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Biomass-derived fuel, e.g. biogas, is a potential fuel for solid oxide fuel cells (SOFCs). At operating tem-
perature (~850°C) reforming of the carbon-containing biogas takes place over the Ni-containing anode.
However, impurities in the biogas, e.g. H, S, can poison both the reforming and the electrochemical activity
of the anode.

Tests of single anode-supported planar SOFCs were carried out in the presence of H,S under current
load at 850°C. The cell voltage dropped as we periodically added 2-100 ppm H,S to an H,-containing

?g%ords; fuel in 24 h intervals, but it regenerated to the initial value after we turned off the H,S. Evaluation of
Sulfur the changes of the cell voltage suggests that saturation coverage was reached at approximately 40 ppm
Poisoning H,S. A front-like movement of S-poisoning over the anode was seen by monitoring the in-plane voltage
Hydrogen sulfide in the anode. Furthermore, impedance spectra showed that mainly the polarization resistance increased
Biogas when adding H,S. These changes in resistance were found to happen at 1212 Hz, which is related to

reactions at the anode-electrolyte interface. These findings can be used to identify S-related effects on
the performance, when an SOFC is fuelled with biogas or other fuels with H,S impurities and thus help

in the development of more sulfur tolerant SOFCs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Biogas is a potential, direct fuel for solid oxide fuel cells (SOFCs).
The Niin the anode support and anode of a typical anode-supported
SOFC acts as a reforming catalyst, converting CH4 with steam to
CO and H; which in turn are electrochemically converted to H,O
and CO,. When using biogas directly without extensive purifica-
tion, the concentration of impurities and their effects on the SOFC
performance have to be considered. Among these impurities H,S
is very important. S-compounds are known to interact with Ni
catalysts and passivate the active sites [1-3]. It is therefore neces-
sary to study the fundamentals of how, and at what concentrations
H,S in the fuel affects the SOFC, in order to identify the poison-
ing mechanisms and to suggest means to increase the tolerance to
S.

Several research groups have experimentally studied the
effect of an S-containing fuel on performance and durability of
an SOFC by varying several factors, such as for example the
temperature, current/voltage load, time and H,S concentration
(0.02-240 ppm). Different SOFC systems were used in these stud-
ies: pellets, half-cells, full planar-SOFCs and stacks, but all had a
Ni-YSZ (Nickel-Yttria-stabilized-Zirconia) cermet as anode mate-
rial [4-12]. The general picture from these studies is that the
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performance of the SOFC degrades (with varying magnitude) when
H,S is added to an H; containing fuel, as an effect of the already
mentioned S poisoning of the active sites on the Ni catalysts. The
performance degradation was a result of an increase of the inter-
nal resistance of the SOFC and was reported as a two step process,
i.e. an initial voltage drop followed by a constant voltage or a volt-
age degradation/increase, depending on the test parameters [8,11].
The reversibility of this process depended on the H,S concentra-
tion. Zha et al. [11] found that a single SOFC with a Ni-YSZ cermet
anode which had been exposed to a fuel containing 50 ppm H,S at
800°C, recovered 96% of its initial performance 50 h after stopping
the H,S exposure, whereas the recovery was 99% for 2 ppm H,S.
Cheng et al. [9] studied this performance loss further, by having
H,S (~0.2-10 ppm) in the H,/H,O/N; fuel of electrolyte supported
SOFCs. The relative increase in internal cell resistance decreased
with increasing current under either potentiostatic or galvanos-
tatic conditions. Matsuzaki and Yasuda [4] found that reducing the
operation temperature increased the effect of poisoning. The con-
centration of H,S in the H,/H,0 fuel to yield a detectable effect
was found to be 2 ppm, 0.5 ppm and 0.05 ppm at 1273 K, 1173 K and
1023 K, respectively. Rostrup-Nielsen et al. [12] studied the effect of
10 ppm and 50 ppm H,S in an SOFC 10-cell stack fuelled with a gas
mixture simulating the composition of a jet and diesel fuel after cat-
alytic partial oxidation in a Catator CPO (catalytic partial oxidation)
unit (H,, CO, CO,, CH4 and N3). Adding 50 ppm HjS at 700-720°C
resulted in a 10% decrease in voltage. When extra H, was submit-
ted to the fuel an almost complete recovery of the voltage loss was
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achieved. The measurements illustrated that the CH4 passed the
stack nearly unconverted and thus that the CH4 conversion is more
sensitive to S-poisoning than the electrochemical reactions.

To minimize or at best eliminate these negative effects of S,
S-tolerant materials have been studied both experimentally and
theoretically [8,10,13-17]. Ce, Cu and Sc are among the materials
that have been reported to increase the S tolerance of an SOFC. For
example Sasaki et al. [8] found that the S-tolerance was improved
by using Sc,03-doped ZrO, (SSZ) instead of Y,03-doped ZrO, (YSZ)
as electrolyte and/or as electrolyte component in the anode cermet,
when testing planar electrolyte-supported SOFCs. At 800°C and a
current density of 200mA cm~2, the cell voltage of an SOFC with
a Ni-YSZ anode dropped to 0V, when 20 ppm H,S was added to
the H; fuel, while an SOFC with a Ni-SSZ anode only experienced a
small drop in voltage and continued to run even after 100 ppm H,S
was added.

In general though, it is difficult to find an unambiguous explana-
tion for the reactions of S-compounds in the anode and the effects
on performance, as it is very complex and dependant on the various
factors already mentioned (e.g. temperature, H,S concentration,
fuel composition and operation time). However, it seems to be gen-
erally accepted that at least two different types of reactions can take
place on the Ni catalyst particles, i.e. a chemisorption (Reaction (1))
and a sulfidation (Reaction (2)+(3)) [18,19].

HyS(g) < ]'lsads"‘l'[g/ads<_> Sads+H2,g/ads (1)
Ni + H,S < NiS + H, (2)
3Ni+xH,S < Ni3sx +xH; (3)

which of these reactions is dominating, has been studied theoreti-
cally (e.g. thermodynamical calculations) and experimentally (e.g.
X-ray diffraction (XRD) and Raman spectroscopy) [19-23]. These
studies indicated that chemisorption (Reaction (1)) is dominat-
ing at relevant testing conditions for an SOFC (700-800°C and an
H,S concentration below ~50 ppm). Cheng and Liu [23] used in
situ Raman spectroscopy to study dense Ni-YSZ composite pellets
exposed to higher H,S concentrations. Sulfides were only detected
after cooling down slowly from 500 °C and they disappeared again
after re-heating to over 500 °C. These results illustrate the problems
of detecting sulfur by post-mortem analysis.

This paper presents experimental studies on the effect of H,S
added at intervals with different concentrations to an H, fuel
on the performance of technological SOFCs with a Ni-YSZ anode
cermet. Detailed electrical measurements and impedance spec-
troscopy were used to monitor the effect of S on the cell voltage and
the internal resistance of the SOFCs. Scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) were used to study
the chemical composition and eventual morphology changes of the
anode after the test.
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2. Experimental
2.1. Cells and initial electrochemical characterization

The SOFCs consisted of a Ni/Yttria-stabilized-Zirconia (YSZ)
anode support and an active Ni/YSZ anode, a YSZ electrolyte, and
a Lanthanum-Strontium-Manganate (LSM)/YSZ cathode and were
produced at the Risg-DTU pre-pilot facility [24,25]. The SOFCs were
planar with an active area of 4 cm x 4 cm (total area of 5cm x 5 cm).
The cells were sandwiched, firstly, between an anode and a cath-
ode gas distribution layer, and secondly, between current collectors,
i.e. a Ni foil on the anode side and an Au foil on the cathode side.
These components were all sealed from the surroundings by a
glass/ceramic-composite. A more detailed description of the setup
can be found in Ref. [26].

The cells were sealed and reduced at 1000 °C followed by an ini-
tial electrochemical characterisation (fingerprint). The fingerprint
measurements comprised of iV-curves and impedance spectra at
850°C, 800°C and 750°Cin 96% H, +4% H,0 and 80% H, +20% H,0
fuel composition. In the impedance measurements an oscillating
current of approximately 60 mA was applied over the frequency
range 0.08-82 kHz with a Solartron impedance analyser.

2.2. The effect of H,S

The effect of H,S was measured with the setup shown in Fig. 1.
The fuel consisted of Hy, which was moisturized in a water bottle
(~4%H,0). H,S from an H,S/H,-bottle containing 218 ppm H, S was
supplied through a mass flow controller and mixed with the fuel
after the water bottle, while the total fuel flow was kept constant
at 101h~1. The right-hand side of Fig. 1 illustrates how the H,S
was added at intervals. The exposure time was 24 h for each H;S
concentration. Air was used on the cathode side (1401h~1). The test
was compared to an SOFC tested at similar test conditions, where
the fuel was an H,:CO, gas mixture (4:1) at a total flow of 12.51h~1.
The experimental schematic for the H,S-poisoning tests was thus:

1. Adjustment of gas flows (anode: H,/H,0; cathode: air; start of
current load (1 Acm~2).

. Waiting for a constant cell voltage (~200 h).

. Addition of H,S to the fuel flow for 24 h.

4. Stop of H,S flow and waiting for cell voltage regeneration

(~200h).

5. Repetition of the H,S addition for several different H,S concen-
trations (2-100 ppm).

. Cell voltage measurements during the entire test.

7. Impedance measurements at selected times.

w N

2]

In the fuel inlet and outlet tubes, pO, probes were placed to
measure the oxygen partial pressure voltage (pO,-in voltage and
pO,-out voltage, respectively). The pO, probes were made of single
ended zirconia based tubes, and were supplied with a constant flow
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!
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Fig. 1. The test setup. On the right it can be seen how H,S was added at intervals.
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of air on the inside. Two Pt wires (one on the inside and one on
the outside of the tube) measure the potential difference across
the tube wall. With use of Nernst equation the partial pressure of
oxygen on the outside (the fuel) could be calculated as it is known
on the inside (air). A third Pt/Rh wire was welded together with the
inside Pt wire, and was used to measure the inlet and outlet fuel
temperature.

The SOFC performance during the test was evaluated by measur-
ing the cell voltage and the in-plane voltages in anode and cathode
(see Fig. 1) as well as by impedance spectroscopy. These voltage
measurements were carried out by using Pt voltage probes, which
were welded onto the anode and cathode current collectors at the
positions of gas inlet and outlet (see Fig. 1).

SEM/EDS were used post-test to study the effect of S on
the chemical composition and morphology of the SOFC. For the
SEM/EDS analysis 10 mm x 5mm samples were broken off the
SOFCs at the positions of gas-in and gas-out during testing. The
samples were vacuum embedded into epoxy cylinders, so that their
cross-section was aligned with the cylinder surface. The samples’
cross-section was first grinded with SiC paper, secondly polished
with diamond suspensions (minimum grain size of 1 wm). A carbon
layer coating was put on top of the grinded surface.

3. Results
3.1. Performance

Two tests were performed on nominally identical cells, denoted
as H,S test and reference test. During the initial fingerprint the area
specific resistance (ASR) values were obtained at 850°C. For the
H,S test the ASR value was 0.16 2 cm?, while for the reference test
it was 0.14  cm?. After the initial characterization, a current load
of 1Acm—2 was applied on the cell in the H;S test at a total fuel
flow of 101h~! and a temperature of 850 °C. The initial cell voltage
was 676 mV. The fuel utilization was ~70% as measured by the pO,
sensors. In the reference test the cell was fuelled with an H,/CO,
(4:1) gas mixture at 850°C, with a current load of 1Acm~2 and
a fuel utilization of ~65%. The cell voltages as a function of time
for the two tests are shown in Fig. 2. The reference cell is seen to
have a higher cell voltage (749 mV) than the cell in the H,S test
within the first 100 h. During the ~1000h period the cell voltage
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Fig. 2. The cell voltage development. The different H,S amounts added are marked
in the figure. The current load was 1 Acm~2 at a temperature of 850 °C for both tests.
In the inserted figure the cell voltage development during the period with 4 ppm
H,S addition and evaluation parameters are shown. In the H,S test an H,/H, 0O fuel
mixture was used, at a FU of 70%. In the reference test an H,/CO, fuel mixture was
used, at a FU of 65%.

was very stable and only degraded by 6 mV. In the H,S test, an ini-
tial increase of the cell voltage (activation) occurred to a value of
738 mV during the first 50 h, and thus increased to approximately
the same cell voltage as for the reference cell. After approximately
200h with a constant cell voltage, 2 ppm H,S was added to the
fuel. An effect (drop of cell voltage) occurred first after 18 h. This
retention time is believed to be due to the fact that the pipes and
various surfaces through the test setup had to be covered with S
before the H,S reached the cell. 24 h after the cell voltage started
to drop the H,S was turned off. This gave rise to a slow increase
in the cell voltage over a period of approximately 250 h. This pro-
cess was repeated several times with different H,S concentrations
added for 24 h. The initial retention period was not observed again.
The cell voltage always decreased after H,S was added, but regen-
erated to the initial level (4 mV) after the H, S was stopped. During
the regeneration following the concentration of 100 ppm H,S, the
test was terminated unexpectedly. An overall cell voltage degrada-
tion excluding the periods under H,S was not detectable and thus
much similar to the reference test.

The effect of H,S addition was evaluated using the initial cell
voltage drop. The definition of this parameter is illustrated in the
inserted figure in Fig. 2 and the results are shown in Fig. 3. The
magnitude of the voltage drop increased sharply with increasing
amounts of up to ~10-20 ppm H,S and to a smaller extent at larger
concentrations. The error bars indicate the uncertainty of deter-
mining the exact starting and ending point of the initial voltage
drop.

After the initial voltage drop, the cell voltage degraded at an
almost constant rate (see insert in Fig. 2). Fig. 4 shows how this
degradation rate depended on the H,S concentration. The degra-
dation rate during addition of H,S increased with increasing H,S
concentration over the whole concentration range.

During the addition of H, S, not only the cross-plane voltage (cell
voltage), but also the in-plane voltages in the anode and cathode
were recorded. These voltage values were measured at positions
between the gas inlet and the gas outlet on the electrodes and are
shown for the case of 2ppm H,S in Fig. 5. The in-plane voltage
started to increase immediately after H,S was added to the fuel. It
went through a sharp peak during H,S exposure and returned to a
constant level (similar to that before the H,S was added). This level
remained constant until the H,S was turned off. Then another peak
was seen during the regeneration of the cell voltage. This time it
evolved in the reverse direction and was much broader, however
it rose again towards a constant level similar to the initial one. A
similar behaviour was observed for the other concentrations of H,S.
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Fig. 3. The initial voltage drop as a function of the H,S concentration. T=850°C,
current load=1Acm2.
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Fig. 4. Cell voltage degradation during addition of H,S. T=850°C, current
load=1Acm—2.

The sign of the in-plane voltage was similar for the two electrodes.
However, as seen in Fig. 5 they do not have the same magnitude.
The anode in-plane voltage is twice as large as the cathode in-plane
voltage.

The heights of the positive and negative peaks in the in-plane
voltage in the anode were analysed as a function of the H,S con-
centration (Fig. 6). The peak heights increased with increasing H,S
concentration until a plateau was reached at approximately 40 ppm
H,S. During the entire test period the in-plane voltage drifted. Error
bars illustrating this drift are thus inserted in Fig. 6.

3.2. Impedance spectroscopy

Impedance of the SOFC was measured before, during and after
each H;S cycle, all under current load. To determine the most rel-
evant times for recording impedance spectra the anode in-plane
voltage was followed and impedance spectra were taken at the
times of peaks and of constant levels. The development of the
impedance was similar for all of the used H,S concentrations. The
case of 7ppm H,S addition is shown in Fig. 7 as example. The
Nyquist plots show that the total internal resistance of the cell
increased as H,S was added to the fuel until the constant level in
the in-plane voltage was reached. But it returned to the initial level
when the H,S addition was stopped, i.e. the cell voltage regener-
ated. The series resistance remained constant, only the polarization
resistance changed.
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Fig. 5. The in-plane voltage development when 2 ppm H,S was added to the fuel.
T=850°C, current load=1Acm2.
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Fig.6. The change in peak heights of the anode in-plane voltage for the first (positive)
and second (negative) peak (see Fig. 5). T=850°C, current load=1Acm™2.

In order to compare the performance after each portion of H,S,
the impedance spectra measured before each new addition of H,S
are shown in Fig. 8. The spectra have all approximately the same
size and frequency range. Obviously, no permanent increase of cell
resistance due to the addition of up to 42 ppm HjS occurred.

ZView (version 2.8d) was used to analyse the impedance spec-
tra. An equivalent circuit, which consisted of one inductance part,
L, a series resistance, R;, and three R-CPE elements (R; +R, +R3) was
used (the range of the resistances Ry, R, and R3 and the fitted spec-
trum are indicated in Fig. 8 for the case before 2 ppm H,S addition).
This equivalent circuit has been found suitable for analysing the
type of SOFC used in this study [27]. The analysis of the impedance
spectrain Fig. 7 showed that the low-frequency arc (fitted by R3 ) did
not change significantly in size during the addition of H,S. Instead
the high frequency part (fitted by R; + R, ) stands for the change in
internal resistance (Fig. 9).

To determine the exact frequency at which the impedance
is affected most by the addition of H,S, differential impedance
analysis can be used [28]. Impedance spectra taken before H,S intro-
duction and at the constant level, i.e. during addition of H,S, were
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Fig. 7. Impedance spectra taken during the addition of 7 ppm H;S to the fuel. The
inserted figure shows when the impedance spectra were measured during the
in-plane voltage development. The measurements at 3831Hz, 1778 Hz and 1.8 Hz
are marked, in order to show the development of the individual impedance arcs.
T=850°C, current load=1Acm2.
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spectrum are indicated for the case of 2 ppm H;S. T=850°C, current load=1Acm~2.

T T T e T T T
-0.06 -
oo |
0.04 |- oA .
L -agg:ﬂg OZAA'% 888 i
-0.02 - Qﬂg ' ggg gggaunnmnl?nng i
L A [ ogfaftoon0 P 1
& 0.00 s sl ‘.2 T L AT g. ....E P L T H Leiun
g 0Q 1 E 10 100 1000| i 10000 8
S oozt . ' Lo -
z - 1.8 Hz g 8
% 0.04 1778 Hz | 4
£ L i 1
0.06 | gatp g - M Before H,S 3831 Hz O]
- : A First peak
0.08 - © Constant level -
- _ _A Second peak
0.10 |- StoPHS o Constant level

Frequency / Hz

Fig. 9. The imaginary part of the impedance plotted as a function of frequency for
the case of adding 7 ppm H,S. The measurements at 3831Hz, 1778 Hz and 1.8 Hz
are marked, in order to show the development of the individual impedance arcs.
T=850°C, current load=1Acm2.

compared. In the differential analysis the unit AZ'(wy)is calculated:

[Zp(wn41) = Zg(wn_1)] = [Z)(wn11) = Zj(@n-1)]

AZ =
(n) In(@n1/rad s—1) — In(wy_y/rads—1)

(4)

where Zj; is the real part of the constant level impedance spectrum
and Z, is the real part of the impedance spectrum before H3S, at the
frequencyw. AZ'(wy) marks the frequencies at which differences in
internal resistance between two given impedance spectra exist, in
our case the frequencies at which the largest changes in the total
internal resistance have taken place as a consequence of the H,S
addition. This is found to happen primarily at 1212 Hz (Fig. 10) for
the studied H,S concentrations 2 ppm, 4 ppm, 7 ppm, 18 ppm and
42 ppm. Furthermore, the magnitude of the change increased with
increasing H,S concentration.

4. Discussion

The addition of H,S to a hydrogen fuel at 850 °Cand 1 Acm~2 had
two effects on the cell voltage (Fig. 2): aninitial cell voltage drop and
an almost constant cell voltage degradation, which was larger than
during the periods without H,S. A similar result has been reported
in the literature [8,11]. Zha et al. [11] assigned the first voltage drop
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Fig. 10. Differential impedance analysis of spectra at “before H,S” and at “con-
stant level” for 2 ppm, 4ppm, 7 ppm, 18 ppm and 42 ppm H,S. T=850°C, current
load=1Acm~2.

to arapid adsorption of S on the Ni surface, blocking the active sites
for hydrogen adsorption and oxidation.

For all of the used concentrations of H,S a detectable effect was
seen on the cell voltage. This indicates that the lower concentration
limit for a detectable effect of H,S on the cell voltage for an SOFC
of the type and with the test parameters used here is 2 ppm or
below. Turning off the H,S addition, however, the cell performance
regenerated completely. The SOFC used here can thus tolerate H,S
exposures from 2 ppm to 100 ppm for a 24h period in H; fuel.
The magnitude of the initial voltage drop increased first sharply
with increasing H,S concentration until ~40 ppm (Fig. 3). A simi-
lar behaviour was observed for the change in the in-plane voltage
(Fig. 6). A levelling off for both values occurred at larger H,S con-
centrations, in particular for the in-plane voltage changes. Sasaki
et al. [8] also observed a flattening out of the cell voltage drop,
when increasing the H,S concentration from O ppm to 20 ppm in
an H, fuel for electrolyte supported SOFCs (Ni-YSZ anode) at a cur-
rent load of 200 mA cm~2, however at a much higher temperature
of 1000°C. The formation of the plateau may be related to the S-
poisoning of the Ni anode catalysts. Bartholomew [2] reported that
S adsorbs in different overlayers depending on the S/Nigy,face ratios.
S adsorbs selectively, i.e. adsorbs on the sites of lowest coordina-
tion number first, i.e. the most open structures bind S strongest.
In the SOFC anode the Ni particle surfaces are a combination of
different surface structures, which gives a large number of low coor-
dinated sites. The initial cell voltage drop is thus a result of a fast
chemisorption and therefore blocking of Ni sites most active for
the electrochemical conversion of H,. The magnitude of the drop
is related to the number of blocked sites, i.e. the equilibrium cov-
erage at a given H,S concentration. The trends in Figs. 3 and 6 may
thus be explained by “saturation” of one S-overlayer combination
(represented by the solid line). At even higher H,S concentra-
tions (or maybe starting at 100 ppm) the initial voltage drop could
thus increase again, due to a rearrangement of the S-overlayer.
Increasing the temperature would decrease the effect of S on the
performance and thus decrease the initial voltage drop.

In contrast to the immediate effect of H,S, on the cell voltage,
the degradation under exposure increased over the whole con-
centration range (2-100 ppm H,S) (see Fig. 4). The origin of this
degradation is not clear at the moment. Significant micro-structural
changes, such as Ni-particle coarsening, do not seem very likely, as
the degradation stops completely after the removal of H,S from the
fuel.
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Fig. 11. Illustration of the S-poisoning of the SOFC anode (grey: electrolyte; green: Ni particles in anode; S: S-poisoning; arrows: fuel flow). (A) Ni particles partly covered
(inlet); (B) homogeneous layer of S on the Ni particles; (C) S partly desorbed. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

Observing the cell voltage and the impedance spectra after stop-
ping the H,S addition (Figs. 7 and 8) an almost complete recovery
of performance was obtained approximately 250 h after turning
off the H,S. The effect of H,S on the electrochemical conversion
can thus be regarded reversible. The main part of the regeneration
happened within the first 50 h. This relatively quick performance
recovery and the fact that it recovered completely, strongly indicate
that the interaction of H,S with the Ni catalyst was an adsorption
reaction. This is further supported when considering the test condi-
tions used in these studies (850 °C and 2-100 ppm H5S) and taking
previous results into consideration. Phase diagrams [19] show that
an H,S concentration well above 100 ppm at 850°C is needed to
form nickel sulfide and Raman spectroscopy studies support this
statement [23]. However, a minor degree of nickel sulfide formation
cannot be excluded.

Following from the previous discussions the shown regenera-
tion of the cell performance is suggested to be due to S desorption.
Adsorbed S species could react with H, from the fuel or 02~ -ions
from the cathode-electrolyte (Reactions (5) and (6)). 02~ -ions were
suggested to facilitate removal of adsorbed S by Cheng et al. [9], Zha
et al. [11] and Rostrup-Nielsen et al. [12].

(5)

Hz,g/ads + Sads = HaSg

20%" + Su45 — SOz ¢ + 4e~ (6)
Wang and Liu [29] used first-principles-based thermodynamic cal-
culations to study desorption of S from a Ni surface and found that
both H,0 and O, can be used as desorption agents. The concentra-
tions of H,O and O, must though not be too large (depending on
the test parameters), as H,O and O, may oxidise the Ni particles. In
our tests, 4% H,0 was added to the fuel and the H,0 concentration
increased, when the fuel moved towards the outlet part of the cell,
as it is formed in the electrochemical conversion of H,. H, O is thus
believed to have an influence on desorbing S from the Ni particles.

It must be remembered that the adsorption/desorption reac-
tions are in equilibrium, which means that S is adsorbed and
desorbed constantly due to the constant fuel flow. This gives an
equilibrium coverage of S on the Ni particles, which depends on
the fuel composition (concentration of H,S and of desorption agent)
and the operating parameters (temperature, current load, fuel uti-
lization and cell polarization).

A change in the in-plane voltage is equal to a change of the cur-
rent distribution within the electrode (from fuel inlet to outlet).
This is illustrated in Fig. 5. Before adding H,S to the H,/H,O fuel,
the current I across the cell is divided equally between the inlet and
outlet probes (I/2). The current running in-plane (li,-piane) is thus
close to 0. When H,S is added to the fuel, a change of the in-plane
voltage occurs (Ipytiet > linlet Fig. 5). The current distribution in the
electrodes is changed in a way that part of the inlet I/2 current runs
in-plane to the outlet I/2. This effect can be explained in terms of
decrease of active sites due to S-passivation and vice versa when
H,S is stopped.

It is therefore suggested (illustration in Fig. 11) that H,S enters
the anode and adsorbs dissociatively on the Ni particles, starting at
the inlet part of the anode. As a consequence the current distribu-
tion within the anode, and thus the anode in-plane voltage, change.
When the anode is partly covered with S, the in-plane voltage is
largest, i.e. the current distribution over the anode is most varied
(A in Fig. 11 and first peak in Fig. 5). As the adsorption/desorption
equilibrium is established, the in-plane voltage drops again, and
reaches a constant level as a homogeneous layer covers the anode,
i.e. the current is homogeneously distributed (B in Fig. 11 and con-
stant level in Fig. 5). The degree of S coverage in this equilibrium
situation depends on the fuel composition (concentration of H,S
and of desorption agent) and the operating parameters (temper-
ature, current load, fuel utilization and cell polarization). As the
effect of H,S on the initial cell voltage drop and the peak heights
of the in-plane voltage levels off after approximately 40 ppm, this
concentration might reflect the amount of most active sites for
H, oxidation at the anode/electrolyte interface. When the H,S is
turned off, the S on the Ni particles is desorbed after reaction with
H, (and possibly 02~ -ions and H,0). This desorption starts at the
inlet, which leads to a difference of current distribution within the
anode and therefore a change in the in-plane voltage. The reason for
the smaller, broader, in-plane voltage change in this situation could
be an indication for a slower desorption kinetics compared to the
adsorption, i.e. the active sites bind S at a higher rate than release
S. This would also explain the cell voltage development during the
degradation/regeneration cycle (C in Fig. 11 and as second peak in
Fig. 5).

Impedance spectroscopy under current load showed that the
total internal resistance of the SOFC increased as H,S was added to
the fuel (the same effect was reported at OCV in the literature [11])
and reached a maximum at equilibrium coverage. Only the polar-
ization resistance increased/changed whereas the series resistance
remained constant. The adsorbed S species thus did not form an
insulating layer, but poisoned the active sites for H, oxidation. The
effect was completely reversible, as observed both with cell voltage
and with impedance spectra in Figs. 7 and 8.

The changes of resistance happened primarily at the high fre-
quency arc of the polarization resistance. These changes were
characterized using differential impedance analysis. It was found
that the main change in resistance happened at 1212 Hz. As S will
poison the electrolyte/anode interface reactions, the 1212 Hz region
can therefore be assigned to electrolyte/anode reactions for the type
of SOFC and testing conditions used in this study.

The anode/electrolyte interface of the cell from the H,S test
and of a similar type of cell, which had not been exposed to
H,S (Reference test) were studied by electron microscopy. Compar-
ing the Ni particle densities (the number of Ni particles within a
20 pm x 20 wm area adjacent to the anode/electrolyte interface, i.e.
the active anode layer) on several positions, approximately simi-
lar values were found (2545 particles), see Fig. 12. There was a
large uncertainty in determining the number of Ni particles, as
smaller particles (below ~1 wm) were difficult to identify as Ni,
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Fig. 12. Electron microscopy images of a reference (cell tested for long time at 850 °C
without H,S; top image) and the cell used in the H, S test (bottom image). The images
are oriented with the electrolyte on top and the anode below. A secondary electron
detector and an acceleration voltage of 12 kV were used.

and due to particle agglomeration. However, it can be concluded
that the short term exposure to H,S under testing conditions did
not seem to have a significant effect on the distribution of Ni. The
only difference between the two images seemed to be a slightly
larger porosity of the cell in the H,S test. More analysis is neces-
sary to confirm or dismiss this difference. No S-compounds, which
could be related to the presence of H,S in the fuel, were found
in post-test EDS studies. However, it cannot be excluded that S-
species were removed during shutdown of the test. Furthermore,
the measurement resolution of the instruments used for post-test
analysis could be a limiting factor. The measured parameters are
only averages over the cell area. Local gradients may give the right
conditions for nickel sulfide formation (e.g. different fuel flow or
concentration).

5. Conclusions

In this article it has been demonstrated how H,S affects the
electrochemical performance of an anode-supported technologi-
cal SOFC. H,S in a H; fuel at 850°C and 1 Acm~2 had a reversible
effect on the electrochemical performance and cell voltage degra-
dation rate in the concentration range between 2 ppm and 100 ppm
H,S admitted for 24 h periods. It was concluded that the poisoning
effect of S was primarily due to chemisorption and thus blocking
of Ni-particles and not a significant change of the microstructure
of the anode or a formation of an insulating layer. The cell volt-

age degradation rate increased with increasing H,S concentration,
whereas there was no degradation in H,S-free fuel under the used
testing conditions. The S poisons the anode reversibly like a front
and was reflected in a characteristic change of the in-plane volt-
age. The observed changes of the cell voltage, the in-plane voltage
and the impedance at selected times showed that adsorption pro-
ceeds faster than desorption. Differential analysis of impedance
spectra made it possible to identify the frequency of 1212Hz at
which S affects the total internal resistance of an SOFC, while the
series resistance was not affected by H,S at all. A forthcoming
study will address the effect of H,S in a biogas fuel where the
poisoning effect on the electrochemistry as presented here will
overlap with the poisoning effect on the reforming activity of the
anode.

Nomenclature
SOFC solid oxide fuel cell

CPO catalytic partial oxidation
XRD X-ray diffraction

SEM scanning electron microscopy
EDS energy dispersive spectroscopy
ASR area specific resistance
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