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A co-tape casting technique was applied to fabricate electrolyte/anode for solid oxide fuel cells. YSZ
and NiO-YSZ powders are raw materials for electrolyte and anode, respectively. Through adjusting the
Polyvinyl Butyral (PVB) amount in slurry, the co-sintering temperature for electrolyte/anode could be
dropped. After being co-sintered at 1400°C for 5h, the half-cells with dense electrolytes and large
three phase boundaries were obtained. The improved unit cell exhibited a maximum power density
of 589 mW cm~2 at 800 °C. At the voltage of 0.7V, the current densities of the cell reached 667 mA cm~2.
When the electrolyte and the anode were cast within one step and sintered together at 1250°C for 5h
and the thickness of electrolyte was controlled exactly at 20 wm, the open-circuit voltage (OCV) of the
Tape casting cell could reach 1.11V at 800°C and the maximum power densities were 739, 950 and 1222 mW cm2
Thin films at 750, 800 and 850 °C, respectively, with H; as the fuel under a flow rate of 50 sccm and the cathode
EIS exposed to the stationary air. Under the voltage of 0.7V, the current densities of cell were 875, 1126 and
1501 mA cm~2, respectively. These are attributed to the large anode three phase boundaries and uniform
electrolyte obtained under the lower sintering temperature. The electrochemical characteristics of the
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cells were investigated and discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are promising candidates for many
power generation schemes from small systems of a few watts
up to megawatt-sized power plants and have been considered
as the premium power generation devises in the 21st century as
they have demonstrated high energy conversion efficiency, high
power density, extremely low pollution, in addition to flexibil-
ity in using hydrocarbon fuel [1]. The conventional materials for
SOFC are La;_,SrxMnO3 (LSM), NiO, and yttria-stabilized zironia
(YSZ), respectively. The LSM-YSZ is used as composite cathode, and
pure YSZ as electrolyte. The components of the electrolyte/anode
half-cell include: (a) the electrolyte (8 mol% Y,03-stabilized ZrO,
(YSZ)); (b) the anode, a Ni/YSZ cermet [2]. The YSZ/YSZ-Ni materials
are currently used by many researchers such as Versa Power System,
Siemens Westinghouse Power Corporation, H.C. Starck, CeramTec
and TOFC [3-7].
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The commonly used methods for preparing the elec-
trolyte/anode half-cells could be separated into two steps: (1)
the preparation of anode substrate; (2) the coating of electrolyte
on anode substrate [8-11]. Several methods for preparing SOFC
components have been investigated, including sol-gel processing
[12], electrochemical vapor deposition (EVD), screen printing
[13], chemical vapor deposition (CVD) [14], tape casting [15-18],
spray pyrolysis [19,20] and so on. Among all these methods, tape
casting is regarded as a cost-effective and simple process for mass
production. Therefore, we applied co-tape casting method for
preparing the electrolyte/anode half-cell within one step in view
of the advantages of co-tape casting as listed below:

(1) Best way to form large-area, thin, flat parts;

(2) Easy to be applied in the industrial production;

(3) Electrolyte and anode can be cast together within one step;

(4) The thickness of anode and electrolyte can be controlled
exactly;

(5) The cost is very low.

During the fabrication of the electrolyte/anode half-cell, it is
required to tape cast three layers: (a) the electrolyte; (b) the anode
functional layer (AFL); (c) the anode substrate layer (ASL). They
are cast one by one from electrolyte to anode substrate. The thick-
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ness of each layer can be controlled by means of controlling the
height of blade during the tape casting operation [21]. After the
process of drying, the multi-layer green tape is sintered together
at high temperature. However, the anode needs a relatively low
sintering temperature to prevent powders from agglomeration in
order to obtain a large three phase boundaries (TPBs). TPBs are
directly responsible for the performance of the cells. As for the
electrolyte, a relatively high temperature is needed to obtain the
dense electrolyte which can isolate fuels and air and transmit 02~
effectively [22]. Therefore, the samples are sintered at different
temperatures for achieving proper processing conditions. First the
suitable sintering temperature for anode was determined, and then
the amount of PVB in the slurry to make electrolyte dense was
adjusted. PVB, a high polymer with large molecular weight, is very
crucial for tape casting to build the network in the anode; however,
PVB will be burning at high temperature, simultaneously result-
ing in many pores. These pores pose a negative influence on the
electrolyte, lowering the density and the ionic conductivity of elec-
trolyte. Therefore, decreasing the amount of PVB is an effective way
to reduce the pores of the electrolyte, finally resulting in the reduc-
ing of the sintering temperature. Electrochemical characteristics of
the single cell were performed and discussed.

2. Experimental details
2.1. Cell fabrication

Commercial YSZ (Average particle size 40 nm, E-type, TOSOH,
Japan), NiO (Average particle size 0.67 wm, Caiyu, China), and NiO
(Average particle size 3-7 pwm, SCRC, China) were used for cell
fabrication. The electrolyte/anode half-cell contains three layers:
electrolyte layer, anode functional layer (AFL), and anode substrate
layer (ASL). The fabricating process for half-cell production is out-
lined in Fig. 1.

The electrolyte slurry was composed of TOSOH YSZ, solvent,
and dispersant. The mixture of methyl ethyl ketone (MEK) (60 mL)
and ethanol (150 mL) was used as a solvent. A certain amount of
YSZ (100 g) and glycerol trioleate (GTO) (2.5 mL) was added as the
ceramic powders and a dispersant. The slurry was ball-milled for
24 h, and then the plasticizer and binder were added into the slurry.
A required ratio of polyethylene glycol (PEG) (4.6 g) and Diethyl-o-
phthalate (PHT) (4 mL) was used as the plasticizers, and a certain
amount of PVB was used as binder (4-12 wt%). The slurry was then
ball-milled for 24 h continuously. After de-gassed by vacuum, the
slurry was cast on a plastic membrane by the “doctor blade” method
and allowed to dry in air for several minutes.

The processes for AFL and ASL are the same with electrolyte. But
material compositions for the different layers are different. The NiO
powders used in AFL were purchased from Caiyu Chemical Com-
pany, and the ratio of NiO-YSZ mixture in AFL is 60:40. The NiO
powders used in ASL were purchased from SCRC, China, and the
ratio of NiO-YSZ in ASL is 65:35, besides, starch was added into
the ASL as pore former (10-15 wt%). The solvent, dispersant, plasti-
cizer of AFL and ASL layers are very similar with that of electrolyte.
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Fig. 1. Sketch of fabricating process for the electrolyte/anode half-cell.

The slurry of electrolyte was cast first. After several minutes, AFL
slurry was cast on the top of electrolyte, and then ASL slurry was
cast on the top of AFL. After drying overnight at room temperature,
the multi-layer green tape was co-sintered at 1250 and 1400°C in
air for 5 h, respectively.

The composite cathode composing of LSM/YSZ was coated on
the co-sintered electrolyte/anode half-cell by a screen printing pro-
cess, and then sintered at 1200°C for 2 h.

2.2. Electrochemistry testing

Silver wires were used as current collectors and adhered by sil-
ver paste on the cathode and the anode substrate. The cell was
assembled in a zirconia tube with conductive adhesive silver paste
and placed in a furnace [23]. Arbin fuel cell testing system (Ger-
many) was employed to measure current-voltage curves of unit
cells. The I-V and I-P tests were carried out at 800 °C using 50 sccm
flow rate H; fuel with humidity of approximately 3%. NiO/YSZ com-
posite ceramic was first reduced into Ni/YSZ cermet in situ under H,
fuel environment at SOFC operating temperature of 800 °C. The tests
characterize the open-circuit voltage (OCV) of the cell and ensure
that there is little cross-leak or short circuit in the electrolyte and
that there is a good seal between the components.

A PARSTAT 2273 advanced electrochemical system was
employed for electrochemical impedance spectra (EIS) measure-
ment. The EIS measurements were made over the frequency range
of 10 Hz-100 kHz with the applied amplitude of 5mV under open
circuit. The measured spectra were fitted to the equivalent circuit by
the nonlinear least square fitting software, ZSimpWin, developed
by Bruno Yeum.

2.3. Microstructure characterization

After testing, some of the cells were fractured and cross-sections
and surfaces of cells were examined under a Hitachi S-570 scanning
electron microscope (SEM).

3. Results and discussion
3.1. Influence of organic additive PVB

3.1.1. Microstructures

PVB, a commonly used binder, should be adjusted to make the
electrolyte dense. It supplies the network that holds the entire
chemical system together for further processing [21]. And YSZ par-
ticles are embedded in the network. Pores will be produced after
the evaporation of solvent. The porous network constructed by PVB
prevents YSZ particles from agglomerating. However, PVB will be
burning at high temperature and resulting in many pores. These
pores have the negative influence on the electrolyte. The reduction
of the PVB amount is a fundamental way to densify the electrolyte.
Cross-sections of electrolytes with different amount of PVB in the
slurry are shown in Fig. 2. The symbol ‘m’ stands for the weight ratio
of PVB. All of these samples are sintered at 1400 °C for 5 h. Sample A
with the largest amount of PVB has the poorest density. When the
amount of PVB drops to 0.08, the sample B becomes denser than A.
Sample C with the least amount of PVB has the densest electrolyte.
This shows that the PVB should be used as a minimal content. How-
ever, ifthe amount of PVB is less than 0.04, the network cannot form
and the green tape is easily fractured. Therefore, the proper value
of m is 0.04. Besides, the thickness of electrolyte can be controlled
exactly at 25 pm as shown in Fig. 2B and C.

3.1.2. The cell performances
Fig. 3 shows the I-V and I-P characteristics of SOFC unit cells
with different amount of PVB at 800 °C. The maximum power den-
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Fig. 2. SEM micrographs of cross-sections of electrolyte with different amount of PVB sintered at 1400°C for 5 h. (A) m=0.12; (B) m=0.08; (C) m=0.04.

sities of cell A-C are 340, 570, 589 mW cm~2, respectively. At the
voltage of 0.7V, the current densities of the cell A-C are 328, 667
and 639 mA cm~2, respectively. The open-circuit voltage (OCV) of
cell A is 0.87V which is much lower than the theoretical value of
1.19 V. This is caused by gas leakage through pores in electrolyte. In
contrast, the OCVs of both B and C, higher than that of cell A, are
about 1.0V. This is attributed to the denser electrolytes of B and
C. Though the densities of the electrolyte of B and C are different,
they are gas tight as shown in Fig. 2B and C. Thus the OCVs are of
the same value. The different densities between B and C lead to dif-
ferent ion-conductivities, and this will further lead to the different
maximum power densities at higher current densities. However,
the resistance of the load device prevented further evaluation of B
and C at higher current densities. From the I-P curves, it is clear that
the maximum power densities of B and C are expected to be higher
than the measured values.
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Fig. 3. -V and I-P characteristics of SOFC unit cells sintered at 1400 °C for 5h with
different amount of PVB.

3.1.3. The electrochemical impedance performance

The electrochemical behaviors of unit cells were investigated
by EIS measurement under open-circuit conditions. Fig. 4 shows
Nyquist plots and its equivalent circuit of unit cells (A-C) under
open-circuit and fuel cell operating conditions. The symbols were
denoted as follows: R; is the ohmic resistance of electrolyte and lead
wires, CPE (Q) the constant phase element, R; the electrode resis-
tance, and L is the inductance of lead wires. The process associated
with the arc appears to be related to a charge transfer reaction at
the electrode/electrolyte interface [24]. R, is the polarization resis-
tance [25]. The values of Rs and R, were calculated by ZSimpWin
program.

Table 1 shows the Rs and Rp values of cells A-C, and other
researchers’ results for comparison. It is clear that the Rs of A is
bigger than that of B and C. This can be explained by the poor
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Fig. 4. Nyquist plots and equivalent circuit of unit cells under open circuit recorded
at 800°C.
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Table 1
Electrochemical characteristics Rs and R;, of the cells at 800 °C and comparison with
other researchers’ results.

Symbol Rs (2 cm?) Ry (2cm?)
A(m=0.12) 0.185 0.350
B(m=0.08) 0.168 0.269
C(m=0.04) 0.161 0.251

J. Kong [26] 0225 0273

L. Besra [27] 0.3 0.7

electrolyte density of A, which leads to high electrical resistance.
Compared with other results, the Rs and R, values of cells B and C
are smaller, indicating that fabricating the cells by co-tape casting
and adjusting the content of PVB could improve the performance
of anode and electrolyte.

3.1.4. Microstructure after electrochemical test

The SEM micrographs of the cross-section of a fractured unit
cell after testing were surveyed, which were shown in Fig. 5. This
unit cell had been tested for more than 20 h, and experienced three
thermo-cycles. Cathode, electrolyte, AFL, ASL can be seen clearly
in Fig. 5a. A small area in Fig. 5a is magnified as shown in (b). It
can be seen in Fig. 5b that YSZ electrolyte is dense and connects
well with AFL. The anode functional layer has small grain sizes,
sufficient porosity as well as even distribution of the nickel phase,
the YSZ ceramic phase and the pores. The interface between AFL
and anode substrate can be observed clearly. The microstructure of
anode substrate is coarser and more porous than that of AFL bene-
fiting the fuel gas and vapor transmission in it. The microstructure
of this tested unit cell is still in good condition.

3.2. Cell performance co-sintered at a lower temperature

3.2.1. Microstructures

In this section, the electrolytes were sintered at alower tempera-
ture of 1250 °C for 5 h. Microstructures are shown in Fig. 6. As shown
in(a)and (b), there are many pores in electrolyte. But most pores are
pin-holes and closed. It could be seen that the thin YSZ electrolyte
films were uniformly continuous, dense, adhered well to the porous
anode substrate. The OCV is above 1.11 V at 800 °C as shown in Fig. 8,
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which was close to the theoretical one of 1.19V, indicating the film
was dense enough and little gas leakage existed. Electrolyte with
a thickness of 20 wm has a uniform structure. In anode functional
layer (AFL), both Ni and YSZ particles sizes are less than 2 pm. Pores,
Ni, and YSZ distribute uniformly. Thus, there is a large three phase
boundaries in AFL. The thickness of AFL is also controlled at 20 pm.
From AFL to ASL, the porosity changed a lot. Starch was added in
ASL as pore former. The pore sizes produced by starch are form 10
to 20 wm. The large porosity in ASL enables the fast fuel supply and
quick exhaust removal. In order to evaluate the leakage of the half-
cells, the leak test was carried out and the results indicated that for
the samples sintered at 1400 and 1250 °C, there occurred almost no
leakage of the half-cells. This showed that sintering at relatively low
temperature 1250 °C can satisfy the requirement for application of
SOFC.

Fig. 7 shows SEM micrographs of surface of anode after sintered
at 1250°C for 5h. In Fig. 7a, pores are distributed uniformly, and
the average pore sizes are about 5 wm. As shown in Fig. 7b, the YSZ
particle size is less than 1 m and Ni particle size is over 2 pm.
Small YSZ particles surround large Ni particle to prevent Ni from
agglomeration. YSZ particles and Ni particles connected with each
other very well. They formed a strong network to afford enough
mechanical strength and gas channels.

3.2.2. The cell performances

Cells were sintered at 1250 °C for 5 h with OCVs above 1.11V at
800°CasshowninFig. 8. The OCV of the samples sintered at 1250 °C
is different with that the samples sintered at 1400 °C. Probably this
is due to the fact that the difference may come from the instrumen-
tal error such as the inaccuracy of temperature control of single cells
test equipment or the water bubbler for fuel gas. The power densi-
ties of the cell were 739, 950 and 1222 mW cm~—2 at 750, 800 and
850°C, respectively, with H, at a flow rate of 50 mLmin~! as fuel
and ambient air as oxidant. On the other side, at the temperatures
of 750, 800 and 850°C and under the voltage of 0.7V, the current
densities of cell were 875, 1126 and 1501 mA cm™2, respectively.
These results are higher than that sintered at 1400 °C for 5 h. This
is attributed to the large anode three phase boundaries and uni-
form electrolyte which could be obtained under the lower sintering
temperature of 1250°C for 5 h.

Fig. 5. SEM micrographs of cross-sections of unit cells after electrochemistry testing.



532 X. Zhou et al. / Journal of Power Sources 191 (2009) 528-533

Fig. 7. SEM micrographs of surface of anode after sintered at 1250°C for 5 h.
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Fig. 8. The electrochemical performance of the single cell recorded at different
temperatures.

3.2.3. The electrochemical impedance performance

The electrochemical behaviors of the cell were investigated by
EIS measurement under open-circuit conditions. Fig. 9 showed EIS
response and its equivalent circuit of the cell under open-circuit
and fuel cell operating conditions. The solid line in Fig. 9 is the fit-
ted result of the ZSimpWin program. The impedance diagram is
composed of two semicircles referred to as HF (for high frequency)
and MF (for middle frequency). The observation of two clearly sep-
arated arcs in the frequency domain indicates that H, oxidation
at Ni-YSZ cermet electrodes is controlled by at least two electrode
processes at the Ni surface (the first electrode process). The process
associated with the high frequency arc appears to be related to a
charge transfer reaction at the electrode/electrolyte interface (the
second electrode process) [13].

The polarization resistance Ry, is defined as [14]: Rp=R; +Ry. Ry
and R, are the electrode resistances. The values of the symbols
were illustrated in Table 2. R, is smaller than Ry, which reveals
that the effect of charge-transfer reaction appears to be more dom-
inant. In other words, surface dissociation/diffusion step is easier
than charge-transfer reaction. This means the microstructure of the
anode, especially anode functional layer, was fabricated fine and the
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Table 2
Electrochemical characteristics of the cell at different temperatures and comparison with other researchers’ results.
Temperature L (H cm?) Rs (2 cm?) Q; (Fcm2) R; (2 cm?) Q (2 Tcm2s™) n Ry (2 cm?) Ry (R2cm?)
750°C 1.361E-7 0.154 0.196 0732 0231 0.01204 0.645  0.178 0.409
800°C 1.641E-7 0.113 0.218 0.711 0.191 0.01818 0.571 0.081 0.272
850°C 1.387E-7 0.109 0.336 0.634  0.091 0.00198 0.880  0.027 0.118
Other researchers’ results at 800°C:
J. Kong [26] 0.225 0.209 0.064 0.273
L. Besra [27] 0.3 0.7
739, 950 and 1222 mW cm~2 at 750, 800 and 850 °C, respectively,
0.08 with H; as the fuel under a flow rate of 50 sccm and the cathode
exposed to the stationary air. Both the ohmic resistance and polar-
ization resistance are lower than some researchers’ results, and the
0.04 polarization resistance is dominant which needs to be improved in
o~ further works.
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Fig. 9. Nyquist plots and equivalent circuits of the cell under open circuit at 750,
800 and 850°C, respectively.

distribution of the two phases was homogeneous, thus the inter-
facial resistance reduced and then the cell performance could be
increased. Both Rs and R;, are lower than some researchers’ results
as well. This means the cell has low ohmic resistance and polariza-
tionresistance. However, R;, is larger than Rs. Polarization resistance
appears to be more dominant. R, is concerned with the electrical
resistance of the electrodes including the anode and the cathode.
Therefore, through optimizing the electrode microstructure, we can
decrease the values of R, further improving the cell performance.

4. Conclusion

In the present study, co-tape casting was applied to fabricate
electrolyte/anode half-cell. The preparation steps were simplified
and the co-sintering temperature was as lower as 1250 °C. The thick-
ness of electrolyte was controlled exactly at 20 wm, and electrolyte
was dense enough to ensure the OCV above 1.11 V which was close
to the theoretical one of 1.19V. The anode functional layer had a
uniform structure and large three phase boundaries. In anode sub-
strate layer, small YSZ particles surrounded the large Ni particles,
and they formed a strong network to afford enough mechanical
strength and gas channels. Under the voltage of 0.7V, the cur-
rent densities of cell at 750, 800 and 850°C were 875, 1126 and
1501 mA cm~2, respectively. Maximum power densities could reach
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