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Abstract: Density functional theory calculations were carried out to investigate the influence of 

doping transition metal (TM) ions into the ceria surface on the activation of surface lattice 

oxygen atoms. For this purpose, the structure and stability of the most stable (111) surface 

termination of CeO2 modified by TM ions was determined. Except for Zr and Pt dopants that 

preserve octahedral oxygen coordination, the TM dopants prefer a square-planar coordination 

when substituting the surface Ce ions. The surface construction from octahedral to square-planar 

is facile for all TM dopants, except for Pt (1.14 eV) and Zr (square-planar coordination unstable). 

Typically, the ionic radius of tetravalent TM cations is much smaller than that of Ce4+, resulting a 

significant tensile-strained lattice and explaining the lowered oxygen vacancy formation energy. 

Except for Zr, the square-planar structure is the preferred one when one oxygen vacancy is 

created. Thermodynamic analysis shows that TM-doped CeO2 surfaces contain oxygen defects 

under typical conditions of environmental catalysis. A case of practical importance is the facile 

lattice oxygen activation in Zr-doped CeO2(111), which benefits CO oxidation. The findings 

emphasize the origin of lattice oxygen activation and the preferred location of TM dopants in 

TM-ceria solid solution catalysts. 
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1. Introduction 

Ceria is extensively used as a support material in catalysis because of its high oxygen 

storage capacity[1]. In combination with transition metals, it can catalyze a large number of 

reactions, such as the water-gas shift reaction[2], CO2 reduction[3], NO reduction[4], CH4 

combustion[5] and CO oxidation[6]. Besides the availability of lattice oxygen atoms of the 

support, the strong interaction of metals with ceria can boost the catalytic activity due to electron 

transfer. These effects are especially prominent for small particles [7-9]. In the extreme case, a 

catalyst can be made up of single atoms of a catalytically active transition metal (TM) supported 

on ceria. Such single-atom catalysts (SACs) present a new frontier in heterogeneous catalysis 

research with the potential of extremely high TM utilization due to the highly under-coordinated 

nature of the isolated metal atoms[10-12]. In addition, the support may also play an important 

role in the catalytic cycle by providing specific functionalities. As such, there is an analogy 

between SACs and non-innocent ligands in homogeneous catalysts[13, 14].   

Generally, single metal atoms are more mobile on a support material than nanoparticles 

(NPs) and, therefore, SACs prone to agglomeration[15-17]. Stabilization of single atoms by the 

support is therefore of critical importance to design stable SACs. Ceria can strongly interact with 

TMs, leading to a large metal-support interface[18, 19]. These interactions are particularly strong 

between TM atoms and oxygen vacancies and step-edges. Another possibility is that TM cations 

substitute for Ce in the ceria lattice. Related to the latter, it has been found that substituting 

dopants into the ceria lattice can activate lattice oxygen, as most TM-O binding energies are 

lower than Ce-O binding energies in ceria[20, 21]. The formation energy of oxygen vacancies 

(VO) in TM-doped CeO2 has been the topic of several theoretical investigations[22-26]. In all of 

these studies, a conventional structure of the TM dopant site has been adopted in which the 

octahedrally coordinated Ce ion is isomorphously substituted by a TM ion. Recently, we 

proposed another structure for Pd-doped CeO2(111), in which the Pd atom adopts a square-plane 

configuration surrounded by four lattice oxygen atoms[27]. The removal of the lattice oxygen 

atom connected to Pd dopant requires a higher energy than that of the perfect CeO2(111) surface, 

unlike the two-fold oxygen atoms that can be removed easily and generate oxygen vacancies. 

Therefore, it is necessary to thoroughly investigate the origination of the activated lattice oxygen 

in TM-doped CeO2.  



In this study, we examine a series of TM-doped CeO2(111) (TM = Zn, Cu, Ni, Co, Fe, Ag, 

Pd, Rh, Zr, Au, and Pt) by density functional theory (DFT) calculations to explore the most stable 

configurations and VO formation energies. We also included Zr in this study as mixed 

cerium−zirconium  oxides are extensively used in oxidation reactions, the isomorphous 

substitution in ceria resulting in a higher availability of lattice oxygen atoms and boosting 

reactions such as CO oxidation[28, 29]. Given the size of Zr4+, isomorphous substitution for Ce4+ 

will lead to the retention of the octahedral coordination of the surface TM ion. In most of the 

other cases, doping ceria with TM ions leads to a structural transformation from an octahedral 

configuration around the TM dopant to a square planar one. For the most effective cation in terms 

of lattice oxygen activation (Zr), we explore catalytic CO oxidation.  

          

2. Computational details 

Spin-polarized calculations within the density-functional theory framework were carried out 

as implemented in the Vienna ab initio simulation package (VASP)[30]. The ion-electron 

interactions were represented by the projector-augmented wave (PAW) method[31] and the 

electron exchange-correlation by the generalized gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional[32]. The Kohn-Sham valence 

states were expanded in a plane-wave basis set with a cut-off energy of 400 eV. The 

Ce(5s,5p,6s,4f,5d), O(2s,2p) and C(2s,2p) electrons were treated as valence states. The DFT+U 

approach was used, in which U is a Hubbard-like term describing the on-site Coulombic 

interactions[33]. This approach improves the description of localized states in ceria, where 

standard LDA and GGA functionals fail. For Ce,  a value of U = 4.5 eV was adopted, which was 

calculated self-consistently by Fabris et al.[34] using the linear response approach of Cococcioni 

and de Gironcoli[35] and which is within the 3.0-6.0 eV range that provides localization of the 

electrons left upon oxygen removal from ceria[36]. To model TM-doped CeO2(111), we used a 

periodic ceria slab with a (4×4) surface unit cell. For Brillouin zone integration, a 1×1×1 

Monkhorst-Pack mesh was used. The bulk CeO2 equilibrium lattice constant (5.49 Å) previously 

calculated by PBE+U (U = 4.5 eV) was used[37]. The CeO2(111) slab model is three Ce-O-Ce 

layers thick and the vacuum gap was set to 15 Å. The atoms in the bottom layer were frozen to 

their bulk position and the top two Ce-O-Ce layers were allowed to relax. The climbing image 



nudged-elastic band (CI-NEB) algorithm[38, 39] was used to identify the transition states in the 

elementary reaction steps of structural transformation and CO oxidation. A frequency analysis 

was performed to confirm that each transition state has only a single imaginary frequency in the 

direction of the reaction coordinate. The total energy difference was less than 10-4 eV and the 

relaxation convergence criterion was set at 0.05 eV/Å. 

We used the ab initio thermodynamics approach of Reuter and Scheffler to assess the 

relative stability of various TM-doped states in ceira as a function of oxygen pressure and 

temperature[40]. The free energy of TM-doped surface states is determined as follows: 

 Δ𝐺𝐺 = ΔE + n
2
𝜇𝜇𝑂𝑂2(𝑇𝑇,𝑃𝑃) 

= �E𝑇𝑇𝑇𝑇−𝑑𝑑𝑑𝑑𝑑𝑑−𝑉𝑉On + n
2

E𝑂𝑂2 −  E𝑇𝑇𝑇𝑇−𝑑𝑑𝑑𝑑𝑑𝑑�+  n
2
𝜇𝜇𝑂𝑂2(𝑇𝑇,𝑃𝑃)      (1), 

where E𝑇𝑇𝑇𝑇−𝑑𝑑𝑑𝑑𝑑𝑑  and E𝑇𝑇𝑇𝑇−𝑑𝑑𝑑𝑑𝑑𝑑−𝑉𝑉On  are the electronic ground state energies of the TM-doped 

CeO2(111) and its defective surface after removing n oxygen atoms, respectively, E𝑂𝑂2  the 

electronic ground state energy of gaseous O2, and 𝜇𝜇𝑂𝑂2(𝑇𝑇,𝑃𝑃) the chemical potential of gaseous O2. 

The chemical potential of gaseous oxygen can be correlated to the thermodynamic state in the 

following manner:  

 𝜇𝜇𝑂𝑂2(𝑇𝑇,𝑃𝑃) = 𝜇𝜇𝑂𝑂2�𝑇𝑇,𝑃𝑃𝜃𝜃� + 𝑅𝑅𝑇𝑇𝑅𝑅𝑅𝑅 �
𝑃𝑃𝑂𝑂2
𝑃𝑃𝜃𝜃

� 

= �𝐻𝐻𝑂𝑂2�𝑇𝑇,𝑃𝑃𝜃𝜃� − 𝐻𝐻𝑂𝑂2�0 𝐾𝐾,𝑃𝑃𝜃𝜃�� − T�𝑆𝑆𝑂𝑂2�𝑇𝑇,𝑃𝑃𝜃𝜃� − 𝑆𝑆𝑂𝑂2�0 𝐾𝐾,𝑃𝑃𝜃𝜃�� + 𝑅𝑅𝑇𝑇𝑅𝑅𝑅𝑅 �𝑃𝑃𝑂𝑂2
𝑃𝑃𝜃𝜃
�      (2), 

where the enthalpy 𝐻𝐻𝑂𝑂2�𝑇𝑇,𝑃𝑃𝜃𝜃� and entropy 𝑆𝑆𝑂𝑂2�𝑇𝑇,𝑃𝑃𝜃𝜃� of gaseous O2 were obtained from the 

standard thermodynamic tables[41]. The entropy of the solids is neglected.  

 

 



Fig. 1. Configurations of a single TM atom doped in to CeO2(111) surface, (left) the octahedral 

configuration obtained by isomorphous substitution and (right) a square-planar contribution 

(color code: white, Ce; red, O; green, TM). 

 

3. Results and discussion 

3.1 Stability TM-doped CeO2 

Fig. 1 shows the octahedral and square-planar coordination environments of TM doped into 

the CeO2(111) surface. Earlier, it has been shown that doping TM atoms into octahedral Ce 

locations in the surface of CeO2(111) is thermodynamically favorable[25, 27, 42]. Alternative to 

this conventionally considered configuration (TM-dop-I), we also explored the square-planar 

configuration (TM-dop-II). This TM-dop-II configuration has been earlier considered by us for 

Pd[27]. In TM-dop-II, two lattice oxygen atoms that were initially three-fold coordinated in 

CeO2(111) and TM-dop-I become two-fold coordinated.  

We compare the relative thermodynamic stability between TM-dop-I and TM-dop-II for the 

TM cations considered in this work. To this end, we computed ΔE(I-II) = E(II) – E(I), in which 

E(I) and E(II) are the computed electronic energies of TM-dop-I and TM-dop-II, respectively.  

 
Table 1 Thermodynamic and kinetic properties of TM-doped CeO2(111) (all energies in eV).1 

TM elements Cu Ag Au Ni Pd Pt Co Rh Fe Zr Zn 

ΔE(I-II) -1.52 -0.55 -0.60 -1.41 0.01 0.02 -1.57 -0.03 -0.23 - -0.01 

Ea(I-II) 0.09 0.32 0.63 0.22 0.53 1.14 0 0.32 0.03 - 0.27 

E(I-VO1) -0.22 -0.25 0.27 -1.56 0.84 1.60 -0.63 1.32 0.98 1.56 -0.90 

E(II-VO1) 0.05 0.08 0.08 -0.16 -0.57 -0.01 0.03 0.75 0.69 - -0.83 

ΔE(VO1(I-II)) -1.24 -0.22 -0.80 - -1.40 -1.59 -0.92 -0.91 -0.52 - 0.06 

Ea(VO1(I-II)) 0 0.01 0.48 0 0.07 0.37 0.28 0.12 0.40 - 0.13 

E(VO2) 1.21 1.35 1.24 1.24 1.09 1.23 1.27 1.32 1.21 1.54 1.34 

E(VO3) 1.70 1.24 1.69 2.57 2.87 3.11 2.33 3.02 1.76 2.30 1.21 
1 E is the formation energy of corresponding oxygen vacancies; ΔE and Ea are the energy change and energy 

barrier associated with the transformation from TM-dop-I to TM-dop-II and from TM-dop-I-VO1 to TM-dop-

II-VO1, respectively. 



For Zn, Pd, Pt and Rh, the two considered configurations show nearly similar stability, as 

followes from Table 1. For Cu, Ag, Au, Ni, Co and Fe, the square-planar TM-dop-II 

configuration is thermodynamically favored over the octahedral TM-dop-I one. The exception is 

Zr for which Zr-dop-I is so strongly preferred that an initial Zr-dop-II spontaneously reverted to 

the octahedral configuration.  

In a previous work[27], we showed that the activation energy barrier for the transformation 

from Pd-dop-I to Pd-dop-II is 0.53 eV, suggesting that under typical catalytic conditions this 

transformation can easily occur. We explored in this study the activation barriers for the similar 

transformation of other TM dopants in the ceria surface (Table 1). For Zn, Rh, Ag, Au and Ni, 

the transformation requires overcoming relatively low activation barriers of 0.27 eV, 0.32 eV, 

0.32 eV, 0.63 eV and 0.22 eV, respectively. The activation barriers are negligible for Cu, Co, and 

Fe. On the other hand, the barrier is significantly higher for Pt at 1.14 eV. This can well explain 

the experimentally observed preference for Pt4+ substitutions in Pt-ceria solid solutions[43-45]. 

The Pt oxidation state in Pt-dop-I and Pt-dop-II are 4+ and 2+, respectively.     

The typical preference for TM-dop-II is related to the smaller size of the TM4+ ions Ni, Pd, 

Pt, Rh, the TM3+ ions Cu, Au, Co, Fe and the Zn2+ ion in TM-dop-I with respect to the Ce4+ 

ion[5]. This is confirmed by the data in Table 2. Only Zr4+ (0.86 Å) has a comparable ionic 

radius as Ce4+ (0.97 Å) and, therefore, prefers the octahedral configuration. Especially, Ni4+ has a 

small ionic radii of 0.48 Å. The substitution of TM cations with a small ionic radius results in a 

weak bonding between the TM4+ ion and lattice O atoms in TM-dop-I. The Ce4+-O bond length in 

CeO2(111) surface is 2.37 Å. Direct isomorphous substitution by TM atoms results in a tensile-

strained lattice. Although Ag3+ has a large ionic radii of 1.26 Å, the resulting Ag-O bonds in Ag-

dop-I are 2.15 Å and 2.18 Å, much smaller than Ce-O bond length. In TM-dop-II, TM atoms are 

generally in the +2 or +3 oxidation state and coordinated by four lattice O atoms, with TM-O 

bond lengths in the 1.9-2.0 Å range. These results indicate that the TM-dop-II configuration can 

provide a more suitable coordination environment for TM dopants, except for Zr.     

 
Table 2 Ionic radii of various TM cations (in Å). 

TM elements Ce Cu Ag Au Ni Pd Pt Co Rh Fe Zr Zn 

4+ 0.97 - - - 0.48 0.63 0.62 0.53 0.62 0.59 0.86 - 

3+ 1.04 0.54 1.26 0.85 0.60 0.70 0.75 0.65 0.67 0.67 0.89 - 



2+ - 0.73 - - 0.69 0.64 0.80 0.78 0.72 0.78 - 0.74 

+ - 0.46 1.02 1.37 - - - - - - - - 

 

3.2 Oxygen vacancy formation 

 

Fig. 2. Various oxygen vacancies for models I and II (color code: white, Ce; red, O; green, TM).  

 

The formation energy of oxygen vacancies provides an indication of the surface reactivity 

upon substitution of Ce by TM. The direct removal of one oxygen atom from TM-dop-I results in 

a configuration in which the TM atom is coordinated by two oxygen atoms in the top surface 

layer and two oxygen in the subsurface layer, as shown in Fig. 2. The removal of one oxygen 

atom from TM-dop-II results in a configuration in which the TM atom keeps the same 

coordination. We name these configurations, TM-dop-I-VO1 and TM-dop-II-VO1, respectively. 

Table 1 lists the corresponding VO formation energies. The VO formation energy of the clean 

CeO2(111) surface is 2.38 eV, in comparison to ½ O2 in the gas phase[46]. The VO formation 

energies of Pt-dop-I, Zr-dop-I, Rh-dop-I, Fe-dop-I and Pd-dop-I are considerably lower than this 

value. While the value for Au-dop-I is much lower at 0.27 eV, the VO formation process is 

exothermic for Zn-, Cu-, Ag-, Ni- and Co-dop-I. On the other hand, for nearly all TM the VO 

formation energies for TM-dop-II are negligible, for Rh-dop-II and Fe-dop-II with values of 0.75 

eV and 0.68 eV, respectively. Moreover, we note that the TM-dop-II-VO1 configuration is more 

stable than the TM-dop-I-VO1 for most of the TM. We earlier computed activation barriers of 

0.07 eV and 0.39 eV for Pd and Pt, respectively, for the transformation of TM-dop-I-VO1 to TM-

dop-II-VO1[27]. For the other TM, the activation barriers for this transformation are also very 

small (Table 1). For Ni, the TM-dop-I-VO1 spontaneously relax to the corresponding TM-dop-II-

VO1 configuration, after removing one surface oxygen atom from the stoichiometric structures. 



These findings demonstrate that the TM-dop-I-VO1 structures are unstable and will easily 

transform into TM-dop-II-VO1.   

We also computed the energy cost for the formation of the second and third oxygen vacancy 

(TM-dop-VO2 and TM-dop-VO3) for the TM-dop-II structure. We limited ourselves to these 

structures, as TM-dop-II-VO1 is thermodynamically favored over TM-dop-I-VO1, except for Zr. 

TM-dop-VO2 is preferentially obtained by removing another two-fold lattice oxygen atom, while 

TM-dop-VO3 is obtained by removing the lattice oxygen atom connected to the TM dopant. It is 

worthwhile to mention that Zr-dop-VO2 and Zr-dop-VO2 are obtained by successively removing 

lattice oxygen atoms connected to Zr in Zr-dop-I-VO1, as shown in Fig. 2. The TM-dop-VO2 

formation energies are typically between 1.09 eV and 1.35 eV, although it is higher for Zr (1.54 

eV). The chemical potentials of gaseous O2 are circa 0.55 eV, 0.77 eV and 0.99 eV at PO2 = 1 atm 

and T = 300 K, 400 K and 500 K, respectively.  Compared to these values, we can conclude that 

the second two-fold lattice oxygen atom is thermodynamically stable under reaction conditions 

relevant to catalysis. Therefore, we expect that only a single oxygen vacancy will be obtained 

under typical conditions. Notably, the TM-dop-VO3 formation process involves large energy 

penalties for Ni, Pd, Pt and Rh. The energy costs of TM-dop-VO3 formation for Co and Zr are 

both 2.33 eV. For Zn, Cu, Ag, Au and Fe, the VO3 formation energies are 1.21 eV, 1.70 eV, 1.24 

eV, 1.69 eV and 1.76 eV, respectively. The results demonstrate that Cu, Ag, Au and Fe can 

substantially activate the lattice O atoms connected to them. Co and Zr can also slightly activate 

the lattice O atoms, compared to the lattice O atoms of the clean CeO2(111) surface. Ni, Pd, Pt 

and Rh suppress the reactivity of lattice O atoms.  

Given the size of the relatively small TM cations in comparison to Ce4+, it is also possible to 

replace one Ce cation with two TM cations [5]. One of the TM cations is exposed to the medium 

and can, therefore, be involved in adsorption and catalysis. In the optimized model, the additional 

TM atom binds to the TM dopant via the two-fold coordinated oxygen atoms. These oxygen 

atoms dictate the catalytic reactivity. Moreover, these doped TM cations present a very stable 

configuration and we earlier speculated that such sites can also act as nucleation center for 

supported TM nanoparticles. There are strong experimental indications for the importance of the 

combination of TM dopants with TM nanoparticles [47-49]. In this configuration, dopants such 

as Ni, Pd, Pt and Rh cannot activate lattice O atoms, while Cu, Ag, Au and Fe can effectively 

activate lattice O atoms.    



3.3 Phase diagrams 

We can determine the oxidation state by counting the total number of excess electrons 

localized in empty Ce 4f-orbital, which is related to the formation of Ce3+ ions. For example, in 

Au-dop-II-VO1 and Au-dop-VO3, one and three Ce3+ ions, respectively, are present as shown in 

Fig. 3. Thus, Au is in the +3 and +1 oxidation state, respectively, in these two structures. In Pt-

dop-I, there are no excess electrons, allowing to conclude that Pt remains +4 oxidation state, in 

agreement with experimental data[43-45]. On the other hand, for a Pd-CeO2 solid solution, the 

dominant oxidation state is Pd2+[50]. In our model, this is consistent with the facile 

transformation from Pd-dop-I to Pd-dop-II and the subsequent removal of one of the oxygen 

atoms. Zr and Pt preserve the +4 oxidation state in solid solutions with CeO2, due to the kinetic 

limitation of structure transformation at room temperature. The other TM dopants prefer to adopt 

+2 and +3 oxidation states, after generating an oxygen vacancy. 

 

 

Fig. 3. Calculated iso-surfaces of the spin density in Au-dop-II-VO1 and Au-dop-VO3 (color code: 

white, Ce; red, O; green, Au). 

 

Based on the computed oxygen vacancy formation energies, we constructed stability 

diagrams for several TM-doped CeO2(111) surfaces (TM = Cu, Au and Zr). These are phase 

diagrams in the thermodynamic sense by considering the free energy of the system. Fig. 4 shows 

that Cu-dop-II-VO1 and Au-dop-II-VO1 are the dominant species under typical reaction conditions 

at relatively low temperature. On the other hand, the favorable structure is Zr-dop-I. It further 

verifies that the TM-dop-II-VO1 is an important candidate structure of transition metal-ceria solid 

solution, which is thermodynamically relevant for the realistic catalytic conditions.   



  

Fig. 4. Stability diagrams of Cu-, Au- and Zr-doped CeO2(111) surfaces as a function of the 

temperature and the oxygen partial pressure based on an ab initio thermodynamic analysis using 

first-principles DFT data. 

 

Cu-CeO2 is one of the relevant systems for environmental catalysis such as CO oxidation[51, 

52]. In Cu-CeO2 solid solutions, Cu ions mainly remain in the +2 and +3 oxidation state under 

oxygen-rich catalytic conditions[51, 53, 54]. In line with this, we computed that Cu in Cu-dop-II-

VO1 has a close to +3 oxidation state. Adding more TM such as Cu results in a lower oxidation 

states, leading to the formation of Cu2+ and eventually Cu+[5]. Similarly, the Au dopant remains 

in the +3 oxidation state in accordance with experimental observation[55]. On the other hand, Zr 

maintains the +4 oxidation state[56, 57]. 

 

3.4 CO oxidation by Zr-doped CeO2(111) 

Given the importance of ceria-zirconia solid solutions, we also explored how activation of 

lattice oxygen by Zr insertion into CeO2(111) affects CO oxidation. As outlined above, the Zr 

substitution remains in octahedral coordination after insertion in the surface. Due to the slightly 

smaller ionic radii of Zr4+ than Ce4+, the VO formation energy is lowered in the doped structure. 

Therefore, Zr is an important substitution for Ce atoms to synthesize highly active ceria-based 

catalysts with a high oxygen storage capacity[58-60]. A catalytic cycle for CO oxidation is shown 

in Fig. 5.  

CO adsorption on the Zr cation in Zr-doped CeO2(111) is weak (Eads = -0.51 eV). 

Subsequent CO oxidation by one lattice O atom involves a negligible energy barrier (Ea = 0.02 

eV). The following  CO2 desorption step is facile (E = 0.43 eV). The resulting Zr-dop-I-VO1 



structure binds another CO with a slightly higher adsorption energy of -0.70 eV. The next CO2 

formation event requires overcoming an energy barrier of 0.29 eV and is followed by an easy 

CO2 desorption (ΔE = 0.14 eV). One O2 molecule strongly adsorbs on the resulting Zr-dop-I-VO2 

(Eads = -1.56 eV), and is then dissociated overcoming an energy barrier of 0.67 eV. This closes 

the catalytic cycle. For CO oxidation over pure CeO2(111), CO adsorption is weaker  (Eads = -

0.51 eV), and the required energy barrier for the first CO2 formation step is 0.37 eV. The second 

CO adsorption energy is -0.45 eV, and the subsequent CO2 formation overcomes an energy 

barrier of 0.31 eV. One O2 molecule strongly adsorbs on the resulting VO2 site (Eads = -2.35 eV), 

and then oxygen dissociation requires an energy barrier of 0.82 eV. The CO2 desorption energy is 

slightly endothermic by 0.48 eV and 0.40 eV, respectively. Obviously, the introduction of Zr can 

improve the reactivity of surface lattice oxygen atoms of CeO2, owing to the lowered formation 

energy of oxygen vacancies. During the whole CO oxidation cycle, CO2 desorption is very facile 

and the rate-limiting step is O2 dissociation. Previously, we explored CO oxidation by Pt-doped 

CeO2(111)[42], where CO adsorption is strong (Eads = -1.69 eV) and the required energy barrier 

for CO2 formation is negligible. On the other hand, in this system CO2 desorption costs 1.61 eV, 

indicative of a limited activity at low temperature. In comparison, CO2 desorption costs 0.65 eV 

from the Pd-doped CeO2(111) surface [25]. Although usually Zr-doped CeO2 is used in 

conjunction with an active metal phase, presumably allowing for a stronger adsorption of CO, 

these data show that Zr-doping can facilitate the availability of oxygen atom of the ceria surface.    

 

Fig. 5. Potential energy diagram of CO oxidation by Zr-doped CeO2(111) and pure CeO2(111) 

(color code: white, Ce; red, O; cyan, Zr; gray, C; pink, O of molecular CO and O2).                 



4. Conclusions 

We investigated the activation of lattice oxygen atoms in ceria by transition metal dopants. 

The doped metal atoms prefer to be square-planarly coordinated by four lattice O atoms over the 

conventional octahedral coordination, except for Zr and Pt. While the transformation from Pt-

dop-I to Pt-dop-II requires a high kinetic barrier, these transformations are facile for the other 

transition metals considered. The ionic radius of tetravalent TM cations is much smaller than that 

of Ce4+, resulting a significant tensile-strained ceria lattice and a decreased oxygen vacancy 

formation energy. Under typical conditions of low-temperature reactions in the context of 

environmental catalysis, the thermodynamically favorable species is TM-dop-II-VO1 (except for 

Zr), in which there is one oxygen vacancy and the TM atom adopts the square-planar 

coordination. Zn, Cu, Ag, Au and Fe as dopants activate the lattice oxygen connected to them. Zr 

as a dopant preserves its octahedral coordination in ceria lattice due to the comparable ionic radii 

of Zr4+ and Ce4+. It leads to higher reactivity in a CO oxidation cycle in which CO adsorbs to a Zr 

surface cation followed by CO2 formation. Our work provides a detailed insight into the changed 

coordination of most transition metal dopants in the surface of ceria with respect to 

conventionally considered isomorphous substitution models. The high stability and reactivity of 

the explored single-atom configurations doped into the surface are also of topical interest in the 

framework of single-atom catalysis.  
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Isomorphous substitution of Ce cations in the CeO2(111) surface by TM atoms results in a 

surface reconstruction to a square planar coordination and a tensile-strained lattice which account 

for the lowered oxygen vacancy formation energy.  


