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A B S T R A C T   

Only a few studies have examined oxidation of CO on pure CeO2. Here we describe reaction on the (110) surface 
of CeO2 with DFT and B3LYP calculations of small clusters, Ce5O12 and Ce6O12. We identified a weak adsorption 
site (0.21 eV) on top of a cerium atom and a strong site (2.31 eV) binding two oxygens to form a carbonate 
species. These energies are in accord with previous reports including GGA + U. Increasing the cluster size from 
Ce5O12 and Ce6O12 to Ce9O12 had no significant effect on the outcome. In addition a Mars-van Krevelen type 
reaction cycle is investigated involving the reaction of CO with a surface oxygen. A secondary pathway was 
discovered forming a very stable carbonate species, with the reversible reaction having a high activation barrier. 
This study is the first to find evidence of an activation barrier for the formation of a carbonate species as an 
alternative pathway to the desorption of CO2 on CeO2/(110), which would otherwise block the surface activity. 
We find the approach of modelling catalyst activity using a reduced cluster of atoms is accurate, flexible and 
advantageous.   

1. Introduction 

Carbon monoxide is the most important reduced gas in the atmo-
sphere with primary sources linked to incomplete combustion and in situ 
sources as it is produced in the oxidation of virtually all hydrocarbons 
[1]. CO is a highly toxic gas linked to several immediate effects like 
dizziness and headache and delayed effects like reduced vision [2], and 
long term health effects including reduced life expectancy [3]. Carbon 
monoxide poisoning is known to be fatal. The main source for direct 
exposure of CO to humans is exposure to fumes from incomplete com-
bustion for example car exhaust or burning for cooking and heating; 
during the Second Punic War, Hannibal executed Roman prisoners with 
coal fumes. Carbon monoxide binds strongly with several hemoproteins 
such as myoglobin and mitochondrial cytochrome oxidase, and with 
hemoglobin, this last inhibiting blood’s ability to carry oxygen. The 
WHO recommends an 8 h average exposure limit of 9 ppm [4]. In the 
recent decades a drop in the CO levels globally are observed. [5]. These 
values have fallen steadily due to environmental policy and the use of 
emissions reduction technologies including the three-way catalyst for 
internal combustion engines. CeO2 is well suited for removing CO partly 
due to its high oxygen storage capacity [6] arising from the reversible 
conversion to a non-stochiometric oxide. Perhaps surprising for a metal 
oxide, CeO2 is hydrophobic and low-soluble, making it durable, and 
organophilic helping it to react with hydrocarbons. Doped CeO2 has 

several applications and is an important component in the three-way 
catalyst [7], where it assists in the oxidation of CO to CO2. CeO2 
removes both NOx [8] and CH2O [9]. 

Extensive research has been performed to investigate adsorption of 
CO on stoichiometric CeO2/(110) [10–15]. Ceria has a fluorite structure, 
Fm3m. Adsorption energies in the range of 0.2 to 3.4 eV are reported for 
CO on CeO2/(110); both physisorption and chemisorption are observed. 
Most of these studies implement a Hubbard term ’U’ together with the 
generalized gradient approximation (GGA + U), which is important to 
accurately describe reduced Ce3+ due to the localized electrons in the 4f 
orbital [16]. 

This is especially important for CO adsorption on CeO2, as it leads to 
reduction of the surface in some cases [10]. The Hubbard term is a semi 
empirical numerical parameter that accounts for the on-site Coulomb 
interaction of the localized electrons [17]. Introduction of the Hubbard 
term requires one to select a suitable value for the U parameter which is 
not always trivial. Adsorption energies vary with the value chosen for 
the U parameter [10]. Another description for the localised electron is to 
use a hybrid GGA functional which contains part of the Hartree–Fock 
exchange; this is the approach we will use in this paper. The introduction 
of small clusters of CeO2 as opposed to periodic-DFT normally applied 
for GGA + U offsets the higher computational cost of hybrid DFT. An 
additional benefit of the small cluster approach is to bypass the 
computationally heavy plane wave method. The method used here 
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makes it easier to change basis sets and increase their accuracy, and it 
allows direct visualisation of the orbitals. In order to validate the 
method, the geometries, frequencies and adsorption energies will be 
calculated and compared to other B3LYP and GGA + U studies. 

While a major focus of research has been to investigate and describe 
the adsorption sites, studies of the reaction mechanism are more limited. 
Only a few papers [18,19] have described the mechanism for the 
oxidation of CO on pure CeO2 and the exact mechanism is debated. It has 
been proposed that the oxidation of CO to CO2 on CeO2 follows the Mars- 
van Krevelen mechanism (M-vK) [6]. This mechanism consists of two 
oxidation processes. The first is the reaction of CO with a surface oxygen 
forming CO2 and reducing the surface. The second is adsorption of O2 
into the oxygen vacancy and the reaction of CO with the oxygen from the 
adsorbed O2. The full reaction mechanism will then be as follows. 

2CO+O2⟶2CO2  

The mechanism for this oxidation process will be investigated in this 
paper using the small clusters. In addition a secondary pathway is 
discovered forming a carbonate species, which is suggested to block 
surface activity. The importance of this pathway is discussed. 

We want to investigate whether a cluster approach could be used for 
understanding the mechanism, thereby providing a different approach 
than the conventional surface and plane wave method. 

2. Computational Approach 

All calculations were done using Gaussian16 [20] with a hybrid DFT 
functional. B3LYP [21,22] in combination with cc-pVTZ [23] was used 
for carbon and oxygen. B3LYP has been shown to work well for 
adsorption of CO on CeO2 [13]. The basis set and functional are chosen 
based on an investigation detailed in section Appendix A.1. As cerium 
has 58 electrons, an effective core potential (ECP) approach is employed 
to reduce the computational cost. This includes a 28-electron ECP, 
Stuttgart RSC 1997, referred to as SDD in this paper. SDD does well at 
describing both stoichiometric and reduced CeO2 in combination with 
B3LYP [24]. In addition a 46-electron ECP, SBKJC-VDZ [25] is investi-
gated and discussed in the article supplemental materials. Both of these 
basis sets are obtained from the Basis Set Exchange website [26]. 

Two clusters with formulas Ce5O12 and Ce6O12, shown in Figs. 1 and 
2, were used to model the surface of CeO2/(110). The lattice parameter, 
derived from X-ray Diffraction, is given as 5.411 Å [27]. During the 
optimization step most of the surface atoms were frozen to retain the 
structure of the cluster. The atoms close to CO were allowed to move, to 
investigate the importance of surface relaxation. The CO molecule was 
always fully optimized. For all adsorption sites, frequencies were 
calculated using the harmonic approximation. An adsorption site was 
identified if no imaginary frequencies were present. For the transition 
state, one imaginary frequency was found along the reaction coordinate. 
In order to validate our model with other studies, the adsorption en-
ergies, Eads were calculated. The surface ESurface, and ECO were subtracted 
from the surface with CO adsorbed onto Esurface/CO to obtain the 
adsorption energy. For positive energies, the adsorption is exothermic 
and endothermic for negative energies. 

Fig. 1. Cluster model with the formula Ce5O12 and the adsorption of CO forming a oxygen bridge. The blue circle indicates the surface oxygens that are relaxed 
during optimization. 

Fig. 2. Cluster model with the formula Ce6O12. CO is adsorbed on top of a 
cerium atom, forming a weak adsorption. 
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Eads = −
(
Esurface/CO −

(
ESurface +ECO

))
(1)  

3. Discussion and Results 

3.1. Chemisorption of CO on CeO2/(110) 

The strong adsorption of CO forming an oxygen bridge across the row 
of surface oxygen was investigated and is shown in Fig. 1, with bond 
length and adsorption energies reported in Table 1. This approach forms 
a carbonate-like species, which has also been reported in other studies 
based on DFT [10,13,15], and the presence of carbonate species on CeO2 
has also been confirmed by FT-IR studies [28]. Two scenarios were 
tested to investigate the effect of surface relaxation. In the first all the 
atoms of the surface are frozen during optimization. In addition, the 
second involves relaxation of two surface oxygen atoms indicated by 
blue circles in Fig. 1. This scenario will be referred to as partial relax-
ation in this paper. These surface oxygens are chosen as they bind to CO, 
and thus their bonds are expected to experience the largest structural 
changes. For the frozen surface, the bond length between CO and a 
surface oxygen was found to be 1.54 Å while the bond length of CO is 
1.18 Å, with an adsorption energy of − 0.05 eV. In the case of surface 
relaxation a large structural change was observed as CO pulls the surface 
oxygens towards itself shortening the bond length to 1.35 Å between 
carbon and the surface oxygens. A bond length of 1.35 Å is in accord 
with what other people report as can be seen in Table 1. The bond length 
of CO was increased to 1.20 Å, which is 0.2 Å shorter compared to other 
GGA + U and B3LYP studies. The adsorption energy for the case with 
partial relaxation was found to be 2.31 eV, which is similar to two other 
studies by Huang et al. and Herschend et al. [10,13], in which adsorp-
tion energies of 2.20 eV and 2.12 eV, respectively, are reported. It is 
clear that relaxation of part of the surface is necessary to achieve the 
correct adsorption energy and bond lengths. The adsorption energy of 
2.31 eV is also in accord with the heat of adsorption for CO on CeO2, 
measured to be 2.28 eV [29]. The frequency of the C-O stretch with 
partial relaxation was calculated to be 1769 cm− 1. Other studies report 
similar frequencies, of 1810 cm− 1 for GGA [14] and 1719 cm− 1 for 
B3LYP [13]. In conclusion, the model used in this study can reproduce 
adsorption energies that agree with previous B3LYP and GGA + U 
studies. A basis set investigation was done prior to this study, it was 
found that the different basis sets for carbon and oxygen yield the same 
adsorption energy. However, the choice of ECP basis set for cerium was 
found to be critical. A discussion of the choice of the basis set can be 
found in section Appendix A.2. To investigate the limitations inherent to 
using a small cluster, a larger cluster with the formula Ce9O12 was 
investigated in section Appendix A.3. For this case the adsorption energy 
only increased by 0.2 eV. Our calculated activation barrier for the 
chemisorption process is in agreement with all the other data for that 
property. We chose this system to test the small cluster approach due to 
prior literature[8–13]. As we note, CeO2 plays an important role in CO 
oxidation through its role in the three way catalyst adapted by vehicles 
globally. In this respect it is very relevant to understand the process 
including temperature dependence and carbonate formation. 

3.2. Physisorption of CO on CeO2/(110) 

A weak adsorption of CO was identified above a cerium atom, shown 
in Fig. 2 with energies and bond lengths given in Table 2. The effects of 
surface relaxation were tested for this geometry. The cerium atom that 
CO is adsorbed on is optimized for the relaxed surface. For the relaxed 
surface the bond length between the surface cerium and CO was 
calculated to be 3.00 Å, which is similar to another B3LYP study by 
Herschend et al. [13] in which they calculated it to be 3.062 Å. How-
ever, the bond length is slightly higher than found in the GGA + U 
calculations which derived a length of 2.91 Å. The difference is probably 
related to the method used. The adsorption energy for the relaxed sur-
face is found to be 0.21 eV, which is in the range of 0.16–0.22 eV re-
ported by other studies. The difference between the frozen surface and 
relaxed surface is only 0.3 Å for the bond length and 0.3 eV for the 
adsorption energy. The small difference is expected as this is a weak 
adsorption and combined with the long bond length to the surface, we 
classify this as a physiosorption. For physiorption there is only a weak 
interaction with the surface and no large structural change is expected. 
Other functionals such as CAM-B3LYP and B3LYP with Grimme’s 
dispersion term GD3 [30] were also tested where B3LYP-GD3 predicted 
an energy of 0.31 eV, indicating that dispersion forces may be impor-
tant. This is because a large part of the interaction between the surface 
and the adsorbate comes from van der Waals forces in the case of 
physisorption. A basis set investigation was also carried out and no large 
difference is observed between the basis sets. Both of these aspects are 
further discussed in section Appendix A.4. 

3.3. Reaction pathway 

The complete catalytic cycle for removal of CO following the M-vK 
mechanism is shown in Fig. 3. The energies are given as the Gibbs free 
energy. The calculations are done on the same cluster used for the 
chemisorption shown in Fig. 1 with partial relaxation. A comparison 
between Zero-Point Energy (ZPE), enthalpy and the Gibbs free energy 
can be found in supplementary material. The pathway consists of 11 
steps with two of them describing the formation of a carbonate species 
shown in the blue square. The difference in 7.13 eV between the start 
and end of the cycle originates from the energy released when CO is 
oxidized by O2 to CO2 as shown below. 

2CO + O2⟶2CO2 (2)  

ΔG0 = − 7.13 eV (3)  

The first step named ’Initial’ includes the surface and CO and is used as 
the zero of the energy scale; the energies of the other adsorption sites are 
reported relative to this. The initial adsorption of CO has a barrier of 
0.75 eV for TS1. This structure leads to adsorption on top of a surface 
oxygen in IM1 from which it can leave as CO2. This desorption process 
was found to be barrierless. A secondary pathway forming a very stable 
carbonate species was located, with a barrier of 0.72 eV. After desorp-
tion of CO2, O2 can adsorb into the oxygen vacancy and this is heavily 
favored with ΔG0 being − 4.47 eV, thus as soon as a vacancy is created it 

Table 1 
Summary of adsorption energies and bond length for carbonate adsorption on 
CeO2/(110). The adsorption site is shown in Fig. 1.  

RO− CO, Å RC− O, Å Eads, eV Method Ref 

1.54 1.18 − 0.05 This report, Frozen 
1.35 1.20 2.31 This report, Relaxed 
1.35 1.22 2.20 PBE + U(2) [10] 
1.34 1.22 2.12 QM/MM, B3LYP [13] 
1.35 1.23 3.48 PBE + U(5) [15]  

Table 2 
Summary of adsorption energies and bond lengths for the cerium adsorption site 
on CeO2/(110). The adsorption site is shown in Fig. 2.  

RCe− CO, Å RC− O, Å Eads , eV Method Ref 

3.03 1.12 0.24 This report, Frozen 
3.00 1.12 0.21 This report, Relaxed 
2.91 1.14 0.16 PBE [10] 
2.91 1.14 0.18 PBE + U(2) [10] 
2.91 1.14 0.19 PBE + U(4.5) [10] 
2.91 - 0.22 PBE + U(5) [11] 
3.062 1.13 0.092 QM/MM, B3LYP [13] 

Same as for QM/MM, B3LYP 0.22 MP2 single point [13]  
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is readily closed by the adsorption of O2. Next CO can adsorb on the 
surface oxygen next to the co-adsorbed O2 as IM2. The next stationary 
point represents the molecule approaching the surface, bonding to the 
surface oxygen as IM3. A transition state for this step could not be found, 
and it is assumed that after CO is adsorbed it is easily pulled towards the 
surface assembling the IM3 structure. Then the system passes through a 
transition state and CO is pulled towards the oxygen and forms a bond, 
giving a very stable structure with the energy of − 1.86 eV. Next it can 
desorb as CO2 finishing the catalytic cycle. In both cases the desorption 
of CO2 was found to be barrierless. 

3.4. Discussion 

One goal of our study is to examine the use of a small cluster as a 
tractable alternative to the plane wave approach. In the case studied 
here we find that we can reproduce adsorption energies for the two 
selected adsorption sites. While in general hybrid DFT functionals 
outperform GGA their computational cost is significantly higher and so 
typically a much smaller surface is used compared to that of periodic 
DFT. While this model works for the adsorption sites discussed in Section 
3.1 and 3.2, it has not been possible to validate the adsorption sites that 
are part of the reaction pathway as they have not been reported previ-
ously. For some of the adsorption sites in Fig. 3, CO lies close to the edge 
of the cluster and this could give rise to errors due to limitations inherent 
to a small cluster. 

The carbonate species in the reaction mechanism, indicated by the 
blue square, may be important for the long-term persistence of the 
catalytic activity of CeO2 as indicated by both experimental and theo-
retical studies [19,31,32]. This is because the carbonate product blocks 
an active site that otherwise could have oxidized CO or other species. 
Furthermore, the carbonate adsorption is very strong and the reversible 
reaction has a barrier of 3.08 eV, and thus as soon as the carbonate 
species is formed, it is not easily removed again. While a lot of research 
has investigated the carbonate adsorption site and its properties, less has 
focused on the process of forming it. Here it is reported that in order to 
form a carbonate species a barrier of 0.72 eV has to be crossed. An article 
by Chen et al. [19] investigated the reaction of CO with lattice oxygen on 
a (110) surface as reported here. They proposed three different reaction 

pathways, however only one of them can lead to the desorption of CO2. 
These workers suggested that carbonate species could form as an 
alternative pathway to desorption. However, in contrast to this work, 
they found no barrier associated with the formation of the carbonate 
species. For the formation of carbonate species starting from a phys-
isorbed adsorption, without the possibility of CO2 desorption, a barrier 
of 0.68 eV is reported. 

4. Conclusion 

In this study, we have carried out B3LYP calculations on reduced- 
sized clusters of ceria for the adsorption sites and reaction pathways 
involved in carbon monoxide oxidation to carbon dioxide. Two 
adsorption sites were found with properties in accord with previous 
studies. One site is a weak physisorption on top of a cerium atom with an 
adsorption energy of 0.21 eV. The other, strong chemisorption forming a 
carbonate moiety with an adsorption energy of 2.31 eV. Our small- 
cluster model yields adsorption energies in accord with the energies 
reported in the literature using both B3LYP and GGA + U. We find that 
partial relaxation of the surface is important in achieving meaningful 
results for the carbonate species that forms a strong bond with the sur-
face. This is reflected in the large structural change induced in the sur-
face. This behavior for chemisorption is in contrast to the physisorption 
binding identified on top of a cerium atom site, where surface relaxation 
only had a small effect on the adsorption energy and geometry. We were 
able to characterise the stationary states in the full cycle described by 
2CO + O2⟶2CO2 which follows the M-vK mechanism. The cycle con-
sists of 11 steps with relatively similar energy barriers, and no clear rate- 
limiting step. A second pathway forming a carbonate moiety is identi-
fied. This configuration is very stable and the reversible reaction has a 
large activation barrier and thus when the carbonate species is formed it 
is not easily removed. The carbonate species is expected to be important 
as it blocks an active site reducing catalytic activity; the barrier for 
forming this species is calculated to be 0.72 eV. This is the first evidence 
of an activation barrier associated with the formation of a carbonate 
species as an alternative pathway to the desorption of CO2 on pure 
CeO2/(110). Increasing the cluster size from Ce5O12 and Ce6O12 to 
Ce9O12 had no significant effect on the results. Finally, for the case of 

Fig. 3. Complete catalytic cycle for oxidation of CO on CeO2/(110). Energies as Gibbs free energy.  
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ceria catalyst we conclude that the small cluster model is a useful 
alternative to the traditional plane wave approach for calculating 
catalyst properties offering tractability, ease in changing basis sets, and 
direct visualisation of the orbitals. The plane wave approach can have 
difficulties representing molecular orbitals and reaction mechanisms for 
isolated molecules interacting with condensed phases. 

We have shown that a cluster approach and a proposed mechanism 
based on a Mars-van Krevelen reaction cycle could obtain energies and 
structures that are in agreement with other theoretical data. We also 
show that the cluster approach can be used as an approach for under-
standing catalytic processes on a CeO surface. 
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Appendix A. Supplementary material 

Supplementary data associated with this article can be found, in the 
online version, at https://doi.org/10.1016/j.cplett.2022.139436. 
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