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Summary

In this study, a conventional Ni/yttria‐stabilized zirconia (YSZ) anode and a

new Cu‐CeO2‐YSZ anode structure were assembled in an attempt to combine

the advantages of both structures for use in direct methane solid oxide fuel

cells. For this purpose, only a limited region (≤20 μm) of NiO/YSZ was depos-

ited at the boundary of the electrolyte to benefit from the superior catalytic

activity of Ni in the cells, while the rest of the cell benefited from the Cu‐

CeO2‐YSZ anode structure, which does not cause cracking reactions. First,

the effects of different pore formers on the anode skeleton, as well as the inter-

actions of the Ni‐Cu species in the anode skeleton, are discussed. Then, the

NiO/YSZ‐interlayer‐containing button cells with different thicknesses (≤20)
and different ratios of NiO (40 wt%, 50 wt%, and 60 wt%) were studied. After

the examination of the cells, 2 model cells with outstanding performance and

2 additional internal reference cells, conventional Ni/YSZ and Cu‐CeO2‐YSZ,

were scaled up, and performance analysis and long‐term stability studies were

carried out. As a result, for solid oxide fuel cells with increased carbonization

resistance (around 6% performance loss due to carbonization after 100‐hour

stability testing) and 86.1% of the initial performance of the conventional Ni/

YSZ anode structure, a 15‐μm‐thick 40 wt% NiO/60 wt% YSZ interlayer with

a dual layer anode structure is proposed.
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1 | INTRODUCTION

Use of hydrogen as a fuel in solid oxide fuel cells,
which are considered candidate devices to meet the
ever‐growing need for energy, has developed signifi-
cantly, and prototype devices with kilowatt capacities
have been produced by several companies. Further-
more, combined heat and power generation systems
have also been demonstrated. Despite this, the com-
mercialization of solid oxide fuel cells has not yet been
completed because hydrogen is not a primary energy
source.1-4
. wileyonline
Most of the hydrogen produced by industry is pro-
duced by the steam reforming reaction of hydrocarbons
(>90%). The steam reforming reaction is endothermic;
thus, hydrogen production is energy intensive. Moreover,
the difficulties and high costs of storing and transporting
hydrogen limit the economics of systems that use hydro-
gen as an energy source. Therefore, it is important to
develop and use a direct supply of hydrogen including
fuel, in order to avoid costly hydrogen production, stor-
age, and transportation steps.5-7

In solid oxide fuel cells, it is possible to use hydrocar-
bons directly as a fuel without reforming.8-10 For
Int J Energy Res. 2018;42:3228–3243.library.com/journal/er
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FIGURE 1 Schematic representation of the dual layer anode

structure worked in the study [Colour figure can be viewed at

wileyonlinelibrary.com]
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hydrogen fuel, the most favorable anode structure is a
nickel catalyst; however, the reaction conditions (ca.
800°C) cause coking of the hydrocarbons. Although Ni/
yttria‐stabilized zirconia (YSZ) cermet (ceramic‐metal)
systems show excellent initial performance, even in the
direct use of hydrocarbon as a fuel,11-13 carbon deposits
on the surface make fuel transport to the active three‐
phase boundaries (TPBs) difficult and reduce the
mechanical strength of the cell by blocking the pores.14,15

Thus, instead of using Ni, mixed oxides such as the
Cu‐CeO2 system, different perovskite structures, and
active catalytic materials for oxidation reactions (eg,
La0,75Sr0,25Cr0,5Mn0,5O3‐δ) have been developed. Never-
theless, none of these developed structures approach the
initial performance of Ni/YSZ.16-19

Another approach proposed in the literature to pre-
vent coking‐induced cell degradation is the use of a lay-
ered anode structure.20,21 Many studies have reported
that active TPB regions are not present in the whole cell
structure, and there is an oxygen gradient from the elec-
trolyte boundary to the electrode. That is, the electrolyte
boundary is an oxygen‐rich area, and the amount of oxy-
gen decreases with increasing distance from the electro-
lyte boundary.22,23 Thus, after a certain depth, nickel
and similar cracking catalysts in the structure are left
with insufficient oxygen and fuel. Therefore, it is impos-
sible to prevent carbonization reactions. In our earlier
work,24 we investigated an active Ni/YSZ interlayer for
Cu‐based direct‐methane solid oxide fuel cells. Based
on the literature and our work, we have assumed that
“the carbonization can be prevented or minimized by
using an anode with a suitable Ni ratio and appropriate
Ni/YSZ layer thickness because the electrochemical oxi-
dation rate in the anode will be higher than the carbon
formation rate,” and this is the basis of the present
work. In regions where carbonization is likely to occur
in the presence of a catalyst active for cracking (oxygen
ions are inadequate to prevent coking, but oxygen ions
are not consumed), performance improvement by utiliz-
ing the Cu‐CeO2 structure is particularly valuable (as
summarized in Figure 1).

As detailed in Figure 1, the Ni/YSZ thickness is not
the last point reached by the O2− ions carried from the
electrolyte and diffusing through the anode. However,
the rate of oxidation is higher than the rate of carboniza-
tion; therefore, carbonization will not occur in the
boundary region. It is possible to transport O2− ions to
the area beyond the Ni/YSZ layer, even though the
amount of O2− is small. However, the problem of car-
bonization in the presence of Ni or another cracking cat-
alyst (Fe, Co, or Pt) in the upper region persists.
Therefore, to continue the oxidation reaction in the
low O2− concentration layer, an oxidation catalyst with
a non‐cracking oxide structure is required. For this pur-
pose, the well‐known Cu‐CeO2 structure can be used as
the top layer.25-29 Here, CeO2 is the oxidation catalyst,
and Cu is an excellent electronic conductor; Cu also
has the advantage of being inactive for the cracking
reaction. In the structure proposed in Figure 1, there
are 3 critical points.

i. Optimum Ni/YSZ layer thickness.
ii. Ni/YSZ ratio at critical thickness.
iii. The Cu‐CeO2 ratio in the upper layer.

The first 2 parameters are important in terms of car-
bon deposition, and the significance of this has been
discussed earlier. The third parameter is also very impor-
tant because of the TPB definition; that is, “if the elec-
trons generated in the reaction zone cannot be delivered
to the current collector by means of an electron conduc-
tion path, then that reaction zone makes no contribution
to performance.” Therefore, an electronic transmission
path is needed in the cell. For this reason, the Cu/CeO2

ratio in the upper layer is critical, and we have analyzed
this previously.30

In this study, the effect of different pore formers on
the anode skeleton was investigated. The interactions
of Ni and Cu in the anode structure were analyzed by
ex situ X‐ray diffraction (XRD) analysis. Cells with Ni‐
containing interlayers (40 wt%, 50 wt%, and 60 wt%
NiO/YSZ and 5, 10, 15, and 20 μm NiO/YSZ layers)
and a Cu‐CeO2 top layer (a combined anode structure)
were prepared. The performance of the cells for short‐
term use with hydrogen and methane has been exam-
ined. After an investigation using button cells, scale‐up
was carried out for selected samples, and the long‐term
performance is discussed.

http://wileyonlinelibrary.com
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2 | MATERIALS AND METHODS

Potato starch (Merck), graphite (Fluka), activated carbon
(Vulkan XC‐72R), and cornstarch (Pakmaya) were used
as pore formers. To examine the effect of the pore formers
only, no other components were used in these investiga-
tions. The relevant pore formers were mixed mechanically
in a wet environment to contain 50 wt% YSZ (FCM) and
50 wt% pore‐former. After drying, the powder mixture
was pelletized with a 13‐mm Ø die with a hydraulic press.
Sintering was then carried out at 1450°C for 6 hours.
Scanning electron microscopy (SEM) examinations were
made on the surface of the disks.

Then ex situ XRD analysis was carried out in the
porous anode skeleton for the investigation of the calcina-
tion and reduction behaviors of the species. The interac-
tion of Cu and Ni was investigated in the ceramic YSZ
scaffold. For this reason, a dual‐layer (dense YSZ + porous
YSZ) structure was prepared by a tape‐casting/laminat-
ing/co‐sintering method, as described in our previous
work.25 Briefly, the powders were mixed with deionized
(DI) water and D‐3005 dispersant (Rohm & Haas). The
pH was adjusted to 9 to 10 with NH4OH and ball‐milled
for 24 hours to obtain a homogeneous suspension. After
ball‐milling, poly(vinyl alcohol) (PVA, 8% by weight in
DI‐water, BDH) as a binder, polyethylene glycol (PEG,
Merck), and glycerol (Sigma‐Aldrich) as a plasticizer were
mechanically mixed with the suspension for 2 hours.
Then, the slurry was cast onto a glass carrier via a doctor
blade at a constant casting speed of 4 m min−1. The anode
and electrolyte slurry ingredients are given Table 1.

The 2 tapes were laminated together, cut as discs
with a diameter of 16 mm and co‐sintered at 1450°C
for 6 hours. Then, Cu (NO3)2⋅3H2O (Sigma‐Aldrich)
and Ni(NO3)2⋅6H2O (Alfa Aesar) solutions were infil-
trated into the samples simultaneously (50%/50% by
mass of Ni/Cu)/YSZ scaffold. The precursor solution
for the Cu and Ni loadings were prepared by dissolving
TABLE 1 Tape‐casting slurry composition for anode and electrolyte l

YSZ Graphite Potato Starch P

Anode 15 12 3 6

Electrolyte 30 ‐ ‐ 6

PVA was used as %8 solution in DI‐water. The water column corresponds the ba

TABLE 2 NiO spray ink composition for the NiO/YSZ interlayer

YSZ NiO Vulcan XC‐72 Corn Starch
Poly
But

5 5 4 1 5

The values describe gram amount of species.
nitrate salts in distilled water with a total metal concen-
tration of 1 mol L−1. After each infiltration step, the cells
were heated to 350°C to decompose the nitrate species.
The loading of the impregnated oxides was estimated
by measuring the weight differences before and after
each impregnation‐heating treatment. The infiltration/
calcination procedure was repeated up to the desired
loading (50 wt% YSZ scaffold +50 wt% anode material)
with a 1:1 Cu:Ni mass ratio. After the final loading,
the cells were calcined at 820°C for 2 hours. Two identi-
cal discs were prepared, and one of them was sealed into
an alumina tube with an inner diameter of 1 cm using a
zirconia‐based adhesive (Aremco 885). The cell was
placed in a split furnace (Lindberg) and heated to
820°C at a heating rate of 50°C h−1. At 820°C, the cells
were reduced with pure H2 for 4 hours. Then, the
reduced disc was carefully removed from the alumina
tube, and the flaky parts of the reduced and non‐reduced
anode discs were scratched with a pin to obtain powder
samples. X‐ray diffraction analyses were performed on
the obtained powders.

After examining the effect of the pore former and
intra‐cell interactions of Ni and Cu, a different cell
preparation system was applied to Ni‐interlayer‐con-
taining cells. In these structures, lamination was not
used. The supports were obtained by sintering only
the electrolyte films at 1600°C for 6 hours. The NiO/
YSZ layers were applied by coating with a Ni ink using
a simple spray gun. After NiO/YSZ coating, the bilayer
structures were sintered for 6 hours at 1450°C. The
composition of the Ni ink is given in Table 2. The
thickness of the Ni layer was tailored by preliminary
investigations of the coating process (the amount of
sprayed ink to Ni‐layer thickness relations). After
sintering the Ni layers, for the second anode part, the
pore former + YSZ‐containing anode slurry was
applied by brushing. Then, the dual layer anode was
co‐sintered at 1400°C for 6 hours.
ayers

VA Glycerol PEG Dispersant Water

2.5 2.5 2.5 1 19

2.5 2.5 2.5 1 19

ll milled suspensions. The values describe gram amount of species.

vinyl
yral

Dibutyl
Phthalate

Menhaden
Fish Oil

Acetone (1) /
Ethanol(1)

3 2 75
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After obtaining the porous YSZ layer + NiO‐YSZ
layer + dense YSZ layer, lanthanum strontium manganite
(LSM) paste (NexTech Materials) was mixed with YSZ
powders (50 wt% LSM + 50 wt% YSZ) and brushed on
the other side of the electrolyte as the cathode layer and
sintered at 1250°C for 3 hours. The composition of the
cathode slurry is given in Table 3.

Then, the Cu‐CeO2 salt mixture was infiltrated into
the structure at 30CeO2/70 Cu ratio (details are given
in our previous work30). After each infiltration step,
the cells were heated to 350°C to decompose the
nitrate species. The infiltration/calcination procedure
was repeated up to the desired loading (50 wt% YSZ
scaffold + 50 wt% anode material). After the final load-
ing, the cells were calcined at 820°C for 2 hours. All
the loading steps were followed by the weighing of
the cells with a precision scale.

Silver mesh, silver paste, and silver wire were
applied to both sides of the cells as electrical contacts.
Subsequently, the discs were sealed onto an alumina
tube with an inner diameter of 1 cm using a zirco-
nia‐based adhesive (Aremco 885). The cells were placed
in a split furnace (Lindberg) and were heated to 820°C
at a heating rate of 50°C h−1. At 820°C, the cells were
reduced with pure H2 for 4 hours and cooled to 800°C.
TABLE 3 Cathode slurry composition

YSZ LSM Graphite Potato Starch
Poly
Buty

10 10 8 2 10

The values describe gram amount of species.

FIGURE 2 A diagram of button cell

preparing procedure for NiO/YSZ

interlayer containing anode structures

[Colour figure can be viewed at

wileyonlinelibrary.com]
At this temperature, the current‐voltage (I‐V) character-
istics of the cells were examined with recirculating air
as the oxidant and pure, water‐free H2, and CH4 as
fuels. Figure 2 shows the preparation procedures
followed for a single cell.

Subsequently, the size of the button cells was
increased, and 4 home‐made 5 cm × 5 cm cell structures
were prepared. Reference cell selection and performance
analysis were considered as criteria for the selection of
the 4 cells. NiO/YSZ and CuO/CeO2/YSZ were used as
reference cells. Following cell performance analysis, 2
cells were chosen as the best performers, and their size
was increased.

In the preparation of the 5 cm × 5 cm cells, the
first step is the preparation and sintering of the electro-
lyte tapes. The content of the tape is the same as that
of the disc cells. In this context, wide‐area electrolyte
films were cast by tape‐casting. Electrolyte films of
6.67 cm × 6.67 cm area were cut and sintered at
1600°C for 6 hours.

For the preparation of the NiO/YSZ reference cell, a
slurry containing 33 wt% NiO/33 wt% YSZ + 33 wt% pore
former (graphite + potato starch) was prepared and
applied by brushing. The anode layer was then sintered
at 1450°C for 6 hours. For the CuO/CeO2/YSZ cell, an
vinyl
ral

Dibutyl
Phthalate

Menhaden
Fish Oil

Acetone (1) /
Ethanol(1)

6 4 50
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anode slurry containing 50% pore former was applied to
the dense electrolyte layer and sintered at 1400°C for
6 hours. The cathode material was applied by brush and
sintered as for the button cells. The salts were then
impregnated into the porous anode structure simulta-
neously at a 3:1 Cu:CeO2 ratio.

Following the performance analysis, a dense electro-
lyte structure was prepared and coated with the NiO/
YSZ target thickness to prepare the selected cells. The
composition of the sprayed slurry is the same as described
previously. A similar examination was carried out for the
coating thickness and spray‐ink quantity, and the appro-
priate amount of coating ink was applied on the
5 cm × 5 cm electrolyte in a 4 cm × 4 cm area. Then, a
YSZ + pore former containing layer was applied to the
half‐cells, as in the disk cells, followed by sintering at
1400°C for 6 hours. Subsequently, the cathode was
applied, and the Cu and CeO2 salt solution was impreg-
nated. The scaled‐up cells were characterized using the
established test system given in Figure 3.

The stability of the cells under direct CH4 flow was
examined after I‐V measurements of the 4 cells. For this
purpose, the current generated by the cells at constant
voltage was monitored at the maximum power density
and voltage. Therefore, the time‐dependent cell stability
was determined.
2.1 | Characterization

Thermogravimetric analysis (TGA, Seiko SII Exstar 6000)
was used to reveal the thermal characteristics of the pore
formers. The investigation was carried out from room
temperature to 1000°C in an air atmosphere at a heating
rate of 10°C min−1.

Microstructural characterization of the study was
performed using a scanning electron microscope (SEM,
FIGURE 3 Flowsheet of 5 cm × 5 cm planar cell preparing procedure

can be viewed at wileyonlinelibrary.com]
FEI Quanta FEG 450). The samples to be inspected were
affixed to double‐sided copper tape. Powder samples
(such as starch and activated carbon) were prepared by
sprinkling the powder onto the tape.

When examining the cell structures, the discs were
broken and stuck perpendicularly to the tape. To obtain
SEM images, it was necessary to coat the insulator spec-
imens with a conductive coating because of the working
principle of the microscope. Thus, the samples were
coated with Pd/Au, which is the most suitable coating.
After coating, the samples were placed in the device,
and microstructure studies were carried out at a voltage
of 10 to 30 kV under a vacuum of less than 3 × 10−2 Pa.
The anode compositions of the cells were also investi-
gated using energy dispersive X‐ray spectroscopy (EDS),
which was used for line analysis and to identify the ele-
mental distributions of Ni, Cu, and Ce in the depth pro-
file of the anode.

X‐ray diffraction pattern studies were carried out with
RIGAKU D/max‐2200 X‐Ray diffractometer. The analyses
were carried out at a scan rate of 2° min−1 at 2θ values
from 20 to 90°. The obtained data were analyzed by
means of pattern matching programs using XRD patterns
from the Joint Committee on Powder Diffraction Stan-
dards (JCPDS). In this way, the pre/post‐treatment
behaviors were revealed.

Current‐voltage measurements were carried out
using a GAMRY‐Reference 3000 pPotentiostat and a
3‐30 booster system. The voltage was ramped from
the open‐circuit potential (OCV) to zero voltage at
a rate of 5 mV s−1 while measuring the voltage
and current. The power densities of the samples
were calculated using the universal relationship
P = IV based on the I‐V curves. The stabilities of
the 4 large cells were tested using chronoamperometry
measurements.
for NiO/YSZ interlayer containing anode structures [Colour figure

http://wileyonlinelibrary.com


FIGURE 5 Temperature‐dependent mass loss profiles for

different pore formers under air flow condition [Colour figure can

be viewed at wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

3.1 | Pore former investigation

SEM images of the pore formers used in the study are
shown in Figure 4A‐D. As shown, the potato starch parti-
cles are globular and elliptical with diameters ranging
from 10 to 100 μm. The tape thickness to be prepared
with the large potato starch granules will be at least the
size of the largest potato starch grain. The graphite
(Figure 4B) particles have a lamellar structure in the
range of 20 to 30 μm. We considered that this laminated
structure would partially open during mixing to provide
more effective porosity than the existing dry structure.
As shown in the SEM image of activated carbon
(Figure 4C), the particles are spherical and approximately
20 to 30 nm in size. The particles of cornstarch are
around 5 to 10 μm in size, much smaller than the potato
starch particles and with a narrower grain spacing.

SEM images of the samples after pore‐former burn‐
out are shown in Figure 4E‐H. In the potato starch‐con-
taining structure, the pores formed after sintering have
a spherical structure, like dry starch, and the largest pores
are approximately 25 to 30 μm in diameter, formed of cir-
cular cavities of different diameters. In addition, the
remaining structure is very dense, despite its high poros-
ity. Only pores in the macrostructure will cause a reduc-
tion in surface area. Hence, in the case of the catalyst
loading in the later stages, the formation of a limited cat-
alyst‐YSZ interlayer for the formation of the TPB in
which the reactions occur will be a problem. In the
graphite‐containing structure, the voids were found to
have a rectangular structure of 15 to 25 μm × 5 to
10 μm. Furthermore, the opening of the lamellar struc-
ture provides very small pores in the structure. In the
FIGURE 4 SEM images of different pore formers: A, potato starch, B

images of pore former burned out YSZ skeletons: E, potato starch, F, gr

viewed at wileyonlinelibrary.com]
YSZ skeleton containing activated carbon, the pores are
sub‐micron sized. Pores of 5 to 6 μm were formed in the
cornstarch.

The thermal behaviors of the 4 pore formers men-
tioned are shown in Figure 5. The decomposition of
potato starch in the air started at around 320°C. In con-
trast, complete decomposition occurred at around 500°C
to 550°C. The thermal behavior of the cornstarch is simi-
lar to that of potato starch. Only 5°C to 10°C differences
were observed. The starch molecules consumed at low
temperatures do not add micropores to the structure,
except for the large pores. After the pore former is con-
sumed, the structure will become open to sintering. As
shown in the thermogram of graphite, the sample started
to burn around at 650°C, whereas, in the case of single‐
stage decomposition, it has a total removal temperature
of 850°C to 900°C. Hence, the sintering of the YSZ
, graphite, C, cornstarch, and D, vulkan XC‐72. Cross‐section SEM

aphite, G, cornstarch, and H, vulkan XC‐72 [Colour figure can be

http://wileyonlinelibrary.com
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framework will be delayed to these temperatures. This
will contribute not only to large pores in the construction,
but also to a large surface area by providing small pores
in the YSZ skeleton. The Vulcan XC‐72 activated carbon
behaved as a graphite nano‐analog and the oxidation
starting at 650°C was complete at 770°C to 800°C.

In this study, as described earlier, a dual‐layer
anode structure was prepared. Because both Cu and
CeO2 were applied to the anode skeleton after
sintering, both large and small pores must be present
in the structure. That is, both large and small pores
are needed for the infiltration of Cu and Ce salts and
to provide sufficient surface area.

Notably, graphite and potato starch cannot be used in
the NiO/YSZ layer because of their large size and because
the main aim of the study is to form a NiO/YSZ layer of
≤20 μm thickness. Considering the 30‐μm pores formed
by the oxidation of the 100‐μm diameter potato starch
particles and the 20‐μm pores formed by graphite oxida-
tion, the formation of a NiO/YSZ layer at the target thick-
ness using these pore formers would be impossible.
However, porosity is required for fuel diffusion to the
interior of the TPB of the NiO/YSZ interlayer. Thus, acti-
vated carbon and cornstarch were used to form micro-
pores in the NiO/YSZ interlayer. Graphite and starch
were used to obtain higher porosity in the second layer
coated on the NiO/YSZ.
3.2 | Ex situ XRD analysis to determine
the Ni‐Cu interactions

Figure 6 shows the XRD pattern for the Ni and Cu species
impregnated into the anode skeleton. In the preparation
of the cell, nickel nitrate hexahydrate and copper nitrate
FIGURE 6 X‐ray diffraction pattern of simultaneously infiltrated

Ni and Cu before and after reduction with H2 in YSZ scaffold. Black

line refers to non‐reduced, and red line refers reduced anode

structure [Colour figure can be viewed at wileyonlinelibrary.com]
trihydrate salts were dissolved together in water at a mass
ratio of 1:1, and simultaneous impregnation was carried
out in 2 discs. After impregnation, calcination was carried
out, and 1 disc was reduced at 820°C in pure hydrogen for
4 hours. The main reason for the ex situ instead of in situ
evaluation of the cell containing the interlayer is because
it is difficult to identify the interactions with Cu, which
leaks into the thin Ni‐interlayer. Thus, cell dissection
was carried out because it is not possible to isolate the
nickel‐containing intermediate zone from the whole cell.

As can be seen, the characteristic peaks of CuO
(JCPDS: 45‐0937) and NiO (JCPDS: 04‐0835) species in
the unreduced sample are visible. When the XRD pat-
terns of the Cu (04‐0836) and Ni (04‐0850) species are
examined after reduction, 3 peaks at 2θ = 44°, 51°, and
75° are in different positions from the peaks registered
for the corresponding species.

Examining in detail the 40° to 54° region of the XRD
patterns of the samples simultaneously impregnated
with Ni and Cu and then reduced, as shown in
Figure 7, it can be seen that both metals retain their
characteristic peak positions, but the peaks are shifted
toward those of the other species. However, in the case
of bimetallic/alloy formation, the 2 metals behave as a
single material, having patterns unlike those of the orig-
inal structures, and it is known that the XRD pattern of
a bimetallic material shows peak positions of a single
species rather than 2 species.31 Thus, we estimated that
2 distinct solid solutions rich in both species had formed,
as summarized in Figure 7.

That is, the Cu diffraction peaks shifted to higher 2θ
positions than those of the pure state, indicating a Cu‐
rich Ni‐Cu alloy, whereas the Ni diffraction peaks shifted
to lower 2θ positions, indicating a Ni‐rich Ni‐Cu alloy.
Thus, the formation of bimetallic species began after 4‐
hour reduction.
3.3 | SEM investigation of the NiO/YSZ
interlayer

After discussing the pore‐forming effect and the Ni‐Cu
interactions within the cell, we return to the layered anode
structure, which is the main purpose of the work, and was
first studied by Virkar et al.32,33 They found that the TPB
regions within the anode are not present throughout the
entire anode and are only present up to a certain distance
from the electrolyte boundary. Thus, modifications were
made to the NiO/YSZ anode structure to reduce the anodic
polarization; for example, a highly porous support layer
was prepared using coarse NiO grains to reduce the con-
centration polarization and to reduce the size of the elec-
trolyte boundary. In addition, NiO grains were used to
reduce the activation polarization.

http://wileyonlinelibrary.com
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wileyonlinelibrary.com]
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Similarly, Chen et al34 investigated the effects of
porosity on the active layer. To do this, they did not use
a pore former in the active layer, and different thick-
nesses of the active layer having a 60 wt% NiO/40 wt%
YSZ composition were used. The support layer was very
thick, and the cells contained less NiO than the active
layer, using as little as half the NiO, to examine the gas
permeation and cell performance. They found that, for
anode functional layers (AFLs) with a thickness of
5 μm, the cell performance was improved with only 1
coating compared with the case without an AFL. In con-
trast, the cell performance with 2 and 3 coatings
decreased. Therefore, there is an optimum AFL thickness.

Abudula et al35 studied the mechanism of the oxida-
tion reaction and the effective anode thickness of the
anode structure. There was no gas phase oxygen in the
anode, but they found that oxygen ions diffused from
the electrolyte boundary to a certain depth. That is, the
active region in the cell progresses from the point of con-
tact with the electrolyte to a limited area. In their work,
the anode thickness was varied from 17 to 140 μm, and
the cell performances were examined. Effective TPB
regions reaching 120 μm for hydrogen fuel are possible,
whereas, in the case of methane fuel, this thickness is
reported to be up to 70 μm.

In another study, Wang et al36 prepared the support
layer by the pressing‐sintering method, followed by AFL
application with the electrophoretic deposition tech-
nique, yielding a layer with 2.5 to 14‐μm thicknesses.
According to the results, they found the best performance
in a structure containing a 10‐μm‐thick AFL. The reason
for this result is that, above a certain AFL thickness, the
reactants cannot diffuse into the active sites and the prod-
uct/reactant back diffusion is difficult.

Meng et al37 studied the Cu‐CeO2 anode structure on
a Ni/YSZ AFL in a tubular system and investigated the
effect of the AFL thickness (13, 25, and 74 μm). Accord-
ingly, they found the highest performance in the cell with
the lowest thickness. The reason for this is that the thin
AFL may have reduced the anodic polarization because
of the easy gas and ion diffusion. In addition, carboniza-
tion did not occur over 85 hours of direct methane con-
version with the 13‐μm Ni/YSZ‐containing anode
structure, but, after 130 hours of the investigation, a small
amount of carbonization occurred.

Finally, we summarize our past work,25 where we
obtained stable operation with the layered anode struc-
ture. We found that carbonization can be inhibited when
the cracking catalyst in the cell is placed only in the near‐
electrolyte region, ie, oxygen‐rich zones, where cell per-
formance could be maintained.

In this work, a successful coating has been achieved
by a simple ink‐spraying method. The SEM and EDS line
analysis of the samples, given in Figure 8, which contain
the intermediate layer, reveal the coatings were very close
to the target coating thickness after preparation with a
very simple method. The coating thicknesses were 6.9,
11.5, 14.6, and 23.4 μm for the 40% NiO samples, 5.5,
12.4, 16.9, and 27.1 μm for the 50 wt% NiO samples,
and 4.4, 10.3, and 15.7 μm for 60 wt% NiO samples com-
pared with the target thicknesses of 5, 10, 15, and 20 μm,
respectively. Unfortunately, SEM images could not be
obtained for the 60 wt% NiO sample with the 20‐μm tar-
get. In that case, the anode structure was completely
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FIGURE 8 Cross‐section SEM images and line‐EDS elemental Ni, Cu, and Ce distribution images for A, 5 μm—40 wt% NiO, B, 10 μm—

40 wt% NiO, C, 15 μm—40 wt% NiO, D, 20 μm—40 wt% NiO, E, 5 μm—50 wt% NiO, F, 10 μm—50 wt% NiO, G, 15 μm—50 wt% NiO, H,

20 μm—50 wt% NiO, I, 5 μm—60 wt% NiO, J, 10 μm—60 wt% NiO, K, 15 μm—60 wt% NiO, interlayer containing samples [Colour figure can

be viewed at wileyonlinelibrary.com]
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deformed during the separation from the alumina tube,
and SEM examination was not performed.

In addition, in the SEM images of all the cells, the
electrolyte layer was observed to be very dense, and good
sintering was observed. The electrolyte thicknesses were
in a narrow range of 120 to 130 μm. The similar thickness
values of the structures prepared by cutting from the
same film indicate that the tape‐casting process was also
very successful.

The microstructure has a significant effect on the cell
performance. The high density of the electrolyte layer
contributes to increasing the ionic conductivity by reduc-
ing the grain boundary resistance for ion transport. In
addition, the lack of the open pores of the electrolyte is
also very important in terms of the molecular oxygen
inflow to the anode side from the cathode because the
oxygen partial pressure in the anode compartment will
cause a decrease in the OCV of the cell.38 In addition,
the intermediate NiO/YSZ layer on the YSZ electrolyte
was very compatible with the electrolyte, and the porous
YSZ skeleton showed good adhesion to both layers.

The porosities of the button cells were measured via
hot water soaking capacities39 of cathode uncoated half‐
cells. This ex‐situ examination was carried to reveal the
individual porosity of the anode structure because of gen-
eral cell preparation procedure; the cathode coating was
done before CuO/CeO2 loading. The overall anode poros-
ities were calculated around 55% to 60% by volume before
CuO/CeO2 loading, and after loading the anode porosity
of the half‐cells reduces to around 30%. This value is sim-
ilar with the work done by Meng et al40 and sufficinent
for the requirement of as an anode of SOFC.41

In these structures, morphological differences could
hardly be detected, and thickness determination could
only be demonstrated by sensitive elemental analysis
such as EDS. Because Cu and CeO2 are subsequently
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filled into the structure and penetrate most regions, a
similar morphology to that of the original is formed.
However, the AFL layers have lower porosity because of
the pore former used; that is, activated carbon and corn-
starch were used to achieve porosity in the interlayer,
whereas graphite and potato starch were used in the sec-
ond layer where Cu and Ce are loaded.

In addition, when the EDS line results are examined,
it can be seen that the distribution of Cu and Ce was
effectively distributed in the Ni‐containing regions. In
this case, the TPB regions in the nickel region were acti-
vated by the Ni‐Cu contacts, and the Cu‐CeO2 perfor-
mance contribution was achieved in the nickel‐free
regions. In terms of electrical percolation, the NiO region
must be somehow connected to the current collecting sil-
ver wire. This connection can only be achieved by provid-
ing a Cu current flow path that is in direct contact with
the Ni‐region. For this reason, Cu infiltration into the
interlayer is vital in terms of cell performance.

CeO2 leakage into the AFL can be considered as
introducing the co‐catalyst into the reaction zone in an
oxygen‐rich region, while Cu presence in this region will
have a different effect. The leakage of Cu into the AFL,
which is the bridge between the AFL and the current
collector, increases the potential TPBs in the AFL. How-
ever, as we have shown, the formation of the Ni‐Cu
bimetallic phase has advantages and disadvantages. For
example, bimetallic species formation increases the resis-
tance to carbonization42-44 but reduces the ability of
nickel to dissociate methane,45 resulting in decreased cat-
alytic activity.
3.4 | Performance analysis of the button
cells

Figure 9 shows the results of current‐voltage tests at
800°C for H2 and CH4 for the button cells.

The open circuit voltage values in the cells vary
between 1000 and 1100 mV. These results are consistent
with the thermodynamic calculations of the system and
the reported values.46 In addition, the high OCV values
also indicate dense electrolyte structures, as discussed in
the SEM investigation. Next, the power densities of the
cells were investigated. In the case of 40 wt% NiO at
800°C, the maximum power densities were found to be
182, 204, 231, and 241 mW cm−2 for CH4 and 224, 254,
277, and 281 mWcm−2 for H2 fuel for the 5, 10, 15, and
20 μm NiO/YSZ interlayer cells, respectively. On increas-
ing NiO content to 50 wt% at 800°C, the maximum power
densities of the cells were found to be 198, 216, 227, and
234 mWcm−2 for CH4 and 251, 269, 283, and 273
mWcm−2 for H2 fuel for the 5, 10, 15, and 20 μm NiO/
YSZ interlayer cells, respectively. For the 60 wt% NiO cell
at 800°C, the maximum power density values of the cells
were found to be 163, 179, 187, and 204 mWcm−2 for CH4

and 197, 216, 221, and 236 mWcm−2 for H2 fuel for the 5,
10, 15, and 20 μm NiO/YSZ interlayer cells, respectively.

Figure 10 summarizes the relationship between the
NiO/YSZ interlayer thickness and maximum power den-
sities measured from the related cells.

For the 0‐μm thickness shown in Figure 10, the data
were obtained from a sample with an anode structure
containing only Cu‐CeO2‐YSZ and no Ni‐interlayer, as
reported in our previous work.30 When the results were
examined, we found that the power densities tended to
be fixed at a certain point in almost all cases. Even in
the case of H2 fuel, a decrease in the power density of
the 20/50 (where 20 indicates 20‐μm thickness and 50
indicates 50 wt% NiO) cell compared with the 15/50 and
20/40 cells was observed. The performance of the
50 wt%‐series samples was exceeded by the 40 wt%‐series
for H2 fuel with a 17‐μm‐thick layer NiO/YSZ and for
CH4 fuel with a 14‐μm‐thick layer NiO/YSZ. Although a
continuous increase in power density was observed in
the 60%‐series samples, these values are considerably
lower than in the 40 wt%‐series and 50 wt%‐series sam-
ples. Kagomiya et al47 reported that increasing the AFL
layer thickness results in concentration polarization
because the AFL layer is denser. In addition, for high
NiO contents, Hassan et al48 stated that the presence of
excess NiO might cause a thermal expansion mismatch
and nickel agglomeration and, thus, a performance
decrease. In addition, they found that the 40 wt% NiO
containing state was the best cell structure. In the same
study, although the performance was not significantly
affected by the thickness of the active layer up to 8 μm,
the performance decreased as the thickness increased to
16 μm. The cell performance is directly related to the
active sites and the number of TPBs.

In studies that investigated the TPB concentration in
the AFL anode, statistical analysis of the reaction zone
using focused ion beam‐SEM has provided useful
results.49 In this regard, Wilson et al50 studied the phase
continuities in the anode structure. A total volume of
110 μm3 and approximately 10 μm thickness of the active
layer was mapped by analyzing 82 slices, and a 3‐dimen-
sional Ni‐YSZ distribution was calculated. According to
this analysis, after reduction, the percolation in the YSZ
is 100%, although there was a 13% interruption in NiO,
and 1.5% isolated Ni particles were observed. In their
study, the use of a higher amount of NiO to reduce these
discontinuities was disputed. Similarly, Wilson et al
stated that ion transport is more vital for the cell and that
cells that suffer from interruptions in the YSZ cannot be
accepted because the rate determining part of the cell is
the electrolyte. In another study,51 the same group



FIGURE 10 Summarized power density‐NiO/YSZ thickness results for button cells [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 The potential and power density versus current densities of the button cells. Performance comparisons of the cells for different

NiO content and NiO/YSZ thickness at 800°C, for methane and hydrogen fuels [Colour figure can be viewed at wileyonlinelibrary.com]
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reported that the most suitable NiO/YSZ ratio in terms of
TPB formation was approximately 50% based on their ste-
reological analysis. In another study,52 it was reported
that the electrochemical active TPB concentration was
the highest for a 50 wt% NiO‐50 wt% YSZ state when
40 wt%, 50 wt%, 60 wt%, and 70 wt% NiO were compared.
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FIGURE 11 The potential and power density versus current

densities of the planar cells for methane fuel at 800°C [Colour

figure can be viewed at wileyonlinelibrary.com]
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In another study, Vivet et al53 performed a high‐level
analysis based on Wilson's study and found a percolation
threshold with approximately 55 wt% NiO + 45 wt% YSZ
in a 1000‐μm3 sample. Accordingly, they found that the
TPB depth in the anode was approximately 7.4 μm. Then,
in a second paper,54 they studied the ratio of Ni/YSZ in
terms of percolation and electrochemical activity. They
prepared cermet constructions containing 44 wt%,
51 wt%, 54 wt%, 56 wt%, and 61 wt% NiO and found that
Ni‐percolation was not achieved until a mass of 54% NiO
was used, resulting in 88% percolation for 54 wt% NiO
and approximately 97% percolation for 61 wt% NiO.
Nevertheless, they pointed out that the highest specific
YSZ‐Ni interface area was 44 wt%, which has the lowest
Ni content. It was also found that the highest surface area
to nickel ratio was achieved at 44 wt% NiO because the
use of excessive NiO causes agglomeration. Finally, they
determined that the specific interface length of the TPBL

is achieved with a 40 wt% NiO/60 wt% YSZ structure.
The work of Vivet is particularly important because it

makes sense that a decrease in the Ni ratio “increases the
number of potential reaction sites” if “electrical percola-
tion is provided.” This suggests that the Ni‐YSZ specific
interface increases, but the corresponding regions are
inactive TPBs because of electrical isolation. In Vivet's
work, “one of the requirements for TPB formation” is
not the nickel continuity but the continuity of the electri-
cal conductor species. In this context, the inactive Ni‐YSZ
interface can be activated by contact with a percolated
electrical conductor (copper). That is, while the Ni/YSZ
interface increases with decreasing Ni ratio, the passive
Ni‐YSZ areas are activated by Cu introduced into the sys-
tem as the conductive species. Thus, cell performance can
be increased with a reduced nickel ratio.

The results of this study show that there is almost no
difference between the 50 wt%‐series and the 40 wt%‐
series, and both series performed better than the
60 wt%‐series samples. In contrast, based on the focused
ion beam‐SEM studies, it is possible that there are no
active TPBs in the cells because, in those studies, Ni‐con-
tinuity was not achieved at 40 to 50 wt% NiO mass ratios.
However, in our work, active areas were achieved when
using nickel at low ratios with the help of copper. In
other words, there are 2 different explanations for the
lower performance in the 60 wt%‐series samples. One
explanation is nickel agglomeration and the second is
the excess nickel, which can prevent YSZ percolation.
As mentioned, both situations are possible.

Relevant to the AFL thickness investigation, the
application of the AFL does not positively affect the per-
formance above a certain thickness because of competi-
tion effects, which increase the concentration
polarization and reduce the activation polarization. In
addition, it is very important to reduce the nickel content
while improving the performance because the main goal
of this study is to work directly with methane, and nickel
is an excellent cracking catalyst. In particular, nickel par-
ticles that do not form TPBs (isolated or interrupted
nickel) will support only the cracking reaction inside
the cell. A similar situation occurs in areas where carbon-
ization is more effective than oxidation.

Thus, when analyzing the performance increases in
cells using methane fuel, the performance increase in
the 40 wt%‐series samples is 65% with a 0 to 5‐μm layer
thickness, 13% with a 5 to 10‐μm layer, 12% with a 10 to
15‐μm layer, and approximately 4% for the 15 to 20‐μm
layer. For the 50 wt%‐series samples, the performance
increase is 82% with a 0 to 5‐μm layer thickness, 9% with
a 5 to 10‐μm layer, 5% with a 10 to 15‐μm layer, and 3%
with a 15 to 20 μm layer. Because the 60 wt%‐series sam-
ples showed lower performance than the 40 wt%‐series
and 50 wt%‐series samples at all thicknesses and percent-
ages, they were not evaluated further.
3.5 | Scale‐up and stability investigation
for selected cells

When evaluating the available data, cell sizes of
5 cm × 5 cm were found to be suitable for the 15/40
and 15/50 samples, where the performance gain was very
low at higher thicknesses. Because the effective TPB areas
of these thicknesses were likely to decrease considerably,
the relevant areas would only support carbonization.
Thus, the scale was increased for the 2 selected cells. In
addition, conventional Ni/YSZ and Cu/CeO2/YSZ cells
were prepared in large sizes to act as a reference cells.
The current and power density results for the prepared
5 cm × 5 cm samples are given in Figure 11.
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FIGURE 12 Plots of power density as a function of time

(chronoamperometry) at 800°C for Ni/YSZ, Cu‐CeO2/YSZ, 15 μm/

40 wt% and 15 μm/50 wt% NiO/YSZ interlayer containing planar

cells. The fuel was pure CH4, and the cell potential was maintained

at different constant voltage [Colour figure can be viewed at

wileyonlinelibrary.com]
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Compared with the button cells, performance
improvement was observed in all of these samples. The
performance increased by 13.7% for the Cu‐CeO2 cell,
4.7% for the 15/40 cell, and 13.2% for the 15/50 cell. It is
thought that this is a result of gas diffusion at the points
of contact with the alumina pipe during the preparation
of the disk cells. Because, in these samples, the total sur-
face area is 0.785 cm2 in the case of Ø 1 cm, this value
was taken as the active area. However, in the 5 cm × 5 cm
specimens, there are no contact point problems, and the
active area was 4 cm × 4 cm for the cells. Because of
the low surface area in the disc cells, the effect of the
small inactive regions originating from the preparation
conditions is large, and this is believed to be the reason
for the increased performance of the enlarged cells.

When the curves are examined in detail for the 15/50
and 15/40 samples, the 15/50 cell initially provided higher
current values, but, in the low voltage region, the situation
was reversed, and the 15/40 example was better in terms of
the maximum current. The 15/50 cells showed lower acti-
vation polarization, whereas the 15/40 example showed
lower concentration polarization. In addition, the refer-
ence cell containing NiO at a ratio of 50 wt% throughout
the whole cell was the best cell in terms of performance.
In contrast, the reference Cu‐CeO2‐YSZ cell far behind
others. Because of the study aims, if a comparison is made
for CH4 fuel, only 91.4% and 86.1% of the reference cell
NiO/YSZ could be reached in terms of power density for
15/50 and 15/40 cells, respectively. Neither model cell
achieved results better than the conventional NiO/YSZ
cell. It is estimated that the reason for this is the formation
of the Ni‐Cu bimetallic speciesmentioned in the XRD eval-
uation. The activity of the Cu‐rich and Ni‐rich bimetallic
species, even in the cell reduction step, was below that of
Ni alone. Furthermore, as Cu was enriched in the alloy
structure, its activity for methane dissociation decreased.
Because of the bimetallic structure formed, it is not possi-
ble to achieve the sample performance as the conventional
NiO cell. In this respect, the ratio of nickel in the nickel‐
rich alloy to be formed in the 15/50 cell will be higher than
in the 15/40 cell. From this point of view, the 5% perfor-
mance margin of 15/50 is understandable.

However, if our target cells are able to maintain stabil-
ity in long‐term operation, even though they do not pro-
vide superior baseline activity, they could be acceptable.
Furthermore, it is necessary to consider all potential causes
of degradation that may occur in long‐term cell evaluation.
In the cells, in addition to carbonization, Ni‐Ni, Ni‐Cu, or
Cu‐Cu contact breaks, nickel or copper agglomeration, a
reduction in porosity, electrolyte delamination, and phase
transitions are possible degradation pathways.

The long‐term stability behavior of the 4 cells is
shown in Figure 12. It is seen that only the nickel‐
containing cell began to deactivate from the first hour,
probably because of carbonization, although a continuous
oscillation was encountered. This oscillation arises
because, at certain intervals, carbonization added conduc-
tivity to the cell, leading to an increase in instantaneous
performance55; however, the long‐term behavior the cell
suffered because of the carbonization. For the Cu‐CeO2

cell, initially, stable performance was observed. However,
as time passed, the apparent performance loss, which
started after 48 hours, increased, reaching 87.6% after
100 hours. Sintering occurred because of the low melting
temperature of metallic Cu.56

NiO‐interlayered cells were run in parallel for a single
NiO/YSZ‐cell. Accordingly, performance decreases and
sequential increases were observed. In particular, it is
thought that 3 different mechanisms were effective in
these cells:

• Sintering (especially for Cu‐CeO2).
• Bimetallic Ni‐Cu single phase formation.
• Carbonization.

Although 2 kinds of metal‐rich phases were found in
the initial phase in the XRD analysis, long‐term operation
converts the single‐phase structure into a 50/50 Cu‐Ni
structure. Therefore, in long‐term operation, the activity
changed in the cells until a single‐phase structure was
formed. The phase change is advantageous in terms of
carbonization, but it has a negative effect on perfor-
mance. In addition, the resulting alloy structure adds
thermal stability to the Cu, but this is only of concern
to the AFL. Therefore, the Cu‐sintering of the AFL results
in a loss of Cu‐Cu contact points.

We evaluated the cells individually. In the
5 cm × 5 cm‐15/50 cell, there was an increase in intensity
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and slope of the performance degradation at around
45 hours. The cell then normalized and returned to base-
line degradation performance. This was probably due to
reactivation of the reaction centers related to the oxida-
tion surface covered in carbon.

At this point, the rapid decline ceased, and the perfor-
mance continued to decline slowly. The deactivation zone
was considered to be the main cause of the revival of the
nickel, which was active for the cracking reaction, in the
oxygen‐rich region. That is, we can refer to the “self‐
regeneration of a locally carbonized region.”

Despite the carbonization mechanism is still not fully
understood,57 it is known that the removal of deposited
carbon depends on the local microenvironment of the
anode.58 The ease of removal follows the sequence of
TPB > YSZ > Ni surfaces59 due to the accessibility of
the oxygen ions which is close to the electrolyte. Thus,
the removal of deposited carbon allows the regeneration
of the active sites and enhances the cell performance.60

The main purpose of our study was to prepare struc-
tures that could completely resist carbonization in this
region. However, although the cell was able to respond
to the sudden loss in performance after 45 hours, it could
not prevent performance loss in the long term. A perfor-
mance loss of approximately 28.9% was observed after
100 hours, which was set as the target in the study, com-
pared with the initial value.

In the 5 cm × 5 cm‐15/40 cell, severe oscillatory
behavior was observed. If the cell continued the behav-
ior of the first hour, the cell would be completely
deactivated after approximately 14 hours. However, with
the response from the oxygen‐rich area, it regained the
initial value, and the power intensity even increased.
In other words, we believe that the oscillations that
occur in the cell were the result of the action‐reaction
behavior. As the surfaces were deactivated, performance
degradation was observed. O2−, which is abundant in
this region, was reactivated by the oxidation of C on
the surface. Similar to the 5 cm × 5 cm‐15/40 example,
it was possible to obtain instant responses, but the loss
of active sites, in the long term, cannot be prevented,
resulting in a performance loss of approximately 18.3%
of the initial value of the cell.

However, it is clear that the permanent loss of perfor-
mance of 28.9% and 18.3% is not solely due to carboniza-
tion. As noted previously, the reference Cu‐CeO2 cell
showed a 12.4% performance loss because of sintering.
In addition, performance degradation because the nickel
to nickel‐copper alloy phase change should be consid-
ered. If a correction is made in the 15/40 and 15/50 cells
for the sintering‐induced performance drop of 12.4%
observed in Cu‐CeO2, regardless of the phase change
induced loss, it can be assumed that the performance
losses of 16.5% for the 15/50 cell and 5.9% for the 15/40
cell are due to carbonization.

The need for extensive work on the sintering problem is
evident because, in this study, the carbonization‐induced
performance decline in the 15/40 cell was found to be
lower than sintering‐induced performance degradation.

We concluded that all the evaluations indicated that
the CuO/CeO2/YSZ‐NiO/YSZ dual layer anode structure
contributed significantly to improved cell performance
showed reduced carbonization deactivation, and the best
performing cells could compete with the conventional
NiO/YSZ anode structure.
4 | CONCLUSION

The results of the study are as follows.

• It has been found that the frequently used pore for-
mers, potato starch and graphite, are not suitable for
electrode preparation at low thicknesses. Pore formers
such as very fine activated carbon, cornstarch, and
rice starch can be used. We found that, instead of
the use of single pore former, the use of a mixture of
multiple pore formers is appropriate.

• XRD studies showed that all Cu and Ni were reduced
to metallic species in 4 hours. Simultaneous reduction
of Ni and Cu in the cell environment resulted in 2 dis-
tinct copper‐rich and nickel‐rich bimetallic phases
with their XRD peak coming close to each other.
Thus, a single‐phase bimetallic structure will be
formed in long‐term operation.

• Using a simple spray gun, cells can be prepared at
controllable thicknesses and with desired properties.

• Increasing the NiO/YSZ interlayer thickness resulted
in a slight increase in performance, but the perfor-
mance dropped above the critical thickness.

• Although the content of nickel was higher in the
60 wt%‐series cells than in 50 wt%‐series and
40 wt%‐series cells, the performance decline was pos-
sibly due to nickel agglomeration due to excess metal.

• For the 50 wt%‐series and 40 wt%‐series samples, the
most suitable structure was that with a 15‐μm‐thick
NiO/YSZ layer.

• In the long‐term stability study, we found an inevita-
ble 20 to 30 wt% performance loss.
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