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Deactivation study of Fe2O3�CeO2 during redox cycles 

for CO production from CO2 
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Deactivation was investigated in Fe2O3�CeO2 oxygen storage materials during repeated H2�

reduction and CO2�reoxidation. In situ XRD, XAS and TEM were used to identify phases, 

crystallite sizes and morphological changes upon cycling operation. The effect of redox cycling 

was investigated both in Fe�rich (80wt% Fe2O3�CeO2) and Ce�rich (10wt%Fe2O3�CeO2) 

materials. The former consisted of 100nm Fe2O3 particles decorated with 5�10nm Ce1�xFexO2�x. 

The latter presented CeO2 with incorporated Fe, i.e. a solid solution of Ce1�xFexO2�x, as main 
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 2

oxygen carrier. By modelling the EXAFS Ce�K signal for as prepared 10wt%Fe2O3�CeO2, the 

amount of Fe in CeO2 was determined as 21mol%, corresponding to 86% of the total iron 

content. Sintering and solid�solid transformations, the latter including both new phase formation 

and element segregation, were identified as deactivation pathways upon redox cycling. In Ce�

rich material, perovskite (CeFeO3) was identified by XRD. This phase remained inert during 

reduction and reoxidation, resulting in an overall lower oxygen storage capacity. Further, Fe 

segregated from the solid solution, thereby decreasing its reducibility. In addition, an increase in 

crystallite size occurred for all phases. In Fe�rich material, sintering is the main deactivation 

pathway, although Fe segregation from the solid solution and perovskite formation cannot be 

excluded. 

 

Keywords: Deactivation, Sintering, solid�solid transformation, in situ XRD, XAS. 

 

1.0 Introduction 

With rising global temperatures, the necessity to reduce greenhouse gas emissions like CO2 has 

only gained significance. Several technologies have been proposed to minimize CO2 emissions1�

3. One such technology, which can utilize directly CO2 by converting it to value added fuels is 

chemical looping4�6, a cyclic redox process based on the regeneration of oxygen storage 

materials. In the first half�cycle, gases such as CH4 are employed to reduce the oxygen storage 

material, resulting in the production of CO2 and H2O. The latter are used in the second half�cycle 

for the regeneration of the oxygen storage material. When CO2 is used as reoxidation agent this 

results in the production of CO, which is a useful raw material, e.g. for Fischer�Tropsch 
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 3

processes. Since the amount of CO2 utilized in the second step is much higher than produced in 

the first step, the process is termed CO2 utilization7, 8. 

The process economics of chemical looping are limited by the stability of the oxygen storage 

materials. There are many paths towards the deactivation of oxygen storage materials. For 

example, a material may be poisoned by a contaminant present in the reducing or oxidizing 

agents. Its surface, pores and voids may be fouled by carbon produced during 

cracking/condensation if hydrocarbon or carbon monoxide reactants are used for reduction. Due 

to the high temperature of operation in chemical looping (T > 650oC), thermal degradation may 

occur in the form of active phase crystallite growth, i.e. sintering, collapse of the pore structure 

and/or solid�state reactions of the active phase with the carrier or modifying element. Hence, the 

choice of oxygen storage material and modifying element towards chemical looping play a 

crucial role. 

Oxides of transition metals, such as Ni, Cu, Mo and Fe, are typically used as oxygen carriers. 

Among these, iron oxides stand out because of their natural abundance and high reoxidation 

capacity with CO2 over a wide range of operating conditions (700oC �1000oC)9�11. However, pure 

iron oxides tend to deactivate rapidly. The major factor for deactivation in pure iron oxide 

materials is sintering12�13. 

To overcome this challenge, iron oxides are often modified with other oxide materials, e.g. 

CeO2
14, 15, CeZrO2

16, MgO17, Al2O3
18, 19, ZrO2

20, SiO2
21, TiO2

22 and MgAl2O4
24�26. These 

promoter materials prevent contact between adjacent iron oxide particles, resulting in relatively 

stable particle size, and are therefore termed as physical textural promoters. They mitigate 

sintering by acting as a physical barrier. However, during a prolonged cyclic process, some 

promoters can undergo solid�solid transformations with iron oxide, e.g. MgO to MgFe2O4, Al2O3 
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 4

to FeAl2O4 and CeO2 to perovskite (CeFeO3). These new phases continue to prevent sintering by 

providing a physical barrier between adjacent iron oxide particles, but reduce the total oxygen 

storage capacity because the iron oxide involved in solid�solid transformations no longer 

contributes. For Fe2O3 with Al2O3, iron oxide deactivates significantly during the progression of 

the redox cycles due to its solid−solid transformation to FeAl2O4, requiring a higher temperature 

of reduction and reoxidation. Hence, the success of these promoters greatly depends on the 

nature of these transformations. 

Certain promoters contribute towards the redox reaction, along with iron oxide, in addition to 

providing a physical barrier. These are therefore termed chemically active promoters, e.g. CeO2, 

CeZrO2
16, 27among the latter, CeO2 stands out as it has high activity towards methane oxidation 

by lattice oxygen, as well as reasonable H2O or CO2 reoxidation capacity28, 29. The redox couple 

Ce4+ and Ce3+ facilitates oxygen storage and release from its bulk fluorite lattice. Additionally, 

CeO2 induces structural modification and stabilization of iron oxides, making it an ideal 

candidate for promoting iron oxide in a chemical looping process. Indeed, the formation of a 

solid solution between CeO2 and MeOx (Me= Mn, Fe, or Cu) has been found to be responsible 

for enhanced reducibility at lower temperatures compared with pure CeO2
8.  

In a previous study, the influence of CeO2 as chemically active promoter for iron oxides was 

investigated for a range of loadings. The addition of CeO2 to Fe2O3 resulted in higher activity in 

comparison to the bulk oxides8. Among these mixed oxide materials, 80wt%Fe2O3�CeO2 showed 

the highest redox properties. Despite its high initial activity, the material suffered from 

deactivation, albeit less severe than pure iron oxide. At the opposite side of the Fe2O3�CeO2 

mixing range 10wt%Fe2O3�CeO2 and 30wt%Fe2O3�CeO2 materials had low oxygen storage 

capacity but were less prone to deactivation.  
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 5

The present investigation focuses on the origin and nature of deactivation in Fe2O3�rich and 

CeO2�rich Fe2O3�CeO2 materials. For this study, the most active 80wt%Fe2O3�CeO2 was 

compared with 10wt%Fe2O3�CeO2, where CeO2 acts as bulk oxygen carrier material. The 

addition of a small amount of Fe2O3 to CeO2 is known to result in lower CeO2 redox 

temperatures, making this material applicable in chemical looping redox processes8. 

Mechanisms of deactivation such as sintering and solid�solid transformation during chemical 

looping were investigated using in situ XRD, TEM and XAS. In situ XRD was employed to 

study the redox properties during the reaction. XAS and TEM were employed to study the local 

environment around Fe and Ce. 

 

2.0 Experimental 

2.1 Material preparation 

Fe2O3�CeO2 materials with 10 and 80wt% Fe2O3 were prepared. The following chemicals were 

used as precursor materials for the synthesis of mixed oxides: Fe(NO3)3.9H2O (99.99+%, Sigma�

Aldrich®) and Ce(NO3)3.6H2O(99.99%,Sigma�Aldrich®). All samples were prepared via one 

pot co�precipitation by ammonium hydroxide. The precipitate was then separated by filtration, 

followed by drying in an oven at 120°C for 10 hours. The samples were calcined at 650°C for 6 

hours.  

In addition to the above materials, 50wt%Fe2O3�CeO2 was synthesized by co�precipitation and 

subjected to 10 cycles of TPR�TPO up to a temperature of 950oC as pre�treatment. This material 

was used for comparison of perovskite (CeFeO3) redox properties with cycled materials.  

The Brunauer–Emmett–Teller (BET) surface area of each sample was determined by N2 

adsorption at 77 K (five point BET method using Gemini Micromeritics). Prior to analysis, the 
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 6

sample was outgassed at 200 °C for 4 h to eliminate volatile adsorbates from the surface. The 

surface area of as prepared 10 and 80wt%Fe2O3�CeO2 amounted to 18 m2/g and 15 m2/g 

respectively. The surface area of used samples decreased by ten times. 

 

2.2 General characterization: X Ray Diffraction (XRD)  

The crystallographic phases of the materials were determined with a Siemens Diffractometer 

Kristalloflex D5000, with Cu Kα (λ=0.154nm) radiation. The powder patterns were collected in 

a 2θ range from 10° to 80° with a step of 0.02° and 30s counting time per angle. The crystallite 

size was determined using the Scherrer equation by fitting a Gaussian function to the three most 

intense characteristic peaks to obtain the peak width at half maximum. 

 

2.3 X Ray Absorption Spectroscopy (XAS) 

XAS measurements were performed at the Fe�K (7112 eV), Ce�LIII (5873 eV) and Ce�K (40443 

eV) edges. The Fe�K and Ce�LIII measurements were performed at the DUBBLE beam line (BM 

26A) and the Ce�K edge data were collected at SNBL (BM 01B) both of the European 

Synchrotron Radiation Facility (ESRF) in Grenoble (France). The optics and energy alignment 

was performed using a Fe foil and CeO2 reference.  

 

2.4 EXAFS data reduction analysis 

XAS data reduction and analysis were executed with Athena and Artemis, part of the Demeter 

0.9.13 software package30. The pre�edge background was removed by subtracting an 

extrapolated modified Victoreen curve from the raw data. The edge energy E0 was chosen at the 
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 7

maximum of the first derivative of the spectrum. The atomic background µo was calculated by 

the AUTOBK routine using a cubic spline fitting procedure. Background subtraction, 

normalization, χ(k) isolation and Fourier transformation were performed using the methodology 

of Koningsberger et al.31. In view of Ce�K edge EXAFS signal modelling, the amplitude 

reduction factor ��
� = 0.83 ± 0.05 was calculated from reference CeO2. The local environment 

of Ce was fitted by implementing a Fe doped CeO2 model. The single scattering paths with 

significant contribution to the Ce�K signal were selected and used for further modelling. 

The FEFF 6.0 ab initio code32 was applied to calculate the phase shifts and backscattering 

amplitude functions of Ce–O, Ce–Ce and Ce–Fe contributions to the EXAFS signal. IFEFFIT 

was utilized for non�linear least�squares minimization of the objective function using a 

Levenberg–Marquardt algorithm, yielding estimates for the structural parameters30. For this 

minimization, multiple shell fitting was performed in R�space using multiple k�weightings. The 

fitting was performed by model discrimination of fit by implementing single scattering paths 

with and without incorporation of Fe. The agreement between model and experiment was 

evaluated statistically by means of the minimized objective function χ�
�	and the F�value. The χ�

�	 

is the reduced sum of square residuals with �� degrees of freedom. The F�test was performed 

using Hamiltonian formulation33 and the confidence interval α was calculated by the approach 

described by Bacchi et al.34. For global significance of the regression the inverse F�value or ��

value is reported. 

2.5 In situ XRD analysis 

The crystallographic changes during H2�TPR and CO2�TPO were followed with in situ XRD in a 

home�built reaction chamber housed inside a Bruker�AXS D8 Discover apparatus (Cu Kα 

radiation of 0.154 nm) with a linear detector covering 20° in 2θ and an angular resolution of 
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 8

approximately 0.1° in 2θ. A typical collection time of 10 s was used during these experiments. 

10 mg of powdered sample was evenly spread on a single crystal Si wafer. Interaction of the 

catalyst material with the Si wafer was never observed. After pump�down to a base pressure of 4 

Pa, gases were supplied to the reactor chamber from a rig with calibrated mass flow meters.  

A full XRD scan (10° to 65° with a step of 0.02°) was recorded at room temperature before and 

after each TPR and TPO experiment. The TPR was performed in flow conditions of H2 at 

1.1Nml/sec up to a temperature of 800°C. This was followed by reoxidation with CO2 at the 

same flow rate up to 800°C. Both of these treatments were performed at a uniform heating rate of 

20°C/min.  

2.6 TEM 

High angle annular dark field scanning transmission electron microscopy (HAADF�STEM), 

energy dispersive X�ray (EDX) spectroscopy and electron energy�loss spectroscopy (EELS) 

experiments were performed with a FEI Titan “cubed” electron microscope equipped with an 

aberration corrector for the probe�forming lens, a high resolution EELS spectrometer (Gatan GIF 

Quantum) and a wide solid angle “super�X” EDX detector, at 120 kV and 300 kV acceleration 

voltage. The STEM convergence semi�angle used was ~22 mrad, while the inner collection 

semi�angle for HAADF�STEM imaging at 300kV was ~50 mrad and at 120kV ~85 mrad. 

2.7 Experimental Reactor Setup  

Redox cycling measurements were carried out at atmospheric pressure in a quartz tube 

microreactor (i.d. 10 mm), placed in an electric furnace. Typically, 30 mg of material was packed 

in a quartz bed. This material was diluted with inert α�Al2O3 with a ratio of 1:10. The 

temperature of the catalyst bed was measured with K�type thermocouples touching the outside 

and inside of the reactor at the position of the catalyst bed. In all experiments, the material was 
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 9

reduced by H2 and reoxidized by CO2. In between He was purged during redox cyclic 

experiments. The total flow rate of the feed gas into the reactor was maintained constant at 

1.1Nml/s by means of Brooks mass flow controllers. The redox property of the samples was 

investigated at 650°C. The feed and product gas streams were monitored online using an 

OmniStar Pfeiffer mass spectrometer (MS). The response of the MS detector was regularly 

verified with calibration gases. A carbon balance with a maximum deviation of 15% was 

obtained. The CO yield is calculated as (equation 1) 

Yield	���� = 	
���	

�
  (Eq. 1) 

 where ��� = 	Mole	of	CO	produced	�mol� ; )*+	
= Mass	of	oxygen	carrier	material	[kg]. 

3.0 Results  

3.1 Isothermal Cycling 

The effect of redox cycling on the CO yield of 80wt%Fe2O3�CeO2 and 10wt%Fe2O3�CeO2 was 

studied at a temperature of 650oC during 100 redox cycles (Figure 1). The highest CO yield was 

shown by 80wt%Fe2O3�CeO2. In this material the CO yield decreased steadily during the first 30 

cycles and thereafter remained stable. For 10wt%Fe2O3�CeO2, the CO yield steeply dropped 

during the first 10 cycles and then remained constant up to 100 cycles. Over the redox cycles, the 

conversion of CO2 decreased from 15% to 6% for 80Fe�CeO2 and from 9% to 2% for 10Fe�

CeO2. This decrease in CO yield for both materials is the result of deactivation. However, the 

different trends in decrease of CO yield (Figure 1) could suggest that different factors could 

govern the deactivation, determined by the interaction between the metal oxides present in both 

oxygen storage materials13, possibly leading to different routes of deactivation. In order to 

identify the different mechanisms of deactivation, a systematic characterization of materials was 

performed to map out their redox properties in relation to their stability. 
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 10

 

Figure 1: CO yield as a function of number of isothermal redox cycles for 10wt%Fe2O3�CeO2 

and 80wt%Fe2O3�CeO2. (●) 80wt%Fe2O3�CeO2 and (■) 10wt%Fe2O3�CeO2. 

 

3.2 Materials Characterization  

3.2.1 XRD��

The as prepared and cycled materials were characterized using XRD to identify the phases 

present. From the diffraction pattern of 80wt%Fe2O3�CeO2 (Figure 2a (i)), characteristic peaks 

for Fe2O3 and CeO2 were identified. For 10wt%Fe2O3�CeO2 clear contributions of CeO2 along 

with minor peaks of Fe2O3 (dotted lines) were observed (Figure 2a (ii)).  

The state of the materials after redox cycling is shown in Figure 2b. The diffraction pattern of 

cycled 80wt%Fe2O3�CeO2 (Figure 2b(i)) exhibited peaks at 2θ values corresponding to CeO2 and 

Fe3O4. From the XRD of cycled 10wt%Fe2O3�CeO2 (Figure 2b(ii)), peaks of CeO2, Fe3O4 and 
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 11

perovskite (CeFeO3) as new phase were identified. Further reoxidation to Fe2O3 can only be 

achieved if O2/air is employed for reoxidation35.  

The crystallite sizes of the as prepared materials and 100 times cycled materials were calculated 

using the Scherrer equation (Table 1). For Fe2O3 in as prepared 80wt%Fe2O3�CeO2 and Fe3O4 in 

both cycled materials, reliable values could be obtained from XRD. However, in as prepared 

10wt%Fe2O3�CeO2 the Fe2O3 diffractions were too weak for crystallite size determination. 

Hence, for the Fe2O3 phase in this material, crystallite sizes from TEM are reported in Table 1. 

The crystallite size of CeO2 determined by XRD showed that crystallites in 10wt%Fe2O3�CeO2 

are larger than in 80wt%Fe2O3�CeO2. In addition, the formation of a solid solution Ce1�xFexO2�x 

was identified from the lattice parameters of CeO2 for both as prepared 10wt%Fe2O3�CeO2 and 

80wt%Fe2O3�CeO2 (Table 1). The replacement of a larger cation (Ce+4, 1.01 Å) with a smaller 

one (Fe+3, 0.64 Å) led to contraction of the lattice and, hence, a smaller lattice parameter in 

comparison to pure CeO2 (0.5411 nm)8. This is in agreement with the CeO2 lattice parameter 

evolution for a series of 2wt% to 80wt%Fe2O3�CeO2 (details of lattice parameter evolution for 

the series of materials in supplementary info Figure S1) and suggests that during synthesis, 

incorporation of Fe in CeO2 occurred to form a solid solution Ce1�xFexO2�x which stabilized the 

crystallite size of CeO2. The resulting solid solutions Ce1�xFexO2�x in both 10wt%Fe2O3�CeO2 

and 80wt%Fe2O3�CeO2 are expected to present enhanced redox properties compared to pure 

CeO2
16. 
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 12

 

Figure 2: XRD diffraction patterns of (i) 80wt%Fe2O3�CeO2 and (ii) 10wt%Fe2O3�CeO2: a) as 

prepared and  (b) 100 times cycled. ( ) Fe2O3, ( ) CeO2, ( ) Fe3O4, and (  ) CeFeO3. 

After cycling, CeO2 crystallites showed a 2.5 times increase in 10wt%Fe2O3�CeO2 and 4 times 

increase in 80wt%Fe2O3�CeO2. This was due to sintering of the oxygen storage material and 

segregation of incorporated Fe from the CeO2 lattice, resulting in the formation of separate Fe3O4 

phase. This phase segregation is also evidenced from the CeO2 lattice parameters of cycled 

materials (Table 1) which  were closer to that of pure CeO2 (0.5411 nm), which indicates that 

part of the Fe was segregated upon cycling, leaving less Fe incorporated in the CeO2 lattice. 
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Further, the new perovskite phase CeFeO3 formed in 10wt%Fe2O3�CeO2 upon cycling, also 

displayed large crystallite sizes (Table 1). Crystallites of pure iron oxide also suffered from 

heavy sintering. In 80wt%Fe2O3�CeO2 the increase was only twofold, which could be due to 

CeO2 nanocrystallites acting as a physical barrier and thereby controlling the sintering of iron 

oxides. The increase of crystallite size was more predominant in 10wt%Fe2O3�CeO2, where 

sintering yielded a tenfold increase of the iron oxide crystallite size.  

Table 1: Crystallite sizes and CeO2 lattice parameters of as prepared and cycled materials from 

XRD. 

Phase 10wt%Fe2O3 CeO2 80wt%Fe2O3 CeO2 

 Fresh 
(nm) 

100 cycles 
(nm) 

Fresh 
(nm) 

100 cycles 
(nm) 

CeO2 15±3 38±4 9±3 35±4 

CeFeO3 
 b 75±10 b b 

Fe2O3/Fe3O4 5a,b 48±13 54±4 98±6 

Lattice 
parameter from 

CeO2 (111) 

0.5385  
±0.0005 

0.5401 
± 0.0007 

0.5389 
± 0.0004 

0.5401 
± 0.0005 

a�determined from TEM, b� no diffraction peaks present. Error represents standard deviation 

calculated from 3 most intense peaks. 

 

3.2.2 TEM �

The HAADF�STEM image of the as prepared 80wt%Fe2O3�CeO2 sample (Figure 3a) 

demonstrates the presence of two kinds of particles. The smaller nanoparticles were identified as 

CeO2 based on the EELS mapping (Figure 3b). They decorated the larger crystallites of Fe2O3 

(~50nm). Strong agglomeration of the nanoparticles during cycling (for 100 cycles) led to a 

significant change of the particle size (Figure 3c). However, the sintered particles of ceria and 

iron oxide still demonstrate a similar proportion as in the as prepared situation where smaller 
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ceria nanoparticles decorate the larger iron oxide nanoparticles (Figure 3d). The size of the 

nanoparticles observed after cycling is in agreement with the size retrieved based on XRD data.  

The HAADF�STEM image of the as prepared 10wt%Fe2O3�CeO2 (Figure 4a) demonstrates the 

nanoparticulate morphology of the sample. Elemental mapping (Figure 4b) shows mainly ceria 

particles to be present. After cycling, the material remains nanosized (Figure 4c), consisting 

mainly of ceria nanoparticles (Figure 4d). However, several dispersed iron oxide nanoparticles 

are observed as well. The crystallite sizes calculated from TEM were in agreement with XRD 

from Table 1. 

 

Figure 3: a) HAADF�STEM image of the as prepared 80wt%Fe2O3�CeO2 sample; b) 

corresponding EELS map for Fe and Ce; c) HAADF�STEM image of the 100 times cycled 

80wt%Fe2O3�CeO2 sample; d) corresponding EELS map for Fe and Ce. 
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Figure 4: a) HAADF�STEM overview of as prepared 10wt%Fe2O3�CeO2 with b) corresponding 

EDX map for Ce and Fe. c) HAADF�STEM overview of the 100 times cycled 10wt%Fe2O3�

CeO2 sample together with d) corresponding EDX map for Ce and Fe. 

 

3.2.3 XAS:�	��
��
����������� 

The incorporation of Fe inside CeO2 lattice resulted in the formation of solid solution Ce1�xFexO2�

x as evidenced  from the XRD lattice parameters for CeO2. The lattice parameter evolution of 

CeO2 over a range (2�80wt%Fe2O3�CeO2) of mixed oxide materials (Supplementary Figure S1) 

shows a plateau between 10wt% and 80wt%Fe2O3�CeO2. This indicates that for each of these 

materials a similar amount of Fe is incorporated inside the CeO2 lattice. In addition, in the XRD 

patterns (Figure 2a (ii)) no major contribution of Fe2O3 in 10wt%Fe2O3�CeO2 was present, 

indicating that a large fraction of Fe can be incorporated inside the CeO2 lattice. In order to 

obtain a value for the amount of Fe inside the CeO2 lattice in as prepared materials, structural 

modeling was applied to the Ce�K edge EXAFS data. Hence, to determine the amount of Fe 

dissolved inside the CeO2 lattice, modeling of 10wt%Fe2O3�CeO2 was pursued at the Ce�K edge. 

The model was implemented by comparing the CeO2 fluorite structure and a Fe doped CeO2 
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fluorite structure, denoted as Ce1�xFexO2�x where x is the amount of dissolved Fe as parameter to 

be determined. Both models were fit to the Ce�K EXAFS signal of 10wt%Fe2O3�CeO2 at 

ambient conditions (\k = 0.24–1.01 nm�1, \R = 0.13–0.41 nm). The fit using the Fe doped CeO2 

structure yielded an ��value of 0.0034, whereas for the fit using the pure CeO2 structure an ��

value of 0.0064 was obtained. The F test was performed, generating a confidence level α of 94% 

for the hypothesis that the Fe doped CeO2 structural model yielded a significantly better fit than 

the pure CeO2 model. Consequently, pure CeO2 was rejected as structural model and thus, the 

model with Fe doped CeO2 was chosen as best representing the Fe�doped CeO2 lattice.  

 

Table 2: Fit results of the Fe incorporated CeO2 model (\k = 0.24–1.01 nm�1, \R = 0.13–0.41 

nm) in R�space with multiple ki�weighted (i = 1, 2 and 3) to the Ce�K edge EXAFS signal of 

10wt%Fe2O3�CeO2 in ambient conditions. 

  R (Å) N σ² (Å2) 

Ce O 2.341±0.001 7.61±0.70 0.0078±0.0012  

Ce Ce 3.824±0.002 9.39±2.26 0.0047±0.0016 

Ce Fe 3.843±0.016 2.89±1.20 0.0047±0.0016 

Ce O 4.484±0.002 27±20.12 0.0171±0.0117 

 

The regression fit results of Fe doped CeO2 are shown in Table 2. The coordination of the first 

shell remains close to that of pure CeO2. However, the second shell is split into contributions of 

Ce and Fe. In order to decorrelate the coordination number N of Fe scatterers in the second shell 

around the Ce absorber from the Debye–Waller factor for these Fe atoms, the latter was kept 

equal to the one of the Ce atoms. The Debye–Waller factor of the first Ce�O shell showed a high 

value, because oxygen as lighter element exhibits a higher entropy. An increase in Debye–Waller 
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factor was also observed in the next O shell due to the light O scatterers and to the Fe 

incorporation into the lattice of CeO2. A best fit (Figure 5) was obtained with x = 0.21 ± 0.08 so 

that 21% of the Ce atoms in CeO2 is substituted with Fe. This corresponds to 85% of the Fe 

available, residing within the Ce1�xFexO2�x solid solution in 10wt%Fe2O3�CeO2. For 

80wt%Fe2O3�CeO2, it can be assumed that the same amount of Ce is replaced with Fe, i.e. 

21mol%, based on the similar CeO2 lattice parameters. This will of course represent a much 

smaller fraction of Fe in 80wt%Fe2O3�CeO2 than in 10wt%Fe2O3�CeO2. 

 

Figure 5: Fourier transformed k2 �weighted EXAFS signal of 10wt%Fe2O3�CeO2 and ki �

weighted (i = 1, 2 and 3) fit (dashed line) with Fe incorporated CeO2 model Ce1�xFexO2�x and x = 

0.21. The upper part represents the modulus of FT, whereas the lower part is the imaginary part 

Im[FT{k2 
χ(R)} The dotted rectangle indicates the window fitting range. No phase correction 

was used. ( ) EXAFS signal of 10wt%Fe2O3�CeO2, ( ) fit and ( ) fitting window. 
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3.2.4 In situ characterization: Solid solid transformation 

The material transformations affecting the redox properties during prolonged cycling were 

investigated during H2�TPR and CO2�TPO using in situ XRD36� 39 and conventional temperature� 

programmed reaction. The crystallographic changes observed in in situ XRD were correlated 

with the consumption profiles from the conventional temperature�programmed experiments. 

 

3.2.4.1 H2 TPR 

3.2.4.1a 80wt %Fe2O3 CeO2 

Figure 6a represents the crystallographic changes during H2�TPR of as prepared 80wt%Fe2O3�

CeO2. The transition of Fe2O3 to Fe3O4 occurs at a temperature of ~450oC and further 

transformation of Fe3O4 to FeO starts around ~500oC. The deeper reduction of FeO to Fe is 

identified by the appearance of the diffraction peak of metallic Fe at 2θ=45o at higher 

temperature ~600oC. Diffraction peaks for CeO2 (111) and (200) at 2θ=28o and 33o were 

observed without an apparent phase transformation to Ce2O3. This is in agreement with the bulk 

reduction from CeO2 to Ce2O3 occuring at a much higher temperature40. After redox cycling of 

this material, Fe3O4 and CeO2 are the major phases detected by in situ XRD (Figure 6b). A H2�

TPR of the cycled material shows a faint transition from Fe3O4 to FeO at ~500oC, temperature at 

which also the deeper reduction to metallic Fe starts. The temperature, at which successive 

reductions occur for both states of the 80wt%Fe2O3�CeO2 sample, was further evaluated based 

on the diffraction intensity variations segregated from the in situ XRD map (Figure 6c). All 

phase transitions occur at similar temperature for the as prepared and cycled material.  
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Figure 6: Evolution of 80wt%Fe2O3�CeO2 

during H2�TPR as followed by in situ XRD 

and conventional TPR. Crystallographic 

changes of 80wt%Fe2O3�CeO2 in (a) as 

prepared and (b) 100 times cycled sample; (c) 

intensity variation of iron oxide phases from 

in situ XRD in (a) and (b); Intensity changes 

during in situ XRD of ( ) as prepared, (

) 100 times cycled sample; (d) changes in 

CeO2 (111) position of as prepared and 100 

cycled material; Variation of CeO2 (111) 

peak position with temperature for  (  ) as 

prepared and ( ■ ) 100 times cycled sample; 

dotted and dashed lines represent thermal 

lattice expansion; (e) H2 comsumption 

profiles during conventional �TPR of ( ) 

as prepared, ( ) 100 times cycled sample. 
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Parallel to iron oxide reduction, CeO2 could also take part in the reduction, even if no true phase 

transition takes place. This was verified by following the CeO2 (111) peak position as a function 

of temperature (Figure 6d). Thermal lattice expansion induces a gradual lowering of the peak 

position, indicated by the dashed lines. However, deviations from the extrapolated thermal 

expansion occur at 400°C for as prepared material, indicating a stronger increase of the lattice 

size. This is due to partial reduction of the lattice, since Ce3+ is larger than Ce4+, which causes an 

abrupt shift to lower 2θ values at this temperature. For the cycled material, no downward 

deviation was observed. As indicated by the lattice parameters from XRD (Table 1), the cycling 

already segregates Fe from the solid solution, which could make the remaining phase less prone 

to partial reduction. Above 700°C, bulk reduction of CeO2 sets in, accompanied by a further 

lattice expansion. 

Based on the analysis of in situ XRD, the conventional H2�TPR profiles can be interpreted in 

terms of reduction of iron and cerium oxide phases. In Figure 6e a sharp consumption peak at 

~450oC is observed for the as prepared material followed by a broad peak around 700oC. Based 

on in situ XRD (Figure 6a), the consumption peak at ~450oC refers to the transition of Fe2O3 to 

Fe3O4 together with the partial reduction of CeO2 (Figure 6d), which contributes to the onset of 

the conventional reduction profile. Further reduction from Fe3O4 to FeO and FeO to Fe are 

established  within the high temperature single broad peak, together with the start of bulk CeO2 

reduction above 700°C. For the 100 times cycled sample, the single broad peak in the reduction 

profile corresponds to the simultaneous reduction of Fe3O4 to FeO, of FeO to metallic Fe (Figure 

6c) and the onset of CeO2 bulk reduction above 650oC (Figure 6d). 

Overall, the complete reduction of Fe3O4 to Fe occurs at a relatively higher temperature for the 

cycled sample than for the as prepared one, due to increased particle size (Table 1). For the 
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partial reduction of CeO2, the opposite was true. The latter can be understood since cycling 

results in partial Fe segregation, as evidenced from the increased CeO2 lattice parameter (Table 

1), leading to decreased redox properties. 

3.2.4.1b 10wt %Fe2O3 CeO2 

A similar in situ XRD analysis was performed on 10wt%Fe2O3�CeO2 to examine the change in 

reducibility of the as prepared and cycled material. While diffraction peaks of Fe2O3 were not 

observed during the in situ XRD of as prepared material (Figure 7a), metallic Fe appeared above 

~600oC. For the cycled material, the phases of CeO2, perovskite (CeFeO3) and Fe3O4 were 

identified in the sample at the start of TPR (Figure 7b). Reduction to metallic Fe started at a 

temperature of ~550oC. The diffraction peaks of perovskite (CeFeO3) and CeO2 remain visible 

throughout reduction and no peaks corresponding to Ce2O3 were observed.  

The transition temperature to Fe in as prepared and cycled materials was further evaluated using 

the integrated diffraction intensities. The intensity plot versus temperature (Figure 7c) shows the 

onset of formation of metallic Fe in the as prepared sample already starting at ~400oC. For the 

cycled sample, the formation of metallic Fe is observed around 600oC when Fe3O4 is almost 

completely consumed (Figure 7c). The late onset of reduction of Fe is the result of sintering 

which leads to an increased crystallite size (Table 1). The latter results in higher reduction 

temperatures due to a prolonged diffusion time of oxygen from bulk to surface. The reduction to 

metallic Fe in the cycled sample shifts upward by 200oC, unlike in 80wt%Fe2O3�CeO2 where the 

reduction to metallic Fe was observed at a similar temperature in the cycled sample. As cycling 

leads to sintering as evidenced by the crystallite size increase (Table 1) and to formation of 

perovskite (CeFeO3), these phenomena must be held responsible for the higher reduction 

temperature of cycled 10wt%Fe2O3�CeO2.  
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Figure 7: Evolution of 10wt%Fe2O3�CeO2 

during H2�TPR as followed by in situ XRD 

and conventional TPR: crystallographic 

changes of (a) as prepared and (b) 100 times 

cycled sample; Variations of iron oxide 

diffractions during in situ XRD of (  ) as 

prepared, ( ) 100 times cycled sample; (c) 

intensity variation of iron oxide phases from 

in situ XRD; (d) changes in CeO2 (111) 

position of as prepared and cycled material; 

Changes of CeO2 (111) peak position with 

temperature for  (  ) as prepared and ( ■ ) 

100 times cycled sample; dotted and dashed 

lines represent thermal lattice expansion; (e) 

H2 consumption profiles during H2 ( ) as 

prepared, ( ) 100 times cycled material.  
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Possible reduction of CeO2 was accessed as before from a peak position analysis (Figure 7d). In 

as prepared material partial reduction of CeO2 is seen at ~450oC, while in the cycled sample it 

hardly occurred before bulk reduction started. The early reduction in the as prepared materials is 

ascribed to the enhanced reducibility of CeO2 species promoted by incorporated Fe.  

Using the above results from in situ XRD, the conventional H2�TPR on as prepared and cycled 

10wt%Fe2O3�CeO2 were interpreted. The consumption profile for as prepared material shows 

three peaks (Figure 7e). The first peak at ~425oC can be ascribed to reduction of Fe2O3 to Fe3O4 

as also seen in 80wt%Fe2O3�CeO2, although this transition remained invisible in in situ XRD. 

The second peak ~550°C could correspond to the early reduction of the Ce+4 species promoted 

by Fe and first reduction to metallic Fe. The third peak follows from reduction to metallic Fe and 

bulk CeO2 reduction. For the cycled sample, a single broad H2 consumption peak is observed 

arising from the onset of bulk CeO2 reduction, with a shoulder on the rising edge, originating 

from iron oxide reduction to metallic Fe.  

3.2.4.2 CO2 TPO 

The in situ H2�TPR was followed by CO2�reoxidation for all samples. The reoxidation 

temperatures for partially reduced CeO2 were evaluated as before from the CeO2 (111) peak 

position, and compared with conventional TPO temperatures (Figure 8). The profile of 

reoxidation for as prepared 10wt%Fe2O3�CeO2 material after reduction (Figure 8a) first peaked 

at 400oC with the bulk reoxidation occurring at 500oC, whereas that of the 100 times cycled 

sample appeared in a single peak at 600oC. The CO2 consumption peak of as prepared material at 

400oC corresponds to reoxidation of the solid solution Ce1�xFexO2�x, based on the CeO2 (111) 

peak position change from in situ XRD (Figure 8b). The second peak corresponds to reoxidation 

of metallic Fe to Fe3O4, which starts at 500°C (Supplementary info Figure S2a) and further 
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reoxidation of Ce+3.  For the 100 times cycled sample, the single broad consumption curve 

represents the combined reoxidation of Ce+3 above 450°C and metallic Fe from 550°C on (Figure 

8b and supplementary info Figure S2b). 

 

Figure 8: conventional reoxidation profiles of (a) 10wt%Fe2O3�CeO2 and (c) 80wt% Fe2O3�

CeO2, as prepared and 100 cycled; changes in the CeO2 (111) peak position during CO2 

reoxidation of (b) 10wt%Fe2O3�CeO2 and (d) 80wt% Fe2O3�CeO2, as prepared and 100 times 

cycled.  Comsumption profiles during conventional CO2�TPO of ( ) As prepared, ( ) 100 

times cycled sample. CeO2 peak position of 10wt%Fe2O3�CeO2 (■)  as prepared, ( ) 100 times 

cycled and 80wt%Fe2O3�CeO2  ( ) as prepared and ( ) 100 times cycled sample. Each cycle (16 

min) is composed of 4 min H2 (5% in Ar), 4 min He, 4 min CO2 (100%) and 4 min He at 650oC. 

All the gas flows were 1.1 Nml/s. 
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A similar analysis was performed for 80wt%Fe2O3�CeO2. The reoxidation of as prepared and 

cycled materials of 80wt%Fe2O3�CeO2 (Figure 8c) peaked at similar temperatures (~600oC). The 

position analysis of CeO2(111) shows that partial reoxidation of Ce+3 to Ce+4 occurs at ~470oC 

for as prepared material and at ~600oC for the 100 times cycled sample (Figure 8d). These 

temperatures fall within the conventional reoxidation profile of both materials. In addition, these 

broad peaks contain a contribution from the reoxidation of metallic Fe to Fe3O4, occurring at 

400°C for as prepared and at 350°C for cycled material (Supplementary info Figure S3a&b). 

Similar reoxidation temperatures were observed in the fresh and cycled samples for 

80wt%Fe2O3�CeO2, whereas in 10wt%Fe2O3�CeO2 the reoxidation of the cycled sample shifted 

to higher temperatures.  

 

4.0 Discussion 

In chemical looping, deactivation of Fe2O3�CeO2 oxygen storage materials is observed as a 

decline in CO yield as a function of redox cycles. Extensive characterization of materials, by 

means of In situ XRD, TEM and XAS, showed the latter is due to a combination of solid�solid 

transformation and sintering. The former comprises the formation of a new phase and/or 

elemental segregation. Sintering on the other hand leads to an increase of crystallite size and, 

hence, smaller surface area. The nature and extent of these changes determine the overall yield of 

the chemical looping reaction in a prolonged redox process.  

4.1 Solid solid transformation 

The first kind of deactivation is due to strong promoter and support interaction during prolonged 

redox cycling. For the materials of the present study, solid�solid transformation can be 

categorized into two types: 1) formation of a perovskite phase CeFeO3 due to interaction of Fe 
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and CeO2 during redox cycling41�44 and 2) segregation of Fe from the solid solution Ce1�xFexO2�

x
23. The perovskite formation was identified using in situ XRD and XAS, while the segregation 

of Fe was identified using the XRD lattice parameter evolution during the first 10 cycles.  

In the first type of deactivation, the amount of exchangeable oxygen is restricted by the nature of 

the phase formed. If the new phase remains inert to reduction and oxidation, this results in a 

decrease of oxygen available for reaction and hence lowering of the oxygen storage capacity. 

The second type of deactivation, segregation of Fe from Ce1�xFexO2�x leads to destruction of the 

solid solution and higher reduction temperatures for CeO2, which is not beneficial for the redox 

process16, 54, 55.  

4.1.1 Perovskite formation (CeFeO3) 

To assess the influence of CeFeO3 on the redox properties during cycling, pretreated 

50wt%Fe2O3�CeO2 was investigated using in situ XRD. The peak position analysis of CeFeO3 

(112) during H2�TPR and CO2�TPO (Supplementary info Figure S4) showed a steady shift 

towards lower two theta values, due to thermal lattice expansion. Hence, the perovskite phase 

didn’t show reducibility in the given temperature range, and the formation of CeFeO3 only led to 

loss of active metal available for reaction.  

4.1.2 Segregation of Fe 

For as prepared materials, Ce�K EXAFS modelling revealed around 21mol% of Ce substituted 

by Fe inside Ce1�xFexO2�x. TEM images show the presence of atomically dispersed Fe throughout 

CeO2, while the CeO2 lattice parameter calculations from XRD indicate that an amount of Fe 

was incorporated inside the lattice of CeO2 (Supplementary info Figure S1).  
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Figure 9: The CeO2 lattice parameters of cycled 10wt% Fe2O3�CeO2 and 80wt%Fe2O3�CeO2 as 

a function of cycles Lattice parameters of (  ) 80wt%Fe2O3�CeO2 and (  ) 10wt%Fe2O3�CeO2. 

The error bars represent standard error (68% confidence interval) calculated from 3 most intense 

peaks. 

 

In previous work on 5wt%Fe2O3�CeO2, agglomeration of segregated Fe was observed in TEM 

after 10 redox cycles, leading to nanoclusters at the CeO2 grain boundaries23. To further 

investigate the phenomenon of Fe segregation, lattice parameter calculations were performed 

after each redox cycle (Figure 9). It turned out that Fe was segregated from the CeO2 lattice upon 

the very first redox cycle, while for subsequent cycles, the lattice parameter levelled off between 

0.5389�0.5392nm. When comparing these values to those after 100 cycles (Table 1), it appears 

that the unit cell parameters do increase further, from 0.5389�0.5392nm at cycle 10 (Figure 9) to 
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0.5401nm upon cycle 100 (Table 1). This indicates that an amount of Fe is segregated easily in 

the first redox cycle, but further withdrawal of Fe proceeds much slower. 

The effect of Fe segregation upon the redox properties of the material can be twofold. On the one 

hand, it destroys the solid solution Ce1�xFexO2�x, which in turn will lead to more elevated redox 

temperatures and enhanced sintering for CeO2. On the other hand, the segregated Fe can 

contribute to the redox capacity of iron oxides, but is also likely to suffer from sintering.  

 

4.2 Sintering 

During sintering the overall oxygen available remains unchanged, but the increased diffusion 

time of oxygen from the bulk to the surface leads to a loss of CO yield. To assess when the effect 

of sintering sets in, the change in crystallite size of both CeO2 and Fe3O4 was determined as a 

function of cycles (Figure 10). Sintering of iron oxide is more rapid in 10wt%Fe2O3�CeO2 than 

in 80wt%Fe2O3�CeO2 (Figure 10). For 10wt%Fe2O3�CeO2, the increase in crystallite size of iron 

oxide is especially steep after the first cycle: from 5nm Fe2O3 particles in as prepared material to 

~30nm Fe3O4 after 1 redox cycle. This huge size increase will relate not only to sintering of the 

Fe2O3 nanoparticles originally present, but also to Fe segregated from CeO2, as an important 

fraction of Fe is segregated from Ce1�xFexO2�x after the first cycle (Figure 9). For further redox 

cycles, crystal growth continues but after cycle 10, the size is already close to the value after 100 

cycles (Table 1). In parallel to Fe3O4 particle size growth, also CeO2 sinters, possibly more 

rapidly as the solid solution between Ce and Fe deteriorates.  
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Figure 10: Crystallite sizes of CeO2 and Fe3O4 during the first 10 redox cycles of 10wt%Fe2O3�

CeO2 and 80wt%Fe2O3�CeO2. (    ) Fe2O3 in as prepared material, ( ) Fe3O4 and (   ) CeO2 

crystallite sizes in 10wt%Fe2O3�CeO2. ( ) Fe2O3 in as prepared material, ( ) Fe3O4 and ( ) CeO2 

crystallite sizes in 80wt%Fe2O3�CeO2 ( ) guide for crystallite size evolution from Fe2O3 to 

Fe3O4, ( ) guide to the eye for crystallite size increase between similar phase. Error bars 

represent standard deviation (68% confidence interval) calculated from 3 most intense peaks. 

 

In 80wt%Fe2O3�CeO2, large particles of Fe2O3 are present from the start with Ce1�xFexO2�x as 

physical barrier in between them. Sintering of Fe3O4 in the first 10 cycles is less severe than in 

10wt%Fe2O3�CeO2. From the value after 100 cycles (Table 1) it follows that particle size will 

keep increasing throughout cycling operation. However, compared to pure iron oxide the loss in 

CO yield is significantly reduced24. For the solid solution Ce1�xFexO2�x, particle sizes increase 
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mostly in the first 10 cycles, i.e. when Fe is segregated from the lattice, but remain relatively 

stable afterwards (Table 1). 

4.3 Deactivation of 10wt%Fe2O3 CeO2 and 80wt% Fe2O3 CeO2 

Different forms of deactivation have been identified in 10wt%Fe2O3�CeO2 and 80wt% Fe2O3�

CeO2: solid�solid transformation to perovskite (CeFeO3), segregation of Fe, and sintering, each 

playing a role in the loss of CO yield. The way in which each mechanism of deactivation affects 

the materials largely depends on their bulk composition. In 10wt%Fe2O3�CeO2, CeO2 is the bulk 

oxygen storage carrier, while in 80wt% Fe2O3�CeO2 it is Fe2O3 and these will largely determine 

the behaviour of the oxygen storage material in a chemical looping process. 

In 10wt%Fe2O3�CeO2, iron oxide promotes the active material by enhancing the redox properties 

of CeO2. The latter is achieved by the dissolution of Fe into the lattice of CeO2, thereby creating 

vacancies that facilitate the oxygen mobility and allow easy diffusion of oxygen from the bulk. 

The resulting solid solution Ce1�xFexO2�x is known for its enhanced redox properties. Upon 

prolonged cycling of 10wt%Fe2O3�CeO2, deactivation occurs due to sintering, perovskite 

formation and segregation of Fe from Ce1�xFexO2�x. In a redox atmosphere, Fe segregates out of 

the lattice of CeO2 and sinters rapidly along with CeO2, in parallel to the perovskite phase 

transformation. This results in loss of reducibility as observed in TPR and TPO of the cycled 

material (Figure 7e and 8a). The deactivation in 10wt%Fe2O3�CeO2 materials is summarized in 

Figure 11a.  

In 80wt%Fe2O3�CeO2, Fe3O4 is the bulk oxygen carrier and CeO2 acts as chemically active 

promoter. In as prepared material, Ce1�xFexO2�x solid solution particles decorate the larger iron 

oxide crystallites (Figure 3). After cycling, all particle sizes have increased but the overall 

structure of decoration remains unchanged. A distinct perovskite phase is not observed, but 
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cannot be excluded. Overall, the reducibility of this sample is largely preserved after cycling 

(Figure 6e and 8c). The role of the decorating CeO2 crystallites is mainly preventing physical 

contact of iron oxide with only limited contribution to the oxygen storage capacity. The behavior 

of 80wt%Fe2O3�CeO2 can be represented as in Figure 11b. 

 

Figure 11: Deactivation in (a) 10wt%Fe2O3�CeO2 and (b) 80wt%Fe2O3�CeO2 after 100 redox 

cycles.  

 

4.4 Material deactivation: what to do? 

To counter the observed types of deactivation, several options are available. The formation of a 

perovskite phase in 10wt%Fe2O3�CeO2 or similar CeO2�rich materials can be avoided by 

applying a regeneration process. In contrast to CO2�TPO, O2�TPO is capable to decompose 

perovskite and  restore the redox phases The material is decomposed into CeO2 and Fe2O3 
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around 400°C. Figure 12 confirms that for both materials, an O2 treatment is beneficial to the CO 

yield. An increase is observed in 10wt%Fe2O3�CeO2 (Figure 12). In this material, a significant 

perovskite phase is present after cycling, as evidenced by XRD (Figure 2b(ii)). Similar to pre�

treated 50wt%Fe2O3�CeO2, the O2 treatment likely decomposes the perovskite (CeFeO3) 

structure and leads to the regeneration of the oxygen carriers Fe2O3 and CeO2, with 

corresponding restoring of the CO yield. However, the regeneration does not bring back the 

original CO yield and moreover, it is lost very rapidly when cycling is continued. Hence, loss of 

oxygen storage capacity due to perovskite formation is an important deactivation pathway in this 

sample.  

In 80wt%Fe2O3�CeO2 hardly any increase in the CO yield upon O2 treatment was observed. This 

could be related to the fact that the perovskite (CeFeO3) being less present after cycling this 

material (Figure 2b(i)).  Unlike in 10wt%Fe2O3�CeO2, perovskite formation is not the cause of 

CO yield degeneration in 80wt%Fe2O3�CeO2, which will mainly proceed through other forms of 

deactivation.  

The effect of deactivation due to sintering appears from the regeneration study of the samples 

(Figures 12 and Figure 1). Despite the restoration of Fe2O3 and CeO2 phases by means of O2 

treatment, the materials could not regain the CO yield of the as prepared materials because of the 

increased crystallite size. For Fe2O3�rich materials, sintering is the dominant process to be 

countered. 
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Figure 12: Regeneration study of 10wt%Fe2O3�CeO2 and 80wt%Fe2O3�CeO2 by means of O2 

treatment. (■) 10wt%Fe2O3�CeO2 and ( ) 80wt%Fe2O3�CeO2.  

 

Sintering is physical process which leads to the loss of material surface due to crystallite growth 

of either the support material or the active phase. Sintering is strongly temperature dependent. 

The core mechanism is surface diffusion, or, at sufficiently high temperature, mobility of larger 

aggregates. This leads to a correlation with the melting point. The solid�state diffusion becomes 

faster when the temperature is closer to the melting point. The so�called Hüttig and Tamman 

temperatures are indicative for the temperature at which sintering may occur. When the Hüttig 

temperature is reached, atoms at defects will become mobile. At the Tamman temperature, atoms 

from the bulk will show mobility, while at the melting temperature, overall mobility will be 
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really high. The following empirical relations for the Hüttig and Tamman temperatures are 

recommended for use: 

 Hüttig = 0�3 melting  

 Tamman = 0�5 melting  

In the reducing and oxidizing atmosphere of a chemical looping process, the thermal stability of 

the material changes depending on the material state. For example, the melting temperatures for 

Fe2O3, Fe3O4, FeO and Fe are 1565oC, 1597oC, 1377oC and 1538oC respectively. The formation 

of FeO during the reduction/oxidation process will naturally decrease the material melting 

temperature, which can lead to fast material sintering. Sintering is best avoided by minimizing 

and controlling the temperature of reaction, although recent developments have focused on 

encapsulating metal crystallites to eliminate mobility, while still allowing access for reactants 

and products.  

The decoration of Fe2O3 with small CeO2 crystallites provides a valid strategy for reduced 

sintering but could be improved. Various promoter materials can be used for this approach, but 

most of them give rise to solid�solid transformation leading to lower CO production. The 

properties of CeO2 can be further enhanced by adding a second element, e.g. ZrO2, CeZrO2. 

Those materials presents high resistance to sintering and in addition, will not form a perovskite 

phase with iron oxide. 

 

5.0 Conclusions 

10wt%Fe2O3�CeO2 and 80wt%Fe2O3�CeO2 oxygen storage materials were subjected to 

prolonged redox cycling to study their deactivation. Three types of deactivation were identified: 

sintering, Fe segregation from solid solution and perovskite formation, leading to a loss of CO 
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yield. The segregation of Fe from the Ce1�xFexO2�x occurs very fast, from the first redox cycle on. 

It leads to lower reducibility of CeO2, but at the same time provides more iron oxide storage 

capacity after decomposition of perovskite (CeFeO3) resulting in more reducible Fe. Perovskite 

(CeFeO3) forms in the first tens of cycles and leads to a loss of oxygen storage capacity as it is 

non�reducible. Sintering then again is a slower process which continues throughout cyclic 

operation. It causes crystallites to grow in size, thereby increasing the diffusion time of bulk 

oxygen to the surface. Hence, a lower degree of reduction is reached and upon reoxidation a 

lower CO yield is obtained. 

The relative importance of these deactivation types depends on the composition of the oxygen 

storage material. In 80wt%Fe2O3�CeO2 deactivation is predominantly caused by sintering of iron 

oxides. Fe segregation is of minor importance given the composition of this material. Similarly, 

perovskite formation may possibly occur, but will hardly affect the cycling productivity. In 

10wt%Fe2O3�CeO2 all three types of deactivation are at play, this is why deactivation for this 

composition is more rapid and severe during the first 10 cycles.  

A regeneration study shows that after treatment with O2, the CO yield for both materials 

increases slightly. The increase in the CO yield is more prominent in 10wt%Fe2O3�CeO2, where 

the O2 treatment leads to decomposition and phase segregation of CeFeO3. However, the overall 

CO yield remains lower than at the start of cycling, showing the importance of sintering in this 

material.  

In terms of CO yield, 80wt%Fe2O3�CeO2 stands out as the best material for prolonged cycling. In 

this material, the main deactivation type sintering is reduced by the strategy of decorating Fe2O3 

with CeO2 nanoparticles. Based on this deactivation study, replacing CeO2 with a compound that 
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does not undergo solid�solid transformations, could prove worthwhile in view of further 

countering deactivation. 
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