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ARTICLE INFO ABSTRACT

The development of technologies used to prepare thin electrolyte films will stimulate the application of electrolyte-
supported SOFCs since thin electrolyte films typically have low ohmic resistances and good electrochemical per-
formance. This paper presents a novel method for the preparation of thin electrolyte films for yttria-stabilized
zirconia (YSZ)-supported solid oxide fuel cells (SOFCs) via dry pressing/heating/quenching/calcining. The
thicknesses of the as-prepared YSZ films were as low as 78 um, which is significantly thinner than those prepared
using a traditional method (greater than 200 um) via dry pressing/calcining/polishing. More importantly, the
preparation process was quicker. Using this novel method, a YSZ-supported cell with a configuration of
(Lag.6ST0.4)0.9C00.8F€0.203.5 (LSCF)-Ceg gSm 204.5(SDC)/SDC/YSZ/SDC/Bag sSro.5C00.sFep 203 — s(BSCF)-SDC was
fabricated and tested. The results showed promising electrochemical performance and a peak power density of
0.64 W cm ™2 at 850 °C was obtained, which was much higher than the cell fabricated using the traditional method
(0.29 W cm ~2). The ohmic resistance (Ro) at 850 °C is 0.19 Q cm?, which is much lower than that of the cell
fabricated using the traditional method (0.33 Q cm?) at an identical temperature. The modified method described
in this work is shown to be a promising technique to prepare thin electrolyte films for high-performance, elec-
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trolyte-supported SOFCs.

1. Introduction

A solid oxide fuel cell (SOFC) is a green energy conversion device
that has a high efficiency (not limited by the Carnot cycle) and a low
emission [1-7]. Classical SOFCs using yttria-stabilized zirconia (YSZ) as
the electrolyte, have shown high performance and good reliability.
However, YSZ has a low ion conductivity at low temperatures and
works well only at temperatures higher than 850 °C, which causes
several issues, such as longer start-up times and expensive specialized
cell materials. Lowering the temperature of SOFC can offer a wider
choice for cell components, reduce the start-up time, and improve the
stability and efficiency of the cell [8-10]. One effective way to realize
low-temperature SOFCs (LT-SOFCs) is to develop electrolyte materials
with higher ionic conductivity at lower temperatures [11-14]. Cerium-
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based electrolytes [15-20] and Mg- and Sr-doped LaGaOs (LSGM)
[21-23] have been proposed as LT-SOFC electrolyte materials. How-
ever, for cerium-based electrolytes, Ce** can be easily reduced to Ce®*
under reducing conditions, which can cause internal short circuiting
and cause n-type electronic conductivity [24,25]. On the other hand,
LSGM poses several problems such as incompatibility with electrode
materials, low mechanical strength, etc. [26-28]. Therefore, currently,
zirconium-based electrolytes, such as YSZ, are considered to be the
most stable and feasible electrolyte materials [29]. An alternative way
to realize LT-SOFC is to reduce the thickness of the electrolyte layer
[11-14]. Many papers have demonstrated that the performance of
SOFCs is sensitive to the thickness of the electrolyte [30-32].

In an electrolyte-supported SOFC the YSZ electrolyte film is tradi-
tionally prepared via dry-pressing/calcining/polishing [29,33,34].
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However, it is difficult to achieve a thin film with a thickness less than
200 um using this method. The thickness of the obtained pellet is
usually too thick to be an electrolyte layer and it must be polished into a
thinner one using sand paper. The polishing process is difficult to
control, and it is time-consuming to obtain an even thickness due to the
high mechanical strength after high-temperature calcination. Here, a
modified method has been developed to prepare thin YSZ electrolyte
films via dry-pressing/heating/quenching/calcining. This method was
used to fabricate and test a YSZ-supported cell with a configuration of
(Lag.6510.4)0.9C00 8F€0.203.5 (LSCF)-Ceo.gSmy.202.5(SDC)/SDC/YSZ/
SDC/Bag 5Sr(.5C00.gFep.2003_s (BSCF)-SDC. The cell was shown to ex-
hibit excellent power output with a peak power density of 0.64 W cm ~ 2
at 850 °C, which is much higher than a cell prepared via a traditional
method.

2. Experimental
2.1. Powder preparation

Nanoscale YSZ powder was provided by Shandong Jinao
Technology Advanced Materials Co., Ltd. CepgSmg 2025 (SDC) was
synthesized by a hydrothermal method as follows: Sm(NO3);-6H,0 and
Ce(NO3)36H,0 were dissolved in ultrapure water with the mole ratio of
Ce®*:Sm>* maintained at 4:1. Ammonia was added to the metal ion
solution to adjust pH to 10, and then the solution was stirred and
transferred to a Teflon-lined autoclave, and the sealed autoclave was
heated at 180 °C for 24 h and quenched and cooled to room temperature
using cold water. The products were filtered, washed with ethanol and
ultrapure water several times, and then dried and sintered in a Muffle
furnace at 900 °C for 5h. This process is described in greater detail in a
reported paper [35].

The anode material, (Lag.¢Sro.4)0.90C00.8Fe0.203.5(LSCF), was syn-
thesized by a conventional EDTA-CA complex process as reported.
Briefly, stoichiometric amounts Sr(NOs),, La(NO3)36H,0, Fe
(NO3)39H,0, and Co(NOs3)»6H,0O were dissolved in deionized water
according to the molecular composition of (Lag ¢Sro.4)0.90C00.sFe0.203.5.
Then, the coupling agents, CA and EDTA, were added to the solution at
a molar ratio of CA:EDTA:M"* of 2:1:1. Ammonia was added to the
solution to adjust the pH to 7. After stirring at 90 °C, solvent was slowly
evaporated from the solution until a black gel formed. The gel was
heated at 260 °C for 6 h and then calcined at 950 °C for 5h in air.

The cathode material, Bag sSrg5C0g.gFeg203_5 (BSCF), was also
prepared via the EDTA-CA process, and the obtained gel was fired at
250 °C and sintered at 1100 °C for 2 h.

2.2. Preparation of YSZ electrolyte films

In this work, two methods were used to fabricate the YSZ electro-
lytes: (a) a traditional method and (b) a modified method.

2.2.1. Preparation of an electrolyte film via a traditional method

Firstly, a certain amount of YSZ powder (at least 0.1 g) was dry-
pressed in a steel die to form a YSZ pellet with a 13 mm diameter. If the
mass of the powder is less than 0.1 g, it is difficult to successfully form
the pellet. Secondly, to obtain a dense pellet, the pellet was calcined at
1400 °C for 5h. Finally, after cooling to room temperature, sandpaper
was used to surface polish the pellet to obtain the desired thickness. It
should be noted that after being calcined at 1400 °C, it was difficult to
obtain a thin film with a thickness of less than 200 pm by polishing due
to the high mechanical strength of the YSZ pellet. In addition, it is
believed that thinner electrolyte films are easier to be damaged when
polishing with sandpaper. The YSZ pellet prepared via this traditional
method is referred as YSZ-T.

2.2.2. Preparation of an electrolyte film by a modified method
First, to obtain the support powder, a certain amount of PVB powder
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and grass ash powder were thoroughly ground in a mortar at a mass
ratio of 98:2. Then, the powder (0.06 g) was dry-pressed in a steel die to
form a support layer. Afterwards 0.04 g of pure YSZ powder was rolled
out homogeneously onto the support layer and uniaxially pressed to
form a YSZ/support dual-layered pellet with a 13 mm diameter. Then,
the pellet was heated in an oven at 180 °C for 1h followed by liquid
nitrogen treatment. The support layer was peeled off from the YSZ
layer, covered by a small amount of YSZ powder, and the YSZ pellet was
calcined at 1400 °C for 5h. The YSZ pellet prepared by this modified
method is labelled as YSZ-M and has a thickness of about 78 um.

2.3. Cell preparation

To prevent any side-reactions between the electrode materials and
YSZ, an SDC electrolyte buffer layer was used. Specifically, the SDC
powder was mixed uniformly with glycerol to obtain an SDC slurry,
which was symmetrically sprayed on both surfaces of the YSZ electro-
lyte film with an air gun, and then subsequently sintered at 1300 °C for
5h.  (LageSro.4)0.90C00.gFep 203.5(LSCF)/SDC  anode paste and
Bag ¢Sro.4C00 oFeg s03.5/SDC cathode paste were sprayed onto the SDC
buffer layer which had an active area of about 0.278 cm®. A diluted
silver slurry was painted on the electrode surface as a current collector.
Silver wires were attached to both the anode and the cathode to allow
current to be conducted. Finally, a single cell with the structure of
LSCF-SDC/SDC/YSZ/SDC/BSCF-SDC was attached to an alumina tube
by silver paste, in which the anode side was oriented towards the inlet
of the tube.

2.4. Characterization

The morphologies and microstructure of the samples were obtained
using scanning electron microscopy (SEM, JSM-7001F, JEOL, Japan).
The surface topographies of the YSZ films were examined using atomic
force microscopy (AFM, Multimode 8, Bruker) in contact mode. The
root-mean-square (RMS) roughness of the films was determined from
the AFM images (Nanoscope Analysis 1.7). The electrochemical per-
formances were performed using an Iviumstat electrochemical work-
station with a four-probe configuration. During the I-V tests, hydrogen
was fed into the anode chamber at a flow rate of 80 ml min~* (standard
temperature and pressure), and the cathode was directly exposed to the
ambient atmosphere. The I-V characteristics were recorded from 750 °C
to 850 °C with a 50 °C interval. The EIS were also recorded under open
circuit voltage (OCV) with an AC amplitude of 10 mV over a frequency
range from 100 kHz to 0.1 Hz.

3. Results and discussion
3.1. A modified method for preparing thin YSZ electrolyte films

Fig. 1 shows the sequential steps used in the modified preparation
method of a thin YSZ electrolyte film. A dual-layered pellet, composed
of a support layer and a YSZ layer, was formed via step-by-step dry-
pressing. Typically, the support layer is composed of colored organic
substances, which can be easily removed by heating and quenching. In
this work, the organic substances were PVB mixed with grass ash. To
remove the support layer, the YSZ/support dual-layered pellet was
heated in an oven at low temperatures to curl the PVB layer and cause it
to delaminate from the YSZ layer. At this point, it was difficult to hold
the PVB layer with a tweezer because the support layer was too viscous.
When liquid nitrogen was used to quench the pellet, the support layer
shrank and completely peeled off the YSZ electrolyte layer. Then, a
small amount of YSZ powder was coated on the YSZ layer to prevent the
YSZ pellet from twisting or cracking at high temperatures, which also
helped achieve a reasonable flatness of the YSZ pellet.



H. Chang et al. Ceramics International 45 (2019) 9866-9870

YSZ was rolled out

PVB+ ash homogeneously support laver
powder dry pressing and co-pressed li o
YSZ layer
heating at
180 C
calcinin% - quenching by support layer
at 1400 C ’ liquid nitrogen
—” s = ——vsz layer

Fig. 1. The sequential steps for the preparation of the thin YSZ electrolyte film.

3.2. The surface topography and roughness of the YSZ films

Fig. 2 shows the surface topography and roughness of the YSZ films
that were prepared using the traditional (YSZ-T) and the modified
method (YSZ-M). The morphology of the YSZ-T exhibited hill-like
structures with an RMS roughness of 226 nm (Fig. 2a), while YSZ-M
exhibited dense hill-like structures with a higher RMS roughness of
493 nm (Fig. 2b). The above results indicate that YSZ-M had a very
rough surface, so it was not necessary to roughen the surface with
sandpaper. It is believed that the rough surface of the electrolyte is
beneficial for close contact between the electrolyte and electrodes.

3.3. Microstructures of the cell

Two YSZ-supported cells with the LSCF-SDC/SDC/YSZ/SDC/
BSCF-SDC structure were fabricated to include YSZ electrolyte films
prepared by modified (YSZ-M, a) and traditional (YSZ-T, b) methods,
respectively. Fig. 3 shows the cross-sectional microstructures of the two
cells. For YSZ-M, a gas-tight electrolyte layer was obtained with a
thickness around 78 pm. Both the anode and cathode layers exhibited
high porosity and close contact with the electrolyte layer (Fig. 3a). On
the other hand, the thickness of the YSZ-T electrolyte layer was 230 um.
It should be mentioned that some obvious delamination between the
electrolyte and electrode layers was observed in Fig. 3b, which could be
attributed to the smooth electrolyte surface due to uneven polishing. It
is known that a rough surface is beneficial for the effective surface
deposition of the electrode layer. The above results indicate that the
modified method can be used to produce thinner YSZ electrolyte films
with a rough surface compared to the traditional method.

Fig. 2. AFM 3D height images of YSZ film that prepared by the traditional
method (a), and by the modified method (b).

- 10pm  JEO]

L
10.0kV SEI SEM WD 8.5mm  10:55:12

Fig. 3. The cross-sectional microstructures of the cells in which YSZ film was prepared using modified-(YSZ-M,a) and traditional (YSZ-T,b) method, respectively.
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Fig. 4. I-V-P curves of the cells containing YSZ-M (a) and YSZ-T (b) when
operating in an atmosphere of pure H,.

3.4. Cell performance

Fig. 4 shows the cell performances (I-V-P) of the cells containing
YSZ-T (thickness of YSZ around 230 um) and YSZ-M (thickness of YSZ
around 78 pm) when operating in an atmosphere of pure H,. The open
circuit voltages (OCVs) at 850 °C were 1.109 and 1.068 V for YSZ-T and
YSZ-M, respectively, which were close to the theoretical OCV value,
indicating a dense electrolyte layer was formed. YSZ-T produced peak
power densities (PPDs) of 0.29, 0.20, and 0.13W-cm ™2 at 850, 800, and
750 °C, respectively (Fig. 4a). In contrast, YSZ-M produced PPDs of
0.64, 0.43, and 0.27 W cm ~ 2 (Fig. 4b) under identical conditions. Since
the same cell materials and electrode fabrication methods were em-
ployed, it could be inferred that the difference in performance was
mainly due to the thickness of the electrolyte layers. Fig. 5 a & b show a
comparison of the electrochemical performances [I-V-P (a) and Nyquist
plot of EIS (b)] between YSZ-T and YSZ-M at 850 °C in dry H,. YSZ-M
showed much higher power and current outputs than YSZ-T (Fig. 5a).
EIS was used to assess the electrochemical activity under the OCV
conditions at 850 °C. The Nyquist plots of the impedance spectra to-
gether with the simulated curves from the equivalent circuit of cells
with YSZ-T and YSZ-M at 850 °C in dry H, are shown in Fig. 5b. The
ohmic resistance (Ro) is the high-frequency intercept with the real axis,
which primarily correlates to the ionic resistance of the electrolyte
[5,28,36]. Each resistance/constant phase element (R-CPE) couple can
be assigned to a specific electrochemical process. The high-frequency
resistance (Ry) originates from the charge-transfer process at the in-
terface of the electrode and electrode/electrolyte. The low-frequency
resistance (Ry) arises as a result of a mass-transfer process that includes
gas-phase diffusion and dissociative adsorption [37]. Notably, the Ro
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Fig. 5. The I-V (P) curves (a) and the Nyquist plot of EIS (b) of the cells con-
taining YSZ-M (a) and YSZ-T (b) when operating in an atmosphere of pure H,.

value of YSZ-M was 0.19 Q cm?, which is much lower than that of YSZ-T
(0.33Q cm?). The lower Ro of YSZ-M was attributed to the YSZ layer
having a lower thickness. In addition, the Ry and Ry, values of the cell
with YSZ-T were 0.44 Q cm? and 0.51 Q cm?, respectively. While the Ry
and R; values of the cell fabricated with YSZ-M were reduced to
0.43 Q cm? and 0.38 Q cm?, respectively, under similar conditions. The
decreased Ry, is ascribed to the excellent contact between the electrolyte
and electrodes due to the rough surface of the YSZ-M, which is bene-
ficial to mass transfer. These results indicate that reducing the thickness
of the electrolyte film could decrease the ohmic resistance, and the
rough surface of the electrolyte film could hasten the mass transfer in
an electrode process. Table 1 compares the data for some previously-
reported YSZ-supported cells and the cell in this work in an H, atmo-
sphere. All the reported cells were fabricated via a traditional method
with YSZ thicknesses from 200 um to 400 pm, while the cell in this work
had a thinner electrolyte layer and higher cell performance.

3.5. Advantages of the modified method for preparing thin YSZ electrolyte
films

The above results demonstrate that this modified method via dry
pressing/heating/quenching/calcining is an effective way to prepare a
thin YSZ electrolyte film. Compared with the traditional method, the
modified method has the following four advantages: (1) For an YSZ
electrolyte pellet with a 13 mm diameter, the mass of YSZ powder could
be reduced to 0.04 g, and a film as thin as 78 um could be obtained; (2)
the thickness of the film can be controlled by the amount of YSZ
powder; (3) after peeling from the PVB layer, the surface of the YSZ
electrolyte layer was rough, and it was not necessary to further roughen
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Table 1
Comparison of the data for some previously-reported YSZ-supported cells and
the cell in this work in an H, atmosphere.

The structure of the cells Thickness of the PPD Temperature (°C)
electrolyte (um) (mW
cm~?)
LSTF|SDC|YSZ|SDC|LSTF [29] 400 374 900
293 850
205 800
LSCM|YSZ|LSCM [26] 200 300 900
LSM|YSZ|LSM [28] 400 67.45 800
36.29 750
18.34 700
LSM-GDC|YSZ| LSM-GDC[28] 400 150.8 800
87.84 750
46.01 700
This work 78 639 850
428 800
270 750

the surface with sandpaper. Therefore, possible damage from the pol-
ishing process was fully avoided; (4) this modified method provided the
electrolyte film with uniform thickness.

4. Conclusions

Lowering the SOFC operating temperature to increase the life span
of fuel cells and reduce cost is a major technical challenge. One ap-
proach to overcome this challenge is to reduce the electrolyte thickness.
In this work, a modified dry-pressing method for preparing a dense and
thin YSZ electrolyte film was developed. The results demonstrated that
using a thin YSZ film improved the cell performance due to decreased
ohmic resistance. This modified dry-pressing method offers a new
possibility for preparing thin electrolyte films for electrolyte-supported
SOFCs.
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