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   November
   
   By Hilaire Belloc
   
   November is that historied Emperor,
   Conquered in age, but foot to foot with fate,
   Who from his refuge high has heard the roar
   Of squadrons in pursuit, and now, too late,
   Stirrups the storm and calls the winds to war,
   And arms the garrison of his last heirloom,
   And shakes the sky to its extremest shore
   With battle against irrevocable doom.
   
   Till, driven and hurled from his strong citadels,
   He flies in hurrying cloud and spurs him on,
   Empty of lingerings, empty of farewells
   And final benedictions, and is gone.
   But in my garden all the trees have shed
   Their legacies of the light, and all the flowers are dead.
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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  

"The dawn of true civilization came only with the discovery of natural laws, 

or rather of the possibility of man’s fruitful cooperation with the powers of 

Nature. 

"True progress, however, does not consist in a quantitative advance in 

wealth and numbers, nor even in a qualitative advance in technology and the 

control of matter, though all these play their subsidiary parts in the move-

ment. The essential fact of Progress is a process of integration, an increas-

ingly close union between the spirit of the whole civilization and the person-

ality of the local society." 

- Christopher Henry Dawson, The Dynamics of World History, 1956 

“In what appears to be its unlimited development of material powers, hu-

manity 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 

The carbon dioxide reduction reaction is a promising candidate to tackle 

ecological challenges of our age. This is due to its capability of reducing 

carbon dioxide emission generated from the combustion of fossil fuels by 

converting carbon dioxide into valuable hydrocarbons. Oxide-derived metal 

nanostructures have been found to exhibit unique catalytic characteristics for 

facilitating the carbon dioxide reduction reaction. In this thesis work, the 

stability, influence, and effects of subsurface oxygen atoms are investigated 

by theoretical computations with various levels of theory and models. It is 

found that subsurface oxygen atoms are stable and that their presence in-

creases the CO adsorption strength and coverage on oxide-derived Cu sur-

face. This is explained by a reduced σ-repulsion and leads to the breaking of 

scaling relations. Although it does not directly reduce the CO dimerization 

barrier, the adsorption of H atoms is inhibited thus steering the selectivity. 

The presence of subsurface oxygen atoms is also concluded from a joint 

work with experimental and theoretical efforts of X-ray photoelectron spec-

troscopy. The precursor region of CO desorption from Ru(0001) is studied 

with the transition potential method. In contrast, for the simulation of the X-

ray spectroscopy results on p4g C/Ni(100), which is a surface reconstruction 

when carbon atoms adsorb on Ni(100), vibrational effects are also needed 

for understanding the experimental data. 
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1. Introduction 

In 1824, the French mathematician and physicist Joseph Fourier published a 

paper, which states that the atmospheric system of a planet resembles the 

glass of a heated greenhouse in such a way that it lets the shorter wavelength 

part of sunlight pass while stopping the longer wavelength part of the ground 

radiation toward the space. Inspired by this work (and others’ work follow-

ing Fourier), [2] Svante Arrhenius published a well-known paper in 1896, 

whereby he proposed the atmospheric greenhouse effect, namely, the in-

crease of carbon dioxide in the atmosphere causes an increase in the ground 

temperature. Starting from the Stefan-Boltzmann law, Arrhenius derived the 

law of 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 coef-

ficient of the air for the heat radiated from the ground. K can be considered 

as a constant, so if β increases, T will increase as well. According to this law, 

Arrhenius estimated that the arctic temperature would rise by 8 to 9 degrees 

Celsius had the concentration of carbon dioxide in air increased by 150% to 

200%. Later, he realized that there was already a source of carbon dioxide 

making this scenario possible: the combustion of fossil fuels. [4], [5] 

According to the Intergovernmental Panel on Climate Change (IPCC), 

carbon dioxide in its gas phase is among the gases with large radiative forc-

ing values, as is shown in Figure 1.1, the emission of which has a great con-

tribution from the combustion of fossil fuels, i.e. anthropogenic. Initially 

Arrhenius thought of the atmospheric greenhouse effect to mankind as a real 

greenhouse to life in it, i.e. beneficial for its function to prevent an ice age. 

However, with the rapidly growing prowess of computer simulations (with-

out which this thesis would not have materialized), the accumulated data and 
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statistics on the climate of the earth have led climate scientists to an opposite 

prediction: it will cause cataclysms, which will raise the sea level and de-

stroy human civilization. [6] According to this prediction, reducing anthro-

pogenic carbon dioxide emission is vital to prevent a man-made catastrophe. 

 

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 with permission 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 equi-

librium, while surface and tropospheric temperatures and state variables 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”) 

Meanwhile, with the increase in the consumption of fossil fuels ever 

since the birth of modern industry, their exhaustion appears to be just a mat-

ter of time: it has been estimated that the reserves of oil, natural gas and coal 

will be depleted by 2040, 2042 and 2112, respectively. [7] Thus, new energy 

sources are of paramount significance for a sustainable industry in the eco-

logical sense. However, many new energy sources, such as wind and solar 

energy, have a problem of intermittency: the energy output in the form of 

electricity is neither incessant nor stable, which depends on a large variety of 

factors beyond human control. 
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The electrochemical carbon dioxide reduction reaction (CO2RR) has 

been proposed to be a promising option for tackling both challenges: it uti-

lizes the carbon dioxide generated from the combustion of fossil fuels as raw 

material and the spare capacity of intermittent energy sources as driving 

force to obtain energy-dense and economically sustainable products such as 

ethylene and ethanol, in a decentralized and subsidiary fashion. Alternatively, 

it also has the potential to employ solar irradiation as the driving force, ren-

dering artificial photosynthesis viable. In the former case, CO2RR experi-

ments are often conducted in a liquid solution, whereby the working elec-

trode also serves as the catalyst. 

Among all transition metals, copper is the only one that could convert 

carbon dioxide into hydrocarbon products such as ethylene and ethanol in 

aqueous solutions under room temperature and ambient pressure. Meanwhile, 

the great diversity in the product varieties is accompanied with challenges 

such as the low selectivity toward multicarbon products, the high overpoten-

tial for initiating the reaction and the low stability of the electrode. [8] Since 

the beginning of this decade, there has been an increasing interest in oxide-

derived metal catalysts which show unique catalytic characteristics. [9] Re-

cently, Sloan et al. reported the synthesis of a nanoscale cubic structure de-

rived from cuprous oxide (Cu2O), which was found to have a high selectivity 

for producing ethylene over methane, a lowered overpotential, and a decent 

stability as electrocatalyst. [10]–[12]  Later, with experimental and theoreti-

cal techniques, it was discovered that there exist subsurface oxygen atoms 

(Osb) beneath its surface. [13]  

Part of this work is dedicated to the investigation of the influence of Osb 

on CO2RR on copper-based electrocatalysts. The stability and influence of 

Osb on CO adsorption are investigated with simulations based on density 

functional theory (DFT) and self-consistent charge density functional tight 

binding (SCC-DFTB) methods. Besides, other electronegative subsurface 

elements are also investigated for two kinds of scaling relations. Furthermore 

the influence of Osb on adsorption coverage, selectivity and CO dimerization 

reaction are also investigated, taking into account explicit solvent and cation. 

Ultrafast X-ray spectroscopies (core-level spectroscopies) are very use-

ful tools for obtaining unique information from chemical reactions such as 

CO2RR, due to the fact that spectra for different elements are well separated 

in energy. Together with other experimental techniques, X-ray spectrosco-

pies can deliver valuable information on the bonding nature, reaction mech-

anism and even geometric configuration. [14], [15] Meanwhile density func-

tional theory is an efficient and sufficient tool to simulate such photonic 

processes where either a core electron gets excited out of its ground state 

orbital or a core hole is annihilated by a valence electron. In this thesis, X-
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ray spectroscopies for a number of catalytic reactions are computed in syn-

ergy with experimental efforts, i.e. O 1s XPS for subsurface oxygen in ox-

ide-derived copper catalysts, C 1s XAS for CO desorption from Ru(0001), 

and C 1s XAS and XES experiments. 

The mystery of “the phantom of the opera” (le fantôme de l’opéra), i.e. 

Osb in oxide-derived copper catalyst, and the core electron in core-level spec-

troscopies of many interesting catalytic reactions are still being investigated 

intensively, the mechanisms and dynamics of which may inspire new recipes 

and schemes in the rational design and synthesis of newer and more efficient 

catalysts, providing novel solutions to the new challenges of our time. 
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2. Heterogeneous Catalysis 

2.1. d-band Model 

The first step towards the understanding of heterogeneous catalysis is the 

knowledge about the nature of the adsorption of molecules on transition 

metal surfaces. There are two kinds of adsorption: physisorption and chemi-

sorption. In the former case, the absolute value of the adsorption energy is 

smaller than 0.5 eV (usually between 0.01 and 0.1 eV) which is dominated 

by van der Waals interactions; in the latter case, the absolute value of the 

adsorption energy is greater than 0.5 eV (usually between 1-10 eV), which is 

dominated by the rehybridization of molecular orbitals. [16] When a mole-

cule is chemisorbed on a transition metal surface, the spatially delocalized s- 

and p-orbitals and the spatially localized d-orbitals of the metal surface are 

involved in the rehybridization process. Furthermore, according to the 

Newns-Anderson model, there are two distinct patterns for the resulting pro-

jected density of states on the adsorbate molecule. When the hopping matrix 

element, as defined to quantify the coupling strength between an adsorbate 

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

states, a broadening happens, whereby the bottom part of the band has more 

bonding character while the top part has more anti-bonding character. How-

ever, when the hopping matrix element is much larger than the band width of 

the metal states, a different result of rehybridization appears: the bonding 

and anti-bonding states are well separated, resembling gas phase molecules. 

Energetically, the delocalized s- and p-states of the metal surface form a 

much broader band than the d-states. And thus the coupling of the adsorbate 

state to the former results in a broadening but that to the latter results in well-

separated states. [17], [18] The d-band center computed in Section 4.3 is 

based on the density of unperturbed metal d-states, and the coupling between 

them and the unperturbed adsorbate states, as expressed by the hopping ma-

trix element, describes the d-band component of adsorption strength under 

the frozen density approximation. 

This chemisorption process is illustrated in Figure 2.1. Transition metals 

are often used for heterogeneous catalysis, and both the s- and d-electrons 

are valence electrons. Consequently, the rehybridization between adsorbate 

orbitals and the adsorbent s-orbitals results in a broadening and an energy 
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shift of the adsorbate state. Meanwhile, the rehybridization between the ad-

sorbate orbitals and the adsorbent d-orbitals results in energetically well-

separated bonding and anti-bonding states. Since the difference between the 

valence electron configurations of different transition metal lies in the d-

shell, the adsorption strength of the molecule on transition metal surfaces is 

ultimately determined by the occupancy of these well-separated bonding and 

anti-bonding orbitals. This is the d-band model. [19] 

 

Figure 2.1: Schematic illustration of the formation of the chemisorption bond of an 

adsorbate on a transition metal surface. Reproduced with permission from [20]. 

2.2. Scaling Relation 

As is mentioned above, the difference between the valence electron configu-

rations of different transition metal elements lies in the filling of the d-shell. 

For this reason, the more the d-shell of a transition metal element is filled, 

the more the rehybridized bonding and anti-bonding orbitals with the ad-

sorbate orbitals are occupied, energy-wise from the lower to the higher or-

bitals, first bonding then anti-bonding orbitals. This provides a rationale for 

associating the d-band character, such as the d-band center, of a transition 

metal surface and the adsorption strength of a certain kind of adsorbate. Such 

a relation is called the d-band scaling relation and is usually linear, as shown 

in Figure 2.2. 

Consequently, the adsorption energies of different adsorbates anchored on 

transition metal surfaces via the same atom(s) are linearly correlated. That is 

to say, the adsorption energies of various intermediates of a certain reaction 

pathway on transition metal surfaces are linearly correlated to one another. 

For example, the transition state energy of a reaction on transition metal 

surfaces is correlated with the adsorption energies of both the initial and 
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final state species, as shown in Figure 2.3. This simplifies the factors one 

must take into account when investigating heterogeneous catalysis, rendering 

the use of simple and efficient descriptors viable. 

  

Figure 2.2: Changes in the adsorption energy of atomic oxygen along the 4d transi-

tion metal series. The DFT calculated results are compared to those from experi-

ments. Reproduced with permission from [21]. 

  
(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) transi-

tion metal facets. (*CO means this CO molecule is an adsorbate.) These are theoreti-

cal results computed with DFT. Adapted with permission from [22]. 

This linear correlation between the adsorption energies of different inter-

mediates ipso facto defines a second scaling relation. Such a relationship for 

free energy leads to the Brønsted–Evans–Polanyi relation. [19] 
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2.3. Adsorption of CO and N2 on Transition Metal 

Surfaces 

CO is an important intermediate for reducing CO2 into multicarbon products 

while N2 is the nitrogen-containing reactant for synthesizing ammonia. Thus 

it is crucial to understand the absorption of both molecules in order to under-

stand heterogeneous catalysis. The adsorption energy of such molecules is 

rather low, but it is by no means an indication of a weak interaction between 

the adsorbate and the adsorbent. [19] 

Both CO and N2 molecules have 10 valence electrons, and a bond order of 

3. Since C, O and N are all in the same row of the periodic table, they have 

the same core electron structure of He. Thus the rehybridizations of molecu-

lar orbitals for CO and N2 on transition metal surfaces are very similar in the 

valence. As a result, it suffices to demonstrate the adsorption of N2 for both 

molecules. Note that the electron orbitals of N2 are symmetric in the gas 

phase and thus any symmetry breaking between the atoms is due to the bond 

to the surface. 

There are two symmetries for the molecular orbitals of N2: π and σ. For 

the π symmetry, both the bonding orbital 1π and anti-bonding orbital 2π∗ 

participate in the rehybridization with adsorbent d-orbitals, forming an al-

lylic configuration. This results in three new orbitals: the bonding orbital 1π̃, 

the non-bonding orbital d̃π , and the anti-bonding orbital 2π̃∗ . Figure 2.4 

demonstrates the molecular orbitals for the adsorption on nickel metal. 

The anti-bonding orbital 2π̃∗ is not occupied whereas the bonding orbital 

1π̃ is, thanks to the participation of the 2π∗ orbital of the adsorbate. This 

means that the π system is attractive. In the metallic state, the Cu d-shell is 

closer to a closed shell than Ni, thus both the bonding and anti-boding orbit-

als are occupied, resulting in a weaker attractive interaction. Besides, the fact 

that the Cu d-shell is more occupied than Ni also causes a lower d-band cen-

ter for Cu. 

For the σ symmetry, the scenario is drastically different. As shown in 

Figure 2.5, the 6σ orbital of N2 is much higher than the Fermi level, by over 

20 eV. This renders the rehybridization of the adsorbate anti-bonding state 

with the bonding states of the molecule highly unlikely. 
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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 1π̃, non-bonding orbital d̃π, and the anti-boding orbital 2π̃∗. Reproduced with 

permission from [14]. 

Besides, the s- and p-states of the adsorbent are also involved in the adsorp-

tion bonding. As a consequence, the bonding 4σ̃ and 5σ̃ orbitals and the 

antibonding d̃σ orbital are all below the Fermi level, which means they are 

occupied. Thus the Pauli repulsion makes the whole system repulsive. Since 

the Cu d-shell is more occupied than Ni, the σ repulsion for Cu is stronger 

than that for Ni. 

The eventual adsorption strength is thus determined by the balance be-

tween the π attraction and the σ repulsion. The net effect is low adsorption 

energy, resulting from two strong interactions from two different symmetries. 

Compared to the adsorption on Ni, the case of Cu has a weaker π attraction 

but a stronger σ repulsion, so the adsorption strength on Cu is also weaker 

than that on Ni. If the strength of σ repulsion is reduced, or even turned into 

attraction, stronger adsorption is to be expected. 
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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 with permission from [14]. 

 

2.4. Carbon Dioxide Reduction Reactions 

It is the aim of CO2RR to produce valuable hydrocarbons using CO2 as the 

reactant, which involves multiple reaction steps and various intermediate 

species adsorbed on the catalyst surface. These steps and intermediates may 

vary depending on different transition metal surfaces used as the electrocata-

lyst, and thus producing different products. Consequently, one can catego-

rize transition metal elements into four groups accordingly. In Figure 2.6, 

they are sorted into four groups according to the product from electrochemi-

cal CO2RR on them in aqueous solutions under ambient pressure and room 

temperature: CO, H2, HCOOH and non-formate hydrocarbons. 
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Figure 2.6: Transition metals and the major products from electrochemical reactions 

on them. Reproduced with permission from [23]. 

Among all the transition metals, copper is the only one capable of con-

verting CO2 into multicarbon products via electrochemical CO2RR. [8], [23] 

As a result, there has been a great interest in producing value-added products 

such as ethylene and ethanol on copper surfaces. 

In neutral aqueous solutions at room temperature and ambient tempera-

ture the relevant reactions are [8] 

CO2 + H2O + 2e
–
 ⇄ CO(g) + 2OH

–
 (–0.52 V) 

CO2 + H2O + 2e
–
 ⇄ HCOO

–
 + OH

–
 (–0.43 V) 

CO2 + 6H2O + 8e
–
 ⇄ CH4(g) + 8OH

–
 (–0.25 V) 

2CO2 + 8H2O + 12e
–
 ⇄ C2H4(g) + 12OH

–
 (–0.34 V) 

2CO2 + 9H2O + 12e
–
 ⇄ C2H5OH + 12OH

–
 (–0.33 V) 

3CO2 + 13H2O + 18e
–
 ⇄ C3H7OH + 18OH

–
 (–0.32 V) 

A competing reaction is the hydrogen evolution reaction (HER), which 

defines the standard hydrogen electrode (SHE), as is used as the voltage 

reference for the equilibrium potentials of the reactions above in the paren-

theses: 

2H
+
+2e

-⇄H2(g) 

There are several different rate-determining steps (RDS) along different 

reaction pathways from CO2 to the hydrocarbon products, as is shown in 

Figure 2.7. Oft-times multiple proton-coupled electron transfer (PCET) steps 

occur in such cases. For ethylene, a product with high energy density and 
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high economic value, the first RDS is the conversion from CO2 into CO via 

the intermediate, the radical anion CO2
.-
, anchored by the carbon atom, and 

thus the stabilization of this intermediate species on the catalyst surface is 

crucial. [8] After CO is produced, there are two possible reaction pathways. 

The first one is through a PCET step first, which produces COH on 

Cu(111) [24] and CHO on Cu(211) [25] and Cu(100) [26]. This reaction 

pathway can lead to the production of both methane (with further PCET 

steps) and ethylene (with the dimerization step occurring after protonation). 

The second one does not involve PCET, but rather a decoupled proton–

electron transfer: two CO molecules first dimerize into OCCO, which con-

secutively gets protonated into OCCOH. This OCCOH undergoes several 

PCET steps, eventually converted into ethylene. [27]–[29] The second one is 

unique due to three reasons: it is only possible on Cu(100), it does not lead 

to the production of monocarbon products such as methane and it occurs 

under a lower overpotential than the previous case. The first reaction path-

way, along with HER, is dependent on solution pH whilst the second path-

way is pH-independent. [8], [28] This means that an increased local pH 

would tune the selectivity toward the second one and thus improve the selec-

tivity in the case of Cu(100). 

 

Figure 2.7: Possible reaction pathways for the electrocatalytic reduction of CO2 to 

products on transition metals and molecular catalysts. Reproduced with permission 

from [30]. 

According to early DFT calculations by Calle-Vallejo et al., the inter-

mediate OCCO is adsorbed on Cu(100) via one carbon atom and one oxygen 

atom next to it.[31] However, more recent studies included the solvation and 

electric field effects and discovered that OCCO is more stable if adsorbed 

via both carbon atoms [32], [33] , resembling the reduced and excited quartet 

state in the gas phase [34].  
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2.5. Oxide-derived Copper Nanocubes 

Polycrystalline copper metal is capable of converting CO2 into various hy-

drocarbon products, but there are a few problems: a lower Faradaic efficien-

cy for ethylene than for methane, a very negative onset potential and subop-

timal surface stability. [8] For single-crystal surfaces with low Miller indices, 

only Cu(100) has an electrochemical potential range within which the Fara-

daic efficiency of ethylene is higher than that of methane by a thin margin 

[10], [11], as shown in Figure 2.8. Nanostructured copper electrodes are thus 

rationally designed and synthesized in order to overcome the limitations of 

the polycrystalline copper 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 with 

permission from [10]. 

Oxide-derived metal nanostructures are one such option, where the even-

tual catalyst is obtained by reducing metal oxides. Various experimental 

methods have been employed, such as chemical deposition [35], [36], an-

nealing [37]–[39], anodization [40] etc. Recently Roberts et al. reported a 

novel nanocube catalyst derived from Cu2O obtained via cyclic voltammetry, 

which exhibits extraordinary electrochemical characteristics, for example, 

the mass-spectroscopic signal of ethylene is higher than that of methane by 

ca. two orders of magnitude on this catalyst. Furthermore, the onset potential 

for ethylene is lower than that for methane. [10] The experimental structure 

of such nanocubes is shown in Figure 2.9. 
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The onset potential for ethylene on the Cu nanocubes is very close to that 

on Cu(100) at pH 7 and 13. [11] Thus, it is possible that the extraordinary 

characteristics of this catalyst is correlated with the abundance of the Cu(100) 

facet on the Cu nanocubes, consistent with the second reaction pathway to-

ward ethylene described in Section 2.4. However, the significant suppression 

of methane production cannot be accounted for by Cu(100) alone, which 

implies the influence of other factors. 

 

Figure 2.9: The scanning electron microscopic images of 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. Reproduced with permission from [10]. 
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3. Theoretical Methods 

3.1. Born–Oppenheimer Approximation 

 

In molecular physics and quantum chemistry, a well-known approximation, 

i.e. the Born–Oppenheimer (BO) approximation, [41] is often employed, 

where it is assumed that electrons adapt to the change of nuclear positions 

instantaneously. The mathematical description is as follows: for a system 

with M electrons and N nuclei, the Hamiltonian of the Schrödinger equation 

can be expressed as 

 𝑯 = 𝑻𝒏 + 𝑯𝒆𝒍 (3.1) 

where the kinetic energy operator Tn and the electrostatic Hamiltonian Hel 

can be written in atomic units as 

 𝑻𝒏 = − ∑
1

2𝑚𝑝
Δ𝑝

𝑁

𝑝=1

, 𝑯𝒆𝒍 =  − ∑
1

2
Δ𝑞

𝑀

𝑞=1

+ 𝑽𝒄𝒐𝒖𝒍 (3.2) 

in which mp, Δp, and Δq represent the nuclear mass in atomic units, the La-

placian operator with respect to the nuclear coordinates, and the Laplacian 

operator per the electronic coordinates, respectively. The potential term Vcoul 

includes the electron–electron, electron–nucleus, and nucleus–nucleus Cou-

lomb interactions. The next step is to rewrite the total wave function ψ(R,r) 

using the Born–Oppenheimer ansatz 

 𝜓(𝑹, 𝒓) = 𝜑𝑛 (𝑹)𝜑𝑒𝑙(𝒓; 𝑹) (3.3) 

where φn(R) and φel(r;R) are the nuclear wave function and the electronic 

wave function, respectively. When the total Hamiltonian is applied to the 

wave function 𝜓(𝑹, 𝒓), the expression becomes 
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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) 

When there is no crossing between different electronic states on the po-

tential energy surface, ∇𝑝𝜑𝑒𝑙(𝒓; 𝑹) and Δ𝑝𝜑𝑒𝑙(𝒓; 𝑹) can be neglected. This 

is the adiabatic approximation. Consequently, the following eigen equations 

are obtained 

 𝑯𝒆𝒍𝜑𝑒𝑙(𝒓; 𝑹) = 𝐸𝑒𝑙𝜑𝑒𝑙(𝒓; 𝑹) (3.5) 

 (𝑻𝒏 + 𝐸𝑒𝑙)𝜑𝑛(𝑹) = 𝐸𝜑𝑛(𝑹) (3.6) 

Thus, the electronic wave function 𝜑𝑒𝑙(𝒓; 𝑹) only depends on 𝑹 parametri-

cally. This is the Born–Oppenheimer approximation.   

3.2. Density Functional Theory 

Improving upon the Hartree–Fock theory, there are two methodologies to 

include Coulomb correlation effects: modifying the wave function expres-

sion, and modifying the energy expression. The first is adopted in post-

Hartree–Fock methods, whereby the single Slater determinant is replaced by 

multiple determinants. The second approach gives rise to the method of den-

sity functional theory (DFT). [42] 

In DFT, the system energy is treated as a functional of the electron den-

sity. For a system with 𝑁 electrons, with the post-Hartree–Fock methods, 

there are in principle 4𝑁 variables, i.e. 3𝑁 for spatial coordinates and 𝑁 for 

spin. Meanwhile, for electron density, there are only 4 variables to take care 

of. This decreases the computational cost significantly. 

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

that the external potential 𝑽𝒆𝒙𝒕 is a unique functional of the electron density 

𝜌(𝒓), while the second states that the electron density 𝜌(𝒓) that yields the 

minimum system energy is that of the ground state. The integral of the densi-

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

total number of electrons, the positions of nuclei, and the nuclear charges, 

respectively. There are orbital-free and Kohn–Sham (KS) approaches in 

DFT. In this work, KS-DFT is used. 
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KS-DFT starts from an imaginary system with 𝑁 non-interacting elec-

trons. Adopting the BO approximation, the electronic Hamiltonian is then 

expressed as 

 𝑯 = 𝑻 + 𝑽𝒆𝒙𝒕 (3.7) 

The exact solutions 𝜙𝑖(𝒓) fulfill the following eigen equation 

 𝑯𝜙𝑖(𝒓) = 휀𝑖𝜙𝑖(𝒓) (3.8) 

These eigen states are KS orbitals. The kinetic energy and the electron densi-

ty are  

 𝑇𝑠(𝒓) = ∑ 𝑓𝑖⟨𝑖| −
1

2
Δ|𝑖⟩

𝑁

𝑖=1

 (3.9) 

 𝜌(𝒓) = ∑ 𝑓𝑖|𝜙𝑖(𝒓)|2 

𝑁

𝑖=1

 (3.10) 

respectively, where 𝑓𝑖 is the occupation number for 𝜙𝑖(𝒓). The external po-

tential 𝑽𝒆𝒙𝒕 is chosen in such a way that the density 𝜌(𝒓) of this imaginary 

system is the same as the real system. The energy functional of the real sys-

tem can then be written as 

 𝐸[𝜌] = 𝑇𝑠[𝜌] + ∫ 𝑽𝒆𝒙𝒕(𝒓)𝜌(𝒓)𝑑𝒓 + 𝐽[𝜌] + 𝐸𝑛𝑛 + 𝐸𝑥𝑐[𝜌] (3.11) 

whereby the formal expression of 𝐸𝑥𝑐[𝜌] is 

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

in which 𝑇[𝜌] and 𝐽 are the kinectic energy of the real system and the elec-

tron–electron Coulomb energy, respectively. The KS equation is solved vari-

ationally, which is justified by the second Hohenberg–Kohn theorem. 

When the exchange–correlation functional 𝐸𝑥𝑐[𝜌] is exact, the exact 

electron density of the real system is then obtained. In practice, different 

approximations and approaches are employed onto it. Often there are five 

levels of refinement for the exchange–correlation functionals, i.e. Jacob’s 

ladder. [43] The first rung is local density, whereby the energy is a function-

al of the density 𝜌  alone, and thus is called local density approximation 

(LDA). On top of this, the second rung also takes into account the first-order 

derivative of the density ∇𝜌, which constitutes the generalized gradient ap-

proximation (GGA). The Perdew–Burke–Ernzerhof (PBE) [44] and the 
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Becke–Lee–Yang–Parr (BLYP) [45], [46] functionals are of this level. The 

third level further includes the second-order derivative Δ𝜌 (or, the orbital 

kinetic energy density equivalently), which is named meta-GGA. The fourth 

rung is called hybrid-GGA, where starting from meta-GGA or GGA, the 

exact exchange energy from Hartree–Fock calculations is included. The 

commonly used PBE0 and B3LYP functionals belong to this category. The 

fifth level is generalized random phase approximation (GRPA), in which 

virtual orbitals are taken into account on top of hybrid-GGA for a better 

description of the correlation energy. The exchange–correlation functionals 

RPBE [47] and PBE are used for most of the calculations in this work. 

Additionally, the auxiliary function density can be utilized from the var-

iational fitting of the Coulomb potential. This is called auxiliary density 

functional theory (ADFT), [48] which is available in programs such as de-

Mon2k. 

3.3. Projector-Augmented Wave 

The all-electron (AE) wave functions are usually very smooth in the valence 

but oscillate rapidly near the core, resulting in multiple nodes. The latter 

poses a great challenge to the basis set size: in order to retain a decent over-

all accuracy, a high energy cutoff for the plane-wave basis set or a fine grid 

spacing for the finite-difference basis set must be used. This in turn means a 

high demand for computational resources. In chemistry, however, the core 

electrons are usually unperturbed by chemical processes whilst the interest-

ing information is often contained in the valence region. As a result, various 

pseudo-potential methods were proposed, such as norm-conserving pseudo-

potentials (NCPP) [49] and ultra-soft pseudo-potentials (USPP) [50], [51]. 

NCPP has a pseudo-potential that ensures the condition that the integrated 

core electron density of the pseudo wave function matches that of the AE 

wave function within the core region, while for USPP this is relaxed to ame-

liorate the problem of a high energy cutoff requirement for certain elements. 

Both pseudo-potential methods have been widely used but one cannot recon-

struct the AE wave functions from the calculations using these methods. A 

related approach is projector-augmented wave (PAW) [52], which over-

comes this drawback.  

PAW is described as follows: a Hilbert space is created for the smooth 

and nodeless pseudo wave functions. For a certain electronic state, an opera-

tor T exists, transforming the pseudo wave function to the AE wave function 

so that 
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 |𝜓⟩ = 𝑻|�̃�⟩ (3.13) 

For an atom 𝑎, T only acts on the region inside the core region with a cutoff 

radius 𝑟𝑐𝑢𝑡
𝑎 , and in the valence region, pseudo wave functions are identical to 

AE wave functions. The operator T can be rewritten as a linear transfor-

mation 

 𝑇 = 1 + ∑ ∑(|𝜑𝑖
𝑎⟩ − |�̃�𝑖

𝑎⟩)⟨�̃�𝑖
𝑎|

𝑖𝑎

 (3.14) 

where |𝜑𝑖
𝑎⟩, |�̃�𝑖

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

wave and the conjugate of the projector function for the i-th partial wave of 

atom 𝑎. In the core region, the projector function must fulfill the orthonor-

mality condition 

 ⟨�̃�𝑖
𝑎|�̃�𝑗

𝑎⟩ = 𝛿𝑖𝑗 (3.15) 

Therefore Equation (3.13) can be rewritten as 

 |𝜓⟩ = |�̃�⟩ + ∑ ∑(|𝜑𝑖
𝑎⟩ − |�̃�𝑖

𝑎⟩)⟨�̃�𝑖
𝑎

𝑖

|�̃�⟩

𝑎

 (3.16) 

For quasi-local operators such as the Hamiltonian and kinetic-energy op-

erators, there exists a mapping between the AE operator and the pseudo op-

erator, for example, for the AE Hamiltonian 𝑯  and the pseudo 

an  �̃�, 

 �̃� = 𝑻+𝑯𝑻 (3.17) 

whereas the overlap operator can be expressed as 

 𝑺 = 𝑻+𝑻 (3.18) 

As such, the pseudo KS equation is then 

 �̃�|�̃�⟩ = 휀𝑺|�̃�⟩ (3.19) 

which can then be solved like AE KS equation. 

In principle, PAW can be implemented with different kinds of basis set 

functions, such as plane-wave functions, Gaussian functions, and finite dif-

ference. GPAW [53] mainly utilizes the last option, i.e. numerical grids in 

the real space. The pseudo KS equation is solved numerically with Poisson 

solvers with multiple grid levels where the initial guess of wave functions is 



22 

based on linear combination of atomic orbitals (LCAO). Underlying this 

method is the finite difference approximation, which works well due to the 

smooth pseudo wave functions in PAW. The atomic information such as 

partial waves is stored in atomic setup files, corresponding to the pseudo-

potential library in USPP. 

3.4. Density Functional Tight Binding 

Density functional tight binding (DFTB) is an approximation of DFT. [54], 

[55] In condensed matter physics, the tight binding (TB) approximation is 

defined for weakly interacting neutral atoms, where isolated atoms are per-

turbed by the external potential, and this is exactly the basic idea of DFTB.  

In KS-DFT, the total energy is 

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

which is equivalent with 

 

𝐸[𝜌(𝒓)] = ∑ 𝑓𝑖 ⟨𝜓𝑖(𝒓) |−
1

2
Δ + 𝑉𝑒𝑥𝑡| 𝜓𝑖(𝒓)⟩

𝑖

+
1

2
∬ 𝑑𝒓𝑑𝒓′

𝜌(𝒓)𝜌(𝒓′)

|𝒓 − 𝒓′|
+ 𝐸𝑛𝑛 + 𝐸𝑥𝑐(𝜌(𝒓)) 

(3.21) 

where 𝑓𝑖 is the occupation number of orbital i. Furthermore, the quantity of 

charge fluctuation is defined as the electron density difference between the 

bonded and atomic states 

 𝛿𝜌(𝒓) = 𝜌𝑚𝑖𝑛(𝒓) − 𝜌0(𝒓) (3.22) 

If 𝐸[𝜌] is expanded around 𝜌0 to the second order, it can be written as a 

functional of 𝛿𝜌, which can be further divided into three parts 

 𝐸[𝛿𝜌] ≈ 𝐸𝐵𝑆 + 𝐸𝑐𝑜𝑢𝑙 + 𝐸𝑟𝑒𝑝 (3.23) 

where 
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𝐸𝐵𝑆 = ∑ 𝑓𝑖 ⟨𝜓𝑖(𝒓) |−
1

2
Δ + 𝑉𝑒𝑥𝑡 + ∫ 𝑑𝒓´

𝜌0(𝒓´)

|𝒓 − 𝒓´|
𝑖

+ 𝑉𝑥𝑐[𝜌0(𝒓)]| 𝜓𝑖(𝒓)⟩ = ∑ 𝑓𝑖⟨𝑖|𝐻[𝜌0(𝒓)]|𝑖⟩

𝑖

 

(3.24) 

 𝐸𝑐𝑜𝑢𝑙 =
1

2
∬ (

𝛿2𝐸𝑥𝑐[𝜌0(𝒓)]

𝛿𝜌𝛿𝜌′
+

1

|𝒓 − 𝒓′|
) 𝛿𝜌𝛿𝜌′ (3.25) 

 
𝐸𝑟𝑒𝑝 = −

1

2
∫ ∫ 𝑑𝒓𝑑𝒓´

𝜌0(𝒓´)

|𝒓 − 𝒓´|
𝜌0(𝒓) + 𝐸𝑥𝑐[𝜌0(𝒓)]  + 𝐸𝑛𝑛

− ∫ 𝑑𝒓𝑉𝑥𝑐[𝜌0(𝒓)]𝜌0(𝒓) 

(3.26) 

where 𝑉𝑥𝑐[𝜌0(𝒓)] is the potential with the density 𝜌0(𝒓). Equation (3.24) is 

the band structure energy where 𝐻[𝜌0] is independent of the charge fluctua-

tion, Equation (3.25) is the Coulomb energy which includes the electron–

electron Coulomb energy; Equation (3.26) is the so-called repulsive energy, 

for it contains the nucleus–nucleus repulsive energy. If the real space 𝜓 is 

divided into atom volumes 𝜓𝐼, the extra electron population on the I-th atom 

Δ𝑞𝐼 and the charge fluctuation 𝛿𝜌(𝒓) are associated by 

 

Δ𝑞𝐼 = ∫ 𝛿𝜌(𝒓)𝑑𝒓
𝜓𝐼

  

 𝛿𝜌(𝒓) = ∑ Δ𝑞𝐼𝛿𝜌𝐼(𝒓)

𝐼

 

(3.27) 

The charge fluctuation term 𝛿𝜌(𝒓) is usually approximated with a Gaussian 

function 

 𝛿𝜌𝐼(𝒓) =
1

(2𝜋𝜎𝐼
2)1.5

𝑒
− 

𝒓2

2𝜎𝐼
2
 (3.28) 

and the Coulomb energy can then be expressed as 

 𝐸𝑐𝑜𝑢𝑙 =
1

2
∑ 𝛾𝐼𝐽(𝑅𝐼𝐽)Δ𝑞𝐼Δ𝑞𝐽

𝐼𝐽

 (3.29) 

whereby 
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 𝛾𝐼𝐽(𝑅𝐼𝐽) = {

𝑈𝐼 , 𝐼 = 𝐽

erf(𝐶𝐼𝐽𝑅𝐼𝐽)

𝑅𝐼𝐽
, 𝐼 ≠ 𝐽

 (3.30) 

in which 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) 

Furthermore, the repulsive energy can be expressed in the following manner 

 𝐸𝑟𝑒𝑝 = ∑ 𝑉𝑟𝑒𝑝
𝐼𝐽 (𝑅𝐼𝐽)

𝐼<𝐽

 (3.32) 

In the following, the TB formalism is elaborated. First, a minimal basis set is 

used to approximate the wave functions 

 |𝜓𝑖(𝒓)⟩ = ∑ 𝑐𝜇
𝑖 |𝜑𝜇(𝒓)⟩

𝜇

 (3.33) 

With this, the energy Equation (3.23) is written as  

 

𝐸 = ∑ 𝑓𝑖

𝑖

∑ 𝑐𝜇
𝑖∗𝑐𝜈

𝑖 𝐻𝜇𝜈
0 +

1

2
∑ 𝛾𝐼𝐽(𝑅𝐼𝐽)Δ𝑞𝐼Δ𝑞𝐽

𝐼𝐽𝜇𝜈

+ ∑ 𝑉𝑟𝑒𝑝
𝐼𝐽 (𝑅𝐼𝐽)

𝐼<𝑗

  
(3.34) 

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

 𝑆𝜇𝜈 = ⟨𝜑𝜇|𝜑𝜈⟩
𝜓

= 2⟨𝜑𝜇|𝜑𝜈⟩
𝜓𝐼

 (3.35) 

The minimum of the energy as expressed by Equation (3.34) is then deter-

mined with the variational principle applied to (𝐸 − ∑ 휀𝑖⟨𝑖|𝑖⟩𝑖 )  where 휀𝑖 

represents the Lagrange multiplier for state |𝑖⟩. For all 𝑖 and 𝜇,  

 ∑ 𝑐𝜈
𝑖 (𝐻𝜇𝜈 − 휀𝑖𝑆𝜇𝜈)

𝜈

= 0 (3.36) 

in which 
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 𝐻𝜇𝜈 = 𝐻𝜇𝜈
0 +

1

2
𝑆𝜇𝜈 ∑(𝛾𝐼𝐾 + 𝛾𝐽𝐾)Δ𝑞𝐾

𝐾

, 𝜇 ∈ 𝐼, 𝜈 ∈ 𝐽 (3.37) 

Because the minimum basis set is used, the Hamiltonian and overlap ma-

trices are pre-calculated and stored in the so-called Slater-Koster files, along 

with the repulsive energy. This data is formatted in a pair-wise fashion, such 

as Cu–Cu, Cu–O and O–Cu. When calculating electronic structures, DFTB 

programs read the information from these files all at once and thus the com-

putation time and memory consumption are reduced. The central thought of 

DFTB is to approximate the wave function for efficiency and counterbalance 

the error with the trained repulsive energy. The repulsive energy in DFTB 

plays a similar role as the exchange–correlation functional in KS-DFT. Often 

there are two variations of DFTB: self-consistent charge DFTB (SCC-DFTB) 

where the equation is solved self-consistently in an iterative manner, and 

non-self-consistent DFTB (NCC-DFTB) where the energy is calculated only 

once. 

3.5. Computational X-ray Spectroscopies 

Within the scope of this thesis, the theoretical X-ray spectra are all computed 

with DFT. The X-ray absorption (XA) cross-section of a molecule can be 

computed from Fermi’s Golden Rule, whereby the transition probability rate 

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, 𝜌𝑓(𝐸), 𝒌 and 𝒓 are the electromagnetic wave field, the density of 

the final states as a function of energy 𝐸, the wave vector and the electron 

coordinate in space with an origin located at the nucleus, respectively. When 

𝒌 ⋅ 𝒓 ≪ 1 is fulfilled, e.g. in the soft X-ray range, oft-times the dipole ap-

proximation is usually assumed. Thus, Equation (3.38) can be written in 

atomic units as  

 𝜎(𝜔) ∝ 𝜔|⟨𝑓|𝒆 ⋅ �̂�|𝑖⟩|
2

𝛿(𝜔𝑓𝑖 − 𝜔) (3.39) 

in which 𝒆 and  �̂� are the unit vector of the electric field and the dipole oper-

ator, respectively. 

In the original interpretation from Hohenberg and Kohn, it was stated that 

the ground state is applicable for the variational method. However, ground 
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state is not necessarily the only case where DFT is applicable. In fact, the 

energy functional in DFT is based on the density corresponding to a specific 

external potential which in principle can be used for computing core-excited 

state electronic structures with restricted space where the occupation number 

of certain a core level is fixed. In practice, the workflow for computing the 

core-excited state is done as follows: the LUMO is first variationally deter-

mined with the constraint of a core hole, and then LUMO is removed from 

the variational space, which means it now becomes a constraint too. LU-

MO+1 is then determined in the same manner, etc. This Delta Kohn-Sham 

(ΔKS) process could be repeated iteratively until a set of well-defined core-

excited KS orbitals are acquired, which are orthogonal [56]–[58].  

To calculate the ionization potential (IP) in X-ray photoelectron spectros-

copy (XPS), a ΔKS calculation could be done by using the variational solu-

tion mentioned above 

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

This is often called the full core hole (FCH) approximation. However, if 

the screening charge is considered for a metallic system, often the Fermi 

level is considered as the reference as opposed to the vacuum level [59]. In 

this case, an additional electron is placed on LUMO to screen the core hole. 

This approximation is called XCH approximation. It is noteworthy that even 

though no empirical correction is used in the computed IP, the chemical shift 

between different atoms under different chemical environments can be ob-

tained reliably. [60] The XCH approximation can also be used for obtaining 

the absolute energy scale for X-ray absorption spectroscopy (XAS) calcula-

tions. 

Furthermore, for XAS, 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 𝑓. This is called the Slater transi-

tion-state method [56], [61], which balances the influence to the XA spectra 

from the initial and final states. However, this requires the calculation to be 

performed one state per diagonalization of the Hamiltonian matrix. Since the 

change of the electrons on the excited states in the valence typically has neg-

ligible influence over the all the other orbitals, another approximation can be 

made: neglecting the excited half electron and only considering the half core 

hole. As a result, under the excited core potential, one global diagonalization 

is performed and all excited state energies are acquired. This is the so-called 

transition-potential (TP) approach. By doing so, the spectroscopic calcula-

tion is much more efficient without losing accuracy or violating the princi-
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ples in the Slater transition-state method. This is also named the half core 

hole (HCH) approximation [57] 

 𝐸𝑏(1𝑠) = −
𝛿𝐸0(𝑛1𝑠)

𝛿𝑛1𝑠
|

𝑛1𝑠=
1
2

 (3.41) 

Hence the computation of adiabatic XA spectra boils down to three steps: an 

ordinary KS-DFT calculation for the ground state energy, an XCH calcula-

tion for the excited state energy, and a HCH calculation to get the transition 

dipole moments. For calculating the X-ray emission (XE) spectra, the 

ground state (GS) approximation is usually used in this work for the influ-

ences on the emission spectra from the excitation and the de-excitation tend 

to cancel each other for 1s XES of light elements. 

If vibrational effects are important, XAS and XES methods with addition-

al corrections should be employed instead.[62], [63] For XAS, the Franck-

Condon (FC) approximation can be utilized. In this case, the dipole operator 

is defined as  

 �̂� = �̂�𝒓 + �̂�𝑹 (3.42) 

where �̂�, �̂�𝒓  and �̂�𝑹 are the total, the electronic and the vibrational dipole 

operators, respectively. Thus the total transition dipole moment is  

 ⟨𝑖𝐼|⟨𝐼|�̂�|𝐹𝑓⟩|𝑓⟩  = ⟨𝑖𝐼|⟨𝐼|�̂�𝒓|𝐹⟩|𝑓𝐹⟩ + ⟨𝑖𝐼|⟨𝐼|𝐹⟩�̂�𝑹|𝑓𝐹⟩ (3.43) 

where |𝑖𝐼⟩, |𝑓𝐹⟩,|𝐼⟩ and |𝐹⟩ are the vibrational dimension of the initial and 

final states, the electronic dimension of the initial and final states, respective-

ly. Since |𝐼⟩ and |𝐹⟩ are orthonormal, the second term in Equation (3.43) is 

zero. Thus the absorption cross-section from a certain ground state is then  

 𝜎(𝜔) = ∑|⟨𝑖𝐼|⟨𝐼|�̂�𝒓|𝐹⟩|𝑓𝐹⟩|
2

𝛿(ℏ𝜔 − (𝐸𝑓𝐹 − 𝐸𝑖𝐼
))

𝐹,𝑓

 (3.44) 

where 𝜔, 𝐸𝑓𝐹
 and 𝐸𝑖𝐼

 are the absorption photon circular frequency, the final 

state energy and the initial state energy, respectively. Employing the Condon 

approximation, Equation (3.44) can be rewritten as 

 𝜎(𝜔) = ∑|⟨𝑖𝐼|𝑓𝐹⟩|2|⟨𝐼|�̂�𝒓|𝐹⟩|
2

𝛿(ℏ𝜔 − (𝐸𝑓𝐹  − 𝐸𝑖𝐼
))

𝐹,𝑓

 (3.45) 

where |⟨𝑖|𝑓⟩|2 is the Franck-Condon factor. 
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The Kramers-Heisenberg (KH) description for non-resonant XES is   

 𝜎(𝜔′) ∝ ∑ ∑ |∑
⟨𝑓𝐹|⟨𝐹|�̂�𝒓|𝑁⟩|𝑛𝑁⟩⟨𝑛𝑁|⟨𝑁|�̂�𝒓|𝐼⟩|𝑖𝐼⟩

ℏ𝜔′ − 𝐸𝑛𝑁,𝑓𝐹
+ 𝑖𝛤

𝑛𝑁

|

𝑓𝐹

2

𝐹

 (3.46) 

where |𝑛𝑁⟩ and |𝑁⟩ represent the vibrational and electronic dimensions for 

the intermediate state, respectively. 

If GS approximation for XES, as mentioned above, is adopted and the 

Condon approximation is applied to Equation (3.46), the following expres-

sion is obtained 

 𝜎(𝜔′) ∝ ∑ ∑ |∑
⟨𝑓𝐹|𝑛𝑁⟩⟨𝑛𝑁|𝑖𝐼⟩⟨𝐹|�̂�𝒓|𝑁⟩

ℏ𝜔′ − 𝐸𝑛𝑁,𝑓𝐹
+ 𝑖𝛤

𝑛𝑁

|

𝑓𝐹

2

𝐹

 (3.47) 
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4. Summary of Work 

4.1. Stability of Subsurface Oxygen (Paper II) 

With the combined effort of X-ray spectroscopic experiments and theoretical 

calculations, the presence of subsurface oxygen (Osb) was investigated. [13] 

To have a more complete understanding of its stability, theoretical simula-

tions are conducted. 

The first model to test the stability of subsurface oxygen, is the extended 

surface model of Cu(100) of the size (2,2,5). The rationale to choose the 

model is that the experimental implication is that Cu is largely metallic and 

its low-overpotential pathway is unique on Cu(100). Three sites are consid-

ered: the octahedral sites in the 2
nd

 and 3
rd

 layers, and the surface hollow site 

(the most favorable site for O atom as an adsorbate). Furthermore, the mini-

mum energy path (MEP) is calculated with the nudged elastic band (NEB) 

method [64], whereby the climbing image (CI) approach for finding the tran-

sition state and the image-dependent pair-potential method (IDPP) [65] for 

improving the initial interpolation are applied. In order to find initial and 

final states for starting the NEB calculation, structure optimization calcula-

tions are performed. The plane-wave mode of GPAW is used, where the 

kinetic energy cutoff for the wave function is 500 eV; the exchange–

correlation functional is PBE. For the structure optimization of the initial and 

final states, the convergence threshold for the maximum force component is 

0.01 eV/Å while for the NEB calculation it is 0.1 eV/Å. The optimization 

algorithm for NEB is BFGS.  

The second model investigated is a nanocube. The reason to choose this 

model is that experimentally a 1–2 nm thick amorphous layer on the catalyst 

surface has been identified. This model is constructed in a step-wise fashion. 

First, a Cu2O cube model is constructed the six facets of which are Cu2O(100) 

surfaces, and the side length is 1.7 nm, as shown in Figure 4.1 (a). Then ox-

ygen atoms located at the surface and exposed are removed consecutively, 

ten at a time. Between each oxygen removal steps, a NCC-DFTB structure 

optimization is carried out, the method being steepest descent with a conver-

gence threshold of 0.05 eV/Å. After this “manual reduction”, the nanocube 

is optimized with the minima hopping method [66], where the number of 
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cycles is 50 and the initial temperature for the molecular dynamics (MD) 

part of minima hopping is 500 K. The resulting structure is a disordered and 

distorted nanocube, still with the size ca. 1.7 nm, as shown in Figure 4.1 (b). 

It is much smaller than the experimental nanocube (50–200 nm), but the 1–2 

nm thick amorphous layer on the experimental nanocube, enriched with Osb, 

is what this model aims at simulating. 

In the optimized structure, an oxygen body-centered cubic (BCC) skele-

ton of the size (3,3,3) is buried in the Cu atoms. On each facet of this skele-

ton, there is a (4,4) matrix of subsurface sites: 4 near-facet, 8 near-edge and 

4 near-corner. These subsurface sites are then tested for Osb stability: an Osb 

is taken out to the nearest surface adsorption site and both the initial and the 

changed geometries are optimized, the final system energy of which are 

compared. The optimization approach is Quasi-Newton with a convergence 

threshold of 0.05 eV/Å. For this part, SCC-DFTB is employed. 

  

(a) (b) 

Figure 4.1: The nanocube (a) before and (b) after the “manual reduction” process. 

 

The SCC-DFTB parameters are developed in collaboration, where the au-

thor of the thesis calculated selected models with the DFT program Quantum 

Espresso. Then the results are delivered as training sets for the parametriza-

tion process developed by M. Lorenço et al. [67] These parameters are then 

tested with a Cu(100) surface model of the size (2,2,6) with an Osb placed at 

the octahedral site in the second layer of Cu atoms and the surface hollow 
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site, respectively. The lattice constant for these parameters are calculated to 

be 3.76 Å. The energy difference between the two sites is taken as a measure 

for evaluating results from both DFT and SCC-DFTB. 

In order to test the validity of the results from the “manually reduced” 

nanocube models with Osb subsurface and moved to the nearest surface site 

as mentioned above, a number of subcluster models are extracted from it, 

where all the atoms further than 6.5 Å or 7 Å from the Osb tested is removed 

- including the cases when Osb is at the subsurface site and further moved to 

the surface. Furthermore, the singly bonded atoms at the bottom of the sub-

cluster models are removed to avoid artifacts. The choice between 6.5 Å and 

7 Å is based on the parity of the total number of electrons in the subcluster: 

since the SCC-DFTB parameters are trained from spin-paired calculations, it 

is always even. The subcluster models are not further optimized. A single-

point calculation for the subclusters is done with two programs: the DFT 

program deMon2k [68], [69] and the SCC-DFTB program DFTB+ [70]. The 

exchange–correlation functional used in deMon2k is PBE. For each subsur-

face site of Osb, the energy difference between the original subsurface site 

and the nearby surface site is calculated. 

To estimate the degree of disorder of the structures with Osb, the Cu–Cu 

pair-distribution function (PDF) of the periodic model of Cu(100) with an 

Osb and the disordered nanocube is calculated. 

  
(a) (b) 

Figure 4.2: The calculated MEPs for diffusion from (a) Layer 3 to Layer 2 and (b) 

Layer 2 to the surface. The path is defined as the collective displacement of  all 

atoms away from the initial state geometry. 

 

The diffusion MEPs for a Osb to diffuse to the surface calculated with 

NEB are shown in Figure 4.2. The diffusion barrier from the 3
rd

 layer to the 

2
nd

 layer is 0.21 eV but that to the surface is 0.10 eV. Furthermore, the sec-
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ond path is very exothermic, ca. –2.54 eV. As a result, the extended surface 

model cannot explain the observed Osb stability in experiments. 

This is related to the following shortcomings of the extended surface 

model. First, it is not really derived from oxides as is the electrocatalyst 

nanocube synthesized in the experiments. Second, the Cu(100) surface and 

the experimental nanocube are found to differ in adsorption behavior exper-

imentally. [10] Third, in the optimization calculations, the unit cell is fixed 

to the size of pure Cu(100) which strained the whole system, bringing up the 

energy. Thus, a larger cluster model could be adopted to overcome these 

shortcomings. 

It is done by using the DFTB method. First and foremost, the benchmark-

ing is conducted on the models shown in Figure 4.3. The energy difference is 

defined as  

 Δ𝐸 = 𝐸0 − 𝐸2 (4.1) 

where E0 and E2 refer to the system energies in Figure 4.3 (a) and (b), re-

spectively. The lattice parameter for the cell is 3.67 Å for DFT (PBE) and 

3.76 Å for SCC-DFTB. 

  
(a) (b) 

Figure 4.3: The slab model for benchmarking when Osb is at (a) the octahedral site in 

the 2
nd

 layer and (b) the surface hollow site. 

 

The results for Δ𝐸 are shown in Table 4.1 and it is clear that the qualita-

tive trend is correctly reflected by SCC-DFTB. 
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Table 4.1: The energy difference Δ𝐸 for benchmarking. 

Method DFT SCC-DFTB 

Δ𝐸[eV] –2.37 –1.10 

 

For the “manually reduced” cube, eight Osb sites are chosen: six near facet 

(from six different facets), one near edge, and one near corner. Similar with 

the benchmarking above, the energy difference Δ𝐸𝑟𝑒𝑙 is defined as 

 Δ𝐸𝑟𝑒𝑙 = 𝐸𝑜𝑢𝑡 − 𝐸𝑖𝑛 (4.2) 

where 𝐸𝑜𝑢𝑡 and 𝐸𝑖𝑛 are the energies when Osb is moved to the nearby surface 

site and located in its original subsurface position, respectively. The initial 

subsurface sites are between the 2
nd

  and 3
rd

 layers of Cu atoms. The results 

are shown in Table 4.2 in the second row.  

Table 4.2: The Energy Differences for Different Sites
a
 

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 
a
 The second, third and fourth rows show the energy difference for the whole cube, 

and the subclusters extracted from the nanocube computed with DFT and SCC-

DFTB, respectively.  

The geometries of Osb near facet-1, edge, and corner cases before and af-

ter moving to the nearby surface sites are shown in Figure 4.4, where the red 

atoms with a Greek cross show the Osb investigated. As is shown in Table 

4.2, the near-corner Osb prefers to diffuse out to the surface. A natural ques-

tion is if it is possible for its neighboring near-facet Osb to diffuse out to the 

same surface site via the same channel next. Hence an additional test is per-

formed. The Osb marked as “A” in the structure in Figure 4.4 (f) is first re-

moved. Starting from this structure, the near-facet Osb neighbor of A is also 

placed at the same corner site. All three neighbors have been tested. The 

energy difference as defined by Equation (4.2) for the neighbors is shown in 

Table 4.3. 

Table 4.3: The energy difference for the near-facet neighbors of A to diffuse to the 

surface. 

Atom Neighbor 1 Neighbor 2 Neighbor 3 

Δ𝐸 0.89 1.07 0.46 
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It is clear that the diffusion of these neighbors to the surface via the same 

channel as A is endothermic, which means that they are stable subsurface 

even after A is diffused out. 

  
(a) (b) 

  
(c) (d) 

 

Figure 4.4: (a)–(d) The calculated geometries before and after “manual diffusion”: 

(a)(b) the near-facet case, and (c)(d) the near-edge 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. 
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(e) (f) 

Figure 4.4: (e)–(f) The calculated geometries before and after “manual diffusion”: 

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. 

The subclusters are extracted from the nanocube and the energy differ-

ence for diffusion shown in the 3
rd

 and 4
th
 rows of Table 4.2. Since the sub-

clusters have slightly under-coordinated atoms and SCC-DFTB is an approx-

imate method, there is indeed quantitative error, but the qualitative trend is 

consistent: Osb at the near-facet sites are indeed stable. 

If we compare the Cu–Cu pair-distribution function (PDF) for the 

nanocube model and the extended surface model, both with Osb, the differ-

ence in disorder can be acquired. This is shown in Figure 4.5. It is obvious 

that the nanocube model is far more disordered than the extended surface 

model. This means that the nanocube model can accommodate Osb better 

than the extended surface model, thanks to its high degree of freedom.  
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(a) (b) 

Figure 4.5: The PDF for (a) the slab model and (b) the nanocube model, both 

were calculated with SCC-DFTB. 

4.2. Influence of Subsurface Oxygen on CO 

Adsorption (Paper II) 

The stability of Osb is tested, but another question is, how it influences 

CO2RR, especially the dimerization of CO on Cu surface and the link be-

tween its presence and the extraordinary catalytic performance with respect 

to the production of multicarbon products such as ethylene. Thus, extended 

surface and simplified molecular chain models are selected to investigate the 

influence of Osb on the adsorption energy of CO.  

For the extended surface model, the model sizes tested are (2, 2, i) and (4, 

4, j) where i ∈ [4,7] and j ∈ [5,6],  two of which are illustrated in Figure 4.6. 

The bottom two layers of atoms are fixed during the structure optimization, 

the vacuum size is 28 Å and periodic boundary conditions are considered.   

An oxygen atom is added to the octahedral site of different layers where 

the Cu atoms are not fixed. The program used is GPAW. The grid spacing is 

0.2 Å, and the exchange–correlation functional is RPBE. 
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(a) (b) 

Figure 4.6: Examples of extended surface 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 initial-

ly placed in the fourth layer. 

The Fermi-Dirac smearing method is chosen for assisting the SCF conver-

gence, where the width is 0.1 eV and after converging extrapolated back to 

zero. The k-point sampling scheme of the first Brillouin zone is Monkhorst-

Pack, and the grid point number is (4,4,1). The structures are optimized with 

the MDMin algorithm and the convergence threshold for the maximum force 

component is 0.05 eV/Å. 

The molecular chain model is a simplified model of the geometry with 

both CO and optionally Osb connected to the same surface Cu atom, i.e. the 

molecular chain R-CO (R ∈ {Cu, OCu}), as shown in Figure 4.7. The model 

has zero net charge and is doublet. To disentangle different components, the 

constrained space orbital variation (CSOV) approach [71], [72] is utilized, 

whereupon the program StoBe-deMon [73] is used. The procedure of CSOV 

is akin to that reported by Nyberg et al., [74] where the σ- and π-orbital con-

tributions are separated well. The basis set, and the exchange–correlation 

functional are TZVP and RPBE, respectively. The calculation is spin-

polarized. 
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(a) (b) 

Figure 4.7: The molecular chain structures for (a) Cu-CO and (b) OCu-CO. 

 

The whole procedure consists of the following steps: (I) R and CO are 

placed at 100 Å away from each other to ensure that there is no rehybridiza-

tion between them, whereupon all orbitals are relaxed and sorted into σ- or 

π-symmetries. (II) For both symmetries, the occupied and unoccupied orbit-

als on R and CO are separated and frozen, and then R and CO are brought 

together to the bonding distance, obtaining the initial Pauli repulsion. (III) 

The occupied and unoccupied orbitals of the π-symmetry are relaxed but 

only within the same fragment, i.e. R or CO. Thus no charge transfer or co-

valent bond is formed, yielding the polarization energy for the π-symmetry. 

(IV) Within the π-symmetry, all orbitals from both fragments are relaxed 

together, so the covalent bond and charge transfer between them are now 

allowed, acquiring the energy of π-bonding. (V) The occupied and unoccu-

pied σ-orbitals belonging to the same fragment are relaxed together, attain-

ing the polarization energy of the σ-symmetry. (VI) All σ-orbitals of R are 

allowed to rehybridize with the unoccupied σ-orbitals of CO, thereby obtain-

ing R σ-donation energy. (VII) The occupied σ-orbitals of CO are now re-

laxed with the unoccupied orbitals of R, acquiring the CO σ-donation energy. 

A CO molecule adsorbs on the atop site on the surfaces and the adsorp-

tion energy is defined as 

 Δ𝐸 = 𝐸𝑓𝑖𝑛 − 𝐸𝐶𝑂,𝑔𝑎𝑠 − 𝐸𝑠𝑙𝑎𝑏 (4.3) 
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where 𝐸𝑓𝑖𝑛, 𝐸𝐶𝑂,𝑔𝑎𝑠, and 𝐸𝑠𝑙𝑎𝑏 are the energies of the adsorbent with adsorb-

ate, the CO gas phase and the adsorbent alone, respectively. The results for 

the extended surface models are shown in Table 4.4.  

Table 4.4: CO adsorption energies for the extended surface models
a
. 

Size 2×2×4 2×2×5 2×2×6 2×2×7 4×4×5 4×4×6 

Clean –0.52 –0.61 –0.57 –0.55 –0.56 –0.58 

2
nd

 –1.08 –1.01 –1.04 –1.19 –1.22 –1.20 

3
rd

 – –0.64 –0.68 –0.61 –0.67 –0.67 

4
th
 – – –0.55 –0.54 – –0.51 

a
The energy unit is eV. 

It is clear that Osb enhances the adsorption of CO down to the 3
rd

 layer. 

For the dimerization of CO, the co-adsorption of CO is a prerequisite. The 

increase in adsorption energy of CO implies that the coverage of CO on the 

adsorbent is increased, facilitating the dimerization.  

The chain test results are shown in Table 4.5. The initial Pauli repulsion is 

reduced by 1.59 eV due to the existence of an O atom in R. The sum of π-

polarization and π-bonding energies is similar for both Cu–CO and OCu–CO, 

i.e. -0.99 eV and -0.97 eV, indicating that the presence of O in R does not 

alter the π-attraction.  

Since the 6σ* orbital of CO is over 20 eV higher than the Fermi level, it is 

unlikely for it to participate in the rehybridization with occupied states of 

CO. Hence the energy reduction for R σ-donation also contains the reduction 

of Pauli repulsion. The sum of σ-polarization and R “σ-donation” (-1.09 eV 

and -0.92 eV) demonstrates a reduction of 0.17 eV in σ-repulsion due to O in 

R. Furthermore, the CO σ-donation contains the energy change of the charge 

transfer from CO to R and an additional relaxation reducing the σ-repulsion, 

where O in R causes an energy decrease of 0.35 eV. 
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Table 4.5: The energy decomposition of the CSOV test on the molecular chain mod-

el. 

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 

 

The adsorption of CO on transition metal surfaces causes changes in the 

molecular orbitals, which was investigated by XES experiments and DFT 

calculations [15], [75], [76]. The Blyholder model [77] describes the allylic 

configuration of the π-orbitals as follows: the CO 1π and 2π*, and the metal 

dπ orbitals rehybridize and form the bonding, non-bonding and anti-bonding 

orbitals. However, the classical σ-donation and π-back donation physical 

picture is contrasted by the actual interactions of σ-repulsion and π-attraction 

whereby the adsorption strength is determined by the net balance of the two. 

The σ-repulsion can be reduced by a nearby electronegative atom, for such 

an electronegative atom would draw electron density away from the repul-

sive σ-system of the surface atoms, bringing down the system energy. [78] 

As a result, the adsorption strength is increased. This physical picture is 

qualitatively consistent with the results of the molecular chain model above. 

The under-coordinated sites on the surface are usually considered catalytical-

ly active sites, such as corner or edge sites. However, from the results above, 

for oxide-derived Cu nanocubes, Osb can activate the facet sites. 

4.3. Subsurface Atoms and Scaling Relations 

In this part, two kinds of scaling relations are 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 tests of the former kind, an extended surface model with the size 

(2, 2, i) is adopted, where i = 6 for the cases of Osb depth tests with Cu(100) 

and i = 5 otherwise. For this test, the lattice constants are obtained from bulk 

tests for each pure metal face-centered cubic structure with the exchange–

correlation functional RPBE. The tested cases are Cu(111), Ni(111), Cu(100) 

and Ni(100) pristine surfaces, and Cu(100) with an Osb at the octahedral site 
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of different layers and Cu(100) with an Osb at the tetrahedral sites between 

the topmost layers.  To disentangle the electronic effect from the strain, the 

subsurface atom is then removed, and the whole structure is re-optimized 

with the whole adsorbent fixed in geometry. The d-band center is calculated 

for the would-be atop adsorption site of the CO molecule on the surface. For 

Ni surfaces, the calculation is spin-polarized. Additionally, Csb, Nsb, and Fsb 

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

For testing the latter kind, the intermediate CHO involved in the rate-

determining steps towards methane of CO2 electroreduction [79] is consid-

ered. The intermediate OCCO is the one towards ethylene, but since the ad-

sorption of OCCO on Cu(100) per se breaks the scaling relation due to the 

ensemble effect [80], it is not tested in the present work. In addition, Csb, Nsb, 

and Fsb at the tetrahedral sites between the topmost layers are tested, too. The 

adsorption of CHO on Cu(100) with subsurface atoms located at the tetrahe-

dral site has two possible spatial configurations, i.e. orthogonal and parallel, 

as shown in Figure 4.8. The reference models for CHO are the gas phase 

molecules, where CHO is doublet. 

  

(a) (b) 

Figure 4.8: The (a) orthogonal and (b) parallel initial configurations for CHO ad-

sorption on Cu(100) with Osb at the tetrahedral site between the topmost two layers. 

Furthermore, the preference of the two sorts of subsurface sites is tested 

with the comparison of system energy. For this purpose, extended surface 

models with the size (2, 2, 5) are tested, where the subsurface atom is located 
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either at the octahedral site in the 2
nd

 layer or the tetrahedral site between the 

top 2 layers. The system is structurally optimized. 

As is described, two kinds of scaling relations are tested. For the first kind, 

the results are shown in Figure 4.9 and Table 4.6–Table 4.8.  

When Osb is at the octahedral sites, the d-band scaling relation is not bro-

ken but it moves along that of pure metal, which contains both the electronic 

and strain effects. However, when it is placed at the tetrahedral site, the d-

band scaling relation is indeed broken. Besides, Csb, Nsb and Fsb break the 

scaling relation when placed at the octahedral site in the 2
nd

 layer.  

 

Figure 4.9: CO BE as a function of d-band center. The black dots are the data from 

Cu(111) and Ni(111) pristine surfaces, the blue squares are for Cu(100) and Ni(100) 

pristine surfaces, the red triangles are Cu(100) surfaces with Osb at octahedral sites 

in 2
nd

 -4
th

 layers, the green triangles are for Cu(100) surfaces with Csb, Nsb or Fsb at 

octahedral sites in 2
nd

 layer, and the red hexagon is for Cu(100) with Osb at the tetra-

hedral site between the topmost two layers (“1.5
th

”). Those labeled with an “r” are 

models where the subsurface atom is removed without relaxing the adsorbent, de-

noted by the same symbols but hollow. 

Table 4.6: The d-band center (DC) and CO BE for pristine surfaces. 

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

DC –2.40 –1.53 –2.29 –1.50 

CO BE –0.51 –1.53 –0.57 –1.40 
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Table 4.7: DC and CO BE for Cu(100) with Osb and cases with Osb removed (r). 

Unit:eV 2
nd

 3
rd

 4
th
 1.5

th
  

DC –1.77 –2.24 –2.26 –2.31 

CO BE –1.04 –0.68 –0.55 –1.09 

Unit:eV 2
nd

 ,r 3
rd

 ,r 4
th
 ,r 1.5

th
 ,r 

DC –1.96 –2.28 –2.26 –1.90 

CO BE –0.74 –0.66 –0.54 –0.85 

Table 4.8: DC and CO BE for Cu(100) with Xsb (X≠O) at octahedral site of 2
nd

 layer. 

Unit:eV C N F 

DC –2.91 –2.44 –1.68 

CO BE –0.85 –0.89 –1.53 

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

DC –1.97 –1.96 –1.80 

CO BE –0.71 –0.74 –0.82 

The presence of strain caused by the subsurface atoms does not break the 

scaling relation significantly. Thus the key is the electronic effect of the elec-

tronegative subsurface atoms. The electronegativity contribution to the en-

hancement of CO BE can be defined as 

 Δ𝐸𝑒𝑛 = 𝐸𝑏𝑒 − 𝐸𝑟 (4.4) 

where 𝐸𝑏𝑒  and 𝐸𝑟  are the CO BE when subsurface atom is present and is 

removed, respectively. The comparison of Pauling electronegativity 𝜒𝑃 and 

𝛥𝐸𝑒𝑛 is shown in Table 4.9, where a negative correlation is apparent. 

Table 4.9: The electronegative contribution to enhancement of CO binding energy 

and 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 

For the second kind of scaling relation, the results are shown in Table 

4.10, as well as Figure 4.10. 
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Table 4.10: Results for second kind of scaling relation
a
. 

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

 O,3
rd

 

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, 4
th
 O, tetra C, 2

nd
 N, 2

nd
 

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, 2
nd

 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 

a
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 de-

scribed. All the tests with subsurface atoms are done only for Cu(100). 

 

 

Figure 4.10: The second kind of scaling relation, i.e. the CHO binding energy vs. the 

CO binding energy. 

 

It is apparent that when Osb is deep in the 3
rd

 or 4
th
 layer, the results are 

close to the scaling relation (blue line). Since the tetrahedral site is smaller 

than the octahedral sites in volume for subsurface atoms, the surface recon-

struction may cause further increase in BE, such as with Csb. The presence of 

electronegative subsurface atoms can indeed break the scaling relation of 

pristine transition metal surfaces, but some of them seem to form a new scal-



45 

ing relation (red line), while others become outliers for both scaling relations. 

A close examination at the geometry reveals the fact that those on the red 

line have a C-Cu-X angle close to 180° for CHO while the outliers have 

angle smaller than 180°, as shown in Figure 4.11. 

The system energy differences between the cases when the subsurface at-

oms are located at the octahedral site in the 2
nd

 layer and the tetrahedral site 

of the 1.5
th
 layer without any adsorbate present are shown in Table 4.11. The 

energy difference is defined as 

 Δ𝐸 = 𝐸𝑜𝑐𝑡𝑎 − 𝐸𝑡𝑒𝑡𝑟𝑎 (4.5) 

Table 4.11: The system energy difference with Osb at two different subsurface sites. 

Species C N O F 

Δ𝐸/eV –0.48 –0.10 0.26 0.40 

 
 

(a) (b) 

Figure 4.11: The cases for Osb at the tetrahedral site between the topmost two layers 

of Cu(100) surface, labeled as O 1.5
th

 in Figure 4.10. The geometrical configurations 

correspond to (a) orthogonal and (b) parallel, respectively. 

 

For Csb and Nsb, the octahedral site is more favorable while for Osb and Fsb, 

the tetrahedral site is more favorable. Additionally, the energy difference 

seems to follow the order of atomic radius. A possible reason for this is that 

larger atoms like C and N may be unstable at the tetrahedral site. However, 
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this takes into account only the dry surface without solvent and fixed unit 

cell, which may need further corrections for electrocatalysis. 

According to X. Liu et al. [22],  for Cu(211) and Cu(111), the region right 

below the blue scaling relation line in Figure 4.10 is a region where the turn-

over frequency (TOF) for producing methane is increased, given that the 

transition state (H–CO) and the final state (CHO) have the same adsorption 

site. Thus, the outliers above the blue line may be the region where the me-

thane production is decreased. Furthermore, the increase in CO coverage 

may in itself inhibit the methane pathway but favor the unique C–C coupling 

pathway on Cu(100). [81] 

4.4. Subsurface Oxygen and C–C Coupling (Paper 

III) 

As discussed in Section 4.2, the presence of Osb in the Cu(100) enhances CO 

adsorption. In order to further investigate the influence of Osb on CO cover-

age, selectivity and reaction barrier for the C–C coupling reaction, another 

model was constructed and tested. Since experimentally the catalyst in ques-

tion is derived from the Cu2O phase, this mode is also derived from Cu2O. 

Due to the fact that the unreconstructed Cu skeleton in Cu2O is also face-

centered cubic, and Cu(100) is the facet of interest, this model starts from a 

Cu-terminated Cu2O(100) p(4×4) surface with four layers of Cu and O atoms 

each. In order to introduce disorder and partially reduce the system while 

maximizing the utility of shallow Osb, from the bottom two layers, four O 

atoms are replaced with four Cu atoms, and three other O atoms are removed. 

This model still maintains the Cu2O(100)-like structure within the top two 

layers and has a 4:1 ratio between Cu and O as indicated by experiments 

[82]. The structure optimization for this model is conducted as follows: with 

the plane wave mode of GPAW, a cutoff energy 800 eV is used, combined 

with the unit cell filter in ASE whereby only the x-x and y-y strains are re-

laxed to optimize the cell and minimize the strains. The exchange–

correlation functional is RPBE and the k-point sampling density is 2 Å. The 

relaxation algorithm is BFGS with a convergence threshold of 0.05 eV/Å. 

The vacuum space along z-direction is 14 Å. The resulting structure, i.e. 

disordered oxide-derived Cu (d-ODCu), is shown in Figure 4.12. Similar 

with Cu2O(100), a reconstructed valley-like geometry appears after structure 

optimization. Therefore there also exist four kinds of interesting adsorption 

sites: atop (A), bridge 1 (B1), bridge 2 (B2) and bridge 3 (B3). 

Afterwards, the adsorption energy tests are done on d-ODCu, Cu-

terminated Cu2O(100) of the size p(4×4) and Cu(100) of the size c(4×4), for 
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the adsorbates CO and H. For the CO adsorption on d-ODCu and Cu2O(100), 

three tests are performed: adsorption on A which goes from 1/8 ML to 8/8 

ML, adsorption on B1 which goes from 1/8 ML to 4/8 ML, and adsorption 

on B2/B3 which goes from 1/8 ML to 8/8 ML. For CO adsorption on 

Cu(100), only the atop site is tested. For H adsorption, due to the strong site 

preference of H atom, the B2/B3 sites are tested for d-ODCu and Cu2O(100), 

while the hollow site is tested for Cu(100). In this part, the finite difference 

mode with a grid spacing 0.2 Å is used, since the unit cell is fixed. 

  

(a) (b) 

Figure 4.12: The structure of d-ODCu, as viewed from (a) side and (b) top. 

To compare the dimerization barriers on Cu(100) and d-ODCu, a K atom 

and eight H2O molecules are added above the surface to emulate the electro-

chemical conditions at the interface. The K atom becomes K
+
 spontaneously, 

providing an electric field and an additional electron to the surface system, 

notably, the OCCO adsorbate. It stabilizes the transition and final states due 

to the increased polarity. [34]  

The vacuum space is increased to 21 Å to avoid artifacts. For d-ODCu, 

the coverages 2/8 ML and 6/8 ML of CO, representing the low and high 

coverage cases respectively, are tested for the C–C coupling reaction. For 

Cu(100), the high coverage case is 5/8 ML. The system is first locally opti-

mized with BFGS line search with the threshold 0.05 eV/Å, and then a con-

strained minima hopping (cMH) is performed where the molecule identity is 

retained with Hookean constraints [66]. In this step, only the Γ–point in the 

first Brillouin zone is considered, the total number of cMH is 20, and the 

convergence threshold of 0.02 eV/Å. Afterwards, another local optimization 

is conducted, with the k-point sampling density of 2 Å. The initial state and 

the final state for each surface are optimized with cMH separately. The next 
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step is calculating the barrier. CI-NEB is used, with the algorithm FIRE [83]. 

The initial intermediate image number is 6, the convergence threshold is 0.1 

eV/Å. For both coverages of d-ODCu, a new intermediate state is found. 

Thus the intermediate image is locally optimized alone. Then, two CI-NEB 

are conducted for each case: the calculation from the initial state to the in-

termediate, and that from the intermediate to the final. The transition state 

found by CI-NEB may not be related to CO dimerization. In case of such a 

happenstance, 2–4 interpolated images are inserted between the two subse-

quent images relevant for dimerization, and the CI-NEB calculation is re-

started. To further refine the transition state, the two images before and after 

the transition state, along with the transition state per se, are chosen for an 

additional CI-NEB calculation, where the first and last images are fixed and 

only the three images in the middle are relaxed, with a threshold of 0.05 

eV/Å. To account for the dispersion interaction, single-point calculations are 

done for the initial, transition, intermediate and final states with the ex-

change–correlation functional BEEF-vdW. The thermal contributions to the 

Helmholtz free energy at 298.15 K is calculated with the harmonic approxi-

mation with the exchange–correlation functional RPBE, where only the reac-

tant CO molecules or OCCO species are allowed to move. The number of 

displacements per Cartesian coordinate for each atom is 4, and the step size 

is 0.01 Å. 

The incremental adsorption energy is defined as  

 Δ𝐸𝑎𝑑𝑠,𝑛/8 = 𝐸𝑎𝑑𝑠,𝑛/8 − (𝐸𝑎𝑑𝑠,(𝑛−1)/8 + 𝐸𝐶𝑂(𝑔)) (4.6) 

where 𝐸𝑎𝑑𝑠,𝑛/8, and 𝐸𝐶𝑂(𝑔) are the system energy of n CO molecules ad-

sorbed on the surface (n ∈ {1,2,…,8}) and the energy of CO gas-phase mole-

cule, respectively. The surface pattern for each coverage is determined by 

scanning through all possible patterns and the one with the maximum mean 

CO–CO distance is selected. A notable exception is 6/8 ML and 7/8 ML for 

Cu(100), where the order of CO addition is reversed to retain the monotonic-

ity of the incremental adsorption energy. 

The CO adsorption coverage results are shown in Table 4.12. It is obvious 

that at the highest coverage for d-ODCu the incremental adsorption energy is 

significantly negative, i.e. –0.55 eV for B2/B3 and –0.29 eV for A, whereas 

for Cu(100), it is –0.09 eV at 5/8 ML. Thus, the presence of Osb increases the 

CO coverage. An interesting phenomenon for d-ODCu is that the valley-like 

structure, upon increasing CO coverage, reconstructs gradually back to the 

square-like structure, which was also found in previous studies on H2O and 

CH3OH interactions with Cu2O(100). [84], [85] 
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Table 4.12: Incremental adsorption energies for CO on Cu(100), d-ODCu and 

Cu2O(100) surfaces. 

Coverage (ML) 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8 

d-ODCu, A (eV) –0.70 –0.70 –0.45 –0.41 –0.49 –0.29 0.30 0.32 

Cu2O(100), A (eV) –1.07 –0.93 –0.62 0.32a –0.32 –0.17 –0.10 0.30 

d-ODCu, B1 (eV) –1.12 –0.93 –0.67 –0.57 – – – – 

Cu2O(100), B1 (eV) –1.08 –0.92 –0.62 –0.38 – – – – 

d-ODCu, B2/B3 (eV) –0.78 –0.60 –0.65 –0.55 –0.47 –0.55 0.27 0.17 

Cu2O(100), B2/B3 (eV) –0.71 –0.59 –0.60 –0.52 –0.56 –0.54 0.00 0.08 

Cu(100) (eV) –0.71 –0.49 –0.48 –0.36 –0.09 0.32 1.39 2.27 
a
From 1/8 ML to 3/8 ML for CO at the A sites of the Cu2O(100) surface, the CO 

molecules automatically move to a nearby B2 during the structure optimization, thus 

the values from 1/8 ML to 3/8 ML are essentially the same as those of B1 sites and 

the value for 4/8 ML is positive. 

The results for the H adsorption are shown in Table 4.13. As is mentioned, 

H atom prefers the hollow site on Cu(100). On d-ODCu, it prefers B1 

strongly from 1/8 ML to 4/8 ML, but above 4/8 ML, the adsorption of addi-

tional H atoms results in a reconstruction to a zigzag structure, as shown in 

Figure 4.13. 

Table 4.13: Incremental adsorption energies for H on Cu(100), d-ODCu, and 

Cu2O(100) surfaces. 

Coverage (ML) 1/8 2/8 3/8 4/8 5/8 6/8 7/8 8/8 

Cu(100) (eV) –0.11 –0.25 –0.07 –0.18 –0.17 –0.09 0.08 0.78 

d-ODCu (eV) –0.79 –0.81 –0.77 –0.94 0.88 0.87 0.61 0.58 

Cu2O(100) (eV) –0.74 –0.82 –0.76 –0.87 0.78 0.80 0.56 0.54 

The drastic change in incremental adsorption energy from 4/8 ML to 5/8 

ML is caused by the surface reconstruction from valley-like to zigzag. The 

reason behind this change is that there are only 4/8 ML B1 sites, thus at 5/8 

ML, the adsorption of the additional H atom at a B3 site causes this site to 

become B2-like, i.e. with a shortened Cu–Cu distance. This is a partial tran-

sition from valley-like to zigzag, which is energetically unfavorable, causing 

the abrupt increase. It is similar on Cu2O(100). Thus, compared with 

Cu(100), the maximum coverage of H on d-ODCu is reduced. Besides, the 

B2 and B3 sites for d-ODCu and Cu2O(100) are indeed different, yet upon 

the adsorption of a CO or H species on a B3 site, the Cu–Cu distance of this 

site decreases as mentioned above, to that similar to B2. 
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Figure 4.13: The most stable 8/8 ML coverage case for H atom on d-ODCu. The 

zigzag reconstruction is labeled with blue lines. The red, white and brown spheres 

represent O, H and Cu atoms, respectively. 

The incremental adsorption energy of CO at B1 and B2/B3 sites and that of 

H at 3/8 ML on d-ODCu are similar, so another test is performed to deter-

mine which adsorbate is more likely to adsorb on which site. Given that d-

ODCu is has 2/8 CO at B1, the incremental energy for an extra CO molecule 

at B2 and an H atom at B1 are –0.57 eV and –0.58 eV, respectively. Both 

values are less negative than that for an additional CO on B1, i.e. –0.67 eV. 

This means the adsorption of CO at B1 prevails in this case. In short, this 

illustrates the fact that Osb in d-ODCu, which is accommodated better than 

the previous Cu(100) surface, may facilitate the CO dimerization but inhibit 

the monocarbon pathway.  

For the CO dimerization reaction, the computed MEP of the high and low 

coverage cases for both Cu(100) and d-ODCu are shown in Figure 4.14 and 

Figure 4.15, respectively. 
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 4.14: The geometries of the initial, intermediate and final states for the CO 

dimerization reaction on Cu(100), for the (a)–(c) low and (d)–(f) coverage cases, 

respectively. 

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

     
(f) (g) (h) (i) (j) 

Figure 4.15: The initial, first transition, intermediate, second transition and final 

states of CO dimerization reaction on d-ODCu, for (a)–(e) low and (f)–(i) high cov-

erage cases, respectively. 
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With these models, if the K
+
 ion is removed, the polar OCCO species dis-

sociated into 2 adsorbed CO molecules, possibly due to the lack of electric-

field effects and the surplus charge. On Cu(100), the initial state geometry of 

the low coverage has one CO at the bridge site while another at the hollow 

site. This is different from the initial geometry proposed by Montoya et al. 

where both CO molecules are at the bridge sites [86]. A possible reason for 

this is that the cMH calculation was done without the adsorbed CO mole-

cules in their study. Nevertheless, the final geometry is similar to their stud-

ies. Thus, the energy barrier and reaction energy obtained in the present 

work are higher. For the high coverage case on Cu(100), the initial state 

geometry has one CO at the bridge site and the other reacting CO at the atop 

site. The final state geometry is similar with earlier studies. On d-ODCu, the 

initial state geometry of the low coverage has both CO molecules at B1 sites, 

one of which moves towards the other B1 site to form OCCO. For the high 

coverage on d-ODCu, one CO is at a B2 site but another at B3, whereby both 

move toward a B1 site to form OCCO. Additionally, on d-ODCu, an inter-

mediate state corresponding to the activation of the surface exists. 

For the high coverage cases, the MEPs are shown in Figure 4.16. It is ob-

vious that at the level of the electronic potential energy at 0 K, the dimeriza-

tion reaction has essentially the same activation barrier on both surfaces, i.e. 

0.43 eV. The reaction energy on d-ODCu is 0.07 eV higher. 

  

(a) (b) 

Figure 4.16: The calculated MEPs without free energy corrections for the high cov-

erage cases of CO dimerization reaction on (a) Cu(100) and (b) d-ODCu. 𝐸𝑟 , 𝐸𝑓 and 

Δ𝐸 are the reverse barrier, frontal barrier and the reaction energy, respectively. The 

path is defined as the collective displacement of all atoms from the initial state ge-

ometry. 
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Table 4.14: The Helmholtz free-energy data for the CO dimerization reaction on 

Cu(100) and d-ODCu surfaces, for both high and low coverage cases, where the data 

outside parenthesis are the free energies with both the electronic energy and free 

energy correction calculated with RPBE, and the data in parenthesis are the free 

energies with electronic energy calculated with BEEF-vdW but free energy correc-

tion with RPBE. 

F(eV) IS TS1 IMS TS2 FS 

Cu(100), 

low 

0.00  

(0.00) 

0.95  

(0.91) 
– – 

0.74  

(0.75) 

Cu(100), 

high 

0.00  

(0.00) 

0.43  

(0.42) 
– – 

0.20  

(0.23) 

d-ODCu, 

low 

0.00  

(0.00) 

0.73  

(0.83) 

0.45  

(0.52) 

1.10  

(1.18) 

0.93  

(1.02) 

d-ODCu, 

high
a
 

0.00  

(0.00) 

0.38  

(0.37) 

0.35  

(0.39) 

0.32  

(0.35) 

0.28  

(0.25) 

a
The TS structure is identified on the potential energy surface, the seemingly lower 

energy for the TS after free energy corrections is due to the approximations made for 

the free energy computations and from the inclusion of corrections going from the 

RPBE (used for the geometry optimization) to the BEEF-vdw (final energy evalua-

tion) level of theory, and the limited accuracy of the harmonic approximation for 

calculating the free energy correction. 

The Helmholtz free energy data for the stationary points on the MEPs are 

shown in Table 4.14. The inclusion of the dispersion interaction by adopting 

BEEF-vdW is insignificant, except for the low coverage case on d-ODCu, 

where the initial state is overestimated by RPBE by 0.07–0.10 eV, leading to 

a reduction of the energies of the other states, since the initial state energy is 

the reference. 

However, for the more interesting high coverage cases, the difference 

with and without dispersion correction is no more than 0.04 eV. In addition, 

the calculated transition state 1 barrier for the high coverage case of d-ODCu 

is 0.05 eV lower than that of Cu(100), with and without dispersion correc-

tions. Thus, it is concluded that the inclusion of dispersion correction does 

not change the chemical picture significantly. It is noticeable that both the 

activation barrier and the reaction energy decline with higher CO coverage 

on both surfaces, so that for the high coverage case on d-ODCu, with the 

dispersion and free energy corrections, the intermediate state has a slightly 

higher energy than the transition states, albeit the energy difference is well 

within the error margin of the methodology. Since the activation free energy 

barrier and the reaction free energy of the high coverage case on both surfac-

es are very close, there is no significant kinetic or thermodynamic improve-
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ment of the CO dimerization reaction in the high coverage limit on d-ODCu, 

in line with the experimental observation of a similar overpotential on 

Cu(100) and ODCu surfaces. [10] 

Another interesting finding is that the O–C–C–O dihedral angle of the 

product on Cu(100) of both coverages is close to zero, meaning that the ge-

ometry is close to that of the reduced gas phase quartet ethylenedione ion 

[34]. The same dihedral angle on d-ODCu deviates significantly from zero, 

as shown in Table 4.15, indicating a slightly different intramolecular elec-

tronic state of OCCO on d-ODCu, due to the surface flexibility and the pres-

ence of Osb. 

Table 4.15: O–C–C–O dihedral angle for OCCO in final states. 

Coverage Low High 

Cu(100) 1.7° 3.8° 

d-ODCu 64.2° 46.4° 

The minor improvement for the activation barrier for the high coverage 

case of CO on d-ODCu over Cu(100), i.e. 30 meV, may still have a signifi-

cant effect on the actual reaction at room temperature. Besides, recent stud-

ies proposed a potential-dependent inhibition of CO desorption on a highly 

amorphous surface [81], [87]. Consequently, it is likely that by inhibiting the 

adsorption of H and facilitating CO adsorption, Osb does contribute to steer-

ing the selectivity in favor of multicarbon products, together with certain 

special local structures like nanopores which are beyond the scope of the d-

ODCu model. 

4.5. O 1s XPS for Subsurface Oxygen (Paper I) 

Experimentally, an adventitious O 1s peak is observed with ambient pressure 

X-ray photoelectron spectroscopy (APXPS). In order to understand the na-

ture of it, theoretical investigations are necessary. For the oxygen K-edge (O 

1s) XPS calculations, an extended surface model of Cu(100) is established. 

The model size is (2,2,5), and the lattice constant is the experimental value 

3.61 Å. The vacuum space is 28 Å. The bottom two layers of Cu atoms are 

fixed across the structure optimization. Periodic boundary conditions are 

considered for all three dimensions. An O adatom is added to the surface, 

either into the subsurface as an interstitial dopant or the surface as an ad-

sorbate. For the subsurface case, two sites are tested: the tetrahedral site be-

tween the second and third layers of Cu atoms, and the octahedral site in the 

second layer. For the surface case, the bridge and hollow sites are calculated. 
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As shown in Figure 4.17, there is geometrical resemblance between the tet-

rahedral and the bridge sites, and that between the octahedral and the hollow. 

 

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

 

Figure 4.17: The optimized structure for the XPS calculations where the oxygen 

adatom is placed in the subsurface at the (a) tetrahedral (b) bridge (c) octahedral and 

(d) hollow sites. 

The program GPAW is used with its finite difference mode employed. 

The parameters for SCF and structure optimization are the same as in Sec-

tion 4.2. For the O 1s XPS calculations, the XCH approximation for ΔKS is 

used to obtain the binding energy on the optimized structures. 

The computed O 1s binding energies (BE) are listed in Table 4.16. The 

subsurface sites have higher BE than surface sites, the difference ranging 

from 0.5 eV to 2.0 eV. 

Table 4.16: The calculated O 1s XPS binding energies (BE) for O at different sur-

face and subsurface sites. 

Site Tetrahedral Octahedral Bridge Hollow 

BE [eV] 529.2 529.5 527.5 528.7 

The experimental spectra are shown in Figure 4.18 for consecutive elec-

trochemical steps. The adventitious peak in green is located at 531.7 eV, 

which is 1.7 eV higher than the BE of surface oxygen. This is consistent 

with the theoretical prediction above. 
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Figure 4.18: 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 with 

permission from [12]. 

4.6. C 1s XAS for CO Desorption on Ru(0001) 

(Paper IV) 

 

Figure 4.19: The conceptual illustration on the desorption of a laser-pumped CO 

molecule, where it first undergoes a precursor state, and then either desorbs or re-

adsorbs. Reprinted with permission from [88]. 

When CO is pumped by laser light, it undergoes a precursor state, with 

increased degrees of freedom, after which it either readsorbs or desorbs into 

gas phase, as shown in Figure 4.19. The studies on such as process shed light 

on the mechanism of gas–surface interaction thus help understand heteroge-

neous catalysis. 

The C 1s XA spectra for CO desorption, i.e. in the precursor region [89], 

are computed with the transition potential approach implemented in GPAW. 

The grid spacing is 0.2 Å and RPBE is the exchange–correlation functional 
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used. An extended Ru(0001) surface model of the size (2,2,4) is employed, 

where CO is initially adsorbed at the atop site. The structure is optimized 

with the constraint of fixed height, namely, C–Ru distance. Two CO orienta-

tions are tested: perpendicular and parallel. For the perpendicular case, the 

sampling starts at the chemisorbed state, i.e. when C is 1.96 Å above the 

surface, and ends at 5.36 Å, with 14 points in total. However, for the parallel 

case, the sampling starts at the height 3.16 Å and ends at 5.52 Å, in total 10 

points, to simulate the increased degrees of freedom in the molecular orien-

tation. In order to avoid artifacts, after structure optimization, the super cell 

is repeated twice on a- and b- dimensions. This enlarged model is then used 

for XAS calculation. For the structure optimization, the k-point sampling 

scheme is Monkhorst-Pack with a Γ-point-centered grid of (4,4,1) while for 

the XAS calculation the density is converged with (2,2,1) and the spectrum 

is generated with (4,4,1).  

The HCH approximation is used for computing the spectra, and the ener-

gy scale is corrected with a ΔKS calculation. Due to the fact that for de-

sorbed molecules, the rehybridization with the surface metal states drastical-

ly decreases, which means the prerequisite of using Haydock recursion does 

not hold anymore. Thus, for this investigation, it is not used. The onset of the 

calculated spectra has a dependence on the exchange–correlation functional 

whilst the relative peak energy positions do not [90]. 

The computed C1s XA in-plane spectra are shown in Figure 4.20. As is 

clearly seen, for the perpendicular orientation, chemisorbed CO starts at 

288.7 eV; with increasing height, it gradually approaches the gas phase value 

at 4.05 Å, i.e. 287.4 eV. From 4.21 Å, the parallel orientation of CO shows a 

slight deviation from 287.4 eV but eventually returns to it at 5.52 Å. These 

results are in qualitative agreement with experiments.  
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Figure 4.20: Computed C 1s XA spectra, of the in-plane polarization. “Hp” and “Vp” 

represent the perpendicular and parallel orientations, respectively. The unit of the 

height as depicted in the legend is Ångström. 

 

4.7. C 1s XAS&XES for p4g C/Ni(100) 

When C atoms are adsorbed on the Ni(100) surface, a reconstruction hap-

pens, forming the p4g C/Ni(100) structure, i.e. Ni surface layer decorated 

with C atoms with the p4g symmetry, as shown in Figure 4.21. Similar struc-

tures have been studies with C 1s X-ray spectroscopic experiments. [14], 

[18], [91], [92] 

In Figure 4.22, the experimental C 1s XA and XE spectra of p4g 

C/Ni(100) are shown. 

To simulate experimental results, the geometry as shown in Figure 4.21 (b) 

is taken as the model. 
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(a) (b) 

 

Figure 4.21: (a) C adsorption on Ni(100) and (b) its p4g reconstruction pattern. 

  
(a) (b) 

Figure 4.22: The C 1s (a) XA and (b) XE spectra measured from experiments. Re-

produced with permission from [92] and [14], respectively. Note that the second 

highest peak on the orange curve of (a) and the third highest peak on the orange 

curve of (b) are artifacts. 

For XAS, two different methods are tested. First, TP is utilized without 

including any vibrational effect with a Gaussian broadening of 0.3 eV. The 

second method employs FC as implemented by Ljungberg et al. [56], [63], 

whereby the static transition potential calculation is done for a number of z-

displacements from the original position of the C atom investigated, with a 

Gaussian broadening of 0.3 eV as well. The displacement range is [-0.5, 1.5] 

Å for the p4g geometry and the increment is 0.05 Å. For XES, both GS and 

KH [63] are used. The Gaussian broadening for the former is 0.5 eV while 

the life-time broadening for the latter is 0.1 eV. The z-displacement for the 

latter is the same as for XAS. The program used is GPAW, with a Γ-centered 
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k-point sampling (2,2,1) for converging the density and (4,4,1) for generat-

ing the spectrum. The calculation is spin-polarized since Ni is ferromagnetic, 

and the spectra are averaged over the two spin systems. The exchange–

correlation functional is RPBE. When displayed together, the computed 

spectra are normalized to the area of the experimental data. The normaliza-

tion range for XAS is [282.0, 285.0] eV while it is [275.2, 283.3] eV for in-

plane XES and [276.5, 283.3] eV for out-of-plane XES. 

 In Figure 4.23, the in- and out-of-plane polarizations of XAS for the two 

computed and the experimental spectra are shown.  

  
(a) (b) 

  
(c) (d) 

Figure 4.23: The C 1s (a) in-plane and (b) out-of-plane XAS from computations and 

experiments with 0.3 eV Gaussian broadening, and (c) in-plane and (d) out-of-plane 

XAS from computations and experiments with 0.05 eV Gaussian broadening. The 

blue ("Exp"), orange ("TP") and green ("FC") curves stand for the data from exper-

iments, TP, and FC respectively. 

For both polarizations, as shown in Figure 4.23 (a) and (b), the FC curves 

have better agreement with experiment in both the profile and the maximum 

peak position in terms of energy, and the TP curves look downshifted. It thus 

looks like the TP curve should be shifted up by 0.3–0.4 eV. But a closer look 

into the actual states, i.e. when using a Gaussian broadening of 0.05 eV, 
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reveals that the “shift” is actually a result of peak intensity rescaling due to 

different Franck–Condon factors for different peaks, as shown in Equation 

(3.45), due to the fact that in Figure 4.23 (c) and (d) the peak positions are 

matched well but the intensities are different between TP and FC. 

The XE spectra for both polarizations are shown in Figure 4.24. 

  
(a) (b) 

Figure 4.24: The C 1s (a) in-plane and (b) out-of-plane XES from computations and 

experiments. The blue ("Exp"), orange ("XES-GS") and green ("XES-KH") curves 

stand for the data from experiments, the ground-state approximation without vibra-

tion corrections, and the computed results with vibration corrections, respectively. 

For the in-plane polarization, the two spectra from two different theoreti-

cal approaches look very similar to each other, with relatively small differ-

ences. For the out-of-plane polarization, both computational methods give 

similar heights for the peak around 282.5 eV, but for the two main peaks 

located at lower energy ranges, the spectrum with vibration corrections has 

an intensity distribution closer to the experiment than the one without. The 

vibration corrections also broaden the peaks for XES. 

In conclusion, the inclusion of vibrational effects alters the intensity dis-

tribution between different peaks for XAS, and it also provides additional 

broadening for XES, resulting in an improved overall agreement with exper-

imental data.  

4.8. Notes on Contributions 

All papers included in this thesis are the results of extensive collaborations, 

especially the heuristic discussions and the critical scrutiny. Hereby the con-

tributions of mine are briefed. Paper I entails a close collaboration between 

experiment and theory, and my contribution to this paper is as follows: the 
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theoretical XPS and the adsorption energy calculations with KS-DFT, the 

details of which are listed in Tables S2 and S3. Besides, I contributed to the 

writing of the paper. In Paper II, I wrote the paper along with co-authors, and 

most of the tests were performed by me: the Osb stability tests with the slab 

and the nanocube models, the PDF calculations, the subcluster calculations, 

the adsorption energy tests on slab models and the CSOV tests on the mo-

lecular chain model. Paper III was written also by me and co-authors, where 

the construction and optimization of the d-ODCu model, the coverage tests 

of CO and H on d-ODCu, Cu2O(100) and Cu(100) surfaces, the constrained 

minima hopping calculations for the initial and final states of the CO dimeri-

zation reactions and the subsequent reaction pathway calculations, and the 

free energy calculations were performed by me. The theoretical XA spectra 

in Paper IV were computed by me and I also contributed to the writing of it. 

Section 4.3 was published in my licentiate thesis and Section 4.7 is a test 

for theoretical methods with previously published experimental data, intend-

ed for investigations on an ongoing project of ultrafast pump–probe spec-

troscopies. I performed all the calculations in these two parts. 

The decision to include or exclude a paper depends on if it fits in the main 

theme of the thesis and if I made significant enough contribution to be pre-

sented in a thesis. 
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5. Conclusions and Outlook 

With the help of KS-DFT and SCC-DFTB, it is found that Osb beneath the 

facet of the oxide-derived nanocube model is indeed stable and the instabil-

ity of Osb in the extended surface model is an artifact caused by the fixed unit 

cell dimensions. The higher degree of disorder in the former is key to ac-

commodating Osb. Also, the CO adsorption strength is enhanced by the pres-

ence of Osb, down to the 3
rd

 layer of the Cu(100) surface. This enhancement 

is a result of reduced Pauli repulsion in the σ-symmetry of the surface chem-

ical bond. Enriched with Osb, d-ODCu is found to increase CO coverage and 

decrease H coverage compared to Cu(100), thus tuning the selectivity to-

wards C2H4. 

Furthermore, it is found that the presence of subsurface electronegative 

species such as Csb, Osb, Nsb and Fsb alters the chemical activity of the 

Cu(100) surface, so that the d-band scaling relation and the scaling relation 

between CO and CHO of pristine transition metal surfaces can both be bro-

ken. This may explain the experimental fact that on oxide-derived electro-

catalysts the overpotential for ethylene is lower but the CO adsorption ener-

gy is higher.  

With the help of theoretical O 1s XPS simulation, the adventitious peak 

ca. 1.7 eV higher than the O on Cu is discovered to be from Osb. Furthermore, 

the C 1s XAS captures the peak shift for the precursor region of CO desorp-

tion from Ru(0001). These calculations do not incorporate vibrational effects. 

However, for simulating the results from C 1s XAS and XES of p4g 

C/Ni(100), vibrational effects along the z-direction need to be considered, 

which brings about significant improvements. 

Computational electrochemistry and theoretical X-ray spectroscopy are 

intriguing subjects, filled with challenges. By incorporating more and more 

realistic considerations, the explanatory and predictive power of theoretical 

work will continue its rapid growth. New methods, new models and new 

principles built upon the old will unveil the “phantom” beneath and improve 

the synergy between theory and experiment, thus providing new insights and 

prescriptions to the knowledge and application of renewable energy sources. 
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Sammanfattning  

Reduktion av koldioxid är ett lovande tillvägagångsätt för att möta vår tids 

ekologiska utmaningar. Processen har potential att avsevärt minska koldiox-

idutsläppen från förbränning av fossila bränslen genom att konvertera koldi-

oxiden till värdefulla kolväten. Metallnanostrukturer framställda från oxid-

material har visat sig besitta unika katalytiska egenskaper som effektiviserar 

reduktionen av koldioxid. Det har spekulerats i att förklaringen till nano-

materialens unika förmåga är spår av syreatomer i atomlagren straxt under 

materialets ytskikt. Stabiliteten hos sådana syreatomer, deras påverkan på 

atom- och elektronstrukturen, samt effekten på materialens katalytiska för-

måga har utretts i denna avhandling med hjälp av teoretiska beräkningar på 

olika sofistikationsnivåer samt med olika typer av modeller. Resultaten visar 

bland annat på att stabila syreatomer under ytskikten av koppar förstärker 

adsorptionen av kolmonoxid (en viktigt intermediär i koldioxidreduktion) på 

ytan genom att minska σ-repulsionen. Därmed ökar täckningsgraden. Detta 

leder till att dessa strukturer kan bryta mot de skalningsrelationer som annars 

begränsar ett materials katalytiska förmåga: trots att reaktionsbarriären för 

det viktiga dimeriseringssteget av kolmonoxid inte förändras, förhindras 

adsorption av väte och därigenom förbättras selektiviteten hos katalysatorn. 

Närvaron av ytnära syreatomer hos koppar bekräftades med en gemensam 

experimentell och teoretisk undersökning med röntgenfotoelektronspektro-

skopi. Vidare studerades även prekursortillstånd för desorption av kol-

monoxid på Ru(0001) med den såkallade övergångspotentialmetoden. För att 

beskriva de röntgenspektroskopiska mätningarna på p4g C/Ni(100) krävdes 

emellertid vibrationseffektskorrigeringar, där p4g C/Ni(100) är en ytrekon-

struktion som uppstår när kolatomer adsorberar på Ni(100). 
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