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Abstract 

 
Many catalytic reactions utilize late transition metals such as platinum, rhodium, and palladium. 

These include oxidation and reduction processes in devices for “green energy” applications, e.g. 

the oxygen reduction reaction (ORR) in the proton exchange membrane fuel cell (PEMFC) and 

NO reduction and CO oxidation in the three-way catalytic converter for automotive exhausts. 

However, the aforementioned metals are known to be expensive and limited in supply – thus, 

they are often referred to as precious metals. The need to lower costs by reducing the 

consumption of these precious metals has necessitated the search for alternative precious 

metal-free catalysts. 

 

The interaction of simple gas molecules, e.g. oxygen, nitrogen oxide, and carbon monoxide, 

with precious metal-free surfaces is studied using density functional theory-based calculations 

to contribute to the understanding of the oxidation and reduction reactions. In the first part, the 

possibility of copper oxides as potential catalyst material in the three-way catalytic converter, 

wherein NOx, CO, and hydrocarbons are converted into less hazardous gases, is explored. In the 

second part, the interaction of oxygen with single-walled carbon nanotubes (SWCNTs) and 

graphene is investigated for potential use as a catalyst for oxygen reduction in the PEMFC.  

 

NO reduction is believed to be the rate limiting step in the catalytic converter. Therefore, the 

dissociation of NO on Cu2O(111) and CuO(110) surfaces was first investigated. The NO 

molecule strongly adsorbs on Cu-terminated CuO(110) and Cu2O(111) surfaces and have shown 

better reactivity than Cu(111) surface for NO dissociation. The strong electron transfer from the 

unsaturated Cu atoms to the NO molecule accounted for the easier dissociation of the NO 

molecule on the Cu-terminated surfaces. The interaction of subsurface O atoms caused the shift 

of the d-band of the unsaturated Cu atoms, thus providing more occupied states near the Fermi 

energy. This allowed the excellent hybridization between the d states of the unsaturated Cu 

atoms and anti-bonding  states of the NO molecule, as evidenced by the strong back-donation. 
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Next, CO oxidation was investigated. The CO molecule adsorbs on the Cu-terminated copper 

oxide surfaces and reacts with a coadsorbed O adatom, forming an adsorbed CO2 molecule. 

Similar with the case of NO reduction, the unsaturated Cu atoms on the surfaces are responsible 

for the good reactivity of the copper oxides with CO. Comparing the results on copper oxide 

with the benchmark catalyst, rhodium, the copper oxide surfaces provide lower activation 

energy barrier for both NO reduction and CO oxidation. Thus, it can be concluded that copper 

oxides are indeed promising as precious metal-free catalysts for the purification of automotive 

exhausts. 

 

The interaction of oxygen with SWCNTs was investigated by looking at the effects of surface 

curvature, as well as that of Fe-filling inside the SWCNTs. A comparative study on the 

interaction of oxygen with SWCNTs and graphene was conducted. SWCNTs used in the study 

have chiralities of (3,3), (5,0), (5,5) and (8,0), listed in order of decreasing surface curvature. 

The effect of curvature on the adsorption of atomic and molecular oxygen on SWCNTs and 

graphene was analyzed by investigating its adsorption energetics, structural properties, and 

charge distributions. The oxygen atom is strongly chemisorbed on the bridge site of the 

SWCNTs and the adsorption energy increases with greater curvature. The adsorption is 

accompanied by a large electron transfer from the carbon atoms in the bridge site to the 

adsorbed oxygen atom, and is likewise enhanced by greater curvature. The effect of surface 

curvature on the molecular adsorption of oxygen was then investigated. The oxygen molecule 

interacts weakly with SWCNTs and the interaction is mainly due to van der Waals forces. 

Greater surface curvature also enhances the adsorption energy. The energy barriers for O2 

dissociation are reduced with increasing curvature. The sp
3
-like hybridization of the carbon 

atoms in SWCNTs with large curvature accounts for the stronger interaction with oxygen. A 

greater degree of depletion of antibonding * states is also observed for larger curvatures, 

resulting in larger HOMO-LUMO gaps, which is consistent with the enhanced adsorption 

energies. The interaction of oxygen and H2O2 with SWCNTs filled with Fe was also studied. 

While the presence of Fe inside SWCNTs results in a slightly weaker oxygen adsorption, the 

energy barrier for O2 dissociation is reduced and Fe-filled SWCNTs are resistant to oxidation 

from H2O2 poisoning. It should be noted that H2O2 selectively destroys semiconducting 

SWCNTs due to the hole-doping effect induced by H2O2 interaction. With the exception of 

ultra-small diameter SWCNTs (~4Å), the presence of Fe inside SWCNT changes the electronic 

property of the SWCNTs to metallic, thus preventing the degradation of the material due to 

H2O2 poisoning and allowing oxygen reduction reactions that involve peroxide intermediates. 

Therefore, the presence of Fe improves the catalytic potential of SWCNTs due to the reduced O2 

dissociation energy barrier and resistance to H2O2 poisoning.  
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In summary, DFT-based calculations were conducted to study the interaction of simple gas 

molecules (such as O, NO, and CO), with precious metal-free surfaces. A detailed analysis of 

the NO reduction and CO oxidation processes on Cu(111), CuO(110), and Cu2O(111) surfaces 

was obtained. The excellent reactivity of the copper oxides with both NO and CO make them 

good catalysts for NO reduction and CO oxidation, and may be of potential use as an alternative 

catalyst for the three-way catalytic converter. The effects of surface curvature and the presence 

of Fe on the interaction of oxygen with SWCNTs were explained as well. By combining the 

effect of surface curvature and Fe-filling, the reactivity of SWCNTs with oxygen can be 

increased and its durability towards H2O2 poisoning improved, thus opening numerous 

possibilities for designing CNT-based precious metal-free catalysts for oxygen reduction in the 

PEMFC.  
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Chapter 1 
 

Introduction 

 
Modern society is greatly dependent on catalysis, i.e. the production of most industrially 

important chemicals involves catalysis. Catalysis is relevant to a wide range of fields, but most 

noteworthy is its significance to environmentally friendly applications, e.g. the catalytic 

converter in automobiles, and alternative energy sources such as fuel cells. Thus, research into 

catalysis has become a major field in applied science and involves many areas of chemistry and 

physics, in particular surface and materials science. Catalytic reactions are preferred especially 

in these so-called “green energy” applications due to the reduced amount of energy consumed 

and waste generated, as opposed to conventional stoichiometric reactions wherein all reactants 

are consumed and unwanted side products can be formed. In this Dissertation, potential 

alternative precious metal-free catalysts for various “green energy” applications are 

investigated. 

 

In this introductory chapter, the role of surfaces as catalysts and the overview of the research 

approach are presented to provide a general picture of the conduct of this study. 

 

 

1.1 Role of Surfaces as Catalysts 

 

Catalysis is the increase in the rate of a chemical reaction due to the participation of an 

additional substance known as a catalyst. A catalyst speeds up the reaction without itself being 

consumed in the overall process, thus only tiny amounts are required in most cases. It works by 

providing an alternative pathway to increase the rate of reaction to end with the same reaction 

product, i.e. less free energy is required to reach the transition state, but the total free energy 

from reactants to products does not change. 
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Consider a hypothetical exothermic chemical reaction with two reactants, X and Y, resulting in 

the product Z. Fig. 1.1 shows a generic potential energy diagram showing the effect of a catalyst 

to this particular reaction. The presence of the catalyst allows a different reaction path (shown in 

red) with lower activation energy, Ea. The final result of the reaction remains the same, as 

indicated by the same change in free energy, ΔG, with or without the catalyst. 

 

 

 

Figure 1.1: Generic potential energy diagram showing the effect of a catalyst in a hypothetical 

reaction X + Y  Z. 

 

 

Surfaces play a major role in heterogeneous catalysis, i.e. the catalysts and reactants have 

different phases. Reactions on surfaces normally involve adsorption and desorption steps, 

especially those that occur at the solid-gas interface. Experimentally, it is possible to observe 

such reactions in real space via scanning tunneling microscopy, provided that the time scale of 

the reaction is in the correct range. [1] The most common types of catalytic surface reactions 

include simple decomposition, e.g. dissociative adsorption, and bimolecular reactions, e.g. CO 

oxidation on platinum. Diverse mechanisms can take place for bimolecular reactions, such as 

the Langmiur-Hinshelwood mechanism, which will be discussed in further detail in Chapter 2. 
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1.2 Precious Metal Catalysts 

 

The chemical nature of catalysts is as diverse as catalysis itself, although some generalizations 

can be made. Brönsted acids are likely to be the most widely used catalysts, e.g. hydrochloric 

and sulfuric acids. Multifunctional solids often are catalytically active as well, e.g. metal oxides, 

graphitic carbon, nanotubes, and nanoparticles. Likewise, transition metals are used in redox 

reactions. Many catalytic processes, however, require late transition metals such as palladium, 

platinum, gold and rhodium. Since these metals are known to be expensive and limited in supply, 

they are often referred to as precious metals. 

 

One of the most popular and environmentally significant processes that require precious metal 

catalysts is the catalytic converter. It is a vehicle emissions control device that converts toxic 

pollutants in exhaust gas to less toxic substances by catalyzing a redox reaction, and is widely 

used in internal combustion engines fueled by either gasoline or diesel. The technology 

currently available is called three-way catalytic converters, i.e. it does three simultaneous tasks: 

 

1. Reduction of nitrogen oxides to nitrogen and oxygen: 2NOx  xO2 + N2 

2. Oxidation of carbon monoxide to carbon dioxide: 2CO + O2  2CO2 

3. Oxidation of unburnt hydrocarbons (HC) to carbon dioxide and water: 

CxH2x+2 + [(3x+1)/2]O2  xCO2 + (x+1)H2O 

 

 

 

Figure 1.2: Schematic diagram of the three-way catalytic converter, wherein nitrogen oxides 

(NOx), carbon monoxide (CO), and hydrocarbons (HC) are converted into less toxic substances 

such as nitrogen gas (N2), carbon dioxide (CO2), and water (H2O). 
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The catalyst used for the three-way catalytic converter is most often a combination of the 

precious metals rhodium, platinum, and palladium [2]. A schematic diagram of how a three-way 

catalytic converter works is shown in Fig. 1.2. 

 

 

 

Figure 1.3: Schematic diagram of a proton exchange membrane fuel cell, wherein the 

electrochemical reaction of hydrogen and oxygen to form water is utilized to generate electrical 

energy. 

 

 

Another device that utilizes precious metal catalysts is the proton exchange membrane fuel cell 

(PEMFC). A PEMFC transforms the chemical energy liberated during the electrochemical 

reaction of hydrogen and oxygen to electrical energy, as opposed to the direct combustion that 

produces thermal energy. Hydrogen fuel is delivered to the anode side of the membrane 

electrode assembly (MEA) where it is catalytically split into protons and electrons in an 

oxidation half-cell reaction that is more known as the hydrogen oxidation reaction (HOR). The 

newly formed protons permeate through the polymer electrolyte membrane while the electrons 

travel along an external load circuit to the cathode side of the MEA, creating the current output 

of the fuel cell. Meanwhile, oxygen is delivered to the cathode side (most often just atmospheric 

oxygen) where it reacts with the permeating protons and the arriving electrons from the external 

circuit to form water. This reduction half-cell reaction is known as the oxygen reduction 
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reaction (ORR). The entire process can be summarized as follows. 

 

1. At the anode, hydrogen oxidation reaction: H2  2H
+
 + 2e

-
 

2. At the cathode, oxygen reduction reaction: ½O2 + 2H
+
 + 2e

-
  H2O 

3. Overall reaction: H2 + ½O2  H2O 

 

Platinum is by far the most effective catalyst and nearly all current PEMFCs use platinum 

particles on porous carbon supports to catalyze both HOR and ORR [3]. A schematic diagram of 

how a PEMFC works is shown in Fig. 1.3. 

 

 

1.3 General overview of research approach 

 

Atmospheric pollution is one of the main environmental concerns of our society at present. 

Pollutant emissions from mobile sources such as vehicles, trains and airplanes account for more 

than half of all pollutants in the atmosphere. One main reason is the continuing dependence on 

fossil fuels, which when combusted emit pollutant gases such as nitrogen oxides (NOx), carbon 

monoxide (CO), and hydrocarbons (HC). Such pollutant emissions give rise to smog and acid 

rain which have adverse effects not just on the welfare of humankind, but also to the 

environment in general. Thus, limiting or totally eradicating these pollutant emissions is needed 

to address this concern. 

 

The three-way catalytic converter and PEMFC discussed in the previous section are both viable 

solutions to atmospheric pollution. The three-way catalytic converter can be used to purify 

exhaust emissions, whereas the PEMFC can totally eradicate pollutant emissions by replacing 

conventional combustion engines that rely on the dwindling global supply of fossil fuels.  

However, both of them rely on precious metals as catalysts for their respective processes and 

thus, their use has been limited. The need to find alternative precious metal-free catalysts has 

therefore become one of the major trends in catalysis research and is also the main focus of this 

dissertation. 

 

Despite major advancements in experimental methods, most experimental techniques in 

discovering potential catalysts for particular reactions involve combinatorial and intuitive 

methods that are time-consuming and not cost efficient, because success is not guaranteed. 

However, recent developments in computational techniques, coupled with the rapid progress in 

terms of efficiency and computational capability of supercomputers have allowed the possibility 
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of designing catalysts at the atomic level that promote the desired selectivity and catalytic 

activity. Such computational techniques employ density functional theory (DFT) calculations. 

Basically, DFT is a computational quantum mechanical modelling method that is used to 

investigate the ground state electronic properties of many-body systems. In this theory, the 

ground state properties of such quantum mechanical systems are functionals (i.e. function of a 

function) of the electron density. A more detailed discussion about DFT is presented in the 

Appendix section. 

 

In this Dissertation, DFT-based calculations are employed to further understand the catalytic 

processes that take place in the three-way catalytic converter and PEMFC. In Chapter 2, the 

reduction of NO and oxidation of CO are discussed, with a copper-based material as a potential 

precious metal-free catalyst for the three-way catalytic converter. Then in Chapter 3, the 

adsorption and dissociation of oxygen is discussed, with a carbon-based material as another 

potential precious metal-free catalyst for the ORR in the PEMFC. 
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Chapter 2 
 

Purification of Automotive Exhausts: 

Copper Oxide Surfaces 

 
2.1 Introduction 

 

The reduction of nitrogen oxide (NO) and oxidation of carbon monoxide (CO) are basic 

heterogeneous catalytic reactions of fundamental significance. They usually occur on transition 

metal and metal oxide surfaces. In recent years, these reactions have gained more attention due 

to the need to control atmospheric pollution. Both reactions are key processes that take place in 

three-way catalytic converters that are used to suppress pollutants in automobile exhaust 

emissions. Several transition metals (such as Rh, Pd, and Pt) are known to be active catalysts for 

both reactions [2]. However, their high cost has been a hindrance to the widespread use of 

three-way catalytic converters. Thus, an inexpensive and more readily available material 

without sacrificing catalytic performance is needed. 

 

First of all, understanding the mechanisms behind these reactions is of utmost importance. Both 

reactions have been widely studied in the literature [2, 4-15]. It is generally believed that NO 

reduction is driven by a simple dissociation mechanism on a catalytic surface, involving only a 

couple of steps: (i) NO adsorption on the surface, and (ii) NO dissociation into N and O 

adatoms on the surface [4-5]. Breaking the N-O bond requires a large amount of energy, thus 

making it the rate-limiting step in the catalytic converter. In contrast, CO oxidation is believed 

to follow a Langmuir-Hinshelwood mechanism, i.e. the reactants in a bimolecular reaction both 

adsorb on a surface then the adsorbed molecules undergo a bimolecular reaction. There are three 

proposed elementary steps: (i) CO adsorption on the surface, (ii) O2 dissociation into O adatoms 

on the surface, and (iii) CO + O  CO2 reaction on the surface [6]. In the case of three-way 

catalytic converters, O adatoms on the surface can also be provided by NO dissociation. 
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The objectives of this chapter can be summarized in the graphic given by Fig. 2.1. Both NO 

reduction and CO oxidation are driven by precious metal catalysts. The aim of the study is to 

find an alternative precious metal-free catalyst material than can catalyze both reactions. 

 

 

 

Figure 2.1: The objectives of this chapter are summarized as follows: to find an alternative 

precious metal-free catalyst that can catalyze both NO reduction and CO oxidation reactions 

shown in the green boxes. 

 

 

2.2 Why copper based catalysts? 

 

Among the other available transition metals, copper seems to be the most promising as a 

catalyst for both NO reduction and CO oxidation. Earlier research has suggested that Cu is a 

suitable candidate for improving the catalytic properties of precious metals such as Rh and Pd 

while simultaneously reducing the cost of production. Improved catalytic activity for CO 

adsorption has been observed in PdCu bimetallic crystals [16]. Also, under laboratory 

conditions, RhCu catalyst was found to perform better than industrial Rh catalysts for both CO 

oxidation and NO reduction [17-18]. Moreover, Cu thin films [19] and low index surfaces 

[20-21] have exhibited reactivity towards NO adsorption, although a DFT-based study 

concluded that NO dissociation is activated [22]. Nevertheless, it was proposed that the 

presence of Cu on precious metals such as Rh would promote NO dissociation. The activation 

barrier was reduced by about 0.4 eV due to the presence of Cu on Rh (111) as shown in Fig. 2.2. 

Recently, a study on the dissociation of NO and NO2 on Cu(111) with and without the presence 

of coadsorbed N and O atoms on the surface was carried out. It was suggested that NO 

dissociation on the Cu surface is enhanced by the presence of an N atom while its reactivity is 

reduced by a coadsorbed O atom [23]. 

 

Similarly, another recent DFT study investigated CO oxidation on bimetallic RhCu(111) surface 

and predicted a reduced energy barrier compared with CO oxidation on pure Rh(111) surface 

[24]. Furthermore, copper oxides with metal oxide support have also been investigated 
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experimentally for catalytic CO oxidation [25-27]. Conversion rates of up to 99.5% for CO to 

CO2 conversion have been observed. The proposed mechanism is a redox cycle involving the 

reduction of Cu
2+

 to Cu
+
 by CO, as detailed in Fig. 2.3 [27]. The reduced Cu

+
 then reacts with 

supplied O2 from the air (or with NO in the case of the three-way catalytic converter) to form 

CO2. 

 

(a)  

(b)  

Figure 2.2: Calculated minimum reaction pathway of NO dissociation on (a) Rh (111) and (b) 

Cu@Rh (111) taken from Ref. 22. Inset blue and red arrows show the least activation energy 

barrier for Rh (111) and Cu@Rh (111) respectively. 
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Figure 2.3: Conversion rate of CO to CO2 on copper oxide nanoparticles, shown as a function 

of time elapsed, taken from Ref. 27. The inset shows the proposed mechanism of CO oxidation, 

involving the reduction of Cu
2+

 to Cu
+
. 

 

 

Experimental results from a research collaborator also show the potential of copper oxides. A 

high NOx conversion rate of 98.3% was obtained on Cu2O(111) under a reducing atmosphere, 

whereas only 5.7-23.6% was attained for other oxide surfaces. Thus all previous work supports 

the high reactivity of Cu2O surface towards NOx reduction. In addition, CuO nanocrystals have 

recently gained attention for its interesting catalytic properties [28-30]. In this study, a detailed 

investigation on NO reduction and CO oxidation on CuO(110) surface is performed. The (110) 

facet was chosen due to the presence of active sites in its Cu-terminated surface [31]. Moreover, 

X-ray diffraction characterization of CuO thin films have also shown that one of the highest 

observed peaks corresponds to the (110) facet [33]. 

 

In this chapter, copper oxides are further studied and compared with pure copper. Both Cu
+
 and 

Cu
2+

 oxides, i.e. CuO(110) and Cu2O(111) surfaces are considered. The results and conclusions 

obtained in this work will bring us closer to the goal of realizing a cheap and efficient precious 

metal-free exhaust catalyst for NO reduction and CO oxidation. 

 

 

2.3 Computational model 

 

The atomic and electronic structures of the adsorbate-substrate systems are obtained using 
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calculations based on density functional theory [32-33]
 
and are performed using the Vienna ab 

initio simulation package (VASP) [34-35]. The theoretical background and implementation of 

this method are discussed in the Appendix. The electron-ion interaction is treated using the 

Projector Augmented Wave (PAW) method [36]. The Kohn-Sham (KS) one-electron valence 

states are solved in a periodic system by expanding the wave function in a basis of plane waves 

with an energy cutoff of 400 eV. The exchange-correlation energy is based on the generalized 

gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional [37-38]. To 

account for possible effects of long-range dispersion or van der Waals interactions, the DFT-D2 

method of Grimme [39] is used to introduce empirical corrections for dispersion interactions to 

the DFT calculations. 

 

 

Figure 2.4: Schematic ball-and-stick representation of a monoclinic CuO unit cell in bulk phase. 

The blue spheres represent Cu atoms and red spheres represent O atoms. 

 

 

Table 2.1: Comparison of calculated structural parameters for CuO with experimental results 

obtained from Ref. 40. The Cu-O bond lengths are given by d1 and d2, as shown in Fig. 2.4. 

Parameter Calculated Experimental % Difference 

d1 1.972 Å 1.961 Å 0.56% 

d2 1.968 Å 1.964 Å 0.71% 

O-Cu-O angle 82.14° 84.32° 2.62% 

d
1
 

d
2
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Cupric oxide (CuO) has a monoclinic structure with space group C2/c1 (a = 4.690 Å, b = 3.420 

Å, c = 5.131 Å and  = 99.540°) [40]. The unit cell in bulk phase is shown in Fig. 2.4. The 

calculated structural parameters are in good agreement with experimental results [41], as shown 

in Table 1. The CuO(110) surface is represented by a periodically repeated slab of nine atomic 

layers in a 2x2 unit cell., which can be terminated by a layer of Cu atoms (Cu-terminated) or a 

layer of Cu and O atoms with twice as much O atoms (CuO2-terminated). Each slab is separated 

by ~25 Å of vacuum to avoid interaction between adjacent slabs in the repeated supercell. 

Surface relaxation is considered by optimizing the two topmost layers of the surface and 

keeping the other layers in their bulk parameters. Most of the surface relaxation occurred along 

the z-direction as the inter-layer distance between the topmost and second layer showed some 

contraction for both surface terminations. Between the second and third layers however, no 

noticeable change in the inter-layer distance was observed (bulk parameters are maintained). 

The Cu-terminated surface contracted by 0.11 Å while the CuO2-terminated surface contracted 

by 0.08 Å, which is consistent with a previous theoretical study [31]. 

 

 

 

Figure 2.5: Schematic ball-and-stick representation of a cubic Cu2O unit cell in bulk phase. The 

blue spheres represent Cu atoms and red spheres represent O atoms. 

 

 

d
Cu-O

 

d
Cu-Cu

 
d

O-O
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On the other hand, cuprous oxide (Cu2O) has a cubic structure, the cuprite (natural Cu2O 

mineral) type, of space group Th
2
-Pn3 or Oh

4
-Pn3m (a = 4.27 Å). The unit cell in bulk phase is 

shown in Fig. 2.5. The calculated structural parameters are in good agreement with experimental 

results [42], as shown in Table 2. The Cu2O(111) surface is represented by a periodically 

repeated slab of nine atomic layers in a 2x2 unit cell., which can be terminated by a layer of Cu 

atoms (Cu-terminated) or a layer of Cu and O atoms (O-terminated). Each slab is separated by 

~25 Å of vacuum to avoid interaction between adjacent slabs in the repeated supercell. 

 

 

Table 2.2: Comparison of calculated structural parameters for Cu2O with experimental results 

obtained from Ref. 42. The bond lengths (or shortest distances) are given by dCu-O, dCu-Cu, and 

dO-O, as shown in Fig. 2.5. 

Parameter Calculated Experimental % Difference 

dCu-O 1.838 Å 1.841 Å 0.16% 

dCu-Cu 3.042 Å 3.018 Å 0.79% 

dO-O 3.631 Å 3.683 Å 1.53% 

 

 

For comparison, a pure copper surface is also modelled. The calculated lattice constant for bulk 

Cu is 3.61 Å, which is in agreement with experimental findings [43]. The Cu(111) surface is 

represented by a periodically repeated slab of four atomic layers in a 3x3 unit cell. The Brillouin 

zone is sampled using 6 x 6 x 1 Monkhorst-Pack k-points [44] for all surfaces, the accuracy of 

which was tested through a convergence test. 

 

The stable geometries and adsorption energies of the adsorbates are determined on different 

symmetry sites as shown in Fig. 2.6. The climbing image-nudged elastic band (CI-NEB) method 

[45-46] is used to determine the minimum energy paths for NO dissociation and CO oxidation. 

The path is identified by using four intermediate images between the initial and final states. The 

calculations are allowed to converge until the minimum force acting on each atom is 0.03 eV/Å. 

The transition states are then calculated by obtaining the difference between the maximum value 

in the minimum energy path and the initial state. 
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(a)  (b)  

(c)  (d)  

Figure 2.6: Top views of the (a) O-terminated Cu2O(111), (b) Cu-terminated Cu2O(111), (c) 

CuO2-terminated CuO(110), and (d) Cu-terminated CuO(110) surfaces. The high symmetry sites 

for NO adsorption are also indicated: TCu - Cu top site, TO - O top site, B - bridge site, F - fcc 

hollow site (Cu2O only) and H - hcp hollow site (simply hollow site for CuO). 

 

 

2.4 Adsorption and dissociation of NO 

 

Molecular and dissociative adsorption of NO on Cu(111), Cu2O(111), and CuO2(110) surfaces 

are considered to establish the different possibilities for the interaction of NO on the surfaces. 

For the molecular adsorption of NO, the adsorption energies on different symmetry sites are 

calculated using the following equation, 

 

Eads = Esys – Eiso,    (1) 

 

where Eads is the adsorption energy, Esys is the calculated total energy of the system, and Eiso is 

the summed energy of the isolated NO molecule and bare surface. This is carried out for 

different initial configurations for NO adsorption, i.e. perpendicular to the surface with either 

O-end or N-end interacting with the substrate, in order to distinguish the most stable geometric 

structure of the NO molecule on the surface. 

 

1 2 

3 4 

1 2 

3 4 
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On Cu(111), the most stable structure of the NO molecule is on the fcc hollow site with its axis 

perpendicular to the surface in an N-end configuration, as shown in Fig. 2.7a. The adsorption 

energy is 0.920 eV and the distance of NO from the surface is 1.33 Å. The N-O bond length is 

1.22 Å, with a minimal elongation compared to the calculated equilibrium bond length of 1.17 

Å for the isolated NO molecule in gas phase (in good agreement with the experimental value 

[47]). These obtained bond lengths are consistent with previous theoretical work [48]. For 

coadsorbed N and O atoms, the easiest pathway for NO dissociation is when O goes to the next 

fcc hollow site, as shown in Fig. 2.7c, with adsorption energy of -0.33 eV. Denoting the 

structures in Fig. 2.7a and Fig. 2.7c as the initial and final configurations, the transition state 

was obtained using the CI-NEB method. The structure for the transition state is shown in Fig. 

2.7b. It has an adsorption energy of 1.03 eV, and the activation barrier to reach the transition 

state from the initial state is 1.95 eV. Because of the high activation energy barrier and relative 

instability of the transition state, it can be concluded that NO desorption is more likely to occur 

on a Cu(111) surface. The observed endothermic reaction of NO on Cu(111) is in agreement 

with previous studies on the same system [22-23]. 

 

 

(a)  (b)  (c)  

Figure 2.7: Stable structures (top view) of (a) molecular adsorption of NO, (b) transition state, 

and (c) coadsorbed N and O atoms on Cu(111) surface. The blue spheres represent Cu atoms, 

silver spheres represent N atoms, and red spheres represent O atoms. 

 

 

For the interaction of NO with Cu2O(111) surface, both Cu-terminated and O-terminated cases 

were considered for molecular adsorption. The results are summarized in Table 3. It was 

determined that NO molecule is most stable at the fcc hollow site, which is far from the O atom 

in the metal oxide system, with an N-end configuration, as shown in Fig. 2.8a. The adsorption 

energy is -1.56 eV, the N-O bond length is elongated to 1.28 Å and the distance of NO from the 

surface is 0.74 Å. These imply that NO is more stable on Cu2O(111) surface than on Cu(111) 

surface. The adsorption energies on the O-terminated cases are less stable than the values 
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obtained for the corresponding Cu-terminated cases. Nonetheless, molecular adsorption of NO 

is still possible in some adsorption sites on the O-terminated Cu2O(111) surface, with the fcc 

hollow site being the most stable as well.  

 

(a)  (b)  (c)  

Figure 2.8: Stable structures (top view) of (a) molecular adsorption of NO, (b) transition state, 

and (c) coadsorbed N and O atoms on Cu2O(111) surface. The blue spheres represent Cu atoms, 

silver spheres represent N atoms, and red spheres represent O atoms. 

 

 

Table 2.3: Adsorption energies (in eV) for NO on different adsorption sites on Cu2O(111). The 

values in parentheses indicate the obtained adsorption energies without van der Waals 

corrections.  

Adsorption site Geometry Cu-terminated O-terminated 

TCu-site N-end -1.38 (-1.12) -0.67 (-0.45) 

 O-end -0.47 (-0.22) 0.15 (0.33) 

TO-site N-end - - -0.61 (-0.39) 

 O-end - - 0.21 (0.37) 

B-site N-end -1.45 (-1.26) -0.53 (-0.27) 

 O-end -0.61 (-0.40) 0.25 (0.48) 

F-site N-end -1.56 (-1.29) -0.98 (-0.72) 

 O-end -0.78 (-0.51) 0.15 (0.33) 

H-site N-end -1.42 (-1.18) -0.72 (-0.50) 

 O-end -0.50 (-0.29) -0.05 (0.18) 

 

 

For coadsorbed N and O atoms, the easiest pathway for NO dissociation is when O goes to the 

next fcc hollow site just like in the case of Cu(111), as shown in Fig. 2.8c, with adsorption 

energy of -1.69 eV. Again, denoting the structures in Fig. 2.8a and Fig. 2.8c as the initial and 

final configurations, the transition state was obtained using the CI-NEB method. The structure 

for the transition state is shown in Fig. 2.8b. It has an adsorption energy of -0.40 eV, and the 
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activation barrier to reach the transition state from the initial state is 1.17 eV. Since the 

calculated transition state lies below the reference energy, the adsorption energy is sufficient to 

enable NO dissociation without supplying extra energy to the NO. This is in contrast to the case 

of NO on Cu(111) and is comparable to the reported dissociation of NO on Rh(111) surface 

[22]. 

 

Finally, for the case of the interaction of NO with CuO(110), the results for molecular 

adsorption are summarized in Table 4. The NO molecule is most stable on the hollow site of the 

Cu-terminated CuO(110) surface with its axis oriented perpendicular to the surface in the N-end 

configuration as shown in Fig. 2.9a. The adsorption energy for the hollow site is -1.78 eV, 

compared with -1.62 eV for the Cu-top site and -1.57 eV for the bridge site. The N-surface 

distance is 0.84 Å and the N-O bond length is 1.30 Å. The adsorption energies on the 

CuO2-terminated cases are significantly less stable than the values obtained for the 

corresponding Cu-terminated cases. Nonetheless, molecular adsorption of NO is still possible in 

some adsorption sites on the CuO2-terminated CuO(110) surface, with the hollow site being the 

most stable as well. 

 

 

(a)  

(b)  

(c)  

Figure 2.9: Stable structures (top view) of (a) molecular adsorption of NO, (b) transition state, 

and (c) coadsorbed N and O atoms on Cu-terminated CuO(110) surface. The blue spheres 

represent Cu atoms, silver spheres represent N atoms, and red spheres represent O atoms. 
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Table 2.4: Adsorption energies (in eV) for NO on different adsorption sites on CuO (110). The 

values in parentheses indicate the obtained adsorption energies without van der Waals 

corrections.  

Adsorption site Geometry Cu-terminated CuO2-terminated 

TCu-site N-end -1.62 (-1.38) -0.65 (-0.42) 

 O-end -0.45 (-0.21) 0.21 (0.47) 

TO-site N-end -  -0.57 (-0.38) 

 O-end -  0.28 (0.53) 

B-site N-end -1.57 (-1.31) -0.63 (-0.41) 

 O-end -0.42 (-0.23) 0.26 (0.50) 

H-site N-end -1.78 (-1.47) -0.82 (-0.56) 

 O-end -0.59 (-0.36) 0.25 (0.51) 

 

 

To obtain the easiest pathway for NO dissociation, coadsorbed N and O atoms were calculated 

with the N atom on the hollow site for both Cu-terminated and CuO2-terminated surfaces. The O 

atom was then placed on the other adsorption sites, in addition to the adjacent hollow site. The 

most stable configuration was when the coadsorbed N and O atoms are on adjacent hollow sites 

on the Cu-terminated surface as shown in Fig. 2.9c, with an adsorption energy of -1.57 eV. The 

coadsorbed atoms, however, were found to be unstable on the CuO2-terinated surface. Thus, the 

easiest pathway for NO dissociation is when NO is molecularly adsorbed on the hollow site of 

the Cu-terminated surface with an N-end configuration, and then the O atom goes to the 

adjacent hollow site. Denoting these as the initial and final states, from Fig 2.9a and 2.9c 

respectively, the transition state was obtained using the CI-NEB method. The structure for the 

transition state is shown in Fig. 2.9b. It has an adsorption energy of -0.70 eV, and the activation 

barrier to reach the transition state from the initial state is 1.07 eV. The N-O distance has 

elongated to 1.58 Å, but the NO angle with respect to the surface has drastically changed from 

perpendicular to an almost parallel 5.1°. NO dissociation on CuO is exothermic, with the 

calculated transition state below the reference energy. The result is very similar to that of NO on 

Cu2O(111) surface. 

 

The local density of states (LDOS) of the d orbital of the surface Cu atoms was investigated to 

explain the reactivity of the copper oxide surfaces when compared with pure copper. The LDOS 

of the d states of surface Cu atoms in the copper oxides are shifted closer to the Fermi level, as 

shown in Fig. 2.10. It could be realized that this shifting is a consequence of the interaction of 

the Cu atoms with the O atoms in the subsurface. In surface analysis, the upshift towards the 
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Fermi level of the d states characterizes the reactivity of the surface. The electrons in the region 

of the Fermi level will interact easily with the approaching adsorbate, thus providing better 

overlapping and hybridization of states. This is true for the surface Cu atoms of the CuO(110) 

and Cu2O(111) surfaces, while for Cu(111), since the d states reside far below the Fermi level, 

the electrons cannot interact well with approaching NO molecules. Therefore, it can be claimed 

that the higher binding energy of NO on copper oxides is due to this phenomenon. 

 

(a)  

(b)  

(c)  

Figure 2.10: LDOS (d orbitals) of surface Cu atoms of (a) Cu(111), (b) Cu2O(111), and (c) 

CuO(110). The assigned number of Cu atoms on Cu2O(111) and CuO(110) corresponds to the 

four surface Cu atoms in each unit cell in Fig. 2.6. The positive and negative values correspond 

to spin-up and spin-down electrons, respectively (this applies to all DOS figures). 
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As it was observed that the density of states of the d orbital of the surface Cu atoms in the 

copper oxides was shifted towards the Fermi level, the charge density distribution of the 

surfaces in the region along the Fermi level (between -0.5 eV and the Fermi level) was 

constructed for the case of Cu(111) and Cu2O(111) for a better comparison of the active sites, as 

shown in Fig. 2.11. Two dimensional (2D) views of the charge distribution that slices the 

surface plane are also illustrated. In Cu(111), shown in Fig. 2.11a, along the region of the Fermi 

level, the charge distribution is localized in its respective atoms as there are a small number of 

states in the region. The distribution for the case of an O-terminated Cu2O(111) is also somehow 

localized, as shown in Fig. 2.11b. In contrast, for Cu-terminated Cu2O(111), the charge 

distribution extends along the area of the three-fold site, which is a consequence of the 

appearance of a peak at about -0.5 eV as identified from the LDOS in Fig. 2.10b. From this, it 

can be assumed that the three-fold site is an active site of the surface in such a way that charges 

are present in the site that can participate in the bonding process.  

 

 

 

Figure 2.11: Partial charge density distribution and its corresponding 2D view that slices the 

surface plane of (a) Cu(111), (b) O-terminated Cu2O(111), and (c) Cu-terminated Cu2O(111) 

surfaces evaluated between -0.5 eV and the Fermi energy, with an isosurface value of 0.02 e Å
3
. 

The three-fold sites are represented by the triangles. 

 

The local density of states (LDOS) of the d orbitals of surface Cu atoms and the molecularly 

adsorbed NO before and after the adsorption process are shown in Fig. 2.12. The strong 

adsorption energy of NO on CuO(110) is explained by the excellent hybridization between the 
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NO orbitals and Cu d orbitals in the region between -3 eV and the Fermi energy, as can be 

clearly seen in Fig. 2.12c. Moreover, the elongation of the N-O bond after adsorption can be 

explained by the strength of the  bond for the NO molecule. In Fig. 2.12b, the second peak (at 

around -11.5 eV) corresponds to the 5 molecular orbital of the NO molecule. After adsorption, 

the 5 peak is now at around -7.5 eV, corresponding to a shift towards the Fermi energy and 

making the sigma bond relatively unstable as compared with NO in gas phase. This weakens 

considerably the strength of the N-O bond, thus making dissociation easier. 

 

 

(a)  

(b)  

(c)  

Figure 2.12: (a) LDOS of surface Cu atoms (d states) of a bare CuO(110) surface; (b) LDOS of 

NO molecule in vacuum; and (c) LDOS of molecularly adsorbed NO and surface Cu atoms (d 

states) on CuO(110). The insets show the partial charge densities corresponding to the energies 

indicated by the arrows. 
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The weakening of the N-O bond and dissociation process is explained through the Bader 

analysis of the charge distribution. After molecular adsorption, the total charge on the adsorbed 

NO molecule is 11.51|e|, or 4.94|e| in the N atom and 6.57|e| in the O atom. This means the NO 

molecule has gained 0.51|e| transferred from the surface. Examination of the partial charge 

density of the NO molecule for the region right below the Fermi level (-0.5 eV to 0 eV) revealed 

that the extra charge transferred from the surface occupy the previously unoccupied 

anti-bonding states of NO, as can be seen from the second inset in Fig. 2.12c, and therefore 

weakens the N-O bond. After dissociation, the total charge of the coadsorbed N and O atoms is 

12.45|e|, or 5.71|e| in the N atom and 6.74|e| in the O atom. This corresponds to a gain of 0.94|e| 

relative to the initial state before dissociation. Thus, a greater charge redistribution between NO 

and the surface occurs as NO undergoes the dissociation process. In particular, the large charge 

gain is responsible for the weakening of the N-O bond making the dissociation process easier. 

 

It has been established that the strength of binding between the N and O atoms as a molecule 

will determine the difficulty of NO dissociation. Table 3 shows a summary of the results 

pertaining to NO dissociation. The NO molecule exhibits better interaction with the copper 

oxides as shown by their larger adsorption energies as compared with the pure copper surface. It 

is evident that the molecularly adsorbed NO on the copper oxides has larger elongation as 

compared with pure copper, indicating a weaker N-O bond for the adsorbed NO molecule on 

copper oxides. Fig. 2.13 shows the LDOS of the d orbitals of surface Cu atoms and the 

molecularly adsorbed NO molecules. The stronger adsorption energy on the copper oxides is 

reflected in the more pronounced hybridization between NO and the surface Cu atoms in the 

region between -3 eV and the Fermi energy. However, the 5 bond for the NO molecule is more 

stable for the case of the NO-Cu(111) system, and appears at -8 eV (shown by the dashed line 

for comparison). This sigma bond defines the strength of the N-O bond as established earlier, 

which is obviously more stable for NO on pure copper compared to NO on the copper oxides. In 

other words, it is more difficult for O atom to dissociate from the N atom, which is the desired 

initial step for reduction as shown in the transition states obtained. This explains the high 

activation barrier obtained for the case of Cu(111). 

 

Table 2.5: Bond length of the adsorbed NO molecule on the surfaces and the corresponding 

adsorption energies (Eads) and energy barriers (EB). 

Surface Bond length (Å) Eads (eV) EB (eV) 

Cu(111) 1.22 0.92 1.95 

Cu-terminated Cu2O(111) 1.28 1.56 1.17 

Cu-terminated CuO(110) 1.30 1.78 1.08 
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Figure 2.13: LDOS of the adsorbed NO molecules and of the d orbitals of surface Cu atoms of 

(a) Cu(111), (b) Cu2O(111), and (c) CuO(110). The insets show the charge densities 

corresponding the the NO sigma bonds as the NO is adsorbed on the surfaces. 

 

 

Next, the density of states in the transition state is analyzed to fully understand the influence of 

the surface atoms in the dissociation process. It was pointed out earlier that the transition states 

for NO on the copper oxides lie below the reference energy and indicates the possibility of 

dissociation. For the case of Cu(111), the activation barrier is too large, so that NO desorption is 

more likely to happen than dissociation. Figure 2.14 shows the LDOS of the surface Cu atoms 

(d orbitals) of both surfaces and of the O and N atoms at the transition state. The figure shows 
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the hybridization between the Cu atoms and the dissociating N and O atoms on the surface. 

Overlapping of the states occurs for both cases; however, it is obvious that the degree of 

overlapping is much greater for the case of the Cu2O(111) surface, especially in the regions 

marked by (*) in the figure. This indicates a good binding between the surface and the 

dissociating N and O atoms. It can be concluded that the effective hybridization of the states is 

the reason for the stable energy obtained for the dissociation process of NO on Cu2O(111).  

 

 

 

 

Figure 2.14: LDOS of the dissociating N and O atoms at the transition state and of the d 

orbitals of surface Cu atoms of (a) Cu(111) and (b) Cu2O(111). The degree of overlapping is 

much better for the case of the Cu2O(111) surface, especially in the regions marked by (*). 
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Figure 2.15: Calculated potential energies for the reaction paths of NO dissociation on Cu(111) 

(blue lines), Cu-terminated Cu2O(111) (red lines) and Cu-terminated CuO(110) (green lines) 

surfaces. The insets show the top views of the corresponding geometric configurations in the 

reaction paths. The blue spheres represent Cu atoms, silver spheres represent N atoms, and red 

spheres represent O atoms. The horizontal dashed line represents the reference energy, Eiso for 

each system. 

 

To summarize the results for NO reduction, the reaction paths for the dissociation of NO on 

Cu(111), CuO(110), and Cu2O(111) are shown in Fig. 2.15. The reaction paths for CuO(110) 

and Cu2O(111) surfaces show similar features. Both reactions are exothermic, in contrast with 

Cu(111) surface. The adsorption energies and energy barriers of the two copper oxides are also 

similar. Moreover, the transition states lie below reference energy in case of the copper oxides, 

which is similar to the reaction path of NO dissociation on Rh(111) [22]. The only distinct 

difference between the copper oxides is that the adsorption energy for the coadsorbed N and O 

atoms is higher than the adsorption energy for NO molecular adsorption in the CuO(110) 

surface. This may be favorable for the formation of CO2 or NCO after interaction with a 

subsequent adsorbing CO molecule. Furthermore, the activation barrier for both NO reduction 

and CO oxidation is lower for copper oxides than Rh(111). Therefore, in general, copper oxide 

is a promising catalyst for NO dissociation, regardless of whether the oxide is cuprous or cupric. 
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2.5 Oxidation of CO on CuO (110) 

 

As a prelude to the investigation of CO oxidation on CuO(110) after NO dissociation, the 

molecular adsorption of CO on CuO2-terminated and Cu-terminated surfaces is first considered 

to establish the different possibilities for the interaction of CO on CuO(110). The adsorption 

energies on different symmetry sites are calculated using the same equation given in Eq. 1, 

where Eads is the adsorption energy, Esys is the calculated total energy of the system, and Eiso is 

the summed energy of the isolated CO molecule and bare surface. This is carried out for 

different initial configurations for CO adsorption, i.e. perpendicular to the surface with either 

O-end or C-end interacting with the substrate, in order to distinguish the most stable geometric 

structure of the CO molecule on the surface. The results are tallied in Table 6. 

 

 

 

Figure 2.16: Stable structure (top view) for the molecular adsorption of CO on Cu-terminated 

CuO(110) surface. The blue spheres represent Cu atoms, grey spheres represent C atoms, and 

red spheres represent O atoms. 

 

 

The molecular adsorption of CO is most stable on the Cu top site of the Cu-terminated 

CuO(110) surface with its axis oriented perpendicular to the surface in the C-end configuration 

as shown in Fig. 2.16. This is in contrast with the molecular adsorption of NO wherein the most 

stable site is the hollow site. The adsorption energy is -0.84 eV, compared with -0.64 eV for the 

hollow site and -0.59 eV for the bridge site. The distance between the C atom and the surface 

Cu atom is 1.93 Å, and the C-O bond length is 1.152 Å, which is elongated compared to the 

equilibrium C-O bond length for gas phase CO (calculated to be 1.133 Å in vacuum, which is in 

good agreement with the measured experimental value of 1.128 Å [49]). The adsorption 

energies on the CuO2-terminated cases are significantly less stable than the values obtained for 

the corresponding Cu-terminated cases. In addition, only the Cu top site and bridge site have 

adsorption energies below the reference energy, albeit barely. Therefore, it can be assumed that 

molecular adsorption of CO on the CuO2-terminated surface is highly unlikely. This relative 

instability of the adsorption process in the CuO2-terminated surface when compared with the 
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Cu-terminated surface can be attributed to the saturated surface Cu atoms due to the presence of 

surface O atoms. 

 

 

Table 2.6:  Adsorption energies (in eV) for CO on different adsorption sites on CuO (110). The 

values in parentheses indicate the obtained adsorption energies without van der Waals 

corrections.  

Adsorption site Geometry Cu-terminated CuO2-terminated 

TCu-site C-end -0.84 (-0.47) -0.15 (0.11) 

 O-end 0.35 (0.51) 0.60 (0.86) 

TO-site C-end -  0.03 (0.28) 

 O-end -  0.65 (0.91) 

B-site C-end -0.59 (-0.26) -0.05 (0.14) 

 O-end 0.32 (0.49) 0.35 (0.52) 

H-site C-end -0.64 (-0.43) 0.22 (0.46) 

 O-end 0.39 (0.55) 0.85 (1.15) 

 

 

To connect the study with the obtained result for NO dissociation, the investigation proceeds 

with the molecular adsorption of CO on a Cu-terminated CuO(110) surface with an O adatom 

on a hollow site, hereby denoted as Oad/Cu-terminated CuO(110) surface. It is assumed that the 

O adatom is a result of NO dissociation. The adsorption sites for CO adsorption are shown in 

Fig. 2.17. Because it has been established that the C-end configuration is the most stable, the 

adsorption energy for this geometry alone is calculated. The results are shown in Table 2.7, 

together with comparison with the Cu-terminated surface without the O adatom. It is important 

to note that the reference energy for calculating the adsorption energy is different for the 

Oad/Cu-terminated surface. For the Eiso term in Eq. 1, which is the summed energy of the 

isolated CO molecule and bare surface, the bare surface now includes the O adatom. 

 

Similar with the Cu-terminated case without O adatom, the molecular adsorption of CO is most 

stable on the Cu top site of the Oad/Cu-terminated CuO(110) surface as shown in Fig. 2.18a. The 

adsorption energy is -1.71 eV, compared with -0.84 eV for the case without O adatom. The 

distance between the C atom and the surface Cu atom is 1.98 Å, and the C-O bond length is 

1.158 Å. The distance between the C atom and the O adatom is 2.83 Å and the O-C-O angle 

with respect to the surface is 93.0°. The additional information is necessary for the succeeding 

investigation on CO oxidation. 
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Figure 2.17: Top view of the Oad/Cu-terminated CuO(110) surface. The high symmetry sites for 

CO adsorption are also indicated: TCu - Cu top site, TO - O top site, B - bridge site, and H - 

hollow site. 

 

 

 (a)  

(b)  

(c)  

Figure 2.18: Stable structures (top view) of (a) the molecular adsorption of CO on 

Oad/Cu-terminated CuO(110), (b) transition state, and (c) molecular adsorption of CO2 on 

Cu-terminated CuO(110) surface. The blue spheres represent Cu atoms, brown spheres represent 

C atoms, and red spheres represent O atoms. 
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Table 2.7:  Adsorption energies (in eV) for CO on different adsorption sites on Cu-terminated 

CuO (110) with and without an O adatom. The values in parentheses indicate the obtained 

adsorption energies without van der Waals corrections.  

Adsorption site Cu-terminated Oad/Cu-terminated 

TCu-site -0.84 (-0.47) -1.71 (-1.46) 

TO-site -  -0.98 (-0.70) 

B-site -0.59 (-0.26) -1.57 (-1.32) 

H-site -0.64 (-0.43) -1.52 (-1.34) 

 

 

As the desired product of CO oxidation, the molecular adsorption of CO2 on CuO(110) is 

likewise studied. CO2 adsorption in general is an interesting topic in itself, which is due to its 

potential in the photocatalytic reduction of CO2 into fuels such as methanol, which has become 

an attractive means of reducing CO2 emissions as well as providing an alternative energy 

resource. CO2 adsorption on Cu2O has been previously studied [50-55]. Cu2O has been 

successfully employed in the electrochemical reduction of CO2 to methanol [50]. Further, the 

reduction of CO2 on copper oxide with mixed oxidation states (Cu2O, CuO, and Cu4O3), 

methanol yield qualitatively follows Cu(I) concentration [51]. Hybrid CuO-Cu2O nanoarrays 

has also been used in the photoelectrosythesis of methanol from CO2 [52]. However, theoretical 

studies have focused on CO2 adsorption on Cu2O [53-55]. While Cu2O and the Cu(I) species has 

been widely studied, much is still to be understood about the interaction of CO2 with CuO and 

the Cu(II) species. 

 

Adsorption sites on both terminations of CuO(110) were investigated for CO2 adsorption. 

Several geometries for the adsorbate were considered as the initial configurations prior to 

relaxation: with the molecule perpendicular to the surface, parallel to the surface, and tilted 45° 

with respect to the surface parallel. The adsorption energies are calculated using Eq. 1, where 

Eads is the adsorption energy, Esys is the calculated total energy of the system, and Eiso is the 

summed energy of the isolated CO2 molecule and bare surface. The results are shown in Table 

2.8. The most stable structure is when CO2 is adsorbed with a tilted configuration on the Cu top 

site of the Cu-terminated surface, as shown in Fig. 2.18c, with an adsorption energy of -1.45 eV.  

The distance between the bottom O atom of the CO2 molecule and the surface Cu atom is 2.04 

Å, and the C-O distances within the CO2 molecule remain unchanged compared to the 

equilibrium C-O bond length for gas phase CO2 (calculated to be 1.165 Å in vacuum, which is 

in good agreement with the measured experimental value [56]). The optimized tilt angle is 32° 

with respect to the surface parallel. The CO2 molecule mostly retains its linearity, with an 
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optimized O-C-O angle of 178°. For the other adsorption sites, the optimized geometries were 

either a configuration close to that of the Cu top site for the Cu-terminated surface, or a 

desorbed CO2 molecule for the CuO2-terminated surface. 

 

 

Table 2.8: Adsorption energies (in eV) for CO2 on different adsorption sites on CuO(110). The 

values in parentheses indicate the obtained adsorption energies without van der Waals 

corrections. 

Adsorption site Geometry Cu-terminated CuO2-terminated 

TCu-site perpendicular -0.79 (-0.67) 0.77 (0.85) 

 parallel -1.35 (-1.21) -0.02 (0.26) 

 tilted -1.45 (-1.25) -0.11 (0.13) 

TO-site perpendicular -  0.93 (1.08) 

 parallel -  0.72 (0.81) 

 tilted -  0.26 (0.37) 

B-site perpendicular -0.81 (-0.68) 0.82 (0.95) 

 parallel -1.22 (-1.08) 0.05 (0.21) 

 tilted -1.28 (-1.11) -0.02 (0.15) 

H-site perpendicular -0.76 (-0.65) 1.12 (1.26) 

 parallel -1.09 (-0.95) 0.35 (0.48) 

 tilted -1.15 (-0.93) 0.37 (0.53) 

 

 

Denoting Fig 2.18a and 2.18c as the initial and final states respectively, the transition state was 

obtained using the CI-NEB method. The structure for the transition state is shown in Fig. 2.13b. 

The transition state has an adsorption energy of -0.90 eV, and the activation barrier to reach the 

transition state from the initial state is 0.81 eV. The distance between C and the O adatom has 

contracted to 2.10 Å, and the O-C-O angle with respect to the surface has changed from almost 

perpendicular to 109.7°. Vibrational frequency calculations showed the presence of imaginary 

frequencies, thus verifying the validity of the transition state. CO oxidation on CuO is 

exothermic, with the calculated transition state below the reference energy. This reaction path is 

comparable to the reported oxidation of CO on Rh(111) surface, both being exothermic [24]. 
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2.6 Electric field effects 

 

Electric fields, whether imposed or intrinsic, are capable of affecting the reaction of atoms and 

molecules on metal surfaces. They can have significant effects on the adsorption energies and 

reaction rates in heterogeneous catalytic systems. Thus, it is important to consider these effects 

in physical systems related to electrochemistry and catalysis [57]. Electric field effects on the 

adsorption of NO on Pt have been studied before in experiments and theoretical work. Although 

NO adsorbed on Pt does not dissociate at room temperature, applying steady electric fields can 

cause rapid decomposition [58]. Employing pulsed field desorption mass spectroscopy, N2O
+
, 

O
+
, N2

+
 are observed as the field is increased. Decreasing amounts of NO were recorded, and at 

fields beyond 1.2 V/ Å, NO could no longer be observed at the Pt(111) surface. Computational 

studies using the semiempirical atom superposition and electron delocalization molecular orbital 

(ASED-MO) method agreed with the experimental results [59]. 

 

Recently, calculations on metal-adsorbate systems in an electric field have been performed 

using DFT with a slab model in a periodic supercell. In such a calculation, an external electric 

field can be implemented by introducing a dipole sheet in the middle of the vacuum region, thus 

polarizing the periodic slab and imposing a uniform electric field on either side of the slab [60]. 

Thus, the section aims to investigate the effects of electric fields on the adsorption of NO on 

CuO(110) through this method. 

 

 

Table 2.9: Summary of data for the molecular adsorption of NO. Eads is the adsorption energy, 

dN-O is the N-O bond length, and eN and eO is the charge for the N and O atoms respectively as 

obtained from Bader Analysis. 

Electric Field (V/Å) Eads (eV) dN-O (Å) eN eO 

-0.05 -1.777 1.29 4.888 6.553 

0 -1.780 1.30 4.890 6.555 

+0.05 -1.784 1.31 4.894 6.560 

+0.10 -1.793 1.32 4.900 6.566 

+0.40 -2.131 1.38 4.918 6.582 

 

 

A positive electric field indicates that it is in the direction emanating from the surface, while a 

negative field indicates that it is towards the surface. Without electric field, the adsorption 

energy obtained is 1.780 eV. The adsorbed NO molecule is 1.29 Å from the surface and the N-O 
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bond length is 1.30 Å. In comparison, with the presence of applied electric fields, the adsorption 

energy changes depending on the field direction. As the electric field is steadily increased up to 

+0.40 V/Å, the adsorption energy also increases. On the other hand, when a -0.05 V/Å electric 

field is applied, the adsorption energy decreases. The same effect is observed for the N-O bond 

length; an increase in electric field corresponds to an increased N-O bond length elongation. 

Bader analysis of the charge distribution revealed an increase in electron transfer from the Pt 

surface to adsorbed NO molecule as the applied electric field increases. Larger electric fields 

induce more accumulation of charge on the surface which enabled more electrons to be 

transferred to the adsorbate. The adsorption energies, N-O bond length and Bader charge data 

are summarized in Table 2.9. 

 

2.7 Conclusions 

 

Density functional theory-based calculations on the reduction of NO and oxidation of CO on 

copper oxide surfaces have been conducted. Strong molecular adsorption of NO was observed 

on the hollow sites of both CuO(110) and Cu2O(111) and have shown better reactivity than 

Cu(111). The Cu-terminated surfaces are preferred since the unsaturated surface Cu atoms relax 

with reference to the O atoms in the subsurface, thus forming active sites for NO dissociation. 

This is due to the modified electronic structure of the surface Cu atoms in the copper oxides 

wherein a shift of the d states towards the Fermi energy was observed as a result of the 

interaction with O atoms in the subsurface. Destabilization of the NO sigma bonds on the 

copper oxide surfaces promoted the easier dissociation of NO as the O atom separated and 

adsorbed on the adjacent hollow site. Furthermore, the excellent hybridization between the 

adsorbed NO molecule and the surface Cu led to the stability of the transition states for the case 

of the copper oxides, and the overall reaction was found to be exothermic. On the other hand, 

CO molecule adsorbed preferably on top of a surface Cu atom in the Cu-terminated surfaces. 

The adsorbed CO reacts with a coadsorbed O adatom, and not with a lattice O in an O-rich 

termination. Molecularly adsorbed CO2 is formed, while the overall reaction was found to be 

exothermic in copper oxides. Based on these results, it can be said that copper oxides are good 

catalysts for NO reduction and CO oxidation. 
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Chapter 3 
 

Oxygen Reduction in Hydrogen Fuel Cells: 

Carbon Nanotubes 

 
3.1 Introduction 

 

Since the discovery of carbon nanotubes (CNTs) by Iijima in 1991 [61], research in the field of 

CNTs has attracted a great deal of interest. They have fascinating properties that make them 

potentially useful in nanoscale electronic, spintronic, biomedical applications [62], and in fuel 

cell technology [3] as catalyst support and hydrogen storage [63-64]. Moreover, the possible end 

to fossil fuels has sparked the search for alternative sources of energy, leading to increased 

attention for hydrogen fuel cell research. One of these fuel cells is the proton exchange 

membrane fuel cell (PEMFC), which transforms the chemical energy liberated during the 

electrochemical reaction of hydrogen and oxygen to electrical energy as shown previously in 

Fig. 1.3. 

 

The world today faces several challenges for its future energy needs. These include increasing 

global population, demands for higher standards of living, need for less pollution, need to avert 

global warming, and the possible end to fuel cells. This has triggered the search for clean and 

renewable alternative sources of energy. In the present world, internal combustion engines and 

turbines are still widely used. These run on hydrocarbon fuels where the carbon is released to 

the atmosphere, does making it a major pollutant. Fuel cells can replace these as the primary 

way to convert chemical energy into kinetic or electrical energy.  However, fuel cells are more 

expensive to produce than common internal combustion engines. For PEMFC’s, this is mainly 

because of the lack of an alternative to platinum as catalyst. But with continued research on 

alternative catalyst materials, these hydrogen fuel cells could be made available commercially in 

the near future. 
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In this study, the interaction of oxygen with SWCNTs through looking at the possible effects of 

the nanotube size, in particular its surface curvature, and filling with Fe-nanowire, was 

investigated. First principles calculations were employed to investigate the adsorption energies 

and stable structures for oxygen adsorption on SWCNTs with varying diameters and electrical 

properties, as well as graphene. Furthermore, insights on the effect of surface curvature and 

Fe-filling were pursued by looking at the differences in the charge distributions. The results we 

obtained will be useful in designing potential catalysts for oxygen reduction in the PEMFC. 

 

 

3.2 Why carbon based catalysts? 

 

Carbon-based nanomaterials such as fullerenes, graphene, and carbon nanotubes (CNTs) have 

attracted much attention for their fascinating properties that open possibilities for many 

applications. Platinum-decorated single-walled carbon nanotubes (SWCNTs) are presently 

being evaluated as catalyst material for oxygen reduction in PEMFC cathodes [63]. CNTs filled 

with ferromagnets demonstrate very high potential in providing modified magnetic properties, 

low dimensionality, and small volume which make them possible for many applications [65-71]. 

In particular, the magnetic and electronic properties of Fe-filled SWNTs were found to differ 

with varying nanotube diameters [72]. In addition, the SWNTs encapsulating Fe nanowires were 

found to transform into an arch-like structure when the Fe nanowire is near a Ni(111) surface 

[73-74]. Moreover, the durability of the PEMFC has been recently recognized as one of the 

most important issues to be addressed before its commercialization [75-79]. Pt surface area loss 

due to carbon support corrosion and Pt dissolution/ aggregation is considered one of the major 

contributors of failure for the PEMFC [76]. Carbon black (Vulcan XC-72), which is the 

normally used catalyst support for the PEMFC, is known to undergo chemical oxidation to 

surface oxides, and eventually to carbon dioxide at the cathode of a fuel cell. [80] It was found 

by a previous study that Pt accelerated the corrosion rate of carbon black. [81] There is a need to 

use alternative more stable carbon support. It has been proposed that carbon material with more 

graphite component (eg. carbon nanotubes) can be more stable. 

 

The interaction of SWCNTs with oxygen has been widely studied for fundamental and practical 

purposes. Exposure of SWCNTs to oxygen has been found to dramatically influence its 

electrical resistance, thermoelectric power, and local density of states (LDOS) [82]. 

Experiments have shown that oxygen adsorption can induce a significant increase in the 

emission current of CNT field emitters [83]. Also, oxygen adsorption induces p-type doping in 

CNT-based field effect transistors [84]. Moreover, the purification of synthesized CNTs could 
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also be done through oxidation at elevated temperatures where the ambient oxygen reacts with 

the strained C-C bonds [85-86]. All of these previous studies suggest that oxygen is highly 

reactive with CNTs. However, the group of Barberio [87] found that there is no indication of 

oxygen adsorption for pristine and clean nanotubes. They exposed the SWCNTs to 1x10-6 Torr 

molecular oxygen at room temperature and found no evidence of interaction and mentioned that 

the strong sp
2
 bonding of the graphitic ring structure may somehow prevent oxygen attachment 

to the SWCNT surface. Thus, a better understanding of the interaction between oxygen and 

CNTs is still needed. 

 

 

3.3 Computational model 

 

The atomic and electronic structures of the adsorbate-substrate systems are obtained using 

calculations based on density functional theory [32-33]
 
and are performed using the Vienna ab 

initio simulation package (VASP) [34-35]. The theoretical background and implementation of 

this method are discussed in the Appendix. The electron-ion interaction is treated using the 

Projector Augmented Wave (PAW) method [36]. The Kohn-Sham (KS) one-electron valence 

states are solved in a periodic system by expanding the wave function in a basis of plane waves 

with an energy cutoff of 550 eV. The exchange-correlation energy is based on the generalized 

gradient approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional [37-38]. To 

account for possible effects of long-range dispersion or van der Waals interactions, the DFT-D2 

method of Grimme [39] is used to introduce empirical corrections for dispersion interactions to 

the DFT calculations. The k-point sampling of the one dimensional Brillioun zone for the 

SWCNTs was obtained using 35 Monkhorst-Pack k-points [44] along the nanotube axis, while a 

9 x 9 x 1 grid was obtained for graphene. All calculations were spin polarized and were done 

until the energy of the systems converge to 0.01 eV/A. In this study, the atomic and molecular 

adsorptions of oxygen were both investigated. Four different chiralities of SWCNTs were 

considered: (3,3), (5,0), (5,5) and (8,0) SWCNTs to provide not only an equal representation of 

armchair and zigzag SWCNTs but also have two pairs of nanotubes with the roughly the same 

diameters but different electronic properties. A vacuum distance of roughly 20 Å between 

neighboring SWCNTs was used to eliminate the effect of periodicity within the intertube 

distances. An initial magnetic moment of 2.0 B was used for the oxygen atoms. 
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Figure 3.1: Schematic representation of the cross-section of a nanotube with radius R to show 

the local curvature radius, R′, along the C-C bond inclined by angle θ. 

 

 

To analyze the effect of surface curvature, the local curvature radius, R′, of the SWCNTs was 

considered based on the C-C bond involved in the adsorption process. For the case of armchair 

SWCNTs, the C-C bond is along the circumferential axis, i.e. perpendicular to the tube axis, and 

thus, R′ is simply equal to the tube radius. This is because the cross section of the tube along the 

C-C bond is round. On the other hand, for the case of zigzag SWCNTs, R′ is larger than the tube 

radius since the cross section along the C-C bonds is ellipsoidal. We calculated R′ along the C-C 

bond using the equation [88]: 

R′ =  
R

cos2(π/6 − θ)
, 

 

where R is the radius of the SWCNT and theta (θ) is the chiral angle, as shown in Fig. 3.1. 

 

The adsorption of atomic oxygen was investigated by placing the oxygen adatom on the bridge 

site between the C-C bonds, as shown in the unit cells for the SWCNTs in Fig. 3.2. On the other 

hand, the molecular adsorption of oxygen was examined by placing the oxygen molecule on the 

same bridge sites as in Fig. 3.2. Two orientations of the O2 molecule were analyzed as shown in 

Fig. 3.3: parallel and perpendicular to the C-C bond axis. A potential energy scan (PES) was 

conducted for varying values of the O-O bond length, r, and the distance of the O2 molecule 
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from the surface, z. The configuration with the minimum energy was fully-relaxed in order to 

obtain the adsorption energy and optimized geometry. 

 

 

(a) (b)  

(c) (d)  

Figure 3.2: The unit cells of (a) (3,3) SWCNT, (b) (5,0) SWCNT, (c) (5,5) SWCNT, and (d) 

(8,0) SWCNT. Grey spheres indicate carbon atoms while the yellow circles show the bridge 

adsorption sites. 

 

 

The adsorption energy of the system, Eads, is the same as defined in Eq. 1, where Esys is the total 

energy of the system and Eiso is the sum of the energies of the isolated SWCNT and oxygen 

atom or molecule. The summary of the properties of the SWCNTs used in this study are 

summarized in Table 3.1. 
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 (a) (b)  

Figure 3.3: Schematic representation of the potential energy scan (PES) analysis for the 

molecular adsorption of oxygen on a (5,5) SWCNT for the oxygen molecule (a) parallel and (b) 

perpendicular to the C-C bond on the bridge site. The bond length, r, and the distance of the 

molecule from the bridge site, z, were varied. Grey spheres represent carbon atoms while red 

spheres represent oxygen atoms. 

 

 

Table 3.1: Properties of SWCNT chiralities used in this study. 

Chirality Unit cell 

size 

Tube diameter 

(in Å) 

Curvature 

radius (in Å) 

Electronic Property 

Pristine Fe nanowire-filled 

(3,3) 24 4.07 2.04 Metallic Semi-conducting 

(5,0) 20 3.92 2.32 Semi-conducting Semi-conducting 

(5,5) 40 6.78 3.39 Metallic Metallic 

(8,0) 32 6.27 3.71 Semi-conducting - 
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3.4 Adsorption of Oxygen on Pristine SWCNT 

 

The adsorption of atomic oxygen on the bridge site was investigated to find out the effect of 

local surface curvature on the stability of an oxygen adatom on the SWCNT surface. The stable 

structures for O atom on the SWCNTs are shown in Fig. 3.4 and the adsorption energies, O 

magnetization and some structural parameters are tabulated in Table 3.2. The results instantly 

reveal a straightforward relationship between the surface curvature and the adsorption energy; 

as the curvature increases (i.e. decreasing R′), the adsorption energy increases as well. The large 

energies indicate strong chemisorption of the O atom with a significant charge transfer from C 

to O, and that the charge transfer is enhanced by greater curvature. 

 

 

(a)  (b)  

(c)  (d)  

Figure 3.4: Optimized structures for the adsorption of oxygen on the bridge sites of (a) (3,3) 

SWCNT, (b) (5,0) SWCNT, (c) (5,5) SWCNT, and (d) (8,0) SWCNT. Grey spheres represent 

carbon atoms while red spheres represent oxygen atoms. 
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Table 3.2: Adsorption energy (EA), magnetization, and geometric configuration data for oxygen 

atom adsorption. C1 and C2 indicate the two carbon atoms in the bridge site. 

SWCNT 

Diameter 

(Å) R′ (Å) EA (eV) 

Magnetization 

of O (B) 

Interatomic distances (Å) 

O-C1 O-C2 C1-C2 

(3,3) 4.07 2.04 -6.91 0 1.41 1.41 2.14 

(5,0) 3.92 2.32 -5.70 0 1.43 1.43 1.50 

(5,5) 6.78 3.39 -5.52 0 1.40 1.40 2.17 

(8,0) 6.27 3.71 -5.07 0 1.39 1.39 2.18 

 

 

To confirm this, the charge distribution was analyzed by looking at the contour plots of the 

charge density on planes passing through the chemisorbed O atoms on the bridge sites, as shown 

in Fig. 3.5. It can be seen that the C-C bond is destroyed and that new C-O bonds have formed 

for the (3,3) SWCNT. This was not the case for the (5,0) SWCNT, as the C-C bond was still 

intact. Furthermore, there is a greater overlapping of charges between the oxygen and carbon 

atoms in the (3,3) SWCNT as compared with the (5,0) SWCNT. Though both have quite similar 

diameters, the one with the lower R′ has more charge transfer. This is clearly seen from the 

Bader analysis of the charge distribution in Table 3.3.  

 

 

(a) (b)  

Figure 3.5: Charge density distribution for (a) (3,3) SWCNT and (b) (5,0) SWCNT. Grey 

spheres represent carbon atoms while red spheres represent oxygen atoms, with an isosurface 

level of 0.11a0
-3

 (a0: Bohr radius) 
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The energy of the anti-bonding * states increased for all cases, implying a depletion of 

anti-bonding states near the Fermi energy, which is consistent with the stable adsorption 

energies obtained. In effect, for the semiconducting cases, the HOMO-LUMO gap increased by 

about 3% after oxygen adsorption. Lastly, the singlet state with a net zero magnetic moment was 

found to be the ground state from the spin-polarized optimization, which explains the 

disappearance of the magnetization of the oxygen atom upon adsorption. 

 

It is interesting to note that the C-C bond was not destroyed only for the case of (5,0) SWCNT. 

One reason for this could be due to the very small size of the SWCNT unit cell. The flattening 

of the nanotube can be seen in (5,0) case as the structure bulges out on the sides of the bridge 

site where the O atom is adsorbed. Thus we can see more interaction between the carbon atoms 

that limits the capacity of the receiving C atoms on the bridge site to interact with the oxygen. 

This also explains the lower charge transfer on the (5,0) case. These observations are consistent 

with previous studies, both theoretically [88] and experimentally [89-90], wherein the (5,0) 

SWCNT was found to be significantly more robust than the (3,3) and (4,2) SWCNTs, all three 

of which have similar diameters. So with the exception of the (5,0) SWCNT, a trend can be 

generalized that relates the charge transfer with the R′. As the curvature decreases, we see both a 

decrease in adsorption energy and charge transfer. In the case of the flat graphene surface, we 

obtained an adsorption energy of -4.51 eV, which is comparable with the value obtained by the 

group of Ishii [91], and a charge transfer of 0.43 electrons from the surface to the oxygen atom. 

Thus the trend holds that the values we obtained for the adsorption energy and charge transfer 

approached that of the values for graphene as curvature decreases. 

 

Table 3.3: Charge difference for the adsorption of O atom on the bridge site of SWCNTs. The 

values shown are in units of e as obtained from the analysis of the Bader Charge. Positive and 

negative values refer to the accumulation and depletion of charges respectively. C1 and C2 

indicate the two carbon atoms in the bridge site. 

Atom Charge Difference 

 (3,3) SWCNT (5,0) SWCNT (5,5) SWCNT (8,0) SWCNT 

O 0.621 0.260 0.485 0.462 

C1 -0.289 -0.124 -0.238 -0.214 

C2 -0.295 -0.128 -0.239 -0.211 

 

 

For the molecular adsorption of oxygen on the SWCNTs, a potential energy scan (PES) for 

different values of the oxygen molecule bond length, r and the distance of the oxygen molecule 
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from the bridge site, z, for two configurations of the oxygen molecule was performed as shown 

in Fig. 3.3. At first, static calculations were done to find the values for r and z that correspond to 

the minimum energy. Using the minimum energy configuration from the PES, the system was 

optimized to obtain the final adsorption energies and structural parameters for the molecular 

adsorption of oxygen on SWCNTs. The minimum energy was found at a distance between 3.0 Å 

and 3.5 Å for all cases. The adsorption energies and structural parameters from the optimized 

calculations are shown in Table 3.4. From the results, weak binding of the oxygen molecule 

with the SWCNTs are seen, with adsorption energies below -0.5 eV and are characteristic of 

physisorption. Most of the interaction between the oxygen molecule and the SWCNTs arise 

from the long-range van der Waals interactions. The adsorption energies obtained from 

calculations without the van der Waals correction were in the range of 15-25 meV, consistent 

with previous DFT studies [92-93]. Again, a trend of increasing adsorption energy for greater 

curvature is observed. Bader analysis of the charge distribution showed minimal charge transfer 

between the surface and the oxygen molecule and with distances of more than 3 Å apart, it is 

unlikely that the orbitals interact efficiently with each other. Furthermore, no changes were 

observed to the magnetization of the oxygen atoms. 

 

Table 3.4: Adsorption energy (EA) and geometric configuration data for oxygen molecule 

adsorption from DFT-D2 caclulations. O1 and O2 indicate the two oxygen atoms in the oxygen 

molecule. 

SWCN

T 

Diameter 

(Å) R′ (Å) EA (eV) 

Magnetization (B) Distances (Å) 

O1 O2 r z 

(3,3) 4.07 2.04 -0.32 2 2 1.23 3.19 

(5,0) 3.92 2.32 -0.27 2 2 1.23 3.32 

(5,5) 6.78 3.39 -0.14 2 2 1.23 3.48 

(8,0) 6.27 3.71 -0.13 2 2 1.23 3.37 

 

 

Planar sp
2
 bonding characteristic of graphene plays a significant role in SWCNTs since basically, 

SWCNTs are just graphene sheets rolled up into cylinders. However, due to the surface 

curvature in SWCNTs, the carbon atoms acquire sp
3
-like properties that weaken the binding of 

the carbon atoms along the circumferential axis as compared with the nanotube axis. C-C bonds 

along the nanotube axis are considered to have an infinite R′ and are thus flat. Due to this 

weakening of the bonding between carbon atoms, curvature plays an important effect in the 

ability of the SWCNTs to interact with adsorbates as compared with the flat graphene sheet. In 

our case, greater curvature allowed the C-C bonds along the circumferential axis to weaken and 
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thus allowed better interaction with oxygen. This is particularly evident in the adsorption of 

atomic oxygen and to a lesser extent, also to the adsorption of the oxygen molecule. The only 

exception is the (5,0) SWCNT, due to its robust structure. Thus, if we can design carbon 

materials in such a way that we can induce sp
3
-like properties, i.e. introducing sp

3
-inducing 

defects on graphene and SWCNTs, we can greatly enhance its activity with oxygen and make 

them useful in many applications, such as for oxygen reduction in the PEMFC. 

 

 

3.5 Adsorption of Oxygen on Fe-filled SWCNT 

 

The adsorption of atomic oxygen on the bridge site of Fe-filled SWCNT was investigated to 

find out the effect of the presence of Fe nanowire inside the SWCNT on the stability of an 

oxygen adatom on the SWCNT surface.  

 

 

(a) (b)   

 

(c)  

Figure 3.6: Stable structures for oxygen atom adsorption for (a) (5,0) (b) (3,3), and (c) (5,5) 

Fe-filled SWCNT. 
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The stable structures for O atom on the Fe-fileld SWCNTs are shown in Fig. 3.6 and the 

adsorption energies, O magnetization and some structural parameters are tabulated in Table 3.5. 

The adsorption energies are weaker for the Fe-filled cases when compared with the pristine 

cases. Furthermore, the adsorption energies tend to decrease with decreasing curvature radius, 

similar to that of pristine SWCNT. The magnetic moments of the O and Fe atoms disappeared 

for the Fe-filled cases. 

 

 

Table 3.5: Adsorption energy (EA), magnetization, and geometric configuration data for oxygen 

atom adsorption. C1 and C2 indicate the two carbon atoms in the bridge site. 

System EA (eV) 

Magnetization (B) Interatomic distances (Å) 

O Fe O-C1 O-C2 C1-C2 

(3,3) Pristine -6.91 1 - 1.41 1.41 2.14 

(3,3) Fe- SWCNT -5.57 0 0 1.43 1.43 2.10 

(5,0) Pristine -5.70 1 - 1.43 1.43 1.50 

(5,0) Fe-SWCNT -4.50 0 0 1.42 1.42 1.55 

(5,5) Pristine -5.52 1 - 1.40 1.40 2.07 

(5,5) Fe- SWCNT -3.93 0 0 1.40 1.40 2.08 

 

 

The PES calculations for the oxygen molecule was performed by calculating the adsorption 

energies for different values of the oxygen molecule bond length, r and the distance of the 

oxygen molecule from the adsorption site, z. Since the bridge site was found to be the most 

stable site for atomic adsorption, the reaction path considered for molecular adsorption has the 

oxygen molecule approach the SWCNT in such a way where both oxygen atoms would adsorb 

on opposite bridge sites. The resulting potential energy surfaces (PES) were analyzed. Fig. 3.7 

shows the PES for the case of (3,3) Fe-SWCNT. The oxygen molecule approaches the SWCNT 

surface, it encounters an energy barrier of about 1.3 eV before it can dissociate. The minimum 

energy before the barrier, which we shall call the molecularly adsorbed state, was found to be 

-0.21 eV at a height of 2 Å from the SWCNT surface. After the barrier we have a second 

minimum energy at -0.53 eV and the oxygen atoms are 1.2 Å from the SWCNT surface and are 

separated by 2.48 Å. We shall call this the dissociated state. With the molecularly adsorbed and 

dissociated states from the PES calculations, we employ the CI-NEB method to obtain the 

transition state (TS) and corresponding energy barrier. The TS energy for the (3,3) Fe-SWCNT 

was 1.14 eV, corresponding to an energy barrier of 1.35 eV, which is comparable to the obtained 

value from the PES. The results of the other cases, summarized in Table 3.6, reveal a consistent 
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trend – that the oxygen molecule is stable with low adsorption energy that is characteristic of 

molecular physisorption and that a significant energy barrier must be overcome for dissociation 

to occur. 

 

 

 

Figure 3.7: Potential energy surface (PES) for oxygen molecule adsorption on (3,3) 

Fe-SWCNT. 

 

 

Table 3.6: PES analysis and cNEB data for oxygen molecule adsorption where Ei and Ef are the 

adsorption energies of the initial and final states from the PES, EB is the energy barrier also 

from the PES, and ETS is the energy barrier of the transition state from the CI-NEB. 

System Ei (eV) Ef (eV) EB (eV) ETS (eV) 

(3,3) Pristine -0.32 -1.35 1.96 1.64 

(3,3) Fe- SWCNT -0.21 -0.53 1.35 1.14 

(5,0) Pristine -0.27 2.12 5.16 4.89 

(5,0) Fe-SWCNT -0.19 1.26 3.29 3.32 

(5,5) Pristine -0.14 0.27 0.45 0.55 

(5,5) Fe- SWCNT -0.10 0.18 0.37 0.42 
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However, the energy of the dissociated state for the (5,0) and (5,5) cases are above the reference 

energy. Thus we conclude that dissociation is not favored for these cases. Moreover, when 

comparing the reactivity of oxygen on Fe-SWCNT with the pristine cases, the general trend is 

that the molecular physisorption energies are stronger whereas the adsorption energy of the 

dissociated cases and its corresponding energy barriers are lower for Fe-SWCNT cases. This 

can be attributed to the modified electronic structure of the nanotube due to the effect of Fe. The 

surface carbon atoms in the vicinity of Fe have a depletion of occupied states near the Fermi 

level as compared to the surface C atoms of the pristine SWCNT. This explains the weaker 

adsorption of dissociated states on Fe-SWCNT. However, there is a slight enhancement of the 

charge transfer from the surface carbons atoms of Fe-SWCNT to the molecularly adsorbed 

oxygen, thus explaining the stronger molecular physisorption. This combination makes 

Fe-SWCNT better than pristine SWCNT for oxygen reduction as it promotes stronger molecular 

adsorption, as well as easier desorption of the dissociated atoms. 

 

 

3.5 Hydrogen Peroxide Poisoning 

 

Hydrogen peroxide has been found to oxidize semiconducting SWCNT by the active oxygen 

produced during its decomposition [94]. It oxidizes the semiconducting SWCNT more 

favorably than metallic ones. The degradation kinetics of SWCNT in H2O2 was strongly 

dependent on the amount of metal particle catalysts remaining in the sample. This clearly shows 

that the presence of Fe nanoparticles within the samples promoted the oxidation of SWCNT in 

H2O2. It is likely that the decomposition of hydrogen peroxide was catalyzed by Fe 

nanoparticles, and the active oxygen was responsible for attacking the SWNT. H2O2-induced 

oxidation of SWCNT is good from two perspectives: the low-temperature combustion of 

SWCNT without the formation of byproducts and the enhanced chemical reactivity of SWCNT 

afforded by hole-doping, as shown in Fig. 3.8. 

 

Fe is also known to catalyze the decomposition of hydrogen peroxide [95]. Moreover, some 

studies found that the Nafion® membrane and membrane electrode assembly (MEA) of 

PEMFC’s become very unstable in the presence of hydrogen peroxide, which is formed as a 

by-product [96-98], due to its strong oxidative properties [99-103]. There are two different 

mechanisms for H2O2 generation in the PEMFC. The first is O2 reduction at the cathode during 

operation, described earlier as 

 

O2 + 2H
+
 + 2e

-
  H2O2 
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The other pathway is based on O2 cross-over from the cathode, through the membrane, to the 

anode side, which provides the O2 needed to react with hydrogen to produce H2O2. [100-101], 

i.e.: 

 

2Pt + H2  2PtH 

2PtH + O2  Pt + H2O2 

 

Hydrogen peroxide in itself does not attack the polymer electolyte membrane. Rather, it reacts 

with trace metal ions to form HO・and HOO・radicals that attack the membrane [102-103]. The 

process for producing hydroxyl radicals is known as the Fenton reaction [104-108], i.e.: 

 

Fe
2+

 + H2O2  Fe
3+

 + HO・+ OH- 

H2O2 + HO・ H2O + HOO・ 

 

Thus, research on the reduction of hydrogen peroxide generation must be investigated to prevent 

degradation of the membrane and to obtain long-term PEMFC stability. [109] 

 

 

 

Figure 3.8: Proposed hole-doping effect of hydrogen peroxide on SWCNT as shown by the 

density of states of metallic and semiconducting SWCNT. [94] 

 

 

Therefore, if hydrogen peroxide is reacted with Fe-filled SWCNT, it is expected that the 

hydrogen peroxide would either oxidize and destroy the SWCNT or dissociate into water and 
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oxygen and other derivatives such as hydroxyl radicals or hydrogen itself. 

 

The adsorption energies from the PES calculations were likewise obtained using Eq. 1, where 

Esys is the total energy of the system in the fixed calculation and Eiso is the sum of the energies of 

the isolated SWCNT (pristine or Fe-filled) and H2O2 molecule. The results from the PES 

calculations are shown in Table 3.7. The minimum energies obtained indicate weak interaction 

between H2O2 and the SWNT. The equilibrium distance was found to be 3.75 Å for most cases. 

Optimization at the equilibrium distances indicated that the H2O2 was molecularly adsorbed on 

the SWNTs. Thus, the minimum energies are considered as the physisorption energy (EP). The 

H2O2 molecule prefers to be adsorbed on the B-sites for the (3,3) cases while the H-site is 

preferred for the (5,5) cases, although the difference in adsorption energies among all adsorption 

sites are minimal. Due to this weak interaction, dissociation of the H2O2 molecule might be 

needed for a stronger interaction with the SWNT surface. 

 

 

Table 3.7: Equilibrium distances and minimum energies obtained from PES calculations 

Adsorption Site 

(3,3) SWNT (5,5) SWNT 

Distance (Å) Energy, EP (eV) Distance (Å) Energy, EP (eV) 

Pristine B-site 4.00 -0.017 3.75 -0.014 

Pristine T-site 3.75 -0.016 3.75 -0.014 

Pristine H-site 3.75 -0.016 3.75 -0.016 

Fe-filled B-site 3.75 -0.018 3.75 -0.015 

Fe-filled T-site 3.75 -0.015 3.75 -0.015 

Fe-filled H-site 3.75 -0.016 3.75 -0.018 

 

 

After obtaining the stable position for molecular adsorption, dissociative chemisorption was 

investigated by finding the most preferable positions for H2O2 that has been dissociated into a 

hydroxyl pair. Fig. 3.9 shows the most stable structures. It can be noted that the hydroxyl pairs 

prefer to be adsorbed on opposite carbon top sites. This led to the elongation of the C-C bonds 

on the SWCNT surface, though in most cases bond-breaking did not occur. The only exception 

is the semiconducting (3,3)-Fe-filled case where bond-breaking of the C-C bonds on the 
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SWCNT surface was observed. 

 

(a)   (c)  

(b)  (d)  

Figure 3.9: Stable structures for hydrogen peroxide adsorption for (a) (3,3) pristine SWNT, (b) 

(5,5) pristine SWNT, (c) (3,3) Fe-SWNT, and (d) (5,5) Fe-SWNT. 

 

 

Using the resulting energies from the optimization, the chemisorption energies (EC) were 

calculated and the results are shown in Table 3.8. For this case, Esys is the total energy of the 

system after optimization and Eiso is the sum of the energies of the isolated SWNT (pristine or 

Fe-filled) and H2O2 molecule. The large values for the energies indicate stronger interaction of 

the hydroxyl radicals as compared with the H2O2 molecule. It can be noted that the Fe-filled 

cases have larger chemisorption energies than the pristine cases. Therefore, it is more likely for 

the Fe-filled cases to have a lower dissociation energy barrier as compared to pristine cases. 

 

The existence of energy barriers was investigated through further examination of the reaction 

pathway from the physisorbed states to the dissociated chemisorbed states. PES calculations 

were done for different O-O bond lengths of the H2O2 molecule. Energy barriers (EB) in the 
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order of 10
-2

 eV were obtained for all cases and the results are shown in Table 3.8. Because the 

values for the energy barriers are minimal, the pathways examined can be thought of as 

barrierless reactions. 

 

Table 3.8: Adsorption and dissociation energies for dissociative chemisorption. 

Case Adsorption Energy, EC (eV) Dissociation Energy, EB (eV) 

(3,3) Pristine -2.56 0.035 

(3,3) Fe-filled -7.76 0.029 

(5,5) Pristine -1.87 0.054 

(5,5) Fe-filled -3.36 0.046 

 

 

3.7 Conclusions 

 

We have analyzed the effect of surface curvature on the adsorption of atomic and molecular 

oxygen on SWCNTs and graphene through the investigation of its adsorption energetics, 

structural properties, and charge distributions using first principles calculations based on density 

functional theory (DFT). We found that the oxygen atom is strongly chemisorbed on the bridge 

site of the SWCNTs and that the adsorption energy is stronger for bridge sites with lesser local 

curvature radii (R’), i.e. greater curvature. The adsorption is accompanied by a large transfer of 

charge from the carbon atoms in the bridge site to the adsorbed oxygen atom, and is likewise 

enhanced by greater curvature of the bridge site. These trends hold true for all SWCNT cases 

studied with the exception of the (5,0) SWCNT. This is most likely due to its small size, and 

despite its great surface curvature, interaction between carbon atoms affected the adsorption of 

the oxygen atom. Comparisons with the atomic adsorption of oxygen on a graphene sheet 

confirmed the beneficiary effect of surface curvature on the adsorption energy and charge 

transfer. We also found that the oxygen molecule interacts weakly with SWCNTs and is 

characteristic of physisorption. The interaction is mainly due to van der Waals forces. Just like 

in the case of atomic oxygen, greater surface curvature also enhances the adsorption energy and 

charge transfer, albeit to a lesser extent. The oxygen molecule remains too far away from the 

SWCNT surface for any significant charge transfer or interaction of molecular orbitals to occur. 

Nonetheless, surface curvature still enhances the physisorption process of the oxygen molecule 

in SWCNT as compared with graphene. The adsorption of oxygen on Fe-SWCNT was also 

investigated. The oxygen atom weakly adsorbs on the Fe-SWCNT compared to the pristine 

cases. Similarly, the presence of Fe resulted in lower chemisorption energies and energy barriers 
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for oxygen dissociation on SWCNT. Thus the presence of Fe enhances the oxygen reduction 

capabilities of SWCNT. 

 

On the other hand, the H2O2 molecule interacts weakly with both pristine and Fe-filled SWCNT 

with low adsorption energies and an equilibrium distance of about 3.75 Å from the SWCNT 

surface. The chemisorption process can be described as follows: A rather negligible energy 

barrier was found, which is most likely due to the dissociation of the H2O2 molecule into 

hydroxyl pairs. These hydroxyl pairs attach to T-sites on the SWCNT surface, which increases 

the distance of the C-C bonds on the SWCNT surface. For the case of the semiconducting (3,3) 

Fe-filled SWCNT, the surface C-C bonds are completely destroyed. This result supports the 

assumption that the selective oxidation of semiconducting SWCNT found experimentally could 

also be applicable to Fe-filled SWCNT, and thus would also be important for purification of 

Fe-filled SWCNT with desired properties. Furthermore, the results of this study could be helpful 

in determining possible catalyst materials for oxygen reduction in the PEMFC. 
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Chapter 4 
 

Summary and Recommendations 

 
4.1 Synthesis of research results 

 

DFT-based calculations were conducted to study the interaction of simple gas molecules (such 

as O, NO, and CO), with precious metal-free surfaces to provide an understanding of NO 

reduction and CO oxidation on Cu(111), CuO(110), and Cu2O(111) surfaces and explanations 

on the effects of surface curvature and the presence of Fe on the interaction of oxygen with 

SWCNTs. 

 

Below are the key findings in relation to: 

1 NO reduction and CO oxidation on copper oxide surfaces 

1.1 Strong molecular adsorption of NO was observed on the hollow sites of both 

CuO(110) and Cu2O(111) and have shown better reactivity than Cu(111). 

1.2 The Cu-terminated surfaces are preferred due to the presence of unsaturated surface 

Cu atoms, which form the active sites for NO dissociation. This is due to the modified 

electronic structure of the surface Cu atoms in the copper oxides wherein a shift of the 

d states towards the Fermi energy was observed as a result of the interaction with O 

atoms in the subsurface. 

1.3 Destabilization of the NO sigma bonds on the copper oxide surfaces promoted the 

easier dissociation of NO as the O atom separated and adsorbed on the adjacent hollow 

site. Furthermore, the excellent hybridization between the adsorbed NO molecule and 

the surface Cu led to the stability of the transition states for the case of the copper 

oxides, and the overall reaction was found to be exothermic. 

1.4 CO molecule adsorbed preferably on top of a surface Cu atom in the Cu-terminated 

surfaces. The adsorbed CO reacts with a coadsorbed O adatom, and not with a lattice 

O in an O-rich termination. 
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1.5 Molecularly adsorbed CO2 is formed, while the overall reaction was found to be 

exothermic in copper oxides. 

1.6 Reactivity of the copper oxide surface is enhanced with the presence of an electric 

field in the direction emanating from the surface. Stronger adsorption energy and 

greater amount of charge transfer is observed in the presence of electric field. 

 

2 Interaction of oxygen with pristine and Fe-filled SWCNT 

2.1 The oxygen atom is strongly chemisorbed on the bridge site of the SWCNTs and that 

the adsorption energy is stronger for bridge sites with lesser local curvature radii (R’), 

i.e. greater curvature. 

2.2 The adsorption is accompanied by a large transfer of charge from the carbon atoms in 

the bridge site to the adsorbed oxygen atom, and is likewise enhanced by greater 

curvature of the bridge site. 

2.3 These trends hold true for all SWCNT cases studied with the exception of the (5,0) 

SWCNT. This is most likely due to its small size, and despite its great surface 

curvature, interaction between carbon atoms affected the adsorption of the oxygen 

atom. 

2.4 The oxygen molecule interacts weakly with SWCNTs and is characteristic of 

physisorption. The interaction is mainly due to van der Waals forces. Just like in the 

case of atomic oxygen, greater surface curvature also enhances the adsorption energy 

and charge transfer, albeit to a lesser extent. 

2.5 The oxygen atom weakly adsorbs on the Fe-filled SWCNT compared to the pristine 

cases. This can be attributed to the modified electronic structure of the nanotube due to 

the effect of Fe. The surface carbon atoms in the vicinity of Fe have a depletion of 

occupied states near the Fermi level as compared to the surface C atoms of the pristine 

SWCNT. 

2.6 Selective oxidation of SWCNT due to hydrogen peroxide was observed for Fe-filled 

SWCNT. 

 

 

4.2 Outlook and recommendations for future research 

 

The knowledge from theoretical investigations on these reactions is a good starting point for 

designing precious metal-free catalysts. Insights and trends obtained in this study can be used as 

the basis for looking for other potential catalyst materials. For instance, copper oxide surfaces 

are proposed as an alternative precious metal-free catalyst for possible application in the 
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three-way catalytic converter. In this study, it was shown that copper oxide surfaces exhibit 

excellent reactivity for both NO reduction and CO oxidation. Thus it can be recommended that 

copper oxides are potentially good catalysts for the three-way catalytic converter. Further 

DFT-based studies can be done to investigate the reactivity of the copper oxides for 

hydrocarbon oxidation, and finally to combine all three reactions that simultaneously occur in 

the catalytic converter. Moreover, this study confirms that the unsaturated Cu atoms on the 

surface provide the active site for NO reduction, and that CO reacts with the adsorbed O atoms 

instead of lattice O atoms for CO oxidation. These insights can be used for future catalyst 

design. To promote the presence of active sites and enhance the reactivity of the catalyst surface, 

the introduction of vacancies, as well as co-doping of different metals or metal oxides can be 

done to reproduce the same effects that produce such active sites. 

 

For the case of the interaction of oxygen with SWCNTs, it was shown that greater surface 

curvature enhances the adsorption energy and charge transfer for oxygen adsorption. On the 

other hand, while the presence of Fe inside SWCNTs results in a slightly weaker oxygen 

adsorption, the energy barrier for O2 dissociation is reduced and Fe-filled SWCNTs are resistant 

to oxidation from H2O2 poisoning. By combining the effect of surface curvature and Fe-filling, 

the reactivity of SWCNTs with oxygen can be increased and its durability towards H2O2 

poisoning improved. These findings open numerous possibilities for future catalyst design for 

oxygen reduction in the PEMFC. For instance, Fe-filled SWCNTs can be decorated with other 

metals on the surface to further enhance its oxygen reduction capabilities. Due to the resistance 

to H2O2 poisoning, pathways for oxygen reduction that involve peroxide intermediates may be 

explored in future studies. 
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Appendix 
 

Density Functional Theory and Implementation 

 
The Density Functional Theory (DFT) is a quantum mechanical method used in physics and 

chemistry to investigate the electronic structure of many-body systems, in particular molecules 

and condensed phases. Superconductivity, atoms in the focus of strong laser pulses, relativistic 

effects in heavy elements and in atomic nuclei, classical liquids, binding energy of molecules, 

band structure of solids, and magnetic properties of alloys have all been studied using DFT. 

DFT owes its versatility to the generality of its fundamental concepts and the flexibility one has 

in implementing them. It has two core elements: the Hohenberg-Kohn theorem and the 

Kohn-Sham equations. [110] 

 

All information that can possibly be obtained about a given system is contained in the system’s 

wave function, . In dealing with the electronic structure of atoms, molecules, and solids, the 

nuclear degrees of freedom (e.g., the crystal lattice in a solid) appear in the form of a potential 

v(r) acting on the electrons, thus the wave function depends only on the electronic coordinates. 

Nonrelativistically, this wave function is calculated from the Schrödinger equation for a single 

electron moving in a potential v(r). For cases of more than one electron (i.e., one has a 

many-body problem), the Schrödinger’s equation is modified by including the electron-electron 

interaction, U(ri,rj). It is only through Û that the single-body quantum mechanics differs from 

the extremely complex many-body problem. 

 

The usual quantum-mechanical approach to Schrödinger equation can be summarized by the 

following sequence: (1) One specifies the system by choosing v(r), (2) Plug v(r) into the 

Schrödinger equation, (3) Solve the Schrödinger equation for the wave function , and (4) 

Calculate expectation values of observables for . One of the observables calculated in this way 

is the particle density n(r). 
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Many powerful methods for solving the Schrödinger equation for many-body systems have 

been developed, such as the diagrammatic perturbation theory in physics (based on Feynman 

diagrams and Green’s functions), while in chemistry one uses configuration interaction (CI) 

methods (based on systematic expansion in Slater determinants). But it is simply impossible to 

apply them efficiently to large and complex systems. DFT provides a viable and more versatile, 

though less accurate alternative. It explicitly recognizes that the nonrelativistic Coulomb 

systems differ only by their potential v(r). Moreover, it provides a way to systematically map 

the many-body problem, with Û, onto a single-body problem, without Û. This is done by 

making n(r) the key variable on which the calculation of other observables can be based. The 

extent to which DFT has contributed to science is reflected by the 1998 Nobel Prize in 

Chemistry awarded to Walter Kohn, the founding father of DFT, and John Pople, who was 

instrumental in implementing DFT in chemistry. 

 

The density-functional approach can be summarized by the following sequence: (1) Knowledge 

of n(r) implies knowledge of , and v(r), and (2) All other observables can be obtained. 

 

At the heart of the Density Functional Theory is the Hohenberg-Kohn (HK) theorem. In 

simplest terms, the HK theorem is as follows: Given a ground-state density no(r) it is possible to 

calculate the corresponding ground-state wave function o (r1, r2…, rn). This means that o is 

a functional of no. It therefore follows that all ground-state observables are functionals of no too. 

Knowledge that a given function is a ground-state density implies the knowledge of an 

extremely detailed subsidiary condition: this function represents the spatial distribution of 

probability of the lowest energy solution to the Schrödinger equation. 

 

In summary, the HK theorem consists of the following: (1) The ground-state wave function is a 

unique functional of the ground-state density: o = [no]. Consequently, the ground-state 

expectation value of any observable is also functional of no(r). (2) The ground-state energy has a 

useful variational property: Ev[no] ≤ Ev[n’], which means that if the ground-state energy of a 

Hamiltonian is calculated using a density that is not its ground-state density, a result below the 

true ground-state energy cannot be found. (3) Once the system is specified, the functional V[n] 

is known explicitly. 

 

𝑉[𝑛] = ∫ 𝑑3𝑟 𝑛(𝒓)𝑣(𝒓) 

 

Finally, (4) the ground-state energy also determines the potential v(r). This holds true if DFT is 
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formulated exclusively in terms of charge density. [32] 

 

The minimization of an explicit energy functional is not normally the most efficient 

implementation of DFT. Much more widely used is the Kohn-Sham approach, which does not 

exclusively work in terms of the particle (or charge) density, but involves a special kind of wave 

functions (single-particle orbitals). 

 

An effective way to treat the kinetic energy functional is based on decomposing T[n] into one 

part that represents the kinetic energy of noninteracting particles, Ts[n], and one that represents 

the remainder, Tc[n]. (the subscripts s and c stand for ‘single-particle’ and ‘correlation’ 

respectively) 

 

𝑇[𝑛] = 𝑇𝑠[𝑛] + 𝑇𝑐[𝑛] 

 

Ts[n] can be expressed in terms of the single-particle orbitals i(r) of a noninteracting system 

with density n. This is because the total kinetic energy for noninteracting particles is just the 

sum of the individual kinetic energies. 

 

𝑇𝑠[𝑛] = −
ħ2

2𝑚
∑ ∫ 𝑑3𝑟𝜙𝑖

∗(𝒓)∇2

𝑁

𝑖

𝜙𝑖(𝒓) 

 

Since all i(r) are functionals of n, this expression for Ts is an explicit orbital function but an 

implicit density functional, Ts[n] = Ts[{i[n]}]. The exact energy functional can now be 

rewritten as 

 

𝐸[𝑛] = 𝑇[𝑛] + 𝑈[𝑛] + 𝑉[𝑛] = 𝑇𝑠[{𝜙𝑖[𝑛]}] + 𝑈𝐻[𝑛] + 𝐸𝑥𝑐[𝑛] + 𝑉[𝑛] 

 

Exc[n] is known as the exchange-correlation energy. It is often decomposed as Exc = Ex + Ec, 

where Ex is due to the Pauli principle (exchange energy) and Ec is due to correlations. (Tc is then 

part of Ec.) The exchange energy can be written explicitly in terms of the single-particle orbitals. 

 

𝐸𝑥[{𝜙𝑖[𝑛]}] = −
𝑞2

2
∑ ∫ 𝑑3𝑟 ∫ 𝑑3𝑟′

𝜙𝑗
∗(𝒓)𝜙𝑘

∗ (𝒓′)𝜙𝑗(𝒓′)𝜙𝑘(𝒓)

|𝒓 − 𝒓′|𝑗𝑘
 

 

Clearly Ec is an enormously complex object. However, the practical advantage of writing E[n] 
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in the form above is that the unknown functional Exc[n] is typically much smaller than the 

known terms Ts, UH, and V. Therefore, reasonably simple approximations for Exc[n] could 

provide useful results for E[n]. Two properties of the exchange, Ex[n], and correlation, Ec[n], 

contributions to this functional are the scaling conditions obtained by Levy and Perdew. 

 

𝐸𝑥[𝑛𝜆] = 𝜆𝐸𝑥[𝑛]                                  

𝐸𝑐[𝑛𝜆] > 𝜆𝐸𝑐[𝑛]              for 𝜆 > 1 

𝐸𝑐[𝑛𝜆] < 𝜆𝐸𝑐[𝑛]              for 𝜆 < 1 

 

n(r) = 3
n(r) is a scaled density. [33] 

 

Presented below is a scheme suggested by Kohn and Sham for performing the minimization 

indirectly. 

 

0 =
𝛿𝐸[𝑛]

𝛿𝑛(𝒓)
=

𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+

𝛿𝑉[𝑛]

𝛿𝑛(𝒓)
+

𝛿𝑈𝐻[𝑛]

𝛿𝑛(𝒓)
+

𝛿𝐸𝑥𝑐[𝑛]

𝛿𝑛(𝒓)
=

𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+ 𝑣(𝒓) + 𝑣𝐻(𝒓) + 𝑣𝑥𝑐(𝒓) 

 

Now consider a noninteracting system of particles moving in an external potential vs(r). The 

minimization simply becomes 

 

0 =
𝛿𝐸𝑠[𝑛]

𝛿𝑛(𝒓)
=

𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+

𝛿𝑉𝑠[𝑛]

𝛿𝑛(𝒓)
=

𝛿𝑇𝑠[𝑛]

𝛿𝑛(𝒓)
+ 𝑣𝑠(𝒓) 

 

Notice that both minimizations have the same solution ns(r) ≡ n(r) if vs(r) is chosen to be 

 

𝑣𝑠(𝒓) = 𝑣(𝒓) + 𝑣𝐻(𝒓) + 𝑣𝑥𝑐(𝒓) 

 

The density of the interacting (many-body) system in potential v(r) can now be calculated by 

solving the equations of a noninteracting (single-body) system in potential vs(r). 

 

[−
ħ2∇2

2𝑚
+ 𝑣𝑠(𝒓)] 𝜙𝑖(𝒓) = 𝜖𝑖𝜙𝑖(𝒓) 

 

This yields orbitals that produce the density n(r) of the original system. 
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𝑛(𝒓) ≡ 𝑛𝑠(𝒓) = ∑ 𝑓𝑖|𝜙𝑖(𝒓)|2
𝑁

𝑖
 

 

The latter three equations are the celebrated Kohn-Sham (KS) equations. They replace the 

problem of minimizing E[n] by that of solving a noninteracting Schrödinger equation. Both vH 

and vxc depend on n, which depends on i, which in turn depends on vs. the problem of solving 

the KS equations is a nonlinear one. Start first with an initial guess for n(r), calculate the 

corresponding vs(r), and then solve for i. Then a new density is calculated, and then used to 

start again. The process is repeated until it converges (self-consistency cycle). [33] 

 

The electron orbitals used to express the single particle density may be expanded in terms of 

any converged basis set. In practice a plane wave basis set is used as this confers a number of 

benefits. A plane wave basis set is unbiased; it does not assume any preconceptions of the form 

of the problem. Due to Bloch's theorem plane waves are the natural choice for the representation 

of electron orbitals in a periodic system. The kinetic energy operator is diagonal in a plane wave 

representation. Similarly the potential is diagonal in real space. The use of Fast Fourier 

Transforms in changing between these representations provides a large saving in computational 

cost. As a plane wave basis set is non-local no Pulay forces will arise when calculating the 

forces on the ions in the system. Hence these ionic forces may be calculated with greater 

efficiency. 

 

The principle disadvantage of a plane wave basis set is its inefficiency. The number of basis 

functions needed to describe atomic wavefunctions accurately near to a nucleus would be 

prohibitive. This difficulty is overcome by the use of Pseudopotentials to represent the potential 

of the ionic cores. This approximation makes the assumption that only the valence electrons 

determine the physical properties of the system. The pseudopotential represents the potential of 

the nucleus and the core electrons subject to the following conditions. (1) The valence 

wavefunction remains unchanged outside the core region. (2) The pseudowavefunction within 

the core matches correctly at the boundary. (3) The phase shift caused by the core is unchanged. 

And (4), the norm of the valence wavefunction in the core is unchanged.  

 

The use of plane waves as a basis set may only be applied to a system exhibiting 

three-dimensional translational symmetry. An aperiodic system would require a continuous 

plane wave basis set and hence an infinite number of plane wave basis functions. This limitation 

may be overcome by embedding an aperiodic system such as a molecule in a periodic system of 

supercells. Provided the supercell is sufficiently large that the interactions between the 
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molecules are negligible, the energy per supercell will be identical to that of a single molecule. 

If the energy per supercell has converged sufficiently with respect to supercell size the 

interaction between molecules will be negligible. 
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