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Abstract: Anode-supported cells are prepared by a sequence of hot pressing and co-sintering
processes for solid oxide fuel cell (SOFC) applications. Commercially available porous anode
tape (NiO/YSZ = 50 wt %/50 wt %), anode tape (NiO/YSZ = 30 wt %/70 wt %), and YSZ are
used as the anode substrate, anode functional layer, and electrolyte layer, respectively. After hot
pressing, the stacked layers are then sintered at different temperatures (1250 ◦C, 1350 ◦C, 1400 ◦C
and 1450 ◦C) for 5 h in air. Different compressive loads are applied during the sintering process.
An (La,Sr)MnO3 (LSM) paste is coated on the post-sintered anode-supported electrolyte surface
as the cathode, and sintered at different temperatures (1100 ◦C, 1150 ◦C, 1200 ◦C and 1250 ◦C)
for 2 h in air to generate anode-supported cells with dimensions of 60 × 60 mm2 (active reaction
area of 50 × 50 mm2). SEM is used to investigate the anode structure of the anode-supported cells.
In addition, confocal laser scanning microscopy is used to investigate the roughness of the cathode
surfaces. At sintering temperatures of 1400 ◦C and 1450 ◦C, there is significant grain growth in
the anode. Furthermore, the surface of the cathode is smoother at a firing temperature of 1200 ◦C.
It is also found that the optimal compressive load of 1742 Pa led to a flatness of 168 µm/6 cm and
a deformation of 0.72%. The open circuit voltage and power density of the anode-supported cell at
750 ◦C were 1.0 V and 178 mW·cm−2, respectively.

Keywords: pretreatment; anode-supported cell; solid oxide fuel cell (SOFC); impedance spectra;
warpage; applied load; roughness; cell shape

1. Introduction

In recent years, anode-supported planar solid oxide fuel cells (SOFC) have received much
attention, owing to their good power density at intermediate temperatures. The main advantages
of power production through these SOFCs are the high conversion efficiency, the absence of
combustion, and the fuel flexibility that allows for the use of a variety of fuels (including those
derived from renewable sources). An SOFC is normally operated at a high temperature range
(600–1000 ◦C). A multilayer tape casting and co-sintering process has been studied to fabricate
large-area anode-supported planar single cells consisting of: (a) an anode substrate (Ni-YSZ),
to provide good electrical conductivity and sufficient mechanical strength; (b) an anode functional
layer, to improve the electrochemical performance; and (c) an ScSZ electrolyte used in the form of a thin
film, to reduce the ohmic resistance at lower temperatures [1]. The traditional electrolytes of SOFCs
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exhibit sufficient ionic conductivities above 800 ◦C [2]. Conventional SOFCs with an yttria-stabilized
zirconia (YSZ) electrolyte are now being operated at 900 ◦C or higher temperatures to attain a power
density sufficient for use in the system. However, the high-temperature operation causes serious
problems, such as internal mechanical stress, due to the difference in the thermal expansion coefficients
of the materials, as well as chemical reactions. Therefore, an operating temperature lower than 700 ◦C
is desirable [3]. Nevertheless, because electrochemical and conduction processes in SOFCs are strongly
thermally activated, a reduced operating temperature leads to the problem of large voltage losses,
due to the ohmic resistance of the materials and polarization at the electrodes. As most of the voltage
losses arise from the ohmic resistance of the electrolyte, a number of approaches have been reported
for preparing a thinner electrolyte, reducing the corresponding resistance [4,5] and obtaining a high
power density when using YSZ thin-film electrolytes [6,7].

Generally, there are two categories of techniques for making a robust anode–electrolyte–cathode
cell while maintaining a thin electrolyte layer: a cathode-supported cell [8,9] and an anode-supported
cell [10–12]. However, the high operating temperature is restrictive, calling for expensive materials,
long start-up and shut-down times, and high running costs, as well as causing thermal stress.
These restrictions have hindered the commercialization of SOFCs [13]. Therefore, lowering the
operating temperature of SOFCs has attracted increasing interest in recent years [14]. However,
the increased electrolyte resistivity at lower temperatures then becomes the major impediment
decreasing the performance of the SOFCs [15]. Anode-supported SOFCs are currently widely studied,
with Ni/YSZ cermet being the most popular anode material. Ni/YSZ cermet is thermally suitable
with the YSZ electrolyte, even if the processing temperature exceeds 1400 ◦C, allowing for a flexible
manufacturing process [16]. Using molecular dynamics in conjunction with and an established set of
Born model potentials, oxygen diffusion in Sr0.75Y0.25CoO2.625 was investigated, an activation energy of
diffusion for 1.56 eV was predicted in the temperature range from 1000 K to 1400 K [17]. Energetics in
the double perovskite PrBaCo2O5.5 were investigated in the temperature range from 650 ◦C to 1000 ◦C.
An anisotropic oxygen diffusion mechanism with diffusion occurring predominantly in the Pr-O
and Co-O layers was observed. An activation energy of Ea = 0.35 eV was measured for the range
of temperatures under study [18]. Conventional SOFC fabrication involves multiple sintering steps;
the manufacturing costs of SOFCs could thus be reduced by employing a single-step co-firing technique.
A promising technique is the simultaneous fabrication of the electrolyte and supporting anode [19],
followed by co-firing together. This could increase the productivity and decrease the fabrication cost.
The expensive and complex processing steps for anode-supported electrolyte tapes could be replaced
by cheaper, simpler, and continuous techniques. During the co-sintering process, differences in the
thermo-elastic materials properties of YSZ and NiO-YSZ cermets that are bonded together will cause
the warpage of the anode-supported cell [20,21]. The flatness of the planar unit cell is crucial to the
performance of the planar SOFCs, because a flatter cell offers greater contact area between membrane
electrode assembly (MEA) surface and the current-collectors [22,23]. Warpage may affect the successful
stack operation, which relies on durable contact between the cell electrodes and the interconnect
material [24]. Fabricating flat anode-supported cells are very important for successful SOFC stack
assembly and commercialization of planar SOFC technology [25,26]. Many studies have focused
on investigating and controlling the warpage; experimental methods have been widely conducted
to study the phenomenon [27–29]. Single cells with an anode-supported electrolyte are currently
fabricated using the tape-casting/lamination/co-firing (TLC) technique. It should be noted, however,
that controlling the flatness of large-sized unit cells prepared by the TLC technique is known to be
a challenge because of mismatches between the thermo-mechanical and physical properties of the
individual layers [30]. The flatness of a cell is considerably dependent on warp phenomena, which can
easily occur during the burn-out and sintering processes. Therefore, the interrelationships between the
flatness, warping, and cell performance of anode-supported unit cells prepared by the TLC technique
require thorough investigations to improve the performance and durability of SOFCs. Using an applied
pressure of 1107.4 Pa during the TLC technique improves the flatness to 55 µm/5 cm [22].
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To fabricate planar SOFC unit cells cost-effectively, this study has focused on the following
topics: (i) an enhancement in the flatness of anode-supported electrolytes via control of the pressure
load during anode-supported electrolyte fabrication; (ii) an evaluation of the effects of flatness
and deformation on the anode-supported electrolyte; (iii) an evaluation of the effect of firing
temperature on the anode-supported electrolyte via control of the compression and co-firing steps
during anode-supported electrolyte fabrication; and (iv) an evaluation of the effect of firing temperature
on the cathode surface via control of the co-firing steps. In this study, the anode-supported cells were
homemade designed and fabricated. The anode-supported electrolyte tapes were sintered at 1250 ◦C,
1350 ◦C, 1400 ◦C and 1450 ◦C for 5 h in air, and coated tapes were fired at different temperatures
(1100 ◦C, 1150 ◦C, 1200 ◦C and 1250 ◦C) for 2 h in air. An optimal co-sintering temperature of
1400–1450 ◦C for the anode-supported electrolyte and a sintering temperature of 1200–1250 ◦C for the
(La,Sr)MnO3-cathode paste are recommended for commercially available anode-electrolyte multilayers
for anode-supported SOFCs, in order to achieve acceptable performance. In addition, the effect of
applied pressure loads on the warpage behavior of cells has been investigated. The purpose of the
present work is to provide a better insight into the flatness behavior of the planar anode-supported
cell in the scaling up process.

2. Material and Methods

2.1. Cell Fabrication

Commercial anode material (42421, NiO/YSZ = 50 wt %/50 wt %, thickness 180 µm;
ESL Electro-Science Co. Ltd., King of Prussia, PA, USA), anode functional layer material
(42420, NiO/YSZ = 30 wt %/70 wt %, thickness 20 µm; ESL Electro-Science Co. Ltd., King of Prussia,
PA, USA), and electrolyte material (42400, 8 mol% YSZ, thickness 18 µm; ESL Electro-Science Co. Ltd.,
King of Prussia, PA, USA) were used to fabricate the anode-supported electrolyte. A flowchart
detailing the manufacturing process for fabricating a single SOFC cell, starting from anode-supported
electrolyte preparation, is shown schematically in Figure 1a. A single SOFC cell was constructed on
a sintered bi-layer by brush painting a porous layer of cathode paste (LSM: La0.65Sr0.3MnO3) on the
YSZ layer, followed by firing at different temperatures (1100 ◦C, 1150 ◦C, 1200 ◦C and 1250 ◦C) for 2 h.
The tri-layer thus formed constitutes a single SOFC cell. The structure of the anode-supported cell is
shown in Figure 1b.
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Figure 1. (a) Flowchart of the manufacturing process for the SOFC cell; and (b) structure of the
anode-supported cell SOFC.

The anode-supported cell consists of an anode-supported layer with a thickness of 540 µm,
an anode functional layer with a thickness of 20 µm, an electrolyte layer with a thickness of
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18 µm, and a cathode paste layer with a thickness ranging from 20 µm to 30 µm. The anode
layer, anode functional layer, and electrolyte layer were cut to dimensions of 70 mm × 70 mm.
The three kinds of tapes were stacked (electrolyte: top, anode functional layer: middle, anode
layer: bottom) and then compressed via hot-pressing at 230 kg·cm−2, 75 ◦C maintained for 20 min.
The anode-supported electrolyte sample was then allowed to cool at room temperature and weighed
to determine the deposit yield. The dried sample was then co-sintered at 1250 ◦C, 1350 ◦C, 1400 ◦C
and 1450 ◦C for 5 h.

2.1.1. Heat-Treatment of the Anode-Supported Electrolyte

After hot-pressing, the compressed tape was placed in an anode-heating box. The firing profiles
are as follows: first, a firing step from 25 ◦C (room temperature) to 650 ◦C for 15 h and 30 min
with the heating rate controlled at ~0.67 ◦C·min−1; second, a firing step from 650 ◦C to the target
temperature of 1000 ◦C for 4 h with the heating rate controlled at ~1.46 ◦C·min−1; third, a firing
step from 1000 ◦C to the target temperature of 1400 ◦C for 5 h with the heating rate controlled at
~1.33 ◦C· min−1; fourth, a firing step to maintain the target temperature of 1400 ◦C for another 1 h and
50 min; fifth, the firing was decreased from 1400 ◦C to the target temperature of 700 ◦C for 4 h; and,
finally, cooling [31,32]. The anode-supported firing steps are shown in Figure 2a. A photograph of the
final 60 mm × 60 mm unit of the 540-µm-thick anode-supported electrolyte is shown in Figure 3a.
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2.1.2. Heat-Treatment of the Cathode

Following the heat treatment, (La,Sr)MnO3 (LSM) paste (4420, ESL Electro-Science Co. Ltd.,
King of Prussia, PA, USA), which was selected as the cathode material, was printed onto the YSZ
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electrolyte pellets with dimensions of 50 mm × 50 mm. These were then fired in a cathode-heating
box. The firing profiles in the cathode-heating box are as follows: first, a firing step from 25 ◦C
(room temperature) to 125 ◦C for 1 h with the heating rate controlled at ~1.66 ◦C·min−1; second,
a firing step to maintain the target temperature of 125 ◦C for another 20 min; third, a firing step from
125 ◦C to the target temperature of 1200 ◦C for 4 h and 30 min with the heating rate controlled at
~3.98 ◦C·min−1; fourth, a firing step to maintain the target temperature of 1200 ◦C for another 2 h; and,
finally, cooling [31,32]. The firing steps for the printed cathode are shown in Figure 2b. A photograph
of the final 60 mm × 60 mm unit cell is shown in Figure 3b.

2.2. Evaluating the Effects of Flatness and Deformation on the Cell

The flatness (curvature) of the anode-electrolyte tape was evaluated at seven positions in the
longitudinal and lateral directions (as shown in Figure 4a). The flatness (curvature) can be calculated
by using Equation (1). Figure 4b further illustrates a method to determine the deformation of the
anode-electrolyte tape. By using the ratio of the weight of the paper and the anode-supported
electrolyte tape (after firing), the rate of the deformation effect for the cell can be found using the
following Equation (2):

Curvature (flatness) = b − a (1)

where b is the height from the flat surface to the top of anode-supported electrolyte substrate, and a is
the thickness of anode-supported electrolyte substrate:

Ø =
X + Y + Z + W

Total weight
× 100% (2)

where Ø is the rate of the deformation effect and X, Y, Z, W are the deformation angles on the four sides
of the cell. The deformation angles on the four sides of the cell were determined based on equivalent
paper area; and the total weight of the paper is 303 mg.
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2.3. Surface Roughness and Microstructural Characterization

The morphology of the anode and cathode surfaces was studied by means of a scanning electron
microscope (SEM; JSM-5600, Jeol Co., Akishima, Tokyo, Japan) equipped with an energy-dispersive



Energies 2016, 9, 701 6 of 13

spectroscope. The anode surface was coated with gold powder under vacuum. The roughness of
the cathode surface was investigated using confocal laser scanning microscopy (CLSM; VK-9710,
Keyence Co., Suite 210, Itasca, IL, USA).

2.4. Cell Testing

The test station (TEI-S600-NNNNNS, Tension Energy Inc., Hsin Chu City, Taiwan) was used
testing the cell performance. In order to achieve sufficient electrical contact between the cell and the
electronic devices, a Ni mesh was used on the anode side and an Ag mesh was used on the cathode side.
Two platinum wires were connected to each mesh to serve as the respective voltage and current probes.
The cell performance of the anode-supported single cells was tested at 650 ◦C, 700 ◦C and 750 ◦C,
according to the following procedure. The temperature was first slowly increased to 750 ◦C for 15 h
anode pretreatment. The system was first fed with mixed gases of nitrogen and 5 vol. % of hydrogen on
anode side and air on cathode side as anode pretreatment. The flow rate of nitrogen and hydrogen were
200 mL·min−1, and 20 mL·min−1, respectively. The flow rate of air was 250 mL·min−1. After reaching
this temperature, the fuel flow of humidified hydrogen was 300 mL·min−1 (with 3% H2O) on the
anode side, while the flow of air was 500 mL·min−1 on the cathode side. All electrochemical data
obtained after the pretreatment were acquired by direct current methods using a current-control power
supply and a computer-controlled data acquisition system.

3. Results and Discussion

3.1. Effect of Applied Loads on the Flatness and Deformation of the Anode-Supported Electrolyte

The anode-electrolyte tape was fabricated and fired at 1400 ◦C, with an anode layer thickness
of 540 µm. Various applied loads were placed on the sample to evaluate the dependence of the
flatness on the applied load. As shown in Figure 5, when applied loads of 0 g·cm−2, 14 g·cm−2,
18 g·cm−2 and 22 g·cm−2 were placed, the flatness of the anode-electrolyte tape was 2969 µm/6 cm,
619 µm/6 cm, 168 µm/6 cm and 160 µm/6 cm, respectively. While the 18 g·cm−2 applied load
improved the flatness to 168 µm/6 cm, the 22 g·cm−2 applied load was better, achieving a flatness of
160 µm/6 cm. However, the 22 g·cm−2 applied load caused more deformation (as shown in Figure 6d)
than the 18 g·cm−2 applied load. The curvature of the anode-supported electrolyte substrate with
applied loads of 0 g·cm−2, 14 g·cm−2, 18 g·cm−2 and 22 g·cm−2 is shown in Figure 6. The curve of the
anode-supported electrolyte substrate with 0 g·cm−2 is the most pronounced, and the sample warps
continuously down with 14 g·cm−2. The sample quickly flattens at 18 g·cm−2 and 22 g·cm−2, and the
shape does not change at 18 g·cm−2. In contrast, the shape of the sample changes with the 22 g·cm−2

applied load, deforming along each of the four angles.
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As shown in Figure 7, the effect of the applied loads on the deformation of the anode-supported
electrolyte is calculated by Equation (2). With applied loads of 14 g·cm−2, 18 g·cm−2, and 22 g·cm−2,
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3.2. Effect of Co-Sintering Temperature on the Microstructural Properties

Figure 8 shows a series of SEM photographs taken at the same magnification (×10,000),
depicting typical areas of the microstructure of each of the samples used in the performance
measurements. As observed in Figure 8, the grain size of the anode side sintered at a temperature
of 1250 ◦C is quite small. As the sintering temperature is increased to 1350 ◦C and 1400 ◦C, there is
significant grain growth. The grains do not undergo further growth as the co-sintering temperature is
further increased to 1450 ◦C; however, the presence of several small particles indicates significant local
agglomeration. The agglomerated particles can be attributed to Ni, which is thermally activated
to move freely, especially under a co-sintering temperature higher than 1450 ◦C. The resulting
agglomerated Ni leads to insufficient surface area for electrochemical reactions to achieve a high
current output. Therefore, the optimal co-firing temperature of anode-electrolyte bilayers is 1400 ◦C.
In addition, for the electrode fired at optimal 1400 ◦C, the particle connection of the electrode improved
noticeably, while the grain size increased only slightly. Poor connection between electrode particles
and/or poor physical contact between the electrolyte and electrode layers may hinder the charge
transfer from particle to particle in the electrode, and/or from the electrode to the electrolyte. Figure 9
shows morphological examinations of the cathode interface at temperatures of 1100 ◦C, 1150 ◦C,
1200 ◦C and 1250 ◦C. As shown in the figure, the grain size at 1200 ◦C and 1250 ◦C rapidly increased
compared to that at 1100 ◦C and 1150 ◦C. It was found that the grain size and degree of agglomeration
of the powders both increase with the sintering temperature. In particular, the cathode fired at 1200 ◦C,
the particle connection of the electrode improved noticeably, while the grain size is suitable in particle
connection. If the firing temperature is further increased to 1250 ◦C, the particle agglomerated largely,
which will lead to lower surface area and is thus unfavorable for oxygen reduction reaction. Therefore,
the optimal firing temperature of cathode bilayers is 1200 ◦C.
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temperatures: (a) 1250 °C; (b) 1350 °C; (c) 1400 °C; and (d) 1450 °C. 
Figure 8. Series of SEM photographs of the anode-electrolyte samples with various sintering
temperatures: (a) 1250 ◦C; (b) 1350 ◦C; (c) 1400 ◦C; and (d) 1450 ◦C.
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Figure 9. Series of SEM photographs of the cathode interface with various sintering temperatures:
(a) 1100 ◦C; (b) 1150 ◦C; (c) 1200 ◦C; and (d) 1250 ◦C.

3.3. Surface Roughness

Figure 10 shows CLSM images of the cathode surface after firing for the fabrication of SOFC single
cells. As shown in Figure 10, the surface of the cathode was quite rough after firing at temperatures
of 1100 ◦C and 1150 ◦C with a surface roughness of 102.5 µm and 96.5 µm, respectively. As the
firing temperature was increased to 1200 ◦C, the cathode surface became quite smooth, with a surface
roughness of 79 µm. However, as the firing temperature was increased to 1250 ◦C, the cathode had
a surface roughness of 82 µm. Moreover, the firing temperature also affected the deformation of the
cathode surface.
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3.4. X-ray Diffraction Pattern

X-ray diffraction (XRD), a non-destructive analytical technique, was used to analyze the crystal
structure, chemical composition, and physical properties of the cathode layer. Figure 11 shows the
XRD patterns of the cathode-LSM layer after firing at 1100 ◦C, 1150 ◦C, 1200 ◦C and 1250 ◦C for 2 h.
As shown in the figure, the XRD patterns of the cathode-LSM layer after firing at 1100 ◦C and 1150 ◦C
are quite similar. Likewise, the XRD pattern of the cathode-LSM layer after firing at 1200 ◦C is quite
similar to that at 1250 ◦C. In addition, diffraction peaks at approximately 28.7◦, 47.6◦, and 56.4◦ can
be observed. The broad peak at a 2θ value of around 30◦ indicates the non-crystalline structure or
amorphous nature of the composition present in the mixture. The main peaks became sharper at lower
temperatures, indicating some grain growth.
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3.5. Cell Performance

Cells were fabricated from anode electrolyte tapes produced with the optimal firing temperature of
1400 ◦C and a compressive load of 1742 Pa, together with a cathode produced with a firing temperature
of 1200 ◦C. A typical cell with dimensions of 60 × 60 mm2 (an active reaction area of 50 × 50 mm2)
was used as the standard cell to test the power density. The open circuit voltage (OCV) and power
density of the single cell at operating temperatures of 650 ◦C, 700 ◦C and 750 ◦C are shown in Figure 12.
The open-circuit voltages (OCV) of the single cell are around 1.0 V, and the maximum power densities
of the cell are 105 mW·cm−2 and 135 mW·cm−2 at 650 ◦C and 700 ◦C, respectively. The maximum
power density of the cell are 178 mW·cm−2 at a voltage of 0.506 V and a total output power of
about 4.45 W at 750 ◦C. It can be seen that the power density of the homemade cell is far below the
state-of-the-art in SOFC technology, possibly due to inconsistent cells fabricated manually in the lab.
Actually, the cell performance depends on the cell fabrication skill. Currently, we use commercial
materials to manually manufacture the cells as such in order to yield consistent cells is a challenge.
Nevertheless, the present study shows the effects of sintering temperature and compressive loads on
electrodes (flatness, deformation, roughness). Furthermore, the study also shows several methods to
investigate and improve electrodes (MEA).
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4. Conclusions

The flatness of a unit cell is critical to the performance of planar SOFCs, as a flatter cell decreases
fuel leakage from the anode chamber to the cathode chamber and also increases the contact area
of the current collectors. Severely warped specimens cannot be applied to planar SOFC systems.
There is thus a need to develop a specific technique for improving the flatness of large unit cells during
heat treatment. In this paper, varying applied loads were applied to anode-supported electrolytes
to evaluate how the flatness of a sample depends on the pressure. In particular, it was found that
an applied load of 18 g·cm−2 improved the flatness to 168 µm/6 cm.

In addition, the co-sintering temperature was demonstrated to have a pronounced effect on
the fabrication and characteristics of an anode-supported electrolyte. At a co-sintering temperature
of as low as 1250 ◦C, the electrolyte was unable to sinter fully, forming a porous structure that led
to a reduced open-circuit potential and poor cell performance, along with a low current output.
At a co-sintering temperature higher than 1450 ◦C, the cells were decayed, particularly under high
current density operation, due to over-agglomeration of the anode structure. Based on scanning
electron microscopy, confocal laser scanning microscopy, and X-ray diffraction data, an optimal
co-sintering temperature of 1400–1450 ◦C for the anode-supported electrolyte and a sintering
temperature of 1200–1250 ◦C for the (La,Sr)MnO3-cathode paste are recommended for commercially
available anode-electrolyte multilayers for anode-supported SOFCs, in order to achieve acceptable
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performance. In addition, a single cell made of a 5 cm × 5 cm unit cell in an active area based on
the above conditions was tested. The performance of the anode-supported single cell is around
1.0 V. The maximum power density of the cell is 178 mW·cm−2 at a voltage of 0.506 V, and its total
output power at 750 ◦C is about 4.45 W. The power density of the homemade cell is far below the
state-of-the-art in SOFC technology, possibly due to inconsistent cells fabricated manually in the lab.
Actually, the cell performance depends on the cell fabrication skill. In addition, the OCV values
of the anode-supported SOFC in humidified H2 less than 1.0 V. They were a little lower than the
theoretical values predicted by the Nernst Equation, further indicating that the YSZ membrane was
dense, as any leakage in the electrolyte membrane would lead to severely lowering of the OCV values.
The lower OCV values may relate to gas leakage at the seals. With this feasibility study, in future work,
we believe that it is essential for the SOFC community to use commercially available materials instead
of materials developed by individual groups, in order to speed up the research and development of
anode-supported SOFC technology.
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