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a b s t r a c t

Micro-tubular proton-conducting solid oxide fuel cells (SOFCs) are developed with thin film
BaZr0.1Ce0.7Y0.1Yb0.1O3−ı (BZCYYb) electrolytes supported on Ni-BZCYYb anodes. The substrates, NiO-
BZCYYb hollow fibers, are prepared by an immersion induced phase inversion technique. The resulted
fibers have a special asymmetrical structure consisting of a sponge-like layer and a finger-like porous
eywords:
icro-tubular solid oxide fuel cells
raded anode
hase inversion
roton conductor

layer, which is propitious to serving as the anode supports for micro-tubular SOFCs. The fibers are char-
acterized in terms of porosity, mechanical strength, and electrical conductivity regarding their sintering
temperatures. To make a single cell, a dense BZCYYb electrolyte membrane about 20 �m thick is deposited
on the hollow fiber by a suspension-coating process and a porous Sm0.5Sr0.5CoO3 (SSC)-BZCYYb cathode
is subsequently fabricated by a slurry coating technique. The micro-tubular proton-conducting SOFC gen-
erates a peak power density of 254 mW cm−2 at 650 ◦C when humidified hydrogen is used as the fuel and

t.
ambient air as the oxidan

. Introduction

In recent years, solid oxide fuel cells (SOFCs) have received
remendous attention due to their high energy conversion effi-
iency, low emissions and excellent fuel flexibility [1–3]. These cells
re often designed to have either a planar or a tubular geomet-
ic configuration. The tubular type is relatively mature in terms of
esigning and manufacturing technology, has attracted much inter-
st because it has better thermo-cycling behavior, and is easier to
eal, compared with the planar type [4–6]. Moreover, it is interest-
ng to note that several potential benefits appear when the diameter
ets smaller, on the micron scale, such as higher volumetric power
ensity and higher thermal shock resistance [7], which is a distinct
dvantage in applications where start-up time is critical.

Micro-tubular SOFCs are categorized as anode-supported,
lectrolyte-supported and cathode-supported structures, depend-
ng on the component providing the mechanical strength to the

icro-tubular cells. Anode-supported cells are favored for three

ain reasons: they allow for the fabrication of a very thin layer

f electrolyte, there is no need to use any sophisticated technique
f depositing the electrode inside the micro-tubes and lastly, they
acilitate designing current collectors [8]. These characters have
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promoted the research for anode-supported cells. Generally, the
anode substrate is fabricated by traditional extrusion techniques
[9–11]. However, the as-prepared tubes have a poor microstruc-
ture which gives rise to a large interfacial polarization resistance.
Recently, an immersion induced phase inversion technique [12–14]
has been introduced to fabricate ceramic hollow fiber membranes
with thin walls and an asymmetric structure that greatly improves
the microstructures as the anode substrates. More importantly, this
method does not require expensive equipments and its operation
is also relatively simple [14]. Therefore, cost reduction can also be
expected for micro-tubular SOFCs.

Up to now, the research of micro-tubular SOFCs is focused
on oxygen ion-conducting electrolytes, while little attention is
paid to proton-conducting electrolytes. Anode-supported micro-
tubular proton-conducting SOFCs have some interesting features
compared with oxygen ion-conducting ones. Firstly, forming water
vapor at the cathode side helps to improve the EMF and the fuel uti-
lization efficiency of SOFC system [15,16]. Secondly, water vapor at
the cathode side (outside of the tubular) is easier to diffuse away
than that at the anode side (inside of the tubular) since the inner
diameter is much smaller than the outer.

In this work, a phase inversion method is used to fabri-

cate graded anode substrates for micro-tubular proton-conducting
SOFCs based on BaZr0.1Ce0.7Y0.1Yb0.1O3−ı (BZCYYb) electrolytes,
which are proton conductors that display both satisfying con-
ductivity and sufficient chemical stability over a wide range of
conditions relevant to fuel cell operation.

dx.doi.org/10.1016/j.jpowsour.2010.08.074
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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vious reported phase structure of SSC [19]. Fig. 1b shows that the
phase structure of electrolyte powder (BaZr0.1Ce0.7Y0.1Yb0.1O3−ı)
sintered at 1350 ◦C for 5 h exhibits a perovskite phase structure,
which is identical to those of the barium cerate standard (JCPDS
Card No. 82-2425), implying the electrolyte membrane is the pure

Ο

L. Zhao et al. / Journal of Po

. Experimental

.1. Powders preparation

The micro-tubular cells consist of Ni-BZCYYb
BaZr0.1Ce0.7Y0.1Yb0.1O3−ı) composite anodes, BZCYYb elec-
rolytes, and SSC (Sm0.5Sr0.5CoO3)-BZCYYb composite cathodes.
iO powder is from Jinchuan Group (China), while BZCYYb and
SC powders were synthetized via a combustion process [17] with
itric acid and using nitrates as the precursors. Ba(NO3)2, Zr(NO3)4,
e(NO3)3, Y(NO3)3 and Yb(NO3)3 were dissolved in distilled
ater at the stoichiometric ratio for the nominal composition of
aZr0.1Ce0.7Y0.1Yb0.1O3−ı to form a BZCYYb stock solution. Citric
cid was then added, which was used as complexation agent.
nd citric acid/metal molar ratio was set at 1.5. The solution was

hen heated on a hot-plate till self-combustion occurred. The
s-synthesized powder was subsequently calcined at 1000 ◦C for
h to obtain the BZCYYb powders, which exhibited a perovskite
hase structure. Sm0.5Sr0.5CoO3 (SSC) powders were synthesized
ith the same process, while calcined at 950 ◦C for 3 h to form the
rovskite phase.

.2. Fabrication of micro-tubular solid oxide fuel cells with
raded anodes

NiO and BZCYYb powders with a weight ratio of 60:40 were
ixed as the starting materials for anode supports. N-Methyl-2-

yrrolidone (NMP, Chemical Pure, Sinopharm Chemical Reagent
o., Ltd, China), polyethersulfone (PESf, Radel A-100, Solvay
dvanced Polymers, L.L.C.) and polyvinylpyrrolidone (PVP, K30,
hemical Pure, Sinopharm Chemical Reagent Co., Ltd, China) were
sed as the solvent, binder and dispersant, respectively. PESf and
VP were dissolved in a NMP solvent to prepare the spinning sus-
ension, to which the mixed NiO and BZCYYb powder was added.
he suspension was stirred for at least 24 h to ensure that the
eramic powder was well dispersed in the polymer solution. The as-
repared suspension was then transferred to a gas-tight spinning
eservoir and degassed for 0.5 h at room temperature. Immediately
fter degassing, the spinning suspension was pressurized at 0.5 bar
sing nitrogen and was subsequently extruded through a tube-in-
rifice spinneret with orifice diameter and inner diameter of 2.5
nd 1.0 mm, respectively. The fibers emerging from the spinneret
assed through an air gap of 15 cm and immersed in the exter-
al coagulant for complete gelation. Suspension compositions and
elated spinning parameters are given in Table 1. The hollow fibers

ere then retained in a water bath for 24 h to allow of complete

olidification and then pre-sintered at 1300, 1350 and 1400 ◦C for
h to form different anode substrates.

The BZCYYb electrolyte was deposited on the outside surface
f the fiber using a suspension-coating technique. BZCYYb pow-

able 1
pinning conditions for NiO-BZCYYb hollow fibers.

Parameters Values

Compositions of spinning solution
NiO 36.0%
BZCYYb 24.0%
PESf 6.4%
NMP 32.0%
PVP 1.6%
Spinneret dimension: ID/OD 1.0 mm/2.5 mm
Internal/external coagulant Deionized water/deionized water
Spinning temperature 20 ◦C
Relative humidity 40%
Flow rate of internal coagulant 30 mL min−1

Air gap 15.0 cm
Nitrogen pressure 0.5 bar
urces 196 (2011) 962–967 963

der was dispersed in ethanol solvent and ball-milled for 24 h to
form a suspension with 10 wt.% BZCYYb. The hollow fiber anode
substrates were then dipped to the suspension. After drawing and
drying, a green bi-layer was formed consisting of the NiO-BZCYYb
substrate and BZCYYb electrolyte. The bi-layer structure was co-
fired at 1300, 1350 and 1400 ◦C for 5 h to densify the electrolyte.
Composite BZCYYb-SSC electrodes were then fabricated by a screen
printing method [18] and fired at 950 ◦C for 3 h in air.

2.3. Characterization

The phase structures of the as-synthesized powders were
inspected by X-ray diffraction (PW-1730). The microstructure of
the hollow fiber was observed with scanning electron microscopy
(SEM) (JEOL, JSM-6700F). The relative density of hollow fibers was
determined by Archimedes’ method. Electrical conductivity was
investigated using the standard DC four-probe technique with H.P.
multimeter (Model 34401). The bending strength of hollow fibers
was determined by the three-point bending method using a uni-
versal testing machine (Instron 5566), with a crosshead speed of
0.25 mm min−1 and a span length of 30 mm.

Single cells were tested at 600 and 650 ◦C using a home-
developed-cell-testing system with humidified hydrogen (∼3%
H2O) as the fuel and ambient air as the oxidant, respectively. The
flow rate of the fuel was about 60 ml min−1. An Electrochemical
Workstation (IM6e, Zahner) was used to characterize the electro-
chemical performance. The current–voltage curve was obtained
using a galvanostat mode and the electrochemical impedance spec-
tra were measured at open-circuit conditions in the frequency
range from 0.1 Hz to 1 MHz (10 mV as AC amplitude).

3. Results and discussion

3.1. Compatibility of cell components

Fig. 1 is the XRD patterns of the cell components. A pure phase
of perovskite structured SSC is formed when the resulted ash is
sintered at 950 ◦C for 3 h (Fig. 1a), which agrees well with the pre-
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Fig. 1. XRD diffraction patterns of (a) a Sm0.5Sr0.5CoO3 (SSC) powder fired at 950 ◦C,
(b) a BaZr0.1Ce0.7Y0.1Yb0.1O3−ı (BZCYYb) powder fired at 1350 ◦C, (c) a NiO-BZCYYb
anode substrate co-fired at 1350 ◦C, and (d) a SSC-BZCYYb cathode powder co-fired
at 950 ◦C.
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erovskite phase of BZCYYb. It can be seen that there are only peaks
orresponding to either NiO or BZCYYb when the anode substrate is
intered at 1350 ◦C for 5 h (Fig. 1c), suggesting BZCYYb is chemically
ompatible with NiO under cell fabrication conditions. When SSC-
ZCYYb composite is sintered at 950 ◦C for 3 h (Fig. 1d), no obvious

eactions occur between SSC and BZCYYb. The results are consis-
ent with Yang et al. [20], who found that there are no observable
hemical reactions between SSC and BZCY (BaZr0.1Ce0.7Y0.2O3−ı)
hen they are co-fired below 1000 ◦C.

ig. 2. Fractured surface microviews of NiO-BZCYYb hollow fibers sintered for 5 h
t (a) 1300 ◦C, (b) 1350 ◦C, and (c) 1400 ◦C.
urces 196 (2011) 962–967

3.2. Characteristics of hollow fiber substrates

Fig. 2 shows the cross-sectional micrographs of NiO-BZCYYb
hollow fibers sintered at 1300, 1350, and 1400 ◦C for 5 h. The cross-
sectional structures of the NiO-BZCYYb hollow fibers exhibit a
sponge-like porous layer on the outer side integrated with a finger-
like porous layer on the inner side. The microstructure is very
similar to that reported for micro-tubular SOFCs based on oxygen
ion-conducting electrolytes [14]. The inside finger-like porous layer
may greatly accelerate mass transfer of the fuel [21], while the out-
side sponge-like porous layer could provide much TPBs [14]. The
formation of such asymmetric structure may be attributed to the
different precipitation rates within the hollow fibers occurring dur-
ing the spinning process. The rapid precipitation occurred on the
outer side due to the contact with large quantities of external coag-
ulant resulting in the formation of microporous structure while the
slow precipitation on the inner side gives rise to the macro voids
or the finger-like pores [22,23].

As anode substrates, the hollow fibers should provide enough
pores to transport the fuel. Fig. 3 shows the porosity of NiO-BZCYYb
and Ni-BZCYYb hollow fibers which are sintered at different tem-
peratures. Increasing the sintering temperature from 1300 to
1400 ◦C, the NiO-BZCYYb porosity decreases gradually from 44.5
to 32.8%, and after reduction, the porosity decreases from 60.7 to
50.8%. The porosity measurement is consistent with the micro-
features shown in Fig. 2. The porosity of Ni-BZCYYb hollow fibers
estimated from the total reduction of NiO in NiO-BZCYYb is also
plotted in the Fig. 3 for comparison. It can be seen that the pre-
dicted and measured values are in good agreement. As compared
to NiO-YSZ fibers fabricated by the same phase inversion process
reported by Yang et al. and Droushiotis et al. [14,24], the poros-
ity of NiO-BZCYYb is slightly higher than that reported by Yang et
al, while lower than that reported by Droushiotis et al. The result
may be attributed to the different solid content of the starting sus-
pension, a high content usually results in low porosity. According
to percolation theory, the porosity of anode active reaction field,
which is about 10 �m, should be controlled between 30% and 40%
[25]. Therefore, the average porosity of the Ni-BZCYYb fiber must
be much higher so that the active sponge-like porous layer could
have 30–40% porosity since the finger-like layer is more porous.
The mechanical strength of fuel cell elements is critically impor-
tant for a number of reasons [26]. The elements must be able to be
handled without breakage during fabrication and stack assembly,
and must also survive during the thermal cycling which occurs dur-
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Fig. 3. Porosity of the Ni-BZCYYb and NiO-BZCYYb hollow fibers as a function of
sintering temperature.
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ture as expected [28]. As the sintering temperature increases, the
porosity is reduced, resulting in enhanced conductivity as shown
in Fig. 5.
14001350130012501200
Sintering temperature(°C)

ig. 4. Bending strength of the hollow fibers as a function of sintering temperature.

ng normal operation. The bending strength of the hollow fibers
s determined by the three-point bending method according the
quation as follows [27]:

F = 8FLD

�(D4 − d4)

here F is the measured force at which the fracture occurred and L,
, and d are the length, the outer diameter, and the inner diameter
f the hollow fibers, respectively. The results are shown in Fig. 4.

The bending strength increases with the increase of sintering
emperature, which can be attributed to the stronger bonding cre-
ted between the cermet particles at higher sintering temperatures.
or NiO-BZCYYb sintered at 1300 ◦C for 5 h, the bending strength
s about 80 MPa, while a much high strength of 175 MPa can be
btained when the sintering temperature is increased to 1400 ◦C.
ctually, the fibers sintered at 1400 ◦C show sufficient mechani-
al strength to serve as anodes for anode-supported SOFCs [27].
he bending strength of Ni-BZCYYb, which is formed by reducing
iO-BZCYYb, is also shown in Fig. 4. The strength is significantly
ecreased after NiO is reduced. Such decrease is resulted from the
eduction process, which not only weakens the bonding of the cer-

et particles but also increases the porosity. The bending strength

f NiO-BZCYYb is slightly higher than that of NiO-YSZ as reported
y Droushiotis et al. [24], while lower than that by Yang et al. [14].
he difference in strength may be attributed to the different anode
omposition and microstructure.
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ig. 5. Temperature dependence of conductivity for Ni-BZCYYb hollow fibers.
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Electrical conductivity is another important parameter for the
hollow fibers in their role as the anode supports, because the
Ni-BZCYYb fibers not only provide the sites for electrochemical
reactions, but also serve as current collectors. Fig. 5 shows the elec-
trical conductivity of Ni-BZCYYb hollow fibers derived at different
temperatures. The overall electrical conductivity is actually given
by the Ni particles since the conductivity of BZCYYb is negligible
compared to Ni. The conductivity decreases with the tempera-
Fig. 6. Cross-sectional views of single cells with anode–electrolyte bi-layers sin-
tered at: (a) 1400 ◦C, (b) 1350 ◦C, and (c) 1300 ◦C.
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[1] B.C.H. Steele, A. Heinzel, Nature 414 (2001) 345.
ig. 7. Typical current–voltage characteristics and the corresponding power den-
ities as a function of current densities for fuel cells with a configuration of
i-BZCYYb/BZCYYb/SSC-BZCYYb.

.3. Single cell performance

To make single cells, the electrolyte powders are deposited on
n-sintered NiO-BZCYYb hollow fibers, and then co-fired at 1300,
350, and 1400 ◦C for 5 h. Fig. 6 shows the SEM pictures of the frac-
ured surfaces. When it is sintered at 1400 ◦C, a relatively dense

icrostructure of sponge-like layer is observed next to the dense
lectrolyte. The dense layer is supposed to be the active anode.
ut its relatively low porosity might limit gas diffusion and thus
ause high electrode polarization resistance. When it is sintered
t 1300 ◦C, however, the electrolyte layer is not sense enough.
hen it is sintered at 1350 ◦C, the microstructure of the cell with

bout 20 �m dense electrolyte and 40 �m porous anode active layer
ight show high fuel cell performance.
A mixed proton, oxide ion and electron conducting cathode

xtends the TPB from the interface to the entire cathode, thereby
reatly accelerating the charge transfer reaction [29]. Therefore,
fuel cell based on proton-conducting electrolyte using a mixed

onducting cathode will be able to reduce the resistance for oxy-
en reduction reactions. In this work, single cells with SSC-BZCYYb
omposite cathodes are characterized at 600 and 650 ◦C. Fig. 7
hows the I–V and I–P curves of the single cells prepared with
ifferent sintering temperatures and measured with humidified
ydrogen (about 3% H2O) as the fuel and ambient as the oxi-
ant. The results for the cell sintered at 1300 ◦C are not shown
ere since the OCV is very low due to the porous electrolyte (as
hown in Fig. 6c). Peak power densities of 254 and 150 mW cm−2

re obtained at 650 and 600 ◦C respectively for the cell sintered
t 1350 ◦C. The power density decreases when the cell is sintered
t 1400 ◦C although the OCV is high enough, which might due to
he relatively dense anode active layer. It should be noted that the

icro-tubular cells exhibit lower power density than the values of
lanar cells, which can be as high as 660 mW cm−2 at 650 ◦C for a
ell with 10 �m electrolyte [30].

Fig. 8 shows the AC impedance spectroscopy measured under
pen-circuit conditions. The high frequency intercept at the real
xis corresponds to the ohmic resistance of the cell (Ro), including
onic resistance of the electrolyte, electronic resistance of the elec-
rodes, and contact resistance associated with interfaces between
he leading wires and the electrodes, while the low frequency
ntercept corresponds to the total cell resistance (Rtotal). There-

ore, the difference between the high frequency and low frequency
ntercepts with the real axis represents the total interfacial polar-
zation resistance (Rp), including the cathode–electrolyte interface
esistance and the anode–electrolyte interface resistance [31]. As
Fig. 8. Impedance spectra of single cells measured under open-circuit condition at
650 and 600 ◦C.

expected, the cell with electrolyte fired at 1350 ◦C shows the lower
interfacial polarization resistances. It is possible that the sponge-
like porous layer which is relatively dense causes high anodic
polarization resistance. As for the cell fired at 1350 ◦C, increasing
the measuring temperature results in a significant reduction of the
interfacial polarization resistances, from 0.51 � cm2 at 600 ◦C to
0.28 � cm2 at 650 ◦C. The ohmic resistance is 0.73 � cm2 at 650 ◦C.
The proton conductivity of BZCYYb is 0.03 S cm−1 at 650 ◦C [30], so
the ionic resistance of a 20-�m-thick BZCYYb electrolyte is about
0.067 � cm2, which is about 9% of the ohmic resistance. Therefore,
the ohmic resistance of the micro-tubular fuel cell is dominated
by the resistance associated with the electrodes and current col-
lectors. A similar behavior has been reported by Suzuki et al. [32]
for micro-tubular fuel cells with Ni-YSZ anodes. Presently, current
collection remains a challenge for micro-tubular solid oxide fuel
cells.

4. Conclusions

Hollow fiber NiO-BZCYYb substrates have been successfully
fabricated by the phase inversion method. The fibers possess an
asymmetric structure comprising of a microporous layer integrated
with a finger-like porous structure. Such structure is excellent as
the anode support for solid oxide fuel cells with proton conduc-
tors. The fiber’s mechanical strength and electrical conductivity
increase while its porosity decreases with sintering temperature.
This makes an optimized sintering temperature of 1350 ◦C for the
anode–electrolyte bi-layers. A micro-tubular proton-conducting
single cell consisting of a Ni-BZCYYb anode, a BZCYYb electrolyte,
and a SSC-BZCYYb cathode generates a peak power density of
254 mW cm−2 at 650 ◦C. However, current collection remains a
challenge for micro-tubular solid oxide fuel cells for practical appli-
cations.
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