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Direct methane Solid Oxide Fuel Cells (SOFCs) operated under catalytic partial oxidation (CPOX) conditions are
investigated, focusing on the processing of the anode support and the anode deactivation caused by carbon
deposition. Anode-supported SOFCs based on gadolinium-doped ceria (GDC) electrolyte, and NiO-GDC anode
support were fabricated by the gel-casting method. Suitable aqueous slurries formulations of NiO-GDC were
prepared, starting NiO-GDC nanocomposite powders, agarose as gelling agent and rice starch as pore former.

Electrochemical and mechanical tests evidenced that the support of 550 + 50 uym thickness and 10 wt% pore
former is a good candidate for direct-methane SOFCs. The cells operating under stoichiometric conditions of
CPOX reached a performance of 0.64 W-cm~2 at 650 °C, a very close value to that measured under humidified
hydrogen (0.71 W-cm™2). The best electrochemical stability of the cell is achieved at a CH4/O3 ratio of 2.5,
showing no evidence of carbon deposition and reducing nickel re-oxidation significantly.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion
devices which can be used from portable applications of a few watts to
megawatt-sized power plants with high efficiency, low emissions of
harmful pollution and high flexibility to various fuels [1,2]. Direct
methane SOFCs are of special interest, as they present high energy ef-
ficiency and relatively simple system design, being an interesting solu-
tion for stationary power generation. Methane (CHy), as the major
constituent of natural gas (NG), has attracted considerable attention,
due to its relative abundance and its combustion with low emissions of
harmful pollutants, such as nitrogen oxides and sulfur dioxide,
compared to those of coal and petroleum derivatives [3]. In addition, the
use of methane gas in the Power-to-Gas (PtG) technology could play an
important role in the energy transition [4,5]. PtG can use renewable or
excess electricity to produce hydrogen via steam electrolysis, or syngas
(hydrogen and CO mixture) via steam and CO, co-electrolysis, which
can be used directly as a final energy carrier or converted to different
synthetic gases such as methane [6]. However, direct methane SOFCs
present a critical issue related to the carbon deactivation of the con-
ventional Ni-electrolyte composite anode, that need to be solved [7].

Complementary strategies such as specific anode materials and mi-
crostructures, tuning kinetics and adding oxidant gases, have been
developed to address the coking induced anode deactivation during the
internal reforming of CH4. An effective way is the incorporation of
gadolinium or samarium doped ceria (SDC or GDC) into Ni-based an-
odes. It helps to oxidize the carbon species adsorbed on Ni surfaces, due
to the excellent oxygen exchange capability of CeO, [8]. Doped ceria as
an electrolyte can extend the triple phase boundaries (TPBs), due to its
oxide-ion conductivity, and also contribute to decrease carbon deposi-
tion due to its oxygen storage capacity [9]. The reduction of Ce** to
Ce>" can enhance the catalytic activity and oxygen-exchange processes,
but this is resulting in an internal short circuit leading to a decrease of
cell performance [10]. This drawback can be attenuated by reducing the
operation temperature to about 500-650 °C, or also by the introduction
of an electronic blocking layer to avoid the internal short circuit [11].

The state-of-the-art reports several strategies to enhance the Ni-
doped ceria anode performance operated on hydrocarbon and
oxygenated-hydrocarbon fuels at low temperature. In this sense, the
addition of metal promoters, the infiltration or ex-solution of nano-
particles, the insertion of catalyst or functional layers, and the micro-
structure tuning have been proposed [12,13]. Among them, the
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microstructure tuning is a promising strategy as a finer-scale micro-
structure can improve the catalytic properties at lower temperatures.
Different methods such as Pechini [14], hydroxide co-precipitation [15],
urea-combustion [16], spray pyrolysis [17], and self-assembling [18],
have been developed to synthesize NiO-doped ceria anodes with long
TPBs and controllable microstructures. Some researchers also concluded
that the performance stability can be significantly improved by incor-
porating small amounts of Mg [19], Sm [20], Sn [21], Ru [22], and W
[23], to the nickel-based anode. In addition, the mass transport and
length extension of TPBs can promote the electrochemical reactions, and
therefore the cell performance, using a hierarchical porous architecture
of anode. While the macroporosity improves the gas transport, the
meso/micro/nanoporosity increases the active sites for gas adsorp-
tion/desorption processes and catalytic reaction. Several techniques for
the processing of hierarchical porous architecture anodes have been
developed, including the water-storable hierarchical architecture
decorated with amorphous BaO and Ni nanoparticles as the anode [24],
the silica hard template (KIT-6) combined with a multistep impregna-
tion process to fabricate ordered mesoporous Ni-GDC cermets [25], the
hydrothermal method with Pluronic P123 as a template and hexa-
methylenetetramine as a reducing agent to form macro- and micropo-
rosity Ni-SDC anodes [26], and micro- and nanoporosity in Ni-Cu-SDC
anodes fabricated by the co-pressing and co-sintering process with eth-
ylcellulose as a pore former [27]. In general, these processing methods
present high cost due to long times of forming with many steps, limited
number of series, and enormous difficulties to scale-up at the industry.
In addition, their development usually requires a long time for the
adjustment of processing parameters. An alternative to these laborious
methods is the use of conventional techniques such as multilayer and
sequential tape-casting [28-30], screen-printing [31,32] and
dip-coating [33,34]. They are well-known ceramic processing tech-
niques and offer easy and cheap manufacturing routes, enabling mass
production of anode-supported planar solid oxide fuel cells, among
others. Another alternative is the gel-casting method that can be also
suitable to fabricate porous materials with well controlled porosity [35].
It presents several interesting advantages, as it can be considered as
environmentally friendly method, because most of the non-toxic/natural
gel-formers can be processed in an aqueous medium. Biopolymers,
natural polymers, globular proteins and natural ceramics, such as agar
and agarose [36], bovine serum albumin [37], albumen (e.g. egg white)
[38], carrageenan [39], curdlan [40], gelatin [41], sodium alginate
[42], starch [43], hydratable alumina [44], among others, have been
reported as good gel-formers. Furthermore, they are used in extremely
low concentrations and they do not require a separate binder removal
cycle during firing. With such natural processes, many successful case
studies have demonstrated the versatility of this technique towards the
development of both fully dense ceramics with simple and
complex-shapes, and porous/foamed materials with well controlled
porosity features [45-47]. The potential to join dense structures with
porous layers, leading to functionally graded ceramics, has been also
demonstrated. Moreover, gel-casting processing exhibits a short forming
time, high yields and low-cost equipment [48-51]. So, it can be used to
shape the fuel cell both in laboratory and at industry scale [52].
Gel-casting as a processing method for microtubular SOFC fabrication
has been previously reported [53-56].

In relation with carbon deposition at the anode of SOFCs, it can be
inhibited under favourable kinetics and thermodynamics, and defining a
suitable operation temperature plays an important role [57,58]. In
addition, carbon formation in SOFCs may be also decreased with the
flow of oxygen from the electrolyte to anode operating under certain
current densities [59]. Therefore, the increase of the current density
load can improve the flow of oxygen into the anode, minimizing carbon
deposition [9]. However, this flow may only affect the TPBs instead of
the whole anode support region [57], and carbon deposition should be
avoided in the whole anode [9]. In this sense, higher operation tem-
peratures can thermodynamically shift the condition outside the carbon
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deposition region as previous studied have demonstrated [58,60]. On
the other hand, the addition of the oxidant gases like HoO, CO2 and O,
can also minimize carbon deposition. At the typical SOFC operation
temperature (600-1000 °C), Ni can transform CHy into syngas via steam
reforming of methane (SRM), carbon dioxide reforming of methane
(CDRM), catalytic partial oxidation of methane (CPOx) or biomass
gasification [61-64]. The most typical internal reforming process is
SRM, which uses a mixture of CH4 and steam that usually fed to the
Ni-based anodes, producing syngas as a fuel for the electrochemical
oxidation reaction at the anode [10,65]. Nevertheless, coke deposition
at the anode deactivates the Ni catalyst, leading to carbon coking
inducing catastrophic failure and reducing the operation lifetime of
SOFCs [66]. Methane conversion can also be carried out by partial
oxidation (Eq. (1) and Eq. (2)), which favours a lower operating tem-
perature, due to its exothermic character [67,68].

CHy + 1/2 05 = 2 Hy + CO AH®(900°C) = —23.4 kJ mol ! (€D)]

CHy + Oy = 2 Hy + CO» AH°(900°C) = —306.3 kI mol ™" )

A particular case, using the CPOX, to inhibit the coke formation is the
use of single-chamber SOFCs (SC-SOFCs) operating with hydrocarbon
and air mixtures, exhibiting good power densities at low temperatures
[69-71]. However, the H; yield and the energy efficiency of the process
are relatively low due to the direct oxidation of methane and the low fuel
utilization [72]. In the conventional dual-chamber SOFCs, the CPOX on
a Ni catalyst can be a good approach to prevent the carbon coking issue
and reach a high conversion of CH4. The easy dissociation of oxygen can
help to remove the adsorbed carbon on the Ni surface more effectively
than other oxidants like HoO or CO,. However, the CPOX approach has
rarely been applied to SOFC anodes, as a very low partial pressure of
oxygen in the anode chamber should be maintained to develop an
electrochemical potential gradient that triggers SOFC operation. In
addition, the presence of high concentrations of Oy into the anode
chamber may promote Ni oxidation, and therefore, its catastrophic
failure [69]. Despite these issues, some works have demonstrated the
optimum microstructures of Ni-YSZ anodes and Ni-doped ceria for the
CPOX operating under mixtures of methane and air, obtaining high
power densities with stable operation [68,73]. Other studies have re-
ported the critical influence of flow rate and ratio of methane and air on
performance stability and coking resistant over Ni-YSZ anodes in SOFCs
[74-77].

In the present work, SOFCs fed with methane under CPOX conditions
are investigated, focusing on the carbon coking and Ni oxidation as a
function of CH4/O; ratio. The presence of oxygen gas in the anode
chamber should avoid carbon coking. Ni oxidation can be minimized
with oxide ionic conductor based on doped-ceria (GDC), the micro-
structure tuning using nanocomposite NiO-GDC powders from gel-
casting method, and the help of electro- and catalytic reaction con-
trols. Although GDC is more expensive than typical YSZ electrolyte, and
therefore, the cost of a SOFC could be increased significantly, the results
obtained in this work could be useful to be implemented for downsizing
of SOFC designs like microSOFCs, in which the amount of materials is
more limited. For this purpose, anode-supported planar cells of
NiO-Gdg.2Ce.801.9/Gdo.2Ce0.801.9/Lag.6Sr0.4C0g.2Fe 803 _5-

Gdy 2Ce.801.9 (NiO-GDC/GDC/LSCF-GDC) have been fabricated by a
new processing approach. Porous NiO-GDC planar supports have been
processed using an environmentally friendly aqueous gel-casting,
starting from nanocomposite anode powders synthesized by the sol-gel
method. In order to optimize the manufacturing parameters, the
formulation of slurries (using water as solvent, rice starch as macropore
former and agarose as both gelling agent and sub-micropore former) and
the pre-sintering process of planar supports have been investigated.
Mechanical strength of cells with different microstructures at the anode
support was determined by the 4-point bending method. The Weibull
statistical analyses are also presented to understand the reliability on the
mechanical properties of the cells. Finally, the electrochemical
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characterization of anode-supported planar SOFCs, fabricated by
agarose gel-casting method, fueled with several mixtures of methane
and air at the anode chamber are reported for the first time. Post-test
analysis of cells has been also performed to study the degradation
mechanisms during operation.

2. Experimental
2.1. Cell manufacturing

Gadolinium-doped ceria, nickel oxide-gadolinium doped ceria, and
lanthanum strontium cobalt ferrite powders, with a nominal composi-
tion of Gdo_zCEo_gOl_g, NiO—Gd0_2Ce0_801_9 (NiO-GDC) and Lao_6$r0,4,
Cop.2Fep.g03.5 (LSCF), respectively, were synthesized as described
elsewhere [51]. The composition of the cells was selected as follows:
NiO-GDC (60:40 wt%) as the anode support, NiO-GDC (50:50 wt%) as
the anode, GDC as the electrolyte and LSCF-GDC (70:30 wt%) as the
cathode. Three anode support types, named as support-0, — 1 and — 2,
varying their porosity with 0, 10 and 15 wt% rice starch (Sigma
Aldrich), were processed. All the supports presented a thickness around
550 %+ 50 pm.

Planar supports were processed by the aqueous gel-casting method,
using agarose as gelling agent. Agarose (Sigma Aldrich) and NiO-GDC
solids loading were adjusted to achieve a suitable suspension for casting,
taking into account that the rheology of the suspensions changed with
the added amount of rice starch. According with our previous studies,
the explored ranges for the different processing parameters were:
NiO-GDC solids loading of 32-44 wt% in distilled water, commercial
dispersant (Dolapix GmbH & Co) concentration of 0.6-1.2 wt% with
respect to the solids, and agarose content of 0.6-1.1 wt% with respect to
the suspension. In order to obtain a homogeneous slurry, the agarose
suspension was firstly activated by heating at around 80-90 °C for 1 h,
and then kept above 60 °C for 1 h until casting in order to avoid pre-
mature gelation. During this process, the suspension was degassed under
vacuum to remove the air bubbles formed by mixing the ceramic slurry
ingredients. The formulation of each studied suspension was adjusted to
achieve proper rheological properties, thus improving flow ability and
castability. Rheological properties were determined using a rheometer
(RST CPS. Brookfield 3000). Viscosity values between 1.0 and 2.0 Pa.s at
60 °C and a constant shear rate of 100 s~ were established as suitable for
casting.

The planar supports were formed using a simple wet-forming tech-
nique based on gel-casting, operating as a wet pressing machine with a
mold. As shown in the schematic view of Fig. 1, a versatile home-made
equipment was used, which present two parts: a ram and die that also
acts as a vessel of suspension before and during gelation. The die is filled
with the suspension to a determined level, and subsequently the ram
presses onto the suspension to a controlled depth with the help of a ring.
After several minutes, the suspension is gelled, and the ram can be
moved handly, allowing an easy expelling of the body through the end of
the die. Both die and ram are made of glass to prevent the formation of
surface defects, to keep the required flatness during the gel-casting and
drying processes, and to allow an easy removal. The size of die and ram
depends on the desired dimensions of the final planar cell, and the depth

) 4

Fig. 1. Schematic illustration of the system device to shape planar supports.
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and shape of the product being made. For instance, cylindrical planar
supports between 15 and 40 mm diameter (after sintering) were suc-
cessfully obtained with this method (Fig. 2).

The resulting green supports were demolded, cut to obtain button
cells, and dried under controlled conditions (from 100 % to an ambient
relative humidity at room temperature for 10 days) in order to avoid the
generation of excessive stress within the support due to differential
drying. After that, an anode with a composition of 50:50 wt% NiO-GDC
and thickness of 18 &+ 2 um was deposited by colloidal spray-coating
onto the planar supports. An ethanol-based ink made of 10 wt%
NiO-GDC and 1 wt% of polyvinylpyrrolidone (PVP) as dispersant, was
prepared to possess low viscosity, high volatility, and moderate solids
loading. In order to optimize the co-sintering process, it was necessary to
determine the shrinkage behavior of the different cell components. For
this purpose, an estimation was obtained from the shrinkage curves of
NiO-GDC supports and a compact pellet of GDC powder prepared from
the uniaxial pressing method (100 MPa). The linear shrinkage curves
were determined using a dilatometer (LINSEIS L75 PT Horizontal)
heating at 1°C-min™! up to 1400 °C. From the results of shrinkage
curves, the thermal treatment of the NiO-GDC anode and support were
pre-sintered in air. Subsequently, cells were fabricated using previously
optimized standard procedures. GDC electrolyte layer was deposited by
colloidal spray-coating, ultrasonically mixing GDC powders with
terpineol (1:5 wt/wt) and small amounts of cobalt oxide (2.0 wt%) were
used as a sintering aid [78]. Previously, GDC powders were ball-milled
in ethanol media for more than 6h at 300rpm using
yttria-stabilized-zirconia jar and balls (5 mm in diameter) to remove the
formation of large agglomerates of the synthesized nanopowders. Then,
both anode and electrolyte layers were cosintered at 1400 °C for 5 h.
Subsequently, a cathode ink was prepared using 10 wt% LSCF-GDC and
1 wt% PVP in ethanol, which was sprayed onto the half-cell, and finally
sintered at 1150 °C for 2 h in air. Final button cells presented 20 mm
diameter, 550 + 50 pm thickness in total, 500 + 50 um thick anode
support, 18 &+ 1 pm thick electrolyte, and 30 + 3 um thick cathode of
1 cm? active area.

2.2. Mechanical characterization of supports

Mechanical characterization of the NiO-GDC supports was per-
formed by 4-point bending test, using a universal testing machine
(Zwick Roell). For this purpose, specific NiO-GDC supports with cylin-
drical rod geometry of 50 mm length and 10 mm diameter were pro-
cessed using the same experimental procedure of the cell supports [51].
The flexural bending strength (o,q,) Was calculated from the following
Eq. (1) [79]:

Fig. 2. Planar supports with different dimensions, after sintering process.
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8P(Lo — L;)

O =" W
where P is the maximum force, Ly the support span length, L; the load
span length, and R the sample diameter. The measurements were per-
formed according to standard ASTM C1161-02c in air at room tem-
perature [80,81]. Each mechanical value presented for each cell
configuration is an average of at least 17 measurements. In order to
understand the reliability of the bending strengths, their variability was
analyzed using the Weibull statistical method [55,82].

2.3. Electrochemical characterization

Electrochemical characterization of cells was carried out in a com-
mercial ProboStatTM (NorECs AS) sample holder placed inside a high
temperature tubular furnace. Gas tightness between the fuel and oxygen
chambers was ensured by using Ceramabond 503 (Aremco, USA) ring
covering the sample edge. Electrical connections were made using four
Pt wires. Pt meshes, and Pt and LSC pastes on surfaces of anode and
cathode, respectively, were used as current collectors. Additional details
of the experimental setup can be found in previous works [83,84]. The
cell was heated to 750 °C inside tubular furnace under nitrogen
(100 ml-min~1) at the anode chamber and synthetic air (100 ml-min!)
at the cathode chamber. At this temperature, RT humidified hydrogen
(97 % Hy and 3 % H50, 80 ml-min~!) was introduced to reduce the
anode. Subsequently, electrochemical measurements were carried out at
650 °C. Details about fuel composition and flows are specified in the
results and discussion section. Polarization current density—voltage
curves (j-V) and AC Electrochemical Impedance Spectroscopy (EIS)
measurements were recorded using a VSP potentiostat/galvanostat
(Princeton Applied Research, Oak Ridge, TN, USA). Polarization curves
were performed in galvanostatic mode with a sweeping rate of
20 mA s~ . EIS experiments were conducted at OCV and 0.3 A-cm ™2
conditions by scanning a frequency range from 1 MHz to 0.1 Hz with an
AC signal of 50 mA. Finally, stability tests of the cells were performed in
OCV and galvanostatic SOFC mode at a fixed current density of
0.3 A-cm™2, for a complete characterization of the processed cells.

2.4. Complementary characterization

The quality of synthesized powders was characterized by X-ray
Powder Diffraction (XRD, Bruker D8 Advance) and Brunauer-Emmett-
Teller (BET) determination specific surface (Micrometrics model Tris-
tar 3000). The total porosity of anode supports was determined from the
difference between the theoretical and real densities, and using a helium
gas absorption pycnometer (Micromeritics ASAP2000) to determine the
apparent density. Morphological analysis of the NiO-GDC powders was
observed by transmission electron microscopy (TEM, Philips 301). Mi-
crostructures of the cells were analyzed by field emission scanning
electron microscopy (FE-SEM, Carl Zeiss Auriga) using backscattered

—
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electron (BSE), secondary electron (SE) and in-lens secondary electron
(IL-SE) detectors. The Ni oxidation in Ni-GDC supports was character-
ized by X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher
Scientific). The composition of effluent gases, using methane and air as a
fuel, was analyzed by online gas chromatography (3000 A microGC,
Agilent Technologies) equipped with molecular sieve, a Poraplot, and
QV-1 columns, and thermal conductivity detectors (TCD). The TCD
signals were calibrated using known flow rates of pure gases (CHy, Ho,
CO, CO,, and Ny) with Ny as the internal standard. All GC analyses were
performed under a constant total flow rate of the supplied gases.

3. Results and discussion
3.1. Characterization of NiO-GDC nanocomposite powders

Fig. 3a shows the XRD patterns of the as-synthesized NiO-GDC
powders used for processing of supports, after calcination at 550 °C in
air. Three intense diffraction peaks corresponding to (111), (200), and
(220) lattice planes of the NiO cubic phase are observed [53]. Six lattice
planes of (111), (200), (220), (311), (222) and (400) confirm the GDC
fluorite structure. The XRD patterns detected no evidence of secondary
phases. An anode specific surface of 68 m? g~! and a particle size of
around 20 nm were obtained by BET technique. Additionally, morpho-
logical analysis of the NiO-GDC powders, using TEM, is shown in Fig. 3b.
A good homogeneous distribution of faceted grains with a grain size
smaller than 40 nm was observed.

3.2. Slurry formulation of supports

Table 1 shows the formulations of NiO-GDC suspensions for the gel-
casting system of the different cell supports. Among the explored
dispersant amounts, a Dolapix content of 0.9 wt% vs. NiO-GDC powder
is suitable for dispersing and stabilizing the powder in distilled water.
Dispersant amounts higher and lower than this amount affect negatively
the stability of suspension. On the other hand, the viscosity increases
moderately with the solids loading content from 32 wt% to 40 wt%
(Fig. 4a). When solids loading content exceeds 40 wt%, the viscosity
increases sharply. For 42 wt% solids loading, the suspension viscosity

Table 1
Formulations of NiO-GDC suspensions for the gel-casting system of the different
cell supports.

Rice starch Agarose vs.

vs. solids suspension (wt
loading (wt %)

%)

Formulation  Solids Dispersant vs.
loading vs. solids loading
water (Wt%)  (wt%)

40 0.9 0 0.8
1 38 0.9 10 0.8
2 36 0.9 15 0.8

Fig. 3. (a) XRD patterns, and (b) TEM image. of the NiO-GDC nanocomposite powders after calcination at 550 °C.



M. Morales et al.

(a) 4,0
3,5
3,04
2,51
2,01
1,51
1,01
0,5

Viscosity (Pa-s)

0,0 —_—
30 32 34 36 38 40 42 44 46
Solids loading (wt%)

Journal of the European Ceramic Society 43 (2023) 2740-2751

T
N

3,0

2,51
2,01
1,51

1,01

)

Viscosity (Pa-s)

0,5

0 T T T T T T
05 06 07 08 09 10 11 12
Agarose (Wt%)

Fig. 4. Viscosity of aqueous solution as a function of: (a) solids loading (vs water) for 0.9 wt% agarose, and (b) agarose (vs water) for 40 wt% solids loading at 60 °C

and a constant shear rate of 100 s~ .

reaches high values of viscosity, which are not suitable for casting planar
green bodies using our home-made gel-casting system. Therefore, 40 wt
% was selected as the most suitable solids loading to obtain a good
viscosity for casting, and a relative high solids loading to minimize the
support shrinkage during drying and sintering processes. In order to
increase the porosity of the supports, 10 and 15 wt% rice starch (vs.
solids loading), as a pore former, were added in the suspensions 1 and 2,
respectively. In these formulations, the solids loading content of the
suspensions was decreased to 38 and 36 wt%, respectively. These solids
loading amounts are slightly lower than that of support 0, without
adding pore former, to keep a suitable viscosity of the suspension for
casting. Finally, the agarose solution was added to the NiO-GDC sus-
pensions, which increased significantly the viscosity of the suspension,
even adding small contents of agarose (Fig. 4b). Since the viscosity in-
creases linearly with the agarose content from 0.6 wt% to 0.9 wt%, and
a strong augment in viscosity is reached at 1.0 wt%, the most suitable
agarose amount is 0.9 wt% in order to obtain casted green bodies with
enough mechanical strength during drying process.

3.3. Microstructural and mechanical characterization of supports

Fig. 5a shows the SEM images of Ni-GDC supports-0, — 1, and — 2,
with 0, 10 and 15 wt% rice starch, respectively, after reduction process
of NiO-GDC supports in pure Hj at 750 °C. Pores (black contrast) can be
observed in two different morphologies. Ones with sizes of micrometer
range (macroporous, 2-4 ym) and spherical like form mainly generated
by the pore former, whereas the others (sub-microporous, 200-500 nm)
are conforming an interconnected pore network created during NiO
reduction. The walls of both pore morphologies are homogeneously
packed with both Ni (light grey contrast) and GDC (white contrast)
phases. The difference in porosity amount and pore size distribution is
originated from the amount of pore former added in each formulation of
aqueous slurry. The porosity of the Ni-GDC supports-0, — 1, and — 2 is
28 %, 41 % and 47 %, respectively.

Fig. 6 and Table 2 show the results of 4-point bending test and
Weibull parameters of the Ni-GDC supports-0, — 1 and — 2. As expected,
a significant drop of both the strength and Weibull modulus values with
the increase of porosity in the supports is observed. Thus, the supports
with increasing porosity may suffer the introduction of larger flaws.

Fig. 5. SEM images in SE mode of: (a) NiO-GDC support-0, (b) — 1, (c) — 2, and (d) Ni-GDC support-0, (e) — 1, and (f) — 2, after sintering and reducing processes,

respectively. The inset of images corresponds to the BSE imaging mode.
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Fig. 6. Weibull plots for the 4-point bending strength tests of the Ni-
GDC supports.

Table 2
Bending strength and Weibull parameters of the Ni-GDC supports.

Supports  Strength Weibull parameters
MP;
(MPa) Characteristic strength (oo, Weibull modulus
MPa) (m)
0 97.0 +11.7 105.3 8.9
1 68.2 +12.8 75.7 4.9
2 48.9 +£16.2 58.2 3.0

Support-0 exhibits the best mechanical integrity, but it is not suitable to
implement in a SOFC due to its low porosity that limits the gas transport
in operation. However, it is interesting to know its mechanical behavior
as a reference. Support-1 presents both an average flexural strength
value and degree of scatter significantly better than those of support-2,
which evidences the negative effect of the extra-porosity on the me-
chanical strength. Similar trends are also evidenced in Weibull strength
and modulus. The strength of SOFC ceramic materials strongly depends
on the defects and flaws coming from the manufacturing process, and
acting as stress concentrators. According to the obtained results,
support-2 may suffer the introduction of larger flaws and defects, and
therefore, the failure stress is much more likely to occur. Both the
flexural strength value (69 = 75.7 MPa) and the Weibull modulus (4.9)
in support-1 are comparable to those reported in previous works (69 ~
150-60 MPa and m ~ 12-4) for Ni—YSZ planar supports with porosities
of 30-45 wt%, which were determined using ring-to-ring, biaxial and 3-
or 4-point bending strength tests [29,85-88]. These differences between
the present and previous studies may be attributed to the variations in
strength of YSZ and GDC, method of mechanical tests, and other mate-
rial factors such as manufacturing method, composition, porosity,
starting materials and microstructure of support. Taking into account
this comparative, the mechanical integrity for the support-1 may be the
most suitable to fabricate direct-methane SOFCs.

3.4. Optimization of pre-sintering process for supports

Fig. 7 exhibits the shrinkage curve of NiO-GDC support-1 as a func-
tion of the sintering temperature. It reveals that the anode supports
shrink about 24 % at 1400 °C. This value of support shrinkage is higher
than that of GDC pellet (around 17 % at 1400 °C), which is used as an
approximation of electrolyte shrinkage. According to previous studies
about the co-sintering of NiO-YSZ/YSZ, NiO-GDC/GDC and NiO-SDC/
SDC layered systems [28,29,89,90], several experiments were con-
ducted at pre-sintering temperatures of supports between 900 and
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Fig. 7. Linear shrinkage curves during sintering of the NiO-GDC support-1 and
GDC pellet in air.

1100 °C in order to find the optimal cosintering conditions. For
pre-sintering temperatures higher than 1000 °C, the shrinkage of elec-
trolyte is larger than anode support during the co-sintering. Then, both
half-cells (support-anode-electrolyte) are concave curved toward the
electrolyte layer, due to that the stress of the electrolyte is larger than
the strength of the anode support. In addition, some cracks at the elec-
trolyte layer are produced, as the tensile stress is larger than the elec-
trolyte strength. In contrast, the shrinkage of anode support is larger
than electrolyte for pre-sintering temperatures lower than 1000 °C.
Then, the half-cell is convex curved and the electrolyte cracked, due to
the compressive stress acting on the electrolyte layer. A similar effect
was observed in the co-sintering yttria-stabilized zirconia films on
anode-supported fuel cell [90]. Thus, a pre-sintering temperature of
1000 °C for both support-1 and anode is appropriated to obtain a
shrinkage of 6 %, as this shrinkage is very close to the difference be-
tween the support-1 and electrolyte layer during co-sintering at 1400 °C.

3.5. Microstructural characterization of cells

Fig. 8 show the microstructures of the cell fabricated with support-1.
Fig. 8b exhibits the transverse cross-sectional microstructure of cell at
the region of anode/electrolyte/cathode. A good interfacial adhesion
between the electrolyte and both electrodes are also evidenced, which is
a crucial aspect for a good cell performance and stability at long-term.
Note that the 18 + 1 um thick GDC electrolyte presents a remarkable
density with the typical closed porosity of doped ceria after sintering at
1400 °C. It guarantees the desired electrolyte gas tightness, which was
confirmed during the electrochemical tests, and a relative low ohmic
resistance contribution, due to the high ionic conductivity of doped ceria
compared to other electrolyte materials like yttria stabilized zirconia
[78,91,92]. Finally, both the anode and the cathode present small sizes
of particles and pores, thus assuring high active surface areas. Micro-
structures of Ni-GDC support obtained from SEM, using secondary and
backscattered electron detector, are shown in Fig. 8c and d, respectively.
In Fig. 8d, black, dark gray and white particles are assigned to pore, Ni
and GDC, respectively. Both images evidence that Ni and GDC phases
are displayed uniformly distributed, presenting non-agglomerated
well-developed grains. It contributes to the lengthened triple phase
boundaries (TPBs).

3.6. Electrochemical characterization of cells

Fig. 9a shows the j-V and j-P curves for the cell fabricated with
support-1, operated under humidified Hy and CH4/air operation modes,
as a fuel, and air, as an oxidant. The electrochemical tests were carried
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Fig. 8. SEM images of the cell with the Ni-GDC support-1: (a) a general view of the cross section, and (b) the cathode/electrolyte/anode region in SE imaging mode.
SEM images of Ni-GDC support obtained in: (c) SE imaging mode, and (d) BSE imaging mode (black, dark grey and white zones are ascribable to pore, Ni and GDC,

respectively).
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Fig. 9. (a) j-V and j-P curves for Cell-1, and (b) Nyquist plots of the EIS spectra measured at 650 °C under OCV conditions, using 80 ml-min~'-cm~2 humidified H,
(280 ml-min~'-cm~2 mixture of CHy/O/Ny = 2/1/4 v/v) at the anode and 200 ml-min'-cm ™2 synthetic air at the cathode.

out at 80 mlmin 'em 2 humidified H, and 280 ml-min~!.cm™?

mixture of CHy4/02/Ny =2/1/4v/v at the anode, respectively, and
200 ml'min~'-cm™2 synthetic air at the cathode. Maximum power
densities of 0.71 and 0.64 W-cm ™2 were obtained for humidified H, and
CHy/air, respectively, operating at 650 °C. Changing the fuel from Hj to
CHy/Air, the OCV value drops from 0.80 to 0.76 V. The variation of both
OCV and power density is attributed to the changes of fuel gas compo-
sitions in different operation modes, due to the reduction of concen-
tration in active fuel (Hy and CO) in the anode chamber compared to the
humidified H, operation mode. Although the total fuel flow for the CH4/
Air operation mode is higher than the humidified H, operation, due to
that 1 mol CHy4 could be potentially reformed to 1 mol CO + 2 mol Hy
compared to the 1 mol Hy supplied in humidified Hy, the dilution of fuel
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for the CPOX present more impact on the performance than the fuel
transport to the active sites. This interpretation is in concordance with
EIS results (Fig. 9b), as higher polarization resistances were reached
under CH4/Air operation. In any case, the arc shapes and peak fre-
quencies in both operation modes are very similar. It suggests that the
fuel gases in the electrochemically active anode region under CH4/Air
operation may be quite similar to those of humidified Hy. Therefore, the
internal catalytic reforming and the electrochemical oxidation of CHy,
which is much more difficult than that of Hy or CO, does not takes place
in the vicinity of the anode active region. It means that the anode sup-
port presents a good performance for the partial oxidation of CH4 and
the anode for the electrochemical oxidation of Hy and CO. This finding is
attributed to a homogeneous distribution of both Ni and GDC phases,
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and also an equilibrated combination of macro and micro-porosity,
which certainly benefits the gas transport and also the presence of
active sites for gas adsorption/desorption processes and catalytic
reaction.

Performance stability tests of cell with support-1 were performed in
OCV and galvanostatic SOFC mode at a fixed current density of
0.3 A-cm™2, at 650 °C, using CHy as fuel with CH4/0; ratio of 2.0. As
shown in Fig. 10a, no degradation on the OCV value was observed after
80 h, evidencing the good stability of Ni-GDC anode and support under
CHy/air as fuel. The good performance and stability for promoting the
internal catalytic reforming of methane towards catalytic partial
oxidation was exhibited in Fig. 10b, producing H; and CO for the anode
electrochemical oxidation reactions. Subsequent to this experiment, the
cell was switched to SOFC mode by fixing the current density at
0.3 A-cm™2 (Fig. 11a). In the first 10 h of the test, the cell displayed
around 0.7 V, in agreement with Fig. 10a. However, the performance
gradually drops around 0.55 V after 60 h under operation. In Fig. 11b,
EIS tests confirmed an increase on the ohmic resistance around
0.09 Q-cm 2 and the polarization resistance around 0.09 Q-cm ™2 for the
cell operating at 0.3 A-cm™2. This ohmic resistance increase could be
due to re-oxidation of Ni and/or delamination at the current-collectors/
electrode/electrolyte interfaces. These hypotheses will be later
confirmed by SEM post-test analysis.

Owing to the hypothetical importance of feed composition on the
degradation of performance, additional stability tests are investigated in
CHy/air operation mode, at the CH4/O> ratios of 2.5 and 3.0, in galva-
nostatic SOFC mode at a fixed current density of 0.3 A-cm 2 (Fig. 11c-e).
At the CH4/0; ratio of 2.5, the performance stability of the cell was
improved with a slower degradation rate compared to the CH4/05 ratio
of 2.0 (Fig. 11c¢). In Fig. 11d, EIS test also corroborates an increase of the
ohmic resistance (around 0.03 Q~cm_2) and polarization resistance
(around 0.05 Q-cm~2) lower than operating at CH4/O5 ratio of 2.0. In
contrast, the cell presents a strong performance degradation at a CH4/O2
ratio of 3.0 (Fig. 11c). During the first operation hours, the voltage was
slightly increased, but in the next 30 h, it progressively decreases to the
cell cracked. This behavior is typically attributed to the effect of carbon
deposition at the anode and support. Carbon deposits initially cause an
increase in the conductivity of anode and support, favoring an
improvement of cell performance. After that, the accumulation of the
carbon deposits covers the active sites and clogs the pores, resulting in a
strong degradation of cell performance. The post-test analysis will also
confirm the main degradation mechanisms at different CH4/O ratios.
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Fig. 10. Evolution of: (a) the voltage, (b) CH4 conversion, and H, and CO yields, for a cell with support-1 in OCV conditions at 650 °C, under 280 ml-min~
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3.7. Post-test analysis

Fig. 12 shows post-mortem SEM micrographs of the fracture cross-
section at the cathode/electrolyte/anode region, after stability tests.
As it can be observed, no cracking or delamination at the interfaces was
detected. The dense GDC electrolyte layer is well adhered to the anode
and cathode. Fig. 13 exhibits the as-prepared and post-mortem SEM
micrographs of the polished cross-section at the cathode and anode re-
gions. The comparison of samples after reduction process and stability
tests evidences no remarkable microstructural change in the electrodes.

On the other hand, SEM-EDX analysis at the Ni-GDC support detected
the formation of carbon in the cell operated at a CH4/O2 ratio of 3.0
(Fig. 14). It confirms the main cause of the strong degradation on the
electrochemical performance observed at the highest CH4/0O> ratio. In
contrast, the presence of carbon is not detected from SEM-EDX in the
cells operated at higher oxygen partial pressures (CH4/O ratio of 2.5). It
suggests that Ni reoxidation can take place operating at these CH4/O4
ratios. XPS analysis was performed to determine the oxidation states of
Ni after operation. Fig. 15 shows the Ni 2ps,, XPS spectra for the anal-
ysis of Ni-GDC support at the free surface of the support (the fuel entry
side) for the cells, after stability tests, operating at the CH4/O; ratios of
2.0 and 2.5. The peaks observed in Ni 2p3,5 spectra at binding energies
of 852.6, 854.6, and 856.1 eV can be assigned to Ni°, Ni?*, and Ni®",
respectively [93]. For the cell operated at a CH4/03 ratio of 2.0, the
deconvolutions of Ni%, Ni%* and Ni®+ peaks determine values of 45 %, 31
%, and 24 %, respectively (Fig. 15a). In contrast, Ni® and Ni%* peaks are
only observed in the support of the cell operated at a CH4/O3 ratio of 2.5,
obtaining fractions of 72 %, and 28 % respectively (Fig. 15b). These
observations suggest that Ni is mainly present in its metallic state at the
free surface of Ni-GDC support, which is the cell region with more
exposition to oxygen, but it is partially oxidized depending on CH4/O4
ratio. Therefore, higher degradation rate of cell performance at a
CH4/03 ratio of 2.0 compared to that of 2.5 can be attributed to the large
fraction of Ni re-oxidation during operation.

4. Conclusions

Direct-methane SOFCs operated under mixtures of CH4 and air have
been successfully carried out using a Ni-GDC anode-supported cell. A
simple and scalable method based on aqueous gel-casting technique has
been developed to fabricate planar supports, starting from nano-
composite NiO-GDC powders. Three aqueous slurries formulations of
NiO-GDC for gel-casting have been prepared varying the porosity sup-
ports, using 0, 10 and 15 wt% rice starch, as a pore former. The me-
chanical integrity of the Ni-GDC support with 10 wt% rice starch was

—~ 100

o

o~ ] e CH, conversion
~—" 4

T 80 * H, composition
>°__’ ] e CO composition
- 60 4

% _o.0.'..'0'.-‘.'00‘.'..0..'0
c 40 -

o

= ]

—

g 20 -".0.".00'o."""""".o
8 -oOooo°°o°o°°o°°o°o°oo°ooooo
O o —r—t :

0 10 20 30 40 50 60 70 80
Time (h)

1

.cm~2
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Fig. 11. Evolution of the voltage, and the corresponding Nyquist plots of the EIS spectra, operating at 650 °C and a fixed current density at 0.3 A-cm~2, under CH,/
air mixtures with a CH4/0 ratio of: (a-b) 2.0, (c-d) 2.5, and (e-f) 3.0. EIS spectrum under a CHy/air ratio of 3.0 after 40 h is not presented, due to the electrochemical

oscillations of cell.

, LSCF-G

Fig. 12. SEM images in SE mode of the fracture cross-section areas of the cells at the cathode/electrolyte/anode region, after operation at a CH4/O5 ratio of: (a) 2.0,
(b) 2.5, and (c) 3.0.

cathode

Fig. 13. SEM images in IL-SE mode of the polished cross-section area at the cathode and anode: (a-b) as-prepared and reduced, and after operation at a CH4/O, ratio
of: (c-d) 2.0, (e-f) 2.5, and (g-h) 3.0. Note that black, dark grey and white zones are ascribable to pore, GDC and LSCF or Ni, respectively.
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Fig. 14. SEM image in SE mode and EDX spectra determined at the support, after operation, at a CH4/O, ratio of: (a) 2.5, (b) 3.0, under SOFC mode.
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Fig. 15. XPS spectra determined at the free surface of support, after operation
60 h, at a CH4/0, ratio of: (a) 2.0 and (b) 2.5, under SOFC mode.

found to be suitable for SOFC cell production. Despite the moderated
porosity and relative good bending strength of this support, remarkable
cell performances are reached at 650 °C for humidified Hj
(0.71 W-cm~2) and CHy/air (0.64 W-cm~2). No significant degradation
of OCV is observed under CHy/air after 80 h. In addition, a stable CH4
conversion and production of Hy and CO are achieved under OCV con-
ditions. It suggests that the Ni-GDC anode support presents a good
performance and stability for promoting the internal catalytic reforming
of methane towards CPOX. In contrast, the performance gradually drops
in galvanostatic SOFC mode at a fixed current density of 0.3 A-cm™2,
The degradation rate strongly depends on CH,4/O; ratio, as it is associ-
ated to that Ni anode suffer from occasional oxidation at the lowest CHy/
O, ratio of 2.0, increasing ohmic resistance, to carbon deposition at the
highest CH4/02 ratio of 3.0, thus deteriorating the electrochemical
performance. The best electrochemical stability of the cell is achieved at
a CH4/0, ratio of 2.5, showing no evidence of carbon deposition and
reducing nickel re-oxidation significantly.

This study reveals that NiO-GDC nanocomposite supports fabricated
by gel-casting are a promising solution for direct-methane SOFCs
operated under mixtures of CH4 and air. It prevents the deactivation of
Ni catalysts, ensuring a good activity of the CPOX reaction, and avoiding
an important oxidation and carbon coking-induced poisoning of Ni.
However, more improvements are still required, such as a better opti-
mization of air addition to fuel and total methane-air flow, which are
crucial issues to guarantee stable performance under operation condi-
tions. The effect of CH4/air ratio and the total methane-air flow on the
electrochemical performance of SOFCs should be further investigated
including long-term studies.
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