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a b s t r a c t

Stable BaCe0.5Zr0.3Y0.16Zn0.04O3−ı (BCZYZ) thin membrane was successfully prepared by in situ tape
casting/co-firing method for proton-conducting solid oxide fuel cells. The starting powders were BaCO3,
CeO2, ZrO2, Y2O3, ZnO for electrolyte and BaCO3, CeO2, ZrO2, Y2O3, ZnO, NiO, graphite for anode. The
anode/electrolyte bi-layers were prepared by a simple multi-layer tape casting/co-firing method. The
phase characterizations and microstructures were studied by X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). The anode–electrolyte bi-layers were sintered at 1450 ◦C. The electrolytes were
extremely dense with pure perovskite phase and the thickness was about 25 �m. The anodes were porous
Tape casting
BaCe0.5Zr0.3Y0.16Zn0.04O3−ı

Protonic conductor
S

and no obvious reaction was found between NiO and BCZYZ. With LaSr3Co1.5Fe1.5O10−ı (LSCF)/BCZYZ
as cathode, the open current voltage and maximum power density respectively, reached 1.00 V and
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olid oxide fuel cells 247 mW cm−2 at 650 ◦C.

. Introduction

Protonic ceramic conductors have become the promising candi-
ate for intermediate temperature solid oxide fuel cells (ITSOFC)
ince Iwahara et al. found that some perovskite oxides showed
xcellent protonic conductivity at intermediate temperature [1].
he most prevailing protonic conductors were doped barium cer-
te and barium zirconia [2–4]. Barium cerate exhibits high protonic
onductivity and poor stability, and barium zirconia shows high
tability and poor conductivity [5,6]. It is found that barium cer-
te, when partial replaced at a desired fraction of Ce by Zr, exhibits
dequate proton conductivity as well as sufficient chemical and
hermal stability in CO2 and steam conditions [7,8]. Fabrication
f dense zirconate always needs high sintering temperature [9].
abilo and Haile [10] and Tao and Irvine [11] solved these problems
y introducing Zn into Y- and Zr-doped BaCeO3, which not only
owered the sintering temperature, but also increased the stability
f BaCeO3-based materials. In Ref. [11], BaCe0.5Zr0.3Y0.16Zn0.04O3−ı

BCZYZ) was considered as the optimized composition.
Tape casting/co-firing method is widely used in preparing oxy-
en ionic conducting electrolyte because of its potentially cost
fficiency for mass production [12–14]. However, to the best of
ur knowledge, preparation of proton-conducting thin membrane
y tape casting has not been reported to date. Difficulty in mass
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production of oxide proton conductor powders and their poor
sinterability embarrassed the usage of this method in proton-
conducting solid oxide fuel cells.

In our previous work, an extremely dense BaCe0.8Sm0.2O3−ı thin
membrane was successfully prepared by an in situ reaction method
[15]. In this work, BCZYZ electrolyte and BCZYZ/NiO anode were
prepared by a novel method of multi-layer tape casting/co-firing
method based on in situ reaction method. The effect of sintering
temperature on the morphology of BCZYZ electrolyte and the per-
formance of single cell were also studied.

2. Experimental

The anode–electrolyte bi-layers were prepared by in situ tape
casting/co-firing method. The composition of anode substrate and
electrolyte slurry was shown in Table 1. The starting powders were
BaCO3, CeO2, ZrO2, Y2O3, ZnO for electrolyte and BaCO3, CeO2, ZrO2,
Y2O3, ZnO, NiO, graphite for anode. The slurries for tape casting
were prepared by a two-step ball milling process. In the first step, all
the metal oxide and metal carbonate powder were homogeneously
dispersed in ethanol/2-butanone solvent, with triethanolamine as
the dispersant. Secondly, polyvinyl butyral (PVB), polyethylene gly-
col (PEG) and dibutyl o-phthalate (DBP) were added as binders and

plasticizers to provide appropriate viscosity of the slurry.

The tape casting procedure also included two steps. Firstly, the
de-aired electrolyte slurry was casted on the Mylar membrane at
the blade height of about 0.05 mm. Secondly, the de-aired anode
slurry was casted on the dried electrolyte tape, which should be
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Table 1
Composition of the tape casting slurry.

Powder Pore former So

Anode BaCO3, CeO2, Y2O3, ZrO2, ZnO, NiO Graphite E
Electrolyte BaCO3, CeO2, Y2O3, ZrO2, ZnO None E

Fig. 1. XRD spectra of (a) BCZYZ electrolyte and (b) BCZYZ/NiO, *NiO.

Fig. 2. The microstructure of electrolyte and anode which were sintering at different temp
morpology (b) 1350 ◦C, (d) 1400 ◦C, and (f) 1450 ◦C.
lvent Dispersant Binder Plasticizer

thanol/2-butanone Triethanolamine PVB PEG/DBP
thanol/2-butanone Triethanolamine PVB PEG/DBP

carefully protected from being destroyed, at the blade height of
about 2.5 mm. After dried for 24 h, the bi-layer green tapes were
cut into 40 mm × 40 mm rectangular sheet and co-fired at different
temperatures.

The cathode slurry, which was prepared by mixing LSCF and
BCZYZ powders, synthesized by GNP method, and ethyl cellulose
and terpineol (0.5:0.5:1 at weight ratio), was screen-printed on the
electrolyte and fired at 1000 ◦C for 3 h. The active area of cathode
was about 2 cm2; silver paste was applied as cathode current collec-
tor. Humidified hydrogen (3% H2O) was fed to the anode chamber
at a flow rate of 92 ml min−1, while the cathode was exposed to
atmospheric air. The anode side was sealed with Ag paste on the
stainless steel box which acted as anode chamber.

Fuel cell performance was measured with DC Electronic Load

(IT8511). Resistances of the cell under open circuit condition were
measured at between 550 ◦C and 700 ◦C by CHI604B (0.1 Hz to
100 kHz). The phase characterizations were examined with X-ray
diffractometer (XRD) using Cu K� radiation by testing the surface

eratures:fracture morpology of (a) 1350 ◦C, (c) 1400 ◦C, and (e) 1450 ◦C and surface
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the high frequency intercept [19]. The ohmic resistance of the cell
is usually taken as the overall electrolyte resistance of the cell (or
area specific resistance, Ra) as the electronic resistance of the elec-
trodes is small and can be ignored [20]. The low frequency intercept
corresponds to the polarization resistance of the cell. Therefore,
S. Zhang et al. / Journal of Po

f the sintered electrolyte membrane and anode substrate. The frac-
ure and surface morphology of the electrolyte and single cell were
ested by scanning electron microscope (SEM, JSM-6301F).

The conductivity of pure BCZYZ was measured on CHI604B
0.1 Hz to 100 kHz) in a wet hydrogen (∼3%) atmosphere. The
ample pellets were prepared by dry-pressing BCZYZ powder and
intering at 1450 ◦C, Ag paste was printed on the both sides of the
ample pellets. The Evolve Circuit software was used to analyze the
mpedance data and to calculate the conductivity of the samples.

. Results and discussion

.1. Phase characterization of BCZYZ

Fig. 1 showed the XRD spectra of the BCZYZ electrolyte (Fig. 1a)
nd BCZYZ/NiO anode (Fig. 1b) after sintering at 1450 ◦C. As can be
een in Fig. 1a, XRD peaks were identical with those of the barium
erate standard (JCPDS Card No. 82-2425), which were also identical
ith those of the BCZYZ in literatures [11,16]. Fig. 1b presented the
RD pattern of BCZYZ/NiO anodes. The peak lines of BCZYZ and
iO were separated well. The XRD data suggested that there were
o observable chemical reactions between NiO and BCZYZ in the
nodes which were prepared by in situ tape casting/co-sintering.

.2. Microstructure of electrolyte and anode

Fig. 2 showed the fracture and surface morphology of the BCZYZ
lectrolyte after sintered at different temperatures. As can be seen,
he electrolytes were porous after sintered at 1350 ◦C and 1400 ◦C
ut fully dense after sintered at 1450 ◦C. The porosity of the anode
lso decreased as the sintering temperature increased.

Tao and Irvine [11] reported that the sintering temperature of
ulk BaCe0.5Zr0.3Y0.16Zn0.04O3−ı can be decreased to 1325 ◦C by
dding Zinc which was an effective sintering aid. BCZYZ/BCZYZ–NiO
i-layers were prepared by dry-pressing and co-firing at 1250 ◦C at
ef. [16]. The sintering temperature in our work was higher than
hose reported in Refs. [11,16], which may be attributed to the dif-
erent process techniques. The green density of BCZYZ pellets which
as prepared by dry-pressing was higher than that of those pre-
ared by tape casting in our work. The green tapes had 20 wt.%
rganic additives, which decreased the green density and increased
he difficulty of sintering.

The in situ tape casting/co-sintering method had the advan-
ages of combining phase formation and forming process at a single
intering step [15]. The phase formation temperature of doped bar-
um cerate which was prepared by solid-state reaction was about
200 ◦C and the sintering temperature was about 1500 ◦C [17,18]. In
ur work, after sintering at 1450 ◦C, the BCZYZ electrolyte was pure
hase and fully dense.

.3. Performance of single cells

Fig. 3 showed the SEM photos of cross-section morphology of the
ingle cell after testing. It can be seen that the BCZYZ electrolyte was
ery dense with the thickness of about 25 �m. No delaminations
nd cracks were found at the interface of electrode and electrolyte.
ig. 4 showed the performance of a single cell. The open circuit volt-
ge was 1.03 V, 1.02 V, 1.00 V, and 0.95 V at 550 ◦C, 600 ◦C, 650 ◦C,
nd 700 ◦C, respectively which was close to the theoretical values
.159 V, 1.152 V, 1.147 V, 1.141 V at 550 ◦C, 600 ◦C, 650 ◦C, and 700 ◦C
hich were calculated by Nernst equation, indicating that the elec-
rolyte membrane was gas tight. The maximal power density was
6 mW cm−2 at 550 ◦C, 175 mW cm−2 at 600 ◦C, 250 mW cm−2 at
50 ◦C, and 275 mW cm−2 at 700 ◦C. Fig. 5 showed the result of

mpedance spectroscopy measured under open circuit condition.
he total ohmic resistance of the cell, including ionic resistance of
Fig. 3. Microstructure of single cell (a) cross-section of single cell and (b) larger
magnification of interface between electrolyte and cathode.

the electrolyte, electronic resistance of the electrodes and some
contact resistance associated with interfaces is corresponded to
Fig. 4. Performance of a single cell with humidified hydrogen measured at 550 ◦C,
600 ◦C, 650 ◦C and 700 ◦C.
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Fig. 5. Impedance spectra of the single cell measured at 550 ◦C, 600 ◦C, 650 ◦C and
700 ◦C under open circuit condition.

Fig. 6. The area specific resistance (Ra), polarization resistance (Rp), and total resis-
tances (Rt) determined from the impedance spectra of the as-prepared cell measured
under open-circuit conditions at 550 ◦C, 600 ◦C, 650 ◦C and 700 ◦C.
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at 550 ◦C, 600 ◦C, 650 ◦C, and700 ◦C, respectively. Assuming the
cell resistance mostly came from the electrolyte, the conductiv-
ity of BCZYZ (25 �m) were 2.25 × 10−3 S cm−1, 2.03 × 10−3 S cm−1,
1.74 × 10−3 S cm−1, and 1.35 × 10−3 S cm−1 at 700 ◦C, 650 ◦C, 600 ◦C,
and 550 ◦C, respectively. The values were quite close to the arti-
cle mentioned above [16]. The conductivity of BCZYZ membrane
was six times smaller than bulk conductivity of pure BCZYZ (Fig. 7),
which may be attributed to constriction of current pathways and
the microstructure at the electrode/electrolyte interface [21]. The
values of polarization resistance (Rp) were 5.06 � cm2, 1.12 � cm2,
0.16 � cm2, and 0.12 � cm2 at 550 ◦C, 600 ◦C, 650 ◦C, and 700 ◦C,
respectively. The sharp increasing of Rp at 550 ◦C indicated that
the performance of LSCF cathode was very poor on the proton-
conducting electrolyte when the operating temperature was lower
than 600 ◦C.

4. Conclusions

Dense protonic electrolyte membrane and porous anode sub-
strate of BaCe0.5Zr0.3Y0.16Zn0.04O3−ı (BCZYZ)/BCZYZ–NiO were
prepared by a simple and effective method of in situ tape casting/co-
sintering, the thickness of BCZYZ electrolyte was about 25 �m. With
LSCF as cathode, single cell was assembled and tested at different
temperature. The open circuit voltage and maximum power den-
sity of the cell were 1.03 V, 1.02 V, 1.00 V, 0.95 V and 56 mW cm−2,
175 mW cm−2, 250 mW cm−2, and 275 mW cm−2 at 550 ◦C, 600 ◦C,
650 ◦C, 700 ◦C, respectively. To sum up, this novel method can be
considered as a quite promising membrane fabrication technique
for the future commercialization of proton-conducting solid oxide
fuel cells.
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