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“Any one setting out to dispute anything ought always to begin by saying what he does not 

dispute. Beyond stating what he proposes to prove he should always state what he does not 

propose to prove.” 

- Gilbert Keith Chesterton, Orthodoxy, 1908  

“In what appears to be its unlimited development of material powers, humanity finds itself in the 

position of a captain whose ship has been built so strongly of steel and iron that the magnetic 

needle of its compass no longer responds to anything but the iron structures of the ship; it no 

longer points north. The ship can no longer be steered to reach any goal, but will go round in 

circles, a victim of wind and currents. However, the danger persists only so long as the captain has 

not grasped that the compass is not responding to the magnetic forces of the earth.” 

- Werner Heisenberg, The Physicist’s Conception of Nature, 1958  
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Abstract 

With the passage of time and the advancement of our industrial civilization, environmental 

concerns have become more and more recognized since the 1990s. Carbon dioxide reduction 

reactions are capable of converting carbon dioxide into valuable hydrocarbons and reducing the 

carbon emission from the combustion of fossil fuels. This is a promising direction for sustainable 

energy resources given that the scarcity of fossil fuels is becoming more threatening to the 

survival of mankind. In recent years, oxide-derived metal nanostructures have been synthesized 

and show unique catalytic features. Recently, Sloan et al. synthesized a novel oxide-derived 

copper nanocube structure, which showed a high selectivity toward ethylene over methane and 

low overpotentials. In this work, the presence of subsurface oxygen in the catalyst surface is 

tested with density functional theory (DFT) calculations, as a complement to experimental x-ray 

photoelectron spectroscopy. Due to limitations on the scale of modeling with DFT, the results 

indicat a very low stability of subsurface oxygen, which give rise to a question if subsurface 

oxygen would be stable with a reasonably large cluster model. Self-consistent charge density 

functional tight binding (SCC-DFTB) is adopted to investigate a nanocube model. In this model, a 

manually reduced cuprious oxide nanocube is constructed and investigated. Subsurface oxygen 

atoms close to facets are found to be more stable inside. A higher degree of disorder is proposed 

to be the cause of this difference in stabilizing subsurface oxygen atoms between the slab and 

nanocube models. The presence of subsurface oxygen enhances the adsorption of CO on the 

Cu(100) surface, increasing the likelihood for adsorbed CO molecules to dimerize, which is the 

rate determining step for ethylene production on Cu(100) under low-overpotential conditions. 

With subsurface electronegative atoms such as oxygen or fluorine, it is also found that the 

d-band scaling relation could be broken.  
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1 Introduction 

In 1824, Joseph Fourier published a paper, which stated that the atmospheric system of a planet 

could let the shorter wavelength part of sunlight pass but not the longer wavelength part of the 

ground radiation, akin to the glass of a heated greenhouse. [1] (There exists an English version 

translated by R. T. Pierrehumbert. [2]) Inspired by this work (and others following Fourier), in his 

famous paper published in 1896, Svante Arrhenius proposed the atmospheric greenhouse effect, 

that is, increase of carbon dioxide increases the ground temperature. Starting from the Stefan–

Boltzmann Law, Arrhenius derived his law for the atmospheric Greenhouse effect [3] 

 𝑇4 =
𝛼𝐴 + 𝑀 + (1 − 𝛼)𝐴(1 + 𝜈) + 𝑁(1 + 1/𝜈)

𝛾(1 + 𝜈 − 𝛽𝜈)
=

𝐾

1 + 𝜈(1 − 𝛽)
 (1.1) 

where 𝑇 is the ground temperature in Kelvin, 𝐴 is the heat per unit area from the sun, 𝛼 is 

the absorption coefficient of the atmosphere for solar heat, 𝜈 is the absorption coefficient of 

the ground, 𝑀 and 𝑁 are the amount of heat conveyed to the air and the ground respectively, 

and 𝛽 is the absorption coefficient of the air for the heat radiated from the ground. 𝐾 can be 

considered as a constant, hence if we increase 𝛽, 𝑇 will increase as well. Employing this law, 

Arrhenius estimated that if the air concentration of carbon dioxide increased to 2.5 or 3 times the 

value at his time, the arctic temperature would rise by 8 to 9 degrees Celsius. Later he realized 

that the combustion of fossil fuels is increasing the carbon dioxide concentration in the air. [4], 

[5] 

According to IPCC, carbon dioxide has a large radiative forcing (Fig. 1.1), which is largely 

anthropogenic. The increase of global temperature caused by anthropogenic greenhouse gas 

emission could cause the melting of icebergs thus increase the sea level, resulting in catastrophic 

consequences.[6] Thus, there is an increasing demand of reducing carbon dioxide emission.  

Meanwhile, the rapid growth of modern industry ever since the industrial revolution is 

consuming the fossil fuel reserve in this planet. It was estimated that oil, gas and coal will be 

depleted by 2040, 2042 and 2112, respectively. [7] 

The electrochemical CO2 reduction reaction (CO2RR) is a promising option for both reducing 

anthropogenic carbon dioxide emission and developing a sustainable way of storing energy 

simultaneously, the ultimate goal of which is to utilize solar radiation to drive 

photoelectrochemical reactions to convert carbon dioxide into energy-dense and economically 

valuable fuels like ethylene and ethanol, constituting an artificial photosynthesis. Currently, 

CO2RR experiments are mostly conducted in liquid solution, driven by electricity. The working 

electrode usually also serves as catalyst. 
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Figure 1.1: Bar chart for radiative forcing (hatched) and effective radiative forcing (solid) derived 

from the observed differences in concentrations of the well-mixed greenhouse gases between 

1750 and 2011. Reproduced from [6]. Radiative forcing is defined as the change in net downward 

radiative flux at the tropopause after allowing for stratospheric temperatures to readjust to 

radiative equilibrium, while surface and tropospheric temperatures and state variable such as 

water vapor and cloud cover are held fixed at the unperturbed levels, and effective radiative 

forcing is the change in net TOA downward radiative flux after allowing for atmospheric 

temperatures, water vapor and clouds to adjust but with surface temperature or a portion of 

surface conditions unchanged. (TOA means “top of atmosphere”.) [6] 

Among all the transition metals, copper is the only transition metal element that could produce 

hydrocarbon products like ethylene and ethanol in aqueous solutions under room temperature 

and ambient pressure. However, the low selectivity toward multicarbon products, the high 

overpotential and the low stability are challenging issues. [8] Since 2012, there has been an 

increased interest in oxide-derived metal catalysts, which show unique catalytic properties.[9] 

Recently, Sloan et al. reported the synthesis of a nanoscale cubic structure derived from cuprous 

oxide (Cu2O), which exhibits a high selectivity of ethylene over methane, a low overpotential and 

a decent stability over time. [10]–[12] It was later discovered that there exist subsurface oxygen 

atoms (Osb) in this catalyst, which modifies the adsorption strength of the crucial intermediate 

carbon monoxide (CO). [13] 

This work is dedicated to the investigation of the influence of such subsurface oxygen atoms, 

complementing experimental efforts, especially spectroscopic techniques, carried out recently by 

others. Density functional theory (DFT) and self-consistent charge density functional tight Binding 

(SCC-DFTB) are employed as theoretical tools in investigating the spectroscopic, electronic and 

structural properties. For DFT calculations, the square Cu(100) surface is taken as a model, with 
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subsurface oxygen atoms added as interstitials. DFTB is an approximate method based on 

Kohn-Sham DFT, where the parameters can be trained from both experiments and 

quantum-mechanical calculations. A cuprous oxide nanocube with the size of about 1.7 nm is 

manually reduced and the resulting structure is taken as the nanocube model system.  

First, a slab model is used and the X-ray photoelectron spectroscopy (XPS) data are calculated for 

the oxygen atom and compared with experimental results. Second, to investigate the stability of 

Osb in the slab, the diffusion minimum energy path of Osb from the subsurface region to the 

surface is calculated. Third, the nanocube system energies when an Osb is subsurface and on the 

surface as an adsorbate are calculated and compared to investigate the stability of Osb. In this 

step, SCC-DFTB is employed, with some full DFT calculations done for the purpose of comparison. 

Fourth, the adsorption energy of carbon monoxide on Cu(100) surfaces is calculated with and 

without Osb, where Osb is placed at different depths. Fifth, the electronic structure of the surface 

copper atoms is investigated as well; along with the calculated adsorption energy data, they are 

compared with the calculated d-band scaling relation [14] for pristine metal surfaces without 

subsurface species. At this point, subsurface species other than oxygen are tested too. All except 

for the third step are calculated with full DFT.  

This is still an ongoing project and the goal is to unveil the mystery of Osb – the ghost in the 

amorphous shell of the copper catalyst, the fundamental principles of which could inspire new 

recipes in the synthesis of even more efficient catalysts for CO2RR. 
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2 Heterogeneous Catalysis 

2.1 d-band Model 

To understand heterogeneous catalysis, one has to first understand the nature of the adsorption 

of molecules on transition metal surfaces. There are two sorts of adsorption: physisorption and 

chemisorption. In the former case, the absolute value of the adsorption energy is smaller than 

0.5 eV (usually 0.01-0.1 eV) and van der Waals interactions dominate; in the latter case, the 

absolute value of the adsorption energy is typically greater than 0.5 eV (usually 1–10 eV) and the 

interaction is dominated by rehybridization of molecular orbitals, i.e. chemical bonds. [15] In the 

chemisorption process, both the spatially delocalized s- and p-orbitals and the spatially localized 

d-orbitals in the metal are involved. However, according to the Newns–Anderson model, the 

resulting projected density of states on the adsorbate could have two distinct patterns. When the 

hopping matrix element – which is defined to quantify the interaction strength between an 

adsorbate state and the metal states – is much smaller than the band width of the metal states, a 

broadening will happen, whereby the bottom part of the band has more bonding behavior but 

the top part has more antibonding behavior. Conversely, when the hopping matrix element is 

much larger than the band width of the metal states, a molecular-orbital-like result would 

emerge: bonding and antibonding states are well separated. On the energy scale, the delocalized 

s- and p-bands are much broader than the localized d-bands hence the s- and p-bands result in 

broadening while d-bands result in separate states. [16], [17]  

This chemisorption process can be illustrated in Fig. 2.1. For transition metals, the valence 

electrons include s-electrons and d-electrons. According to the principles stated above, the 

rehybridization between adsorbate orbitals and the metal s-orbitals results in a broadening in its 

width and a shift in its peak position. However, the rehybridization with d-orbitals results in 

separated anti-bonding and bonding states. Eventually, the adsorption strength of the molecule is 

determined by the occupancy of such anti-bonding and bonding states. This is the d-band model 

[18] 
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Figure 2.1: Schematic illustration of the formation of the chemisorption bond of an adsorbate on 

a transition metal surface. Reproduced from [19]. 

2.2 Scaling Relation 

The difference between the electronic structures of different transition metal elements lies in the 

filling of the d-bands. The more the d-bands are filled, the more the resulting bonding and 

anti-bonding orbitals are occupied, energy-wise from the lower to the higher orbitals, first 

bonding then antibonding orbitals. This provides the rationale in establishing the relation 

between the d-band center of a transition metal surface and the adsorption strength. This linear 

relation is called a scaling relation. Furthermore, it implies the fact that the adsorption energies 

of different species anchoring on the metal surface via the same atom(s) are linearly correlated, 

as shown in Fig. 2.2.  

 

Figure 2.2: Calculated adsorption energies of CHx species vs. carbon atom adsorption energy. 

Calculated with DFT. Reproduced from [20]. 

As a result, relevant intermediates of a certain reaction on the catalyst surfaces are correlated in 

their adsorption energy, simplifying the considerations one has to take into account. For example, 

the transition state energy of a reaction is correlated with adsorption energies, as shown in Fig. 

2.3. 
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                        (a)                               (b) 

Figure 2.3: (a) The correlation plot between the adsorption free energies of CO* and the 

transition state H-CO*, and (b) that between the adsorption free energies of CHO* and the 

transition state H-CO* for CO*→CHO* on (111) and (211) transition metal facets. (*CO means 

this CO molecule is an adsorbate.) Adapted from [21]. 

This implies another scaling relation: the linear scaling relation between activation energy and 

the reaction energy. Such a linear scaling relation in terms of free energy is called a Brønsted–

Evans–Polanyi relation. [22] 

2.3 CO and N2 Adsorption on Transition Metal Surfaces 

Understanding the adsorption of diatomic molecules like N2 and CO on transition metal surfaces 

is of paramount importance in the investigations of crucial catalytic reactions like ammonia 

synthesis and carbon dioxide reduction. Although the net adsorption energy of such molecules is 

pretty low (up to about 1 eV), the interaction between the adsorbate and the metal surface is by 

no means weak. Here the mechanism is demonstrated with N2 on a transition metal surface. [18] 

For molecule–surface orbital interaction of π symmetry, the occupied 1𝜋 and the unoccupied 

2𝜋∗ molecular orbitals of N2 both participate in the rehybridization with metal d-states, forming 

the allylic configuration. The resulting new orbitals are the bonding orbital 1�̃�, the nonbonding 

orbital �̃�𝜋, and antibonding orbital 2�̃�∗. Fig. 2.4 demonstrates the situation when the metal is 

nickel. 
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Figure 2.4: The schematic illustration for the rehybridization of N2 adsorption on a Ni surface in 

terms of the 𝜋 symmetry. The three resulting orbitals are the bonding orbital 1�̃�, non-bonding 

orbital �̃�𝜋, and the anti-boding orbital 2�̃�∗. Reproduced from [23]. 

The electron configurations of Ni and Cu are [Ar]3d94s1 and [Ar]3d104s1, respectively. Thus the 

occupation of the d-band is higher for Cu than for Ni, resulting in a lower d-band center and more 

importantly, more antibonding character. But overall the antibonding orbital is not fully filled; 

hence it is an attractive system. 

For the σ symmetry, however, the situation is very different. As illustrated in Fig. 2.5, the LUMO of 

N2 is much higher up from the Fermi level, by about 20 eV, making it unlikely to rehybridize with 

metal states. Also, the valence s- and p-states of the metal is involved in addition to d-states. The 

consequence is that, in the case of nickel and copper, all the resulting orbitals, including the 

bonding 4�̃� and 5�̃� orbitals and the antibonding �̃�𝜎 orbital are below the Fermi level and thus 

occupied. Thus the Pauli repulsion makes the whole σ system repulsive.  
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Figure 2.5: The schematic illustration for the rehybridization of N2 adsorption on a Ni surface in 

terms of the 𝜎 symmetry. Reproduced from [23]. 

The 𝜋  attraction increases the adsorption strength while the 𝜎  repulsion reduces the 

adsorption strength. The net effect is small adsorption energy but it is the result of two strong 

interactions. Hence if we can reduce the strength of the 𝜎 repulsion or even turn it into 

attraction, a much stronger adsorption can be expected. 

2.4 Carbon Dioxide Reduction Reactions 

The goal of CO2RR is to convert CO2 into valuable hydrocarbons, which involves multiple steps 

and various intermediate species adsorbed on the catalyst surface. Transition metals can be 

sorted into four categories according to the products from the reactions on them in aqueous 

solutions, as shown in Fig. 2.6. 
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Figure 2.6: Transition metals and the major products from electrochemical reactions on them. 

Adapted from [24]. 

Among these metals, copper is the only one which can catalyze CO2RR to produce multicarbon 

products. [8], [24] Hence the production of hydrocarbons like ethylene and ethanol is usually 

studied on copper surfaces. 

In neutral aqueous solutions and at room temperature and ambient temperature, the relevant 

reactions are: [8] 

CO2 + H2O + 2e– ⇄ CO + 2OH– (–0.52 V) 

CO2 + H2O + 2e– ⇄ HCOO– + OH– (–0.43 V) 

CO2 + 6H2O + 8e– ⇄ CH4 + 8OH– (–0.25 V) 

2CO2 + 8H2O + 12e– ⇄ C2H4 + 12OH– (–0.34 V) 

2CO2 + 9H2O + 12e– ⇄ C2H5OH + 12OH– (–0.33 V) 

3CO2 + 13H2O + 18e– ⇄ C3H7OH + 18OH- (–0.32 V) 

These reactions are in competition with the hydrogen evolution reaction (HER), which defines the 

standard hydrogen electrode (SHE), which is the voltage reference of the equilibrium potentials 

of all the reactions above: 

2H+ + 2e– ⇄ H2 

There are usually several rate-determining steps (RDS) along the reaction pathway from CO2 to a 

certain hydrocarbon, as shown in Fig. 2.7. Usually multiple proton-coupled electron transfer steps 

are involved. In the case of ethylene, a hydrocarbon with high energy density and high economic 

value, the first RDS is the conversion from CO2 to the radical anion CO2
–·, hence the stabilization 

of this species is crucial. [8] Afterwards, there are two possible reaction pathways.  
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Figure 2.7: Possible reaction pathways for the electrocatalytic reduction of CO2 to products on 

transition metals and molecular catalysts: (a) pathways from CO2 to CO, CH4 (blue arrows), CH3OH 

(black arrows), and HCOO– (orange arrows); (b) pathways from CO2 to ethylene (gray arrows) and 

ethanol (green arrows); (c) pathway of CO2 insertion into a metal−H bond yielding HCOO– (purple 

arrows). Species in black are adsorbates, while those in red are reactants or products in solution. 

Potentials are reported versus RHE, while RDS indicates rate-determining steps and (H+ +e−) 

indicates steps in which either concerted or separated proton−electron transfer takes place. 

Reproduced from [25]. 

The first pathway is through a common intermediate with methane. *COH is that intermediate on 

Cu(111) [26] while it is *CHO on Cu(211) [27] and Cu(100) [28]. This path can happen on both 

Cu(100) and Cu(111) surfaces where protonation happens before dimerization. The second one is 

exclusive for Cu(100) under low overpotential via a non-electrochemical step: the dimerization of 

*CO before protonation. [25], [29], [30] HER and the first path is dependent on pH while the 
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second pathway is independent. [8], [30] This means an increased local pH would increase the 

production of ethylene from Cu(100). 

According to DFT calculations from Calle-Vallejo et al., the intermediate *OCCO is adsorbed on 

Cu(100) via a carbon atom and the oxygen atom neighbouring it. [31] However, after including 

explicit water molecules and a cation, it was found that *OCCO is adsorbed via both carbon 

atoms. [32], [33] 

2.5 Oxide-Derived Copper Nanocubes 

Although pure polycrystalline copper metal could convert CO2, the selectivity for ethylene is 

lower than that for methane, the onset potential is rather high, while the stability is not optimal. 

[8] For single-crystals, only Cu(100) has a potential range within which the selectivity toward 

ethylene is slightly higher compared to methane [10], [11], as shown in Fig. 2.8. Thus novel 

designs, such as nanostructuring, are necessary for overcoming the limitations of the pure 

polycrystalline metal.  

 

Figure 2.8: A) Comparison of single-crystal CVs in 0.1m KHCO3. Methane and ethylene formation 

on B) Cu(211), C) Cu(100), and D) Cu- (111). Reproduced from [10]. 

Oxide-derived metal nanostructures are one of the viable options, where the catalyst structure is 

obtained through reducing metal oxides. Common methods include chemical deposition [34], 

annealing [35], anodization [36], cyclic voltammetry [10] etc.. A couple of years ago, Roberts et al. 

reported a novel nanocube catalyst derived from Cu2O, which shows extraordinary characteristics. 
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As shown in Fig. 2.9, the production of ethylene is hundreds of times higher than that of methane. 

The onset potentials for the production of ethylene on Cu nanocubes are lower than that for 

methane. [10] 

 

Figure 2.9: SEM images of A) the Cu nanocube surface formed by cycling a polycrystalline 

electrode between -1.15 and 0.9 V three times with 4 mM KCl in 0.1 M KHCO3 and B) a 

polycrystalline copper electrode after cycling in the same voltage region three times without KCl 

in 0.1 M KHCO3. C) Cyclic voltammograms of Cu nanocubes (red) and polycrystalline (black) 

copper surfaces and corresponding hydrogen formation measured by online electrochemical 

mass spectrometry (OLEMS) shown in (D). Methane (dashed) and ethylene (solid) formation 

measured by OLEMS on E) the Cu nanocubes surface and F) polycrystalline copper. Reproduced 

from [10].  

According to Roberts et al., the onset potentials of the electroreduction toward ethylene on Cu 

nanocubes at pH values 7 and 13 are very close to those on Cu(100) [11], along with the cubic 

shape, one could conclude that the extraordinary character can be attributed to the abundance 

of Cu(100) facets of the catalyst, which is in agreement with the second reaction pathway to 

ethylene. However, if we take a closer look at Fig. 2.8 and Fig. 2.9, Cu(100) alone could not 
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explain the thorough suppression of methane production and therefore there should be other 

factors, such as the existence of subsurface electronegative species which alter the surface 

electronic structure. 
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3 Theoretical Methods 

3.1 Born–Oppenheimer Approximation 

In molecular physics and quantum chemistry, a well-known approximation is the Born–

Oppenheimer (BO) approximation, where we assume that electrons adapt to the change of 

nuclear positions instantaneously. For a system with 𝑀 electrons and 𝑁 nuclei, we can write 

the Hamiltonian 𝑯 as 

 𝑯 = 𝑻𝒏 + 𝑯𝒆𝒍 (3.1) 

where in atomic units, the kinetic energy operator 𝑻𝒏 and electrostatic Hamiltonian 𝑯𝒆𝒍 are 

written as: 

 𝑻𝒏 = − ∑
1

2𝑚𝑝
Δ𝑝

𝑁

𝑝=1

, 𝑯𝒆𝒍 =  − ∑
1

2
Δ𝑞

𝑀

𝑞=1

+ 𝑽𝒄𝒐𝒖𝒍 (3.2) 

𝑚𝑝, Δ𝑝, and Δ𝑞 are the nuclear mass, the Laplacian in the nuclear coordinate, the Laplacian in 

the electron coordinate, respectively. The term 𝑽𝒄𝒐𝒖𝒍 includes the electron–electron, electron–

nucleus and nucleus–nucleus Coulomb interactions. Under the Born–Oppenheimer 

approximation, we can separate the wave functions for the nuclei 𝜑𝑛(𝑹) and the electrons 

𝜑𝑒𝑙(𝒓; 𝑹) from the total wave function 𝜓(𝑹, 𝒓) 

 𝜓(𝑹, 𝒓) = 𝜑𝑛 (𝑹)𝜑𝑒𝑙(𝒓; 𝑹) (3.3) 

If we apply the total Hamiltonian on the total wave function, we will get 

 

𝑯𝜓(𝑹, 𝒓) = 𝜑𝑛(𝑹)𝑯𝒆𝒍𝜑𝑒𝑙(𝒓; 𝑹) + 𝜑𝑒𝑙(𝒓; 𝑹)𝑻𝒏𝜑𝑛(𝑹)

− ∑
1

2𝑚𝑝

𝑁

𝑝=1

(2∇𝑝𝜑𝑛(𝑹)∇𝑝𝜑𝑒𝑙(𝒓; 𝑹) + 𝜑𝑛(𝑹)Δ𝑝𝜑𝑒𝑙(𝒓; 𝑹)) 
(3.4) 

∇𝑝𝜑𝑒𝑙(𝒓; 𝑹) and Δ𝑝𝜑𝑒𝑙(𝒓; 𝑹)) can be neglected as is typical when there is no crossing between 

different electronic states on the potential energy surface. Hence, we have the following eigen 

equations 

 𝑯𝒆𝒍𝜑𝑒𝑙(𝒓; 𝑹) = 𝐸𝑒𝑙𝜑𝑒𝑙(𝒓; 𝑹) (3.5) 

 (𝑻𝒏 + 𝐸𝑒𝑙)𝜑𝑛(𝑹) = 𝐸𝜑𝑛(𝑹) (3.6) 
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When calculating the potential energy surface, the nuclei are assumed to be static and the 

electronic Schrödinger equation is solved with 𝑹 taken as a parameter. 

3.2 Density Functional Theory 

In many post-Hartree–Fock methods, the single Slater determinant in the Hartree–Fock method 

is replaced by multiple determinants, which improves the accuracy by complicating the wave 

function. Another method is to modify the energy expression, which is the basic idea of density 

functional theory (DFT). The idea of DFT is in its name, i.e. the system energy is a functional of 

the electron density. In a system of 𝑁 electrons, with the wave function method, there are 4𝑁 

variables, 3𝑁 for spatial coordinates and 𝑁 for spin. However, with DFT, there are only 3 or 4 

variables to take care of, depending on whether the calculation is spin polarized or spin restricted. 

This significantly decreases the cost of computations.  

DFT is based on the two Hohenberg–Kohn theorems. The first one states that the external 

potential 𝑽𝒆𝒙𝒕 is a unique functional of the electron density 𝜌(𝒓), and the second one states 

that the electron density 𝜌(𝒓) that minimizes the system energy is that of the ground state. The 

integral of the density, the cusps in the density and the height of the cusps correspond to the 

number of electrons, the positions of nuclei and the nuclear charges, respectively. A common 

form of DFT is Kohn–Sham (KS) theory. 

Kohn-Sham theory starts from 𝑁 non-interacting electrons. The electronic Hamiltonian with the 

BO approximation is then 

 𝑯 = 𝑻 + 𝑽𝒆𝒙𝒕 (3.7) 

The exact solution 𝜙𝑖(𝒓) is given by  

 𝑯𝜙𝑖(𝒓) = 휀𝑖𝜙𝑖(𝒓) (3.8) 

These 𝜙𝑖(𝒓) are Kohn-Sham orbitals. The kinetic energy and the electron density are then 

 𝑇𝑠(𝒓) = ∑ 𝑓𝑖⟨𝑖| −
1

2
Δ|i⟩

𝑁

𝑖=1

 (3.9) 

 𝜌(𝒓) = ∑ 𝑓𝑖|𝜙𝑖(𝒓)|2 

𝑁

𝑖=1

 (3.10) 

where 𝑓𝑖 is the occupation number. The external potential 𝑽𝒆𝒙𝒕 is such that the density 𝜌(𝒓) 

in this non-interacting picture gives the same density as in the real system. Now the energy of the 

real system can be written as 

 𝐸[𝜌] = 𝑇𝑠[𝜌] + ∫ 𝑽𝒆𝒙𝒕(𝒓)𝜌(𝒓)𝑑𝒓 + 𝐽[𝜌] + 𝐸𝑛𝑛 + 𝐸𝑥𝑐[𝜌] (3.11) 
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where the formal expression of the last term is 

 𝐸𝑥𝑐[𝜌] = (𝑇[𝜌] − 𝑇𝑠[𝜌]) + (𝐸𝑒𝑒[𝜌] − 𝐽) (3.12) 

where 𝑇[𝜌]  and 𝐽  are the kinetic energy of electrons in the real system and the 

electron-electron Coulomb interactions which is the same 𝐽 as in the Hartree–Fock theory, 

respectively. Similar with the Hartree–Fock equation, the Kohn-Sham equation is solved 

iteratively. 

If the exchange–correlation functional 𝐸𝑥𝑐[𝜌]  is exact, the exact electron density will be 

obtained. In reality, different approximations and methods are employed for this functional. 

There are five levels of refinement for the exchange–correlation functionals. The first level is local 

density, where the energy is a functional of density 𝜌, including functionals such as the local 

density approximation (LDA). The second level is the generalized gradient approximation (GGA), 

where the energy is a functional of the density 𝜌 and its first-order derivative ∇𝜌. Functionals 

of this level include the Perdew–Burke–Ernzerhof  (PBE) [37] and Becke–Lee–Yang–Parr (BLYP) 

[38], [39] functionals. The third level is called meta-GGA, where the second-order derivative Δ𝜌 

is also considered (or the orbital kinetic energy density). The fourth level is called hybrid-GGA, 

whereby on top of meta-GGA or GGA, Hartree–Fock exchange energy is also taken into account, 

such as the B3LYP and PBE0 functionals. The fifth level is generalized random phase 

approximation (GRPA), where virtual orbitals are taken into the model on the basis of hybrid-GGA. 

In this thesis, the RPBE [40] and PBE functionals are mostly used. 

Instead of fitting the exchange–correlation potential with auxiliary functions, one can directly use 

the auxiliary function density from the variational fitting of Coulomb potential. This is called 

auxiliary density functional theory (ADFT), [41] which is used in program such as deMon2k and 

StoBe–deMon. 

3.3 Projector-Augmented Wave 

In electronic structure methods, the precise description of the wave function can be very 

challenging: in the bonding region, the wave function is usually very smooth, while due to the 

strong nuclear attraction, in the core region it oscillates in a very rapid manner, resulting in 

multiple nodes. In order to have a decent accuracy, usually either a high energy cutoff in the 

plane wave basis or fine grid spacing in the finite difference mode is required. This leads to a high 

consumption of computational resources. However, in chemistry, only the valence electrons are 

usually interesting and the core electrons are not perturbed by chemical processes. This inspired 

the invention of various methods, such as norm-conserving pseudo-potentials (NCPP) [42] and 

ultra-soft pseudo-potentials (USPP) [43], [44] . The basic idea is that in the core region, the 

rapidly oscillating wave function is transformed into a smooth and nodeless pseudo wave 

function (and thus also a pseudo-potential). However, NCPP suffer from calculating highly 

localized valence states (metal d-states for example) both efficiently and accurately and USPP is 

by no means an all-electron (AE) method. Another approach is projector-augmented wave (PAW) 

[45], which overcomes the drawbacks of NCPP and USPP. 
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In PAW, a new Hilbert space is created for the smooth and nodeless pseudo wave functions. For a 

certain eigenstate, there exists an operator 𝑻 to transform the pseudo wave function to the AE 

wave function 

 |𝜓⟩ = 𝑻|�̃�⟩ (3.13) 

For atom 𝑎, this operator only acts on the region inside the core region with a cutoff radius 𝑟𝑐𝑢𝑡
𝑎 , 

which is to say, outside the core region, pseudo wave functions are identical to AE wave functions. 

The operator can be rewritten as a linear transformation 

 𝑇 = 1 + ∑ ∑(|𝜑𝑖
𝑎⟩ − |�̃�𝑖

𝑎⟩)⟨�̃�𝑖
𝑎|

𝑖𝑎

 (3.14) 

where |𝜑𝑖
𝑎⟩, |�̃�𝑖

𝑎⟩ and ⟨�̃�𝑖
𝑎| are the AE partial wave, the pseudo partial wave and the projector 

function for the 𝑖-th partial wave of atom 𝑎. For the projector function, within 𝑟𝑐𝑢𝑡
𝑎 , this 

orthogonality condition must be fulfilled 

 ⟨�̃�𝑖
𝑎|�̃�𝑗

𝑎⟩ = 𝛿𝑖𝑗  (3.15) 

Hence the linear transformation from the pseudo wave function to the AE wave function is  

 |𝜓⟩ = |�̃�⟩ + ∑ ∑(|𝜑𝑖
𝑎⟩ − |�̃�𝑖

𝑎⟩)⟨�̃�𝑖
𝑎

𝑖

|�̃�⟩

𝑎

 (3.16) 

For quasilocal operators like the Hamiltonian and kinetic-energy operators, there exists a simple 

transformation from the AE operator to the pseudo operator, for example, 

 �̃� = 𝑻+𝑯𝑻 (3.17) 

And the overlap operator is  

 𝑺 = 𝑻+𝑻 (3.18) 

We then have the pseudo KS equation 

 �̃�|�̃�⟩ = 휀𝑺|�̃�⟩ (3.19) 

This equation can be solved like ordinary KS equations. 

In principle, PAW can be implemented with various kinds of basis set functions. GPAW is an 

implementation of PAW, based on a real-space grid. The pseudo KS equation is solved numerically 

by multigrid solvers where the initial guess of the wave functions is based on linear combination 

of atomic orbitals (LCAO), but the basis set of GPAW per se is its real-space grid. Underlying this 

method is the finite difference approximation, which copes well with the smooth pseudo wave 

functions in PAW. The atomic information such as partial waves is stored in atomic PAW setup 

files as a counterpart for the pseudo-potentials in USPP.  
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3.4 Density Functional Tight Binding 

Density functional tight binding (DFTB) is an approximation of DFT. [46], [47] In condensed matter 

physics, the tight binding (TB) approximation is defined for weakly interacting neutral atoms, 

where isolated atoms are perturbed by an external potential. In order to introduce DFTB, let us 

start from KS-DFT. The total energy is 

 𝐸[𝜌] = 𝑇𝑠[𝜌] + ∫ 𝑉𝑒𝑥𝑡(𝒓)𝜌(𝒓)𝑑𝒓 + 𝐽[𝜌] + 𝐸𝑛𝑛 + 𝐸𝑥𝑐[𝜌] (3.20) 

This can be rewritten into 

 
𝐸[𝜌(𝒓)] = ∑ 𝑓𝑖⟨𝜓𝑖 |−

1

2
Δ + ∫ 𝑑𝒓𝑉𝑒𝑥𝑡(𝒓)𝜌(𝒓)| 𝜓𝑖⟩

𝑖

+
1

2
∬ 𝑑𝒓𝑑𝒓′

𝜌(𝒓)𝜌(𝒓′)

|𝒓 − 𝒓′|

+ 𝐸𝑥𝑐(𝜌(𝒓)) + 𝐸𝑛𝑛 

(3.21) 

where 𝑓𝑖 is the occupation number of orbital 𝑖. Now let us stipulate the charge fluctuation as 

the electron density difference between the bonded and atomic states 

 𝛿𝜌0(𝒓) = 𝜌𝑚𝑖𝑛(𝒓) − 𝜌0(𝒓) (3.22) 

If we expand 𝐸[𝜌] near 𝜌0 to the second order, we can then get 

 𝐸[𝛿𝜌] ≈ 𝐸𝐵𝑆[𝛿𝜌] + 𝐸𝑐𝑜𝑢𝑙[𝛿𝜌] + 𝐸𝑟𝑒𝑝 (3.23) 

where 

 𝐸𝐵𝑆[𝛿𝜌] = ∑ 𝑓𝑖⟨𝜓𝑖 |−
1

2
Δ + 𝑉𝑒𝑥𝑡 + 𝐽[𝜌0] + 𝑉𝑥𝑐[𝜌0]| 𝜓𝑖⟩

𝑖

= ∑ 𝑓𝑖⟨𝑖|𝐻[𝜌0]|𝑖⟩

𝑖

 (3.24) 

 𝐸𝑐𝑜𝑢𝑙[𝛿𝜌] =
1

2
∬ (

𝛿2𝐸𝑥𝑐[𝜌0]

𝛿𝜌𝛿𝜌′
+

1

|𝒓 − 𝒓′|
) 𝛿𝜌𝛿𝜌′ (3.25) 

 𝐸𝑟𝑒𝑝 = −
1

2
∫ 𝐽[𝜌0(𝒓)]𝜌0(𝒓) + 𝐸𝑥𝑐[𝜌0] + 𝐸𝑛𝑛 − ∫ 𝑉𝑥𝑐[𝜌0(𝒓)]𝜌0(𝒓) (3.26) 

The first term (3.24) is the band structure energy where 𝐻[𝜌0] is independent of the charge 

fluctuation; the second term is the Coulomb energy which includes the electron–electron 

Coulomb energy (and exchange–correlation energy); the third term is called the repulsive energy 

due to the fact that it contains the nucleus–nucleus repulsive energy. Now let us divide the space 

𝜓 into atom volumes 𝜓𝐼, then the extra electron population on the 𝐼-th atom Δ𝑞𝐼  and the 

charge fluctuation 𝛿𝜌(𝒓) are related by 
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Δ𝑞𝐼 = ∫ 𝛿𝜌(𝒓)𝑑𝒓
𝜓𝐼

  

 𝛿𝜌(𝒓) = ∑ Δ𝑞𝐼𝛿𝜌𝐼(𝒓)

𝐼

 

(3.27) 

Here if we can approximate 𝛿𝜌(𝒓) with a Gaussian profile  

 𝛿𝜌𝐼(𝒓) =
1

(2𝜋𝜎𝐼
2)1.5

𝑒
−

𝒓2

2𝜎𝐼
2
 (3.28) 

the Coulomb energy term can then be rewritten into 

 𝐸𝑐𝑜𝑢𝑙 =
1

2
∑ 𝛾𝐼𝐽(𝑅𝐼𝐽)Δ𝑞𝐼Δ𝑞𝐽

𝐼𝐽

 (3.29) 

where 

 𝛾𝐼𝐽(𝑅𝐼𝐽) = {

𝑈𝐼, 𝐼 = 𝐽

erf(𝐶𝐼𝐽𝑅𝐼𝐽)

𝑅𝐼𝐽
, 𝐼 ≠ 𝐽

 (3.30) 

where 𝑈𝐼 is the atomic Hubbard 𝑈 parameter. 𝑈𝐼 and 𝐶𝐼𝐽 can be expressed as 

 𝑈𝐼 =
1

√𝜋𝜎𝐼

, 𝐶𝐼𝐽 = √
1

2(𝜎𝐼
2 + 𝜎𝐽

2)
 (3.31) 

Meanwhile, the repulsive energy can also be expressed in terms of atom pairs 

 𝐸𝑟𝑒𝑝 = ∑ 𝑉𝑟𝑒𝑝
𝐼𝐽 (𝑅𝐼𝐽)

𝐼<𝐽

 (3.32) 

Now let us introduce the TB formalism. First, we use a minimal local basis set to expand the wave 

functions 

 |𝜓𝑖(𝒓)⟩ = ∑ 𝑐𝜇
𝑖 |𝜑𝜇(𝒓)⟩

𝜇

 (3.33) 

We can then write the energy in the basis 

 𝐸 = ∑ 𝑓𝑖

𝑖

∑ 𝑐𝜇
𝑖∗𝑐𝜈

𝑖 𝐻𝜇𝜈
0 +

1

2
∑ 𝛾𝐼𝐽(𝑅𝐼𝐽)Δ𝑞𝐼Δ𝑞𝐽

𝐼𝐽

+ ∑ 𝑉𝑟𝑒𝑝
𝐼𝐽 (𝑅𝐼𝐽)

𝐼<𝑗

 

𝜇𝜈

 (3.34) 

where 𝐻𝜇𝜈
0 = ⟨𝜑𝜇|𝐻[𝜌0]|𝜑𝜈⟩. The overlap matrix element is then 
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 𝑆𝜇𝜈 = ⟨𝜑𝜇|𝜑𝜈⟩
𝜓

= 2⟨𝜑𝜇|𝜑𝜈⟩
𝜓𝐼

 (3.35) 

The minimum of 𝐸 is then determined with the variational principle applied to (𝐸 − ∑ 휀𝑖⟨𝑖|𝑖⟩𝑖  

where 휀𝑖 are Lagrange multipliers. For all 𝑖 and 𝜇, 

 ∑ 𝑐𝜈
𝑖 (𝐻𝜇𝜈 − 휀𝑖𝑆𝜇𝜈)

𝜈

= 0 (3.36) 

where  

 𝐻𝜇𝜈 = 𝐻𝜇𝜈
0 +

1

2
𝑆𝜇𝜈 ∑(𝛾𝐼𝐾 + 𝛾𝐽𝐾)Δ𝑞𝐾

𝐾

, 𝜇 ∈ 𝐼, 𝜈 ∈ 𝐽 (3.37) 

Practically, the Hamiltonian and density matrices are precalculated and stored in Slater–Koster 

files, along with the repulsive energy, in a manner of atomic pairs, such as Cu–Cu, Cu–O and O–

Cu. When calculating electronic structures, they are read from the Slater–Koster files immediately 

thus saving the calculation time and memory consumption. The basic idea is to make a crude 

approximation in the wave function with LCAO and to compensate it in the repulsive energy part. 

Usually for certain systems, either experimental data or DFT results are employed as training sets 

to tune the repulsive energy. The repulsive energy plays a similar role as the exchange–

correlation functional in DFT. There are two forms: self-consistent charge DFTB (SCC-DFTB) where 

the equation is solved iteratively and non-self-consistent DFTB (NCC-DFTB where the energy is 

directly calculated. 

3.5 X-ray Spectroscopies with DFT 

The X-ray absorption (XA) cross section of a molecule can be calculated from Fermi’s Golden Rule. 

The transition probability per unit time 𝑃𝑖𝑓 from the initial state |𝑖⟩ to the final state |𝑗⟩ is 

 𝑃𝑖𝑓 =
2𝜋

ℏ
|⟨𝑓|𝑽0𝑒𝑖𝒌⋅𝒓 |𝑖⟩|

2
𝜌𝑓(𝐸) (3.38) 

where 𝑽0 is the harmonic light field and 𝜌𝑓(𝐸) is the energy density of the final states. Usually 

a dipole approximation is made when 𝒌 ⋅ 𝒓 ≪ 1 (where 𝒓 is the electron coordinate in space 

with an origin at the atom center hence is related with the atomic radius) is fulfilled, which is the 

case in the course of XA processes in the soft X-ray range. Hence, the XA cross section is then 

 𝜎(𝜔) ∝ 𝜔|⟨𝑓|𝒆 ⋅ �̂�|𝑖⟩|
2

𝛿(𝜔𝑓𝑖 − 𝜔) (3.39) 

where 𝒆 is the unit vector of the electric field and �̂� is the dipole operator.  

In the original interpretation from Hohenberg and Kohn, they stated the ground state as the 

variation target of DFT. However, this is not the necessary constraint for DFT. The energy 

functional in DFT is based on two premises: the density corresponds to a specific external 
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potential, and the variational principle. This gives rise to core excited state DFT. The process is as 

follows: LUMO is first variationally determined with the constraint of a core hole, and then LUMO 

is removed from the variational space, which means it now becomes a constraint too. LUMO+1 

can then be determined with the same constraint as LUMO. This Δ self-consistent field KS (ΔKS) 

process can be repeated until a set of well-defined core-excited KS orbitals are obtained, which 

are orthogonal. [48]–[50]  

To calculate the ionization potential (IP), or to estimate the binding energy in X-ray photoelectron 

spectroscopy (XPS), a ΔKS calculation can be done, by using the variational solution: 

 𝐼𝑃1𝑠 = 𝐸𝑜𝑝𝑡,𝑛1𝑠=0 − 𝐸𝑜𝑝𝑡,𝑛1𝑠=1 (3.40) 

This is often called a full core hole (FCH) approximation. However, in a conductive system, there is 

usually a screening effect, where in the excited state an extra electron is present on LUMO, fully 

screening the core hole. If this screening effect is considered, this is then called the XCH 

approximation. It is noteworthy that even when there is no empirical correction to the calculated 

IP, the chemical shift between atoms in different chemical environments can be obtained reliably. 

The result can be used for obtaining the absolute energy scale between the ground and first 

excited state for XA spectroscopy (XAS) calculations.  

According to Slater [48], [51], the orbital energy difference 휀
𝑓

1

2
,−

1

2 − 휀
𝑖

1

2
,−

1

2 is a good approximation 

for the excitation energy to the second order, where half an electron is excited from the orbital 𝑖 

to the orbital 𝑓. This is called Slater transition-state method, which puts both states at an equal 

footing. However, this means one has to calculate the energies state-by-state. Since usually the 

electrons on the excited states interact weakly with the ionized core of the atom, a further 

approximation can be made: considering only half a core hole and determining all excited states 

based on such a core potential in one global diagonalization. This is called transition-potential 

approach (TP). By doing so, the spectrum calculation is much more efficient without losing the 

accuracy of Slater transition-state method. This is also called half core hole (HCH) approximation 

[49]: 

 𝐸𝑏(1𝑠) = −
𝛿𝐸0(𝑛1𝑠)

𝛿𝑛1𝑠
|

𝑛1𝑠=
1
2

 (3.41) 

 

In this fashion, for near edge X-ray absorption fine structure (NEXAFS) calculations, three steps 

are necessary: an ordinary KS-DFT calculation on the ground state, an XCH calculation for the 

absolute energy scale and a HCH calculation to get the spectra. Usually, when the unit cell is too 

small and the calculation is periodic, one has to repeat the unit cell lest neighboring core holes 

interact with each other, causing errors.  
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4 Computational Details 

4.1 Oxygen K-edge X-ray Photoelectron Spectra 

For the oxygen K-edge (O 1s) XPS calculations, an extended surface (slab) model of the Cu(100) 

surface is employed. The slab size is 2 × 2 × 5, and the lattice constant for copper metal is the 

experimental value 3.61 Å. There is a 14 Å above and beneath the slab. The bottom two layers 

are fixed to emulate the bulk. Periodic boundary conditions are considered for all three 

dimensions. An oxygen adatom is added to either the subsurface region as an interstitial or the 

surface as an adsorbate. For the former, two sites are tested: the tetrahedral site between the 

second and third layers and the octahedral site in the second layer. For the surface adsorbate, the 

bridge and hollow sites are tested. Due to the geometric resemblance (Fig. 4.1), the tetrahedral 

and the bridge sites are sorted in one group while the octahedral and the hollow sites are sorted 

in another. 

 

        (a)                   (b)                (c)                    (d) 

Figure 4.1: The optimized structure for the XPS calculations where the oxygen adatom is placed in 

the subsurface at (a) tetrahedral (b) bridge (c) octahedral and (d) hollow sites. 

The software package GPAW [52], [53] is employed, and the finite difference mode is used. The 

grid spacing is 0.2 Å, and the exchange–correlation functional is RPBE [40]. The smearing method 

is Fermi–Dirac with a broadening width of 0.1 eV and extrapolated to zero. The 𝑘-point sampling 

method in the first Brillouin zone is Monkhorst–Pack and the mesh is 4×4×1. First, the structures 

are optimized with the MDMin algorithm and the convergence threshold is 0.05 eV/Å. For the O 

1s calculations, the ΔKS calculations are performed to estimate the XPS binding energy after the 

structure optimizations.  

4.2 Stability of Subsurface Oxygen 

For the stability test on Osb in the slab model, three positions for Osb are considered: the 
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octahedral sites in the 2nd and 3rd layers and the surface hollow site. Then the minimum energy 

path (MEP) is calculated with nudged elastic band (NEB) [54], [55], combined with climbing image 

(CI) and the image-dependent pair-potential (IDPP) [56] interpolation method. A local 

optimization is done for each end point image before the NEB calculations. The functional is PBE 

and the plane wave model of GPAW is used with the cutoff energy being 500 eV. The convergence 

threshold is 0.01 eV/Å (which means that the maximum force component of any atom should not 

exceed 0.01 eV/Å) for end point calculations and 0.1 eV/Å for intermediate images of NEB. The 

NEB optimization method is Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm and the lattice 

constant is the experimental value. 

To test a larger model, a nanocube is constructed and investigated. First a Cu2O cube with the size 

about 1.7 nm is created as shown in Fig. 4.3 (a). Then first the surface and second the exposed 

oxygen atoms are removed manually, 10 at a batch, distributed as evenly on different facets as 

possible. Between the removals of different batches, a non-self-consistent charge DFTB 

(NCC-DFTB) optimization is performed, the method being steepest descent with the convergence 

threshold of 0.05 eV/Å. The idea behind it is that the nanocube catalyst is reduced from the Cu2O 

phase, hence this “manual” reduction. After this, the nanocube is further optimized with the 

minima hopping algorithm, where 50 cycles are done, where one cycle consists of one NVE 

molecular dynamics (MD) simulation and one following local structure optimization. The initial 

MD temperature is 500 K. The resulting cube is then more disordered and distorted but retained 

its cubic shape with the size of around 1.7 nm still, as shown in Fig. 4.3 (b). 

 

                   (a)                                     (b) 

Figure 4.3: The nanocube (a) before and (b) after the “manual” reduction process. 

 

In this final structure, a 3×3×3 oxygen BCC skeleton is buried in the cube. On each facet of such 
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an oxygen skeleton, there is a 4×4 matrix with 4 near-facet sites, 8 near-edge sites and 4 

near-corner sites. The stability is then tested in this manner: one Osb is taken out to its nearest 

surface adsorption site and both are locally reoptimized to compare the system energy. For this 

part the Quasi-Newton algorithm is chosen with a convergence threshold of 0.05 eV/Å.  

The SCC-DFTB parameters were developed in cooperation with Maicon et al., [57] where the 

author of this thesis calculated the models with DFT software (Quantum Espresso) and delivered 

the results to Maicon et al. as training sets for the parametrization process. The parameters are 

tested with a 2×2×6 Cu(100) slab model where an oxygen atom is placed at the octahedral site 

in the second layer or the surface hollow site, the lattice constant of which is the SCC-DFTB 

calculated value 3.76 Å. The energy difference between the two situations is taken as a measure 

to be compared between DFT and DFTB. 

To estimate the disorder of the structures, the minima-hopping optimized nanocube and the slab 

model where the oxygen is in the subsurface region were chosen for calculating the Cu–Cu pair 

distribution function (PDF, or radial distribution function (RDF)), where the periodic boundary 

conditions of the slab model are considered. 

4.3 Calculations on Subclusters 

In order to test the validity of the nanocube results calculated with SCC-DFTB, subcluster models 

extracted from the respective nanocube models are investigated. The subclusters are constructed 

in the following manner: the atoms within a range of 6.5 Å or 7 Å of the Osb atom in question – 

either before or after being moved to the surface – are selected to construct the subcluster while 

all other atoms are discarded. The singly bonded atoms below the nanocube surface are removed 

to make sure the oxidation state of the atoms in the subcluster resembles that in the nanocube 

model. Since the SCC-DFTB parameters are trained from spin-paired DFTB calculations, an even 

number of Cu atoms are used to retain an even number of electrons. The subcluster geometries 

are not further optimized. Two methods are applied in calculating the energies of these 

subclusters: SCC-DFTB, and ADFT (Kohn–Sham). The program and parameters for the former are 

the same as those for the nanocube models. For the ADFT calculations, deMon2k [58] is 

employed and the exchange–correlation functional is PBE [37]. The quantity being compared is 

the difference in energy when the Osb atom is subsurface and moved to the surface.  

4.4 Influence of Subsurface Oxygen on CO Adsorption 

Energy 

To test the influence of subsurface oxygen atoms on the adsorption energy of CO, the slab model 

is employed but the tested sizes were 2 × 2 × 𝑖 (𝑖 = 4,5,6,7) and 4 × 4 × 𝑗(𝑗 = 5,6), as shown 

in Fig. 4.2. The bottom two layers are fixed and the lattice constant is the experimental value for 

FCC Cu crystal. The vacuum size is 14 Å on both sides of the slab. The periodic boundary 

conditions are considered. An oxygen atom is added to the octahedral sites of different movable 
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layers.  

The software package used is GPAW, with the parameters set to be the same as in Chapter 4.1. 

 

                 (a)                                (b) 

Figure 4.2: Examples of slab models investigated with the sizes of (a) 2×2×5 with Osb initially 

placed in the second layer and (b) 4×4×6 with Osb initially placed in the fourth layer. 

4.5 Scaling Relation Tests 

There are two kinds of scaling relations tested: the relation between d-band center projected on 

surface metal atoms and the CO adsorption energy, and the adsorption energy values between 

two intermediates: CO and CHO. 

For the first, the slab size is 2 × 2 × 5, unless when the situations are Cu(100) slab without 

subsurface oxygen and with an Osb placed at the octahedral sites in different layers where a 

2 × 2 × 6 slab is used. The calculated lattice constant from the functional RPBE is used, which is 

3.67 Å and the remaining parameters for GPAW are the same as before. The cases tested are 

Cu(111), Ni(111), Cu(100) and Ni(100) clean surfaces, Cu(100) with a subsurface oxygen atom at 

the octahedral site of different layers, and Cu(100) with a subsurface oxygen atom at the 

tetrahedral site between the topmost layers. Only one subsurface atom is added into the unit cell 

for each case. To disentangle the electronic and strain effects, the subsurface atom is removed 

later, the slab itself is fixed but the CO molecule is movable during the structure reoptimization. 

The d-band center is calculated for the surface Cu atom which CO would sit on but for the case 

when CO is not present. The calculations for Cu slabs are spin-restricted while those for Ni slabs 

are spin-polarized. Aside from subsurface oxygen atoms, subsurface carbon, nitrogen and 

fluorine atoms at the octahedral sites of the second layer are also tested. 

For the second test, forming CHO is the rate-determining step towards methane [59] and forming 
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OCCO is the rate determining step towards ethylene [31]. The reason why OCCO is excluded in 

this test is that the adsorption of OCCO on Cu(100) per se breaks the scaling relation due to the 

ensemble effect. [60] Aside from the cases stated above, the cases where subsurface non-oxygen 

atoms are at the tetrahedral site between the topmost layers are tested as well. For the 

adsorption of CHO on Cu(100) with subsurface species located at a tetrahedral site, there can be 

two possible initial geometrical configurations prior to structure optimization: orthogonal or 

parallel (where the dihedral angles of O-C-Cu-Osb are 90⁰ or 0⁰, respectively), as shown in Fig. 4.3. 

The reference models for CHO and CO are the gas phase molecules, with CHO being doublet and 

CO being singlet. 

 

                   (a)                                      (b) 

Figure 4.3: The (a) orthogonal and (b) parallel initial configurations for CHO adsorption on Cu(100) 

doped with Osb at the tetrahedral site between the topmost two layers. 

With the situations where the subsurface species at both tetrahedral and octahedral sites tested, 

a question naturally rises: which are more stable, the tetrahedral sites, or the octahedral sites? 

Thus the system energies of slabs with the same subsurface species located at different sites 

were tested. For this investigation, all slabs are of the size 2 × 2 × 5, and the subsurface atom is 

placed either at the octahedral site in the second layer or the tetrahedral site between the 

topmost two layers, and the system is structurally optimized. 

4.6 Tests on Molecular Chains R-CO 

To explore the cause of the influence on the CO adsorption strength of subsurface oxygen atoms 

under Cu(100) surface, a molecular R-CO (R=Cu or OCu) is tested. The chain has zero net charge 
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and is a doublet. To disentangle different components, constrained space orbital variation (CSOV) 

[61] is employed. The software StoBe–deMon [62] is used for this purpose. The procedure is akin 

to that reported by Nyberg et al. [63] , where the σ- and π-orbital contributions are separated 

well. The basis set is TZVP, the exchange–correlation functional is RPBE, and the calculations are 

spin-polarized. The molecular chain structures are shown in Fig. 4.4. 

The whole procedure consists of seven steps: (I) R and CO are placed at a long distance (100 Å) 

away from each other so that no mixing between the two fragments happens. At this step, all 

orbitals are relaxed and labeled into σ- or π-symmetries. (II) For both symmetries, the occupied 

and unoccupied orbitals on each of R and CO are separated and frozen, and the two fragments 

are brought to the bonding distance to obtain the initial Pauli repulsion. (III) The occupied and 

unoccupied orbitals of the π-symmetry are allowed to be mixed within only the same fragment.  

                     

                       (a)                                    (b) 

Figure 4.4: The molecular chain structures for (a) Cu-CO and (b) OCu-CO. 

No charge transfer or covalent bond is formed, thus the polarization energy for the π-symmetry is 

obtained. (IV) With in the π-symmetry, all orbitals are allowed to mix, so covalent bond and 

charge transfer are both allowed, in order to obtain the energy of π-bonding. (V) Starting from 

the last step, the occupied and unoccupied σ-orbitals of the same fragment are allowed to mix, 

so the polarization energy from the σ-symmetry is obtained. (VI) All R σ-orbitals are allowed to 

mix with the unoccupied σ-orbitals from CO, to get the R σ-donation energy. (VII) The occupied 

CO σ-orbitals are allowed to rehybridize with the unoccupied orbitals of R so that the CO 

σ-donation energy is obtained. 
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5 Results and Discussion 

5.1 Oxygen K-edge X-ray Photoelectron Spectra 

The calculated O 1s binding energies are shown in Table 5.1. There is an increase of 1.7 eV from 

the surface bridge site to the subsurface “bridge” site while it is 0.8 eV from the surface hollow 

site to the subsurface “hollow” site.  

Table 5.1: The calculated O 1s XPS binding energies for oxygen atom at subsurface and surface 

sites. [13] 

O 1s B.E. /eV Subsurface Surface 𝚫𝑬 

bridge 529.2 527.5 1.7 

hollow 529.5 528.7 0.8 

 

The experimental spectra are shown in Fig. 5.1. The adventitious peak (green) is located at 531.7 

eV, which is 1.7 eV larger than the known XPS binding energy (B.E.) of surface oxygen around 530 

eV. This is consistent with the theoretical results in Table 5.1. Since the in the Cu2O crystal, oxygen 

is at the tetrahedral site of the face-centered cube copper structure, the corresponding “bridge” 

site is more likely for the nanocube reduced from Cu2O. 

 

Figure 5.1: In situ O 1s ambient pressure XPS spectra with the incident photon energy 3.633 keV. 

(a) Pristine sample; (b) oxidized sample with a new peak (blue) due to the formation of CuCO3, 

Cu(OH)2 and Cu2O; (c) initially oxidized but then reduced sample. The x-axis shows the XPS 

binding energy in eV. Reproduced from [13]. 

5.2 Stability of Subsurface Oxygen 

The diffusion MEPs calculated with NEB are shown in Fig. 5.2. As is apparent, the diffusion barrier 
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from the 3rd layer to the 2nd layer is only 0.21 eV and that for diffusion from the 2nd layer to the 

surface is only 0.10 eV. Furthermore, the second diffusion path is very exothermic (-2.54 eV). In 

conclusion, with the slab model, the experimentally observed Osb stability cannot be well 

explained.  

 

                    (a)                                    (b) 

Figure 5.2: The calculated MEPs for diffusions from (a) Layer 3 to Layer 2 and (b) Layer 2 to the 

surface.  

However, the slab model has some shortcomings in emulating the reality. First, it is not an 

oxide-derived model; rather, it is a doped metal surface model. Second, the extended Cu(100) 

surface has a very different behavior than the nanocube experimentally. Third, a larger cluster 

without the tight constraint of a fixed unit cell has more degrees of freedom to accommodate Osb 

without causing a drastic increase of energy, thus making a periodic model difficult to describe an 

amorphous material. Hence using a larger nanocube model with DFTB is viable. 

First of all, a benchmarking of available method is necessary. So for the benchmarking slab model 

in Fig. 5.3, the energy difference is defined as 

Δ𝐸 = 𝐸2 − 𝐸0 

where 𝐸2 and 𝐸0 refers to the energies in 5.3 (a) and (b). The lattice parameters chosen for 

DFT and DFTB are optimized value, 3.76 Å for DFTB and 3.67 Å for DFT. The results are shown in 

Table 5.2. The trend is correct, i.e. the oxygen atom is unstable subsurface. 

Table 5.2: The energy difference Δ𝐸 for benchmarking. 

Method GPAW DFTB+ 

𝚫𝑬(eV) 2.37 1.10 
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Figure 5.3: The slab model for benchmarking when Osb is at (a) the octahedral site in the 2nd layer 

and (b) the surface hollow site. 

For the manually reduced cube, eight Osb atoms are chosen, six near facet, one near edge (from 

six different facets) and one near corner. The energy difference Δ𝐸𝑟𝑒𝑙 is defined as 

Δ𝐸𝑟𝑒𝑙 = 𝐸𝑜𝑢𝑡 − 𝐸𝑖𝑛 

where 𝐸𝑜𝑢𝑡 and 𝐸𝑖𝑛 are the system energies when Osb is moved to the nearest surface site 

(“manual diffusion”) and inside, respectively. The results are shown in Table 5.3 in the first row.  

Table 5.3: The energy differences for three different sites. The second row shows the energy 

differences for the whole cube, the third and fourth rows show those for subclusters extracted 

from the nanocube. These Osb
 atoms are initially between the second and third layers of Cu 

atoms. Positive values mean that Osb
 atoms are more stable subsurface. 

Site facet-1 facet-2 facet-3 facet-4 facet-5 facet-6 edge corner 

𝐸𝑟𝑒𝑙 (eV) 0.68 0.26 0.56 0.18 0.23 0.71 -0.21 -1.30 

DFT (eV) 0.20 0.77 0.86 0.03 0.63 0.44 -0.65 -1.12 

DFTB (eV) 1.58 1.22 1.14 0.19 1.04 1.10 -0.27 -0.95 

 

The geometries of near facet-1, near edge and near corner situations before and after the 

“manual diffusion” are shown in Fig. 5.8, where the red atoms marked with a Greek cross show 

the Osb atom getting moved to the surface. 



 

37 

 
                  (a)                                     (b) 

 
                  (c)                                      (d) 
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                   (e)                                      (f) 

Figure 5.4: The calculated geometries before and after “manual diffusion”. (a)(b) show the 

near-facet case, (c)(d) show the near-edge case and (e)(f) show the near-corner case. The visual 

size of atoms is tuned down from the default value of the software Atomic Simulation 

Environment (ASE)so Osb can be seen easily and the atoms with a Greek cross are the Osb atoms 

in question. 

Since the near-corner atom is easily diffused out with such an exothermic energy, one can 

wonder if it is possible that after this near-corner Osb diffuses to the corner and goes into solution 

after hydrogenation, the nearest Osb neighbor (which is near-facet per se, or nearest near-facet 

Osb neighbor of the near-corner Osb) of this near-corner Osb atom also diffuses to the same 

surface corner site. Thus another test is done. The structure in Fig. 5.4 (f) is taken and the Osb 

(marked as “A”) which has undergone the manual diffusion process is first removed, hence we 

have a structure (S1); the nearest near-facet Osb atom is then placed at the same corner site, 

hence we have another one (S2), both S1 and S2 are locally optimized. Since there are three 

nearest Osb neighbours of A, three such sites are tested. The results are shown in Table 5.4, which 

shows that the near-facet Osb is unlikely to migrate to the surface through the corner after the 

near-corner Osb migrates out to the surface. 

Table 5.4: The energy difference between S1 and S2 for three nearest near-facet Osb neighbor of 

the near-corner Osb of A which are near facet per se. A positive value means they are more stable 

subsurface (S2). 

Atom Neighbor 1 Neighbor 2 Neighbor 3 

𝚫𝑬 0.89 1.07 0.46 

 

The subclusters extracted from the nanocube were calculated as described in 4.3 and the results 

are shown in Table 5.3, in the third and fourth rows. There are differences since the subclusters 

do have undercoordinated atoms and SCC-DFTB is an approximate method, but the trends are 
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very consistent, that is the Osb atoms at the near facet sites are more stable subsurface while it is 

the opposite for near edge and near corner Osb atoms. 

The undercoordinated surface sites are usually considered catalytically active sites, for example, 

corner or edge sites. However, from the results above, it seems for oxide-derived Cu nanocubes, 

the terrace site with an Osb more likely to be active.  

If we compare the Cu–Cu PDF for the cube and slab models with Osb, a higher degree of disorder 

is seen for the nanocube. This is shown in Fig. 5.5. It is clearly seen that the nanocube is far more 

disordered as there are discrete peaks for the slab but after the first peak the distribution in the 

case of nanocube is quite dispersed. The high degree of disorder means that the nanocube has 

more degrees of freedom which can accommodate Osb better than the slab model with a fixed 

unit cell. 

 
                   (a)                                     (b) 

Figure 5.5: The PDF for (a) the slab model in Fig. 5.3 (a) and (b) the nanocube model, both were 

calculated with SCC-DFTB. 

5.3 Influence of Subsurface Oxygen on CO Adsorption 

Energy 

A CO molecule is added to the atop site on the surfaces and the adsorption energy is calculated 

as 

 Δ𝐸 = 𝐸𝑓𝑖𝑛 − 𝐸𝐶𝑂,𝑔𝑎𝑠 − 𝐸𝑠𝑙𝑎𝑏 (5.1) 

where 𝐸𝑓𝑖𝑛, 𝐸𝐶𝑂,𝑔𝑎𝑠 and 𝐸𝑠𝑙𝑎𝑏 are the system energies of the slab model with CO, the CO gas 

molecule and the slab surface without CO, respectively. The results for slab models with unit cells 

of different sizes are shown in Table 5.4. The bottom two layers are kept frozen in all cases. 

 

Table 5.5: The CO adsorption energies (eV) for slabs with unit cells of different sizes. 
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Size 2×2×4 2×2×5 2×2×6 2×2×7 4×4×5 4×4×6 

Clean -0.48 -0.62 -0.50 -0.55 -0.58 -0.34 

2nd -1.03 -1.12 -0.99 -1.25 -1.31 * 

3rd - -0.63 -0.64 -0.65 -0.70 -0.66 

4th - - -0.52 -0.54 - -0.35 

*When it was placed at the octahedral site in the 2
nd

 layer of the 4×4×6 slab, Osb diffuses to the surface during 

the optimization of the structure. 

It is clear that the presence of Osb can enhance the adsorption strength of CO at least down to 

the 3rd layer. For the occurrence of CO dimerization, the coadsorption of CO is necessary. 

However, the coadsorption of CO would decrease the adsorption strength. The enhancement of 

CO adsorption energy brought by Osb can thus increase the CO coverage, increasing the CO 

dimerization probability. The adsorption of CO on transition metal surfaces causes changes in its 

molecular orbitals, which was investigated with X-ray emission spectroscopy (XES) and DFT 

calculations years ago. [64]–[66] The Blyholder model [67] describes the allylic configuration [66] 

of the π-orbitals well: the CO 1π and 2π*, and the metal dπ forms the bonding, non-bonding and 

anti-bonding orbitals. However, the classical σ-donation and π-backdonation picture is contrasted 

by the actual interactions of σ-repulsion and π-bonding whereby the adsorption strength is 

determined by the net balance of the two. The σ-repulsion can be reduced by a nearby 

electronegative atom, since the electronegative atom draws electron density away from the 

repulsive σ-system surface atoms. [68] As a result, the adsorption strength is increased. 

The chain test results are shown in Table 5.6. The methods used is CSOV, as explained in Chapter 

4.6 

Table 5.6: The initial repulsion, π-polarization, π-bonding, σ-polarization, R (Cu or OCu) 

σ-donation, CO σ-donation and the CO binding energies for the chain test. 

Δ𝐸(eV) Cu-CO OCu-CO 

Initial repulsion 2.27 0.68 

π-polarization -0.06 -0.13 

π-bonding -0.93 -0.84 

𝛔-polarization -0.96 -0.70 

 R 𝛔-donation -0.13 -0.22 

CO 𝛔-donation -0.68 -0.33 

Binding energy -0.50 -1.55 

 

When CO and R are brought together with frozen orbitals, a large initial repulsion is produced. 

However, this initial repulsion is reduced by 1.59 eV with the existence of an oxygen atom in R. 

The sums of π-polarization and π-bonding energies are very close (-0.99 eV and -0.97 eV) for the 

two cases, implying the presence of the oxygen atom in R does not influence the π-bonding. 

Since the 6σ* orbital of CO is ca. 20 eV higher than the Fermi level, it is very difficult for R to mix 

with it. Hence, the energy reduction as a result of allowing R to rehybridize with the unoccupied 

CO molecular orbitals is also the reduction of Pauli repulsion. The sum of σ-polarization and R 
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“σ-donation” (-1.09 eV and -0.92 eV) demonstrates a reduction of 0.17 eV in σ-repulsion due to 

the existence of the oxygen atom in R. Besides, the CO σ-donation includes two contributions: 

the charge transfer from CO to R and an additional relaxation to reduce the σ-repulsion, which 

causes an extra 0.35 eV decrease in energy. This is consistent with the proposition above that the 

existence of an extra oxygen atom in R reduces σ-repulsion by drawing electron density away 

from the Cu σ-symmetry without influencing the π-orbitals. Since there is only one Cu atom to 

withdraw electron density, the increase in binding strength for the chain model is more 

significant than in an extended Cu surface. 

5.4 Breaking the Scaling Relation 

Two kinds of scaling relations are tested as described in Chapter 4.5. 

For the first kind of scaling relation, the d-band center is calculated for the slab surface atom 

when the CO is not adsorbed. The following situations are tested: when Osb is placed at the 

octahedral site of the 2nd, 3rd,4th layers of a 2×2×6 Cu(100) slab model, a 2×2×6 Cu(100) slab 

model without Osb, a 2×2×5 Cu(100) slab model with Osb placed at the tetrahedral site between 

the topmost 2 layers (1.5th layer), a 2×2×5 Cu(100) slab model with a Csb, Nsb or Fsb at the 

octahedral site in the 2nd layer, and 2×2×5 Ni(100), Ni(111) and Cu(111) slab models. They are 

compared with the respective cases when the subsurface atoms are subsequently removed 

without reoptimizing the surface while the relaxation of adsorbate atoms is allowed. The results 

are shown in Fig. 5.6 and Table 5.5. 

 

Figure 5.6: CO binding energy (B.E.) as a function of d-band center. The black dots are the data 

from Cu(111) and Ni(111) “clean”(without subsurface species) surfaces, the blue squares are 

from Cu(100) and Ni(100) “clean” surfaces, the red triangles are Cu(100) surfaces with Osb at 

octahedral sites in 2nd -4th layers, the green triangles are from Cu(100) surfaces with the 
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subsurface C, N or F atom at octahedral sites in 2nd layer, and the red hexagon is from Cu(100) 

with Osb at the tetrahedral site between the topmost two layers (“1.5th”). Those labeled with an 

“r” are models where the subsurface atom is removed without further structure relaxation, 

denoted by the same symbols but hollow. 

When Osb is put at the octahedral sites, the d-band scaling relation does not seem to be broken 

but the properties of Cu move along the line towards Ni. However, when it is placed at the 

tetrahedral site, the d-band scaling relation is indeed broken. 

Table 5.7: The d-band center (D.C.) and CO binding energy (CO B.E.) for the four reference cases 

where no dopant is present (“clean”). 

Unit:eV Cu(111) Ni(111) Cu(100) Ni(100) 

D.C. -2.40 -1.53 -2.29 -1.50 

CO B.E. -0.51 -1.53 -0.57 -1.40 

Table 5.8: The d-band center and CO binding energy for the case of a clean Cu(100), the cases 

where Osb is present at the octahedral site of different layers, and the cases where Osb
 is at the 

tetrahedral site between the topmost two layers in Cu(100) surface. The cases where Osb is 

removed are also listed. 

Unit:eV Clean 2nd 3rd 4th 1.5th  

D.C. -2.29 -1.77 -2.24 -2.26 -2.31 

CO B.E. -0.57 -1.04 -0.68 -0.55 -1.09 

Unit:eV - 2nd ,r 3rd ,r 4th ,r 1.5th ,r 

D.C. - -1.96 -2.28 -2.26 -1.90 

CO B.E. - -0.74 -0.66 -0.54 -0.85 

Table 5.9: The d-band center and CO binding energy for the cases where a non-oxygen Xsb is 

placed at the octahedral site in the second layer of a Cu(100) surface. 

Unit:eV C N F 

D.C. -2.91 -2.44 -1.68 

CO B.E. -0.85 -0.89 -1.53 

Unit: eV C,r N,r F,r 

D.C. -1.97 -1.96 -1.80 

CO B.E. -0.71 -0.74 -0.82 

 

Besides, Csb, Nsb, and Fsb also break the scaling relation when they are placed in the octahedral 

site. Albeit the introduction of an interstitial atom introduces strain in the metal lattice, it does 

not significantly break the scaling relation. A logical conclusion points to the electronic effect of 

the electronegative subsurface atoms. This electronegative contribution to the enhancement of 

CO binding energy can be calculated with  

Δ𝐸𝑒𝑛 = 𝐸𝑏𝑒 − 𝐸𝑟 
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in which 𝐸𝑏𝑒 and 𝐸𝑟 are the CO binding energies when subsurface atoms are present and are 

subsequently removed. If we compare the Pauling electronegativity 𝜒𝑃 and Δ𝐸𝑒𝑛 as shown in 

Table 5.10, a positive correlation can clearly be observed. 

Table 5.10: The electronegative contribution to the enhancement of CO binding energy and the 

Pauling electronegativity for C, N, O and F. 

Species C N O F 

Δ𝐸𝑒𝑛(eV) -0.148 -0.154 -0.296 -0.715 

𝜒𝑃(eV) 2.6 3.0 3.4 4.0 

 

Table 5.11: The relation between the binding energies of CO and CHO on metal surfaces. The first 

and second values for cases where Xsb (X=C,O,N,F) is at the tetrahedral sites are the binding 

energies with orthogonal and parallel configurations as described in Chapter 4.5. 

Unit: eV Cu,clean Ni,clean O,2nd O,3rd 

CO B.E. -0.57 -1.40 -1.04 -0.68 

CHO B.E. -2.18 -2.82 -2.86 -2.20 

Unit: eV O, 4th O, tetra C, 2nd N, 2nd 

CO B.E. -0.55 -1.09 -0.85 -0.89 

CHO B.E. -2.09 -2.37,-2.90 -2.57 -2.63 

Unit: eV F, 2nd C, tetra N tetra F,tetra 

CO B.E. -1.53 -1.51 -0.74 -1.40 

CHO B.E. -3.45 -3.60,-3.46 -3.06,-2.87 -4.34,-2.99 

 

Since the significance of a scaling relation is the relative energy landscape in terms of mechanism, 

the adsorption energy value relation between two important monocarbon intermediates, CO and 

CHO, is of interest too. The results are shown in Table 5.11. These data are also plotted in Fig. 5.7. 
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Figure 5.7: The CHO binding energy vs. the CO binding energy. 

It is obvious that for the cases where the Osb is deep in the 3rd and 4th layers, the results fall near 

the scaling relation (blue line). Since the tetrahedral site has a much smaller space for Xsb (X=C, N,  

 

Figure 5.8: The cases for Osb at the tetrahedral site between the topmost two layers of Cu(100) 

surface, labeled as O 1.5th in Fig. 5.7. The geometrical configurations are (a) orthogonal and (b) 

parallel, respectively. 
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O, and F), the surface reconstruction may cause further binding strength increase for atoms with 

a larger atomic radius at the tetrahedral site, e.g. C atom. The presence of Xsb can indeed break 

the scaling relation, but it seems some of them form a new scaling relation (red line), with other 

points falling outside both the scaling relations, blue and red. A close look at the geometry 

revealed that those which fall on the red line have a C-Cu-X angle close to 180⁰ for CHO whilst 

those which fall outside both lines have a C-Cu-X smaller than 180⁰, as shown in Figure 5.8. 

The system energy differences between the cases when the subsurface species are located at the 

octahedral site in the 2nd layer and the tetrahedral site between the topmost two layers of a 

2×2×5 slab (no adsorbate is present) are shown in Table 5.12. The energy difference is defined 

as 

Δ𝐸 = 𝐸𝑜𝑐𝑡𝑎 − 𝐸𝑡𝑒𝑡𝑟𝑎 

where a positive value means the octahedral site case is less stable. 

Table 5.12: The system energy differences between the cases where the subsurface species is 

located at the octahedral site in the 2nd layer and the tetrahedral site between the topmost two 

layers of a 2×2×5 Cu(100) slab. 
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Species C N O F 

𝚫𝑬/eV -0.48 -0.10 0.26 0.40 

 

First, for C and N, the subsurface species is more stable at the octahedral site while it is the 

opposite for O and F. Second, the energy difference seems to follow the order of atomic radius. A 

possible explanation is that the space for a tetrahedral site is smaller that of an octahedral site, 

hence larger atoms like C and N may be unstable at the former site, and they are likely to cause 

larger surface reconstructions. 

According to X. Liu et al., for Cu(211) and Cu(111), the region right below the range between Cu 

and Ni is a region where the turnover frequency (TOF) for the production of methane is increased, 

given that the transition state (*H-CO) and the final state (*CHO) have the same absorption site. 

[21]. However, since the scaling relation between *CO and *CHO is broken by the presence of 

subsurface species, the scaling relation between *H-CO and *CO, and that between *H-CO and 

*CHO may also be broken, which may mean a large barrier for the methane pathway due to the 

subsurface species. Furthermore, on Cu(100), the unique square geometry on the facet gives rise 

to the unique C-C coupling reaction pathway, which is distinct from the CO to CHO pathway. [25], 

[29], [30] The enhancement in CO binding energy by Osb may greatly increase the coverage of CO, 

poisoning the surface, which may suppress the methane production and facilitate the C-C 

coupling where the adsorption strength of CO gets consequently decreased due to coadsorption 

(as a consequence of increased CO coverage), hence the reaction barrier for C-C coupling is 

decreased, in agreement with experiments [10], [69]. Besides, this decrease in binding energy 

due to coadsorption may move the point above the blue line hence reducing the methane 

production, even if the scaling relation for Cu(211) and Cu(111) still holds for Cu(100). Another 

possible scenario is that in areas where the coverage is not significantly increased but the 

presence of Osb does break the scaling relation between CO and CHO, the increase of binding 

energy for at least one of them creates a “sink” on the reaction pathway at the step of CO or CHO 

without decreasing the barrier significantly, hence suppressing the methane production on such 

sites.  
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6 Conclusions and Outlook 

In conclusion, with theoretical tools such as KS-DFT and SCC-DFTB, new insights on the stability 

and influence of subsurface oxygen in oxide-derived Cu nanocubes are obtained. It is found that 

the high degree of freedom in oxide-derived Cu nanocube resulting from its disordered structure 

stabilizes the subsurface oxygen atoms which are near the facets of the nanocube while those 

near the edge and corner surface sites are unstable subsurface whilst the nearest near-facet Osb 

neighbors of the near-corner Osb are stable subsurface.  

The CO adsorption strength is enhanced by the presence of subsurface oxygen down to the 3rd 

layer of the Cu(100) surface. This enhancement is a result of the reduction of the Pauli repulsion 

in the σ-symmetry of the surface orbitals formed by CO and metal atoms without influencing the 

bonding strength in the π-symmetry and hence a net enhancement is produced.  

The two findings above combined, provide a new possibility for more active surface sites: the 

facet sites where there are subsurface oxygen atoms beneath, which is different from the 

well-known undercoordinated edge and corner sites, in terms of catalytic importance. 

Furthermore, it is found that the presence of subsurface electronegative species, such as C, O, N 

and F, can break the scaling relation for surface adsorbates on transition metal surfaces. This may 

explain the experimentally observed low overpotential for ethylene production but high CO 

adsorption energy. More interestingly, the linear C-Cu-X (X=C, O, N or F) forms a new scaling 

relation as distinct from the scaling relation of undoped (clean) metal surfaces. This may imply 

new methods in engineering transition metal surfaces for improved catalytic performances.  

This is still an ongoing project with much uncharted territory in a field with controversies and 

challenges. Other relevant questions still need to be answered, such as the influence of 

subsurface oxygen on the reaction mechanism, especially the CO dimerization reaction, and the 

modeling of solvated and adsorbed water molecules, electric field, and alkali cations in the 

electrolyte. The future work will be focused on improving the modeling and unveiling more 

mysteries remaining in such a catalyst with theory. Furthermore, predictions that can be tested 

by experiments will be made based on theoretical calculations, so that theory and experiment 

can advance in synergy. It is the author’s wish that the subsurface “ghost” in the metal surface 

shell can be captured and analyzed well to serve for the harmonious coexistence of nature and 

humanity. 
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