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ARTICLE INFO ABSTRACT
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In this study, with the motivation of elucidating the effect of H,S and HCI on solid oxide fuel cell anodes, nickel
and ceria pattern anodes are prepared on yttrium-stabilized zirconia electrolyte, and the effect of HyS and HCI on
their performance is tested using electrochemical impedance spectroscopy. However, it has been found that
while H,S adversely impacts both nickel and ceria, the poisoning caused is reversible for nickel and only partially
reversible for ceria. Poisoning kinetics are similar and fast for both materials, while recovery kinetics are slower

for ceria than nickel. High sulfur coverage is the rate-limiting factor inferred from the elementary kinetic
modeling. Unlike H,S, the presence of HCl appeared to be favorable for electrochemical oxidation as the po-
larization resistance of both pattern electrode cells decreased upon feeding HCl contaminated hydrogen gas.
Similar behavior has not been reported previously, and the conclusion regarding underlying mechanisms re-

quires further investigation.

1. Introduction

Solid oxide fuel cell (SOFC) offers a great prospect for the most
efficient utilization of various fuels. The hydrocarbon fuels suitable for
SOFC applications, i.e., natural gas, biogas, and syngas, contain signif-
icant quantities of HyS and HCI impurities that can potentially poison
the anode material and degrade the cell performance [1,2]. Lohsoontorn
et al. [3] have reported the thermodynamic predictions of HsS in-
teractions with nickel and ceria under SOFC operating conditions.
Numerous experimental studies have also been conducted to determine
the effect of HyS on SOFC anodes at values up to 1000 ppm. It has been
found that the polarization resistance increases with increasing con-
centration, temperature, and microstructure, among other factors [4-6].
It is envisaged that even very low concentrations of HyS (as low as 0.05
ppm at 1073 K) will have a detrimental effect on the performance of the
cells when used for an extended period of time [7]. The HyS-related
performance degradation of Ni/YSZ-based cells can occur in three
consecutive phases, as suggested by Chen et al. [8]. A rapid initial
performance loss is followed by either (i) no further loss, (ii) a slow

performance loss followed by steady-state behavior, or (iii) a continuous
performance loss without stabilization. It is commonly believed that the
sulfur adsorbs at the nickel surface sites or the TPB lead to an initial
rapid and reversible performance loss [9-12].

Additionally, the poisoning effect of HCI and other chlorine com-
pounds such as Cl, and CH3Cl has been studied at concentrations
ranging from 1 part per million to 1000 parts per million. The pertinent
literature reveals several key observations, including the following:

(1) The effect of HCI on cell performance is negligible up to 50 ppm
HCI [13-15]

(2) High concentrations may result in reversible [16,17] as well as
irreversible performance losses [18]

(3) Increased temperature results in a decrease in HCl-related deg-
radations [17]

(4) Electrolyte-supported cells (ESC) are more sensitive to HCI than
anode-supported cells (ASC) [18]

Most of these studies rule out nickel chlorination (formation of
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NiCly) as a major cause of performance loss, but the adsorption of Cl
species on the nickel surface has been implicated in almost all of the
studies.

Ni/YSZ is a state-of-the-art anode material, and its interaction
chemistry with various fuel components, including contaminants, is
better understood. It is considered that Ni/YSZ degrades at an acceler-
ated rate in practical fuel environments. In the search for a stable anode
material, various strategies have been proposed, including replacing
nickel with another metal such as Copper [19,20], Tungsten [21], and
Molybdenum. Additionally, the ceramic phase can be substituted with a
Mixed Ionic Electronic Conductor (MIEC), such as ceria or other
perovskite materials, to improve the performance of the fuel cell [22].
Anode sulfur tolerance of Ni-YSZ anodes can be significantly improved
by optimizing their microstructure and SOFC operating conditions [23,
24]. Among MIEC electrodes, the composite of nickel and
gadolinium-doped ceria (Ni/GDC) is considered a potential alternative
to Ni/YSZ, and it outperforms the latter even under stringent conditions.
Ni/GDC exhibits significantly different and more favorable interaction
chemistry between the anode and fuel components than Ni/YSZ due to
the MIEC nature of ceria in the anode. However, despite many studies
with ceria-based electrodes, the knowledge of electrode electrochem-
istry is limited and inconclusive. Therefore, extensive work with ceria
and ceria-based anode materials is required to develop future electrodes.

For non-electrochemical applications, ceria-based materials have
proven effectiveness as desulfurization sorbent for gas cleaning [25-27].
Reduced ceria is expected to be a better adsorbent for HyS than the
corresponding oxidized form. While the exact kinetics of the chemi-
sorption remain unknown, even elemental sulfur can form during the
desorption step [10,21]. From the catalysis literature, we know that
ceria is an excellent catalyst for the oxidation of HCl at temperatures
ranging from 350 to 450 °C in the presence of an excess amount of ox-
ygen [28]. Because of the presence of adequate oxygen, ceria preserves
its catalytic activity. While it is envisaged that the concentration of HCl
in practical fuels will be in the ppm range, the catalytic activity of
ceria-based anodes may be affected because of the reducing conditions
in the anode chamber. Jeanmonod et al. [29] have reported perfor-
mance loss even with 5 ppm(v) HCl while operating under polarization
in the solid oxide electrolysis cell.

When compared to nickel as a fuel cell anode material, the effect of
H,S and HCI on ceria has been the topic of far fewer experimental
studies. Ceria is expected to be poisoned by sulfur, but no conclusive
evidence has been found to indicate which species is responsible [3,20,
30,31,32], even though studies have pointed toward a cerium oxysulfide
phase on exposure to HyS [21]. According to the gas cleaning literature,
sulfides form on ceria rather than nickel, and there is a consensus that no
bulk sulfides form at SOFC operating conditions with a few ppm of H,S.
For instance, it is common practice to employ CuO-CeO3 in the HsS
cleaning process since it is believed that the oxygen-storing capabilities
of ceria will aid in keeping the CuO; in an oxidized state [20].

It is vital to research the effects of fuel impurities on nickel and ceria
individually and then evaluate the performance of the two anodes under
SOFC operating conditions because Ni/GDC anodes, a composite of
nickel and ceria, are believed to be a feasible alternative to Ni/YSZ
anodes. Such a comparison may also be helpful in studying and
designing the modified Ni/YSZ electrodes - for instance, ceria infiltra-
tion has shown improved sulfur tolerance of conventional Ni/YSZ
electrodes. Cermet anodes are not ideal for studying the reaction kinetics
with electrochemical impedance spectroscopy (EIS), as non-TPB pro-
cesses can dominate over electrochemistry. For example, the gas diffu-
sion impedance can be significantly higher in cermet anodes than the
charge transfer resistance [33]. Because this study aims to investigate
the oxidation kinetics and the influence of fuel contaminants on the
anode performance, any impacts coming from geometrical parameters
must be avoided as far as possible. Because of this, we use pattern anode
cells, which have a well-defined topology and allow for localization of
the reactions. Also, because the current drawn is so small, it is not
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envisaged that the gas diffusion impedance will significantly impact the
response time [35]. The impedance spectra are also easier to analyze. In
previous works, we have used nickel and ceria pattern electrode cells to
analyze the oxidation of hydrogen and carbon monoxide and mixtures
thereof and highlighted the possible use of (un)doped ceria as an anode
material in its reduced state [34,35]. Combined with modeling, this has
proved to be a useful exercise in understanding the differences in the
oxidation mechanism between nickel and ceria and, indeed, proposed
possible reaction schemes [5,36,37]. Further, we derived TPB-based
kinetics from the pattern electrode cell experimental data and pro-
posed a procedure for implementing such kinetic information in the
computational fluid dynamic model [38,39].

Pattern electrode cells made of nickel and ceria are used in this study
to examine the performance of these materials when exposed to sulfur
and chlorine contaminants under SOFC conditions. The use of pattern
electrode cells can aid in the quantification of poisoning effects, as well
as the determination of the relative kinetics of these anode materials.
With knowledge of nickel and ceria poisoning effects obtained from
pattern electrode cell investigations, it would be possible to conclude the
poisoning of commercial cells. Previous studies have focused only on
nickel pattern electrode cells on YSZ substrates [40]. This comparison of
nickel and ceria, on the other hand, has not been done previously.
Further, an elementary kinetic model is developed to capture and
quantify the effect of sulfur poisoning on the ceria pattern electrode
cells.

2. Experimental

This study uses nickel and ceria pattern electrode cells prepared on a
YSZ substrate. Symmetrical cell configuration was chosen to study the
anode processes. 8 % Yttria-stabilized zirconia (YSZ) substrates (25 mm
diameter and 250 pm thick) were obtained from Fuel Cell Materials
(www.fuelcellmaterials.com). YSZ disks were placed in a stainless-steel
mask, designed in-house with the desired pattern. Target electrode
materials were then sputtered by DC magnetron sputtering to prepare
symmetrical nickel and ceria pattern electrodes cell. The deposition rate
of 0.12 nm/s and 0.035 nm/s and thickness of 1780 nm and 500 nm
were achieved for nickel and ceria, respectively. The resultant pattern
electrode cell dimensions and test assembly are shown in Fig. 1.

For effective current collection, a square gold mesh (1024 mesh/
cm?) was used on both cell sides. The cell, sandwiched between two
ceramic supports, was placed inside the tubular furnace for electro-
chemical testing. The electrochemical impedance spectroscopy (EIS)
was performed at temperatures ranging from 750 to 850 °C using a
Gamry potentiostat (Reference 600). Sinusoidal perturbation of 15 mV
and frequency range of 100-0.05 Hz (12 points/decade) was maintained
for all EIS measurements. The AC perturbation was applied without any
biasing, making the cell operation superficially at equilibrium. Due to
the symmetrical nature of the cell and the single gas atmosphere, the
reference electrode was combined with the counter electrode for EIS
measurements. The following sequence of operating conditions was
maintained for measurements.

1 The furnace was heated to a higher temperature (850 °C in this case)
at a ramp rate of 40 °C/h. Cells were flushed with 100 ml/min of
nitrogen gas during the heating phase.

2 Once 850 °C temperature was attained, the gas was gradually
switched from inert to wet hydrogen (3 vol % hydrogen) at 100 ml/
min. The moisture was added using a high-precision syringe pump.
The EIS spectra were recorded at an interval of at least one hour, and
the pattern of cell stabilization was keenly observed. It took more
than 24 h for both nickel and ceria pattern electrode cells to obtain a
stable and consistent spectrum. This testing phase was attributed to
the cells’ initial thermal and electrochemical treatment.

3 A mixed stream of hydrogen and H,S was then added to the wet
hydrogen steam while keeping the total flow (100 ml/min) the same.
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Fig. 1. Experimental setup. (a) Electrochemical test assembly and (b) schematic of the pattern electrode cell. The cell, with gold mesh acting as a current collector,

was held between the two ceramic supports.

EIS measurements were carried out at HyS concentrations of 5 ppm
(v) and 20 ppm(v). An exposure time of at least 6 h was maintained
for each concentration.

4 To recover the cell from poisoning effects, the contaminant-free gas
(wet hydrogen) was introduced for at least 20 h. The furnace tem-
perature was then lowered to study the effect of HyS poisoning at a
lower temperature.

5 The same procedure was followed for studying the effect of HCI (60
ppm(v) and 150 ppm(v)) contaminants. An exposure time of at least
6 h was maintained for each concentration. We also tested Ni/GDC
cermet cells with HCI (up to 300 ppm) for literature comparison.

3. Results and discussion
3.1. Effect of H2S contaminant on nickel and ceria cells

3.1.1. Effect of H3S on cell performance

Fig. 2 shows the impedance spectra for nickel and ceria pattern
electrode cells before HyS exposure, with H,S, and after removal (i.e.,
with humidified Hy). Corresponding Bode plots are given in the sup-
plementary material (Figs. S1 and S2). The spectra with 5 ppm are not
shown for brevity, but the polarization resistance is discussed in detail
for ceria.

As can be observed from Fig. 2a, the polarization resistance of the
nickel pattern electrode cell increases by a factor of 1.4 at 850 °C upon
feeding HoS contaminated gas to the fuel cell. Further, the impedance
spectra before exposure to HyS and after its removal completely overlap,
which is true for all the temperatures tested in this study. This finding is
consistent according to prior investigations on nickel cermet anodes,
which have been proven to cause completely reversible cell poisoning at
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? 400 -
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low HjS concentrations. According to previous research on cermet an-
odes, which has mostly focused on Ni-YSZ composites, the poisoning
could be caused by the dissociative adsorption of sulfur species on nickel
[8,41,42]. When sulfur atoms attach to the surface of nickel, they block
the surface reaction sites that would otherwise be available for hydrogen
adsorption and oxidation via electrochemical means. The adsorbed
sulfur may also chemically react with nickel particles, leading to surface
modification and performance loss, as proposed by Cheng and Liu [43].
Lussier et al. [44] proposed that H,S can lead to nickel depletion due to
migration, thereby compromising the percolated network and cell per-
formance. The permanent loss may result from short exposure to high
H,S concentration or prolonged exposure to low HsS concentration.
Like nickel, ceria also suffers serious performance loss upon HyS
exposure. However, at least for the time (>20 h) investigated in this
study, this loss is not totally reversible. The trend has been observed for
all temperatures tested in this study, as shown in the supplementary
material (Fig. S3). Mirfakhraei et al. [45] tested GDC electrodes in a 10
ppm HsS environment and observed ca. 50 % increase in the polariza-
tion resistance in 1 h and ca. 90 % recovery in 3 h. In the same study,
they observed only a 5.5 % increase in the polarization resistance of
nickel infiltrated GDC electrodes after 24 h of operation, followed by
complete recovery. The authors believed that sulfur preferentially
adsorbed on the infiltrated nickel surface, and ceria supplied the oxide
ions to adjacent nickel, oxidizing the adsorbed sulfur and keeping it
clean for hydrogen adsorption. Full recovery of Ni/GDC electrode after
considerable poisoning at 20 ppm HjS has also been reported elsewhere
[46]. Further, the effect of operating temperature on the increment of
the polarization resistance at 5 ppm and 20 ppm HjS concentration is
shown in Fig. 3. It appears that increasing operating temperature lowers
the HyS poisoning at 5 ppm concentration which is not the case at 20
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Fig. 2. Impedance spectra of H,S contamination of pattern electrode cells of nickel (a) and ceria (b) at 850 °C.
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Fig. 3. The effect of operating temperature on H,S poisoning of ceria pattern
electrode cells at two different concentration levels (5 ppm and 20 ppm).

ppm. At 20 ppm H,S, the performance loss due to poisoning is signifi-
cantly high and independent of the operating temperature. In this work,
it appeared that the ceria surface remained saturated with sulfur species
at concentrations of 20 ppm for all of the temperatures examined.

From the results mentioned above, it is found that H,S poisons both
nickel and ceria. If we compare the change in the polarization resistance
at 20 ppm, ceria poisoning is more severe than nickel — polarization
resistance of ceria increased by 53.4 % compared to a 39.6 % increase
for a nickel. Further, nickel recovery to original performance after
poisoning is complete, whereas ceria recovery is only partial (about 75
% at 850 °C) for at least the test duration of this study. This is an
interesting observation for the future development of ceria-based anodes
such as Ni-GDC for operation with sulfur-contaminated fuels. On the
contrary, the polarization resistance with ceria, even with poisoning, is
lower than nickel without poisoning (Fig. 2). As a result, it is reasonable
to anticipate that a Ni/GDC cell will outperform a normal Ni/YSZ cell.
The study of underlying mechanisms for electrochemical oxidation of
H,S contaminated hydrogen and syngas on Ni/GDC anode is ongoing
and beyond the scope of this study.

3.1.2. H,S poisoning and recovery kinetics

It is observed that nickel cells stabilize relatively quickly after the
removal of HyS, as shown for 20 ppm H,S at 800 °C in the supplementary
information (Fig. S4). Generally, it takes around 60 min to stabilize after
removing H»S at all temperatures. Still, the recovery is slower than the
poisoning, which agrees with the literature [8,47,48]. HyS adsorbs on
nickel, according to previous research. However, no bulk sulfides are
normally found at high temperatures and low concentrations [43]. A
relatively high sulfur concentration or thermodynamically favored
operating conditions such as low temperature are required to form
nickel sulfides; however, this was not the case under the experimental
conditions studied [3,49]. The reaction of HyS with the nickel depends
on the operating temperature and HyS concentration. The sulfur
poisoning is expected to become more severe with increasing concen-
tration for a given voltage and temperature. Also, increasing tempera-
ture alleviates the poisoning effect of HyS on the SOFC anode [7,50].

The stabilization behavior of ceria pattern electrode cells during and
after poisoning with 20 ppm H,S at 775 °C is shown in Fig. 4. As can be
observed, the polarization resistance after H,S removal does not recover
to the pre-poisoning value, and even the time needed for stabilization is
much longer than with nickel pattern electrode cells. With one excep-
tion, Mirfakhraei et al. [51] showed similar behavior for Au-GDC-YSZ
anodes. The poisoning and recovery kinetics were found to be slow in
their research. However, according to the current study’s findings,

Electrochimica Acta 423 (2022) 140592

’l}, H,0, H,S
600 - e B
ol |

]
B’ 550
e H,, H,0
S
@
g 500
c
2
_% 450 'ijzo . -
5 u [ ] =
g - "

400 - =

y T T T : T T T T T y T T 1
08:00 12:00 16:00 20:00 24:.00 04:00 08:00 12:00
Time (hh:mm)

Fig. 4. Stabilization time for ceria pattern electrode cells during and after
poisoning with 20 ppm H,S at 775 °C.

poisoning occurs quite fast, but recovery occurs far more slowly. This
was observed in gas cleaning studies, where the adsorption was very
fast, and the regeneration was much slower [10]. It was attributed to the
readsorption of HjS species. The desorbed HS species from the bulk are
readsorbed on the surface layers in this mechanism. This occurs when
there is adsorption of sulfur at the surface and in layers below the
surface.

3.1.3. Discussion on H,S poisoning mechanism

The mechanism for the interaction between nickel and H,S has been
discussed extensively [20,44,47-49,52-54]. A two-stage process is re-
ported where a fast degradation is observed during the first few minutes
of poisoning, and then a gradual decrease in the cell performance is
observed [8]. The adsorption of H,S around the TPBs leads to a decrease
in the cell’s effective active area, resulting in lower performance and
even breakdown. Typically, increased nickel agglomeration is observed,
which results in lower performance. The irreversible performance loss is
generally observed during long-term tests when the operation time ex-
ceeds several hundred hours [55]. The cell breakdown can also happen
in extreme cases where nickel agglomeration is so high that percolation
is lost, hence electrical connectivity. No such irreversible damage was
observed in the pattern electrode cells tested in the temperature and
concentrations chosen for this study. The poisoning kinetics are signif-
icantly fast in both pattern electrode cells and Ni/GDC cermet cells. The
recovery kinetics of nickel pattern electrode cells, on the other hand, are
significantly faster than those of ceria pattern electrode cells. Ceria
pattern electrode cells do not recover fully, as shown in Fig. 4. Some-
what superior performance for Ni-GDC cermet anodes compared to
Ni-YSZ cermet anodes has been reported in previous studies comparing
the two materials [54-57]. This is typically attributed to the MIEC na-
ture of GDC. In the case of a Ni-YSZ, structural changes are observed
only on Ni, but in the case of a Ni-GDC, structural changes are observed
in the GDC phase [54].

Reduced ceria is expected to react with HyS forming corresponding
sulfides — however, there is a large discrepancy in whether this reaction
is expected to proceed in SOFC conditions. It was suggested in [19] that
the chemisorption of HS on ceria occurs even when it is not thermo-
dynamically favored because of unexpected changes in the gas’s local
compositions and on the surface. In [19], S removal is observed in the
form of breakthrough curves and surface composition mapping.
Adsorption and subsequent incorporation into the regions near the
surface were proposed for S interaction with ceria [31]. Some cerium
oxysulfides are observed by Mai Thi et al. [40]. Thus, selective
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chemisorption may lead to the different behavior of ceria when
compared to nickel. Although it is anticipated that the ceria will
participate in the hydrogen oxidation reaction, it is not postulated that it
will completely neutralize the effects of sulfur on cermet anodes. It has
been demonstrated that copper/ceria-based anodes are capable of
withstanding high temperatures and pollutant concentrations of up to
450 ppm [58]. According to the findings of this investigation, the
degradation of the ceria patterns when gold mesh is used has been found
to be significant. As a result, in the case of copper, the electronic con-
ductivity of gold is insufficient to compensate. In the case of hydrogen
oxidation, it is unlikely that either gold or copper will be catalytically
active.

Ceria as an anode material for SOFCs has gotten much attention
lately, thanks to its MIEC features and studies on sulfur poisoning studies
of the material. Density functional theory (DFT) finds that the formation
of surface ceria sulfide is thermodynamically favorable at reduced-state
ceria (CeOy_y) [41]. In addition, it is projected that the activation bar-
rier for doped ceria (-lanthanum and -terbia) sulfidation will be lower
than that for undoped ceria. The sulfur capacity will grow as the partial
pressure of oxygen lowers and the temperature rises. This is used
extensively in gas cleaning units. There have been conflicting reports
about the tolerance of ceria to sulfur and the formation of sulfides. An
equilibrium calculation with FactSage [59] shows that sulfides may
form at conditions used in this study (4.6 x 10~° of sulfur species per
mole of Ce;03), and recent work has shown the formation of sulfides
[40].

On the other hand, many previous investigations have concluded
that the formation of bulk cerium sulfides is unlikely to occur at the
temperatures and concentrations used in this work [3,19,60]. While
some studies have reported improved tolerance with ceria, it is not
usually considered to be any better performing than a nickel as an anode
when exposed to HpS-rich gas [3,19,51]. In any case, the presence of HyS
has a significant poisoning effect on ceria.

Lohsoontorn et al. [3] found that ceria bulk sulfides are not formed at
concentrations up to 100 ppm HsS; nonetheless, changes in local
composition can lead to the development of sulfides in some cases. Ac-
cording to Mirfakharaei et al. [45], GDC anode performance declines
when exposed to 10 ppm HjS concentration, with only a partial recovery
observed after HoS was withdrawn from the fuel stream. They did,
however, report that utilizing Ni-infiltrated GDC anodes resulted in a
significant increase in HyS tolerance. When Cu-CeO»-YSZ anodes were
used in conjunction with Hy contaminated fuel, He et al. [58] demon-
strated high sulfur tolerance and found that there was no effect on the
anode performance at 800 °C under 450 ppm sulfur. It is believed that
the adsorption of sulfur compounds at the TPB results in a loss of active
sites at the TPB and a change of surface characteristics in the case of
nickel anode poisoning [8-11,43]. A further possibility for sulfide for-
mation is that it will affect ceria’s oxide transport mechanism and redox
chemistry, changing its MIEC properties and potentially diminishing the
effective active zone [61]. Other studies have also suggested that the
GDC phase is associated with increased H,S tolerance [57].

We find that a rise in polarization resistance occurs primarily at low
frequencies, even for pattern electrode cells, which is consistent with our
previous findings. In our previous studies [36,37], where the model was
developed for hydrogen oxidation on ceria, the low-frequency process
was attributed to the electrochemical process, including adsorption,
charge transfer, and desorption. Even if sulfur does not participate in the
charge transfer process, it is possible to link an increase in polarization
resistance to the adsorption of sulfur species on ceria even if sulfur does
not participate in charge transfer. The same is simulated in the following
section.

3.1.4. Elementary kinetic modeling of ceria cell

In this section, we undertake elementary kinetic modeling of HsS
poisoning of ceria pattern electrode cells to develop an approach to
quantify the effect of contaminants from microscopic experiments like
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these and use them in macroscopic simulations. The base model with
pure hydrogen oxidation is based on the reaction scheme published
previously [37]. Due to limited knowledge about sulfur interaction with
ceria-based SOFC anodes, we assume that (i) sulfur does not electro-
chemically oxidize under reducing conditions, and (ii) sulfur does not
chemically react with ceria to form cerium sulfides. These assumptions
make the proposed model very preliminary in its nature, and it follows
that merely sulfur adsorption at the ceria surface is responsible for the
increase in polarization resistance. The sulfur atoms have a strong af-
finity for oxide-ion sites compared to cerium sites, making sulfur ther-
modynamically favorable for adsorption on oxide-ion sites instead of
cerium sites, as witnessed in several studies [62,63]. Therefore, reaction
(5) is added. The overall reaction for hydrogen electrochemical oxida-
tion on ceria can be written as (Kroger-Vink notation):

H,(g) + 207 + 2Ce*, < H,0(g) 4+ V2* + 2Ce e 1)

The multistep mechanism for hydrogen oxidation and H;S poisoning is
thus written as

Hy(g) + 20 + 2Ce*, > 20H; + 2Ce @)
20H; < H,0(g) + V" + O} 3
Vot (surf) + O} (sub) < V:*(sub) + OX(surf) (@)
H,S(g) + OF < H,0(g) + S 6))

The subscripts "o" and "ce" refer to the anionic and cationic sites in
the crystal lattice, respectively, and the superscripts refer to the effective
charge. This implies that O} is a neutral oxide anion, V;* is an oxide-ion
vacancy with an effective charge of 2+, Ce], is a neutral cerium cation
and Ce . is a localized electron at cerium (Ce>"). Correspondingly, OH;
and S} are hydroxyl, and sulfur ions residing at anionic sites, respec-
tively. In line with the previous findings [36,37], reaction (2) is the
rate-determining step. The above scheme exhibits a global interaction of
sulfur with ceria with an assumption that OH; and S} do not diffuse into
the bulk.

The impedance spectra for electrochemical hydrogen oxidation
before sulfur contamination are simulated first using thermodynamic
and kinetic parameters reported previously [37]. Then the effect of
sulfur contaminant on the impedance spectra is simulated using acti-
vation energy (= 16 kJ/mol) and H,S reaction order (= 0.38 kJ/mol) as
given in [62]. The pre-exponent factor for reaction (5) is considered a

200
1 Model fit with and without H,S
® Experiment without H,S
1504 A Experiment with H,S
g
i 1004
50 4
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Fig. 5. Model fitting and experimental data of Hy oxidation on ceria without
and with 20 ppm H,S at 850 °C.
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free fit parameter to match the experimental impedance spectra. Fig. 5
shows the experimental and simulated spectra for electrochemical
hydrogen oxidation without and with 20 ppm HsS contaminant at 850
°C. The obtained coverages of oxide-ion species have been discussed in
detail previously [37] but are presented here in Table 1 for Comparison
with HsS poisoning.

The best fit value of the pre-exponent factor of the forward rate
constant of reaction (5) is found to be 4.45x10~* mol/cm?sec. The
fractional surface coverages, as shown in Table 1, also compare well
with [64], where surface coverages found by XPS were 0.6-0.7 for O}
and 0.1-0.2 for OH; albeit at 700 °C in their case. When comparing
surface coverages with and without poisoning, sulfur adsorption is
found to be a significant factor in influencing the response to the
poisoning. The kinetics of this reaction scheme is slower, and the
resultant current density is lower. It is important to note that the pro-
posed model has considered only surface adsorption of sulfur atoms at
oxide-ion sites, whereas sulfur electrochemical oxidation and formation
of ceria sulfides have been ignored. Therefore the model can only cap-
ture the reversible performance loss. The kinetics obtained using
competitive interaction mechanisms may differ from the model
considered here. Therefore further refinement of the model is suggested
to capture the effect of reversible and irreversible performance loss.

3.2. Effect of HCI contaminant on nickel and ceria cells

3.2.1. Effect on cell performance

The impedance spectra of pattern electrode cells before HCl expo-
sure, with 60 ppm and 150 ppm HCI, and after removal of HCI from the
gas stream are shown in Fig. 6. The corresponding bode plots are given
in the supplementary material (Figs. S5 and S6). It may be noted that the
polarization resistance reduces when HCl is added to the hydrogen gas,
which is true for both nickel and ceria pattern electrode cells. At 830 °C,
the polarization resistance of nickel pattern electrode cells contaminated
by 60 ppm and 150 ppm HCI is lower than the pre-contamination po-
larization resistance by a factor of 1.50 and 1.82, respectively. Similar is
the case with the ceria pattern electrode cell. This observation is unin-
tuitive and has not been reported previously. To the best of the authors’
knowledge, pattern electrode cells have never been tested in an HCIL
environment, so no direct comparison can be made. Otherwise, in
relevant studies conducted with cermet cells, no or insignificant effect
on the cell performance has been reported for HCI concentration below
50 ppm [13-15,30,65,66]. Both reversible [16,17] and permanent [18]
performance loss have been reported at higher concentrations.

Further, after removing HCl from the gas stream, the impedance
spectra did not completely recover to the pre-contamination value, at
least in this study’s test duration (> 20 h). Rather, the polarization
resistance was recorded lower for the nickel pattern electrode cell
(~18.9 %) and higher for the ceria pattern electrode cell (~7.5 %) than
the pre-contamination value. Therefore, the HCl treatment of both ma-
terials leaves permanent footprints on the cell performance.

Since no literature comparison could be made for pattern electrode
cell results, we thereby tested the effect of HCI on symmetrical Ni/GDC
cermet cells obtained from HC Starck/Kerafol, and the results are shown
in Fig. 7. As can be observed, 60 ppm HCIl does not affect cell perfor-
mance, and this observation aligns with the findings of our recent ex-
periments conducted with electrolyte-supported 10x10 cm Ni/GDC
cells using 50 ppm HCl [15]. However, the higher concentration leads to

Table 1
Fractional coverage of oxide-site species without and with 20 ppm H,S exposure
at 850 °C.

Coverage Without H,S With H,S
(0 0.788 0.624
OH; 0.127 0.120
s _ 0.188
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a reversible increase in the cell polarization resistance - the polarization
resistance increased by 25 % at 300 ppm, consistent with the previous
results [13,18].

3.2.2. Discussion on HCI contamination

Electrochemical measurements show that the polarization resistance
of pattern electrode cells drops upon adding HCl gas to the hydrogen gas
stream. The polarization resistance of Ni/GDC cermet cells, on the other
hand, remains unaffected at HCl concentrations up to 60 ppm and
reversibly increases at higher concentrations. When exposed to high HCL
concentrations, the deposited Cl species on the catalyst surface were
responsible for the performance degradation found in prior in-
vestigations with Ni/YSZ and Ni/GDC cermet electrodes. The mecha-
nism is referred to as adsorption-types poisoning [67]. This adsorption
can be analyzed separately from nickel and ceria catalysts’ perceptive.
The dissociative adsorption of HCI on a nickel surface can be represented
as the following:

HC%y+AM«+Cmi+%H2 (2a)

Ay is a free adsorption site at the nickel surface, and Cly; is the
corresponding adsorbed chlorine specie. Cly; binds to nickel’s free sur-
face sites, reducing the number of sites accessible for hydrogen
adsorption. As a result, the cell’s performance should deteriorate, as
indicated in [16-18]. Nickel pattern electrode cells, on the other hand,
demonstrated superior cell performance at all HCI concentrations tested
in this study. Alternately, sublimation-types poisoning is also respon-
sible for cell performance degradation in which HCI reacts with a nickel
catalyst and forms gaseous NiCl; as:

2HCI + Ni & NiCly) + Hy (3a)

During the redox reactions, gaseous NiCl, escapes from the anode
surface and reduces the nickel/YSZ ratio of the cermet, finally leading to
the permanent deterioration [67]. Our equilibrium calculation (shown
in the supplementary information Fig. S7) using FactSage software [59]
shows that the gas phase activity of NiCl, (g) at 800 °C is of the order of
10714, is significantly small, and cannot result in any noticeable differ-
ence in the performance. Neither an increase in polarization resistance
after adding HCl to wet Hy gas nor a persistent rise in polarization
resistance after removing HCI from the gas stream was observed in our
experiments. Instead, a reduction in resistance is observed, which
cannot be explained by adsorption or sublimation type interactions.

Electrochemical reactions are thought to occur at the TPB between
nickel, YSZ, and gas phases on nickel cells. Because of this, cell perfor-
mance is improved when the TPB length is increased. According to the
results of pattern electrode cell studies, the thermal and redox treatment
of the cell can potentially damage the electrode layer, increasing TPB
length. Morphological changes in the pattern surface have been
observed in our post-test SEM analysis. It is unclear whether HCI plays a
critical role in degrading the interface or washing off any impurities that
have segregated at the TPB. Many previous studies examining the syn-
ergistic effect of various coal contaminants on the performance of Ni/
YSZ anode-based SOFCs have discovered that the presence of Cl species
can alleviate the performance loss caused by other contaminants such as
arsenic and phosphorus [68,69].

Like nickel pattern electrode cells, Ceria pattern electrode cells have
been demonstrated to exhibit decreased polarization resistance when
exposed to HCL. Ceria, while a promising catalyst for the production of
Cl, gas under Deacon conditions (350-450°C and O3 /HCl = 1), forms a
chlorinated phase when exposed to a sub-stoichiometric environment
(02 /HCI = 0.25), and this chlorinated phase can lead to a reversible
catalyst deactivation [70]. Because only traces of chlorine were
discovered in the EDS analysis performed in this work, the formation of
chlorinated cerium may be ruled out as a possibility (shown in Fig. S8).
Furthermore, as shown in the supplementary information (Figs. S7 and
S9), the activities of CeCls in the gaseous and solid phases at 800°C are
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Fig. 6. Impedance spectra of HCI contamination of pattern electrode cells of nickel (a) and ceria (b) at 830 °C.
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Fig. 7. Impedance spectra of HCI contamination of nickel/GDC cermet cell at
800 °C.

far too low to cause any considerable loss of cerium. Contrary to our
observations, the polarization resistance should increase even if ceria
chlorination happens. The ceria pattern had deteriorated in the SEM
image, which was not predicted to occur due to the HCI treatment
because the cell performance was shown to be largely reversible when
the HCl was added and removed. Unlike pattern electrode cells, Ni/GDC
cermet cell performance remains unaffected at lower HCI concentrations
(up to 60 ppm). The decrease in the polarization resistance of nickel and
ceria pattern electrode cells possibly points towards the facilitating role
of HCI for electrochemical hydrogen oxidation, and more specifically,
the charge transfer step as the charge transfer step is the
rate-determining in the oxidation process [35,37]. The same has not
been observed in the Ni/GDC cermet cell case because the charge
transfer resistance of the Ni/GDC electrode is generally small compared
to the resistance offered by surface and gas-phase processes.

However, even though pattern electrode cells exhibit a decrease in
polarization resistance, the data found with Ni/GDC cermet electrode
cells are consistent with the previously described trend in the literature
[13,18]. Compared to the pattern electrode, the number of active sites in
the cermet electrode is substantially higher, which may explain why the
resistance from the TPB-related activity may be minimal compared to
the resistance from other physicochemical processes in the electrode.
Maybe this explains why, in contrast to pattern electrode cells, there is
no influence of HCl on the performance of the cermet cell at low con-
centrations. Because of a lack of understanding of the electrochemistry
of the Ni/GDC anode, it is difficult to establish a mechanistic relation-
ship between the interaction of HCI with Ni/GDC and other materials.
The observed effect of HCl on the anode electrochemistry will be further

examined and discussed in our next paper.
4. Conclusions

Pattern electrode cells of nickel and ceria were prepared, and the
effect of HoS and HCI on their performance was tested using electro-
chemical impedance spectroscopy. When H,S was introduced into the
system, it was discovered that the polarization resistance of both nickel
and ceria pattern electrode cells increased significantly, as previously
reported. After removing H,S, the change is found completely reversible
for nickel and only partially reversible for ceria. We have observed that
the kinetics of poisoning nickel and ceria pattern electrode cells is faster
than the kinetics of recovery from poisoning. Only the nickel pattern
electrode cells, on the other hand, recover rapidly and within a period of
time comparable to that required for the poisoning. After the HyS has
been removed from the ceria pattern electrode cells, it takes a very long
time for them to stabilize. The findings of these experiments indicate
that HsS has a significant effect on the ceria surface structure. However,
while it was hard to determine the species causing the anode poisoning,
some of the adsorption is irreversible or at least difficult to reverse.

A model with elementary kinetics for H,S adsorption on ceria was
also made, assuming that the adsorbed species are not involved in the
charge transfer process. It has been observed that the surface coverage of
the S species is substantial, which inhibits the adsorption of H and the
subsequent oxidation of ceria on the surface. Even though this is not a
detailed model, it is likely to reflect the reversible influence of HyS on
the polarization resistance. The model can further be refined to incor-
porate sulfur participation in the charge transfer process and address
irreversible cell degradation.

When tested with the HCI contaminant, both nickel and ceria pattern
electrode cells show a decrease in cell polarization resistance, unlike the
H,S contaminant, where an increase in the resistance was observed. The
underlying mechanism for such behavior remains inconclusive and re-
quires further investigation. However, the Ni/GDC cermet cell did not
change the polarization resistance up to 60 ppm HCl concentration,
consistent with the literature. A higher concentration of HCI (150 and
300 ppm) resulted in a recoverable performance loss.
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