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Solid Oxide Fuel Cells (SOFCs) provide efficient energy conversion with reduced carbon emissions by the electro­

chemical oxidation of a fuel at high temperature. Controlling and manipulating this electrochemical process 

places stringent requirements on material selection and cell design. Notably, the electrode and electrolyte 

materials must simultaneously support catalytic and transport activity while also maintaining long term stability 

at high temperature through extended operation. Moreover, the complex distribution of these multiple solid 

phases within the cell directly dictates the power density, motivating the need to understand the hetero­

geneous microstructure in 3D. In this application note, the ZEISS Xradia 810 Ultra X-ray microscope was used 

to examine internal structures of an SOFC down to 50 nm spatial resolution.

An anode-supported SOFC was obtained with a single-phase 

Lanthanum Strontium Manganite (LSM) cathode, yttria-stabi-

lized zirconia (YSZ) electrolyte, and composite NiO-YSZ anode. 

The cell was obtained in the as-fabricated state, prior to 

operation and reduction of the NiO to metallic nickel.  

A cylindrical sample (approximately 15 microns in diameter 

and 70 microns tall) containing all three components of the 

SOFC was extracted from the bulk material using a combi

nation of laser milling and focused ion beam polishing tech-

niques. The sample was examined using the Xradia 810 Ultra 

X-ray microscope to evaluate:

•	 The homogeneity of the porous anode and cathode struc-

tures, which is desirable to promote efficient transport 

processes as well as distributed electrochemical reactions

•	 The possible existence and geometry of undesired poro

sity in the electrolyte, which can lead to detrimental gas 

crossover effects

The sample was first examined in Xradia 810 Ultra’s large 

field of view absorption contrast mode, as shown in Figure 1. 

Figure (a) shows a 2D radiograph, and (b) shows a virtual 

cross section through the reconstructed volume. This imag-

ing mode provides 150 nm spatial resolution with a 65 μm 

field of view. The multi-layered structure of the cell compo-

nents is clearly visible due to the density contrast between 

Figure 1  Data collected on Xradia 810 Ultra in the large field of view ab-
sorption contrast mode.  a) A 2D radiograph raw image.  b) A virtual cross 
sectional slice through the interior of the reconstructed 3D volume. This data 
reveals the structure of all three of the primary components of the SOFC: LSM 
cathode (top), YSZ electrolyte (middle) and NiO-YSZ anode (bottom). The 
cathode exhibits a relatively uniform porous structure, while the anode  
contains a distinct, large YSZ particle.
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the different solid phases, with cathode on the top of the 

image, electrolyte in middle, and anode on bottom. There 

are numerous pores down to several hundred nm in size visible 

in the electrolyte. In addition, the cathode layer is seen  

to have a relatively homogeneous porous structure, while 

the anode contains an anomalous large YSZ particle. This 

large particle has the potential to be problematic as it could 

interrupt the local contiguity of the pore and NiO (soon-to-

be metallic nickel following reduction) networks in this re-

gion of the anode close to the electrolyte, reducing the 

transport efficiency of these phases and ultimately decreas-

ing the density of active triple phase boundary reaction sites.

To further visualize the pores within the electrolyte, a portion 

of the sample was imaged in Xradia 810 Ultra’s high resolu-

tion mode (nondestructively, with no physical cutting of the 

sample), offering 50 nm spatial resolution and a 16 μm field 

of view. This sub-region is shown as the color inlay in Figure 2, 

with the large field of view data shown in grayscale. The 

high resolution imaging was performed in two modes: 

absorption contrast and Zernike phase contrast. Raw data 

results from each of these scans are shown side by side in 

Figure 3. These images represent 2D virtual cross sections of 

the data taken at equivalent locations. Figures (a) and (b) are 

cross sections along a vertical plane and reveal the cathode 

(top), electrolyte (middle), and anode (bottom) layers.  

By comparing the two images, it is evident that the absorp-

tion contrast mode provides excellent grayscale contrast 

between the various materials based on their density differ-

ences. Conversely, the phase contrast image provides poorer 

differentiation of the materials, but improved sharpness and 

clarity of edges and small features, particularly the two 

elongated pores in the electrolyte. This is even more evident 

in (c) and (d) which show cross sections of a horizontal plane 

through the electrolyte. The phase contrast mode (d) helps 

to highlight the edges of numerous small voids which are 

visible, but not as distinct, in the absorption image.

The high resolution data was used to segment and label the 

volume, as shown in Figure 4. The electrolyte voids are seen 

in the center of the image colored blue and orange, sur-

rounded by the relatively uniform grayscale representative of 

the bulk electrolyte material. While most voids are approxi-

mately spherical in shape, there are several elongated voids 

which appear to be the result of incomplete densification of 

the YSZ starting powder. In this sample it is likely that the 

parameters and processes used in electrolyte sintering are 

worthy of further consideration. At least one such void, 

shown in orange, is connected with the pore network on the 

anode side. Within the resolution of the instrument, no voids 

were found which completely spanned the electrolyte thick-

ness although several were very close. However, it is possible 

such passageways could exist on a smaller length scale, 

which would still be quite problematic as a point of gas 

crossover creating a short in the cell.

Figure 2  To examine the electrolyte in greater detail, a region of the sample 
was imaged using the high resolution imaging mode, providing 50 nm spatial 
resolution. The location of the high resolution data (color inlay) relative to 
the large field of view result (grayscale) is shown here.

Figure 3  High resolution imaging results. (a) and (b) show virtual sections of 
the sample along the long axis in absorption and phase contrast modes,  
respectively. The images reveal elongated pores in the electrolyte layer, which 
appear to nearly span the thickness of the electrolyte. (c) and (d) are virtual 
cross sections along an orthogonal plane through the center of the electro-
lyte region, again in absorption and phase contrast mode. The absorption 
mode provides superior contrast between different solid materials, while the 
phase contrast mode highlights edges and interfaces thereby  helping small 
features to stand out.
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Figure 4  The high resolution data was used to segment and analyze the 
volume.  Pores and voids present in the electrolyte (seen in the middle of the 
figure in dark blue and orange) seem to belong to two categories: spherical 
and elongated.  The isolated spherical voids are unlikely to be of concern; 
however the elongated voids are more problematic as they may connect with 
either or both sides of the electrolyte, providing a gas crossover pathway.  
The YSZ and NiO phases in the anode have been segmented based on gray-
scale contrast, and in the LSM cathode the solid phase has been segmented 
from the pores and used to compute the local thickness of the LSM electronic 
conducting network. (Some artifacts can be observed on the exposed surface 
of the thickness map due to the artificial truncation of the data from its 
surrounding structure.) Note: the thickness colorbar at the top of the figure 
corresponds only to the cathode.

Figure 5  The triple phase boundary of the anode was determined using a 
series of morphological operations performed on the segmented structure.  
Shown here are the TPB points (yellow) overlaid on partially transparent 
renderings of the NiO (red) and YSZ (blue).

Additional analysis was performed on the anode to qualita-

tively evaluate the distribution of triple phase boundary (TPB) 

points. The TPB exists where the electronic, ionic, and gas 

conducting phases converge at a common point in space, 

providing the necessary pathways for species transport and 

thereby defining the locations of electrochemical reactions. 

(For this sample, evaluation of TPB is not rigorously meaning-

ful as the anode is still in its oxide phase and has not yet 

been reduced to metallic nickel, but the analysis is nonethe-

less performed in the same fashion and is presented here as 

a demonstration of the concept.) To determine the TPB loca-

tions, a morphological dilation was performed sequentially 

on each of the segmented NiO, YSZ, and pore phases. The 

overlap of these dilations occurs at locations where these 

three phases are in immediate proximity, representing the 

TPBs. Figure 5 presents a visualization in which the Ni and 

YSZ phases have been rendered partially transparent to re-

veal the distribution of the TPB, shown in yellow. (This is the 

same anode region as shown in the bottom of Figure 4, but 

flipped upside-down for easier viewing). It is readily appar-

ent the TPB lines are well distributed throughout the anode 

in this particular sample.

Figure 4 also displays the anode, segmented into YSZ (blue) 

and NiO (red) phases, as well as the LSM cathode which has 

been segmented and analyzed to evaluate local thickness,  

an approximate measure of the local feature sizes. The thick-

ness map corresponds to the colorscale shown at the top  

of the image, with LSM feature sizes reaching up to about 

1.6 μm. However, it is clear that the feature sizes character-

izing the cathode network are relatively uniform in the range 

of 0.5 – 1.5 μm. This type of measurement can be used to 

characterize the solid state transport processes in the LSM 

(electronic, and to a much lesser extent, ionic transport),  

and can also be easily performed on the complementary 

pore phase to correlate to gas diffusion behavior.
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Conclusions

Nanoscale X-ray microscopy has been used in this work to 

examine the 3D microstructure of the three primary compo-

nents of a solid oxide fuel cell: cathode, electrolyte, and an-

ode. Imaging performed down to 50 nm spatial resolution, 

and employing Zernike phase contrast to highlight edges 

and small features, reveals the structures in great detail and 

with high contrast. Notably, numerous voids have been de-

tected within the electrolyte, including several elongated 

voids nearly spanning the thickness between cathode and 

anode. The solid phases within each electrode have also 

been segmented, which can provide geometric microstruc-

tural properties such as porosity, volume fractions, size 

distributions, and triple phase boundary density. 
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