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Abstract 

Incomplete CO oxidation during motor vehicle cold starts is a significant 

source of harmful CO emissions. With new, more fuel efficient engines 

there is a slow heating of the catalyst leading to a significant time delay in 

the onset of CO oxidation. This is now one of the major bottleneck in terms 

of improving reduction of emissions. Many alternatives have been explored 

in attempts to find good candidates for low temperature CO oxidation. 

However, these typically depend upon the use of expensive noble metals. 

At the same time nanostructured inexpensive Cerium dioxide (CeO2, ceria) 

have demonstrated promising results. The current proposal seek to unravel 

the mechanisms at play in this low temperature oxidation using theoretical 

simulations and aim to determine what type of surface structures that are 

beneficial/detrimental for this oxidation.  

Ceria is well known for its oxygen chemistry and one very characteristic 

feature of ceria, and the main reason for its usefulness in for example CO 

oxidation, is its remarkable oxygen storage capacity (OSC); its ability to 

release and store oxygen under a wide range of atmospheric conditions. 

This ability originate from the special reduction-oxidation properties of Ce, 

namely the facile change in oxidation state between +4 and +3 that the 

cerium cations can undergo thanks to their reactive f -electrons. There is 

increasing recognition that peroxides (O2
2−) and superoxides (O2

−), 

collectively referred to as reactive oxygen species (ROS), play a significant 

role in many of the reactions taking place at the surfaces of reducible 

oxides. In the case of low temperature oxidation of CO using 

nanostructured ceria, superoxides were identified as the active 

species(Guzman et al., 2005).  Such superoxides may form from the 

interaction, binding and charge transfer between O2 molecules and the 

surface. For example, localised f -electrons at Ce3+ sites in the ceria surface 

may be transferred to an adsorbed O2 : 
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Ce3+ + O2 (g) → Ce4+ + O2
−    (1) 

 

In recent theoretical studies, we demonstrated that such transfer does not 

take place at the extended facets of the particles, but only at specific sites 

such as those at ridges and vertices, so-called “nanomotifs”. These findings 

are consistent with experimental finings of Wu et al. (Wu et al., 2010) 

demonstrating strong surface dependent preference for super-and per-oxide 

formation upon O2 adsorption on nano-ceria. The aim of this project is to 

provide the rationale behind this dependence and to classify nanomotifs in 

terms of their ROS activity. This information will be very valuable for a 

rational design of new catalysts. 

 

Introduction 

Metal oxides are one of the most important classes of solid material from 

both the fundamental and applied perspectives, and they play crucial roles 

in diverse technologies such as microelectronics, catalysis, fuel cells and 

gas sensors, to name a few. Much of the chemistry of metal oxides depends 

critically upon the structure of their surfaces, and in particular, upon the 

presence of defects, such as impurities and vacancies. Such defects 

typically possess special chemical and electronic properties compared to 

the regular portions of surface, which can be either beneficial or detrimental 

to the material’s functionality in a given application. Thus, a thorough 

knowledge and understanding of the structure of oxide surfaces is crucial 

to improving their functionality in existing technological applications and 

also to developing new ones.  

 

The rich oxygen chemistry of reducible metal oxides rests heavily on the 

creation and annihilation of oxygen vacancies but it is now also well 
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established that reactive oxygen species (ROS), such as the superoxide ion 

O2
–, play key roles in redox processes occurring on small nanoparticles of 

reducible metal oxide; this has been demonstrated in many 

experiments.(Ahmad et al., 2014; Renuka et al., 2015; Tschope et al., 1995; 

Wang et al., 2008; Xu et al., 2010)  In fact nanoparticle-based superoxide 

chemistry has been found relevant in diverse applications, where low 

temperature oxidation of CO as an alternative to expensive noble 

metals(Royer and Duprez, 2011) is what is relevant to the current project. 

Thus experiments(Ahmad et al., 2014; Bedilo et al., 2005; Renuka et al., 

2015; Tschope et al., 1995; Wang et al., 2008; Xu et al., 2010) for small 

NPs of CeO2, ZrO2 and Co3O4 have found that these demonstrate 

extraordinary redox activities compared to larger particles or extended 

surfaces, and show the presence of superoxide ions (𝑂2
−). Electron 

Paramagnetic Resonance (EPR) and Temperature Programmed Desorption 

(TPD) signals suggest that the superoxide ions are bound to the NPs as an 

integral part – but with structures that are virtually unknown. In will refer 

to these as super-stoichiometric NPs in the following, super referring to 

both superoxide and super- as in “extra-”  or “over-“. Clearly both the 

stabilities of these NP–O2
– species and their reactivities must be closely 

connected to their structures and shapes – but the relations are not known 

This is consistent with the current status of superoxide chemistry as a 

whole: the Chemical Reviews overview "Superoxide ion: Generation and 

chemical implications" from 2016(Hayyan et al., 2016) Hayyan et al. stated 

the proclaimed the need of elucidating the area of superoxide chemistry as 

it enters into so many disciplines 

 

Reactive oxygen species (ROS) can form when available electrons at a 

surface react with an adsorbed O2 molecule: 

𝑶𝟐(𝒈) + 𝒆− →  𝑶𝟐
−(𝒂𝒅𝒔) 
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𝑶𝟐
−(𝒂𝒅𝒔) + 𝒆− →  𝑶𝟐

𝟐−(𝒂𝒅𝒔) 

Superoxides (𝑶𝟐
−) and peroxides (𝑶𝟐

𝟐−) have different characteristic and 

reactivity and exactly what species is formed is therefore of crucial 

importance to the reactivity of the surface and varies with situation. In metal 

oxides, the presence of ROS species will depend crucially on the 

availability of oxygen vacancies that can eliminate them according to the 

following reactions: 

𝑶𝟐
−(𝒂𝒅𝒔) + 𝑶𝒗𝒂𝒄𝒂𝒏𝒄𝒚 + 𝒆− →  𝑶𝟐

𝟐−(𝒊𝒏 𝒗𝒂𝒄𝒂𝒏𝒄𝒚) 

𝑶𝟐
𝟐−(𝒊𝒏 𝒗𝒂𝒄𝒂𝒏𝒄𝒚) + 𝑶𝒗𝒂𝒄𝒂𝒏𝒄𝒚 + 𝟐𝒆− → 𝟐𝑶𝟐−(𝒂𝒕 𝒍𝒂𝒕𝒕𝒊𝒄𝒆 𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏)  

Regarding metal oxide nanoparticles, it was demonstrated already in 1995 

by Tschöpe et al. that low temperature CO oxidation in O2 over small ceria 

nanoparticles proceeded without the involvement of oxygen vacancies, as 

often assumed to be the case, but rather through the interaction with 

superoxides present in these structures.(Tschope et al., 1995) Wang et 

al.(Wang et al., 2008) found a strong correlation between the amount of 

superoxide species in their Co3O4 nanoparticles and sustained activity 

towards low temperature CO oxidation. The amount of superoxide species 

present in their particles, controlled by the calcination temperature, was also 

strongly connected with the morphology of the particles. Several routes 

leading to structures with appreciable amounts of superoxide species was 

also presented for nanoparticles of ZrO2(Bedilo et al., 2005) which is a far 

less reducible metal oxide. This naturally raises a question that I aim to 

answer within the scope of the current project, namely: “How important is 

it that the metal ions is reducible, might the needed electrons (to form 

superoxide ions) come from stoichiometry and the shape of particle itself?” 

 The picture emerging from the experimental studies above is that, when 

small, metal oxide nanoparticles are prone to form super-stoichiometric 

structures (distinct and active structures with a surplus of oxygen and with 
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superoxide ions as an integral part) with sustained activity towards e.g. CO 

oxidation. 

In general, theory from extended surface studies predicts that superoxide 

ions are only metastable species that readily undergo a transformation to 

less reactive peroxides or monatomic 𝑶𝜹− species.(Conesa, 2009; Setvín et 

al., 2013; Xia et al., 2012; Zhao et al., 2012) Simulations on nanoparticle 

models have mainly focused on describing the redox activity in terms of 

oxygen vacancies(Loschen et al., 2008; Migani et al., 2010; Preda et al., 

2011; Ruiz Puigdollers et al., 2016) Superoxide ions was considered in 

some of these studies, but again predicted them to be unstable. Clearly, 

there is a need for alternative models to explain the sustained (superoxide) 

activity seen for very small nanoparticles of CeO2, Co3O4 and ZrO2. In 

recent theoretical publications on CeO2(Huang and Beck, 2015; Kullgren 

et al., 2013), one alternative model to explain the phenomena was put 

forward. The crucial perspective in these studies is the inclusion of the 

superoxide species as an integral part of the structures (intrinsic superoxide 

ions using the notion of Huang & Beck(Huang and Beck, 2015)). When 

particles are small (below 5 nm) the ground-state is an one with appreciable 

amount of such intrinsic superoxide ions present, the morphology is also 

different from the one predicated using stoichiometric models. The 

perspective adopted in these theoretical simulations have been supported in 

subsequent measurements(Renuka et al., 2015). Fig. 1 illustrates the new 

perspective in relation to the prevailing one.  In the current project this 

model have been scrutinized and possible alternatives have been explored.  
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Methodology 

The theoretical simulation presented here are based on density functional 

theory (DFT) in the implementation with plane waves and 

pseudopotentials. More specifically, we used the generalized gradient 

corrections to the local density functional approximations as proposed by 

Perdew et al. (PBE). The software package VASP have been used 

throughout. 

Results 

One central theme in this project is to find descriptors that help us predict 

and understand where and when different reactive oxygen species (ROS) 

forms at the ceria surface. In parallel and together with this work I am also 

focusing on pinpointing the role of the cation reducibility in the ROS 

formation process. These efforts are described in sub-section C below. 

 

 

Figure 1. Two mechanism used to explain 

efficient oxygen chemistry of metal oxide 

nanoparticles. To the left: oxygen vacancies are 

the key species. Formation of vacancies in a 

stoichiometric structure is associated with 

formation of reduced cations. These reduced 

cations can transfer electrons to adsorbing 

oxygen molecules thereby creating superoxide 

ions. These, however, will be subsequently 

eliminated by the vacancies leading to 

deactivation of the nanoparticle. The latter 

process is in conflict with experimental 

observation. To the right: A stable structure with 

intrinsic superoxide ions is the central species, 

its morphology is different from the 

stoichiometric particle. 
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A. The role of local electrostatic potential in the formation of ROS 

species 

As mentioned, superoxides and peroxides, can be formed through a reaction 

between an O2 molecule and a surface with available electrons. In the case 

of the ceria surface, such reactions can be written as:  

 

O2 + 2Ce3+ → O2
2− + 2Ce4+   (A1) 

 

for peroxides, and as: 

 

O2 + Ce3+ → O2
− + Ce4+     (A2) 

 

for superoxides.  

 

The energetics of these reactions have been studies theoretically when 

occurring on extended surfaces (Huang and Fabris, 2007; Kullgren et al., 

2014) and on nanoparticles (Huang and Beck, 2015; Kullgren et al., 2013; 

Preda et al., 2011). Peroxides and superoxides can also, in principle, be 

formed natively by a direct reaction between lattice oxygen ions according 

to: 

2O2− + 2Ce4+ → O2
2− + 2Ce3+     (A3) 

 

for peroxides, and as: 

 

2O2− + 3Ce4+ → O2
− + 3Ce3+     (A4) 

 

for superoxides. I will refer to these latter species as native ROS species. 
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In the native formation of ROS in the bulk, and on the extended (111) and 

(110) surfaces, the theoretical simulations consistently predict that 

peroxides are more stable than superoxides. However, these native species 

are unstable w.r.t the stoichiometric crystal. Peroxy formation energies, Ef 

, follow the order of stability Ef
(110) < Ef

(111) < Ef
bulk. Interestingly, at the 

(110) surface, the formation of these native peroxides can be stabilized if 

accompanied by superoxide formation through reaction A2(Kullgren et al., 

2014). One aim in the current project has been to determine the role of such 

coupled reactions in the context of ceria nanostructures and to find some 

general principles linking the local atomic structure and electrostatic 

potential with the stability and type of ROS species (super- or per-oxides) 

formed at various structural motifs at the ceria surface. Fig. 2 show the three 

low index surfaces of CeO2. The figure also indicate their connection to 

common nanostructures that can be synthesized experimentally, namely 

octahedral particles (the equilibrium shape), nanocubes and nanowires.  

The color map to the far right in the figure show a map of the electrostatic 

potential for the surfaces with all values given with respect to the vacuum 

level. 
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Figure 2. Relation between nanoparticle shape and surface exposed. Top panel: octahedral 

particles and the (111) surface. Middle panel: nanowires and the (110) surface. Bottom panel: 

nanocube and the (100) surface. Color map to the right show the variation in electrostatic 

potential across the various surfaces projected on. The maps where constructed by projecting 

the electrostatic potential, calculated with respect to the value in the middle of the vacuum gap 

in each case, onto isosurfaces of constant charge density corresponding to 0.01 e/Å3 

 

Each of the low-index surfaces form different ROS species upon O2 

adsorption, (111):O2, (110):O2
− and (100):O2

2−. Based on my DFT data, 

there seems to be a correlation between the type of ROS species formed and 

the local coordination around the O2 entity that can be summarized in the 

following way: 

• O2 species strongly coordinated to one cerium ion are most stable as 

superoxide species (sites on the (110) terass) 

• O2 species strongly coordinated to more than one cerium ion are found as 

peroxide species (vacancy sites and 100 surfaces) 
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• physisorption occurs when strong coordination cansnot be achieved (sites 

at the (111) terass) 

 

Figure 3. Electrostatic potential as a function of elelctron density on approaching the surfaces 

along the z-direction towards the respective minimum on the electrostatic potential maps in Fig. 

2. 

 

In order to see whether we can relate the type of ROS formed with the local 

electrostatic potential at the surface, I compare the electrostatic potential to 

what species that forms. Fig. 3 show the variation in electrostatic potential 

as a function of electron density on approaching the surfaces along the z-

direction towards the respective minimum on these electrostatic potential 

maps (the darkest red in Fig. 2). There is pleasing trend among these curves 

where the deepest electrostatic potential favors the formation of the more 

negatively charged species.  

 

B. Coverage dependence on the O2 adsorption energy 

We have identifies a strong coverage dependence in the O2 adsorption 

energy. In general, with less oxygen’s being adsorbed, or with more Ce3+ 

being present, the oxygen binds stronger. Here, we used the Ce44O80 and 



12 
 

Ce19O32 nanoparticle models calculated individual oxygen adsorption 

energies by adding O2 molecules one by one, optimizing the whole structure 

each time. There are 16 and 12 Ce3+ in the Ce44O80 and Ce19O32 cluster 

respectively. Both Ce44O80 and Ce19O32 clusters give similar results and I 

only show the data for the Ce44O80 in the following. 

 

From this data it becomes clear that, the oxygen adsorption energy for 

ridges and corners of a nanoparticle are very different, in line with the 

difference in coordination number of the Ce ion to which the O2 is adsorbed. 

The binding energies at corners are stronger than on the ridges, by more 

than 0.5 eV. Within the two populations (corners and ridges), the oxygen 

adsorption energy decreases/increases linearly with the number of the 

O2/Ce3+ in the cluster but with different slopes.  

The slope is larger for the corners. This strong dependence has a significant 

influence on the width of the simulated Temperature Programmed 

Desorption (TPD) spectra (using micro kinetic modelling). The broad TPD 

spectra is in agreement with experiment findings. 

  

 

Figure 4. Simulated TPD spectra using DFT-based micro kinetic modelling.  
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The strong dependence of O2 desorption energyon the amount of Ce3+ opens 

up for the possibility to tune the oxygen reactivity by controlling the amount 

of adsorbed O2 or amount of Ce3+ in the cluster. We have a manuscript 

under review in the journal of catalysis discussing these matters in more 

detail. 

 

C. The role of reducibility in the ROS formation and reactivity 

In a recent publication, we have shown that small ceria nanoparticles are 

most stable when they are in a super-stoichiometric state (see Fig. 1). With 

super-stoichiometric state, we refer to a particle with superoxide species as 

an integral part of without the presence of any reduced cations. Whether the 

reactivity of such particle is mainly dictated by the superoxide species 

themselves or if the reducibility of the cation is of fundamental importance 

is not clear. We may also ask whether super stoichiometric structures 

requires a reducible cation (despite them not being present in the final 

structure). To address these questions I consider CeO2, ZrO2 and HfO2. 

They can all be found in the cubic fluorite structure allowing for a 

systematic comparison. While this is the most stable phase for CeO2 under 

a wide range of conditions both ZrO2 and HfO2 tend to preferentially 

crystalize into a monoclinic structure. However, in the case of small 

nanoparticles they often adopt either the cubic structure or a third, a 

tetragonal one. The critical diameter for the cubic/tetragonal to monoclinic 

transition has been estimated, experimentally, to be about 20 and 5.5 nm 

for ZrO2 and HfO2, respectively(Forker et al., 2008). 

In my comparison of the various metal oxides, I consider the under- , over- 

and perfectly-stoichiometric models devised in Ref. (Kullgren et al., 2013). 

Using DFT simulations, I can show that, for all systems and particle sizes 

up to 3 nm, the supercharged particles are the most stable ones. As 

expected, the under-stoichiometric (reduced) particles are more unstable in 
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the case of ZrO2 and HfO2. At the same time, the super-stoichiometric 

particles are much more stable than the corresponding perfectly 

stoichiometric ones in the case of ZrO2 and HfO2 compared to CeO2.  

 

One may now ask “Is the superoxide chemistry the same?” To address this 

question I used the smallest super-stoichiometric models (Me6O21) and 

considered tentative intermediate species in the CO oxidation reaction.  

 

CO oxidation using superoxide species may proceed through the following 

(hypothetical) reaction steps: 

     1-2:   CO + O2
−   → CO3

−  

     3-4:   CO + CO3
− → CO2 + CO2

−  

     5-6:   CO2
− + O2  → CO2 + O2

−  

 

The numbers in front of the reaction are labels used in the energy diagram 

presented in Fig. 5. 

In comparing the two systems I find that, while the ZrO2 is able to stabilize 

all intermediates above with an essentially monotonically decreasing trend 

in energies, the CeO2 cluster is not capable of stabilizing the CO2
− species. 

In this latter case, the reaction therefore proceed as follows: 

 

1-2: CO + O2
− → CO3

− 

3-4: Ce4+ + CO3
− + CO → 2CO2 + Ce3+  

5-6: Ce3+ + O2 → O2
− 

 

The key difference here is that the CeO2 cluster is not reliant on having the 

CO and O2 approaching simultaneously to make the full conversion to CO2. 

Thus in a sense the Ce cluster has twice the capacity in oxidizing CO 

provided no extra oxygen is provided. This difference in behavior may also 
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reflect upon the kinetics which will be further addressed through calculation 

of reaction barriers. Thus, in conclusion the CO oxidation simulations 

suggests that both small particles of CeO2 and ZrO2 are capable of fully 

oxidizing CO in stoichiometric gas mixtures but the reaction proceeds 

according to different routes. 

 

Figure 5. Energy diagram for CO oxidation using a Ce6O21 and Zr6O21 super-stoichiometric 

clusters. The x-axis indicate the various intermediate structures presented in reactions above. 

The y-axis gives energy in electron volts. 

 

 

Outlook 

My simulations suggests that non-reducible super-stoichiometric 

nanoparticles could be useful complements to the reducible dittos since they 

have a stronger stabilization of some reactive oxygen species that we know 

are important in oxidation catalysis. This suggest that there may be a 

prospect of using also non-reducible metal oxide in efficient low 

temperature CO oxidation.  
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