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a  b  s  t  r  a  c  t

One  of the  major  limitations  of the nickel  (Ni)  – yttria-stabilized  zirconia  (YSZ)  anode  support  for  solid
oxide  fuel cells  (SOFC)  is  its  low  capability  to withstand  transients  between  reducing  and  oxidizing
atmospheres  (“RedOx”  cycle),  owing  to  the  Ni-to-NiO  volume  expansion.  This  work  presents  results
on  different  anode  supports  fabricated  by  tape  casting.  Three  compositions  are  prepared,  as  the  outcome
of a preceding  design  of experiment  approach.  The  NiO  proportion  is 40,  50  and 60  wt%  of  the  anode
composite.
eywords:
edOx cycling
OFC reoxidation
olid oxide fuel cells
i–YSZ anode support
ermet electrical conductivity

The  anode  support  characteristics  like  shrinkage  during  sintering,  in-situ  conductivity  at  high  tempera-
ture,  electrochemical  performance  and  tolerance  against  RedOx  cycles  have  been  measured.  Performance
up  to 0.72  W  cm−2 (0.62  V,  800 ◦C)  is  recorded  for the  60  wt%  NiO sample  on  small  cells.  The  open  circuit
voltage  is maintained  within  ±5  mV after 10 full  RedOx  cycles  at 800 ◦C  and  one  at  850 ◦C.  Performances
tend  to be  stabilized  after  one  or multiple  RedOx  cycles.  The  microstructural  observations  show  round
Ni particles  after  the  first  reduction;  after  a  RedOx  cycle,  the  Ni particles  include  micro-porosities  that

ed  re
egradation are  stable  under  humidifi

. Introduction

The state-of-the-art solid oxide fuel cells anode is based on
ickel and a ceramic with high ionic conductivity. Nickel is used
ecause of its high catalytic activity and relative low cost. One of

ts drawbacks is its sensitivity to reoxidation at SOFC working tem-
erature (600–1000 ◦C) if air reaches the anode side (lack of fuel,
tart-up and shut-down of the stack, seal leakage [1],  electrolyte

racks [2,3]) or at high fuel utilization [1,4]. This reoxidation is fol-
owed by a volume increase of around 71% and a change in NiO

icrostructure. The reoxidized NiO grains show internal porosity,
hich reinforces the volume increase. Some groups have demon-

∗ Corresponding author at: Industrial Energy Systems Laboratory (LENI), Ecole
olytechnique Fédérale de Lausanne (EPFL), MEA2 435 Station 9, CH-1015 Lausanne,
witzerland. Tel.: +41 21 693 6813; fax: +41 21 693 3502.

E-mail address: antonin.faes@a3.epfl.ch (A. Faes).

378-7753/$ – see front matter ©  2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.11.146
ducing  atmosphere  for more  than  300  h.
© 2010 Elsevier B.V. All rights reserved.

strated stability during RedOx cycling for electrolyte-supported
cells [5,6]. The limitation of electrolyte-supported cells (ESC) is their
high ohmic loss at reduced temperature (700–800 ◦C) compared
to anode-supported cells (ASC). ASC are more sensitive to RedOx
cycling than ESC as shown by Sarantaridis and Atkinson [7]: the
maximal linear expansion before cracking or buckling is 5 times
smaller for ASC (0.2%) compared to ESC (1%). This is the reason why
the degradation of ASC after a RedOx cycle is total (cell broken) or
in the better case relatively high [8,9].

The goal of this work is to produce anode supports by tape-
casting with an optimized composition based on a preceding
approach: the optimization work was carried out in part I using
design of experiment and response surface methodology; it mini-

mizes RedOx expansion, and maximizes electrical conductivity and
sinterability [10]. In the present work, three different sample com-
positions were fabricated, tested and compared with respect to
their electrochemical performance, RedOx stability and electrical
conductivity. The particularity is the important variation in NiO

dx.doi.org/10.1016/j.jpowsour.2010.11.146
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:antonin.faes@a3.epfl.ch
dx.doi.org/10.1016/j.jpowsour.2010.11.146
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Table  1
Composition of the different samples produced by tape-casting. Theses compositions were defined from optimization work presented in [10].

Tape T40 Tape T50 Tape T60

NiO/wt% in ceramic powder 40 50 60
Pore-former/wt% 3 7.5 9
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NiO  powder Fine 

YSZ  powder 5 wt%  fine–95 wt% coarse 

ontent (40–60 wt%), while maintaining RedOx tolerance and elec-
rochemical performance.

. Experimental

.1. Cell preparation

Anode and electrolyte were prepared by water-based tape-
asting technology [11]. 8 mol% Y2O3 in ZrO2 (8YSZ) powder from
osoh® is used for the thin electrolyte; a mixture of NiO, 8YSZ
nd pore-former is used for the anode-support. The composition
f the three different tapes is given in Table 1. For the anode,
he ceramic powders, pore-former, water and dispersant (Darvan
21A, R.T. Vanderbilt Inc., USA) were mixed with zirconia balls on

 rotatory ball-milling stage for 24 h. The electrolyte suspension
as milled 2h30 in a Turbula mixer with zirconia balls (same pro-
ortions than for the anode mix). After filtering (anode slurry with
00 �m and electrolyte slurry with 41 �m filters from Millipore)
he suspension is degassed and an acrylic binder (Duramax B1000,
ohm et Haas, France) is added. The slurry is stirred during 30 min
efore tape-casting. The casting was done at 1 cm s−1 with a poly-
etrafluoroethylene double doctor-blade (Mistler, Yardley, USA) on

 tape-cast plan (Netzsch-Type634.0, Germany). The doctor-blade
ap is 40 �m for the electrolyte and 950 �m for the anode support.
reen half-cells are obtained by casting the anode on the dried
lectrolyte tape. The green tape is cut in discs of 5 cm in diam-
ter. The firing was done with the half-cells (electrolyte on top)
n between two sinter support plates 4 h at 1400 ◦C (Nabertherm
T10/18, Germany).

The cathode is prepared in the way described in [12]; 50:50%
n volume of LSM ((La0.75Sr0.25)0.95MnO3−d, Praxair, Inc., USA) and
YSZ (Tosoh Corp., Japan). An ink was obtained by adding 3.2 wt% of
thylcellulose in terpineol (powder–solvent ratio 1.36). The cath-
de is deposited by screen-printing. Two layers of LSM/YSZ were
eposited before firing 1 h at 1050 ◦C. A current collection layer of
SC (La0.5Sr0.5CoO3−x, Praxair, Inc.) is screen-printed on top of the
SM/YSZ fired cathode. The final cathode size is 1.0 ± 0.1 cm2 and
s taken to correspond to the active cell area.

.2. Cell testing

Cell testing is done at 800 ◦C in a furnace (Rohde, Germany)
ith a Bentrup TC 505 temperature controller. Before mount-

ng the cell, an anode current collection layer containing 90 wt%
iO (J.T. Baker, Inc., USA) and 10 wt% 8YSZ (Tosoh, Japan) was
eposited with a brush on the anode surface. The cells are con-
ected with platinum and nickel meshes to the cathode and the
node, respectively. The temperature is controlled by a K thermo-
ouple placed near the cathode in contact with the electrolyte. The
ell was mounted between two alumina felts in a metallic setup
ressed with calibrated springs. The gases arrive at the center of

he cell with 450 ml  min−1 of air for the cathode and 300 ml  min−1

f humidified hydrogen (around 3% H2O) for the anode. The gases
re post-combusted around the cells.

Polarization of the cells was done in galvanostatic mode with
n Amel 555b potentiostat–galvanostat. Measurements were done
95 wt% fine–5 wt% coarse Fine
5 wt% fine–95 wt% coarse 5 wt% fine–95 wt% coarse

in a four-wire configuration. Potential difference, current and tem-
perature data are acquired and stored in a computer via a Fluke
Hydraseries® multichannel device. Electrochemical impedance
spectroscopy (EIS) measurements and current–voltage curves were
performed with an Eco Chemie Autolab®.

A RedOx cycle procedure is as follows: purging the anode
with 500 ml  min−1 of Ar until the potential reaches 0.7 V (around
10 min), then turning off the argon flow and letting the cell volt-
age reach 0.02 V (about 20 min), finally flushing the anode with
200 ml  min−1 of air for minimum 1 h. From thermogravimetric
analysis (TGA), it had been established that full oxidation is com-
pleted in less than 60 min  at 800 ◦C for these anode supports.
The reduction was done by purging the anode with 500 ml  min−1

argon until the potential reaches 0.09 V, then changing to hydrogen
within one minute.

The cells were reduced at 800 ◦C and polarized for a while; then
10 RedOx cycles at 800 ◦C were applied. After this the cells were
polarized again and a final RedOx cycle applied at 850 ◦C. After this
last measurement the cell was cooled under 10% H2 in nitrogen.

The area specific resistance (ASR) is given by a linear approxi-
mation of the current–voltage (I–V) curve between 0.65 and 0.85 V
[13]. Electrochemical measurements were done 1 h after the reduc-
tion or re-reduction when not stated otherwise.

To compare microstructures after aging, the as-sintered and
tested cells (after electrochemical test) were soaked in a tubular
furnace (Lenton, UK) at 800 ◦C during 300 h under humidified form
gas (10% H2 in nitrogen).

2.3. Conductivity measurements

Conductivity measurements were done by the van der Pauw
technique [14,15] on half-cell discs of 4.3 cm in diameter. The
contacts were made of nickel foam of 2 by 2 mm2 welded with
platinum wires. To ensure a good contact with the cell, the Ni foam
was impregnated with the anode current collecting layer (see Sec-
tion 2.1). The cell was then mounted in a similar setup than for
the electrochemical test (see Section 2.1), with 200 ml  min−1 of
humidified hydrogen (around 3% H2O) flown at the anode side. The
temperature is measured with a K thermocouple in contact with
the electrolyte.

The conductivity (�) and its error (��/�) are given by [14,15]:

� = ln 2
�t((RI + RII)/2)

(1)

where RI = (�UAB/iDC) and RII = (�UBC/iAD)

��

�
= −l2

16d2 ln 2
+ −L2

4d2 ln 2
(2)

where A, B, C and D are positions of the contact around the side of the
disc, t the thickness of the sample, RI and RII the measured resistance
along two directions, �U the potential between two contacts, i the
current, d the diameter of the cell, l and L the width (along the

perimeter of the sample) and the length (along the radius) of the
electrical contact, respectively.

The conductivity was  measured 1 h after the re-reduction dur-
ing subsequent RedOx cycles. No current is applied between the
measurements.
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.4. Dilatometry

Pure electrolyte tape and each anode tape in green state were
aminated separately to obtain a thickness of around 3–5 mm.  This
aminate was cut in 5 mm large and 8–10 mm long strips. The
ilatometry measurements are done with a Bähr dilatometer model
02 with a platinum heated furnace under stagnant air with a
◦C min−1 heating rate until 600 ◦C and 3 ◦C min−1 until 1400 ◦C

or 4 h.

.5. Microstructure observation

To preserve the microstructure during polishing, the samples
ere impregnated using 3 different mixtures of epoxy embedding

it (Fluka no. 45359) with acetone to lower the viscosity. The ace-
one to epoxy volume ratios were 3:1, 1:1 and 1:3, the samples
laced successively in the different mixtures for 30 min  under mild
acuum (200 mbar). Finally, the samples were immersed in pure
poxy and cured for 36 h. Polishing was done with diamond lapping
lms down to 1 �m with water as lubricant and cooling medium.

Scanning electron microscopy (Zeiss NVision 40 Crossbeam)
quipped with a Schottky field emission gun, a Gemini column and
nergy selective backscattered electron detector (EsBSE) was car-
ied out on the samples. The optimal conditions to differentiate the
etallic nickel and the zirconia phases using the EsBSE detector

re an accelerating voltage of 1.9 kV and slow scan. In these condi-
ions, the BSE yield gives the contrast by opposition to other studies
here the secondary electron detector is employed to differentiate

he phases [16,17]. In these cases, the contrast is obtained due to
he difference in surface potential of the two phases.

. Results and discussion

.1. Dilatometry

Dilatometry results of the anode and the electrolyte are com-
ared in Fig. 1. Around 200 ◦C, tapes T50 and T60 present a small
xpansion; this can be observed at the temperature of softening
oint (Td) of organic compounds [18]. Melting of amylose crystallite
ontained in the pore-former occurs at 144 ◦C but a complexa-

ion with other organic compounds can increase crystallite melting
emperature [19]. The strong shrinkage at 300 ◦C is due to the
ecomposition of the binder and the PF; as the electrolyte contains a
maller amount of binder and no PF, the shrinkage is very small. The
intering starts around 950 ◦C for tapes with 50 and 60 wt% NiO and

ig. 1. Normalized linear shrinkage of the different tapes and the electrolyte versus
ime and temperature.
Fig. 2. Electrical conductivity versus time after the first reduction. The marks are
experimental measurements and the lines are fitted to an experimental model (see
Eq. (3)). Conditions: 97% H2 + 3% H2O at 800 ◦C.

about 30 ◦C higher for the tape with 40 wt% NiO. The anodes shrink
about 10% (of their full shrinkage) during the plateau at 1400 ◦C.
The electrolyte shows a smoother shrinkage starting around the
same temperature as the anodes, but the electrolyte reaches the
sintering plateau with only 75% of its total shrinkage, that means
during the plateau at 1400 ◦C it will still shrink about 25% of its full
contraction. In comparison the anodes shrink about 10% (of their
full shrinkage) during the plateau at 1400 ◦C. The final shrinkage is
in the same range for the anodes and the electrolyte. These dilatom-
etry measurements give us an idea of the stress and the curvature
of the half cell during the debinding and the sintering [11]. To avoid
cracking of the multilayer a slow debinding step is needed. To keep
the half-cell flat, the green tape can be sandwiched between two
ceramic plates during firing.

3.2. Electrical conductivity

The electrical conductivity (�) versus time is shown in Fig. 2
after the first reduction and in Fig. 3 after the RedOx treatments
(10 RedOx cycles for T40 and T50 and 11 RedOx cycles for T60). �
values 1 h after each RedOx cycle is given in Fig. 4. Upon final cool
down, the conductivity was  measured versus the temperature, cf.
Fig. 5.

In Figs. 2 and 3, the degradation of electrical conductivity with
time is well fitted using an equivalent unloading capacitor model
[17]: (

t
)

�(t) = (�0 − �∞) exp −
�

+ �∞ (3)

where t is time, � the conductivity, � the time constant and �0 and
�∞ the initial and infinite time conductivity constant, respectively.
The constants and the coefficient of multiple determination R2 are

Fig. 3. Electrical conductivity versus time after multiple RedOx cycles (10 RedOx
cycles for T40 and T50 and 11 RedOx cycles for T60). Conditions: 97% H2 + 3% H2O
at  800 ◦C.
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Fig. 4. Electrical conductivity versus RedOx cycles (1 h after insertion of the reducing
gas). Conditions: 97% H2 + 3% H2O at 800 ◦C.
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density as it degrades with the increase in ASR:

T
T

ig. 5. Electrical conductivity versus temperature after the RedOx cycles for the
ermet compared to extra pure and pure nickel from [22,23] (conductivity divided
y 100). Conditions for cermet measurement: 10% H2 + 3% H2O + 87% N2.

iven in Table 2 for the first reduction (Fig. 2) and the reduction
fter multiple RedOx cycles (Fig. 3).

A similar model was used by the authors to fit the nickel par-
icle size growth and triple phase boundary decrease in a Ni–YSZ
ermet [17]. The nickel particles grow until the YSZ backbone lim-
ts their growth. The different constants depend on the cermet

icrostructure. The growth of Ni particle size will limit the elec-
rical contact between particles. The same law will govern the
onductivity degradation and the nickel particle size coarsening
s shown in Figs. 2 and 3. �∞ for tape T40 (40 wt% NiO) was  equal
o 9 S cm−1 and could therefore limit the cell performance. For a
00 �m thick support, the ohmic loss due to anode resistivity alone
ill be ca. 6 m� cm−2. This value is nonetheless still acceptable; a
i rich current collecting layer could in this case be applied on the

node support.

Usually, the electrical conductivity of the cermet after a RedOx
ycle is higher than before, but degrades faster, as shown by Kle-
ensoe [20] and Grahl-Madsen et al. [21]. However, the time

able 2
he exponential constants and the coefficient of multiple determination, R2, for the fit of 

Sample �

40 wt%  NiO T40 Initial reduction
50  wt%  NiO T50 

60  wt%  NiO T60 

40  wt%  NiO T40 Reduction after 10 RedOx cycles
50  wt%  NiO T50 1
60  wt%  NiO T60 1
rces 196 (2011) 8909– 8917

constant seems to increase after the RedOx cycles for the studied
samples as presented in Table 2, Figs. 2 and 3. For tape T50 with
50 wt% NiO, the RedOx treatments increased the conductivity of
the anode. In opposite, sample T60 lost some electrical conductiv-
ity. Disassembly of the latter cell showed this could also have been
an experimental artifact.

Fig. 4 shows electrical conductivity of the three anodes after each
of the 10 RedOx cycles (measurement done 1 h after each cycle).
Electrical conductivity increases for tape T50 (50 wt% NiO) with
each subsequent RedOx cycle until the 4th cycle and then starts
to slightly decrease. For tape T60 (60 wt% NiO) the conductivity
diminishes during the two  first cycles, then reverts to stabilize to
around 160 S cm−1. Tape T40 with 40 wt%  NiO shows the lowest
initial value around 45 S cm−1, which continuously decreases after
the second RedOx cycle to reach about 20 S cm−1 after 10 cycles.

The electrical conductivity of anode composite decreases with
temperature like for metallic materials (see Fig. 5). There is a change
in �(T)-behavior between ferromagnetic and paramagnetic nickel
at the Curie temperature (between 350 and 360 ◦C for pure nickel
[22]). The electrical conductivity is sensitive to small amounts of
impurities, especially at low temperature (at room temperature
around 30% lower conductivity with only 0.8% of alloying elements
[23]). The nickel oxide used for the anode support fabrication is
only 99.0% pure. In our cermet, some impurities can stay in oxide
form, or impurities coming from the sintering or testing conditions
can lower the conductivity. More analysis is required to determine
the nickel purity in the cermet.

The electrical conductivity ratio between 800 ◦C and room tem-
perature is 1/5th for 0.8% alloyed nickel and less than 1/6th for extra
pure nickel. Experimentally, and consistent with the previous state-
ment, we found �800 ◦C/�30 ◦C equal to 20.5%, 16.5% and 19.2% for
T60, T50 and T40, respectively. Grahl-Madsen et al. found a ratio of
about 18% for a similar composite containing 55.6 wt% NiO in the
ceramic mixture [21].

3.3. Electrochemical performances

Fig. 6 compares the performance of tape T40 (containing 40 wt%
NiO) before and after 12 full RedOx cycles (11 RedOx at 800 ◦C
and one at 850 ◦C) with the current–voltage (I–V) curves and elec-
trochemical impedance spectroscopy (EIS) spectra at open circuit
voltage (OCV) and 0.2 A cm−2. The OCV value from the I–V curve is
constant, which confirms the integrity of the thin electrolyte after
RedOx cycling even up to 850 ◦C. The degradation can be quantified
by different performance factors of the cell such as current density
(I) or power density (P) at a certain potential (U) i.e. potentiostatic
mode. Yokokawa et al. show that the degradation presented in gal-
vanostatic mode is proportional to the current density [24] but in
potentiostatic mode the degradation is independent of the current
U1 = UNernst − ASR1I1 (before degradation)  (4)

U2 = UNernst − ASR2I2 (after degradation)  (5)

electrical degradation presented in Figs. 2 and 3 using Eq. (3).

/h �0/S cm−1 �∞/S cm−1 R2

17.3 44.40 9.14 0.9944
76.4 151.9 26.9 0.9999
18.1 213.5 114.7 0.9993
48.4 18.6 16.0 0.9997
30.6 190.2 115.4 0.9998
50.8 170.0 109.2 0.9998



A. Faes et al. / Journal of Power Sources 196 (2011) 8909– 8917 8913

F RedOx cycles with (a) current–voltage (I–V) and current–power (I–P) curves and (b)
e −2. Conditions: 97% H2 + 3% H2O at 800 ◦C.
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ig. 6. Comparison of the performance of 40 wt%  NiO tape before and after 12 

lectrochemical impedance spectroscopy at open circuit voltage (OCV) and 0.2 A cm

ith U1 = U2 in potentiostatic mode, then

I1
I2

= ASR2

ASR1
(6)

hen the degradation is defined as:

egradation/% = I2 − I1
I1

= I2
I1

− 1 = ASR1

ASR2
− 1 = ASR1 − ASR2

ASR2
(7)

n the potentiostatic mode the degradation can be taken from the
urrent density at a certain constant potential or the power density
t the same potential and this will be independent of the cur-
ent as it decreases inversely to the ASR increase. This approach is
nly valid at low fuel utilization (Fu) with humidified fuel where
he Nernst potential does not vary with current density. In the
ase of the T40 sample at 0.65 V, the current varies from 0.763 to
.669 A cm−2 (see Table 3) during the degradation; this corresponds
o 1.8 and 1.6% of Fu and 1.081 and 1.079 V for the calculated Nernst
otential for 300 ml  min−1 cm−2 of 97% H2 and 3% H2O.

The slope of the I–V curve gives the area specific resistance
ASR). This value can be calculated from the I–V curve between two

easured points or extracted from the EIS spectra at the maximal
eal impedance (with Z′′ = 0 � cm2). The degradation of tape T40
hrough 12 RedOx cycles is quantified with these different methods
nd compared in Table 3. The different methods to express degra-
ation give consistent values of around 1% loss per cycle, except for
SR evolution from the EIS measurements at OCV. The impedance
as measured with a 30 mA  current amplitude. At OCV, the cell
orks in fuel cell mode or in electrolyzer mode depending on the
irection of the current. This measure is very sensitive to the water
apor content of the anode gas. Without water in the fuel, the elec-
rolyzer mode is strongly limited, as shown by a conversion arc
t low frequency [24]. During the measurements, hydrogen was
umidified at room temperature, to give about 3% H2O. Thus EIS

easurement at OCV is not recommended to measure performance

egradation as it depends strongly on the water vapor partial pres-
ure in the fuel gas. The other methods gave similar values for
he degradation extent. Depending on the shape variation of the
–V curve during successive RedOx cycles, the ASR method or the

able 3
omparison of degradation measurements of T40 using different values of current density, 

hese  values and using electrochemical impedance spectroscopy (EIS) at open circuit vol
ith subscripts 1 and 2 corresponding before and after the degradation, respectively.

Initial performance

U/V I/A cm−2 ASR/� cm2

IV 0.85 0.328 0.518 

IV  0.65 0.763 0.424 

IV  0.85–0.65 0.460 

EIS OCV 1.51 

EIS  0.2 0.673 
Fig. 7. Tape T60 (60 wt% NiO) cell potential and current density versus time. RedOx
cycles are represented by triangles. A drop in potential occurs after each RedOx cycle,
I–V  curve and EIS measurement. Reduction conditions: 97% H2 + 3% H2O, oxidation
conditions: dry air.

output current density method will give slightly different results.
Therefore in the following graphs both ASR and current density are
given.

In Fig. 7, an example of raw data measurement for anode tape
T60 (60 wt%  NiO) is presented. This graph shows the cell poten-
tial and current density versus time. Each triangle represents a
RedOx cycle. A drop in potential occurs after each RedOx cycle,
I–V curve and EIS measurement. As for tape T50, the OCV is con-
stant after each RedOx cycle. The first degradation of potential at
constant current (from 20 h to 80 h) seems not to stabilize during
the 60 h of testing. After 10 RedOx cycles (from 190 h to 280 h),
the potential seems to stabilize at a higher level after ca. 10 h.
The cell performance appears more stable after the RedOx treat-
ment than before. For a simple direct performance comparison
of the three anodes, Figs. 8–10 show their OCV, current density
at 0.6 V and ASR (between 0.65 and 0.85 V) versus the RedOx

cycles.

For the 3 compositions, the OCV is stable upon RedOx cycling,
indicating that the expansion is lower than the critical support
expansion of 0.2% [3,7]. In Part I of this study, the composition and
microstructure of the different supports was  optimized through a

I, at potential, U, of 0.65 V and 0.85 V and area specific resistance, ASR, at and between
tage (OCV) and 0.2 A cm−2. Degradation equals to (I2 − I1)/I1 or (ASR1 − ASR2)/ASR2

After 12 RedOx cycles Degradation per cycle

I/A cm−2 ASR/� cm2 I ASR

0.275 0.581 −1.3% −0.9%
0.669 0.467 −1.0% −0.8%

0.508 −0.8%
3.12 −4.3%

0.2 0.734 −0.7%
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Fig. 8. Open circuit voltage (OCV), current density (I) at 0.6 V and area specific resistance (ASR) of tape T40 containing 40 wt%  NiO with the number of RedOx cycles. Conditions:
97%  H2 + 3% H2O at 800 ◦C. Measurement done 1 h after re-reduction when not stated.
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ig. 9. Open circuit voltage (OCV), current density (I) at 0.6 V and area specific resista
7%  H2 + 3% H2O at 800 ◦C.

esign of experiment approach to lead to RedOx stable anodes with
easonable conductivity and sinterability [10]. The electrochem-
cal performance of the anode, however, was not yet optimized.
he mean value for current density at 0.6 V is between 0.6 and
.8 A cm−2 for the three compositions. The best performance is for
60 with an initial performance of 1.15 A cm−2 at 0.6 V dropping to
round 0.8 A cm−2 after RedOx cycling. The lowest performance is
or T50. This anode contained 5% of coarse NiO powder, which can
imit its performance. The cell from T40 underwent an accidental,

ncontrolled RedOx cycle before measurement. Its initial OCV was

ower, but increased with time and RedOx cycle. The lower initial
CV could come from the accidental RedOx cycle or from pinholes

n the as sintered electrolyte. It has been shown that a small elec-

ig. 10. Open circuit voltage (OCV), current density (I) at 0.6 V and area specific resista
onditions: 97% H2 + 3% H2O at 800 ◦C.
SR) of tape T50 containing 50 wt%  NiO with the number of RedOx cycles. Conditions:

trolyte crack can heal during utilization [3];  this could explain the
increase of OCV during the testing time.

After 10 RedOx cycles at 800 ◦C, the cells were polarized longer
before the last RedOx cycle at 850 ◦C. For the anode T40 in Fig. 8, the
degradation 242 h after the first reduction is huge, the current den-
sity degrades more than 90% over this period giving a degradation
rate of 37.5%/100 h. After the RedOx treatments the degradation
over 65 h is less than 1.0% giving a degradation rate of 1.5%/100 h.
A similar observation applies to the T60 cell (Fig. 10), the first

reduction giving a degradation rate of 72%/100 h, which drops to
13%/100 h after the RedOx treatments. The conductivity measure-
ments present similar results: the decrease of conductivity is faster
during the first reduction than after RedOx cycles.

nce (ASR) of tape T60 containing 60 wt% NiO with the number of RedOx cycles.
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ig. 11. Anode containing 60 wt% NiO after 300 h at 800 ◦C under humidified formi
he  grey levels separate each phase (YSZ: light grey, Ni: dark grey and porosity: bla

.4. Microstructural characterization

To understand the lower degradation after the RedOx treat-
ents, the microstructure of fresh samples reduced 300 h at 800 ◦C

s compared to tested samples (from Fig. 10)  reduced in similar
onditions. The micrographs of T60 anodes are presented in Fig. 11
the other tapes present similar microstructures but are not shown
ere). The microstructure of such samples is coarse compared to
ther so-called standard anodes [17,25]. The goal of the present
icrostructure was to contain enough porosity for RedOx stability,

nd not yet to be optimized for high electrochemical performance.
he coarse YSZ powder increases the porosity by reducing the sin-
ering shrinkage of the anode [10]. 300 h after the first reduction,
he nickel grains (in dark grey) are round and rather separated from
ach other (Fig. 11a), which is bad for the percolation of the electri-
ally conducting phase. The nickel grains coalesce during prolonged
eriods at working temperature and under reducing atmosphere
ven if the original NiO powder is fine [17,25]. The YSZ backbone
hould stop the nickel grains coarsening [17]. In our case, the high
orosity and coarse YSZ backbone cannot limit the nickel coales-
ence. This is the reason of the rapid decrease of conductivity and
lectrochemical performance, during steady state operating con-
itions after first reduction, especially for samples containing less
iO.

The samples that underwent the 11 RedOx cycles show a very
ifferent microstructure (Fig. 11b). The nickel grains contain micro-
orosities that increase the nickel volume and so give a percolating
tructure. The closed porosity in the nickel grains comes from the
revious re-oxidation of the metallic phase. As known from bulk
ickel oxidation, the diffusion coefficient in the NiO layer is higher

or Ni2+ than for O2− ions [26]. This creates an internal porosity
ue to the outward diffusion of nickel through the NiO shell dur-

ng oxidation [27]. In a YSZ–Ni cermet, the pore size increases with

nhanced temperature of oxidation [3].  The interesting observa-
ion of Fig. 11b is the stability of this porosity over long reduction
eriods. The reason could come from the small YSZ particles bro-
en during the RedOx cycles and included in the nickel grains
see Fig. 11b  and d). Due to the high contact angle between YSZ
 (10% H2 in N2) (a) and (c) fresh as-sintered sample and (b) and (d) tested sample.
ll data-bars are 2 �m in length.

and Ni (117◦ [28]), these small ceramic particles slow down the
agglomeration and densification of the nickel phase. Porosity is
very often found near YSZ particles in Fig. 11d. At higher mag-
nification (Fig. 11c  and d), nano-porosity is observed in both the
YSZ and Ni phases. Nano-porosities are reported for transmission
electron microscopy samples from anode cermets after ex-situ and
in-situ reduction [9,29].  Nano-porosities are more present in the
nickel phase from the sample after RedOx treatment than in that
from the sample after only one reduction. This nano-porosity can
also increase the volume of the electrically conducting phase and
so increase its percolation. Further observations and studies have
to confirm the presence of this nano-porosity in bulk samples.

These microstructural observations can clarify the difference in
behavior between standard and high porosity anode supports. For
a standard anode support, the electrical conductivity after a RedOx
cycle is higher but degrades faster [20,21], the expansion is not
reversible and increases after each cycle [20]. That means, the nickel
expansion during re-oxidation breaks the YSZ backbone. After re-
reduction, the anode porosity increases due to the irreversible
expansion. This diminishes the percolation of the conducting phase
when the nickel is fully reduced and starts to coalesce. A high
porosity anode support is mechanically sufficiently stable to keep
the OCV constant (expansion lower than 0.2%). Its microstructural
change is only a reorganization of the nickel phase inside the YSZ
backbone, which is in favor for the nickel percolation (see Fig. 11).

3.5. Comparison of tape-cast sample with design of experiment
prediction

Table 4 presents the results of the samples prepared by tape-
casting with the design of experiment prediction, which was
based on samples produced by isostatic powder compaction. Lin-
ear shrinkage and porosity are higher for tape-cast samples. First,

this can be explained by the higher content of binder and disper-
sant for samples prepared by tape-casting. The 20.3 wt% of organic
binder and dispersant represent 58.9 vol% in the green state after
drying. The samples produced by dry isostatic pressing contain only
1.04 wt% of organics (stearic acid and acrylic binder) that repre-
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Table  4
Comparison of tape-cast samples with the predictions done by the surface response model proposed in [10].

Tape T40 Tape T50 Tape T60

Samples from tape-casting, this study
Linear shrinkage after firing /% −14.0 ± 0.6 −13.4 ± 0.6 −16.0 ± 0.9
Porosity as-sintered /% 46.8 ± 2.4 50.1 ± 3.2 51.7 ± 1.1
Vol%  of organics in green state /vol% 60.9 63.7 64.8
Electrical conductivity after 24 h of reduction calculated for room temperature /S cm−1 97.7 ± 1.1 645 ± 12 770 ± 7

Values  from design of experiment model, Part I [10]
Linear shrinkage after firing /% −7.3 −9.6 −9.1
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Porosity as-sintered /% 

Vol%  of organics in green state /vol%
Electrical conductivity after 24 h of reduction /S cm−1

1st  RedOx strain /%

ent 6.5 vol% in the green state [10]. In Table 4, the organic content
ncludes also the pore-former volume. Second, the samples used
or the optimization study are pressed isostatically at 200 MPa dur-
ng 1 min  before firing. This compaction can remove the remnant
orosity in the green state. The tape-cast sample compaction is only
one during drying (no pressure added). Finally, the dry ball-milling
hich was performed for powders used to press samples can break

he powder due to the higher applied energy. This can change the
ring process and the final microstructure.

The electrical conductivity of sintered samples from cast tapes
s calculated for room temperature (Tr), so they can be compared to
he powder compact samples (measured at Tr). The value obtained
t 800 ◦C after 24 h of reduction was multiplied by the ratio of
lectrical conductivity at Tr versus 800 ◦C (�Tr/�800 ◦C ≈ 5.45) for all
amples. The conductivity is lower for the tape-cast samples due to
heir higher porosity compared to the pressed samples. If the tape-
ast samples are analyzed using the conductivity model developed
n [10]:

comp = (1 − ppore)q/�Ni �eff (8)

ith �eff = �Ni�Ni + �YSZ�YSZwhere �i are the electrical conductiv-
ties of the composite and the different phases, �Ni and �YSZ are
he Ni and the YSZ volume fraction in the solid phase, ppore is the
orosity proportion and q is a constant. To fit the conductivity of the
ape-cast samples with the model, the constant q varies between
.64 for tape T50 and 1.95 for tape T60. The value for the pressed
amples is 1.83 (42 samples, R2 = 0.97). This confirms that the dif-
erence in electrical conductivity between pressed and tape-cast
amples is mostly due to the variation in porosity of the samples.

The principal goal of the study was reached. The strain obtained
fter RedOx cycles is lower than the critical value for electrolyte
ntegrity (calculated around 0.2% [3,7]). This was  shown for the
ifferent samples produced by tape-casting by the constant OCV
uring subsequent RedOx cycles. The value from the surface
esponse model is lower than the 0.2% limit (see Table 4). It is inter-
sting to note that the porosity of the tape-cast samples is around
0%, which was defined as a safety limit for RedOx stability [10].

. Conclusion

A design of experiment procedure was used to suggest and fabri-
ate new SOFC anode support microstructures with RedOx stability.

Three different anode compositions based on 40, 50 and 60 wt%
iO were characterized by conductivity and electrochemical mea-

urements with time, and undergoing 10 full RedOx cycles at 800 ◦C
lus one full RedOx cycle at 850 ◦C.
The electrical conductivity degrades with time and can be fit-
ed by an exponential model. This could be related to nickel phase
oarsening. After RedOx treatments this degradation is slower
ue to a re-organization and a stabilization of the nickel phase.
he conductivity of the anode can increase or decrease with the

[

[

23.3 27.9 32.9
15.9 27.2 30.6
1554 2402 3247
0.1 0.16 0.03

consecutive RedOx cycles depending on the microstructure and
composition.

The open circuit voltage was stable for all 11 RedOx cycles
showing that the electrolyte survives the treatments and that the
expansion of the support during re-oxidation is lower than the 0.2%
critical limit.

Similar to the conductivity behavior, the electrochemical per-
formances degrade faster after the first reduction than after RedOx
cycles. Microstructure observations on non-reoxidized samples
show spherical nickel grains 300 h after the first (and only) reduc-
tion. For samples that underwent 11 RedOx cycles, however, the
nickel phase contains small zirconia fragments and a stable micro-
porosity. The internal micro-porosity is known to be due to the Ni
oxidation process. YSZ fragments produced during RedOx cycling
stabilize the nickel internal porosity. The foamy nickel microstruc-
ture increases the percolation of the electrical conducting phase.
The change in nickel microstructure during re-oxidation reacti-
vates the degraded anode. This process can be used to restore the
performance of a Ni–YSZ anode after continuous degradation.

For samples with 40 and 60 wt%  of NiO, the electrochemical per-
formances were stable after the second RedOx cycle at 800 ◦C. These
results are promising for future cells with increased size.
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