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Energetics of CO Oxidation on Lanthanide-free 

Perovskite Systems: the case of Co-doped 

SrTiO3.  

Silvia Carlotto,a Marta M. Natile,b Antonella Glisenti,a Jean-François Paul,c 
Dimitri Blanc,c Andrea Vittadini*b  

The energetics of the catalytic oxidation of CO on a complex metal oxide is investigated for 

the first time by density functional theory calculations. The catalyst, Co-doped SrTiO3, is 

modelled using periodically repeated slabs based on the SrTiO3(100) surface. The comparison 

of the energy profiles obtained for the pure host and for the Co-doped material reveals the 

actual pathway followed by the reaction, and shows that Co doping enhances the catalytic 

properties of SrTiO3 by reducing the energy cost for the formation of oxygen vacancies.

1. Introduction 

 Carbon monoxide is a very toxic gas for human and animals 

due to its affinity with hemoglobin, and is produced by 

transportation, industrial, and domestic activities as a result of 

incomplete combustion.1 For this reason, the development of 

gas sensors for CO detection and catalysts for CO oxidation is 

critical to controlling environmental pollution.2 Whereas first 

generation of catalysts, developed to treat automotive exhaust 

gas, were based on noble metals (Pt, Pd, Rh, Au), the increasing 

demand of catalytic converters, and the consequent raising of 

the noble metal price, multiplied the scientific effort to develop 

new and less costly catalysts requiring a lower usage of critical 

raw materials (CRMs).3 This has spurred increasing theoretical 

and experimental research efforts on the catalytic oxidation of 

carbon monoxide over new catalysts based on metal oxides.1,4-
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 Among heterogeneous catalysts, perovskites are particularly 

interesting because they are active both in CO oxidation and in 

NO reduction, which makes them suitable for applications in 

three-way catalysts. Perovskites (general structure ABO3, 

where A and B are metal cations, with A having a larger radius 

than B) represent a versatile class of metal oxides, and are 

widely used in chemical industry.11 Several experimental 

studies showed that perovskites are able to absorb CO and to 

catalyse its oxidation.12-14 A unique feature of these materials is 

the possibility to prepare a wide number of different materials 

by changing the A and/or B cations over the entire d and f 

blocks, which makes it possible to tune e.g. the redox and 

surface properties for specific applications. This allowed to 

obtain several compounds suitable as active materials in 

catalytic converters. Unfortunately, most of these contain 

lanthanide and/or precious metals. An ideal replacement would 

be a cheap and CRM-free perovskite such as SrTiO3, which is 

however unable to oxidize CO appreciably.2 In this regard, it 

has been recently found that Co-doped SrTiO3 is instead active 

both in CO oxidation and in NO reduction,15 which makes it 

potentially suitable for use in three way catalysts. 

 Clearly, understanding how doping is able to activate 

SrTiO3 would give valuable information for the development of 

new CRM-free catalysts. Studies on the reactivity of SrTiO3 in 

the presence of surface impurities (such as oxygen vacancies or 

metal dopants) are however rare and limited to 

adsorption/desorption ones.16-21 In a recent paper,22 some of us 

investigated the adsorption of small molecules (CO, NO and 

O2) on a doped SrTiO3 surface, and found evidence that doping 

substantially lowers the formation energy of oxygen vacancies. 

This result stimulated us to investigate the whole catalytic CO 

oxidation cycle, in order to check whether the low vacancy 

formation energy could explain the enhanced catalytic 

properties shown by this system. In this work, we propose and 

analyse by first principles calculations several CO oxidation 

mechanisms derived from schemes previously developed for 

simple metal oxides. In fact, the enhancement of the catalytic 

properties of simple metal oxides by transition metal doping 

has been thoroughly investigated by means of first principles 

calculations in the recent past. This allows to understand in 

details the microscopic mechanisms of several catalytic 

reactions. This work represents a first effort of obtaining a 

comparable degree of comprehension for complex metal oxides 

such as doped perovskites.  
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2. Computational Details 

 We use the density functional theory (DFT), solving the 

spin-polarized Kohn-Sham equations with the generalized 

gradient approximation (GGA), and adopting the PBE 

exchange-correlation functional.23,24 The SrTiO3 (100) surface 

is modelled with a 2 × 2 slab consisting of seven atomic layers 

of TiO2 and SrO stacked alternatively and separated by a 19 Å 

thick vacuum space. This was checked and found to be 

adequate in previous investigations.17,18 Only the top (TiO2-

terminated) surface of the slab is used to model adsorption and 

reactions. The top three atomic layers are relaxed, whereas the 

bottom four atomic layers are kept fixed to simulate bulk. 

Effects of both cobalt impurities and oxygen vacancies are also 

investigated by modifying the composition of the top surface. 

The theoretical SrTiO3 lattice constant as determined in our 

previous work (3.93 Å) is used.25 

 Local minima are determined using the PWSCF code of the 

Quantum-ESPRESSO (QE) software package26 using the same 

computational setup of Ref. 22. Transition states (TSs) are 

located using the VASP code (5.4.1 version)27,28 and the 

climbing image nudged elastic band (NEB) method29 using a 

cutoff energy Ecut = 500 eV and 5 × 5 k-point grid sampling. 

Under this setup, energy differences computed with the 

PWSCF and the VASP codes are practically identical. We 

perform frequency calculations to characterize the TSs and 

confirm the reaction coordinate.   

 

3. Results and discussion 

 Predicting the catalytic performance from first principles 

requires the knowledge of the detailed reaction pathway. In the 

case of complex materials such as perovskites and other metal 

oxide systems, this is not an easy task, as many reaction 

channels are in principle possible. The mechanism of CO 

oxidation has been the subject of both experimental and 

theoretical investigations in the cases of lanthanide-containing 

perovskites30,31 and of simple metal oxides such as TiO2, CeO2, 

Co3O4.4,7,9,10,32 

 In general, in heterogeneous catalysis we can envisage two 

kinds of mechanisms, i.e., suprafacial, in which the surface 

provides adsorption sites where the reactant molecules are 

activated; and interfacial in which the surface plays an active 

role in the reaction as a reagent.1,33 Most of the proposed 

schemes are of the latter kind, and are based on the Mars–van 

Krevelen (MvK) mechanism, where CO is first oxidized by the 

oxygen atoms of the metal oxide surface.1,34 The subsequent 

desorption of formed CO2 molecules leaves behind oxygen 

vacancies, which are subsequently annihilated by gas-phase O2 

introduced with the feed. This leaves extra O atoms at the 

surface, which can in turn oxidize further CO molecules, finally 

closing the catalytic cycle.  

 In most reactions occurring through the MvK mechanism, 

the oxidation of the reductant is the rate-determining step, 

though the details of the mechanism may depend on the specific 

system.33 In the present case, after exploring several 

possibilities, and considering the results of our previous work 

on the adsorption at the doped SrTiO3 (100) surfaces,22 we are 

left with three pathways, which differ in the way the second 

CO2 molecule is formed. 

 We start by examining a pathway (hereafter pathway A), 

which was proposed originally for CO oxidation on CeO2 and 

other metal oxides such as TiO2 and Co3O4.4,7,9,10 A scheme of 

this pathway is sketched in Figure 1, where the energy profiles 

for pure and doped systems are compared. In the Figure 1, the 

energy is referred to the sum of the total energy of the relaxed 

clean surface and those of the reactant molecules in the gas 

phase, which corresponds to the starting A1 point. We now 

describe in details all the steps on the basis of our outcomes.  

 
Fig. 1 Reaction energy profiles for CO oxidation on pure (M=Ti) and doped 

(M=Co) surfaces (pathway A). Energies changes (in eV) are displayed for each 

step. The structures associated to all the levels are sketched in the scheme at the 

bottom. 

 As above pointed out, the first two steps (A1A2 and 

A2A3) involve the adsorption of CO on the metal cation 

(Lewis acid) site and the oxygen abstraction from the 

stoichiometric surface by CO, which yields a CO2 molecule 

and an oxygen vacancy at the surface. The latter is 

subsequently (A3A4) healed by an oxygen molecule, 

whose protruding end in turn oxidizes a further CO 

molecule (A4A5), finally regenerating the perfect surface 

(A5A1). The energy profiles resulting from our 

calculations (see Figure 1) are qualitatively similar to those 

computed for CO oxidation on other metal oxide surfaces.4 

Apparently, the most relevant difference between the pure 

and doped systems is the second step, i.e. oxygen 

abstraction by CO. In fact, Co doping turns it from strongly 

endothermic (+1.25 eV) to strongly exothermic (-1.19 eV). 

This provides an explanation for the absence of activity of 

the pure compound.2 The cobalt dopant enhances the 

catalytic properties of SrTiO3 by reducing the energy cost 

for the formation of oxygen vacancies. Thus, our results 

confirm previous work4 pointing out that the efficiency of 



  

  

MvK-type mechanisms critically depends on the formation 

energy of the oxygen vacancies. For instance, doping ceria 

with elements such as Zr or Au promotes catalytic activity 

for oxidation reactions by decreasing the vacancy formation 

energy.35-37 The energetics of all the steps following O 

abstraction is similar for the doped and the pure systems, 

except for the adsorption of the oxygen molecule at the 

vacancy (A3A4), which is however strongly exothermic 

in both cases (-3.31 eV vs. -1.21 eV, respectively). Besides, 

some structural differences are present in the reaction 

intermediates. For instance, we note that in the pure system 

the O-vacancy adsorbed O2 stands perpendicular to the 

surface plane, with the lower oxygen atom ~0.48 Å below 

the surface plane, see Figure 2a. In contrast to that, in the 

case of the doped surface, O2 is bent towards a Ti cation 

(see Figure 2b). 

 
Fig. 2 Relevant intermediates for pathways A, B, and C. Grey spheres are Ti, red 

spheres are O, cyan spheres are Sr, yellow spheres are C and green spheres are 

Co. All distances are in Å. 

 We remark that for both the pure and the doped surfaces the 

adsorbed O2 molecule is strongly stretched (by 0.224 and 0.154 

Å, respectively), which is indicative of a partial reduction to 

O2
2-, and makes it available for a chemical reaction with a gas-

phase molecule without changing the spin of the system. In 

fact, placing a further CO molecule over O2(ads)  gives rise to a 

strongly exothermic (ΔE = -3.5 eV) rearrangement, generating 

an adsorbed CO2 molecule (A4A5). Further, desorption of 

CO2 regenerates the perfect surface, finally closing the catalytic 

cycle. In the pure system, CO2 is adsorbed perpendicular to the 

surface and is structurally unperturbed, except for a ~0.01 Å 

elongation of the C-O bond pointing towards the surface (see 

Figure 2d). For the doped system, CO2 lays closer and almost 

parallel to the surface (see Figure 2e), but its deformation is still 

small, even though the bond stretching is slightly enhanced and 

accompanied by a 3° bending. In fact, the CO2-surface 

interaction is weak in both cases, which results in the small CO2 

desorption energy, involved in the A5A1 last step.  

 We turn now to examine the second pathway (B), which is 

adapted from a scheme previously proposed for ceria-supported 

Au nanoparticles.4 This differs from mechanism A because the 

second CO2 molecule is formed through a Langmuir-

Hinshelwood-type mechanism, where the O-O bond is attacked 

by a co-adsorbed CO molecule. In this regard, it was suggested 

that reducing the strength of the CO-surface interaction could 

be effective in enhancing the reaction rate. The energy profile 

for the pure system is not reported (Figure 3, top) because we 

did not find a stable B5 intermediate.  

 
Fig. 3 Reaction energy profiles of CO oxidation on doped surface for pathway B 

(top) and pathway C (bottom). 

 For the doped system, formation of this intermediate is 

endothermic (+0.40 eV). Structurally, it corresponds to a CO 

molecule placed at 2.059 Å above the surface with the C-O 

bond slightly elongated (0.004 Å). Its fate is that of evolving to 

B6, which is a physisorbed CO2 molecule identical to A5 (see 

Figure 2e).  



 

  

 The last examined pathway (C) shares the first two steps 

with the other ones (see Figure 3, bottom) and is adapted from a 

scheme previously proposed for doped ceria.9 The mechanism 

is characterized by the adsorption of O2 at the vacancy site in an 

almost symmetrical η2 configuration. This reacts with a CO 

molecule forming an inverted [CO3] intermediate,7 which is in 

turn decomposed, forming molecularly adsorbed CO2. As for 

pathway B, stable intermediates were found only for the doped 

system. Moreover, in comparison with the previous cases, the 

O2 intermediate (C4, see Figure 2c) is less stable by 0.12 eV, 

which is a first evidence against the viability of the C pathway.  

In addition, the CO2 subsequently formed (C5) is indeed a 

carbonate-like species, being strongly bent (133°), and having 

the internal C-O bonds stretched by almost 0.1 Å. Not 

unexpectedly, this species is strongly bound to the surface 

(ΔEads = 1.06 eV). As the formation of carbonate species is not 

observed experimentally,15 this represents a further proof that 

pathway C is not suitable to describe the actual reaction of the 

catalytic reaction.  

 Different cobalt spin states (doublet, quartet, and sextet) are 

investigated for all the intermediates reported in Figures 1 and 

3. When adsorbates are absent (e.g., A1 and A3) or interact 

weakly with the surface (A5), the most stable spin state is a 

quartet. However, the quartet and sextet states are very close in 

energy.  In contrast to that, adsorption of a stronger ligand such 

as CO on the Co atom (A2 and B5) stabilizes a doublet state.  

 Summarizing, the main findings are that: i. the most 

endothermic step (A2  A3) is by far the formation/desorption 

of the first CO2 molecule, which forms an oxygen vacancy in 

the pure surface. ii. this step is instead exothermic for the Co-

doped surface. iii. the A and B pathways have minor 

differences, the B pathway having an extra endothermic step 

(B4  B5). iv. adsorption of O2 in a η2 configuration, involved 

in pathway C, is unfavoured wrt a terminal geometry. v. the C 

pathway includes a significantly endothermic step (C5  C1) 

one, involving the desorption of stable carbonate-like CO2 

species, whose desorption is energetically unfavourable,38 and 

its presence has not been detected experimentally. vi. in 

addition, barriers are expected to be negligible when 

adsorption/desorption of molecularly adsorbed species is 

involved (see e.g. a recent investigation on CO oxidation by 

Co3O4).7 

 On the basis of the above enumerated considerations we can 

safely limit our interest to pathway A, whose only likely rate 

determining step is, in the case of pure SrTiO3, the O 

abstraction by adsorbed CO molecules, viz. the A2  A3 step. 

Thus, we decided to locate and compare the transition states of 

this step for the pure and for the doped systems. The energy 

barriers (see Figure 4) are computed to be 1.65 eV and 0.15 eV,  

respectively, which confirms that the experimentally observed 

catalytic properties of the Co-doped material can be ascribed to 

the drastic increase of O vacancies formation/CO oxidation rate 

due to the insertion of Co at a high oxidation state on the 

surface. Looking to the process in closer detail, we remark that, 

on pure SrTiO3, the CO adsorption on the Ti atom does not 

change the spin state of the surface. On the other hand, the CO 

oxidation induces a reduction of the surface, and releases two 

electrons to the conduction band. The most stable electronic 

configuration is obtained when the two Ti atoms close to the 

vacancy are reduced to Ti (III), and when a triplet state is 

formed. Because the A1A2 step is very endothermic in the 

pure system, we expect that the transition state will be 

geometrically close to the product. We computed the potential 

energy surface for both singlet and triplet states. The TS is 

localized on the singlet PES and corresponds to the formation 

of a bond between the adsorbed CO molecule and a 

neighbouring surface O anion. As above pointed out, in the 

doped surface the A2  A3 step is very exothermic, which 

suggests an early transition state. In this case, the adsorption of 

CO leaves the cobalt atom in a low spin state which is 

conserved after the transition state.     

 

 
Fig. 4. Singlet and triplet PES for the vacancy formation step (A2  A3) at the  

SrTiO3 (100) surface. 

 

4. Conclusions 

 In conclusion, we have adapted to Co-doped SrTiO3, a 

complex oxide system, the catalytic cycles devised to describe 

CO oxidation on simple metal oxides. By examining the 

stability of the intermediate species, we find that one of the 

proposed mechanisms involves only exothermic steps (except 

for the desorption of loosely-bound molecular species), and is 

well-suited to describe the reaction mechanism. Furthermore, 

we have obtained evidence that the main effect through which 

Co doping enhances the catalytic properties of SrTiO3 is the 

drastic lowering (1.5 eV) of the energy barrier for the 

abstraction of surface O atoms by adsorbed CO molecules. This 

is reflected in the enthalpy change for this step, which turns 

from strongly endothermic (+1.25 eV) to strongly exothermic (-

1.19 eV), whereas all the other steps are scarcely affected by 

doping. Catalyst deactivation by the formation of carbonates is 

avoided because the formation of precursor η2-O2 species at the 

vacancy sites is unflavoured with respect to η1-O2, which brings 

instead to the desired product. Overall, our results show that the 



  

  

vacancy formation energy is likely to be a good descriptor for 

the catalytic activity of doped perovskite systems in CO 

oxidation. 
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