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Abstract 

We have studied the oxidation of carbon monoxide over a lanthanum substituted perovskite 
(La0.5Sr0.5CoO3−d) catalyst prepared by spray pyrolysis. Under the assumption of a first-order 
kinetics mechanism for CO, it has been found that the activation energy barrier of the reaction 
changes from 80 to 40 kJ mol−1 at a threshold temperature of ca. 320 °C. In situ XPS near-
ambient pressure (0.2 torr) shows that the gas phase oxygen concentration over the sample 
decreases sharply at ca. 300 °C. These two observations suggest that the oxidation of CO 
undergoes a change of mechanism at temperatures higher than 300 °C. 
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1. Introduction 

Metal oxides with perovskite structure of type ABO3, where A is a rare-earth element and B is a 

transition metal, have been extensively studied as alternatives to noble metal catalysts for automotive 

exhaust emissions [1]. The crystalline structure and the partial substitution of some of their cations by 

other elements with a different oxidation state confer to these compounds very interesting properties 

[2] and [3] and an enhanced activity for the oxidation of (unburned) hydrocarbons [4], [5] and [6], soot 

particles [7] and [8] or volatile organic compounds (VOCs) [9], [10] and [11]. The oxidation of carbon 

monoxide has been also extensively studied not only as a model gas to prove the adsorption sites over 

the perovskites [12], [13] and [14], but also because of its environmental impact as one of the most 

hazardous pollutants produced by mobile sources [15] and [16]. 

Recently, we have demonstrated that the oxidation of carbon particles towards CO2 is enhanced 
in the presence of cobaltites [8]. We have also shown that perovskite catalysts are very efficient 
for the oxidation of CO at low temperatures in a plasma-catalyst device [17] and [18]. Although 
the reaction mechanism of carbon monoxide over perovskites has been the subject of numerous 
studies during the last years, there are still many open questions requiring further considerations. 
Voorhoeve et al. suggested the existence of different reaction processes depending on the 
temperature range of reaction [1]. Tascón and co-workers analyzed the CO adsorption over 
LaCoO3 and found that the formation of carbonate intermediates onto the catalyst surface was 
limited by physisorbed O2 species occupying the same active sites required for CO adsorption 
[12], [13] and [14]. Viswanathan and George, based on preliminary studies of Nakamura et al. 
suggested that the formation of oxygen vacancies and the desorption of O2 species play an 
important role in the oxidation of CO [19], [20] and [21]. This previous works agree with the 
formation of surface vacancies and on the adsorption of O2 as crucial steps in the oxidation of 
CO. However, they disagree in the assignment of the active and adsorption sites for carbon 
monoxide and oxygen. 
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In the present work, we have studied the oxidation of carbon monoxide over a lanthanum 
substituted cobaltite with La0.5Sr0.5CoO3−d structure prepared by a spray pyrolysis method. 
Catalytic measurements, basic kinetics fittings and especially near-ambient X-ray photoemission 
spectroscopy (XPS) experiments have shed light over the reaction mechanism, the activation 
energy (Ea) values and the change of the chemical nature of the oxygen species adsorbed onto 
the surface of the perovskite. 

2. Experimental 

2.1. Catalyst preparation and characterization 

A La0.5Sr0.5CoO3−d perovskite catalyst under study was synthesized by a spray pyrolysis method 
[8] and [22] that consists of the uniform nebulisation of nitrate solutions containing 
La(NO3)3·6H2O (99.99%, Aldrich), Co(NO3)2·6H2O (>98%, Fluka) and Sr(NO3)2 (>99%, Fluka) 
prepared as a 0.1 M liquid solution of precursors. Two online furnaces at 250 and 600 °C, 
respectively evaporate the solvent (distilled water) with the dissolved nitrates and produce an 
initially amorphous perovskite powder. The material is collected on a porous frit of quartz 
located in the outlet of the heating system. Subsequently, the amorphous powders were annealed 
at 600 °C for 4 h, thus obtaining a crystalline La0.5Sr0.5CoO3−d perovskite structure with 
rhombohedral symmetry as evidenced by X-ray diffraction (d represents the oxygen deficiency 
of the perovskite) [8] and [17]. This preparation method renders the formation of pseudo-
spherical particles ranging between two microns and 45–60 nm nanocrystalline domains as 
determined from Scherrer calculations. 

2.2. Near-ambient XPS measurements 

X-ray photoemission experiments have been carried out under near-ambient pressure conditions 
in beamline 9.3.2. of the Advanced Light Source (ALS) at the Lawrence Berkeley Laboratory 
[23] and [24]. Initially, perovskites powders were pressed into pellets. An annealing pretreatment 
up to 550 °C in UHV conditions was initially carried out to remove adventitious carbon 
contamination from the sample. No significant charging effects and shifts in the photoemission 
peak positions were observed. Therefore, all the spectra shown in the work were plotted as 
initially collected. The surface oxygen associated to the perovskite lattice was taken as a 
reference appearing at 529.5 eV (1 eV shifted respect to its normal value of 528.5 eV) [3] and 
[8]. The perovskite was gradually heated up to 400 °C and “in situ” exposed to 0.2 torr of O2. 
The near-ambient XPS instrument consists of a differentially pumped lens system that enables 
collection of photoelectrons from surface and gas species in close proximity to the sample. With 
this setup configuration the typical problems due to photoelectron scattering with gas molecules 
could be overcome for the spectra reported in the present work [25] and [26]. The incident 
photon energy was chosen at 685 eV and the estimated photon flux was 4 × 1014–
3 × 1015 photons s−1 cm−2. Determination of O1s area peaks was carried out by the integration of 
curves after subtraction of Shirley background [27] and [28]. 
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2.3. Catalytic oxidation tests of CO 

Catalytic oxidation experiments of CO were carried out at atmospheric pressure in different 
apparatus consisting of a fixed-bed stainless steel U-shaped reactor [29]. An amount of 100 mg 
of perovskite powder was placed between quartz-wool stoppers near the center of the reactor. 
The temperature was controlled by a chromel–alumel thermocouple placed at the catalyst 
position. The reactor was placed vertically in the center of an electric furnace electronically 
controlled and provided with another thermocouple. Prior to the reaction, the catalyst was pre-
oxidized in a stream of synthetic air (>99% purity) at 650 °C for 2 h. The reaction mixtures were 
fed through mass flow controllers from UNIT with a total flow of 100 sccm. The concentration 
of the reactants was 1% CO (1 sccm) and 6% O2 (6 sccm) in volume, using He as gas balance 
(93 sccm) to dilute and avoid exothermal heating. A heating rate of 1 °C/min was used from 
room temperature up to 500 °C. To check the reproducibility of the results and the stability of the 
sample, the experimental data were acquired in three consecutive annealing/cooling cycles 
( 18 h per cycle). A gas chromatograph provided with a Porapak packed column and a thermal 
conductimetry detector (TCD) was connected online to analyze the reaction products. 

2.4. Kinetic calculations 

Simple kinetics calculations have been carried out under the assumptions of (i) a first-order 
mechanism for the oxidation of carbon monoxide. This is supported by previous kinetics studies 
carried out by other authors [12], [13] and [14]. Tascón et al. suggested a weak CO adsorption 
especially after O2 pre-oxidation treatments, thus further reinforcing the idea of first-order 
kinetics. In addition, zero and second-order approximations were also tested although larger 
discrepancies and errors above 20% were always obtained; (ii) the concentration of oxygen is 
largely in excess in comparison with CO, so the kinetics depends only on the concentration of 
CO, and (iii) the variation of the CO oxidation rate is linked to the variation of the overall rate 
constant which directly depends on temperature. The proposed formulation of the reaction rate 
permits the estimation of its activation energy and pre-exponential factors. The development and 
rearrangement of the basic kinetic equations employed has been included as Supplementary 
material. The final expression. 

(1) 

 

has enabled us to calculate the activation energy (Ea) from the slope of the representation of 

against . 

3. Results 
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3.1. Catalytic activity and kinetics analysis 

Fig. 1a shows the percentage of CO conversion as a function of temperature. As can be seen 
nearly identical profiles are obtained after two cycles, while the third one seems to indicate 
certain degradation of the catalytic properties of the perovskite (see Table 1). Some structural 
changes may be occurring even though no appreciable changes were observed by XRD. 
According to Fig. 1 the La0.5Sr0.5CoO3−d cobaltite shows very small activity below 200 °C. When 
the temperature of reaction reaches ca. 250 °C there is a rapid increase in the percent of CO 
transformed into CO2 passing from 20% to 90% in a temperature range of just 90 °C. 
Temperatures for 4%, 50% and 90% conversion have been gathered in Table 1. The practically 
constant values found for the two first reaction cycles prove that the sample maintains the same 
reactivity, but the increment of T90 after the third one indicates some degradation of the 
perovskite. 

 

 

Full-size image (10K) 

 

Fig. 1. Catalytic measurements and kinetics calculations. (a) Percentage of CO conversion as a function of 

temperature over the lanthanum substituted cobaltite. The experimental data have been acquired when 

cooling down the temperature. (b) Determination of the Ea values from expression (1) corresponding to 

the first oxidation cycle.  

 

 

Table 1.  

Selection of n% conversion temperatures in the reaction of CO for different consecutive cycles 
when cooling down the system and the corresponding calculated activation energy (Ea) and 
frequency factors (A). 

Treatment T0
a
 T50

b
 T90

c
 Ea (1)

d
 Ea (2)

e
 A1

f
 A2

g
 TC

h
 Error (%) 

Cycle 1 220 300 375 82 40 2 × 10
7
 4 × 10

3
 320 4.3 

Cycle 2 220 302 380 89 37 9 × 10
7
 3 × 10

3
 315 2.7 
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Treatment T0
a
 T50

b
 T90

c
 Ea (1)

d
 Ea (2)

e
 A1

f
 A2

g
 TC

h
 Error (%) 

Cycle 3 218 304 395 74 36 3 × 10
6
 1 × 10

3
 325 4.0 

Estimated error when comparing the experimental data below 4% in all the calculations. 

a
 Onset temperature for CO conversion ( 3% CO conversion) expressed in °C. 

b
 Temperature of 50% CO conversion expressed in °C. 

c
 Temperature of 90% CO conversion expressed in °C. 

d–e
 Activation energy calculated for low and high temperatures, respectively expressed in kJ mol

−1
. 

f–g
 Corresponding pre-exponential factors for the first and second region, respectively. 

h
 Threshold temperature for the change of mechanism. 

 

 

Fig. 1b shows that the conversion profile can be fitted according to the expression Eq. (1) 
presenting two different sets of apparent pre-exponential factors (A*) and Ea values. The obtained 
values are summarized in Table 1 for the three oxidation cycles examined. The first reaction 
zone at the low temperature region presents the highest Ea values ( 80 kJ mol−1 for all the 
cycles). The second region presents much lower Ea values ( 40 kJ mol−1 for the three cycles). 
The change on the slope means the transition from a high to low Ea at ca. 315–325 °C. The 
decrease of the apparent pre-exponential factor A* by 3–4 orders of magnitude also supports that 
a change of mechanism occurs around this temperature (from A1 to A2 see Table 1). In addition, 
the reduction of A* in the last cycle may be indicative of a possible degradation of the catalyst 
(i.e. less active sites available). 

3.2. Near-ambient XPS and correlation with kinetics 

The assumption of a threshold temperature where a change in the reaction mechanism occurs is 
also supported by in situ XPS results obtained in the presence of O2 at near-ambient pressures of 

0.2 torr. Fig. 2 presents the evolution of the O1s photoemission spectra as a function of 
temperature. The nature of the oxygen surface species can be ascribed to: (a) lattice oxygen of 
the perovskite lattice at a BE of 528.4 eV [3]; (b) hydroxides and/or carbonates species at a BE 
of 531 eV [30]; (c) and gas phase O2 at 539 eV [23], [24] and [31]. In spite of the poor energy 
resolution it is clear that the gas peak decreases in intensity with temperature. 
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Full-size image (50K) 

 

Fig. 2. Near-ambient pressure XPS: in situ O1s photoemission spectra of the perovskite at different 

temperatures in the presence of 0.2 torr of O2 gas phase.  

 

 

The peak area of this gas phase species slightly decreases in intensity up to a temperature of 
300 °C and then drastically decreases to near the noise level at ca. 350 °C. The experimental 
evolution of the peak area ratio O2gas phase/Ototal area with temperature has been plotted in Fig. 3a 
and differs from the expected evolution against temperature considering an ideal gas behaviour 
(dotted line in Fig. 3a). We believe that the decrease in gas phase O2 pressure near the sample is 
due to the “pumping” effect of the sample that absorbs the gas to replenish the O-deficiency of 
the original perovskite by diffusion through oxygen vacancies [19] and [20]. It is also worth 
noting the sharp decrease at T > 300 °C coinciding with the temperature at which we have found 
a change in the CO oxidation kinetics. The accuracy of the kinetic model is reflected in Fig. 3b. 
It is shown how the experimental curves can be reproduced with a high activation energy value 
at low temperatures followed by a second process characterized by lower activation energy 
(Table 1 and Fig. 1b). 

 

 

Full-size image (48K) 

 

Fig. 3. Correlation between near-ambient XPS and CO oxidation kinetics: (a) XPS experimental evolution 

with temperature (open dots) and thermodynamic prediction assuming ideal gas behaviour (dashed 

line) of the ratio Ogasphase/Ototal corresponding to the peak at 539 eV. (b) Catalytic conversion of CO in the 
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presence of the perovskite with increasing temperatures (open dots) and comparison of the fitting 

curves adjusted between Eqs. (5) and (7) (see Supplementary material), using the activation energies 

and pre-exponential factors determined at low (grey line) and high temperature (dashed line), 

respectively. Vertical lines divide both plots in three temperature regions (see text for details).  

 

 

The errors of these fittings have been estimated by using the following expression: 

(2) 

 

where n is the number of experimental measurements done between T5 and T95 (the temperatures of 

5% and 95% conversion, respectively),%(T) represents the experimental conversion values and %
F
(T) 

represents the conversion values from the plots obtained after fitting. The results of these calculations 

are below 5% for the three cycles (Table 1), which demonstrates the accuracy of the fitting and the 

usefulness of the mathematical model. Finally, Fig. 2 also shows a change of shape of the spectra that 

occurs at T = 400 °C, which might be indicative of a partial decrease in the amount of surface carbonates 

present on the catalyst surface [8]. 

4. Discussion 

Fig. 3 permits to correlate the catalytic activity and the kinetic approximations carried out with 
the experimental evolution of the gas phase oxygen nearby the surface of the perovskite when 
increasing the temperature. It is important to notice the coincidence in the temperature where 
rapid decrease of O2 gas phase XPS signal occurs (Fig. 3a) and the temperature where the 
reactivity for the CO oxidation process increases rapidly (Fig. 3b). A clear division in three 
different temperature regions has been established so as to explain the CO oxidation mechanism 
(marked by vertical lines in Fig. 3). A schematic representation is shown in Fig. 4 to illustrate the 
proposed reaction mechanism. In zone I (below ca. 220 °C), there is no catalytic activity, and the 
oxygen XPS signal evolves with temperature behaving as an ideal gas (Fig. 3 and Fig. 1). 
According to Tascón, in this range of temperatures the active sites for catalytic oxidation of CO 
are blocked by adsorbed oxygen molecules in equilibrium with the gas phase. When the 
temperature increases, these species can either desorb leaving additional free sites for CO 
adsorption or dissociate into reactive O2− species. 
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Full-size image (56K) 

 

Fig. 4. Schematic representation of the reaction model proposed for explanation of kinetic and XPS 

results. Three different situations are depicted depending on the temperature.  

 

 

It is at this point when rapid absorption of O2 by the oxygen-deficient perovskite lattice takes 
place and where the conversion of CO increases dramatically. Therefore, we can expect a greater 
mobility and ionic migration of the oxygen dissociated onto the surface as temperature rises. 
This situation corresponds to the zone II in the reaction scheme described in Fig. 4. The onset of 
the reaction coincides with a first drop in the O2 peak intensity as shown in Fig. 3. We mainly 
attribute this fall to the diffusion of oxygen species onto the surface of the defective perovskite 
occupying anionic vacancies. This fact permits the dissociation of O2 and reaction with CO. 
Similar mechanisms have been proposed for gold catalysts, being the O2 dissociation the limiting 
step [32]. The influence of O2, already proposed by Tascón and co-workers can be also 
anticipated by our experimental results [3], [12], [13] and [14]. 

The boundary between zones II and III (Fig. 3 and Fig. 4) is marked by the threshold temperature 
(Tc = 320–325 °C) where a change of the Ea and A* kinetics parameters is observed (Table 1) 
coinciding with a second drop of O2 gas phase (above the thermodynamic predictions) detected 
by near-ambient XPS (Fig. 1 and Fig. 2). This threshold temperature coincides with a transition 
in the kinetics from high to low Ea (Table 1 and Fig. 1b). Although a compensation of kinetic 
parameters might explain this change, we consider that there is a direct influence of the amount 
of oxygen in the close vicinity of the surface of the perovskite which is intrinsically referred in 
the pre-exponential factor A*. Near-ambient XPS results suggest, that since no other reactant is 
available, we must be attending to a process of diffusion of the oxygen species to the bulk of the 
perovskite lattice. We must keep in mind that the strontium substituted perovskite is oxygen 
defective and is provided with a high amount of vacancies [19] and [20]. This fact also explains 
the second deviation from thermodynamic ideal behaviour of the O2 gas phase detected by XPS 
at high temperatures (Fig. 3b). Hence, it seems plausible to establish that a rate-determining step 
in the oxidation of CO is governed by the dissociative adsorption capacity of O2 by the 
perovskite and its diffusion through oxygen vacancies (see scheme in Fig. 4). 

The dissociation of O2 limits the onset of the CO oxidation until T > 220 °C is reached. 
Nevertheless, the opening of ionic “channels” to facilitate the mobility of species through the 
bulk of the perovskite is favouring a change in the transient states of the species (see zone III in 
Fig. 4). According to Tascón et al. an easier adsorption and stabilization of the CO would be 
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enabled (Fig. 4), leading to lower values of Ea. This latter conclusion is also supported by the 
diminution of the pre-exponential factor A* value (Table 1) and the release of O2 gas phase 
saturation onto the surface of the catalyst. This fact also contributes to the better stabilization of 
the intermediate transition state (Fig. 4). 

It is noteworthy that the calculated Ea are quite consistent with those previously reported by Yao 
[33] and slightly higher than the values proposed by Tascón et al. which might be attributed to 
the major dissociability of surface oxygen vacancies in our perovskite and the differences in the 
preparation method. Similar temperature dependences have been also observed in the oxidation 
of hexane over different LaMO3 perovskites at 280 °C [9]. Our results are also in agreement with 
the suprafacial mechanism proposed by Voorhoeve et al. [1] which assumes that the mechanism 
of CO oxidation proceeds through the participation of adsorbed oxygen species onto the surface 
of the perovskite and with Nakamura et al. [19] and [20] which assumes the diffusion of oxygen 
as the limiting step rather than the surface reaction . 

5. Conclusions 

We have demonstrated the capacity of near-ambient XPS to address the influence of O2 in the 
CO oxidation mechanism over a lanthanum substituted perovskite. This technique permits the 
direct/in situ monitorization of gas phase species in the vicinity of the surface of catalysts and 
has shown evidences of the active and determinant role of oxygen as controlling step of the 
process by surface and bulk diffusion transitions. Besides, these results have been further 
supported by catalytic and kinetic analyses correlating the drop of O2 and the change of Ea values 
at a coinciding threshold temperature of ca. 320 °C. Therefore, we can conclude that near-
ambient XPS may constitute an attractive tool for the unraveling of future reaction mechanisms 
at different temperatures. 
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Kinetic calculations 

The overall chemical reaction can be written as:  

CO + 1/2 O2 → CO2       (1) 
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The equilibrium constant K ranges from ∼1045 at 300 K to ∼1023 at 500 K, so the reaction is 

assumed to be totally displaced to the right. The kinetics of the process can be described with 

the general equation: 

[ ] [ ] [ ]mn OCOk
dt

COd
2−=

    (2) 

where k is the rate constant, and n and m the reaction orders for CO and O2, respectively. 

Since [CO] << [O2], and assuming a first-order mechanism for the CO (i.e. n =1) we obtain 

the following expression: 

[ ] [ ]COk
dt

COd *−=
     (3) 

where k*  = k[O2]
m.     (4) 

Solving the equation, we arrive to the general equation of first-order kinetics: 

[ ] [ ] ( )tkexpCOCO *
0 −=     (5) 

or the equivalent one:  

 

[ ]
[ ] 






=

CO

CO
lntk 0*

    (6) 

The variation of the concentration of CO is associated with the time of residence of CO 

inside the reactor. Since the gas flow is kept constant, we can also assume that the time of 

residence t of the reactants within the reactor remains constant. Under all these assumptions, 

the variation of the concentration of CO with temperature can be linked to the change of the 

rate constant with temperature, according to the Arrhenius equation: 

 







−=
RT

Ea
expAk

    (7) 

where Ea is the activation energy, A is the preexponential factor and R is the gasses’ 
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constant. Multiplying expression (7) by the constant factor [ ] tO m
2  and using expression (4) 

we can write: 

 







−=
RT

Ea
expAtk **

    (8) 

being [ ] tOAA m
2

* = . 

Then, by comparing expressions (6) and (8), we obtain: 

[ ]
[ ] 







−=







RT

Ea
expA

CO

CO
ln *0

    (9) 

where the dependence of [CO] with the temperature can be directly assessed. 

By reordering (9): 

 

[ ]
[ ] ( )

RT

Ea
Aln

CO

CO
lnln *0 −=


















   (10) (expression 1 in the main text) 

According to this expression, the Activation Energy (Ea) can be obtained from the slope of 

the representation of  

[ ]
[ ] 
















CO

CO
lnln 0

 againstT
1

.  

 

 


