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HIGHLIGHTS

e Metal-supported fuel cells with novel Ni/GDC anode show outstanding performance.

e Ni/GDC anode is more tolerant against redox cycling than established Ni/YSZ anode.
e Comparative study on cells with Ni/YSZ and Ni/GDC anodes was performed.

o Performance testing was conducted including electrochemical impedance spectroscopy.
e Microstructural changes could be evaluated by FIB-SEM 3D reconstruction technique.

ARTICLE INFO ABSTRACT
Keywords: Metal-supported fuel cells (MSCs) are promising candidates for not only stationary but also mobile applications.
Metal-supported solid oxide fuel cell (MSC) Their appeal is in their potential to withstand reoxidation of the anode, which might occur by an interruption of
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Electrochemical testing
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the fuel supply or an emergency shutdown of the fuel cell system. A novel nickel/gadolinium-doped ceria anode
(Ni/GDC) was recently introduced in a MSC concept of Plansee, almost doubling power density compared to cells
with a nickel/yttria-doped zirconia (Ni/YSZ) anode. In this study, both cell concepts are compared concerning
their ability to tolerate harsh redox cycles. Therefore, controlled redox cycles of the anodes were conducted at
different temperatures. The response of the cell’s power output to the redox cycling experiments was continu-
ously recorded. In the case of MSCs with a Ni/YSZ anode, strong degradation occurs after redox cycling. In
contrast, cells with a Ni/GDC anode exhibit significantly improved redox tolerance and cell performance im-
proves with the number of redox cycles. For understanding this behavior, microstructural investigations of the
Ni/GDC anode and the adjacent electrolyte were performed by FIB-SEM. The long-term redox behavior of MSCs
with a Ni/GDC anode was also investigated by conducting more comprehensive redox cycles at 400 °C, 500 °C,

and 600 °C.
1. Introduction battery electric vehicles (RE BEVs). The advantages of MSCs compared
to established full-ceramic solid oxide fuel cells (anode-supported fuel
In the past few decades, metal-supported solid oxide fuel cells cells, ASCs or electrolyte-supported fuel cells, ESCs) include better
(MSCs) attracted attention for non-stationary applications such as thermal cyclability and increased mechanical stability, a good weld-
auxiliary power units (APUs) in heavy-duty trucks or range extenders in ability to the metallic interconnects within an SOFC stack, and
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significant potential for lowering manufacturing costs due to the less-
expensive metal support.

A variety of different MSC concepts have been established in the past
20 years [1,2]. The development of these kinds of fuel cells has been
driven forward by the Lawrence Berkeley National Laboratory (LBNL)
and its spin-off company Point Source Power (PSP) [3,4]; Ceres Power, a
spin-off of Imperial College London [5,6]; Topse Fuel Cell A/S - in
cooperation with the Technical University of Denmark (DTU) and Risg
National Laboratory [7-9]; the German Aerospace Center (DLR) [10];
Austrian company Plansee SE — in close collaboration with For-
schungszentrum Jiilich GmbH [11-13]; and other groups at the Uni-
versity of Toronto in Canada [14] as well as universities in the United
States, Europe, and Asia.

A general issue of SOFCs employing nickel-based anodes is the risk of
Ni oxidation. This oxidation of the anode can occur in the event of i.) an
abrupt interruption to the fuel supply; ii.) an emergency shutdown of the
SOFC system; iii.) intentionally upon a system shutdown iv.) very high
fuel utilization or v.) a gas leakage from the cathode side. System so-
lutions to prevent the substrate and anode from oxidation, as an auto-
matically maintenance of fuel gas or inert gas supply until the system
temperature falls below a critical value, are expensive and not easy to
implement technically. Therefore technological solutions to make the
anodes more redox tolerant themselves have to be developed. Ni/GDC
anodes for example are promising candidates since they are suspect to be
more redox tolerant than Ni/YSZ anodes, as shown by Iwanschitz et al.
[15].

The redox behavior of Ni/YSZ and Ni/GDC anodes have been the
subject of numerous studies in the literature [15-38]. Accordingly, the
oxidation and reduction of nickel (Ni) is coupled with a large volume
change. During oxidation, volume expansion of up to 71% of the Ni
phase is reported [21] which is in good accordance with the theoretical
volume increase of 69,9% based on the molar volumes of Ni and nickel
oxide (NiO) [23]. As a consequence, irreversible expansion strain occurs
in the anode microstructure and internal stresses arise in the anode and
the electrolyte. If a critical stress level is exceeded, this results in the
cracking or delamination of the electrolyte, which causes a catastrophic
failure of the SOFC in most cases [19-23]. This effect is usually
accompanied by a breakdown of the ceramic YSZ backbone in cermet
anodes [15]. The oxidation of Ni is a diffusion-controlled process, which
results in internal porosity as a side effect [24]. Waldbillig et al. report
evidently lower oxidation rates of Ni if the temperature stays below
700 °C [25]. However, the reduction of NiO leads to an up to 42% vol-
ume decrease [26-28]. Under anode conditions, reduction can take
place at temperatures above 200 °C and becomes more pronounced at
higher temperatures. As a first step of reduction, Ni nanoparticles are
formed on the NiO surface, leading to a roughening of the surface [29].
The high specific surface area of these nanoparticles leads to a tempo-
rary decrease of polarization resistance immediately after a redox cycle
[30]. If the cell is subsequently operated under steady-state conditions,
Ni coarsening occurs, which again increases polarization resistance. Ni
agglomeration becomes strongly pronounced at temperatures higher
than 600 °C [15,30,31].

Although the ceramic backbone does not undergo microstructural
changes as strong as the Ni phase, it still has a significant influence on
the redox behavior of the anode. In the case of Ni/YSZ anodes, YSZ is a
pure ionic conductor, which mainly contributes to the electrochemical
reactions at the triple phase boundaries (TPBs). Redox cycling of the Ni/
YSZ anodes is coupled with a steady increase of polarization resistance,
while ohmic resistance remains almost constant [15,30,32]. It was
shown in the literature that in Ni/YSZ anodes, the length of the TPB
correlates with anode performance. However, the degradation mecha-
nism is clearly dependent on the initial microstructure [33]. The in-
crease of polarization resistance is explained by a decrease of the active
TPB length due to the drastic change of the Ni microstructure, which
becomes aggravated with an increasing number of redox cycles [29,30,
34]. The refinement of the Ni phase and the formation of elongated
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grains immediately after a redox cycle are reported. Ni grains become
more rounded and coarsened if steady-state operation follows the redox
cycle. These effects lead to increased tortuosity of the Ni and YSZ, while
the tortuosity of the pores decreases.

The redox behavior of Ni/GDC anodes has been less reported in the
literature so far [15,35,36]. GDC is an attractive material for the ceramic
backbone of SOFCs, since it contributes to the electrochemical perfor-
mance of the anode. At the surface of GDC grains, the oxidation of
hydrogen is most likely triggered by its mixed ionic and electronic
conductivity (MIEC) under reducing conditions, clearly increasing the
electrochemically active surface area [39]. A clear increase of electro-
chemical performance results from the Ni/YSZ anodes being replaced by
Ni/GDC anodes [13,40]. Furthermore, GDC significantly improves the
tolerance against sulfur and carbon deposition if the cell is operated with
H,S containing fuels or hydrocarbons, respectively [35,41]. If applying
GDC as a ceramic backbone, certain properties of the ceria phase must
be considered. Since CeO, can be reduced relatively easy, a valence
change from Ce*" to Ce®' occurs for some of the cerium cations in
hydrogen containing atmospheres, which is also responsible for the
above mentioned mixed conductivity [42,43]. In addition, the ionic
radius of Ce3" is significantly larger than that of Ce** and the material is
therefore prone to chemical expansion, which potentially occurs if sin-
tering is performed under reducing conditions or during operation under
anode conditions [44]. In terms of the redox tolerance of GDC con-
taining Ni anodes, both effects might be helpful due to the possible
gettering of oxygen during oxidation and due to partial compensation of
the Ni volume decrease during reduction. Nevertheless, chemical
expansion itself may be fundamentally critical, since it is often accom-
panied by crack formation [43,44]. Another interesting aspect of sin-
tering Ni/GDC composites is the enhanced sintering activity of Ni when
it comes into contact with a GDC surface, indicating a strong surface
interaction [45]. This effect has a clear influence on the processing of
Ni/GDC anodes and accelerates Ni coarsening during sintering, espe-
cially at temperatures above 1000 °C [13]. However, in the case of redox
cycling of the Ni/GDC anodes, the Ni surface becomes increasingly
covered with GDC in line with the increasing number of redox cycles
[35]. Under certain conditions, this effect might lead to improved
electrochemical performance due to an improvement of the GDC-Ni
contact area and an increase of the active length of the TPBs. Howev-
er, a decrease of pore volume was found to be one of the reasons for cell
degradation.

In the present study, two different types of metal-supported fuel
cells — one with a Ni/YSZ and the other with a Ni/GDC functional anode
layer — were manufactured at Plansee SE and tested in terms of their
redox tolerance in lab-scale experiments at Kyushu University and Nis-
san. The base cell concept has a Ni/YSZ anode. Recently, Ni/YSZ was
replaced by Ni/GDC in an attempt to improve electrochemical perfor-
mance [13,40]. In this cell concept, applying the electrolyte by
magnetron sputtering at moderate temperatures [12] eases the imple-
mentation of Ni/GDC. In ASC or ESC concepts, the chemical reaction
between the YSZ electrolyte and GDC in the anode takes place at the
usual sintering temperatures for those cells, which is not critical for the
Plansee cell manufacturing concept. MSCs are ideally suited for mobile
applications, where high redox tolerance is one of the key issues for
long-term stability. In the literature, it is suggested that cells with
different anode materials behave quite differently if exposed to redox
cycles. Redox cycling experiments were therefore conducted under
realistic cell test conditions in order to provide a direct comparison
between the two anode concepts in the current study. The temperature
of the redox cycles was varied between 300 °C and 700 °C to determine
the maximum tolerable redox temperature and to observe the
temperature-dependent microstructural changes. However, it was ex-
pected that the cells with the new Ni/GDC anode are much more resis-
tant than cells with the Ni/YSZ anode. Nevertheless, if the number of
redox cycles would be increased and temperatures exceed 500 °C the
redox stability of the cells is most likely critical, even in the case of
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Ni/GDC anodes.

2. Experimental

2.1. Manufacturing of the Plansee MSC

The Plansee cell concept used in this study (Fig. 1) consisted of a 300-
pm-thick porous metal support (Cr26-Fe, intermediate temperature
metal, ITM), a 40 pm multilayer anode, a 4-pm-thick electrolyte (8YSZ),
and a 40 pm LSCF cathode as a top layer. To prevent the interdiffusion of
certain elements, the metal substrate and the electrolyte were coated
with a 500 nm magnetron-sputtered GDC diffusion barrier layer (DBL).
A detailed description of the manufacturing of the cell can be found in
Ref. [12]. Plansee SE produced rectangular cells with dimensions of
160 x 99 mm - including the metal substrate (1), the graded anode (2),
the electrolyte (3), and the two DBLs - from which round button cells
with a diameter of 29.5 mm were cut by laser. A round cathode layer (4)
with a diameter of 9 mm was subsequently screen-printed on top of DBL
2. In order to protect the metallic support from oxidation, the cathode
was not sintered but in situ activated at 850 °C in air during heat-up and
sealing procedure in the test rig. The anode side was flushed with an
inert-gas/hydrogen mixture in the meanwhile. The particle sizes of the
anode materials are diverse, resulting in a coarse-structured Ni/8YSZ
base layer (2a) in direct contact with the metal substrate, a finer struc-
tured Ni/8YSZ interlayer (2b), and a very fine anode layer (2c) con-
sisting of either Ni/YSZ or Ni/GDC, respectively.

2.2. Redox cycling tests

Redox cycling experiments and microstructural analysis (FIB-SEM,
FE-SEM) were performed at Kyushu University and Nissan. All tests were
performed on button cells of @ 29.5 mm (substrate, anode, and elec-
trolyte) with an active cathode area of 0.64 cm? (@ 9 mm), which were
laser-cut from larger cells, as described in section 2.1. In this button cell
tests, electrical contacting of the electrodes was ensured by platinum
mesh current collectors pressed toward the cell by a porous alumina die
at each side. The meshes were connected to the circuit analyzer and the
impedance spectrometer by platinum wires. Test stations consisted of
separate mass flow controllers for air and fuel gas supply, a furnace to
heat the cells to operating temperature, and devices for checking elec-
trochemical performance. For the anode gas supply, either Hy/N5 or No/
air mixtures could be selected. Furthermore, the anode gas could be
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humidified using a water bubbler.

Redox cycling experiments were performed according to one of the
both test procedures as a) Short-term redox cycling and b) Long-term
redox cycling on the test cells after an initial performance check
including current-voltage curves (I-V) and electrochemical impedance
spectroscopy (EIS). According to the short-term cycling test (a), initial
cell performance at the beginning of lifetime (BOL) was measured under
OCV conditions with air on the cathode side and Hy on the anode side.
Afterwards, the cell was cooled to the given anode redox temperature,
which was varied between 300 °C and 700 °C. The H; supply was then
stopped and the anode was purged with Ny before switching to air
supply on the anode side for controlled reoxidation. This was followed
by another purging step with Ny and subsequent reduction in Hy. Each
sequence was conducted for 10 min. This redox procedure was repeated
7 times for each temperature, followed by another performance check
(I-V + EIS) at 750 °C. A schematic diagram of this cycling experiment at
a redox temperature of 300 °C is shown in Fig. 2a. This test procedure
was used to directly compare the redox behavior of the two different
anode materials Ni/8YSZ and Ni/GDC. Following the above-described
procedure, the button cells were first reoxidized at 300 °C for 7 cycles,
followed by a performance check at 750°C and another 7 cycles at
400°C, 500°C, 600°C, and 700 °C, respectively. I-V curves and EIS
measurements were performed at 750 °C after every set of redox cycles.

Test sequence (b) was used to confirm the good redox tolerance of
Ni/GDC as well as its long-term durability. Therefore, multiple reox-
idation cycles were conducted at 600 °C using the long-term cycling test
setup, as illustrated in Fig. 2b. After an initial performance check (I-V +
EIS) at 600 °C, the Hy supply was stopped and the anode was purged
with N for 10 min. For reoxidation of the anode, air was supplied for a
period of 120 min, followed by another 10 min N5 purge sequence before
H, was then switched on for 120 min and the electrochemical perfor-
mance was again checked after the redox cycle at 600 °C. This procedure
was repeated for up to 50 redox cycles using button cells with a Ni/GDC
anode. This kind of redox cycling test was repeated in a similar way,
lowering the reoxidation temperature to 500 °C and 400 °C. In both
cases, fresh button cells were used for the test.

2.3. 3D microstructural investigation by FIB-SEM

The FEI dual-beam system Helios NanoLab600i® at Kyushu Univer-
sity was used to acquire structural information concerning the samples.
The system comprises a focused ion beam (FIB) combined with a

12 I

(4) Cathode (LSCF)

DBL2 Diffusion barrier layer 2 (GDC)

(3) Electrolyte (8YSZ)

(2¢) Anode Ni/8YSZ=80/20 | Ni/GDC= 60/40 wt. %
(2b) Interlayer fine Ni/8YSZ = 65/35 wt. %

(2a) Interlayer coarse Ni/8YSZ = 65/35 wt. %

DBL1 Diffusion barrier layer 1 (GDC)

(1) Metallic substrate (ITM)

Fig. 1. Plansee MSC design.
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Fig. 2. Schematic diagram of a) Short-term test sequence and b) Long-term test sequence for the redox cycling experiments.

scanning electron microscope (SEM) to provide detailed insights into the
spatial texture of the porous anode structure. The FIB unit periodically
detaches thin lamellae from the sample surface, which are then recorded
layer by layer with the SEM. As a result, the individual microstructures
of each lamella can be combined into a three-dimensional image of the
probed sample volume. Through digital image processing, each phase
can be separated on the basis of different gray values in the SEM images.
Volume fractions and the positions of the ceramic and nickel particles as
well as the pores can therefore be reconstructed. Furthermore, the tor-
tuosity of the particles and pores, the distribution and density of triple
phase boundaries (TPBs), and the interface area of each phase can be

microstructure reconstruction is widely used in the literature to inves-
tigate SOFC anodes [28-30].

3. Results and discussion

Redox cycling experiments on MSC button cells with an LSCF cath-
ode area of 0.64 cm? were performed for two different anode materials
at different temperatures. In the first section, the electrochemical per-
formance of MSCs with an established Ni/YSZ anode in comparison to a
novel Ni/GDC anode were investigated in terms of their redox tolerance
during short-term cycles (see Fig. 2a) in a temperature range of

calculated from this data. The method of FIB-SEM analysis with 3D 300-700°C. In addition, the microstructure alteration was also
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= =
o [} :
(o)) (o] |
i) ) :
© ©° i
> > |
° ; ° ;
© r : r © r r : r r
02H O BOL © 300°Credox 4 400°C redox H 02H © BOL o 300°Credox 4 400°C redox H
& 500°Credox P 600°Credox * 700°C redox & 500°Credox P 600°Credox * 700°C redox
00 i i i i i i i 0,0 i ] ] ] ] i i
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 0,0 0,5 1,0 1,5 2,0 2,5 3,0 35 4,0
current density [A cm] current density [A cm?]
c) d)
0,6 ‘] ‘] I I 1 0,2 T 1 T 1 T 1 T
0o BOL O 300°Credox 4 400°C redox H 0 BOL ©O 300°Credox 4 400°C redox g
041 o 500°C redox »> 600°C redox * 700°C redox(] < 500°Credox P 600°Credox * 700°C redox
g 02y c&%ﬁ@m%ﬂoﬁ?%; """ :
5 R S G, |
G 00 |- &&,,i,ﬁg,@,@, * GE‘)&‘ ’t'
g &%
N 02 _,,,%,,,,L ,,,,,,,,,, [,
' K :
R
04 ot K [
<
Rl :
06 n_i P i i i i
0,0 0,2 0,4 0,6 0,8 1,0

Zreal [Q cm 2]

Zreal [Q cm 2]

Fig. 3. Performance check (I-V) and electrochemical impedance spectroscopy (EIS) at 750 °C for cells with (a, ¢) a Ni/YSZ anode and (b, d) a Ni/GDC anode after

redox cycles at specific temperatures.
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evaluated by SEM and using a 3D microstructure reconstruction tech-
nique. Long-term redox cycling tests (according to Fig. 2b) on cells with
a Ni/GDC anode were subsequently conducted to demonstrate the sta-
bility of the anodes at temperatures of 600 °C, 500°C, and 400 °C,
respectively.

3.1. Electrochemical performance check before and after short-term redox
cycling

At the beginning of lifetime (BOL) and after 7 redox cycles for each
specific temperature (300 °C, 400 °C, 500 °C, 600 °C, and 700 °C), the
electrochemical performance of the cells was measured by recording I-V
curves and EIS measurements at 750 °C. The results indicate a drastic
decline in current density after redox cycling of the Ni/YSZ anode at
600 °C and above (Fig. 3a). However, reoxidation in the temperature
range of 300 °C-500°C did not lead to any cell degradation, in com-
parison to the reference measurement before the redox cycling. OCV
remained constant in the range of 1.03 V before and after redox cycling
at 300-700 °C. The cell with a Ni/GDC anode clearly showed improved
redox tolerance, demonstrating that there was no drop in cell perfor-
mance after redox cycling in the full temperature range from 300 °C to
700 °C (Fig. 3b). Rather, even a slight performance increase can be seen
from the I-V curves in Fig. 3b, which is an indication for microstructural
changes in the anode. OCV was not affected by the redox cycling and
remained at 1.07 V, same as at beginning of lifetime.

In the case of the Ni/YSZ anode, the ohmic resistance also increased
with the redox cycling temperature. Especially after cycling at 600 °C
and 700°C, resistance increased from 0.12Qcm? to 0.3Qcm? (see
impedance spectra in Fig. 3c). Polarization resistance decreased with
higher redox temperature with a low frequency intercept of 0.8 Q cm? at
BOL, 0.9 Q cm? after 300 °C, 0.85 Q cm? after 400 °C and 0.5 Q cm? after
500 °C redox cycling, respectively. This effect could be attributed to a
refined microstructure in the anode functional layer after the redox
cycling.

For the cell with Ni/GDC anode, no increase of the ohmic resistance
was found, independent of the redox temperature (Fig. 3d). Polarization

interlayer (2b)
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resistance is slightly lower for the Ni/GDC anode showing low frequency
intercept of 0.25 Q cm? at BOL and 0.19 Q cm? after the 700 °C redox
cycling. Since the electrolyte is similar in both cell configurations, the
small difference can only be explained by differences in the contact
resistance. Post-test microstructural analysis after the cycling test
revealed that the electrolyte of the cell with a Ni/YSZ anode was partly
peeled off (not shown here), while the electrolyte in the cell with a Ni/
GDC anode did not exhibit any delamination. This is likely the main
reason for the strong cell degradation in the case of the Ni/YSZ anode.

Fig. 4 shows the changes in the microstructure of the Ni/YSZ and Ni/
GDC anode layers, respectively, after completing the full series of testing
conditions summarized in Fig. 2a. The Ni grain structure changed from
large rounded grains to a finer microstructure with clearly increased
internal porosity both in the Ni/YSZ and Ni/GDC anode layers. How-
ever, in the Ni/GDC anode, the change of the Ni phase is less pronounced
than in the Ni/YSZ anode, even though the same testing procedure was
conducted. This might explain why the redox tolerance of cells with the
Ni/GDC material is better than with the standard Ni/YSZ anodes. It was
confirmed that there is no significant difference in redox stability of Ni/
YSZ and Ni/GDC anodes at low temperatures from 300 to 500 °C since
the redox kinetics is rather slow in this temperature regime and only
marginal amount of Ni might be oxidized within 10 min of reoxidation.
For this reason, the cell survives better at lower temperatures for both,
Ni/GDC and Ni/YSZ anodes since only weak stresses arise in the
microstructure during redox cycling.

3.2. FIB-SEM-analysis of anodes after short-term redox cycles

By using the FIB-SEM technique, a three-dimensional digital image of
the microstructure was reconstructed from the single-layer SEM images.
From this 3D microstructure, information was calculated about the pore
and particle size distribution (Fig. 5). It thus became evident that in the
Ni/YSZ anode, the size of the Ni and YSZ grains as well as the size of the
pores were significantly reduced after redox cycling. SEM and recon-
structed 3D images indicate that the Ni particle structure was changed
from a rounded to a more porous and disrupted structure, which is also

anode layer (2c)
W e X

Fig. 4. Comparison of the microstructures of cells with a (a, b) Ni/YSZ anode; (c, d) Ni/GDC anode; (a, c) before redox cycling; (b, d) after 35 short-term redox cycles
in the temperature range of 300-700 °C (Ni = bright phase, YSZ or GDC = gray phase, pores = black). Cells were cooled down in the reduced state.
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Fig. 5. Diameter of pores as well as Ni and YSZ/GDC particles in Ni/YSZ and Ni/GDC anodes (layer 2c in Fig. 1) calculated from the reconstructed FIB-SEM data.

indicated by the reduced grain size. The sphere packing algorithm had to
be adjusted accordingly for the new microstructure. In the case of the
Ni/GDC anode, only the grain size of the Ni was reduced from 0.63 pm to
0.33 pm after redox cycling, while the change in size of the GDC grains
and pores was statistically insignificant.

The FIB-SEM 3D reconstruction technique also enables the calcula-
tion of the interface area between the pores and the ceramic backbone
(YSZ or GDC), the YSZ (GDC) grains, and the Ni grains, as well as be-
tween the Ni grains and the pores. As summarized in Table 1 the
interface area between the Ni grains and the pores, and the interface
area between the YSZ grains and the Ni grains increased the most for the
Ni/YSZ anode, which mainly resulted from the change of Ni
morphology. In contrast, the Ni/GDC anode microstructure remained
unaffected by redox cycling for the most part. Only the interface area
between the GDC grains and the pores increased slightly, which is in
accordance with the slight performance increase observable in the I-V-
curves in Fig. 3b. These data do not correspond clearly with the
impression from the SEM image (Fig. 4), in which the Ni morphology in
the Ni/GDC anode layer evidently changed to a more elongated shape
accompanied by the formation of pores. For this reason, the interface
area between the Ni grains and the pores should also increase after redox
cycling. This deviation in results might be due to the indistinct border
between the Ni grains and the newly formed pores when defining the
gray scales from the SEM images during the 3D reconstruction process.
Further optimization of the algorithm, image processing and better
resolution of raw image are required especially for degraded samples.

The preliminary experiments with 7 redox cycles at different reox-
idation temperatures showed that the Ni/GDC anodes exhibit

Table 1

Calculated interface area between YSZ grains and pores (GDC grains and pores),
YSZ grains and Ni grains (GDC grains and Ni grains), and Ni grains and pores in
Ni/YSZ and Ni/GDC anodes (layer 2c in Fig. 1) before and after short-term redox
cycling at 300-700 °C.

Ni/YSZ anode Ni/GDC anode

Interface area Fresh After Interface area Fresh After
[pm? pm 3] sample redox [pm? pm 3] sample redox
YSZ - pore 3.20 3.71 GDC - pore 7.72 8.55
YSZ - Ni 1.69 2.33 GDC - Ni 3.63 3.77
Ni - pore 0.35 2.04 Ni - pore 0.75 0.86

significantly higher redox tolerance than the Ni/YSZ anodes, even at
elevated temperatures of 600 °C or above. For this reason, long-term
testing with up to 50 redox cycles was performed on Ni/GDC anodes
at temperatures of 400 °C, 500 °C, and 600 °C, respectively.

3.3. Long-term redox cycling at 400°C, 500 °C, and 600°C

Electrochemical performance and EIS were measured during and
after long-term redox cycling of cells with a Ni/GDC anode. A first test
was performed at 600 °C, with the cell exhibiting good performance for
up to 30 redox cycles (Fig. 6a). At a higher number of cycles, the cell
began to degrade strongly and current density decreased drastically. The
performance drop is accompanied by an increase of the ohmic resis-
tance, which is shown in the EIS plot in Fig. 6b.

It is even more interesting, that the high frequency intercept also
clearly changes its nature after approximately 30 redox cycles from a
pure ohmic resistor (attributed to the resistance of ion conduction in the
electrolyte) to a non-linear resistor. The physical background of the
additional non-linear resistive process might be associated with the
electrolyte delamination due to mechanical strains and a possible evo-
lution of a novel phase at this changed anode/electrolyte interface. A
Schottky-type contact between the still percolating Ni in the anode and a
novel interfacial phase may lead to a similar behavior but the exact
reason for the high frequency axis intercept becoming non-linear cannot
be clarified unambiguously from the data available so far. Polarization
resistance increased with the number of redox cycles at 600 °C, which
can be attributed to microstructural changes in the electrodes. The lower
current densities compared to the measurements in Fig. 3b are due to the
lower temperature at which electrochemical characterization was per-
formed during long-term cycling. Fig. 6¢ shows an EIS plot of the cell
which where redox cycled at 500 °C. It becomes obvious from this data,
that there was no delamination of the electrolyte since the high fre-
quency intercept was not affected by the redox cycling. The polarization
resistance decreased slightly with the number of redox cycles at 500 °C,
which explains the performance improvement after 5 cycles. Electro-
chemical impedance remained constant while cycling at 400 °C, as can
be seen from Fig. 6d.

Post-test analyses were performed by FIB-SEM after 5 and 50 redox
cycles at 600 °C, respectively, and the 3D microstructure was subse-
quently reconstructed from this data. The results indicated only minor
changes in the Ni/GDC anode microstructure after 5 redox cycles at
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Fig. 6. a) Electrochemical performance (I-V) after redox cycling at 600 °C; EIS plots of MSC test cells with a Ni/GDC anode redox cycled at b) 600 °C, c¢) 500 °C and
d) 400 °C depending on the number of redox cycles; data recorded at 600 °C cell temperature each.

600 °C, whereas the microstructure had changed significantly after 50
cycles (Fig. 7).

After 50 redox cycles at 600 °C the electrolyte was delaminated from
the functional layer (2c in Fig. 1) of the Ni/GDC anode. Moreover, the
anode layer was significantly damaged and also some cracks at the
interface to the Ni/YSZ interlayer (layer 2b in Fig. 1) occurred. The
calculated volume fraction of pore, GDC and Ni phase — determined from
the 3D microstructure reconstruction of the anodes — reveals no signif-
icant alteration after 5 redox cycles, as can be seen from Table 2.

To determine the maximum temperature of long-term redox toler-
ance, the redox cycling was repeated at 500 °C and 400 °C with fresh
MSC samples. At both temperatures, the drop in cell performance was

Fresh sample
at 600 °C

e S
> >
2 o
b b
© ©
-4 2
° ©

Ni/GDC anode (2c) interlayer (2b)

After 5 redox cycles

Ni/GDC anode (2c) interlayer (2b)

Table 2
Reconstructed volume fraction of pore, GDC, and Ni phases in the Ni/GDC anode
microstructure of a fresh sample as well as after 5 redox cycles at 600 °C.

Volume fraction [%] Fresh sample After 5 redox cycles at 600 °C

Pore 0.24 0.23
GDC 0.37 0.39
Ni 0.39 0.39

not as strong as was observed at 600 °C before. During redox cycling at
500 °C, cell performance is slightly improved during the initial phase
and remained constant afterwards. The performance of the cell redox

After 50 redox cycles
at 600 °C

Ni/GDC anode (2c)

interlayer (2b)

Fig. 7. SEM images of a Ni/GDC anode at the beginning of a fresh sample and after 5 and 50 redox cycles at 600 °C. Cells are in the reduced state.
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cycled at 400 °C remained almost constant until end of the test. No
electrolyte delamination was observed for either of the cells tested at
500 °C and 400 °C. In contrast, in the cell which was redox cycled at
600 °C, a strong increase of the ohmic resistance was observed after 35
cycles. Fig. 8a shows the degradation of power density as a function of
the number of redox cycles at 600 °C, 500 °C, and 400 °C, which is
closely related to the evolution of the ohmic resistance plotted in Fig. 8b.
For the cell which was redox cycled at 600 °C, the electrochemical
performance of the cell was firstly deteriorated by slight increase of
ohmic resistance, and then a strong performance drop happened due to a
steep increase of ohmic resistance after 35 cycles. Contrary to that, the
performance of the cells which were cycled at lower temperatures of
500 °C and 400 °C did not decrease in such a way. Power density rather
increased slightly after 5 cycles and the ohmic resistance did not change
at all over the 50 redox cycles.

Since we omitted steady-state operation with a constant current after
redox cycling in this study, the coarsening of Ni accompanied with an
increase of the polarization resistance — as was reported, for example, by
Iwanschitz et al. [15] - virtually did not take place. Nevertheless,
Ni/GDC anodes underwent significant microstructural changes if the
number of redox cycles was increased to 50 and if the period of time for
oxidation and reduction was increased to 120 min. Redox cycling at
600 °C under these conditions led to a remarkable increase of the ohmic
resistance after 20-30 cycles and a significant loss of power density after
35 cycles. This behavior indicated a failure or delamination of the
electrolyte, which was confirmed by post-test analysis after completing
the 50 cycles. Furthermore, the FIB-SEM investigation identified the
accelerated coarsening of Ni in contact with the GDC as one possible
reason for electrolyte delamination. Several authors [35,45] have re-
ported stronger Ni coarsening in the presence of the GDC due to strong
interfacial interaction. This must also be considered during the pro-
cessing of Ni/GDC anodes [13].
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4. Conclusions

To the best of our knowledge, this is the first time that a compre-
hensive study on the redox tolerance of metal-supported fuel cells with
Ni/YSZ and Ni/GDC anodes has been conducted. Other studies investi-
gated YSZ or GDC containing anodes either on ASCs [19,21,23] or on
electrolyte supported model electrodes [15,29,30,35] only. The cell
concept, which was used for this study and was mainly developed for
mobile applications such as a range extenders in battery electric vehi-
cles, is ideal for such investigations since it enables the implementation
of Ni/YSZ or Ni/GDC anodes by accordingly adapting the processing
technology. Both types of cell designs were investigated according to
their redox tolerance in a comparative way on full metal supported fuel
cells.

In the literature, Ni/GDC anodes are reported as being more suitable
for this type of application because they promise increased electro-
chemical activity due to the mixed ionic and electronic conducting GDC
phase [13] as well as improved redox tolerance [15,35]. Mobile appli-
cations usually require SOFC operation temperatures below 700 °C,
which is beneficial for redox tolerance detrimental processes such as the
oxidation of Ni become significantly slower [25].

The present study provided an in-depth investigation into the toler-
ance of the Plansee MSC concept against harsh redox cycles. The cell
concept enables the implementation of Ni/YSZ or Ni/GDC anodes by
adapting the processing conditions accordingly. However, the applica-
tion of Ni/GDC anodes was found to be advantageous for two reasons.
Firstly, the electrochemical performance of the MSC was significantly
improved by implementing the Ni/GDC anode instead of the Ni/YSZ
anode. At 750 °C and 0.7 V, the power density was increased by almost a
factor of three from 0.66 Wecem 2 (MSC with Ni/YSZ anode) to
1.89 Wem ™2 (MSC with Ni/GDC anode). Secondly, the redox tolerance
of MSCs with a Ni/GDC anode was found to be significantly higher. In
the case of short-term redox cycling at temperatures in the range of
300 °C-700 °C, the electrochemical performance of the MSCs with a Ni/
GDC anode even improved with an increasing number of redox cycles.
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Contrary to that, MSCs with a Ni/YSZ anode totally failed relatively
early under the same redox conditions, mainly due to a delamination of
the electrolyte. However, it is not completely clear if all the nickel was
oxidized within the 10 min of reoxidation, especially at lower temper-
atures where the redox kinetics is much slower and the cells survive
better, even in the Ni/YSZ configuration. Moreover, we could not
separate the effect of material and microstructure so far, since not only
the anode material was changed (Ni/YSZ to Ni/GDC) but also the anode
microstructure from coarse in the Ni/YSZ anode to finer structured Ni/
GDC in this work. For finer Ni we suppose that the duration until the
particles are oxidized becomes shorter because of the higher surface
area. However, tolerance against oxidation of the finer structured Ni/
GDC anode improved compared to the Ni/YSZ one and therefore we
have to consider the effect of GDC and its material properties as i.) High
storage capacity due to the potentially easy change of valence charge
(Ce** Ce*™) and ii.) Oxygen vacancies in the GDC lattice.

The effect of improved performance of the Ni/GDC anode could be
attributed to the refinement of the Ni phase caused by the redox cycling
and the increase of the interface area between GDC grains and pores.
Similar results were reported by Matsui et al. [35], where ceria migrated
on the Ni surface after redox treatment and formed additional interface
area between Ni and GDC and between GDC and the pores as well.
Progressive covering of the Ni surface by GDC might be advantageous
for redox tolerance for two reasons: i.) Free nickel surface, which can get
in direct contact with the oxidizing atmosphere, becomes more and
more decreased. Since GDC is electrochemically active as well, this must
not necessarily decrease the electrochemical performance; ii.) GDC in
the reduced state might act as a getter for oxygen and for this reason
could help to prevent the nickel from oxidation. We consider that the
material properties of GDC contribute to the suppression of nickel
oxidation and improvement of the redox stability. However, to support
this consideration the redox stability of a fine structured Ni/YSZ anode
with extended duration of oxidation, as well as determining the oxygen
storage capacities of each YSZ and GDC in the anode structure (to be
evaluated by TPR: Thermal Programmed Reduction) are required for
future investigations.

MSCs with a Ni/GDC anode showed a stable redox tolerance for
redox cycles at 400 °C and 500 °C with 120 min of reoxidation for 50
cycles, respectively. However, the redox cycling test at 600 °C caused
severe cell degradation due to electrolyte delamination in this specific
cell specification. For this reason, the temperature of the fuel cell should
be reduced below 600 °C when reoxidation of the anode must be feared
during operation. Since 500 °C is rather close to the desired operation
temperature of MSCs for mobile applications, these results are very
promising for this type of application since they indicate a feasible way
towards a practice-oriented rapid startup and shut-down of such mobile
power systems. GDC is prone to compensate mechanical stresses in the
cell by chemical expansion while the volume of NiO decreases when
being reduced. Another strategy would be to develop nickel free MIEC
anodes or anode materials with Ni-exsolution effect, which can be re-
incorporated to the host material in oxidizing atmosphere. In order to
improve cell performance at lower temperatures (400-500 °C), highly
conductive and/or thinner electrolytes and more active cathode mate-
rials with high surface exchange coefficient and better ionic/electronic
conductivity are required.
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