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Abstract 
 

Solar energy which possesses many advantages such as high energy capacity and 

exhaustive resources has been considered to be the most promising energy to fulfill the 

growing energy appetite. To effectively harvest the solar energy, photocatalytic water 

splitting reaction, which transfers the solar energy to the chemical energy contained in H-

H bonding, has drawn vast attention given that hydrogen molecules are environmentally 

friendly. In this thesis, we report density functional theory (DFT) calculations on several 

promising semiconductor materials used in photocatalytic water splitting aiming to achieve 

a better understanding on a theoretical level. Chapter 1 gives a general introduction and the 

methodology used in this work is described in chapter 2. 

 

In chapter 3, we report extensive DFT calculations on the perovskite materials. Perovskite 

material which possesses an organic-inorganic hybrid structure show great prospect in the 

field of photocatalysis. However, the unstable nature caused by the hybrid structure 

severely restrains its application on a large scale. Common solution is by adding additive 

molecules adsorbed onto the surface to enhance its stability. In this work, we explore 

several commonly used additives and test their adsorption situations. Based on the 

calculated adsorption energies we find that whether the adsorption is good or not can be 

linked to whether the adsorbed atom possesses lone pair electrons. Moreover, a linear 

relationship between the adsorption energy and the charge density of the adsorbed atom is 

found, which can be helpful for selecting promising additives before experimental work.  

 

In chapter 4, we present an investigation of how the photogenerated holes exist in the novel 

graphitic carbon nitride (g-C3N4) material. This new material had been fabricated a long 

time ago while it only becomes appealing to researchers in recent decades. The most critical 

drawback of high recombination rate of photogenerated charge carriers still limits its 

performance, which can be enhanced by applying modifications. Based on the obtained 
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results, instead of localizing on one atom, a novel localized nitrogen dimer state is identified. 

However, the calculated energy suggests that the localized state is unstable compared to 

the delocalized state, which can be attributed to the rigid structure. 

 

In chapter 5, we focus on the conventional TiO2 material. TiO2, with the advantages of 

abundance, non-toxicity and high stability, has been widely used in both experimental work 

and industrial work. It has come to our attention that no work has been done calculating the 

reaction barriers in HER under liquid environment. Therefore, we construct a Pt/TiO2 

system to calculate HER barriers using Umbrella Sampling method. Our results show that 

HER tends to occur via the Heyrovsky mechanism with a lower barrier rather than the the 

Tafel mechanism. Two possible reasons could explain this finding: the liquid environment 

can stabilize the existence of protons and the coverage of adsorbed H atoms is not high 

enough for the reaction to occur via the Tafel mechanism.  

 

In chapter 6, we report the results of DFT calculations on how O vacancies influence both 

the electron transfer process and the HER using the same system as chapter 5. By applying 

a twostep method and constructing four representative systems, we thoroughly investigate 

the effect of O vacancy, a typical defect, and adsorbed protons on the electron transfer step. 

We find that both O vacancies and adsorbed protons can enhance the electron transfer step. 

Moreover, the calculated barrier in HER suggests that the barrier is not lowered by the 

presence of O vacancies. It is therefore inferred that the O vacancies facilitate the overall 

efficiency by benefiting the electron transfer step which is crucial for the surface catalytic 

reactions.  
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Chapter 1 

General Introduction 

 

1.1 Heterogeneous Catalysis 

Heterogeneous catalysis, as opposed to homogeneous catalysis where the reactants and the 

catalysts exist in the same phase, has been reported to be used in over 90% of all the chemical 

processes.1-2 A typical heterogeneous catalyst is a functional material, which often exists in 

solid state, with abundant active sites on the surface to facilitate the chemical reactions by 

breaking the chemical bonds meanwhile generating new bonds on the gas/solid or liquid/solid 

interface.3 With the participation of proper catalysts the overall reaction which originally cannot 

occur due to the high energy barrier can thus take place, as shown in Fig. 1.1. When certain 

reaction occurs, the reactants are adsorbed onto the catalyst’s surface by either physisorption or 

chemisorption, then with the surface catalytic reaction the reactants transform into products and 

eventually detach from the surface. One interesting fact is that during the reaction process the 

chemical bonds form and break between the adsorbed reactants and the catalyst’s surface while 

the structure of the catalysts always remains intact.4 Heterogenous catalysts are now widely 

used in plenty of important reactions, such as CO oxidation,5-15 NO oxidation,16-23 reduction,24-

27 oxygen reduction reaction,28-32 ammonia synthesis,33-41 hydrogenations,42-53 electrocatalysis54-

60 and photocatalysis.61-71 Apparently, appropriate catalysts are of paramount importance in the 

heterogeneous catalysis so as to enhance the activities and identifies the selectivity. The detailed 

ways for achieving a clear understanding over heterogeneous catalytic reactions can be divided 

into two aspects: thermodynamically and kinetically. 
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Fig. 1.1 Reaction energy diagram of a surface catalytic reaction with two random reactants. The 

top line indicates the pathway where no catalysts involved while the bottom line refers to the 

pathway with the participation of catalysts, reproduced from ref.72 

 

Thermodynamically speaking, the most important thing to do to fully understand the 

mechanism of certain catalytic reaction is to acquire its reaction energy diagram (or energy 

profile) as shown above. Therefore, the specific transition state and the thermodynamic rate-

determining step can be spotted. Besides, each elementary reaction can be thoroughly studied 

by calculating the energy barrier Ea and the overall free energy change G  to gain a better 

understanding over the reaction. If G  of certain elementary step is positive the reaction is 

thermodynamically unfavored as it requires the foreign energy input. However, even if G  is 

negative, which indicates the reaction is an energy-favored pathway, a fairly high reaction 

barrier can still lower the possibility of the reaction occurring. In addition, we also wish to 

control the reaction rate as well as the selectivity where desired reaction direction is encouraged 

while other pathways producing unwanted products are prohibited. 

Kinetically speaking, the most crucial parameter is reaction rate constant, k, which for an 

elementary step can be given by the Arrhenius equation as following: 
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a

B

E

k Tk Ae

−

=                                                               (1.1) 

where A is the pre-exponential factor, Ea is the activation energy, kB is Boltzmann constant 

and T is absolute temperature. Evidently, the rate constant is highly sensitive to the 

activation energy as a small change in activation energy can lead to exponential change in 

rate constant. In order to more effectively calculate the rate constant, transition state theory 

(TST) was put forth in 1935 by Henry Eyring, and independently by Evans and Polanyi. 

TST states that for a reaction on the potential energy surface, there exists a saddle point 

where it is a maximum in potential energy along the reaction pathway but a local minimum 

along all other directions. That saddle point is defined as the transition state regardless of 

how the reactants reach the transition state. When at transition state the activated complexes 

are in quasi-equilibrium with reactants. A schematic illustration of transition state compared 

to initial state (reactants) and final state (products) is shown in Fig. 1.2. 

 

 

Fig. 1.2 A schematic energy landscape for an example reaction in transition state theory, 

reproduced from Wikipedia. 
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1.2 Photocatalysis 

1.2.1 Brief Overview 

Solar energy, as one of the most sustainable, high power and easy accessibility types of energy, 

has been utilized by mankind for a long time since ancient time. The power rate can reach to 

around 120000 TW annually around the globe. In addition, the solar energy can guarantee 

almost 100 percent production rate and creates no pollution. On top of that, the resources of 

solar energy can be considered almost infinite. Therefore, solar energy is the most promising 

replacing candidate to the current universally used fossil fuels for the exponentially growing 

energy demand.73-74 

However, practical utilization of solar energy requires a conversion step to transfer solar 

energy into a more convenient form. The first idea employed photovoltaic (PV) cells to directly 

transfer solar energy into electrical energy based on the photovoltaic effect. Another way used 

photoelectrochemical (PEC) cell in the process of photocatalytic water splitting, which transfers 

solar energy into chemical energy through the formation of H-H bonds.75 This process converts 

the indirect sunlight into usable chemical energy, which is more convenient to collect and store. 

Apart from this, the combustion product of H2 is only water, which is totally environmentally 

benign. Unfortunately, the high fabrication cost and inefficient energy conversion rate of PV 

cells also severely limit the large-scale applications.76 Afterwards, Fujishima and Honda’s 

report of using TiO2 to absorb light participating in photocatalytic water splitting really 

triggered the development in this field.77 Following this, the photocatalytic oxidation ability 

was also explored for the oxidation or decomposition of toxic organics in contaminated water, 

air, or soils.78-79 Following the idea of water reduction, the photocatalytic reduction of carbon 

dioxide was reported in 1979, demonstrating a novel route for converting CO2 to hydrocarbons 

(or CO).80 In 1988, Yamagata et al. reported the photocatalytic oxidation of alcohols on TiO2, 

where oxygen participated in a radical chain mechanism in the oxidation of ethanol to 

acetaldehyde, opening an avenue for selective oxidation of organics.81 In 1991, gas phase 

photocatalytic oxidation of hydrocarbons on TiO2 and ZnO surfaces was reported by Anpo et 

al.82 Additionally, inorganic ions or metal ions could also be removed by photocatalysis.83-84 

The photoinduced hydrophilicity has enabled the application of photocatalysis as a self-
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cleaning technology for developing building materials.85 In fact, this technology is the only one 

that has been commercialized on a reasonably large scale. However, the most historic 

applications of photocatalysis were still based on the classical photocatalyst, titanium dioxide.86 

As vast foundation work had been done, loads of valid work was further finished not long 

after. In here several excellent review papers are listed. Legrini et al.87 reviewed different 

photochemical processes for water treatment and indicated that the presence of TiO2 under UV 

can lead to similar degradation to those with oxidants, such as H2O2 or O3. Kamat88 discussed 

the photochemistry on nonreactive and reactive surfaces of semiconductors, providing the 

surface activation and charge transfer processes. Fox and Dulay89 discussed the mechanism of 

heterogeneous photocatalysis with particular attention to catalyst preparation, surface group 

conversion, and surface reactions in photocatalysis. Hoffmann et al.90 presented solid effort on 

the environmental applications of semiconductor photocatalysis, with a focus on the reaction 

kinetics of photocatalysis for the removal of aqueous and gaseous pollutants. Later on, more 

review papers, focusing on environmental applications of photocatalysis, appeared.91-93 

 

1.2.2 Basic Process of Photocatalytic Reactions 

Generally speaking, there are seven fundamental stages involved in a heterogeneous 

photocatalysis reaction: (1) light harvesting, where the energy of photons is absorbed by the 

catalyst; (2) charge excitation, where the electrons in the valence band absorb the energy and 

get excited; (3) charge separation and transfer, where the excited electrons jump to conduction 

band, leaving photogenerated holes in the valence band, afterwards electrons and holes transfer 

to their corresponding surface active sites, respectively; (4) bulk charge recombination, where 

the excited electrons just recombine with holes before get to the active sites on the surface; (5) 

surface charge recombination, where the charge carriers recombine on the surface due to the 

existence of surface defects; (6) surface reduction reactions, where the photogenerated electrons 

take part in the surface reduction reactions; and (7) surface oxidation reactions, where the 

photogenerated holes take part in the surface oxidation reactions. In some reference researchers 

also categorize the seven fundamental stages as three basic steps as following: (1) the 
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photocatalysts absorb solar energy contained in photons and charge carriers (e.g. electrons and 

holes) are generated as an electron originally in valence band is excited by the absorbed solar 

energy and jumps to conduction band, leaving a photogenerated hole in valence band, which 

also leads to the separation of electrons and holes and eventually reduce the possibility of charge 

recombination; (2) charge carriers either recombine in bulk or on surface during the migration 

process or diffuse to corresponding surface active sites, respectively; (3) after arriving at the 

surface active sites, the charge carriers participate in the surface catalytic reactions. It is obvious 

that both categorizing ways are principally the same. 

 

 

Fig. 1.3 Seven basic stages of heterogeneous photocatalytic reactions: (1) light harvesting; (2) 

charge excitation; (3) charge separation and transfer; (4) bulk charge recombination; (5) surface 

charge recombination; (6) surface reduction reactions; and (7) surface oxidation reactions, 

reproduced from ref.94 

 

According to the seven stages mentioned above, several findings are spotted as following. 

Firstly, it can be inferred that stage 1 strongly depends on the surface morphology. If the catalyst 
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can be constructed in a hierarchical and mesoporous structure, more surface area can be 

obtained and that leads to more active sites, eventually achieving a better performance. 

Secondly, stage 4 and 5 are not desirable processes which deteriorate the charge separation and 

transfer to surface, macroscopically show as high recombination rate. One effective way to 

optimize this is by shortening the diffusion length of photogenerated carriers, in other word it 

takes less effort for a charge carrier to transport to surface and reduces the chance of 

recombining in the bulk during the process. Thirdly, according to literature, the mechanism can 

be inferred that an electron in valence band absorbs a photon, whose energy must be equal to 

or higher than the band gap energy (Eg), then gets excited and transfers to conduction band, 

leaving a positive photogenerated hole in the valence band. Therefore, the value of band gap 

energy determines the utilization percentage of the solar spectrum. The larger band gap energy 

a semiconductor has, the higher energy of the light is required, thus the higher frequency of the 

light is required. Normally, this requires the light to be located in ultraviolet region for 

semiconductor materials to be photoexcited. Finally, it is obvious that the photogenerated 

charge carriers, which can get to the surface and be trapped by active sites without 

recombination, can eventually facilitate the surface catalytic reactions.  

Normally semiconductor materials are used as catalysts in photocatalytic reactions due to 

the unique electronic structure. A semiconductor has an energy band structure composed of a 

low energy valence band (VB) and a high energy conduction band (CB), and the band gap in 

between is called a forbidden band. When the energy of the incident light is equal to or larger 

than the value of the band gap, the electrons in the VB are excited to the CB by photons, and 

the corresponding holes are generated in the VB. Therefore, the most critical factors, 

photogenerated holes and electrons, are generated for the further photocatalytic reaction to 

proceed. Generally, there are two types of semiconductors called n-type semiconductor and p-

type semiconductor. The most critical difference is that the majority of the charge carriers are 

different, where they are photogenerated electrons in n-type semiconductors and 

photogenerated holes in p-type semiconductors. The reason to this difference is that there are 

normally intrinsic impurities and defects existing in semiconductors. When an impurity element 

(as well as a foreign doping element) has excess electrons than the substituted element, it tends 
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to give the excess electrons, which roam freely inside the semiconductor, to the original 

semiconductor. In this way, n-type semiconductors usually have excess electrons inside as the 

major charge carriers. As for p-type semiconductors the charge carriers are holes due to the 

insufficient electrons caused by the impurity element. 

 

 

Fig. 1.4 (a): The Oxygen evolution half reaction (OER) and hydrogen evolution half reaction 

(HER) for the overall water splitting diagram and ideal band positions for semiconductors to 

achieve an excellent efficiency. (b): Band gap values of some conventional n-type and p-type 

semiconductors as well as their corresponding conduction band positions (left bars) and valence 

band positions (right bars) indicated, against the electrochemical potentials of OER and HER, 

reproduced from ref.95 

 

According to Fig. 1.4b, it is clear that selection of suitable photocatalyst materials should 

follow two criteria. The first is that the band gap of the chosen semiconductor material has to 

be equal to or larger than at least 1.23 eV, which is the potential difference between H+/H2 redox 

couple and O2/H2O redox couple. The reason is that a photogenerated electron absorbs the 

energy from a photon, gets excited and jump to conduction band, the energy it possesses is the 

same as the value of band gap. When the electron is participating in the water splitting reaction 

and pushing the reaction to go forward, the energy barrier of 1.23 eV must be surmounted, thus 

requiring the energy of the electron to be greater than 1.23 eV. But that is the ideal situation, in 
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reality there are other factors such as energy loss along the transfer process, low solar-to-

hydrogen efficiency etc. to be taken into consideration, therefore a larger band gap values, 

which is commonly greater than 2.0 eV, is necessary for the reaction to occur. However, in order 

to harvest the energy contained in visible light region in solar spectrum instead of mere  

ultraviolet region, the band gap should be no larger than about 3.1 eV. The second criterion is 

that the position of the conduction band must be lower in potential than the reduction potential 

(the potential of H+/H2 redox couple, which is set to 0 V) meanwhile the position of the valence 

band must be higher in potential than the oxidation potential (the potential of O2/H2O redox 

couple, which equals to 1.23 V). It is worth noting that when translating to energy rather than 

potential the situation will be the other way around, the position of conduction band must be 

higher than the position of H+/H2 redox couple and the position of valence band must be lower 

than the position of O2/H2O redox couple, the reason is shown in the following equation: 

E q= −                                                                 (1.2) 

where E is energy, q is the quantity of electric charge and   is the potential. In HER, the 

energy difference between the conduction band and the level of H+/H2 redox couple is actually 

the driving force that drives the reaction to move forward. As shown in Fig. 1.4a, a 

photoinduced electron jumps to conduction band from valence band as the light excites 

semiconductor materials , but when there is no external energy input existing, the electron tends 

to jump to lower energy state, which is the energy level of H+/H2 redox couple. In this way an 

ideal photocatalyst must have a sufficiently large band gap value and suitable band gap 

positions that hopefully can straddle the energy levels of the two redox couples. As shown in  

Fig. 1.4b, apparently only p-GaP and n-TiO2, together with a very small amount of material 

among all semiconductor materials are suitable and satisfy the above requirements. Even 

though p-GaP meets such prerequisite, the valence band is too close to the energy level of OER, 

the low energy difference cannot generate enough power to drive the OER reaction. Besides,  

larger band gap means higher energy is required from the sunlight, thus more participation of 

the ultraviolet light is demanded, which ultimately makes the reaction harder to occur. 

Consequently, a substitute idea came up which aims to separate the two half reactions with two 

suitable photocatalysts. In this way, the p-n junction solar cells combining a p-type 
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semiconductor and an n-type semiconductor together to achieve better efficiency are developed 

which are called dual band gap configuration. A dual band gap configuration cell uses two 

different types of semiconductors to separately drive the OER and HER and consequently 

captures a large portion of solar spectrum, with two band gaps tuned to absorb complementary 

portions of the solar spectrum, in the meantime maintaining enough driving force from the 

energy difference, eventually leading to a better efficiency. Another important factor that needs 

to be taken into consideration is that the photocatalysts must present high stability under 

reductive/oxidative environment with aqueous electrolyte solutions. The lifetime of a 

semiconductor material is determined by its stability, which is also a significant part to be 

considered in evaluating a type of semiconductor’s performance. Very few semiconductor 

materials exhibit the necessary requirements simultaneously for both water oxidation and 

reduction.96-98 

 

1.2.3 Various Types of Photocatalysts 

Due to the unique electronic structures of semiconductor materials, they are deemed as the most 

promising candidate for absorbing the energy contained in sunlight. However, suitable band 

gap values and band positions are also required to drive the reaction, with very few  

semiconductor materials meeting such demands. Following several types of semiconductors 

are the mostly used ones for driving photocatalytic water splitting: metal oxides, metal sulfides 

and metal nitrides.  

Metal oxides such as TiO2, Fe2O3, WO3, CoO and Ta2O5 are all common catalysts in this 

field. Among these TiO2 is most well-known since Fujishima and Honda’s report,77 and a 

number of outstanding works were done using TiO2-based systems.81, 83-84 Other solid works 

were carried out using other types of metal oxides as well. Mishra et al. have reported that 

Fe2O3 as photocatalytic materials has a band gap of 2.2 eV, which is significantly reduced 

compared to pristine TiO2 thus allowing visible light absorption.99 Sivula et al. used a 

WO3/Fe2O3 system as photoanode and found an increase in the photon absorption efficiency, 

which led to a higher activity for water oxidation.100 Liao et al. have reported CoO nanocrystals 
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as photocatalyst for water splitting under visible light.101 Lu et al. have described Ta2O5 

nanowires as an active photocatalysts which generated hydrogen at the rate of 214 mmol·g-1·h-

1 under Xe lamp irradiation without any cocatalysts.102  

CdS and ZnS are the most studied metal sulfide photocatalysts in the past decades due to 

the fact that CdS possesses narrower band gap (~2.4 eV) than conventional metal oxide 

materials.103 However, rapid charge recombination and poor photocatalytic stability severely 

restrain its performance, which is usually remedied by applying cocatalysts or forming 

heterojunctions.104 Huang et al. have established a hollow bimetallic sulfide material with a 

very narrow band gap. Unlike CdS, ZnS, with a wide band gap of 3.6 eV, responds weakly to 

visible light.105-107 Efforts have been made to improve the photoactivity of ZnS for hydrogen 

evolution. Li et al. have reported highly active Zn1-xCdxS solid solution systems for visible-

light induced hydrogen production.108 The band gaps of the solid solution photocatalysts can 

easily be tuned by varying the Zn/Cd molar ratios. 

Compared to metal oxides and metal sulfides, metal nitrides, whose 2p orbitals of nitrogen 

have higher energy than analogous orbitals of oxygen in metal oxides, often possess smaller 

band gap values than metal oxides. Tantalum nitride (Ta3N5) is deemed as one of the symbolic 

active photocatalysts for water splitting. Zhen et al. reported a template-free synthesis of Ta3N5 

nanorod which was used as anode for water splitting in 2013.109 Moreover, Ta3N5 has been 

modified by partial substitution with Mg2+ and Zr4+ which led to apparent decrease in onset 

potential for PEC water oxidation.110 

 

1.2.4 Modification Techniques 

In light of the vast intrinsic problems of semiconductor photocatalysts, modifications are 

necessarily in need to be applied to the original semiconductor materials. The basic idea is to 

enhance the performance from the following three aspects: light absorption, charge separation 

and diffusion, and finally, the surface catalytic reactions. The modified materials will obviously 

exhibit better performance. 

As for light absorption, the fundamental problem is that most semiconductors do not 
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possess suitable band gap values or suitable band positions to catalyze the water splitting 

reaction. Therefore, the most effective way to fix this is band structure engineering. To be  

specific it contains doping and cocatalyst loading. Doping is a way of tuning the electronic 

structure of photocatalysts by introducing metals111-114 or non-metals115-116 into the system. 

Doping with elements that can act as electron donors can increase the number of negative 

charge carriers within the semiconductors. Since there are vast number of promising doping 

materials for each photocatalyst we do not go into details in here. Cocatalyst loading117-118 

provides extra cocatalysts, most of which are noble metals, onto the original photocatalysts. 

The specific charge transfer scheme is shown in Fig. 1.5. The fundamental ideas for these two 

solutions are the same, which is to introduce extra energy state in the band structure which 

ultimately reduces the band gap. 

 

 

Fig. 1.5 Illustration of charge carriers transferring between photocatalyst and cocatalyst, 

reproduced from ref.76 

 

For the second aspect, several solutions are quite helpful such as forming 

nanocomposite,119-121 engineering defect,122-123 introducing sacrificial reagent124-127 and creating 

heterojunctions.128-129 The most crucial factor that accounts for the undesired low performance 

is the charge recombination process. Therefore, the following solutions are mainly based on the 
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idea of reducing the possibility of charge recombination. Nanocomposite is to minimize the 

size of the photocatalyst which, hopefully, reaches to nanoscale. By doing so the diffusion 

length for a charge carrier from bulk where it is generated to surface is much shortened, thus 

reducing the chance of charge recombination. Defect engineering is to maintain a proper 

amount of surface defects that can act as traps for charge carriers which significantly prolong 

the lifetime of charge carriers. However, the concentration of surface defects cannot be too high 

since excessive defects can, on the other hand, act as recombination centers that severely 

deteriorate the diffusion process. Sacrificial reagent is used to consume the undesired type of 

charge carrier, for instance photogenerated holes in HER reactions, so that the wanted carrier 

can further proceed to the active sites on surface. Given that the overall water splitting reaction 

is a thermodynamically unfavored pathway, the removal of unwanted charge carriers can 

facilitate the reaction to go forward, as illustrated in Fig. 1.6. Finally, creating heterojunction is 

a way of combining another material with suitable band positions to accommodate the 

undesired charge carriers and eventually separates different types of charge carriers.  

 

 

Fig. 1.6 The influence the existence of sacrificial reagents (electron donor or electron acceptor) 

give on the overall photocatalytic water splitting, reproduced from ref.130 

 

The solutions to the third aspect mainly include the idea of morphology controlling.131-132 

The more surface area exposed, the more active sites contained, thus more likely for the 

catalytic reactions to occur. Consequently, choosing the proper facet, changing the structural 

shape of the materials and surface roughening etc. are promising methods to remedy this 
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problem, as well as the aforementioned nanocomposite, where small particle size always leads 

to high surface area.  

In the following chapters different problems were addressed using various catalysts. In 

chapter 2 all the computational methods used throughout the thesis and the corresponding 

theoretical background as well as the developing history of DFT were fully illustrated. In 

chapter 3 the stability issue of organometal halide perovskite under water environment was 

investigated as well as some commonly used additive molecules for enhancing the stability of 

perovskite. Eventually, the relation between the enhancement and the electronic structure of the 

adsorbed atom in the additive molecules was spotted and the mechanism behind it was 

thoroughly explained. In chapter 4 the specific existence of the photogenerated holes in novel 

photocatalyst graphitic carbon nitride (g-C3N4) was investigated since the most critical factor 

that restrains the performance of g-C3N4 is its high recombination rate. As a result, a novel 

localized dimer state was located on two adjacent N atoms. In chapter 5 the mechanism behind 

HER on Pt/TiO2 system was thoroughly explored. Before starting the simulations, the model 

was set up by depositing a Pt13 cluster on top of anatase (101) surface. Molecular dynamics 

simulations were applied to search for the most stable structure and Umbrella Sampling 

methods were chosen to calculate the H-H coupling barrier under different reaction conditions 

in order to find the influencing factors. In chapter 6 the detailed steps in the electron transfer 

process of Pt/TiO2 system with defected TiO2 surface was fully studied to gain a thorough 

understanding of the influence the surface O vacancies have on the overall electron transfer 

process. The DOS analysis was used to explain the reasons behind the results obtained. Finally, 

the H-H coupling barrier on defected system was calculated as a comparison to the barrier of 

the clean system to determine how the existence of O vacancies affect the barrier. 
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Chapter 2 

Theoretical Background 

 

2.1 Early Development of Computational Chemistry 

2.1.1 The Schrödinger Equation 

The Schrödinger equation1-2 was first put forward in 1926 and played a key role in describing 

the electronic structures of various systems afterwards. A general time-independent 

Schrödinger equation can be written as: 

H E =                                                               (2.1) 

where H ,   and E  refer to the Hamiltonian operator, wavefunction of the system and the 

energy of the state, respectively. The Hamiltonian operator comes from classical mechanics 

containing both potential energy and kinetic energy: 

2
2

2
H V

m
= −  +                                                        (2.2) 

where V  is the potential energy operator, m is the mass of the particle,  is the reduced 

Planck constant which is defined as h / 2 , and  is the Laplace operator,2 in which it is 

detailed as following: 

2 2 2
2

2 2 2
= + +

x y z

  


  
                                                   (2.3) 

where x , y and z are the three-dimension Cartesian coordinates. 

    Unfortunately, the classical Schrödinger equation can only apply to some simple 

systems such as atomic hydrogen and the H2
+ molecular ion. For more complicated systems 

which are more common in reality and include several atoms and electrons, the 

Schrödinger equation is too difficult to be solved. Therefore, possible and accurate 

numerical approximations are employed to the Schrödinger equation to obtain the 
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approximate solutions. 

 

2.1.2 The Many-Body Problem 

In classical mechanics, it is simple to figure out one or two species’ motions and trajectories by 

Newton’s laws. However, for a system with more than three species and the interactions with 

each other, it can be considered as a many-body problem, which is much too difficult to solve 

owing to the complexity of the interactions with each other.3-4 In quantum chemistry, a many-

body problem is normally composed of interactions between nuclei and electrons, which is far 

too complicated to obtain accurate results by solving Schrödinger equation. Born-Oppenheimer 

approximation5 which assumed that the motion of an electron is much faster than that of a 

nucleus at any instant in time due to the fact that an electron is much lighter in mass than a 

nucleus, was put forth just one year after the publication of the Schrödinger equation. In other 

word, the problem is simplified to a frozen nucleus and an electron moving around it in their 

ground state. This approximation divides the complex motions into the motion of nuclei, which 

is deemed as fixed, and the motion of electrons. Therefore, the total Hamiltonian operator can 

be separated into nuclear and electronic parts: 

n e nn ne eeH T T V V V= + + + +                                                (2.4) 

where Tn and Te are the kinetic operator of both nuclei and electrons ,and Vnn, Vne and Vee are 

the potential operator of Coulombic interaction of nuclei-nuclei, nuclei-electrons and electrons-

electrons, respectively. 

When Born-Oppenheimer approximation is applied, the Schrödinger equation can then be 

divided as: 

( , ) ( ) ( , )n eR r R R r =                                                  (2.5) 

where ( )n R  is the wavefunction describing nuclei, which only contains the position of the 

nuclei R while ( , )e R r  describes electrons, which is related to both positions of the nuclei 

(R) and the electrons (r). Then electronic energy can be determined by following equation: 

( , ) ( , ) ( ) ( , )e e e eH R r R r E R R r =                                           (2.6) 
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where ( )eE R  represents the electronic energy eigenvalue. The momentum of the nuclei can 

be referred back to the total Hamiltonian operator, and the electronic energy eigenvalue can be 

solved repeatedly with respect to the function of atomic nuclear positions. With the 

reintroduction of the nuclear kinetic energy Tn, the Schrödinger equation for the nuclear motion 

is solved: 

[ ( )] ( ) ( )n e n tot nT E R R E R+  =                                              (2.7) 

where the total energy eigenvalue Etot can be deemed as the sum of the total electronic energy 

and the nuclear kinetic energy. 

 

2.1.3 The Hartree-Fock Approximation with the Self-Consistent Field Theory 

Although the Born-Oppenheimer approximation was proved effective to simplify the 

Schrödinger equation, it still fails to successfully figure out solutions for more complex systems 

which are quite common in reality. In 1928, Hartree provided a single electron wavefunction 

method in order to solve the many-body time-independent Schrödinger equation.6 Fock, two 

years later in 1930, took the Pauli exclusion principle into consideration and the Hartree-Fock 

method came out.7 This method8-11 used a nonlinear method (e.g. iteration) to solve the 

Schrödinger equation, which is also known as the self-consistent field method. In this method, 

the many-electron wavefunction is expressed as a sum of products of one-electron 

wavefunctions, where all electrons are deemed as fermions, i.e., two electrons cannot be located 

in a same quantum state as described in the Pauli exclusion principle. The wavefunction for N-

electron system can be described as: 

1, 1, ,(1) (2) ( )n N   =                                                (2.8) 

where election 1 occupies the molecular orbital    with spin  , electron 2 occupies the 

molecular orbital   with spin , and so forth. The anti-symmetry requirement is achieved 

by representing the wavefunction as a Slater determinant: 
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1, 1, ,

1, 1, ,

1, 1, ,

(1) (1) (1)

(2) (2) (2)1

!

( ) ( ) ( )

n

n

n

N

N N N

  

  

  

   

   
 =

   

                               (2.9) 

where the columns express the single wavefunctions and the rows are the electron coordinates. 

The sign of the determinant is changed in each interchanging columns or rows, which 

guarantees the anti-symmetry of the system. Moreover, it can also ensure the one-electron state 

being occupied individually, since any two equivalent columns or rows result in the determinant 

being zero. Then, the wavefunction can be calculated by variation method4 to obtain the lowest 

total energy of the system. 

However, one major problem about the Hartree-Fock method is that it totally neglects the 

electron correlations, which leads to large errors especially when doing metals. Introducing 

electron correlations in the Fock operator can improve the accuracy yet the huge computing 

cost makes it still challenging in simulating large systems. 

 

2.2 Density Functional Theory 

2.2.1 The Hohenberg-Kohn Theorems 

A new theory called density functional theory (DFT) was put forward in 1960s trying to 

circumvent the aforementioned drawbacks of Hartree-Fock method. Hohenberg and Kohn 

proved that firstly many-electron system’s ground state energy is a unique functional of electron 

density ( )r .12 Therefore, the system’s total energy as a functional of electron density can be 

written as: 

[ ] [ ] [ ] [ ]ne eeE T V V   = + +                                             (2.10) 

where [ ]T   , [ ]neV    and [ ]eeV    are the kinetic energy, the potential energy of nuclei-

electron and the electron-electron interactions, respectively. As for [ ]T   and [ ]eeV   they are 

universal functions while [ ]neV   is a system-dependent function, which can be expressed as: 

[ ] ( ) ( )ne neV V r r dr =                                                    (2.11) 
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Secondly Hohenberg and Kohn stated that the ground state energy can be obtained by 

minimizing the functional with respect to electron density using variation method, indicating 

the ground state density can result in the lowest energy of the system. 

 

2.2.2 The Kohn-Sham Equations 

After Hohenberg-Kohn theorems has been put forward, Kohn and Sham proposed a way to 

determine    based on the single electron orbital scheme known as the Kohn-Sham 

equation.13 Based on the single-electron assumption, the many-electron wavefunction can be 

written as a single Slater determinant of one electron wavefunctions: 

2
2

( V ( )) ( ) ( )
2

eff i i ir r r
m

  −  + =                                       （2.12） 

where 
effV  refers to the effective external potential including the external potential, Hartree 

potential and exchange-correlation potential. The electron density can be calculated as: 

2

1

( ) ( )
N

i

i

r r 
=

=                                                        (2.13) 

Thus, the total energy with the Kohn-Sham equations can be derived as: 

[ ] [ ] ( ) ( ) [ ] [ ]s ext ee xcE T V r r dr E E    = + + +                             (2.14) 

where [ ]sT    represents the Kohn–Sham kinetic energy of the non-interacting electrons, 

( )extV r  refers to the external potential term, [ ]eeE   is the energy of the electron-electron 

interactions, and the [ ]xcE   is the exchange-correlation energy of the system. In the Kohn-

Sham equations (2.14), [ ]sT   , ( )extV r   and [ ]eeE   can be expressed in the exact 

mathematical form, whereas the only unknown term is the exchange-correlation term. 

Therefore, DFT still needs further approximations to successfully solve the exchange-

correlation term.  

 



Chapter 2: Theoretical Background 

 

28 

 

2.2.3 The Local Density Approximation and the Generalized Gradient Approximations 

Many attempts have been made to accurately address the correlation term, one successful 

however somewhat rough attempt is the local density approximations (LDA).14 In LDA, an 

assumption was made first that the electron density is treated as uniform electron gas (UEG), 

which possesses the same electron density at that location of the space:13 

[ ] ( ) [ ]LDA

xc xcE r dr   =                                                  (2.15) 

where   is the electron density and [ ]xc   is the exchange-correlation energy per particle. 

The total exchange-correlation energy can be separated into two linear terms including 

exchange and correlation interactions, shown below: 

xc x cE E E= +                                                           (2.16) 

The exchange term is thoroughly expressed in Dirac formula15 as: 

1 4

3 3
3 3

[ ] ( ) ( )
4

xE r dr 


= −                                                (2.17) 

Unfortunately, the explicit description of the correlation term is still unavailable, the solution 

to which is by using quantum Monte Carlo simulations, where the intermediate electron density 

can be performed with accurate correlation energies and the energies in the whole range can be 

calculated by interpolation. 

Despite LDA’s high accuracy over molecular geometries and vibrational frequencies, it is  

still poor at predicting bonding energies due to the trend of underestimating the exchange 

energy and overestimating the correlation energy.16 To correct this problem, the non-

homogeneity of the true electron density is expanded based on not only the electron density but 

also the gradient of the density, known as generalized gradient approximations (GGA).17 The 

development of GGA functionals such as PW9118 and PBE19 still play a crucial role in modern 

DFT calculations. 
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2.3 Molecular Dynamics (MD) 

2.3.1 Classical and Ab initio MD 

Classical MD is a computational method that uses Newton’s law of motion to monitor the 

dynamic processes of certain system. The idea of MD was first created by Alder and 

Wainwright20 in 1950s which further become an essential tool in theoretical field. The basic 

idea is that the force, which is caused by the interactions with other atoms, on each atom can 

be calculated by following equation: 

2

2
( ) ( )i

i i i i

d r
F t m m a t

dt
= =                                                  (2.18) 

where ia  is the acceleration of certain atom i, thus resulting in the moving of the position of 

this atom to its corresponding direction for a corresponding period of time. Collecting the 

results of the iterative steps and interpret with statistical mechanics can then obtain vast 

thermodynamic and structural properties of the desired system.  

As stated by ergodic hypothesis that if a system of constant total energy is sampled over 

sufficiently long time, all the available energy regions will be equally sampled. In other words, 

the time averaged energy should equal to the overall energy states. Ab initio MD simulation 

with enough simulating time can therefore be used as a link connecting the microscopic state 

and the macroscopic properties of a system.  

In classical MD the quantum mechanical effects are totally neglected, thus requiring 

compensating techniques such as parameterization, the most commonly used of which is 

system’s specific force field. Crucial information such as atomic charges, Van der Waals (vdW) 

interactions, bond lengths are contained in a force field.21-22 Consequently, the validity of 

classical MD depends on both force field chosen and simulation time length. However, a 

sufficiently accurate force field is very difficult to obtain. Car and Parrinello went another way 

by incorporating ab initio calculations to circumvent the force field problem creating ab initio 

MD in 1985.23 In ab initio MD, Kohn-Sham equations, specifically the exchange and 

correlation term [ ]xcE  , is used to determine the force instead of Newton’s law of motion. In 

this way, the simulation accuracy is significantly enhanced as well as the computational cost 
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since the electronic structure calculations are required at each time step. 

 

2.3.2 Umbrella Sampling and Weighted Histogram Analysis Method (WHAM) 

One dilemma lies in front of all theoretical researchers that classical MD can be performed for 

a very long time while the accuracy cannot reach the expectation since accurate descriptions of 

a force field are yet to be achieved. As for ab initio MD the accuracy is guaranteed while the 

simulation length is severely limited to under ~10ps level. New solutions are therefore in urgent 

require which hopefully possesses the advantages of both.  

One promising way is to add constraints to “force” the simulation to move around the 

desired area (i.e., transition state of certain reaction) to reduce the overall simulation time. 

Umbrella sampling24-25 is a method where gaussian potentials are applied on the reaction 

coordinate serving as constraints. The gaussian potential is written in following equation: 

2
'

2

( ) ( )
( )

2( )

r r

wh e

 

 

−
−

=                                                     (2.19) 

where h and w are the height and width of the gaussian potential and    is the reaction 

coordinate (or collective variable in more complicated systems). As the MD simulations is 

performed within the canonical ensemble, the free energy (A) can be related to the probability 

( ( )P  ) based on the Boltzmann’s distribution. In each individual MD simulation contained in 

the overall Umbrella sampling, an artificial potential is applied, thus the energy potential can 

be described as following: 

( ) ( ) ( )b u

iE r E r  = +                                                    (2.20) 

where Eb (r) and Eu(r) are the biased and unbiased energy potential, respectively, and ( )i   

is the artificial potential. Subsequently, the connection between the unbiased free energy 

( ( )u

iA  ) and the biased probability distribution ( ( )b

iP  ) can be described as following: 

[ ( ( ))][ ( )]

[ ( )]

1 1
( ) ln ( ) ( ) ( ln[ ])

i rE r N

u b

i i i E r N

e e d r
A P

e d r

 


   

 

−−

−
= − − + −




               (2.21) 
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where 
1

=
bk T

   and kb is Boltzmann’s constant. The solution can be achieved by self-

consistent theory until it converges to the wished criterion. To combine multiple simulations 

and derive the unbiased free energy profile, Weight Histogram Analysis Method (WHAM)26-27 

is used where the sequence of constrained simulations can be related to the product of the 

probability of each simulation, and the unbiased free energy profile along the particular reaction 

coordinate is therefore obtained. 

 

2.4 The Key Approximations 

2.4.1 Basis Set 

A basis set is a series of functions used to represent electronic wavefunctions in approximate 

mathematical equations in all ab initio calculations. Normally the basis set is considered to be 

certain combination of atomic orbitals while it is a set of plane waves when used within solid-

state calculations. 

    As for molecular calculations, there are two typical basis functions commonly used for 

atomic orbitals: Slater Type Orbitals (STO) and Gaussian Type Orbitals (GTO). For isolated 

atoms and molecules, the wavefunction exponentially decays to zero at large distances, which 

implies that the basis set used for these calculations should be the same.28-29 Compared with 

STOs, GTOs may need more computational resources. However, the higher efficiency 

compensates for that and GTOs are therefore more commonly used in DFT calculations 

 

2.4.2 The Supercell Approach and K-point Sampling 

In the former section the electronic energy in molecular systems can already be done yet when 

it comes to systems such as solids the results show otherwise. When calculating in expanded 

solids, an infinite number of electrons requires an infinite number of wavefunctions to describe. 

Moreover, since each electron extends throughout the solid an infinitely large basis set is  

required. Therefore, a supercell, which is a finite unit cell that can be repeated periodically 
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throughout the three-dimensional spaces, is constructed. The periodic wavefunction, known as 

the Bloch wave, can be derived from Bloch’s theorem:30 

( ) ( )ik rr e u r =                                                         (2.22) 

where ( )r  is the Bloch wave, ( )u r  refers to a periodic function, i is the imaginary unit, 

and k is the crystal wave vector in the first Brillouin zone of the reciprocal lattice. To expand 

the periodic function using a plane wave basis set, whose wave vectors are reciprocal lattice 

vectors of the periodic system: 

,( ) iG r

i G

G

u r C e =                                                       (2.23) 

where G refers to the reciprocal lattice vectors. Hence, each electronic wavefunction may be 

expanded in a plane wave basis set as: 

( )

,( ) i k G r

i k G

G

r C e + 

+ =                                                  (2.24) 

The density of allowed k-points is proportional to the volume of the solid with only a finite 

number of electronic states available for occupation at each k-point. Hence, by applying Bloch’s 

theorem, how to calculate infinite wavefunctions is replaced by how to calculate finite  

wavefunctions at an infinite number of k-points. The problem posed by the requirement to 

calculate wavefunctions at an infinite number of k-points may be overcome using a technique 

known as k-point sampling. Since the wavefunctions at neighboring regions of k-space are 

nearly identical, one would only need to calculate wavefunctions at a sample number of k-

points.31  

 

2.4.3 The Pseudopotential Approximation and the Projector Augmented Wave Method 

Bloch’s theorem indicates that the electronic wavefunctions can be expanded using a discrete 

set of plane waves. However, the core electron region cannot be properly described without a 

large amount of plane wave basis sets (more than 10000 plane waves) due to the tight bonding 

between core orbitals and the rapid oscillation of the wavefunctions in the core region. 

Therefore, performing all electron calculations can be significantly consuming of 

computational resources. Fortunately, most physical properties of molecules and solids are 
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solely dependent on their valence electrons whereas the contributions of the core electrons are 

neglectable as suggested by general consensus. Consequently, the pseudopotential 

approximation,32-35 which uses a simpler wavefunction to replace the complicated actual 

wavefunction to reduce the computational cost while still preserving the essential properties of 

the system, came out to address this problem, as shown in Fig. 2.1.  

 

 

Fig. 2.1 A illustration of real wavefunction (
v ), pseudo-wavefunction (

pseudo ) and their 

corresponding real potential and pseudopotential.36 The cut-off radius (rc) is the distance where 

core-wavefunction and pseudo-wavefunction are divided. 

 

Apparently, in the core region the pseudo-wavefunction, which varies smoothly without 

nodes, is much less accurate than the actual wavefunction. As r exceeds rc, the pseudopotential 

and real ionic potential are exactly identical. It is worth mentioning that the pseudopotential 

approximation is applied in ab initio calculations by the projector augmented wave (PAW) 
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method.37-38 PAW method provides a way to calculate all electron properties from smooth 

wavefunctions with greater computational efficiency. 

 

2.5 Geometry Optimization 

As mentioned in Hohenberg-Kohn theorem, the system’s ground state energy can be obtained 

by minimizing the functional with respect to the electron density. The geometry optimization is 

basically the process where the local energy minimum on potential energy surface is located as 

the energy of the system is minimized, after which the most stable geometry structure of a given 

system is obtained. When an input structure is determined, the Kohn-Sham equations are 

applied during the optimization process, regarding each nucleus (or pseudopotential) as the 

source of external potential. The gradient of total energy with respect to all degrees of freedom 

is then calculated and each nucleus is moved along the corresponding directions so as to 

minimize the total energy. Using the geometry newly created, new system energy and energy 

gradient can thus be calculated, the process is repeated until the expected converging criterion 

is reached.  

    There are two commonly used minimization methods in actual calculations: the Quasi-

Newton method39-40 and the conjugate gradient (CG) method.41-42 The Quasi-Newton method is 

improved based on the Newton’s method to avoid the calculation of the Jacobian and Hessian 

matrix, which gives information of curvature to reach a high speed of convergence. It is of high 

efficiency especially when the input structure is close to the local minimum on potential surface. 

However, if the guessed structure is far from the local minimum, using the Quasi-Newton 

method would be much too time-consuming while conjugate gradient method is handier for 

such situations. The CG method combines the simplicity of the gradient steepest descent and 

can be used to search the minimum with multi-degrees, which is also generally used in the DFT 

optimizations. 
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Chapter 3 

Adding Additives to Improve Water-

Resistance for Perovskite-based Solar Cells 

Index  

Abbreviation  Full name Formula  

HMT Hexamethylene tetramine C6H12N4 

TED Triethylenediamine C6H12N2 

TBP 4-tert-butyl-pyridine C9H13N 

Amantadine Amantadine  C10H17N 

DMF Dimethylformamide C3H7NO 

DMSO Dimethyl sulfoxide C2H6OS 

NMP N-methylpyrrolidone C5H9NO 

THTO Tetrahydrothiophene oxide C4H8OS 

gBL gamma-butyrolactone C4H6O2 
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3.1 Introduction 

Restricted by the low power conversion efficiency (PCE) of the normal silicon-based solar cells, 

researchers have been trying to search for new materials as a substitute. In 2012, the first report 

of perovskite-structured compound-based solar cells was published and showed great prospect. 

For perovskite solar cells, there are usually a perovskite-structured compound with a formula 

like ABX3. Among them, the organometal halide perovskite solar cells with the formula like 

CH3NH3PbX3 (X: Cl, Br and I) show considerable high efficiency due to efficient charge carrier 

generation, superior charge transport etc.1-9 However, despite the high PCE, there is still a major 

problem with the stability under vast conditions such as moisture conditions, thermal conditions 

and photo conditions, which makes it difficult to be developed and used on a large scale. In this 

work we mainly focused on the stability under moisture conditions where excess water 

molecules tend to bond with the unsaturated Pb atoms on the surface and further destruct the 

whole structure. One popular method to remit the problem is adding additive molecules on the 

surface of the perovskite materials, in which way the active sites are occupied by additive 

molecules instead of adsorbed by water molecules, to enhance the stability under moisture 

conditions. Therefore, vast researchers have devoted their effort to finding the suitable additive 

molecules. 

 

3.1.1 Brief History of Perovskite Solar Cells 

Due to the energy crisis, alternative new energy is required to be found. Perovskite solar cells, 

which possess a type of perovskite structured compound acting as a light-harvesting component, 

can achieve a much higher power conversion efficiency than the regular silicon-based solar 

cells. Due to this finding, more and more scientists consider perovskite solar cells as a 

promising replacement for fossil fuels. Therefore, a significant and rapid increase in power 

conversion efficiency from 3.8% in 2009 to 20.1% in 2016 has been achieved. Among various 

perovskite materials, the most outstanding and promising one is the organometal halide 

perovskite material. In this work we took the most commonly studied methylammonium lead 

halide with the formula of CH3NH3PbI3 as an example.  
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With a long-term stable perovskite solar cell fabricated in 2012, researches over perovskite 

solar cells have been triggered to develop dramatically.10 The first report of methylammonium 

lead iodide solar cell was published by Miyasaka et al. in 2009 but did not draw much 

attention.11 They chose liquid electrolyte based dye-sensitized solar cells in their work but the 

perovskite adsorbed on TiO2 quickly dissolved and corroded by the liquid electrolyte and 

eventually led to a quite low PCE of 3.81%. However, the discovery of solid-state PSC reported 

by Park et al. in 2012 where an organic hole transport material (HTM), spiro-OMeTAD, was 

employed to replace the liquid electrolyte, changing the situation and improving the stability of 

perovskite,  ultimately achieved an unexpected PCE of 9.7%.10 After that the perovskite solar 

cells attracted more and more attention and led to many significant experimental results. One 

noticeable result was by Snaith et al. who studied meso-superstructured solar cells (MSSCs), 

in which mesoporous alumina was used as an inert scaffold to support the perovskite.12 In this 

device, spiro-OMeTAD, perovskite and a thin TiO2 layer formed a p-i-n junction which is of 

low processing temperature and better stability. Subsequently, Liu and Snaith et al. created 

efficient planar heterojunction perovskite solar cells using vapor deposition. The solar cells had 

no electron conductor scaffold other than a compact TiO2 layer, which were similar to thin-film 

solar cells.13 An efficiency of 15.4% was achieved with this architecture. Other developments 

include tuning perovskite properties with chemical compositions,14-15 developing efficient 

growth methods,16-17 optimizing hole transport materials,18-20 and engineering interface 

properties.21-22 

 

3.1.2 Drawbacks of Perovskite Solar Cells 

Despite the many advantages of perovskite solar cells such as easy fabrication process, small 

band gaps, high extinction coefficients, nontoxicity, low cost, reproducibility and high carrier 

mobility,23-33 there is still one critical factor that restrains its commercial development: the  

instability under various conditions.20, 27, 34 Chemical stability of perovskite which refers to a 

series of reactions is the major factor affecting the stability. The following equation is the most 

important equation and should always be taken into consideration: 

PbI2(s) + CH3NH3I (aq) ⎯→  CH3NH3PbI3 (s)                                (3.1) 
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The forward direction is the synthetic process while the reverse direction is the decomposition 

process. Even if the halogen atoms are different, they still undergo the same reaction. There is 

one possible reason that mostly caused the decomposition of perovskite. According to literature, 

there are some sub-reactions occurring in perovskite that consume the components CH3NH3I 

and PbI2, which can consequently drive the reaction in the reverse direction. In addition, the 

perovskite itself is not stable enough and may automatically degrade into the components, 

which might also accelerate the sub-reactions and further cause the decomposition. Under 

different conditions there are different sub-reactions that are responsible for the decomposition 

of perovskite, which will be illustrated specifically in the following. 

 

3.1.2.1 Instability under moisture (oxygen) conditions 

The perovskite in moisture and oxygen atmosphere degrades fast through following reactions: 

CH3NH3PbI3 (s) ⎯→  PbI2 (s) + CH3NH3I (aq)                              (3.2a) 

CH3NH3I (aq) ⎯→  CH3NH2 (aq) + HI (aq)                                 (3.2b) 

4HI (aq) + O2 (g) ⎯→  2I2 (s) + 2H2O (l)                                   (3.2c) 

2HI (aq) ⎯→  H2 (g) + I2 (s)                                             (3.2d) 

Obviously, moisture, oxygen and UV radiation are indispensable for degradation. Evidently, 

there are two ways for HI to decompose. One is a redox reaction with oxygen, as shown in 

reaction 3.2c, and another one is to degrade into H2 and I2 under UV light, as shown in reaction 

3.2d. Both reactions consume the HI fast and drive the whole reaction forward. Based on this 

finding, the fabrication process should be conducted in an inert atmosphere, which is hard to 

achieve. Seok et al. found that CH3NH3PbI3 decompose at a humidity of 55%, evidence of 

which is a remarkable color change from dark brown to yellow due to the existence of I2.14 The 

degradation mechanism under water condition was investigated by Wang et al. and it is shown 

with equations 3.2a-3.2d.35 

    On the premise of degradation mechanism, some methods were put forward to solve the 

problem. Wang et al. introduced a thin Al2O3 layer to protect MAPbI3 (MA equals to CH3NH3) 

film from water corrosion.35 After 18 hours of exposure in a relative humidity of 60%, 48% of 
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original PCE was still maintained whereas only 20% of PCE was kept for the devices without 

modifications. Recently a new structure with an ultrathin Al2O3 buffer layer put on top of spiro-

OMeTAD layer by atomic layer deposition (ALD) has been developed. The device showed 

excellent stability of 90% of original PCE in ambient environment for 24 days. Thus, the 

application of hydrophobic buffer layer is an effective way to enhance the stability. Some 

researchers found that replacing some I atoms with Br atoms can also enhance the stability. 

Seok et al. used CH3NH3Pb(I1-xBrx)3 as sensitizers in the device which exhibited excellent 

stability and good PCE after exposure to 55% humidity for 20 days.14 The reason for that may 

be the structure phase transfer from tetragonal phase to cubic phase. 

    Another factor that might influence the stability is the morphology of surface. Yang et al. 

discovered an interesting phenomenon: a quite high PCE of 19.3% was achieved under certain 

degree of humidity which implied that certain degree of humidity is necessary for the process 

and put forward a moisture-induced reconstruction mechanism.21 Some organic chemicals can 

dissolve into the moisture, thus accelerate the transport of chemicals and achieve a rather high 

PCE. Aristidou et al. investigated the mechanism of degradation of perovskite with the presence 

of oxygen and the absence of water.36 It was found out that when O2 molecules react with 

photogenerated electrons and produce superoxide O2
-, MAPbI3 is made to lose protons to a 

further level of decomposition. Using TiO2 layer can significantly reduce the production of 

superoxide because of the electron injection from TiO2. One important thing is that even if no 

water is present initially, it can still be produced with the participation of oxygen and light and 

further accelerate the whole degradation process. 

 

Fig. 3.1 Photogenerated electrons transfer process from CH3NH3PbI3 layer to oxygen using 

different layer materials, which ultimately leads to the formation of superoxide, reproduced 
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from ref.36 

 

3.1.2.2 Instability under thermal conditions 

For thermal instability there are two major aspects: one is the intrinsic thermal instability and 

another one is the unstable layer influence such as HTM. 

    For the intrinsic thermal instability, it was agreed that even in inert atmosphere the 

perovskite degrades at the temperature of 85 ℃. Due to the low thermal conductivity, the 

temperature of perovskite rises with the shining of sunlight, it can therefore easily exceed that 

temperature and cause degradation. Thus, heat needs to be transferred out of it to gain a long-

term stability. Research by Pisoni et al. showed that the thermal conductivity of MAPbX3, both 

single crystals and polycrystals, is quite low and can easily lead to the accumulation of heat and 

cause degradation.37 Therefore, the utilization of high thermal conductivity materials to transfer 

the heat is expected to be an effective way to solve the problem. Phase transition is a crucial 

chemical-physical conversion process, which can occur under the change of environmental 

conditions such as temperature and pressure. In ABX3 structure, Goldschmidt et al. put forward 

a concept of tolerance factor t, which is defined as: 

)(2 XB

XA

rr

rr
t

+

+
=                                                          (3.3) 

Where XBA rrr ,, are the ionic radii for ions A, B and X. Not all atoms can form a perovskite 

structure compound due to the restrain of the tolerance factor. As for a theoretically perfect 

crystal, t equals to 1. Normally t cannot exceed 1 and is between 0.8 to 1. A higher value of t 

indicates a more symmetrical structure of the crystal which can lower the electronic band gap.38 

Phase transition is also a factor that influence the structural stability. Normally at room 

temperature the MAPbI3 is a tetragonal structure while MAPbBr3 is a cubic structure. Baikie et 

al. demonstrated that the tetragonal perovskite totally transformed to cubic structure at about 

56℃, which may become an evidence of the instability of perovskite.39 

    The second aspect is the influence of the unstable layer on perovskite. According to the 

experiment conducted by Abate et al., hole transporting materials had a dramatic influence upon 

the stability.40 The most common HTM is made of spiro-OMeTAD materials. As pointed out 
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by Wu et al.,41 the finding that the crystallization and oxidation of spiro-OMeTAD increased 

after annealing can be helpful to increase the hole transfer while the shift down of Fermi level 

of TiO2 can lead to a significant decrease in Voc and FF. Therefore, new HTM materials should 

be developed. Another idea is to employ an HTM-free PSCs device. Li et al. prepared a HTM-

free PSCs with carbon electrode and showed considerably high stability which maintained 

about 100% of the initial PCE for 3 months at 80℃ or so.42 Therefore, it can be seen that using 

a material with high heat transmission coefficient like graphene to transfer the internal heat out 

of the device can greatly enhance the thermal stability of perovskite solar cells. 

 

3.1.2.3 Instability under UV light (photo) conditions 

The most commonly used material to transport photogenerated electrons is mesoporous TiO2. 

However, TiO2 is a typical photocatalyst for water oxidation that produces hydroxyl radicals. 

In perovskite solar cells it can extract electrons from electrolytes. Hitoshi et al. put forward a 

mechanism that can possibly explain the degradation process under UV light:43 

2I- ⎯→  I2 + 2e-                                                       (3.4a) 

3CH3NH3
+ ⎯→  3CH3NH2 ↑ + 3H+                                       (3.4b) 

I- + I2 + 3H+ + 2e- ⎯→  3HI ↑                                            (3.4c) 

First of all, TiO2 extracts electrons from I-. Then the continuous consumption of H+ drives the 

reaction forward. Finally, electrons at the interface can reduce I2 and the formed HI can 

evaporate easily because of the low boiling point. It was a quite effective way to insert Sb2S3 

into the interface forming a blocking layer which can dramatically increase the stability under 

light exposure while maintaining the original crystal structure and wavelength edges, as shown 

in Fig. 3.2b. 
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Fig. 3.2 Degradation scheme of CH3NH3PbI3 perovskite solar cells during light exposure test: 

(a) (TiO2/CH3NH3PbI3) and (b) (TiO2/ Sb2S3/CH3NH3PbI3), reproduced from ref.43 

 

    Snaith et al. proved that perovskite solar cells encapsulated in pure nitrogen show a lower 

PCE and photocurrent compared to non-encapsulated ones, which implied that oxygen is 

essential for the devices.44 One explanation is that oxygen can remove the surface states of TiO2, 

as shown in Fig. 3.3, since an n-type semiconductor such as TiO2 possesses much oxygen 

vacancies on the surface which leads to the formation of surface states.  
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Fig. 3.3 Proposed mechanism for UV-induced degradation. Upon UV light exposure, the 

photogenerated holes react with the oxygen radicals adsorbed at surface oxygen vacancies 

(inset (a) and (b)). Molecular oxygen is desorbed from these sites, leaving unoccupied, deep 

surface traps sites and a free electron per site. These electrons will recombine with excess holes 

in the doped hole transporter. Upon photo excitation of the sensitizer, electrons are injected 

either (1) into the conduction band from which they become deeply trapped or (2) directly into 

the deep surface traps (c). These deeply trapped electrons are not mobile and recombine readily 

with holes on the spiro-OMeTAD hole transporter (d), reproduced from ref.44 

 

Another idea is to prevent TiO2 from adsorbing UV light. To do so a UV filter should be 

added on top of TiO2. Komarala et al. produced a down-shifting coating layer onto perovskite.45 

The whole device showed more than half of its initial PCE proving this modification is effective.  

In this work, we mainly focused on dealing with the instability under moisture conditions 

from a theoretical perspective and planned to calculate the adsorption energies of several 

commonly studied additive molecules, eventually to find out the innate relation between the 

adsorption energy and the enhancement. 

 

3.2 Computational Methods  

All DFT calculations were performed using the Vienna ab initio simulation package (VASP)46-

47 program at the level of Perdew-Burke-Ernzerhof (PBE) functional, with the spin-
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polarization48-49 and dipole correction being considered. The D3 correction method was applied 

to include the van der Waals interactions since van der Waals interactions are the forces that 

keep the organic methylammonium part bonding to the scaffolding lead iodine in perovskite 

materials.50 The project-augmented wave (PAW) method was used to represent the core-valence 

electron interaction while the valence electronic states were expanded in plane wave basis sets 

with energy cutoff at 450 eV. The ions were relaxed into their ground states using the quasi-

Newton Broyden minimization scheme and the conjugate-gradient algorithm until the Hellman-

Feynman forces on each ion were less than 0.05 eV/Å. A (4 × 4 × 1) k-mesh was utilized in all 

calculations concerning converging the system energetics, and a (6 × 6 × 1) k-mesh was used 

for optimizing all additive and designed test molecules. 

The model for perovskite system was established using a relatively large supercell of (100) 

and (110) surface, which contained a three-layer periodic slab consisting of a 15 Å vacuum 

layer. Subsequently, the bottom layer was fixed throughout all calculations to simulate the bulk 

structure while the top two layers, which represent the surface structure, were allowed to move 

during the optimizations. 

The adsorption energy of various additive molecules (Eads) is defined as the energy 

difference before and after the adsorption with respect to the optimized additive molecules as 

shown below: 

Eads = E(slab) – E(surface) –E(additives)                                       (3.5) 

where E(slab), E(surface)and E(additives) are the energies for the adsorbed system, the clean 

surface, and the additive molecules, respectively. The more negative the Eads is, the stronger 

bonding between the additive and the surface. 

 

3.3 Results and Discussions 

To understand the effect of additives on the stability of CH3NH3PbI3 perovskite, we investigated 

the adsorption of many additive molecules. Firstly, the (100) and (110) surfaces of CH3NH3PbI3 

perovskite were constructed, as shown in Fig. 3.4 and Fig. 3.6. The (100) surface are exposed 

with five coordinated Pb (Pb5c) ions, one coordinated I (I1c) and two coordinated I (I2c) anions. 

The (110) surface has the same coordination of Pb and I atoms on the surface. Secondly, the 
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adsorption energies of these molecules with optimized structures were explored.  

As discussed in introduction, the mechanism for adsorbing small additive molecules to the 

surface to enhance the moisture-resistance ability is that some Pb atoms which are on the edge 

of surface are not coordinatively saturated, such as Pb5c showed in Fig. 3.4. Therefore, it can 

adsorb small molecules such as H2O or O2. By absorbing the water molecules or Oxygen 

molecules it will destruct the overall surface structure and deteriorate the overall stability, which 

is verified in literature. Consequently, an idea was put forward that if the surface’s active sites 

adsorb some inert molecules which do not react with the perovskite material therefore do not 

destabilize the perovskite compound, as opposed to oxygen molecules and water molecules, to 

occupy the active sites in advance to absorbing H2O or O2, then the stability of perovskite can 

be enhanced. In another word, the destabilizing effect caused by the active molecules existing 

in the moisture condition can be significantly reduced. Therefore, we chose several inert 

additive molecules that many researchers find interesting and may even be promising in such 

enhancement as the investigating materials, wishing to explore how each additive improve the 

overall stability. Judging by this enhancing mechanism, how well the inert additive molecules 

bond with the surface can be a critical influencing factor to the enhancement. Consequently, we 

calculated the adsorption energy of each additive and applied it as a measuring criterion. The 

larger adsorption energy, the stronger bonding between the additive and the surface, therefore 

the better enhancement.  
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Fig. 3.4 Active sites on perovskite (100) and (110) surface. 

 

3.3.1 Additives molecules and surfaces optimizations 

We optimized the structures of additives using high level geometry optimization calculations. 

These additive molecules were investigated in literature and they are mainly N adsorption or O 

adsorption. Following figures are the 3D structure of each additive molecule. 

    As shown in Fig. 3.5, the structures of HMT, TED, TBP, amantadine, DMF, DMSO, NMP, 

THTO, gBL (the full names and formulas of which are shown in Index at the start of this chapter) 

have been optimized. In those molecules, HMT, TED, TBP and amantadine only contain 

hydrogen, carbon, and nitrogen. TBP is a planar structure while the other three are cage-like 

structures. As for DMF and NMP, they contain oxygen in addition to the aforementioned three 

elements. Their structures are both planar, but NMP has a five-membered ring with a N atom 

on it. The same situation applies for DMSO and THTO. They contain sulfur apart from these 

three elements. Similarly, compare to DMSO, THTO has a five-membered ring with S atom on 

it. Finally, gBL molecule, consisting of hydrogen, carbon, and oxygen, is also a planar molecule 

with a five-membered ring. One O atom is on the ring. DMF and NMP, DMSO and THTO, 
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share similar structure, which may indicate that they present similar pattern in Eads. This will be 

discussed in the following part. 

 

 

Fig. 3.5 Optimized geometry structures of additive molecules. White, H; light gray, C; blue, N; 

red, O; yellow, S; dark gray, Pb; dark red, I. This color notation is used throughout this chapter. 

 

(100) surface and (110) surface were chosen to do the adsorption since (100) is the most 

stable surface of all and (110) is the mostly used surface in perovskite crystal, thus making the 

results more universal and convincing.  
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Fig. 3.6 Structures of (100) surface and (110) surface. White, H; light gray, C; blue, N; dark 

gray, Pb; dark red, I. 
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3.3.2 Adsorption energy of various additive molecules 

It is worth mentioning that all these adsorptions contain different steric orientations which were 

all calculated in this work. But the data in the chart are the positions which have the optimum 

adsorption energies. 

 

Table 1 Adsorption energy of HMT onto (100) and (110) surface, respectively. 

System Eads/eV 

(100)-HMT -0.52 

(110)-HMT -1.17 

 

   We found the HMT tipsily adsorbs on the (100) surface of CH3NH3PbI3 perovskite with N 

bonding to the Pb site, as shown in Fig. 3.7a. The N-Pb bond length is 2.62 Å. The adsorption 

energy is -0.52 eV. As for (110) surface shown in Fig. 3.7b, unlike the (100) surface, the HMT 

molecule adsorbs in a parallel position. The N-Pb bond length is 2.65 Å, and the adsorption 

energy is -1.17 eV. The rather high adsorption energy indicates strong adsorption of HMT on 

the CH3NH3PbI3 perovskite. One rule was discovered according to the results obtained that 

when adsorbs onto (100) surface, additive molecule tends to adsorb tipsily while on (110) 

surface the additive molecule adsorbs in parallel positions. 
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Fig. 3.7 Structures of adsorption of HMT onto (a) (100) surface and (b) (110) surface. White, 

H; light gray, C; blue, N; dark gray, Pb; dark red, I. 

 

Table 2 Adsorption energy of TED, TBP and amantadine onto (100) and (110) surface with one 

or two molecules, respectively. The adsorption energy in the two molecules column means the 

averaged adsorption energy on each adsorbed molecule (half of the total adsorption energy). 

 

additive 

Eads/eV 

One molecule Two molecules 

(100) surface (110) surface (100) surface (110) surface 

TED -1.24 -0.95 -1.55 -0.94 

TBP -0.87 -0.80 -0.85 -0.81 

Amantadine -1.12 -0.99 -0.92 -1.05 

 

   Fig. 3.8 - Fig. 3.10 show the adsorption situation of TED, TBP and amantadine, 

respectively. For one TED molecule, The N-Pb bond length of (100) surface is 2.63 Å and the 

adsorption energy is -1.24 eV. As for (110) surface, the N-Pb bond length is 2.48 Å, the 

adsorption energy is -0.95 eV. For two TED molecules, The N-Pb bond lengths of (100) surface 

are 2.52 Å and 2.56 Å and the averaged adsorption energy is -1.55 eV. As for (110) surface, the 

N-Pb bond lengths are 2.64 Å and 2.68 Å, the adsorption energy is -0.94 eV. For one TBP 

molecule, The N-Pb bond length of (100) surface is 2.60 Å and the adsorption energy is -0.87 
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eV. As for (110) surface, the N-Pb bond length is 2.63 Å, the adsorption energy is -0.80 eV. For 

two TBP molecules, The N-Pb bond lengths of (100) surface are 2.64 Å and 2.65 Å and the 

adsorption energy is -0.81 eV. As for (110) surface, the N-Pb bond length are 2.69 Å and 2.74 

Å, the adsorption energy is also -0.81 eV. For one amantadine molecule, The N-Pb bond length 

of (100) surface is 2.58 Å and the adsorption energy is -1.12 eV. As for (110) surface, the N-Pb 

bond length is 2.61 Å, the adsorption energy is -0.99 eV. For two amantadine molecules, The 

N-Pb bond lengths of (100) surface are 2.57 Å and 2.61 Å and the adsorption energy is -0.92 

eV. As for (110) surface, the N-Pb bond lengths are 2.64 Å and 2.63 Å, the adsorption energy 

is -1.05 eV. The higher adsorption energy indicates stronger adsorption on the perovskite 

compared to HMT. 
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Fig. 3.8 Structures of adsorption of (a) one TED molecule and (b) two TED molecules onto 

(100) surface; (c) one TED molecule and (d) two TED molecules onto (110) surface. White, H; 

light gray, C; blue, N; dark gray, Pb; dark red, I. 
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Fig. 3.9 Structures of adsorption of (a) one TBP molecule and (b) two TBP molecules onto (100) 

surface; (c) one TBP molecule and (d) two TBP molecules onto (110) surface. White, H; light 

gray, C; blue, N; dark gray, Pb; dark red, I. 
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Fig. 3.10 Structures of adsorption of (a) one amantadine molecule and (b) two amantadine 

molecules onto (100) surface; (c) one amantadine molecule and (d) two amantadine molecules 

onto (110) surface. White, H; light gray, C; blue, N; dark gray, Pb; dark red, I. 

 

Due to the fact that the adsorption situations of the molecules shown above are quite alike, 
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these results are shown together. From the structures it can be seen that the additive molecules 

bonded with the active Pb atom in a tilted position. The bond length of the Pb-N bond was 

around 2.6 Å, same as the theoretical value of 2.6 Å. According to the table several conclusions 

can be drawn:  

(1) It can be seen that all these three molecules adsorb better than HMT since they are 

more negative in the values of adsorption energy. Better adsorption means that it can exhibit 

better moisture-resistance property. The reasons to that are discussed in the next part.  

(2) Generally speaking, the adsorption energies for one molecule and two molecules on 

(110) surface are basically the same while the situation on (100) surface showed otherwise. One 

possible reason is that there is more room available on top of (110) surface compared to (100) 

surface. Thus, when adsorbing the second additive molecule onto (110) surface, it creates less 

impact on the first additive molecule due to the steric effect. In other word, these two additives 

adsorb independently. As for that on (100) surface, there is less spare room for two bulky 

additives, especially amantadine. Therefore, adsorbing the second amantadine molecule is 

thermodynamically more difficult. However, TBP showed a rather planar structure, which can 

ease this interaction between two adsorbed molecules on some level, and this can be proved by 

the fact that the adsorption energy for the first molecule and the averaged adsorption energy are 

quite similar.  

(3) Concerning these three molecules, TBP has the worst adsorption energy of all three, 

meaning that the TBP system are not as stable as the other two. The detailed reasons are 

discussed in the next part. 
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Table 3 Adsorption energy of DMF with different adsorption positions on both (100) and (110) 

surface. 

 

 

 

DMF 

(100) surface 

Nads Oads 

Position 1 Position 2 Position 1 Position 2 

0.13 0.92 0.65 0.56 

(110) surface 

Nads Oads 

0.41 0.51 

 

As shown in Fig. 3.11, for DMF through N-adsorption, there are two representative 

positions calculated in this work. Position 1 is with O atom heading down towards the surface, 

the N-Pb distance is 3.35 Å and the adsorption energy is 0.13 eV. Position 2 is with the methyl 

group heading down towards the surface, the N-Pb distance is 3.10 Å and the adsorption energy 

is 0.92Å. For DMF through O-adsorption, there are also two representative positions calculated. 

Position 1 is with the methyl group heading down towards the surface, the N-Pb distance is 

2.42 Å and the adsorption energy is 0.65 eV. Position 2 is with H atom heading down towards 

the surface, the N-Pb distance is 2.65 Å and the adsorption energy is 0.56 eV. As for (110) 

surface, the N-Pb distance is 3.30 Å, the adsorption energy is 0.41 eV for N-adsorption and the 

N-Pb distance is 2.50 Å, the adsorption energy is 0.51 eV for O-adsorption. 
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Fig. 3.11 Structures of adsorption of DMF (a) with N-adsorption (position 1), (b) with N-

adsorption (position 2), (c) with O-adsorption (position 1) and (d) with O-adsorption (position 

2) onto (100) surface; (e) with N-adsorption and (f) with O-adsorption onto (110) surface. White, 

H; light gray, C; blue, N; red, O; dark gray, Pb; dark red, I. 

 

    As for DMF, the molecule is more planar in terms of geometry structure. When it adsorbed 

in a tilted position onto the surface, different parts would be closer to the surface 

methylammonium groups thus creating different interactions, and eventually leading to 

different Eads. That is why different adsorption positions were tested on (100) surface. But when 

DMF was adsorbed onto the (110) surface, it was adsorbed in a parallel position which did not 

have such concern as (100) surface, so there is no need for extra positions to be tested. 

From table 3, it is clear that the adsorption situations are not as good as the former additives 

as N atom cannot adsorb onto the surface. According to the bond length calculated (around 3.30 

Å), it is far beyond the length of the Pb-N bond that it can be considered as no bond existing. 
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The O atom can bond to the surface while the positive adsorption energy suggests that this is a 

very unfavorable pathway. In a word, DMF is not suitable to adsorb onto the surface to enhance 

the stability of perovskite solar cells materials. The reasons are discussed in the next part. 

 

Table 4 Adsorption energy of DMSO, NMP, THTO and gBL with different adsorption positions 

on both (100) and (110) surface. In gBL Rad represents the O atom in the five-member ring 

adsorbed onto the surface while the Oad is the isolated O atom adsorbed onto the surface. 

 Eads/eV 

 (100) surface (110) surface 

DMSO Oads Sads Oads Sads 

-0.85 -0.72 -1.10 -0.89 

NMP Nads Oads Nads Oads 

0.51 1.02 0.24 0.68 

THTO Oads Sads Oads Sads 

-0.93 -0.82 -1.03 -1.09 

gBL Oads Rads Oads Rads 

0.53 0.77 0.96 0.68 

 

For DMSO through O-adsorption, The N-Pb bond length of (100) surface is 2.56 Å and 

the adsorption energy is -0.85 eV. As for (110) surface, the N-Pb bond length is 2.45 Å, the 

adsorption energy is -1.10 eV. For DMSO through S-adsorption, The N-Pb bond length of (100) 

surface is 3.10 Å and the adsorption energy is -0.72 eV. As for (110) surface, the N-Pb bond 

length is 3.04 Å, the adsorption energy is -0.89 eV. 

For NMP through N-adsorption, The N-Pb bond length of (100) surface is 3.01 Å and the 

adsorption energy is 0.51 eV. As for (110) surface, the N-Pb bond length is 2.97 Å, the 

adsorption energy is 0.24 eV. For NMP through O-adsorption, The N-Pb bond length of (100) 

surface is 2.47 Å and the adsorption energy is 1.02 eV. As for (110) surface, the N-Pb bond 

length is 2.40 Å, the adsorption energy is 0.68 eV. 

For THTO through O-adsorption, The N-Pb bond length of (100) surface is 2.59 Å and the 
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adsorption energy is -0.93 eV. As for (110) surface, the N-Pb bond length is 2.48 Å, the 

adsorption energy is -1.03 eV. For THTO through S-adsorption, The N-Pb bond length of (100) 

surface is 3.12 Å and the adsorption energy is -0.82 eV. As for (110) surface, the N-Pb bond 

length is 3.10 Å, the adsorption energy is -1.09 eV. 

For gBL through O-adsorption, The N-Pb bond length of (100) surface is 2.57 Å and the 

adsorption energy is -0.53 eV. As for (110) surface, the N-Pb bond length is 2.47 Å, the 

adsorption energy is -0.96 eV. For gBL through R-adsorption, The N-Pb bond length of (100) 

surface is 2.68 Å and the adsorption energy is 0.77 eV. As for (110) surface, the N-Pb bond 

length is 2.70 Å, the adsorption energy is 0.68 eV. 
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Fig. 3.12 Structures of adsorption of DMSO (a) with O-adsorption and (b) with S-adsorption 

onto (100) surface; (c) with O-adsorption and (d) with S-adsorption onto (110) surface. White, 

H; light gray, C; blue, N; red, O; yellow, S; dark gray, Pb; dark red, I. 
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Fig. 3.13 Structures of adsorption of NMP (a) with N-adsorption and (b) with O-adsorption 

onto (100) surface; (c) with N-adsorption and (d) with O-adsorption onto (110) surface. White, 

H; light gray, C; blue, N; red, O; dark gray, Pb; dark red, I. 
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Fig. 3.14 Structures of adsorption of THTO (a) with O-adsorption and (b) with S-adsorption 

onto (100) surface; (c) with O-adsorption and (d) with S-adsorption onto (110) surface. White, 

H; light gray, C; blue, N; red, O; yellow, S; dark gray, Pb; dark red, I. 
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Fig. 3.15 Structures of adsorption of gBL (a) with O-adsorption and (b) with R-adsorption onto 

(100) surface; (c) with O-adsorption and (d) with R-adsorption onto (110) surface. White, H; 

light gray, C; blue, N; red, O; dark gray, Pb; dark red, I. 

 

   For DMSO, it can be seen that the adsorption situation is much better no matter it is O-

adsorption or S-adsorption according to Eads. As for NMP, it is almost as the same situation as 

DMF, all the Eads are positive suggesting that they are unfavorable adsorptions. Compare NMP 

to DMF it can be concluded that if the molecules have similar structures, they tend to share the 
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same adsorption situations. As for THTO, it is quite like DMSO, therefore it exhibits similar 

adsorption situations. However, for the S-adsorption the bond length is longer than that of 

DMSO, after referring to the 3D structure it might be caused by steric effect since the five-

membered ring is much bulky than two methyl groups. Finally, gBL shares rather similar 

structure with NMP, thus presenting similar results. 

 

3.3.3 Adsorption energy and charge analysis of designed test molecules 

Based on all the above results, we put forward an assumption that whether the adsorption is 

good or not depends on the steric configuration of the additive molecules, specifically relies on 

the electronic structure of the adsorbed atom. Take N atom as an example, whether the adsorbed 

N atom has lone pair electrons determines whether its structure is planar or tetrahedral. This 

finding further links to the fact that whether there are lone-pair electrons on the adsorbed N 

atom. Compare to the structures of those additives through N-adsorption it is clear that those N 

atoms with planar structures exhibit worse adsorptions compared to those with tetrahedral 

structures. Consequently, the results obtained fit the assumption quite well. It is worth noting 

that TBP showed worse adsorption situation compared to TED and amantadine, and this can be 

explained as the structure of the adsorbed N atom is more planar than the other two. The same 

pattern applies to O atoms and S atoms in DMSO and THTO. As for other additives, take DMF 

for example, the lone-pair electrons in the N atom delocalize with C=O group to form a big 

conjugation system, thus making the structure of the additive planar and difficult to be adsorbed. 

    It has come to our attention that the adsorbed N atom bonded with the coordinatively 

unsaturated Pb atom during the adsorption process, so the electron density on the N atom, which 

can be linked to the fact that whether there are lone-pair electrons existing, has a dramatic 

influence on the bond strength and Eads. In order to further prove the assumption with more data 

and to find out the innate relation between the adsorption energy and the electron density on 

the N atom, some small test molecules were designed as following for further calculations. 

These test molecules were designed with N-adsorption and the N atom bonded with either 

electron withdrawing groups or electron donating groups to obtain different electron densities 
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on the adsorbed N atom.  

 

 

Fig. 3.16 Test molecules designed to investigate whether the electron density of the N atom and 

the adsorption energy have a linear correlation. White, H; light gray, C; blue, N; red, O; green, 

Cl. 
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Fig. 3.17 Structures of adsorption of test molecules (a) NH2C(CH3)3, (b) NH2CH3, (c) 

NH2OCH3, (d) NH3, (e) NH2C2H5 and (f) NH2Cl onto (100) surface. White, H; light gray, C; 

blue, N; red, O; yellow, S; dark gray, Pb; dark red, I; green, Cl. 
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Fig. 3.18 Structures of adsorption of test molecules (a) NH2C(CH3)3, (b) NH2CH3, (c) 

NH2OCH3, (d) NH3, (e) NH2C2H5 and (f) NH2Cl onto (110) surface. White, H; light gray, C; 

blue, N; red, O; yellow, S; dark gray, Pb; dark red, I; green, Cl. 

 

    According to the Eads and the charge data in table 5, we can find a quite obvious linear 

correlation between the charge density and the Eads, as shown in Fig. 3.19. As shown in these 

three graphs it can be seen that the correlation of the (100) surface is the highest, the (110) 

surface and the overall are a bit lower according to R2 factor. Though the number of test 

molecules may not be sufficient enough to make the linear relation very accurate, but basically 

the trend could imply that the assumption is correct. Apparently, the obtained results proved 

our assumption that was put forth before: when lone pair electrons exist on N atom, N atom 

tends to form a tetrahedral configuration compared to planar configuration where no lone pair 

electrons exist, the electron density is consequently higher, thus leading to stronger bonding 
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between the additive molecules and the coordinately unsaturated Pb atoms of the perovskite 

material. Ultimately, it can explain the finding that with the increasing of the electron density 

the adsorption energy rises correspondingly. Therefore, more stable adsorption makes the 

adsorbed molecules more difficult to be replaced by water molecules, which represents as better 

enhancement on the moisture resistance of the perovskite materials. Evidently, identifying the 

steric configurations of the adsorbed molecules and the charge density of the specific adsorbed 

atom can be a theoretical guidance for screening vast number of adsorbed molecules for 

enhancement before experimental works. 

 

Table 5 Adsorption energy of test molecules and bader charge values of adsorbed N atom on 

both (100) and (110) surface. Apparently, more negative the charge value more electrons 

possessed by the N atom, hence higher the electron density. 

system Eads/eV charge 

(100)-NH2C(CH3)3 -1.11 -2.70 

(110)-NH2C(CH3)3 -1.00 -2.68 

(100)-NH2CH3 -1.10 -2.70 

(110)-NH2CH3 -0.84 -2.66 

(100)-NH2OCH3 0.28 -1.82 

(110)-NH2OCH3 0.68 -1.85 

(100)-NH3 -1.12 -2.92 

(110)-NH3 -0.89 -2.92 

(100)-NH2C2H5 -1.13 -2.67 

(110)-NH2C2H5 -0.89 -2.70 

(100)-NH2Cl -0.66 -2.00 

(110)-NH2Cl -0.55 -2.02 

 



Chapter 3: Adding Additives to Improve Water-Resistance for Perovskite-based Solar Cells 

 

72 

 

 

Fig. 3.19 Simulated linear relation between Eads and charge (a) of (100) surface, (b) of (110) 

surface and (c) of both surfaces.  
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3.4 Conclusions  

To conclude, despite many advantages of perovskite solar cells such as its superb adsorption 

coefficient, low band gap, and low trap density, the unstable nature indicates that there is still a 

long way before putting perovskite solar cells into large-scale applications. 

    From the calculations, the adsorption of HMT, TED, TBP, amantadine, DMSO, and THTO 

are better than that of DMF, NMP and gBL. We found that the good adsorption molecules have 

the generality in which all the bonding atoms of additives have non-planar geometry. These 

non-planar geometries mainly owe to lone pair electrons on the bonding atoms. Furthermore, 

we found a linear relationship between the adsorption energy of additives and the charge of the 

bonding atom in additives. The adsorption energy of additives increases with the rising of 

charge density at the bonding atom. Therefore, this induces a strong bonding of additives on 

the CH3NH3PbI3 perovskite. In general, whether the adsorbing atom has lone pair electrons and 

has planar structure is the key factor to affect the performance of additives. This understanding 

is quite beneficial to screen large number of additive molecules in advance and fabricate stable 

perovskite solar cells efficiently. 
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Chapter 4 

Identifying and Elucidating the Localized 

Dimer State of the Photogenerated Hole in 2-

D Graphitic Carbon Nitride 

 

4.1 Introduction 

Among all widely used semiconductor materials in photocatalytic reactions, TiO2 is the most 

extensively studied semiconductor since Honda and Fujishima’s first report1 due to its suitable 

band positions and sufficient band gap. Other metal oxide materials of great photocatalytic 

performances such as CdS and ZnO were also thoroughly investigated.2-3 But they all have their 

own intrinsic problems that restrict their performance such as low photoelectric conversion 

efficiency, visible light absorption and etc. As stated in chapter 3, the high performance of 

perovskite materials still cannot make up to their poor stability so that the large-scale 

application is still unachievable. Therefore, developing novel materials with less restrictions is 

of continuously high importance. 

Graphitic carbon nitride (g-C3N4) as a metal-free n-type semiconductor material has 

attracted much attention due to its wide applications in water splitting,4-6 oxidative organic 

reactions7-10 and degradation of pollutants.11-12 It was first reported in 1834,13 but it was 

reconsidered as a new promising semiconductor material in photocatalytic water splitting until 

the research carried out by Wang et al.4 using it to replace TiO2. The layered structure of g-C3N4 

is quite similar to graphene in which the weak van der Waals force holds the stacking layers. In 

each layer, it is composed of triazine or heptazine (tri-s-triazine) units connecting in different 

patterns, as shown in Fig. 4.1. Through all the existing phases such as α-C3N4 (bandgap of 5.5 

eV), β -C3N4 (bandgap of 4.85 eV), cubic-C3N4 (bandgap of 4.3 eV), pseudocubic-C3N4 

(bandgap of 4.13 eV) and g-C3N4 (bandgap of 2.7 eV),14 the results of XRD and DFT 
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calculations both demonstrated that graphitic form is thermodynamically the most stable 

form.15-18 Moreover, the band gaps of other forms are too wide to be used in photocatalysis as 

they require lights with wavelengths much shorter than ultraviolet light to be excited. According 

to researches carried out by Gracia et al.19 and Sehnert et al.,20 the most stable structure is the 

heptazine-based hexagonal connection pattern structure. Another thing needs noting is that the 

lone pair electron repulsion in the heptazine-based hexagonal connection pattern monolayer (2-

D) structure between the N1 atoms labeled in Fig. 4.1 urges the whole structure to buckle out-

of-plane and to corrugate to a wave-like motif other than planar since the corrugated structure 

experience less repulsion. As for polymeric (3-D) one, the weak interaction between layers 

helps ease the repulsion and stays planar in layer.19, 21-22 In this work, we chose heptazine-based 

hexagonal connection pattern corrugated monolayer structure, the believed most stable system, 

as the model system for DFT calculations.  

The unique and excellent electronic band structure of g-C3N4 makes it a suitable catalyst 

in photocatalysis. The conduction band minimum (CBM) is mainly composed of carbon-

centered Pz orbitals, the valance band maximum (VBM) in 2-D materials is mainly formed by 

nitrogen Px, Py and s orbitals.22 Comparing to 3.2 eV of band gap of the conventional TiO2, 2.7 

eV of band gap of g-C3N4
23 (equals to absorption wavelength of 475nm) gives better absorption 

in the visible region of solar spectrum which takes up a tremendous portion in the solar 

spectrum. Furthermore, g-C3N4 has better thermal and chemical stability resulting from the 

triazine or heptazine ring-based in-plane structure, and higher surface area owing to the layered 

structure, giving rise to more active sites for surface reactions. However, despite the 

aforementioned advantages and achievements, the intrinsic drawback of high recombination 

rate ultimately limits the optimization of the material to a better efficiency. Therefore, some 

critical questions need to be answered in terms of the existence of photogenerated holes on 

atomic level: (i) how does a photogenerated hole exist in the material, (ii) is the hole delocalized 

among the whole system or localized on specific part of the structure? if it is localized, which 

part of the structure would be more likely to be localized on, (iii) compared to some other work 

done concerning the hole localization is there any differences or similarities. 
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Fig. 4.1 g-C3N4 network of triazine unit-based structure in (a) hexagonal and (b)  

orthorhombic connection patterns and heptazine (tri-s-triazine) unit-based structure in  (c) 

hexagonal and (d) monoclinic connection patterns, reproduced from ref.5. The dotted line on 

the ring represents conjugated structure. The N atoms circled in red are further referred to as 

N1 atoms. 

 

    In this work, a theoretical study based on ab initio calculations was carried out to explore 

how a photoinduced hole exists in the heptazine-based g-C3N4 materials. According to the 

density functional theory calculations, a dimer configuration of localized state was identified. 

Moreover, the weak trapping capacity and unstable nature of this localized state were also 

investigated, which may contribute to the property of high recombination rate. 

 

4.2 Computational Methods 

All calculations in this work were carried out by the Vienna ab initio simulation package 

(VASP)24-25 at the level of the Perdew-Burke-Ernzerhof (PBE) functional26 with the spin-

polarization27-28 and dipole correction being considered. The D3 correction method was 
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employed in order to include van der Waals (vdW) interactions. The project-augmented wave 

(PAW)29 method was used to represent the core-valence interaction.30-31 For the calculations of 

total energy, a cutoff energy of 400 eV was set for plane wave basis sets to expand the valence 

electronic states with a k-point mesh of (4 × 4 × 1) using throughout the calculations. The 

photogenerated hole was simulated by removing an electron from the system acting as the 

photoexcited electron as common practice.32-34 Geometry optimizations were achieved by using 

the Quasi-Newton Broyden minimization scheme until the Hellman-Feynman forces on each 

ion were less than 0.05 eV/ Å while localized state was identified using a constrained 

optimization method35-36 under the same criteria for converging the forces as geometry 

optimizations. 

 

4.3 Results and Discussions 

4.3.1 Neutral System 

The neutral system structure obtained by DFT calculations is shown in Fig. 4.2a. As mentioned 

above, the structure we chose is thermodynamically the most stable one, which is a layered 

structure of nitrogen-linked heptazine rings in each layer connected in hexagonal pattern. From 

the side view a wave-like motif can be seen, which is consistent with literature.19-20 All the C 

atoms are three-coordinated with three N atoms. As for N atoms, bridge-N and center-N are 

three-coordinated with three C atoms while ring-N is two-coordinated with only two C atoms. 

As shown in Fig. 4.1, there is a big conjugation system on the heptazine ring which is mainly 

located on the outer ring while no electron delocalization on the center-N and bridge-N. Thus, 

the N-C bond lengths on the outer ring are basically of the same length at around 1.33 Å. 

However, the bond length of center-N linked bonds is about 1.40 Å and that of bridge-N linked 

are 1.40 Å, 1.41 Å and 1.43 Å, respectively. All of above data are consistent with reference 

except that the center-N linked bond lengths in reference are between 1.45 Å and 1.48 Å.37 The 

distance between two bridge-N atoms of the nitride pole at the center of adjacent heptazine 

units is about 6.89 Å, a bit smaller than that in reference of 7.11 Å.37 

 



Chapter 4: Identifying and Elucidating the Localized Dimer State of the Photogenerated Hole in 2-D 

Graphitic Carbon Nitride 

 

82 

 
 



Chapter 4: Identifying and Elucidating the Localized Dimer State of the Photogenerated Hole in 2-D 

Graphitic Carbon Nitride 

 

83 

 

 

Fig. 4.2 (a) Top view and side view and (b) LUMO (upper red part) and HOMO (lower green 

part) of neutral system. (b) is reproduced from ref. 37. The three distances labeled in red are 

further referred to as bond 1, 2, 3, respectively. In this chapter C and N atoms are in grey and 

blue spheres, respectively.  

 

As the structure shown in Fig. 4.2a, the bridge-N atom is sp2-hybridization with three N-
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C bonds connecting three adjacent heptazine rings. Considering that N is 2s22p3, there will be 

two lone pair electrons left in p orbitals. This electron configuration implies that the bridge-N 

is very inert and inactive, which can be proved by the absence of dotted line, and HUMO and 

LUMO on bridge-N shown in Fig. 4.2b, suggesting that electrons are not generated on or 

excited to bridge-N atoms, limiting the carrier transferring from one heptazine ring to another. 

Consequently, it can be concluded that each heptazine unit behaves independently in 

photocatalytic reactions, which may be a key factor that reduces the photocatalytic efficiency. 

This situation is usually amended in industry by doping heteroatoms into the system to alter the 

electronic structure.  

 

Table 1 The bond lengths of bond 1, 2, 3, total energies and EHTC values of neutral, delocalized 

and localized systems, respectively. 

 Bond length 

of bond 1/ Å 

Bond length 

of bond 2/ Å 

Bond length 

of bond 3/ Å 

Total 

energy/eV 

EHTC/eV 

Neutral 

system 

2.573 2.685 2.911 -480.650 / 

Delocalized 

system 

2.553 2.668 2.892 -474.417 0 

Localized 

system 

2.456 2.729 2.829 -474.407 +0.01 

 

4.3.2 Delocalize System 

The structure of delocalized system is shown in Fig. 4.3a. Comparing to neutral system, the 

energy of delocalized system is about 6 eV higher, indicating that it is less stable than neutral 

system. The three distances of adjacent N1 atoms are all equally shortened by about 0.02 Å 

according to table 1 for the photogenerated hole delocalizes in the whole system. As indicated 

in Fig. 4.2, in succedent work these three bonds are referred to as bond 1, bond 2 and bond 3. 

    In the presence of one photogenerated hole, the normal structural optimization gives rise 
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to a delocalized state with spin density distributed over all N anions. However, as indicated in 

Fig. 4.3b, the spin charge is not exactly evenly distributed on all N1 atoms. There is no charge 

density on bridge-N atoms and center-N atoms, the reason to that is fully illustrated in 

discussion part. It is obvious that in the three pairs of N1 atoms contained in a nitride pore, 

there is one pair of N1 atoms with rather high spin charge density while the other two pairs are 

somewhat low. This means that there may only be one N1-N1 dimer in each nitride pore. 

Considering if there are three dimers, bond 1, 2 and 3 will all shrink, which tends to stretch the 

C-N ring out, causing much deformation energy, and eventually leads to a total destruction of 

the system. Therefore, it can be inferred that even more than one hole is localized in the material 

there can probably only be one dimer in each nitride pore. 
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Fig. 4.3 (a) is the top view of the delocalized structure and (b) is the spin charge density (yellow 

part) of the system with spin charge value indicated on each atom under the isosurface level of  

0.005. The atoms without values indicated are between 0.02 to 0.03. C and N atoms are in grey 

and blue spheres, respectively. 
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4.3.3 Localized Dimer State 

The structure of localized dimer state is shown in Fig. 4.4a. Basically, the structure remains 

largely the same as both neutral system and delocalized system while only small distortion 

occurred, such as change in bond lengths for bond 1, 2 and 3. From table 1 it can be seen that 

because of the localization on bond 1 the length of bond 1 is shortened by 0.10 Å or so. From 

the spin charge density compared to that of delocalized system, the spin density on the two N1 

atoms of bond 1 is higher while other N atoms stays roughly the same, suggesting that the hole 

is more likely localized on these two atoms. The energy is higher than neutral system, which 

means localizing a hole is a thermodynamically unfavored pathway.  

    It is worth noting that the results obtained under our assumption that the photogenerated 

hole localizes on bond 1, which may not be correct in real situations. In principle, bond 1, 2 and 

3 should be exactly the same since they are in the same chemical environment. Therefore, any 

pair of N1 atoms can be the ‘bond 1’ referred in this chapter for the hole localization rather than 

a specific pair in the nitride pore. 
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Fig. 4.4 (a) is the top view of the dimer structure and (b) is the spin charge density (yellow part) 

of the system with spin charge value indicated on each atom under the isosurface level of 0.005. 

C and N atoms are in grey and blue spheres, respectively. 
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Based on aforementioned reasons we first investigated the localized state in one heptazine ring. 

The results are not quite similar as expected. Basically, a photoinduced hole should localize on 

N atoms rather than C atom in since N is more negative in terms of electronegativity. Therefore, 

the more negative N tends to draw protons more possible than C. Subsequently, there are three 

different types of N atoms, center-N, bridge-N and ring-N. The electron configuration of the 

bridge-N gives no available electrons participating in carrier migration. Besides, sp2-

hybridization leaves the bridge-N a pair of lone pair electrons. If a photogenerated hole localizes 

on bridge-N atom it will create a N-radical with one lone pair electron and that is 

thermodynamically unfavored. Further DFT calculations also verify that bridge-N is not a 

suitable localized site. Center-N is in much similar situation as bridge-N, which, according to 

bridge-N, is also not a suitable site. And that can also result in no spin charge density present 

on bridge-N and center-N atoms. As for ring-N, it is somewhat different. Ring-N is only two-

coordinated with two C atoms and that leaves an extra lone pair electron comparing to bridge-

N, which seems possible to locate a hole. However, calculation results tell otherwise, which 

may be due to the fact that ring-N is contained in a conjugation system that requires the extra 

electron to delocalize. But compare to center-N and bridge-N, ring-N is still more active for 

hole localization as there is spin charge density all on the ring-N atoms in delocalized system. 

Enlightened by work carried out by Peng et al.38 of a localized dimer state occurred in 

perovskite solar cell materials, the existence of a localized state on more than one N atoms, for 

example on the two adjacent N1 atoms, is considered possible. Theoretically speaking, the 

dimer state on two adjacent N1 atoms is quite possible. When an N1 atom loses an electron, it 

creates a N-radical which is not thermodynamically favored because this would introduce a 

large energy increase thus causing distortion to the original structure. However, with another 

N1 atom to share the lone pair electron, the electron density is then averaged and reduce the 

structural deformation. Besides, the two N1 atoms are the two closest atoms that agree with the 

requirement to form dimer. Furthermore, the work of Garrett et al.39 explicitly verified the 

existence of a three-electron bond between two adjacent N1 atoms which holds the two atoms 

together.  

Stability is one important factor that restrains the performance of a localized state. If this 
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localized state is stable, then the hole can be easily trapped into this localized state. In some 

way it is a good thing that the formation of this localized state is easy. However, this is not a 

good thing as the hole cannot easily get out and that is not beneficial for hole diffusion. Hole 

trapping capacity (EHTC) is a parameter that can be used as a good descriptor to evaluate such 

stability of the trapping state. It is defined by the energy difference between the localized and 

delocalized states as following:38 

EHTC = E(localized state) – E(delocalized state)                                  (4.1) 

As shown in table 1, EHTC of +10 meV implies that the localized state is a little higher in energy 

than delocalized state, in other word is slightly unstable than delocalized state. Normally, the 

localized state would be expected to be more stable than delocalized state because if a 

photogenerated hole delocalizes in the whole system rather than localizes at a specific part of 

the structure, it may easily recombine with an electron and further result in low concentration 

of charge carriers for the surface reactions, which macroscopically show as high recombination 

rate. So, the hole needs to be localized in order to be separated from photogenerated electrons 

and then diffuses to reactive sites for surface reactions. g-C3N4’s crucial disadvantage of high 

recombination rate has already implied its more unstable localized state. According to the work 

by Peng et al., two kinds of iodine dimer are more stable than delocalized state (-191 meV and 

-20 meV of EHTC of the two dimer states, respectively), and he discovered that the large atomic 

radius of iodine and the composition of valance band which is mainly constituted by I-5p states, 

contribute to the easy formation of iodine dimer. Comparing the iodine dimer to the nitrogen 

dimer, the composition of the VBM of g-C3N4 is N-2p electrons, which again proved that the 

localization of photogenerated holes proceed upon N atoms instead of C atoms. As for the 

atomic radius, the larger the atomic radius, the longer the smallest distance needed for one atom 

to interact with another atom. In other word, less structural distortion is required to form dimer 

state. Clearly, the radius of nitrogen atom is much smaller than that of iodine and it is harder 

for nitrogen to for dimer in terms of atomic radius. Moreover, when a hole localizes on an N 

atom forming an N-radical, the N-radical itself would facilitate the formation of N dimer state 

to lower the system energy since the existence of N-radical is highly thermodynamically 

unfavored and also damaging to the big conjugation system. In addition, the hybrid organic-
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inorganic structure of CH3NH3PbI3 and weak bonding nature lead to a flexible structure which 

only requires small deformation energy to maintain the original stability when a photogenerated 

hole is introduced to the system. However, the carbon-nitrogen alternate connection of 

heptazine ring units is much more rigid. According to Garrett et al.,39 as shown in Fig.4.5, if a 

hole is localized as a dimer state, the bond length of the three-electron bond formed between 

the two adjacent N1 atoms is shortened by about 0.70 Å (from delocalized state to localized 

state. 0.72 Å in Fig. 4.5 is from neutral state to localized state, there is 0.02 Å shortening from 

neutral state to delocalized state as aforementioned), which is quite difficult to achieve in such 

a rigid structure. Our calculations showed that the N1-N1bond length shortened from 2.55 Å to 

2.45 Å, about 0.10 Å, which is very different from the reference number. It has come to our 

attention that the examples used in previous literature are in molecular state, as in the edge 

nitrogen atoms are covered by hydrogen atoms rather than another heptazine ring in the solid 

state. Therefore, we chose melem dimer and melem trimer as examples to run the calculations. 

The results showed that they are rather close to the values reported in reference. When in the 

solid state, a bridge-N atom is connected to three heptazine rings, a heptazine ring is too rigid 

to transform, so the only flexible part is the three single C-N bond of the bridge-N atom that 

can stretch. However, in the examples shown in Fig. 4.5, the so-called bridge-N atom in this 

scenario is connected to two heptazine rings and one hydrogen atom. And that makes it much 

easier for the two heptazine rings to ‘come closer’, so the bond length is much shorter than our 

result. Thus, it can be concluded that when in solid state, the bond length of bond 1 cannot be 

shortened as much as in molecular state, which verifies the point where the structure of g-C3N4 

is too rigid to easily form dimer state comparing to perovskite’s flexible structure. Therefore, 

the difficulties in forming dimer localized state leads to higher system energy than neutral 

system.  

It is worth noting that comparing to our solid-state structure and the molecular structure in 

literature, obviously the solid-state structure is much closer to the actual systems as in reality 

g-C3N4 is normally present in the form of its typical layered structure other than in isolated 

melem units. Therefore, the bond length shortening of around 0.10 Å is of more significance 

than the shortening of 0.70 Å in the molecular state. In addition, when in molecular state, the 
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heptazine ring is planar like its original state. Because in molecular state the distance of N1-N1 

atoms indicated in Fig. 4.5a is much longer than in solid state (around 2.55 Å), and the long 

distance makes the lone pair electron repulsion which is the main reason causes the corrugated 

nature of g-C3N4 not severe enough to buckle the heptazine ring out-of-plane so finally it 

remains planar.  

 

 

Fig. 4.5 (a) The structure of neutral (left panels) and localized state (right panels) of different 

connecting units, the changes in energy and the N1-N1 bond lengths shown on each panel, 

reproduced from ref. 39. Furthermore, the structure of (b) melem dimer and (c) melem trimer 

obtained from DFT calculations and the bond lengths scripted on the figure. H, C and N atoms 

are in white, grey and blue spheres, respectively. 
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Beside the shortening of the bond length, spin density of the two N1 atoms can further 

prove the existence of this localized state. Normally, the existence of spin charge indicates the 

existence of lone pair electrons. Empirically, when the value of spin charge reaches 0.3 then the 

localization of the lone pair electron can therefore be verified. Looking at the spin charge 

obtained from the calculations, the highest two atoms are 0.12 and 0.09, which are the spin 

charge of the two N1 atoms of bond 1. Regarding these two values, it can be concluded that the 

existence of the localization of photogenerated holes on these two atoms can be verified, while 

the low value suggests that the localization is not very strong. As shown in Fig. 4.4b, there is 

spin charge density on some other N1 atoms as if the whole spin charge density is divided by 

almost all N1 atoms. So, it can be inferred that when a hole is introduced to the system, all the 

N1 atoms are possible localized positions. Hence, the whole spin charge density is distributed 

to all N1 atoms, which may explain the weak localization of photogenerated hole because all 

the N1 atoms are competing for the localized positions. 

 

4.4 General Discussions 

g-C3N4 is a very old polymer first synthesized by Liebig in 1834 and can be used in many 

aspects such as energy conversion,40-41 hydrogen storage42-43 and solar cells.44-46 But not until 

Wang used it to replace TiO2 in photocatalytic reactions did it draw vast attention in 

photocatalysis.4 Comparing to conventional TiO2, the suitable band positions and high 

adsorption in visible region in solar spectrum makes it a promising new semiconductor catalyst. 

However, the intrinsic drawback of high recombination rate still limits its wide application. 

Therefore, theoretical guidance is needed to explore the nature of the existence of 

photogenerated hole at atomic level to further enhance its performance.  

Regarding its C-N alternate connection heptazine ring unit and the big conjugation system, 

the electronic structure of all three kinds of N-atoms, bridge-N, center-N and ring-N suggests 

that these three types of N atoms are all not possible localization sites. Hence, the N1-N1 dimer 

state was spotted, which is two adjacent N1 atoms on two adjacent heptazine rings, with a pair 

of lone pair electrons on each N atom, localizing one photogenerated hole together and forming 
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a three-electron bond. This dimer state causes less structural distortion and it is therefore 

feasible on energetical perspective. However, the benzene-like conjugated ring structure is too 

rigid to bend or stretch. When a hole localizes, the bond length which is supposed to shrink is 

interfered and cannot shrink as much as in molecular state (2.13 Å), and that is the critical 

reason which may contribute to the unstable nature of this localized state. Besides, the atomic 

radius of nitrogen is apparently smaller than that of iodine, resulting in the longer length needed 

for two atoms to interact, which ultimately leads to greater structural distortion. Subsequently, 

forming a N-radical with one hole localized on an N1 atom is very unstable and damaging to 

the conjugation system, as a result the N-radical itself would facilitate the formation of localized 

dimer state. Therefore, due to all above three factors, it can be assumed that this N1-N1 dimer 

localized state is not as stable as the I-I dimer state, which can be verified by the EHTC of +10 

meV and -191 meV (dimer 1) for nitrogen dimer and iodine dimer, respectively. Eventually, the 

difficult formation and unstable existence of this dimer localized state can lead to high 

recombination rate and not so good performance. 

The spin charge density further proved that the localization is not strong as the highest 

value of all is 0.12. According to spin charge density distribution it can be concluded that when 

the material is excited, and a hole is generated, all N1 atoms may be equal to compete for the 

localization position and therefore the whole spin charge density seems to be divided by almost 

all N1 atoms. This on some level may also explain the unstable nature of the localized state.  

Based on this finding, it is reasonable to infer that this unstable nature is the critical reason 

why doped carbon nitride systems are more commonly used in actual situations. In the doped 

systems, there are normally P atoms substituting N atoms or S atoms substituting C atoms, 

where the introduced foreign elements can presumably change the electronic structure of the 

original system, or directly act as the localized center for the photogenerated holes. In this way, 

how the substitute elements modify the material requires further investigation. 

 

4.5 Conclusions  

In this work, a comprehensive investigation was carried out to uncover the existence of a 
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photogenerated hole inside g-C3N4 material, explore the reasons for the formation of this 

localized dimer state and also discuss about the hole transport mechanism. Conclusions are 

shown as following: 

    (1) From all the results obtained by DFT calculations, it can be proved that a 

photogenerated hole can exist in a localized state inside the material even though the localized 

state is not favored. 

(2) All three kinds of N atoms in one heptazine ring are not suitable localized positions 

according to both calculation results and theoretical analysis. In addition, a dimer state of two 

adjacent N1 atoms on two heptazine rings forming a three-electron bond in order to ease the 

tension of localizing a photogenerated hole was identified. 

(3) The stability and some other properties of this dimer state were discussed, and the 

origin of this dimer state was fully studied. Moreover, the unstable nature of this dimer state 

was also identified and the reason to that was thoroughly discussed. Furthermore, the bond 

length is not as short as that in literature, and this is due to the fact that we used solid state of 

the material in the calculations rather than molecular state like Garrett et al. and the electronic 

structure is not quite similar. However, considering that the solid-state structure is more similar 

to the actual structure, our calculating result of the bond length shortening is more reasonable 

than that in literature. 

The existence of a localized N-dimer state, the origin of this dimer state and some major 

properties of this dimer state were all given in the chapter, which can act as a theoretical 

guidance in gaining a better understanding of this now widely studied photocatalyst material 

used in photocatalytic water splitting. However, some important problems still need to be 

addressed. With the high recombination rate limiting the efficiency of pure g-C3N4, doped g-

C3N4 systems with heteroatoms are more popular since the heteroatoms presumably change the 

electronic structure and can also act as localized centers to achieve a better efficiency. Hence, 

how a photogenerated hole exists in such a doped system is a more practical problem that needs 

to be addressed in the future. 
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Chapter 5 

Investigating HER Barriers Under Both the 

Tafel and the Heyrovsky Mechanisms for 

Pt/TiO2 System 

 

5.1 Introduction 

The world now is demanding more and more energy each day due to the dramatically increasing 

populations worldwide and limited amount of conventional fossil fuel. Therefore, new types of 

energy with high energy capacity and causing less pollution is of urgent need. Among all 

candidates, solar energy is considered to be the most promising energy type for the infinite 

resource. To conveniently harvest and utilize solar energy H2 molecules were selected as the 

energy carriers where the solar energy was transformed into chemical energy contained in H-H 

bonds. Consequently, the fundamental idea of using a semiconductor material with suitable 

bandgap and band positions to absorb sunlight in order to catalyze the dissociation of water into 

hydrogen and oxygen was then put forth. Therefore, the proper semiconductor materials of 

sufficient photocatalytic ability are of key importance. In chapter 4, we mainly focused on the 

newly discovered material, graphitic carbon nitride (g-C3N4), which is of considerable great 

performance, and how a photogenerated hole specifically exists in this semiconductor material. 

However, affected by the fast recombination rate, the performance of g-C3N4 still not reaches  

the level as the scientists expected. Therefore, in this chapter we move back to the conventional 

TiO2 and choose photocatalytic water splitting as the reaction of interest. 

Titanium dioxide, short as TiO2, has been deemed as a promising photoelectrode material 

for photocatalytic water splitting since the report of Honda and Fujishima.1 It is an n-type 

semiconductor material that has been used in heterogeneous photocatalysis area for a long time 

due to its advantages of abundance, environmentally friendly, low cost and stability under vast 
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conditions, extensive applications of which involved in many fields such as environmental 

purification,2 CO2 reduction,3 organic synthesis,4 solar cells,5 etc. Based on the advantages, the 

number of publications concerning TiO2 has experienced a dramatic soar in recent decades, 

with most of which focusing on surface chemistry, synthetic techniques and photocatalytic 

properties.6-10 In 1977, Schrauzer and Guth used powdered TiO2 loading with little Pt or Rh 

metal particles as photocatalysts for photocatalytic water splitting.11 Their solid work pointed 

out a significantly important conclusion that in such Pt/TiO2 systems, the photogenerated 

electrons tend to move to Pt metal sites where the surface reduction reactions occur while the 

photoinduced holes remain in the TiO2 part and further diffuse to surface where surface 

oxidative reactions occur.2, 12 In this way, the separation of charge carriers is much more 

effective than using merely TiO2, which is without a doubt the most important process in 

photocatalysis on semiconductor materials. Afterwards, numerous works have been carried out 

using systems such as modified TiO2 systems and other semiconductor materials-based systems. 

In order to achieve a better efficiency over photocatalytic reactions such as photocatalytic water 

splitting13-19 and other related reactions,20-21 novel systems other than pure TiO2 systems have 

been developed by vast researchers. For example, colloidal semiconductors with extremely 

small-sized particles,22-30 and semiconductor-based systems incorporated with inert supports 

such as porous glass and zeolites have been reported.31-35 Various binary oxide catalysts have 

also been shown to possess considerable good efficiency.36-38 

However, the wide band gap of around 3.2 eV makes TiO2 only photoactive under 

ultraviolet light rather than visible light which takes up a tremendous portion in the solar 

spectrum, thus severely restraining the application of TiO2 in photocatalysis. In addition, the 

fast recombination of charge carriers can also be problematic. To remedy this, many 

modifications have been tried to apply to the original semiconductor such as doping, 

heterojunctions, sacrificial reagents and cocatalysts loading.39-41 Particularly, loading 

cocatalysts can be beneficial in following aspects: (1) it can provide trapping sites for the 

photogenerated charges; (2) it can enhance the stability of the catalysts by consuming the 

photogenerated charge carriers in time; and (3) it can catalyze the reactions by lowering the 

activation energy.42-43 Honda et al. found that the H2 production site mostly located on Pt in 
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Pt/TiO2 system.44 Normally, this can be explained by the fact that a noble metal possesses higher 

work function than a semiconductor, which makes the electrons more likely to transfer to noble 

metal. Among all noble metals, platinum has the largest work function (5.12-5.93 eV)45 and the 

lowest activation energy for proton reduction.46 Therefore, Pt loaded TiO2 has been widely 

investigated by vast researchers.47-50 

It is widely acknowledged that HER can occur via two different mechanisms, and they are 

Volmer-Tafel mechanism and Volmer-Heyrovsky mechanism, showing as following: 

Volmer step:  *H e H+ −+ + →                                               (5.1) 

Tafel step:  
22 2H H→ +                                                 (5.2) 

Heyrovsky step:  2H H e H+ −+ + → +                                     (5.3) 

Volmer step is the reaction where a proton combines with a photogenerated electron and a free 

site on the surface to form a surface adsorbed H atom. As for the Tafel step, after the first Volmer 

step the second Volmer step occurred, two adsorbed H atoms subsequently reacted forming a 

H2 molecule. As for the Heyrovsky step, after the first Volmer step, the surface adsorbed H atom 

directly reacted with a proton in liquid environment and a photogenerated electron forming a 

H2 molecule. However, to the best of our knowledge there is no work that has been done 

concerning the specific reaction barriers about these two mechanisms altogether, especially at 

the liquid/solid interface. Therefore, we intended to perform extensive DFT calculations using 

novel Umbrella Sampling method to obtain the reaction barriers of both the Tafel mechanism 

and Heyrovsky mechanism under liquid environment. Based on the barriers calculated, which 

mechanism is preferred under certain reaction condition can then be obtained.  

There are three different existing polymorphs of TiO2. They are rutile, anatase and brookite.  

Of the two most frequently studied polymorphs of TiO2, rutile and anatase, rutile is the 

thermodynamically most stable phase, while anatase possesses higher surface area and better 

charge separation which suggests that it is more photoactive.51-52 Moreover, recent theoretical 

results including dispersion interactions showed that anatase is more stable in nanoparticles and 

also higher photocatalytic activity.53-54 Therefore, we chose anatase TiO2 and chose (101) 

surface, which is the most thermodynamically stable surface, to set up our model in this chapter. 
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5.2 Computational Methods 

All DFT calculations were performed using the Vienna ab initio simulation package (VASP)55-

56 program at the level of Perdew-Burke-Ernzerhof (PBE) functional with the spin-

polarization57-58 and dipole correction being considered. The D3 correction method was applied 

when water environment is considered to include the van der Waals interactions.59 The project-

augmented wave (PAW) method was used to represent the core-valence electron interaction 

while the valence electronic states were expanded in plane wave basis sets with energy cutoff 

at 450 eV. The ions were relaxed into their ground state using the quasi-Newton Broyden 

minimization scheme and the conjugate-gradient algorithm until the Hellman-Feynman forces 

on each ion were less than 0.05 eV/Å. A (1 × 1 × 1) k-point mesh was used for all AIMD (ab 

initio molecular dynamics) simulations in order to accelerate the process given the large system, 

and the solution environment applied afterwards, a (2 × 2 × 1) mesh was utilized for converging 

the energetics and a (6 × 6 × 1) mesh for the static calculations such as charge distributions. 

    For the TiO2 system, the DFT+U60 method was selected since standard DFT fails to give 

accurate results when it comes to electronic properties, where the on-site coulomb correction 

was set on the Ti 3d orbitals with an effective U value of 4.2 eV suggested in reference,60-61 as 

it can yield similar structures and energies as the hybrid functional (HSE06 functional) while 

much less time-consuming.62  

The model for TiO2 system was established using a relatively large supercell of the anatase 

(101) surface, which contained a three-layer p(2 × 3) periodic slab consisting of 108 atoms (36 

Ti atoms and 72 O atoms) and a 16 Å vacuum layer. As checked by the reference, by enlarging 

the slab model to 4-layers, similar results were produced as those from 3-layer calculations.63 

Subsequently, only the bottom layer was fixed to simulate the bulk structure while the top two 

layers, which represent the surface and subsurface, respectively, were allowed to move during 

the optimization. 

To determine the most stable structure of a Pt13 cluster adsorbed on the anatase TiO2 (101) 

surface, AIMD simulations were performed in order to fully take the complex interactions 
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between cluster and surface into consideration. The simulation was carried out in the canonical 

(NVT) ensemble employing Nose- ́ Hoover thermostats. The temperature was set at 450 K 

which was taken from the temperature of hydrothermal treatment commonly used in 

experiments,64-65 and the time step was 1 fs. We chose several sample structures in every 1 ps 

interval along the AIMD trajectory of more than 20 ps simulations from the point where the 

energy fluctuation was close to equilibration.  

The extra photoelectron in systems was simulated by adding an excess electron into the 

supercell as common practice.61, 66-67 Another approach by introducing an additional H atom on 

the opposite layer of TiO2 slab in charge-neutral systems has been checked in literature, which 

gave similar results.63 In our work, we simulated the extra photogenerated electron by adding 

an excess electron into the system. 

The hydrogen adsorption energy (EH) is defined as the energy difference before and after 

the adsorption with respect to H atom as shown below: 

EH = E(slab) – E(surface) – 1/2E(H2)                                          (5.1) 

where E(surface), E(slab) and 1/2E(H2) are the energies for the clean surface, hydrogen 

adsorbed on the surface and half the energy of H2 molecule, respectively. The Gibbs free energy 

of H adsorption (ΔGH) was obtained by applying the entropy correction shown as: 

H H ZPE HG E E T S =  + −                                                (5.2) 

where EH  is the total energy of hydrogen adsorption, ZPEE  is the energy difference of 

zero-point energy between gas phase and adsorbed state. Since the vibrational entropy in the 

adsorbed state is small, the entropy change can be considered as mainly half the entropy of H2 

in the gas phase under standard conditions. ZPEE  is calculated to be 0.04 eV, therefore the 

above equation can be written as following:68-69 

0.24H HG E =  +                                                       (5.3) 

The more negative the EH (or GH ) is, the more strongly the H binds to the surface. 

    The Umbrella Sampling calculations through biased Molecular Dynamics module 

implemented in VASP, with the weighted histogram analysis method (WHAM)70-71 to recover 
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the free energy profile, were applied to calculate the free energy change in the process of two 

different H-H coupling mechanisms on the Pt cluster in this work. Most MD simulations were 

performed under the temperature of 300 K, which is standard conditions for hydrogen evolution 

reaction (HER).72-73 The 2d-WHAM code of Grossfield74 was utilized using Gaussian peak 

model of -289.455 kJ/mol height and 48.242kJ/mol width as harmonic constraints.75 After a 

series of MD simulations, each of which exceeds 10 ps simulation time, the free energy changes 

of the H coupling reaction were obtained. 

 

5.3 Results and Discussions 

5.3.1 Determination of The Most Stable Structure of Pt/TiO2 System 
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Fig. 5.1 (a) AIMD simulation trajectory for Pt13/TiO2 (101) structure. The inset (1) is the initial 

structure of the Pt13/TiO2 for AIMD simulation. The blue arrow indicates that after about 8 ps 

the oscillation in energy gradually vanished and reached to equilibrium. (b) and (c) represent 

the optimized structure obtained from geometry optimization after AIMD. Grey, Ti; red, O; 

yellow, Pt; white, H. This color scheme is used throughout the chapter.  
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First of all, as mentioned in introduction the model of our calculations was chosen in which an 

icosahedral Pt13 cluster, which is the most stable and synthetically achievable structure in 

experimental works,76-78 was adsorbed onto anatase TiO2 (101) surface, which is believed to 

have better reactivity in HER comparing to rutile.51-52 Given that the rather complicated 

electronic structure of the interface, using geometry optimization to get a stable system is not 

likely to give reasonable results. Therefore, we chose long time AIMD simulations to fully 

optimize the system. As shown in Fig. 5.1, we found that the supported Pt cluster undergoes 

restructuring rapidly in the first 2 ps, and the structure was equilibrated after ∼8 ps. We have 

selected a number of structural frames (with 1 ps interval) from the AIMD trajectory (>8 ps) 

and utilized the local geometry optimization to fully quench the system, the energy of which 

are shown in table 1. From these structural candidates, we determined the most stable 

Pt13/TiO2(101) structure, which is highlighted in Fig. 5.1b and 5.1c. According to Fig. 5.1, the 

optimized structure shows quite different pattern than the input structure as the Pt cluster has 

vastly changed from a high-symmetry crystal structure to a relatively low-symmetry, three-

layer architecture, which seems like kind of flattened onto the surface due to the interaction 

between the cluster and the surface. There are six Pt atoms in the first layer forming a triangle-

like structure, four atoms in the second layer forming a rectangular-like structure and another 

three atoms on top of that consisting of the third layer. It is still of considerate symmetry, but 

not as high as the initial icosahedral structure. The Pt-Pt bond lengths are mostly between 2.52-

2.66 Å with a few exceptions of 2.72-2.74 Å, being in almost the same range as the icosahedral 

Pt cluster, which are between 2.55-2.78 Å. The structure of the TiO2 (101) surface, on the other 

hand, is largely retained with only minor distortions occurred on some Ti atoms and O atoms 

underneath the cluster, which are also caused by the interactions between the cluster and the 

surface. 
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Table 1 The calculated energy of 12 candidate structures chosen from the AIMD simulations 

in each 1 ps interval frames. The energy shown in red is the most stable structure for further 

calculations. 

Optimization structure Energy/eV 

1 -875.224 

2 -875.197 

3 -875.175 

4 -875.236 

5 -875.335 

6 -875.455 

7 -875.617 

8 -875.677 

9 -875.661 

10 -875.689 

11 -875.619 

12 -875.634 

 

It is worth noting that the structure of our Pt cluster after optimization is quite different 

from literature,63 which is a flattened two-layer architecture. The reason could be the intrinsic 

property with AIMD. Among the potential surface of the Pt/TiO2 system, the most stable 

structure is called global minimum while there are also many local minimums existing, each of 

which is the energy minimum in a certain aera and appears as a potential well on the potential 

surface. During optimizations it is possible to encounter a situation where the result could be 

trapped into certain local minimum due to many possible reasons such as poor initial structure 

or converging criteria set for the calculation etc. Therefore, by comparing the adsorption energy 

of the cluster, which from our calculation is -7.43 eV to -6.98 eV, it clearly suggests that our 

structure is rather better and more stable, therefore indicates that the result in literature is a 

possible local minimum since we spotted the more stable structure. Moreover, we also made 
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several tests on searching for the most stable structure and judging by the adsorption energy the 

structure presented here is the most stable one.  

 

5.3.2 Hydrogen Adsorption Sites for Volmer Step 

After determining the most stable structure of Pt/TiO2 system, the specific adsorption sites for 

H atoms were determined for further surface catalytic reactions to occur. In this work, GH  

was selected as the descriptor to identify the interaction between H atom and the cluster, the 

more negative (positive) value of adsorption energy represents the stronger (weaker) bonding 

between H atom and the Pt cluster. If the interaction is too weak, the H atom fails to bind with 

cluster for further coupling reaction to occur. On the other hand, if the interaction is too strong, 

the product will fail to dissociate. According to Sabatier principle the catalytic sites with too 

strong or too weak interactions both show poor catalytic activities while the ideal sites are the 

sites with GH  approaching zero.73, 79 We then tested all the bridge sites as the bridge sites 

are considered to be the intermediate state between the hollow site, the most stable adsorption 

state, and the top site, the reactive state before reaction take place and showed some promising 

values of all the adsorption sites in terms of GH in table 2.  
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Table 2 Adsorption energy ( GH )of various H adsorption sites. The adsorptions sites are 

bridge sites involving two Pt atoms. For the Heyrovsky mechanism site 6 was chosen as the 

adsorption site while for the Tafel mechanism site 6 and site 3, the two most reactive sites were 

chosen as the adsorption sites. The last value is the coadsorption energy of site 3 and site 6 

together. 

Site GH /eV 

1 -0.22 

2 0.02 

3 -0.20 

4 0.06 

5 0.01 

6 -0.07 

7 -0.23 

8 0.07 

9 -0.22 

10 0.06 

Coadsorption -0.36 

 

Plus, based on that conclusion we chose two sites with adsorption energy approaching zero 

from the negative side to calculate the coadsorption energy, as shown in table 2. The specific 

structures of the initial structure of the Tafel step (two H atoms adsorbed onto the Pt cluster) 

and the Heyrovsky step (one H atom adsorbed onto the Pt cluster and a proton existing in 

solution) are shown in corresponding sections in the following. In these two structures the water 

environment was also applied due to the fact that in terms of reaction energetics the presence 

of liquid environment is crucial as well as investigating the electron transfer step,80-81 and 

further influence the surface catalysis step of H-H coupling. Therefore, we added the water 

environment of 45 water molecules in order to keep the density to be 1g/cm3 and optimized the 

structure by long time AIMD simulations to obtain the equilibrated water architecture.  
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5.3.3 H-H Coupling via the Tafel Step 

After the first Volmer step, which is a H+ ion in the solution combines with an electron 

transferred from bulk to surface of TiO2 forming a surface-adsorbed H atom (H ) and the 

second Volmer step producing a second H  , the HER can further occur via the Tafel 

mechanism, which is two adsorbed hydrogen atoms combined together forming a H2 molecule 

with no net charge participating in the process.82-83  

 



Chapter 5: Investigating HER Barriers Under Both the Tafel and the Heyrovsky Mechanisms for Pt/TiO2 

System 

 

111 

 

 

Fig. 5.2 (a) Geometry structure of the two H atoms adsorbed onto the two reactive sites with 

the adsorption energy approaching zero from negative side with water environment. The atoms 

labeled with green a and b are the hydrogen atoms adsorbed at site 3 and 6, respectively. (b) 

and (c) are the initial structure with only H atom a and H atom b absorbed, respectively. The 

TiO2 surface is shown in line mode, the water molecules are shown in stick model and the Pt 

cluster is shown in yellow ball and stick model for a better view. Grey, Ti; red, O; yellow, Pt; 

white, H. 
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Fig. 5.2 shows the initial structure of the Tafel step, where the first adsorbed H atom a 

(labeled in green a in the figure) moved from its initial bridge site (which can be found in Fig. 

5.2b and 5.2c ) to the top site on the far end of the two Pt atoms from its original bridge site due 

to the steric effect, since the second adsorbed H atom b (labeled in green b in the figure) was 

adsorbed on the near bridge site. During the coupling reaction, atom b was gradually 

approaching atom a until it reached transition state, where atom b detached from the Pt atom 

and the distance between the two H atoms is 0.924 Å, which agrees with the specific coupling 

step proposed in literature.84 Afterwards, the two H atoms would combine together to form a 

H2 molecule and further desorbed from the cluster surface.  

 

 

Fig. 5.3 Structure of H-H coupling reaction under the Tafel step at transition state. The distance 

between two H atoms is labeled in black number. The distance between the second H atom and 

the two adjacent Pt atoms are labeled in red number. Red, O; yellow, Pt; white, H. 
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Free energy profile was calculated using Umbrella Sampling method, which was 

performed using biased molecular dynamics in VASP code. The artificial energy well added on 

reaction coordinate was based on Gaussian hills where h and w are parameters controlling the 

height and width of Gaussian peak, eventually makes the artificial constrains an energy well. 

The value of w was set to 0.5 Å, while the value of h was set to -3 eV. As suggested in literature, 

the distance between the two hydrogen atoms at transition state is between 0.9 Å and 1.0 Å, 

which is comparable to our result shown in Fig. 5.3. The free energy barrier is 0.86 eV, also 

quite similar to, yet a bit higher than, 0.75 eV in reference.84 The 2-D Weighted Histogram 

Analysis Method (WHAM) was used to analyze the result from Umbrella Sampling. A series 

of biased MD simulations were performed when each MD simulation was running over 10 

picoseconds with the time step of 1.0 femtosecond. According to Fig. 5.4, it shows the 

fluctuation of bond length in each AIMD simulation with different fixed H-H distances and the 

overall correlation between each calculation, which obviously gives an excellent overlap and 

thus reaching the prerequisite of using WHAM method to analyze the results.  
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Fig. 5.4 Oscillation of bond length in each biased MD simulations and the overall overlap. Each 

colored line indicates a separate biased MD simulation contained in the Umbrella Sampling 

calculation, which was operated at a fixed bond length. The rather good overlap can be proved 

by the fact that nearly no blank space shown in the figure, in other word all the possible 

positions along the reaction coordinate were sampled evenly and adequately.  

 

As displayed in Fig. 5.5a, it clearly shows that the energy barrier is 0.86 eV, the distance 

between two coupling H atoms of 0.924 Å. It is worth noting that when the bond distance was 

reduced to 0.924 Å, the free energy of the system reached its peak at 0.86 eV, while with the 

distance continues to decrease after passing the final state the free energy tends to increase, 

which is quite unusual. Normally, after the distance reaches the point between 0.9 and 1.0 Å 

the reaction would move pass transition state to final state, where the H2 molecule is formed 

and desorbed into water. As no bonding exists between H2 molecule and the Pt cluster, the free 

energy will fall down. Given that the free energy goes up, one possible situation is that H2 could 

not desorb from the cluster surface, which is proved by further AIMD simulations that the 
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generated H2 molecule was likely to stay near the cluster surface, it remained adsorbed state 

rather than diffusing into the solution and existing as liquid phase H2 molecule, so the residue 

bonding increased the system energy. Besides, after passing the equilibrium bond length of 0.75 

Å in H2 molecule, the energy will apparently increase as the two atoms get closer.  

When it comes to comparing our results to 0.75 eV in the literature, it has come to our 

attention that there are two major differences existing in the simulation process: (1) the energy 

in literature was achieved by constrained-minimization scheme,85-86 in which TSs are identified 

until (i) all forces on atoms vanish and (ii) the total energy reaches a maximum along the 

reaction coordinate but a minimum with respect to the rest of the degrees of freedom while our 

results used Umbrella Sampling method, different methods used could cause extra unexpected 

errors, (2) the energy in reference was calculated at the gas/solid interface with no water 

environment participating in the reaction while our results were obtained at the liquid/solid 

interface, which was closer to the reaction conditions in reality. Therefore, to make the 

comparison more reliable we also calculated the coupling barrier at gas/solid interface using 

Umbrella Sampling method. The energy profile is shown in Fig. 5.5. 
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Fig. 5.5 Free energy change of H-H coupling reaction on Pt/TiO2 system via the Tafel pathway 

(a) at liquid/solid interface under the temperature of 300 K (b) at gas/solid interface under the 

temperature of 300K (c) at liquid/solid interface under the temperature of 450 K. The transition 

states are all indicated by the red dashed line. In (a) the bond distance is 0.924 Å and the energy 

barrier is 0.86 eV; in (b) the bond distance is 0.997 Å and the energy barrier is 0.77 eV; in (c) 

the bond distance is 1.025 Å and the energy barrier is 0.69 eV. 

 

    First of all, in terms of the two barriers in gas phase, 0.75 eV and 0.77 eV, two results are 

quite comparable with only 0.02 eV difference, which suggests that the energy difference 

caused by two methods is nearly neglectable. Afterwards, it is obvious that after adding the 

water environment the barrier slightly increases by about 0.09 eV, from 0.77 eV to 0.86 eV. One 

possible explanation is that the water molecules tend to form a hydrogen bonding network 

amongst themselves as well as the two adsorbed H atoms, which may hinder the two H atoms 

to couple since the coupling process could damage the network. However, water molecules do 



Chapter 5: Investigating HER Barriers Under Both the Tafel and the Heyrovsky Mechanisms for Pt/TiO2 

System 

 

117 

 

not directly participate in the reaction. Moreover, hydrogen bonding is believed to be a rather 

weak bonding, the hindering effect is therefore not very obvious and the energy only slightly 

increased.  

Furthermore, the Tafel mechanism principally does not involve the participation of protons 

and electrons, it can be inferred that it is basically a thermodynamically driven reaction. In order 

to understand the temperature effect more comprehensively, the Tafel step under the 

temperature of 450 K was done and the energy profile is shown in Fig. 5.5c. According to the 

energy profile one can see that the reaction barrier is 0.69 eV, which is obviously lower than 

the 0.86 eV under 300 K, proving that the Tafel mechanism can be accelerated through 

increasing the reaction temperature. Although under 450 K the water would transfer to gas 

phase instead of liquid phase, the MD simulation trajectories imply that no major difference 

occurred. Besides, based on the reaction equation water molecules are not major reactants in 

the reaction process. It is therefore safe to conclude that the water changing to gas phase does 

not significantly influence the barrier. The bond distance at transition state is a little longer than 

other circumstances, which may be due to the fact that with the increase of reaction temperature, 

the thermal movement of H atoms are enhanced so the minimum distance for the reaction to 

occur is elongated. 

However, the Tafel mechanism dominates the reactions under the condition that the 

coverage of surface-adsorbed H atoms exceeds that under equilibrium87 otherwise the reaction 

will be reversed. So, when the coverage does not meet such demand, which in our model the 

coverage is apparently far from equilibrium, the reaction may occur through the Heyrovsky 

mechanism, which competes with the Tafel mechanism during the reaction, as one adsorbed 

hydrogen atom combines with a H+ ion in solution and an electron diffuses to the surface from 

bulk directly forming a H2 molecule. Based on this assumption, the H-H coupling reaction 

following the Heyrovsky mechanism has been calculated and the results of which is shown in 

the following section. The comparison between two different mechanisms and the possible 

reasons are discussed in the general discussions section. 

 



Chapter 5: Investigating HER Barriers Under Both the Tafel and the Heyrovsky Mechanisms for Pt/TiO2 

System 

 

118 

 

5.3.4 H-H Coupling via the Heyrovsky Step 

After the first Volmer step, which is a H atom adsorbed onto the cluster, as opposed to the Tafel 

mechanism, where a second proton would combine with an electron diffused from bulk forming 

an adsorbed H atom onto the cluster, the proton would combine with an electron diffused from 

bulk and the adsorbed H atom directly forming a H2 molecule via the Heyrovsky mechanism. 

In this way, only one H atom is adsorbed onto the cluster surface. Besides the aforementioned 

condition that the Tafel mechanism requires high coverage, the existence of water surroundings 

could further help stabilize the proton by forming hydrated proton. It is therefore reasonable to 

infer that under such condition the H-H coupling reaction may favor the Heyrovsky mechanism. 
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Fig. 5.6 (a) Geometry structure of the initial state of the Heyrovsky pathway. The atom labeled 

with green a is the hydrated proton in the solution while the atom labeled with green b is the H 

atom adsorbed onto the Pt cluster. (b) Structure of transition state of H-H coupling reaction via 

the Heyrovsky mechanism. The number in black indicates the distance between the adsorbed 

H atom and the hydrated proton. (c) The spin density of initial structure of the Heyrovsky step, 

most of which localizes at the top part of the cluster and at one Ti4+ ion in the surface region. 

The iso-surface level is of 0.005 e/ Å3. Grey, Ti; red, O; yellow, Pt; white, H. 
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Fig. 5.6a above showed the initial structure of the Heyrovsky step. After first Volmer step, 

the equilibrated structure of hydrated proton in water environment was achieved by long time 

AIMD simulations until the energy reached equilibrium. Spin density, as shown in Fig. 5.6c, 

proved the existence of a localized electron in TiO2, which apparently appeared in the shape of 

d orbitals, since the electron is localized in Ti 3d orbital forming a Ti3+ ion, and some other spin 

density is distributed on the cluster since Pt cluster tends to draw electrons from TiO2. 

According to the transition state structure in Fig. 5.6b, it is clear that the Heyrovsky step move 

forward as the proton approaching the adsorbed H atom until reaching transition state, where 

the bond length is 0.936 Å, after which point the H2 molecule is produced. The same as in the 

Tafel pathway, the adsorbed H atom mostly stayed in top site at transition state, especially in 

the Heyrovsky pathway it was originally at bridge site, it is clear that the adsorbed H atom will 

be activated during the reaction by moving to top site for further coupling reaction to occur. 

 

 

Fig. 5.7 Free energy change of H-H coupling reaction on the Pt/TiO2 system via the Heyrovsky 

mechanism. The red dashed lines indicate the transition state where the distance between the 

two coupling hydrogen atoms is 0.936 Å and the free energy barrier of H-H coupling is 0.64 

eV. 

 

The free energy profile indicates that the barrier is 0.64 eV, which is apparently 0.22 eV 
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lower comparing to the barrier in the Tafel mechanism, suggesting that the Heyrovsky step is 

easier to take place from a thermodynamic perspective. This agrees with the assumption we put 

forth in the beginning of this section. Several factors can contribute to this finding such as the 

coverage in our system is remotely from reaching the level of making the Tafel step exothermic, 

and the applied water environment help stabilize the existence of proton since proton cannot 

stably exists in gas phase, which is evidently beneficial for the reaction. 

 

5.4 General Discussions 

 

 

Fig. 5.8 (a) is the general picture of HER upon Pt/TiO2 system. The model is set up using a 3-

layers p(2 × 3) periodic slab with a Pt13 cluster adsorbed on the surface, as well as 45 H2O 

molecules above the surface to create a solution environment. The arrow shows the reaction 

pathway of a photoinduced electron combining with a proton in solution forming an adsorbed 

H atom (Volmer step). (b) and (c) elucidate the specific H-H coupling mechanism occurred in 

HER (the Tafel and the Heyrovsky mechanism, respectively). Grey, Ti; red, O; yellow, Pt; white, 

H. 
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Energy problem has long been seen as the most critical problem in recent time due to the 

growing population and limited amount of conventional fossil fuels. Among all the next-

generation energy hydrogen energy, possessing high energy capacity and environmental- 

friendly, is believed to be the most promising candidate, thus attracting many researchers 

focusing on photocatalytic dissociation of water. The basic idea of photocatalytic dissociation 

of water is using a type of semiconductor which possesses suitable band gap value and band 

edge positions to harness the energy contained in photons, then an electron in valence band gets 

excited into conduction band, leaving a photogenerated hole in valence band. Afterwards 

electron and hole diffuse to active sites for further surface catalytic reactions to occur, 

respectively, and eventually produce H2 and O2 at two photoelectrodes separately.88  

Considering all these aspects, including the band gap value, band edge positions, 

achievability, price and stability etc., TiO2 is the most conventional semiconductor material in 

the field. It is a general consensus that loading proper cocatalysts, most of which is noble metal 

such as platinum, can greatly enhance the photocatalytic performance.42-43 Therefore, we chose 

the model as such for further investigations. It is widely agreed that in hydrogen evolution 

reaction (HER) the reaction mechanism is basically followed with Volmer step first to 

successfully adsorb the H atoms and then occur via either the Tafel mechanism, where two 

adsorbed H atoms combining together forming a H2 molecule, or the Heyrovsky mechanism, 

where one adsorbed H atom combining with a proton and an electron producing a H2 molecule. 

Specific mechanisms are shown in fig 5.8b and 5.8c, respectively.  

Concerning all the results obtained, first of all, by comparing the barriers of 0.75 eV, which 

was obtained by constrained-minimization scheme at gas/solid interface in literature, and 0.77 

eV, which was obtained by Umbrella Sampling method at gas/solid interface, one can see there 

is only a minor energy difference of 0.02 eV, suggesting that the energy difference caused by 

two distinct methods are not significant. Secondly, by adding the water environment to the 

reaction the barrier slightly increased from 0.77 eV to 0.86 eV, which is probably caused by the 

hydrogen bonding network between the water molecules and the adsorbed H atoms. Thirdly, 

since no net charge participating in the reaction, we inferred that the Tafel step is principally a 
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heat-driven reaction. Therefore, we performed the calculations under the temperature of 450 K, 

the result of which was 0.17 eV lower in energy comparing to the result under 300 K, further 

verified our anticipation. Even though at 450 K water turned into gas phase instead of liquid 

phase at room temperature, water molecules are not significantly involved in the coupling 

reaction, therefore it is safe to say that this places no serious influence on the barrier calculated. 

 

 

Fig. 5.9 The energy profile of two reaction pathways. Two possible coupling mechanism are 

considered in this work. the Tafel step involves two adsorbed H atoms coupling together while 

the Heyrovsky step is an adsorbed H atom combines with a proton in solution and an electron 

from the bulk together forming a H2 molecule. Insets show the two transition state structures, 

respectively, while black numbers indicate the distance between two H atoms. Grey, Ti; red, O; 

yellow, Pt; white, H. 

 

By combining the free energy change of two mechanisms the free energy profile was 

produced and shown in Fig. 5.9. From the figure we can obviously see that the barrier for the 

Tafel mechanism is higher, therefore it is not thermodynamically favored. According to Fig. 

5.9, it may raise the question why the initial state of the Heyrovsky step does not change to the 

starting structure of the Tafel step since the energy is much lower. Two possible reasons could 

be able to answer that question. The first one is that there is a prerequisite that the coverage of 
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surface-adsorbed H atoms must surpass certain level where the adsorbed H atoms are mostly 

saturated for the Tafel step to move forward, otherwise the coupling step will not favor the 

forward direction. According to our model, the coverage is far from that level for the Tafel step 

to occur. Another reason is that since there is a proton participating in the Heyrovsky step, water 

molecules can help to stabilize the existence of proton, so it will be beneficial for the Heyrovsky 

pathway, which is as well proved in literature.89 

To sum up, the specific reasons for the Heyrovsky mechanism is more favored can be 

basically concluded into following three factors: (1) the energy barrier of the Heyrovsky 

mechanism is 0.22 eV lower than the Tafel mechanism, which apparently indicates that the 

Heyrovsky step is more thermodynamically beneficial because of lower barrier to surmount. 

Even though with the second H atom adsorbed the system energy is decreased, it still needs to 

pass an even higher barrier to achieve final state, which is not thermodynamically favored, (2) 

the coverage in our system is quite low, far from the level of saturation, which eventually 

hinders the coupling via the Tafel mechanism, (3) the Tafel mechanism is clearly more favored 

in gas phase than in liquid phase in terms of barrier while the Heyrovsky mechanism apparently 

prefers in liquid phase as the surrounding water molecules make the proton more stable. 

However, the above reasons are discussed in our system, where only the first Volmer step is 

considered, which cannot totally represent all the situations in real experiment works. For 

example, it is obvious that from Fig. 5.9 the initial state of the Tafel step is 0.25 eV lower in 

energy than the initial state of the Heyrovsky step, in other words the second Volmer step is 

absolutely more favored than directly coupling through the Heyrovsky pathway, consequently 

it can be inferred that the adsorbed H atoms will start to accumulate upon the cluster surface 

and therefore the coverage will increase. After it exceeds the critical level the reaction will 

occur through the Tafel pathway. Besides, in this work we did not take the kinetic contribution 

into consideration while only consider the thermodynamic aspect. Given that the Tafel step 

involves no net charge, kinetically speaking the reaction should occur in a more rapid way since 

the reaction is simpler than with charge participating.  
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5.5 Conclusions 

In this work, extensive DFT calculations using novel Umbrella Sampling method were carried 

out to investigate the HER barriers under both the Tafel mechanism and the Heyrovsky 

mechanism. In order to achieve such results, a representative model which contains a Pt13 

cluster on top of three-layer anatase TiO2 (101) surface was constructed and optimized. 

Afterwards, the most and second most suitable H adsorption sites were determined as the 

prerequisite of calculating the H-H coupling barriers. Subsequently, the coupling barriers under 

various circumstances and at different interfaces were investigated. Based on the above results, 

several conclusions can be obtained as following: 

    (1) During the AIMD simulations searching for the most stable structure for Pt/TiO2 

system, the geometry of Pt cluster significantly changed due to the strong interaction with TiO2 

surface, as verified by the adsorption energy of -7.43 eV. 

(2) The specific coupling barriers for both the Tafel mechanism and the Heyrovsky 

mechanism were obtained, which were 0.86 eV and 0.64 eV, respectively. We also calculated 

the coupling barriers at different temperature and interfaces for a better accuracy. As shown in 

the corresponding transition state structures and energy profiles, obviously HER tends to occur 

via the Heyrovsky mechanism in terms of coupling barrier.  

(3) The possible reasons why the Heyrovsky mechanism is more favored can be 

summarized in following three aspects: lower reaction barriers, insufficient adsorbed H 

coverage and the participation of water environment which helps stabilize the existence of 

proton in the Heyrovsky mechanism.  

This finding may shed light on further theoretical work in the field of HER upon TiO2-

based systems. However, one important factor needs to be taken into account is that in this work 

we chose the clean TiO2 surface while in reality there are more normally defects existing in the 

materials. In the next chapter we then take the influence of O vacancies into consideration and 

perform further calculations. 
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Chapter 6 

Investigating the Effect of O Vacancies on 

Both Electron Transfer Process and Overall 

H-H Coupling Barrier for Pt/TiO2 System 

 

6.1 Introduction 

TiO2, possessing the advantages of low cost, low toxicity, high chemical and thermal stability 

and abundant availability, has been thoroughly studied in decades as a promising semiconductor 

material not only on a research level but also on an industrial level.1-2 As mentioned in chapter 

5, loading cocatalysts, especially noble metals such as Pt, can greatly increase the catalytic 

performance of the system. Moreover, loading cocatalysts can remedy some intrinsic 

drawbacks of TiO2 material such as low absorption in visible light region and fast 

recombination rate. Therefore, thorough calculations were carried out in chapter 5 to investigate 

the reaction barriers of HER in Pt/TiO2 system and explanations were given in detail based on 

the results obtained.  

However, it cannot be ignored that the system calculated in chapter 5 was an ideal system 

constructed to fulfill calculation needs regardless of the surface defects. In actual systems the 

presence of defects is quite common due to the limitation of oxygen pressure, temperature and 

duration of the annealing process used to prepare the surface, and therefore cannot be ignored 

in the investigation.3 Besides, it is widely acknowledged that the defected systems normally 

possess superior activities than defect-free systems.4 Generally there are four types of defects: 

point defects, line defects, planar defects and volume defects. As pointed out by literature, point 

defects and volume defects are the most common types of defects existing in nanoscale 

photocatalysts.5 In TiO2 system, O vacancies is the most common point defect to be studied. 

The origin of defect states in the TiO2 band gap has been debated for a long time.6-9 Henrich et 
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al. used photoelectron spectroscopy (PES) to investigate the electronic structure of the reduced 

rutile TiO2 (110) surface which was fabricated by annealing in ultrahigh vacuum (UHV) or 

sputtering. The band gap states of O vacancies at approximately 1 eV below the Fermi level 

were observed.7 Other experimental measurements further proved that Ti3+ ions exist on the 

TiO2 surface, suggesting the localization of excess electrons from O vacancies at surface Ti 

atoms.10-14 Numerous studies have examined the relation between gap states and intrinsic 

vacancies in TiO2. It was found that O vacancies can be introduced at the surface or in the bulk 

of TiO2 through thermal annealing, electron bombardment or UV irradiation.15-17 Between two 

different polymorphs of TiO2, researchers found that anatase (101) can potentially 

accommodate more vacancies than rutile (110) in the surface region. In addition, the 

recombination rate in anatase is much lower than in rutile.18-20 There was a large amount of 

studies concerning another type of point defects, Ti interstitials, as well.21-23 Other studies found 

that UV irradiation could induce surface defects on the hydrophilic surface of TiO2 since the 

defects are believed to be the active sites for dissociative adsorption of H2O.24-30 Therefore, it 

is important to understand how the defects influence the activity of the TiO2-based system as 

engineering defects is an effective solution to address the drawbacks of TiO2.31-32  

Besides, there is another interesting finding that when HER occurs under electrochemical 

conditions using general metal/semiconductor systems, Pt is believed to be the most active 

metal cocatalyst whereas Co, Ni and Cu, for example, are believed to be poor cocatalysts with 

hundreds of times lower activities.33-34 The reason is mostly concluded that either too strong or 

too weak bonding for the adsorbed H species can deteriorate the reaction rate. However, when 

HER takes place under photocatalytic conditions the believed poor cocatalysts show only 

several times lower or even comparable activities than the Pt-based systems.35-40 It is therefore 

suggested that the electron transfer step from semiconductor to metal cocatalysts unique in 

photocatalysis is more likely to be the rate-determining step, as opposed to surface catalytic 

reactions being the rate-determining step in electrochemical HER. Therefore, it is safe to infer 

that the reason for defected TiO2 systems possess higher activities as general consensus is that 

O vacancies can affect the electron transfer step further manifest as higher activities. To the best 

of our knowledge, the electron transfer step influenced by O vacancies in the Pt/TiO2 system is 
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studied for the first time, which would shed light on further studies in the field of photocatalysis. 

Afterwards we intended to investigate how the presence of O vacancies further influence the 

H-H coupling reactions by performing extensive Umbrella Sampling simulations.  

 

6.2 Computational Methods 

All DFT calculations were performed using the Vienna ab initio simulation package (VASP)41-

42 program at the level of Perdew-Burke-Ernzerhof (PBE) functional with the spin-

polarization43-44 and dipole correction being considered. The D3 correction method was applied 

when water environment was considered to include the van der Waals interactions.45 The 

project-augmented wave (PAW) method was used to represent the core-valence electron 

interaction while the valence electronic states were expanded in plane wave basis sets with 

energy cutoff at 450 eV. The ions were relaxed into their ground state using the quasi-Newton 

Broyden minimization scheme and the conjugate-gradient algorithm until the Hellman-

Feynman forces on each ion were less than 0.05 eV/Å. A (1 × 1 × 1) k-point mesh was used for 

all ab initio molecular dynamics (AIMD) simulations in order to accelerate the process given 

the large system, and the solution environment applied afterwards, a (2 × 2 × 1) mesh was 

utilized for converging the energetics and a (6 × 6 × 1) mesh was used for the static calculations 

including charge distributions and density of states (DOS). 

    For the TiO2 system, the DFT+U46 method was selected since standard DFT fails to give 

accurate results when it comes to electronic properties, where the on-site coulomb correction 

was set on the Ti 3d orbitals with an effective U value of 4.2 eV suggested in reference,46-47 as 

it can yield similar structures and energies as the hybrid functional (HSE06 functional) while 

much less time-consuming.48  

The model for TiO2 system was established using a relatively large supercell of the anatase 

(101) surface, which contained a three-layer p(2 × 3) periodic slab consisting of 107 atoms (36 

Ti atoms and 71 O atoms) and a 16 Å vacuum layer. As checked by the reference, by enlarging 

the slab model to 4-layers, similar results were produced as those from 3-layer calculations.49 

Subsequently, only the bottom layer was fixed to simulate the bulk structure while the top two 
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layers, which represent the surface and subsurface, respectively, were allowed to move during 

the optimization. 

To determine the most stable structure of a Pt13 cluster adsorbed on the anatase TiO2 (101) 

surface, AIMD simulations were performed in order to fully take the complex interactions 

between cluster and surface into consideration. The simulations were carried out in the 

canonical (NVT) ensemble employing Nose-́ Hoover thermostats. The temperature was set at 

450 K which was taken from the temperature of hydrothermal treatment commonly used in 

experiments,50-51 and the time step was 1 fs. We chose several sample structures in every 1 ps 

interval along the AIMD trajectory of more than 20 ps simulations from the point where the 

energy fluctuation was close to equilibration.  

The extra photoelectron in systems was simulated by adding an excess electron into the 

supercell as common practice.47, 52-53 Another approach by introducing an additional H atom on 

the opposite layer of TiO2 slab in charge-neutral systems has been checked in literature, which 

gives similar results.49 In our work, we simulated the extra photogenerated electron by adding 

an excess electron into the system. 

The hydrogen adsorption energy (EH) is defined as the energy difference before and after 

the adsorption with respect to H atom as shown below: 

EH = E(slab) – E(surface) – 1/2E(H2)                                          (6.1) 

where E(surface), E(slab), E(H+), and 1/2E(H2) are the energies for the clean surface, hydrogen 

adsorbed on the surface and half the energy of H2 molecule, respectively. The Gibbs free energy 

of H adsorption (ΔGH) was obtained by applying the entropy correction shown as 

H H ZPE HG E E T S =  + −                                                (6.2) 

where EH  is the total energy of hydrogen adsorption, ZPEE  is the energy difference of 

zero-point energy between gas phase and adsorbed state. Since the vibrational entropy in the 

adsorbed state is small, the entropy change can be considered as mainly half the entropy of H2 

in the gas phase under standard conditions. ZPEE  is calculated to be 0.04 eV, therefore the 

above equation can be written as following34, 54 

0.24H HG E =  +                                                       (6.3) 
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The more negative the EH (or GH ) is, the more strongly the H binds to the surface. 

    The Umbrella Sampling calculations through biased molecular dynamics module 

implemented in VASP, with the weighted histogram analysis method (WHAM)55-56 to recover 

the free energy profile, were applied to calculate the free energy change in the process of H-H 

coupling reaction on the Pt cluster in this work. All the MD simulations were performed under 

the temperature of 300 K, which is standard conditions for hydrogen evolution reaction 

(HER).57-58 The 2d-WHAM code of Grossfield59 was utilized using Gaussian peak model of -

289.455 kJ/mol height and 48.242 kJ/mol width as harmonic constraints.60 After a series of MD 

simulations, each of which exceeds 10 ps simulation time, the free energy changes of the H 

coupling reaction were obtained. 
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6.3 Results and Discussions 

6.3.1 Influence on Electron Transfer Process 

 

Fig. 6.1 (a) AIMD simulation trajectory for defected Pt/TiO2 system. The blue arrow shows that 

after ~ 8 ps the energy oscillation gradually reached equilibrium. The inset (1) is the initial 

structure of the Pt13/TiO2 for AIMD simulations, the black circle indicates the O vacancy. (b) 

and (c) represent the optimized structure obtained from geometry optimization after AIMD. 

Grey, Ti; red, O; yellow, Pt; white, H. This color scheme is used throughout the chapter. 
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As mentioned in the former chapter, in order to take the rather complicated electronic structure 

of the interface into consideration and fully quench the geometry structure of Pt/TiO2 system, 

using geometry optimizations will be insufficient. Therefore, we applied long time AIMD 

simulations to fully optimize the system. As shown in Fig. 6.1, we found that the supported Pt 

cluster undergoes restructuring rapidly in the first 2 ps, and the structure was equilibrated after 

∼8 ps. We have selected a number of structural frames (with 1 ps interval) from the AIMD 

trajectory (>8 ps) and utilized the local geometry optimization to fully quench the system. 

Therefore, the most stable structure of the defected Pt/TiO2 system can be determined, which 

is highlighted in Fig. 6.1b and 6.1c. According to Fig. 6.1, the optimized structure shows quite 

different pattern than the input structure as the Pt cluster has vastly changed from a high-

symmetry crystal structure to a pyramid-like architecture, similar to that in the literature,61 

which is kind of flattened onto the surface due to the interaction between the cluster and the 

surface. There are eight Pt atoms in the first layer forming a triangle-like structure, four atoms 

in the second layer forming a rectangular-like structure and another one atom on top of that 

consisting of the third layer. It is still of considerate symmetry, but not as high as the initial 

icosahedral structure. The Pt-Pt bond lengths are mostly between 2.50-2.67 Å with a few 

exceptions of 2.72-2.75 Å, being in almost the same range as the icosahedral Pt cluster, which 

are between 2.55-2.78 Å. The structure of the TiO2 (101) surface, on the other hand, is largely 

retained with only minor distortions occurred on some Ti atoms and O atoms underneath the 

cluster, which are also caused by the interactions between the cluster and the surface. 

It is worth noting that the geometry structure is vastly different compared to the structure 

adsorbed onto the clean TiO2 surface. The reason to that is quite obvious that O vacancies 

clearly enhances the interaction between the cluster and the surface. The adsorption energy of 

-9.28 eV, compared to -7.43 eV on the clean surface, clearly indicated stronger bonding between 

the cluster and the surface, which can also be proved by the fact that there are more Pt atoms in 

the bottom layer of the cluster interacting with the surface. Another finding during the AIMD 

simulations is that the Pt cluster tends to grow on top of O vacancies even though it initial 

position is far from O vacancies. As suggested by general consensus, the creation of one O 
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vacancy introduces two excess electrons at its original site, therefore the excess electrons can 

enhance the bonding with the cluster as the Pt cluster is generally positively charged. This 

finding also agrees with the results shown in experimental work.  

 

 

Fig. 6.2 Schematic illustration of simulating electron transfer step by two sub-steps, which is a 

photogenerated electron firstly transfers from subsurface region to surface region, secondly 

transfers from surface region to metal cluster. Grey, Ti; red, O; yellow, Pt. 

 

After determining the most stable structure of defected Pt/TiO2 system, we then began 
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investigating the energy change in electron transfer step. The electron transfer step was 

simulated in two steps: (1) one electron localized in subsurface region, symbolizing a self-

trapped photogenerated electron in bulk, transferred to surface localized sites beneath the Pt 

cluster and, (2) the localized electron in surface region transferred to cluster where the catalytic 

reactions occur. The subsurface region and surface region are shown in black label in Fig. 6.2. 

Apparently, the easier to transfer an electron to cluster the easier for the whole HER reactions 

to occur. Therefore, the energy change of electron transfer step is used as a descriptor to estimate 

whether the HER reaction tends to take place. 

 

 

Fig. 6.3 Schematic illustration of four representative systems chosen in this work to fully 

explore the effect of O vacancies and adsorbed protons have on electron transfer process. 

 

In this work, we used four different systems to fully explore the influence oxygen 

vacancies and the cluster adsorbed proton give on the energy change of electron transfer process: 

(1) Pt cluster with clean surface (system 1); (2) Pt cluster with clean surface with a proton 

adsorbed on the cluster (system 2); (3) Pt cluster with O defected surface (system 3); (4) Pt 

cluster with O defected surface and a proton adsorbed on the cluster (system 4), as shown in 

Fig. 6.3. The reason to include adsorbed proton into consideration is that protons are largely 
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participating in HER, also HER takes place in an acidic environment where the reaction system 

is surrounded by a large number of protons.  

 

Table 1 The total energies of various sites in four different systems. E1 here refers to the energy 

change of an electron transferring from subsurface to surface while E2 is the energy change 

from surface to cluster. 

 Subsurface  Surface  E1 Cluster  E2 

System 1 -875.145 -875.336 -0.191 -875.226 0.110 

System 2 -879.239 -879.432 -0.193 -879.615 -0.183 

System 3 -869.644 -869.722 -0.079 -869.866 -0.144 

System 4 -871.951 -872.075 -0.124 -872.390 -0.315 

 

Table 1 shows the total energy of different localized sites in four representative systems. 

It is worth noting that values of E1 and E2 for four systems were calculated based on the 

averaged system energy of several adsorption sites in order to reduce random errors. According 

to the rather close energies and similar spin densities these various adsorption sites can be 

deemed as equivalent which possess similar chemical environment, therefore choosing the 

averaged values is more reasonable. 

According to the specific total energy values shown in table 1, first of all we can see that 

E1 for all four systems are negative, comparing to the energy change of 0.09 eV on bare TiO2 

surface, which indicates that the presence of Pt cluster clearly benefits the electron transfer from 

subsurface to surface. E1 values of system 1 is lower than that of system 3, which could be 

explained by the fact that O vacancies tends to introduce excess electrons into the original O 

site, when surface region has more electrons it evidently is reluctant to take more electrons. 

This can also be proved by the fact that E1 for both system 3 and system 4 are lower than system 

1 and system 2 which showed equal values. Another conclusion can be drawn from this is that 

cluster-adsorbed proton cannot significantly influence the electron transfer from subsurface to 

surface due to the rather remote distance between subsurface region and cluster surface. 

However, when an O vacancy exists, the cluster-adsorbed proton can enhance the E1 value by 
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extracting electrons from surface region to cluster. Since surface region is closer to cluster 

compared to subsurface region, the proton can affect the energy change more significantly, 

which can also be proved by that the E1 value for system 4 is lowered compared to that of 

system 3. In this way, the surface region is less negatively charged than that without adsorbed 

proton, and the surface localized sites are more likely to take electrons from subsurface 

localized sites.  

Secondly, as for E2, only system 1 is positive, which indicates that originally the electron 

transfer from surface to cluster is not favored, that the surface sites beneath Pt cluster tend to 

collect and store electrons acting as an electron pool, but they do not prefer to donate electrons 

to Pt cluster. While for other three systems, E2 values are all negative, indicating a 

thermodynamically favored electron transfer process. By comparing system 1 and system 2, 

system 3 and system 4, separately, it is obvious that the adsorbed proton on Pt cluster makes 

the electron transfer process from surface to cluster more favorable as E2 values are lowered. 

Clearly, protons are positively charged, they tend to place a charge polarization effect onto the 

system and attract negatively charged electrons. According to bader charge analysis, we found 

that after the proton adsorption the Pt cluster becomes more positively charged by around +0.40 

|e|, which agrees with literature, the total amount of negative charge on the TiO2 slab also 

decreased by around -0.2 |e|, suggesting that the presence of cluster-adsorbed proton enhances 

the tendency of extracting electrons from surface to cluster.49 On the other hand, by comparing 

system 1 and system 3, system 2 and system 4, separately, it also evidently shows that the 

energy changes of electron transfer processes are lowered due to the presence of O vacancies, 

which is most likely caused by the fact that O vacancies change the electronic structure of 

Pt/TiO2 system, which will be fully discussed in the following part. Therefore, both adsorbed 

proton and O vacancies can enhance the electron transfer process according to our results. 

Another finding is that the energy change in system 4 is larger than that in system 2 and system 

3, indicating that both O vacancies and adsorbed protons can encourage the electron transfer 

process, which will be fully discussed in DOS analysis.  

Fig. 6.4 – 6.7 show the spin density of localized electrons at various sites. Spin density is 

a visualizing way showing lone pair electrons in yellow spheres. It is obvious that the spin 
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density shows characteristic d-orbital shape, which again verified the existence of the localized 

electron and the fact that it is localized on Ti 3d orbitals.  

 

 

Fig. 6.4 Spin density of various localized sites in system 1. Iso-surface value is set to 0.003 

e/Å3. Blue: Ti; red: O; grey: Pt. This color notation is used throughout the report with all the 

figures that concern the spin density. Inset (a) and (b) refer to the spin density when the electron 

is localized on various sites in the subsurface layer, (c), (d) and (e) refer to the spin density 

when electron is localized on different sites in the surface layer while (f) refers to the spin 

density when electron is localized onto the cluster. 
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Fig. 6.5 Spin density of various localized sites in system 2. Iso-surface value is set to 0.003 

e/Å3. Inset (a), (b) and (c) refer to the spin density when the electron is localized on various 

sites in the subsurface layer, (d), (e), (f) and (g) refer to the spin density when electron is 

localized on different sites in the surface layer while (h) refers to the spin density when electron 

is localized onto the cluster. Blue: Ti; red: O; grey: Pt. 
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Fig. 6.6 Spin density of various localized sites in system 3. Iso-surface value is set to 0.003 

e/Å3. Inset (a), (b) and (c) refer to the spin density when the electron is localized on various 

sites in the subsurface layer, (d), (e) and (f) refer to the spin density when electron is localized 

on different sites in the surface layer while (g) refers to the spin density when electron is 

localized onto the cluster. Blue: Ti; red: O; grey: Pt. 
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Fig. 6.7 Spin density of various localized sites in system 4. Iso-surface value is set to 0.003 

e/Å3. Inset (a), (b) and (c) refer to the spin density when the electron is localized on various 

sites in the subsurface layer, (d), (e), (f) and (g) refer to the spin density when electron is 

localized on different sites in the surface layer while (h) refers to the spin density when electron 

is localized onto the cluster. Blue: Ti; red: O; grey: Pt. 

 

Specific PDOS analysis was performed under DFT+U method to obtain a better accuracy 

given that DFT generally underestimates the band gap for semiconductor materials, the results 

of which are shown in Fig. 6.8. According to the PDOS of system 1, obviously the valence band 

is mainly composed of O 2p orbitals while the conduction band is mainly composed of Ti 3d 

orbitals. Obviously, the original band gap of TiO2 is now filled by the energy states of Pt cluster, 

which lifts the Fermi level to the position where it is 0.40 eV below the CBM of TiO2. In 

addition, we found that the occupied O 2p states extended into the band gap, forming the so-

called band tail states. They are mainly the 2p states of surface O with a strong interaction with 

the adsorbed Pt clusters. Such tail states are also important for the light adsorption as evidenced 

by the diffusive reflectance and absorbance spectroscopy technique in experiments, which help 

to improve the light harvesting efficiency.62-63 As for the PDOS of system 2, the band structure 

of TiO2 is mostly maintained while the Fermi level is downshifted for about 0.25 eV, therefore 
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the photoexcited electrons are more likely to jump to Fermi level from conduction band. In 

addition, the bottom of the unoccupied Pt states in system 2 is also downshifted and becomes 

lower than the CBM of TiO2. The second possible reason is the aforementioned charge 

polarization effect. As for the PDOS for system 3, it is obvious that the original band gap of 

TiO2 is reduced by around 0.6 eV. The reason is that the presence of O vacancies introduces 

gap states in the band gap, thus causing the elevation of the VBM and eventually reduces the 

band gap. In addition, the gap states are mainly composed of Pt 5d orbitals, therefore the process 

of photoexcited electrons jump from conduction band to gap states is identical to the electron 

transfer process from subsurface to cluster. Ultimately, the electron transfer process is enhanced 

with the existence of O vacancies. Besides, there is a characteristic peak indicating the presence 

of defect states, being 1 eV lower than the CBM, which is consistent with experimental 

findings.64-70 As for system 4, the position of Fermi level is lowered compared to system 3, and 

the bottom of the unoccupied Pt states is also downshifted and becomes lower than the CBM. 

In addition, the original band gap of TiO2 is also reduced due to the presence of O vacancies. It 

seems like that the enhancement caused by adsorbed proton and O vacancies are both benefiting 

the electron transfer step together in system 4, which again can be verified by the fact that the 

energy change for system 4 is roughly the sum of system 2 and system 3, as shown in table 1. 
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Fig. 6.8 Calculated PDOS for the four representative systems: (a) system 1, (b) system 2, (c) 

system 3 and (d) system 4. The green dotted line indicates the VBM. Band alignment is made 

by setting the position of the VBM to 0 eV in the four calculated PDOS. 

 

6.3.2 Influence on Overall H-H Coupling Barrier 

After determining the most stable structure of defected Pt/TiO2 system, the specific adsorption 

sites for H atoms should be determined for further surface catalytic reactions to occur. As 
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mentioned in computational method GH   was selected as the descriptor in this work to 

identify the interaction between H atom and the cluster, the more negative (positive) value of 

adsorption energy represents the stronger (weaker) bonding existing between H atom and the 

Pt cluster. If the interaction is too weak, the H atom fails to bind with cluster for further coupling 

reaction to occur. On the other hand, if the interaction is too strong, the product will fail to 

dissociate. According to Sabatier principle the catalytic sites with too strong or too weak 

interactions both show poor catalytic activity while the ideal sites are the sites with GH  

approaching zero.58, 71 Some of the promising values of the adsorption sites in terms of GH

were shown in table 2.  

 

Table 2 Adsorption energy ( GH ) of various H adsorption sites. The adsorptions sites were 

bridge sites involving two Pt atoms. For the Heyrovsky mechanism site 6 was chosen as the 

adsorption site and labeled in red.  

site GH /eV 

1 0.14 

2 -0.13 

3 0.12 

4 0.10 

5 -0.07 

6 -0.05 

7 -0.15 

8 0.04 

9 -0.28 

10 0.27 

 

Based on the calculated adsorption energy, we then determined the adsorption site with 

the adsorption energy of -0.05 eV, and the corresponding structure is shown in Fig. 6.9. In the 
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initial structure the water environment was also applied due to the fact that in terms of reaction 

energetics the presence of liquid environment is crucial, including investigating the electron 

transfer step,72-73 and further influence the surface catalysis step of H-H coupling. Therefore, 

we added the water environment of 45 water molecules in order to keep the density to be 1g/cm3 

and optimized the structure by long time AIMD simulations to obtain the equilibrated water 

architecture. 
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Fig. 6.9 (a) Geometry structure of the initial state of the Heyrovsky pathway. The atom labeled 

with green a is the hydrated proton in the solution while the atom labeled with green b is the H 

atom adsorbed onto the Pt cluster. (b) Structure of transition state of H-H coupling reaction via 

the Heyrovsky mechanism. The number in black indicates the distance between the adsorbed 

H atom and the hydrated proton. Grey, Ti; red, O; yellow, Pt; white, H. 
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Fig. 6.9a above showed the initial structure of the Heyrovsky step. After first Volmer step, 

the equilibrated structure of hydrated proton in water environment was achieved by long time 

AIMD simulations until the energy reached equilibrium. According to the transition state 

structure in Fig. 6.9b, it is clear that the Heyrovsky step moved forward as the proton 

approaching the adsorbed H atom until reaching transition state, where the bond length is 0.984 

Å, after which point the H2 molecule was produced. The same as that in clean system calculated 

in the former chapter, the adsorbed H atom mostly stayed in top site at transition state while it 

originally stayed at bridge site. It is clear that the adsorbed H atom will be activated during the 

reaction by moving to top site for further coupling reaction to occur. 

After the first Volmer step, which is the process where a proton combines with an electron 

diffused from bulk forming an adsorbed H atom on the cluster, a second proton would, via the 

Heyrovsky mechanism, combines with an electron diffused from bulk and the adsorbed H atom 

directly forming a H2 molecule. In this way, only one H atom is adsorbed onto the cluster 

surface. As already proved above that O vacancies benefits the electron transfer step, it is 

therefore safe to infer that O vacancies can facilitate the Volmer step and also enhance the 

transfer of the second proton which participates in HER, ultimately facilitate the HER under 

the Heyrovsky mechanism in an obvious way. But how the O vacancies affect the reaction 

barrier in HER is still unclear. 

To analyze how the O vacancies influenced the reaction barriers, the free energy profile 

was calculated using Umbrella Sampling method, which was performed using biased molecular 

dynamics in VASP code. The artificial energy well on the reaction coordinate is based on 

Gaussian hills where h and w are parameters controlling the height and width of Gaussian peak, 

eventually making the artificial constrains an energy well. The value of w was set to 0.5 Å, 

while the value of h was set to -3 eV. As suggested in literature, the distance between the two 

hydrogen atoms at transition state is between 0.9 Å and 1.0 Å, which is comparable to our result 

shown in Fig. 6.9b. The 2-D Weighted Histogram Analysis Method (WHAM) was used to 

analyze the result from umbrella sampling. A series of biased MD simulations were performed 

when each MD simulation was running over 10 picoseconds with the time step of 1.0 
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femtosecond. According to Fig. 6.10, it shows the fluctuation of bond length in each AIMD 

simulation with different fixed H-H distances and the overall correlation between each 

calculation, which obviously gave an excellent overlap and thus reached the prerequisite of 

using WHAM method to analyze the results.  

 

 

Fig. 6.10 Oscillation of bond length in each biased MD simulations and the overall overlap. 

Each colored line indicates a separate biased MD simulation contained in the Umbrella 

Sampling calculation, which was operated at a fixed bond length. The rather good overlap can 

be proved by the fact that nearly no blank space shown in the figure, in other word all the 

possible positions along the reaction coordinate were sampled evenly and adequately. 

 

As indicated in the energy profile, the reaction barrier was 0.64 eV and the H-H distance 

was 0.984 Å. Apparently, the bond length is between 0.9 Å and 1.0 Å, which agrees with 

literature. Comparing to the barrier of 0.64 eV of the clean system that calculated in the former 

chapter, obviously the barrier can be considered the same for both clean system and defected 

system, which disagreed with our assumption before that the existence of O vacancies is 
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beneficial for HER under the Heyrovsky mechanism. The detailed reasons are discussed in the 

general discussions section.  

 

 

Fig. 6.11 Free energy change of H-H coupling reaction on the defected Pt/TiO2 system via the 

Heyrovsky mechanism. The red dashed lines indicate the transition state where the distance 

between the two coupling hydrogen atoms is 0.984 Å and the free energy barrier of H-H 

coupling is 0.64 eV. 

 

In this work, we only qualitatively discussed the influence of the O vacancies and adsorbed 

protons on the electron transfer step, respectively, as well as the effect of O vacancies on HER 

barrier. We do not quantitatively evaluate how much it affects the process specifically as that 

will include the problem concerning such as concentration of O vacancies and coverage of 

adsorbed protons which are far beyond the scope of this chapter. 

 

6.4 General Discussions 

Energy shortage is a critical problem which needs to be addressed urgently due to the growing 
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energy demand worldwide. As a solution, new types of energy with advantages such as large 

energy capacity and easy access are therefore of key importance. The most outstanding one is 

solar energy, which, as a result, leads to vast work in the field of photocatalytic water splitting, 

a promising and effective way of harnessing the solar energy contained in the sunlight. Among 

all the systems, Pt/TiO2 system is a commonly studied system which possesses long-term 

stability, high solar spectrum usage and high conversion efficiency. In the former chapter we 

systematically investigated the H-H coupling barriers under both the Tafel mechanism and the 

Heyrovsky mechanism. However, in those calculations the clean anatase TiO2 (101) surface 

was applied as an ideal situation while in reality there are commonly O vacancies existing on 

the surface due to the restriction of fabrication process and conditions. Moreover, it has been 

proven by researchers that the defect-rich TiO2 has a superior activity than defect-free ones.4 

Another experimental finding indicates that cocatalysts which show poor performance under 

electrochemical conditions in HER such as Co, Ni and Cu possess only slightly lower activity 

under photocatalytic conditions compared to the most active cocatalyst, Pt, suggesting that the 

surface catalytic reaction may not be the rate-determining step under photocatalytic 

conditions.35-40 As an alternative, the electron transfer step, which is the process of a 

photogenerated electron in bulk transferring to surface catalytic sites, is considered to be the 

key step. Both reasons urge us to investigate the role O vacancies play in the electron transfer 

step and in HER. 

In the first part we explored the effect O vacancies place on electron transfer step. We 

simulated the electron transfer step by a twostep method and used four different representative 

systems to fully consider all possible influencing factors. The results can be concluded in 

following two aspects:  

(1) O vacancies clearly lowers the energy change of both E1 and E2, especially makes E2 

from thermodynamically unfavored to thermodynamically favored, implying that it facilitates 

the electron transfer step. The reason can be attributed to that O vacancies introduces gap states 

between the VBM and the CBM which are more likely to accommodate the electrons jumping 

from the conduction band, eventually presenting as the same process as the electron transfer 

process investigated in the first section. Moreover, the gap states also reduces the band gap by 
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elevating the VBM, which agrees with literature.74  

(2) Adsorbed proton also lowers the energy change of both E1 and E2. The first reason is 

that the proton lowered the position of fermi level, which is beneficial for the photoexcited 

electrons jumping back from conduction band. The second reason is that the proton induces a 

charge polarization effect onto the Pt cluster that is beneficial for electron transfer process. 

In the next part we calculated the H-H coupling barrier under the defected Pt/TiO2 system. 

By performing extensive Umbrella Sampling simulations, we obtained the free energy profile 

of H-H coupling reaction at liquid/solid interface, which is under exactly the same reaction 

conditions as the calculations in chapter 5. According to the free energy profile, the reaction 

barrier is 0.64 eV while the transition state bond length is 0.984 Å. Comparing to the results of 

the clean system, the barrier is basically the same, suggesting that the reaction barrier is not 

affected by the presence of O vacancies. According to the BEP principle EH of clean system (-

0.07 eV) and of defected system (-0.05 eV) are comparable, it is therefore inferred that these 

two systems share comparable barriers, as indicated by our results. But as pointed out by 

literature, defected TiO2-based systems clearly show better performance. Based on the results 

in the electron transfer process section, one possible reason is that the presence of O vacancies 

enhances the electron transfer process rather than the surface catalytic reactions. It is widely 

acknowledged that there are three major steps in a specific photocatalytic reaction: 

photogeneration of charge carriers, diffusion of charge carriers and surface catalytic reactions, 

therefore defected TiO2-based systems perform better overall activity by prompting the charge 

transfer process, which also agrees with literature.  

 

6.5 Conclusions 

In this work comprehensive investigations were carried out to explore the effect O vacancies 

and adsorbed protons have on electron transfer step, as well as the effect O vacancies have on 

overall HER barrier. In order to successfully finish such jobs, a novel twostep method was 

applied to simulate the electron transfer step and four different representative systems were 

chosen to fully take all possible factors into account. Afterwards, extensive Umbrella Sampling 
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simulations through biased AIMD simulations were performed to calculate the H-H coupling 

barrier. Based on all the results obtained, several conclusions can be drawn as following: 

(1) During the AIMD simulations searching for the most stable structure for Pt/TiO2 

system, the geometry of Pt cluster significantly changes due to the stronger interaction with 

TiO2 surface compared to that of clean system, as verified by the adsorption energy of -9.28 eV 

and the AIMD trajectory that the Pt cluster tends to grow on top of O vacancies. 

(2) Based on all E1 and E2 values calculated, both O vacancies and adsorbed protons can 

enhance the electron transfer step. The reasons for protons accelerating the electron transfer 

process is that the protons lower the position of fermi level, which is beneficial for electrons 

jumping back from conduction band. Moreover, the protons place a strong charge polarization 

effect onto the Pt cluster which makes the cluster more positive-charged, thus more likely to 

extract electrons from TiO2 substrate.  

(3) As for O vacancies the detailed reasons are summarized that the O vacancies introduce 

extra gap states between the VBM and the CBM, which causes the elevation of VBM and thus 

reducing the band gap. Moreover, the gap states basically consist of Pt 5d orbitals which show 

quite obvious localized features, the electrons transferring from the CBM, which is mainly 

composed of Ti 3d orbitals, to gap states are identical to the electron transfer step of interest 

where electrons transfer from TiO2 subsurface to Pt cluster. 

(4) The HER barrier was calculated to be 0.64 eV, which is basically the same comparing 

to that of clean system, suggesting reaction barriers are not affected by the presence of O 

vacancies, which, according to BEP principle, is quite reasonable based on the comparable EH. 

Therefore, we inferred that the O vacancies promotes the overall activity by benefiting the 

electron transfer step instead of lowering the reaction barriers, which agrees with the 

speculations in literature.  

These findings may shed light on the puzzles concerning the effect O vacancies give on 

catalytic reactions, and hopefully can act as a theoretical guidance when future works in the 

field of HER are carried out based on systems with O vacancies taken into consideration.  
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Chapter 7 

Conclusions and Future Work 

 
The aim of this study was to explore and investigate several important semiconductor materials 

used in photocatalysis, especially in photocatalytic water splitting, hoping to achieve a better 

understanding on a theoretical level towards their unique properties or innate problems. In 

previous chapters, we have thoroughly discussed the results and the reasons behind. With these 

findings, we hope that further investigations over these materials can be triggered on both 

experimental level and theoretical level, and ultimately can be helpful for future industrial work.  

 

In chapter 3, we report extensive DFT calculations on the perovskite materials. Based on the 

results, a linear relationship between the adsorption energy and the charge density on the 

adsorbed atom was spotted, which can be helpful for future selecting work. However, even with 

such optimizations, the stability of perovskite materials is still not good enough as expected to 

be used in industry. Therefore, new ways for enhance its stability still need further exploration. 

 

In chapter 4, we present an investigation of how the photogenerated holes exist in the novel 

graphitic carbon nitride (g-C3N4) material. Based on the obtained results, a novel localized 

nitrogen dimer state is identified. Moreover, the increasing in system energy indicates its 

unstable nature. In actual situations the more commonly used material is the doped system 

instead of the pristine system as the doping atoms can somehow increase its performance. 

However, how the doping atoms help stabilize the dimer state or whether there is another new 

mechanism other than forming dimer state remains unclear and requiring further investigations. 

 

In chapter 5 and chapter 6, we focus on the conventional TiO2 material with Pt cocatalysts  

loading. We compare two coupling mechanisms and find that Heyrovsky mechanism is more 
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favored in chapter 5. In chapter 6 we systematically calculate how the O vacancies influence 

the reaction. The specific results and discussions are listed in corresponding chapters. However, 

in our constructed models we manually set a constrain that there is only one H atom in the 

system and ignore the influence caused by the coverage of adsorbed H atoms, while in real 

systems coverage can place a significant effect onto the reaction mechanism. Therefore, in the 

future as a complementary work we need to include the H coverage into consideration. 

 


