentration, e.g., 1x1020 cm-3 for 1% of Sn doping, in which the polarons are bound 

in neutral SnVO. To emphasize, the Sn doping can control and increase the 

concentration of bound polarons in the V2O5 material. To contribute the electron 

conduction, these bound polarons must be escaped the defect center, resulting in 

unbound polaron and further hop throughout the materials. However, it is possible 

that the reaction occurred in the reverse direction where the unbound polaron is 

trapped by the defect center, vacO1 or SnVO in charge state +1, resulting in the neutral 

defect with bound polaron. In chapter V, the escaping of these bound polarons from 

defect centers and polaron hopping were investigated to explore the effect of Sn 

doping on electronic conductivity contributed from these bound polarons. 
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CHAPTER V 

POLARON CONDUCTION 

 

5.1 Introduction 

As briefly discussed in previous chapter, the electron conduction in V2O5 

material in the absence and presence of Sn impurity could be originated the electron 

polaron rather than free electrons. This chapter dedicates on investigating and 

comparing the polaron conduction in the materials with and without Sn doping, which 

can be further implied to the role and effect of Sn dopant on the electron conduction. 

In section 5.2, the details about electron polarons as charge carriers for the polaron 

transport in the materials were discussed. Then, the computational method for polaron 

transport calculations are introduced in section 5.3. To identify the effect of Sn 

doping, the polaron transport in the pristine system, in the absence of Sn doping 

system, and in the presence of Sn doping system were explored in section 5.4 – 5.6. 

Subsequently, the discussion and comparison of these transport and associated 

electron conductivity are subjected in section 5.7. 

5.2 Polarons as charge carriers 

Electron transport in solids can be classified into two possible scenarios, 

which are i) the free diffusion of delocalized electrons as a band-like conduction and 

ii) the hop of localized electrons as a polaron conduction, or the combination of both
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processes (Natanzon et al., 2020). The first case can be approximately described by 

non-interacting electron transport in metals. On the other hand, the second case, the 

electrons are strongly interacted with their surrounding lattice vibrations, becoming 

localized electrons occupied in the trapped states near a potential well of cations so-

called polarons. The polaron can be thermal excited leading to polaron hopping to the 

potential well of neighbor cations.  

Based on the thermodynamic calculations of the defect formation in chapter 

III and IV, the band-like conduction is not dominant process for electron transport in 

both V2O5 and Sn-doped V2O5. This is because the formation of free electrons is less 

favorable compared to that of electron polaron as shown in positive self-trapped 

energy in Figure 3.3(n). In addition, the dominant defects (neutral vacO1 and SnVO for 

the absence and presence of Sn doping system) in the materials are deep donor 

defects. In fact, the calculated CTL 𝜀(+1/0) of vacO1 and SnVO 𝜀(+1/0) are 1.40 and 

1.49 eV, respectively. As a result, the concentration of free electron from the thermal 

excitation is negligibly low at 300 K. In contrast, the concentration of polarons are 

significantly high, in which the polarons are bound to the defect centers, i.e., vacO1 

and SnVO. Therefore, it is expected that the charge transport mechanism of V2O5 is 

mainly occurred via polaron conduction based on thermally activated polaron 

hopping, as also reported in previous experiments and computations (Giannetta et al., 

2015; Ioffe and Patrina, 1970; Parija et al., 2016; Prześniak-Welenc et al., 2015; 

Suthirakun et al., 2018; Watthaisong et al., 2019). 

Although the polarons are trapped to the defect centers, these polarons could 

be activated to overcome the attractive interaction, leading to the unbound polarons 

and the remaining single donors, i.e. positively charged vacO1 and SnVO. In other 
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words, the polaron in the lowest energy configuration could hop away from defect 

center and yield a donor vacancy and an unbound polaron. These unbound polarons 

are charge carriers for the polaron conduction. To account for the contribution of 

these bound polaron to the electronic conductivity in V2O5 with the absence and 

presence of Sn doping, the required energy for polaron transport was calculated in 

three different systems including pristine system, system without doping, and system 

with Sn doping. 

5.3 Polaron transport calculations 

Starting from the initial polaron configuration, which is the lowest energy 

configuration, the polaron can migrate to neighboring site in various crystallographic 

directions. Apart from the initial configuration, the other inequivalent configurations 

were constructed by creating the lattice distortion around the desired position (V-

centers). The kinetics of polaron transport from the one site to the other neighboring 

site can be evaluated in term of energy barrier. In this work, the linear interpolation 

(LE) method, the simplest one, was used to estimate the barrier for all polaron 

migrations. Since, the LE method was employed to study the small polaron hopping 

in several oxides such as TiO2 (Deskins and Dupuis, 2007), LiFePO4 (Maxisch et al., 

2006), BiVO4 (Pasumarthi et al., 2019), CeO2 (Sun et al., 2017), and V2O5 

(Suthirakun et al., 2018; Watthaisong et al., 2019). 

In particular, the atomic coordinates are linearly interpolated between the 

initial and final configurations. Then, the energy profile along the hopping path is 

obtained through a set of single-point calculations as shown in Figure 5.1. In  
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Figure 5.1 A schematic illustration of polaron transport in metal oxides. (a) lattice 

reorganization along the polaron hopping path from a M site to a neighboring M site, 

illustrating the change of bond length due to Coulombic force induced by electron 

charge. (b) Energy profile of the polaron hopping process between two M sites with 

respected to geometric configuration. WH represents the energy required to generate 

the geometric configuration that suitable for hopping, i.e., transition state (Natanzon 

et al., 2020). 

nonadiabatic hopping, the hopping barrier is defined at the crossing point of two 

parabola energy curves where polaron located at initial and final sites as reported in 

the previous work (Pasumarthi et al., 2019). Note that the LE method provides 

estimations of the hopping barriers that neglects the corrections due to electronic 

coupling constant (Liao et al., 2011). Nevertheless, this work mainly focuses on 

qualitative trends rather than quantitative predictions. In fact, the purpose of this work 

is to compare hopping barriers of equivalent paths between three systems. In this 
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regard, the LE method could capture the major changes of lattice distortion along the 

reaction coordinate of polaron transfer, which is good enough for comparative studies 

of the polaron transport. 

5.4 Polaron transport in pristine system  

Various polaron migration paths and their barriers in pristine V2O5 was 

extensively elucidated in a previous work (Watthaisong et al., 2019). Nevertheless, in 

this thesis, all hopping barriers were revisited to consistently compare the calculated 

barriers with those of other systems. A 1x3x3 supercell of V2O5 containing one 

electron polaron was utilized as a model to examine the polaron transport in pristine 

system. As shown in Figure 5.2, the polaron hopping from the initial site (I) to the 

four inequivalent nearest neighboring sites (A-D) along [100], [010], [001], and [110] 

directions are considered, denoted as a-, b-, c-, and ab-directions. The hopping 

barriers of the polaron toward A, B, C, and D sites are 0.10, 0.22, 0.28, and 0.21 eV, 

respectively. Although the hopping barriers in a-direction (A site) is significantly 

lower than that of the other directions, the next hopping must overcome the higher 

hopping barriers along ab- or b-direction due to the discontinuity of the structure in a-

direction. Overall, the most favorable migration path is in-plane and along the b-

direction which can either be i) consecutive hopping in ab-direction (0.21 eV) in a 

zigzag manner or ii) direct hopping in the b-direction (0.22 eV), as shown in Figure 

5.2. Noted that Climbing Image Nudge Elastic Band (CI-NEB) method was also 

employed to calculate the energy barriers of some hopping path compared to the LE 

method. Computations reveal that the LE method provides quite good agreement with 

the CI-NEB-calculated barriers in the a-direction (0.10 vs. 0.09 eV) and b-direction 
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(0.22 vs. 0.24 eV). In this regard, it can be implied that the LE method could capture 

the major changes of lattice distortion along the reaction coordinate of polaron 

transfer, e.g. the changes of V-O bond lengths of the polaronic sites. These results 

agree very well with the previous computational work (Watthaisong et al., 2019) and 

experimentally obtained values of 0.28 and 0.23 eV (Giannetta et al., 2015; 

Prześniak-Welenc et al., 2015). 

In addition, the electron occupations of the two V-centers involving in the 

hopping process were considered. For the hopping in a-direction, the electron 

occupations of the two V centers gradually changes along the hopping coordinate 

which imply strong electronic coupling between initial and final polaronic sites via 

bridging O2. Such hopping behavior is considered an adiabatic process (Sun et al., 

2017). In contrast, for the hopping in other directions, the electron occupies either 

initial or final polaronic site along the reaction coordinate indicating the nonadiabatic 

behavior of electron transfer (Sun et al., 2017). The nonadiabatic hopping in V2O5 is 

also reported elsewhere (Giannetta et al., 2015; Suthirakun et al., 2018). 

Table 5.1 The reaction energy (E), the associated energy barriers for forward 

direction (Ea) and reverse direction (Er) of polaron migration in pristine system. 

Path E (eV) Ea (eV) Er (eV) Direction 

I - A 0.00 0.10 0.10 [100] 

I - B 0.00 0.22 0.22 [010] 

I - C 0.00 0.28 0.28 [001] 

I - D 0.00 0.21 0.21 [110] 
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Figure 5.2 A schematic illustration of polaron migration paths in pristine system. The 

diagrams display the [left] nearest-neighbor and [right] in-plane consecutive hopping. 

The numbers in circles are energies relative to the configuration I where the polaron 

located at initial site (I site). The numbers next to arrow indicate the hopping barriers. 

These numbers are equivalent to those in Table 5.1, and all energies are shown in eV. 

5.5 Polaron transport in the absence of tin doping system  

In this case, a supercell of V2O5 containing one neutral O1 vacancy (vacO1) 

was utilized as a model to examine the polaron transport in the absence of Sn doping 

system. The initial configuration includes two polarons bound to the vacO1 defect site. 

To determine which polaron, the upper or lower one, is likely to hop away from the 

defect site, their hopping barriers and reaction energies were calculated when one 

polaron hops to the nearest-neighboring site while the other polaron remains intact. 

As shown in Figure 5.3(a-b) the lower polaron exhibits higher hopping barriers and 

reaction energies than those of the upper one in all considered directions. The 

calculated results indicate that it is energetically and kinetically more favorable for the 

upper polaron to hop away from the defect site. This result agrees with the calculated 
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PDOS of neutral vacO1 as shown in Figure 3.3(m), where the upper polaron is at the 

higher energy state which is more activated and likely to become an unbound polaron.  

The polaron hopping barriers of the upper polaron in this system are 

significantly higher than those in the pristine system. In particular, the migration to 

the D site, kinetically favorable in the pristine system, is least favorable in the vacO1 

system with the barrier of 0.47 eV. In the presence of vacO1, the hopping barriers to B 

and C sites also increase to 0.43 and 0.36 eV, respectively. Among these migration 

paths, hopping along a-direction (A site) exhibits the lowest barrier of 0.19 eV. In 

addition, the subsequent steps of the in-plane hopping away from the defect region 

were considered. In Figure 5.3, the consecutive hopping diagram reveals the required 

energy for each migration and relative energy compared to defect site. For example, 

the migration from site I to site E could start with the hopping from the site I to site A 

with a small barrier of 0.19 eV. Then, the migration needs to overcome a second 

barrier of 0.34 eV to site E. Accounting for the relative energy between site I and site 

A of 0.15 eV, the effective barrier for the migration from site I to site E is 0.15 + 0.34 

= 0.49 eV. Likewise, the effective barrier for migration from site I to site F through 

site B is 0.33 + 0.13 = 0.46 eV. The effective barrier for the hopping to other sites, 

e.g., H (B to H, 0.33 + 0.26 = 0.59 eV) and G (F to G, 0.39 + 0.22 = 0.61 eV) is 

around 0.6 eV. When the polaron locates at site D, E, F, G and H, its hopping barriers 

outward defect region resemble to those of the pristine system. In other word, if the 

polaron can overcome such a high barrier around 0.60 eV, it could leave the defect 

center and further migrate to the pristine region. Noted that the events of consecutive 

polaron hopping in the other V2O5 layer or across the layers are not considered due to 

the supercell-size limitation. The system includes three layers of V2O5 that the 
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polaron may spuriously interact with the defect of the periodic image which could 

lead to incorrectly calculated barriers.  

Furthermore, the lower polaron binding with the defect center when the upper 

polaron is out of range, was also considered. The calculated binding energy of 1.09 

eV indicates immobilization of the lower polaron. In addition, migration of polarons-

vacO1 complex where two polarons and vacO1 moves in a coupled fashion were also 

studied. The CI-NEB method was employed to calculate minimum energy path for 

this complex migrated along each direction. As a result, the hopping barriers along a- 

(2.0 eV), b- (2.50 eV), and c- (1.80 eV) directions are extremely high, implying the 

sluggish kinetics of the defect complex. Thus, only one of the two polarons originated 

from vacO1 can escape from the trapping defect center to become an unbound polaron 

and be able to contribute the carrier concentrations in the material. 

Table 5.2 The reaction energy (E), the associated energy barriers for forward 

direction (Ea) and reverse direction (Er) of polaron migration in the absence of Sn 

doping system which is modeled as the supercell containing a neutral O1 vacancy. 

The lower polaron in O1-vacancy system 

path E (eV) Ea (eV) Er (eV) direction 

I - A 0.33 0.39 0.06 [100] 

I - B 0.52 0.54 0.02 [010] 

I - C 0.44 0.52 0.08 [001] 

I - D 0.59 0.61 0.02 [110] 
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Table 5.2 (cont.) The reaction energy (E), the associated energy barriers for forward 

direction (Ea) and reverse direction (Er) of polaron migration in the absence of Sn 

doping system which is modeled as the supercell containing a neutral O1 vacancy. 

The upper polaron of O1-vacancy system 

path E (eV) Ea (eV) Er (eV) direction 

I - A 0.15 0.19 0.04 [100] 

I - B 0.33 0.43 0.10 [010] 

I - C 0.09 0.36 0.27 [001] 

I - D 0.41 0.47 0.06 [110] 

A - E 0.24 0.34 0.10 [110] 

A - F 0.24 0.34 0.10 [010] 

B - F 0.06 0.13 0.07 [100] 

B - H 0.10 0.26 0.16 [110] 

D - B -0.08 0.18 0.26 [110] 

D - E -0.02 0.09 0.11 [100] 

D - H 0.01 0.23 0.22 [010] 

E - F 0.00 0.21 0.21 [110] 

E - G 0.02 0.24 0.22 [010] 

F - G 0.02 0.22 0.20 [110] 

H - G -0.01 0.09 0.10 [100] 
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Figure 5.3 A schematic illustration of polaron migration paths in the absence of Sn 

doping system which is modeled as the supercell containing a neutral O1 vacancy. 

The diagrams display the [left] nearest-neighbor and [right] in-plane consecutive 

hopping. The numbers in circles are energies relative to the configuration I where the 

polaron located at initial site (I site). The numbers next to arrow indicate the hopping 

barriers. These numbers are equivalent to those in Table 5.2, and all energies are 

shown in eV. 
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5.6 Polaron transport in the presence of tin doping system  

 The analogous calculation for the presence of Sn doping system was 

investigated where a supercell of V2O5 containing one neutral Sn substitution for VO 

(SnVO) was utilized as a model to examine the polaron transport. To simplify the 

model, only the neutral SnVO which is the most dominant defect was considered and 

the others were neglected. Although the positively charged SnVO, the negatively 

charged or even their complex can be occurred in significantly high concentration, 

only neutral SnVO can generate the polaron to the system.  

The calculated polaron hopping barriers of the polaron in this system are 

shown in Figure 5.4. In case of the polaron transport from the initial (I site) to the 

neighboring sites, the computation shows the similar trend of barriers of the system 

containing oxygen vacancy. In particular, the hopping along a-direction (A site) 

exhibits the lowest barrier of 0.20 eV. In the presence of SnVO, the energy barriers for 

the migration to the B and D sites are slightly lower by 0.03 eV compared to those in 

the vacO1 system. However, the downward polaron transport along c-direction shows 

the least favorable, which the energy barrier of 0.43 eV. In case of the upward 

hopping to Sn site, the migration barrier of 1.79 eV and relative energy of 0.78 eV are 

seriously large compared to other paths, so they are not included in Figure 5.4. 

Furthermore, subsequent steps of the in-plane hopping away from the defect 

region were considered. In Figure 5.4, the consecutive hopping diagram reveals the 

required energy for each migration and relative energy compared to defect site similar 

to the case of vacO1 system. Compared to the vacO1 system, the energy barrier is 

generally lower by 0.03 eV for the hopping nearby defect region (from I and A sites) 

and by 0.01 eV for the farther region (from other sites). To calculate the effective 
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barrier of polaron hopping to consecutive sites, the analogous analysis was adopted. 

For instances, the effective barrier of the polaron hopping from initial site I to site E 

through site A is 0.16 + 0.30 = 0.46 eV. Similarly, the effective barriers for hopping 

to other sites are 0.42 eV for F site (B to F), 0.56 eV for G (F to G), and 0.55 for H (B 

to H). If the polaron can overcome such a high barrier around 0.55 eV, it could leave 

the defect center and further migrate to the pristine region. It should be noted that the 

required energy for polaron escaping from the defect region to bulk region of the 

system with Sn doping is slightly lower than that of the system without doping. 

 

Figure 5.4 A schematic illustration of polaron migration paths in the presence of Sn 

doping system which is modeled as the supercell containing a neutral Sn substitution 

for VO. The diagrams display the [left] nearest-neighbor and [right] in-plane 

consecutive hopping. The numbers in circles are energies relative to the configuration 

I where the polaron located at initial site (I site). The numbers next to arrow indicate 

the hopping barriers. These numbers are equivalent to those in Table 5.3, and all 

energies are shown in eV. 
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Table 5.3 The reaction energy (E), the associated energy barriers for forward 

direction (Ea) and reverse direction (Er) of polaron migration in the absence of Sn 

doping system which is modeled as the supercell containing a neutral Sn substitution 

for VO. 

path E (eV) Ea (eV) Er (eV) direction 

O-A 0.16 0.20 0.04 [100] 

O-B 0.32 0.40 0.08 [010] 

O-C 0.26 0.43 0.17 [001] 

O-D 0.37 0.44 0.07 [110] 

A-E 0.19 0.30 0.11 [110] 

A-F 0.18 0.30 0.12 [010] 

B-F 0.02 0.10 0.08 [100] 

B-H 0.05 0.23 0.18 [110] 

D-B -0.05 0.18 0.23 [110] 

D-E -0.02 0.09 0.11 [100] 

D-H 0.00 0.22 0.22 [010] 

E-F 0.00 0.20 0.20 [110] 

E-G 0.02 0.23 0.21 [010] 

F-G 0.03 0.22 0.19 [110] 

H-G 0.00 0.10 0.10 [100] 
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5.7 Discussion 

As stated in chapter IV, the material in the absence of Sn doping is dominant 

by neutral vacO1 with the concentration around 31016 cm-3. One neutral vacO1 

provides two polarons strongly trapped by the defect center. The upper polaron, which 

is closer to oxygen vacancy site, has the potential to escape the potential well and 

become an unbound polaron. From the illustration in Figure 5.3, the energy of polaron 

located in the farthest V-center is higher than the lowest energy configuration by 0.41 

eV. This value represents the depth of potential well that confine the polaron in the 

defect region, which can be implied to thermodynamics of polaron hopping away 

from defect center. In addition, if the polaron can overcome such a high barrier 

around 0.60 eV, it could leave the defect center and further migrate to the bulk region, 

becoming a charge carrier for polaron conduction. The illustration of these process 

and related parameters are demonstrated in Figure 5.5. The associated numbers, i.e., 

the polarons concentration (C0), the depth of potential well (V), and the effective 

barrier for being unbound polaron (Ea) are also summarized in Table 5.4. Although 

the effective barrier of 0.60 eV is quite high, the moderate concentrations of vacO1 

(31016 cm–3) could provide a sufficient carrier concentration even at 300 K, as 

compared to the intrinsic polaron concentrations of 4.2104 cm–3 generated from 

thermal activation. As a result, these carriers contribute the electron conduction in the 

V2O5.  

The material in the presence of Sn doping is dominant by neutral SnVO with 

the concentration around 11020 cm-3 for 1% doping concentration as example. In this 

case, there is only one bound polaron trapped by the defect center of SnVO. Similarly, 

the bound polaron is confined by the potential well depth of around 0.37 eV as shown 
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in Table 5.4. It can leave the defect center and further hop to the bulk region, if it 

overcomes the effective barrier of 0.55 eV, approximately. In the presence of Sn 

doping, not only that the concentration of bound polarons can be controlled and 

increased, but these polarons also have higher chances to escape from the trapped 

region as shown in the shallower of potential well and the smaller of effect barrier 

compared to the material in absence of Sn doping. In other words, Sn doping slightly 

weaken the interaction between the defect center and the bound polarons, and these 

polarons can leave out more easily. As a result, the number of charge carriers 

increase, and the electronic conductivity of the material can be improved by doping 

with Sn.  

 

 

Figure 5.5 A schematic illustration of a bound polaron hop away from the defect 

center leads to an unbound polaron and a single donor. Ea represents the effective 

energy barrier for bound polaron hopping from the defect region to the bulk region. V 

represents the potential well of the defect region which is defined by the energy 

difference between polaron located in the defect center and polaron in the bulk region. 
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Table 5.4 The summary of important numbers, i.e., the polarons concentration (C0), 

the depth of potential well (V), and the effective barrier for being unbound polaron 

(Ea) for the polaron transport in each system.   

System C0 (cm-3) V (eV) Ea (eV) 

Pristine 4104 0.00 0.21 

Material in the absence of Sn doping 31016 0.41 0.60 

Material in the presence of Sn doping 11020 0.37 0.55 
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CHAPTER VI 

CONCLUSIONS 

 

In this thesis, the role of the Sn doping on the improved conductivity of V2O5 

based cathode for Li-ion batteries was examined. The computational tools based on the 

DFT+U method coupled with the statistical model was utilized to explore impact of Sn 

dopant on (i) the formation and properties of point defect as well as charge carriers (ii) 

the transport of charge carriers implying to electronic conductivity of the material. The 

corresponding results in case of Sn-doped system was compared to those of the system 

without impurity, to indicate the effect of Sn dopant. 

Firstly, the geometric, electronic, and thermodynamic properties of each 

individual point defects, including intrinsic and Sn-related defects, were investigated in 

systematic manner. The defect formation energy reveals that electron prefers to be 

localized so-called the electron polaron (−) rather than being a free particle. A deep 

donor defect of vanadyl oxygen vacancy (vacO1) and the compensating electron 

polarons  are the most dominant intrinsic defects in a wide range of Fermi energy. In 

the presence of Sn doping, three possibilities for Sn incorporation, i.e., Sn interstitial 

(Sni), Sn substitution for V (SnV), and Sn substitution for VO (SnVO), can be occurred 

depending on the position of Fermi energy. Note that the related parameters, e.g. 

chemical potentials, annealing temperature, and O2 pressure, were set as a conventional 

growth condition of Sn-doped V2O5.
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Next, the statistical model of defect and carrier concentrations with the 

constraint of charge neutrality was applied to pin the equilibrium Fermi energy and to 

estimate the defect and carrier concentration under thermodynamic equilibrium. As 

expected, neutral charge vacO1 is the most dominant defect with the concentration of 

3x1016 cm-3, for the system in the absence of doping. Likewise, the neutral charge SnVO 

is the most dominant defect in the presence of Sn doping. For example, its concentration 

is 1x1020 cm-3 for 1% Sn doping. In both cases, the neutral charge defect also includes 

the positively charged defect center and the trapping polarons. To contribute the 

electron conduction, these bound polarons must hop away from the defect center, 

resulting in unbound polarons or charge carriers.  

Finally, the polaron transport in the absence and presence of Sn doping system 

were therefore investigated. Starting from the initial configuration (defect center), the 

second or third step of outward polaron hopping resembles the polaron transport in the 

pristine, indicating the boundary of defect interaction. In the former case, only one of 

two bound polarons in vacO1 can escape the defect region by overcoming the energy of 

0.60 eV to achieve the unbound polaron, whereas the polaron in SnVO require a slightly 

lower energy to conquer the barrier 0.55 eV for the latter case. Although the effective 

barriers of both cases are quite high, the material could provide sufficient carrier 

concentration due to the moderate or high concentration of the starting bound polarons. 

As a result, these carriers contribute the electron conduction in the V2O5 and Sn doped 

system. 

In the presence of Sn doping, not only that the concentration of bound polarons 

can be controlled and increased, but these polarons also have higher chances to escape 

from the trapped region as shown in the shallower of potential well and the smaller of 
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effect barrier compared to the material in absence of Sn doping. In other words, Sn 

doping slightly weaken the interaction between the defect center and the bound 

polarons, and these polarons can leave out more easily. As a result, the number of 

charge carriers increase, and the electronic conductivity of the material can be improved 

by doping with Sn.  

These findings can imply that the Sn doping plays a significant role in the 

increase in the concentration of bound polarons via the formation of neutral SnVO. In 

addition, these bound polaron can escape from the defect center more easily since the 

shallower potentential well and smaller effective energy barrier for the hopping away 

from defect region compared to the material without doping. In other words, Sn 

substitution for V in O1 vacancy system slightly weaken the interaction between the 

defect center and the bound polarons. As a result, the number of charge carriers increase 

as well as the electronic conductivity of the Sn-doped material. This conclusion can 

explain the experimentally observed higher electronic conductivity of Sn-doped 

sample. This work provides the fundamental knowledge about formation of point 

defects and transport of charge carriers which could be helpful to the design of high-

performance V2O5 based cathode for metal-ion batteries application. 

 



 
 
 

106 
 

 

 

 

 

 

 

 

 

APPENDICES  

 

 

 

 

 

 

 

 

 



 
 
 

107 
 

APPENDIX A 

TUNING U PARAMETER 

 

Due to an imperfection of the standard DFT with an approximated exchange-

correlation functional, a well-known self-interaction error causes the failure in 

predicting some properties of materials especially in transition metal oxides. The 

DFT+U method could provide more accurate results by including the strong on-site 

Coulomb interaction between the localized electrons. However, the calculated results 

are quite sensitive to the strength of U, so that it must be chosen carefully in order to 

properly describe the electronic structure and properties of native point defects. In 

practice, U parameter could be chosen by calibrating the calculated results with the 

experimental ones, and it would be differed for such a property.  

For V2O5, a wide range of U (2.0 - 6.6 eV) was utilized for V-3d orbitals 

depending on the difference of interest properties (Das et al., 2019; Lutfalla et al., 

2011; Scanlon et al., 2008; Wang et al., 2006). For instance, U = 2.0 and 3.1 eV was 

proposed by calibrating with overall reduction energy of vanadium oxides (Lutfalla et 

al., 2011; Wang et al., 2006). Similarly, U = 3.5 eV was nominated to provide a 

uniform description in overall structural parameters, band-gap energy, dielectric 

constant, and heat of enthalpy (Das et al., 2019). In addition, Scanlon et al. (Scanlon 

et al., 2008) suggested U of 4.0 eV for investigating the polaron formation of the  

reduced V2O5 via thermal reduction (oxygen vacancy) and chemical reduction 
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(lithium intercalation). In particular, the strength of U was calibrated with the position 

of polaronic state to band-gap energy ratio in experiment. This ratio might be an 

appropriate criterion for describing the polaronic behavior properly. However, their 

model does not concern about van der Waals interaction resulting in 10% error of c 

parameter, which might lead to an inaccuracy in polaron behavior and lithium 

intercalation due to the narrower of interlayer spacing. This error can be reduced to 

only 1.8% by the introducing the optPBE-vdw functional (Carrasco, 2014; 

Suthirakun, Genest, et al., 2018; Suthirakun, Jungthawan, et al., 2018). 

In this work, the U value was parameterized by Scanlon’s criteria with the 

implementation of van der Waals interaction based on the experimental data. Wu et 

al. (Wu et al., 2005) studied the Li intercalation reaction in thin film V2O5. When one 

intercalated Li atom is fully ionized and donates one electron to a neighboring V 

center, resulting in the reduction of V (V5+ becomes V4+), becoming the electron 

polaron and producing a gap state. The polaronic state can be observed by ultraviolet 

photoemission spectroscopy (UPS) (Wu et al., 2005). At the initial process i.e. low Li 

content, the polaronic state is found at around 1.2 eV above valence band maximum 

(VBM). This result leads us to the position of polaronic state to energy gap ratio 

around 0.5 for the experimental band gap of 2.4 eV (Hieu and Lichtman, 1981). This 

ratio was set for the criteria of parameterizing U in this work. 

In order to calibrate U parameter, PBE+U where U ranging from 2.0 – 6.0 eV 

was used for optimizing the crystal structure and calculating DOS of pristine and Li-

intercalated V2O5 (Li0.056V2O5). From the calculated DOS of Li-intercalated V2O5, the 

position of the mid gap state dramatically decreases as an increase in U whereas the 

band-gap energy from the pristine DOS steadily increases. Table A.1 shows the trend 
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of calculated results compared to previous calculations and experiment. Also, the 

positions of polaronic state and band gap energies as well their ratios are plotted as a 

function of U as shown in Figure A.1. The experimental ratio around 0.5 is matched 

to the calculated one at U around 3.5 eV. So, the appropriate U of 3.5 eV was selected 

to properly describe the polaronic states in this work. It should be noted that this 

number of U is also reported to be a better choice for explaining the structural 

parameters, band-gap energy, dielectric constant, and heat of enthalpy of V2O5 (Das et 

al., 2019). 

Table A.1 The calculated structural parameters (lattice constants and bond lengths), 

band gap energy, and the position of polaronic state position compared with the 

experimental result. 

 
This work Scanlon Carrasco Das Exp.  

PBE+U/optPBE PBE+U PBE+U/ 

optPBE 

PBE+U/ 

D3 

U (eV) 2.0 3.0 3.5 4.0 6.0 4.0 4.0 3.5  

a 11.667 11.666 11.665 11.669 11.675 11.496 11.690 11.628 11.510 

b 3.598 3.613 3.621 3.629 3.656 3.630 3.628 3.615 3.563 

c 4.447 4.446 4.447 4.435 4.454 4.804 4.423 4.359 4.369 

V-O1 1.606 1.609 1.610 1.611 1.616 1.602 1.620 1.602 1.585 

V-O2 1.800 1.804 1.806 1.808 1.817 1.805 1.810 1.798 1.780 

V-O3 1.900 1.906 1.909 1.912 1.924 1.915 1.912 1.902 1.878 

 2.049 2.045 2.043 2.041 2.036 2.018 2.046 2.034 2.021 

Eg (eV) 1.98 2.11 2.18 2.25 2.58 2.26 2.26 2.18 2.4 

polaronic 

state(eV) 
1.89 1.31 1.09 0.85 0.20 0.91 - - 1.2 

ratio 0.95 0.62 0.50 0.38 0.08 0.41 - - 0.5 
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Figure A.1 Illustration of the position of polaronic state of Li-intercalated V2O5 and 

band gap energy of pristine V2O5 as a function of U parameters ranging from 2.0 to 

6.0 eV. The calculated position of state to band gap ratio is also plotted with the 

experimental ratio (dotted line) in order to calibrate the appropriate U parameter.  
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