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A simple phase-inversion process is successfully combined with a dip-coating process to

fabricate anode-supported micro-tubular solid oxide fuel cells (SOFCs). Several processing

parameters were systematically investigated to optimize cell microstructure and perfor-

mance, including the amount of pore former used in the support substrate and the number

of electrolyte coatings. Single cells with w240 mm thick NiO-YSZ support and 10 mm thick

YSZ electrolyte were successfully fabricated, demonstrating peak power densities of 752

and 277 mW cm�2 at 800 and 600 �C, respectively, when a composite cathode consisting of

La0.85Sr0.15MnO3 and Sm0.2Ce0.8O2�d was used. This simple fabrication technique can be

readily used for optimization of fuel cell microstructures and for cost-effective fabrication

of high-performance SOFCs, potentially reducing the cost of SOFC technologies.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction The most common technique for fabrication of MT-SOFCs
Solid oxide fuel cells (SOFCs) are prospective next-generation

energy conversion systems because of their high energy effi-

ciency and excellent fuel flexibility [1e10]. The design of cell

architecture and electrode microstructure may greatly influ-

ence the performance and reliability of SOFC systems. The

advantages of tubular over planar SOFC systems include

higher mechanical integrity, better thermal-cycling behavior

and simpler gas manifolding and sealing [11e15]. In partic-

ular, small-sized tubular SOFCs, such as micro-tubular

SOFCs (MT-SOFCs), hold the promise for improved thermo-

mechanical stability, rapid start-up, high thermo-cycling

resistance, and high volumetric power density [16e19].

Further, micro-tubular cells have the potential to reduce

material cost by reducing cell weight [20].
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is the traditional extrusionmethod, which has the potential to

be a cost-effective process with high reproducibility [20,21].

For laboratory investigations into the effect of cell architecture

and electrode microstructure on performance, however,

extrusion is equipment intensive and has long lead time for

processing parameter adjustment. The extruded micro-

tubular cells often show large internal resistance and rela-

tively low performance [21]. For example, the peak power

density for extruded flatted-tube cells at 850 �C was only

w550 mW cm�2 [15], even when the extruded surface of the

NiO-YSZ anode supports were modified by a slurry coating of

fine NiO-YSZ particles to tailor the surface roughness and the

pore size whereas the cathodes were composed of three

consecutive layers of a YSZ/LSM composite, a lanthanum

strontium manganite (LSM), and an La0.6Sr0.4Co0.2Fe0.8O3
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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(LSCF) layer to optimize the cathode performance. Recently,

a phase-inversion technique has been introduced for fabri-

cation of ceramic hollow fiber membranes, providing a rapid

fabrication process for better control of the microstructure

[16e18]. Although fiber membranes with a thin wall thickness

and an asymmetric structure were fabricated using this

method, a specially designed spinneret was required for

shaping. Furthermore, it is noted that the power densities of

the MT-SOFCs produced are much lower than the anticipated

values. For example, the MT-SOFCs with a configuration of

Ni-YSZ/YSZ/LSM-YSZ, fabricated using a phase inversion and

a vacuum assisted coating process, demonstrated a peak

power density of only 377 mW cm�2 at 800 �C [16].

In this article, we reported our findings in fabrication of

anode-supported SOFCs with well controlled microstructures

using a simple phase-inversion with dip-coating process. The

effect of dip-coating on anode support thickness and the

amount of pore former on the porosity and electrical conduc-

tivity of the anode supports were systematically studied.

Furthermore, anode-supported full cells were fabricated and

their electrochemical performances were evaluated under

practical fuel cell operating conditions.
2. Experimental

2.1. Materials

Commercially available NiO (Alfa, USA) and 8 mol% yttria-

stabilizedzirconia (8YSZ,Daiichi-kigensoCo., Ltd)powderswere

used as the anode materials. Polyethersulfone (PESf) ((Radel

A-300), Ameco Performance, USA), N-methyl-2-pyrrolidone

(NMP) (HPLC Grade, 99.5%, Alfa, USA) and Polyvinylpyrrolidone

(PVP) (Alfa, USA, M.W. ¼ 8000) were used as polymer binder,

solvent, anddispersant, respectively.Rice starch (Alfa,USA)was

usedaspore former to tailor theanodeporosity. La0.85Sr0.15MnO3

(LSM, Rhodia Inc. USA) and Sm0.2Ce0.8O2�d (SDC) powders were

used as the cathode materials. The SDC powders were synthe-

sized by a GNPmethod as described elsewhere [5].

2.2. Preparation of NiO-YSZ anode-supported cells

The tubular anode substrate was fabricated via a phase-

inversionmethod [17]. Calculated amount of PESf and PVPwas

dissolved into the NMP to form a stable polymer solution. NiO

and YSZ in a weight ratio of 55:45 with proper amount of rice

starch (pore former) were dispersed in the solution, followed

by ball-milled for 48 h using YSZ ball media to get a uniform

and stable suspension. This suspension was then transferred

to a vessel and degassed at room temperature under vacuum

ofw1� 10�1 bar for 30min. The outer side of a one-end-closed

steel tube was then dipped in the ceramic suspension to form

a layer of NiO-YSZ, which was subsequently immersed in de-

ionized water (coagulant agent) for 30 min to allow for an

exchange between the water molecules and spinning solution

molecules to take place. The dip-coating and phase-inversion

process was repeated several times to obtain the desired

thickness of the tubular anode support. After dried in air, the

tubes were fired at 1100 �C for 2 h to obtain adequate

mechanical strength for further application of electrolyte and
cathode layers. The pre-fired tubes were dipped into YSZ

suspension to form a YSZ electrolyte layer, which was then

co-sintered at 1400 �C for 3 h to form a dense electrolyte

membrane supported by the anode [22]. A slurry containing

LSM and SDC powders (at a weight ratio of 7:3) was then brush

painted on the YSZ electrolyte, followed by firing at 1150 �C for

2 h to form a porous LSM-SDC composite cathode. The

resulting anode-supported MT-SOFCs have a typical length of

w3.0 cm, an outside/inside diameter ofw2.0mm/1.5mm, and

an effective cathode area of w1.0 cm2.

2.3. Characterization methods

2.3.1. Microstructure and porosity of the tubes
Microstructures of the anode-supported MT-SOFCs were

examined using a scanning electron microscope (SEM, LEO

1530). The porosity of the sintered NiO-YSZ anodes (at 1400 �C
for 3 h) before and after reduction was measured using the

Archimedes method.

2.3.2. Conductivity
The effective conductivity of the Ni-YSZ anodes was

measured using a four-probe DC method. The voltages

between the two inner probes were recorded when a current

in the range of 0e10 mA was drawn from the two outer elec-

trodes at a ramping rate of 0.02 mA/s. Linear fits to the IeV

curves were used to determine the resistances of the anode

substrates. The effective bulk conductivity of the anodes was

calculated from the measured resistance and the sample

geometry as follows:

sanode ¼ Lanode
RanodeAanode

(1)

where Lanode is the distance between the potential probes and

Aanode is the cross-sectional area of the anode sample, which

is given by:

Aanode ¼ p

4

�
D2

0 � D2
i

�
(2)

2.3.3. Electrochemical performance
The single tubular cells were sealed on ceramic support tubes

with silver paste.Humidifiedhydrogen (w3%H2O) at a flowrate

of 30 sccm and stationary air were used as fuel and oxidant,

respectively. The IeV curves and power outputs of test cells

were monitored using an Arbin fuel cell testing system

(MSTAT). Impedance spectra were acquired using a Solartron

1255HF frequency response analyzer, interfacedwith anEG&G

PARpotentiostatmodel 273A. The frequency of the impedance

measurement ranged from 100 kHz to 0.1 Hz and the AC

amplitude was 5 mV.
3. Results and discussion

3.1. Microstructure of anodes with different dip-coating
times

Fig. 1(a) shows the photograph of the micro-tubular SOFCs.

Well-shaped cells with good quality were successfully fabri-

cated by the phase-inversion and dip-coating method. This

http://dx.doi.org/10.1016/j.ijhydene.2011.02.016
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Fig. 1 e (a) Photographs of Ni-YSZ/YSZ/LSM-SDC tubular SOFCs, (bee) cross-sectional views (SEM images) of Ni-YSZ anodes

formed by multiple dip-coating: (b) once; (c) twice; (d) three times; and (e) four times.

Fig. 2 e Ni-YSZ anode thickness as a function of dip-

coating time.
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process can also be used to fabricate hollow and one-end-

closed tubes with different lengths and diameters. The one-

end-closed tubularSOFCsarew4.0 cmin length,outside/inside

diameter ofw6.0mm/4.0mm, and an effective cathode area of

w5.5 cm2. The anode thickness can be readily controlled by the

number of dip-coatings. Shown in Fig. 1(b)e(e) are the SEM

images for Ni-YSZ tubes with varying numbers of dip-coating

(the tubes have been reduced under hydrogen at 800 �C). As
shown in Fig. 2, the thickness of the Ni-YSZ anodes increased

linearly with the number of dip coatings. On the other hand,

the anodes have uniform sponge-like porous microstructures

with typical pore size in the range of a few microns, and the

tubes are free of cracks or other visible defects. The anode

microstructures obtained in this study appear to be different

from those reported in the literature [16e18,23]; the large

finger-like pores formedduring the phase-inversion process of

previous studies are minimized or eliminated in this study.

According to other reports, both the precipitation time and

polyethersulfone concentration will influence the micro-

structure [24]. The uniform microstructure in our anode

appreciably increases the grain connection and gas transport

while maintaining adequate mechanical strength.
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Fig. 3 e (a) The conductivities of Ni-YSZ anodes measured

in dry hydrogen at different temperatures as a function of

the content of pore former. The number by each set of data

represents the amount of pore former (in weight %) added

to the anode slurry. (b) The porosity of Ni-YSZ anodes

before and after reduction in dry hydrogen.

Fig. 4 e Schematic view (a) and cross-sectional views (SEM ima

the electrolyte/cathode interface; (d) the anode/electrolyte interf
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3.2. Effect of porosity on the electrical conductivity

In general, electrodes should have sufficient porosity for rapid

gas transport as well as adequate electrical conductance for

current collection. For the tubular cells, the electrons have

a longer path in the anode tube, whichmight contribute to the

Ohmic resistance loss [20]. The conductivities for the as-

prepared Ni-YSZ anode tubes under hydrogen are shown in

Fig. 3(a). Each of the samples shows a typically metallic

behavior. At a given temperature, the sampleswith lower pore

former content show higher conductivity but lower porosity.

As expected, the highest conductivity (i.e., 641 S cm�1 at

450 �C) was achieved in the sample containing 3 wt.% pore

former while the porosity wasw27.0%. (The high conductivity

is due to the higher metallic Ni volume content, because the

conductivity of Ni is five orders of magnitude higher than that

of YSZ) [17]. When the pore former was increased to 6 wt.%,

the porosity of the anode was increased to w46.9%, while the

conductivity was reduced to w578e462 S cm�1 in the

temperature range studied. The conductivity as well as the

porosity is high enough to meet the anode support SOFCs

requirement. Further increase in pore former content to 10

and 15wt.% significantly reduced the conductivities (at 450 �C)
to w227 and 91 S cm�1, respectively.

Based on the above results, the anode with 6 wt.% of rice

starch as pore former was selected for preparation of the

required anode support for further electrochemical perfor-

mance study. It should be noted that the porosity increased

after reduction due to the reduction from NiO to Ni, as shown

in Fig. 3(b).
3.3. Microstructure of MT-SOFCs

Fig. 4 shows the overall microstructure of an anode-supported

MT-SOFC with w240 mm anode, w10 mm electrolyte, and

w20 mm cathode. Fig. 4(b) shows that the interfaces between

the electrolyte and the electrodes are very coherent. The

interfaces show no observable delaminations or cracks. In

addition, the electrolyte layer is very densewithout any cracks

or other visible defects. Fig. 4(c) shows the microstructure of
ges) of an anode-supported MT-SOFC: (b) the whole cell, (c)

ace; (e) anode inner layer; (f) anode after reduction.
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the cathode layer. After firing at 1150 �C for 2 h, continuous

and uniform pores are left in the LSM-SDC matrix. Fig. 4(d)

shows the porous anode layer close to the electrolyte with

small sponge-like pores, which is considered to be the func-

tional layer of the anodewhere electrochemical reactions take

place. Furthermore, the small sponge-like pores adjacent to

the electrolyte layer allow the YSZ particles to penetrate into

the Ni-YSZ functional layer during the YSZ electrolyte film is

prepared by dip-coating. It is expected that optimization of the

anode-electrolyte interface microstructure will decrease the

anode polarization by increasing the three phase boundaries

(TPBs) length, as to be discussed later.

Fig. 4(e) shows that the anode inner layer is porous, con-

taining uniform pores on the surface. Therefore, the anode

layer is a good porous support, allowing fast gas transport.

Fig. 4(f) shows the anode microstructure after reduction,

consisting of Ni and YSZ. The phase-inversion and sintering

produced desired anode microstructures, with a uniform

distribution of Ni and YSZ grains, without cracks and

providing a uniform distribution of TPBs in the anode. This

uniform sponge-like porous structure of the anode is espe-

cially suitable for use as a support in MT-SOFCs because the

larger pores may provide a path with negligible resistance to

rapid gas transport while the smaller pores provide a large

number of TPBs for the electrochemical reactions.
3.4. Cell performances

Fig. 5 shows the typical performance of an anode-supported

MT-SOFC tested at 500e800 �C, demonstrating peak power

densities of 105, 180, 277, 395, 522, 646, and 752 mW cm�2 at

500, 550, 600, 650, 700, 750, and 800 �C, respectively, when

hydrogen was used as fuel and ambient air as oxidant. The

open circuit voltage (OCV) varied from 1.09 to 1.04 V as

the temperature was increased from 500 to 800 �C, close to the

theoretical value calculated from the Nernst equation.

The high OCV values indicate that the gas leakage through the
Fig. 5 e Typical current-voltage characteristics and the

corresponding power densities for MT-SOFCs measured at

500e800 �C when ambient air was used as oxidant and

hydrogen as fuel. The number by each set of data

represents the temperature in �C at which the full cell

performance was measured.
electrolyte was negligible and the prepared electrolyte is very

dense without any open cracks or pinholes. These demon-

strated power densities are about twice of those previously

reported for similar cells (12 mm YSZ electrolyte) fabricated by

a phase inversion and vacuumassisted coating technique [16].

At 600 �C without catalyst impregnation, for example, the

peak power density of our cells is w277 mW cm�2 whereas

that of the cells fabricated by similar procedures was only

w124 mW cm�2 [16]. The high performance at intermediate

temperatures achieved in this work is attributed primarily to

the optimization of the anodemicrostructure (proper porosity

and electrical conductivity) and better control of the interfaces

between the electrolyte and the anode support. It is noted that

micro-tubular cells based on a complex tri-layer of electrolyte,

La0.6Sr0.4Co0.2Fe0.8O3�y-GDC cathode, and Ni-GDC anode

demonstrated a peak power density of only 162 mW cm�2 at

550 �C [25]. The tri-layer of electrolyte consists of one layer of

Sc2O3-stabilized ZrO2 (ScSZ) sandwiched between two layers

of Gd2O3-doped CeO2 (GDC), which were fabricated using

a multiple dip-coating (on a NiO-GDC supporting tube) and
Fig. 6 e (a) Impedance spectra for MT-SOFCs measured

under OCV conditions at 500e800 �C while running on

hydrogen at flow rate of 30 sccm. The number by each set

of data represents the temperature in �C at which the

impedance was measured. (b) The total, interfacial

polarization, and Ohmic resistance (RT, Rp and RU,

respectively) of the MT-SOFC.

http://dx.doi.org/10.1016/j.ijhydene.2011.02.016
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a co-firing process. It is also noted that the power densities of

our cells (without catalyst impregnation) are close to those of

micro-tubular cells with catalyst infiltration (with a cell

configuration of Ni-SDC-YSZ/YSZ/LSM-YSZ-SDC) [17].

Fig. 6(a) shows impedance spectra for the anode-supported

MT-SOFCs measured under OCV conditions. The total cell

resistance was reduced from 5.10 to 0.59 U cm2 while the

Ohmic resistance was decreased from 1.72 to 0.22 U cm2 when

the temperature is increased from 500 to 800 �C. As expected,

both the Ohmic loss and the polarization decreased with

increasing temperature, due to the increased ionic conduc-

tivity of the electrolyte and faster electrode kinetics.

Fig. 6(b) shows the total resistance (RT), interfacial polari-

zation resistance (Rp) andOhmic resistance (RU) of the cell. The

intercepts of the impedance arcs on the real axis at high

frequencies correspond to theOhmic resistance,whichmainly

comes from the electrolyte and lead wires, while the overall

size of the impedance loop is attributed to the polarization

resistance. These resistances are lower than those observed in

previous studies using the phase-inversion method to fabri-

cateMT-SOFCs (the total cell resistancewasw1.0U cm2withRU

ofw0.75 and Rp ofw0.25 U cm2 at 800 �C) [16]. The reduced cell

resistance in this study is attributed to the improved electrode/

electrolytecontact and improvedelectrodemicrostructure. For

example, the interfacial polarization resistance at interme-

diate temperatures (e.g., 1.05 U cm2 at 600 �C) is much lower

than those reported for similar cells fabricated by a phase-

inversion method (e.g.,w3.5 U cm2 at 600 �C) [16]. This signifi-
cant reduction inpolarization resistance isattributedprimarily

to the desired microstructure of the anode-electrolyte inter-

face, as seen in Fig. 4(d). Since the activation energy for ionic

conductivity of the electrolyte is usually smaller than that for

electrode polarization, the power output of tubular anode-

supported SOFCs is more limited by interfacial resistances,

more so at lower operating temperatures.
4. Conclusions

Anode-supported MT-SOFCs have been successfully fabri-

cated using a phase-inversion and a dip-coating process. The

thickness of the anode supports can be readily tailored by the

number of dip-coatingswhereas the porosity and conductivity

of the anode supports can be controlled by the amount of pore

former used. A porosity of 46.9% was obtained when 6 wt.%

starch was used as pore former, resulting electrical conduc-

tivity of 578e462 S cm�1 at 450e800 �C. The electrochemical

performance was evaluated in a single cell with a configura-

tion of w240 mm Ni-YSZj10 mm YSZj20 mm LSM-SDC. Peak

power density reached 752 and 277 mW cm�2 at 800 and

600 �C, respectively, indicating that the anode-supported MT-

SOFCs have a good potential for practical applications.
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