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______________________________________________________________________________________ 
 
Abstract 
In this work the processing route for an anode supported microtubular solid oxide fuel cell is adjusted. The fuel cell com-
position and microstructure design is based on previous work. In this work we have developed microtubular cells based 
on an extruded support. Firstly, Ni-YSZ anode was manufactured by Powder Extrusion Moulding (PEM). Feedstock 
composition and extruding parameters were adjusted to obtain tubular green bodies. An YSZ layer was then deposited 
as the electrolyte and the sintering parameters were optimized to obtain a dense layer. An active area of ~1 cm2 LSM-
YSZ was deposited as the cathode and its electrochemical performance was measured using pure hydrogen as fuel, 
yielding a power output at 0.5V of 0.7Wcm-2 at 8500C. 
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1 Introduction  

Fuel cells represent an efficient and clean way 
of transforming fuel into electric energy. By avoid-
ing the chemical-to-heat and heat-to-mechanical 
energy transformation steps a high electric energy 
yield can be achieved. Solid oxide fuel cells 
(SOFC) are a type of fuel cell in which electrolyte is 
an ion conducting ceramic oxide, commonly, yttria 
stabilized zirconia (YSZ). This material typically 
reaches an acceptable value of ionic conductivity at 
working temperatures between 600 and 10000C, 
being 8000C probably the most extended working 
temperature. This high operation temperatures 
grant fuel molecules enough energy for dissocia-
tion to occur in presence of low activity catalysts, 
such as nickel, while lower temperature fuel cells 
generally need higher catalytic power, usually 
found in precious metals. [1]  

Composition and microstructure play a major 
role in SOFC electrochemical performance, and 
even once these parameters have been optimized, 
they are usually conditioned by the processing 
path. For this reason, some effort must be made in 
order to adapt an existing lab-scale production 
method to an easily scalable method such as ex-
trusion. The present work describes the optimiza-
tion of the processing path of anode supported 
microtubular cells, based on the design of previous 
works. Optimized anode has 50% porosity, 25% 
nickel and 25% YSZ in volume. The used pore 
former was corn starch, which produces spherical 
pores (diameter about 10 μm). The lab-scale pro-
duction method consisted of a isostatically pressed 
NiO-YSZ anode support, then a spray coated thin 

YSZ electrolyte and a dip coated cathode, process 
details are described elsewhere [2]. The process 
selected on this work is based on an extruded an-
ode support, and both electrolyte and cathode are 
deposited by dip coating. The new process has 
numerous advantages such as an increase in the 
production capacity, in reproducibility and in me-
chanical properties of the green body, which facili-
tates handling and later processing steps. 

2 Experimental 

2.1 Anode compounding and extrusion 

For the extrusion process we have used a pre-
vioulsly optimized powder formulation based on 
NiO, YSZ and pore-former. The binder system 
consists of polypropylene, paraffin wax and stearic 
acid. A similar binder system was previously used 
for manufacturing of YSZ thin tubes [3]. Four pow-
der mixtures were formulated containing 45, 55, 60 
and 65 vol% solid loading. Firstly feedstocks were 
compounded in a Haake Rheocord 252 mixer with 
a pair of roller rotor blades at 170ºC and 40 rpm. 
During mixing process torque values were record-
ed. Constant values of torque indicate a uniform 
mixture. On the basis of feedstock rheological 
properties optimal formulation was selected to act 
as support for microtubular SOFC. Rheological 
characterization was performed in a ThermoHaake 
capilar rheometer at 1700C covering a shear rate 
from 100 to 10,000s-1. 

After selecting the optimal mixture, tubes were 
extruded using a single screw extruder (Haake 
Polylab) with a home-designed extrusion die con-
nected to the extruder. Screw speed and tempera-
ture profile were tuned in order to obtain an extrud-
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ed body able to sustain its own weight and avoid 
deformation before cooling. Extrusion was made 
vertically into a water bath to minimize the solidifi-
cation time. A combination of solvent and thermal 
debinding process was carried out to remove or-
ganic part. Solvent debinding step was then ap-
plied to the samples consisting on an n-heptane 
bath at 600C overnight. A TG experiment was run 
on a sample which had undergone this treatment 
on an air atmosphere. Thermal cycle consisted on 
a heating ramp at 1ºC/min up to 600ºC.   

 
2.2 Electrolyte deposition 

A dilatometry test was run on a solvent debind-
ed sample in order to determine its sintering behav-
ior on a thermomechanical analyzer (Setaram, 
SETSYS 200, France). The same test was run on 
TZP-8Y and TZP-8YS powders (Tosoh Japan), to 
use as solid electrolyte. Both two powders are 8% 
mole Y2O3 in ZrO2 (99.9%), but the first one has a 
finer particle size. 

A suspension was prepared with TZP-8YS 
powders in an isopropanol - ethanol mixture, using 
PVB (polyvinyl butyral) as binder and Beycostat as 
dispersant agent. Solvent debinded anode support 
samples were cut into 6.75 cm samples and dipped 
3 times at a drawing rate of 3 mms-1. A 5 mm long 
section was left uncovered on each side of the 
support for easiness on the later anode electrical 
contact. Five samples were then fired at different 
temperatures 1350, 1400, 1450, 1500 and 16000C 
in order adjust sintering conditions. 

 
2.3 Cathode deposition 

Samples resulting in a crack free electrolyte 
were then deposited an LSM-YSZ cathode for elec-
trochemical testing. For this purpose two cathode 
suspensions were prepared, one using a 1:1 (%vol) 
ratio of LSM (Fuel cell materials) and TZP-8YS 
(Tosoh Japan) and a second one using a 4:1 ratio 
of the same materials to enhance current collec-
tion. For both suspensions the dispersing medium 
and additives were the same that in the electrolyte 
suspension. An active area of 1 cm2 of cathode 
was deposited on each cell, consisting of 2 dips of 
the 1:1 suspension and 2 dips of the 4:1 suspen-
sion, at a 3 mms-1 drawing rate. Once cathode had 
been deposited, the cells were sintered at 1150ºC 
for 90 min. 

 
2.4 Electrochemical characterization 

Electrical contact was made using platinum wire 
in a four probe setup. Anode contact was made 
through the uncovered edges and in the cathode 
by coiling the wire around the deposited section. Pt 
paste was added to improve electrical contact. 
Then the cells were sealed to alumina tubes using 
refractory clay. The cell was placed inside a house 
made small tubular furnace. Nitrogen was fed to 

the anode side of the cell during the heating pro-
cess, at a heating rate of 200Cmin-1. Once at 8000C 
pure hydrogen was fed to the cell, reducing the 
anode. Cathode side was open to the atmosphere. 
j-V and EIS measurements were performed using a 
VSP Potentiostat/Galvanostat (Princeton Applied 
Research, Oak Ridge, US). 

3 Results and discussion 

3.1 Powder extrusion moulding of Ni-YSZ micro-
tubes 

 
As final ceramic microstructure and composition 

had been optimized in previous work, we have 
used the same powder formulation and we have 
prepared different feedstock with different solid 
powder loading (45, 55, 60 and 65 vol. %). Consid-
ering that powder presents pore former and NiO 
reduction increases the porosity of the compact, we 
have optimized the feedstock on the basis of a 
maximum solid loading with appropriated rheologi-
cal characteristics. This allows us to minimize prob-
lems associated with binder removal and shrinkage 
during densification and to obtain defect-free 
shapes. Torque measurements showed that all 
feedstock prepared presented good homogeneity 
and appropriated torque values.  

 
Fig. 1. Viscosity measurements for the tested feed-

stocks. 
 
All the prepared feedstock presented a thermo-

plastic behaviour (Fig. 1), which is the most suita-
ble for extrusion process.The viscosity increase 
with the powder loading, however the reached val-
ues were less than 1000 Pa.s which is the desire-
ble for extrusion process.Therefore,feedstock with 
65 vol. % of powder loading was determined as 
optimal.   

Figure 2 shows different extruded tubes using 
feedstock with 55 vol. % of power loading. The 
dimensions of the tubes were 4 mm outer diameter, 
around 1 mm wall thickness and 12 cm of length. 
The extrusion parameters were optimized in order 
to obtain a homogeneous extrusion profile.  



IV Iberian

 

After ext
meric part 
thermal deb
occurred in 
heating rate
removal of 
binder syste
presence of
and therma
moval an i
from exterio
path for dec
mal debindi

TGA ex
debinded s
the eliminat
starch begi
stearic acid
moved dur
experiment 
place up to
thermal cyc
for 1h to as
components
was used i
internal bub
 
3.2 Electro

Attendin
ceramic pow
3), the coar
ter the ano
sintered at 
pinholes re
mismatch b
 

Fig. 2. TG af
Samples s
smooth uni
1600ºC sho
electrolyte, 
and the use
tion after th
and possibl

n Symposium

trusion proce
was carried 
binding was 
all the samp

e. This is a 
the most v

em (PW and 
f these defec
al debinding 
nterconnecte
or to interio
composed g
ng of insolub
xperiments 

sample show
tion of PP, be
nning at 24
d and paraf
ring the solv

also shows 
o approxima
cle was prog
ssure a comp
s. Equally, 
n order to p

bbles.  

olyte cosinter

g to the co
wders of two
rser powder 
de support 
1350 and 14
espectively, 
etween supp

fter solvent de
sintered at 
iform appea

owed a perfe
but the cel

ed crucible s
he process, 
e microstruc

m on Hydroge

ess the elim
out. Firstly 
tested. How

ples, even by
consequenc
volatile com
SA). In orde

cts a combin
was carried

ed pore cha
r, which ser

gas during su
ble binder co
performed 

w two peaks
eginning at 1
0ºC (figure 
ffin wax are
vent debind
that organic

ately 500ºC.
grammed to 
plete degrad
a heating r
prevent surfa

ring 

ntraction cu
o tested parti

was selecte
contraction c
400ºC showe

displaying 
port and thin 

ebinding. 
1450 and 

arance. Sam
ctly smooth 
l had bent d

showed mass
evidencing 

cture degrada

en, Fuel Cells

mination of p
a conventio

wever, blister
y using very 
ce of the vio
ponents of 

er to prevent 
nation of solv
d out. After 
annel is form
rves as esca
ubsequent th

omponents.  
on a solv

s attributable
177ºC, and c
2). Most of 

e previously 
ding step. T
c removal ta
 Consequen
keep at 600

ation of orga
rate of 1ºC/
ace cracks a

rve of the Y
cle sizes (fig

ed; as it fits b
curve. Samp
ed cracking a

a contrac
electrolyte.

1500ºC had
mple sintered

and transpar
during sinter
sive contami
a material l

ation. 

s and Advanc

oly-
onal 
ring 
low 
lent 
the 
the 

vent 
re-

med 
ape 
her-
 

vent 
e to 
corn 

the 
re-

TGA 
akes 
ntly, 
0ºC 
anic 
/min 
and 

YSZ 
gure 
bet-
ples 
and 

ction 

 

d a 
d at 
rent 
ring 
ina-
loss 

the

lec
ser
4 s
clo
ty 
145
aro
145
a lo

3.3

850
ure
for
put
Wc
rev
sin
lyte

a

ced Batteries.

Fig. 3. Contr
e proposed ele

  
Samples sin

cted and an
rved using a
shows that b
osed porosity

observed g
50ºC. Both 
ound 22 μm.
50ºC shows 
ower extent, 
 

3 Electroche

Produced c
0ºC, results 
e 6. Sample 
med by the 
t values at 
cm-2 respect
veal a great
ntered at 145
e sintering. 
 ) 

. Estoril, Port

raction curves
ectrolyte mater

ntered at 145
electrolyte 
Merlin FE-S

both samples
y, being the o
greater for t
samples sho
 Additionally
zones wher
probably hin

emical perfor

cells were 
of the j-V cu
sintered at 1
one sintered
0.5V and 8
ively (figure 
er ohmic re

50ºC, produc

YSZ fine

tugal, June 2

s for extruded
rials. 

50 and 1500
cross secti

SEM (Carl Ze
s have some
overall amou
the sample 
ow electroly
y the sample
re sintering h
ndered by int

rmance 

measured a
urves are sh
1450ºC is cle
d at 1500ºC

850ºC are 0
 5). EIS me

esistance in 
ced by the p

e 
Y

An

26-28 2013 

 material and

0ºC were se-
on was ob-
eiss). Figure
e amount of

unt of porosi-
sintered at

yte thickness
e sintered at
happened to
ternal strain.

at 800 and
hown on fig-
early outper-
, power out-
.35 and 0.7
easurements

the sample
poor electro-

SZ coarse 

ode support 

 
d 

-
-
e 
f 
-
t 
s 
t 

o 

d 
-
-
-
7 
s 
e 
-

 



IV Iberian

 

Fig. 4. Elect
(a) and 1450

Fig. 5. EI

 

-1,0 

-0,5 

0,5 

Z'' 

b) 

a) 

b) 

n Symposium

trolyte detail f
ºC (b). 

S measureme

0

Sintered 
1500ºC 

m on Hydroge

for sample sin

ents at 8500C.

,5 
Z' 

Sat

850

85
8000C 

80

8000C 8

80

850

en, Fuel Cells

ntered at 150

 

1,0 

Sintered at
1450ºC 

00C 

00C 

00C 

8500C 

00C 

00C 

s and Advanc

 
00ºC 

 

 

 

150
 

4

this
a N
ada
mu
wh
duc
als
me
as 
deb
gre
we
the
me
Ad
ly i
EIS
YS

5

cei
Eu
MA
ern
gra
by 
tion

[1]

[2]

[3]

1,5 

ced Batteries.

Fig. 6. j-V m
00ºC (a) and 1

Conclusion

Powder ext
s work as an
Ni-YSZ poro
aptation has

uch less tim
hich can be e
ction level. 

so been sig
ethod. A pre
the electroly
binded body
een body is 
etting before 
en a sinterin
ethod simple
ditionally sec
ncreased, in

S obtained v
SZ based SO

Acknowled

Authors wou
ived from M
ropean Com

AT2012- 307
nment (MAT
am), and als
the Aragón 

n. 
 
 
 Refere
J. Larminie 
Wiley, West 
H. Monzón,
studies of a
fuel cells, 
7262-7270, 
T. Jardiel, B
rication of 8-
moulding for
2329–2335, 

. Estoril, Port

easurements 
1450ºC (b). 

ns 

trusion mou
n advantageo
ous anode. 
s been suc

me consumin
easily scaled
Handling of

gnificantly im
sintering ste

yte is dipped 
y. When usi

not able to
sintering. Th

ng step less
r, but also le
ction uniform

ncreasing rep
values are s
FC.  

dgements  

uld like to th
MICINN and 
mmunity (MA
763 projects
TERYENER 
so grant GA
Governmen

nces  
A. DIcks. Fu
Sussex, 2003
 M. A. Lagu
node-supporte
INT. J. HYD
2012 

B. Levenfeld, R
-YSZ thin-wall
r SOFC electr
2009  

tugal, June 2

por the samp

lding was p
ous technolo
The produc

ccessful, res
ng productio
d up to an in
f the green 
mproved fro
ep is no lon
 directly ove
ng the CIP 

o withstand 
he new meth
s, not only 
ess energy is
mity has been
producibility. 
imilar to sta

ank financia
Feder prog

AT2010-1983
s), Madrid re

S2009 PPQ
A-LC-035/201
t and La Ca

uel cells syste
3 
na-Bercero, R
ed microtubul

DROGEN ENE

R. Jiménez, A
l tubes by pow
rolytes, Ceram

26-28 2013 

ple sintered at

presented in
ogy to obtain
ction method
sulting in a
on process,

ndustrial pro-
bodies has

om the CIP
ger needed,
r the solvent
method the
any kind of

hod includes
making the

s consumed.
n significant-
The j-V and
te of the art

al support re-
gram of the
37-CO6 and
egional gov-
Q-1626 pro-
12, financed
aixa Founda-

em explained,

Redox-cycling
ar solid oxide
ERG.,37, pp.

A. Várez, Fab-
wder extrusion
m. Int., 35, pp.

t 

n 
n 
d 
a 
, 
-
s 
P 
, 
t 

e 
f 
s 
e 
. 
-
d 
t 

-
e 
d 
-
-
d 
-

, 

g 
e 
. 

-
n 
. 


