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Charge transport across and along grain boundaries can have profound implications on the macroscopic 
behavior of materials used in solid oxide fuel cells, batteries as well as other energy technologies. The 
grain boundary may serve as high conductivity pathway or roadblock for ionic or electronic carriers. 
Even pristine grain boundaries, free of impurity species or secondary phases, can display modified 
transport properties relative to the bulk as a result of space charge effects. This is particularly true of 
doped ceria, which is a leading candidate for a range of applications due to fast oxygen ion conduction 
in the bulk. To date, the vast majority of grain boundary studies have relied on macroscopic 
measurements that yield ensemble averages [1]. However, a fundamental understanding of their 
behavior requires access to the properties of individual grain boundaries, in terms of both chemistry and 
electrical profiles. Electron holography offers an excellent combination of high spatial resolution and 
sensitivity to measure mean inner potential as well as grain boundary potential in these materials. 
 
The goal of our work is to perform direct measurement of the inner potential in the grain boundary 
region of Sm0.15Ce0.85O2-δ (SDC) using electron holography. The ceria sample (99.9%, Sigma-
Aldrich) was prepared by pressing and sintering at 1500°C for 10 hours and followed by standard TEM 
specimen preparation techniques of polishing and Ar ion milling. We performed electron holography on 
the grain boundary region of as-prepared polycrystalline ceria during an in-situ heating experiment 
where the sample was heated to 300°C. The off-axis electron holography was performed using Tecnai 
F20 TEM at the Center for Nanoscale Materials at Argonne National Laboratory. The holography 
experiments were performed with a biprism bias of 100V which yielded a good fringe contrast (>20%) 
and spatial resolution(~4nm) during the entire temperature range. Diffraction contrast was carefully 
reduced by tilting the grains away from the zone axis [2]. The grain boundary potential was calculated 
from the measured phase shift of the electrons by accounting for the thickness of the sample. The 
hologram, measured phase shift and inner potential of a grain boundary are shown in Figure 1.  
 
Simulations based on space charge theory [3] were performed to understand the dependence of GB 
potential and width as a function of temperature. The charge transport measurements using AC 
impedance spectroscopy [4] on the same batch of ceria sample combined with results from simulations 
were found to agree well with the holography results.  We were able to confirm that the as-measured GB 
barrier potential and width were indeed related to the space charge potential and space charge layer 
thickness. We investigated different types of grain boundaries with varying misorientation, and the 
results showed that grain boundaries with higher misorientation angle about [110] axis showed larger 
potential. We additionally performed orientation imaging and atom probe tomography to determine the 
causes for the larger grain boundary potential measured. We will discuss these results and the observed 
trends in the grain boundary potential. This study showed that electron holography can be successfully 
used for measuring space charge effect at the grain boundaries in ionic conductors such as ceria and will 
help understand the charge transport mechanism of grain boundaries in polycrystalline cerium oxide 
samples [5].  
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Figure 1.  (a) TEM image showing the location of the grain boundary, (b) Hologram acquired from the 
same region, (c) the recovered phase shift across the grain boundary, and (d) the map of potential with a 
line plot across the grain boundary shown inset.  
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