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The influence of the operational conditions and the electrode material on the degradation induced by the model tar naphthalene on
10 x 10 cm? fuel-electrode supported solid oxide cells operated on artificial bio-syngas under internal reforming conditions is
experimentally investigated. Two different fuel electrodes are investigated based on yttrium-stabilized zirconia (YSZ) and
gadolinium-doped ceria (GDC). A parameter study of the operational temperature and the operation mode (fuel cell or electrolysis
mode) is conducted with the YSZ-based fuel electrode to quantify the effects on the cell degradation. The fuel off-gas composition
and electrochemical impedance spectra are used to characterize the cell prior to the experiment and monitor its performance during
the poisoning process. The influence of the tar on the Ni-YSZ electrode cell is investigated for an operation at 700 °C and 800 °C in
fuel cell mode, and an operation at 700 °C in electrolysis mode. The experiment at 700 °C is repeated with the Ni-GDC electrode
cell. At the increased operational temperature, the Ni-YSZ cell is more robust but carbon depositions occur. The voltage
degradation during electrolysis operation increases significantly compared to fuel cell operation. The Ni-GDC electrode does not
show an increased robustness compared to the Ni-YSZ electrode.
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The transformation towards a carbon-neutral society requires
efficient and carbon-neutral power generation as well as highly
efficient integration of renewable electricity for the decarbonization
of the various sectors. A coupled biomass gasifier and solid oxide fuel
cell (SOFC) plant enables highly efficient electrical power
generation.' Integrating a solid oxide electrolyzer cell (SOEC) into
a biomass gasification-based process, e.g., for generating sustainable
aviation fuels, allows a highly efficient pathway to increase carbon
utilization.” In both cases, the solid oxide cell (SOC) is at risk of
carbon depositions and degradation. Equilibrium calculations can
estimate the carbon deposition free operational area, which is usually
visualized in ternary diagrams.’> However, depositions and degrada-
tion effects of larger and especially polycyclic aromatic components,
called tars in this work, cannot be predicted via this method.* The tars
can either be catalytically reformed by the cell and used as fuel, block
electrochemical active sites resulting in a degradation of the electro-
chemical performance without structural degradation, or form carbon
depositions damaging the cell.>® The standard approach to eliminate
this risk is to use a gas cleaning unit, thus increasing the system
complexity.” To avoid this step or to help define the requirements for
the gas purity, several authors investigated the influence of aromatic
compounds on SOFCs. The utilization of model tars tends to
overestimate the influence of real tars® and is, therefore, a conserva-
tive approach commonly used. The most prominent utilized model
tars are naphthalene,”"® toluene,®'*'>!>1722  phenol'*** and
benzene +10:1126:27:34.35 1y comparative studies, naphthalene shows
the lowest tendency to coke formation'' and the highest impact on the
catalytic methane reforming'> as well as on the electrochemical
performance.'® Hence, it was chosen in this work to investigate the
electrochemical degradation under internal reforming conditions.

Utilizing carbon-containing fuels derived from biomass gasifica-
tion, the methane steam reforming reaction 1 and the water gas shift
reaction 2 take place. Both reactions are catalyzed by the nickel in
the cell and can be influenced by tars.

“E-mail: benjamin.steinruecken @tum.de

CH,4 + H,O = 3H,; + CO [1]

CO + H,O0 = H, + CO, 2]

Naphthalene can be reformed similarly to methane at the catalytic
active sites of the cell via (3).

CioHg + 10H,0O = 10CO + 14H, [3]

Fuel electrode supported single cells (FESCs) operated under
internal reforming conditions between 700 °C and 750 °C show a fast
voltage degradation during the exposure to naphthalene concentra-
tions between 0.05g Nm > and 0.4 g Nm—."*''® The operation
under a H,/N, mixture increases the robustness towards the tar, a
stable operation at 0.3 g Nm > naphthalene is possible.'” For a 2-cell
stack operated under internal reforming conditions at 705 °C, a
voltage degradation similar to the single cells is observed immediately
at the start of the exposure to 2 g Nm ™ naphthalene. After 25 h the
voltage degradation reaches a steady state. During the degradation the
methane and CO off-gas concentration increases, whereas the H, and
CO, concentrations decrease. The off-gas concentrations reach a
steady state at the same time as the voltage.'* In these investigations,
Ni-YSZ electrodes and Ni-YSZ substrate layers are utilized and no
carbon depositions are reported.'! #1718

In all investigated electrolyte supported cells (ESCs), Ni-GDC
electrodes are used. For operations under internal reforming condi-
tions between 830 °C and 900 °C, a voltage degradation under load
is reported for naphthalene concentrations between 0.3 and 3.1 g
Nm™3.'%"33¢ For cells operated between 830 °C and 900 °C under
internal reforming at open circuit conditions (OCC), an increase of
the voltage is reported for tar concentrations of 3 and 11.6g
Nm™3.'%'® At OCC and under load an increase in the methane
off-gas comgosition due to a degradation of the methane reforming
is reported.'™>!>16 At a fully degraded state indicated by the steady
state of the degraded voltage, 60% of the methane is still reformed."”
For a H,/N, gas mixture at 850 °C the open circuit voltage (OCV)
increases and the 3 g Nm™> naphthalene are partially reformed.’ For
the operation at 830 °C and 438 mA cm™? under internal reforming
conditions, an immediate voltage decrease with a stabilization within
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the first hours is observed. The tar hinders the methane reforming
and reversed water gas shift reaction with a more severe effect at
higher concentrations. An area specific resistance increase is
monitored, and after a recovery period of 24 h operation without
tar dosin%, the voltage has almost reached the value before the
exposure.”® No carbon deposition or metal dusting are reported for
these experiments with naphthalene.”'%!*!> 16.36

Cells with a Ni-GDC fuel electrode are reported to be more
robust towards carbon depositions than Ni-YSZ cells.”’ For
naphthalene-induced degradation, the methane reforming reaction
does not stop entirely and the voltage degradation occurs at higher
tar concentrations compared to the Ni-YSZ electrode. This increased
robustness is based on the mixed ionic conductor behavior of the
GDC as well as the ability of ceria oxide to oxidize hydrocarbons.*®
This electrode is the standard material used in electrolyte-supported
cells and was investigated via electrochemical impedance spectro-
scopy by several groups.’®*° Due to the Ni-GDC electrode being
solely utilized in ESCs, they are operated at a higher temperature
compared to the Ni-YSZ electrode cells, limiting the comparability
of the two electrode materials. Therefore, this work focuses on
utilizing the Ni-GDC electrode on an FESC to compare both
electrodes at the same operational conditions. Applying a Ni-GDC
electrode on a Ni-YSZ fuel electrode-supported cell results in an
interdiffusion of the ceria with an 8YSZ electrolyte forming
Kirkendall voids. To avoid this issue, the utilization of a tri-layer
electrolyte with a Gd-doped ceria barrier between the electrode and
the electrolyte was proposed.*’ Recently, the first prototypes of this
cell have been developed and tested.*

Reversible operation of solid oxide cells’ can reduce their degrada-
tion under a regular operation without impurities.*> Concerning the
degradations induced by impurities in electrolyzer mode, the current
research has not focused on tars yet. The effect of sulfur in the SOFC
mode is similar compared to naphthalene. It is a potent poison for the
electrochemical and catalytic performance, reducing the methane steam
reforming and the water gas shift reaction. Hauch et al.** observed a
sensitivity increase in orders of magnitude for Ni-YSZ FESCs operated
at CO,/CO electrolysis compared to SOFC operation at similar
conditions explained by local carbon depositions for global test
conditions outside the theoretically calculated range. In this work, the
reported increased robustness of the Ni-GDC electrode is investigated
in a FESC under internal reforming conditions with the model tar
naphthalene. The operational temperature of the Ni-YSZ electrode
reference cell is increased to ensure that the reported increased
robustness of the ESCs is material and not temperature induced. The
influence of the operational mode on the naphthalene induced
degradation is investigated.

Experimental

The used cells are based on a tape-cast NiO (Vogler, The
Netherlands) - Y0A14ng0'85201A926 (SYSZ, UCM Advanced
Ceramics, Laufenburg, Germany) support. The Ni-YSZ cells consist
of functional screen-printed and sintered layers, which are applied in
the following order:

a ~7 pm thick NiO-8YSZ fuel electrode layer

a ~10 pm thick 8YSZ electrolyte layer (8YSZ: Tosoh, Japan)

a ~7 um thick Gdy,Ce( 30,5 (20GDC, Treibacher Industrie AG,
Austria) air electrode barrier layer and a Lag sgStg4CogoFep sO3.s
(LSCF) air electrode layer (LSCF: synthesized in house by spray
drying and calcination).

The Ni-GDC cells consist of functional layers in the following
order and, if not mentioned otherwise, are applied by screen-printing
and sintering:

a ~10 pm thick NiO-GDC fuel electrode layer

a ~5 pm thick 10GDC (fuelcellmaterials, USA) electrolyte layer

a ~600nm thick 8YSZ electron blocking layer applied by
physical vapor deposition (PVD)

a ~500 nm thick 20GDC air electrode barrier layer applied by
PVD

Table 1. Operational parameters of the syngas operation with
current density i, fuel utilization FU and tar dry gas concentration

CNaph,dry+

Param. Value

H, 0.25 NI min ! 25 vol%
H,0 0.50 NI min " 50 vol%
CO, 0.10 NI min " 10 vol%
Cco 0.10 NI min ! 10 vol%
CH, 0.05 NI min~! 5 vol%
i +0.34 Acm ™2

FU 0.3

CNaph.,dry 0.4 g Nl’l’l73

and a LagSrg4C003.5 (LSC) air electrode layer (LSC: synthe-
sized in house as LSCF). The half-cells of the Ni-YSZ cells are
sintered at 1400 °C, the barrier layer at 1300 °C, and the LSCF layer
at 1080 °C. The detailed process is described elsewhere.*’ For the
Ni-GDC electrode FESC, the process by Zhang et al.*? is used. All
screen-printing pastes were synthesized by mixing the ceramic
powder with terpineol to form a pre-suspension, then adding a
transport agent consisting of ethyl cellulose dissolved in terpineol.
Screen printing was performed on a semi-automatic screen printer
(X1, EKRA, Germany). The Ni-GDC might be prone to gas leakage
and/or electronic leakage currents since the 10GDC electrolyte
shows some defects that might originate from a non-ideal electrolyte
paste or substrate inhomogeneities. These defects might not be
covered entirely by the thin PVD layers. It should be mentioned that
these cells are still under development and not as mature as the cells
with YSZ electrolyte.

The cells are characterized by the single-cell test bench
(Evaluator C1000-HT with TrueData-Load V3 and TrueData-EIS,
Horiba FuelCon, Germany) detailed elsewhere.*>*® The fuel gases
H,, CO, CO,, N, and CH, are dosed via its mass flow controllers,
and steam is added via the thermally controlled bubbler. A full
ceramic housing is used, with a 72 cm” gold mesh at the air side and
two nickel meshes at the fuel side. The tar is dosed via a thermally
controlled evaporator pot flushed with the CO, gas stream as carrier
gas. A description of the dosage unit® and the concentration
calculation'* is detailed elsewhere. The tar dosage is occasionally
validated with a solid phase adsorption method, described by Fischer
et al.*’ The anode off-gas composition is measured via a gas analysis
(GENTWO Multigas, M&C TechGroup, Germany) utilizing a
thermal conductivity detector for 0-100 vol% H, and a nondisper-
sive infrared sensor for 0-30 vol% CO, 0-70 vol% CO, and
0-10 vol% CHy. Before the gas analysis, the gas is cleaned via
a compressor gas cooler (ECM-1, M&C TechGroup, Germany) at
5°C and a separator. To ensure the required minimum gas flow in
the gas analysis of 1.2 NI min~', a membrane pump recirculates the
gas flow through the gas analysis. The flow is manually controlled
via two needle valves regulating the recirculation flow over two
bypasses: one over the pump and one over the pump and the gas
analysis. The operational conditions of the cell can be found in
Table I. The gas composition is shown in the ternary diagram in
Fig. 1; the boundaries for carbon deposition are calculated with
FactSage™ for graphite. The influence of the tar on the C-H-O
composition is neglected due to its insignificant concentration. No
carbon depositions are expected from the operational conditions.

The tar-induced degradation of a reference Ni-YSZ cell at 700 °C is
compared to the degradation at 800 °C, a Ni-GDC cell at 700 °C and the
electrolysis operation of a Ni-YSZ cell at 700 °C by the measured cell
voltage and electrochemical impedance spectroscopy (EIS) data. Ten
spectra each decade are measured between 0.1 Hz and 10 kHz. Wherever
possible, the recommendations of Klotz et al.*® are followed for the
measurements. The data points of the EIS measurement with a positive
imaginary part, due to inductive effects in the set-up, are removed. The
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Figure 1. Ternary diagram for the risk of carbon depositions calculated for
graphite; the operational point in this work without the tar is marked.

distribution of relaxation times (DRT) analysis is performed by an in-
house tool based on the FTIKREG Tool by Weese et al.** A starting
value of the regularization parameter is determined by the L-curve
curvature criteria similar to the procedure of Choi et al.* It is kept within
a narrow interval for related measurement series.

Results

Before the degradation experiments, the cells are characterized
with clean syngas (no tar dosing) to ensure a correct assembly and to
gain a first understanding of the impedance spectra of the Ni-GDC
electrode cells.

Cell characterization.—The cell’s performances at open circuit
conditions under syngas operation are shown in Fig. 2a in
comparison to past FESCs results® in chronological order, different
symbols are indicating different cell types. An average performance
of the Ni-YSZ cells is observed with open circuit voltages of around
0.975 V. The spread is due to slightly different gas tightness and a
difference in the temperature and humidity by the combustion of
leaking hydrogen. The Ni-GDC cells show a drastically reduced
OCYV due to insufficient gas tightness of the electrolyte. The voltages
at 0.34 A cm ™2 are shown in Fig. 2b. The cells are all performing on
a similar level, between 0.80 V and 0.85 V. The voltage of the Ni-
GDC cells is equal to the Ni-YSZ cells. Hence, the Ni-GDC cells
compensate for their reduced gas tightness with an improved
performance. The long-term trend of the cells in Fig. 2 towards
better performance is explained by stepwise improvement of the
setup and procedure.

To further verify the setup and the cell’s performance, the
operation at the reference operational conditions is compared to
the results of a OD simulation via the model proposed by Hauck et
al.,>® which can be found in Table II. In addition, the exhaust gas
compositions are added to this table. While the voltage of all cells is
sufficiently similar compared to the simulation results, the gas
composition varies significantly. Although a leakage of air into the
gas analysis due to the recirculation is compensated for the shown
data, the hydrogen content for all cells is significantly lower than
calculated. This is probably induced by a combustion due to the air
leakage in the setup and the housing.

To investigate the novel Ni-GDC fuel electrode, a temperature
variation is conducted between 680 and 750 °C. The measured
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Figure 2. Comparison of the cells investigated in this work (solid symbols)
with past results® (open symbols) at 700 °C for syngas operation at
0.34 A cm™2 in (a) and OCC in (b).

Table II. Comparison of the normalized fuel off-gas compositions of
the investigated cells with the simulated results for syngas operation.

Exp. Name Sim. 700°C  800°C Ni-GDC  SOEC
V at 0807V 0803V 0850V 0829V 0836V
0.34 A cm™2

H, in vol% 55.5 455 30.2 41.0 433
CO in vol% 11.8 13.4 30.6 12.4 13.4
CO, in vol% 325 41.1 39.0 46.5 43.4
CH, in vol% 0.0 0.0 0.3 0.0 0.0
N, in vol% 0 0 0 0 0

electrochemical impedance spectra and the calculated distributions
of relaxation times are shown in Fig. 3. The ohmic resistance
decreases with an increased temperature due to the increased ionic
conductivity of the electrolyte with rising temperatures. The
polarization resistance declines with increasing temperatures. The
temperature change only slightly affects the low frequency arc,
whereas the high frequency arc is the main driving force of the
observed changes. The DRT identifies four different processes. The
first one at 1 Hz increases with a rising temperature, whereas the
processes at 20 Hz and 300 Hz decrease. The temperature does not
affect the last identified process at around 1500 Hz. Reliable
identification of all four processes requires vast data points and is
complicated by gradients over the 10 x 10cm? cell. Since it is
known that the chemical capacity of the ceria electrode overlaps with
the gas diffusion impedance of the cell,® the peak at 1Hz is
assumed to be related to both chemical capacitance and mass transfer
process at the fuel electrode due to the internal reforming conditions.
The peaks at 20 Hz and 300 Hz are assumed to be related to the
electrochemical reaction in the fuel electrode, since the impedance
of the LSC air electrode is likely too small to be visible in the
spectra.*?

Standard operation.—The off-gas composition y for the Ni-YSZ
cell operated under syngas at 700 °C is shown in Fig. 4. Att = Oh,
the dosage of naphthalene is started. There were some technical
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Figure 3. EIS and DRT of the Temperature variation of the Ni-GDC FESC
operated under syngas conditions.

issues at the start of the degradation experiment of the reference cell.
Hence, it’s likely that the start point of the dosage is shifted to t =
—1...—2h. Shortly after the dosage started, a degradation of the
voltage begins. The voltage degradation stops at around 100 mV
after approximately 50 h. A minor regeneration occurs until the end
of the naphthalene dosage marked with the dashed line. The off-gas
composition is affected by naphthalene as well. The methane
reformation gets poisoned, similar to the voltage degradation. The
steady state is reached at approximately 50 h, outside the sensor’s
measurement range. This voltage and off-gas composition degrada-
tion is similar to the results observed for a short stack operated under
the same gas composition at 2 g Nm > naphthalene.'* The tar does
not affect the cell’s ohmic resistance, as shown in Fig. 5. The
polarization resistance continuously increases up to 60h of poi-
soning, with both arcs growing. This is in line with the observations
of prior experiments.'” In the DRT, all four processes are affected,

50t —V —H [40.95
CO —CO,
CH;y — -N;

40.90

.
e
o)
&

V at 0.34 A - cm 2

40.80

10.75

40.70
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tinh

Figure 4. Influence of 0.4 ¢ Nm > naphthalene on the off-gas composition
and voltage of the Ni-YSZ cell operated at 700 °C under 0.34 A cm ™2,

with a focus on the first two. The process at the highest frequency
has a high risk of being an artifact due to the limited measured
frequencies up to 10 kHz. No indications of carbon depositions were
found in the cell operated at 700 °C.

Elevated operational temperature.—For an operational tempera-
ture of 800 °C, the naphthalene-induced degradation of the voltage
and off-gas compositions is shown in Fig. 6.

Due to the temperature increase, the degradation is reduced
compared to the standard operation. The behavior of the voltage is
similar to the 700 °C operation, with a degradation for 50 h and a
steady state operation until the end of the tar dosage. However, the
voltage degradation with a magnitude of 50 mV is half the value of
the reference operation. In the off-gas composition, the methane
reforming is only slightly reduced with a maximum methane off-gas
composition of 1.4 vol%. After the dosage, the methane reforming is
completely regenerated within a few hours. The fluctuations in the
gas compositions are due to the low gas tightness of the assembly
and pressure fluctuations due to a day-night shift. The electroche-
mical impedance spectra at elevated temperature are less prone to
degradation, as shown in Fig. 7.

The change in the polarization resistance is only minor compared
to the operation at 700 °C. The DRT shows that the tar no longer
affects the fuel conversion resistance at 1 Hz. This is assumed to
result from the reduced influence of the tar on the methane
reforming. Only the peak at 300 Hz is affected by the tar but on a
lower magnitude compared to the degradation of this process at
700 °C. The degradation in this process shows a blockage of the
active site at the fuel electrode or a decrease in the fuel transport to
the electrode. Massive carbon depositions were found in an optical
post-mortem analysis, as shown in Fig. 8. The solid depositions are
detected in the flowfield, as well as at the mesh, the cell, and the gold
wires.

For FESCs operated at internal reforming conditions with
naphthalene no carbon depositions were reported for temperatures
up to 750 °C."® With Ni-GDC ESCs, a carbon deposition-free
operation at internal reforming conditions with temperatures of up
to 900 °C and tar concentrations of up to 11.6 g Nm ™" is reported.'®
The ESCs operated at comparable temperatures lack the Ni-YSZ
substrate layer, which is more vulnerable to depositions than the Ni-
GDC electrode.



Journal of The Electrochemical Society, 2024 171 034505

ot=4h o t=30h t =56h
o5l ot=9h t=35h t=61h |
’ ot=14h t=40h t=66h
ot=20h t=45h t="71h
ot=25h t=51h
0.4} J
i
o
G
.50'3- g
& 17 Hz
E 247 Hz
N
I 0.2} 2 Hz 4
»/ 0.1 Hz
“.”'"E

0.6 0.7 0.8
Zreal in Q - cm?®

2.0 T T T T T

1.8f 4

1.6f .

DRT in Q) -s
o — —
3 = o

I
>
T

<
o
T

\ /
ool N\ L [
1071 10° 10! 102 10%
fin Hz

Figure 5. Influence of 0.4 g Nm > naphthalene on the impedance spectra
and DRT of the Ni-YSZ cell operated at 700 °C under 0.34 A cm 2.

Experimental investigation of the set-up.—To separate the
influence of the cell from the set-up, the operation at 800 °C was
repeated with a gas tight Crofer 22 APU steel sheet instead of a cell.
For a more realistic comparison, a current of 0.34 A cm™2 was used
via the electric power supply. The off-gas composition is shown in
Fig. 9.

The nickel mesh reforms a portion of the methane to around 8%.
The reforming process is poisoned by the tar and partially
regenerates as well. At the fully degraded state, the CO and CO,
content are identical; no water gas shift reaction occurs. The
behavior is similar but accelerated to the observed cell off-gas
composition, explained by the reduced number of catalytic active
centers of the Ni-mesh compared to the cell. The steady state is
reached after 0.5 h, and the regeneration is completed after 1.5 h.
Compared to the observed timeframes of the cell (50 h degradation),
the influence of the Ni-mesh can be neglected. A minor amount of
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Figure 6. Influence of 0.4 ¢ Nm > naphthalene on the off-gas composition
and voltage of the Ni-YSZ cell operated at 800 °C under 0.34 A cm 2,

carbon depositions was detected at the gold wires inside the housing.
These depositions are assumed to be either thermally induced or
artifacts from the previous experiment. Due to the usage of a current
of 24.3 A, the gold wires are heating up. The tar molecules can
thermally decompose, resulting in local carbon depositions. The
experiment was repeated without a current, and no traces of carbon
deposition were detected. Hence, the observed depositions in the
experiments conducted with an FESC are catalyzed by the Ni in the
cell. It is assumed that the substrate layer is the origin of these
depositions due to the lack of available O>— ions, a lower steam
concentration in the substrate pores compared to the electrode, and
its larger active area due to its porous structure and thickness.

Investigation of the Ni-GDC electrode.—In comparison to the
Ni-YSZ cells, the Ni-GDC cell voltage and off-gas composition is
shown in Fig. 10 for an operation with naphthalene dosing at 700 °C.

Both cells perform similarly when poisoned with the tar. The
voltage degradation is nearly identical, but the off-gas composition
varies slightly. This variation is probably induced by differences in
the assembly and the gas tightness. Therefore, the assumption that
the mixed conductor electrode is more robust towards naphthalene
degradation could not be proven. Due to the low gas tightness of the
electrolyte, this result needs to be reproduced with improved cells
before any final conclusion can be made. In this experiment, no
indication of carbon deposition was found. Burn marks on the air
electrode of the Ni-GDC cell indicated pores in the electrolyte. The
evolution of the EIS and DRT during the degradation is shown in
Fig. 11.

The tar heavily influences the impedance spectra. The dominating
process is the increase of the polarization resistance; the ohmic
resistance increases slightly. The growth of the polarization resis-
tance from 0.2 Q cm 2 to 0.6 Q cm 2 is large enough to offset the
prior better performance of the Ni-GDC electrode compared to
the Ni-YSZ. In the direct comparison of the evolution during the
degradation process of the normalized ohmic and polarization
resistance in Fig. 12, the Ni-GDC cell exhibits a different behavior
from the Ni-YSZ cells.

For both Ni-YSZ cells, the evolution is similar, with an increase
of the polarization resistance to around 1.5 and a slightly declining
ohmic resistance dominated by noise. For the Ni-GDC cell, the
ohmic resistance increases to 1.5 and the polarization resistance to
2.2. The slopes of all trends are similar, but the magnitude is
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Figure 7. Influence of 0.4 ¢ Nm > naphthalene on the impedance spectra
and DRT of the Ni-YSZ cell operated at 800 °C under 0.34 A cm™2.

increased. During the regeneration after the tar dosage, the ohmic
resistance only partially regenerates. This indicates a superimposing
of two different processes, a permanent and a non-permanent one
resulting in the observed degradation of the ohmic resistance. The
main origin of the ohmic resistance is the limited ionic conduction.
Increasing the diffusion length results in an increased ohmic
resistance. A possible reason for the increase in the pathway length
is an increase in the thickness of the electrochemical active layer,
possibly due to the partially reversible tar blockage of electroche-
mical active centers. The increased size of the electrochemical active
layer can exceed the thickness of the Ni-GDC electrode. The DRT in
Fig. 11 shows that the increase of the first peak (fuel reforming
process) is the main driving force of the degradation. The process at
20 Hz is only slightly influenced by the degradation. The change in
the last two processes is within the range of the uncertainties. Hence,
compared to the Ni-YSZ cell, the degradation is mainly driven by

Figure 8. Pictures of the carbon depositions detected for the Ni-YSZ cell
operated at 800 °C under syngas conditions.
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Figure 9. Fuel off-gas analysis for the naphthalene poisoning of the set-up

with a Crofer 22 APU steel sheet instead of a cell at 800 °C under syngas
conditions.

the first process. It is assumed that the poisoning of the methane
reforming in the substrate is the main driving force of this increase.
Therefore, the robustness towards naphthalene is unaffected by an
improved electrode material.

SOEC operation.—The voltage of the Ni-YSZ cell operated in
electrolysis mode is shown in Fig. 13. It is far more vulnerable
towards the naphthalene-induced degradation than the SOFC opera-
tion. The maximum voltage degradation of 250 mV is reached after
around 50 h. Afterwards, a slight recovery is observed. The absolute
voltage degradation is increased from 0.1 V at SOFC operation to
0.25 V at SOEC operation. The maximum methane content is around
6.8%, instead of above 12.5% observed in the SOFC mode. The
electrolysis mode consumes water and produces hydrogen, in-
creasing the dry gas flow and decreasing the concentrations of all
gasses besides hydrogen. Utilizing the OD Modell, a methane off-gas
concentration without internal reforming of 7.4% is calculated. The
deviation from the model is within the uncertainties. Hence, a
complete inhibition of the methane reforming reaction is assumed.
Due to the degradation of the steam methane reforming it is no
longer consuming water. This is affecting the water gas shift
reaction, inverting its direction. The change of the shift’s direction
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Figure 10. Influence of 0.4 g¢ Nm ™ naphthalene on the off-gas composition
and voltage of the Ni-GDC electrode cell operated at 700 °C under
0.34 Acm %

is visible in the CO and CO, concentrations. After around 40 h, the
CO, concentration exceeds the CO concentration. Due to the
inhibition of the methane reforming, the increased water fraction
is expected to reduce the voltage at operational conditions and at
OCC, similar to the reduced voltage observed in the SOFC
experiments. The opposite effect is observed for the SOEC mode;
the voltage increases drastically.

The i-V curves before and after the poisoning are plotted in
Fig. 14. The curve was recorded at the end of the shown regeneration
process. The i-V curve after the degradation is strongly non-linear.
The influence of the tar on the voltage in the SOEC regime is more
potent than in the SOFC regime. At the SOFC regime, the behavior
of the degraded cell is in the range of prior results. At the standard
operation of 0.34 A cmfz, the voltage difference is around 70 mV,
similar to the other cells in this work. The OCYV is slightly reduced
compared to the reference due to the increased water content. The
voltage difference between the reference and the degraded cell in
SOEC mode is up to a magnitude of 2.5 larger than the SOFC
degradation. This effect on the voltage is even more severe if the
increased steam content and reduced OCV are considered.
Additionally, the i-V curve, recorded starting at SOEC operation
after the degradation, shows a hysteresis. This phenomenon can be
induced by electrochemical oxidation of some adsorbed naphthalene
at the triple phase boundaries (TPB) during the SOFC mode. During
the SOFC mode, the available O*-ions at the TPB are potentially
supporting the decomposition of the adsorbed tar resulting in a short
blockage period of the TPB by the tar. Additionally, the steam
produced by the electrochemical reaction is locally improving the tar
reformation as well. In the SOEC mode, there are no 0% -ions
available to support the decomposition at the TPB and the steam
concentration required for the chemical reforming reaction is locally,
and globally, reduced by the TPB. Hence, the tar reformation at the
TPB is inhibited by the operational mode.

Discussion

At the elevated temperature of 800 °C, the voltage and methane
reforming degradations are reduced compared to the standard
operation at 700 °C. Severe carbon depositions disable a stable
operation for an industrial-relevant duration. Without the cell, close
to no depositions are occurring. A comparison of the observed
carbon depositions at elevated temperature with literature results
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Figure 11. Influence of 0.4 ¢ Nm > naphthalene on the impedance spectra
and DRT of the Ni-GDC electrode cell operated at 700 °C under
0.34 Acm %

shows that the operational conditions, temperature, gas composi-
tions, and fuel side materials influence the risk of depositions. A
general transfer of results with other materials or gas compositions is
not possible.

Utilizing the Ni-GDC electrode in the fuel electrode supported
cell did not increase the robustness towards naphthalene. In the DRT
of these novel cells, four different processes are shown under
internal reforming conditions. During the naphthalene-induced
degradation, the decisive process is the first at 1 Hz. For similar
FESC with a Ni-YSZ electrode, the process at 1 Hz is associated
with the diffusion of CO/CO,’' and is further amplified by an
internal reforming reaction.>> Its growth is assumed to be induced by
the tar-induced degradation of the internal methane reforming in the
Ni-YSZ substrate. Hence, for internal reforming conditions, the
influence of the contaminant on the Ni-YSZ substrate is as crucial as
its influence on the electrode. The ohmic resistance of the Ni-GDC
cell is heavily increased by the tar as compared to the Ni-YSZ cells.
This degradation is only partially reversible indicating the
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Figure 12. Evolution of the normalized polarization and ohmic resistances
during the poisoning process and the regeneration of the Ni-GDC cell.
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Figure 13. Influence of 0.4 g Nm > naphthalene on the off-gas composition
and voltage of the Ni-YSZ cell operated at 700 °C under —0.34 A cm ™.

superimposing of an irreversible and a reversible process. During the
regeneration after the tar dosage, electrochemical sites blocked by
the tar are expected to regenerate due to the decomposition of the tar.
A partial delamination of the electrode-electrolyte interface, a crack
formation within the electrolyte, interface effects between the three
layers of the electrolyte as well as other irreversible processes due to
the cell being a prototype are possible explanations for the observed
permanent degradation of the ohmic resistance.

For both experiments with the Ni-YSZ and the Ni-GDC cell in
the SOFC mode at 700 °C, an increase in the CO concentration and a
decrease in the CO, concentration is measured. This indicates a
decline in the water gas shift reaction with both concentrations
approaching each other. In the SOEC mode, this trend increases, and
the water gas shift reaction is reversed, resulting in a higher CO than
CO, concentration. Compared with the SOFC operation, the
influence of the tar on the hydrogen content is low. This can be
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Figure 14. i-V curves of the Ni-YSZ cell operated at 700 °C before
(reference) and after the degradation and a short recovery time.

only partially explained by the increased total dry flow and, thereby,
decreased ratio of the reformed hydrogen from the total measured
hydrogen flow. Nevertheless, due to the stoichiometric ratio in the
steam methane reforming, a higher impact of its degradation on the
hydrogen concentration was expected.

The voltage in electrolysis operation shows a 2.5-fold increased
degradation compared to the fuel cell mode. The cell voltage in the
SOFC regime aligns with the other results in this work. Due to this
operational mode-dependent voltage degradation, a permanent
degradation due to carbon depositions can be ruled out. The
proposed theory for this behavior is an inhibited reforming of the
tar at the TPB due to the lack of O*-ions as well as the decreased
steam concentration compared to the SOFC mode. A possible
different approach to explain the observed behavior is the influence
of the tar on the water gas shift reaction, resulting in unfavorable
mass transport conditions in the substrate layer, resulting in a
hindered transport of the water to the electrochemically active sites.
Further investigations and reproducing the results are necessary to
fully prove these theories.

The comparison of all investigated cells at the standard opera-
tional condition syngas at 700 °C shows a deviation in the voltage
and off-gas composition. Several systematic sources for these
uncertainties have been identified: An aging of the gold seal occurs
over the experiments. The assembly is conducted manually; the
positioning of the cell, meshes, sealings, and voltage sense wires will
vary in each setup. The ambient pressure in the laboratory fluctuates
in a day-night cycle and is further influenced by the building’s
ventilation. The used cells are manufactured manually. Therefore,
the systematic uncertainties dominate the statistical ones by the used
equipment. The starting point of each degradation experiment is
used as reference to eliminate the influence of the systematic
uncertainties. The tar concentration is chosen to induce a degrada-
tion effect that is sufficiently larger than the uncertainties. Compared
with reference data,'® the standard operation of the Ni-YSZ cell
reproduced similar results for the voltage and the EIS, validating the
setup and method.

Similar experiments for a naphthalene-induced degradation of the
Ni-YSZ fuel electrode cells at similar operational conditions have
not reported a structural degradation for cell and stack
experiments.'>'*171® Hence, no post-mortem analysis for the
operation at 700 °C was conducted. The depositions at 800 °C
were severe and visible without further investigations.
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Conclusions

The influence of the operational conditions and the electrode
material on the degradation induced by the model tar naphthalene on
fuel-electrode supported solid oxide cells operated on artificial bio-
syngas is investigated. The electrolysis mode is observed to be more
vulnerable to poisoning by the selected tar than the fuel cell mode. The
available results did not enable a final explanation for this phenomenon.
Further investigations are thus required. The poisoning effects, whether
a performance degradation or carbon deposition, depend not only on the
type of tar but also on the operational conditions and the fuel side
materials. The influence of the substrate layer is crucial. Hence, a more
detailed investigation of this layer is necessary. The FESC with Ni-
GDC fuel-electrode did not show the expected higher robustness. This
investigated cell is a prototype and a more detailed investigation is
required when the development is finished.
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