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a  b  s  t  r  a  c  t

NiO–Fe2O3/gadolinium-doped  CeO2 (GDC),  NiO–Fe2O3/yttria-stabilized  ZrO2 (YSZ)  anode  supported  fuel
cells were  fabricated  at co-sintering  temperatures  of  anode-electrolyte  from  1250 ◦C to  1400 ◦C. The  volu-
metric  shrinkage  of  the  anode-electrolytes  and  the  porosity  of  the  anode  tube  were  studied  systematically
at  different  temperatures.  1300 ◦C  is the  marginal  temperature  to  obtain  sufficient  electrocatalytic  activity
of electrodes,  and  a higher  temperature  is needed  to  suppress  gas  leakage  through  the  scandia-stabilized
eywords:
uel cell
node-electrolyte
o-sintering

zirconia  (ScSZ)  electrolyte.  At  each  co-sintering  temperature  from  1250 ◦C  to  1400 ◦C,  the  porosity  of
NiO–Fe2O3/GDC  anode  tubes  is nearly  10%  higher  than  that  of  NiO–Fe2O3/YSZ  anode  tubes.  SEM  results
exhibited  the  anode-supported  electrolyte  tends  to  be  more  dense  as  co-sintering  temperature  increas-
ing to  1400 ◦C  from  1250 ◦C. However,  the  high  co-sintering  temperature  of  1400 ◦C  will  result  in  low

negat
orosity
ensification

porosity  of  anode  which  

. Introduction

Solid oxide fuel cells (SOFCs) have been recognized as a keystone
f the future eco-energy economy, especially for local and emer-
ency power generation, [1–4] due to their high energy conversion
fficiency, fuel flexibility and low environmental pollution [5–8].
mong all types of SOFCs, micro tubular design has been intensively
tudied due to its high volumetric power density,[9–11] and could
ndure thermal stress caused by rapid heating up to the operating
emperature.[12–18] Furthermore, anode tube supported design

akes feasible one-step sintering of anode-electrolyte bi-layers. A
igh co-sintering temperature up to 1400 ◦C tends to give a crack-

ree and dense electrolyte layer, which is preferred to increase the
ell open circuit voltage (OCV). However, the porosity of the anode
ube will decrease at high co-sintering temperature, which resulted
n poor output power density. It is because large amount of pores
n anode shrink more at high co-sintering temperature than at low

emperature. On one hand, those pores provide place where fuel
ases diffused. On the other hand, a large active surface area of cat-
lysts will increase the rate of the electrochemical reaction. So, in a
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ively  affected  the  power  density.
© 2011 Elsevier B.V. All rights reserved.

co-sintering process of anode supported electrolyte, obtaining both
dense electrolyte and high porosity of anode tube is quite important
to improve the fuel cell performance.

In this study, two  kinds of tubular SOFCs were fabricated to
investigate how the co-sintering temperature affected the shrink-
age behavior of Ni–Fe bimetallic anode and the densification of
electrolyte. The anode tubes consist of the conventional materials:
NiO, Fe2O3, YSZ, and GDC, namely NiO–Fe2O3/GDC, NiO–Fe2O3/YSZ
anode tubes. Ni–Fe bimetal was used because they show interest-
ing improvement to anode tube [19–22].  After securely fabricating a
very thin ScSZ electrolyte film on each of anode tubes, the densifica-
tion behavior of the electrolyte layer at co-sintering temperatures
from 1250 ◦C to 1400 ◦C was  compared using field emission scan-
ning electron microscopy (FE-SEM). The shrinkage degree of anode
tube both in length and in diameter is presented at different tem-
peratures. The corresponding OCV, I-V properties and impedance
of each fuel cell were measured to investigate how the co-sintering
temperature affected their values. The cell performance was  dis-
cussed with the impedance results, the porosity of anode tube,
together with FE-SEM images of the tubes and electrolyte.

2. Experimental

2.1. Description of the test cells
Two  kinds of anode tubes (NiO–Fe2O3/YSZ and NiO–Fe2O3/GDC)
were fabricated. In the case of NiO–Fe2O3/YSZ anode tubes, they
were made by mixing of NiO and Fe2O3 powders (Ni:Fe is 9:1 by
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ig. 1. Experimental apparatus for testing single tubular cell (top) and images of a
e2O3-containing SOFC (bottom).

ol), YSZ powder, poly methyl methacrylate beads (PMMA), and
inder. These powders were mixed for 1 h by a mixer (5DMV-
). After adding proper amount of water, they were stirred for
0 min  in a vacuum chamber. The mixture (clay) was aged for 15 h.
hen, the tubes were extruded from a metal mold by using a pis-
on cylinder type extruder. Using co-sintering process, a very thin
cSZ electrolyte around 5 �m was securely fabricated on the anode
ubes. In detail, an electrolyte layer was dip-coated on the anode
ube using a ScSZ slurry. The coated tube was dried in air, then,
he anode-electrolyte tubes were sintered at 1250–1400 ◦C for 1 h
n air. They were again dip-coated using a GDC slurry and sin-
ered at 1200 ◦C. Next, the anode tubes with electrolyte (ScSZ) and
nterlayer (GDC) were dip-coated in cathode slurry. This cathode
lurry consisted of La0.6Sr0.4Co0.2Fe0.8O3−y (LSCF) and GDC powders
weight ratio = 3:1) and organic ingredients. Organic ingredients
ere similar with those of the electrolyte slurry. After dip-coating

he cathode slurry, the tubes were dried and sintered at 1050 ◦C
or 1 h to complete a cell [23]. Furthermore, NiO–Fe2O3/GDC tubu-
ar cells were also prepared with the same weight ratio of anode
omponents except replacing YSZ with GDC.

The diameter and length of anode tube before and after co-
intering were measured by digital verniel caliper to compare the
hrinkage degree. The pores volume of anode tube sintering at dif-
erent temperature was tested by mercury porosimeter. Table 1
rovides the size of particles (YSZ, GDC, NiO, Fe2O3, PMMA  bead,
cSZ) used for the anode and electrolyte. The anode sintering
ehavior depends partly on the particle size of the NiO, and Fe2O3,
lso on the particle size of the YSZ or GDC. Since the same amount
f NiO, Fe2O3 and PMMA  beads were added to YSZ or GDC tubes,
he difference between the particle size of GDC (630 nm in diame-
er) and YSZ (22 nm in diameter) will help to understand the micro
tructure of the 2 types of anode-electrolyte.

.2. Fuel cell measurements

The performance of the cell was investigated using an exper-
mental apparatus as shown in Fig. 1. The cell was sealed at an
lumina tube using a ceramic sealing paste. Ag wires were used
or collecting current of the anode and cathode, which were both
xed by painting a colloidal silver paste. Diluted hydrogen (20%

2 in Ar) was flowed inside of the tubular cell with a flow rate of
7 mL  min−1. Cathode side was open to the air. The size of the cell
as about 1.8 mm in diameter, 30 mm in tube length, and 10 mm in

athode length. The active cell area is 0.5–0.6 cm2 depending on the
Fig. 2. Microstructure of the ScSZ electrolyte layer prepared at the sintering tem-
perature of 1250 ◦C, 1300 ◦C, 1350 ◦C, and 1400 ◦C. NiO–Fe2O3/YSZ anode tube
supported (a), and NiO–Fe2O3/GDC anode tube supported (b).

diameter shrinkage degree at different temperature. Open circuit
voltage, I–V plots, and EIS plots were collected using a multichan-
nel potentiostat (Solartron 1260 frequency response analyzer with
a 1296 Interface) based on two chamber configuration.

3. Results and discussion

The densification behavior of the electrolyte layer was  strongly
related to the co-sintering temperature. Fig. 2 shows cross-
sectional FE-SEM images of the ∼5 �m thick electrolyte (ScSZ). It
was  initially coated on the four anode tubes and then sintered sep-
arately at temperatures between 1250 ◦C and 1400 ◦C. As shown
in Fig. 2, the microstructures of the electrolyte sintered at 1250 ◦C
and 1300 ◦C included many pinholes. The higher the co-sintering
temperature is, the fewer the pinholes inside the electrolyte layer
exist. The trend can be observed in all Ni–Fe bimetal anode support
tubular fuel cells in this study. The densification of the electrolyte
deposited on the tubular support were also greatly affected by the
shrinkage of the anode tube during the co-sintering process.[24]
During the co-sintering process at temperatures up to 1300 ◦C, the
densification of the electrolyte layer was assisted by a sintering
stress caused by the shrinkage of tube support.

Fig. 3 shows shrinkage behaviors of various anode tubes as a
function of co-sintering temperature. The densification of the as-
sintered tubes started at a temperature lower than 1250 ◦C. As the
temperature increasing, the tube shrank more both in diameter
and length. The diameter at 1400 ◦C is just about four fifth of its
initial value. Also, the tube length of each the four anode tubes
(prepared from 1250 ◦C to 1400 ◦C) had a clear difference to that of
the others. So, the tube shrinkage behavior of /GDC tubes or /YSZ

tubes is closely related to the co-sintering temperature. Compared
with the GDC-containing anode tubes, the YSZ-containing tubes
apparently have large shrinkage degree at each temperature from
1250 ◦C to 1400 ◦C. It is because the smaller starting particle size
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Table 1
The particles size used in anode-electrolyte.
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seen in Fig. 6(b), the OCVs of the cells are linearly increasing as the
tube diameter shrinkage increasing.
ScSZ YSZ 

D50 (�m) 0.62 0.022 

f the YSZ powder (22 nm)  than that of the GDC powder (660 nm),
onsidering the same amount of PMMA  was used.

Table 2 shows the porosity of anode tubes prepared at different
emperature. In the case of NiO–Fe2O3/YSZ tubes, the value of
orosity is 35.0% at 1250 ◦C, then decreased gradually to 20.0%
t 1400 ◦C. In the case of NiO–Fe2O3/GDC tubes, the value of
orosity at each temperature is higher than that of /YSZ tubes.
igs. 4 and 5 present the detail information of pores inside anode
ubes. As shown in Fig. 4(a), the accumulated pore volume of
iO–Fe2O3/YSZ tubes decreased as the co-sintering temperature

ncreasing. In details, it is nearly reach 0.1 cm3 g−1 of accumulated
ore volume at co-sintering temperature of 1250 ◦C, while the
alue decreases almost half to 0.042 cm3 g−1 at 1400 ◦C. This is
ecause the anode tube shrank more as temperature increasing.
urthermore, at temperature of 1250 ◦C, the volume of anode
ube mainly consisted of the pores in diameter about 0.7 �m and
he pores in diameter less than 0.5 �m.  When the co-sintering
emperature increased, the large pores increase their size, while
mall pores start to shrink. This shift of diameter distribution was
hown in Fig. 4(b). At the co-sintering temperature of 1350 ◦C
nd 1400 ◦C, it clearly shows the largest one is about 1.2 �m in
iameter, while it just 0.8 �m at 1250 ◦C. It is noted that the
ccumulated pore volume of GDC based tubes is higher than that
f the YSZ based tubes. As shown in Figs.4(b) and 5(b), the peak

f real pore volume distribution for pore size in /GDC tubes is
igher than that of its counterpart in /YSZ tubes at each sintering
emperature. Because the pores provide place where fuel gases

ig. 3. The anode tube shrinkage behaviors as a function of co-sintering temper-
ture. (a) The diameter shrinkage degree of anode tube, (b) The length shrinkage
egree of anode tube.
 Fe2O3 NiO PMMA

 0.05 0.1 5

diffused and a large surface area of catalyst particles will increase
the rate of the electrochemical reaction, the microstructure of the
anode tubes decides the output power density fuel cells (with the
same electrolyte and cathode). So, the sintering temperature is
quite important and requires significant attention. It deserves to
note that the co-sintering temperature affected different on the
densification of electrolyte and the porosity of anode tube.

Then, the open-circuit voltage of the two  types of SOFCs sintered
at temperatures from 1250 ◦C to 1400 ◦C was measured to inves-
tigate the relation between the OCV and the densification of the
electrolyte. All samples were tested at 650 ◦C with a fuel gas (20%
H2 in Ar) flow rate of 50 mL.  As can be seen in Fig. 6(a), the OCVs
of the two  types SOFCs decreased from 1.1 V to 1.0 V as the sin-
tering temperature decreased from 1400 ◦C to 1250 ◦C. It is noted
that NiO–Fe2O3/YSZ anode supported fuel cells almost generate
the higher OCV at each co-sintering temperature than that of the
NiO–Fe2O3/GDC tubes. At the same time, as shown in Fig. 3, their
diameter shrinkage is also larger at each temperature compared
with that of /GDC tubes. That is, the densification process of ScSZ
electrolyte layer was enhanced by the degree of diameter shrink-
age of anode tube, which results in obtaining higher OCV. As can be
Fig. 4. Porous properties of NiO–Fe2O3/YSZ anode tube supported cells prepared
at  different sintering temperatures. (a) The cumulative pore volume of the anode
tubes, and (b) volume fraction of the different-size pores.
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Fig. 5. Porous properties of NiO–Fe2O3/GDC anode tube supported cells prepared
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Fig. 6. (a) Open-circuit voltages of two types of micro-tubular SOFCs prepared at

T
T

t  different sintering temperatures. (a) The cumulative pore volume of the anode
ubes, and (b) volume fraction of the different-size pores.

Theoretically, the Nernst voltage of the fuel cells can be calcu-
ated to compare with the measured OCV. It was helpful to decide

hether the electrolyte sintered at 1400 ◦C is fully dense. When
perating a tubular cell with H2 as fuel, the Gibbs free energy of
eaction are 399.312 kJ mol−1 and 388.410 kJ mol−1, respectively.
he partial pressure of reactants and products can change in a
uel cell are by varying fuel utilization and pressurizing the anode
r cathode. According the Nernst equation, in our experiments, it
hould generate 1.123 V between anode and cathode. The blue dot-
ed lines show the calculated Nernst voltage value. However, the
xistence of the pinholes inside the electrolyte results in the leak-
ge of O2 or H2 from one electrode to the other electrode. Thus,
he OCV is less than 1 V at low co-sintering temperature. As shown
n Fig. 2, the ScSZ electrolyte co-sintered lower than 1400 ◦C looks
oose, and some pinholes can be clearly observed inside it. Even at
400 ◦C, the electrolyte was not fully dense.

Unlike to generate high OCV at high co-sintering temperature,
he cell performance prefer to be better at low co-sintering temper-
ture, as shown in Fig. 7(a). It is different from the relation between
ensification of electrolyte and OCV, the porosity of anode tube

lays more important role in the maximum output power density.
ow co-sintering temperature resulted in high porosity of anode
ubes and large active surface area of catalysts. As already shown in

able 2
he total porosity of anode tube co-sintered at different temperature.

Co-sintering temperature 1250 ◦C 

NiO–Fe2O3–YSZ 35.0% 

NiO–Fe2O3–GDC 43.2% 
different temperature, (b) OCV changes as a function of diameter shrinkage of anode
tubes.

Figs. 4 and 5, the lower the co-sintering temperature is, the higher
the accumulated pore volume is. Fig. 7(b) and (c) shows the FE-
SEM cross-sectional images of NiO–Fe2O3/YSZ and Ni–Fe2O3/GDC
anode bodies co-sintered at 1250 ◦C and 1400 ◦C, respectively. As
can be seen, the 5–10 �m pores existed in the anode due to the
pore former (PMMA  beads). Because the porosimeter seems not to
be sensitive to those large pores, Figs. 4 and 5 did not show that
range of the pore size. When co-sintering temperature increased,
the /GDC and /YSZ particles coalesced with each other and became
dense. That is, the active surface area of catalysts became small.
Finally, it eventually will decrease the rate of electrochemical reac-
tion. So, from the results of Figs. 4, 5 and 7, it can be concluded
that the porosity of anode tube became worse as the co-sintering
temperature increasing.

Considering both the densification of electrolyte and the poros-
ity of anode tube, co-sintering temperature of 1300 ◦C is marginal
temperature of tubular cell having a porous anode body with rel-
atively dense electrolyte. The maximum power density at 1300 ◦C
reaches 0.57 W cm−2 for /GDC tube and 0.49 W cm−2 for /YSZ tube,
respectively. At sintering temperature of 1250 ◦C, although anode
porosity was  good, the densification of electrolyte did not finish. It
resulted in gas leakage and relative lower OCV compare with that

of at 1300 ◦C.

EIS plots are helpful to explain how co-sintering temperature
affect the output power of the anode supported fuel cell. Fig. 8

1300 ◦C 1350 ◦C 1400 ◦C

26.7% 20.9% 20.0%
39.4% 36.3% 31.8%
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Fig. 7. (a) The maximum power density of Ni–Fe bimetallic fuel cells co-sintered at
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Fig. 8. The impedance plots of the fuel cell obtained at 650 ◦C. (a) NiO–Fe2O3/YSZ
ifferent temperature. The FE-SEM cross-sectional images of anode tubes made of
b)  NiO–Fe2O3/YSZ, and (c) Ni–Fe2O3/GDC.

hows the impedance plots at each temperature of both two types
f fuel cells. The testing condition is the same. All samples were
ested at 650 ◦C with a fuel gas (20% H2 in Ar) flow rate of 50 mL.
here are two semi-circles for each impedance arc, which are
sually interpreted as electrochemical reactions for the higher
requency arcs, and gas transport (gas diffusion) for the lower
requency arcs [25,26].  As can be seen in Fig. 8(a) and (b), two
emi-circles for both the low frequency arc and the high frequency
rc become bigger as the co-sintering temperature increasing.
hey contribute to the overpotential resistance in operating a
uel cell. Ohmic resistances determined from Fig. 8 were basically
ame about 0.35 �cm2. The increasing of low frequency arcs at
igh co-sintering temperature of fuel cells is agree with the low
orosity of anode tube. The higher co-sintering temperature is, the

ower cumulated volume of pores inside anode provides for gas
iffusing. At the same time, the increasing of high frequency arcs
ooks clearer than that of high frequency arcs, especially in /YSZ
ubes. In the case of /YSZ tubes, the over potential resistance is
bout 0.4 �cm2 of the cell prepared at 1400 ◦C and about 0.1 �cm2
anode tube supported, (b) NiO–Fe2O3/GDC anode tube supported.

of the cell prepared at 1250 ◦C, respectively. It is because that the
active surface area of catalysts became small in the case of the cells
prepared at high co-sintering temperature. Small active area of
catalyst particles finally increased the high frequency impedance
arc. It is worth nothing that GDC based cells hold smaller overpo-
tential resistance than that of YSZ based fuel cell. This is because
that GDC itself also can be used as catalyst to increasing the rate
of electrochemical reaction. The results again agreed that the
accumulated pore volume of /GDC fuel cells is larger than that of
it counterpart, which can be clearly seen in Figs. 4(a) and 5(a).

4. Summary

For NiO–Fe2O3–GDC, NiO–Fe2O3–YSZ tubular cells, the co-
sintering temperature apparently affected the densification of
electrolyte (or OCV) and the porosity of anode tube. The densi-
fication of the electrolyte is near to be completed at a sintering
temperature of 1400 ◦C, while the porosity of anode becomes small
as the co-sintering temperature increasing. The OCV of the cells is
linearly related to the tube diameter shrinkage degree. It reaches
1.1 V which basically equals to the Nernst voltage prepared at
1400 ◦C. In both two types of fuel cells, the reducing value of accu-
mulated pore volume sintered at 1400 ◦C is nearly 50% of that of the
tube sintered at 1250 ◦C. Considering the pores provide place where
fuel gases diffused and a large surface area of catalyst particles will
increase the rate of the electrochemical reaction, the porosity of
the anode tubes relying on the co-sintering temperature decide the
power density fuel cells (with the same electrolyte and cathode).
1300 ◦C is the marginal temperature to obtain sufficient electrocat-

alytic activity of electrodes, and a higher temperature is needed to
suppress gas leakage through the electrolyte.
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