Sulfur Poisoning of Electrochemical Reformate Conversion on Ni/Gadolinium-Doped

Ceria Electrodes

Matthias Riegraf,™" Michael Philipp Hoerlein,* Rémi Costa,* Giinter Schiller,” K. Andreas

Friedrich®

*German Aerospace Centre (DLR), Institute of Engineering Thermodynamics, Pfaffenwaldring 38-40, 70569

Stuttgart, Germany

“Corresponding author: E-mail: Matthias.Riegraf@dlr.de, Phone: +49 (0) 711 6862-8027, Fax: +49 (0) 711

6862-747



ABSTRACT

The aim of the present study is the measurement and understanding of sulfur poisoning phe-
nomena in Ni/gadolinium-doped ceria (CGO) based solid oxide fuel cells (SOFC) operating
on reformate fuels. The sulfur poisoning behavior of commercial, high-performance electro-
lyte-supported cells (ESC) with Ni/Ce9Gdo 10,5 (CGO10) anodes operated with different
fuels was thoroughly investigated by means of current-voltage characteristics and electro-
chemical impedance spectroscopy, and compared with Ni/Yttria-stabilized zirconia (YSZ)
anodes. Various methane- and carbon monoxide-containing fuels were used in order to eluci-
date the underlying reaction mechanism. The analysis of the cell resistance increase in
H,/H,O/CO/CO, fuel gas mixtures revealed that the poisoning behavior is mainly governed
by an inhibited hydrogen oxidation reaction at low current densities. At higher current densi-
ties, the resistance increase becomes increasingly large, indicating a particularly severe poi-
soning effect on the carbon monoxide conversion reactions. However, the ability of Ni/CGO
anodes to convert carbon monoxide even at H,S concentration up to 20 ppm was demonstrat-
ed, while this was not possible for Ni/YSZ. The sulfur poisoning behavior of Ni/CGO in
reformate fuels was fully reversible for short exposure times. From methane steam reforming
experiments, it is deduced that the Ni surface is blocked and thus, the water gas shift reaction
is fully deactivated as well. However, electrochemical CO oxidation on the CGO surface was
shown to be still active. The present results clearly demonstrate that the high sulfur tolerance
of Ni/CGO is not only limited to H,/H,O fuel systems, but also extends to CO-containing

gases.
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Introduction

Although continuous progress is achieved with respect to lifetime and performance im-
provements, solid oxide fuel cells (SOFC) continue to struggle with commercialization. One
option to decrease the cost of SOFC systems would be to simplify the balance of plant by
reducing the number of upstream fuel processing components, such as the desulfurization
unit. However, sulfur-containing impurities in most prospective SOFC fuels such as natural
gas and biogas inevitably lead to considerable performance drops upon exposure to Ni-based
anodes. Sulfur poisoning of the most commonly used Ni/YSZ cermet anodes has been widely
investigated, both experimentally and theoretically, and was related to the Ni surface poison-
ing with elemental sulfur.'”” However, only few studies have targeted the sulfur poisoning
behavior of Ni/CGO anodes, although they are used in several commercial applications and
were shown to possess a significantly higher sulfur tolerance than Ni/YSZ.*'® Hydrogen oxi-
dation on Ni/CGO was frequently assumed to proceed via the same reaction mechanism as on
Ni/YSZ, where hydrogen spillover including electrochemical charge transfer at the triple
phase boundary (TPB) between Ni/YSZ/gas phase was shown to be the rate-limiting step.
However, recent studies of Ni/CGO have suggested that the rate-determining charge transfer
reaction is likely to happen at the CGO/gas-phase double layer (DPB) rather than at the TPB
between Ni/CGO/gas phase. In these studies, Ni was suggested to act merely as electronic
conductor.””** This hypothesis is supported by a number of studies investigating Cu/CGO-
based anodes that show high performance, despite the usage of catalytically inactive Cu as the
metallic phase.>”° This behavior can be explained by the high surface activity of CGO to-
wards Hj oxidation and its mixed ionic/electronic conductivity (MIEC) at high temperatures
and in reducing atmosphere, which originates from the mixed Ce’*/Ce*" oxidation state of
Cerium.19’21 ,22,27,28
Several research groups have experimentally investigated the influence of sulfur on

Ni/CGO-based SOFC operated on H,/H,O fuels.t 1*?** Similar to Ni/YSZ anodes, a rapid
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initial power output drop occurs already for H,S concentrations in the ppm level and levels
off at H,S concentrations of approximately 20 ppm.*'>*° However, the associated resistance
increase for Ni/CGO anodes was significantly less severe. Furthermore, the poisoning behav-
ior was shown to be completely reversibje for H»S concentrations below 100 ppm.**~"!
Hypothetic explanations of this high sulfur tolerance include the activity of CGO as a hydro-
gen oxidation catalyst in the Ni/CGO system,'"** the oxidation of sulfur to SO, involving an
oxygen spillover from CGO to Ni,*'*** and sulfur diffusion from the surface to the CGO bulk
phase.”*** While the actual reason still needs to be identified, it is clear that the influence of
sulfur on Ni/CGO anodes has to be reevaluated under the assumption that the underlying
mechanism might be fundamentally different to Ni/YSZ. In order to make mechanistic con-
clusions, a more detailed investigation of sulfur poisoning on Ni/CGO is necessary.

With regards to sulfur poisoning in hydrocarbon-containing fuels, a variety of studies has

6,35-37

been dedicated to the investigation of Ni/YSZ anodes operating on methane, refor-

3839 and biogas.*” In order to achieve high efficiencies, SOFC are ideally operated

mates,” syn-
in an internal methane reforming mode. This involves a number of catalytic reactions, which

on Ni/YSZ are catalyzed on the Ni surface. The main catalytic reactions are.

Methane steam reforming: CHs + H,O == CO + 3H,; (1)
Methane dry reforming: CHs + CO, == 2CO + 2H, (2)
Water gas shift reaction: CO + H,O = CO, + H; 3)
CO oxidation: CO + O = CO, (4)

From an elementary kinetic point of view, all of these chemical processes are based on

6,41,42

identical elementary steps. Thus, the reactions cannot be seen as independent reaction

pathways, as they are inherently coupled in a complex reaction mechanism.
On Ni/YSZ anodes, electrochemical CO oxidation (Eq. 5) was shown to be one order of
magnitude slower than electrochemical hydrogen oxidation and the water gas shift reaction

due to the slow oxygen spillover charge transfer reaction.**
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Electrochemical CO oxidation: CO + O == CO,+ 2¢ %)

Approaching more realistic operating conditions, several experimental studies have exam-
ined the sulfur poisoning of Ni/YSZ anodes operated on CO/CO,/H,/H,O gas mixtures in
order to extract detailed information about the influence of sulfur on the water gas shift reac-
tion. >~**” The results of these studies show that the water gas shift reaction is also affected
more strongly than the electrochemical oxidation of hydrogen. Thus, mass transport limitation
is reached at lower current densities than under sulfur-free conditions. For H,S concentrations
of >20 ppm, both the water gas shift reaction and the methane steam reforming were even
shown to be completely deactivated.’’

However, such detailed investigations about the sulfur influence on hydrocarbon-fueled
SOFC still have not been carried out for Ni/CGO anodes, although CGO was reported to dis-
play a high electro-catalytic activity towards CO oxidation in a number of studies, indicating
the possibility of high CO oxidation rates also on Ni/CGO anodes.'**** Furthermore, the
possibility of direct electro-catalytic methane oxidation on Ni/CGO, especially at low

steam/carbon ratios, was shown, which is not favorable on Ni/YSZ.>* >

Moreover, the hy-
pothesized sulfur oxidation opens up the possibility of an at least partly active water gas shift
reaction.

Recently, a detailed analysis of sulfur poisoning on Ni/CGO operating on H,/H,O fuels
was carried out in our group.” However, the extent of sulfur poisoning in carbon monoxide-
containing systems is still unclear. The present study evaluates the effect of hydrogen sulfide
on the performance of Ni/CGO-based SOFC operating on a number of different reformate
fuels and compares the observed behavior with Ni/YSZ anodes. This allows us to decouple

the different (electro-)catalytic reactions shown in Eq. 1-5 and draw several mechanistic con-

clusions about the behavior of Ni/CGO anodes.



Experimental Methodology

Two different kinds of commercial, electrolyte-supported SOFC (ESC) were investigated,
both based on 160 pm thick 10Sc1CeSZ ((Sc203)0.1(Ce02)0.01(Zr0O2)0.89) electrolytes. The first

cell was a “G3” ESC with a 20 pm thick Ni/CeoGdy 10,5 (CGO10) anode, a 5 um thick

CGO10 adhesion layer between electrolyte and functional anode layer and an LSMM’ MIEC
cathode manufactured by the Fraunhofer Institute for Ceramic Technologies and Systems
(IKTS).” It will be referred to as Ni/CGO-based cell in the following. The second cell was a
commercial cell by Kerafol employing a 25 um thick Ni/8YSZ((Y203)0.08(ZrO2)0.92) anode, a
Sum thick 8 YSZ adhesion layer and an LSM((Lag75S10.25)0.9sMn0O3)/10Sc1CeSZ cathode.
This cell will be referred to as Ni/YSZ-based cell. The composition of the LSM was
(Lag75S10.25)0.9sMn0O3. The weight ratio between metallic and ceramic phases in the anodes,
and between LSM and 10Sc1CeSZ in the composite cathode of the second cell was 50:50. In
both anodes a current collector layer with increased Ni content was utilized. Moreover, the
results in this work are compared to recently published experiments of a third cell.”” This cell
employed the exact same materials and geometry as the Ni/CGO10-based cell in the present
study, except for using an LSM/10Sc1CeSZ cathode. This cell is referred to as “Ni/CGO-
Ref”.

The active area of the planar cells was 4 x 4 cm” with a total area of 5 x 5 cm?. The setup for
cell testing enables the characterization of up to four cells simultaneously and has been illus-
trated and described in detail elsewhere.”>* Throughout the present work, the hydrogen utili-
zation (FUyp) is used. This value is calculated by dividing the number of electrons going
through the external electrical circuit with the maximum number of electrons that can be gen-
erated by the hydrogen inlet. Frequently, overall fuel utilization values are used that include
both the hydrogen and carbon monoxide inlet gases. However, in the present work FUy; is
preferred, since this descriptor can state more clearly if carbon monoxide is oxidized at a giv-

en operating point. As illustrated in Figure S1, a bypass of the fuel gas around the anode is
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possible within the ceramic cell housing in the employed setup. Moreover, the cell housing
has not been optimized to deliver an equally distributed gas profile across the cell. Thus, the
values of the fuel utilization (F'U) reported in this study are influenced by the setup. However,
as the same cell housing is used for all investigated cells, the magnitude of the bypass flow
rate is the same in all experiments. Anode and cathode were contacted with nickel and gold
meshes, respectively, and gold was used as the sealant between the anode and the cathode
side. In all tests, cells were operated with varying fuel mixtures and different H,S concentra-
tions at a constant total fuel flow rate of 1 Lemin ' for each cell. The cathode was operated
with air at a constant flow rate of 2 Lemin . Humidification was carried out by running the
gas through a temperature-controlled water bubbler. H,S was taken from a pressurized
H,S/N; (or H,S/H,, respectively, for the hydrogen oxidation experiments) bottle containing
150 ppm H,S.

The cells were briefly heated (3 K/min) to 950 °C for sealing and subsequently reduced at
900 °C. Afterwards, the operating temperature of 850 °C was adjusted. The OCV was
checked before starting the tests and confirmed to be higher than 1.22 V at 900 °C in pure
hydrogen (1 Lemin") and air (1 Lemin ") for all investigated cells, assuring proper gas tight-
ness. Electrochemical experiments were carried out in a number of different fuel gas mixtures
(Table I). Initially, the sulfur poisoning behavior of the cells was investigated in a H,/H,O
fuel mixture in order to allow a comparison with recently published findings (mixture number
1).” Then, two different synthetic reformate gas mixtures were used (mixtures II and IV), that
correspond to the equilibrium gas compositions at the operation temperature of 850 °C. The
equilibrium gas phase compositions and the theoretical open circuit voltage according to the
Nernst voltage were calculated with CANTERA.> For both reformate mixtures, experiments
of the same cell were also carried out in a reference fuel consisting of H,, H,O and N, (gas

mixtures III and V). Moreover, the sulfur poisoning effect on CO oxidation (mixture VI) and



methane steam reforming (mixture VII) was investigated. All gas phase compositions are

listed in Table 1.

Table I. Inlet gas phase compositions in the different experiments and indications with which

cell they were performed.

Number of fuel gas mixture H, H,O CO CO, N, CHs Ni/'YSZ Ni/CGO
I 97 3 - - - - Yes Yes
II 16 14 16 14 40 - - Yes
11 32 14 - - 54 - Yes
v 7 7 20 20 46 - Yes Yes®
\Y% 7 7 - - 86 - Yes® Yes®
VI - - 20 20 60 - Yes Yes®
VII 16 23 - - 50 11 - Yes

* Experiments in gas mixtures IV, V and VI were carried out with a different cell from the same batch than the
other experiments. However, performance of the commercial Ni/CGO-based SOFC was shown to be highly

reproducible.

The conducted experiments include a systematic investigation of the effect of the hydrogen
sulfide concentration on the extent of sulfur poisoning on Ni/CGO for the fuel gas mixtures I
and II. Therefore, the H,S concentration was stepwise increased and set to 1, 2, 5, 10, and 20
ppm at each operating point until saturation occurred. After saturation of the last performance
drop related to 20 ppm H.S, its supply was switched off, the gas flow was substituted with
pure N> (or H) and the anode was regenerated until performance had stabilized. This test pro-
tocol was repeated at the different current densities i = Open circuit voltage (OCV), 0.25, 0.5

and 0.75 A-cm °. The cells were characterized by means of electrochemical impedance spec-
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troscopy at each H,S concentration. Therefore, an electrochemical workstation (Zahner” PP-
240 with Thales software) in a frequency range from 100 mHz to 100 kHz with 8 points per
decade was used. The amplitude of the current stimulus was 500 mA and chosen in order to
achieve a voltage response not higher than 15 mV. SEM images were recorded with a Zeiss
Ultra Plus SEM. Current-voltage characteristics (i-V curves) were measured by varying the

current by 0.024 A every 2 seconds.

Results and discussion

The main objective of the present study is to establish the effect of hydrogen sulfide on
Ni/CGO-based SOFC operating on reformate fuels. In order to allow an isolated examination
of the different reforming processes (Eq. 1-5), the following subsections present the investi-
gation of the sulfur poisoning effect on Ni-based anodes operating on different fuels. Firstly,
Ni/YSZ and Ni/CGO anodes were characterized in Ho/H,O fuel systems. In the second sub-
section, a model reformate containing H,, H,O, CO and CO; is used as fuel in order to repre-
sent realistic operating conditions. Subsequently, in order to answer mechanistic questions the
influence of sulfur on electrochemical CO oxidation and lastly, on methane steam reforming

is investigated.

Sulfur poisoning in Hy/H,0 systems

The current-voltage characteristics of the two cells in a Hy/H,O (97/3) fuel gas mixture at
850 °C are shown in Figure S2. Additionally, the recorded results of a second Ni/CGO10-
based SOFC (“Ni/CGO-Ref”) are depicted as recently published.”” The Ni/YSZ-based cell
reaches 0.63 A-cm ~ at 0.7 V, while the Ni/CGO-based cell achieves 0.88 A-cm ? at the same
voltage. The analysis of the electrochemical impedance spectra in Figure S4 shows that the

higher performance of the Ni/CGO-based cell is mainly due to a decreased ohmic resistance



(0.16 Q-cm” for the Ni/CGO-based cell and 0.25 Q-cm” for the Ni/YSZ-based cell), while the
polarization resistance of the two cells is approximately the same (0.23 Q-cm?). As the elec-
trolyte has the same phase composition and thickness in both cells, the increased ohmic re-
sistance of the Ni/YSZ-based cells is probably due to the YSZ adhesion layer, which shows a
significantly lower ionic conductivity than the CGO10 adhesion layer of the Ni/CGO-based
cell.>® This also reflects in a lower overall performance. The recently characterized cell
“Ni/CGO-Ref” even shows a slightly better performance, with a current density of 0.94
A-ecmat 0.7 V.

Figure S3a shows the systematic variation of the H,S impurity level between 0 and 20 ppm in
the Ho/H,O fuel for Ni/CGO-based cell operation at 0.5 A-cm > Analogously, Figure S3b
depicts the poisoning of the Ni/YSZ anode between 0 and 20 ppm H»S. In Figure 1, the corre-
sponding cell voltage drops and the respective increase in area-specific resistance (ASR) are
summarized and compared to the cell “Ni/CGO-Ref”. Interestingly, the successive sulfur poi-
soning did not have a significant effect on the cell voltage of the Ni/CGO-based cell and
caused a maximum cell voltage drop of only 9 mV. Moreover, the cell voltage recovered
quickly back to the initial cell voltage after stopping the hydrogen sulfide supply. Sulfur ex-
posure to Ni/YSZ led to a voltage drop of 172 mV at 20 ppm H,S and thus, was a lot more
severe than for the Ni/CGO cells. This is also reflected in a higher ASR resistance increase
for Ni/YSZ. Furthermore, the Ni/YSZ anode showed a significant extent of irreversible deg-
radation and lost 29 mV of cell voltage within only one poisoning cycle (Figure S3b). Regen-
eration of Ni/YSZ anodes is an extensively investigated topic and the process was frequently
shown to extend over hundreds of hours cases and nevertheless, display irreversible degrada-
tion in most cases.”*>"*® Thus, the value for the irreversible voltage drop could possibly fur-
ther diminish with time. However, as recently shown that irreversible long-term degradation
mechanism for Ni/YSZ and Ni/CGO is probably the same and related to the anode overpoten-

tial.>® The corresponding values are significantly larger for Ni/YSZ, which leads to a signifi-
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cant extent of irreversible voltage degradation already for the investigated short poisoning
periods.

Impedance spectroscopy measurements for the Ni/YSZ (Figure S4c+d) and Ni/CGO (Figure
S4a+b) electrodes with and without addition of 20 ppm hydrogen sulfide have been carried
out. The spectra are influenced by sulfur at the respective opposite ends. Ni/YSZ is affected at
frequencies between 10° and 10* Hz and Ni/CGO at frequencies around 1 Hz. This is con-
sistent with earlier studies of these anodes and can be related to the large capacitance of the
Ni/CGO anode process.®'**’ This behavior originates from the surface double layer on CGO,
which is caused by the accumulation of electrons in the space-charge layer of the MIEC.%!
Interestingly, considerable different voltage drops were observed for the two different
Ni/CGO anodes. The cell voltage drop of our recently investigated cell “Ni/CGO-Ref” was
47 mV, and therefore more than five times higher than the one in the present study. This also
holds true for the increase in ASR resistance and is unexpected in view of the similar overall

performance shown in Figure S2. The fivefold higher ASR increase and voltage drop for the

“Ni/CGO-Ref” cell could also be reproduced with several different cells from the same batch

for both cell types.
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Figure 1: (a) Accumulated voltage drops and (b) accumulated total resistance increase at tem-

perature 7= 850 °C, pO, = 0.21 atm, pH, = 0.97 atm, pH,O = 0.03 atm, as a function of H,S

concentration.

11




A =T
. - ]—A' e e ot

’5‘ ¥ _!_i_'

@\n 106010' A‘ Ve ", '

,‘ ‘, ‘-v""'

SYSZ I ;’*
.i! L

Figure 2. Scanning electron microscopy cross section image of the anodes of (a) the Ni/CGO-
based cell, (b) the recently investigated cell “Ni/CGO-Ref” and (c) the Ni/YSZ-based cell.
SEM image (a) was supplied by the manufacturer. Therefore, (b) and (c) are recorded at the

same magnification, only displaying the adhesion and functional layer.

Impedance spectroscopy measurements at the same condition (OCV, 850 °C, 97 % H, and
3 % H,0 in the anode gas) are depicted in Figure S5 and were analyzed by means of equiva-
lent circuit modeling. The results of a complex non-linear square fit showed that the re-
sistance of the low-frequency arc related to anode charge transfer of the Ni/CGO anode (0.2
Q-cm?) examined in the present study is smaller than the resistance of the recently investigat-

ed cell “Ni/CGO-Ref” (0.28 Q-cm?). As the two Ni/CGO-based cells employ different cath-
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odes, the respective cathode charge transfer processes lie at different frequencies (Ni/CGO:
~5 Hz, Ni/CGO-Ref: ~100 Hz), which is also evident by the different shape of the impedance
spectra. However, despite the difference in frequencies, neither of these processes are part of
the low-frequency arc, and thus, the comparison of the low-frequency arc resistance values
should be valid since they only comprise the anode charge transfer and the gas conver-
sion/diffusion processes in both cases. However, in general the separation of the different
process resistances from impedance spectra of full cells with Ni/CGO anode is complicated,
due to the occurrence of the anode charge transfer resistance at low frequencies, which causes
its convolution with other processes in many cases. Thus, the derived values above can only
be considered as a rough assessment. However, differences in the anode microstructure are
also visible on the SEM images of the Ni/YSZ and the two Ni/CGO10 anodes in Figure 2.
The microstructure of Ni/CGO is finer and the CGO particles are better distributed than the
recently investigated “Ni/CGO-Ref”.*’ This could lead to an increased TPB length and a fast-
er charge transfer reaction and therefore also to a higher sulfur resistivity. However, the
demonstrated difference in sulfur tolerance between the two different Ni/CGO-based cells is
still large for two cells of nominally equivalent cell architecture, despite differences in the
anode charge transfer resistance.

In a number of studies, the reason for the high sulfur tolerance of Ni/CGO was speculated to
be due to the MIEC characteristics of CGO.*'*!! Moreover, in other fundamental studies Ni
was shown to only assume the role of a pure electronic conductor during hydrogen oxidation,
which would extend the electrochemical reaction zone to the DPB interface.”” Based on these
studies, the sulfur adsorption on the Ni surface would not be expected to have a major influ-
ence on SOFC performance. In our recent study, we have speculated that the hydrogen oxida-
tion mechanism on Ni/CGO could be a convolution of a DPB process on the CGO surface and
a spillover process at the TPB between Ni/CGO/gas phase. As a consequence, it is possible

that the role of the Ni phase in Ni/CGO anodes differs depending on the exact composition of
13



the electrode, as a function of particle size, triple phase boundary length and other microstruc-
tural parameters.

In order to explore the potential of Ni/CGO anodes operated on reformate fuels with sulfur-
containing impurities, the more sulfur tolerant Ni/CGO-based cell was chosen for the follow-

ing electrochemical experiments.

Sulfur poisoning in reformate-fueled systems

Since most commercial SOFC systems so far are operated with an external fuel gas reformer,
the present subsection aims to explore sulfur poisoning in more realistic operating conditions
with Hy/H,O/CO/CO,/N,-based fuels. Therefore, firstly the effect of increasing H,S concen-
trations and current density on the performance of a Ni/CGO-based SOFC operated on a syn-
thetic diesel reformate gas mixture is investigated. Subsequently, the reformate fuel ratio of
hydrogen in the gas is lowered in order to reach operating points where CO conversion inevi-

tably must occur.

The effect of H,S concentration and current density on Ni/CGO anodes operated on reformate
fuels.— The voltage stability tests over time are illustrated in Figure 3 for gas mixture II (Ta-
ble I) and at varying current densities of i = 0.25, 0.5 and 0.75 Aecm ~. In all cases, the over-
all voltage drop increases stepwise along with the hydrogen sulfide concentration. The initial
performance drop that is caused by 1 ppm H>S, is the largest and a further increase of the hy-
drogen sulfide concentration only leads to smaller performance losses. The sulfur poisoning
for all investigated current densities was observed to be completely reversible as full voltage
regeneration was achieved after less than 20 h of sulfur-free operation. This behavior is con-
sistent with sulfur poisoning of Ni/CGO anodes in Hy/H,O fuel systems as we reported re-

cently.”
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Figure 3: Transient sulfur poisoning tests of the Ni/CGO-based cell fueled with gas mixture II
(16 % Hy, 16 % CO, 14 % CO,, 14 % H,0, 40 % N;) and with a stepwise increase of H,S
concentration between 0 — 20 ppm. Operating temperature was 850 °C in all cases. The dif-
ferent current densities a) 0.25 Ascm 2, b) 0.5 Aecm ~ and ¢) 0.75 A+cm ~ are shown. The left
y-axis shows the voltage behavior (black) during poisoning and recovery phase and the right
y-axis the imposed H,S concentration (blue). Dotted lines indicate the value of the initial
voltage before poisoning and are for guiding the eye. Oscillation of the cell voltage due to
electrochemical impedance measurements (<15 mV) have been deleted to increase the visibil-

ity of the cell voltage evolution.

Overall voltage drops and ASR increase values for all current densities are depicted in Fig-
ure 4. For current densities up to 0.5 Ascm 2, all curves show the same characteristic behavior
with a drastic change at low H,S concentrations and a saturation effect at higher concentra-
tions. This behavior is similar to the evolution of the estimated sulfur coverage on Ni, calcu-
lated according to a Temkin isotherm.®® These values are depicted on the right y-axis of Fig-

ure 4a for comparison. Interestingly, the poisoning behavior at 0.75 Ascm > does not follow
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this characteristic behavior anymore. At this current density, voltage drop and ASR increase
values do not show a saturation effect, but continue increasing. As with increasing current
densities the fuel utilization increases (FUpyz; = 52 %) as well, this behavior could indicate the
influence of the inhibited water gas shift reaction or CO oxidation. This could entail mass
transport limitations, which lead to a higher sensitivity of the ASR towards small variations of
H,S concentrations. Hence, the observed behavior is likely to be associated with the conver-
sion of CO.

At lower current densities (0.5 Ascm * and lower), the ASR increase curves show a mitigation
effect for the sulfur poisoning test at 0.5 Aecm >, which shows the lowest ASR increase val-
ues. This indicates a general mitigation effect of current density, as already reported before
for Ni/YSZ anodes.”® However, the test at OCV displays lower ASR increase values than the
0.25 Ascm * test, which is in agreement with our recent study of sulfur poisoning of Ni/CGO
anodes in H/H,O fuel gases and indicates that sulfur poisoning at low current densities is
governed by its effect on electrochemical hydrogen oxidation.”” However, the reason for a
particular low ASR increase at OCV is still unclear. The highest ASR increase values of the
test at 0.75 Aecm  further suggests that at the corresponding fuel utilization values, the sulfur
poisoning of CO conversion has a strong impact on the performance losses.

However, already the ASR increase of 0.06 Qecm” at 0.5 Aecm ~ is considerably larger than
the 0.02 Qecm” for the pure Hy/H,O fuel system in Figure 1. In order to check if this is a re-
sult of the changed pH,S/pH; ratio or of additional resistances due to CO conversion, a refer-
ence experiment without CO/CO, was conducted. In this poisoning experiment, a fuel gas
mixture consisting of 32 % H,, 14 % H,O and 54 % N, was employed. This corresponds to
the reformate with CO replaced by hydrogen and CO, replaced by nitrogen and represents the
ideal case where all carbon monoxide can readily be converted to hydrogen via the water gas
shift reaction. In the corresponding reformate, such high hydrogen contents will not be

reached, as it already represents the equilibrium composition at this operating conditions and
16



conversion of CO into hydrogen via the water gas shift reaction will only occur after hydro-
gen is consumed by the electrochemical reaction in the first place. However, small variations
of the hydrogen partial pressure might occur during operation. Therefore, and as the sulfur
coverage on Ni is a function of szs/sz,62 the reference fuel mixture I1I was considered to
represent a “best-case scenario”, that is, the highest dilution of H,S in H,, with the lowest
possible resistance increase.

Judging from the voltage drop and ASR increase, the reference test in the Hy/H,O fuel system
does not result in a considerably lower extent of sulfur poisoning, since these values nearly
coincide with the corresponding values for reformate operation. Therefore, it can be conclud-
ed that sulfur poisoning on Ni/CGO anodes at low fuel utilization is largely governed by the
effect of sulfur on hydrogen oxidation. Thus, the defining parameter responsible for large per-

formance drops in reformate fuel at low current densities is the high pH,S/pH, ratio.
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Figure 4: (a) Accumulated voltage drop and (b) accumulated ASR increase for fuel gas mix-
ture II (Table I) at 7= 850 °C, as a function of H,S concentration at different current densi-
ties. The Ho/H,O measurement represents a reference measurement at 0.5 Aecm 2 with a fuel
consisting of 32 % H,, 14 % H,0 and 54 % N, (orange cross). The right y-axis in a) shows the

calculated sulfur coverage on Ni according to the Temkin isotherm derived in Ref.®

The introduction of hydrogen sulfide did not cause a voltage change at OCV, thus, the influ-
ence of sulfur was captured by electrochemical impedance spectroscopy. The corresponding

spectra are illustrated in Figure 5a+b. Additionally, impedance spectra at 0.75 Ascm ~ are dis-
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played in Figure 5c+d. The Nyquist plots highlight the reported ASR increase, which is a lot
more significant for 0.75 Ascm °. At both current densities, this is reflected by an increase of
the imaginary impedance intensity at frequencies between 1-10 Hz. In our recent study, we
have identified an anode surface process at this frequency.”’ This process was shown to de-
pend on temperature and anode gas phase composition, and interpreted to correspond to the
anode charge transfer reaction. Its low frequency is due to a large chemical capacitance
caused by the oxygen non-stoichiometry of CGO. In addition to the influence at this frequen-
cy, no further change in the impedance spectra at 0.75 Ascm * could be observed. However,
earlier studies on the sulfur poisoning of the water gas shift reaction on Ni/YSZ anode-
supported cells have witnessed a mass transport limitation at similar frequencies ~1 Hz, which

4 . e
33954 This mass transport limitation

overlaps the Ni/CGO anode process in the present study.
is caused by the deactivation of the water gas shift reaction, and causes changes in the imped-
ance spectra due to effects on CO/CO, diffusion, H,/H,O diffusion and gas conversion. In
addition to that, the cathode charge transfer process lies in the frequency range between 1 and

10 Hz as well, as the variation of pO, effects the impedance response at this frequency range

(Figure S6). Therefore, the different processes cannot be separated.
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Figure 5: (a) Nyquist and (b) imaginary impedance plot of impedance spectra of the Ni/CGO-
based cell recorded for gas mixture II (see Table I) at temperature 7= 850 °C, OCV and with
different H,S concentrations between 0 — 20 ppm. (¢) and (d) show Nyquist and imaginary

impedance plots for i = 0.75 Ascm .

The influence of sulfur on carbon monoxide conversion on Ni/CGO and Ni/YSZ.— To obtain
further information about the sulfur poisoning behavior of CO conversion on Ni/CGO, a
number of i-V curves were recorded for both the Ni/CGO and the Ni/YSZ-based cell. The fuel
gas was changed to mixture IV (See Table I) in order to make the sulfur influence on the CO
oxidation more clearly visible. As the sulfur poisoning on Ni/YSZ was extensively investigat-

339.37.64°66 the comparison between the different

ed in numerous fuel systems over the years,
anodes can give important insights into the different underlying reaction mechanisms. Figure
6a shows the comparison between the data of the reformate-fueled Ni/CGO with and a refer-
ence fuel consisting of 7 % Ha, 7 % H,0 and 86 % N, (gas mixture V), both of them with and
without the addition of 20 ppm H,S. The reference fuel was chosen in order to represent a
system, in which the oxidation of CO is completely disabled and the gases CO and CO, are

assumed to be inert. Analogous data is depicted for Ni/YSZ in Figure 6b. In reformate fuels, a

variety of catalytic reaction can occur on the Ni surface, such as the water gas shift reaction
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and the CO oxidation. Since the overall active Ni surface areas of the Ni/YSZ and Ni/CGO-
based cells can differ from each other due to the different microstructure, processing and
slightly different Ni contents in contact and functional layers, the following analyses rather

provides a qualitative than a quantitative comparison.
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Figure 6: i-V curves of the (a) Ni/CGO and the (b) Ni/YSZ-based cell. Experiments were con-
ducted at 850 °C. The reformate consisted of gas mixture IV (blue) containing 7 % Ha,
7 % H,0, 20 % CO, 20 % CO,, 46 % N, and the reference mixture V (red) containing 7 %
H,, 7 % H,0, 86 % N,. i-V curves were recorded with (squares) and without (circles) the ad-

dition of 20 ppm H,S.

The N1/CGO-based cell is operated on a maximum hydrogen utilization of 181 % at a current
density of 1.14 Ascm and a voltage of 0.47 V. Thus, at this operating point a significant
amount of CO is converted. The sulfur poisoning of this anode results in a severe performance
loss and only leads to a maximum current density of 0.64 Ascm *at 0.3 V. The reference fuel
consisting of H, and H,O only displays a small performance drop from 0.44 Aecm™ to
0.39 Aecm %, which again demonstrates the high sulfur tolerance of Ni/CGO anodes towards
hydrogen oxidation. The maximum fuel utilization in the case of H,/H,O operation reaches
around 70 %. Therefore, losses due to bypasses and a non-optimized gas flow profile can
amount to up to 30 %. Still, under poisoning conditions a hydrogen utilization of 101 % is

obtained with the reformate fuel without reaching the limiting current density. Moreover, the
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comparison between the two i-V curves under sulfur exposure clearly shows a significant bet-
ter performance of the reformate-fueled cell. Therefore, it can be concluded that CO conver-
sion is still active under reformate operation and exposure to 20 ppm H;S.

The Ni/YSZ-based cell fueled with reformate is initially also operated in a regime where CO
is oxidized (FUp; = 143 %) and shows a better performance than in the experiment without
CO/CO,. However, after exposure to 20 ppm H,S the i-V curves of both fuel gas mixtures
coincide. This is a clear indication that CO conversion is fully deactivated on these cells, im-
plying that both water gas shift reaction and electrochemical CO oxidation are completely
blocked under these conditions. Furthermore, these experiments demonstrate that the in-
creased sulfur tolerance of Ni/CGO anodes is not only limited to systems with H,/H,O fuel
gases, but also extends to reformate operation. However, so far it is unclear if the reason for
this increased sulfur tolerance in reformate-operation is the activity of the water gas shift reac-
tion or the electrochemical CO oxidation reaction, or possibly both. Therefore, sulfur poison-
ing experiments of Ni/CGO and Ni/YSZ in CO/CO,/N; fuels are shown in the following sub-

section.

Sulfur poisoning of electrochemical CO oxidation on Ni/CGO and Ni/YSZ

Similarly to the previous subsection, i-} curves were measured in order to assess the effect of
sulfur poisoning on CO oxidation. Experiments under the same conditions were carried out
for Ni/CGO (Figure 7a) and Ni/YSZ (Figure 7b) with a gas phase composition of 20 % CO,
20 % CO; and 60 % N, with and without addition of 20 ppm hydrogen sulfide. This is the
equilibrium gas composition at 850 °C, thus, catalytic reactions are avoided. Moreover, coke
formation at the operating conditions was ensured not to be favorable by thermodynamic cal-
culations. A comparison of the maximum current density at a cell voltage of 0.4 V demon-
strates that the Ni/CGO-based cell (0.91 Ascm ?) shows a significantly better performance

than Ni/YSZ (0.38 Ascm ?). Due to different processing conditions and previous poisoning
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experiments, which caused irreversible degradation on Ni/YSZ, this difference in perfor-
mance is no proof for an inherently higher activity of Ni/CGO towards CO oxidation. How-
ever, exposure of the two cells to hydrogen sulfide, reveals interesting mechanistic details
about the behavior of the electrodes. Sulfur poisoning of Ni/YSZ with 2 ppm H,S leads to a
nearly immediate breakdown of the cell voltage after the beginning of the voltage variation.
The maximum achieved current density is 0.002 Ascm 2, which clearly illustrates that CO
oxidation is fully deactivated under these conditions.

This also leads to the observation of an interesting phenomenon during the sulfur poisoning
process at OCV (Figure 8). While the cell voltage of the Ni/CGO-based cell stays constant
throughout the experiment, the cell voltage of the Ni/YSZ-based cell quickly drops from
0.922 V over 0.771 V (2 ppm) and 0.727 V (10 ppm) to 0.712 V (20 ppm). After the hydro-
gen sulfide supply is switched off, the OCV slowly recovers back to the initial value within
24 hours.

So far, an influence of sulfur poisoning on OCV values has only been observed for internal
methane steam reforming on Ni/YSZ, since in this case the blockage of the Ni surface hinders
CH, conversion.”” Thus, the gas composition is altered during the poisoning process and the
Nernst voltage changes. However, this should not be the case for pure CO oxidation since the
gas phase composition is already in equilibrium. Another reason for the change in OCV could
be the complete blockage of the Ni surface for CO adsorption as it was already indicated in
literature.?® This is consistent with more fundamental studies of Ni(111) surfaces, that indicat-
ed that CO adsorption is entirely inhibited for surface coverage higher than 0.3 ML.®’ Recent
elementary kinetic modeling studies indeed showed that CO oxidation proceeds via CO ad-
sorption on Ni.***® Hence, complete surface blockage would result in the disappearance of the
corresponding electromotive force. Consequently, the OCV must be related to a different gal-
vanic chain. Ni oxidation is a common phenomenon in fuel gases with low hydrogen content.

However, in a reference measurement where the entire anode gas supply was substituted with
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pure nitrogen, an OCV of 0.655 V was observed. This is consistent with previously reported
OCV values for nickel oxidation around 0.7 V. As the observed voltage of the poisoned
Ni/YSZ anode is considerably larger, it is likely not to be caused by Ni oxidation. In further
experiments (not shown here), the OCV of Ni/YSZ under CO/CO, operation was observed to
increase with carbon monoxide and decrease with carbon dioxide gas phase concentration
after sulfur poisoning. Consequently, the OCV is still associated with a carbon monoxide oxi-
dation process with carbon dioxide as product. Since the OCV is changing only under sulfur
exposure, we postulate that carbonyl sulfide (COS) is formed on the surface, which was
shown to be the second most thermodynamically stable sulfur-containing species in CO-rich
gas phase mixtures.”’ The lowered OCV could then correspond to the following reaction:
COSni + 30" == CO,+ SO, + 6 (6)
Furthermore, it was shown that Ni3;S, formation can occur for pH,S/pH, values above 1073
(100 ppm).”" Hence, as hydrogen is absent in gas mixture VI, it is possible that Ni sulfide is
created upon anode sulfur exposure which could cause the CO, and SO, to form via reaction
of CO and Ni3S;. Since the processes on Ni at OCV occur under equilibrium conditions in the
absence of current, Ni sulfide formation can also reasonably be expected on Ni/CGO. There-
fore, neither a full Ni surface blockage with sulfur nor Ni sulfide formation can solely explain
the different electrode behaviors at OCV. Whatever the underlying mechanism of the OCV
decrease in the case of Ni/YSZ is, the negligible maximum current density at 0.4 V shows that
the kinetics of the corresponding carbon monoxide oxidation reaction are slow and a concur-
rent surface reaction like (6) can lead to significant OCV mixed potential formation.
Although the influence of sulfur poisoning of the Ni/CGO electrode on CO oxidation is sig-
nificant as well and leads to a reduction of the maximum current density to 0.56 Aecm ~ at
20 ppm, the CO oxidation process is still active. The impedance spectra in Figure S7 conduct-
ed at OCV show a considerable ASR increase after sulfur exposure as well, which is reflected

by an increased intensity of the imaginary impedance at around 1 Hz. Thus, carbon monoxide
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oxidation on Ni/CGO displays the same relaxation time as hydrogen oxidation (see Fig. S4b).
The increase of H,S concentration from 2 ppm to 20 ppm does not have a significant influ-
ence on the maximum current density.

Due to unavailability of water and hydrogen in these experiments, the carbon monoxide must
be electrochemically oxidized. This demonstrates that electrochemical CO oxidation on
Ni/CGO shows high reaction rates even under severe sulfur exposure and is likely to bear the
main responsibility for the comparatively high performance under reformate operation in the
previous subsection. Sulfur removal from the Ni surface via SO, formation can be excluded to
be the reason for the stable voltage of Ni/CGO in Figure 8 due to the absence of current. This
shows that the CGO surface is dominating the electrochemial carbon monoxide oxidation at
least close to OCV conditions, due to its intrinsic electro-catalytic activity.'>'”** Sulfur is able
to adsorb on CGO as well, thus, the performance drops observed in Figure 7a might also part-
ly be related to CGO surface poisoning. However, performance drops due to sulfur poisoning
on pure CGO anodes were shown to be small, indicating a low sulfur coverage on CGO.*

12,17,72

This might also be due to a oxidation of CGO-adsorbed sulfur to SO». Moreover, it has

been demonstrated that sulfur diffuses into the CGO bulk at high temperatures, at least for

4 . . .
3334 However, so far this diffusion

cathodic polarization and in single crystal reduced ceria.
process and SO, formation have both not yet been proven to occur in realistic SOFC operating
conditions.

Although it does not occur at OCV, sulfur could still be removed from the Ni surface at high-
er current densities. However, according to DFT calculations the binding energy of CO to the
Ni surface is considerably more positive than the one of sulfur, making a preferred sulfur oxi-

7% Nonetheless, the hypothesis of a rapid oxygen spill-

dation via oxygen spillover unlikely.
over from CGO to Ni and a corresponding SO, formation cannot definitely be discarded. This

would still enable the adsorption of CO on the Ni surface and includes the possibility of an

active water gas shift reaction, which could represent the major difference between the two
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electrodes. In order to investigate this mechanistic hypothesis, methane steam reforming ex-

periments were carried out and are shown in the next subsection.
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Figure 7: i-V curves of the (a) Ni/CGO and the (b) Ni/YSZ-based cell. Experiments were con-
ducted at 850 °C. The fuel gas mixture consisted of gas mixture VI (see Table I). i-V curves

were recorded with (squares) and without (circles) the addition of 20 ppm H,S.
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Figure 8: Transient sulfur poisoning tests of the Ni/CGO-based (red) and Ni/YSZ-based
(black) cells fueled with gas mixture VI and an H,S concentration of 20 ppm. The experiment
was carried out at 850 °C and OCV. The left y-axis shows the voltage behavior during poi-

soning and recovery phase and the right y-axis the imposed H,S concentration (blue).

Sulfur poisoning of Methane Steam Reforming

Methane steam reforming experiments on Ni/CGO were carried out for Ni/CGO at OCV with
fuel gas mixture VII (Figure 9). Sulfur poisoning of this anode leads to a fast voltage drop
from 0.998 V to 0.908 V at 20 ppm H,S, which is similar to the behavior observed for

Ni/YSZ anodes.>***" The final cell voltage nearly exactly coincides with the theoretical cell
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voltage that is obtained under the assumption that no methane is converted (0.907 V). From
these experiments, it can be deduced that methane steam reforming on Ni/CGO is fully
blocked under these conditions. This is probably related to the sulfur poisoning of the Ni sur-
face since Ni is an effective methane steam reforming catalyst. Since close to 0 % methane
conversion could be observed at 20 ppm H;S, it is also improbable that the CGO surface plays
a significant role in the methane reforming process. Although sulfur is able to adsorb on
CGO, its coverage is low and therefore is unlikely to block the full surface.’” Thus, the inac-
tivity of CGO towards methane reforming probably also holds for non-sulfur conditions. This
is consistent with investigations that proved that ceria is almost inactive with respect to C-H
bond cracking.”

Water gas shift reaction and methane steam reforming have been shown to display the same
sulfur poisoning behavior on Ni/YSZ anodes with a complete deactivation already at H,S
concentration of about 20 ppm.>*’>? In a catalytic study by Kuhn et al., this similar behavior
was attributed to the participation of water in both reactions, which results in a more severe
poisoning than for catalytic CO oxidation.”® Moreover, it was suggested that these two cata-
lytic reactions occur on the same active sites.” If this analogy is transferred to the Ni/CGO
electrode, it can be considered to be highly likely that also the water gas shift reaction is fully

deactivated as well for H,S concentrations as low as 20 ppm.
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Figure 9: Transient sulfur poisoning tests of the Ni/CGO-based cell fueled with gas mixture
VII and with a stepwise increase of H,S concentration between 0 — 20 ppm. The experiment is

carried out at 850 °C and OCV. The left y-axis shows the voltage behavior (black) during
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poisoning and recovery phase and the right y-axis the imposed H,S concentration (blue). The
dotted black line indicates the value of the initial voltage before poisoning and is for guiding
the eye. Moreover, the dotted red line represents the theoretical Nernst voltage of a gas mix-
ture with 16 % H,, 23 % H,O and 61 % N,. The oscillation of the cell voltage in the figures is
caused by electrochemical impedance measurements that were recorded after the saturation of
each performance drop. Oscillation of the cell voltage due to electrochemical impedance
measurements (<15 mV) have been deleted to increase the visibility of the cell voltage evolu-

tion.

Discussion of the effect of sulfur poisoning on Ni/CGO under reformate operation

The experiments in the present study have clearly demonstrated that the high sulfur tolerance
of Ni/CGO anodes is not only limited to hydrogen oxidation, but also extends to the oxidation
of carbon monoxide. As explained earlier, hypothetic explanations of the high sulfur tolerance
of Ni/CGO include the inherent electrocatalytic activity of CGO,"** the oxidation of nickel-
adsorbed sulfur to SO, involving an oxygen spillover from CGO to Ni,*'**? and sulfur diffu-

sion from the surface to the CGO bulk phase.’**

However, based on the presented experi-
ments, we consider the first explanation to be the most likely one. The electrochemical CO
oxidation at the TPB, methane steam reforming and the water gas shift reaction seem to be
fully deactivated due to nickel-adsorbed sulfur, thus, the electro-catalytic activity of CGO is
the reason for continued carbon monoxide oxidation.

A schematic illustration of the proposed underlying mechanism is depicted in Figure 10a+b. It
is likely that under sulfur-free operation, the water gas shift reaction on Ni (Eq. (3)) is the
dominating pathway for CO conversion into hydrogen and CO, due to its rapid kinetics.”
After sulfur exposure, the water gas shift reaction on nickel is probably fully deactivated for

H,S concentration of approximately 20 ppm, which is concluded based on the analogy be-

tween WGS and MSR reaction.””’® As the nickel surface is likely to be completely blocked
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for CO adsorption, an electrochemical oxidation of CO on Ni at the TPB via oxygen spillover

as described by Eq. 7 is also unlikely.

COni + OZgy == COpni+ 2¢" (7)

Instead, CO oxidation then proceeds via an electrochemical pathway on the CGO surface:

COqg + Ofgo + Ce*' == CO, g + Ce* + (CGO), 8)
where (CGO) represents a free active surface site on CGO. During the reaction, similar to

. . +
77 the surface cerium atoms change their valence state from Ce*" to

hydrogen oxidation,
Ce’".* Under reformate operation and sulfur exposure, carbon monoxide oxidation on CGO
allows higher fuel utilization values than on Ni/YSZ anodes. Although this surface charge
transfer process still proceeds under sulfur exposure, the significant poisoning of pure CO
oxidation on Ni/CGO (Figure 7a) indicates that the oxidation at the TPB (Eq. 7) probably
occurs with a faster reaction rate in sulfur-free fuel gases.

While electrochemical CO oxidation is often completely neglected in SOFC modeling litera-

68081 the present study shows that this is not the case for Ni/CGO anodes under sulfur

ture,
exposure since CO can also be electrochemically oxidized on the CGO surface. The possibil-
ity of high CO oxidation rates on doped ceria was already indicated earlier.'”*** Recently, it
was reported that CGO model electrodes with CGO nanoparticles can even show higher elec-
trocatalytic activity towards CO/CO, than towards H,/H,O reactions.*® CO oxidation on CGO
was shown to probably proceed via a Mars-van-Krevelen mechanism.* Therefore, the global

reaction described in Eq. 8 could possibly be further resolved into an oxygen discharge (Eq.

9)* and a catalytic CO oxidation reaction (Eq. 10).
Oéz;o,b +2Ce*" == 2Ce>" + Occo )
CO(g) + Ocgo == CO ) + (CGO) (10)

At a lower temperatures of 500 °C, Feng et al. suggested CO oxidation on CGO to occur via a

carbonate molecule.”” However, this might change at higher temperatures. Thus, the dominat-
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ing mechanism of CO oxidation on ceria is still unclear.

In general, the rates of methane steam reforming and the water gas shift reaction on Ni depend

on the sulfur coverage to the third power (1-6s)’ and thus, are more severely affected than the
rate of the electrochemical hydrogen oxidation on Ni/YSZ that follows the dependency (1-
95).7’84’85 Russner et al. even showed a stronger deactivation of the WGS than the MSR reac-
tion.*® Thus, hydrogen oxidation can still be active at operating conditions where methane
steam reforming and water gas shift reaction are fully deactivated.
Ceria is easily oxidized by H,O as shown in literature.®” This is also reflected by the depend-
ence of the capacitance on the operating conditions (pO,, 7).
H,0 +2Ce*" == 2Ce*" + Ocgo + H, (11)

Since reaction 7 was shown to be possible on the CGO surface via experiments in CO/CO,
fuels, the combination of the reactions (7) + (11) is the water gas shift reaction, which pro-
ceeds essentially via a redox mechanisms. This was already proposed in the literature for ce-
ria-supported precious metal.*®

CO(g) + Ocgo == CO, ) + (CGO) (12)
In this case, the oxygen necessary for the reaction can also be supplied from the water in the
gas phase. Accordingly, at the present high operating conditions the water gas shift reaction
should still be active due to the high activity of CGO towards CO oxidation.
Furthermore, as we proposed recently, on Ni/CGO hydrogen could either be dissociated on Ni
or also be directly oxidized on CGO.* Hydrogen oxidation on the CGO surface in turn, could
also be poisoned by sulfur, however, only to a small degree, possibly due to SO, formation on
the CGO surface (not on nickel). Based on the observed differences in sulfur tolerance for

nominally equivalent anodes in Figure 1, it is possible that the TPB and DPB processes are

competitive and the prevailing pathway varies depending on the microstructure.
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Figure 10: Schematic illustration of the reaction mechanism of the fuel oxidation (a) without
and (b) with sulfur poisoning on Ni/CGO-based anodes operated on reformate mixtures.
Reactions fully blocked by sulfur are signified by a red cross. Reactions that still proceed, but
at a lower reaction rate are illustrated with dashed red lines. Dashed grey lines indicate the
pathway of electron transfer. Dashed circles signify the water gas shift reaction (WGS), the
charge transfer reactions at the triple phase boundary (TPB CT), electrochemical oxidation on

CGO, and electrochemical hydrogen oxidation on CGO.

Summary and conclusions

The sulfur poisoning behavior of ESC with Ni/CGO10 anodes operating on reformate fuels
was investigated by means of current-voltage characteristics and electrochemical impedance
spectroscopy. In order to draw mechanistic conclusions, a variety of different fuels including
methane and carbon monoxide-containing reformates were used and a comparison to Ni/YSZ-
based SOFC was carried out. It was revealed that the poisoning behavior is mainly governed

by a hindered hydrogen oxidation reaction at low current densities in H,/H,O/CO/CO, fuel
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gas mixtures. At higher current densities, the poisoning becomes more pronounced, indicating
a particularly severe poisoning effect on the carbon monoxide conversion reactions. However,
the ability of Ni/CGO anodes to convert CO at H,S concentration up to 20 ppm was demon-
strated, which was shown not to be the case for Ni/YSZ. The sulfur poisoning behavior of
Ni/CGO anodes was reversible for the investigated short exposure times. Sulfur poisoning
experiments of methane steam reforming suggest that the Ni surface is entirely blocked and
the water gas shift reaction is fully deactivated. However, electrochemical CO oxidation on
the CGO surface was shown to be still active for hydrogen sulfide concentrations of 20 ppm.
The presented results clearly demonstrate that the high sulfur tolerance of Ni/CGO is not only

limited to Ho/H,O fuel systems, but also extends to CO-containing gases.
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