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. Introduction

Solid oxide fuel cells (SOFC) have a high potential of becoming
n important and environmentally benign electrochemical energy
onversion device [1]. The fuel electrodes (anodes) of SOFC are in
heir majority made from nickel and yttria stabilized zirconia (YSZ).
rom Ni and YSZ, a porous metal–ceramic (cermet) with thick-
esses ranging from 100 to 1000 �m is produced (substrate) on
hich the actual anode of the same material, but with a modified
icrostructure is applied in a thickness of 10–20 �m (anode-

upported cell, ASC). Alternatively, a thin anode layer (50 �m) can
e deposited on a YSZ electrolyte support structure of around 100-
m thickness (electrolyte supported cell, ESC). “Sulfur poisoning”
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(SOFC) electrode assemblies from different manufacturers were run under
with different sulfur exposure, and then subjected to X-ray absorption

ur K (1s) edge. Within the detection limits of the spectrometer, pristine
no traces of sulfur. The anodes operated with sulfur-containing natural
s show spectra rich in sulfur structures. Two other electrodes run with
ne with a sulfur filter and the other without, show an XAS spectrum with
entire sulfur absorption range, and thus not allowing for identification of
appear to be the first ever reported sulfur XAS data on SOFC anodes, and

ise to resolve some hitherto unsolved issues on sulfur poisoning of SOFC,
cular speciation of the sulfur components.

© 2008 Elsevier B.V. All rights reserved.
refers to the malign chemical reaction of trace sulfurous gases
present in fuels, with the nickel catalyst present in many anodes.
As a result of the reaction with sulfur, the anode catalyst is deacti-
vated, degrades and ultimately deteriorates to uselessness [2]. This
issue has been increasingly addressed recently [3–5], but technical
solutions to prevent or mitigate poisoning remain to be proven. The
chemical composition of the sulfur species is not yet known, despite
extensive and fruitful research on Ni–S chemistry in petrochemical
industry catalysis [6].

Spectroscopy techniques have increasingly been used for chem-
ical analysis. In SOFC studies, optical Raman spectroscopy has been
applied, see for instance [7], but vibration spectroscopy including
infrared spectroscopy is not specific to any element, particularly
not to sulfur. In addition, these techniques are insensitive to Raman
inactive and infrared inactive molecules. Furthermore, the Raman
effect is a rare event from a statistical point of view and hence
requires high sulfur concentrations. X-ray photoelectron spec-
troscopy has also been used [8], but this is a pronounced surface

http://www.sciencedirect.com/science/journal/03787753
mailto:artur.braun@alumni.ethz.ch
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sensitive technique and results are not necessarily representative
of the entire anode.

It is quite surprising that sulfur XAS has never been reported
with respect to SOFCs, although sulfur K-edge XAS is chem-
ically specific to sulfur. The K-shell X-ray absorption edge of
sulfur is located at around 2470 eV and thus permits a sam-
pling depth of several microns for a typical porous anode assem-
bly.

XAS has been applied in energy materials science and technol-
ogy particularly often with respect to transition metals in catalysis
([6] and references therein), or transition metals and alkaline met-
als in batteries [9,10] and fuel cells [11], for carbon [12] and sulfur in
fossil fuels [13–15], battery [16] or metallurgical engineering [17],
some of them being more recent novelties. Sulfur XAS can now be
considered a mature technique for chemical analysis. To the best
of our knowledge, our work is the first application of sulfur XAS in
SOFC research.

2. Experimental

The first set of samples was manufactured according to indus-
trial standards by HEXIS AG, Switzerland. A composite cathode
made of lanthanum strontium manganite (LSM) and YSZ, and an
anode cermet composed of nickel and cerium gadolinium oxide
(Ni/CGO) of 35-�m thickness each were screen printed on a 140-
�m thick 3YSZ electrolyte (3% yttria) manufactured by Nippon
Shokubai Co. Ltd., Japan. The cells were then sintered at temper-
atures above 1000 ◦C. Electrochemical tests were made on short
stacks of five cells sandwiched between metallic interconnectors
provided by Plansee SE, Austria. The cells were run at 950 ◦C using
natural gas reformed in a catalytic partial oxidation reactor (CPO)
with a fuel/air-mixing ratio of � ≈ 0.27.

Sample A is the pristine electrode coming out of the assem-
bly line, with no further treatment or operation. Sample B was
employed for 1000 h at 950 ◦C in an SOFC short stack, fueled with
natural gas containing 7 ppm tetrahydrothiophene (THT). The stack
was shut down by closing the fuel supply. Sample C was run-like B,
but equipped with a sulfur filter.

The second set of samples was manufactured according to
Forschungszentrum Jülich (Research Centre, Jülich) standard speci-
fications [18], i.e. using a 1500-�m thick NiO/8YSZ anode substrate,
a 10 �m NiO/8YSZ anode functional layer, a 10-�m thick 8YSZ elec-
trolyte layer, and a 70-�m thick LSM/YSZ cathode layer. These
samples were set up at VTT Finland in three different SOFC

single cell tests, #40 run with pure hydrogen, #46 run with
natural gas reformats containing 6 mol ppm thiophene, and #49
run with natural gas reformats containing 6 mol ppm thiophene
plus 1 mol ppm H2S. The tests were run for 200 h each at 800 ◦C
and then shut down in an atmosphere containing 5 mol% H2,
3 mol% H2O and 92 mol% N2. Prior to entering the anode, the
fuel passes an autothermal reactor (ATR) so that the resultant
fuel gas is made up of hydrogen, carbon monoxide, thiophene,
water, oxygen and nitrogen, and then through a ZnO bed for
desulfurization. Since the ATR ZnO bed was operated in excess
of 5000 h, we cannot entirely rule out that it might have been
saturated with sulfur, and that it might have released thiophene
[18].

From the aforementioned electrodes run in the tests, pieces of
5 mm × 5 mm size were cut out after SOFC operation and then sub-
jected to S K-edge XAS spectroscopy at the LUCIA beamline at the
Swiss Light Source [19]. Spectra were recorded in a light vacuum of
p ≈ 5E−4 Torr in the fluorescence mode with a defocussed beam at
0.2 eV energy resolution and 30 min data acquisition time per scan.
For every sample, five scans were recorded ranging from 2400 to
2650 eV.
Fig. 1. Optical Raman spectra of cells from stack C (black spectrum, top) and B (bot-
tom, green), which was run with a sulfur filter. The red spectrum in the middle was
obtained by forming the difference of spectra C minus B: IC − IB.

3. Results and Discussion

Prior to presenting the X-ray absorption data, we want to briefly
show a set of optical Raman spectra. Fig. 1 shows the Raman spec-
tra of a sulfur-free (run with desulfurized gas) and a sulfur-exposed
SOFC sample (run with sulfur-containing natural gas). Subtracting
the spectrum of sulfur-free sample from the sulfur-exposed spec-
trum should yield a spectrum, which specifically highlights the
sulfur-specific characteristics of the spectrum, and so the sample.
This difference spectrum then should basically allow for identifica-
tion of species that are related to sulfur exposure. We notice distinct
features at 670, 630, 454, 440, 406 and 381 wavenumbers (1 cm−1).
The band at 454 (1 cm−1) is close to 480 and 470 (1 cm−1), which
have been previously assigned to NiS2 or FeS2, respectively. The
band at 406 is close to 400 (1 cm−1) which is known to be a genuine
S–S stretching mode. The feature at 381 (1 cm−1) can be assigned to
Ni3S2 and FeS2, which have bands at 361 and 381, respectively. Our
assignments are based on reference data published in Refs. [20–23]
and summarized in Table 1. Further discussion of the Raman spec-
tra, particularly with respect to the question whether or to what
extent Fe or Cr species may be present in our samples, for instance as

impurities, is beyond the scope of this manuscript. What becomes
clear is that an element-specific characterization technique is desir-
able.

The sulfur K-shell absorption spectra from specimens #46 and
#49 (FZ Jülich Research Center) are rich in sulfur-specific signa-
tures, as shown in Fig. 2. For the peak assignment and deconvolution
of the spectra, we refer to previously published reference data
[13,14,17]. The spectra look virtually identical. The strongest peak
is at 2482.2 eV and can be assigned to sulfate. The next strongest
peak is at 2473.5 eV and assigned to a generic thiophene structure,
which furtheron will be referred to simply as thiophene. Inciden-
tally, there is likely a range of polycyclic S-heterocyclic compounds
found in natural gas as well as the monocyclic thio parent. The
immediate sulfur chemical environment may be quite similar in
all cases, and since few reference spectra on different thiophene
moieties are available, one cannot tell from the data available here
which particular thiophenic species may actually be present. For
example, there is a wealth of NEXAFS literature on the large com-
plex of organic carbon species [12,24], but a similar compendium
that would allow for assignment of specific organic sulfur com-
pounds has yet to be developed.
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Table 1
Raman signatures for reference materials
Reference data taken from Refs. [8,20–23].

The other, less strong resonances are from sulfone at 2480.5 eV,
elemental sulfur at 2472.4 eV, and sulfide at 2472 eV. Sulfoxide
and sulfones are mono-/polycyclic S-heterocycle partial oxida-
tion products. Possibly they arise from poly heterocycles rather
than thiophene itself. The positioning of the arctangent func-
tion for the deconvolution of the spectra is critical here and
may lead to some ambiguity in the peak-fitting approach. Hence
we believe we possibly have a mixture of different heterocy-

Fig. 2. Sulfur XAS spectra from anodes from FZ Jülich fuelled with thiophene-containing
cles, such as di- and tri-benzo variants. Within the systematic
uncertainties just mentioned, the peaks due to the different
sulfur functionalities can be unambiguously assigned and eas-
ily deconvoluted. The application of two-step functions (arcus
tangens) for the ionization potential, as exercised in Fig. 2,
is not commonly necessarily for XAS, but has proven advan-
tageous and is generally accepted for analysis of sulfur XAS
spectra.

natural gas (sample #46), and with such natural gas plus H2S added (sample #49).
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Fig. 3. Comparison of the spectra of the three FZ Jülich samples #40, #46, and #49.

Although the proximity of the sulfur and thiophene peaks might

suggest that thiophene could be mistaken for elemental sulfur, the
peak positions as well as the peak distances, such as between thio-
phene and sulfate, serve as an additional internal spectral reference,
which confirm that the peak at 2473.6 eV is to be attributed to
thiophene. Many other authors have shown the presence of both
components in a wide variety of substances, especially in environ-
mental studies.

In order to test whether the reference sample #40, not inten-
tionally exposed to sulfur, would exhibit any sulfur from exposure
to ambient conditions, we measured this sample as well. Within
the detection limit of the spectrometer, no trace of sulfur could be
made out on sample #40 (see Fig. 3). Therefore the spectra of sam-
ples #46 and #49 represent the sulfur in the anode after operation
of the cell with sulfur-containing fuel.

The fact that we identify thiophene in the samples is surpris-
ing and has stimulated some debate among the co-authors of this
work. The thiophene that is included in the natural gas should
have been decomposed at 800 ◦C, and the resulting H2S should
have been captured in the ZnO bed at 400 ◦C. However, thiophene
may also have desorbed from internal gas pipe surfaces or from
the autothermal reactor during the final stages of cooling. We also

Fig. 4. Sequence of scans for the two FZ Jülich SOFC
ources 183 (2008) 564–570 567

need to point out that the concentration of sulfur in the anodes is as
low as some 10 mol ppm only. One cannot rule out that very small
amounts of thiophene may survive the high temperatures. Thio-
phene has also been detected in unburnt carbon in coal fly-ash from
coal burning power plants with temperatures in excess of 1200 ◦C
[13,14].

Note that all spectra shown here were recorded when the sam-
ple was at ambient temperature, whereas the sulfur species may
have reacted with the anode material at temperatures as high as
800 ◦C. The species grown at 800 ◦C may transform to what we
find at ambient temperature during the cooling process. Although
the source of the thiophene cannot be completely explained here,
the fact that this signal is found points to potential shortcomings
of post-operational analysis in SOFC. When analyzing cell compo-
nents, care has to be taken to preserve the conditions that were
present during operation for the analysis process. This implies
close and careful control of gas compositions during the cool down
process. Nevertheless, as just stated, reactions taking place dur-
ing the cooling to room temperature can obliterate the findings. A
case can be made here for high-temperature and in situ XAS that
would avoid the cooling process and limit subsequent creation of
artefacts.

Fig. 4 shows a sequence of repeated scans for both samples #46

and #49. We notice a small sulfide peak, and a decrease of the
sulfate peak with respect to the thiophene peak. This kind of sys-
tematic peak height rearrangement is not uncommon and possibly
due to “radiation damage” [25,26]: the synchrotron beam dissipates
energy and transforms to thermal energy on the sample, poten-
tially altering the sample chemistry and composition. The observed
peak height variation upon scanning thus suggests that at high
temperatures the sulfate peak is smaller, whereas the thiophene
peak is larger. Table 2 summarizes our peak assignments and fitting
parameters. The evolution of the relative peak heights for sulfate
and thiophene for the six scans is plotted in Fig. 5. Sulfide, sulfur
and thiophene are increasing upon continuing irradiation, whereas
sulfone and sulfate are decreasing. From the evolution of the rela-
tive peak heights of all species we can conclude, however, that the
spectra after the first few scans are approaching equilibrium. An
alternative interpretation is that these changes could be the result
of doing the experiment in a partial vacuum. Certain sulfur species
could be reduced or be devolatilized as a result of heating due to
the beam in the partial vacuum. Such changes are not seen in suc-
cessive scans of a fossil fuel (for example) in a helium-filled sample
arrangement.

anodes with sulfur signature, #46 and #49.
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Table 2
Fitting parameters for the scans of sample #49 from FZ Jülich
The second set of samples (HEXIS AG) shows an entirely
different picture. Fig. 6 displays the spectra of the three sam-
ples A, B, and C. The only sample whose spectrum shows a
sulfur-specific signal is the one operated without the sulfur fil-
ter, sample C. We recall that the fuel was natural gas containing
7 ppm THT as provided by the local gas supplier. The spectrum
shows a very broad intensity from 2460 to 2490 eV, which hardly
can be called “peak”. A particular peak assignment is not justi-
fied, given the broad convolution of features, and we have not
attempted any deconvolution of the spectrum. Since the onset
of this feature occurs at the very low end of the range for sul-
fur moieties, we cannot rule out that it may represent the onset
of a thin amorphous sulfide surface layer being formed on the
ceramic.
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Fig. 5. Evolution of species obtained from XAS fitting parameters for sample #49 (peak h
as guide to the eye.

This speculation, and also the request of an anonymous reviewer,
point us to the morphology and pore space topology of the anodes.
All the samples introduced here have recently been subject to
anomalous ultra-small angle X-ray scattering (USAXS) with respect
to the Ni K-edge and Zr K-edge at the UNICAT Beamline at the
Advanced Photon Source in Argonne National Laboratory, USA.
Scattering curves were recorded across the cathode, electrolyte and
anode in steps of 10–15 mm and allow for the resolution of objects
with sizes from 1 nm to roughly 1000 nm. The analysis of the USAXS
data is not yet finished, but preliminary evaluation indicates that
a 500 nm large primary mode in the pristine anode decreases to
around 200 nm upon operation with and without sulfur in the fuel.

Fig. 6. Comparison of the three HEXIS samples (flat blue spectra and red broad
spectrum). One FZ Jülich spectrum from sample #49 is shown for comparison.
eight in normalized spectra) plotted vs. the scan sequence. Solid lines merely serve

At this time we cannot further comment on the structural changes
on any scale of these samples, but we will treat this topic in a
separate work [28].

4. Conclusions

X-ray absorption spectroscopy at the sulfur K-edge is capable
of determining the molecular speciation of sulfur moieties in SOFC
anodes and may help to address sulfur-poisoning issues. This study
has shown that sulfur incorporated in SOFC anodes during opera-
tion with sulfur-containing feed gases may exist in a whole variety
of forms at post-test ambient conditions and can be distinguished
well in the spectra. The comparison of the samples from the Real-

SOFC project and from HEXIS indicates that the test history, in
particular the cooling down might play an important role. Cau-
tion should be exercised when attempting to make conclusions
about species formed during SOFC operation, when this is based
on ambient temperature data only.

With more such experiments to come – we propose in situ
studies at high temperature and controlled atmosphere, which are
challenging but believed to be feasible, see Refs. [15,27] – we antic-
ipate that the availability of sulfur-specific data will contribute to
resolving the debate about what mechanisms of ‘sulfur-poisoning’
actually take place during SOFC operation.
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