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Abstract
Different cell configurations of anode-supported microtubular solid oxide fuel cells (mT-
SOFCs) using samaria-doped ceria (SDC) as the electrolyte were fabricated. Different
cells were processed varying the porosity and wall thickness-(outer diameter) of NiO-
SDC tubular supports. Suitable aqueous slurry formulations of NiO-SDC for gel-casting
were prepared using agarose, as a gelling agent, and sucrose, as a pore former. The
subsequent NiO-SDC anode functional layer (AFL), the SDC electrolyte and the
Lag sSro.4Cop2Feps03.4-SDC cathode were deposited by spray-coating. Pre-sintering
temperatures of the supports were optimized from linear shrinkage curves, thus
obtaining after co-sintering, a dense electrolyte without anode-electrolyte delamination.
Electrochemical characterization of mT-SOFC cells fabricated by agarose gel-casting is

reported by the first time. The cell with a support of 2.6 mm diameter, 380 um wall


mailto:mmorales@ub.edu
mailto:mmoralescomas@yahoo.es

thickness, an active area of 1 cm? and added porosity, using 10 wt.% sucrose,

achieved a maximum power density of about 400 mW-cm™ at 650°C.

Keywords: Anode-supported; Solid Oxide Fuel Cells; Microtubular; Doped ceria; Gel-

casting.

1 Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices
applicable from portable systems of a few watts up to megawatt-sized power plants
with high efficiency and low emissions of pollution [1,2]. Portable applications for
SOFCs are envisaged in the fields of Auxiliary Power Units (APU) in transport, small
power units for personnel, submarines, air planes, etc. Tubular SOFC designs have
demonstrated to be effective for portable devices, since they possess high thermal
shock resistance, less stringent sealing requirements, and a low thermal stress caused
by rapid heating up to the operating temperature [3,4]. By decreasing the cell diameter
to a few millimetres or sub-millimetres, such as mT-SOFCs, it is possible to improve
the mechanical stability, thermo-cycling resistance, volumetric power density, and also
to reduce start-up times [5,6,7,8,9]. In addition, mT-SOFCs operating at intermediate
temperatures (500-700°C) are desirable to decrease the material degradation and to
reduce costs by incorporating metallic materials [10]. For this purpose, both decreasing
the electrolyte thickness to reduce ohmic resistance losses and using based
electrolytes on gadolinium doped ceria (GDC), samarium doped ceria (SDC), or
strontium and magnesium doped LaGaO; perovskite (LSGM), which present high ionic

conductivity at intermediate temperatures, are good approaches [11,12,13].

In contrast, the manufacturing of mT-SOFCs is the main disadvantage in comparison to
the planar design, as it is more difficult to fabricate a tight electrolyte layer deposited on

a porous substrate in the tubular geometry. For this reason, processing methods are



one of the most important topics in microtubular SOFC research, which present several
difficulties, such as a relatively high investment in equipment and a long time for the
adjustment of processing parameters. The most typical techniques for the support
processing include cold isostatic pressing [14,15], slip-casting [16], extrusion [17],
electrophoretic deposition [18] and co-extrusion [19] amongst others. Alternatively,
aqueous gel-casting is a wet-forming technique that allows to prepare dense and
porous ceramics, with high quality and complex geometry, in short forming times, and
low-cost equipments [20,21,22]. For example, it can be used to shape the tubular cell
both at laboratory and industry scale [23,24,25]. Owing to the toxicity of some synthetic
monomers, natural polysaccharides, such as agar and agarose, have been used as
gelling agents [23,26]. These form a gel on cooling, thus exhibiting large similarities to
the principles of injection moulding. Recently, Morales et al. [27,28] have reported a
new methodology combining the agarose gel-casting and spray-coating techniques that
are easily industrially scalable for processing the anode-supported tubular cells based
on NiO-Smg ,Ce 501.0/SMp 2Ce( 501 9/Lag 5Sr05C003.5-Smp ,Cep 501 9 (Ni-
SDC/SDC/LSC-SDC). Tubular supports were shaped by a gel-casting method based

on a new and simple forming technique, which operates as a syringe.

Despite the advantages of the agarose gel-casting technique, only a few works have
employed this method for processing of the anode-supported tubular SOFCs. Dong et
al. reported mT-SOFCs using yttria-stabilized zirconia (YSZ) as the electrolyte [25].
Our group recently reported the manufacturing of samaria-doped ceria based
microtubular cells by the gel-casting technique [27,28]. However, no electrochemical
result was previously reported. In addition, the effects of the porosity and wall thickness
of gel-casted tubular supports on the cell performance have not been previously
studied, which are particularly crucial to successfully implement a new shaping method
for mT-SOFCs. The purpose of this study is to fabricate anode-supported mT-SOFCs
with SDC electrolyte by combining the agarose gel-casting and spray-coating
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techniques, emphasizing the effects of the porosity and wall thickness-(outer diameter)
of supports on the cell performance. In order to optimize the manufacturing
parameters, the formulation of suspensions, using sucrose as pore former, and the pre-

sintering process of supports has been investigated.

2 Experimental procedure

2.1 Material synthesis

Samarium-doped ceria, nickel oxide-samarium doped ceria , and lanthanum strontium
cobaltite powders, with a nominal composition of Smg,CepgO19 (SDC), NiO-
Smg.Cepg019 (60:40 and 50:50 wt.% NiO-SDC) and LaggSro4Cog2Feps035 (LSCF)
respectively, were synthesized by polyacrylamide gel combustion as described
elsewhere [29,30]. The materials were prepared from Sm,0O; (Strem Chemical 99.9%),
CeO, (Strem Chemical 99.9%), La,O; (Alfa Aesar 99.9%), Sr(CH3;COO), (Pro-BVS
99%), Ni(CH;COO), (Alfa Aesar 99%) and Co(CHsCOO), (PANREAC 99%). After
combustion, the materials were calcined at 500°C for 2 h, to assure the total organic
removal, annealed at 800°C for 2 h (NiO-SDC and SDC), and 900°C for 2 h (LSCF),
and ball-milled for 24 h. All powders were characterized by BET and XRD in order to
confirm their quality. The XRD patterns of NiO-SDC, SDC and LSCF powders
presented no evidences of secondary phases (Fig. 1). Finally, BET analysis of NiO-
SDC, SDC and LSCF determined specific surface areas of 20-30, 27, and 14 mzlg,

respectively.

2.2 Cell manufacturing

The composition of the microtubular SOFCs were selected as follows: NiO-SDC (60:40
wt.%) as the anode tubular support, NiO-SDC (50:50 wt.%) as the anode functional
layer (AFL), SDC as the electrolyte and LSCF-SDC (70:30 wt.%) as the cathode. Three

cell configurations, named as cells A, B and C, varying the wall thickness-(outer
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diameter) and porosity of tubular supports were processed (Table 1). Since the most
important parameters of anode supports in mT-SOFCs (within outer diameter range of
1 and 5 mm) on the cell performance are the wall thickness and the porosity, the outer
diameter of cells was conditioned to the dimension of wall thickness and formability
[31]. Thus, cells A and B, without and with added porosity in the support, respectively,
presented a wall thickness of ~400 um (~2.5 mm outer diameter). Cell C exhibited a

wall thickness of ~1200 um (~4.5 mm outer diameter) and with added porosity.

Tubular supports were prepared by the aqueous gel-casting method as described
elsewhere [27,28]. As mentioned above, a sucrose amount of 0-15 wt.% vs. NiO-SDC
was added as pore former, modifying the rheology of the suspensions with respect to
previous works. For that reason, it was necessary to adjust the agarose and NiO-SDC
powder contents in order to achieve a suitable suspension. According with previous
studies, the explored ranges for the different processing parameters were: NiO-SDC
solid loading amount of 26-34 wt.% vs. water, commercial dispersant concentration
(DOLAPIX GmbH & Co) of 0.75-1.5 wt.% vs. NiO-SDC powder, and agarose content
(Lab. Conda) of 0.8-1.2 wt.% vs. the suspension. In order to obtain a homogeneous
slurry, the agarose suspension was firstly activated by heating around 80-90°C, and
then kept above 40°C until casting in order to avoid premature gelation. The
formulation of each studied suspension was adjusted to obtain a suitable viscosity for
gel-casting, which was between 1500 and 2500 mPa-s at 40°C and a constant shear
rate of 100 s™ using a rheometer (RST CPS. Brookfield 3000). The tubes were formed
using a new and simple wet-forming technique based on gel-casting, operating as a
syringe [27]. For this purpose, a steel punch (g = 3 for the cells A and B, and 4 mm for
the cell C) with an in-house-designed aluminium die (& = 6 for the cells A and B, and 9
mm for the cell C, and length = 200 mm) were used. The resulting green tubes were

finally dried in air for 48 h, and cut to a length of 100 mm.



After this, an anode functional layer (composition of 50:50 wt.% NiO-SDC and
thickness range of 10-20 um) was deposited by colloidal spray-coating onto the tubular
substrates. The inks consisting of NiO-SDC as solid loading and terpineol as solvent
(1:5 wt.%), were prepared to possess low viscosity, high volatility, and moderate solid
loading. In order to avoid mechanical degradation of the cell components during the co-
sintering process, it was necessary to determine the shrinkage behaviour of the
different cell components. For this purpose, an estimation was obtained from the
shrinkage curves of NiO-SDC tubular supports and a compact pellet of SDC powder
made by 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 1500 °C. From the shrinkage curves, the AFL and NiO-SDC supports of the tubular

half-cells were pre-sintered in air.

Subsequently, SDC electrolyte layers were deposited by colloidal spray-coating, which
was also made by mixing commercial SDC with small amounts of cobalt oxide (2.0
wt.%) used as a sintering aid, and terpineol (1.5 wt./wt.) as a organic solvent. Then,
both anode and electrolyte layers were co-sintered at 1450°C for 5 h. After co-sintering,
70:30 wt.% LSCF-SDC cathode precursor were also mixed with terpineol (1:5 wt.%) to
make a colloidal suspension, and sprayed onto the half-cell, and finally sintered at

1050°C for 2 h in air.

Final cell dimensions were: 2.6 mm (cells A), 2.4 mm (cell B) and 4.5 mm (cell C) of
outer diameters, 70-80 mm length with cathode active areas of 65, 60 and 100 mm? for
cells A, B and C, respectively. Microstructures of the cell components were analyzed
by scanning electron microscopy (SEM). After reducing process (NiO to Ni at the
anode), the total porosity of supports was determined using a helium gas absorption

pycnometer (Micromeritics ASAP2000).



2.3 Electrochemical characterization

Three replicates of each cell configuration were electrochemically tested using
humidified H, as fuel in the anodic compartment and air in the cathodic chamber.
Electrical connections were made using four Ag wires. Ag mesh was used as current
collector at the anode (inner of the tube) and coiled Ag wire fixed with Ag paste was
used at the cathode side. Tubes were sealed using Ceramabond 503 sealant (Aremco,
US) into alumina tubes and finally all the system was kept into a quartz tube, and
sealed again to separate both chambers. Additional details of the experimental setup
can be found in previous works [32,33]. The cell was heated up to 700°C in a small
tubular furnace under nitrogen (100 ml/min) at the anode chamber and static air at the
cathode side. At this temperature, humidified hydrogen (100 ml/min) was introduced to
firstly reduce the anode and then to operate the cell. Electrochemical measurements
were carried out at intermediate temperature between 600°C and 650°C. j-V (current
density- Voltage) and AC impedance measurements were recorded using a VSP
Potentiostat/Galvanostat  (Princeton  Applied Research, 0Oak Ridge, US).
Electrochemical impedance spectroscopy (EIS) measurements were performed using a
sinusoidal amplitude signal of 50 mV in the frequency range of 500 kHz to 10 mHz. EIS
experimental data was fitted using an equivalent circuit model with the following
components: L corresponds to an inductance, which is usually associated with the
current/voltage probes, or to the high-frequency phase shift of the electrochemical
equipment; Ronm is the ohmic resistance; (R1, CPE1) and (R2, CPE2) correspond to
the high- and intermediate-frequency arcs, respectively, and W3 is a finite Warburg

element associated to diffusion processes [34].

3 Results and discussion

3.1 Formulation of suspensions



Table 2 shows the different formulations of suspensions for the gel-casting system of
the different cells. A dispersant content of 1.0 wt.% vs. NiO-SDC powder was suitable
to disperse the NiO-SDC powder in distilled water. Formulation 3 (for cell A) and 9 (for
cells B and C) were selected as the most suitable suspensions for gel-casting of the
cell supports. Formulation 9 presents the maximum amount in solid loading (34 wt.%
powder/water) and the minimum content in agarose (1.00 wt.% agarose/suspension)
for a pore former amount of 10 wt.% sucrose/solid loading. Formulation 3 also shows
the maximum solid loading (34 wt.% powder/water) and the minimum content in
agarose (0.90 wt.% agarose/suspension) for 0 wt.% sucrose/solid loading. Thus, cast
green bodies with enough mechanical strength during drying, pre-sintering and co-
sintering process are obtained. In addition, a formulation with a high solid loading is
interesting in order to minimize the shrinkage of the supports during drying and
sintering processes. However, higher solid loadings (> 34 wt.%) are not suitable for
casting, as the high viscosity of the suspensions became difficult to fill the mould,
generating macroscopic defects in the green bodies. In addition, the formulation with
15 wt.% sucrose/solid loading was dismissed, due to a low mechanical strength of the

cells.

3.2 Optimization of pre-sintering process

Shrinkage curves of different NiO-SDC tubular supports and the SDC electrolyte are
shown in Fig. 2. The large difference in shrinkage between both materials evidences
that a pre-sintering process of the tubular supports with their AFLs is necessary to
decrease their shrinkages during co-sintering. In addition, the electrolyte material
shrinks faster than the tubular supports, enhancing the densification of the electrolyte
layers. Pre-sintering temperatures of 1000°C for cell A, and 1100°C for cells B and C
are appropriate to obtain an anode-support shrinkage of 11, 16 and 15%, respectively,
which is close to the shrinkage difference between the support and SDC layer during

co-sintering at 1450°C.



3.3 Microstructure of mT-SOFCs

Figs. 3 (a-c) exhibit the microstructures of the different supports consisting of Ni and
SDC, after reducing in H,, which were processed with different sucrose amounts. The
supports presented porosities of 39, 54 and 57% for the cells A, B and C. The support
with 15 wt.% sucrose, and a porosity of 62%, was finally dismissed due to its low
mechanical strength and low dimensional stability. Therefore, both cells B and C were
fabricated using 10 wt.% of sucrose. Figs. 3 (d-f) show the transverse cross-sectional
microstructure of cells, which present thicknesses around 15 pum for the AFL, and 15
um for the electrolyte. They also evidence that the interfaces between the electrolyte
and the electrodes exhibits no observable delamination or cracks. After co-sintering the
anode supports are homogeneous presenting high porosity, and the electrolyte layers
present high density. In addition, the anode functional layer contributes to a

progressive gradation in porosity between the support and the electrolyte.

3.4 Electrochemical characterization

OCVs for the replicates of three cell configurations are around 0.73 at 600°C and 0.68
V at 650°C (Table 3). These values are lower than those predicted from the Nernst
equation, under H, as a fuel and air as an oxidant. Similar OCV behaviour has been
reported by other authors using doped ceria electrolytes for mT-SOFCs. Suzuki et al.
[35,36] worked with anode-supported needle-type micro SOFCs, with a needle-type
cell diameter of 0.4 mm and a GDC electrolyte thickness around 10 um. For that
geometry, the OCV decreased from 0.89 to 0.83 V with increasing the operating
temperature from 450 to 550°C. However, the open circuit voltage increased up to 0.96
V when the thickness of the electrolyte increased to 30 um and the anode was
fabricated less permeable for gases. The same problem was also reported by

Yamaguchi et al. [37] working with an anode-supported microtubular SOFC of 1.5 mm



diameter and 15 um GDC electrolyte layer. In this case, OCV values were below 0.90,
0.84 and 0.77 V at 450, 500 and 550°C, respectively. In the present work, the decrease
in the OCV is patrtially caused by gas leakages between anode and cathode chambers,
due to the presence of small pores at the electrolyte layer (Fig. 4). It could also be
associated to the internal short circuit currents due to the increase of electronic
conductivity in the doped ceria electrolyte [38,39]. Finally, it is also well known that the
solubility of cobalt oxide, used as a sintering aid, in the fluorite structure is very low and
the excessive cobalt oxide segregates as layer of a few nanometers at the grain
boundaries, which could introduce (additional to the reduction from Ce** to Ce**) n-type
electronic conductivity with increasing temperature and decreasing oxygen partial
pressure. As the electronic conductivity of doped-ceria and sintering aid intrinsically
depend on the electrolyte material, they probably influenced on the performance of the
cells in a similar way. The relatively good reproducibility in OCVs and ASRs of the
replicated cells, with differences of about 5%, indicates that the amount of pores in the
electrolyte of each cell configuration could possibly justify those differences. In order to
avoid the effect of these gas leakages and the internal short circuit current, it will be

necessary to develop cells free of small pores and possibly thicker layers.

Fig. 5 shows the j-V (current density vs. cell voltage) and j-P curves (current density vs.
power density) for the different cells. j-V curves exhibited a slightly unstable behaviour
with oscillations, due to the presence of small gas leakages through micro-pores at the
electrolyte layer. Despite this phenomenon, maximum power densities of 220, 400 and
180 mW-cm™ at 650°C were achieved for the cells A, B and C, respectively. Despite
the low operation voltage, these performances, operating in the temperature range of
600-650°C (Table 3), are comparable to those of anode-supported microtubular
SOFCs with diameters of 0.8-6.0 mm, active cell areas higher than 50 mm? and doped-
ceria electrolyte layers (350-600 mW-cm™2 operating between 500 and 650°C) reported
by other authors [31,35,37,40,41,42]. The difference in power output between cells A
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and B evidence the significant effect of the porosity of the support on their
performances. These results also reveal the strong influence of support thicknesses,
which are 380 and 1200 pm for the cells B and C, respectively. In addition,
concentration polarization is clearly observed from cell C at high current densities, due
to the thicker anode support. From those results, it was confirmed that cell B (with
increased porosity and smaller wall thickness at the support) achieved the higher
current densities, indicating good gas diffusion at the support and an adequate catalytic
activity at both electrodes. In addition, the area specific resistances (ASRs) for the
cells, determined from the slopes of the -V curves, are shown in Table 3. Those values

are in the range of other reported results in the literature.

EIS experiments under OCV conditions at 600°C were also performed as shown in Fig.
6. Due to the presence of small pores at the electrolyte layer and as a consequence
lowering the OCV as previously discussed, EIS recorded data was slightly noisy,
especially at lower frequencies. In spite of this, the experimental data was fitted using
equivalent circuits and a summary of the obtained parameters is shown in Table 4.
Firstly, Ronm Values are higher than those expected for a 15 um thick SDC electrolyte,
possibly due to insufficient density of the electrolyte in the three cells. Assignation of
the different contributions is usually complex, although some valuable conclusions can
be deduced from this data. Low frequency Warburg response (W) is assigned to a
diffusion process, in this case to hydrogen transport through the Ni-SDC support. This
assignation is consistent, as higher values (0.83 Q-cm?) were found for Cell C (thicker
support). In addition, for identical wall thickness, lower values (0.10 Q-cm?) were
obtained for Cell B (containing extra porosity) in comparison with Cell A (no extra
porosity, 0.18 Q-cm?). Intermediate frequency component (R,) is almost constant for
the three studied cells. In addition, this component was varying when switching from air
to oxygen atmosphere, while the rest of the components remained constant. For that
reason R, was assigned to the cathode activation. Finally, assignation of the high
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frequency component (R;) is not clear, although it was tentatively associated with
anode activation [43]. The observed capacitance values do not suffer significant
variation for the different studied cells, and their values are consistent with similar
microtubular cells reported in the literature [44]. Finally, ASR values obtained from EIS
data (Table 3) are significantly higher with those obtained from the j-V curves (Table
2), as a consequence of the activation polarization of the cells, which takes place at low
current densities. In addition, gas leakage will increase cell temperature especially at
higher current densities and as a consequence, lower ASR values are observed from j-

V experiments.

Fig. 7 shows the post-mortem AFL-support microstructure for the three cells after
testing for 15 h. The uniform sponge-like porous structure at the support of cell B and
its reduced thickness is suitable for mT-SOFCs, as large pores provide a path with low
resistance to rapid gas transport. In addition, small pores at the AFL are expected to
provide a large number of Triple Phase Boundaries (TPBs) for the electrochemical

reactions.

4 Conclusions

Micro-tubular SOFCs with ~2.5 and ~4.5 mm outer diameters, and ~400 and ~1200 pm
wall thicknesses, respectively, were fabricated using a simple wet-forming method
based on agarose gel-casting technique, which operates as a syringe. Suitable slurry
formulations for gel-casting were prepared, without and with (10 wt.% sucrose) added
pore former. Pre-sintering temperature of supports was optimized from linear shrinkage
curves, thus obtaining a dense electrolyte without anode-electrolyte delamination after
co-sintering. Electrochemical tests showed the highest power density (400 mW-cm™ at
650°C) for cell B, presenting 380 um wall thickness (2.4 mm outer diameter), and

added porosity using 10 wt.% sucrose. The high current density for this cell evidences
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good gas diffusion at the tubular supports. In contrast, cell A (220 mW-cm™) with a
tubular support close to cell B and without added porosity, and cell C (180 mW-cm™)
with one of 1200 pum thickness and added porosity presented lower performances than
cell B. These results indicate that the support thickness and porosity of anode-
supported mT-SOFCs is strongly influenced on the cell performance. The relatively low
OCVs (0.73-0.68 V at 600-650°C) are probably due to the current leakage related to
the electronic conduction and the presence of small gas leakages through micro-pores
at the electrolyte layer. As a summary, the aqueous agarose gel-casting method
operating as a syringe, combined with additional porosity and thickness reduction of
the support, is a suitable processing route to enhance the performance of anode-

supported mT-SOFCs.
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Figure 6
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Figure 7
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Table 1

Wall thickness—{Outer diameter)

Cell {am) (mm) Pore former
A 400 - (2.6) Mo

B 380 -(24) Yes

c 1200 — (4.5) Yes
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Table 2

Formulation Solid loading Sugar Agarose -

{M7) (wi% ve. water) (wi% vs. solid loading) (wt.% vs. suspension) Observations
Plastically deformed

1 26 1] 1.05 during handling and by
itz own weight

2 30 0 1.00 Suitalle mechanical
sirength during handling

3 34 o 1.00 and after sintering.
Plastically defomed

4 26 5 1.05 during handling and by
it own weight.

5 30 3 1.00 Suitable mechanical
sirength during handling

g 34 g 0.9s and after sintering.

7 26 10 1.00 Low mechanical
sirength after sintering

i 30 10 0.95 process.
Suitable mechanical

L M 10 0.90 sirength during handling
and afier sintering.

10 26 15 0.95
Low mechanical

n 30 15 0.0 sirength after sintering.

12 34 15 0.85
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Table 3

i Support  Operating Max. power
cell Thickness porosity  temperature ocv density ASR
“.uTI} {oo:l :GCJ {u] {mwlcm'z} m' Crnz}
600 0,72 160 0.85
A 400 40
G650 0,66 220 041
600 0,73 280 0.41
B 3a0 55
G650 0,68 400 022
600 0.69 130 0,84
C 1200 la]
G650 0.65 180 0,44
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