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Abstract 

Copper tungstate (CuWO4) has attracted growing interest as a visible-light-responsive 

photocatalyst for solar-driven water splitting and carbon dioxide reduction, owing to its 

suitable band gap and chemical stability under a range of conditions. However, a 

detailed understanding of its surface redox properties, water adsorption behaviour, and 

catalytic mechanisms remains limited. This thesis presents a systematic computational 

study of the structural, electronic, and catalytic properties of CuWO4 using density 

functional theory (DFT), including on-site Coulomb and dispersion corrections 

(DFT+U-D3).  

The equilibrium morphologies and stabilities of low-index surfaces were first examined 

through surface energy calculations and surface phase diagrams, revealing that the (010) 

and (110) facets are predominant under typical synthesis and operating conditions. Next, 

the adsorption of water on both pristine and reduced surfaces was investigated to 

understand its role in the initial stages of the photocatalytic water splitting reaction. 

Surface phase diagrams were constructed to evaluate water coverage as a function of 

temperature and pressure.  

Finally, the mechanisms of water splitting and hydrogen evolution were explored 

through detailed analysis of reaction intermediates, charge redistribution, and transition 

states. The results indicate that oxygen vacancies on the reduced (010) surface enhance 

catalytic activity by stabilizing key intermediates and promoting charge localization. 

These findings offer important insights into the catalytic behaviour of CuWO4 and 

support its potential use in the development of solar-driven hydrogen production 

technologies.
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Chapter 1. Introduction 

The development of renewable and sustainable energy sources is crucial in addressing 

rising global energy demands and environmental challenges. Among the various 

methods of harnessing solar energy, catalysed processes such as water splitting hold 

great potential. Copper tungstate (CuWO4), a transition-metal tungstate, has emerged 

as a promising material for these applications due to its distinctive physical, chemical, 

and electronic properties. This chapter provides an overview of CuWO4, focusing on 

its crystal structure, electronic and magnetic properties, and its role in catalytic 

chemistry. 

1.1 Climate Crisis, Global Energy Demand, and Carbon Emissions 

Climate change has become one of the most critical global challenges of the 21st 

century.1-5 The continuing increase in energy consumption, driven by population growth 

and economic development, has placed substantial pressure on traditional energy 

systems.6,7 Fossil fuelsðsuch as coal, oil, and natural gasðhave long served as the 

primary sources of energy worldwide.8-12 However, their widespread use has led to 

serious environmental consequences, including air and water pollution, ecological 

damage, and the accumulation of carbon dioxide (CO2) in the atmosphere. 

According to the U.S. Energy Information Administration (EIA)13, global energy 

production in 2001 was estimated at χτȢςσρπ joules. This value is projected to 

increase significantly due to a rising global population and gross domestic product 

(GDP).  

However, subsequent studies have suggested that early forecasts underestimated 

continued growth, particularly in developing regions such as East Asia, South Asia, and 

Africa. As a result, updated estimates report that global energy production reached 

approximately ρπψȢωυρπ joules in 2023 and is expected to increase by over 50% 

by 2050 compared to earlier predictions.13 

Despite increasing awareness of environmental issues, fossil fuels still dominate the 

global energy supply, accounting for roughly 82% of total production in 2023.14-16 This 

reliance has resulted in continuously rising CO2 emissions. Emissions from fossil fuel 
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combustion are projected to increase from 6.6 billion metric tons per year in 2001 to 

approximately 13.5 billion metric tons per year by 2050.13 Once released, these gases 

remain in the atmosphere for hundreds to thousands of years, contributing to long-term 

climate change. Historical data shows that atmospheric CO2 concentrations have 

increased from around 280 parts per million (ppm) before industrialisation to over 422 

ppm in 2024.17 If this trend continues, concentrations may exceed 550 ppm later this 

century, likely leading to serious environmental impacts such as rises in sea levels, 

shifts in precipitation patterns, and disruption of ecosystems.17 

Although some reductions in carbon intensity have been achievedðmainly by 

transitioning from coal to natural gas and oil13ðthe absolute level of CO  emissions 

remains high. The United Nations Climate Change Conference summit in Glasgow 

reaffirmed the international commitment to addressing climate change. Agreements 

were made to reduce coal dependency and expand renewable energy sources.18,19 

Between 2000 and 2020, the share of renewable energy in the global energy mix grew 

from 6.2% to 12.4%. However, the rate of transition is still not sufficient to meet global 

climate targets.20 

The Intergovernmental Panel on Climate Change (IPCC) has stated that to limit global 

warming to below 1.5 ÁC, global CO2 emissions must decline by approximately 45% 

from 2010 levels by 2030, and net-zero emissions must be achieved by 2050.21 Yet, 

recent reports by the World Meteorological Organization (WMO) indicate that global 

temperatures may temporarily exceed this threshold within the next few years, 

suggesting that current mitigation efforts are inadequate.22 

This situation highlights the urgent need for alternative energy technologies that are 

both sustainable and capable of supporting growing energy demands. In particular, solar 

energy conversion through photocatalysis has received increasing attention.23-25 This 

method enables direct transformation of solar energy into chemical energy, offering 

potential solutions for both clean fuel production and carbon dioxide reduction. The 

development of efficient photocatalytic materials is therefore an important step toward 

achieving a low-carbon energy future and serves as the focus of this thesis. 
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1.2 Solar energy 

1.2.1 Current Status for Solar Energy Utilisation 

Solar energy plays an increasingly important role in addressing the global energy crisis 

and mitigating carbon emissions. As a clean, abundant, and renewable energy source, 

solar power has received widespread attention as a viable alternative to fossil fuels.23,25-

33 Current technologies for solar energy utilisation include photovoltaic (PV) systems, 

concentrated solar power (CSP), and solar thermal energy. Among these, PV systems 

have experienced the most rapid development, supported by technological advances, 

declining costs, and supportive policy frameworks. 

In recent years, the global adoption of solar photovoltaic (PV) systems has increased 

significantly, reflecting continued progress in the deployment of renewable energy 

technologies.34-36 China currently holds the largest share of global PV capacity, with 

total installed capacity reaching approximately 887 gigawatts (GW) by the end of 

2024.17,37 This rapid expansion has been supported by strong government policies, 

large-scale manufacturing capabilities, and sustained investment in domestic 

infrastructure. The United States ranks second, with an installed PV capacity of around 

239 GW in 2024, contributing more than 300 terawatt-hours (TWh) of electricity to the 

national grid.17, This growth has been facilitated by federal tax incentives and state-

level renewable energy targets, although issues related to policy consistency and grid 

integration remain. In Europe, Germany continues to be a leading contributor, with an 

installed capacity of approximately 90 GW. The countryôs long-standing support 

mechanisms, including feed-in tariffs and favourable regulatory frameworks, have 

played a central role in enabling this growth.38-40 However, increasing grid congestion 

and land use constraints pose challenges to further expansion. India has also shown 

notable progress, with solar capacity expected to increase substantially in the coming 

years due to declining technology costs and government-led initiatives aimed at 

expanding access to renewable electricity. In Latin America, Brazilôs solar capacity 

reached over 50 GW by early 2024, driven by high solar irradiance and supportive 

policies promoting both utility-scale and distributed generation.41 In the United 

Kingdom, solar energy accounted for approximately 5% of total electricity generation 

in 2024, with an installed capacity of around 18 GW, although growth is moderated by 

seasonal variability and limited solar resources.42,43 These examples highlight the 
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diversity of national approaches to solar energy deployment and the varying degrees of 

progress among countries. While substantial achievements have been made globally, 

further efforts are required to address technical, economic, and policy-related 

challenges that continue to affect the scalability and reliability of solar energy systems. 

1.2.2 Challenges in Solar Energy Deployment 

Although solar energy plays a critical role in the global transition to renewable energy, 

existing technologies still face notable material and system-level limitations. 

Crystalline silicon (c-Si) remains the dominant material in commercial photovoltaic 

applications due to its high efficiency and long-term reliability.44-50 However, its 

production requires energy-intensive purification processes and high-temperature 

fabrication, which contribute to increased environmental and economic costs. Thin-film 

technologies, such as cadmium telluride (CdTe)51,52 and copper indium gallium selenide 

(CIGS)53,54, reduce material consumption and offer greater design flexibility, but face 

constraints due to the toxicity of cadmium and the limited global availability of indium 

and gallium. Perovskite solar cells55-60 have gained attention for their rapid 

improvement in efficiency and potential for low-cost manufacturing; nevertheless, they 

remain unstable under thermal and environmental stress and often contain lead, raising 

concerns about long-term durability and environmental safety. Organic photovoltaics 

(OPVs)61-63, while attractive for their mechanical flexibility and solution-processability, 

continue to exhibit low power conversion efficiencies and short operational lifespans. 

Concentrated solar power systems64-66 can provide dispatchable electricity, but their 

viability is limited by high capital costs, land requirements, and dependence on specific 

geographic conditions. 

These challenges highlight a broader limitation of conventional PV technologies: their 

inability to directly store solar energy in a stable and transportable form. PV systems 

convert sunlight into electricity, which must be used immediately or stored in batteries 

or other auxiliary systemsðadding cost, complexity, and additional material burdens. 

In contrast, photocatalytic systems67-71 offer an alternative approach by converting solar 

energy directly into chemical fuels, such as hydrogen through water splitting or 

hydrocarbons via carbon dioxide reduction. This direct solar-to-fuel conversion enables 

both energy harvesting and storage in a single step, eliminating the need for separate 

storage infrastructure. Moreover, photocatalytic systems can potentially be constructed 

from abundant, low-cost materials and deployed in a modular fashion, making them 
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suitable for decentralized fuel production in remote or off-grid regions. While still in 

the developmental stage, advances in semiconductor design, surface modification, and 

co-catalyst integration continue to improve the efficiency and stability of photocatalytic 

materials. As such, photocatalysis represents a promising and potentially transformative 

pathway for solar energy utilization, particularly in applications where fuel generation 

and energy storage are essential. 

1.2.3 Photocatalytic water splitting 

In response to the need for both energy conversion and storage, photocatalysis has 

emerged as a promising approach for direct solar energy utilisation.67-80 In a 

photocatalytic system, a semiconductor material absorbs sunlight and uses the resulting 

charge carriers to drive chemical reactions at the surface. This enables the direct 

conversion of solar energy into chemical fuels that can be stored and used when needed, 

without relying on separate electrical infrastructure. Among the most extensively 

studied, photocatalytic processes are the splitting of water to produce hydrogen,81-85 and 

the reduction of carbon dioxide to form energy-rich products such as methanol,86-88 

methane,89-91 or formic acid.92-94 These reactions not only provide a route to generate 

clean, carbon-neutral fuels, but also offer the potential to contribute to climate change 

mitigation by incorporating carbon dioxide as a feedstock. As a result, photocatalysis 

represents a distinct and potentially valuable approach to solar energy utilisation, 

especially in applications where fuel production and energy storage are required in an 

integrated process.  

Photocatalytic water splitting is a widely studied method for converting solar energy 

into chemical energy in the form of hydrogen gas. This process relies on a 

semiconductor material to absorb sunlight and drive the decomposition of water into 

hydrogen (H2) and oxygen (O2).
81-85,95-97 The overall reaction is composed of two 

electrochemical half-reactions: the oxygen evolution reaction (OER) at the anode and 

the hydrogen evolution reaction (HER) at the cathode, expressed as follows: 

 /%2ȡς(/ᴼ/ τ( τὩ  (1-2-1) 

 (%2ȡτ( τὩ ᴼς(  (1-2-2) 

The overall water splitting reaction is therefore: 

 ς(/ᴼ/ ς(  (1-2-3) 
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This reaction is thermodynamically non-spontaneous under standard conditions, 

requiring an input of free energy (ЎὋ ςσχȢρσ Ë*ȾÍÏÌ), equivalent to 1.23 Å6 per 

electron.  

In photocatalytic water splitting, a semiconductor material absorbs photons with energy 

equal to or greater than its bandgap, resulting in the excitation of electrons from the 

valence band to the conduction band and the formation of electronïhole pairs. For the 

overall reaction to proceed efficiently, these charge carriers must migrate to the surface 

of the material before recombining. At the surface, the photogenerated electrons 

participate in the hydrogen evolution reaction, where protons are reduced to form 

hydrogen gas, while the holes drive the oxygen evolution reaction by oxidising water 

molecules to produce oxygen. To ensure that both half-reactions can occur, the band 

structure of the photocatalyst must meet specific thermodynamic requirements. The 

conduction band minimum should be positioned more negative than 0 V versus the 

normal hydrogen electrode (NHE) to allow for proton reduction, and the valence band 

maximum should be more positive than +1.23 V versus NHE to enable water 

oxidation.81-85,95-97 Although the theoretical minimum bandgap for water splitting is 

1.23 eV, a slightly wider bandgap, typically around 2.0 eV, is preferred in practice to 

accommodate kinetic overpotentials and to utilise visible light more effectively. The 

alignment of band edge positions with the redox potentials of water, combined with 

sufficient light absorption and efficient charge transport, is essential for achieving 

effective photocatalytic performance. 

1.2.4 Semiconductor materials for photocatalytic water splitting 

The overall efficiency of photocatalytic water splitting is determined by a combination 

of factors, including the optical absorption of the semiconductor, the dynamics of 

charge carrier separation and transport, and the kinetics of surface redox reactions.81-85 

A wide range of metal oxide semiconductors have been investigated for this purpose. 

Among them, titanium dioxide (TiO2)
98-100 has been one of the most extensively studied 

materials due to its chemical stability, low cost, and non-toxicity. However, its wide 

bandgap (~3.2 eV) limits absorption to the ultraviolet region, which accounts for only 

a small fraction of the solar spectrum. Efforts to enhance its visible-light response 

through doping or heterojunction formation have shown some success, although charge 

recombination remains a significant limitation. Hematite (Ŭ-Fe2O3),
101-103 with a 

narrower bandgap (~2.1 eV), enables visible light absorption and is composed of earth-
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abundant elements. Nevertheless, it suffers from poor electrical conductivity and a short 

hole diffusion length, both of which result in high recombination rates. Tungsten 

trioxide (WO3),
104-106 another visible-light-active material with a bandgap of 

approximately 2.6ï2.8 eV, exhibits good stability under acidic conditions and a 

favourable valence band position for water oxidation. However, its conduction band 

lies below the hydrogen evolution potential, requiring co-catalysts or heterojunctions 

to complete the water splitting process. Zinc oxide (ZnO)107-109 shares many properties 

with TiO2, including a similar bandgap and good electron mobility, but it is less stable 

under irradiation and is prone to photo corrosion, limiting its practical application. In 

contrast, ternary metal oxides have attracted attention for their improved optoelectronic 

properties. For example, bismuth vanadate (BiVO4)
110-112 has a suitable bandgap (~2.4 

eV) and band positions conducive to water oxidation. However, its low charge carrier 

mobility and rapid recombination reduce its photocatalytic efficiency.  

1.3 Copper tungstate 

Copper tungstate (CuWO4)
113-121 has emerged as a promising photocatalyst due to its 

visible-light bandgap (~2.2 eV), appropriate band alignment for overall water splitting, 

and chemical stability under neutral and slightly acidic conditions. In this section, we 

provide an overview of the crystal structure, as well as the magnetic and electrical 

properties of CuWO4. Additionally, we will discuss its advantages, applications and 

challenges in photocatalytic water splitting. 

1.3.1 Crystal structure 

Research into CuWO4 has continued for nearly sixty years since 1960s by Larks 

Kihlborg and Elizabeth Gebert.122 CuWO4 crystallizes in a triclinic structure with the 

space group 0 , forming a distorted wolframite-type lattice. The unit-cell parameters 

reported by Pankaj Raizada et al.115 are a = 4.706 ᴠ, b = 5.843 ᴠ, c = 4.883 ᴠ, with 

angles ‌ ωρȢφχχ , ‍ ωςȢτφω , and ‎ ψςȢψπυ , and a unit cell volume of 

ρσςȢχσ ᴠ, see Figure 1-3-1. The structure consists of edge-sharing CuO6 and WO6 

octahedra, forming an oxygen framework with a pseudo-hexagonal arrangement. 

Copper atoms (Cu2+) are coordinated by six oxygen atoms (O2-), four of which form a 

square planar configuration, while the remaining two are positioned at a longer distance, 

creating a Jahn-Teller distorted elongated octahedron.114,115 The Cu-O bond length is 
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estimated from 1.807 ᴠ to 2.075 ᴠ. The tungsten atoms (W ) are located within slightly 

distorted octahedral coordination, with WïO bond lengths ranging from 1.788 to 2.118 

¡,122,123 closely resembling the monoclinic wolframite structure. Unlike typical 

wolframite phases, CuWO4 exhibits a shear displacement in the oxygen layers, which 

destroys the twofold symmetry and contributes to the deviation of the ɔ angle from 

90Á.122,123 Despite initial concerns about oxygen deficiency, structural refinement and 

density measurements indicate a stoichiometric CuWO4 composition. The unique 

distortions in CuWO4 arise from copperôs electronic configuration, leading to 

anisotropic thermal vibrations and structural deviations from the ideal wolframite 

framework.124,125 

 

Figure 1-3-1. schematic illustration of a triclinic CuWO4 unit cell indicating the 

distorted octahedral CuO6 and WO6 clusters.
115 

 

It is worth noting that J.Ruiz-Fuertesôs group123 confirmed the triclinic nature of 

CuWO4 with slightly different lattice parameters (a = 4.709 ᴠ, b = 5.845 ᴠ, c = 4.884 

ᴠ ) with Raman spectroscopy and optical absorption studies. It also suggested that 

CuWO4 may transition to a wolframite-type structure beyond 21 '0Á, reinforcing the 

idea that structural distortions and electronic properties are highly pressure-dependent. 

1.3.2 Magnetic and electric properties 

Copper tungstate is widely recognised as an antiferromagnetic semiconductor, with a 

N®el temperature of approximately 23 K and an experimentally reported indirect band 

gap in the range of 2.1 to 2.3 Å6.126-132 The antiferromagnetic ordering originates from 

the Cu2+ (3d9) electronic configuration, which gives rise to local magnetic moments on 
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the copper sites. These moments are coupled through super-exchange interactions along 

CuïOïWïOïCu pathways. In addition, the JahnïTeller distortion of the CuO6 

octahedra contributes to the anisotropy observed in the magnetic exchange interactions. 

From an electronic structure perspective, the valence band is primarily composed of O 

2p orbitals hybridised with Cu 3d states, while the conduction band is largely formed 

by W 5d orbitals.127,129-131 

Although these features are generally well established experimentally,126,128 

computational studies have reported considerable variation in the predicted electronic 

and magnetic properties of CuWO4.
127,129-131 These discrepancies are mainly attributed 

to differences in the treatment of electron correlation, particularly within the Cu 3d 

states. Standard density functional theory (DFT) approaches such as the local density 

approximation (LDA) and the generalized gradient approximation (GGA) significantly 

underestimate the band gap,133 often yielding values as low as 0.5 Å6 .129,134 This 

underestimation arises from the well-known self-interaction error in these functionals, 

which leads to an inaccurate description of the strongly correlated Cu 3d electrons. 

To improve the accuracy of the electronic structure, the LDA + U127,135 and GGA + U 

136 methods introduce an on-site Coulomb correction (U) to account for electron 

localisation, resulting in band gap estimates typically around 1.5 Å6. However, these 

values remain sensitive to the choice of U parameter and may still deviate from 

experimental observations. The modified BeckeïJohnson (mBJ)135 potential has been 

shown to provide a better description of the conduction band, predicting a band gap of 

approximately 2.09 Å6 , which aligns more closely with experimental data. Hybrid 

functionals such as HSE06130,137 and PBE0,138 which incorporate a portion of exact 

exchange, offer further improvements by reducing self-interaction errors. Nevertheless, 

the predicted band gap using hybrid functionals depends strongly on the fraction of 

exact exchange (‌), which is often selected empirically. Depending on the chosen ‌ 

value, reported band gaps range from 1.5 to over 4.0 Å6 . More recently, dielectric-

dependent hybrid functional131 approaches have been employed to determine Ŭ self-

consistently, yielding a calculated band gap of 2.08 Å6, in excellent agreement with 

experimental measurements. 

In addition to variations in the predicted band structure, computational studies have 

shown that different methods result in significantly different treatments of point defects, 
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particularly oxygen vacancies.131,139 These vacancies play an important role in 

modulating the magnetic and electronic properties of CuWO4. At high vacancy 

concentrations, the material can undergo a transition from an antiferromagnetic to a 

diamagnetic state, driven by the reduction of Cu2+ to Cu+. At lower concentrations, 

antiferromagnetic ordering is generally preserved, though the local electronic structure 

is modified by the presence of defect states. Furthermore, the calculated formation 

energies of oxygen vacancies vary considerably depending on the choice of exchangeï

correlation functional.131 In general, hybrid functionals tend to predict higher formation 

energies than LDA + U methods. These differences highlight the limitations of 

conventional DFT approaches for treating strongly correlated systems and point to the 

need for more advanced theoretical frameworksðsuch as the GW approximation140 or 

dynamical mean-field theory (DMFT)141ðto accurately describe the electronic and 

magnetic behaviour of CuWO4. 

1.3.3 Catalytic potential and limitations 

Among the various metal oxides studied for photocatalytic applications, copper 

tungstate has emerged as a promising material for both water splitting and the 

degradation of organic pollutants. Compared to more commonly used binary oxides 

such as TiO2
98-100 and WO3

104-106, which are mainly active under ultraviolet light due to 

their wide bandgaps, CuWO4 has a narrower bandgap of approximately 2.1ï2.3 

eV.113,114 This allows it to absorb a larger portion of the visible spectrum, which is 

essential for efficient solar energy utilisation. In contrast to Fe2O3,
101-103 which also 

absorbs visible light but suffers from low conductivity and short charge carrier diffusion 

lengths, CuWO4 shows improved charge transport properties.
142 These features 

contribute to more effective separation and migration of photoexcited charge carriers, 

helping to reduce recombination losses and enhance photocatalytic performance. 

CuWO4 also offers good chemical stability under neutral and mildly acidic 

conditions,143 which is an advantage over materials such as ZnO107-109,144 that are prone 

to photo corrosion. Its structural robustness is partly attributed to the strong covalency 

of CuïO bonds, which helps maintain stability during photocatalytic operation. As a 

ternary oxide, CuWO4 possesses a more complex electronic structure than typical 

binary oxides, which may further assist in charge separation and interfacial charge 

transfer.145 While other ternary materials such as BiVO4
110-112 and Bi2WO6

146,147 have 

also shown potential for visible-light photocatalysis, they often require additional 



27 

 

surface modification or heterojunction design to overcome limitations in carrier 

mobility or stability. In comparison, CuWO4 offers a well-balanced set of propertiesð

including visible light absorption, charge transport, and chemical durabilityðthat make 

it a strong candidate for further investigation in solar-driven catalytic applications.  

Despite its favourable light absorption and chemical stability, CuWO4 faces several 

limitations that hinder its overall photocatalytic performance. One of the primary 

challenges is its relatively low charge carrier mobility and high electronïhole 

recombination rate.148-150 These issues are largely attributed to the localized character 

of the Cu 3d orbitals, which restrict efficient charge transport across the material.150 As 

a result, photogenerated carriers often recombine before participating in surface 

reactions, thereby reducing the overall catalytic efficiency. Another important limitation 

is the position of the conduction band edge, which lies close to or above the hydrogen 

evolution potential. This makes CuWO4 less effective for driving the hydrogen 

evolution reaction without additional modification. 

To overcome these drawbacks, several strategies have been proposed. One common 

approach is the formation of heterojunctions with other semiconductors, such as 

WO145,151 and BiVO4.
152 These combinations facilitate spatial separation of 

photogenerated electrons and holes, thereby suppressing recombination and enhancing 

charge carrier dynamics. Additionally, the use of co-catalysts has been shown to 

significantly improve surface reaction kinetics. Noble metals such as platinum (Pt)153, 

and silver (Ag)154, are often employed due to their excellent electrical conductivity and 

catalytic activity. These modifications provide viable pathways to address the intrinsic 

limitations of CuWO4, making it a more effective photocatalyst for solar-driven 

chemical transformations.  

1.4 Objective of the thesis 

Copper tungstate has been recognised for its promising photocatalytic properties, 

particularly in applications related to water splitting. While its bulk structural, 

electronic, and magnetic characteristics have been the subject of numerous studies, the 

surface properties that govern its catalytic behaviour remain less well understood. In 

particular, key aspects such as the redox activity of CuWO4 surfaces under varying 

environmental conditions, the adsorption and dissociation of water molecules, and the 
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mechanistic pathways involved in surface-driven water splitting reactions have not 

been thoroughly investigated. A more detailed understanding of these processes is 

essential for assessing the photocatalytic potential of CuWO4 and guiding future 

material design strategies. 

The primary aim of this thesis is to provide a systematic theoretical investigation of the 

surface chemistry of CuWO4, with a focus on its redox behaviour and catalytic function 

under conditions relevant to water splitting. Using density functional theory (DFT) 

calculations, the work examines the thermodynamic stability, electronic structure, and 

redox properties of low-index CuWO4 surfaces. Particular attention is given to the 

interaction of water with the surface, including adsorption modes and dissociation 

behaviour, and to the elementary steps involved in the overall water splitting process. 

These investigations seek to clarify the influence of surface structure and defect 

chemistry on catalytic activity, and to identify the factors that limit or enhance reaction 

efficiency. 

The computational methods employed in this study are described in Chapter 2. Chapter 

3 analyses the redox properties and electronic structures of selected low Miller index 

surfaces. Chapter 4 investigates the adsorption and dissociation of water molecules on 

both stoichiometric and reduced CuWO4 surfaces. Chapter 5 explores the reaction 

mechanism of water splitting on the CuWO4 surface, including the role of surface 

oxygen vacancies and environmental conditions. Together, these studies aim to advance 

the fundamental understanding of CuWO4 surface reactivity and provide insights 

relevant to the design of efficient photocatalytic materials for solar fuel generation. 
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Chapter 2. Computational method 

2.1 Introduction 

In this chapter, we outline the theoretical framework, methods, and tools used for the 

materials modelling and analysis presented in this thesis. The study relies on first-

principles calculations based on spin-polarized density functional theory (DFT), 

performed using the Vienna Ab initio Simulation Package (VASP).155-157 These 

computational methods provide the foundation for investigating the electronic structure, 

geometry, and properties of the studied systems. 

We begin by introducing the time-independent, non-relativistic Schrºdinger equation 

and the Born-Oppenheimer approximation,158 which together provide a framework for 

describing chemical systems with many nuclei and electrons. Building on this, we 

present the Hohenberg-Kohn theorems159 and the Kohn-Sham equations,160 which form 

the basis of DFT. The chapter also explores three key levels of approximation for the 

exchange-correlation term in the Kohn-Sham equations: the Local Density 

Approximation (LDA),161 Generalized Gradient Approximation (GGA),162 and Meta-

GGA.163-165 To address some limitations of standard DFT, we discuss two commonly 

applied corrections: the DFT+U method,166 which improves the description of strongly 

correlated systems,167 and hybrid functionals,168,169 which incorporate exact exchange 

for better accuracy. Simplifications for periodic systems, including the use of plane-

wave basis sets and pseudopotentials, are also introduced to reduce computational 

complexity while retaining accuracy. Additionally, we describe the DFT-D3 approach 

to account for dispersion interactions,170 such as van der Waals forces, which are often 

inadequately captured by standard DFT. The chapter also outlines the methods used for 

geometry optimization, including the Steepest Descent and Conjugate Gradient 

algorithms,171,172 and methods to overcome the influence of the Pulay stress.173,174 

Additionally, the method to generate the transition state between intermediates of a 

reaction has also been introduced.175,176 Finally, we describe the techniques used to 

characterize the optimized geometries.177-179 These include vibrational frequency 

analysis,180-183 density of states (DOS),184 and Bader charge analysis.185,186 By 

combining these theoretical concepts and computational techniques, this chapter 
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provides a comprehensive overview of the tools employed in this thesis to model and 

analyse the properties of materials. 

2.2 The Schrºdinger equation 

The electronic structure of a chemical system can be described in terms of ὓ nuclei and 

ὔ electrons. The interactions among these ὓ ὔ particles are described by the non-

relativistic, time-independent Schrºdinger equation: 
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  (2-2-1) 

where Ὁ and   represent the energy and wavefunction, respectively. The terms within 

the operator on the right side are, in this order, the kinetic energy of electrons, the kinetic 

energy of nuclei, the Coulomb attractions between electrons and nuclei, the Coulomb 

repulsion between electrons and the Coulomb repulsion between nuclei, respectively. 

ὶ, ὶ, and Ὑ  denotes the distance between  Ὥ electron and ὃ  nucleus, between 

the Ὥ and Ὦ electron, and between the ὃ  and ὄ  nucleus, respectively. In principle, 

all physicochemical properties of the system can be determined by solving this equation. 

However, due to the complexity arising from the many-body interactions, exact 

solutions are only feasible for the hydrogen atom and other hydrogen-like systems. 

To make the problem tractable, the BornïOppenheimer approximation is typically 

applied. This approach decouples electronic and nuclear motion by treating the nuclei 

as stationary, which is justified by the significant mass difference between nuclei and 

electrons (e.g., a proton is approximately 1836 times heavier than an electron). Under 

this approximation, the nuclear kinetic energy is neglected, and the nuclearïnuclear 

repulsion is treated as a constant. The simplified equation becomes: 

 Ὁ  В ᶯ В В В В   (2-2-2) 

While this approximation significantly reduces the complexity, solving the equation for 

systems with multiple electrons remains computationally challenging due to electronï

electron repulsion. The HartreeïFock (HF) method addresses this by approximating the 
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many-electron problem as a set of one-electron equations, where each electron moves 

in an average potential generated by the others. However, HF inherently neglects 

electron correlation between electrons with opposite spins and thus does not capture the 

full correlation energy. 

To overcome these limitations, various post-HartreeïFock methods (e.g., Mßllerï

Plesset perturbation theory, coupled cluster methods) have been developed, offering 

improved accuracy at the cost of significantly increased computational demand. In 

contrast, density functional theory (DFT) has emerged as a widely adopted alternative, 

offering a balanced trade-off between computational efficiency and accuracy. DFT 

incorporates exchange-correlation effects more comprehensively and is thus especially 

suited for large systems and materials modelling. 

2.3 Density functional theory 

2.3.1 The Hohenberg-Kohn theorem 

In 1964, Hohenberg and Kohn formulated two fundamental theorems that established 

electron density as the central quantity in describing the ground-state properties of 

many-electron systems.159 These theorems provided the theoretical foundation for 

density functional theory (DFT) and built upon earlier work by Thomas and 

Fermi.187,188  

The first Hohenberg-Kohn theorem states that, for a system composed of an arbitrary 

number of electrons and nuclei, the ground state electron density ὲὶ  uniquely 

determines the external potential ὺὶ , apart from an additive constant. Since the 

external potential ὺὶ determines the Hamiltonian, it follows that all properties of the 

system are uniquely determined by the electron density ὲὶ.  

The proof for the first Hohenberg-Kohn theorem is carried out by reductio ad absurdum. 

For a collection of an arbitrary number of electrons, enclosed in a large box and moving 

under the influence of an external potential ὺὶ, the Hamiltonian is defined as: 

 Ὄ Ὕ Ὗ ὠ (2-3-1) 

where the first term is the kinetic energy, the second term represents electron-electron 

interactions, and the third term describes the interactions of electrons with nuclei and 

external potential. Those terms can be expressed separately as: 
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 Ὕ ᷿ɳ ‪ᶻὶ ‪ɳὶὨὶ (2-3-2) 

 Ὗ
ȿ᷿ ȿ

‪ᶻὶ‪ᶻὶ‪ὶ‪ὶὨὶὨὶ (2-3-3) 

 ὠ ὺ᷿ὶ‪ᶻὶ‪ὶὨὶ (2-3-4) 

The electronic density in the ground state ‪ is denoted by: 

 ὲὶḳ ‪ȟ‪ᶻὶ‪Ò‪  (2-3-5) 

Now, assume that two different external potentials, ὺὶ and  ὺ ὶ, lead to the same 

electron density ὲὶ. If the Hamiltonian and the ground state energy associated with 

‪ and ‪ by Ὄ, Ὄ, Ὁ and Ὁ, then 

 Ὁ ‪ȟὌᴂ‪ ‪ȟὌᴂ‪ ‪ȟὌ ὠ ὠ‪  (2-3-6) 

which simplifies to 

 Ὁ Ὁ ᷿ὺ ὶ ὺὶὲὶὨὶ (2-3-7) 

Similarly, by interchanging the primed and unprimed quantities, we obtain: 

 Ὁ Ὁ ᷿ὺὶ ὺ ὶὲὶὨὶ (2-3-8) 

Adding these two inequalities results in a contradiction: 

 Ὁ Ὁ Ὁ Ὁ (2-3-9) 

This contradiction implies that ὺὶ  must be uniquely determined by ὲὶ . 

Consequently, the Hamiltonian is also uniquely determined, meaning that all ground-

state properties are functionals of ὲὶ . This establishes electron density as the 

fundamental variable in quantum mechanics. 

While the first theorem establishes that all ground-state properties can be expressed in 

terms of electron density, the second Hohenberg-Kohn theorem states that the electron 

density obeys a variational principle. Specifically, for a given external potential ὺὶ, 

the correct ground-state electron density is the one that minimizes the total energy 

functional.  

Since the kinetic energy Ὕ and electron-electron interaction energy Ὗ are functionals of 

ὲὶ, we define a universal functional Ὂὲ, which remains valid for any number of 

particles and any external potential: 

 Ὂὲḳ ‪ȟὝ Ὗ‪  (2-3-10) 
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Thus, the total energy functional for a given external potential ὺὶ can be expressed 

as: 

 Ὁ ὲḳ ὺ᷿ὶὲὶὨὶὊὲ (2-3-11) 

Clearly, Ὁ ὲ  achieves its minimum value at the correct ground-state density ὲὶ , 

restricted by the condition: 

 ὔὲḳ ὲ᷿ὶὨὶ ὔ (2-3-12) 

For a system contains ὔ particles, the energy functional associated with an alternative 

wavefunction ‪ is given by: 

 ꜡ ‪ ḳ ‪ȟὠ‪ ‪ȟὝ Ὗ‪  (2-3-13) 

which reaches its minimum at the correct ground-state wavefunction ‪ , under the 

condition that the number of electrons remains fixed. Specifically, if ‪ corresponds to 

the ground state of a different external potential ὺ ὶ, the combining (2-3-10) and (2-

3-13), leads to: 

 ꜡ ‪ ὺ᷿ὶὲ ὶὨὶὊὲ ꜡ ‪ ὺ᷿ὶὲὶὨὶὊὲ(2-3-14) 

Thus, the variational nature of Ὁ ὲ is established, demonstrating that the ground state 

energy is minimized at the correct electron density. However, the new approach still 

faced the challenge of solving electron-electron term in Hamiltonian in (2-3-2). 

2.3.2 Kohn-Sham equation 

In 1965, Kohn and Sham introduced a reformulation of DFT that allows for an accurate 

and computationally feasible description of interacting electron systems while 

incorporating exchange and correlation effects.160 Building on the Hohenberg-Kohn 

theorem, the Kohn-Sham (KS) method introduced a system of non-interacting electrons 

that move in an effective potential, while reproducing the exact ground-state density of 

the interacting system. The total energy functional in the Kohn-Sham framework is 

given by: 

 Ὁὲ Ὕὲ ὺ᷿ ὶὲὶὨὶὟὲ Ὁ ὲ (2-3-15) 

where Ὕὲ is the kinetic energy of the non-interacting electrons corresponding to the 

density ὲὶ, ὺ ὶ represents the external potential acting on the electrons, Ὗὲ is 

the Hartree energy, describing the classical electrostatic interaction between electrons, 

and Ὁ ὲ is the exchange-correlation energy, which accounts for many-body quantum 
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effects beyond the Hartree approximation. By mapping the original interacting electron 

system onto a non-interacting reference system, the KS approach significantly reduces 

computational complexity while preserving the exact ground state density, making it a 

cornerstone of modern electronic structure theory. 

The central result of the KS formulation is a set of one-electron equations: 

 
ᴐ
ᶯ ὺ ὶ ‪ ‭‪ ὶ (2-3-16) 

where ‪ are the KS orbitals, from which the total electron density is obtained as: 

 ὲὶ В ȿ‪ ὶȿ (2-3-17) 

ὺ ὶ is the effective potential, given by: 

 ὺ ὶ ὺ ὶ ὺ ὶ ὺ ὶ (2-3-18) 

Here,  ὺ ὶ
ȿ᷿ ȿ

Ὠὶ  and ὺ ὶ   represent the Hartree potential and 

exchange-correlation potential, respectively.  

 The solution of the KS equation is achieved through a self-consistent procedure: 

1. Initialize with an approximate electron density ὲ ὶ, 

2. Solve the KS equations to obtain the orbitals ‪ ὶ, 

3. Compute a new density ὲὶ Вȿ‪ ὶȿ, 

4. Update the effective potential ὺ ὶ , 

5. Repeat step 2-4 until the self-consistency is achieved, meaning the input and 

output densities converge within a specified threshold. 

This iterative approach ensures that the computed density is consistent with the 

effective potential. The KS equations represent a major advancement in DFT, 

transforming the complex many-electron problem into an effective single-particle 

problem while preserving the exact ground-state density. This formulation enables 

accurate electronic structure calculations across various domains, including solid-state 

physics, quantum chemistry, and materials science. However, the exact form of the 

exchange-correlation energy remains unknown and must be approximated using models 

such as the local density approximation (LDA)161 or generalized gradient 

approximation (GGA).162 
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2.3.3 Exchange-correlation energy approximation 

2.3.3.1 Local density approximation 

In the Local Density Approximation (LDA),161 the exchange-correlation term is 

approximated under the assumption that at every point ὶ , the system behaves as a 

locally uniform electron gas. The exchange-correlation functional can be described as : 

 Ὁ ὲ ὲ᷿ὶ‐ ὲὶ Ὠὶ (2-3-19) 

where ‐ ὲὶ   represents the exchange-correlation energy per electron in a 

homogeneous electron gas of density ὲ Ȣ The exchange-correlation potential, which 

enters the KS equation, is then given by: 

 ὠ ὶ ‐ ὲὶ ὲὶ  (2-3-20) 

The function ‐ ὲ is typically obtained from parameterized results of quantum Monte 

Carlo simulations of the uniform electron gas.  

While LDA provides a computationally efficient framework for practical DFT 

calculations, its assumption that the exchange-correlation energy density depends 

exclusively on the local electron density neglects nonlocal effects. As a result, LDA 

exhibits several limitations: it systematically underestimates equilibrium lattice 

constants, overestimates cohesive and binding energies, fails to accurately describe 

strongly correlated electron systems, and significantly underestimates the band gaps of 

semiconductors and insulators. 

2.3.3.2 Generalized Gradient Approximation 

To address some of the deficiencies of LDA, the Generalized Gradient Approximation 

(GGA)162 extends the exchange-correlation functional by incorporating the gradient of 

the electron density, thereby improving its accuracy. Unlike LDA, which assumes that 

the exchange-correlation energy per electron depends only on the local density, GGA 

introduces a dependence on the spatial variation of the density, allowing for a more 

refined description of inhomogeneous electron distributions.  

The exchange-correlation energy functional in GGA is defined as: 

 Ὁ ὲ Ὢ᷿ὲὶȟɳὲὶ Ὠὶ (2-3-21) 

where Ὢὲὶȟɳὲὶ  is a function that depends not only on local electron density ὲὶ, 
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as in LDA, but its gradient ὲɳὶ. The corresponding exchange-correlation potential is 

the obtained as: 

 ὠ ὶ   (2-3-22) 

GGA functionals are typically designed using empirical or semi-empirical constraints 

to satisfy known physical properties of the exact exchange-correlation energy. The 

exchange functional is often derived by modifying the local exchange energy density 

of the homogeneous electron gas: 

 Ὁ ὲ ὲ᷿ὶ‐ ὲὊ ίὨὶ (2-3-23) 

where Ὂ ί  is an enhanced factor that depends on the reduced density gradient ί , 

defined as: 

 ί
ȿɳ ȿ
ȟὯ σ“ὲ ϳ  (2-3-24) 

The correlation functional in GGA is typically parameterized using data from quantum 

Monte Carlo simulations of the homogeneous electron gas. Among the widely used 

GGA functionals, the Perdew-Wang 1991 (PW91)189 and Perdew-Burke-Ernzerhof 

(PBE)190 functionals have become standard choices, with PBE being particularly 

popular in modern DFT calculations. 

GGA offers several key improvements over LDA by incorporating nonlocal effects 

through the density gradient, including more accurate structural predictions, improved 

description of molecular binding energies, better treatment of weak interactions, 

enhanced description of transition metal compounds, and improved band gap 

estimation. Despite these improvements, GGA still exhibits certain limitations. In 

particular, it struggles to accurately describe strongly correlated electron systems, 

where more advanced approaches such as DFT+U166 or hybrid functionals191,192 are 

often required. 

2.3.3.3 Meta-Generalized Gradient Approximation 

The Meta-Generalized Gradient Approximation (Meta-GGA)193 is a further 

improvement of the GGA in DFT. While the LDA depends solely on the electron 

density and GGA incorporates its gradient, Meta-GGA extends this framework by 

additionally including the kinetic energy density or the Laplacian of the density. The 

inclusion of this additional degree of freedom allows for a more accurate description of 
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electron correlation effects, particularly in systems where GGA functionals remain 

inadequate.  

The exchange-correlation energy functional in Meta-GGA is defined as: 

 Ὁ ὲ Ὢ᷿ὲὶȟɳὲὶȟ†ὶ Ὠὶ (2-3-25) 

where †ὶ Вȿɳ‪ȿ is the kinetic energy density, computed from the KS orbitals. 

This functional form extends GGA by introducing explicit dependence on the kinetic 

energy density, which allows for a more accurate description of inhomogeneous 

electronic environments. The corresponding exchange-correlation potential is given by: 

 ὠ ὶ  (2-3-26) 

If the exchange functional in Meta-GGA is typically expressed as: 

 Ὁ ὲ ὲ᷿ὶ‐ ὲὊ ίȟ‌Ὠὶ (2-3-27) 

where ‌   is the dimensionless kinetic energy density parameter, †

σ“ ὲ  is the Thomas-Fermi kinetic energy density, and Ὂ ίȟ‌  is an 

enhancement factor incorporating both the density gradient and kinetic energy density. 

Since the dimensionless kinetic energy density parameter is a key factor, Meta-GGA 

functionals can more effectively differentiate between various bonding environments 

compared to GGA functionals. This results in a more accurate description of both 

structural and electronic properties, a better treatment of van der Waals and weak 

interactions, and enhanced performance of strongly correlated systems. However, 

limitations persist, such as the underestimation of the band gap in semiconductors and 

a strong dependence on kinetic energy, both of which remain unresolved.  

2.4 Corrections to DFT 

2.4.1 DFT+U method 

Standard DFT, particularly when using GGA and LDA, fails to correctly describe the 

strong correlated systems such as transition metal oxides and rare earth compounds. 

This failure arises because DFT tends to underestimate the electron localization in 

partially filled d- and f-electron systems, leading to incorrect band gap predictions and 

inaccurate magnetic properties. To address this issue, the DFT+U method introduces an 
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additional Hubbard-like term to correct the self-interaction errors in standard DFT and 

better describe electron correlations in localized orbitals.  

The idea of DFT+U method166 is to supplement the DFT functional with an additional 

Hubbard Ὗ correction, which explicitly accounts for on-site Coulomb interactions 

among localized electrons. The modified energy functional of DFT+U method is given 

by: 

 Ὁ Ὁ Ὁ Ὁ  (2-4-1) 

where Ὁ   is the standard energy functional of DFT, Ὁ  represents the Hubbard 

correction term, which introduces an explicit Coulomb interaction for localized orbitals, 

and Ὁ  is the double counting correction. Specifically, a common definition of the Ὁ 

term follows the simplified rotationally invariant form introduced by Dudarev: 

 Ὁ В В ὲ ὲ  (2-4-2) 

where Ὗ is the Hubbard parameter, which qualifies the strength of the on-site Coulomb 

interaction. ὐ  represents the Hundôs exchange parameter, which accounts for the 

exchange interactions among localized electrons. ὲ   is the occupation number of 

localized orbital ά with spin „. In many applications, a simplified approach assumes 

that Ὗ Ὗ ὐ  and normally J is neglected, which leads to a single-parameter 

correction. 

By incorporating an additional Hubbard-like correction, DFT+U method provides more 

accurate band gaps, magnetic moments, and electron localization, making it essential 

for studying strongly correlated materials like transition metal oxides and rare-earth 

compounds. 

2.4.2 Hybrid functional 

The Hybrid functional192,193 is an alternative class of solutions to deal with the self-

interaction error inherent in standard DFT and often yields significantly improved 

description for exchange-correlation term. They combine a fraction of exact exchange 

from HartreeïFock (HF) theory with the exchange and correlation terms from semi-

local or GGA, which can be generally denoted as: 

 Ὁ ὥὉ ρ ὥὉ Ὁ  (2-4-3) 

where Ὁ  and Ὁ  are the exchange energy and correlation term from a standard 
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DFT functional, respectively, and ὥ is the mixing parameter that addresses the fraction 

of the exact exchange, which typically lies in the range πȢς ὥ πȢςυ  for most 

common hybrid functionals. Ὁ  represents the exact (Hartree-Fock) exchange energy 

associated with Kohn-Sham (KS) orbital ‪, which is given by: 

 Ὁ В Ḁ‪ᶻὶ‪ ὶ
ȿ ȿȟ ‪ᶻὶ‪ ὶὨὶὨὶ (2-4-4) 

Typical hybrid functionals such as B3LYP,194 PBE0,195 and HSE06196 have been widely 

used to predict molecular reaction enthalpies in organic chemistry, estimate band gaps 

in semiconductors and metal oxides, and improve the description of catalysis and 

adsorption at interfaces. Compared to DFT+U, which is mainly suited for systems with 

localized d or f electrons, hybrid functionals can be applied to a broader range of 

materials. Moreover, while DFT+U often relies on semi-empirical fitting of the 

Hubbard parameter, hybrid functionals fix the fraction of exact exchange in which is 

more system dependent. However, hybrid functionals are typically more 

computationally expensive especially for large systems with respective to DFT+U 

method due to the exact exchange integrals in (2-3-4) is required. 

2.5 Basic set 

To solve the Kohn-Sham (KS) equations in practice, the KS orbitals ‪ ὶ must be 

represented using a suitable mathematical framework. This is achieved by expanding 

the orbitals as a linear combination of basic functions ‰ ὶȟ ×ÈÉÃÈ ÉÓ ÓÏ ÃÁÌÌÅÄ ÂÁÓÉÃ 

ÓÅÔȢ 4ÈÅ +3 ÅÑÕÁÔÉÏÎ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 ‪ ὶ В ὧ‰ ςȤυȤρ 

where ‪ is the Ὥ molecular orbital, ὧ are the coefficients for linear combination, ‰ 

is the Ὦ atomic orbitals, and ὔ represents the number of atomic orbitals. The primary 

goal is to determine the coefficients ὧ that minimize the total energy of the system, 

which satisfies: 

 π (2-5-2) 

However, an infinite number of basic functions would be required to represent the 

wavefunctions, which is computationally infeasible.  
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In periodic systems such as crystalline solids, the infinite nature of the system can be 

simplified using Bloch's theorem. This theorem allows the wavefunction ‪ ὶ of an 

electron to be expressed as: 

 ‪ ὶ Ὡ Ͻό ὶ (2-5-3) 

Here, Ὡ Ͻ is a plane wave, and ό ὶ is a function with the same periodicity as the 

crystal lattice. The periodic nature of ό ὶ guarantees that ό ὶ Ὕ ό ὶ, where 

Ὕ is a lattice translation vector.  

The periodical part ό ὶ from Bloch theorem can be further expanded using a Fourier 

series involving lattice vector Ὃ: 

 ό ὶ В ὧ Ὡ Ͻ (2-5-4) 

where ὧ  are the Fourier coefficients. Together with (2-5-3), the full wavefunction 

becomes: 

 ‪ ὶ В ὧ Ὡ Ͻ (2-5-5) 

This expression expresses the wavefunction as a superposition of plane waves indexed 

by Ὧ Ὃ , known as the plane-wave expression. In practical computations, the 

expansion is truncated by a kinetic energy cutoff: 

  Ὁ
ᴐ
ȿὯ Ὃȿ (2-5-6) 

This truncation balances computational efficiency with the accuracy needed for solving 

the KS equations in DFT. 

2.6 Pseudopotentials 

The pseudopotentials were developed aiming to reduce the complexity of the electron-

ion interactions. It replaces the true nuclear and core electron interactions with an 

approximate effective potential that acts only on the valence electrons.  

One of the most commonly used pseudopotentials in DFT is Norm-Conserving 

Pseudopotentials (NCPP).197 In the core region of an atom, the wavefunctions of core 

electrons oscillate rapidly due to the strong Coulomb potential. NCPP simplifies this by 

replacing the oscillating wavefunctions with smooth, node-free pseudo-wavefunctions 

that preserve the same total charge as the original all-electron wavefunctions. However, 
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achieving high accuracy with NCPP typically requires a larger basis set, which can 

increase computational costs. 

A more flexible approach is Ultrasoft Pseudopotentials (USPP).198 In this method, the 

charge of core electrons can change. This change is balanced by adding localized, atom-

centred augmentation charges, which reduce computational effort while keeping 

accuracy. 

The most robust pseudopotentials are Projector Augment-Wave (PAW) method,199-201 

introduced by Blºchl. PAW reconstructs the all-electron wavefunction by decomposing 

it into a smooth pseudo part and a correction term that accounts for the rapid oscillations 

near the nucleus, this can be expressed as: 

 ‪ἃ ‪ В ȿ‰ἃ ‰ ἂὴ‪  (2-6-1) 

where ȿ‪ἃ , ‪ , ȿ‰ἃ , and ‰   are true all-electron wavefunction, smooth pseudo 

wavefunction, the all-electron partial wave (solutions to the Schrºdinger equation for 

isolated atoms), and smooth pseudo-partial waves corresponding to ȿ‰ἃ, respectively. 

ὴ denotes the projector functions which satisfy orthogonality conditions ὴ‰  .‏

In this formulation, ‰  describes the smooth behaviour in the interstitial region, while 

the term ȿ‰ἃ ‰  captures the rapid oscillations near the atomic core.  

The total energy under the PAW framework can be written as: 

 Ὁὲ Ὁὲ ЎὉὲȟὲ (2-6-2) 

where Ὁὲ  is the energy functional evaluated using smooth pseudo-density ὲ

В‪ , and ЎὉὲȟὲ is a correction term which denotes the difference between all-

electron density ὲ and pseudo density ὲ.  

2.7 Dispersion interaction correction 

Pure DFT, especially functionals based on the LDA or GGA, cannot accurately describe 

dispersion interactions (van der Waals interactions) because they rely on local or semi-

local electron density information. To address this limitation, the DFT-D3 method202 

introduces an empirical correction term to the DFT total energy. The total energy is 

expressed as: 
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 Ὁ Ὁ Ὁ  (2-7-1) 

where Ὁ  is the energy obtained from a standard DFT calculation, and the dispersion 

energy Ὁ  computed as a pairwise sum of interatomic contributions: 

 Ὁ В В ȟ
ȟ Ὢ Ὑ  (2-7-2) 

Here, Ὑ is the distance between atoms Ὥ and Ὦ. ὅȟ are dispersion coefficients derived 

from atomic polarizabilities. These coefficients depend on the coordination number and 

bonding environment of the atoms. ί  are scaling factors determined by the chosen 

exchange-correlation functional and the dispersion order. Ὢ Ὑ   is the damping 

function that prevents overestimation of short-range interactions, which is typically 

expressed as: 

 Ὢ Ὑ ϳ  (2-7-3) 

where  Ὑ is a reference distance that depends on the atomic radii, Ὠ is a parameter 

controlling the steepness of the damping function.  

By incorporating environment-dependent dispersion coefficients, higher-order terms 

(ὲ φȟψ), and a refined damping function, it significantly improves the accuracy and 

applicability of DFT for systems dominated by dispersion interactions. 

2.8 Geometry optimization 

The geometry optimization is to minimize the total energy ὉὙ  of a system with 

respect to the position of the nuclei Ὑ, which is given by: 

 ÍÉÎὉὙ (2-8-1) 

The gradient of the energy function, Ὂ ὉɳὙ, represents the forces acting on the 

nuclei. The goal of the optimization is to find the equilibrium configuration where Ὂ

π. Two commonly used methods for geometry optimization are the Steepest descent 

algorithm and conjugate gradient algorithm.  

2.8.1 Steepest descent (SD) method 

The SD method203 is a gradient-based algorithm which updates the position the atomic 

positions by moving in the direction the negative gradient, corresponding to the 
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direction steepest  descent of the energy function.  

The algorithm starts with an initial guess for the atomic positions Ὑ, and calculate the 

gradient of the energy: 

 Ὂ ὉɳὙ  (2-8-2) 

At each step Ὧ, the positions are updated as: 

 Ὑ Ὑ ‌Ὂ (2-8-3) 

where ‌  is the step size and the force vector is defined as Ὂ ὉɳὙ  . The 

algorithm stops when ᴁὊᴁ falls below the predefined threshold. 

The SD method is simple and robust but often converges slowly, particularly on energy 

landscapes with narrow valleys or poorly scaled gradients. 

2.8.2 Conjugate gradient (CG) method 

The CG method204 improves upon steepest descent by ensuring that successive search 

directions are conjugate, avoiding redundant oscillations and accelerating convergence.  

The initial guess of the atomic position Ὑ  in CG method is the same with the SD 

method. The step size ‌ is obtain by the line search performed along the current search 

direction Ὠ : 

 ‌ ÁÒÇÍÉÎὉὙ ‌Ὠ  (2-8-4) 

The position and the gradient are then updated by: 

 Ὑ Ὑ ‌Ὂ (2-8-5) 

 Ὂ ὉɳὙ  (2-8-6) 

The new search direction Ὠ  is computed as s a combination of the new gradient and 

the previous search direction: 

 Ὠ Ὂ ‍Ὠ (2-8-7) 

where ‍  is scalar coefficient that ensure conjugacy. A common choice is Fletcher-

Reeves formula: 

 ‍
ᴁ ᴁ

ᴁ ᴁ
 (2-8-8) 

The algorithm terminates when ᴁὊ ᴁ is below the threshold. As a result, CG is the 
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preferred method in most modern DFT geometry optimizations, and therefore we 

applied in the following chapters.  

2.8.3 Pulay stress 

In DFT, the basis set depends on the shape or volume of the simulation cell. Apply an 

incomplete basic set to describe the electronic wavefunction arising an artificial force, 

leading to an incorrect stress on the simulation cell, which is so called Pulay stress.173,174 

It results in the inaccurate of the optimized geometry and incorrect of the calculated 

total energy and derived properties. Handling the Pulay stress properly is essential for 

accurate and reliable geometry optimisation, especially in variable-cell relaxation or 

high-pressure studies. 

To mitigate the influence of Pulay stress, a ḐσπϷ larger of kinetic energy cutoff (Ὁ ) 

is required to guarantee the energy, forces, and the stress tensor is converged within a 

desire accuracy. By increasing the Ὁ , the basis set becomes more complete, and the 

dependency of the basis set on the cell parameters decreases. An alternative way to deal 

with Pulay stress is applying consistent basic set, where only the ion coordinate and the 

cell shape are allowed to relax. By maintaining a fixed basis set throughout the 

optimization, Pulay stress can be avoided entirely. 

2.9 Transition state 

The transition state (TS)175,176 is a critical point on the potential energy surface (PES) 

that corresponds to a first-order saddle point. It represents the highest energy point 

along the minimum energy reaction path connecting reactants to products. The 

transition state defines the activation energy barrier that must be overcome for the 

reaction to occur, which plays a fundamental role in reaction kinetics and mechanisms. 

In this thesis, we apply the Climbing Image Nudged Elastic Band (CI-NEB) method177-

179 to calculate the transition state. method is employed to calculate the transition state. 

In this approach, the reaction pathway is discretized into a series of images (replicas of 

the system's geometry). These images are connected by spring forces, defined as: 

 Ὂ ὯὙ Ὑ ὯὙ Ὑ  (2-9-1) 

where Ὧ  is the spring constant, and Ὑ  is the atomic position of image Ὥ . The true 

physical force acting on each image is given by the negative gradient of the potential 
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energy: 

 Ὂ ὉɳὙ  (2-9-2) 

The forces are decomposed into components parallel and perpendicular to the reaction 

path †, aiming to align the images along the path and optimize the images toward the 

minimum energy pathway, respectively. The parallel (Ὂ
ȿȿ
 ) and perpendicular (Ὂ ) 

components are expressed as: 

 Ὂ᷆ ὉɳὙ Ͻ†† (2-9-3) 

 Ὂ  ὉɳὙ Ὂ᷆ (2-9-4) 

The climbing image, which corresponds to the image with the highest energy, is treated 

specially. For this image, the spring force is turned off, and the force is modified to 

maximize the energy along the reaction path, allowing it to converge to the transition 

state: 

 Ὂ ὉɳὙ ς ὉɳὙ Ͻ† †  (2-9-5) 

2.10 Analysis of the optimized geometry 

2.10.1 Vibrational frequency analysis 

Vibrational frequency analysis is an essential part of DFT studies.180-183 It helps verify 

whether a structure is a true minimum on the potential energy surface, shows how the 

structure of a molecule or intermediate changes during a reaction, aids in understanding 

adsorption and interaction mechanisms, provides validation against experimental data, 

and allows for the calculation of zero-point energy, entropy, and free energy corrections,  

which are essential for evaluating reaction energies and activation barriers. 

We calculated the vibrational frequencies for the isolated molecule and the reaction 

intermediates at each state along the reaction mechanism. The finite difference method 

was employed to compute the harmonic vibrational frequencies. This method involves 

displacing each atom in the system by a small amount (0.015 ᴠ in our study) to calculate 

the second derivative of the potential energy with respect to atomic positions, forming 

the Hessian matrix. These calculations were performed near the minimum of the 

potential energy well to ensure accurate harmonic vibrational modes. 

To align the calculated vibrational frequencies with experimental observations, we 
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accounted for the anharmonic nature of the potential energy surface. Experimental 

vibrational frequencies correspond to an anharmonic potential, while DFT typically 

produces harmonic frequencies. To address this difference, a scaling factor (‗ ) was 

applied to the harmonic frequencies. This scaling factor was determined using the 

following formula: 

 ‗ В ‫ ’ ȾВ ‫  (2-10-1) 

where ‫  is the Ὥ calculated harmonic vibrational frequency (in ÃÍ), and ’  

represents corresponding experimental fundamental frequency (in ÃÍ). 

2.10.2 Bader atomic charge 

Bader charge analysis is a computational method used to study charge distribution in 

materials by partitioning electronic density among atoms based on the zero-flux 

boundary condition. It provides insights into charge transfer, bonding, and chemical 

interactions within a system, making it valuable in density functional theory (DFT) 

studies, especially for surface and adsorption phenomena. In the thesis, the Bader 

atomic charge is carried out by the improved grid-based algorithm developed by 

Henkelman's group.185,186  

The Bader method is based on the zero-flux surface criterion. Electron density is 

divided into atomic basins such that: 

 ”ɳὶϽὲ π (2-10-2) 

where ”ὶ  is the electron density at position ὶ , which is calculated on a three-

dimensional grid by DFT, ὲ is the unit normal vector to the surface. Each grid point is 

assigned to a specific atom by following the gradient of ”ὶ. The algorithm traces the 

steepest ascent path from the grid point until it reaches a local maximum of ”ὶ, which 

corresponds to the atomic nucleus, and all grid points connected to this maximum 

define the atomic basin. After all grid points are assigned to their respective atomic 

basins, the total electron density within each basin is integrated to calculate the Bader 

charge: 

 ὗ ᷿”ὶὨὶ (2-10-3) 

where ɱ represents the volume of the atomic basin. In practice, numerical integration 

is performed over the assigned grid points.  
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2.10.3 Magnetic moment 

To evaluate the local magnetic properties, spin-polarized calculations were performed 

within the collinear spin approximation. The spin density was obtained on the same 

real-space grid as the total charge density and is defined as: 

 άὶ ”ᴻ ὶ ”Ȣ ὶ (2-10-4) 

where ”ᴻ ὶ  and ”Ȣ ὶ  represent the spin-up and spin-down charge densities, 

respectively. The magnetic moment associated with each atom, ὓ  , was then 

determined by integrating this spin density over the corresponding Bader basin ɱ: 

 ὓ ‘᷿ ”ᴻ ὶ ”Ȣ ὶὨὶ (2-10-5) 

where ‘ is the Bohr magneton, representing the magnetic moment of a single electron. 

The Bader partitioning was generated using the total charge density according to the 

zero-flux condition in ”ɳὶ, ensuring that each grid point is uniquely assigned to a 

specific atomic region. The total magnetization of the system was obtained by summing 

all atomic contributions. 

For copper in CuWO4, the nominal spin state depends on the oxidation state and d 

electron configuration. Cu(I) (3d10) is a closed shell species and thus expected to exhibit 

a negligible magnetic moment, while Cu(II) (3d9) contains one unpaired electron, 

giving a spin only moment of approximately 1 ‘ per atom. However, deviations from 

these ideal values can occur due to covalency, charge delocalization, or hybridization 

between Cu 3d, W 5d, and O 2p orbitals. 

2.10.4 Density of states 

In periodic solid systems with a large number of atoms, the individual discrete energy 

levels are so closely spaced that they form continuous energy bands. Density of States 

(DOS) plots provide a convenient way to characterize these energy bands by 

representing the number of electronic states available per unit cell at a given energy.184 

The DOS also contains information about the site-projected density of states (PDOS) 

and the spin-resolved components, such as the up (Ŭ) and down (ɓ) electronic states. 

The PDOS is particularly important for analysing the energy bands involved in 

chemical bonding. Changes in the intensity and position of the PDOS can reveal charge 

transfer and the nature of bonding, such as whether interactions are ionic or covalent. 



48 

 

Chapter 3. Exploring the redox properties of the 

low-Miller index surfaces of copper tungstate 

3.1 Introduction 

Understanding the surface structure and stability of semiconductor photocatalysts is 

essential for evaluating their reactivity and guiding material modifications. Although 

CuWO4 has been widely studied for its bulk electronic and photocatalytic properties,
113-

138 its surface-dependent behaviour under different environmental conditions remains 

less well explored. 

In this chapter, we use density functional theory (DFT) to examine the structural and 

electronic properties of the low-index surfaces of CuWO4. We evaluate the 

thermodynamic stability of various stoichiometric, non-polar, and symmetric surface 

terminations and investigate how surface reduction affects the energetics. Surface phase 

diagrams are constructed to explore the influence of temperature and gas composition 

on redox stability, with particular attention to environments relevant to photocatalysis. 

We also predict the equilibrium morphology of CuWO4 nanocrystals under different 

gas-phase conditions. This work provides a theoretical foundation for understanding 

the active surfaces of CuWO4 and their likely configurations under reaction-relevant 

conditions. 

3.2 Computational methods 

Here, we describe the computational set up used for the calculations and the creation of 

the bulk as well as the surface model. 

3.2.1 DFT calculations 

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

within the projector augmented wave (PAW) method.  We employed the Perdew-Burke-

Ernzerhof (PBE)190 functional to treat the exchangeïcorrelation energy and the 

projector augmented wave formalism199-201 to handle the core states of Cu:[Ar], W:[Xe], 

O:[He], and C:[He], as well as their interactions with the valence orbitals; the 1s state 

of the H atom was treated as valence. The D3 method with BeckeïJohnson damping 
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was used to model the longïrange Van der Waals interactions.202 Periodic plane wave 

basis sets were used to expand the Kohn-Sham valence states with a cutïoff energy of 

400 eV. All calculations were spin-polarised, with the magnetic moments set to a high 

spin antiferromagnetic alignment in the Cu atoms in the alternating layers along the 

[001] direction. The DFT+U method166 was used to account for the electronic self-

interaction and to improve the description of the electronic structure. The on-site 

Coulomb interaction205 term was tested between 3 and 10 eV for both Cu and W, and 

we found that when Ueff = 7.5 eV for Cu we obtain the best description of the lattice 

parameters and band gap of CuWO4 with respect to the experimental results. Our tests 

indicated that the U correction is not needed for the W atoms, as they lose all their d 

electrons upon formation of CuWO4. For the calculations of the bulk material, we used 

a triclinic primitive unit cell containing 12 atoms (Cu2W2O8), which was integrated in 

the reciprocal space with a regular ũ-centred 4Ĭ3Ĭ4 mesh of k-points.206 We used the 

conjugate gradients algorithm204 to fully relax all structures until the forces on each 

atom were less than 0.01 eV/  and the energy difference between consecutive selfï

consistent loop steps was below 1Ĭ10-6 eV. 

3.2.2 surface phase diagrams 

We have used the dipole method proposed by Tasker207 to construct the surface slab 

models for CuWO4. This method considers the crystal as a stack of planes and ensures 

that no dipole moment or surface charge exists perpendicular to the surface. The dipole 

method for polar solids considers three types of surfaces. In type 1, each plane has no 

net charge as they are composed of cations and anions in stoichiometric ratio, which 

makes the surface non-polar. In type 2, the dipole moment between charged planes is 

cancelled within the 3-layer symmetric stacking sequence containing an integer number 

of formula units. In type 3, there is a dipole moment perpendicular to the surface due 

to the non-symmetrical stacking of alternating charged planes forming an integer 

number of formula units. We reconstructed such terminations into non-polar surfaces 

by moving half of the ions with the same charge from the top to the bottom of the slabs. 

The dipole method also ensures that the electrical field vanishes within the surface slab, 

and the potential at each ion site becomes identical to the constant bulk value. 

We have modelled the isolated molecules, including O2 in the triplet state, H2, H2O, CO 

and CO2, in an 8Ĭ8Ĭ8 ᴠ periodic box, where only the ũ-point206 was sampled. 
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An improved grid-based algorithm was used to obtain the effective atomic Bader 

charges and the atomic magnetic moments.185,186 The work function, defined as the 

minimum thermodynamic energy required to remove one electron from the Fermi level 

(Ὁ ) at the CuWO4 surface to the vacuum level (Ὁ  ), was calculated using the 

following equation208: 

   Ὁ Ὁ (3-2-1) 

To create all seven surfaces, we employed the dipole method as implemented in the 

METADISE package.209 To model the pristine as well as the partially reduced and 

partially oxidised surfaces, we found that the surface energy converges when the bottom 

25% of the atomic layers were fixed at their relaxed bulk positions, whereas the rest of 

the atomic planes were allowed to relax to obtain a single relaxed surface. We 

introduced a 10  deep vacuum perpendicular to the surface to create a slab of material. 

To sample the Brillouin zone, we tested and applied different Monkhorst-Pack 

meshes206 of ũ-centred k-points, depending on the low-Miller index surface. For the 

(001), (011), and (110) surfaces, we used a τ σ ρ k-point mesh, while for the (101) 

and (111) surface we used a σ σ ρ k-point grid. The (010) surface was sampled 

using a τ τ ρ k-point mesh, whereas for the (100) surface we used a σ τ ρ k-

point mesh. The tetrahedron method with Blºchl corrections210 was used for the 

geometry optimisations and to obtain accurate energies of the bulk and surfaces. 

The surface energies of the slabs before (‎) and after (‎ relaxation was defined as208: 

 ‎  (3-2-2) 

 ‎ ‎ (3-2-3) 

where Ὁ, Ὁ, Ὁ represent the energies of the unrelaxed slab, half-relaxed slab, and one 

formula unit in the bulk, respectively, A represents the surface area and n is the number 

of formula units in the surface slab. The degree of relaxation was calculated as208: 

 Ὑ  (3-2-4) 

The relaxation of the interplanar distance was defined as208: 

 Ў  (3-2-5) 
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where Ὠ and Ὠ represent the distance between the topmost layer Ὥ and Ὦ Ὥ ρ in 

the relaxed surface model and bulk, respectively. 

3.3 Result and discussion 

3.3.1 Bulk properties of CuWO4 

The conventional triclinic unit cell of CuWO4, which contains two formula units, is 

shown in Figure 3-3-1. The Cu2+ and W6+ cations are surrounded by six O2- anions, 

forming the corner-shared CuO6 and WO6 octahedra. The Jahn-Teller effect breaks the 

Cu 3d Ὡ orbital degeneracy, resulting in the triclinic Pρ symmetry and distortion of the 

CuO6 octahedra. Due to the O sharing, the WO6 octahedra also undergo a slight 

distortion. We found in our optimised structure of the bulk that the cation-oxygen bond 

lengths range from 1.951 to 2.403 ¡ in the CuO6 octahedra and from 1.792 ¡ to 2.192 

¡ in WO6. Figure1 shows the four inequivalent O atoms within the unit cell of CuWO4. 

O1 and O2 are linked to two Cu2+ cations and a single W6+ cation, while O3 and O4 are 

connected to two W6+ cations and a single Cu2+ cation. 

 

Figure 3-3-1. Polyhedral model of the triclinic CuWO4 containing two formula units. 

The symmetrically inequivalent O atoms are labelled with numbers. Cu atoms are in 

blue, W atoms are in grey, and O atoms are in red. 

 

Table 3-3-1 summarises the structural, electronic, and magnetic properties of CuWO4. 

The calculated lattice parameters agree very well with the experimental data, with a 

deviation of only 1.5%.122 The atomic Bader charges for Cu, W, and O are calculated 

as 1.244, 2.895 and -1.035 ÅȾÁÔÏÍ, respectively, i.e. lower than the formal charges of 
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the ions which is usual in the Bader method. The calculated magnetic moment for Cu 

is 0.78 ‘ ÁÔÏÍ, which corresponds to a high-spin electronic configuration of Ὡὸ. 

This result is in good agreement with both experiments and previous computational 

estimates.123,126 We observed relatively small magnetic moments of 0.03 ‘ ÁÔÏÍ for 

O1 and O2, which can be explained by the hybridization between the Cu 3d and O 2p 

orbital, which enhances the magnetic moments of the anions. 

Table 3-3-1. Lattice parameters (a, b, and c), lattice angles (Ŭ, ɓ, and ɔ), atomic Bader 

charges (q), atomic magnetic moments (ά) for the bulk phase of CuWO4. 

Properties This work Previous works 

a 4.69 4.69122 

b 5.83 5.83122 

c 4.90 4.88122 

Ŭ 91.69 91.64122 

ɓ 92.22 92.41122 

ɔ 83.89 82.91122 

q(Cu) ( ὩȾÁÔÏÍ) 1.24 1.17123,126 

q(W) ( ὩȾÁÔÏÍ 2.90 2.90123,126 

q(O) ( ὩȾÁÔÏÍ Ĭ1.04 Ĭ1.37123,126 

ά (Cu) (‘ȾÁÔÏÍ 0.78 0.74127 

ά  (O) (‘ȾÁÔÏÍ 0.03 0.068127 

 

The density of states (DOS) of CuWO4 is shown in Figure 3-3-2. The valence band is 

mainly composed of O 2p states mixed with Cu 3d orbitals positioned between ī6.5 

and ī4 eV. The conduction band, which lies between 2.3 and 3.1 eV, mainly comprises 

Cu 3d states mixed with O 2p orbitals and W 5d levels. The on-site Coulomb repulsion 

separates the occupied from the empty Cu 3d-states, resulting in a bandgap of 2.3 eV, 

which agrees with previous studies.127-131 
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Figure 3-3-2. Projected density of states (PDOS) of the bulk phase of CuWO4, with 

the Fermi level indicated by a dashed line at 0 Å6 

 

3.3.2 Pristine surface of CuWO4 

We used METADISE to obtain the non-polar, symmetric and stochiometric 

terminations of the pristine CuWO4 surfaces. Based on the dipole model classification, 

we divided the surfaces into two groups, i.e. the Tasker type 1 (101) and Tasker type 2 

(001) and (010) facets, and the Tasker type 3 (011), (100), (110), and (111) facets. We 

have calculated the surface energy, atomic Bader charge, magnetic moment and work 

function for each slab and tabulated the results in Table 3-3-2. 

Table 3-3-2. Surface energy (‎), atomic Bader charge (ή), magnetic moment (ά), 

work function ( ), and relaxation (Ὑ) of the two possible non-polar symmetric and 

stoichiometric terminations of each pristine low-Miller index surface of CuWO4 
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Surface  Termination ‎(Å6Ⱦᴠ) 
ή( ÅȾÁÔÏÍ) ά (‘ȾÁÔÏÍ) 

  (Å6) Ὑ (%) 
Cu W O Cu W 

001 
(O2)1 0.073 1.25 2.28 -1.02 0.81 0.01 6.11 38 

(O2)2 0.065 1.23 2.81 -1.01 -0.77 0.01 6.80 64 

010 
CuO2 0.036 1.25 2.89 -1.03 -0.80 -0.01 6.95 33 

WO2 0.044 1.24 2.80 -1.01 0.75 0.01 8.27 66 

011 
WO2 0.098 1.20 2.78 -0.99 0.72 0.003 8.77 64 

CuO2 0.062 1.21 2.87 -1.02 0.77 0.02 6.51 41 

100 
Cu 0.068 1.17 2.88 -1.02 0.76 0.001 6.52 42 

W 0.195 1.20 2.53 -0.93 -0.69 0.58 6.80 39 

101 
(CuWO4)1 0.064 1.18 2.80 -1.00 0.57 -0.02 8.94 72 

(CuWO4)2 0.102 1.20 2.80 -1.00 -0.63 0.01 6.41 42 

110 
(CuWO4)1 0.069 1.21 2.81 -1.01 -0.65 0.01 8.19 64 

(CuWO4)2 0.058 1.25 2.84 -1.02 -0.79 0.001 6.56 54 

111 
Cu2W2O2 0.108 1.14 2.76 -0.97 -0.39 0.01 5.82 58 

O6 0.069 1.22 2.80 -1.00 -0.81 0.01 4.58 61 

Figure 3-3-3 displays the side views, alongside the stacking sequence and relaxation 

of the interplanar distances for the Tasker type 1 and 2 surfaces, i.e. the (101), (001) 

and (010) surfaces. 
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Figure 3-3-3. (Left and middle panels) Side views and (right panels) relaxation of the 

interplanar distances of the two possible non-polar, symmetric, and stoichiometric 

terminations for the Tasker type 1 (101) and Tasker type 2 (001), and (010) surfaces. 

Cu, W, and O atoms are represented in colours blue, grey, and red, respectively. The 

stacking sequence of each termination is shown alongside the side view.  

 

The (101) surface, which is Tasker type 1, has two non-polar symmetric terminations 

(CuWO4)1 and (CuWO4)2, which are constructed by (CuWO4) layers with slightly 

different structures, as depicted in Figure 3-3-3. Cu has two dangling bonds, and W has 

one dangling bond in the termination (CuWO4)1, whereas W has two dangling bonds, 

and Cu has one dangling bond in the termination (CuWO4)2. After relaxation, we found 
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that only the topmost Cu-W-O-1 layer is pulled 8.64% inwards to maintain the 

octahedral coordination in termination (CuWO4)2. For termination (CuWO4)1, the 

topmost Cu-W-O-2 layer moves 17.77% outwards to maintain the octahedral 

coordination. The sub-surface Cu-W-O-3 and Cu-W-O-4 planes are pulled 3.58% and 

1.25% towards the surface. The calculated atomic Bader charges and magnetic 

moments for the two non-polar terminations of the (101) surface is listed in Table 2. 

Our result suggests that the changes in the atomic Bader charges of the exposed atoms 

in both terminations are less than 0.01 ÅȾÁÔÏÍ after relaxation compared to their bulk 

counterpart, indicating that the ionic character of the material does not change at the 

(101) surface. For termination (CuWO4)1, the magnetic moments calculated for Cu and 

W were 0.57 and ī0.02 ‘ȾÁÔÏÍ, respectively. For termination (CuWO4)2, we found 

that the magnetic moment for Cu is only 0.06 ‘ȾÁÔÏÍ  larger than in termination 

(CuWO4)1, but aligned in the opposite direction, whereas W remains almost non-

magnetic. Although the work function obtained for termination (CuWO4)2 is 2.51 Å6 

smaller than for termination (CuWO4)1, the former is ignored in the following analysis 

due to its larger surface energy, which indicates lower stability.  

The (001) surface, which is Tasker type 2, has two non-polar and symmetric 

terminations (O2)1 and (O2)2, that are composed of alternating Cu-W and O layers with 

both under-coordinated Cu and W having a single dangling bond each, see Figure 3-3-

3. After relaxation, termination (O2)1 shows a 6.07% inward movement of the topmost 

negatively charged O-1 layer, which experiences Coulomb attraction to the positive 

sub-surface Cu-W-2 layer. We found that the following Cu-W-2 and O-3 layers move 

4.8% inwards and 24.4% outwards, respectively, due to the Coulomb attraction between 

them. The O-4 layer is pulled 6.6% inward because of the lower electrostatic attraction 

from the Cu-W-1 layer. For termination (O2)2, the topmost O-4 layer is pushed outwards 

by 35.6% to maintain the octahedral coordination. The following Cu-W-5 and O-6 

layers move 16.3% inwards and 8.1% outwards, respectively, due to the Coulomb 

attraction between these layers. The electronic properties of the (001) surface is 

summarised in Table 3-3-2. After relaxation of the (O2)1 termination, we found that the 

atomic Bader charges change by less than 0.1 ÅȾÁÔÏÍ for the under-coordinated Cu, 

W, and O, whereas the magnetic moments for the exposed Cu and W are 0.81 and 0.01 

‘ȾÁÔÏÍ, respectively. Our calculations suggest that the atomic Bader charges of Cu, 

W, and O do not change significantly after relaxation of the termination (O2)2. We found 
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that the magnetic moments for Cu and W sited in the topmost layer are ī0.77 and 0.007 

‘ȾÁÔÏÍ, respectively. Termination (O2)1 has a slightly lower work function (6.1 Å6) 

compared to termination (O2)2 (6.8 Å6), indicating that it requires less energy to remove 

the loosest held electron during photocatalysis. However, termination (O2)1 is not 

considered for further analysis due to its high relaxed surface energy, which indicates 

its lack of stability.  

The (010) surface, which is a Tasker type 2, also has two terminations, namely CuO2 

and WO2, that are constructed from alternating cation-oxygen mixed layers (CuO2) and 

(WO2), see Figure 3-3-3. Cu has two dangling bonds in termination CuO2, whereas W 

and Cu have one dangling bond each in termination WO2. In termination WO2, we 

found a large 20.18% outward relaxation and small 1% inward displacement for the 

topmost positively charged W-O-1 layer and the negatively charged Cu-O-2 sub-surface 

plane, respectively, in order to maintain the bulk octahedral coordination. After 

relaxation, the topmost negatively charged Cu-O-3 layer in termination CuO2 

undergoes a 9.63% inward relaxation to maintain its bulk octahedral coordination. The 

following positively charged W-O-4 layer is pushed by 2.02% towards the surface, due 

to the Coulomb attraction with the Cu-O-3 layer. The calculated atomic Bader charges 

and magnetic moments of the two possible non-polar terminations of the (010) surface 

is listed in Table 3-3-2. The atomic Bader charges for the exposed atoms in both 

terminations remain very similar compared to the bulk, suggesting that the ionic 

character of CuWO4 does not change at the (010) surface. We found that the magnetic 

moments for Cu, although oriented in opposite directions, is slightly larger in 

termination CuO2 than in termination WO2, whereas the magnetic moment for W is 

essentially the same. The calculated work function for terminations CuO2 and WO2 are 

6.945 and 8.266 Å6, respectively, which indicates that the former is more reactive than 

the latter and is able to provide more easily the electrons required for the photocatalytic 

processes. Thus, termination WO2 is not considered for further analysis due to its large 

surface energy and work function. 

The side views and the relaxation of the interplanar distances of the reconstructed (011), 

(100), (110), and (111) slabs, which are Tasker type 3 surfaces, are shown in Figure 3-

3-4. 
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Figure 3-3-4. (Left and middle panels)  Side views and (right panels) relaxation of the 

interplanar distances of the two possible reconstructed, non-polar, symmetric and 

stoichiometric terminations for the Tasker type 3 (011), (100), (110), and (111) 

surfaces. Cu, W, and O atoms are represented in colour blue, grey, and red, 
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respectively. The stacking sequence of each termination is shown alongside the side 

view. 

 

The (011) surface, which is a Tasker type 3, has two non-polar symmetric terminations 

W2O2 and Cu2O2, which are reconstructed by moving half of the O atoms from the 

topmost layer to the bottom of the slab, as depicted in Figure 3-3-4. Two terminations 

are possible due to the alternating stacking of the (W2O4) and (Cu2O4) layers along the 

[011] direction, characterised by exposed Cu and W atoms with three dangling bonds. 

We found that the topmost positively charged W-O-1 layer of termination W2O2 moves 

27.90% outwards during relaxation to keep its octahedral coordination. The sub-surface 

negatively charged Cu-O-2 layer moves by 14.80% towards the surface due to the small 

Coulomb attraction from the W-O-1 layer. In termination Cu2O2, the topmost negatively 

charged Cu-O-2 layer undergoes a 12.78% inward relaxation, as its atoms with dangling 

bonds aim to increase their coordination number. The following positively charged W-

O-3 layer moves by 4.01% towards the surface due to the Coulomb attraction from the 

Cu-O-2 layer above. The atomic Bader charges and magnetic moments for the two non-

polar terminations of the (011) surface is listed in Table 3-3-2. Our results suggest that 

the ionic character does not change noticeably for the (011) surface, since the 

differences in the atomic Bader charges between the exposed atoms on the topmost 

layer and the bulk are negligible. We found that the magnetic moments of Cu and W in 

termination Cu2O2 are slightly larger than in termination W2O2. The work function of 

termination Cu2O2 is 6.51 Å6, which is 2.26 Å6 smaller than in termination W2O2. Thus, 

termination Cu2O2 is selected for the following analyses, owing to its small surface 

energy and work function.  

The (100) surface, which is also a reconstructed Tasker type 3, has two non-polar 

terminations, i.e. Cu and W that are terminated by cation layers with three dangling 

bonds alternating with O layers, see Figure 3-3-4. For termination W, the topmost 

positively charged W-1 layer is pulled inwards by 36.60%, whereas the following 

negatively charged O-2 layer moves by 36.66% towards the surface in order to maintain 

the octahedral coordination of the atoms in the W-1 layer above. The following 

positively charged Cu-3 layer moves inwards by 3.41% due to a modest Coulomb 

attraction from the O-4 layer below. In termination Cu, the topmost positively charged 

Cu-3 layer suffers a 66.62% relaxation inwards owing to the Coulomb attraction from 
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the subsurface O-4 plane, which moves outwards by only 5.06%. The atomic Bader 

charges and magnetic moments for the two non-polar terminations of the (100) surface 

is listed in Table 3-3-2. The atomic Bader charges of the exposed atoms on both 

terminations only change by less than 0.01 ÅȾÁÔÏÍ during relaxation, suggesting that 

the ionic character does not change for the (100) surface with respect to the bulk. In 

termination Cu, the magnetic moment of Cu is 0.76 ‘ȾÁÔÏÍ, which is larger than the 

0.69 ‘ȾÁÔÏÍ in termination W. However, the magnetic moment of W in termination 

Cu is 0.001 ‘ȾÁÔÏÍ, indicating it to be non-magnetic, and smaller than in termination 

W. The work function of termination Cu is 6.52 Å6, which is 0.41 Å6 smaller than for 

termination W, suggesting that the former surface is slightly more reactive than the latter. 

Thus, termination W is not considered further in the following sections due to its larger 

surface energy and work function.  

The (110) surface, which is a Tasker type 3 surface, has two non-polar terminations 

(CuWO4)1 and (CuWO4)2, which are terminated by alternating (Cu2W2O8) and (CuWO4) 

layers, as shown in Figure 3-3-4. Our models indicate that the exposed Cu and W atoms 

have two dangling bonds each. In termination (CuWO4)2, the topmost Cu-W-O-1 layer 

moves outwards by 10.06% to keep the octahedral coordination of Cu and W, whereas 

the other planes changed their interplanar distances by less than 1%. As for termination 

(CuWO4)1, the topmost Cu-W-O-2 layer moves by 14.01% towards the surface to keep 

the octahedral coordination of the cations. The sub-surface Cu-W-O3 layer is pulled 

outwards by 11.80%, due to the Coulomb attraction from the Cu-W-O-2 layer above. 

The atomic Bader charges and magnetic moments of the two non-polar terminations of 

the (110) surface is listed in Table 3-3-2. Our results show that the atomic Bader charges 

of the two terminations change by less than 0.1 ÅȾÁÔÏÍ upon relaxation compared to 

the bulk, indicating that the ionic character does not change noticeably in the (110) 

surface. Our results suggest that the magnetic moment of Cu in termination (CuWO4)2, 

despite its orientation, is smaller than in termination (CuWO4)1 which is more magnetic. 

However, the magnetic moments of W, although oriented in opposite directions, are 

essentially the same. The work functions of terminations (CuWO4)1 and (CuWO4)2 are 

8.19 and 6.56 Å6 , respectively. Hence, termination (CuWO4)2 is not considered for 

further analysis due to its large surface energy and work function. 

The (111) surface has two non-polar terminations Cu2W2O2 and O6, that are terminated 

by the (Cu2W2O2) layer of mixed cations and the O layer, with three dangling bonds of 
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exposed Cu and W in the topmost layers of both terminations, see Figure 3-3-4. In 

termination Cu2W2O2, the negatively charged O-2 layer moves outwards by 22.14% to 

allow the cations of the Cu-W-O-1 layer to maintain the octahedral coordination of the 

bulk, which in turn are pulled in by 23.41%. The positively charged sub-surface Cu-W-

O-3 layer moves by 2.99% due to the lower Coulomb attraction from the O-2 layer. The 

negatively charged O-4 layer is pushed outwards by 4.46% due to the small Coulomb 

attraction from the Cu-W-O-3 layer above. In termination O6, we found that the topmost 

negatively charged O-2 layer moves slightly towards the bulk. However, the positively 

charged sub-surface Cu-W-O-3 layer undergoes a 20.80% outward relaxation to 

maintain the octahedral coordination of the cations in the bulk, by becoming closer to 

the topmost O-2 layer, which is pulled inwards by 39.38%. Due to the large Coulomb 

attraction from the Cu-W-O-3 layer, the O-4 moves by 20.98% towards the surface. The 

following positively charged Cu-W-O-5 layer is then pulled 4.28% outwards due to the 

Coulomb attraction from the O-4 layer above. The atomic Bader charges and magnetic 

moments of both non-polar terminations are listed in Table 3-3-2. Negligible changes 

in the atomic Bader charges of both terminations are observed after relaxation, 

suggesting that the ionic character does not change for the (111) surface. Regardless of 

the direction of orientation, the magnetic moment of Cu in termination O6 is larger than 

in termination Cu2W2O2. However, the magnetic moments of W in the two terminations 

are the same and negligible. The work function is 5.82 and 4.58 Å6  in terminations 

Cu2W2O2 and O6, respectively, which indicates that the anion-terminated surface is the 

more reactive. Thus, termination O6 is selected for the following analyses because of 

the relatively smaller surface energy and work function. 

3.3.3 Redox properties of CuWO4 

Here, we analyse the redox properties of the thermodynamically most stable 

terminations of each pristine surface. Oxygen atoms were sequentially added to the 

exposed cations with dangling bonds in each surface to simulate different degrees of 

oxidation, with the maximum number of oxygen atoms added corresponding to the 

number of the dangling bonds present on the surface. To simulate the partial reduction, 

oxygen atoms were selectively removed only from the topmost layer of each surface. 

The entire structure was fully relaxed for each degree of partial oxidation and reduction, 

and the atomic configuration with the lowest surface free energy was chosen to model 

the surface with the next coverage of O adatoms or O vacancies. The electronic 
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properties, including atomic Bader charges (ή) and magnetic moments (ά) for each 

oxygen coverage (ὅ) of the low-Miller index surfaces are presented in Table 3-3-3, 

whereas the surface free energy („), and work function (  are depicted in Figure 5. 

The surface free energy of the partially oxidized ( „  ) and partially reduced 

( „ ) surfaces at 0 K  are defined as: 

   „ ‎ ὅ  (3-3-1) 

   „ ‎ ὅ  (3-3-2) 

where ὅ  is the coverage of oxygen vacancies (when negative) or the coverage of 

oxygen adatoms (when positive); n represents the number of oxygen vacancies or 

oxygen adatoms. Ὁ  and Ὁ  are the energies of the partially oxidized and partially 

reduced surface slabs, whereas Ὁ  is the energy of the oxygen molecule calculated by 

DFT. 

Table 3-3-3. Atomic Bader charges (ή) and spin magnetic moments (ά) of surface 

Cu and W atoms in the topmost layer of CuWO  low-Miller-index surfaces at 

different oxygen coverages (ὅ). /denotes the number of oxygen atoms added (ὲ

π) or removed (ὲ π) relative to the stoichiometric surface. Reported charge and 

magnetic moment values correspond to the surface cations directly adjacent to the 

modified oxygen sites.. 



63 

 

Surface /  C (/ ÎÍ ) 
q ÅȾÁÔÏÍ ά (ʈȾÁÔÏÍ 

Cu W O Cu W 

(001) 

2 7.4 1.18 2.81 -0.89 0.71 0.02 

1 3.7 1.23 2.82 -0.95 0.78 0.01 

-1 -3.7 0.96 2.76 -0.99 0.00 0.00 

-2 -7.4 0.83 2.63 -0.99 -0.01 -0.66 

(010) 

2 8.8 1.25 2.89 -0.92 0.67 0.01 

1 4.4 1.24 2.89 -0.97 0.40 0.02 

-1 -4.4 0.99 2.81 -1.02 0.00 0.00 

-2 -8.8 0.89 2.64 -1.01 0.01 -2.37 

(011) 

3 8.4 1.24 2.87 -0.94 -0.77 0.00 

2 5.6 1.22 2.87 -0.96 -0.76 -0.09 

1 2.8 1.24 2.87 -1.00 -0.71 -0.04 

-1 -2.8 1.11 2.85 -1.02 0.00 -0.01 

-2 -5.6 0.98 2.81 -1.01 0.00 0.00 

-3 -8.4 0.93 2.67 -0.99 0.06 0.00 

(100) 

3 10.5 1.17 2.87 -0.85 -0.62 -0.01 

2 7.0 1.12 2.87 -0.89 -0.74 0.00 

1 3.5 1.14 2.87 -0.94 -0.71 0.00 

-1 -3.5 0.95 2.81 -1.00 0.00 -0.32 

-2 -7.0 0.84 2.68 -1.01 0.00 -0.05 

-3 -10.5 0.74 2.53 -1.01 0.01 -0.01 

(101) 

4 10.0 0.63 2.41 -1.01 0.00 0.06 

3 7.5 1.23 2.80 -0.92 0.71 0.02 

2 5.0 1.18 2.79 -0.93 -0.70 0.03 

1 2.5 1.20 2.81 -0.97 -0.67 0.00 

-1 -2.5 1.12 2.77 -1.00 -0.05 -0.04 

-2 -5.0 0.98 2.70 -0.98 -0.07 -0.12 

-3 -7.5 0.98 2.63 -1.00 0.92 -1.76 

-4 -10.0 0.91 2.58 -1.00 0.00 -0.28 

(110) 

4 11.6 1.25 2.85 -0.91 0.75 0.07 

3 8.7 1.24 2.84 -0.93 0.69 0.00 

2 5.8 1.25 2.84 -0.96 -0.72 -0.02 

1 2.9 1.21 2.83 -0.98 2.73 0.05 

-1 -2.9 1.17 2.76 -1.01 -0.10 -0.23 

-2 -5.8 1.10 2.71 -1.02 -0.03 -0.68 

-3 -8.7 0.96 2.71 -1.01 -0.05 0.31 

-4 -11.6 0.92 2.62 -1.01 -0.08 -0.24 

(111) 

3 6.6 1.22 2.80 -0.92 -0.81 0.00 

2 4.4 1.23 2.79 -0.95 -0.73 0.03 

1 2.2 1.22 2.80 -0.97 0.80 0.74 

-1 -2.2 1.07 2.79 -1.00 0.00 0.00 

-2 -4.4 1.01 2.72 -1.00 0.00 0.01 

-3 -6.6 0.92 2.63 -0.98 -0.04 -0.21 
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Figure 3-3-5. Surface free energy (ů) at 0 K (left) and work function (ū) (right) for 

each coverage of O adatoms and O vacancies for the low-Miller index surfaces of 

CuWO4. The coverages of the O adatoms and O vacancies of the non-pristine surfaces 

are noted on the axes in the figures by positive and negative values, respectively. 

 

We found that the atomic Bader charges exhibit slight fluctuations within a range of 0.1 

Å6 during oxidation, which closely corresponds to the extent of structural changes after 

relaxation. However, during reduction, the atomic Bader charges of the cations decrease 

in each surface as O vacancies are created, resulting in fewer electron donors. Our 

calculations show that the magnetic moments of Cu and W undergo minor changes 
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within 0.1 ‘ȾÁÔÏÍ upon surface oxidation for most coverages of O adatoms. However, 

during reduction the magnetic moment of Cu vanishes for almost all coverages of O 

vacancies. In contrast, W becomes magnetic in the partially reduced (001), (010), (101), 

(110), and (111) surfaces. The substantial changes in the magnetic moments of the 

cations can be attributed to significant surface distortions that take place during 

reduction.  

Figure 3-3-5 shows the surface free energy at 0 K and the work function for each 

coverage of O adatoms and vacancies in the low Miller index surfaces. We found that 

the pristine surfaces exhibit the lowest surface free energies, whereas the partially 

oxidised surfaces generally have smaller surface free energies than the reduced systems, 

indicating that the former are thermodynamically more stable than the latter. 

Our estimated surface free energy increases by approximately 0.3 Å6Ⱦᴠ in both the 

partially oxidized and reduced (001) surfaces. We found the lowest work function of 

6.39 Å6  for the surface with a coverage of O adatoms of 3.7 / ÎÍ  . Upon partial 

oxidation and reduction, the surface free energies of the (010) surface increase by 

approximately 0.4 Å6Ⱦᴠ . The oxidized surface has a work function of more than 7.5 

Å6 , indicating a low photocatalytic reactivity. The partially reduced surface with a 

coverage of O vacancies of 4.4 / ÎÍ  possesses the lowest work function of 5.41 Å6. 

In the (011) facet, the surface free energy remains below 0.4 Å6Ⱦᴠ for coverages of O 

adatoms ranging from 0 to 8.4 ὕ ὲά  and for coverages of O vacancies ranging from 

8.4 to 0 / ÎÍ . The work function decreases with coverage of O vacancies in the 

partially reduced surfaces, with the lowest work function of 3.43 Å6  obtained for a 

vacancy coverage of 5.6 / ÎÍ . In the (100) surface, a significant increase in surface 

free energy is observed when two or more O atoms are removed during reduction. The 

surface free energy of the reduced surface with a vacancy coverage of 7.0 / ÎÍ  is 

calculated at 0.81 Å6Ⱦᴠ , indicating a substantial structural change caused by the 

movement of Cu in the topmost layer. The lowest work function of 3.35 Å6 is achieved 

when the partially reduced (100) surface has a coverage of O vacancies of 3.7 / ÎÍ . 

In the (101) facet, the surface free energy remains below 0.4 Å6Ⱦᴠ for any coverage 

of O adatoms or O vacancies, and the lowest work function of 3.67 Å6 is attained for 

the partially oxidised surface with a coverage of O adatoms of 2.5 / ÎÍ . In the (110) 

surface, the lowest work function of 3.47 Å6  is obtained for the partially reduced 
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surface with a coverage of O vacancies of 11.6 / ÎÍ  , despite having the largest 

surface free energy of 0.44 Å6Ⱦᴠ. Finally, in the (111) plane the surface free energy 

remains below 0.26 Å6Ⱦᴠ for all the coverages of O adatoms and vacancies explored 

in this work, with the pristine surface showing the lowest surface free energy of 4.58 

Å6. 

3.3.4 surface phase diagrams 

3.3.4.1 Surface phase diagrams under O2 conditions 

The redox processes of the CuWO4 surfaces under O2 conditions can be described by 

the following chemical reactions: 

 #Õ7/ / #Õ7/  (3-3-3) 

 #Õ7/ #Õ7/ /  (3-3-4) 

Based on these reactions, and assuming ideal gas behaviour, the surface free energy of 

the partially oxidised („ Ὕȟὴ) and partially reduced („ Ὕȟὴ) CuWO4 surfaces 

are calculated using the following equations: 

   „ Ὕȟὴ ‎ ὅ
ȟ

ὙὝÌÎὴ/  (3-3-5) 

  „ Ὕȟὴ ‎ ὅ
ȟ

ὙὝÌÎὴ/  (3-3-6) 

where, ÌÎ ὴ/  is the logarithm of the partial pressure of O2, Ὓ Ὕȟὴ  is the entropy 

of oxygen molecule in the standard state, T is the temperature, and R represents the 

ideal gas constant. 

The surface face diagrams under oxygen conditions are constructed for each surface 

based on the atomic configurations with lowest surface free energy calculated using Eq 

3-3-5 and Eq 3-3-6. The 2D surface phase diagrams represent a bi-dimensional 

projection onto the plane formed by the temperature and ÌÏÇ ὴ/  of the 3D surface 

phase diagrams, see Figure A1 for an example. To provide a more intuitive and 

convenient representation, 2D projections of the surface phase diagrams are plotted as 

a function of temperature and partial pressure of oxygen to illustrate the redox 

properties of each surface, as shown in Figure 3-3-6. The curves between the 

intersecting energy surfaces represent the conditions required to modify the extent of 

partial reduction or oxidation of each surface. It is worth noting that a relatively wide 
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range of temperatures and environmental gas partial pressures was considered, 

exceeding typical experimental or industrial conditions, in order to capture general 

thermodynamic trends in the construction of the surface phase diagram. 

The (001) surface remains pristine when the temperature is below 500 K. As the 

temperature increases, the surface undergoes oxidation or reduction depending on the 

partial pressure of O2. When ÌÏÇ ὴ/  is larger than 17 and the temperature is above 

600 K, the surface begins to oxidize, with a coverage of O adatoms of 3.7 / ÎÍ , as 

shown in the red region shown in Figure 3-3-6a, indicating the adsorption of a single 

oxygen atom at our computational slab. As the temperature and ÌÏÇ ὴ/  continue to 

increase to 1400K and 22, respectively, the coverage of O adatoms reaches 7.4 / ÎÍ , 

corresponding to the adsorption of two oxygen atoms in our surface model. The surface 

undergoes reduction when the temperature is above 600 K, and ÌÏÇ ὴ/  is below 5 

as shown in the green region shown in Figure 3-3-6a. The coverage of O vacancies is 

3.7 / ÎÍ   when one oxygen atom is removed from the computational slab. As 

ÌÏÇ ὴ/  decreases below -7 and the temperature is above 1200 K, the coverage of O 

vacancies becomes 7.4 / ÎÍ   due to the loss of two oxygen atoms from the 

simulation cell. For all other conditions, the (001) surface remains pristine, as shown in 

the blue region displayed in Figure 3-3-6a. 
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Figure 3-3-6. Surface phase diagrams for the low-Miller index surfaces of CuWO4 as 

a function of the logarithm of the partial pressure (p) of oxygen and temperature (T). 

The coverages (C) of the O adatoms and O vacancies for the non-pristine surfaces are 
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noted in the figures with positive and negative values, respectively. 

 

The (010) surface was found to remain pristine when the temperature is below 900 K 

and ÌÏÇ ὴ/  is above ī4, as depicted by the blue region shown in Figure 3-3-6b. As 

the temperature increases and ÌÏÇ ὴ/  decreases to 1000 K and ī4, respectively, the 

surface undergoes reduction with a coverage of O vacancies of 4.4 / ÎÍ , as shown 

in the green region displayed in Figure 3-3-6b. When the temperature exceeds 1200 K 

and ÌÏÇ ὴ/   is below ī9, the coverage of O vacancies increases to 8.8 / ÎÍ  , 

corresponding to the loss of two oxygen atoms from our computational cell. Our 

simulations suggest that the (010) surface cannot be oxidised under the range of 

conditions considered in this study, since two oxygen atoms are shielding the exposed 

Cu2+ cations, which are therefore inaccessible for the adsorption of environmental 

oxygen, as displayed in Figure 3-3-6b. Tests carried out under extreme conditions reveal 

that the (010) surface becomes partially oxidized when ÌÏÇ ὴ/  is larger than 30, as 

shown in Figure A2. 

We found that the (011) surface always remains pristine when the temperature is lower 

than 600 K and only oxidizes with a coverage of adatoms of 2.8 / ÎÍ   when the 

temperature and ÌÏÇ ὴ/  are above 1400 K and 22, respectively, as displayed in the 

red region of Figure 3-3-6c. The (011) surface undergoes reduction with a coverage of 

O vacancies of 5.6 / ÎÍ   when the temperature is above 600 K and ÌÏÇ ὴ/   is 

lower than 3, as depicted in the cyan-coloured region in Figure 3-3-6c. The surface 

becomes fully reduced with a coverage of O vacancies of 8.4 / ÎÍ   when the 

temperature is above 1200 K and ÌÏÇ ὴ/  is under -8, indicating the loss of three 

oxygen atoms from our computational slab, as illustrated in the purple region of Figure 

3-3-6c.  

Our calculations suggest that the (100) surface can be oxidized by adsorbing two 

oxygen atoms at any temperature from 100 K to 2000K when ÌÏÇ ὴ/  is above 14, 

resulting in a partially oxidized surface with a coverage of O adatoms of 7 / ÎÍ , as 

shown in the orange region of Figure 3-3-6d. We did not find evidence of a degree of 

oxidation equivalent to three oxygen adatoms, corresponding to a coverage of O 

adatoms of 10.5 / ÎÍ , since the oxygen atoms tend to form the oxygen dimer rather 

than adsorbing onto the Cu2+ cation. The (100) surface starts reducing with a coverage 
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of O vacancies of 3.5 / ÎÍ   at 500 K when ÌÏÇ ὴ/   decreases below 6, 

corresponding to losing one oxygen atom from our computational model, as represented 

in the green region of Figure 3-3-6d. The surface loses a further three oxygen atoms 

when the temperature is above 1100 K and ÌÏÇ ὴ/   is below -6, respectively, 

resulting in a fully reduced surface with a coverage of O vacancies of 14 / ÎÍ , as 

depicted in the purple region of Figure 3-3-6d.  

The (101) surface stays pristine when the temperature is under 300 K. Increasing the 

temperature above 300 K reduces the surface to a coverage of O vacancies of 2.5 

/ ÎÍ  when ÌÏÇ ὴ/  is below 8, as shown in the green region of Figure 3-3-6e. 

Increasing the temperature above 1100 K and decreasing ÌÏÇ ὴ/  below ī6, fully 

reduces the (101) surface to a coverage of O vacancies of 10 / ÎÍ , as depicted in 

the purple region of Figure 6e. We found that the (101) surface starts to oxidise with a 

coverage of O adatoms of 2.5 / ÎÍ  when the temperature and ÌÏÇ ὴ/  increase 

above 600 K and 18, respectively. Increasing the temperature and ÌÏÇ ὴ/   above 

1000 K and 21 results in a larger coverage of O adatoms computed at 7.5 / ÎÍ , 

corresponding to the adsorption of three oxygen adatoms at our computational slab, as 

represented in the yellow region of Figure 3-3-6e. 

For the (110) surface, our results suggest that the partial oxidation with a coverage of 

O adatoms of 5.8 / ÎÍ  begins at any temperature between 100 and 2000 K when 

ÌÏÇ ὴ/  is above 14, as shown in the orange region of Figure 3-3-6f. With an increase 

in temperature and ÌÏÇ ὴ/   to 300 K and 17, respectively, the (110) surface 

undergoes partial oxidization to a coverage of O adatoms of 8.7 / ÎÍ , corresponding 

to the adsorption of three oxygen atoms in our simulation cell. When further increasing 

the temperature and ÌÏÇ ὴ/  above 1900 K and 24, the equilibrium coverage of O 

adatoms increases to 11.6 / ÎÍ , resulting in the complete oxidation of the surface 

with the adsorption of four oxygen adatoms at the computational slab, as shown in the 

region coloured in dark yellow in Figure 3-3-6f. The surface then becomes pristine as 

the temperature and ÌÏÇ ὴ/   decrease simultaneously. When the temperature and 

ÌÏÇ ὴ/  decrease below 900 K and ī3, respectively, the (110) surface becomes fully 

reduced with a coverage of O vacancies of 11.6 / ÎÍ , as shown in the violet region 

of Figure 3-3-6f.  

We found that the (111) surface can only be oxidized with a coverage of O adatoms of 
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6.6 / ÎÍ   when ÌÏÇ ὴ/   is above 14, corresponding to the adsorption of three 

oxygen atoms in our simulation cell, as shown in the yellow region of Figure 3-3-6g. 

Decreasing ÌÏÇ ὴ/  to ī5, stabilises the pristine surface, as shown in the blue region 

of Figure 3-3-6g. Reduction of the surface to a coverage of O vacancies of 2.2 / ÎÍ  

is favoured when the temperature is above 400 K and ÌÏÇ ὴ/  is below 7, as depicted 

in the green region of Figure 6g. We found that when ÌÏÇ ὴ/  decreases below ī5, 

the (111) surface becomes fully reduced with a coverage of O vacancies of 6.6 / ÎÍ , 

corresponding to the creation of three oxygen vacancies in our computational slab, as 

illustrated in the purple region of Figure 3-3-6g.  

Our results suggest that among all low Miller-index surfaces, the pristine (010) surface 

is thermodynamically the most stable plane with the lowest surface energy of 0.03 

Å6Ⱦᴠ, within the widest range of temperatures and partial pressure of  O2, as shown in 

Figure 3-3-6. On the other hand, the pristine (111) surface, which requires the narrowest 

range of temperature and partial pressure of O2, has the lowest work function of 4.58 

Å6 and is the most chemically reactive system compared to the other low-Miller index 

surfaces, see Figure 3-3-6. 

3.3.4.2 Surface phase diagrams under H2O/H2 conditions 

From a practical point of view, the water splitting reaction is more convenient in the 

gas phase than in solution, since the former has a lower Gibbs free energy (ī0.212 to 

0.331 Å6 ) for the adsorption of the water molecule, it reduces the possibility of 

corrosion of the catalyst, and it has small plasmonic thermal and near infrared 

photothermal effects.211,212 In view of these benefits, we decided to analyse the redox 

surface phase diagrams for each low-Miller index surface of CuWO4 under gas phase 

conditions for the water splitting process. 

The reaction between gas phase water and hydrogen with the CuWO4 surfaces can be 

represented as follows: 

 #Õ7/ ὲ(/Ç #Õ7/ ὲ( Ç (3-3-7) 

 #Õ7/ ὲ( Ç #Õ7/ ὲ(/Ç (3-3-8) 

The surface free energies of CuWO4 under gas phase water splitting conditions for the 

oxidised („ Ὕȟὴ) and reduced surfaces („ Ὕȟὴ) were calculated, assuming ideal 

gas behaviour, using the following equations: 
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 „ Ὕȟὴ ‎ ὅ ЎὉ ὝЎὛ Ὕȟὴ ὙὝÌÎ

 (3-3-9) 

 „ Ὕȟὴ ‎ ὅ ЎὉ ὝЎὛ Ὕȟὴ ὙὝÌÎ

 (3-3-10) 

where ÌÎ   is the logarithm of ratio of the partial pressure of H2O and H2, 

ЎὉ  is the energy difference between H2 and H2O from the DFT calculations, 

ЎὛ Ὕȟὴ   represents the entropy difference between H2O and H2 at 1 bar 

based on thermodynamic tables,213 and R is the ideal gas constant. We have used the 

entropies of H2O and H2 calculated at different temperatures using statistical 

thermodynamics,214 which are in good agreement with the experimental values between 

500 and 2000 K, see Figure A3. 

On the (001) surface, reduction begins at 100 K, resulting in a coverage of O vacancies 

of 3.7 / ÎÍ  at any temperature when ÌÏÇ  is between 1 and 5, as shown in 

Figure 3-3-7a. Further increasing the temperature and decreasing ÌÏÇ   to 298 K 

and 1, respectively, fully reduces the surface with a coverage of O vacancies of 7.4 

/ ÎÍ , shown as the purple region in Figure 7a. We found evidence that oxidation at 

a coverage of O adatoms of 3.7 / ÎÍ  occurs at a temperature and ÌÏÇ  above 

750 K and 13, respectively. For a temperature and ÌÏÇ   above 1000 K and 15, 

respectively, the coverage of O adatoms increases to 7.4 / ÎÍ  , corresponding to 

complete oxidation with the adsorption of two oxygen atoms in our simulation cell. 
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Figure 3-3-7. Surface phase diagrams for the low-Miller index surfaces of CuWO4 as 

a function of the logarithm of the ratio of the partial pressures (p) of H2O/H2 and 

temperature (T). The coverages (C) of the O adatoms and O vacancies for the non-
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pristine surfaces are noted in the figures with positive and negative values, 

respectively. 

 

We found that the (010) surface undergoes partial reduction with a coverage of O 

vacancies of 4.4 / ÎÍ  when the temperature exceeds 200 K and ÌÏÇ  is below 

10, as depicted in Figure 3-3-7b. As the temperature increases to 400 K and ÌÏÇ  

decreases to ī1, the surface becomes fully reduced, resulting in a coverage of O 

vacancies of 8.8 / ÎÍ , as shown in the cyan region in Figure 3-3-7b. Only one level 

of partial oxidation appears when the temperature and ÌÏÇ  are both above 1200 

K and 17, respectively, resulting in a coverage of O adatoms of 8.8 / ÎÍ , equivalent 

to complete oxidation after adsorption of two oxygen atoms in our simulation cell, see 

orange colour region in Figure 3-3-7b. 

A large region is predicted for the partially reduced (011) surface above 100 K, with a 

coverage of O vacancies of 2.8 / ÎÍ , as depicted in green in Figure 3-3-7c. The (011) 

surface loses another oxygen atom when ÌÏÇ   is below 2, corresponding to a 

coverage of O vacancies of 5.6 / ÎÍ .  Increasing the temperature above 400 K and 

decreasing ÌÏÇ  below ī1, increases the coverage of O vacancies to 8.4 / ÎÍ , 

indicating complete reduction after our simulation cell loses three oxygen atoms. Only 

one level of partial oxidation appears, at a coverage of O adatoms of 8.4 / ÎÍ , when 

the temperature and ÌÏÇ  are above 800 K and 11, as illustrated in the yellow 

region of Figure 3-3-7c. 

The (100) surface undergoes partial reduction with a coverage of O vacancies of 3.5 

/ ÎÍ   at any temperature when ÌÏÇ   is between 1 and 6, represented as the 

green region of Figure 3-3-7d. Increasing the temperature above 250 K and decreasing 

ÌÏÇ  below 6 fully reduces the surface, resulting in a coverage of O vacancies of 

14 / ÎÍ , corresponding to losing four oxygen atoms from our simulation cell. We 

found that the (100) surface starts to oxidise with a coverage of O adatoms of 7 / ÎÍ  

when the temperature and ÌÏÇ   are above 700 K and 11, respectively. Further 
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increasing the temperature to 1000K and ÌÏÇ   to 15, oxidizes the surface fully 

with a coverage of O adatoms of 10.5 / ÎÍ   after the adsorption of three oxygen 

atoms in our simulation cell. 

Our results suggest that the (101) surface is capable of becoming reduced with a 

coverage of O vacancies of 2.5 / ÎÍ  at any temperature between 100 and 2000 K 

when ÌÏÇ   is between 1 and 7, shown as the green region in Figure 3-3-7e. 

Increasing the temperature above 250 K and decreasing ÌÏÇ   below 1, fully 

reduces the (101) surface with a coverage of O vacancies of 10 / ÎÍ , corresponding 

to four oxygen vacancies in our simulation cell. We found that oxidation to a coverage 

of O adatoms of 2.5 / ÎÍ  occurs when the temperature and ÌÏÇ  are above 750 

K and 13, respectively. Further increasing the temperature and ÌÏÇ  to above 900 

K and 14, fully oxidizes the surface with a coverage of O adatoms of 7.5 / ÎÍ  , 

corresponding to the adsorption of three oxygen atoms in our simulation cell, shown as 

the yellow region in Figure 3-3-7e.  

Our calculations indicate that the (110) surface can only be reduced when the 

temperature is above 200 K and ÌÏÇ   is below 2, which corresponds to the 

complete reduction of the (110) surface, which loses four oxygen atoms, resulting in a 

coverage of O vacancies of 11.6 / ÎÍ , shown in the purple region of Figure 3-3-7f. 

We found that partial oxidation of the (110) surface, with a coverage of O adatoms of 

5.8 / ÎÍ  , occurs when the temperature and ÌÏÇ   are above 600 K and 10, 

respectively. Increasing the temperature and ÌÏÇ   above 700 K and 11, 

respectively, leads to partial oxidation of the (110) surface with a coverage of O adatoms 

of 8.7 / ÎÍ , corresponding to the adsorption of three atoms in our simulation cell. 

The surface becomes completely oxidized with a coverage of O adatoms of 11.6 

/ ÎÍ   when the temperature and ÌÏÇ   are larger than 1100 K and 15, 

respectively, shown as the dark yellow region in Figure 3-3-7f. 

The (111) surface undergoes partial reduction to a coverage of O vacancies of 2.2 

/ ÎÍ  when ÌÏÇ  is between 1 and 7, as shown in the green region of Figure 3-
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3-7g. When ÌÏÇ   decreases below 1, the (111) surface is fully reduced with a 

coverage of O vacancies of 6.6 / ÎÍ , corresponding to three oxygen vacancies in 

our simulation cell. Our results show that oxidation, with a coverage of O adatoms of 

6.6 / ÎÍ  , becomes thermodynamically stable only when the temperature and 

ÌÏÇ  are above 600 K and 10, respectively, corresponding to the adsorption of 

three oxygen atoms in the simulation cell. 

We found that the H2O/H2 environment facilitates reduction of the material, since O2 is 

an oxidising agent, whereas H2 has a strong reducing character. With the exception of 

the (010) and (110) surfaces, the remaining facets become reduced at any temperature 

between 100 and  2000 K, under relevant partial pressures of H2O and H2. In contrast, 

the surface phase diagram under O2 conditions shows that the (010) surface is oxidized 

when both the temperature and ÌÏÇ  exceed 1200 K and 17. However, our results 

suggest that it is difficult to oxidize the CuWO4 surface under H2O/H2 conditions, 

unless a high partial pressure of H2O and elevated temperatures are provided. 

3.3.4.3 Surface phase diagrams under CO2/CO conditions 

The interaction between CO2 and CO with the CuWO4 surfaces can be described by the 

following chemical reactions: 

 #Õ7/ ὲ#/Ç #Õ7/ ὲ#/Ç (3-3-9) 

 #Õ7/ ὲ#/Ç #Õ7/ ὲ#/Ç (3-3-10) 

The surface free energy of the partially oxidised („ Ὕȟὴ ) and partially reduced 

(„ Ὕȟὴ) CuWO4 surfaces under the conditions for CO2 reduction and CO oxidation 

were determined as follows: 

 „ Ὕȟὴ ‎ ὅ ЎὉ ὝЎὛὝȟὴ ὙὝÌÎ

 (3-3-11) 

 „ Ὕȟὴ ‎ ὅ ЎὉ ὝЎὛὝȟὴ ὙὝÌÎ

 (3-3-12) 

where ÌÎ   is the logarithm of ratio of the partial pressure of CO2 and CO, 

ЎὉ   denotes the energy difference between CO and CO2 from the DFT 
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calculations, ЎὛὝȟὴ  is the entropy difference between CO2 and CO at 1 bar 

extracted from the thermodynamic tables.213 

On the (001) surface, oxidation starts at 900 K when ÌÏÇ  reaches 15, as indicated 

by the red region in Figure 3-3-8a. The coverage of O adatoms increases to 7.4 / ÎÍ  

for a temperature above 1100 K, as depicted by the orange region in Figure 3-3-8a. 

However, we did not find evidence of oxidation when ÌÏÇ   is below 13. Our 

calculations suggest that reduction occurs when ÌÏÇ  is lower than 22 at 298 K, 

with the surface remaining reduced at a coverage of O vacancies of 3.7 / ÎÍ  when 

ÌÏÇ   is between 5 and 1. We found that the surface remains reduced, with a 

coverage of O vacancies of 7.4 / ÎÍ , when ÌÏÇ  is below ī15, as shown in the 

purple region of Figure 3-3-8a. 
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Figure 3-3-8. Surface phase diagrams for the low-Miller index surfaces of CuWO4 as 

a function of the logarithm of the ratio of the partial pressures (p) of CO2/CO and 

temperature (T). The coverages (C) of the O adatoms and O vacancies for the non-
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pristine surfaces are noted in the figures with positive and negative values, 

respectively. 

 

Unlike the surface phase diagram under O2 conditions, we found that the (010) surface 

becomes partially oxidised when it is exposed to ÌÏÇ  = 17 at 1250 K, when the 

coverage of O adatoms reaches 8.8 / ÎÍ . In contrast, reduction commences when 

ÌÏÇ  reaches 3 at 2000 K, resulting in a coverage of O vacancies of 4.4 / ÎÍ , 

shown in Figure 8b. Notably, the surface remains fully reduced across the entire 

temperature range from 298 K to 2000K when ÌÏÇ  falls below 19, corresponding 

to a coverage of O vacancies of 8.8 / ÎÍ , shown as the purple region in Figure 3-3-

8b. 

On the (011) surface, reduction starts at 298 K with a coverage of O vacancies of 2.8 

/ ÎÍ  ×ÈÅÎ ÌÏÇ  ÉÓ ςυ . Decreasing ÌÏÇ  to 4 causes the (011) surface to 

be reduced with a coverage of O vacancies of 5.6 / ÎÍ , corresponding to two oxygen 

vacancies in our simulation cell. The surface becomes fully reduced with a coverage of 

O vacancies of 8.4 / ÎÍ  when ÌÏÇ  is lower than 17.5 at 2000 K, shown as the 

purple region in Figure 3-3-8c. The only level of oxidation, with a coverage of O 

adatoms of 8.4 / ÎÍ , occurs when the temperature and ÌÏÇ  are above 750 K 

and 12, respectively, indicated as the yellow region in Figure 3-3-8c. 

Similar to the (011) surface, our results suggest that the (100) surface starts to become 

reduced at 298 K, resulting in a partially reduced surface with a coverage of O vacancies 

of 3.5 / ÎÍ . When ÌÏÇ  falls below -10, the surface becomes reduced with a 

coverage of O vacancies of 14 / ÎÍ  at any temperature between 298 and 2000 K, 

corresponding to four oxygen vacancies in our simulation cell, shown as the purple 

region in Figure 3-3-8d. We found that oxidation with a coverage of O adatoms of 7 

/ ÎÍ   occurs when the temperature and ÌÏÇ   are above 750 K and 12, 

respectively. Increasing the temperature to 1100 K and ÌÏÇ  to 5, fully oxidizes 

the (100) surface with a coverage of O adatoms of 10.5 / ÎÍ , corresponding to the 
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adsorption of three oxygen atoms in our simulation cell, illustrated as the yellow region 

in Figure 3-3-8d. 

Reduction of the (101) surface is observed at 298 K with a coverage of O vacancies of 

2.5 / ÎÍ , shown as the green region in Figure 3-3-8e. When ÌÏÇ  is below ī11, 

the surface becomes fully reduced at any temperature between 298 and 2000 K with a 

coverage of O vacancies of 10 / ÎÍ , corresponding to four oxygen vacancies in our 

simulation cell. Oxidation occurs when the temperature and ÌÏÇ  are above 900 

K and 13, respectively. When the temperature is increased above 1000K and ÌÏÇ  

is above 14, the surface is completely oxidized with a coverage of O adatoms of 7.5 

/ ÎÍ , corresponding to the adsorption of three oxygen atoms in our simulation cell, 

shown as the yellow region in Figure 3-3-8e. 

Our result suggests that the (110) surface can only be reduced with a coverage of O 

vacancies of 10 / ÎÍ  when ÌÏÇ  is below 0. The (110) surface starts oxidizing 

when ÌÏÇ   increases above 11, resulting in a partially oxidized surface with a 

coverage of O adatoms of 5.8 / ÎÍ , corresponding to the adsorption of  two oxygen 

atoms in our simulation cell. Increasing the temperature to 800 K and ÌÏÇ  to 12, 

partially oxidizes the (110) surface with a coverage of O adatoms of 8.7 / ÎÍ  . 

Further increasing the temperature to 1200 K and ÌÏÇ  to 16, fully oxidizes the 

surface with a coverage of O adatoms of 11.6 / ÎÍ , corresponding to the adsorption 

of four oxygen atoms in our simulation cell, depicted as the dark yellow region in Figure 

3-3-8f. 

Similar to the (110) surface, we found that the (111) facet is partially reduced at 298 K, 

resulting in a coverage of O vacancies of 2.2 / ÎÍ , shown as the green region in 

Figure 3-3-8g. Decreasing ÌÏÇ  below ī7 increases the coverage of O vacancies 

to 6.6 / ÎÍ  , indicating complete reduction after our simulation slab loses three 

oxygen atoms. Only one level of oxidation with a coverage of O adatoms of 6.6 / ÎÍ  

occurs when the temperature and ÌÏÇ  are larger than 700 K and 11, respectively, 

depicted as the yellow region in Figure 3-3-8g.  
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Our computational surface phase diagrams indicate that the CO2/CO conditions 

facilitate the reduction of the material, as CO2 is more stable than CO and the latter is 

a reducing agent. Interestingly, all seven low-Miller index surfaces demonstrate the 

ability to be fully reduced across the entire temperature range between 298 and  2000 

K, provided that certain ratios of the partial pressure of CO2 and CO are maintained. 

Apart from the (010) and (110) surfaces, we found that the remaining facets require 

ÌÏÇ  to be below 1 to become reduced. Although we found evidence of oxidation 

for each surface, our calculations show that it is difficult to oxidize the CuWO4 surfaces 

under CO2/CO conditions, owing to the large ratio of the partial pressures of CO2 and 

CO required and low concentration of CO present in the atmosphere.  

3.3.5 Morphology of CuWO4 

The morphologies of the CuWO4 nanocrystals in different environments, i.e. under 

synthesis conditions,114,215-218 the conditions for carbon dioxide reduction,219-222 and the 

conditions for water splitting,64-66 were determined based on the surface phase diagrams 

discussed in the previous sections. The Wulff morphologies were constructed using the 

atomic configuration with the lowest surface free energy for each surface, using the 

following relationships  Ễ ὧ , where „  and Ὠ  represent the surface 

free energy and the distance from the centre to the surface of the crystal. 

Figure 3-3-9a illustrates that the morphology of CuWO4 under typical synthesis 

conditions (T = 500 K,  ὴ/  = 0.21 bar) has a tetra-decahedral shape with 10 irregular 

pentagons and 4 trapezoids. We found that all the CuWO4 surfaces remain pristine up 

to 500 K, showing significant stability when exposed to environmental O2 conditions. 

The (010) surface is the predominant facet in all our morphologies under O2, with the 

lowest surface free energy of 36 ÍÅ6Ⱦᴠ. Our results are consistent with experimental 

observations under synthesis conditions. Increasing the partial pressure of O2 to 10 bar 

enhances the expression of the partially oxidised (110) surface in the crystal 

morphology, owing to the small surface free energy of this facet with a coverage of O 

adatoms of 5.8 / ÎÍ . Otherwise, the morphology at p(O2) = 10 bar exhibits only 

slight changes compared to the one reported under synthesis conditions, corroborating 

the robust stability of CuWO4 in high-temperature and O2-rich environments. 
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Figure 3-3-9. Morphology of the CuWO4 nanocrystals (a) under room 

temperature/pressure, synthesis and O2-rich conditions, (b) in H2O/H2 environment 

under the conditions of water splitting, (c) in CO2/CO environment under the 

conditions of carbon dioxide reduction. The coverages of the O adatoms and O 

vacancies for the non-pristine surfaces are noted in the figures by positive and 
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negative values, respectively. 

 

To calculate the equilibrium morphology of the CuWO4 nanocrystals under the 

conditions of gas phase water splitting, we employed ÌÏÇ  of 25 to simulate the 

working environment of the photocatalyst under pure water steam. At a temperature of 

298 K, we found that CuWO4 transforms into a dodecahedron shape with 3 pentagons 

and 3 trapezoids, as shown in Figure 3-3-9b. The partial reduction of the (101) surface 

with a coverage of O vacancies of 2.5 / ÎÍ  prevents the expression of the (100) 

surface, resulting in a morphological distortion. When the temperature is increased to 

500 K, the morphology returns to the tetra decahedron, similar to the shape exhibited 

by CuWO4 under synthesis conditions. Further temperature elevation above 700 K 

leads to oxidation, which lowers the surface free energies of the (011), (100), (110) and 

(111) surfaces. As a result, the morphology shifts to a dodecahedron dominated by the 

(110) surface, indicating that CuWO4 remains stable up to 500 K in the presence of pure 

water steam, as shown in Figure 3-3-9b. However, further research is necessary to 

determine the optimal conditions of temperature and water pressure required for the 

application of CuWO4 as a photocatalyst for the gas phase water splitting reaction. 

We chose a temperature of 298 K to simulate the impact of the CO2 conversion reaction 

at room temperature on the morphology of CuWO4. LÏÇ   of 25 and 3.6 were 

employed to represent pure CO2 conditions and ambient conditions, i.e. 0.04% CO2 and 

100 ppb CO in air, respectively. Due to the low surface free energies of the partially 

reduced (011), (100), (101), as well as the pristine (010) and (110) surfaces at 298 K, 

the morphology of CuWO4 under ÌÏÇ   = 25 adopts a dodecahedral shape 

dominated by the (010) surface, featuring 2 trapezoids, 2 pentagons, and 8 hexagons, 

as shown in Figure 3-3-9c. As ÌÏÇ   approaches ambient conditions, the 

morphology shifts to an octahedron with 2 hexagons and 4 quadrilaterals. Now, the 

(011) surface dominates the crystal morphology with a surface free energy of 6 ÍÅ6Ⱦᴠ 

and a coverage of O vacancies of 5.6 / ÎÍ  , whereas the (010), (110), and (111) 

surfaces are not observed due to their relatively high surface free energies. We did not 

find evidence of changes in the morphology of CuWO4 when the temperature exceeds 
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600 K at large ÌÏÇ   values. However, the optimal conditions for the CO2 

conversion at the surfaces of our catalyst require further study. 

3.4 Conclusion of Chapter 3 

In this chapter, we have reported a computational study based on the density functional 

theory of the redox properties of the low-Miller index surfaces of CuWO4 and the 

impact on the crystal morphology of various industrially relevant conditions. First, we 

simulated the structural and electronic properties of the bulk phase of CuWO4, and we 

found that the lattice parameters, atomic Bader charges and magnetic moments are in 

agreement with published works. We have used the optimised bulk structure to create 

the two non-polar terminations of each of the seven low Miller index surfaces and found 

that the slabs that suffered only minor structural changes during relaxation, or were 

terminated by Cu rather than W, are usually the thermodynamically most stable. For 

example, the (010) surface has the smallest relaxed surface energy reported in this study 

and the (111) surface is the chemically most reactive surface with the lowest work 

function. We also investigated the redox properties of each surface and found that the 

atomic Bader charges undergo negligible change during oxidation, whereas they 

decrease for each level of (partial) reduction. The magnetic moments of the Cu and W 

ions change by less than 0.1 ‘ȾÁÔÏÍ during oxidation, but they undergo significant 

changes during reduction due to severe structural distortions of the surfaces. With the 

exception of the (100) surface, the surface free energies of all the low-Miller index 

surfaces of CuWO4 are below 0.5 Å6Ⱦᴠ, suggesting that they are thermodynamically 

stable facets.  

The redox surface phase diagrams are reported as a function of the partial pressure of 

oxygenated species and temperature under three different conditions, i.e. O2 at ambient 

and under synthesis conditions, as well as mixtures of H2O/H2 under the conditions of 

the gas phase water splitting reaction, and CO2/CO under the conditions of CO2 

reduction. We found that both oxidation and reduction processes of the surfaces occur 

more readily at relatively high temperatures. The (100), (110) and (111) surfaces are 

more easily oxidized compared to the rest of the low Miller index planes under O2 

conditions, but we did not find evidence of oxidation of the (010) surface at O2 

pressures below 25 bar. Our surface phase diagrams suggest that a wider range of ratios 
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of partial pressures of H2O/H2 and CO2/CO stabilise the partially reduced surfaces than 

the partial pressure of O2, since H2 and CO are strong reducing agents. The (001), (011), 

(100), (101) and (111) surfaces can become partially reduced at room temperature under 

a mixture of H2O and H2, whereas the (011), (100), (101) and (111) surfaces also lose 

O atoms at room temperature under a mixture of CO2 and CO. The pristine (010) surface 

is the thermodynamically most stable facet, within the widest range of conditions of the 

three different environments considered in this work, which is consistent with its lowest 

relaxed surface free energy. Our simulations suggest that the pristine (111) surface, 

which has the narrowest range of stability conditions, is chemically the most reactive 

surface owing to its consistently smallest work function at each coverage of O vacancies.  

The equilibrium crystal morphology of CuWO4 under the three environments were 

constructed using the surface free energy values from the surface phase diagram 

corresponding to specific temperatures and ratios of partial pressures of oxygenated 

species. Our results show that the CuWO4 crystals are stable under ambient conditions, 

whereas the morphology does not change at the typical partial pressure of pure water 

steam at least up to 500 K. However, we found that the morphology clearly changes at 

298 K under very large partial pressures of CO2/CO, consistent with a high purity of 

CO2, and at the same ratio of partial pressures of CO2 and CO existing in air. However, 

the morphology of the CuWO4 crystals remains stable up to 600 K in the presence of 

pure CO2.  

This study as focused on (i) developing the computational settings to describe the 

electronic and structural properties of the bulk phase of CuWO4 and benchmarking 

those predictions against previous reports, (ii) modelling the physio-chemical 

properties of all non-polar and symmetric stoichiometric terminations of the low-Miller 

index surfaces and (iii) investigating the redox surface phase diagrams as a function of 

temperature and the ratio of the partial pressures of oxygenated species under synthesis 

conditions and in environments rich in H2 and H2O as well as CO and CO2, which are 

relevant to the photocatalytic water splitting and CO2 conversion reactions. Future work 

will focus on simulating explicitly the gas phase water splitting and CO2 reduction 

processes under realistic reactions conditions, using the most prominent surfaces 

displayed in the crystal morphologies. 

.
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Chapter 4. Water adsorption at the (010),(101), 

and (110) surfaces of CuWO4 

4.1 Introduction 

Water adsorption is a key step in the photocatalytic water splitting process, and the 

interaction between water molecules and the catalyst surface plays a crucial role in 

determining reaction pathways and efficiency. While the previous chapter established 

the thermodynamic stability and redox properties of CuWO4 surfaces, the behaviour of 

water at these interfaces requires further investigation. 

In this chapter, we study the adsorption of water molecules on three representative 

CuWO4 surfaces: a pristine (010) surface, a reduced (101) surface containing oxygen 

vacancies, and an oxidized (110) surface with one adatom. Using DFT calculations, we 

examine adsorption geometries, hydrogen bonding networks, charge redistribution, and 

changes in surface electronic properties. We also construct surface phase diagrams to 

assess water coverage under different temperatures and partial pressures. These results 

help clarify how water interacts with CuWO4 surfaces and provide a basis for 

understanding the early stages of water activation and dissociation. 

4.2 Computational methods 

Here, we describe the computational set up used for the calculations and the creation of 

the surface model for water adsorption. 

4.2.1 DFT calculations 

In this work, we performed DFT calculations using the Vienna ab initio simulation 

package (VASP).155,156, The core states of Cu: [Ar], W: [Xe], O: [He], and their 

interactions with the valence orbitals were treated using the projector augmented wave 

(PAW) formalism,199-201 whereas their remaining electrons and that of the H atom was 

treated as a valence electron. The Perdew-Burke-Ernzerhof (PBE)190 functional was 

employed to calculate the exchange-correlation energy. The long-range component of 

the Van der Waals interactions was corrected using the D3 method with Becke-Johnson 

damping.202 We used periodic plane wave basis sets with a cut-off energy of 400 Å6 for 
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the expansion of the Kohn-Sham valence states. We applied the DFT+U method to 

correct the electronic self-interaction in the transition metal d orbitals caused by the 

pure GGA functionals.166 We tested the onsite Coulomb interaction term (Ὗ )205 for 

both cations between 3 and 10 Å6, and found that only Cu needs this correction. We 

selected Ὗ χȢυ Å6 , as this value provides the best description of the lattice 

parameters and the bandgap with respect to the experimental data. Our tests suggested 

that the U correction is unnecessary for the W atoms since they lose all their d electrons 

upon formation of CuWO4. An alternative way to accurately describe the electronic 

properties of transition metal compounds is using hybrid functionals. However, this 

method is highly system-dependant and as it requires significantly more computational 

resources compared to DFT+U when applying to a surface model, we have opted in this 

work to follow the DFT+U approach, which previous work has shown to work well for 

our material223.  

The bulk material was modelled using the triclinic primitive unit cell containing 12 

atoms (Cu2W2O8), which was sampled in the reciprocal space using a ῲ -centered 

τ σ τ k-points mesh.206 The isolated H2O molecule was modelled in an ψ ψ ψ 

¡3 periodic box to avoid the influence of images in adjacent simulation cells, where 

only the ɜ point was sampled. The energy cutoff was tested from 400 to 800 eV, but as 

the effect was negligible, we have selected 400 eV to simulate the isolated water 

molecule. We used the conjugate gradients algorithm to optimize the geometries of the 

surfaces until the Hellmann-Feynman forces on each atom were smaller than 10-2 

Å6 ᴠ  and the energy difference between consecutive steps of the self-consistent loop 

was below 10-6 Å6.177 

4.2.2 Surface models 

In this study, we used the dipole method proposed by Tasker to construct the pristine 

low-Miller index (010), (101), and (110) surfaces.207 This method creates surfaces in 

such a way that no dipole moment exists perpendicular to the surface. We employed the 

METADISE package to construct the low-Miller index surfaces from the bulk phase of 

CuWO4.
209 A 10 ᴠ vacuum was introduced perpendicular to the surface to prevent the 

interaction between the periodically repeated images of the CuWO4 slab and to allow 

space to adsorb the H2O molecules. The ς ς ρ supercells were employed to build 

the pristine (010), reduced (101) and oxidized (110) surfaces, which were generated 
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from the bulk CuWO4. For each surface model, two slabs were created, composed of 

16 Cu atoms, 16 W atoms and 64 O atoms for the pristine (010) surface; 32 Cu atoms, 

32 W atoms, 124 O atoms for the reduced (101) surface; and 32 Cu atoms, 32 W atoms, 

143 O atoms for oxidized (110) surface. The topmost 2 layers of each slab are allowed 

to be relaxed during the optimization, with the bottom 2 layers kept fixed at their bulk-

optimised positions. For the appropriate sampling of the Brillouin zone, we tested 

different Monkhorst-Pack k-point meshes for the low-Miller index surfaces.206 For the 

(010) surface with a surface area of 91.92 ¡2, we used a τ τ ρ k-point mesh, for 

the (101) surface with a surface area of 161.24 ¡2, we used a σ σ ρ k-point mesh, 

and for the (110) surface with a surface area of 138.93 ¡2, a τ σ ρ k-point mesh 

was employed. For the isolated H2O molecule, we only evaluated the ũ point. For the 

geometry optimisations and to obtain accurate energies, we applied the tetrahedron 

method with Blºchl correction for the bulk and surfaces, and Gaussian smearing for the 

isolated H2O molecule.
224  

To create the reduced (101) surface, we removed one O atom from the topmost layer of 

the pristine surface. The oxidized (110) surface was modelled by adding three O atoms 

sequentially to the exposed cations with dangling bonds in the topmost surface layer. 

The structures of both the partially reduced and partially oxidized surfaces were fully 

relaxed, and the atomic configuration with the lowest surface free energy was selected 

for the next addition of O adatoms or O vacancies. 

The surface energies of the slabs before (‎ ) and after (‎ ) relaxation were defined 

as213,223,: 

 ‎  (4-2-1) 

 ‎ ‎ (4-2-2) 

where Ὁ , Ὁ , and Ὁ  are the energy of unrelaxed slab, half-relaxed slab, and one 

formula unit in the bulk, respectively. A represents the area of the slab and n is the 

number of formula units in the slab. 

To comprehensively test the potential adsorption sites of H2O molecules, we doubled 

the surface area of the pristine (010), reduced (101) and oxidized (110) surfaces. 

Following careful tests, we applied a ς ς ρ  k-point mesh to sample the H2O 

adsorption system of the three surfaces. 
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The H2O adsorption process on the pristine and reduced surfaces of CuWO4 can be 

described by reactions (4-2-3) and (4-2-4) respectively. 

 #Õ7/ Ó ὲ(/Ç #Õ7/ ( Ó (4-2-3) 

 #Õ7/ Ó ὲ(/Ç #Õ7/ ( Ó (4-2-4) 

 #Õ7/ Ó ὲ(/Ç #Õ7/ ( Ó (4-2-5) 

Based on the reactions, the surface free energy („ÁÄÓὝȟὴ) of the CuWO4 surfaces in 

thermodynamic equilibrium with ideal gas phase H2O is defined as: 

 „ÁÄÓὝȟὴ ‎Ò ὅ
ὉÓÙÓὉÒ ὲὉ(ς/ ὝὛ(ς/Ὕȟ

ὲ
ὙὝÌÎ

ὴ(ς/  (4-2-6) 

where ὅ  represents the surface coverage of the H2O molecules, n is the number of 

H2O molecule adsorbed on the surface, and ὉÓÙÓ and Ὁ(ς/ are the relaxed energies of 

the CuWO4 surface slab with the adsorbed H2O molecules and the energy of an isolated 

H2O molecule, respectively. Ὓ(ς/Ὕȟὴ  represents the entropy of H2O molecule in the 

standard state taken from thermodynamic tables,213 The VASPKIT225 script has also 

been applied for calculating the entropy of water from 100 to 2000 K for the sake of 

validation, ὴ(ς/ is the partial pressure of H2O, T is the temperature, and R represents 

the ideal gas constant. 

In this work, the chemisorption refers to which involves the electronic structure changes 

of bonding molecules and bonds formation, whereas the physisorption does not result 

in the changes of the chemical bonding structure. The adsorption energy (ὉÁÄÓ) of the 

H2O molecule on the CuWO4 surface is defined as
 208: 

 ὉÁÄÓὉÓÙÓὉÒ ὲὉ(ς/ (4-2-7) 

We also calculated the variation of the Helmholtz free energy, considering the zero-

point energy and the contribution of the vibration of entropy have impact on the energy. 

However, such impact is negligible, which we illustrated the details in Table A1 in 

Appendix. Therefore, we only focus the electronic properties of the adsorption system 

at 0 K.  

We calculated the atomic Bader charge and atomic magnetic moment via an improved 

grid-based algorithm.185,186 The work function ( ), which is defined as the minimum 

thermodynamic energy required to remove one electron from the Fermi level (Ὁ) at 
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the CuWO4 surface to the vacuum level (Ὁ ), was obtained by the following equation: 

   Ὁ Ὁ (4-2-8) 

The charge difference (Ў”) of the surface before (” ) and after adsorption of  H2O 

(” ) was defined as226: 

 Ў” ” ” ”  (4-2-9) 

where ”  represents the charge density of the isolated H2O molecule. All the charge 

densities were obtained at the same geometry as the adsorption system. 

We used the TersoffïHamann approach to simulate scanning tunnelling microscopy 

(STM) images, where the tunnelling current is proportional to the local density of states 

(LDOS) of the surface at the position of the tip integrated between the Fermi level and 

the applied bias.227 The HIVE program was used to generate the STM images.228 

4.3 Result and discussion 

4.3.1 Isolated water molecule 

We first modelled and calculated the electronic properties of an isolated H2O molecule. 

Table 4-3-1 lists the calculated bond distances (d), bond angles ()᷁, and the unscaled 

and scaled asymmetric stretching (‡ ), symmetric stretching (‡ ) and bending (‏) 

fundamental vibrational modes for the isolated H2O molecule. The results suggest that 

our simulation of the equilibrium bond distances as well as the bond angle are in good 

agreement with the experimental data.229 We have calculated the harmonic vibration 

modes as the second derivative of the potential energy with respect to the atomic 

position in the vicinity of the minimum of the well via the finite differences approach, 

where a 0.015 ¡ displacement is set for each ion to calculate the Hessian matrix. The 

unscaled asymmetric stretching and symmetric stretching harmonic vibrational mode 

are red-shifted by 175.91 and 162.08 ÃÍ , respectively, whereas the bending 

harmonic vibrational mode is blue-shifted by 30.75 ÃÍ compared  to experiments. 

However, experimental vibrational modes represent transitions between the ground 

state and the first vibrational energy level of an anharmonic potential energy surface. 

Thus, we obtained the empirical factor ὧ πȢωφ  to scale our vibrational modes and 

make them directly comparable to the anharmonic system.213 The scaling factor was 
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calculated as: 

 ὧ
В

В
 (4-3-1) 

where ‫  and ‫  represent the experimental and calculated harmonic vibrational 

wavenumbers, respectively. The results indicate that differences of only 24.68 and 

15.19 ÃÍ  was obtained in the asymmetric and symmetric stretching vibrational 

modes, respectively, compared to experimental data.229 However, the scaled bending 

mode was underestimated by 90.92 ÃÍ compared to the experimental data.230  

Table 4-3-1. Bond distances (d), bond angles ()᷁, as well as unscaled and scaled 

asymmetric stretching (‡ ), symmetric stretching (‡ ) and bending (‏) 

fundamental vibrational modes for H2O. 

Properties Calculated Experiment 

d(¡) 0.972 0.958229 

(᷁ˁ) 104.40 104.48229 

 unscaled scaled  

‡ ÃÍ  3931.91 3780.69 3756.00230 

‡ ÃÍ  3819.07 3672.19 3657.00230 

ÃÍ‏  1564.25 1504.08 1595.00230 

4.3.2 Crystal morphology of CuWO4 

To determine the most suitable surfaces for water adsorption, we derived the Wulff 

crystal morphology of CuWO4 from Miller index surfaces with the lowest surface free 

energies. In the previous Chapter, we have studied the redox properties of the low Miller 

index surfaces under the working conditions of the gas phase water splitting process223. 

The Wulff construction of the equilibrium morphology is obtained from equation 

Ễ Ã, where ů and d represent the surface free energy of the surface and 

the distance of the surface from the centre of the crystal, respectively, and c is a constant. 

In the previous Chapter, we have shown that under the working conditions of gas phase 

water splitting, i.e. 298 K, the (010) surface stayed pristine, whereas the (101) surface 

was reduced with a surface coverage of -2.5 ÎÍ  and the (110) surface was oxidized 

at 700 K. The equilibrium morphologies of CuWO4 at 298 K and 700 K are shown in 

Figure 4-3-1 and Figure 3-3-9. Any structural changes caused by thermal expansion of 

the material is beyond the scope of this work but are likely to be negligible at the 
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temperatures considered in this work. The pristine (010) surface dominates the 

morphology owing to its lowest surface free energy of 36 ÍÅ6Ⱦᴠ  under working 

conditions, as shown in the orange region in Figure 4-3-1. The reduced (101) surface is 

the second predominant facet expressed under working conditions with a surface free 

energy of 56 ÍÅ6Ⱦᴠ, shown in blue in Figure 4-3-1. The reduced (101) surface is 

characterised by one O atom vacancy, corresponding to a coverage of O vacancies of 

2.5 ÎÍ . The dominance of these two surfaces prevents the expression of the (100) 

and (111) surfaces, resulting in an equilibrium morphology with a dodecahedron shape 

consisting of 3 pentagons and 3 trapezoids. The oxidized (110) surface with a surface 

free energy of 19 ÍÅ6Ⱦᴠ  is also expressed when the temperature reaches 700 K. 

However, the result suggests that the water molecule is not capable to chemisorb at the 

oxidized (110) surface due to the occupation of the adsorption sites by O atom. Tests of 

water physisorption shows a large instability of the entire system. Thus, we do not 

consider further the oxidized (110) surface in the following discussions. 
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Figure 4-3-1. (a) Equilibrium Wulff morphology of CuWO4 and scanning tunnelling 

microscopy (STM) images of (b) the pristine (010) and (c) the reduced (101) surfaces 

of CuWO4. Cu, W, and O atoms are shown as blue, grey, and red, respectively. 

 

We simulated the STM images of the optimized pristine (010) and reduced (101) 

surfaces of CuWO4, as illustrated in Figure 4-3-1. The STM image of the pristine (010) 

surface was acquired at a distance (d) of 1.5 ᴠ from the tip and at a density (′) of 0.008 

ÅȾᴠ. The 4-fold Cu cations of the topmost layer were resolved as dark spots, whereas 

five O anions of the CuO6 and WO6 octahedral units appear as bright spots. The W 

cations, which are linking two O anions, are not shown in the STM image due to their 

low partial charges at the sample bias of -1.5 Å6. The STM image of the pristine (010) 

surface suggests that the 4-coordinated Cu cations in the top layer of the surface can 

potentially act as adsorption sites for the H2O molecule owing to their two dangling 

bonds. The STM image of the reduced (101) surface was simulated at a distance of 1.8 

ᴠ from the tip and at a density of 0.003 ÅȾᴠusing a sample bias of -3.0 Å6. The STM 

image of the reduced (101) surface suggests that the 3-coordinated Cu cations and 4-

coordinated W cations in the topmost layer of the slab, which are exhibited as bright 

spots, can potentially act as adsorption sites for H2O owing to their dangling bonds. 

4.3.3 Single water molecule adsorption 

In the initial adsorption structures, we sited the H2O molecule above each potential 

adsorption site at 2 ¡ away from the surface, with the O atom coordinating the metal 

cation exposed in the topmost layer of the surface. For a better description of the 

adsorption configurations of the H2O molecule, we have employed a notation widely 

used in organometallic chemistry, which is based on the hapticity of the ligands (‘) 

and the number of surface atoms it can bridge (–).231,232 

4.3.3.1 Pristine (010) surface 

On the pristine (010) surface, the Cu and W cations and the O anion from the topmost 

layer were tested as potential sites for the adsorption of a single H2O molecule. The 

fully optimized structures of the most stable adsorption modes are illustrated in Figure 

4-3-2, and their electronic properties are listed in Table 4-3-1. 
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Figure 4-3-2(Left panels) Top view of the most stable adsorption modes of a single 

H2O molecule on the pristine (010) surface of CuWO4. The length of the ionic bonds 

(green arrow) and hydrogen bonds (blue arrow) are noted. The Cu, W, and O atoms 

are shown as blue, grey, and red, respectively. Dark blue Cu atoms indicate the H2O 

adsorption sites. (Right panels) Side view of the charge density differences caused by 

the water adsorption. Yellow regions represent electron gain, whereas blue regions 

represent lost charges. Crystallographic directions are indicated by numbers within 

brackets. 

 

Table 4-3-2. Binding configurations, adsorption energies (Eads) at 0 K, bond lengths 

(d), bond angles ()᷁, work function ( ), charge transfers (Ўή) and vibrational 

frequencies for the asymmetric stretching (‡ ), symmetric stretching (‡ ), and 

bending (‏) modes of a single H2O molecule adsorbed at different sites of the pristine 

(010) surface. The positive and negative values of Ўή represent charge gained and 

lost, respectively, by H2O during adsorption. 

Site 
Molecular Dissociative 

Cu Cu Cu O Cu 

Configuration ‘-– ‘-– ‘-– ‘-– ‘-– 

Eads (eV) -0.69 -0.69 -0.89 -0.26 -0.12 

d O-Metal (ᴠ) 2.05 2.09 2.03  1.97 

d H bond1 (ᴠ)  1.95 2.15 2.13 1.76 

d H bond2 (ᴠ)   2.21 2.37  

Ўή Å 0.10 0.09 0.10 -0.02 0.47 

  (eV) 6.15 6.28 6.45 6.54 6.48 

‡  (ÃÍ) 3650 3600 3475 3614 3727 

‡  ÃÍ  3519 3281 3396 3517 3352 

  ÃÍ) 1459 1541 1510 1544 ‏

We found that at the Cu potential adsorption site, the H2O bonded molecularly with the 

topmost surface Cu atom, forming a ‘-–configuration as illustrated in Figure 4-3-2a. 

The O atom of the H2O molecule (Ow) was oriented towards the surface to restore the 

octahedral coordination of CuO6. The Cu-Ow bond distance was 2.05 ᴠ , which is 

consistent with the length of the Cu-O bond (1.95-2.40 ᴠ ) in the bulk phase. The 

hydrogen atoms, on the other hand, pointed outwards from the surface, which indicates 

that no hydrogen bond is formed between the H2O and the O of the surface (Os). The 
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surface exhibited negligible structural distortion after relaxation, except that the Cu of 

the adsorption site was displaced outwards by 0.22 ᴠ, due to the Coulomb attraction of 

Ow. As listed in Table 1, ὉÁÄÓ of the single H2O adsorption system was calculated as 

0.69 Å6, contributed to the formation of the Cu-Ow bond. As listed in Table 4-3-2, the 

charge density difference ((Ўή) of this adsorption mode suggests that a minor electron 

density of 0.10 Ὡ  migrated from the adsorbed H2O molecule to the surface. We 

highlighted the atoms with the largest atomic charge transfer in the right panels of 

Figure 4-3-2. The results suggest that a strong polarisation of the H2O molecule 

occurred during adsorption onto the CuWO4 (010) surface which caused a charge 

redistribution. As a result, 0.81 Ὡ of Ow migrated to the two H and an Os in the surface, 

with the two H gaining 0.34 and 0.37 Ὡ, whereas the Os gained 0.1 Ὡ.  The work function 

of the hydrated system was calculated at 6.15 Å6, which is 0.80 Å6 lower than the dry 

surface, revealing that the former can provide electron charge more easily than the latter. 

We calculated the vibrational modes of the adsorbed water molecule, listed in Table 4-

3-2. For the hydrated (010) surface, the asymmetric and symmetric stretching modes of 

the H2O molecule are red shifted by 131 and 153 ÃÍ with respect to the isolated 

molecule, which indicates that the OwH bond became weaker during adsorption. On the 

other hand, the bending mode was red shifted by only 45 ÃÍ compared to the isolated 

water molecule. 

The H2O molecule is also capable of forming a ‘-–configuration when  adsorbing 

onto Cu, as illustrated in Figure 4-3-2b. The Cu-Ow bond with a length of 2.09 ᴠ is 

oriented towards the surface to maintain the octahedral coordination of CuO6 in the 

bulk phase, whereas the OwH group formed a 1.95 ᴠ long hydrogen-bond with Os. The 

Cu migrated outward slightly due to the Coulomb attraction of Ow, but the rest of the 

slab atoms stayed at their relaxed dry surface positions. The adsorption energy is 0.69 

Å6, which is identical to the value calculated for the configuration in the absence of 

hydrogen-bonds, discussed previously. The result suggests that hydrogen-bonds do not 

play a major role in the thermodynamics of these adsorption configurations. As 

illustrated in the right panel of Figure 4-3-2b, a small charge density of 0.09 Å 

transferred from the H2O molecule to the surface, whereas the main electronic effect 

observed was the polarization of the H2O molecule during adsorption. The Ow donated 

0.02 Å  to the Cu adsorption site. The two H atoms provided 0.02 and 0.05 Å  to the 

surface, as illustrated in Figure 2b. The work function increased to 6.28 Å6 compared 
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to the adsorption configuration without hydrogen-bond, which is still 0.67 Å6 smaller 

than the dry surface, suggesting that the hydrated catalyst surface is better capable of 

providing electron charge when facilitating chemical reactions. Table 4-3-2 lists our 

estimated asymmetric (3600ÃÍ ) and symmetric (3281ÃÍ ) stretching modes, 

which are red shifted by 181 and 391 ÃÍ, respectively, compared to the isolated water 

molecule. Our results suggest that the intramolecular OH bonds become weaker during 

adsorption. The estimated bending mode was over 1541 ÃÍ , which was only 37 

ÃÍ larger than for the isolated water molecule. 

We also tested the physisorption of water molecule onto Os. However, the H2O 

molecule chemisorbed onto the nearest Cu cation after optimization, forming a ‘-– 

configuration as indicated in Figure 4-3-2c. The calculated bond distance for Cu-Ow 

was 2.03 ᴠ, which is in good agreement with the length of the Cu-O bond in the bulk 

phase. The Cu-Ow bond oriented towards the surface to maintain the octahedral 

geometry of CuO6. Additionally, H2O formed two hydrogen-bonds with Os at 2.15 and 

2.21 ᴠ, which forced the molecular plane of the adsorbate to lie approximately parallel 

to the surface, as illustrated in Figure 4-3-2c. The surface did not suffer major structural 

distortions as only the Cu adsorption site migrated outwards slightly due to the 

Coulomb attraction of Ow. The Ὁ   of this adsorption configuration was  0.89 Å6 , 

which is the most favourable adsorption mode for the pristine CuWO4 (010) surface. 

The result also suggests that chemisorption of the water molecule at the Cu is the 

primary interaction on the pristine (010) surface, whereas physisorption on Os can only 

be considered as a secondary interaction. As listed in Table 4-3-2, the Ўή  of this 

adsorption structure shows that an electron charge of 0.1 Å migrated to the surface after 

optimization, whereas the polarization of the H2O molecule was also observed. The two 

H atoms contributed 0.06 and 0.16 Å to the Ow (gained 0.13 Å) and two Os (gained 0.04 

Å) to form a Cu-Ow coordination bond and hydrogen-bonds, and 0.02 Å migrated to the 

other anions of the surface, as illustrated in the bottom panels of Figure 2c. The 

calculated work function for this hydrated surface was 6.45 Å6, which is 0.5 Å6 smaller 

than the dry surface, suggesting that the hydrated system is easier to provide electron 

charge and facilitate chemical reactions. As listed in Table 4-3-2, the symmetric and 

asymmetric stretching modes were estimated at 3396 and 3475 ÃÍ , respectively, 

which are significantly red shifted compared to the isolated water molecule, suggesting 

that the intramolecular OH bonds become weaker after adsorption. The estimated 
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bending mode lies at 1510  ÃÍ, which is only 5 ÃÍ different from the isolated 

water molecule. 

We did not find any configuration where Ow interacted with W, since this atom has no 

dangling bond available in the topmost surface layer. Whereas the Cu atoms in the 

topmost layer of the pristine (010) surface have lost their two O ligands, which has 

created two dangling bonds available for the adsorption of the H2O molecule, the W 

atoms in the topmost layer of the pristine (010) surface maintained their WO6 octahedral 

coordination. The STM images plotted in Figure 4-3-1 also show that the W atoms are 

shielded by two O atoms and as such, they are not able to bind the O atom of the H2O 

molecule. 

As illustrated in Figure 4-3-2d, the H2O molecule interacts with Os via two hydrogen-

bonds at 2.13 and 2.37 ᴠ, forming a ‘-– configuration. The molecular plane of H2O 

was perpendicular to the surface but the Ow moved outwards due to the Coulomb 

repulsion of the Os. The structure of the surface did not change noticeably after 

relaxation because of the relatively weak hydrogen-bonded interactions. The ὉÁÄÓ of 

this adsorption pattern was -0.26 Å6, which was mainly attributed to the two hydrogen-

bonds. The surface lost a negligible electron density of 0.02Å  to the H2O molecule, 

whereas the main electronic effect was the polarization of the water molecule. As 

illustrated in Figure 2d, the Ow anion gained 0.03Å from the surface and H, and two Os 

gained 0.01 and 0.02Å to form H-bonds.  The calculated work function simulated of the 

system was 6.54  Å6, which is 0.41 Å6 smaller than that of the dry surface. The result 

indicates that the hydrated surface will more easily donate electron charge which 

improves the chemical reactivity. The calculated symmetric and asymmetric stretching 

modes of the adsorbed water were 3518 and 3614 ÃÍ, i.e. red-shifted by 155 and 167 

ÃÍ , respectively, compared to the isolated water molecule, indicating that the 

intramolecular OH bonds become weaker after adsorption, as listed in Table 4-3-2. The 

bending mode was estimated at 1544 ÃÍ , which increased slightly by 40 ÃÍ 

compared to the isolated water molecule.  

We also obtained a single dissociatively adsorbed H2O molecule with a ‘ -– 

coordination geometry, as presented in Figure 4-3-2e. It is worth noting that the 

dissociation of water discussed in this study occurred spontaneously upon adsorption 

of water at the surface and the dissociative process is therefore treated as barrierless. 
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The OwH group coordinating the exposed Cu on the surface, has a bond length of 1.97 

ᴠ and a bond angle (᷁/ #Õ of ρρσȢτσЈ. The dissociated H atom formed a hydroxyl 

group with a surface Os atom. We also found that the OsH group formed a hydrogen-

bond at 1.76 ᴠ to OwH . The surface exhibited negligible structural distortion except at 

the Cu adsorption site, where the Cu atom was pulled outward due to the Coulomb 

attraction of Ow. The Ὁ   for the dissociative single H2O adsorption is  0.12 Å6 , 

which is smaller than for the molecular adsorption configuration. Releasing less energy 

indicates that water prefers to adsorb molecularly on the pristine (010) CuWO4 surface. 

As listed in Table 4-3-2, the surface gained electron density of 0.47Å after hydration. 

We illustrated the atoms with noticeable charge density differences in the panels on the 

right of Figure 4-3-2e.  The Ow gained 0.21 Å  from the surface and bonded H. The 

dissociated H atom contributed significantly by 0.67Å to form the OsH bond, and the Os 

obtained 0.52Å correspondingly. The work function for this hydrated system was 6.48 

Å6 , i.e. 0.47 Å6  smaller than the dry surface, indicating that the former provides 

electron charge more easily, thereby improving the chemical reactivity. We calculated 

the vibrational stretching mode for the dissociative H2O as listed in Table 4-3-2. For the 

OwH group, it was estimated at 3727 ÃÍ, which is blue-shifted by 55 ÃÍ compared 

to the symmetric stretching mode, and red-shifted by 54 ÃÍ  compared to the 

asymmetric stretching mode. The result indicates that the strength of the OwH bond did 

not change noticeably due to the slight difference in stretching modes compared to the 

isolated water molecule. The calculated stretching mode for the OsH group was 3352 

ÃÍ , which is 320 and 429 ÃÍ  smaller than the symmetric and asymmetric 

stretching modes of the isolate water molecule, respectively. 

4.3.3.2 Reduced (101) surface 

We investigated the adsorption of a single H2O molecule on the reduced (101) surface 

of CuWO4. The metal Cua (in the topmost slab layer), Cub (in the sub-surface layer), W 

atom, and O atom were all considered as potential adsorption sites. The sub-layer W 

atoms were shielded by the top O atoms, and they were thus not considered as 

adsorption sites. The structure of each adsorption system is depicted in Figure 4-3-3, 

and their electronic properties are listed in Table 4-3-3.  

Table 4-3-3. Binding configurations, adsorption energies (Eads) at 0 K, bond lengths 

(d), bond angles ()᷁, work functions ( ), charge transfers (Ўή) and vibrational 
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configurations of asymmetric stretching (‡ ), symmetric stretching (‡ ), and 

bending (‏) modes for a single H2O molecule adsorbed at different sites on the 

reduced (101) surface. The positive and negative values for Ўή represent charge gain 

and loss, respectively, of the H2O molecule after adsorption. 

Site 
Molecular  Dissociative 

Cua Cub W  W 

Configuration ‘-– ‘-– ‘-–  ‘-– 

Eads(eV) -0.63 -0.53 -0.81  -0.53 

O-Metal(ᴠ) 2.11 2.05 2.37  2.01 

H bond1(ᴠ) 1.70 1.69 2.04   

H bond2(ᴠ)  2.37    

Ў”Å 0.06 0.07 -0.07  0.16 

 (eV) 4.78 4.74 4.99  5.33 

‡ ÃÍ  3616 3551 3597  3719 

‡ ÃÍ  3173 2984 3281  3618 

ÃÍ‏  1521 1537 1530   
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Figure 4-3-3. (Left panels) Top view of the most stable adsorption modes of a single 

H2O molecule on the reduced (101) surface of CuWO4. The lengths of the ionic bonds 



103 

 

(green arrow) and hydrogen bonds (blue arrow) are noted. The Cu, W, and O atoms 

are blue, grey, and red, respectively. Dark blue Cu atoms represent the H2O adsorption 

sites; (Right panels) Side view of the charge density differences as a result of the 

adsorption compared with the dry (101) surface. The region coloured in light yellow 

represents charge gain (noted as positive value), whereas the region coloured in light 

blue represents charge loss (noted as negative value) after adsorption. 

Crystallographic directions are indicated by numbers within brackets. 

As illustrated in Figure 4-3-3a, the H2O was capable to adsorb molecularly on the W 

site in the topmost surface layer, forming a coordinate W-O bond with bond length of 

2.37 ᴠ . The Ow oriented towards the surface to keep the octahedral coordination 

geometry of the WO6 in the bulk phase, complementing the ‘-– configuration with a 

hydrogen-bond to Os. The length of the hydrogen-bond is 2.04 ᴠ as noted in Figure 4-

3-3a. The surface suffered negligible structural change after adsorption except for slight 

outward displacement of the W due to the Coulomb attraction of Ow. The Ὁ  for this 

adsorption configuration is -0.81 eV, which is the thermodynamically most favourable 

adsorption mode for a single water molecule that we obtained at the reduced (101) 

CuWO4 surface. The hydrated surface only gained electron charge of 0.07Å as listed in 

Table 4-3-3, whereas the polarization of the water molecule is also small. We illustrated 

in the right panel of Figure 4-3-3 the atoms with noticeable charge density difference 

after hydration. The Ow gained 0.02Å, partially provided by the W adsorption site with 

0.06Å and two H atoms with 0.04 and 0.05Å. The Os that interacted with the H atom 

gained 0.05Å when forming a hydrogen-bond. The four O atoms coordinating the W 

adsorption site gained 0.01Å in total after adsorption. The work function of the hydrated 

surface is 4.99 eV, which is 0.96 eV lower than the reduced (101) surface, indicating 

that the hydrated surface is significantly more reactive than the dry surface. The result 

is in good agreement with the increase in the charge density of the surface, discussed 

before. As listed in Table 4-3-3, the symmetric and asymmetric stretching modes of the 

adsorbed water were estimated at 3281 and 3598 ÃÍ, which are red shifted by 391 

and 184 ÃÍ, respectively, with respect to the isolated water molecule. Our results 

indicate that the intra-molecular OH bonds are weaker after adsorption. The bending 

mode changed slightly by 26 ÃÍ compared to the isolated water molecule. 

The H2O was able to chemisorb at the Cua adsorption site, forming a ‘ -– 

configuration, as shown in Figure 4-3-3b. The length of the Cua-Ow bond is 2.11 ᴠ, 
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whereas the hydrogen-bond formed is 1.70 ᴠ  long. The Cua-Ow bond is oriented 

outwards to maintain the octahedral coordination of CuO6 in the bulk phase, and the Cu 

at the adsorption site was pulled outwards due to the Coulomb attraction of the Ow. The 

Ὁ  for the adsorption system is -0.63 Å6, which is smaller than the hydrated system 

discussed before, suggesting that the water molecule prefers to adsorb onto W. Electron 

density of 0.06Å migrated to the surface, as listed in Table 4-3-3. The Ow gained 0.01 Ὡ 

when it bonded to Cu, whereas the two H atoms contributed 0.01 and 0.06 Ὡ to Ow and 

the surface, respectively and the Os gained 0.05 Ὡ after hydration. The work function of 

this system was calculated as 4.78 eV, which is 1.17 eV smaller than the dry reduced 

surface, revealing that the surface becomes significantly more reactive after hydration. 

The result is consistent with the electron density increase of the hydrated surface. The 

symmetric and asymmetric stretching modes are estimated at 3173 and 3616 ÃÍ as 

listed in Table 4-3-3, which are red shifted by 499 and 165 ÃÍ, respectively. The 

result suggests that the intramolecular OH bonds become weaker after hydration. The 

bending mode is found at 1521 ÃÍ, which is only a negligible change compared to 

the isolated water molecule . 

Since the reduced (101) surface contains O vacancies, we investigated the adsorption 

of a single H2O molecule at the exposed Cub of the sub-layer. As shown in Figure 4-3-

3c, the Ow was pushed towards the top layer of the surface to maintain the octahedral 

coordination of the CuO6, bonding with Cub at 2.05 ᴠ . Two hydrogen-bonds were 

established at 1.69 and 2.37 ᴠ distance, interacting with Os to complement the ‘-– 

adsorption configuration. The surface slab suffered negligible structural change after 

relaxation. The Ὁ   calculated for this adsorption mode is -0.53 Å6 , resulting in a 

weaker adsorption pattern than the two adsorption systems discussed previously. After 

hydration, 0.07Å electron density had migrated from the H2O molecule to the surface, 

listed in Table 4-3-3. The Ow gained 0.1Å  electron density, which was partially 

compensated by the Cu at the adsorption site that lost 0.26Å upon interaction with H2O. 

Two H contributed 0.05 and 0.11Å, whereas two Os gained 0.01 and 0.06Å owing to the 

formation of hydrogen-bonds. The work function was calculated at 4.74 Å6, which is 

1.21 Å6 smaller than the dry surface, indicating that the surface becomes significantly 

more reactive upon hydration. The symmetric and asymmetric stretching modes 

became 2984 and 3551, listed in Table 4-3-3, which are red shifted by 688 and 230 
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ÃÍ, respectively, upon hydration. The result shows that the intramolecular OH bond 

becomes weaker compared to the isolated water molecule. However, the bending mode 

is slightly blue shifted slightly to 1538 ÃÍ after hydration. 

Dissociative adsorption of a single H2O molecule also occurred at the reduced (101) 

surface, shown in Figure 4-3-3d. The OwH group, which was initially located at W in 

the top-layer of the surface, migrated and after optimisation bound the sub-surface, Cub. 

The Cub-Ow and W-Ow bond lengths are 2.24 and 2.01 ᴠ , respectively, and the 

dissociated H atom bound one Os, complementing a ‘-– configuration. The Cub was 

pulled out of the surface through the Coulomb attraction of Ow which pushed the top-

layer Cu outwards. The Ὁ   for the dissociative adsorption was -0.53 Å6 , which 

indicates that the H2O prefers to adsorb molecularly on the top-layer W, which 

configuration is thermodynamically more stable. A total electron density of 0.16 Ὡ 

migrated from the H2O molecule to the surface after the dissociative adsorption, as 

listed in Table 4-3-3. The Ow gained 0.49 e, which were donated by the Cub in the sub-

surface layer, the W adsorption site, and H of the OwH group. The dissociated H lost 

0.62 Ὡ when bonding to the surface, whereas the Os gained 0.26 Ὡ via the corresponding 

OsH bond. The work function of the system was calculated at 5.33 Å6, which is 0.62 

Å6 lower than that of the dry surface, making the hydrated surface more reactive. The 

vibrational stretching mode of the OwH group was calculated at 3719 ÃÍ  after 

hydration, i.e. similar to the isolated water molecule. However, the vibrational 

stretching mode of OsH group was 3619 ÃÍ, which is red shifted by 162 ÃÍ after 

dissociation, suggesting that the OsH bond is weaker compared to the isolated water 

molecule. 

4.3.4 Water surface coverage 

We selected the most thermodynamically favourable configurations of the single H2O 

molecule adsorption system (i.e. with the largest negative ὉÁÄÓ) as the initial geometries 

to study the effect of incremental surface coverage on both the pristine (010) and 

reduced (101) surfaces. Both molecular and dissociative H2O adsorption were studied 

for each coverage, and the configuration with the largest ὉÁÄÓ was selected to simulate 

the next adsorption step. The number of adsorbed H2O molecules (n) was increased 

until all the potential adsorption sites were occupied, or a second layer of H2O was 

obtained. 
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4.3.4.1 Pristine (010) surface 

Figure 4-3-4 shows the multiple H2O coverages on the pristine (010) surface. When the 

surface coverage of water (ὅ) was equal to ςȢς ÎÍ , the two water molecules were 

sited at different Cu and behaved as isolated absorbates, shown in Figure 4-3-4 as water 

1 and 2. Water molecule 2 formed a single hydrogen-bond at 1.87 ¡ to the surface. 

When ὅ increased to τȢτ ÎÍ , four adsorbates were situated at different Cu atoms. 

Water 1 and 3 formed two hydrogen-bonds with Ow and Os, whereas water 2 and 4 

formed a single hydrogen-bond to Os. When increasing C above 5.5 ÎÍ , water 5 

chemisorbed at Cu, forming two hydrogen-bonds at 2.00 and 2.09 ¡ with Os, whereas 

water 4, located between water 1 and 5, physiosorbed onto the surface as a donor of 

hydrogen-bonds. The surface reached full coverage at a surface coverage of ψȢψ ÎÍ , 

which corresponds to eight adsorbed H2O molecules per surface simulation cell, 

forming an ñice-likeò monolayer on the surface via a network of hydrogen-bonds 

interacting with Ow and Os. Adding more H2O molecules would lead instead to a second 

layer with interactions to the first H2O monolayer on the pristine (010) CuWO4 surface. 

The surface suffered negligible distortion at each coverage of H2O, as only the Cu 

adsorption sites moved outward slightly due to Coulomb attraction.  

 

Figure 4-3-4. Top view of H2O coverages at the pristine (010) surface. The H2O 

molecules are labelled (1 to 8) and the adsorption sites are shown highlighted in dark 

blue. The Cu, W, O, and H atoms are (pale and dark) blue, grey, red and white, 

respectively. The length of the hydrogen-bonds of the additional water molecule in 
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each configuration is noted and shown by a blue arrow. 

We calculated the average Bader atomic charges of Cu, W, and O in the top layer of the 

(010) surface at each surface coverage of H2O, as shown in Figure 4-3-5. The negligible 

change in the Bader charges indicates that only minor amounts of electron density has 

migrated from the adsorbates to the surface, which is in good agreement with the small 

charge transfer discussed for the single H2O molecule adsorption. The increment in the 

adsorption energy per H2O molecule (Ὁ  ) was calculated as the function of 

the coverage of H2O. The result shows that Ὁ   decreased from -0.89 to -0.71 

eV, which indicates that single molecule adsorption is stronger than in higher coverages, 

although the value of Ὁ   remained negative. We found a clear increase in the 

negative Ὁ   when the surface coverage became 3.3 and 8.8 ÎÍ , which was 

attributed to the formation of additional hydrogen-bonds upon adsorption of the 

additional water molecule, which released more energy as a result. We further 

calculated the surface free energies at 0 K („ ) as a function of the coverage of H2O 

at the pristine (010) surface. The steady decrease in „  suggests that the surface-water 

system becomes thermodynamically more stable as the surface coverage increases. 

Both Ὁ   and „  indicate that adsorption of H2O molecules to full monolayer 

coverage at the pristine (010) surface is thermodynamically feasible. However, weaker 

interactions between the Ow and surface were observed in the higher surface coverages. 

The work function of each coverage of H2O was smaller than that of the pristine surface 

at 6.95 Å6, suggesting that the hydrated surfaces are all more reactive than the dry one. 

The smallest work function of 5.94 Å6  was obtained at the surface coverage of 

τȢτ ÎÍ , as shown in Figure 5. This phenomenon is attributed to the chemisorption of 

water at Cu adsorption site when the surface coverage is less than τȢτ ÎÍ  .The 

electron charge migrates from the adsorbates to the surface, resulting in the lowering of 

the work function. When the (010) surface is hydrated to higher surface coverages 

above 5.5 ÎÍ , physisorption of the additional adsorbates provide negligible electron 

charge to the surface, resulting in a small increase in the work function. We calculated 

the band gap of the hydrated system at each surface coverage, see Figure 4-3-5. The 

value of the band gap fluctuates within a narrow range from 1.4 to 1.5 eV as the surface 

coverage is increased. The result suggests that the hydrated pristine (010) surface has 

the potential for photocatalytic water splitting, considering it meets the requirement of 

a minimum band gap of 1.23 eV for the reaction.234 
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Figure 4-3-5Bader atomic charges (q), incremental Eads, surface free energies at 0 K 

(„), work functions ( ), and band gaps at each coverage of H2O on (left) the pristine  
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(010) surface and (right) the reduced (101) surface. 

We constructed 3D surface phase diagrams of the water adsorption for both the pristine 

(010) and reduced (101) surfaces. The molecular and dissociative adsorption was tested 

for each coverage, and the surface configuration with the lowest surface free energy, 

calculated based on Equation 4-2-4, was used for the construction of the phase diagrams. 

The 2D projections of the 3D surface phase diagrams are plotted as a function of the 

temperature (T) and the logarithm of the partial pressure of H2O (ÌÏÇ ), see Figure 

4-3-6. The curves between the intersecting energy surfaces represent the conditions 

required to modify the extent of H2O adsorption. 

 

Figure 4-3-6. Surface phase diagrams of (left) the pristine (010) surface and (right) the 

reduced (101) surface as a function of the temperature (T) and the logarithm of partial 

pressure of H2O (ÌÏÇὴ(/Ⱦὴ). The coverage (C) of adsorbed H2O (unit: ÎÍ ) 

are noted in the figure. 

As shown in Figure 4-3-6, the (010) surface stays dry as the temperature increases from 

300 K when the logarithm of the partial pressure of H2O was below 8. The other five 

possible coverages of H2O, i.e. 1.1, 3.3, 4.4, 5.5, and 6.6 ÎÍ , are available when the 

partial pressure of the absorbate is increased or the temperature is lowered. The 

simulation slab of our surface was capable to adsorb eight H2O molecules and reached 

full coverage (C) of 8.8 ÎÍ  when T is lower than 185 K and the logarithm of partial 

pressure of H2O is larger than 8.6. The surface phase diagram suggests that the pristine 

(010) surface prefers to adsorb H2O molecules and reaches full coverage at a relatively 

low temperature or high partial pressure of H2O. Such a result is consistent with the 
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continuously decrease in the Ὁ   per H2O molecule as discussed before. Water 

adsorption on the pristine (010) surface is sensitive to the temperature and partial 

pressure of H2O, as the surface coverages of σȢσ to φȢφ ÎÍ  can only be achieved in a 

narrow range of environmental conditions. The surface coverages of 2.2 and 7.7  ÎÍ , 

corresponding to two and seven adsorbates, respectively, did not show in the phase 

diagram, as they are thermodynamically unstable.  

4.3.4.2 Reduced (101) surface 

The multiple H2O adsorptions at the reduced (101) surface are shown in Figure 4-3-7. 

When the coverage of H2O was 0.012  ÎÍ  , water 1 and 2 behaved as isolated 

adsorbates, interacting molecularly with separate W and Os ions. When the surface 

coverage was 1.8  ÎÍ , water 3 adsorbed molecularly on the surface. However, water 

1dissociated owing to the larger Ὁ  than for the molecular adsorption. The OwH group 

migrated to the sub-surface and bonded with Cub. The dissociated H bonded with Os in 

the top layer, forming a hydrogen-bond at 1.80 ¡. As C is increased to 2.4  ÎÍ , water 

4 coordinated W molecularly, forming a hydrogen-bond of 1.76 ¡ and at 3.0  ÎÍ . 

When the coverage reached 3.0  ÎÍ  , all the H2O molecules were adsorbed 

molecularly onto the surface. Water 1 to 4 coordinated to W sites behaved as isolated 

adsorbates, forming a single hydrogen-bond between 1.81 to 2.01 ¡ long. Water 5 

interacted with Cub in the sub-surface layer at the O vacancy, forming hydrogen-bonds 

with neighbouring Os at 1.75 ¡ and Ow at 1.88 ¡. When C was 3.6  ÎÍ , we found 

that water 6 bonded with Cub in the top-layer of the surface with a hydrogen-bond to 

the neighbouring Ow of 1.82 ¡. Water 7 adsorbed at Cu in the top layer, interacting with 

the neighbouring Ow and Os at 1.92 and 1.93 ¡, respectively. When C increased to 4.8 

 ÎÍ , the reduced (101) surface accommodated eight H2O molecules and reached full 

coverage. Water 1 to 4 adsorbed at W as isolated adsorbates, whereas water 5 to 8 

bonded with Cu. All the adsorbates interacted with neighbouring O as the donor and 

acceptor of hydrogen-bonds of between 1.74 to 1.96 ¡, forming an ñice-likeò 

monolayer. We did not find evidence of H2O molecule dissociation at any of the 

potential adsorption sites, and additional water molecules would interact instead with 

the monolayer of H2O on the reduced (101) surface. 
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Figure 4-3-7. Top view of H2O coverages on the reduced (101) surface. The adsorbed 

H2O molecules as well as the adsorption site cations are highlighted in the figure. The 

Cu, W, O, and H atom are (dark and pale) blue, grey, red and white, respectively. The 

length of the hydrogen-bonds of each additional water molecule is noted in the figure 

with blue arrows. 

The average Bader atomic charges of Cu, W, and O in the top-layer of the reduced (101) 

surface for each surface coverage were calculated, as shown in Figure 4-3-5. Negligible 

changes of the average Bader charge were obtained after hydration, suggesting that only 

small amounts of electron density were transferred from the adsorbates to the surface, 

which agrees with the result for the single water adsorption at the reduced (101) surface. 

The Ὁ   of the reduced (101) surface decreased from -0.93 to -0.43 Å6 with 

increasing surface coverage of water, which indicates that the interaction between the 

adsorbates and surface was weaker at higher surface coverages. A substantial reduction 

of Ὁ    was observed at the surface coverages of 2.4  ÎÍ  ,  owing to the 

formation of a Cub-Ow bond between Cub in the sub-surface and the OwH group, 

resulting in the release of more energy. The „   decreased with water coverage, 

suggesting that the reduced (101) surface prefers to reach full coverage which is more 

thermodynamically favourable. As shown in Figure 4-3-5, a substantial lowering of the 

work function was observed after hydration compared to 7.59 Å6  of the dry (101) 

surface, due to electron charge migration from the adsorbates to the surface, indicating 

that the hydrated systems are more reactive than the dry surface. We found a severe 

reduction of the work function to its lowest value of 3.50 eV at the surface coverage of 
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2.4  ÎÍ , which is attributed to the migration of more charge from the dissociative 

water adsorption. The band gap of the hydrated systems at each surface coverage were 

calculated and are shown in Figure 5. The result suggests that the reduced (101) surface 

is not suitable for photocatalytic water splitting, given that its band gap is significantly 

smaller than 1.23 Å6.63  

We constructed the surface phase diagram as a function of the temperature and partial 

pressure of H2O on the reduced (101) surface, as shown in Figure 4-3-6. The surface 

stayed bare of water when the temperature was above 200 K and the logarithm of the 

partial pressure of H2O was below 7. The surface reached full hydration at a condition 

of high partial pressure of H2O by increasing the temperature, corresponding to a 

surface coverage equal to 4.8 ÎÍ  . The other three regions of coverage, where C is 

equal to 0.6, 2.4 and 3.0 ÎÍ   were also shown in the phase diagram. The results 

suggest that the reduced (101) surface is sensitive to the environment as it prefers to 

stay dry or fully hydrated under certain conditions. The other possible surface coverages 

of water could only be reached in a narrow range of temperatures and partial pressures 

of H2O. The H2O coverages of 1.2, 1.8 3.6, and 4.2 ÎÍ  do not show in the phase 

diagram since they are thermodynamically unstable. 

4.4 Conclusion of Chapter 4 

In this chapter, we have reported a computational study based on the density functional 

theory of the adsorption of water on the pristine (010) and reduced (101) surfaces of 

CuWO4. On the pristine (010) surface, the adsorption mode with H2O situated over Cu 

in ʈ-ʂ configuration has the largest adsorption energy of -0.89 Å6. At the reduced 

(101) surface, the H2O molecule preferentially adsorbs over W with an adsorption 

energy of -0.81 Å6 , forming a ʈ -ʂ  configuration. Following single-molecule 

adsorption, we next investigated adsorption of multiple H2O molecules on the pristine 

(010) and reduced (101) surfaces, starting from the most favourable adsorption modes 

obtained for the single H2O molecule. We found that the pristine (010) surface can 

adsorb up to eight H2O molecules per surface cell. Four H2O molecules bonded with 

Cu in the surface, whereas the other four interacted with neighbouring H2O molecules 

via hydrogen-bonds, forming an ice-like monolayer over the surface. The reduced (101) 

surface adsorbed eight H2O molecules before it achieved full coverage. Four H2O 
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molecules bonded with W as isolated adsorbates, two H2O molecules bonded with Cu 

in the sub-surface, whereas two H2O molecules interacted with Cu in the top-layer.  

The electronic properties were calculated for both surfaces. We found only negligible 

change in the Bader atomic charges of Cu, W, and O upon water adsorption, which is 

consistent with the minor charge transfer observed for the single molecule adsorption 

systems. The work functions of both hydrated surfaces are smaller than the dry surfaces 

at all coverages. The band gap of the hydrated (010) surface at each surface coverage 

fluctuates within 0.1 Å6 , and all are above 1.23 Å6 , which shows potential for its 

utilization in photocatalytic water splitting. However, the band gap of the reduced (101) 

surface at each surface coverage is well below 1.23 eV, which makes it an unlikely 

candidate for photocatalytic water splitting. The surface phase diagram of the pristine 

(010) and reduced (101) surfaces were obtained as a function of the temperature and 

partial pressure of H2O. The results suggest that the two surfaces prefer to remain dry 

at low partial pressures of H2O but can become fully hydrated at high partial pressures 

of H2O at low temperatures. Other coverages, although shown in the phase diagram, 

were hard to achieve due to the narrow range of temperature and H2O partial pressure 

required. In summary, our results show that the pristine (010) surface of CuWO4 has 

the potential to be utilized in photocatalytic water splitting, which will be the focus of 

future work. 
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Chapter 5. A density functional theory study of 

the mechanism of water splitting on the CuWO4 

(010) surface 

5.1 Introduction 

The dissociation of water and the subsequent formation of hydrogen and oxygen are 

central to photocatalytic water splitting. Having examined the structural features of 

CuWO4 surfaces and their interaction with water in the preceding chapters, we now 

turn to the reaction mechanisms that drive hydrogen evolution. 

Recent experimental and theoretical studies have confirmed that introducing oxygen 

vacancies into the surface can substantially enhance the photocatalytic activity of 

CuWO4.
235-237 In this chapter, we use DFT+U-D3 calculations to investigate the 

elementary steps of water splitting on both pristine and reduced CuWO4 (010) surfaces. 

Several reaction pathways are considered, including water adsorption, OïH bond 

cleavage, intermediate formation, and hydrogen desorption. We identify the most 

thermodynamically and kinetically favourable routes and examine how oxygen 

vacancies influence reactivity by altering surface charge distribution and stabilising 

reaction intermediates. By analysing energy profiles, charge transfer, and vibrational 

modes, this chapter provides insight into the catalytic activity of CuWO4 and informs 

potential strategies for enhancing its performance through surface engineering or 

doping. 

5.2 Methods 

Here, we describe the computational set up used for the calculations and the creation of 

the surface model used to calculate the catalytic pathways. 

5.2.1 DFT calculations 

In this work, we have performed first-principles calculations at the spin-polarized 

density functional theory (DFT) level using the Vienna Ab initio Simulation Package 

(VASP).155,156 The Perdew-Burke-Ernzerhof (PBE)190 functional was employed to 

compute the exchange-correlation term of the Kohn-Sham equation. The projected 

augmented wave (PAW)199-201 method was used to model the frozen core electrons, their 
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kinetic energy densities, and their interactions with the valence states. The 1s level of 

H, the 2s2p levels of O, the 3d4s levels of Cu, and the 5s5p5d6s levels of W were treated 

as valence states.  

A periodic plane-wave basis set with a 400 Å6 cut-off energy was used to expand the 

Kohn-Sham valence states. To account for the Van der Waals interactions, the Grimme 

D3 method with Becke-Johnson damping was applied.202 To better simulate the 

bandgap of CuWO4, we employed the DFT+U method to correct the electronic self-

interaction in the d-orbitals of the transition metals, which is inadequately addressed by 

pure GGA functionals.166 The on-site Coulomb term (Ὗ ) was tested in the range of 3 

to 10 eV for both Cu and W cations. Our optimization provided the best agreement with 

experimental lattice parameters and band structures when Ὗ   was set to 7.5 eV for Cu. 

The results also indicated that the U correction is unnecessary for W atoms, as they lose 

all their d-electrons upon the formation of CuWO4. Although hybrid functionals offer 

an alternative to accurately describe the electronic properties of transition metals, they 

are highly system-dependent and require significantly more computational resources 

for surface models compared to the DFT+U method.191,192 We have therefore adopted 

the DFT+U approach, whose accuracy in modelling CuWO4 has been demonstrated in 

previous studies.223,238  

Bulk CuWO4, shown in Figure 5-2-1a, was modelled using a triclinic primitive unit cell 

containing 12 atoms (Cu2W2O8), sampled with a ũ-centred 4Ĭ3Ĭ4 k-point mesh.239 

Isolated H2, O2 and H2O molecules were sampled only at the ɜ point in a ρυρυρυ 

periodic simulation cell to avoid the influence of images in adjacent cells. The conjugate 

gradients algorithm was used to optimize the geometries of the bulk, dry surfaces, 

hydrated systems, and reaction intermediates. Optimization was deemed to be 

completed when the Hellmann-Feynman forces on each atom were less than 10-2 

Å6 ᴠ  and the energy difference between consecutive self-consistent steps was below 

10-6 Å6 .177 To increase the efficiency of the integration in the reciprocal space, we 

introduced the tetrahedron method with Blºchl correction for the bulk and surfaces of 

CuWO4,
178 and Gaussian smearing for the isolated H2, O2 and H2O molecules.

179 We 

have also tested higher energy cutoffs and k-point grids, as well as lower self-consistent 

energy thresholds to ensure that the energies were converged within 1 ÍÅ6 per atom.  

The climbing image nudged elastic band (CI-NEB) method was applied to generate 
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transition states (TS) along the catalytic pathways.175-177 Five images were implied 

between the initial (IS) and the final state (FS) for the CI-NEB calculations. 

The Bader charge of each atom was estimated by an improved grid-based algorithm 

proposed by Henkelman and co-workers.185,186 This method uses zero flux surfaces to 

divide molecules into atoms, on which the charge density is the minimum perpendicular 

to the surface. 

 

Figure 5-2-1. (a) Polyhedral model of the triclinic CuWO4 containing two formula 



117 

 

units. Cu, W and O are coloured in blue, grey, and red, respectively; (b) morphology 

of CuWO4 under the conditions of water splitting (298 K). 

5.2.2 Surface models 

The surface was created from the bulk CuWO4 material according to the Tasker 

method207 using the METADISE package209 and the calculations were carried out on a 

non-dipolar and symmetrical stoichiometric slab with Miller index (010). The surface 

slab was composed of 16 formula units of CuWO4 in eight cation-oxygen mixed layers, 

where the four top-most layers were allowed to relax explicitly, while the atoms in the 

four layers in the bottom of the slab were kept fixed at their bulk-optimised positions. 

The exposed area of the surface was 91.85 ᴠ  and a 10 ᴠ  vacuum was introduced 

perpendicular to the slab to prevent the interaction between the periodically repeated 

images of the CuWO4 slab and to allow space to adsorb the H2O molecules and follow 

the surface reactions. The surface energy of the slab before and after relaxation is 

calculated as:  

 ‎  (5-2-1) 

 ‎ ‎ (5-2-2) 

where  Ὁ and Ὁ are the energies of the relaxed and unrelaxed slabs, respectively, and 

Ὁ is the energy of one formula unit of the bulk material. A represents the area of the 

slab and ὲ is the number of formula units in the slab. 

5.2.3 Vibrational frequency calculation 

We calculated the vibrational frequencies for the isolated H2O molecule and the reaction 

intermediates for each step in the mechanistic pathways. The finite difference approach 

was applied, and the harmonic vibrational frequency was generated based on the second 

derivative of the potential energy with respect to the atomic position in the vicinity of 

the minimum of the well. A displacement of 0.015 ᴠ was set for each ion to calculate 

the Hessian matrix. To compare with the experimental results , a correction was 

introduced to the harmonic vibrational frequency through a scaling factor which was 

defined as follows180ï183: 

 ‗ В ‫ ’ ȾВ ‫  (5-2-3) 

where ‫   and ’   are the ith calculated harmonic vibrational frequency and 
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experimental fundamental frequency (in ÃÍ), respectively.  

5.2.4 Thermodynamic and kinetic profile 

The energy (ЎὉ ) of the intermediates as well as the transition states along the 

thermodynamic and kinetic profiles with respect to the energy of the pristine (010) 

surface (Ὁ ) were calculated according to the following equation: 

 ЎὉ Ὁ ὲὉ Ὁ ὰὉ άὉ  (5-2-4) 

where Ὁ  is the energy of the system with adsorbates and  Ὁ , Ὁ  and Ὁ  are 

the energies of the isolated (/ ȟ ( ȟ ÁÎÄ /  molecules in vacuum, respectively, 

whereas n represents the number of adsorbed (/, and ὰ and ά are the number of ( 

and / released from the surface system.  

The activation energy (Ὁ ) is calculated from the energy difference of the transition 

state i (ЎὉ) and intermediate i-1 (ЎὉ ). It is worth noting that we have omitted the 

zero-point energy and vibrational contribution to the entropy, since they have negligible 

impact on the results, as tested in previous work.238 

5.3 Results and discussion 

5.3.1 Isolated molecules 

The structural and electronic properties of bond distances, bond angles and harmonic 

vibrational frequencies of both hydrogen and water are listed in Table 5-3-1. Our 

calculated equilibrium bond distances and bond angle for H2 and H2O are in good 

agreement with experiment.229,240 The simulated vibrational frequency of H2 and the 

H2O red shift are within 100 ÃÍ of the experimental values, with the discrepancies 

due to the underestimation of the second derivative of energy with respect to atomic 

displacement by the PBE functional. 

Table 5-3-1. Bond distance (d), bond angle ( 

)᷁, stretching mode for H2 (’), asymmetrical stretching mode (’), symmetrical 

stretching mode (’), as well as bending mode (‏) for H2O. 

Properties H2  H2O 

 Calculation Experiment  Calculation Experiment 
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d (B) 0.74 0.75240  0.97 0.96229 

 ᷁ - -  104.4Ј 104.5Ј229 

’(ὧά) 4315 4401241 ’(ÃÍ) 3683 3756230 

   ’(ÃÍ) 3642 3657230 

 1522 1595230 (ÃÍ)‏   

 

5.3.2 Pathways on the pristine CuWO4 (010) surface 

In previous chapter, we have investigated the redox properties of the low Miller index 

surfaces of CuWO4, where the surface phase diagrams were reported as a function of 

partial pressure of oxygenated species and temperature.238 The equilibrium crystal 

morphology of CuWO4, derived from the phase diagrams under the conditions of 

mixtures of H2O/H2, suggests that the pristine (010) surface is the predominant facet in 

the morphology at 298 K, see Figure 5.2.1b.238 Further analysis of water adsorption 

confirmed that a H2O molecule can adsorb onto the perfect (010) surface with an 

exothermic adsorption energy of -0.89 eV. Additionally, the band gap at each coverage 

of H2O on CuWO4
 remains greater than 1.23 eV, thus satisfying the minimum 

requirement of the band gap for the water splitting reaction. Consequently, in this work 

we have selected the (010) surface for the mechanistic study of the water splitting 

reaction catalysed by CuWO4. 

5.3.2.1 Pathway 1 

The reaction profile of proposed mechanism 1 for the onset of water splitting is shown 

in Figure 5-3-1. Only one water molecule is involved in this mechanism, corresponding 

to a surface coverage of 0.125 monolayers (ML). It is worth noting that in previous 

work, we had defined a full ML as eight H2O molecules hydrating all four Cu atoms in 

the top-most layer of the surface.21 A water molecule ((/) was first adsorbed on Cu1 

in the top-most layer at 2.03 ᴠ, generating four non-equivalent types of Cu ions, as 

shown in state intermediate 1 (I1) of Figure 5-3-2. Two hydrogen bonds were formed 

between H1 and H2 and the O atoms in the surface (/ ) at distances of 2.15 ᴠ and 

2.21 ᴠ, respectively. The process is exothermic with ЎὉ calculated at -0.89 Å6 with 

respect to the pristine surface (reference system). The charge analysis of I1 indicates 

that an overall charge of 0.10 Ὡ  was transferred from the adsorbate to the surface, 
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mainly distributed along the Cu1-/   bond, as shown in Figure 5-3-3. The 

asymmetrical (‡) and symmetrical stretching modes (‡) of the water underwent a red 

shift after adsorption with respect to the isolated molecule in the gas phase, see Figure 

5-3-4, suggesting weakening of the OH bond, which is consistent with the charge 

migration from the adsorbate to the surface. 

 

Figure 5-3-1. (a) Proposed mechanism and (b) calculated reaction profile of pathway 

1 on the CuWO4 (010) surface. 
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Figure 5-3-2. Top and side views of the structures of the intermediates and transition 

states along pathway 1 on the pristine CuWO4 (010) surface. The Cu, W and O atoms 

of the surface are shown in blue, grey, and red, respectively. The O and H atoms of the 

water molecule are shown as in cyan and white, respectively, and hydrogen-bonds are 

shown as dotted lines.  

 

Figure 5-3-3. Charge density differences for each stage of the water splitting process 






































































































