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Abstract. The microstructural feature, oxygen storage capacity and hydrogen reduction 
reaction of alumina-supported ceria were examined to determine the activation energy of 
hydrogen consumption. The scanning and transmission electron microscopy under high 
magnification indicate the small agglomeration and the surface coverage of CeO2 on alumina. 
The activation energy E was 80-140 kJ/mol for reduction peaks at around 420 °C and 550 °C 
in the first reduction run. However, in the second run, E for the second peak changed 
depending on the CeO2 content. The results suggest the surface modification of CeO2 surface 
with alumina via heat treatment in both reducing and oxidizing atmosphere. 

Introduction 
The removal of CO, hydrocarbons and nitrogen oxides from gasoline automotive exhaust gas is 

based on the so-called three-way catalyst (TWC), containing alumina, ceria and precious metals. The 
main idea of the TWC is that the complete conversion of the reducing pollutants can be achieved if the 
concentrations of these species are exactly controlled in the best air-fuel ratio. Technologically, this 
condition is met by using an electronic engine control device, which employs a signal from an exhaust 
oxygen sensor. However, exact control for the best air-fuel mixture in a narrow range around 
stoichiometry is limited by sensor response, so that is difficult just in time for catalytic reactions with 
such sensors. The important catalytic component of ceria is required for controlling oxygen content by 
oxygen storage capacity (OSC) [1-5]. The oxygen storage capacity has been known as that dynamic 
condition can be relaxed by the redox and nonstoichiometry of ceria-related compounds, and 
especially, ceria-zirconia has shown the excellent OSC in the practical catalyst so far [2,6-7]. Also, the 
alumina-supported ceria is a traditional composition, and even now it is useful as inexpensive 
automotive and de-pollution catalysts for air environmental technology. The hydrogen temperature 
programmed reduction (H2-TPR) of alumina-supported ceria as a function of temperature has been 
measured, and the kinetic reactions can be examined using temperature-programmed reaction as well 
as assessment of oxygen storage capacity [8-11]. The kinetic data are often not clear because of the 
effect of microstructure and powder mixture of supported catalyst and dispersed ceria [12]. In this 
work, we provide the microstructure of ceria catalyst subjected to kinetic examination in the maximum 
rate temperature.  
 
2. Experimental 

Alumina-supported ceria catalyst (to a final Ce loading of 5, 10, 30 and 50 mol% per Al2O3) was 
prepared by impregnation of alumina powder (Sumitomo chemical, surface area 105 m2/g) with an 
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aqueous solution of Ce(NO3)36H2O (Wako, 99.9% purity). The mixture thus obtained was dried 
overnight at 110 °C and heated at 500 °C for 3 h in air. The starting sample was heated at 600 or 800 
°C for 3 h in air. 

The phase in powders was identified by an X-ray powder diffractometer (XRD, Rigaku rint2000) 
with CuKα X-ray source (40 kV – 40 mA). A scanning electron microscope (SEM, Jeol-JSM7000F) 
and transmission electronic microscope (TEM, Jeol-JEM2000EX) were used for analysis of the 
morphology in the composite samples. The XPS analysis of the catalyst sample was performed using 
Jeol-Jump10 spectrometer. Specific surface area was measured by nitrogen adsorption at 77 K on 
heated powder at 200 °C using Shibata SA1100 system. 

Temperature-programmed reduction (TPR) was performed by using a lab-made apparatus, which 
is equipped with a micro-reactor of quartz and a thermal conductivity detector (TCD), to monitor the 
composition change of gas. 5% H2/Ar flowing gas was passed over 0.1 g catalyst powder pressed at 
temperatures of 50-600°C with a heating rate of 10°C /min. The TPR profiles are presented as TCD 
signals (H2 consumption (arbitrary units)) versus temperature. The heating rate was changed for 
experiments from 5 K/min to 20 K/min. The activation energy, E, is measured by assumption of the 
first order reaction between H2 and CeO2.  

CeO2 + xH2 = CeO2-x + xH2O     (1) 
Actually, the surface of CeO2 is partially reduced by this reaction in H2/Ar atmosphere, so that the 
reaction should be limited by the active site on CeO2 particle. Since H2 gas content is excess for the 
reaction without gaseous oxygen, the concentration of active site to produce oxygen for H2 
consumption should determine to kinetics with the first order. At the maximum rate temperature T, the 
rate constant k is obtained by the first order kinetics using routine operation. The plot of ln (k) versus 
1/T provides a straight line so that E is simply obtained by the measurements with several different 
heating rates in TPR.  

The measurement of oxygen storage capacity (OSC) was done as following. After heat treatment 
of catalyst samples at temperatures of 50-600°C with a heating rate of 10°C /min and kept at 600 °C 
for 20 min in flowing 5% H2/Ar, oxygen gas pulse was injected to the sample, then total amount of 
oxygen absorbed was identified as the OSC at 600 °C. In addition, the second TPR and OSC run was 
performed in the same apparatus without changing the sample, temperature-gas schedule and 
apparatus just after cooled down in the first run. 

3. Result and discussion 
The XRD indicated the mixture of CeO2 and γ-Al2O3 for all the prepared powders after heat 

treatment. The XPS suggests that the dispersion of Ce on alumina support is not complete so that 
surface composition is 0.32 (atomic ratio Ce/Al) for 5 mol% Ce-Al2O3 (total Ce/Al=0.05). 
Homogeneous dispersion of Ce on alumina surface was not achieved because of the agglomeration of 
CeO2. The crystallite size of ceria was measured as 8 – 12 nm from XRD peak broadness (Sherrer’s 
equation). The SEM demonstrates this morphology as in Fig.1. Figure 1(a) shows the ordinary 
secondary electron micrograph with high resolution, where the agglomeration of powders is observed. 
The image in (b) of Fig.1 shows the reflection electron intensity distribution, which was taken with < 3 
nm beam. The bright image corresponds to the heavy metal composition containing Ce, thus the 
agglomeration of CeO2 exits in alumina matrix. The TEM, under high magnification, indicates the 
existence of small agglomeration and partial surface coverage of CeO2 on alumina. 

The H2-TPR profiles in the temperature range of 40 – 600 °C for three samples are compared in 
Fig.2. Alumina-supported CeO2 shows three peaks; the first peak is desorption of water from a 
powder, the second peak (peak A) is the initial hydrogen consumption, and the third peak (peak B) is 
the main peak for reaction between H2 and surface oxygen in CeO2. The peaks distributed at around 
120 – 150 °C, 420 – 450 °C and 550 – 580 °C, respectively. The peak of water desorption appeared in 
alumina support (in Fig.2(a)), however peaks A and B are due to the reduction of ceria on alumina. 

The first peak disappeared by pre-heat-treatment of ceria catalyst in oxidizing atmosphere 
(Fig.2(c)). The peak A was also weakened by the reoxidation treatment at 600 °C after the first TPR 
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experiments (Fig.2(c)). However the board trace around this temperature remained even in the second 
TPR profile. The result suggests that the surface structure corresponding to the peak A has 
degenerated as an active site of hydrogen consumption. Thus, the surface rearrangement for active 
oxygen production is induced by the TPR run. This peak also disappeared after annealing at 800 °C in 
air. Since the elimination of oxygen on CeO2 surface induces the rearrangement of surface with the 
formation of defect site, the modified and stable structure on surface should be formed after heat 
treatment at above 600 °C under reducing and oxidizing condition. On the other hand, the peak B 
showed high H2-consumption amount in the repeated TPR experiments. Since we measured the OSC 
just above the temperature at peak B, the amount of adsorbed oxygen should indicate the active 
oxygen capacity from peak B. Yao et al. [7] have first indicated the three TPR peaks at 500, 750 and 
850 °C for CeO2-Al2O3 catalyst after pretreatment, and suggested that the lowest-temperature peak 
corresponded to the surface capping oxygen of CeO2. 
 
   
 
 
 
 
 
 
 
 
 
 
                                                      (a)                                                         (b) 
Figure 1    Electron micrograph of (a)secondary elentron image and (b) reflection electron image. 
 

The OSC per Ce was ranged between 0.043 and 0.051 for ceria on alumina as heated at 600 °C. 
After heat treatment at 800°C, the OSC decreased to 0.028. The OSC per Ce corresponds to the 
degree of dispersion of Ce on alumina, if the native surface structure is the same as for each ceria 
particle. This is probably because the active oxygen is produced only on surface layer of CeO2 crystal. 
Therefore, the results of OSC values suggest that as the content of Ce increases, the agglomeration of 
CeO2 particles results in the surface area decrease. 

In order to get information on the kinetics for the reduction behaviour of CeO2 supported on 
alumina, the activation energy for hydrogen consumption at each peak in TPR profile was evaluated. 
The activation energy E of alumina-supported ceria with 10mol% and 50 mol% Ce-Al2O3 were 
measured to be 80 kJ/mol for peak A, and 140 kJ/mol for peak B in the first TPR run. In the second 
run, E for peak B of 10 and 50 mol% Ce-Al2O3 was 173 and 145 kJ/mol, respectively. The reducing-
oxidizing (TPR-OSC) cycle induces the different activation energy depending on CeO2 content. The 
less activated oxygen is caused by the surface rearrangement of CeO2 during redox cycle or heat 
treatment. In the reducing atmosphere, alumina-supported ceria causes the solid state reaction between 
ceria and alumina on their interface which induce the production of CeAlO3 [13-15]. Therefore, the 
increase of activation energy observed for 10 mol% Ce-Al2O3 indicates the surface modification of 
CeO2 with heat treatment in TPR. On the other hand, no significant change in activation energy for 
peak B in the second TPR profile was observed for 50 mol% Ce-Al2O3. Its activation energy was 
slightly increased from 141 to 145 kJ/mol. This suggests that the CeO2 surface in this catalyst sample 
is partially rearranged during redox cycle or heat treatment. This is probably because there are many 
surface of agglomerated CeO2 itself, which cannot react with alumina surface. Since the active OSC-
related oxygen site of CeO2 is limited around surface, the structural change at surface is the most 
important factor in alumina-supported ceria for application as OSC or combustion catalyst. 
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Figure 2  
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TPR curves of (a) alumina, 
(b) 10%ceria-alumina at the 
1st run, (c) 10%ceria-
alumina at the 2nd run. 

 
4. Conclusion 

We examined the 
microstructural feature, 
OSC, TPR, and determined 
the activation energy for 
hydrogen consumption on 
alumina-supported ceria. 
The SEM and TEM under 
high magnification indicate 
the small agglomeration, 
and  the  surface coverage  

of CeO2 on alumina. TPR indicated three peaks below the temperature of 600°C. The activation 
energy, E, was 80kJ/mol for the peak A at around 420 °C, and 140 kJ/mol for the peak B at around 
550°C in the first TPR run. In the second run, E for the peak B of 10mol% Ce-Al2O3 changed to 173  
kJ/mol. The reducing-oxidizing cycle induces the different activation energy depending on CeO2 
content. The results suggest the possible surface rearrangement of CeO2 surface with heat treatment 
with reducing and oxidizing atmosphere in alumina-supported ceria 
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