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PREFACE 

This dissertation is the original, independent, unpublished work by the author, V.L. Louw 

under the supervision of Prof C.G.C.E. van Sittert, Dr J.N. Mugo and Dr G. Jones. 

This study falls into the field of molecular modelling in catalysis. It revolves around the 

development of a DFT model of the V2O5-TiO2 catalyst to investigate the oxidation of 

mercury. To investigate the oxidation of mercury on the V2O5-TiO2 catalyst a model was 

first developed for the TiO2 anatase support and thereafter a model for the V2O5-TiO2 

catalyst was developed. Using the V2O5-TiO2 catalyst model, a possible mechanism for 

the oxidation of mercury was proposed and investigated. 

This dissertation is in chapter format, as stipulated within the rules of the Manual for 

Masters and Doctoral Studies (2016) at the North-West University [1]. 

The contents of this dissertation consist of a summary, a table of contents, a list of tables, 

a list of figures, an appendix and five chapters that form the main body of this dissertation. 

Chapter 1 gives an introduction to the dissertation with a problem statement and a 

motivation for the study, which includes a short introduction to mercury pollution and 

selective catalytic reduction (SCR) catalysts. The aim, objectives and the method of 

investigation are discussed in this chapter. 

In Chapter 2 the literature review is given introducing air pollution control devices with the 

focus on SCR units, discussing each component of these SCR units as well as the 

mechanisms, models and approaches for the computational investigation of the 

heterogeneous oxidation of mercury with V2O5-TiO2 catalysts. 

The method followed in this investigation is the subject of Chapter 3. For a better 

understanding of the approach in this investigation, the method is summarized in a 

flowchart at the beginning of the chapter. 

All the results obtained with the method described in Chapter 3 are given and discussed 

in Chapter 4. The same approach used in Chapter 3 is followed in the presentation and 

discussion of the results. 

In Chapter 5 the conclusions of knowledge gathered from the literature and the modelling 

results are discussed. The chapter, furthermore, contains recommendations for future 

studies that may follow the work done in this dissertation. 
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SUMMARY 

Mercury pollution in South Africa is a growing problem due to the country’s dependency 

on coal combustion for generating electricity. During coal combustion, mercury can be 

emitted as elemental mercury (Hg0), in its oxidized form (Hg2+) or as particle-bound 

mercury (Hg(p)). Hg2+ and Hg(p) are easier to remove from the flue gas than Hg0.[2, 3] 

However, Hg0 could be oxidized to Hg2+ in coal combustion power plants by using selective 

catalytic reduction (SCR) catalysts. Hg2+ can then be removed by conventional wet flue 

gas desulfurization processes, because Hg2+ is highly soluble in aqueous solutions. This 

provides an economic viable solution, since existing SCR systems promotes upstream 

mercury oxidation[2], already employed for the reduction of NOx to N2. However, SCR 

catalysts are not 100% effective. In order to be able to develop better SCR catalysts, more 

research is needed in ascertaining the mechanism of mercury oxidation on the catalyst 

surface. 

In this study, the focus was on investigating a possible mechanism for mercury oxidation 

on the surface of a V2O5-TiO2 catalyst. This investigation was achieved by developing a 

density functional theory (DFT) model for the TiO2 anatase support surface and 

subsequently the V2O5-TiO2 catalyst, and validating these through comparison with a study 

done by Wilcox[4]. A mechanism was then postulated and investigated for the oxidation of 

mercury over the V2O5-TiO2 catalyst. 

The postulated mechanism for mercury oxidation over this catalyst was proven to be 

plausible. This model can now be refined to fully understand oxidation of mercury over the 

V2O5-TiO2 catalyst. 

Keywords: 

Mercury pollution; mercury oxidation; selective catalytic reduction; titanium; vanadium; 

DFT 
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CHAPTER 1 

1. INTRODUCTION AND OBJECTIVES 

1.1. Problem statement and motivation 

In the last century, South Africa has experienced a steady growth in its economy by 

industrialization and the development of the mining industry. This industrialization and the 

development of the mining industry, together with the electrification programs to give 

electricity to rural areas, increased the demand for electricity with a growth rate of 4% per 

annum since 1994.[5] Nearly 77% of South Africa’s energy needs are met through coal 

combustion. Coal is low in cost and readily available, making it the main source of energy 

for developing countries.[6] According to the International Energy Agency, the 5th highest 

coal consumer in the world is South Africa, which has 18 coal-fired power plants operated 

by Eskom. [6] 

Eskom uses mostly low grade bituminous and sub-bituminous (higher ranking) coal. 

Although the mercury content (as seen in Figure 1.1b) in coal is fairly low (0.15 ppm to 

0.327 ppm[7]), more than one hundred million tonnes of coal are combusted per year. If 

the assumed concentration of mercury in coal is taken as 0.2 ppm (the global average), 

Dabrowski[8] estimated that South Africa emits between 2.6 and 17.6 tonnes mercury per 

year. These emissions makes South Africa one of the highest mercury emitters in the 

world.[8] 

 

Figure 1.1: Comparison of trace elements in ppm from South African Highveld coal 
and the global average.[7] Reprinted with permission from Wagner, N.J. 
and Hlatshwayo, B., The occurrence of potentially hazardous trace 
elements in five Highveld coals, South Africa. International Journal of 
Coal Geology, 2005. 63(3): p. 228-246. 

To control mercury emissions, the fate of the mercury during and after the combustion of 

coal is important. The speciation of mercury is influenced by several factors, such as the 

chlorine content of the coal, the carbon content of the fly ash (the higher the carbon 
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content, the more mercury will be captured in particulate form), the presence of other 

gases (NO, NO2, HCl, SO2 and a small amount of Cl2 and HOCl), the residence time and 

the gas temperature.[9]  

Mercury can be emitted by coal-fired power plants as elemental mercury (Hg0), in its 

oxidized form (Hg2+) or as particle-bound mercury (Hg(p)).[10] Most of the mercury 

released in the flue gas is in the form of Hg0, due to the fact that the coal is combusted at 

1000 ºC.[11] However, when the flue gas leaves the boiler, its temperature decreases and 

a portion of the Hg0 is oxidized to Hg2+. This oxidation is mostly activated by atomic Cl, 

which is produced from HCl, HOCl and Cl2.[12]  

Hg2+ and Hg(p) are easier to remove from the flue gas than Hg0. Hg2+ is water soluble and 

can thus be removed with wet flue gas desulfurization (WFGD). Hg0 and Hg2+ can be 

adsorbed onto fly ash particles and form particulate-bound mercury Hg(p), which can be 

captured together with fly ash particles in electrostatic precipitators (ESP).[13]  

However, the portion of Hg0 not converted to Hg2+ is difficult to remove due to the chemical 

inertness, high volatility and insolubility of Hg0.[10] These properties could be explained 

by the outer electron configuration (5d106s2) of mercury. These properties makes mercury 

oxidation one of the most important factors to consider in the development of Hg0 removal 

technologies. Selective catalytic reduction (SCR) units in coal-fired power plants 

accelerate the oxidation of pollutants and have been used to oxidize Hg0 to Hg2+, which 

can then be removed by conventional WFGD processes.[2, 3] However, oxidation of Hg0 

varies from 74% to 7% when SCR units are used.[14] At present most SCR units contain 

a metal oxide catalyst, such as vanadium pentoxide supported by titanium dioxide (V2O5-

TiO2).[4, 15-19] A V2O5-TiO2 catalyst is thermally stable, has a high catalytic activity and 

is resistant to gases such as sulfur dioxide.[13] 

The only way to improve the oxidation of Hg0, when using a V2O5-TiO2 catalyst, is to 

understand the mechanism of the oxidation of Hg0 over the V2O5-TiO2 catalyst. Although 

this is still not fully understood, it has been shown that the determining factor in the 

oxidation of Hg0 to Hg+2 is the activation energy.[6] The activation energy includes the 

adsorption and desorption of all species formed during the mechanism, on the V2O5-TiO2 

catalyst.[6] The activation energy could best be investigated using a computational 

approach. 

Two possible computational approaches have been used, namely a cluster [20, 21] or a 

periodic model [4, 15-19], of which examples are shown in Figure 1.2. 
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Figure 1.2: An example of a cluster model[21] (left) and a periodic model[4] (right) 

Due to the importance of electronic properties during the oxidation mechanism, most of 

the previous studies [4, 19, 22-25] were done with density functional theory (DFT) or ab 

initio quantum mechanical calculations. 

In this study, a periodic DFT model will be developed to investigate the oxidation of 

mercury on the surface of a V2O5-TiO2 catalyst. The reason being that a better 

understanding of the mechanism for mercury oxidation on the surface of a TiO2-V2O5 

catalyst could assist in the development of SCR catalysts with improved properties for the 

oxidation of Hg0. 

1.2. Aim 

The aim of this study is the development of a DFT model of a V2O5-TiO2 catalyst to 

investigate the mechanism of mercury oxidation. 

1.3. Objectives 

1. To do a comprehensive literature study on the V2O5-TiO2 catalyst used for mercury 

oxidation, as well as on the mechanism of mercury oxidation. 

2. To develop and validate a TiO2 anatase support surface model. 

3. To develop a V2O5-TiO2 catalyst model. 

4. To use the abovementioned model to investigate a proposed mechanism for mercury 

oxidation over the V2O5-TiO2 catalyst. 

1.4. Method of investigation 

All calculations will be done with BIOVIA Materials Studio 2016 software[26], using 

CASTEP[27] or DMol3[28] calculations. A model will be developed for the TiO2 support 

surface and validated by comparison with Wilcox’s model[4]. The model will then be 

extended to include V2O5 on the surface. A mechanism for the oxidation of mercury will 

then be proposed and tested. 
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CHAPTER 2 

2. LITERATURE REVIEW 

2.1. Introduction 

In an effort to reduce air pollution, due to the combustion of coal, a coal-fired power plant 

system has air pollution control devices (APCDs). Such APCDs are depicted in Figure 2.1. 

These devices consist of selective catalytic reduction (SCR) units, electrostatic 

precipitators (ESP), fabric filters (FFs), wet flue gas desulfurization (WFGD) and wet 

scrubbers (WS). [10] 

 

Figure 2.1: Mercury transformation and removal in coal-fired power plants by air 
pollution control devices (APCDs)[11] (Creative Commons Attribution 
3.0 License) 

In a pulverised coal (PC) boiler, mercury is found as Hg0, together with halogen and oxygen 

radical species. These radical species can oxidize Hg0 to Hg+2 in the boiler. Additionally, 

Hg0 can be oxidized to Hg+2 in the SCR units. Some of the Hg2+ is absorbed onto the fly 

ash. In the ESP/FF particulate control device the particulate matter (fly ash, fly ash with 

Hg+2 absorbed and Hg(p)) is removed. In the WFGD chamber the Hg+2 (formed in the 

boiler and on the SCR units, which did not absorb on the fly ash) is removed. Due to the 
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fact that all the APCDs do not operate optimally, the stack contains Hg(p), Hg0 and Hg+2, 

which are released into the atmosphere.[10] 

One way to improve the APCDs is to improve the SCR units. 

2.2. SCR units 

SCR units in coal-fired power plants are usually found between the furnace economizer 

and the air heater (Figure 2.1). SCR units are implemented for the reduction of NOx. During 

the selective catalytic reduction of NOx, the NO contained in the flue gas is converted by 

the reducing agent NH3, injected in the flue gas stream, into water and harmless N2.[29] 

The implementation of using SCR units for the oxidation of mercury followed by WFGD 

removal, is thus not the main purpose of SCR units, but seen as an economic co-

benefit.[30] 

SCR units consist of a support material and catalytically active components. Titanium 

dioxide (TiO2) is most commonly used as a support material, while catalytically active 

components (base metal oxides (V2O5, WO3 or MoO3), zeolites or precious metals) are 

used on the support material.[6] 

2.2.1. TiO2 as support material 

TiO2 has three main crystal structures, namely rutile, brookite and anatase [31]. TiO2 

anatase is widely used in commercial catalysts as a support material, although it is less 

stable than rutile, it is more efficient than rutile.[32] 

In commercial catalysts, the (001) surface of TiO2 anatase is mostly used [10, 33], since 

the (001) and (100) surfaces are found in the TiO2 powders used in the industry.[19] This 

surface is also the most stable surface facet of TiO2 anatase, as is shown by the 

comparison of surface energies of various anatase surfaces done by Beltrán, et al.[34] in 

Table 2.1.[34] Beltrán, et al.[34] used periodic DFT calculations with the B3LYP hybrid 

functional in the CRYSTAL98 [35] program package. A standard 6-31G basis set [36] was 

used or the oxygen atoms, while it was modified for the titanium atoms. Since they 

investigated different surfaces of the unreconstructed TiO2 anatase slab and these 

surfaces has different number of atoms in each layer, the slabs did not have the same 

number of layers in each slab. The (001), (101) and (111) surfaces had a slab thickness 

of 6 and 12 layers in the z-direction, while periodic in the x- and y-directions. They modelled 

the (100) surface with two, four and six layers and the (110) surface with two and four 

layers[34]. 
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Table 2.1: Literature values for TiO2 anatase surface energies[34] 

TiO2 anatase 
surface 

Unrelaxed surface 
energy (J/m2) 

Relaxed surface 
energy (J/m2) 

(001) 1.50 1.25 

(101) 1.40 1.45 

(100) 1.60 1.80 

(110) 2.25 2.50 

(111) 3.75 3.65 

 

It should, however, be noted that the (001) surface energy is related to the slab thickness. 

In Table 2.2, different literature values for the surface energy of TiO2 anatase (001) slabs 

are summarized. It is observed that at six layers the surface energy reaches a plateau. 

This plateau indicates that a minimum of six layers should give a stable slab model. 

Table 2.2: Literature values for TiO2 anatase (001) surface energies 
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PAW 500 2x4x1 15 Wilcox [4] 

3  1.25  
VASP 

PBE-GGA 

- 400 5x5x1 6 Calatayud [32] 

6 0.90 XRD study Thamaphat [31] 

13  0.92 

PWscf  

Quantum-
ESPRESSO 

PBE-GGA 

USPP 544 

(40Ryd) 

Monkhorst
-pack set 

16 Singh-Miller [37] 
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Each layer in the TiO2 anatase slab with a (001) surface contains TiO2 chains of two-fold 

coordinated oxygen atoms (called bridging oxygen atoms), three-fold coordinated oxygen 

atoms and five-fold coordinated titanium atoms[32]. (Figure 2.2) 

 

Figure 2.2: A three layer TiO2 anatase (001) surface structure.[32] Reprinted with 
permission from Calatayud, M. and Minot, C., Effect of relaxation on 
structure and reactivity of anatase (100) and (001) surfaces. Surface 
Science, 2004. 552(1-3): p. 169-179. 

Due to the unnatural geometrical configuration of the (001) surface, this surface has a 

higher tensile stress than the other surfaces.[34] This tensile stress leads towards a high 

reactivity of the bridging oxygen atoms in the surface. For example, the adsorption energy 

of water on the (001) surface was found to be between 1.4 eV and 1.6 eV, while it was 

only 0.7 eV for the (101) surface.[22, 38] 

The tensile stress of the (001) surface, and thus the surface energy, can be decreased by 

doing a (1x4) reconstruction of the surface as shown in Figure 2.3. The (1x4) 

reconstruction of the clean (001) surface takes place under a variety of experimental 

conditions, such as UHV (Ultra-High Vacuum) conditions and a wide temperature range 

of up to 850°C.[23] During this reconstruction, a quarter of the bridging atoms are replaced 

with (TiO3)n polymers. The Ti-O bond is shortened to 1.8 Å, and the Ti-O-Ti angle closed 

from approximately 150 to 120 degrees.[23]  
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Figure 2.3: TiO2 anatase (1x4) surface reconstruction.[39, 40] Red atoms represent 
oxygen atoms, while grey atoms represent titanium atoms. 

In a similar way, the (001) surface, that is not reconstructed, can be stabilized by 

interaction with water. The water molecule is adsorbed on the Tid atom, with one hydrogen 

atom interacting with one of the oxygen bridging O(2)b-d atoms, as shown in Figure 2.4.[4, 

23]. This interaction leads to stretching of the molecule and, consequently, the cleavage 

of the Tid-O(2) bond, which produces two hydroxylated titanium atoms and leads to surface 

reconstruction. The surface reconstruction leads to a decrease in the surface energy.[4, 

38] 

 

Figure 2.4: Surface reconstruction of TiO2 anatase through the water dissociation 
of water on the titanium surface atoms.[4] Reprinted with permission 
from WILCOX, J. & NEGREIRA, A. S. 2013. DFT Study of Hg oxidation 
across Vanadia-Titania SCR Catalyst under Flue Gas Conditions. The 
Journal of Physical Chemistry C, 117, 1761-1772. Copyright 2018 
American Chemical Society. 

It should be noted that the dissociation of the water on the (001) surface is favoured at low 

water coverage.[4]  
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2.2.2. V2O5 as a catalytically active component 

Although various base metal oxides, zeolites and precious metals are used as the 

catalytically active component in SCR units,[6] V2O5 is best known. V2O5 has a high 

catalytic activity and thermal stability, as well as a high resistance to SO2 in the flue 

gas.[41, 42] 

It has been shown by Zhang et al.[41] that the (001) surface of V2O5 (Figure 2.5) could be 

used as an active catalyst for the oxidation of mercury. The use of the (001) surface of 

V2O5 as an active catalyst for the oxidation of mercury will be discussed in more detail in 

Section 2.4. 

 

Figure 2.5: The (001) surface structure of V2O5. Red atoms represent oxygen atoms, 
while grey atoms represent vanadium atoms.[41]  

However, when V2O5 is used in SCR catalysts, the V2O5 is most commonly bound as 

dimers on a support material. It has been proven by Calatayud et al.[25] that linear V2O5 

dimeric species, depicted in Figure 2.6, are favoured above cyclic species since it is more 

stable. 
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Figure 2.6:  Linear (left) and cyclic (right) V2O5 dimers.[25] Red atoms represent 
oxygen atoms, while grey atoms represent vanadium atoms. 

It has also been shown that with increased V2O5 loadings, higher catalytic activity is 

reached, but this can cause SO3 production from SO2 in the flue gas. Additionally, 

increased loadings could also lead to a decrease in the temperature, after which anatase 

transforms to rutile. For these reasons, the V2O5 loading is thus limited to less than 2 

wt%.[6] 

2.2.3. Models for V2O5-TiO2 as SCR catalyst 

V2O5-TiO2 systems are investigated in two different manners, namely as cluster models or 

periodic models, as can be seen in Figure 2.7. 

    

Figure 2.7:  An example of a cluster model[21] (left) and a periodic model[4] (right) 

2.2.3.1. V2O5-TiO2 cluster models 

A cluster model investigates the system as a V2O5 species bound to one or more TiO2 

molecules, but not a bulk of TiO2. Several cluster models have been investigated for the 

V2O5-TiO2 catalyst.[20, 21] However, these cluster models have been used to a lesser 

extent to model the V2O5-TiO2 catalyst, because it is essential to have more than one TiO2 

layer when modelling TiO2 anatase as a support material. The reason being that the 
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presence and amount of the support influences the acidity of the catalytically active 

component.[21] 

2.2.3.2. V2O5-TiO2 periodic models 

A periodic model investigates a TiO2 slab (support) consisting out of several layers of TiO2 

strings, with V2O5 or VO3 species bound to the support slab. 

As mentioned previously, it was found that the TiO2 anatase surface is more reactive than 

the TiO2 rutile surface.[39] So in most of the modelling work of the V2O5-TiO2 catalyst, the 

(001) surface of TiO2 anatase is used since the support and active phase have similar 

geometries.[4] Additionally, the TiO2 anatase tends to bind to smaller V2O5 clusters, which 

maximizes the substrate-adsorbate interaction.[39] 

The active phase (V2O5 or VO3) is deposited as monomeric and dimeric species on the 

TiO2 anatase surface slab.[5, 7, 39] This deposition of species on the surface slab is called 

the addition model and is the most widely used method in periodic systems. 

The interactions between the V2O5 and TiO2 support could be classified into weak and 

strong interactions. Weak interactions (001 V2O5 structure) induces a charge redistribution 

that enhances the Lewis acidity of the vanadium, and strong interactions (V2O5 monolayer) 

lead to a much higher epitaxy.[19]. 

However, the VOx groups (dimeric and monomeric) only form strong bonds with the TiO2. 

These strong bonds are attributed to the structural correspondence of the TiO2 and VOx, 

promoting isomorphic substitution of titanium with vanadium which then forms polymeric 

oxo-vanadium groups on the support surface. 

During the operation of the V2O5-TiO2 catalyst, it may be exposed to water, and the active 

phase could be hydrated. It was found that the hydrated V2O5 cluster retained its dimeric 

structure in the presence of up to four water molecules, at which point it broke and formed 

stable monomeric OV(OH)3 units.[18] These units were anchored by three V-O-Ti bonds 

on the surface of the TiO2 support material. A set of 12 species of vanadium oxide 

monolayers with the formula VOxHy on a TiO2 anatase slab were investigated.[43] It was 

found that the surface structure is dependent on the type of monomer, in particular, the 

number of neighbouring oxygen at a high coverage of V2O5. It was found that vanadium 

monomers containing 0-2 oxygen atoms remained at the hollow site, where oxygen atoms 

from the support are available for saturating coordination. With monomers containing three 

or more oxygen atoms, V-O-V bridges were formed.[40] 
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The reactivity of the catalyst is associated with the presence of the V-O-Ti bonds, as the 

energy of hydrogen adsorption on the oxygen sites are in the following order: V-O-Ti > 

V=O > V-O-V > Ti-O-Ti [24], where the V=O bonds are most likely too stable to react to 

react with oxygen atoms [24, 18] , while other authors claim reactivity on these sites. [44-

46] 

These models of the V2O5-TiO2 catalyst have been extensively used to investigate medium 

to high coverage of V2O5 on the TiO2 support surface.[19] 

2.3. Commercial SCR catalysts 

Commercial SCR catalysts’ composition is usually made up of V2O5-WO3-TiO2, where TiO2 

acts as the support material (~80% w/w) for the catalytically active metal oxides V2O5 and 

WO3. V2O5 loadings are usually low (~2% w/w). [13] As mentioned earlier, these SCR 

catalysts main function is for the reduction of NOx to N2, but it may also be used for the 

oxidation of Hg0 to Hg+2. 

The commercial catalyst V2O5-WO3-TiO2 has a few shortcomings, which includes the high 

activity for the oxidation of SO2, the operation temperatures between 300-450 ºC, the 

deactivation of the catalyst by alkali metals and the toxicity of vanadium species. Many 

researchers have attempted to modify or reinvent the catalyst to minimalize these 

disadvantages.  In order to modify the catalyst, MoO3 is sometimes used instead of WO3 

as active metal oxide, as well as different loadings of V2O5 added to the catalyst and 

different preparation methods of the support surfaces.[47] 

Additionally, a variety of factors have been found to affect the electronic structure of 

catalysts and thus the efficiency. These factors include the presence of certain species 

(NO2, SO2, NO, H2O, HCl) that promote or inhibit reaction steps during the mercury 

oxidation [48], the structure of the surface [49] and the surface strain.[50, 51] 
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2.4. Mechanism of mercury oxidation on the SCR catalyst 

The overall reaction of the oxidation of Hg0 with HCl can be expressed as: [42] 

Hg0 + 2HCl + ½O2 → HgCl2 + H2O 

This reaction could be promoted by homogeneous or heterogeneous catalysts. However, 

heterogeneous oxidation, promoted by SCR catalysts, is usually faster than homogeneous 

oxidation.[52] 

Although there is no clarity on the mechanism of heterogeneous mercury oxidation, three 

possible mechanisms for the oxidation of mercury by HCl over a V2O5-TiO2 catalyst have 

been postulated.[37] These mechanisms are based on experimental and characterization 

results. 

The first mechanism involves the Deacon process. In this mechanism, the HCl is oxidized 

over a V2O5 catalyst to Cl2, which then reacts with Hg0 in the gas-phase. The second 

mechanism, namely the Eley-Rideal mechanism, assumes that the Hg0 adsorbs on the 

active sites of the catalyst surface and then reacts with gaseous HCl.[3, 53] The third 

mechanism, namely the Langmuir-Hinshelwood mechanism, assumes that the HCl and 

Hg0 are adsorbed on active sites of the V2O5 catalyst surface and that the Hg0 then reacts 

with the chlorinated sites.[2] 
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2.4.1. Deacon process 

During the Deacon process (D1), HCl is oxidized heterogeneously in the presence of the 

V2O5-TiO2 catalyst and forms Cl2 from HCl.[13] 

2HCl + ½O2  Cl2 + H2O   (D1) 

This process can convert large concentrations of HCl in the flue gas to Cl2[13]. The formed 

Cl2 then promotes mercury oxidation in a gas-phase reaction. Below is three possible 

mercury oxidation reactions in the presence of Cl2. 

2 Hg0 + Cl2  Hg2Cl2    (D2) 

2 Hg0 + Cl2  2 HgCl    (D3) 

Hg0 + Cl2  HgCl2    (D4) 

However, the equilibrium concentration of the formed Cl2 is only about 1% of the HCl 

concentration in the flue gas, and the reaction between Hg0 and Cl2 is slow.[54] For these 

reasons, the extent of mercury oxidation observed in flue gases could not be accounted 

for.[2, 48] Modelling studies by He et al.[30] and Niksa et al.[2] suggests that another 

mechanism is more likely to be responsible for the heterogeneous oxidation of mercury. 

One such mechanism is the Eley-Rideal mechanism. 

2.4.2. Eley-Rideal mechanism 

In the Eley-Rideal mechanism, one molecule absorbs onto the surface of the V2O5-TiO2 

catalyst and the second molecule stays in the gas-phase (or is weakly absorbed). In the 

example (reaction steps E1-E2) below, the HCl absorbs onto the surface of the V2O5-TiO2 

catalyst to form vanadium oxy-chloride complexes, and Hg0 stays in the gas-phase.[30] 

This mechanism is plausible since it is known that HCl usually has high gas-phase 

concentrations in the flue gas. 

HCl (g)  HCl (ads)    (E1) 

HCl (ads) + Hg0 
(g) → HgCl (g)   (E2) 

Another Eley-Rideal type model, where Hg0 reacts with gaseous HCl after it has been 

adsorbed on the V2O5-TiO2 catalyst surfaces, was proposed by Senior et al.[3] 
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However, X-ray photoelectron spectroscopy (XPS) studies[46] showed that both the 

mercury and chlorine species were adsorbed on the V2O5-TiO2 catalyst surface and 

underwent heterogeneous reactions with one another. The formation of successive layers 

of oxidized mercury (HgCl2), with covalent and/or donor-acceptor bonds, were observed 

with transmission electron microscopy (TEM) images. 

The formation of these successive layers could not be explained by the initial reaction of 

mercury and HCl according to the Eley-Rideal mechanism.[52, 55] Therefore, it was 

proposed that the Langmuir-Hinshelwood mechanism [52] is a more suitable mechanism 

to describe the oxidation of mercury with the V2O5-TiO2 catalyst. 

2.4.3. Langmuir-Hinshelwood mechanism[52] 

The Langmuir-Hinshelwood mechanism suggests that both the Hg0 and HCl molecules 

are adsorbed onto the surface of the V2O5-TiO2 catalyst. The adsorbed HCl generates Cl, 

which then reacts with adjacent adsorbed Hg0.[52] Below are the reaction steps (L1-L4) of 

the Langmuir-Hinshelwood mechanism: 

Hg0 
(g) ⇆ Hg0 

(ads)    (L1) 

HCl (g) ⇆ HCl (ads)    (L2) 

Hg0 
(ads) + HCl (ads) → HgCl (ads)  (L3) 

HgCl (ads) → HgCl (g)    (L4) 

Additionally, the formation of HgCl2 (L5 and L6) via the Langmuir-Hinshelwood mechanism 

is possible.[46] 

HgCl (ads) + HCl (ads)→ HgCl2 (ads)  (L5) 

HgCl2 (ads) → HgCl2 (g)    (L6) 

The rate of reaction for this mechanism is dependent on the concentrations of the 

reactants, the rate constant for the surface reaction, and the adsorption equilibrium 

constant. 

This Langmuir-Hinshelwood mechanism is supported by XPS and Fourier-transform 

infrared spectroscopy (FT-IR) results, where He et al.[30] observed the adsorption of HCl 

onto the V2O5 sites and the formation of Cl. The Cl then reacted with adjacent mercury to 

form oxidized mercury. They suggested that the Langmuir-Hinshelwood mechanism, as 

shown in Figure 2.8, would be the best mechanism for the oxidation of mercury over the 

V2O5-TiO2 catalyst. 
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However, it should be noted that the adsorption of Hg0 on various catalytic active surfaces 

is mainly physical or weakly chemical. On the other hand, species of oxidized mercury 

(HgCl and HgCl2) are mainly chemisorbed on the surfaces. Ling [6] showed that the 

concentration of HCl has a strong influence on the adsorption and oxidation of Hg0. In high 

concentrations of HCl, Hg0 is not absorbed on catalytic surfaces. These higher 

concentrations of HCl causes the oxidation of Hg0 to increase from 4% to 63%. The formed 

HgCl2 is more strongly adsorbed on the catalyst than Hg0.[5] 

 

Figure 2.8: Langmuir- Hinshelwood mechanism suggested by He et al.[30] 
Reprinted with permission from He S. et al., Mercury Oxidation over a 
Vanadia-based Selective Catalytic Reduction Catalyst. Energy & Fuels, 
2009. 23(1): p. 253-259. Copyright 2018 American Chemical Society. 

It is important to mention that the oxidation of Hg0 to HgCl2 could be achieved with the use 

of HCl or Cl2. However, the determining factor in the oxidation of Hg0 to Hg+2 is the 

activation energy, which includes the absorption and desorption of all species. [6] For this 

reason, the possibility exists that the oxidation of mercury may occur according to a 

combination of the Eley-Rideal and Langmuir-Hinshelwood mechanisms. 

2.4.4. Combination of Eley-Rideal and Langmuir-Hinshelwood 

mechanisms 

As shown earlier in this Chapter, Zhang et al.[41] investigated the oxidation of mercury on 

an unsupported V2O5(001) surface (Figure 2.5). From the results they obtained, they 

proposed a mechanism for the oxidation of Hg0 over V2O5 (Figure 2.9). In their mechanism 

H2O 

O2 
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Hg0, HCl and HgCl2 are physically adsorbed, while HgCl is chemically adsorbed on the 

V2O5 (001) surface. The mercury oxidation follows the reaction: Hg0 → HgCl → HgCl2.[41] 

An Eley-Rideal mechanism is followed in the first step where HCl reacts with adsorbed 

Hg0 on the V2O5 (001) surface to form HgCl. In the second step, a Langmuir-Hinshelwood 

mechanism is followed where the surface HgCl reacts with HCl (that is adsorbed on the 

surface after step 1) to form HgCl2. The formation of HgCl2 is also the rate-determining 

step.[41] 

 

Figure 2.9: Pathway of mercury oxidation on V2O5(001) surface.[41] Reused with 
permission from Zhao L. et al., Mechanism of heterogeneous mercury 
oxidation by HCl on V2O5(001) surface. Current Applied Physics, 2018. 
18(6): p. 626-632.c  

Because of the strong interactions of HCl and HgCl with the surface, as well as the higher 

HCl concentrations in the gas phase compared to Hg0, Wilcox et al.[4] suggested a 

combination of the Langmuir-Hinshelwood and Eley-Rideal mechanisms for the V2O5-TiO2 

catalyst. 

In Figure 2.10, the first four steps followed the Langmuir-Hinshelwoord mechanism. The 

HCl and HgCl are adsorbed, and HCl dissociated to form HgCl2. HgCl2 desorbed from the 

surface. The desorption of HgCl2 is followed by the formation of the HgCl according to the 

Eley-Rideal mechanism in step 7 of the mechanism. 
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Figure 2.10: Proposed mechanism for the oxidation of mercury on a V2O5-TiO2 SCR 
catalyst.[4] The blue arrows show adsorption steps, the green arrows 
show dissociation steps, and the red arrows shows desorption 
steps.[4, 6] Reprinted with permission from WILCOX, J. & NEGREIRA, 
A. S. 2013. DFT Study of Hg Oxidation across Vanadia-Titania SCR 
Catalyst under Flue Gas Conditions. The Journal of Physical Chemistry 
C, 117, 1761-1772. Copyright 2018 American Chemical Society. 

2.4.5. Summary 

None of these mechanisms have been identified as the dominant mechanism for the 

oxidation of mercury over a V2O5-TiO2 catalyst. It is still uncertain in which phase HCl, Cl, 

and Cl2 appears as. Also whether Hg0 and HCl react directly or whether another species, 

such as HgO is formed beforehand. Researchers agree that it seems as if mercury reacts 

from an adsorbed state. It has been found that the oxidation of mercury across SCR units 

is influenced by factors such as the concentrations of HCl, NOx, and SO3 in the flue gas, 

the type of coal combusted, the SCR catalyst composition, and other operating 

conditions.[52] 
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2.5. Computational parameters for a periodic V2O5-TiO2 catalyst system 

Several computational methods using the Vienna Ab initio simulation package (VASP) 

have been developed for the study of the periodic V2O5-TiO2 catalyst. In Table 2.3, various 

methods and parameters using VASP are summarized. Additionally, the study of 

Vittadini[23] using the Car-Parrinello codes, which were merged into the Quantum 

Espresso distribution, is added for completeness. 

The periodic systems summarized in Table 2.3 consists of a TiO2 support slab with a 

monolayer or clusters of V2O5 or VOx on the surface. All the TiO2 slabs are anatase with a 

(001) surface. The TiO2 slab thickness is between three and six layers. Most having three 

layers. However, in Section 2.2.1, it was shown that the ideal slab thickness for TiO2 

anatase slabs with a (001) surface is six layers. The vacuum gap is between 7 and 15 Å 

and the surface area between nine and four square units (approximately 128 - 57 Å2). 

For most of the systems, gradient corrected exchange-correlation functionals, namely 

PBE[56] and PW91[57], were used for optimization. The PBE functional has been 

designed to give essentially the same results as the PW91 functional, but it is more robust 

in systems with rapidly varying electron density.[56] 

In order to use a plane wave basis set, a kinetic energy cutoff between 340 and 500 eV 

was selected with ultrasoft pseudopotentials. The pseudopotential approximation replaces 

core electrons and the strong Coulomb potential by a weaker pseudopotential that acts on 

a set of pseudo wavefunctions. Ultrasoft pseudopotentials (USP) [58] were introduced by 

Vanderbilt [59] in order to allow calculations to be performed with the lowest possible cutoff 

energy for the plane-wave basis set. The k-points define the k-space (spatial-phase space, 

otherwise known as reciprocal space).[60] Table 2.3 contains symmetric and un-

symmetric k-points. Symmetrical k-points reduce the computational cost, while maintaining 

the same accuracy as un-symmetrical k-points. The number of k-points vary between 4 

and 15. 
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Table 2.3: Summary of the different literature methods 

Reference Model 
Number of 
slab layers 

Vacuum 
gap (Å) 

TiO2 slab 
used 

Level of 
theory[61] 

Kinetic 
cut-off 
energy 
(eV)[62] 

k-
points[49] 

Pseudo-
potential[63] 

Visual representation 

Wilcox[4] TiO2, Dimeric V2O5 3 15 4X2X1 GGA/PBE 500.00 2X4X1 PAW 

 

Minot[25] 
 

TiO2, V2O5 layer 3 7 3X3X1 GGA/PBE 400.00 5X5X1 Ultrasoft 

 

Minot[24] 
TiO2, linear V2O5 

cluster 
3 7 

2X2X1 
2X3X1 

GGA/PW91 400.00 5X5X1 Vanderbilt ultrasoft 

 

Vittadini[22] 
TiO2, 
VOx 

3 11 
2X2X1 
3X2X1 

GGA/PBE 340.15 
2X2X1 
3X2X1 

Ultrasoft relativistic 

 
One of the tested monomeric vanadium 

species. 

Vittadini[23] 
TiO2, 

VOx species and 1-3 
layers 

6 11 
2X2X1 
2X3X1 

Quantum 
Espresso 

distribution/ 
Car-Parrinello 

codes 

340.15 
2X2X1 
3X2X1 

Small core vanderbilt 

 

Alexopoulos[19] TiO2, V2O5 monolayer 4 11 
1X1X1 (V) 
2X2X1 (Ti) 

GGA/PBE 400.00 
2X6X1 (V) 
3X3X1 (Ti) 

- 
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During the calculations of the TiO2 anatase support, a self-interaction error may occur due 

to the electron transferred between two considerably different environments, which in this 

case is the titanium (transition metal) and the oxygen atoms.[64] This self-interaction error 

is particularly important for the localized d and f electrons, as well as localized p electrons, 

where the on-site Coloumb interactions are very strong. The self-interaction error of the 

strong on-site Coulomb interaction of localized electrons is corrected by using the Hubbard 

U parameter[65-67], and the on-site exchange is corrected by using the J parameter[67]. 

None of the studies summarized in Table 2.3 discusses the Hubbard U parameter, which 

suggests that the Hubbard U parameter was not used in these studies. However, 

generalized gradient approximations (GGA)[56] in DFT studies do not describe physical 

material properties efficiently. For example, the experimental bandgap for TiO2 anatase 

(shown in Table 2.4) was found to be 3.2 eV [68, 69] and the pseudo-potentials-Perdew 

Burke Ernzerhof (PP-PBE) study of Erdogan[54] showed a bandgap of 2.13 eV. 

Table 2.4: Summary of studies showing the bandgap found for TiO2 anatase 

Reference Method used Lattice parameters 
(Å) 

Bandgap 
(eV) 

a c 

Reyes-
Coronado[68] 

Exp.(UV-
VSR) 

- - 3.21 

Tang[69] Exp.(UV-
VSR) 

- - 3.20 

Erdogan[70] PP-PBE 
3.775 9.599 2.13 

Yang[71] Sp-GGA+ 
U=6.6/J=0.78 

LCAO-PBE0 

3.758 9.704 3.03 

Khan[72] CASTEP 

GGA+U=2.5  

Mo-doped 

3.829 9.702 2.295 

Yu[73] CASTEP 

GGA+U=4.2  
- - 3.23 

 

In the studies[61-63] where a Hubbard U parameter was added (Table 2.4), the bandgap 

increased from 2.13 eV to a maximum of 3.23 eV. Although different methods with different 

Hubbard U parameters were used in the studies in Table 2.4, similar lattice parameters 

were observed. 
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2.6. Summary 

From the literature study, it is evident that improvement of the APCDs is needed and the 

best way of achieving this is to improve the SCR units. Improvement of the SCR units 

entails the development of a periodic V2O5-TiO2 catalyst model and to use this model to 

study the mechanism of mercury oxidation. 

The SCR catalyst in the SCR units consists of a TiO2 support and an active V2O5 catalytic 

component. According to literature the best model for the TiO2 support is a six layered slab 

of TiO2 anatase with a (001) surface, a surface area between nine and four square units 

(approximately 128 - 57 Å2) and a vacuum gap of between 7 and 15 Å. The V2O5 should 

be added as linear dimeric clusters on the support. 

According to literature the best settings for the optimization of this periodic V2O5-TiO2 

catalyst model is the gradient-corrected exchange-correlation functional PBE, a kinetic 

energy cutoff between 340 and 500 eV, ultrasoft pseudopotentials and the number of k-

points between 4 and 15. Additionally, a Hubbard U parameter of 4.2 eV was used to 

obtain a bandgap of 3.2 eV. 

Due to the fact that the dominant mechanism for mercury oxidation, with HCl in the 

presence of the V2O5-TiO2 catalyst, has not yet been identified according to the literature, 

any one of the mechanisms presented earlier in this chapter could form the basis for the 

postulation of a mechanism. 
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CHAPTER 3 

3. METHODOLOGY 

3.1. Resources used 

The resources used during this research were a workstation in the Laboratory for Applied 

Molecular Modelling (LAMM) and the Lengau cluster at the Centre for High Performance 

Computing (CHPC)[74] using BIOVIA Materials Studio 2016 software[26]. 

The computer in the LAMM is an HP Z240 Tower workstation with a 64-bit Windows 

operating system. It has an Intel ® Core™ i7-6700K CPU @ 4.00 GHz and 16 GB of RAM. 

The CHPC Lengau cluster has an Intel ® Xeon ® CPU with a 2.6 GHz clock, 32832 cores 

and 1368 nodes. It has 148.5 TB memory, and 4 PB shared Lustre storage. In terms of its 

LINPACK Benchmark, it has an Rmax (maximal achieved performance) score of 1.029 

PFlops and Rpeak (theoretical peak performance) of 1.307 PFlops. 

3.2. Summary of approach 

The approach for this study comprises of three parts, as can be seen in the flow diagram 

below. In the first part, the model based on the bulk was developed and validated by 

comparison with the literature [4]. In the second part the model developed in the first part, 

was used to create and refine the TiO2 anatase slab model, whereas in the third part, 

mercury oxidation with an SCR catalyst, namely the V2O5-TiO2 catalyst, was investigated. 
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Part 1: Model development and validation 

 

Part 2: Creating and refining of a TiO2 anatase slab model 

   

 

Part 3: Investigation of mercury oxidation with the V2O5-TiO2 catalyst 
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3.3. Model development and validation 

Crystal data (namely the unit cell) of TiO2 (anatase, rutile and brookite) was obtained from 

a built-in database of BIOVIA Materials Studio[26] by using a search function in the 

software. 

The unit cells of TiO2 (the support material) were optimized using plane-wave Density 

Functional Theory (DFT) calculations. The CASTEP[27] module of BIOVIA Materials 

Studio 2016 software[26] with the Perdew-Burke-Enzerhoff (PBE) generalized-gradient 

approximation (GGA) [75] functional was used for the DFT calculations. For all the 

calculations, an Ultrasoft Koeling-Hamon pseudopotential was used with an optimized 

energy cut-off of 500 eV. The number of k-points for the Brillouin zone integration was 

chosen according to a Monkhorst-Pack grid[76] of 6x6x6 with a convergence criterion of 

10-4 eV. For these calculations, the Hubbard U parameter was not used. A Broyden–

Fletcher–Goldfarb–Shanno algorithm[77] with an energy threshold of  

2x10-5 eV/atom, a force threshold of 0.05 eV/Å, and a displacement threshold of 2x10-3 Å 

was used for geometry optimization. Additionally, the bandgap and energy/ion were 

calculated for the TiO2 anatase unit cell. 

The lattice parameters of the different TiO2 (anatase, rutile and brookite) unit cells were 

compared to the literature values[4]. The Ti-O vertical and horizontal bond lengths (Figure 

3.1) in the TiO2 anatase unit cell were measured, and compared to the results obtained by 

Wilcox[4].  

 

Figure 3.1: TiO2 anatase unit cell showing the horizontal and the vertical bond 
lengths. Red represents oxygen atoms and grey represents titanium 
atoms. 

In the literature it was found that a Hubbard U parameter of 4.2 eV for 3d valence electrons 

of titanium for a 2x2x1 TiO2 anatase bulk with 3x3x3 k-points and a cut-off energy of 400 

Vertical bond  

Horizontal bond  
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eV gave a bandgap of 3.2 eV[73], which is comparable with the experimental bandgap 

value for TiO2 anatase[68, 69]. Thus, it was decided to first repeat the calculation with the 

literature settings in CASTEP to validate the model in this study, before enlarging the bulk 

to 3x3x1, which will be used in the rest of the study. 

A 2x2x1 bulk was created from the optimized TiO2 anatase unit cell. The 2x2x1 TiO2 

anatase bulk was optimized without the inclusion of a Hubbard U parameter, 1x1x1 k-

points and a cut-off energy of 400 eV to determine the bandgap, the energy/ion and the 

lattice parameters. 

Then the 2x2x1 TiO2 anatase bulk was optimized with the inclusion of the GGA + Hubbard 

U parameter of 4.2 eV for titanium. The k-points (1x1x1 and 6x6x6 Monkhorst pack, to 

compare small and large k-points) and cut-off energy (400 and 500 eV) were varied to 

determine their effect on the bandgap, energy/ion and lattice parameters. 

The TiO2 anatase bulk was then enlarged by creating a 3x3x1 supercell (bulk) from the 

optimized TiO2 anatase unit cell. The 3x3x1 TiO2 anatase bulk is depicted in Figure 3.2. 

This 3x3x1 TiO2 anatase bulk was optimized with the optimum settings found for the 2x2x1 

TiO2 anatase bulk, while varying the Hubbard U parameter from 0 eV to 8 eV. The variation 

of Hubbard U parameter was done in order to find the Hubbard U parameter giving the 

closest bandgap to 3.2 eV. The influence of the Hubbard parameter on the lattice 

parameters, the energy/ion, the bandgap and the partial density of states (pDOS) was 

investigated.  

 

Figure 3.2:  3x3x1 TiO2 anatase bulk. Red represents oxygen atoms, and grey 
represents titanium atoms. 

The cut-off energy was then varied from 350 eV to 600 eV for the 3x3x1 TiO2 anatase bulk 

system, using a 1x1x1 k-point set and a Hubbard U parameter of 0 eV, to determine the 

effect of the cut-off energy on the bandgap. The partial density of states (pDOS) was 

(001) 

(100) 
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calculated with 1x1x1 k-points, and compared for the 400 eV and 500 eV cut-off energies, 

respectively. 

Lastly, the k-points were varied, while the Hubbard U parameter was 0 eV and the cut-off 

energy 400 eV. 

3.4. Creating and refining of a TiO2 anatase slab model 

The optimized TiO2 anatase unit cell (Figure 3.3) was cut along a (001) Miller plane to 

create a surface. It should be noted that the layers were defined as in the work of Wilcox 

et al.[4], as depicted in Figure 3.4. A layer was defined in such a way that the charges 

were balanced and that there was no dipole over the slab. 

 

 

Figure 3.3: Unit cell structure of TiO2 anatase, front and top view. Red represents 
oxygen atoms, and grey represents titanium atoms. 

 

Figure 3.4: TiO2 anatase slab layers as defined by Wilcox et al.[78] Red represents 
oxygen atoms, and grey represents titanium atoms. 

The surface area of the TiO2 anatase slab was increased by using a 3x3x1 supercell. The 

surfaces were separated by a vacuum gap of 15 Å, as seen in Figure 3.5, in order to 
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prevent interaction between adjacent surfaces.[78]  

The slab thickness was increased by increasing the number of layers in the structure 

stepwise from three to six layers. The respective slabs were optimized with a 2x4x1 k-

points, and a cut-off energy of 400 eV and 500 eV respectively. The k-points, used by 

Wilcox[4], were chosen to start with to first find the optimum slab thickness, before testing 

for the best k-points. 

The optimum slab thickness was determined by plotting the energy/ion (eV) (relative to a 

three layer slab) against the number of layers in the slab. A second method was used 

whereby the energy/ion of the bulk divided by the energy/ion of the slab were plotted 

against the number of layers in the slab to determine which one was the closest to the bulk 

and thus the most stable. 

 

Figure 3.5: Six layered TiO2 anatase slab with a vacuum gap. Red represents 
oxygen atoms, and grey represents titanium atoms. 

Additionally, the Ti-O horizontal and vertical bond lengths for the optimized TiO2 anatase 

slabs, with a different number of layers, were measured and compared to the horizontal 

and vertical bond lengths of the optimized 3x3x1 TiO2 anatase bulk and the TiO2 unit cell. 

The surface energy for the slabs with a different number of layers was also calculated. The 

surface energy is defined as:  = 
1

2𝐴
 (Eslab – NEbulk)[79] for a clean slab in vacuum, where 

(001) 

(100) 

7,5 

Å 

15 Å Vacuum gap 

7,5 

Å 
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2A is defined as the surfaces of the slab (bottom and top), Eslab as the energy of the slab, 

Ebulk as the bulk energy/ion and N as the number of ions in the slab. 

The bandgap was also compared for the different number of layers in the slab for 400 eV 

and 500 eV cut-off energies, respectively. 

The integration grid in the 1st Brillouin zone is defined by k-points. To find the optimum k-

points for the optimum layered TiO2 anatase slab, the slab was optimized with different k-

point sets. These results were analyzed with two different methods. 

In the first method, which was proposed in the literature[79] for the optimization of k-points, 

the surface energy was calculated (as mentioned earlier) and plotted against the different 

k-points. 

In the second method, a graph was drawn using the ΔE/Δk value against the different k-

points. The ΔE was calculated by using each calculated k-point optimization’s energy, 

divided by the number of ions in the slab to obtain the energy/ion and subtracting the 

reference energy (the energy/ion of the 1x1x1 k-points slab). The Δk was calculated by 

taking the number of k-points for each calculation and subtracting the number of k-points 

for the 1x1x1 k-points slab. The two obtained values were then divided by one another to 

give the ΔE/Δk value. 

The calculation time, energy/ion and lattice parameters for the different number of layers 

in the slab, using the optimum k-points were compared to determine which k-points would 

be more efficient. 

As for the bulk system, it was decided to investigate the influence of the Hubbard U 

parameter on the bandgap of the optimum layered TiO2 anatase slab. The Hubbard U 

parameter was changed in intervals of 1 from 0 to 5 eV, and a geometry optimization was 

done using the optimum k-points with the shortest calculation time and a cut-off energy of 

400 eV.  

The partial density of states (pDOS) was calculated for the optimum layered TiO2 anatase 

slab, using the optimum k-points, Hubbard U parameter and a cut-off energy of 400 eV. 

In an effort to reduce calculation time, half of the optimized TiO2 anatase slab was frozen 

(fixed position) and the slab was optimized again with the optimum k-points, cut-off energy 

and Hubbard U parameter. The lattice parameters, energy/ion, bandgap and calculation 

time were then compared for the unfrozen and frozen slab to ensure that the slab can be 

frozen without affecting the results. 
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The electron density and electron density difference of the refined slab were calculated in 

order to identify possible coordination sites on the TiO2 anatase slab surface. 

3.5. Investigation of mercury oxidation with the V2O5-TiO2 catalyst 

In this section, the oxidation of mercury with the V2O5-TiO2 catalyst is being investigated. 

However, in order to do this the gas phase species (reaction intermediates) involved in the 

mercury oxidation as well as the V2O5 dimer, cut from the V2O5 bulk, added onto the refined 

TiO2 anatase slab was first optimized. 

3.5.1. Optimize reaction intermediates 

The gas-phase species (HgCl2, HgCl, Cl2, Cl-, Hg, H2O, O2, OH-, HCl, H- and H2,) were first 

optimized using the DMol3[28] module of BIOVIA Materials Studio 2016 software[26]. A 

GGA-PBE functional was used with a DNP+ basis set and an all electron core treatment. 

An SCF tolerance of 1.0e-5 was used with a density mixing of 0.2 charge and 0.5 spin. 

The gas-phase molecules were then optimized within a 10x10x11 Å box (periodic system) 

finite occupation using the CASTEP module of BIOVIA Materials Studio 2016 software[26]. 

An Ultrasoft Koeling-Hamon pseudopotential with a cut-off energy of 400 eV and a Gamma 

(1x1x1) k-point set was used. The calculated energies and bond lengths were compared 

to literature values. 

3.5.2. Add V2O5 to TiO2 anatase slab to create V2O5-TiO2 catalyst 

A V2O5 bulk (Figure 3.6) was optimized with a Gamma-point (1x1x1) k-point set, a cut-off 

energy of 400 eV and no Hubbard U parameter. The V-O bond lengths and angles, as well 

as the total energy and energy/ion, were calculated for the V2O5 bulk. The V2O5 dimer 

(Figure 3.7) was cut from the optimized V2O5 bulk. 

 

Figure 3.6: Optimized V2O5 bulk. Red represents oxygen atoms, and green 
represents vanadium atoms. 
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Figure 3.7: Structure of the V2O5 dimer. Red represents oxygen atoms, and green 
represents vanadium atoms. 

The V2O5 dimer (Figure 3.7) was optimized within a 10x10x11 Å periodic system. A cut-off 

energy of 400 eV was used with an Ultrasoft Koeling-Hamon pseudopotential. A Gamma 

(1x1x1) k-point set was used, with no Hubbard U parameter. The V-O bond lengths and 

angles, as well as the total energy and energy/ion, were calculated for the V2O5 dimer. 

The V2O5 optimized dimer was then added to the refined TiO2 anatase slab as can be seen 

in Figure 3.8. The oxygen atoms on the surface of the TiO2 anatase slab were removed 

under the V2O5 dimer, as in Wilcox’s work[4, 78], to account for the reconstruction of TiO2 

support due to the water interaction with the surface [40, 80, 81]. 

 

Figure 3.8: Different side views of the constructed catalyst structure, where V2O5 
is added on the TiO2 anatase surface. Red represents oxygen atoms, 
grey represents titanium atoms, and green represents vanadium atoms. 

The orientation of the V2O5 on the TiO2 slab was varied, as depicted in Figure 3.9, in order 

to find the most stable geometry. These structures were optimized with a cut-off energy of 

400 eV and optimum k-points and no Hubbard U value.  

Oxygen atoms 

removed 
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Figure 3.9: Different orientations of V2O5 on the six layered TiO2 anatase slab. Red 
represents oxygen atoms, grey represents titanium atoms, and green 
represents vanadium atoms. 

 
The binding energy of the V2O5 on the TiO2 anatase slab was calculated by using the 

following formula: 

The binding energy of the V2O5 on the TiO2 anatase slab = [Energy of V2O5-TiO2 slab 

(Figure 3.8)] – [Energy of clean TiO2 slab (Figure 3.5) + Energy of V2O5 dimer (Figure 3.7) 

– 2 Energy of O2 (Removed from slab surface)] 

3.5.3.  Investigation of mercury oxidation with the V2O5-TiO2  

catalyst 

A mechanism, depicted in Figure 3.10, using the V2O5-TiO2 catalyst was postulated for the 

oxidation of mercury. The postulated mechanism was based on the Langmuir-

Hinshelwood mechanism[82, 83]. 
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Figure 3.10: A postulated mechanism for the oxidation of mercury with the V2O5-TiO2 
catalyst 

The 6 catalyst structures in Figure 3.10 were built by adding the reaction intermediate 

molecules to the V2O5-TiO2 slab (in Figure 3.8). All the structures in the postulated 

mechanism were optimized using the settings for the TiO2 anatase slab, and an energy 

profile was compiled. 
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CHAPTER 4 

4. RESULTS AND DISCUSSION 

4.1. Introduction 

In this chapter, the results of the model development and validation, creating and refining 

of a TiO2 anatase slab model, and the investigation of mercury oxidation with a V2O5-TiO2 

catalyst are discussed. 

4.2. Model development and validation 

Lattice parameters from the literature using VASP[84-86] and lattice parameters for 

optimized TiO2 (anatase, brookite and rutile) unit cells using CASTEP[27] for the current 

study are compared in Table 4.1. 

Table 4.1: Comparison of literature and calculated values of lattice parameters for 

the optimization of TiO2 (anatase, brookite and rutile) unit cells 

 Literature lattice 
parameters (Å)[4] 

VASP 

Optimized lattice 
parameters (Å) 

CASTEP 

Difference between 
literature and 

optimized lattice 
parameters (Å) 

Support 
material 

a b c a b c a b c 

TiO2, 
anatase 

3.78 3.78 9.49 3.78 3.78 9.51 0.01 0.01 0.03 

TiO2, rutile 4.59 4.59 2.96 4.64 4.64 2.97 0.05 0.05 0.01 

TiO2, 
brookite 

9.17 5.44 5.14 9.26 5.51 5.17 0.09 0.07 0.04 

 

The difference between the literature and optimized lattice parameters were very small, 

especially for TiO2 anatase (0.01, 0.01, 0.02 Å), as seen in Table 4.1. For the TiO2 anatase, 

it was thus just the c lattice parameter that became longer, while for TiO2 rutile and TiO2 

brookite all the lattice parameters became longer. 

Bai et al.[87] calculated lattice parameters for the Mn+1AXn phases (where M is the 

transition metal, A is the group elements, X is C or N and n = 1–3) with VASP and CASTEP, 

and found that they differ slightly. Some of the CASTEP values were larger and others 

were smaller. They concluded that the lattice constants are in general higher than the 
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experimental values when using the VASP code and lower when using the CASTEP code. 

Chen et al.[88] calculated lattice parameters for the transition metals and for some, the 

CASTEP values were smaller and for others larger than the VASP values. 

The experimental lattice parameters for TiO2 anatase[89] are a = 3.7910 Å and c = 9.5146 

Å; thus, we see that the VASP code gives lower values than the experimental values and 

CASTEP gives higher values. The lattice parameters obtained for the optimized unit cells 

in this study using CASTEP differs so slightly that it was comparable with the lattice 

parameters obtained in the literature by Wilcox[4] using VASP. 

In Table 4.2, the Ti-O bond lengths in the TiO2 anatase unit cell of the present study are 

compared with that of Wilcox[4]. The horizontal Ti-O bond lengths were the same for the 

calculated unit cell in this study using CASTEP and the literature values of Wilcox[4] using 

VASP, while the vertical Ti-O bond length only differed with 0.01 Å, which was a negligible 

difference. This, combined with the observation made in Table 4.1 on the lattice 

parameters, served as a validation of the CASTEP calculation method (model) for the TiO2 

anatase unit cell in this study. For this reason, the model was used as the base model for 

the rest of the study. 

Table 4.2: Comparison of literature and obtained data for TiO2 anatase unit cell 
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Calculated 
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CASTEP 

1.99 1.93 
a = 3.78 
b = 3.78 
c = 9.49 

-825.45 1.11 

Unit cell 
according to 
literature[78] 

VASP 

1.98 1.93 
a = 3.78 
b = 3.78 
c = 9.49 

- - 

 

Although the energy/ion and bandgap were calculated for the TiO2 anatase unit cell and 

are listed in Table 4.2, it cannot be compared with the work of Wilcox[4], since they did not 

mention these values. However, in the case of the TiO2 anatase bulk (discussed later in 



39 

this chapter) the bandgap, energy/ion and lattice parameters could be used to validate the 

bulk model. 

In the case of a 2x2x1 TiO2 bulk system, a bandgap of 3.8 eV (as can be seen in Table 

4.3) was found when using a cut-off energy of 400 eV, 1x1x1 k-points and a Hubbard U 

value of 0 eV. This bandgap was 0.6 eV larger than the experimental value of 3.2 eV found 

in the literature[69]. 

Table 4.3: Results obtained for a 2x2x1 TiO2 bulk system with varied cut-off 

energies and k-points 

Ud 
for 
Ti 
(eV) 

Cut-off 
energy (eV) 

k-points  Energy/ion (eV) Bandgap (eV) Lattice 
parameter 
(Å) 

0 400 1x1x1 -810.51 3.8 
a =  7.78 
b =  7.79 
c = 10.35 

4.2 400 1x1x1 -808.90 3.2 
a =  7.32 
b =  7.32 
c = 10.37 

4.2 400 6x6x6 -808.83 2.5 
a =  7.32 
b =  7.32 
c = 10.37 

4.2 500 1x1x1 -811.73 2.3 
a =  7.32 
b =  7.32 
c = 10.37 

4.2 500 6x6x6 -811.69 2.1 
a =  7.32 
b =  7.32 
c = 10.37 

 

Changing the Hubbard U parameter from 0 eV to 4.2 eV for a calculation with a cut-off 

energy of 400 eV and 1x1x1 k-points led to a decrease in the bandgap, an increase in 

energy/ion and a minimal change in the lattice parameters. The a and b lattice parameters 

became a bit larger with 0.46Å and 0.47Å, respectively, and the c lattice parameter 

decreased with 0.02Å. Keeping the cut-off energy (400 eV) and Hubbard U parameter (4.2 

eV) constant and only changing the k-points from 1x1x1 to 6x6x6, the lattice parameters 

stayed constant, the energy/ion changed slightly, and the bandgap decreased. The same 

trend was observed for a cut-off energy of 500 eV and Hubbard U parameter of 4.2. 

Keeping the Hubbard U parameter (4.2 eV) and the k-points (1x1x1) constant, and 

changing the cut-off energy from 400 eV to 500 eV, the bandgap decreased, the energy/ion 

decreased, but the lattice parameters did not change. 
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From Table 4.3 it can thus be seen that using a Hubbard U parameter of 4.2, the cut-off 

energy of 400 eV and 1x1x1 k-points gave the best bandgap, namely 3.2 eV as found in 

the literature[69], for a 2x2x1 TiO2 anatase bulk system. This result validates the CASTEP 

model for the 2x2x1 TiO2 anatase bulk system. 

Results obtained for the optimization of the enlarged 3x3x1 TiO2 anatase bulk are listed in 

Table 4.4.  

As can be seen in Table 4.4, it was found that a Hubbard U parameter of 0 eV gave the 

largest bandgap (2.897 eV). It can also be seen that with an increase in the Hubbard U 

parameter, the bandgap decreased and the energy/ion increased, thus decreasing the 

stability of the bulk. It could also be observed that the lattice parameters were not 

significantly influenced by the Hubbard U parameter.  
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Table 4.4: Results obtained for a 3x3x1 bulk system, using a 1x1x1 k-point system, 

a cut-off energy of 400eV and varying Hubbard U parameters 

Ud for Ti (eV) Bandgap (eV) Energy/ion (eV) Lattice parameters (Å) 

0 2.897 -810.16 
a = 11.50 
b = 11.50 
c = 10.22 

1 2.840 -809.77 
a = 11.33  
b = 11.33 
c =  9.49 

2 2.766 -809.38 
a = 11.45 
b = 11.45 
c =  9.62 

3 2.675 -809.00 
a = 11.46 
b = 11.46 
c =  9.63 

4 2.603 -808.63 
a = 11.33 
b = 11.33 
c =  9.49 

5 2.498 -808.22 
a = 11.33 
b = 11.33 
c =  9.49 

6 2.315 -807.85 
a = 11.58 
b = 11.58 
c =  9.75 

7 1.895 -807.53 
a = 11.50 
b = 11.50 
c =  9.66 

8 1.686 -807.15 
a = 11.33 
b = 11.33 
c =  9.49 

 

The partial density of states (pDOS), shown in Table 1S in the Appendix, did not change 

when the Hubbard U parameter was changed. Although the bandgap decreased with 

increasing Hubbard U values, the curves and trend of the partial density of states remained 

the same. The contribution value in the table refers to the density of states (electrons/eV) 

of the d orbitals over the density of states (electrons/eV) of the sum of the orbitals for the 

conducting band peak and the percentage thereof. No major change was observed in the 

contribution values of d orbitals to the conducting band peak.  
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The bandgaps obtained for a 3x3x1 TiO2 anatase bulk system, using 1x1x1 k-points, 0 eV 

Hubbard U parameter and varying the cut-off energies between 350 eV and 600 eV are 

summarized in Table 4.5. 

Table 4.5: Bandgap obtained by varying cut-off energies for a 3x3x1 bulk system, 

using a 1x1x1 k-point system and a Hubbard U parameter of 0 eV 

Cut-off energy (eV) Bandgap (eV) 

350 2.69 

400 2.90 

425 2.88 

450 2.68 

475 2.67 

500 2.45 

600 2.35 

 

As can be seen in Table 4.5, the bandgap increased from 350 eV to 400 eV cut-off 

energies with 0.203 eV, but decreased when the cut-off energy was changed to 425 eV, 

and further decreased as the cut-off energy was enlarged to 600 eV. Form these results, 

it is clear that the optimum cut-off energy for 3x3x1 TiO2 anatase bulk system, using a 

1x1x1 k-point system and Hubbard U parameter of 0 eV was 400 eV. The fractional 

coordinates of the 3x3x1 bulk, using 400 eV cut-off energy and no Hubbard U parameter 

is given in the Appendix in Table 2S. 

In Figure 4.1, the pDOS can be seen for 400 eV and 500 eV cut-off energies. The decrease 

of the bandgap with the increase in cut-off energies could be explained by the slight 

movement of the valence band and the conducting band in the partial density of states. 

The shift in the valence band with a change in cut-off energies could also possibly be 

explained by the localized d orbitals that led to a self-interaction error. In the case of the 

400 eV cut-off energy, the valance band was at the Fermi level, and the conducting band 

started at approximately 2.5 eV. However, in the case of the 500 eV cut-off energy the 

valence band was slightly above the Fermi level and the conducting band started at 

approximately 2.5 eV. Although the d orbitals contributed to the valence band, it was 

observed that the d orbitals mainly contributed to the conducting band. For the 400 eV and 

500 eV cut-off energies, the contribution of the d orbitals to the conducting band was 

90.13% and 87.57%, respectively. 
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Figure 4.1: Partial density of states for a 3x3x1 bulk with 1x1x1 k-points using 
400 eV cut-off energy (left) and 500 eV cut-off energy (right) without 
Hubbard U parameter. 

The influence of the k-points system at the settings mentioned above was investigated, 

and the results are summarized in Table 4.6. 

Table 4.6: Bandgap for different k-points for a 3x3x1 TiO2 anatase bulk system at 

cut-off energy of 400 eV and a Hubbard U parameter of 0 eV 

k-points Bandgap (eV) 

1x1x1 2.90 

2x2x2 2.94 

3x3x3 2.94 

4x4x4 2.95 

5x5x5 2.94 

 

The general trend in Table 4.6 is that the bandgap increased with an increase in the k-

points. The largest bandgap was obtained when using 4x4x4 k-points, namely 2.946 eV, 

but the difference in the bandgap obtained between the different k-points were very small. 

From this, the conclusion could be drawn that the k-point system did not have a major 
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influence on the size of the bandgap. For this reason, any of the k-points listed in Table 

4.6 could be used. 

4.3. Creating and refining of a TiO2 anatase slab model 

After creating a TiO2 anatase slab, as discussed in Chapter 3, the slab thickness was 

investigated. In Figure 4.2, the energy/ion (relative to the three layered slab) of the TiO2 

anatase slab is plotted against the different number of layers in the slab for a 3x3x1 

supercell, for the different cut-off energies, namely 400 eV and 500 eV. 

 

Figure 4.2: Energy/ion (relative to a three layered slab) of the TiO2 anatase slab is 
plotted against the different number of layers in the slab using 2x4x1 k-
points 

From Figure 4.2, it can be seen that the relative energy/ion (eV) decreased as the layers 

in the slab increased. It can also be seen that a 400 eV cut-off energy gave a slightly lower 

energy.. 

In Figure 4.3, it can be seen that the ratio of the energy of the TiO2 anatase bulk to the 

energy of the six layered TiO2 anatase slab is the closest to 1. This ratio indicated that the 

six layered TiO2 anatase slab was the closest in energy to that of the 3x3x1 bulk and thus 

the most stable. The fractional coordinates of the six layered slab, using a 400 eV cut-off 

energy and no Hubbard U parameter are given in the Appendix in Table 3S. 

The Ti-O bond lengths and surface energies for slabs with a different number of layers are 
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stayed relatively the same as in the 3x3x1 TiO2 anatase bulk, differing only at the second 

decimal, which could indicate the middle of the slabs acts as a bulk. The horizontal Ti-O 

bond lengths at the top and bottom of the slab, for the respective number of layers in slabs, 

differed only at the second decimal, which indicated a minimal change in distances 

between the ions in the surface of the slab. Although the vertical Ti-O bond lengths also 

only differed at the second decimal, these bond lengths differed the most, showing a 

contraction of the surface towards the middle of the slab. The difference in the vertical Ti-

O bond lengths of the six layered TiO2 anatase slab was also the smallest. 

 

Figure 4.3: Energy/ion of the 3x3x1 bulk over the energy/ion of the slab relative to 
the number of layers in the slab 

Additionally, the Ti-O bond lengths in the middle of the slab, for the six layered slab, 

corresponded the best to the Ti-O bond lengths of the unit cell. This correspondence 

showed that the six layer slab changed the least in terms of the Ti-O bond length. 

In Table 4.7, it can also be seen that the surface energy decreased with an increasing 

number of layers in the slab, meaning that the slab became more stable with the increasing 

number of layers. The six layered TiO2 anatase slab gave the lowest surface energy and 

was thus considered the most stable surface. It should also be noted that the obtained 

surface energy values in this study were in the same order as the surface energies found 
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The bandgaps for the different cut-off energies for the different number of layers in the 

slab are shown in Figure 4.4. The bandgap decreased as the slab thickness was increased 

from 3 to 5 layers, but then increased when the slab was increased to six layers. The 400 

eV cut-off energy gave the largest bandgap. 
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Table 4.7: Ti-O bond lengths and surface energies for a unit cell, bulk and the different number of layers in the slab 

Unit 
cell 

Ti-O bond lengths of horizontal bonds (Å) Ti-O bond lengths of vertical bonds (Å) 

1.930 1.973 
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3x3x1 
bulk 

1.98 2.04 1.98 2.04 1.98 2.03 - - - - - - - 

3 1.96 1.97 1.94 - 1.93 1.95 0.03 0.07 0.05 - 0.06 0.09 0.96 

4 1.93 1.96 1.93 1.99 1.93 1.96 0.05 0.07 0.05 0.05 0.06 0.07 0.94 

5 1.95 1.98 1.94 2.02 1.93 1.93 0.03 0.06 0.05 0.02 0.06 0.10 0.94 

6 1.94 1.98 1.94 1.99 1.94 1.98 0.05 0.06 0.05 0.05 0.04 0.05 0.93 
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Figure 4.4: Bandgap in eV of TiO2 anatase slab for different cut-off energies versus 
the number of layers in the slab using 2x4x1 k-points 

In Figure 4.5, the influence of the k-points on the surface energy of the six layered TiO2 

anatase slab is shown. 

 

Figure 4.5: Surface energy against the different number of k-points for a six layered 
TiO2 slab using a 400 eV cut-off energy 

Number of k-points refers to different sets of k-points used, thus for example at 8 number 
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Figure 4.5 are of interest since they have the lowest surface energies. The data point at 8 

k-points corresponds to 3x5x1 k-points, whereas the data point at 15 k-points corresponds 

to 5x6x1 k-points. 

The change in energy for different k-points relative to a 1x1x1 k-points slab was divided 

by the difference in the number of k-points for each k-point set and that of a 1x1x1 k-point 

slab and plotted against the different sets of k-points (2xAx1 to 5xAx1) in Figure 4.6. 

 

Figure 4.6: The change in energy calculated with different k-points relative to a 
1x1x1 k-points slab, divided by the difference in the number of k-points 
for each k-point set and that of a 1x1x1 k-point slab against the different 
sets of k-points 

The energies converged closer to 0 as the k-points became larger (Figure 4.6). The 5x6x1 

k-point converged the closest to 0, with the 3xAx1 k-point set very close to it in value. The 

4x6x1 k-point set also converged very close to 0, but it was not taken into consideration 

for use in further calculations, since it gave a higher surface energy than the 3xAx1 and 

5xAx1 k-point sets, as seen in Figure 4.5 at 12 number of k-points. 

From these two graphs, it is clear that either 3x5x1 or 5x6x1 k-points will give the lowest 

energies. The energy difference between the 5x6x1 k-point and the 3x5x1 k-points 

calculations were negligible (only differing at the 3rd decimal), but the calculation time of 

the 3x5x1 k-points was much lower than that of the 5x6x1 k-points, as can be seen in 

Table 4.8. The lattice parameters for the 3x5x1 and 5x6x1 k-points were the same for the 

respective number of layers in a slab, and there was a minimal difference between the 
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energy/ion values. It was thus decided to continue the rest of the calculations with 3x5x1 

k-points. 

Table 4.8: The calculation time and the energy/ion comparison between 3x5x1 and 

5x6x1 k-points for the different number of layers in the slab with a 400 eV 

cut-off energy 

 3x5x1 5x6x1 

Number of 
layers in slab 

and lattice 
parameters (Å) 

Calculation 
time (hours) 

Energy/ion 
(eV) 

Calculation 
time (hours) 

Energy/ion 
(eV) 

3 
a = 11.328 
b = 11.328 
c = 20.540 

0.99 -827.001 2.05 -827.007 

4 
a = 11.328 
b = 11.328 
c = 22.911 

1.59 -827.047 3.08 -827.049 

5 
a = 11.328 
b = 11.328 
c = 25.283 

3.38 -827.083 4.94 -827.086 

6 
a = 11.328 
b = 11.328 
c = 27.654 

4.57 -827.106 8.23 -827.106 

 

In Figure 4.7, it can be seen that the bandgap decreased as the value of the Hubbard U 

parameter increased, while the energy/ion (eV) increased as the Hubbard U parameter 

value increased. A Hubbard U parameter of 0 eV gave the largest bandgap, as was seen 

for the bulk, and the lowest energy/ion (eV). 

The partial density of states, in Figure 4.8, shows that the valance band was at the Fermi 

level, and the conducting band started at approximately 2 eV. In this instance, the d orbitals 

mainly contributed to the conducting band and to a lesser extent to the valence band. For 

the 400 eV and 500 eV cut-off energies, the contribution of the d orbitals to the conducting 

band were 89.78% and 87.12%, respectively.  
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Figure 4.7: Energy/ion (eV) and bandgap (eV) for the different values of the 
Hubbard U parameter for a six layered TiO2 anatase slab using a 400 eV 
cut-off energy and 3x5x1 k-points 

 

Figure 4.8: Partial density of states of all the orbitals and the sum thereof (left) and 
partial density of states for the d-orbitals and the sum (right) of the TiO2 
anatase slab with a Hubbard U parameter of 0 eV 

In Table 4.9, the influence of freezing half of the optimized six layered TiO2 anatase slab 

on the lattice parameters, energy/ion, bandgap and calculation time is summarized. 
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Table 4.9: Results obtained from the optimization of the six layered TiO2 slab using 

3x5x1 k-points, a 400 eV cut-off energy and a Hubbard U parameter of 

0 eV 

Layers Energy/ion (eV) Bandgap (eV) Calculation 
time (hours) 

Six layers not frozen -827.11 2.936 8.55 

Six layers with bottom three layers 
frozen 

-827.11 2.936 7.42 

 

The calculation time was decreased by over an hour (8.55 hours vs. 7.42 hours in Table 

4.9) when the bottom three layers of the six layered TiO2 was frozen, while the lattice 

parameters, energy/ion and bandgap stayed the same. These unchanged values for the 

lattice parameters, energy/ion and bandgap indicated that the freezing of the bottom three 

layers was a good solution to shorten calculation times and did not affect the lattice 

parameters, the energy of the slab or the bandgap. 

Closer inspection of the electron distribution on the surface of the TiO2 anatase slab 

surface was possible by mapping the electron density difference over the electron density 

as shown in Figure 4.9. 

 

Figure 4.9: Electron density difference mapped on the electron density from the 
front view (left) and top view (right) of the TiO2 anatase slab 

The isosurface scale on the left bottom side of Figure 4.9 shows values going from positive 

at red to negative at blue. This scale indicates an increase (positive) or decrease (negative) 
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in electron density. On the right side of Figure 4.9, the TiO2 anatase slab surface area is 

shown, where the red highlighted isosurface over the oxygen atoms indicates that it had a 

higher electron density than the blue highlighted isosurfaces over the titanium atoms. On 

the left side of Figure 4.9, the electron density differences between layers of the slab can 

be observed. It is clear that the surface oxygens had the highest electron density. This 

electron density indicated that an electrophile will bond to the oxygen ions in the surface 

and a nucleophile will bond to the titanium ions on the surface. 

4.4. Investigation of mercury oxidation with the V2O5-TiO2 catalyst 

In this section, the results of the optimization of the reaction intermediates, V2O5 bulk and 

dimer, as well as the oxidation of mercury with the V2O5-TiO2 catalyst, are discussed. 

4.4.1. Optimization of reaction intermediates 

The energy values obtained for the gas-phase species and the gas-phase species within 

a periodic system were comparable to energy values obtained from the literature [90] 

(Table 4.10). The energies of the species were close to what was found by Wilcox[90] 

using VASP. The bond lengths (shown in Table 4.10) of the species were in accordance 

with what was found in other modelling studies, in this case with B3LYP[91] as well as 

experimentally[92]. 
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Table 4.10: Results obtained from the optimization of the gas-phase species 

 In this study DMol3[28] In this study CASTEP In literature 

Gas-
phase 
species 

Energy 
(eV) 

Energy/ion 
(eV) 

Bond 
length (Å) 

Energy 
(eV) 

Energy/ion 
(eV) 

Bond 
length (Å) 

Energy 
(eV) 
calculated 
with 
VASP, 
Wilcox[90] 

Bond length 
(Å) 
calculated 
with 
B3LYP[91] 

Experimental 
bond length 
(Å)[92] 

HgCl2 -1948.97 -649.66 2.306 -1978.51 -659.50 2.351 - 2.321 2.280 

HgCl -16696.03 -8348.02 2.473 -16695.98 -8347.99 2.447 -16672.54 2.465 2.230 

Cl2 -25035.44 -12517.72 2.021 -25038.23 -12519.12 1.995 - 2.011 1.9988 

Cl- -12519.29 -12519.29 - -12520.10 -12520.10 - - - - 

Hg -4178.39 -4178.39 - -4281.34 -4281.34 - -4163.45 - - 

H2O -4102.86 -1367.62 1.181 -4095.27 -1365.09 0.976 - 0.971 0.960 

O2 -4088.49 -2044.25 1.224 -4088.50 -2044.25 1.223 - 1.221 1.227 

OH- -2060.79 -2060.79 0.984 -2054.42 -2054.42 0.983 - 0.974 0.971 

HCl- -12533.35 -6266.68 1.286 -12521.38 -6260.69 1.298 -12525.51 1.285 1.275 

H- -12.45 -12.45 - -12.45 -12.45 - -12.79 - - 

H2 -31.62 -15.81 0.757 -31.29 -15.65 0.755 - - - 
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4.4.2. Addition of V2O5 to TiO2 anatase slab to create V2O5-TiO2 

catalyst 

In Table 4.11, the results for the optimized V2O5 bulk, as well as the V2O5 dimer cut from 

the bulk, is summarized. The fractional coordinates of the V2O5 bulk and the V2O5 dimer 

are given in Table 4S and 5S, respectively, in the Appendix. 

Table 4.11: Results obtained for the V2O5 bulk and dimer 

Species in 
periodic 
system 

Total 
energy (eV) 

Energy/ion 

 (eV) 

V-O bond length (Å) O-V-O bridge 
bond 

angle (degrees) 

V2O5 
bulk 

-220987.696 -876.94 
1.748 (V-O-V bridge) 

2.033 (V=O) 
1.568 (V-O)  

107.88 

V2O5  
dimer 

-13073.064 -817.07 
1.837 (V-O-V bridge) 

1.721 (V=O) 
1.776 (V-O) 

112.29 

 

The V2O5 bulk had a much lower energy/ion than the V2O5 dimer and was more compact, 

making it more stable than the V2O5 dimer. The V-O-V bridge bond lengths and V-O bond 

lengths were shorter for the V2O5 bulk than for the V2O5 dimer, while the V=O bond lengths 

were longer. The O-V-O bridge bond angle was larger for the V2O5 dimer than for the V2O5 

bulk. In literature[89, 90] the V-O-V bridge bond length of the V2O5 dimer was found to be 

1.80 Å, the V=O bond length 1.6/ 1.61 Å and the V-O 1.77/ 1.76 Å. The V-O-V bridge and 

V-O bond lengths were thus in concurrence with the literature values, but the V=O bond 

lengths in this study was slightly longer. 

The results for two different orientations of the V2O5 dimer on the TiO2 anatase slab are 

compared in Table 4.12. 

The first orientation gave a lower energy (by 1.08 eV) than the second orientation; thus the 

V2O5 dimer was bound in the first orientation to the TiO2 support surface for the reaction 

mechanism calculations. This corresponds with the findings of Wilcox.[4] 
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Table 4.12: Comparison of different orientations of V2O5 on TiO2 anatase slab. Red 

represents oxygen atoms, grey represents titanium atoms, and green 

represents vanadium atoms. 

Orientation 
Lattice parameters 

(Å) 
Total Energy 

(eV) 
Energy/ion 

(eV) 

 

a = 11.328 
b = 11.328 
c = 26.601 

-145375.46 -816.72 

 

a = 11.328 
b = 11.328 
c = 26.601 

-145374.38 -815.68 

 

The binding energy of V2O5 dimer to the “clean” TiO2 slab, depicted in the first step in the 

postulated mechanism, Chapter 3, was -0.27 eV. This binding energy is in the same order 

as the binding energy found by Wilcox[4], namely -0.33 eV. 

4.4.3. Investigation of mercury oxidation with the V2O5-TiO2 

catalyst 

An energy profile for the postulated mechanism is given in Figure 4.10. The highest 

activation energy was 3.34 eV. 
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Figure 4.10: Energy diagram for the postulated mechanism of mercury oxidation. 

All the steps in the energy profile is relative to the first step, where the energy of the V2O5-

TiO2 catalyst and all the reactants, 2HCl, Hg and 2O2, were added together and 

normalized. In the second step, the 2 HCl molecules binds to the one V2O5, forming 2 V-

Cl and 2 O-H bonds and the mercury binds to the oxygen on the other V2O5. The third step 

is a reaction intermediate in which the mercury bound to the oxygen, binds to the two 

bound Cl atoms. In the fourth step the bond between the mercury and oxygen is broken, 

leaving the mercury bound in a bridge between the two Cl atoms. The second to fourth 

steps have the highest energies, which were to be expected, because they are 

intermediate structures, in the transition state and thus the most unstable. The HgCl2 then 

breaks off and causes a double bond O-H group that is positively charged in the fifth step. 

This step has a much lower energy than the preceding steps since the unstable bridge 

binding is broken. In the last step the 2O2, which was carried through the reaction forms 

water with the hydrogen on this positively charged =O-H group, and we are left with the 

clean V2O5-TiO2, oxidized mercury, water and oxygen. The last step has a higher energy 
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than step 5, but still lower than steps 2-4, which makes this reaction endothermic. This 

observation is in concurrence with what has been found in the literature[15]. Gao et al.[15] 

found that the adsorption of HCl, as well as the formation of the Cl-Hg-O species, are 

endothermic. They also showed that the dehydration process, the last step, in which 

mercury is released in its oxidized form, is an endothermic process. 

4.5. Summary 

A summary of the best settings and parameters used for the optimization of the TiO2 

anatase bulk is given in Table 4.13. 

Table 4.13:  Summary of the best settings and parameters used for the optimization 

of the TiO2 anatase bulk 

Support material TiO2 anatase (a= 11.328, b= 11.328, c = 27.654) 

Size of bulk 3x3x1 

Cut-off energy  400 eV 

k-points 1x1x1 / 2x2x2 / 3x3x3 / 4x4x4 / 5x5x5 

Hubbard U parameter for Ti 0 eV 

 

A summary of the best settings and parameters used for the optimization of the TiO2 

anatase slab is given in Table 4.14. 

Table 4.14: Summary of the best settings and parameters used for the optimization 

of the TiO2 anatase slab 

Support material TiO2 anatase (a= 11.328, b= 11.328, c = 27.654) 

Miller plane (001) 

Number of layers in slab Six layers with bottom three frozen 

Cut-off energy  400 eV 

Vacuum gap 15 Å 

k-points 3x5x1 

Hubbard U parameter for Ti 0 eV 
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The energy diagram compiled from the reaction steps in the postulated mechanism 

indicated an endothermic reaction, as shown in the literature[15] and indicated a reachable 

activation energy barrier. The postulated mechanism using a V2O5-TiO2 catalyst with HCl 

as an oxidising agent will thus be able to oxidize mercury. 
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CHAPTER 5 

5. EVALUATION AND RECOMMENDATIONS 

5.1. Evaluation 

All the objectives stated in Chapter 1 were addressed. 

A comprehensive literature study (Chapter 2) on the V2O5-TiO2 catalyst used for mercury 

oxidation and on the mechanism of mercury oxidation was done. It was determined that 

although many studies have been done on the oxidation of mercury with V2O5-TiO2 

catalysts, the mechanism is still uncertain. For this reason, studies into establishing the 

exact mechanism of mercury oxidation with V2O5-TiO2 in the presence of HCl was needed.  

Therefore, the aim of this study was to develop a DFT model of a V2O5-TiO2 catalyst and 

to investigate the oxidation of mercury with this catalyst. This investigation was done by 

using TiO2 anatase as a support material for the catalyst. The TiO2 anatase was cut along 

a 001 Miller plane, made into a 3x3x1 supercell and a vacuum gap of 15 Å was added to 

the slab. 

In the literature, various number of layers are used in the slab as summarized in Table 2.2 

and Table 2.3 in Chapter 2. The number of layers is determined according to the needs of 

the system, as well as what is seen as a sufficient number of layers to describe the system. 

Most studies use three layers[4, 43, 49, 50, 54] or 6 layers[23, 32] and other studies use 

even larger slabs with 13 layers[37]. For this study, the number of layers in the slab was 

increased from three to six layers, and optimized using 400 eV and 500 eV cut-off energies 

respectively. It was found that the lowest energy/ion (eV) was at six layers, using a cut-off 

of 400 eV. Although a cut-off energy of 500 eV would give more accurate results, since it 

has a larger number of plane waves and thus has a more accurate electronic description, 

the largest bandgap was also found using the six layered slab with a 400 eV cut-off energy 

and no Hubbard U parameter. A cut-off energy of 400 eV was thus used in further 

calculations. When measuring the Ti-O bond lengths and surface energies, it was found 

that the six layered slab gave the lowest surface energy and that its Ti-O bond lengths in 

the middle of the slab corresponded the best to the Ti-O bond lengths of the unit cell. This 

correspondence showed that in terms of bond lengths, it had the least amount of change 

when compared to the other layer amounts, thus proving that the six layered slab is the 

most stable. With the calculation time and costs in mind, the bottom three layers of the six 
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layered slab were frozen to minimize the calculation time, without affecting the energy/ion, 

lattice parameters or bandgap. 

From the literature study summarized in Table 2.3, it can be seen that different studies use 

different k-points, Wilcox et al.[4] uses 2x4x1 k-points, while Minot et al.[24, 25] uses 5x5x1 

k-points and Vittadini et al.[22, 23] uses 3x2x1 as well as 2x2x1 k-points. In this study, 

different k-points were tested for the slab, and it was found that either a 3x5x1 or 5x6x1 k-

point system would give the lowest energies and surface energies. It was decided to use 

the smaller k-point system, namely 3x5x1, as it more accurately described the dimensions 

of the system and had a shorter calculation time. 

In Table 2.4, different studies were summarized that used Hubbard U parameters, for 

example, Yang et al.[71] used a U value of 6.6 and found a bandgap of 3.03 eV, while 

Khan et al.[72] found that using a Hubbard U value of 2.5 gave a bandgap of 2.295 eV. 

Different Hubbard U parameters were tested in this study for the titanium 3d orbitals of the 

six layers TiO2 anatase slab. It was found that a Hubbard U parameter of 0 eV, using a 

cut-off energy of 400 eV, gave a bandgap (2.936 eV) closest to the 3.2 eV found 

experimentally[68, 69]. 

A summary of the optimum parameters for V2O5-TiO2 anatase slab system used in the 

current CASTEP study vs. VASP literature values[4, 43, 49, 50, 54] is given in Table 5.1. 
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Table 5.1: Summary of the optimum parameters for the V2O5-TiO2 anatase slab 

system used in the current CASTEP study vs. VASP literature values[4, 

43, 49, 50, 54] 

 This CASTEP study VASP literature 

values[4, 43, 49, 50, 54] 

Support material TiO2 anatase  

(a= 11.328 Å, b= 11.328 Å, 
c = 27.654 Å) 

TiO2 anatase 

Miller plane (001) (001) 

Number of layers in slab Six layers with bottom 
three frozen 

3 - 13 layers 

Surface area (supercell) (3x3x1) Various supercells 

Vacuum gap 15 Å 7 - 15 Å 

Pseudo-potentials Ultrasoft Koeling-Hamon 
pseudopotential 

Ultrasoft 

Cut-off energy  400 eV 340-500 eV 

k-points used 3x5x1 Various k-points 

Hubbard U parameter for Ti 0 eV 4.2 eV 

V2O5 species Linear dimeric V2O5 Linear dimeric V2O5 

 

Taking the mechanisms discussed in literature into account, a mechanism based on the 

Langmuir-Hinshelwood mechanism was postulated for the oxidation of mercury. The 

different steps of the reaction mechanism were built by binding the V2O5 dimer to the 

optimized TiO2 anatase slab and adding the reaction intermediates. An energy diagram 

was compiled for the reaction steps in the postulated mechanism. The energy diagram 

indicated that it is an endothermic reaction, as would be expected from the literature[15]. 

The energy diagram showed a reachable energy barrier; thus the postulated mechanism 

using a V2O5-TiO2 catalyst with HCl as an oxidising agent will be able to oxidize mercury. 

A DFT model for the study of the V2O5-TiO2 catalyst was successfully developed, and a 

mechanism for the oxidation of mercury on the V2O5-TiO2 catalyst was postulated. The 

postulated mechanism was investigated, and it was found to be a plausible mechanism. 

This research can be used and developed further to investigate the catalyst and the 

oxidation of mercury. 
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5.2. Recommendations 

 During the investigation of the coordination of the V2O5 dimer to the surface of the 

TiO2 support, it became clear that the reconstruction of the surface needs to be 

investigated in more detail. This investigation could be done by a close evaluation of 

the reactions that take place on the surface of the TiO2 support material during the 

impregnation with the vanadium-containing solution and calcination of the 

impregnated TiO2. Different vanadium species can form on the surface of the 

catalyst, and this should also be considered. 

 Although the postulated mechanism was shown to be plausible, further investigation 

into intermediate steps between the steps shown in the postulated mechanism 

needs to be investigated. The transition states should be calculated and vibrational 

analysis should be done on the intermediate structures in order to confirm them as 

accurate equilibrium structures. 

 For future studies the energies should be calculated with corrections, such as zero-

point energy corrections and vibrational contributions to obtain enthalpy (ΔH) and 

free energy (ΔG).  

 The effect of the gases in the flue gas, as well as in the atmosphere, like CO, NO, 

SO2, O2, etc., should be investigated within the milieu of the catalyst, since it can 

have an influence on the removal of mercury by promoting or inhibiting mercury 

oxidation. 

 For future studies it should be considered to screen for new SCR catalysts using 

different combinations of pure and mixed metal oxides (V2O5, MoO3 and WO3), 

support materials (SiO2, AlO2 and TiO2 -anatase, -rutile, -brookite) and oxidising 

agents (HCl or HBr) for potentially active and efficient catalysts. 
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7. APPENDIX 

The partial density of states (pDOS) for the 3x3x1 bulk, using 400 eV cut-off energy, 1x1x1 

k-points and Hubbard U values of 0 to 8 eV are shown in Table 1S. The contribution value 

in the table refers to the density of states (electrons/eV) of the d orbitals over the density 

of states (electrons/eV) of the sum of the orbitals for the conducting band peak and the 

percentage thereof. 

Table 1S: pDOS for a 3x3x1 TiO2 anatase bulk, using 400 eV cut-off energy, 1x1x1 

k-points and varying Hubbard U values of 0 to 8 eV 

Ud d orbital 

contribution 

to conducting 

band 

pDOS 

0 68,5/76.3 

=89.78% 
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1 138/151.8 

=90.9% 

 

2 134.8/150.4 

=89.63% 
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3 133.4/149 

=89.53% 

 

4 132/147.6 

=89.43% 
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5 130/146.25 

=88.89% 

 

6 129/144.7 

=89.15% 
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7 127.5/144.7 

=88.11% 

 

8 126/141.5 

=89.05% 
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Fractional coordinates for the 3x3x1 bulk, 6 layer slab, V2O5 bulk and V2O5 dimer are given 

in Table 2S to Table 5S, respectively. 

Table 2S: Fractional coordinates of 3x3x1 TiO2 anatase bulk using 400 eV cut-off 

energy, 1x1x1 k-points and a Hubbard U value of 0 eV 

Fractional coordinates of atoms 

Element Atom Number u v w 

O 1 0.000023 -0.000002 0.199889 

O 2 0.166689 0.166609 0.699871 

O 3 -0.000056 0.166640 0.450920 

O 4 0.166697 -0.000029 0.950973 

O 5 0.166693 -0.000047 0.549029 

O 6 0.000015 0.166706 0.049075 

O 7 0.166668 0.166640 0.300131 

O 8 0.000065 -0.000017 0.800134 

O 9 0.333327 -0.000039 0.199846 

O 10 0.499973 0.166697 0.699961 

O 11 0.333419 0.166666 0.450890 

O 12 0.500068 -0.000027 0.950855 

O 13 0.499998 0.000015 0.549104 

O 14 0.333373 0.166721 0.049058 

O 15 0.499945 0.166681 0.300019 

O 16 0.333269 -0.000035 0.800122 

O 17 0.666647 -0.000053 0.199979 

O 18 0.833335 0.166731 0.699919 

O 19 0.666636 0.166687 0.450813 

O 20 0.833242 -0.000050 0.950860 

O 21 0.833332 -0.000039 0.549154 

O 22 0.666617 0.166613 0.049135 

O 23 0.833384 0.166676 0.300057 

O 24 0.666658 -0.000034 0.800014 

O 25 -0.000019 0.333286 0.199926 

O 26 0.166693 0.500000 0.699992 

O 27 0.000068 0.500050 0.450874 

O 28 0.166704 0.333334 0.950856 

O 29 0.166721 0.333423 0.549129 

O 30 -0.000036 0.500038 0.049165 

O 31 0.166690 0.500013 0.300021 

O 32 -0.000045 0.333335 0.800097 

O 33 0.333372 0.333314 0.199963 

O 34 0.500038 0.500054 0.699848 

O 35 0.333269 0.499999 0.450885 

O 36 0.499958 0.333355 0.950891 

O 37 0.499970 0.333278 0.549054 

O 38 0.333368 0.499995 0.049115 
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O 39 0.500083 0.500040 0.300145 

O 40 0.333378 0.333339 0.800035 

O 41 0.666650 0.333438 0.199891 

O 42 0.833282 0.499995 0.699884 

O 43 0.666660 0.500033 0.451008 

O 44 0.833328 0.333380 0.950929 

O 45 0.833288 0.333317 0.549051 

O 46 0.666633 0.499986 0.048983 

O 47 0.833232 0.500019 0.300140 

O 48 0.666674 0.333386 0.800105 

O 49 -0.000023 0.666709 0.199979 

O 50 0.166694 0.833403 0.699903 

O 51 -0.000050 0.833299 0.450921 

O 52 0.166655 0.666681 0.950870 

O 53 0.166693 0.666614 0.549151 

O 54 -0.000004 0.833264 0.049121 

O 55 0.166722 0.833347 0.300144 

O 56 -0.000055 0.666691 0.800041 

O 57 0.333389 0.666729 0.199905 

O 58 0.499982 0.833248 0.699883 

O 59 0.333373 0.833309 0.450975 

O 60 0.499945 0.666665 0.951001 

O 61 0.500007 0.666705 0.548999 

O 62 0.333361 0.833278 0.049025 

O 63 0.499944 0.833289 0.300112 

O 64 0.333437 0.666696 0.800105 

O 65 0.666630 0.666606 0.199840 

O 66 0.833316 0.833276 0.699986 

O 67 0.666684 0.833301 0.450894 

O 68 0.833399 0.666710 0.950961 

O 69 0.833303 0.666723 0.549097 

O 70 0.666668 0.833410 0.049079 

O 71 0.833329 0.833291 0.300036 

O 72 0.666622 0.666643 0.800185 

Ti 1 -0.000252 0.000033 -0.000028 

Ti 2 0.166605 0.166893 0.500056 

Ti 3 0.000005 0.166687 0.250004 

Ti 4 0.166631 0.000071 0.749966 

Ti 5 0.333517 0.000088 0.000030 

Ti 6 0.500183 0.166556 0.500024 

Ti 7 0.333179 0.166527 0.249976 

Ti 8 0.499908 -0.000114 0.749975 

Ti 9 0.666715 0.000153 0.000037 

Ti 10 0.833206 0.166537 0.500011 

Ti 11 0.666815 0.166763 0.249949 

Ti 12 0.833481 0.000183 0.750005 

Ti 13 0.000124 0.333434 -0.000014 
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Ti 14 0.166572 0.499990 0.500016 

Ti 15 -0.000128 0.499836 0.250033 

Ti 16 0.166487 0.333186 0.749962 

Ti 17 0.333178 0.333411 0.000026 

Ti 18 0.499759 0.499864 0.500017 

Ti 19 0.333379 0.500093 0.249978 

Ti 20 0.500090 0.333417 0.749973 

Ti 21 0.666717 0.332963 0.000077 

Ti 22 0.833694 0.499930 0.499975 

Ti 23 0.666727 0.499979 0.249973 

Ti 24 0.833410 0.333331 0.749983 

Ti 25 0.000166 0.666533 -0.000032 

Ti 26 0.166549 0.833140 0.499991 

Ti 27 0.000151 0.833475 0.250033 

Ti 28 0.166751 0.666732 0.750004 

Ti 29 0.333058 0.666518 -0.000003 

Ti 30 0.500090 0.833585 0.500016 

Ti 31 0.333321 0.833362 0.249993 

Ti 32 0.500024 0.666693 0.750001 

Ti 33 0.666781 0.666858 0.000002 

Ti 34 0.833339 0.833513 0.499993 

Ti 35 0.666547 0.833269 0.249985 

Ti 36 0.833224 0.666509 0.750009 

 
  



78 

Table 3S: Fractional coordinates of a 6 layered TiO2 anatase slab using using 400 

eV cut-off energy, 1x1x1 k-points and a Hubbard U value of 0 eV 

Fractional coordinates of atoms 

Element Atom Number u v w 

O 1 0.000581 0.000064 0.448372 

O 2 0.165808 0.167310 0.286555 

O 3 0.166632 0.166568 0.610985 

O 4 -0.000113 0.166808 0.522883 

O 5 0.165801 -0.000450 0.359881 

O 6 0.165897 -0.000175 0.684831 

O 7 0.164858 -0.000115 0.551659 

O 8 -0.000595 0.166262 0.389133 

O 9 -0.000084 0.166774 0.713427 

O 10 0.165852 0.166959 0.477190 

O 11 0.000032 0.000193 0.315080 

O 12 0.000215 -0.000173 0.639983 

O 13 0.335094 0.000022 0.448347 

O 14 0.500090 0.167318 0.286578 

O 15 0.500642 0.166813 0.610900 

O 16 0.334127 0.166836 0.522778 

O 17 0.499799 -0.000334 0.360037 

O 18 0.499975 -0.000050 0.684938 

O 19 0.499344 0.000025 0.551636 

O 20 0.333400 0.166168 0.389055 

O 21 0.334199 0.167016 0.713448 

O 22 0.500088 0.166976 0.477084 

O 23 0.334115 0.000174 0.315192 

O 24 0.334212 0.000529 0.640132 

O 25 0.665867 0.000084 0.448346 

O 26 0.834383 0.167408 0.286556 

O 27 0.834679 0.166534 0.610986 

O 28 0.665808 0.166844 0.522778 

O 29 0.833950 -0.000155 0.359879 

O 30 0.834126 -0.000188 0.684829 

O 31 0.834055 -0.000131 0.551659 

O 32 0.665379 0.166293 0.389055 

O 33 0.665619 0.166994 0.713447 

O 34 0.834173 0.166968 0.477188 

O 35 0.665874 0.000225 0.315193 

O 36 0.666061 0.000468 0.640134 

O 37 0.000597 0.333373 0.448068 

O 38 0.165785 0.500182 0.286521 

O 39 0.166629 0.500102 0.611123 

O 40 -0.000110 0.499911 0.522754 

O 41 0.165799 0.332709 0.360237 
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O 42 0.165902 0.332865 0.684712 

O 43 0.164858 0.333237 0.551929 

O 44 -0.000597 0.499827 0.389044 

O 45 -0.000082 0.499668 0.713465 

O 46 0.165850 0.500045 0.477290 

O 47 0.000031 0.333254 0.315217 

O 48 0.000208 0.332994 0.639640 

O 49 0.335116 0.333368 0.448080 

O 50 0.500092 0.500206 0.286543 

O 51 0.500642 0.500347 0.610989 

O 52 0.334131 0.499933 0.522676 

O 53 0.499806 0.332842 0.360387 

O 54 0.499975 0.332996 0.684813 

O 55 0.499351 0.333338 0.551932 

O 56 0.333402 0.499719 0.388921 

O 57 0.334222 0.499898 0.713487 

O 58 0.500091 0.500079 0.477212 

O 59 0.334110 0.333228 0.315321 

O 60 0.334213 0.333684 0.639786 

O 61 0.665861 0.333430 0.448080 

O 62 0.834409 0.500280 0.286522 

O 63 0.834687 0.500071 0.611123 

O 64 0.665807 0.499941 0.522677 

O 65 0.833951 0.333000 0.360237 

O 66 0.834121 0.332852 0.684710 

O 67 0.834077 0.333220 0.551929 

O 68 0.665375 0.499845 0.388920 

O 69 0.665601 0.499876 0.713485 

O 70 0.834179 0.500054 0.477288 

O 71 0.665880 0.333278 0.315323 

O 72 0.666059 0.333625 0.639788 

O 73 0.000595 0.666752 0.448068 

O 74 0.165810 0.833055 0.286555 

O 75 0.166635 0.833645 0.610986 

O 76 -0.000113 0.833005 0.522883 

O 77 0.165800 0.666401 0.360238 

O 78 0.165900 0.666777 0.684711 

O 79 0.164859 0.666536 0.551929 

O 80 -0.000593 0.833380 0.389134 

O 81 -0.000082 0.832561 0.713428 

O 82 0.165851 0.833134 0.477190 

O 83 0.000034 0.667148 0.315217 

O 84 0.000210 0.666658 0.639637 

O 85 0.335114 0.666674 0.448080 

O 86 0.500091 0.833096 0.286578 

O 87 0.500646 0.833901 0.610903 



80 

O 88 0.334126 0.833030 0.522778 

O 89 0.499807 0.666503 0.360386 

O 90 0.499977 0.666885 0.684812 

O 91 0.499350 0.666713 0.551933 

O 92 0.333407 0.833257 0.389058 

O 93 0.334201 0.832778 0.713447 

O 94 0.500088 0.833184 0.477085 

O 95 0.334110 0.667132 0.315320 

O 96 0.334213 0.667370 0.639787 

O 97 0.665861 0.666737 0.448080 

O 98 0.834385 0.833154 0.286556 

O 99 0.834687 0.833615 0.610987 

O 100 0.665808 0.833039 0.522779 

O 101 0.833953 0.666694 0.360235 

O 102 0.834125 0.666764 0.684709 

O 103 0.834073 0.666519 0.551929 

O 104 0.665384 0.833385 0.389056 

O 105 0.665620 0.832757 0.713447 

O 106 0.834173 0.833143 0.477189 

O 107 0.665881 0.667182 0.315321 

O 108 0.666062 0.667312 0.639788 

Ti 1 -0.000420 -0.000122 0.369724 

Ti 2 -0.000367 -0.000051 0.693763 

Ti 3 0.165490 0.166813 0.532089 

Ti 4 0.000141 0.166854 0.467779 

Ti 5 0.166415 -0.000139 0.306349 

Ti 6 0.166425 0.000034 0.630413 

Ti 7 0.333572 -0.000202 0.369612 

Ti 8 0.333592 0.000219 0.693655 

Ti 9 0.499849 0.166934 0.532194 

Ti 10 0.334501 0.166806 0.467887 

Ti 11 0.500372 -0.000110 0.306243 

Ti 12 0.500417 0.000315 0.630295 

Ti 13 0.665612 -0.000082 0.369612 

Ti 14 0.665676 0.000193 0.693658 

Ti 15 0.834156 0.166799 0.532092 

Ti 16 0.665836 0.166859 0.467884 

Ti 17 0.834326 -0.000023 0.306346 

Ti 18 0.834387 0.000008 0.630414 

Ti 19 -0.000409 0.333057 0.369761 

Ti 20 -0.000363 0.333404 0.693484 

Ti 21 0.165473 0.499964 0.532176 

Ti 22 0.000152 0.499995 0.467645 

Ti 23 0.166377 0.333327 0.306640 

Ti 24 0.166424 0.333229 0.630371 

Ti 25 0.333575 0.332989 0.369659 
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Ti 26 0.333627 0.333683 0.693371 

Ti 27 0.499842 0.500082 0.532325 

Ti 28 0.334521 0.499957 0.467799 

Ti 29 0.500369 0.333344 0.306527 

Ti 30 0.500408 0.333502 0.630265 

Ti 31 0.665628 0.333110 0.369661 

Ti 32 0.665663 0.333656 0.693373 

Ti 33 0.834162 0.499949 0.532179 

Ti 34 0.665834 0.500010 0.467796 

Ti 35 0.834344 0.333441 0.306638 

Ti 36 0.834371 0.333203 0.630370 

Ti 37 -0.000407 0.666698 0.369760 

Ti 38 -0.000362 0.666495 0.693482 

Ti 39 0.165490 0.833111 0.532090 

Ti 40 0.000142 0.833141 0.467779 

Ti 41 0.166377 0.666397 0.306641 

Ti 42 0.166426 0.666841 0.630371 

Ti 43 0.333577 0.666604 0.369659 

Ti 44 0.333628 0.666755 0.693371 

Ti 45 0.499849 0.833225 0.532195 

Ti 46 0.334501 0.833112 0.467888 

Ti 47 0.500370 0.666433 0.306527 

Ti 48 0.500409 0.667131 0.630264 

Ti 49 0.665629 0.666724 0.369660 

Ti 50 0.665663 0.666729 0.693374 

Ti 51 0.834157 0.833096 0.532093 

Ti 52 0.665837 0.833165 0.467885 

Ti 53 0.834345 0.666512 0.306637 

Ti 54 0.834373 0.666813 0.630369 
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Table 4S: Fractional coordinates of vanadia bulk 

Fractional coordinates of atoms 

Element Atom Number u v w 

O 1 0.049425 0.150748 0.366965 

O 2 0.049415 0.150715 0.538753 

O 3 0.066230 0.010121 0.460146 

O 4 0.066631 0.009987 0.631938 

O 5 0.117256 0.182654 0.452984 

O 6 0.117263 0.182655 0.624695 

O 7 0.099980 0.323435 0.373603 

O 8 0.100379 0.323285 0.545944 

O 9 0.216077 0.182654 0.452984 

O 10 0.216070 0.182655 0.624695 

O 11 0.233353 0.323435 0.373603 

O 12 0.232954 0.323285 0.545944 

O 13 0.283908 0.150747 0.366965 

O 14 0.283918 0.150715 0.538753 

O 15 0.267104 0.010121 0.460146 

O 16 0.266702 0.009987 0.631938 

O 17 0.000000 0.025689 0.361762 

O 18 0.000000 0.025733 0.533534 

O 19 0.166667 0.307583 0.447816 

O 20 0.166667 0.307630 0.619544 

O 21 0.382759 0.150747 0.366965 

O 22 0.382748 0.150715 0.538753 

O 23 0.399563 0.010121 0.460146 

O 24 0.399964 0.009987 0.631938 

O 25 0.450590 0.182654 0.452984 

O 26 0.450596 0.182655 0.624695 

O 27 0.433313 0.323435 0.373603 

O 28 0.433712 0.323285 0.545944 

O 29 0.549410 0.182654 0.452984 

O 30 0.549404 0.182655 0.624695 

O 31 0.566687 0.323435 0.373603 

O 32 0.566288 0.323285 0.545944 

O 33 0.617241 0.150748 0.366965 

O 34 0.617252 0.150715 0.538753 

O 35 0.600437 0.010121 0.460146 

O 36 0.600036 0.009987 0.631938 

O 37 0.333333 0.025689 0.361762 

O 38 0.333333 0.025733 0.533534 

O 39 0.500000 0.307583 0.447816 

O 40 0.500000 0.307630 0.619544 

O 41 0.716092 0.150747 0.366965 

O 42 0.716082 0.150715 0.538753 
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O 43 0.732896 0.010121 0.460146 

O 44 0.733298 0.009987 0.631938 

O 45 0.783923 0.182654 0.452984 

O 46 0.783930 0.182655 0.624695 

O 47 0.766647 0.323435 0.373603 

O 48 0.767046 0.323285 0.545944 

O 49 0.882744 0.182654 0.452984 

O 50 0.882737 0.182655 0.624695 

O 51 0.900020 0.323435 0.373603 

O 52 0.899621 0.323285 0.545944 

O 53 0.950575 0.150747 0.366965 

O 54 0.950585 0.150715 0.538753 

O 55 0.933770 0.010121 0.460146 

O 56 0.933369 0.009987 0.631938 

O 57 0.666667 0.025689 0.361762 

O 58 0.666667 0.025733 0.533534 

O 59 0.833333 0.307583 0.447816 

O 60 0.833333 0.307630 0.619544 

O 61 0.049425 0.484081 0.366965 

O 62 0.049415 0.484048 0.538753 

O 63 0.066230 0.343455 0.460146 

O 64 0.066631 0.343320 0.631938 

O 65 0.117256 0.515987 0.452984 

O 66 0.117263 0.515989 0.624695 

O 67 0.099980 0.656769 0.373603 

O 68 0.100379 0.656619 0.545944 

O 69 0.216077 0.515987 0.452984 

O 70 0.216070 0.515988 0.624695 

O 71 0.233353 0.656769 0.373603 

O 72 0.232954 0.656619 0.545944 

O 73 0.283908 0.484081 0.366965 

O 74 0.283918 0.484048 0.538753 

O 75 0.267104 0.343455 0.460146 

O 76 0.266702 0.343320 0.631938 

O 77 0.000000 0.359022 0.361762 

O 78 0.000000 0.359066 0.533534 

O 79 0.166667 0.640916 0.447816 

O 80 0.166667 0.640963 0.619544 

O 81 0.382759 0.484081 0.366965 

O 82 0.382748 0.484048 0.538753 

O 83 0.399563 0.343455 0.460146 

O 84 0.399964 0.343320 0.631938 

O 85 0.450590 0.515987 0.452984 

O 86 0.450596 0.515989 0.624695 

O 87 0.433313 0.656769 0.373603 

O 88 0.433712 0.656619 0.545944 



84 

O 89 0.549410 0.515987 0.452984 

O 90 0.549404 0.515989 0.624695 

O 91 0.566687 0.656769 0.373603 

O 92 0.566288 0.656619 0.545944 

O 93 0.617241 0.484081 0.366965 

O 94 0.617252 0.484048 0.538753 

O 95 0.600437 0.343455 0.460146 

O 96 0.600036 0.343320 0.631938 

O 97 0.333333 0.359022 0.361762 

O 98 0.333333 0.359066 0.533534 

O 99 0.500000 0.640916 0.447816 

O 100 0.500000 0.640963 0.619544 

O 101 0.716092 0.484081 0.366965 

O 102 0.716082 0.484048 0.538753 

O 103 0.732896 0.343455 0.460146 

O 104 0.733298 0.343320 0.631938 

O 105 0.783923 0.515987 0.452984 

O 106 0.783930 0.515989 0.624695 

O 107 0.766647 0.656769 0.373603 

O 108 0.767046 0.656619 0.545944 

O 109 0.882744 0.515987 0.452984 

O 110 0.882737 0.515989 0.624695 

O 111 0.900020 0.656769 0.373603 

O 112 0.899621 0.656619 0.545944 

O 113 0.950575 0.484081 0.366965 

O 114 0.950585 0.484048 0.538753 

O 115 0.933770 0.343455 0.460146 

O 116 0.933369 0.343320 0.631938 

O 117 0.666667 0.359022 0.361762 

O 118 0.666667 0.359066 0.533534 

O 119 0.833333 0.640916 0.447816 

O 120 0.833333 0.640963 0.619544 

O 121 0.049425 0.817414 0.366965 

O 122 0.049415 0.817382 0.538753 

O 123 0.066230 0.676788 0.460146 

O 124 0.066631 0.676654 0.631938 

O 125 0.117256 0.849320 0.452984 

O 126 0.117263 0.849322 0.624695 

O 127 0.099980 0.990102 0.373603 

O 128 0.100379 0.989952 0.545944 

O 129 0.216077 0.849320 0.452984 

O 130 0.216070 0.849322 0.624695 

O 131 0.233353 0.990102 0.373603 

O 132 0.232954 0.989952 0.545944 

O 133 0.283908 0.817414 0.366965 

O 134 0.283918 0.817382 0.538753 
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O 135 0.267104 0.676788 0.460146 

O 136 0.266702 0.676654 0.631938 

O 137 0.000000 0.692355 0.361762 

O 138 0.000000 0.692400 0.533534 

O 139 0.166667 0.974249 0.447816 

O 140 0.166667 0.974296 0.619544 

O 141 0.382759 0.817414 0.366965 

O 142 0.382748 0.817382 0.538753 

O 143 0.399563 0.676788 0.460146 

O 144 0.399964 0.676654 0.631938 

O 145 0.450590 0.849320 0.452984 

O 146 0.450596 0.849322 0.624695 

O 147 0.433313 0.990102 0.373603 

O 148 0.433712 0.989952 0.545944 

O 149 0.549410 0.849320 0.452984 

O 150 0.549404 0.849322 0.624695 

O 151 0.566687 0.990102 0.373603 

O 152 0.566288 0.989952 0.545944 

O 153 0.617241 0.817414 0.366965 

O 154 0.617252 0.817382 0.538753 

O 155 0.600437 0.676788 0.460146 

O 156 0.600036 0.676654 0.631938 

O 157 0.333333 0.692355 0.361762 

O 158 0.333333 0.692400 0.533534 

O 159 0.500000 0.974249 0.447816 

O 160 0.500000 0.974296 0.619544 

O 161 0.716092 0.817414 0.366965 

O 162 0.716082 0.817382 0.538753 

O 163 0.732896 0.676788 0.460146 

O 164 0.733298 0.676654 0.631938 

O 165 0.783923 0.849321 0.452984 

O 166 0.783930 0.849322 0.624695 

O 167 0.766647 0.990102 0.373603 

O 168 0.767046 0.989952 0.545944 

O 169 0.882744 0.849320 0.452984 

O 170 0.882737 0.849322 0.624695 

O 171 0.900020 0.990102 0.373603 

O 172 0.899621 0.989952 0.545944 

O 173 0.950575 0.817414 0.366965 

O 174 0.950585 0.817382 0.538753 

O 175 0.933770 0.676788 0.460146 

O 176 0.933369 0.676654 0.631938 

O 177 0.666667 0.692355 0.361762 

O 178 0.666667 0.692400 0.533534 

O 179 0.833333 0.974249 0.447816 

O 180 0.833333 0.974296 0.619544 
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V 1 0.049674 0.032004 0.380687 

V 2 0.049217 0.032499 0.551993 

V 3 0.117460 0.300797 0.465598 

V 4 0.117060 0.301116 0.637378 

V 5 0.215874 0.300797 0.465598 

V 6 0.216273 0.301116 0.637378 

V 7 0.283659 0.032004 0.380687 

V 8 0.284116 0.032499 0.551993 

V 9 0.383008 0.032004 0.380687 

V 10 0.382551 0.032499 0.551993 

V 11 0.450793 0.300797 0.465598 

V 12 0.450394 0.301116 0.637378 

V 13 0.549207 0.300797 0.465598 

V 14 0.549606 0.301116 0.637378 

V 15 0.616992 0.032004 0.380687 

V 16 0.617449 0.032499 0.551993 

V 17 0.716341 0.032004 0.380687 

V 18 0.715884 0.032499 0.551993 

V 19 0.784126 0.300797 0.465598 

V 20 0.783727 0.301116 0.637378 

V 21 0.882540 0.300797 0.465598 

V 22 0.882940 0.301116 0.637378 

V 23 0.950326 0.032004 0.380687 

V 24 0.950783 0.032499 0.551993 

V 25 0.049674 0.365337 0.380687 

V 26 0.049217 0.365832 0.551993 

V 27 0.117460 0.634130 0.465598 

V 28 0.117060 0.634450 0.637378 

V 29 0.215874 0.634130 0.465598 

V 30 0.216273 0.634450 0.637378 

V 31 0.283659 0.365337 0.380687 

V 32 0.284116 0.365832 0.551993 

V 33 0.383008 0.365337 0.380687 

V 34 0.382551 0.365832 0.551993 

V 35 0.450793 0.634130 0.465598 

V 36 0.450394 0.634450 0.637378 

V 37 0.549207 0.634130 0.465598 

V 38 0.549606 0.634450 0.637378 

V 39 0.616992 0.365337 0.380687 

V 40 0.617449 0.365832 0.551993 

V 41 0.716341 0.365337 0.380687 

V 42 0.715884 0.365832 0.551993 

V 43 0.784126 0.634130 0.465598 

V 44 0.783727 0.634450 0.637378 

V 45 0.882540 0.634130 0.465598 

V 46 0.882940 0.634450 0.637378 
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V 47 0.950326 0.365337 0.380687 

V 48 0.950783 0.365832 0.551993 

V 49 0.049674 0.698670 0.380687 

V 50 0.049217 0.699166 0.551993 

V 51 0.117460 0.967464 0.465598 

V 52 0.117060 0.967783 0.637378 

V 53 0.215874 0.967464 0.465598 

V 54 0.216273 0.967783 0.637378 

V 55 0.283659 0.698670 0.380687 

V 56 0.284116 0.699166 0.551993 

V 57 0.383008 0.698670 0.380687 

V 58 0.382551 0.699166 0.551993 

V 59 0.450793 0.967464 0.465598 

V 60 0.450394 0.967783 0.637378 

V 61 0.549207 0.967464 0.465598 

V 62 0.549606 0.967783 0.637378 

V 63 0.616992 0.698670 0.380687 

V 64 0.617449 0.699166 0.551993 

V 65 0.716341 0.698670 0.380687 

V 66 0.715884 0.699165 0.551993 

V 67 0.784126 0.967464 0.465598 

V 68 0.783727 0.967783 0.637378 

V 69 0.882540 0.967464 0.465598 

V 70 0.882940 0.967783 0.637378 

V 71 0.950326 0.698670 0.380687 

V 72 0.950783 0.699165 0.551993 
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Table 5S: Fractional coordinates of 2V2O5 

Fractional coordinates of atoms 

Element Atom Number u v w 

O 1 0.860982 0.664185 0.567037 

O 2 0.842664 0.329729 0.544061 

O 3 0.694846 0.805507 0.373405 

O 4 0.702166 0.186124 0.347710 

O 5 0.690787 0.492927 0.367795 

O 6 0.482264 0.695580 0.553461 

O 7 0.478707 0.365131 0.542937 

O 8 0.307294 0.839455 0.386854 

O 9 0.315141 0.224000 0.352778 

O 10 0.167277 0.698440 0.572835 

O 11 0.165474 0.355293 0.549203 

O 12 0.307835 0.532797 0.372811 

V 1 0.669704 0.660527 0.453780 

V 2 0.687396 0.323984 0.448322 

V 3 0.316153 0.688723 0.471152 

V 4 0.315207 0.368905 0.454690 

 


