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Oxygen exchange reactions play an important role in many energy conversion applications. For 

example, in solid oxide fuel cells (SOFC), at the cathode interface, molecular oxygen is first 

reduced to oxygen ions and then diffuses through a solid electrolyte to interact on the anode side 

for fuel oxidation [1]. Oxygen exchange reactions are complex and consist of multiple steps 

including O2 absorption/desorption, molecular dissociation/association, electron transfer, and 

incorporation/removal oxygen into or from surface oxygen vacancies. Nonstoichiometric oxides, 

such as CeO2 and ceria-based doped materials, are ideal candidates for oxygen exchange 

applications, because of the ability of reversibly exchange lattice oxygen with the ambient 

environment while maintaining a stable structure [2]. Doping ceria with aliovalent cations, such 

as Gd and Pr, can significantly increase the oxygen vacancy concentration resulting in higher ionic 

conductivity [3]. Due to the complexity of the multi-step oxygen exchange reaction, the surface 

exchange properties and local electronic structure with different dopants are not well understood. 

To develop a deeper understanding of the materials, it is desirable to determine the oxygen surface 

exchange mechanisms that limit the exchange rate.  

 

Cube shaped 15% Gd-doped ceria (GDC), 15% Pr-doped ceria (PDC) and pure ceria (CeO2) were 

synthesized with a hydrothermal method [3]. Time resolved in-situ aberration-corrected TEM was 

used to observe atomic level variations in the oxygen vacancy creation/annihilation activities on 

the material surfaces. The local oxygen vacancy activity can be associated with fluxional behavior 

of the adjacent locations [4]. Images were acquired on JEOL 2010F and FEI Titan ETEM 80-300 

microscope using Gatan K3 direct electron detector. 

 

Figure 1 shows TEM images of 15% Gd-doped ceria, 15% Pr-doped ceria and ceria surfaces in the 

[110] projection with a 1s exposure time at room temperature. All three materials showed a 

sawtooth-like (111) nano-facet on the (110) surfaces. (111) nano-facet formation was associated 

with surface reconstruction to lower surface energy giving enhancing stability. Figure 2 shows an 

integrated 1s AC-TEM image and time sequence images of the step edge of CeO2 (110) surface in 

[110] projection at room temperature. One important observation is that the top-surface Ce column 

is more diffused than sub-surface Ce column, especially at the step edge site. As the dynamic 

motion of the step edge cation is highlighted in red arrows, the Ce column has shifted 60 pm from 

time 0 ms to 130ms and shifted back 70pm at 260ms. This large cation column relaxation is the 

result of oxygen exchange between lattice and ambient environment. Further in-situ TEM study 

will continue on GDC and PDC to exam the dopant effect on surface oxygen exchange 

mechanisms.   
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Figure 1. TEM image of a) 15% Gd-doped ceria b) 15% Pr-doped ceria and 3) pure ceria 

surfaces in [110] projection with 1s exposure time at room temperature.  



 
 

Figure 2. a) integrated 1s AC-TEM image of a (111) nano-facet at (110) surface of ceria 

nanoparticle imaged in [110] projection at room temperature. Ce column is labeled as orange and 

oxygen column is labeled green. b,c,d) Image sequence of the step edge surface with 130ms 

frames. The dynamic behavior of the Ce column has been highlighted by red arrow.  

 

 

 

 


