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Ozone decomposition and CO oxidation on CeO, 
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Abstract 

The reactions of ozone decomposition and CO oxidation by ozone on CeO, have been investigated. Kinetic experiments were 
carried out in a gradientless reactor. Ozone decomposition and CO oxidation were found to proceed in the tempei-ature range 
10-70°C. Using EPR, TPD and XPS spectroscopy, two different kinds of oxygen species are observed on the oxide surface, one 
of them being identified as 0;. It has been established that both oxygen species do not participate in CO oxidation. The oxidant 
in the low-temperature oxidation of CO is highly reactive atomic oxygen (probably O- ), which is produced by ozone decom- 
position on the oxide surface. 
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1. Introduction 

Cerium dioxide is one of the most commonly 
used components in the three-way catalysts for 
neutralization of the automotive exhaust gases 
[ I 1. The CeO, acts as an ‘oxygen store’ during 
the lean operation conditions, while it can provide 
oxygen for HZ, CO and HC oxidation in the rich 
region [ 2-61. It has been established that 0, rad- 
icals appear on CeO, during oxygen adsorption. 
On the other hand, the presence of Pt or F& on the 
oxide surface leads to the formation of O- radicals 
[ 7,8]. This difference is ascribed to the promoting 
role of the metal during oxygen dissociation. 
Treatment of CeO:, with N20 also leads to for- 
mation of O- [ 91. The studies have shown that 
O- oxidation ability exceeds that of 0, and 02- 
species. The interest in the mechanism of the het- 
erogeneous catalytic decomposition of ozone on 
oxide surfaces and the possibility to use this reac- 
tion as a source of active oxygen for low-temper- 
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ature oxidation of CO and organic compounds in 
waste gases has increased during recent years 
[ lo]. It should be pointed out that the publications 
are mainly in the patent literature, and there is no 
data about the reaction mechanism [ 1 l-151. 

In previous investigations it has been proposed 
that the decomposition of ozone on transition 
metal oxides ( a-Fe203, CuO, Co304, MnOz) 
leads to the formation of atomic oxygen (probably 
O- ) on the oxide surfaces [ 16-201. On the other 
hand, studies on the oxidation of CO and benzene 
in the presence of ozone have shown this; form to 
be, most probably, the oxidant. Imamura and co- 
workers [lo] reported the formation of atomic 
oxygen less negatively charged than O*- in cat- 
alytic ozone decomposition on oxide surfaces. 
That is why the purpose of the present work is to 
investigate the reactions of heterogeneous cata- 
lytic decomposition of ozone on CeO, and the 
oxidation of CO in the presence of ozone. The 
catalyst chosen is CeO, because its properties 
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allow the use of EPR spectroscopy for the study 
of surface oxygen species. In addition, Ce02 has 
a relatively weak catalytic activity in the oxidation 
of CO compared with the activities of CuO, Co304 
and MnOa in the presence of molecular oxygen, 
which permits the elucidation of the role of ozone. 

2. Experimental 

2. I. Sample characterization 

Commercially available Ce02 (99%) was used 
for the experiments. The X-ray analysis was per- 
formed with a DRON-3 apparatus using CoKa 
radiation, The adsorption isotherm of N2 was 
measured at 77 K with a volumetric apparatus. 
The specific surface area of the sample was deter- 
mined by low temperature nitrogen adsorption 
using the BET method and was 130 m2/g. The 
pore volume was 0.12 cm3/g. The mesopore size 
distribution determined by the Pierce method 
[ 211 for the adsorption branch of the N2 isotherm 
showed prevalence of pores with a size of 0.3 nm. 

2.2. Kinetic investigations 

The kinetic experiments were carried out in a 
gradientless reactor with external circulation. The 
reactor diameter was 15 mm. The gas flow at the 
inlet and outlet of the apparatus was 4.0 l/h. The 
circulation gas flow was 280 l/h. Commercial cyl- 
inders containing Ar (99.99%)) O2 (99.8%) and 
CO (99.997%) were used for the gas mixtures. 
The catalyst amount was 0.22 g (size 0.3-0.6 
mm). The samples were treated beforehand in an 
Ar flow at 300°C for 3 h. The oxidation of CO by 
oxygen was investigated with a gas mixture con- 
taining CO within the concentration range of 
7.91 X 10W2-1.56~ 10-r mo1/m3 in O2 at 
temperatures 170-260°C. The oxidation of CO by 
ozone was investigated at inlet reagent concentra- 
tions based on the stoichiometric equation 
co+0 3 + CO2 + 02. The gas mixtures were not 
diluted with argon because within the temperature 
range investigated (5-70°C) oxygen does not par- 

ticipate in ozone decomposition and CO oxida- 
tion. The decomposition of ozone was studied at 
an initial concentration of 3.27 X 10-i mol/m3. 
Ozone was synthesized from oxygen since when 
air was used, nitrogen oxides were formed in the 
ozone generator and they deactivate the oxide cat- 
alysts during the decompositionof ozone [ 16,171. 
The reactions of ozone decomposition and CO 
oxidation in the presence of ozone were investi- 
gated in the temperature interval lO-8O“C, 
because above 80°C the decomposition of ozone 
proceeds by a mixed homogeneous-heterogene- 
ous mechanism. The CO and CO, analyses were 
performed with an on-line gas analyser (Infralyt 
2 106)) O3 being determined iodometrically . 

2.3. EPR 

The EPR spectra were recorded as the first 
derivative of the absorption signal using an ERS 
- 220 (former GDR) spectrometer within the tem- 
perature range of lOWOO K. The g-factor values 
were determined with respect to a DPPH standard. 
The signal intensity was calculated by double inte- 
gration. The samples were treated in an ozone- 
oxygen flow at 5-65°C for 5-65 min. 

2.4. XPS 

The XPS spectra were recorded with an 
ESCALAB II electron spectrometer (VG Scien- 
tific) at a residual gas pressure in the analysis 
chamber of 10 - 7 Pa in the presence of a normal 
emission from a MgKa - hv = 1253.6 eV anode. 
At a pass energy of 50 eV, the resolution of the 
apparatus was about 1.4 eV as determined by 
PWHM of the Ag 3d5j2 peak. At 30°C the samples 
were treated in flows of 02, O,+O,, and 
O2 + O3 + CO, while at 200°C the flows used were 
of O2 or O2 + CO. 

2.5. TPD 

The TPD spectra were registered in an argon 
flow (3.5 I/h) at a pressure of 0.101 MPa and a 
heating rate of 75”/min. The amount of Ce02 
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dation by ozone (line 2) and CO oxidation by 
molecular oxygen (line 3). The apparent activa- 
tion energies of the decomposition of ozone and 
CO oxidation by ozone are 47 kJ/mol and 21 kJ/ 

‘9* 

mol, respectively. The oxidation of CO by molec- 

/’ 
ular oxygen proceeds at temperatures above 
170°C with an apparent activation energy of 76 
kJ/mol. Depending on the time and temperature 
of ozonation, the EPR spectrum of ozonated CeO, 
shows two kinds of signals (Fig. 2). One of them, 
denoted by A, represents a Gaussian line with 

-22 l. 

g=2.0075 a d 1 n a ine width of about 5 G. This 
signal appears after a relatively longer treatment 
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of CeO* with O2 (Fig. 2a). The second signal, 

Fig. I. Arrhenius plots of the reaction rates of ozone decomposition 
denoted by B is anisotropic with g, =2.0124, 

(line I ), CO oxidation by ozone (line 2) and CO oxidation by g,=2.0048 a n d g, = 2.0003 (g,, = 2.0058)) and 
molecular oxygen (line 3). appears at the beginning of the treatment (Fig. 2). 

samples was 1 .O g. The oxygen concentration was 
determined with an accuracy of 0.1 ppm using a 
Betatest OM 200 M apparatus. The apparatus is 
based on electrochemical principles. 

3. Results 

Fig. 1 presents the Arrhenius plots of the reac- 
tions of ozone decomposition (line 1) , CO oxi- 

In contrast to signal A, the g values of signal B 
depend on the conditions of treatment of CeO, 
with ozone: with rising temperature and increas- 
ing time of heating the anisotropic signal B 
(g, = 2.0124, g, = 2.0048 and g, = 2.0003) is 
transformed into a signal with axial symmetry 
(g,, = 2.0129 and g, = 2.0024)) the average value 
remaining constant (g,, = 2.0059). In addition, 
both signals exhibit different thermal stabilities 

T= 65°C 
1 

Fig. 2. EPR spectra at 100 K of CeO, treated with 0, at (a) 10°C and (b) 65°C during 5 (a-l and b-l) and 65 min (a-2 and b-2) 
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Fig. 3. Dependence of the A and B signal intensities on the temper- 
ature of treatment of CeO, with 0,. 
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Fig. 4. Dependence of the A and B signal intensities on the time of 
treatment of CeO, with O3 at 20°C. 
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Fig. 5. Disappearance of signal B in Ar flow at 70°C. 

(Fig. 3). It is evident that the A signal has a higher 
intensity at 2O”C, while the intensity of the B sig- 
nal decreases monotonously with rising tempera- 
ture of CeO, treatment with O3 (Fig. 3). Under 
isothermal conditions the intensity of signal A 
increases almost linearly with the time of treat- 
ment, while the intensity of signal B remains prac- 
tically unchanged (Fig. 4). The treatment of 
previously ozonated Ce02 with CO does not lead 
to any change in the shape and intensity of the 
EPR signal. 

Treatment of CeOz with O3 at IO-65°C for 5 to 
65 min results in no EPR signals. 

25 
1 
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temperature, “C 17,s deg/min 1 
Fig. 6. TPD spectra of CeOz treated in 0, and 0*/O, gas mixture at 
30°C. 
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Fig. 7. XPS spectra of treated CeOz samples: (a) fresh CeO,; (b) 
after treatment in O2 flow at 30°C; (c) (0, + 0,) at 3O’C; (d) 
(CO+O,) at 2OO’C; (e) (CO + 0,) at 30°C. 
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When the ozonated samples are treated in an 
argon flow, the intensities of the two signals 
decrease, B disappearing after about 50 min at 
70°C (Fig. 5). It is worth noting that the vanishing 
of signal B is not accompanied by the appearance 
of new EPR signals. The TPD spectrum (Fig. 6) 
of CeO, treated with ozone at 30°C displays two 
oxygen peaks at 8.5 and 135°C while in the 
absence of ozone no oxygen desorption is 
observed at 30-230°C. Fig. 7 shows the XPS spec- 
tra of CeO?. When the sample is treated in a flow 
of 03/02, there is a pronounced asymmetry at 
532.4 eV in addition to the main 0 1s peak at 530 
eV which is typical of the oxygen from the oxide. 

4. Discussion 

According to the kinetic experiments a differ- 
ence between the values of the apparent activation 
energies of CO oxidation by ozone(46 kJ/mol) 
and molecular oxygen (76 kJ/mol) were estab- 
lished. On the other hand, the oxidation by ozone 
proceeds at temperatures lower by 150°C. In this 
connection it may be suggested that oxygen with 
a high activity has appeared on the oxide surface 
during ozone decomposition, this leading to a dif- 
ference between the reaction mechanisms. Based 
on the g value data, the anisotropic signal may be 
attributed to 0, radicals. The ground electronic 
state of the 0; radical is the B, state. According 
to the group theory of g values, the g, > g,, > g, 
sequence is valid in this case. Irrespective of the 
fact that at higher temperatures of catalytic 
decomposition of ozone the symmetry of signal B 
changes from anisotropic to axial, the above 
sequence of g values is preserved in all cases. 
Summarizing, the g values of signal B correspond 
to 0, radicals whose amount depends on the time 
and temperature of treatment. After heating in an 
argon flow, 0, is desorbed without formation of 
new radicals. In contrast to the anisotropic signal, 
the symmetric signal A characterized by a higher 
thermal stability cannot be identified explicitly. It 
should be noted that the symmetric signal with 
g = 2.003 and H pp =: 3 G has been observed during 

adsorption of O2 or NO on Ti02, SnO, and ZnO 
and is identified as O- [ 22,231. The discrepancy 
between the calculated g components for O- and 
the g values of the symmetric signal as well as the 
absence of superfine splitting due to the I70 iso- 
tope reject the above assumption and enable one 
to attribute the symmetric signal to O,- radicals 
[ 241. In addition, this signal, according to Nac- 
cache et al. [25], may be due to conductivity 
electrons localized after O2 adsorption. The higher 
thermal stability of the isotropic signal compared 
with the anisotropic one indicates that this model 
describes most probably the nature of the isotropic 
signal. In addition to EPR data, the TPD spectrum 
of ozonated CeO, reveals the presence of two sur- 
face oxygen species differing in their strength of 
bonds with the oxide surface. The weaker bound 
oxygen species is desorbed at 70-l 10°C (Fig. 5) 
where the intensity of the EPR signal of the 0, 
radicals ( signal B ) decreases (Fig. 4). This gives 
grounds to assign the weakly bound oxygen spe- 
cies to 0, radicals. Their appearance on the CeOZ 
surface may be explained in terms of charge-trans- 
fer adsorption. In other words, the interaction of 
O3 with electron-excess surface sites of CeOz 
leads to the formation of 0; radicals. In the sim- 
plest case these sites may be Ce’+ ions as 
observed experimentally in the XPS spectrum of 
CeO, in the present and other investigations [ 261. 
This process might be presented schematically as 
follows: 

Ce”+ +03+ [Ce4+ O,] 

Moreover, no interaction is established between 
adsorbed 0, radicals and CO. When 0, is 
desorbed during heating in an argon flow, no new 
radicals appear. These properties of 0, differ sig- 
nificantly from the properties of the well known 
O- radicals [20]. It is known that 0.. interacts 
with CO forming CO; radicals [27]. When a 
CO/03/02 mixture is passed through CeO,, no 
radicals originating from CO are observed, i.e., O3 
is the only constituent of the gas mixture that can 
react with the surface. This means that the decom- 
position of ozone precedes the oxidation of CO. 
On the other hand, the reaction O- + O? + 0; 
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occurs even when trace amounts of molecular 
oxygen are present and gives a new EPR signal 
which has been attributed to 0, [ 28-3 11. Using 
data from the literature and our experimental 
results it may be suggested that the CO from the 
gas phase reacts directly with the atomic oxygen 
(probably 0 - ) produced on the oxide surface 
during the ozone decomposition in accord with 
the following reaction: 

CO+ [Ce4+ O-1 +COZ+Ce3+ 

i.e., the Eley-Rideal mechanism is possible. 

5. Conclusion 

On the basis of the results obtained it may be 
concluded that as a result of the heterogeneous 
catalytic decomposition of ozone on CeO,, at lO-- 
65°C two kinds of oxygen species appear on the 
oxide surface - 0, and an unidentified species. 
The 0, has been characterized by a low thermal 
stability. It exists at temperatures below 70°C. It 
has been observed that both oxygen species do not 
participate in the low-temperature oxidation of 
CO. The existence of O- has not been observed 
experimentally, but is logically suggested. 
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