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Abstract 

In order to demonstrate the challenging tasks in current R&D applications in the field of renewable energy 

sources experimental neutron and electron tomographic data sets of PEM fuel cell components are processed by 

an advanced version of the DIRECTT algorithm. The neutron measurements of the water distribution suffer from 

several intrinsic limitations such as massive position dependent focal smearing due to the large primary neutron 

beam aperture. Electron (TEM) tomography allows characterisation of nanometre sized catalyst particles but is 

hampered by the following restrictions: partial opacity, a limited sector of projections (missing wedge), very few 

projections, samples exceeding the detector size (region of interest) and improper angular alignment. Beyond the 

capabilities of other algorithms DIRECTT proves to overcome these essential reconstruction problems, in 
comparison to FBP and SIRT. Nevertheless, careful data pre-processing is an inevitable requirement in order to 

fully exploit the algorithm‟s potentials.  
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1. Introduction 
 
Low temperature polymer electrolyte membrane (LT-PEM) fuel cells [1] are among the 

technically most mature conversion devices based on renewable energies. By means of their 

outstanding effectiveness they are promising candidate to replace classical combustion 

engines in stationary as well as mobile applications. 
From an engineering point of view balancing the water management is the major task in 

order to optimize the fuel cell‟s efficiency. On the one hand the membrane should be as moist 
as possible in order to promote its proton conductivity but on the other hand fluid water 

agglomerates are barriers for the reactive gases (hydrogen and oxygen). Their reaction is 
catalyzed by nanometre sized metallic particles on both sides of the membrane. The catalysts‟ 
long term stability (degradation) and their free, reactive surface are of particular interest.  

Both issues are best visualized in 3D by tomography. However, for the very different 

length scales (some 100 m to image water droplets in the flow field channels, some tenth of 
nanometres to depict the catalysts) different sensing tools have to be applied. 

Neutrons are chosen to image the water management “quasi in situ”, i.e. in frozen in states, 
after interrupting the fuel cell operation [2], since they penetrate the metal housing and give a 

considerable absorption contrast of all compounds containing hydrogen (the contrast arises 
from scattering at the hydrogen core actually). 

Electrons are the suited sensor to image details of the catalysts with a spatial resolution in 

the nanometre range or even below. This requires elaborate preparation of samples which 

must not exceed volumes of typically some (100 nm)3. 
As to be outlined in the following sections different combinations of restrictions are 

inherent to both techniques which violate the commonly accepted ideal CT conditions. 
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Standard reconstruction algorithms such as Filtered Backprojection (FBP) or algebraic 
techniques (ART and its derivatives) are based on the validity of those conditions and 

unavoidably lead to substantial reconstruction artefacts. We aim at demonstrating how the 

mentioned limitations can be overcome by using suitable strategies in iterative reconstruction 

procedures. Therefore we apply the DIRECTT (Direct Iterative Reconstruction of Computed 
Tomography Trajectories) [3, 4] algorithm which has been demonstrated to solve state-of-the-

art tasks such as the 3D-imaging of magnetic domains making use of interferometric imaging 

techniques [5]. 

 

2. DIRECTT algorithm 
 

The principles of the DIRECTT algorithm are given elsewhere in the literature [3, 4] and in 
these proceedings [6]. Although being a general alternative to conventional algorithms (FBP, 

ART etc.) its advantages for non-standard CT problems developed in the more recent past.  

Some of the problems are already solved by careful data pre-processing, which primarily 

comprises checks of conserved quantities. They can arise from instabilities of the 
manipulation system, insufficient dynamics etc. The other class of problems refers to restric-

tions of the tomographic measurements e.g. limited detector size, limitation of the accessible 

angular sector, too few projections, variable angular increments. These are a challenge for the 

reconstruction algorithm employed. DIRECTT has been proven to cope with even a multitude 
of restrictions occurring at the same time [7]. 

 

3. Neutron tomography 
 

Neutron tomography experiments have been performed at the neutron imaging instrument 

CONRAD/V7 at Helmholtz-Zentrum Berlin (HZB, research reactor BER II) [8, 9]. A 

complete threefold fuel cell stack (incl. metal housing and supply lines) was run on site (i.e.  in 
the experimental hutch), then gas flows, temperature regulation and electric load were 

switched off. As had been demonstrated by Manke et al. [2] the water distribution is 

stationary over several hours, thus enabling the time consuming tomography experiments. 

Figure 1 (top) depicts neutron radiographs obtained from different angles of projection 
within a 180 deg sector. The orientation of the stack‟s upward direction is purposely inclined 
with respect to the rotation axis in order to warrant the true projection of (water filled) flow 

field channels under all angles. Tomography was performed by a full rotation through a 360 

deg sector. 1000 single projections were recorded using a 6LiF/ZnS flat panel detector 

(2048×2048 pixels at 100 m pixel size). Ten flat and dark field images were collected for the 

usual correction procedures. 

Three main obstacles hampered a straightforward reconstruction of the as-measured data. 

(i) The cells are (laterally) larger than the scintillator screen (about 10 cm in diametre, see the 
0 and 180 deg projections in Fig. 1), i.e. volume elements far off the rotation axis are imaged 

in a limited angular sector, only. Thus the tomography is of the “region-of-interest” (ROI) 
type. Standard checks such as the conservation of projected mass or standard refinement of 

the axis position do not work. (ii) On the other hand the cells get opaque in the perpendicular 
direction (see the 90 deg projection in Fig. 1) due to the disadvantageous aspect ratio. A 

sector of roughly 60 deg cannot be used for the reconstruction (yellow shaded area in Fig. 1, 

bottom), which results in a Limited View problem. (iii) The large neutron aperture (some 

centimetres) causes inherently blurred projection images. Pre-experiments using gadolinium 
(Gd) sheets with sharp edges revealed that the smearing is a function of the sample-to-

detector distance (SDD): the larger SDD the stronger the blurring. For bulk objects the 

different smearing according to the element‟s actual depth position must be taken into 



account. Basic calculations how to properly compute the position dependent blurring to the 
reconstruction algorithm have been given in [10].  

 

0, 22.5, 45, 67.5, 90, 112.5, 135, 157.5, 180 deg 
 

 
Figure 1. Selected neutron radiographs of threefold fuel cell stack (top) within a 180 degree sector; a central 

density sinogram (middle) and a horizontal cumulative cross section of the sinogram (bottom) 

revealing the ROI restriction and the violation of mass conservation. The yellow shaded angular 

sectors are not used for the reconstruction (due to opacity of the stack in longitudinal direction).  

 

The aforementioned combined restrictions hindered the reconstruction of elements far off the 

axis since they are affected strongest by all three effects: in the first sector they are outside the 
detected area, then they are affected by the global opacity (the large missing wedge of 

projections) and in addition they pass the largest range of position dependent smearing.  

Since it turned out that these neglected elements did not produce considerable artefacts 

(streaks) inside the reconstructed array we confined ourselves to the ROI and were left with 
the Limited View. Comparing to other algorithms the typical Limited View artefacts were 

substantially reduced due to DIRECTT‟s tracing all possible trajectories. Nevertheless, 
remnants of those artefacts could not be suppressed completely (see the underlying cross-

hatching structure in the reconstructions in Fig. 2). 
However, the most significant improvements were achieved by implementation of the 

position dependent smearing of projections into the iterative algorithm. The smearing is 

applied in the projection part of the iteration cycles and neglected in the reconstruction part. 

As a quantitative result of the pre-experiment (radiographs of Gd sheets) we obtain a smear 
width calibration as a second order polynomial dependency on the detector distance including 

a 4 pixel offset (according to inherent detector smearing) [10]. On the other hand we assured 

that the smear width is not a function of the lateral position. 



 
 

 

   

 
 

 

   

 
 

 

Figure 2. Neutron CT reconstructions of transversal section of the threefold fuel cell; top and bottom: separate 

reconstructions of the valid angular regions of the two 180 deg sectors of the sinogram applying a 

distance related linear ramp factor in direction of each projection; middle: combination of both sectors. 
 

Here we encounter the unique situation that, although 180 deg parallel beam data sets 
generally contain all information necessary for reconstruction, the full rotation data is 

required for the position dependent iterative smearing procedure in order to perform de-

smearing after all, thus improving the reconstruction quality. Fig. 2 illustrates the successful 

application of the position dependent de-smearing by simply weighting the amplitudes as 
ramp functions along the direction of projection at the example of 180 deg sections of the 

sinogram (as sketched by the circle fillings), in which regions close to the detector are 

favoured by „sharp‟ projection, respectively.  
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Figure 3. DIRECTT reconstruction details perpendicular to the reconstructed slices which represent the sepa-

rated  electrodes of the three single cell. Bright spots indicate water agglomerates in the meandering 

flow field channels, except the cathode view 2 by FBP at left half. 

 



Comparing reconstructions of complete data sets reveals an unambiguous advantage of the 
DIRECTT algorithm using the position dependent smearing. The water droplets are localized 

very well in the DIRECTT reconstruction but poorly in filtered back-projection as compared 

within the cathode image 2. 

As to be expected there are more significant water indications (judging from a contrast 
point of view) at the cathode sites (the site where protons and oxygen react). In contrast to 

FBP the vertical slices in Fig. 3 reveal the isolated electrodes nearly free from partial 

superposition by the neighbouring anodes. Thus, applying DIRECTT enables a more exact 

localization of the condensed water concentrations at the different electrode sites.   

 

4. Electron tomography 

 
Electron microscopic projections of ruthenium (Ru) catalysts on carbon black support have 

been performed ex-situ in a Zeiss Libra® Microscope. The bright field images of the sample 

particles on carbon foils settled on copper grids are recorded in parallel beam geometry by 

200 keV electrons [11]. The pixel size can be smaller than 0.1 nm. Due to the sample holder‟s 
size and the restriction by the magnetic pole shoe gap the rotation regime of the sample holder 

is limited to ± 70 deg. Since state-of-the-art goniometers cannot provide subnanometre 

precision of the rotation axis, as required for computed tomography, gold particles of about 5 
nm size are used as markers in order to enable image alignment by their dominant absorption 

patterns. Tracking of the marker projections allows orientation (projection angle), position 

correction and local image deformation. 

The unique challenge of reconstructing electron tomographic data is to cope with the 
simultaneous occurrence of multiple restrictions of the incomplete experimental data sets.  

Due to restrictions of the goniometer, the limited rotation of the copper grid and its 

increasing opacity under inclination an integral Limited View problem arises. The useful 

angular sector is limited to typically 140 degree.  
Additionally, the electron beam can induce local material degradations. Thus, the exposure 

time (about 2 sec per projection) has to be kept as short as possible and the measurements 

typically comprise merely 140-150 projections. With respect to the detector size (1024 - 2048 

pixel per line) this marks a tremendously underdetermined Few Angles problem for the 
reconstructions. 

The sample (incl. Au markers) is much larger than the projected cross section, i.e. volume 

elements near the edge of the reconstructed region are not projected at all rotation angles and 

the integral mass is not conserved. This corresponds to the well-known region of interest 
(ROI) problem which hampers the empirical determination of the exact axis position since 

tracking the center of gravity as a function of phase is pointless. However, the exact 

knowledge of the rotation axis is highly significant for the achievable reconstruction quality. 

High density volume elements (Au markers) are nearly opaque which drives the as-
measured intensity out of the valid dynamic range. As a result, the reconstructions by filtered 

back projection (FBP) suffer from intense streak artefacts, as the chord lengths of the particles 

do not match meaningful attenuation coefficients.  

From the projected sector and the number of projections a mean angular increment of 
1 deg is derived. However, in the electron microscope the sample rotation can only be set with 

an accuracy of about 0.2 deg. The resulting sequence of non-equidistant projection angles is 

created by alignment and rectification of the single projections and needs to be taken into 

account by the reconstruction procedure.  
The reconstruction of the experimental projection data without further refinement results 

in strong streak artefacts and blurring of the structural information (Fig. 4, FBP). In order to 

reduce these disadvantages data pre-processing is performed with respect to an improved 



rotation axis. The remaining high densities of the Au markers are clipped to the level of the 
catalyst particles. Proper preprocessing has considerable impact on the iteration properties of 

the algorithm as it requires repeated treatment of the data including all errors. 

 

   
FBP SIRT DIRECTT 

Figure 4. Quality comparison of different reconstruction algorithms at the example of a catalyst particle agglo-

merate (reconstruction detail). The dominant streak artefacts appearing in the FBP (left) are purged in 

the SIRT (Simultaneous Iterative Reconstruction Technique, centre) result. However, the large 

particle at the top is resolved into separate particles by application of the DIRECTT algorithm (right), 

exclusively.  

 

All the other restrictions of the data set mentioned above cannot be treated in advance and 

remain a reconstruction task. 
The non-equidistant sequence of projection angles has been implemented to the DIRECTT 

reconstruction program and results in improved sinusoidal traces of the sinogram as 

confirmed by tracking of isolated particle projections.  

  All the other mentioned restrictions are well taken care of by the DIRECTT algorithm. 
This is possible due to the iteration procedure which for each of the partial reconstructions 

selects only a small but presently dominant part out of the sinogram traces. The percentage of 

each selection is determined by both a selection parameter and a weight factor which both 

rule the convergence speed and level of the weight and variance of the residual sinogram 
[3,4]. In this way the correct assignment of the different densities is performed.  

With respect to the Limited View and ROI restrictions another property of the algorithm is 

of advantage: the evaluation of the trajectories does not require completeness as the partial 

trajectory is sufficient for its localization in the reconstruction array.  
According to the discussed properties the DIRECTT reconstructions clearly provide better 

quality in comparison to the other algorithms. The magnified details of the different 

reconstructions (Fig. 4) visualize the much better spatial resolution and reduced artefacts even 

compared to the SIRT algorithm which is widely used in electron tomography. Furthermore 
the reconstruction time needed for SIRT is at least one order of magnitude larger. 

Beyond the discussed 2D details the three-dimensional representation of the recon-

struction slices (Fig. 5) demonstrates the size relations and the arrangement of the Ru catalyst 

particles, the Au marker and the carbon support on the copper grid (masked). 
The reconstruction quality permits the separation of two carbon modifications as well as 

the fitting of ellipsoids to the catalyst particles to evaluate axes ratio and orientation (Fig. 6) 

and permits the separation of the embedded and the freely accessible surface which influences 

the catalytic activity [7]. 

 



 
Figure 5. 3D visualization of Ru catalyst nano particles at about 1 nm spatial resolution; dominant 3–8 nm Au 

markers on cloddish carbon black supports. 
 

 
 
Figure 6. Examples of analysing the reconstructed data: left: catalyst particles approximated by ellipsoids (shape, 

orientation), right: partial embedding of a catalyst particle on carbon black support (reactive surface 

(green), buried surface (red)).  
 

5. Conclusion 
 

The DIRECTT algorithm has been used to solve challenging reconstruction tasks regarding 

fuel cell components. Concerning neutron tomography, it copes with the combined ROI and 
Limited View data and considerable aperture smearing effects as are inherent to the neutron 

radiographs. Despite those limitations the water agglomerates at fuel cell cathode and anode 

sites are resolved separately. In case of electron tomography suited data pre-processing proves 

to be essential. With that condition, DIRECTT handles the typical bunch of simultaneously 
occurring restrictions robustly. Advantages with respect to other relevant algorithms are 

demonstrated by suppression of dominant artefacts and significantly improved spatial 

resolution of the reconstruction. This is the input for advanced quantitative analysis of 

structural details of catalyst materials on the nanometre scale.  
Beyond the application to fuel cell components the reconstruction of any restricted 

tomographic data set by DIRECTT is expected to yield improved results compared to the state 

of the art [7,12] provided that proper data preprocessing is applicable or precise 

measurements are given. 
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