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Water-based tape casting is an attractive production route for planar solid oxide fuel cells (SOFCs) due to
its high productivity and reduced environmental issues. In this work planar anode supported SOFCs with
thin electrolyte were prepared by water-based sequential tape casting and co-sintering. An in situ high
temperature monitoring apparatus was assembled to allow the determination of free sintering shrinkage
of thin green tape cast layers and to follow the curvature developed in multilayers during the entire
sintering process.

The instantaneous curvature developed upon co-sintering was studied as a function of the firing sched-
ule and layer composition. It was found that by tailoring the electrode composition it is possible to reduce
the shrinking rate difference between anode and electrolyte thus obtaining defect-free electrolyte, min-
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1. Introduction

Planar anode supported solid oxide fuel cells are ceramic devices
constituted of stacked layers of different materials with dissimilar
physical and mechanical properties. The fabrication of such devices
typically requires the multi-step deposition and successive firing of
the different layers. The cost of such high temperature treatments
represents a significant fraction of the overall production expenses.
In order to maintain the SOFC costs to an acceptable level, the pro-
duction of the anode and electrolyte precursor layers by relatively
cheap powder technologies, like tape casting or screen printing and
subsequent one-step co-sintering, is the preferred route.

In general, during co-sintering of multilayered ceramics, stresses
are generated due to the mismatch in thermal expansion coeffi-
cient and different sintering rate [1-4]. The stresses generated by
dissimilar sintering rates are the primary cause of the deformation
of the cell, specifically a curvature, which is developed upon co-
firing; and if such stresses overcome the intrinsic strength of the
layers, they can lead to flaws and defects formation. Co-sintering
is a particularly delicate issue in SOFC processing: the anode needs
to sinter in order to acquire enough mechanical strength to sup-
port the cell but needs to preserve sufficient porosity for fuel
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flow; conversely, the thin electrolyte acting as the gas separator
between fuel and oxygen needs to densify at least to a point where
it retains non-interconnected porosity only. As a matter of fact,
SOFC are not tolerant to the presence of defects and even a small
crack in the electrolyte leads to leakage and hot spots associated
to direct combustion that decreases electrochemical performances
and accelerates degradation. Moreover, any defect is detrimental
for SOFC mechanical properties, which are of utmost importance in
the real operation of a stack even for stationary applications, where
the cells can be subjected to severe stresses deriving from exter-
nal applied load or from thermal or RedOx cycles. Many efforts are
being currently done in order to reduce the curvature development
and flaws generation, by varying the starting powder grain size
[5,6], through selective coarsening of NiO or YSZ powder [7,8] or by
optimising the electrodes sintering [9] or co-sintering temperature
[10].

Yttria (8 mol%) stabilised zirconia (YSZ) for the electrolyte and
a mixture of YSZ and Ni are by far the most studied and employed
compositions in SOFC production [7,11-13]. Although such well-
known materials are the mayor constituents of anode supported
half cells, a variety of doping elements are usually added in small
quantities in both the anode and the electrolyte in order to enhance
mechanical properties, electrochemical performances, long-term
stability and resistance to RedOx cycles. For example, the addition
of small quantities of Al, O3 (in the order of 1%) to cubic YSZ has been
reported to act as sintering aid [14,15] which enhances hardness
and fracture toughness, reduces grain growth in YSZ electrolyte [16]
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Table 1

Composition of electrolyte and anode slurry (vol.%)?.

Components Electrolyte Anode
Powder 284 213
Dispersant 1.5 2.8
Water 58.2 53.0
Binder 11.9 229

2 Binder and dispersant are reported on dry basis.

and significantly increases flexural strength of NiO/YSZ anode [17].
Oxides like Cr,03, TiO, Al, 03, and Sc; 03 can improve anode RedOx
stability [18]. Addition of small quantities of Mo [19], precious met-
als like Ru and Pt [20] or CeO, [21] has been observed to reduce the
carbon deposition on Ni/YSZ anode during methane reforming. The
use of CeO, has also been shown to improve the electrochemical
performance of Ni/YSZ anodes [22].

Despite the importance and the widespread use of reactive ele-
ments and sintering aids and the delicate issue of co-firing for the
successful production of reliable cells, no specific studies have been
carried out addressing the effect of doping elements on the anode
sintering rate and, consequently, on the transient stresses devel-
oped upon co-sintering with the electrolyte, which are the primary
cause for cell curvature and defect formation. The aim of the present
work is to study the effect of selected doping substances (like Al;03
or Ce0,) on the anode sintering kinetics and, consequently, on the
cell curvature and curvature rate; in addition it is aimed to deter-
mine whether the addition of doping elements can be successfully
employed to reduce defects development upon sintering and resid-
ual curvature, with the ultimate goal of obtaining flat and higher
quality cells.
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Fig. 1. True strain as a function of time for (a) Al- and (b) Ce-doped pressed pellets.
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Fig. 2. Micrographs of the modified NiO powders. 1 mol% Al-doped (a), 5 mol% Ce-
doped (b) and simply calcined (c).

2. Materials and methods

Due to their wide use as doping elements for typical SOFC anode,
Al and Ce were selected in the present work. NiO powder with
1, 3 and 5mol% Al or Ce doping agent was produced by adding
Al(NO3)3-9H,0 (Riedel-De Haen, Germany) or Ce(NOs3 )3-6H,0 (Alfa
Aesar, Germany) to starting NiO powder (].T. Baker, USA) in a plastic
jar containing ethanol and zirconia balls (Inframat Advanced Mate-
rials, USA); the mixture was milled for 18 h. The powders were then
dried and calcined for 10 h at 900 °C. Pure NiO powder was also cal-
cined for 10 h at 900 °C for comparison. Specific surface area (SSA)
was determined by nitrogen adsorption (BET) method (ASAP 2010,
Micromeritics, USA). Doped NiO powder was mixed with 8 mol%
yttria stabilised zirconia (YSZ) powder (TZ-8YS, SSA6 m? g1, Tosoh,
Japan) in a ratio 58 wt% NiO and 42 wt% YSZ; binder (B1000, Dura-
max, Rohm and Haas, France) and distilled water were then added
and the blend was mixed for 5h in a rotating plastic drum con-
taining zirconia balls. The powders were then dried and manually
ground in a mortar. A portion of the obtained powder was then
pressed at 125 MPa for 120 s into 20 mm diameter/1 mm thickness
pellets that were used for preliminary sintering analyses.
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Anode and electrolyte were prepared by water-based tape cast-
ing technology. YSZ powder was used for the electrolyte; a mixture
of 58 wt% NiO and 42 wt% YSZ powder was selected for the anode.
NiO powder was screened through a 100 wm sieve, mixed with
YSZ powder, water and dispersant (Darvan 821A, R.T. Vanderbilt
Inc., USA) in a plastic drum containing zirconia balls. The elec-
trolyte suspension was milled for 3 h in a Turbula mixer (Bachofen,
Switzerland); conversely, the anode was mixed for 18 hin a conven-
tional rotator mill. After de-gassing, binders were added (B1000
and B1014, Duramax, Rohm and Haas, France) and the mixtures
were mechanically stirred for 2 h. Slurries composition is reported
in Table 1. Green half cells were produced by casting the anode
slurry on the top of the previously cast and dried electrolyte in
a laboratory-scale tape casting equipment. The green electrolyte
and anode thickness was 22+2 and 4204+ 10 wm, respectively.
The green bi-layers were cut into rectangular bars of approxi-
mately 10 mm length and 1 mm width for curvature observation;
conversely, monolithic tapes were cut into bars of approximately
20 mm length and 5 mm width for shrinkage measurement. The
samples were then sintered in a tubular furnace (HTRH 100-300/18,
GERO Hochtemperaturéfen GmbH, Germany) at 1450°C for 4h
using a heating rate of 1°Cmin~1.

Shrinkage and curvature evolution upon sintering were deter-
mined with a CCD camera acquiring pictures at regular intervals
through a series of optical filters. Images were processed with the
freeware software Image] 1.38].

The microstructure of the materials was analyzed by scanning
electron microscope (SEM, JSM 5500, JEOL, Japan).

A thin cathode (50 wm thick) was deposited by screen printing
an ink containing equal weight of lanthanum strontium mangan-
ite and YSZ powders (Lag 655r0.35Mn03—SSA 9.3 m2 g1, YSZ—SSA
13m? g1, Nextech Materials, USA) on selected samples (active
area =1.9 cm?). Electrochemical tests were performed using specif-
ically developed test bench for single-cell configuration [23] in
order to evaluate the cells performance. Measurements were per-
formed at 800°C; 150N mlmin~! of 97% H,-3% H,0 gas mixture
and 300N ml min~! of air were flown to the anode and the cathode,
respectively.

3. Results and discussion

A first evaluation of the effect of the dopant addition on sintering
behaviour of NiO/YSZ based anodes was performed on the pellets
produced by pressing and sintering. It is well known that differences
in the starting density in otherwise identical powder compacts
lead to different sintering rates [24]; therefore, the initial bulk den-
sity of the pellets was evaluated. Values equal to 3.17 +0.05 gcm—3
were obtained for both Al- and Ce-doped pellets, therefore con-
firming the constancy of the starting density for the different
compositions.

The true strain € =In(I(t)/lp), I(t) being the instantaneous length
as a function of time (t) and [y the initial length, determined upon
sintering of the pellets is reported in Fig. 1. For all samples, when
the dopant concentration increases from 1 to 5%, the curves shift to
the right; this means that the higher the doping level, the slower
is the sintering effect. This behaviour is more evident for the Ce-
doped pellets, where the peak of the maximum sintering rate occurs
at 1325, 1340 and 1355°C for 1, 3 and 5% Ce-doped specimen,
respectively. In addition, one can observe that the sintering curves
of Al-doped pellets are shifted to the left if compared to the dia-
grams corresponding to Ce-doped samples at the same doping
level.

Based on the above results, the two limit cases, corresponding to
NiO doped with 1 mol% Al and 5 mol% Ce, were selected as starting
anode precursor powders for further co-sintering analyses of the
anode/electrolyte composite system.

Table 2
Specific surface area (SSA) of selected NiO powders.
SSA (m2g')
As-received NiO 33
Calcined NiO 1.6
1 mol% Al-NiO 44
5mol% Ce-NiO 4.1

Micrographs of the selected NiO powders are reported in Fig. 2.
As received NiO powder looks coarser than doped one. The pow-
ders surface specific area (as measured by the nitrogen adsorption
method) is reported in Table 2. One can consider an experimen-
tal error in SSA measurement of the order of 1mZg-!; on this
basis, after Table 2, the heat treatment has the effect of coarsening
pure NiO powder, thus decreasing SSA. Conversely, Al or Ce nitrate
addition may have a twofold effect: first, it can limit NiO pow-
der coarsening upon calcination; second, it may slightly increase
the measured SSA since the oxides which are formed from the
salts possess a very high specific surface area. Since the sintering
behaviour depends also from the forming method [25], monolithic
tapes were produced with the selected compositions in order to
determine their sintering characteristics in the real condition. The
anode green density was measured to be 2.48 +0.06 gcm 3. The
true strain and the shrinkage rate of the green tapes are reported in
Fig. 3. The electrolyte is the fastest shrinking layer, with a maximum
rate of 21.2 x 10-6s~1 (absolute value) at 1340°C. The Al-doped
anode is the fastest sintering among the anodes, with a maximum
rate of 13.7 x 10-6s~1 at 1340°C. A similar behaviour was observed
both for Ce-doped and pure NiO anode. However, Ce-doped sam-
ple shows a slightly lower maximum rate at lower temperatures
with respect to pure NiO anode (10.3 x 10~6s-1 at 1375°C and
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Fig. 3. True strain (a) and strain rate (b) as a function of time for tape cast layers.
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111 x 1076s~1 at 1405°C for Ce-NiO and NiO, respectively). The
largest mismatch in sintering rate between anode and electrolyte
is 11.0 x 10~6s~1 at 1340°C for both Ce-doped and the undoped
anode, whileitisonly 7 x 10-6 s—1 at 1340 °C for the Al doped anode.
The curves for the tape cast doped anodes confirm the trend already
shown by the pressed pellet sintering curves: i.e. Al is more effec-
tive in accelerating the anode sintering compared to Ce. Though no
data can be found in literature addressing the influence of Al or Ce
on a NiO/YSZ composite sintering rate, consistently with the results
found here it has been reported that Al,0j3 is acting as a sintering
aid for 8 mol% YSZ [14,15] while CeO, in concentration above 0.2%
is decreasing the linear shrinkage rate in 3 mol% YSZ [26].

Three half cells were realised by casting the anode on a pre-
viously tape cast electrolyte and the curvature developed upon
sintering was measured in situ. In order to minimise all possible
errors, the three half cells were sintered in a single run; the devel-
oped normalised curvature k=t/r (t being the layer thickness and
r the radius of curvature) and the cell curvature rate are reported
in Fig. 4. Fig. 5 shows a sequence of selected photographs of the
three samples for clarifying the different behaviours. All cell are
curving towards the electrolyte side in the firsts stages of sintering.
Ce-doped and undoped cell start to curve around 1200 °C; Al-doped
cell show initial deformation around 1250°C. The normalised cur-
vature continuously increases up to a maximum of 0.105 at 1420°C,
0.095 at 1430°Cand 0.045 at 1390 °C, for the Ce doped, the undoped
and the Al doped, respectively. After this peak, the curvature rate
inverts its sign and the cells begin to curve towards the anode
side. The maximum normalised curvature rate is 10.7 x 1076 s~1 at
1330°C, 9.8 x 106 s~1 at 1340°C and 7.1 x 10-6s~1 at 1300°C, for
Ce-doped, undoped and Al-doped, respectively. It is worth noting
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Fig. 4. Normalised curvature (a) and normalised curvature rate (b) of the half cells
as a function of time.
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Fig. 5. Selected photographs of the half cells taken at different sintering times and
temperatures. The samples are, from the left to the right: half cell produced with
pure calcined NiO, 1 mol% Al-doped NiO and 5 mol% Ce-doped NiO. The electrolyte
is the top layer.

that the only sample which totally recovers a flat configuration is
the half cell with Al-doped anode, which is flat after an isotherm of
2h at 1450°C.

The obtained results are in good agreement with sintering rates
data collected on monolithic layers: according to Cai et al. [1] the
curvature rate of a bi-layer is proportional to the free sintering rate
of the two layers. The samples considered here are in fact curving
towards the electrolyte when the electrolyte free sintering rate is
higher than the anode one, and vice versa. The temperature of cur-
vature rate inversion corresponds with good approximation to the
point where the anode begins to shrink faster than the electrolyte.
The samples which are subjected to higher curvature rate are those
where the mismatch sintering rate between anode and electrolyte is
higher (i.e. the Ce-doped and the undoped one), while the Al-doped
sample shows a lower curvature rate, the dopant having the effect
of promoting sintering and, therefore, matching better its sintering
rate with the electrolyte one.

The developed sintered microstructures are reported in Fig. 6.
By examining the electrolyte surface and cross-section, one can
notice that it is well densified in all samples and only closed poros-
ity is present. The three anodes have retained enough porosity even
before reduction to Ni. Nevertheless, only the electrolyte stacked to
Al-doped anode is defect free. Signs of clear delamination between
anode and electrolyte can be detected by examining the cross-
section of Ce-doped and undoped sample and flaws are present on
both electrolyte surfaces. The Ce-doped sample is the most severely
damaged. It is worth to note that the defects could be detected
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Fig. 6. Micrographs of the cross-section (on the left) and electrolyte surface (on the right) of the sintered half cells. Calcined NiO (a), 5 mol% Ce-doped NiO (b) and 1 mol%

Al-doped NiO (c).

only with careful SEM examinations, since all cells were not visibly
cracked and the electrolyte appeared smooth and translucent at a
first examination even with an optical microscope.

The cracks observed on Ce-doped and in undoped sample
are interpretable in terms of the free sintering rates data of the
monolithic layers and are in good agreement with the measured
curvature rates. In fact it has been previously reported that the
stresses generated in the sintering of multilayered ceramics are
proportional to the curvature rate (or to the mismatch sintering
rate) [1]. The crack density on the electrolyte surface and their
extension were found to be maximum in the cell that reaches
the maximum curvature rate. Flaws or de-bonding defects sim-
ilar to those reported here have been found in alumina/zirconia
laminates [1] and in tape cast layers sintering under an applied
load [27] and were thought to originate in the sintering stage,
when the stresses (applied externally or originated internally)
exceed the layer strength. Nevertheless, the determination of the
exact moment for crack development is not straightforward: the
developed stresses and the strength of the layers are continuously
changing during sintering, being them dependent on other factors
like temperature, density and grain size. It is however likely that
such cracks initiate in the first and intermediate stages of sintering,
when the layers strength is still low and the mismatch sintering rate

is higher. Even if an exact quantification of the stresses and of the
ceramic compact strength requires the knowledge of the mechan-
ical response of the ceramic sintering compact in every instant of
densification, it can be foreseen that NiO/YSZ anode precursor layer
possessing sintering rate curve between that shown by Al-doped
anode and by the electrolyte, will be successfully co-fired with the
electrolyte without cracks development.

Polarisation curves for cells produced with 1mol% Al- and
5 mol% Ce-doped NiO and undoped NiO are reported in Fig. 7. The
aluminium containing cell shows an open circuit voltage (OCV) of
1054 mV and a power density at 0.7V of 579 mW cm~2 at 800°C.
At the same temperature, the cerium containing cell possesses an
OCV of 960mV and a power density at 0.7V of 368 mW cm~2.
The cell produced using pure NiO shows an OCV of 1055 mV and
power density at 0.7V of 241 mW cm~2. The high OCV of the
Al-doped NiO containing cell is a direct consequence of the gas
tightness of the electrolyte in agreement with previous microstruc-
tural observations (Fig. 6¢). The lower power densities measured for
both Ce-doped and undoped NiO containing cells can probably be
ascribed to the presence of defects mainly consisting of delaminat-
ing flaws which occur at the anode/electrolyte interface during the
sintering process. The relatively limited OCV measured for the Ce-
doped cell can be accounted for the presence of severe flaws within
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Fig. 7. Polarisation curves at 800 °C for the cells produced with 1 mol% Al-, 5mol%
Ce-doped NiO and undoped NiO.

the electrolyte as shown in Fig. 6b. Conversely, the electrolyte of the
cell made by pure NiO is less severely damaged, this being reflected
by a still high OCV value.

4. Conclusions

The influence of Al and Ce on sintering process of NiO/YSZ based
anodes and on cell curvature developed upon co-firing was inves-
tigated.

The present work demonstrates how even a small addition of
doping element can vary sensibly the sintering behaviour of SOFCs,
thus being decisive in the successful production or failure of the
device.In addition, the anode features cannot be simply modified by
foreign element addition in the green state, because special care has
to be addressed also to the effect this may have on the delicate issue
of co-sintering with the electrolyte. Conversely, the use of reactive
elements, if carefully controlled, can be successfully employed to
tailor the anode sintering curve, to reduce the mismatch sintering
rate with the electrolyte and allow the attainment of flat and high
quality cells.

More in detail, Al is shown to increase the anode sintering rate;
the cell assembled with Al-doped NiO powders shows lower cur-
vature rate and is perfectly flat at the end of the sintering cycle.
The curvature rate and the number of defects are higher for the
sample having larger mismatch sintering rate between anode and
electrolyte.

High quality cells that show low curvature rates and are flat
at the end of the sintering process can be obtained starting from
1 mol% Al-doped NiO powders. Microstructural observation con-
firms the absence of defects in the produced cells that result in
high performances upon electrochemical tests.
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