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a  b  s  t  r  a  c  t

Anode  supported  (Ni/YSZ–YSZ–LSM/YSZ)  solid  oxide  fuel  cells  were  tested  and  the  degradation  over
hundreds  of hours  was  monitored  and  analyzed  by  impedance  spectroscopy.  Test  conditions  were  chosen
to  focus  on  the  Ni/YSZ  anode  degradation  and  all  tests  were  operated  at 750 ◦C,  a  current  density  of
0.75  A  cm−2. Oxygen  was supplied  to  the  cathode  and  the  anode  inlet  gas  mixture  had  a  high  p(H2O)/p(H2)
ratio  of 0.4/0.6.  Commercially  available  gasses  were  applied.  The  effect  of  different  types  of  pre-treatments
on  the  Ni/YSZ  electrode  degradation  during  subsequent  fuel  cell  testing  was  investigated.  Pre-treatments
eywords:
i/YSZ
egradation

mpurities
as cleaning
ultilayer tape casting

included  operating  at OCV  (4%  and  40%  H2O in  H2) prior  to  fuel  cell  testing,  cleaning  of the  inlet  H2 gas
at  700 ◦C  and  processing  the anode  half cell  via  multilayer  tape  casting.  Analyses  of  impedance  spectra
showed  that  the  increase  in the  charge  transfer  reaction  resistance  in  the Ni/YSZ  (RNi,TPB)  was  decreased
to  ¼ or less  for the  pre-treated  and  fuel  cell  tested  cells  when  compared  with  a  non-pre-treated  reference
tested  cell;  all operated  at the same  fuel  cell  test  conditions.  Scanning  electron  microscopy  and  image
analyses  for  the  non-pre-treated  reference  tested  cell  and  selected  pre-treated  cells  showed  significant

ction
icrostructure differences  in the  area  fra

. Introduction

Over the last few decades solid oxide fuel cells (SOFC) have
oved significantly closer to becoming a commercially mature

nergy conversion technology for which reliability, low produc-
ion cost and long-term stability are important factors [1–3]. One
f the most widely used materials for SOFC anodes is a porous cer-
et  of nickel and yttria stabilized zirconia (YSZ). The Ni/YSZ cermet

as some obvious advantages such as: (1) it is fully reversible, i.e.
t works equally well in fuel cell and electrolysis mode [4],  (2) it
as excellent catalytic and electrocatalytic activity both for steam
eforming of natural gas and for electrochemical oxidation of H2
nd CO, (3) the raw materials are abundant and therefore available
t technological relevant prices [5,6]. However, there are also some
ell-known challenges for the long-term stability of the Ni/YSZ

ermet as an SOFC anode e.g. its sensitivity towards poisoning; it
s prone to carbon deposition and can show mechanical instabil-
ty upon redox cycling [7–11]. In the perspective of technological
elevance and future commercialization of SOFC, it is important
o study the Ni/YSZ electrode degradation for technologically rele-

ant cells and aim for decreasing or ideally preventing this Ni/YSZ
egradation.

In literature the Ni/YSZ electrodes in full cells are reported to
ndergo an “initial” degradation within the first few hours of test-

∗ Corresponding author. Tel.: +45 21362836; fax: +45 46775858.
E-mail address: hauc@risoe.dtu.dk (A. Hauch).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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s  of percolating  nickel  both  in  the  active  anode  and  support  layer.
© 2011 Elsevier B.V. All rights reserved.

ing (the exact time frame depends on the cells and the exact test
conditions) and reach a certain performance plateau. This observed
increase in the resistance of the Ni/YSZ electrodes follow an expo-
nential trend that can be described by an equation of the form:
RNi,TPB(t) = RNi,0 + �R·[1 − exp(−t/�)], where RNi,0 and �R, are the
initial value and total increase for the Ni–YSZ charge transfer reac-
tion resistance and � is the characteristic time for the Ni/YSZ
electrode degradation [12–16].  Some authors have argued that
there is a close relationship between the observed Ni/YSZ degra-
dation and Ni particle growth, or more specifically the decrease
in triple-phase-boundaries (TPB) that is the consequence of the Ni
particle growth [15–17].

Previously we have reported results on the effect
of p(H2O)/p(H2) on the expression for the increase
in the Ni/YSZ charge transfer reaction resistance,
RNi,TPB(t) = RNi,0 + �R·[1 − exp(−t/�)], and shown that the main
factor changing upon changing the p(H2O)/p(H2) is the character-
istic time, �, for the Ni/YSZ electrode degradation [13]. Inspired
by interesting results when applying gas cleaning for electrolysis
testing of similar cells [18], we have also reported results on
significant decrease in the Ni/YSZ electrode degradation obtained
by cleaning of the inlet H2 gas during fuel cell testing [19]. The
present work is a continuation of previously reported fuel cell test

results and similar anode supported full SOFCs have been tested in
this work.

Here we  report results from several fuel cell tests all conducted
at a temperature of 750 ◦C and a current density of 0.75 A cm−2

applying O2 to the cathode and 40% H2O in H2 to the anode (26% H2

dx.doi.org/10.1016/j.jpowsour.2011.01.009
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hauc@risoe.dtu.dk
dx.doi.org/10.1016/j.jpowsour.2011.01.009
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tilization). Except for one of the reported fuel cell tests, all tests
ere performed on similar anode supported Ni/YSZ–YSZ–LSM/YSZ

ells. The aim of this work has been to investigate how the Ni/YSZ
lectrode degradation at the specified fuel cell test conditions is
ffected by: (1) different types of pre-treatments at OCV prior to
uel cell testing, (2) cleaning of the H2 inlet gas at high tempera-
ure and (3) pre-treatment of the anode by processing the anode
alf cell via multilayer tape casting. Equivalent circuit modeling
f impedance spectra (IS) and low voltage in-lens SEM imaging of
elected cell pieces is applied in the analyses of the Ni/YSZ electrode
egradation.

. Experimental

.1. Cell specifications

Anode supported Ni/YSZ–YSZ–LSM/YSZ cells produced at Risø
TU have been applied for tests A–E and these cells have been
escribed previously [12,13,19–23]. For these anode supported
ells the half cell was produced by tape casting of the anode sup-
ort; hereafter a suspension of the active anode and a suspension
f the electrolyte material was sprayed on the tape and the half
ell was co-sintered [23]. These cells have a 10–15 �m thick anode
f Ni/YSZ cermet with a ∼300 �m thick Ni/YSZ support layer, a
0–15 �m thick YSZ electrolyte and a ∼20 �m thick LSM–YSZ com-
osite cathode [20]. The ratio between Ni and YSZ is 40/60 volume
ercentage both for the support layer and the active electrode

ayer [24]. ZrO2 stabilized with 8 mole percentage Y2O3 is used for
he electrolyte and the active electrode layer. ZrO2 stabilized with

 mole percentage Y2O3 is used for the support layer. The compo-
ition of the LSM is (La0.75Sr0.25)0.95MnO3 and the ratio between
SM and YSZ in the composite electrode is LSM/YSZ = 50/50 vol-
me  percentage [25]. For production of the anode half cell for the
ell used for test F, the procedure; (1) tape casting of anode sup-
ort, (2) spraying of active anode and (3) spraying of electrolyte;
as substituted by a multilayer tape casting process [26]. For this
ultilayer tape cast cell for test F, the electrolyte, the active anode

ayer and the anode support layer are all tape cast successive (i.e. all
hree layers wet-on-wet) followed by co-sintering of the half cell.
he same raw materials, compositions, layer thickness, etc. were
pplied for the cell for test F as for the cells for tests A–E. The pro-
uced SOFC are all planar 12 cm × 12 cm cells which are cut into

 cm × 5 cm cells prior to testing. Due to the set-up for cell test-
ng, the cells have an active electrode area of 16 cm2. The set-up
or cell testing, i.e. alumina housing, current collectors (Ni and Au
oil), glass sealing and Ni/YSZ and LSM based gas distributors, is
llustrated and described in detail elsewhere [27,28]. Commercially
vailable gasses from Air Liquide were used for all tests (oxygen:
ndustrial grade, O2 ≥ 99.5% and hydrogen: N30, H2 ≥ 99.9%). Impu-
ities (e.g. hydrogen sulfide and water) has been detected by mass
pectroscopy in these commercially available gasses generally used
or cell testing in our laboratory; however the concentrations of
mpurities were too small to be properly quantified using mass
pectrometry [18,29].

.2. Test procedure and operating conditions

The general cell test sequence was: (1) heated to 1000 ◦C
1 ◦C/min) and sealed, (2) reduction of the NiO in the anode and
upport layer in 9% H2 in N2 and subsequently pure H2 with 3%

umidification, (3) the temperature lowered to 850 ◦C and charac-
erization (leak testing, iV-curves and impedance spectroscopy) at
ifferent gas compositions and temperatures was performed. iV-
urves and impedance spectra (IS) were recorded at 750 ◦C, 800 ◦C
nd 850 ◦C both with pure oxygen and with air to the cathode, and
urces 196 (2011) 8931– 8941

applying 4%, 20%, 40% and 50% H2O in H2 to the anode, i.e. at 24
different operating conditions. After characterization galvanostatic
fuel cell testing was  started at a temperature of 750 ◦C and a current
density of 0.75 A cm−2. The flow to the cathode was O2 applying
flow of 50 l h−1) and the flow to the anode was 40% H2O in H2 (26%
H2 utilization). For all tests IS were recorded regularly (approxi-
mately twice per day) during testing to monitor the development of
the cell impedance during the galvanostatic fuel cell tests. However,
for simplicity we generally only show the first and last IS recorded
during each fuel cell testing including results from the break-down
of losses by applying the equivalent circuit model described in the
next paragraph.

2.3. Impedance spectroscopy

IS were recorded using a Solartron 1260 frequency analyzer. For
impedance measurements under current load, the Solartron 1260
was used in combination with an external shunt to measure the AC
current through the cell [30]. The software Zview 2.8 was used for
analyses of the IS [31]. To break down the losses of the impedance
of the cells, the equivalent circuit model described by Barfod et al.
for similar cells was  applied [22]. This equivalent circuit model con-
sists of an inductance (L) in series with a series resistance (Rs) and
in series with the polarization resistance (Rp). Rp is built up by five
circuits of a resistance (R) in parallel with a constant phase element
(CPE). The five circuits represent a high frequency arc originating
from the LSM/YSZ cathode, (R,CPE)LSM,high; an arc originating from
the charge transfer reactions resistance in the Ni/YSZ electrode,
(R,CPE)Ni,TPB; a low frequency arc originating from the LSM/YSZ
cathode, (R,CPE)LSM,low; a gas diffusion related arc, (R,CPE)Diff; and
a low frequency arc originating from gas conversion mainly due to
the anode (R,CPE)Conv.. The three arcs (R,CPE)LSM,high; (R,CPE)Ni,TPB;
and (R,CPE)LSM,low describe the electrochemical processes in the
cathode and anode. The relative errors (Zfit − Zexp)/Zexp was calcu-
lated as a function of frequency for Z′ and Z′′ and were below 10%
for the fitted spectra for frequencies down to below the summit
frequency for the gas conversion arc i.e. below 3 Hz.

Gas change impedance spectroscopy was performed at OCV  to
obtain electrode-specific and model-independent impedance char-
acterization of the cells as described in detail by Jensen et al. [32].
In this study the gas change for the cathode was between air and
O2, and for the anode between 4% and 20% H2O in H2. From the
differences in the impedance upon gas changes values for ı�Z′(f)
were calculated as:

ı�Z ′(fn) =
[
Z ′

air
(fn+1) − Z ′

air
(fn−1)

]
−

[
Z ′

O2(fn+1) − Z ′
O2(fn−1)

]

ln(fn+1) − ln(fn−1)
(1)

for cathode gas change, where Z′(fn+1) is the real part of the
impedance measured at the (n+1)th frequency applying either air
or O2 to the cathode. In a similar way ı�Z′(f) was calculated for the
differences upon anode gas change.

2.4. Scanning electron microscopy (SEM) and image analysis

Pieces of a reference cell (which was reduced but not tested as
a fuel cell) and pieces of cells from selected tests were subjected to
field emission scanning electron microscopy (FE-SEM) imaging and
subsequent image analyses. The cells were prepared for SEM inves-
tigation by vacuum embedding pieces of the cells in epoxy (EpoFix
from Struers®) followed by grinding and polishing. A Zeiss Supra 35
FE-SEM and a Zeiss CrossBeam XB1540 were used for low-voltage

SEM imaging using the in-lens detector in order to distinguish per-
colating and non-percolating Ni in the Ni/YSZ structure as described
by Thydén et al. [33]. The image analyses, e.g. determination of the
area fraction of percolating Ni, were obtained as follows on images
at the same magnification level. Several images were selected from
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Table  1
Test specifications. All tests were operated a temperature of 750 ◦C and a current
density of 0.75 A cm−2. The flow to the cathode was  50 l h−1 of O2 and the flow to
the  anode was 40% H2O in H2 (26% H2 utilization). For comparison of cell voltage
degradation, the cell voltage degradation after 250 h of fuel cell testing is given for
all  tests.

Test no. Duration [h] �U250 h [mV] Test specifications

A 256 70 Reference cell test [13]
B  264 18 Pre-treatment, 40%

H2O in H2 at OCV for
440 h prior to fuel cell
testing [19]

C  314 18 Pre-treatment, 4% H2O
in H2 at OCV for 440 h
prior to fuel cell testing
[19]

D 286 13 Cleaning of H2 inlet gas
at 700 ◦C

E  310 13 Without cleaning of H2

inlet gas after 286 h of
fuel cell testing
applying cleaning of H2

inlet gas at 700 ◦C (test
D)

F  244 14 Reference cell test for a
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Fig. 1. Cell voltage curve over time (Table 1). The fuel cell testing was done at a
cell having a multilayer
tape cast anode half
cell

ach cell where each image contained both the electrolyte – anode
nterface and the anode – support layer interface (similar to the
mages a, b, d and e in Fig. 9). Two horizontal lines were defined
y hand, the first at the electrolyte/anode interface (line Lea) as
ar into the anode as to not include any parts of the electrolyte.
he second line was defined at the anode/support layer interface
line Las). A histogram of intensities in the image from the Lea line
nd up was then plotted. All the histograms showed two  peaks,
ne for the percolating Ni and one for all other phases. A simple
hreshold was defined manually at the location between these two
eaks with the lowest frequency. The threshold was  then applied
o the image to segment the percolating Ni from the background.
he pixels between the Lea and the Las where denoted as belonging
o the active anode and the pixels above the Las line were denoted
s belonging to the anode support. The percolating Ni fraction was
hen calculated for each of these two pixel regions as the number of
i pixels in the segmentation divided by the total number of pixels

n the region.

. Results

After reduction and initial characterization of the full cells,
ong-term galvanostatic fuel cell testing was started. Table 1 gives
n overview of the fuel cell tests, the test durations, cell voltage
egradation after 250 h and the test specifications. Test A can be
onsidered a reference cell test. Results and analysis of IS for tests

 and B is given elsewhere [13,19], but the cell voltage curve is
ncluded here for comparison. Tests B and C were both subjected
o 440 h of operation at OCV at 750 ◦C and at 40% and 4% H2O in H2,
espectively, prior to fuel cell testing. As reported previously [19]
he polarization resistance reached a constant value after 440 h of
CV testing at 40% H2O in H2 for test B, and therefore the OCV
re-treatment was stopped. To emphasize the steam content dur-

ng OCV pre-treatment, the OCV pre-treatment for test C was  also
topped after 440 h, and fuel cell testing was started. For test D

◦
he inlet H2 gas was supplied through porous Ni at 700 C in an
ttempt to clean the hydrogen prior to the inlet tubing for the anode
ompartment of the cell [34]. After operating test D at constant
onditions for 286 h the gas cleaning system was  by-passed, the
ell was characterized at different temperatures and gas compo-
temperature of 750 ◦C and a current density of 0.75 A cm−2. The flow to the cathode
was  O2 and the flow to the anode was 40% H2O in H2 (26% H2 utilization). Cell voltage
curve for tests C–E was added 13 mV,  15 mV  and 11 mV, respectively, due to larger
Rs values (see text for details).

sitions and then fuel cell test E was started without gas cleaning
on the same cell as for test D. Fig. 1 shows the cell voltage curve
over time during fuel cell testing at 750 ◦C and a current density of
0.75 A cm−2. The cells used for tests A–E are identical from a pro-
duction point of view and part of the variations in the measured
ohmic resistance (Rs) from IS (Table 3) at start up of fuel cell testing
can originate from the set-up (auxiliary components, contacting,
etc.) [35]. The differences in Rs values for tests C–E compared
to reference test A was  0.018 � cm2, 0.020 � cm2, 0.014 � cm2,
respectively. These differences in Rs values correspond to 13 mV
(test C), 15 mV  (test D) and 11 mV  (test E) at 0.75 A cm−2. In Fig. 1
a value of 13 mV, 15 mV and 11 mV  was  added to the cell voltage
curve for tests C–E, respectively, which made the comparison of the
cell voltage curves in Fig. 1 more direct. The cell used for test F was
significantly different from a production/processing point of view
and therefore a correction of the cell voltage in accordance with the
measured Rs value was not done for the test F in Fig. 1. It is evident
from the cell voltage curves in Fig. 1 and Table 1 that the voltage
degradation for test A is significantly higher than for the other tests.
The measured voltage degradation for tests B–F is comparable both
with respect to the total voltage drop (Table 1) and the trend for
the cell voltage curve over time (Fig. 1).

3.1. Effect of pre-treatment at 4% H2O in H2 at OCV – test C

To investigate whether or not the steam content for this OCV pre-
treatment plays a role for the subsequent fuel cell test results, a test
(test C) was  performed where the OCV pre-treatment was done at
4% H2O in H2 and otherwise same conditions as for test B (OCV pre-
treatment at 40% % H2O in H2). Furthermore, a steam content of 4%
is a more typical applied fuel cell test condition than 40% H2O in the
inlet gas to the anode. Fig. 2 shows the first and last IS recorded dur-
ing this OCV pre-treatment at 750 ◦C, 4% H2O in H2 to the anode and
oxygen to the cathode. The lines represent the results from optimal
CNLS fitting of the experimental data applying the equivalent cir-
cuit model described in Section 2. By simple visual inspection of the
IS in Fig. 2 it is evident that Rs has increased slightly, but the main
change has occurred for the polarization resistance at a frequency
of 2–3 kHz, which indicate an increase in the charge transfer reac-
tion resistance in the Ni/YSZ electrode [22]. Table 2 summarizes
the results (i.e. resistances and summit frequencies) from the CNLS
fitting shown in Fig. 2.
After OCV pre-treatment fuel cell testing was  started. Fig. 3
shows the first and last IS recorded during this fuel cell test-
ing for test C. The lines represent the results from optimal CNLS
fitting of the experimental data applying the equivalent circuit
model described in Section 2. Table 3 summarizes the results
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Table 2
Resistances and summit frequencies obtained from CNLS fit of first (1 h) and last (435 h) IS during pre-treatment at 4% H2O in H2 at OCV and 750 ◦C prior to fuel cell test C.
Equivalent circuit model described by Barfod et al. was  applied [22,35]. Estimated errors for obtained resistances are ∼0.002 � cm2.

Test C (OCV) Rs

[� cm2]
RLSM,high

[� cm2]
fs,LSM,high

[Hz]
RNi,TPB

[� cm2]
fs,Ni,TPB

[Hz]
RLSM,low

[� cm2]
fs,LSM,low

[Hz]
Rdiff.

[� cm2]
fs,diff

[Hz]
Rconv.

[� cm2]
fs,conv.

[Hz]

1 h 0.136 0.079 32,816 0.179 2859 0.062 542 0.002 43 0.015 4
435  h 0.150 0.082 30,007 0.255 2003 0.064 403 0.002 31 0.016 4

Table 3
Resistances and summit frequencies obtained from CNLS fit of first and last IS during test A–F at 750 ◦C and a current density of 0.75 A cm−2. The flow to the cathode was
O2 and the flow to the anode was 40% H2O in H2 (26% H2 utilization). Equivalent circuit model described by Barfod et al. was applied [22,35]. Estimated errors for obtained
resistances are ∼0.002 � cm2.

Test no. Rs

[� cm2]
RLSM,high

[� cm2]
fs,LSM,high

[Hz]
RNi,TPB

[� cm2]
fs,Ni,TPB

[Hz]
RLSM,low

[� cm2]
fs,LSM,low

[Hz]
Rdiff.

[� cm2]
fs,diff

[Hz]
Rconv.

[� cm2]
fs,conv.

[Hz]

Test A, 1 h 0.094 0.064 23,735 0.061 5015 0.031 662 0.003 24 0.011 5
Test  A, 256 h 0.088 0.064 17,386 0.123 2145 0.030 401 0.002 70 0.006 5
Test  B, 1 h 0.085 0.063 22,719 0.064 5116 0.030 761 0.003 46 0.010 4
Test  B, 264 h 0.077 0.063 22,539 0.066 4220 0.048 470 0.003 63 0.015 3
Test  C, 1 h 0.112 0.063 22,956 0.069 8077 0.030 1014 0.002 138 0.015 7
Test  C, 312 h 0.101 0.063 23,858 0.069 6321 0.057 902 0.002 226 0.013 6
Test  D, 17 h 0.114 0.064 23,665 0.058 7959 0.040 822 0.004 25 0.013 5
Test  D, 275 h 0.101 0.064 24,252 0.063 6235 0.058 521 0.004 29 0.014 4

5 

7 

2 

2 

(
s
F
R

F
H
f
m

Test  E, 1 h 0.108 0.064 24,444 0.064 721
Test  E, 297 h 0.092 0.064 24,264 0.070 596
Test  F, 1 h 0.099 0.062 21,175 0.028 792
Test  F, 243 h 0.093 0.062 21,192 0.043 521
i.e. resistances and summit frequencies) from the CNLS fitting
hown in Fig. 3. From simple visual inspection of the spectra in
ig. 3, it is evident that Rs decreased slightly during test C and
p increased. The main increase in Rp occurs at a frequency of
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ig. 2. First (�, 1 h) and last (�, 435 h) IS recorded during pre-treatment at 40%
2O in H2 at OCV and 750 ◦C prior to fuel cell test C. Lines are fitted spectra. Results

rom optimal CNLS fit are summarized in Table 2 and based on the equivalent circuit
odel described by Barfod et al. [22,35].
0.039 1008 0.003 173 0.014 4
0.057 543 0.003 213 0.014 4
0.026 1250 0.004 70 0.026 8
0.031 1223 0.004 78 0.019 9
∼1 kHz and the development of the IS in Fig. 3 is very similar to
the IS previously reported for test B [19]. Furthermore, it can be
noticed that even though the Ni/YSZ passivate (increase in RNi/YSZ)
during the OCV pre-treatment, the anode seems fully activated
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Fig. 3. First (�, 1 h) and last (�, 312 h) IS recorded during fuel cell test C at a tem-
perature of 750 ◦C and a current density of 0.75 A cm−2 after pre-treatment at OCV
and  4% H2O in H2. The flow to the cathode was O2 and the flow to the anode was  40%
H2O in H2 (26% H2 utilization). Lines are fitted spectra. Results from optimal CNLS
fit  are summarized in Table 3 and based on the equivalent circuit model described
by Barfod et al. [22,35].
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Fig. 4. First (�, 1 h) and last (�,  275 h) IS recorded during fuel cell test D at a tem-
perature of 750 ◦C and a current density of 0.75 A cm−2 applying H2 gas cleaning at
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2. Table 3 summarizes the results (i.e. resistances and summit fre-
quencies) from the CNLS fitting shown in Fig. 6. The trends for the
development of the IS for test E (without gas cleaning) are very
similar as those observed for test D (gas cleaning at 700 ◦C).
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00 C. The flow to the cathode was O2 and the flow to the anode was  40% H2O in H2

26% H2 utilization). Lines are fitted spectra. Results from optimal CNLS fit are sum-
arized in Table 3 and based on the equivalent circuit model described by Barfod

t  al. [22,35].

pon start of fuel cell test C (Table 3) as it was also observed for
est B.

.2. Effect of H2 gas cleaning at 700 ◦C – test D

For test D the inlet H2 was cleaned by leading the gas over porous
i at 700 ◦C prior to leading the gas to the anode compartment of

he cell. Fig. 4 shows the first and last IS recorded during test D. The
ines represent the results from optimal CNLS fitting of the exper-
mental data applying the equivalent circuit model described in
ection 2. Table 3 summarizes the results (i.e. resistances and sum-
it  frequencies) from the CNLS fitting shown in Fig. 4. The trends for

he development of the IS for test D are somewhat similar to those
bserved for test C, however the main increase in the polarization
esistance seem to occur at a slightly lower frequency (∼600 Hz)
or test D compared to test C.

In general gas change impedance analyses were performed
efore and after each fuel cell test periods to make an electrode-
pecific and model-independent complementary check of the
nalysis results obtained by CNLS fitting for IS recorded during fuel
ell testing. Fig. 5 provides an example of the results for such a
as change analysis for test D from which it can be observed that
oth the cathode and anode response to these differences upon
as changes (see Section 2 for details) has only changed slightly

pon fuel cell test D. Another point to notice from the gas change

mpedance analysis depicted in Fig. 5 is that the responses to the
as change occur at a slightly lower frequency after fuel cell testing.
his seems to be a general trend for the gas change analyses in this
ork and supports the findings regarding summit frequencies pre-
Fig. 5. Gas change impedance characterization at OCV, 750 C prior to and after test
D  (gas cleaning at 700 ◦C). Four IS were recorded both before and after fuel cell
testing, i.e. IS at p(H2O) = 0.04 atm or p(H2O) = 0.20 atm in H2 applying air or O2 to
the cathode. From these IS ı�Z′(f) was calculated as given by Eq. (1) [32].

sented in Table 3. Fig. 6 shows the first and last IS recorded during
test E (by-passing the gas cleaning system after test D).  The lines
represent the results from optimal CNLS fitting of the experimen-
tal data applying the equivalent circuit model described in Section
Fig. 6. First (�, 1 h) and last (�, 297 h) IS recorded during fuel cell test E at a temper-
ature of 750 ◦C and a current density of 0.75 A cm−2 without H2 gas cleaning after
test  D where H2 gas cleaning at 700 ◦C was applied. The flow to the cathode was  O2

and the flow to the anode was  40% H2O in H2 (26% H2 utilization). Lines are fitted
spectra. Results from optimal CNLS fit are summarized in Table 3 and based on the
equivalent circuit model described by Barfod et al. [22,35].
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colating Ni in the active anode and support layer for the reduced,
non-long-term tested reference cell and the cells from test A, B
and F. The numbers given in Table 4 confirm the qualitative state-
ments regarding the percolating Ni network given above for Fig. 9a,

Table 4
Area fraction of percolating Ni in the active anode and the support layer. The area
fractions of percolating Ni is given as percentage of the total surface area and based
on analysis of low voltage in-lens SEM images in Fig. 9 and similar supplementary
images for each of the cells. Estimated precision for the obtained area fractions of
percolating Ni is ±2%.

Test no. Active
anode [%]

Analyzed area
[�m2]

Anode support
layer [%]

Analyzed
area[�m2]
2 and the flow to the anode was 40% H2O in H2 (26% H2 utilization). Lines are fitted
pectra. Results from optimal CNLS fit are summarized in Table 3 and based on the
quivalent circuit model described by Barfod et al. [22,35].

.3. Effect of processing via multilayer tape casting of anode half
ell – test F

An alternative way of pre-treating the Ni/YSZ electrode of the
OFC is by changing the processing procedure for the anode half
ell production. This was done for the cell used for test F where

 multilayer tape casting procedure for the entire anode half cell
roduction was applied (see “Section 2”). The initial anode perfor-
ance increase obtained by multilayer tape casting of the anode

alf cell is described elsewhere [36]. No OCV pre-treatment was
pplied or gas cleaning of the inlet H2 was applied for test F; and
he test specifications for test F are therefore identical to the test
pecifications for the reference test A. Fig. 7 shows the first and
ast IS recorded during test F (multilayer tape cast cell). The lines
epresent the results from optimal CNLS fitting of the experimen-
al data applying the equivalent circuit model described in Section
. Table 3 summarizes the results (i.e. resistances and summit fre-
uencies) from the CNLS fitting shown in Fig. 7. As this cell from a
roduction point of view is different from the other tested cells, it is
orthwhile to check whether the arcs in the impedance response

rom the anode of this cell occur at frequencies similar to those
or the other cells. Ideally this check of frequency for the anode
esponse should be done without applying an equivalent model,
.e. model-independent. Therefore, gas change analysis for test F
efore and after fuel cell testing is shown in Fig. 8. Comparing the

as change analysis results from tests D and F, it is observed that
he responses to the gas changes for the cell used for test F is at
imilar frequencies as observed for the cells used for tests A–E.
Fig. 8. Gas change impedance characterization at OCV, 750 ◦C prior to and after test
F  (multilayer tape cast cell). Four IS were recorded both before and after fuel cell
testing, i.e. IS at p(H2O) = 0.04 atm or p(H2O) = 0.20 atm in H2 applying air or O2 to
the cathode. From these IS ı�Z′(f) was calculated as given by Eq. (1) [32].

3.4. SEM results

Fig. 9 shows representative low voltage in-lens SEM images of
a non-tested but reduced cell (Fig. 9a), the cell from the reference
test A (Fig. 9b), the cell from the OCV pre-treated test B (Fig. 9d)
and the cell from test F (Fig. 9e). Using this low voltage in-lens SEM
imaging technique, the percolating Ni particles will appear bright
in the images [33]. From simple visual inspection of the SEM images
in Fig. 9 it is evident that the quantity of percolating Ni is signifi-
cantly lower both in the active anode and in the support layer for
the cell from test A, when compared to a “fresh”, reduced but non-
long-term tested cell (Fig. 9a). Fig. 9c shows a magnification of the
anode of the cell used for test A and from this SEM image it is evi-
dent that there are significant quantities of non-percolating Ni in
this anode. Non-percolating Ni as illustrated in Fig. 9c was found
both in the active anode and the support layer for the cell used for
test A. Furthermore, it can be observed that the OCV pre-treated
cell from fuel cell test B (Fig. 9d) has a Ni percolating network simi-
lar to the non-tested cell (Fig. 9a), indicating a “preservation” of the
percolating Ni network after OCV treatment and fuel cell testing for
test B. When only looking at the Ni percolating network, the active
anode and anode support layer for the cell used for test F (multilayer
tape cast half cell) in Fig. 9e looks similar to both the non-tested
but reduced cell (Fig. 9a) and the cell from test B (Fig. 9d). How-
ever, the multilayer tape cast cell can differ from these cells when
it comes to other microstructural parameters e.g. Ni particle size
distribution and porosity. Table 4 gives the area fractions of per-
Ref. cell 37 4845 33 12,997
Test  A 27 1242 24 6735
Test B 41 5405 34 18,821
Test  F 36 11,982 29 5211
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down the increase in RNi,TPB [13,19]. However, the pre-treatment
at OCV and only 4% H2O in H2 have a similar beneficial effect on the
development of RNi,TPB during the subsequent fuel cell test (Fig. 1).
In this study of OCV pre-treatment only the p(H2O)  was changed,
ig. 9. Representative low-voltage in-lens SEM images. (a) Overview image of a re
ell  testing. (b) Overview image the cell from test A. (c) Higher magnification imag
ayer.  (d) Overview image of the cell from test B. (e) Overview image of the cell from

, d and e. For the numbers in Table 4 images from both gas inlet
nd outlet regions of the different cells were analyzed. The differ-
nces for the area fraction of percolating Ni when comparing a gas
nlet part and a gas outlet part of a cell were within the estimated
recision of approximately ±0.02%.

. Discussion

The test results presented in the previous section should be
ompared with and discussed in relation to previously reported
i/YSZ degradation studies for similar cells [13,19]. In these arti-
les the effect of variation of p(H2O), the effect of current density,
he effect of pre-treatment at OCV with 40% steam in H2; and the
ffect of gas cleaning at room temperature on the Ni/YSZ degrada-
ion was reported, but post-mortem analysis via SEM imaging was
ot included for any of the tested cells.
.1. Pre-treatment at OCV – wet and dry

Originally the OCV test period for test B was conducted to study
he Ni/YSZ degradation at different current densities i.e. also at

 A cm−2. The previously reported [19] test B (OCV pre-treatment
e cell where the NiO was  reduced but the cell was not subjected to long-term fuel
e cell from test A showing percolating and non-percolating Ni in the active anode
F.

at 40% steam) clearly showed that the anode degraded even during
this OCV test period but also revealed two surprising results: (1) the
cell fully recovers from the passivation1 that occurred during OCV
testing upon start of fuel cell testing and (2) the Ni/YSZ electrode
degradation during the 264 h of fuel cell testing was  significantly
lowered compared to a non-pre-treated cell (Table 3) [19]. It can
be speculated what effect (if any) the relatively high partial pres-
sure of steam during the OCV pre-treatment for test B can have,
and this initiated test C reported here. The development of RNi,TPB
is different for test B (increased 130% over 440 h) compared to test
C (increased 42% over 435 h) which is not surprising considering
previously reported results, where it was  shown that testing at
OCV instead of under load prolonged the time frame for the RNi,TPB
increase, just as well as lowering the p(H2O) was shown to slow
1 The term “passivation” is used to describe reversible or partly reversible losses
in  performance for the SOFC.
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ut as these studies have showed an interesting effect of the “pre-
istory” of the cell for the Ni/YSZ degradation during otherwise

dentical fuel cell test conditions, it could be worthwhile to consider
 study of the time frame for such OCV pre-treatment.

.2. Applying high temperature gas cleaning

Cleaning the inlet H2 over porous Ni significantly decrease
he Ni/YSZ electrode degradation during fuel cell testing (test D,
able 3). Comparing the decrease in cell voltage for test D in this
ork where the H2 gas cleaning was performed at 700 ◦C with

he cell voltage degradation for a test where the gas cleaning was
one at room temperature (“Test B” in previously reported work
19]), it is observed that the high temperature gas cleaning works
lightly better than room temperature gas cleaning with respect to
ecreasing the Ni/YSZ degradation. Room temperature gas clean-

ng will favor simple adsorption of impurities on Ni surfaces in the
as cleaning system, whereas operating the gas cleaning system at
00 ◦C will favor chemical reactions but on the other hand increase
esorption of adsorbed species. The gas cleaning was intentionally
perated at temperature slightly below (50 ◦C) the cell test tem-
erature. From the test applying room temperature gas cleaning
nd the test D reported here, it is proposed that the effect of the
2 gas cleaning system is not only due to simple adsorption of

mpurities on the porous Ni in the gas cleaning system but elec-
rochemical reactions most likely also play a role in the cleaning of
he inlet H2. In principle an optimal gas cleaning temperature could
e determined; however this will most likely be influenced by the
omposition of the impurities in the applied gas stream.

The results from test E (by-passing the gas cleaning system after
est D where H2 gas cleaning at 700 ◦C was applied, Fig. 6 and
able 3) shows that minimizing the quantities of external impu-
ities supplied to the cell for the first couple of hundred of test
ours (test D) has a very beneficial effect on the subsequent fuel cell
est without gas cleaning. In this context even fuel cell testing (test
) itself can be considered a “pre-treatment” of the Ni/YSZ elec-

rode. The increase in RNi,TPB for tests D and E is alike (0.005 � cm2

nd 0.006 � cm2, respectively) and significantly smaller than that
btained for reference test A (0.062 � cm2). This could indicate that
he observed, however small, RNi,TPB increase for tests D and E is not
n effect of “external” impurities supplied to the cell during testing.

.3. Effect of changed initial Ni/YSZ electrode structure –
ultilayer tape cast cell

In principle, processing the Ni/YSZ electrode in a different way
an be thought of as a pre-treatment of the electrode, in the sense
hat the Ni/YSZ electrode microstructure, and even nano-structure,
an be expected to be different from the structure for the cells for
ests A–E upon starting fuel cell testing. As reported previously the

ultilayer tape cast cell had significantly higher initial Ni/YSZ elec-
rode performance and from the IS data analyses results given in
able 3 it is evident that also from a Ni/YSZ electrode degrada-
ion point of view, the multilayer tape cast cell used for test F is
nteresting. For comparison RNi,TPB increased 62 m� cm2 for refer-
nce test A, but only 15 m� cm2 for test F over approximately 250 h
ven though they were tested at the same conditions with no pre-
reatment and no gas-cleaning. It is worthwhile to emphasize that
he raw materials, same ratios and layer thickness’ were applied for
he multilayer tape cast cell for test F as for the standard produced
tape cast anode support and sprayed active anode and electrolyte)

ells used for tests A–E, i.e. decrease in the Ni/YSZ electrode degra-
ation observed when comparing tests A and F can be assumed to be
n effect of processing via multilayer tape casting and co-firing. Test

 is the first durability testing for this initial work on multilayer tape
asting of anode half cells in our laboratory, and therefore there is a
urces 196 (2011) 8931– 8941

lack of comprehensive test data including test of cells with varying
processing parameters and electron microscopy characterization
of tested and non-tested reference cells is not yet available. How-
ever, from the results from test F we  suggest two issues to explain
the promising results from the multilayer tape cast cell: (1) The
multilayer tape casting process is made “wet-on-wet” for all three
layers of the anode half cell or in other words the two interfaces
anode support/active anode and active anode/electrolyte are pro-
duced “wet-on-wet” which from a qualitative point of view can be
expected to improve the adhesion between the different layers in
the anode half cell. (2) The Ni particle size distribution (PSD) is more
optimal e.g. there are a greater fraction of smaller Ni particles. This
potentially provides more triple-phase-boundaries per unit volume
Ni/YSZ electrode. This can be part of the explanation for the higher
initial performance, but if this is the case, then the lower increase
in RNi,TPB for test F compared to test A (and several other tests of
similar cells [12,13]) indicates that this optimized Ni PSD is also
more stable. Additional SEM work and image analysis on the cell
from test F, and non-tested reference multilayer tape cast cell, etc.
is necessary to support or disregard the proposed explanations.

4.4. Microstructural changes

Before discussing the SEM results presented in Fig. 9, it is worth-
while shortly to discuss the sample preparation and the imaging
technique including the process for image analyses. It can be argued
that when breaking off a piece of cell for SEM, this breakage of the
cell will occur along a mechanically not so strong interface in the
cell, and therefore this fracture might not be a representative struc-
ture. However the cell piece is subsequently grinded and polished
and the cross section for SEM imaging can therefore be assumed to
be random and representative for the cell microstructure. There are
two main issues associated with the measurement of the percolat-
ing Ni fraction by the previously described image analysis method.
No ground truth is available for the segmentation of the images
and the percolation images do not take into account percolation
through pathways in the part of the sample that has been polished
away. These two  effects combined means that the accuracy of the
measurements is unknown. The measurement precision is however
high (approximate ±0.02, Table 4) due to the same reproducible
methodology being applied to all samples. The measured percolat-
ing Ni fraction should thus be valid for a comparative study between
the different tests in this work since the unknown accuracy error
is expected to be similar for all samples. However, one should be
careful when comparing the numbers given in Table 4 with similar
numbers given in literature.

In the “Results” section only SEM images of the cells used for test
A, B, F and a non-fuel-cell tested reference cell was included. This
selection of cells for microscopy was  based on the fact that from
a cell production point of view the cells from tests A–E are alike
whereas the multilayer tape cast cell is different, and the observed
degradation for tests C–E seem somewhat similar to that observed
for test B. The difference in the fraction of percolating Ni both in
the active anode and in the anode support between the cell used
for tests A and B (Fig. 9) is striking, and the SEM results fit well with
the cell voltage degradation (Fig. 1) and especially the results from
CNLS fitting of the IS recorded during fuel cell testing (Table 3). Fur-
thermore, it should be noted that the cells from tests A and B are
“sister cells”. This means that 5 cm × 5 cm cells have been cut out
of two neighboring 12 cm × 12 cm cells of the tape which should
ensure the highest degree of equality between the cells. It could be

argued that the observed significant loss in Ni percolation for the
cell used for test A could be a feature somehow specific for exactly
this batch of cells. However, this is not the case. The cell described
as “Test C” in our previous work [13] was operated with an inlet
of 60% H2O in H2 but otherwise same conditions as for test A in
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regate, re-organize and form crystals. This means that for the last
part of scenario 3 (by-passing the gas cleaning system), the anode
is believed to have become more “immune” towards the impurities
in principle somewhat like for scenario 2.
A. Hauch et al. / Journal of Po

his work. This cell had a degradation behavior similar to test A,
ut the cell was from another production batch and year. The low
oltage in-lens SEM imaging of this cell showed a similar decrease
n the fraction of percolating Ni both in the active anode layer and
n the support layer as observed for the cell used for test A in this

ork. From a first glance at the overview image of the cell used for
est A (Fig. 9b) it seems like the content of Ni in the active anode
nd support layer has decreased significantly when compared to
he non-fuel-cell tested reference cell (Fig. 9a). In principle loss
f Ni could be due to evaporation of Ni species as described e.g.
y Guebner [37]. However, a thermochemical calculations using
actSage® reveal that the activity of p(Ni(OH)2), which is by far
ost abundant volatile Ni-specie, is only 4 × 10−12 mole l−1. The

ells were operated with a total flow to the anode of approximately
1 l h−1 for approximately 250 h of test plus ∼2 × 75 h for character-

zation. From these numbers an estimate of the evaporated Ni will
e ∼3 × 10−6 g. One cell with the geometry and layer thicknesses
s described in “Section 2” and Table 4 will contain ∼1.3 g of Ni,
hich indicate that the estimated amount of evaporated Ni-species

or test A can be considered negligible.
As illustrated by the larger magnification image of the

lectrolyte–anode interface for the cell used for test A (Fig. 9c), it
s possible to locate significant quantities of non-percolating Ni in
he anode from test A. The loss in Ni percolation can be due to
ano-scaled layers of impurities between Ni particles, which will
isconnect the electron conduction in the Ni network. Using energy
ispersive spectroscopy (EDS) and field-emission SEM it was not
ossible to locate such impurities at the surfaces of the Ni particles

n quantities significantly above the detection limit; however EDS
t the SEM is not a proper analysis tool for such nano-scale – or
ven monolayer – features between Ni particles.

There are examples in literature providing 3D reconstructions
f Ni/YSZ electrodes including determination of degree of percolat-
ng versus non-percolating TPB [17,38,39].  These results originate
rom 3D reconstructions of rather small cubes of Ni/YSZ electrode
nd from studies on pressed pellets and/or non-long-term tested
ells and a direct quantitative comparison with the 2D SEM images
nd image analysis given in “Section 3” here are not proper. Another
nteresting work was presented by Tanasini et al. [16]. They mod-
led relations between anode degradation during fuel cell testing
nd the volumetric Ni fraction and discussed the Ni percolation
hreshold. Even though their modeling was based on operating the
uel cell at different conditions (850 ◦C, 0.5 A cm−2, 3% H2O in H2)
han those applied here, their results are relevant. They showed
hat at these conditions the development of anode overpotential
hanges significantly (more than 100 mV)  even upon changing the
raction of Ni from 37% to 33%. In this context the numbers in Table 4
ndicate that the fraction of percolating Ni in the cell used for test A

ight be below what can be considered a Ni percolation threshold.
t looks significantly different for the cell used for test B (OCV pre-
reatment, Fig. 9d) for which the fraction of the percolating Ni both
n the active anode and support layer is at least as high as for the
on-tested reference cell (Table 4). The high fraction of percolating
i for the cell used for test B and observed minimal degradation

Fig. 1 and Table 3) fits well with the modeling work by Tanasini
t al. [16].

.5. Hypotheses for mechanisms

Based on the results presented and discussed above, it is clear
hat impurities in the gas stream play a role in the Ni/YSZ elec-

rode degradation but also that operating the SOFC at OCV prior
o fuel cell testing has a significant, and positive, effect on the
i/YSZ electrode degradation in the subsequent fuel cell test even

or non-cleaned H2 inlet gas. In this paragraph we  discuss three
ifferent test scenarios related to the test results presented, that
urces 196 (2011) 8931– 8941 8939

is; scenario 1: A reference fuel cell test (e.g. test A); scenario 2:
A test applying pre-treatment at OCV, but no gas cleaning (e.g.
tests B and C); and scenario 3: A test applying gas cleaning at
start of fuel cell testing and subsequent fuel cell testing without
gas cleaning (e.g. tests D and E). In all three scenarios it is worth-
while to notice that upon start of testing at constant conditions,
the surfaces and interfaces in the anode are hardly clean. Most
likely impurities will be present on surfaces and at interfaces both
at/on Ni and YSZ, and probably impurities having different com-
positions and properties at the different surfaces and interfaces
[40–43].

In scenario 1 (test A) we most likely start out with non-clean
surfaces and interfaces, likely with glassy phase impurities. To this
anode we lead non-cleaned gasses and upon starting the galvano-
static fuel cell testing a potential gradient as well as a gradient in
the p(H2O) are applied. The external impurities build-up and block
active TPB leading to the observed increase in RNi,TPB. Based on the
SEM work for test A, it can be argued that impurities might also be
present at two-phase boundaries.

In scenario 2 (tests B and C) we have similar non-clean sur-
faces and interfaces upon start of OCV pre-treatment. During this
OCV pre-treatment we lead similar impurities via the inlet gasses
to the anode as for scenario 1,2 but do not create potential and
p(H2O) gradients. This possibly influences the build-up and mobil-
ity of external impurities at the TPB. During this OCV pre-treatment
period it is likely that the internal impurities (e.g. in raw materials)
will segregate to and/or re-arrange at surfaces and grain bound-
aries and there are possibilities for surface morphology changes
[40,41,44–46]. Furthermore, based on previous electrolysis test
results [21,27,47],  we believe that it is possible that such re-
organization of impurities during this OCV pre-treatment period
can include build-up of crystals which are not covering the TPB
as tight as the initial glass phase. Upon polarization of the cell i.e.
start of fuel cell testing for scenario 2, the TPB will be freed (“out-
going” p(H2O) gradient) of impurities or at least no more TPB are
covered by impurities than was  the case for scenario 1 upon start
of fuel cell testing (notice: tests A and B have the same RNi,TPB upon
start of fuel cell testing). During the subsequent fuel cell testing in
scenario 2, the re-organization of internal impurities and/or mor-
phology changes that occurred during the OCV  pre-treatment have
provided a NiYYSZ electrode that seems more “immune” towards
the external impurities from the gas stream. This could be related
to crystals of impurities built-up during the OCV pre-treatment on
which the impurities from the gas stream may  grow more easily
than at the TPB. Some of the glassy phase impurities that build-
up during OCV may  change composition and crystallize due to the
p(H2O) gradient that arises at start of test.

In scenario 3 (tests D and E) we  apply potential and p(H2O) gra-
dients from the start of testing at constant conditions, but we do
not lead external impurities (or at least decrease the amount of
impurities) to the anode as this first test period is operated apply-
ing cleaned H2. This test period for scenario 3, we envisage, work
as a “pre-treatment” period. Similar, but not identical, mechanisms
as described above for the OCV pre-treatment period for scenario 2
can occur in this part of scenario 3, e.g. internal impurities that seg-
2 It has previously been reported that the observed increase in RNi,TPB during OCV
pre-treatment at 40% H2O in H2 is also related to impurities in the gas stream. This
is  evident from the comparison of the development of RNi,TPB over time for test D (no
gas  cleaning) and E (with gas cleaning) during OCV pre-treatment in our previously
reported work [19].
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Considering the proposed mechanisms above for tests A–E and
he long-term test result for test F (multilayer tape cast cell), it
s probable that the “wet-on-wet” multilayer tape casting of the
node half cell have led to surfaces, impurities and Ni morphology
ifferent from those of the cells used for tests A–E. This possibly
akes the multilayer tape cast cell less prone to/more “immune”

owards the build-up of external impurities at the active TPB. Even
hough tests B–F show very similar long term stability e.g. based
n the cell voltage curves depicted in Fig. 1, it is, as indicated by
cenarios 2 and 3 described above, not necessarily the same mech-
nisms that proceed during these tests and lead to the observed
esults.

Hypotheses as described above may  be difficult to verify. How-
ver, for scenario 2 combining OCV pre-treatment with electrolysis
esting might provide new pieces to the puzzle in understanding
he positive effect that such OCV pre-treatment has on the Ni/YSZ
lectrode degradation during the subsequent test under current
oad. Further deep SEM/TEM and surface analyses may  also help
n revealing more detailed information regarding which processes
hat are taking place.

. Conclusion

This work included testing of five anode supported SOFCs. All
uel cell testing was performed at 750 ◦C, 0.75 A cm−2, O2 to the
athode and p(H2O)/p(H2) = 0.4/0.6 to the anode. Comparing the
i/YSZ electrode degradation observed from cell test results and

ubsequent equivalent modeling of IS from a “reference” test (test
) with tests where different pre-treatments, use of gas cleaning
nd changed anode half cell processing was applied, we can con-
lude that:

For the reference test A, the Ni/YSZ charge transfer reaction resis-
tance, RNi,TPB, increased from 0.061 � cm2 to 0.123 � cm2 over
256 h of fuel cell testing; i.e. an increase in RNi,TPB, of 0.062 � cm2.
Pre-treatment at OCV for 440 h decreased the change in RNi,TPB
significantly for the subsequent fuel cell test both when applying
40% H2O in H2 (test B) and 4% H2O in H2 (test C) during the OCV
pre-treatment.
Applying H2 gas cleaning at 700 ◦C also led to a significant
decrease in the degradation of the Ni/YSZ electrode (test D) over
258 h of testing and continuing testing on the same cell as test
D, but without gas cleaning (test E) also only showed a minor
increase in RNi,TPB over the 297 h of testing.
Comparing the increase in RNi,TPB for test A–E (similar type of
cells), it was reduced to ¼ or less for tests B–E when compared
to reference test A.
The cell with the multilayer tape cast anode half cell was tested
(test F) without pre-treatment or gas cleaning. The cell had a
higher initial anode performance and decreased Ni/YSZ degrada-
tion compared to reference test A. RNi,TPB for test F increased from
only 0.028 � cm2 to 0.043 � cm2 over 243 h of fuel cell testing i.e.
an increase in RNi,TPB of 0.015 � cm2.

Pieces from a reduced but non-fuel-cell tested cell, the “refer-
nce” fuel cell test (test A), the 40% H2O in H2 OCV pre-treated cell
test B) and the multilayer tape cast cell (test F) was  investigated
y low voltage in-lens SEM imaging and we can conclude that:

The area fraction of percolating Ni was 37 ± 2% and 33 ± 2% for

the active anode and support layer, respectively, for the reduced
but non-fuel-cell tested cell.
For the reference fuel test A, having the largest decrease in Ni/YSZ
electrode performance during testing, the fraction of percolat-
ing Ni was reduced to 27 ± 2% and 24 ± 2% for the active anode

[

[

[

urces 196 (2011) 8931– 8941

and support layer, respectively. A significant quantity of non-
percolating Ni was  found in test A.

• The area fraction of percolating Ni for the test applying OCV  pre-
treatment prior to fuel cell testing (test B) was 41 ± 2% and 34 ± 2%
for active anode and support layer, respectively.

• The area fraction of percolating Ni for the test where the anode
half cell was  produced via multilayer tape casting (test F) was
36 ± 2% and 29 ± 2% for active anode and support layer, respec-
tively.
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