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Sintering of Ni is a key stability issue for Ni–YSZ anodes, and especially infiltration based electrodes. The
potential of MgO, Al2O3, TiO2, CeO2 and Ce0.90Gd0.10O1.95 (CGO10) as sintering inhibitors was investigated
for infiltrated Ni based anode structures. The structures were prepared from tape cast porous YSZ lay-
ers that were impregnated with Ni to form an electronic percolating phase. The Ni–YSZ structure was
subsequently impregnated with the inhibitor candidate, and the stability of the structure was evalu-
ated from conductivity measurements. Lower conductivity degradation rates were observed for samples
uel cells
OFC
i–YSZ

mpregnation
intering

infiltrated with the inhibitor candidates, and the best inhibitor effect was seen with higher loadings of
CGO10, and CeO2 showed similar potential. The degradation in conductivity was not visibly reflected
in the microstructure as Ni coarsening in any of the cases. An adverse effect of MgO, TiO2 and Al2O3

was reduced conductivity, possibly due to reaction with Ni and the formation of higher resistive phases.
The Ni-infiltrated anodes were shown to have better initial electrochemical performance at 650 ◦C than

Ni–Y
essar
conventionally produced
inhibitor approach is nec

. Introduction

Implementing infiltration steps into the processing route of
olid oxide fuel cell (SOFC) has been proven to be very promis-
ng. Improved electrochemical performance of impregnated anodes
1–6], and cathodes [1–4,7–10] has been reported, as well as
mproved redox tolerance [11,12], and since the infiltration steps
ccur post-sintering, it opens up the choice of materials for all cell
omponents [13,14].

Conventionally, Ni–YSZ (yttria stabilized zirconia) anodes are
roduced by wet processing techniques where powders of NiO and
SZ are mixed. Infiltration based Ni–YSZ anodes are prepared by

mpregnating the nickel into a porous YSZ backbone [11,15]. An
dvantage of the infiltrated Ni–YSZ anode is the lower Ni content
equired to obtain electronic percolation. For this structure, per-
olation is obtained already around 9 vol% Ni, whereas 30 vol% Ni
s required for percolation with the conventional powder based

ethod with 1 �m sized Ni powder [16–19]. The lower Ni content
f the impregnation based anode can explain the improved redox
olerance of the cells as shown in [11].
Sintering of the percolating Ni phase is the main degradation
echanism for Ni–YSZ anodes, and the sintering is more pro-

ounced for the infiltration based anodes, where the Ni particles are
uch finer and in the nano-size range [12,20]. Increased stability of

∗ Corresponding author. Tel.: +45 4677 5756; fax: +45 4677 5858.
E-mail address: trkl@risoe.dtu.dk (T. Klemensø).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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SZ anodes, but still very poor stability, and further improvement of the
y before applying the Ni-infiltrated anodes in SOFCs.

© 2010 Elsevier B.V. All rights reserved.

a Ni-infiltrated anode was reported in [20], where the infiltration
steps were combined with temperature treatments (i.e. Ni pre-
coarsening) at temperatures above the operational temperature.
However, the increased stability was on the expense of additional
process steps and poorer electrode performance with both higher
ohmic and polarisation resistance.

Impeded Ni sintering of conventional 1 �m Ni–YSZ anodes has
been reported, when the structure was impregnated with doped
ceria or zirconia [21]. The impregnated phase was observed to coat
the Ni particle surfaces, and was stated to inhibit the agglomeration.
However, the stabilizing effect of the impregnations was only eval-
uated from microscopy on samples that had not experienced any
longer term testing. In addition to the possible sintering inhibitor
properties, impregnated doped ceria further has the advantage of
improving the electrode performance [1,2,4,5], as well as the sul-
phur tolerance of the electrode [1,2].

Ni sintering inhibition by impregnation of a second ceramic
phase may also be a possibility for Ni impregnated Ni–YSZ anodes.
Especially, for impregnated electrodes targeted for operation at
intermediate temperatures, where the driving force for sintering
of the nano-sized particles is weaker [22]. The purpose of this work
was to investigate the potential of impregnated MgO, Al2O3, TiO2,
CeO2 and Ce0.90Gd0.10O1.95 (CGO10) as Ni sintering inhibitors for

Ni impregnated Ni–YSZ anodes working at intermediate SOFC tem-
peratures. In addition, the effect of the porous YSZ was considered
by using two different backbone structures, and the effect of the
inhibitor loading was also considered. The sintering was mainly
studied by direct current conductivity measurements, which is

dx.doi.org/10.1016/j.jpowsour.2010.05.047
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:trkl@risoe.dtu.dk
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3.3. Characterization of the impregnation

The theoretical amount of Ni in vol%, deposited after the ith
impregnation–decomposition and reduction (Ni [v/o]i) can be cal-
296 T. Klemensø et al. / Journal of P

nown to be a useful tool for characterizing the connected Ni phase
nd the sintering process of Ni–YSZ cermets [23–25].

. Experimental

Porous layers of YSZ were produced by tape casting 8 mol% Y2O3
tabilized ZrO2 powder (TZ-8Y, Tosoh Co., Tokyo, Japan) and 50 vol%
raphite (Graphit Kropfmühl AG, Hauzenberg, Germany), which is
he most common pore former for fabricating porous backbones,
ee e.g. [12,26]. In some cases, 10 wt% of 8YSZ precursor gel was
dded, which also acts as pore former. The precursor gel was made
rom ZrO(NO3)2·6H2O and Y(NO3)3·6H2O (in molar ratio to form
YSZ), and C2H6O2, HNO3 and water (ratio 133:42:30) as solvents,
nd was gelled at 80 ◦C before added to the slurry. The samples
ased on only graphite are denoted “G”, and the samples with
raphite plus precursor gel are denoted “GP”.

The powders were processed into ethanol based slurries, using
EI 10000 (polyethylenimine) as dispersant, and a PVB-based
polyvinyl butyral) binder system as described in [27], and the slur-
ies were tape cast. The dried green tapes were punched and cut
nto strip shaped samples, and subsequently sintered at 1220 ◦C
nto sizes of ca. 35 mm × 5 mm × 0.3 mm.

The sintered strips were impregnated with molten
i(NO3)2·6H2O at 80 ◦C under the influence of vacuum. The

nfiltrations were repeated to obtain a nickel loading of ca. 10 vol%,
nd upon each infiltration the nitrate was decomposed to oxide
t 300 ◦C. At least 10 cycles of infiltration and nitrate-oxide
onversions were necessary.

Following the nickel impregnations, vacuum assisted infiltra-
ions with precursor solutions of the sintering inhibitor candidates
ere carried out. Aqueous 3 M solutions of the precursor salts
e(NO3)3·6H2O, Gd(NO3)3·6H2O, Al(NO3)3·9H2O, Mg(NO3)2·6H2O,
nd C12H20O12Ti were prepared, and added a minor amount of a
urfactant, essentially following the general procedure set forth
reviously in, e.g. [12,26]. Between 1 and 3 infiltrations with
recursor solutions were done, and upon each infiltration the pre-
ursor was decomposed at 350 ◦C, except for the titania precursor
hat was decomposed at 450 ◦C.

A four-electrode setup was applied for the DC conductivity
easurements. The sample was placed on top of a ceramic sup-

ort plate for mechanical handling, and current electrodes were
ounted at the sample ends, by wrapping platinum wire around

he joined sample and support plate. To ensure contact, the wires
ere guided by grooves cut into the support plate, and Pt paste
as painted around the electrodes. The potential probes are fixed

n the setup (spaced 10 mm apart), and is contacted to the sam-
le by a load. The sample was placed so the potential probes touch
round the sample centre. Upon mounting, the sample was briefly
eated in air to 700 ◦C to sinter the Pt paste, after which the tem-
erature was reduced to 650 ◦C. At 650 ◦C the setup was flushed
ith N2 before reducing the sample in 97% H2–3% H2O with a flow

f 150 ml min−1. Following the reduction, the resistance was mea-
ured for ca. 200 h with 5–15 min intervals. The data was acquired
sing a Keithley 2700 multimeter (Keithley Instruments Inc., Cleve-

and, OH).
The microstructure of the sintered, impregnated and tested

amples was examined by electron microscopy using a Hitachi
M-1000 (Pleasanton, CA), and a high-resolution FESEM (Supra 35
rom Carl Zeiss, Germany). One of the tested samples was further
xamined by transmission electron microscopy (TEM). The TEM
nstrument used was a JEM-3000F equipped with a field-emission

un and an EDS microanalysis detector with an ultra-thin window
s well as the software system Oxford Instruments INCA. A 100 nm
hick TEM lamella was prepared by use of the “lift-out” technique
n a Crossbeam 1540XB dual focused ion beam (FIB)/SEM from Carl
eiss, Germany [28].
ources 195 (2010) 7295–7301

The porosity of the backbone structures was measured with
an Autopore IV 9500 V1.05 instrument from Micromeritics Instru-
ment Corporation (Norcross, GA), and thermo gravimetric analysis
of the precursor decomposition process was performed on a Seiko
TG/DTA 320 U (Seiko Instruments Inc., Tokyo, Japan). The infiltrated
phases were attempted identified using an X-ray diffractometer
(STOE Theta–Theta diffractometer), and the X-ray diffractograms
were collected at 15◦ ≤ 2� ≤ 80◦ using Cu K� radiation.

Symmetric cells of the infiltrated anodes were produced by
laminating the green porous YSZ layers on both sides of a thick
electrolyte (ca. 140 �m), and the infiltrations with Ni and inhibitor
precursors were performed post-sintering according to the rou-
tine described previously. The cells were prepared and tested as
described in [29], using electrochemical impedance spectroscopy
at 650 ◦C in an atmosphere of 97% H2 + 3% H2O (100 ml min−1).

3. Results

3.1. Characterization of the porous structures

The open porosity of the produced structures was character-
ized by mercury porosimetry, and the profiles of the two structures
are shown in Fig. 1. Much finer porosity was seen for structure G
compared to GP, with the median pore diameter being 0.27 and
0.90 �m. Furthermore, lower open porosity was seen for G (27%)
compared to GP (43%). The coarser and higher porosity of GP was
confirmed by microscopy on the polished cross-sections of the sin-
tered structures, shown in Fig. 2.

3.2. Thermogravimetry

The 10 cycles of impregnation and decomposition of Ni nitrate
are the most time-consuming steps in the sample fabrication route,
and the preparation time can be minimized if the minimum decom-
position temperature is identified. A thermogravimetric analysis of
the Ni nitrate was carried out, and the profile is shown in Fig. 3. It
was seen that the water and nitrate groups were removed at 300 ◦C,
and that heat treatment to this temperature should be sufficient to
form the NiO.
Fig. 1. Mercury porosimetry profiles of the sintered porous structures.
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Fig. 2. Micrographs of the sintered porous structures G (a) and GP (b).

ulated as shown in Eq. (1) below:

i[v/o]i = �sol · cNi

�Ni
·

(
ε0 +

i∑
i=2

(
εi−1 − εi−1 · �sol · cNi · MNiO

�NiO · MNi

))
× 100% (1)
he equation assumes all open pores to be filled with the solution
pon each infiltration, and it also assumes complete conversion of
he precursor to NiO upon decomposition. M denotes the molecular

ass (MNiO = 74.71 g mol−1, MNi = 58.69 g mol−1,), � is the density

Fig. 3. Thermogravimetric profile of Ni(NO3)2·6H2O.
Fig. 4. Calculated and measured Ni content in vol% as a function of the number of
impregnations.

(�NiO = 6.67 g cm−3, �Ni = 8.907 g cm−3), ε0 is the start porosity, εi
is the porosity after the ith impregnation, and �sol and cNi are the
density and Ni content in wt% of the Ni-solution, respectively. The
theoretical Ni content based on Eq. (1) as a function of number of
infiltrations for the two fabricated porous structures is shown in
Fig. 4, where the solid curve represents G, and the dashed GP. The
higher Ni content of GP is explained by the higher start porosity,
and for structure G, the calculated Ni content is seen to be below
the percolation threshold of 9 vol% even after 10 impregnations.

The Ni content of the infiltrated samples was also measured.
The content was derived from the measured weight gains after the
impregnations, and the measured sample dimensions. The mea-
surements are included in Fig. 4, with closed diamonds for G,
and open squares for GP. For structure G, the measurements were
generally higher than the corresponding point on the theoretical
curve and above the 9 vol% after 10 impregnation cycles. For GP on
the other hand, the measurements were generally slightly below
the theoretical curve. Furthermore, a significant scatter was seen
between samples subjected to 10 infiltrations. Measurement points
above the theoretical curve indicated that the pores were com-
pletely filled upon impregnation, and a maximum in Ni gain was
achieved. The Ni surplus compared to the theoretical value could be
due to measurement uncertainties, both in dimensions and poros-
ity, and deposited material on the sample surface. However, points
below the theoretical curves, as well as the scattering after the
10th impregnation, indicated that the pores in some cases were
not completely filled, or that the liquid solution to some extent had
flowed out of the sample during the drying/decomposition step.
The latter was supported by the fact that only GP samples, with the
coarser and more porous structure, showed measurements below
the theoretical curve.

The amount of infiltrated sintering inhibitor was also evaluated
based on the weight gain. The weight gains, and corresponding wt%
and vol% of the oxide, are summarized in Table 1.

Since the cation concentration of all the precursor solutions was
similar, the same amount of cation moles was impregnated. How-
ever, due to the different molar weight and density of the cations
and oxides, this resulted in different wt% and vol% of the inhibitor
oxides. Samples with both high and low CGO10 load were prepared
by impregnating various times.
3.4. XRD (X-ray diffractometer)

The infiltrated samples were analyzed with XRD to check for
reactions or solid solutions between the infiltrated inhibitors and
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Fig. 5. Micrographs of the GP structure with 13.33 vol% Ni. (a) Sintered, (b) infiltrated
with NiO, (c) reduced, (d) after test including a redox cycle.
ources 195 (2010) 7295–7301

the Ni. No reaction products were identified from the diffrac-
tograms (not shown here), indicating that they are either absent, or
if present, their amounts are below the XRD detection limit (which
is about 1 wt%).

3.5. SEM (scanning electron microscopy)

The microstructures of the sintered, infiltrated, reduced and
tested samples were examined with SEM. As an example, the
microstructures of GP with 13.33% Ni are illustrated in Fig. 5. The
size of the individual Ni particles situated on the surface of the YSZ
backbone appeared to be in the same range, around 52 nm, both
before and after test (cf. Fig. 5c and d). No visible Ni coarsening was
observed for any of the microstructures.

3.6. TEM (transmission electron microscopy)

It was not possible to discern the inhibitors from the infiltrated
Ni phase in SEM-EDS. However, with TEM-EDS this was possible.
The tested sample with a high loading of CGO10 inhibitor was pre-
pared for TEM, and an area of 7 �m × 12 �m was investigated. It was
generally seen that the CGO10 nano particles were located on top
of the Ni film as illustrated in Fig. 6, where Zr is shown in red, Ni in
yellow, and Ce in blue. Furthermore, the high-resolution TEM imag-
ing showed that the Ni particles were polycrystalline with average
crystalline domains around 10 nm. Similarly for CGO, but with a bit
bigger crystalline domains around 20 nm.
3.7. DC (direct current) conductivity measurements

The measured conductivity of samples containing only impreg-
nated nickel is shown in Fig. 7 (for structure G), and Fig. 8 (for

Fig. 6. TEM on the tested sample with CGO10 high loading. A bright-field image of
the EDS analyzed area is shown at the top, and below the combined EDS results with
the three phases represented as red (Zr), yellow (Ni) and blue (Ce). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Table 1
Infiltrated amounts of sintering inhibitors.

Inhibitor Mcation (g mol−1) ıoxide (g cm−3) Structure G Structure GP

m (mg) Wt% Vol% m (mg) w/o v/o

CGO10 141.83 7.3 4.81 2.64 1.61 6.31 3.75 2.04
CGO10 141.83 7.3 9.92 5.01 3.13 19.89 10.31 5.86
CeO2 140.12 7.3 8.64 4.36 2.65 – – –
TiO 47.88 4.23 0.8 0.46 0.47 6.33 3.89 3.60
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included (shown as black or gray curves). For both structures, and
2

Al2O3 26.98 3.965 2.28
MgO 24.31 3.58 2.60

P). For both structures, the Ni content was seen to be decisive for
he start conductivity and the degradation. In both cases, higher Ni
ontent was observed to result in higher start conductivity. For G,
he initial degradation (within the first 24 h of test) was worse the
ower the Ni content, but the long-term degradation was less severe

ith the lower Ni loads. For GP, the same general degradation trend
as seen between the high Ni loaded samples (long dashed curve),

nd the low Ni loaded sample (fine dashed curve), however for a

ntermediate Ni loaded sample (solid curve) and a lower loaded
ample (gray curve), lower initial and long-term degradation were
bserved. The variation and scatter in the start conductivities indi-
ated proximity to the percolation threshold, which was further

ig. 7. Conductivity profiles over time for Ni-infiltrated structures of the type G. The
mount of infiltrated Ni in vol% is indicated in the legend.

ig. 8. Conductivity profiles for Ni-infiltrated structures of the type GP. The amount
f infiltrated Ni in vol% is indicated in the legend. A redox cycle was carried out after
he first 190 h of test of the sample with 13.33% Ni (indicated with arrow).
1.22 1.29 – – –
1.45 1.75 – – –

indicated when comparing the start conductivities as a function of
the Ni content as shown in Fig. 9.

Due to the proximity to the percolation limit, it was important to
consider the Ni content when evaluating the effect of the inhibitors.
The measured conductivity profiles of the samples impregnated
with inhibitor candidates are shown in Figs. 10 and 11, and for
comparison, the reference samples with similar Ni contents were
in all cases, the inhibitor appeared to diminish the degradation.
For G, higher loadings of CGO10 (red curve, Fig. 10) or CeO2 (pur-
ple curve) seemed to be efficient inhibitors while maintaining the

Fig. 9. Start conductivity as a function of Ni content.

Fig. 10. Conductivity profiles of structure G impregnated with the various inhibitor
candidates. A reference sample with similar Ni content is included for comparison
(black curve). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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ig. 11. Conductivity profiles of GP structures impregnated with inhibitors. Refer-
nce samples with similar Ni contents are included for comparison (black and gray
urve). (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)

tart conductivity level. The apparent slightly lower effect of CeO2
ompared to CGO high loading, is possibly an effect of the lower
eO2 content (cf. Fig. 10), but could also reflect changes in the ceria
urface properties associated with the Gd doping. For GP, the same
rend occurred, with higher loadings of CGO10 (red curve, Fig. 11)
aving the highest impact.

The diminished degradation when using especially alumina
yellow curve), but also titania (green curve), was counterbalanced
y lower start conductivities (cf. Figs. 10 and 11), and particularly
or the case with magnesia, the conductivity decreased to almost
ero (pink curve not visible in Fig. 10). The adverse effect of alumina,
itania and especially magnesia might be due to reactions with Ni
nd the formation of higher resistive phases, e.g. poorly conducting
pinels. It is however difficult to verify formation of these phases
sing XRD or SEM and EDS, due to the very low concentrations of
he inhibitors (TiO2, Al2O3, MgO) used in the present work.

.8. Electrochemical impedance spectroscopy

The electrochemical performance of the infiltrated symmetric
ells was in most cases difficult to determine due to rapid degra-
ation even at 650 ◦C. However, the initial performance of the
i-infiltrated anodes was very promising. The initial performance

f a Ni impregnated sample with a low content CGO as sintering
nhibitor is shown in Fig. 12, and for comparison the spectrum
f a conventional Ni–YSZ anode [29] at the same temperature is
hown. The infiltrated anode appeared well performing (around
.25 � cm2), and better than the conventional anode. Contrary to

ig. 12. Impedance spectrum at 650 ◦C in 97% H2–3% H2O of a symmetric cell fab-
icated with Ni and low load CGO impregnation. For comparison the spectra of a
onventional Ni–YSZ anode from Ref. [29] is shown.
ources 195 (2010) 7295–7301

the referenced sample, part of the polarisation appeared related to
very high frequency process/processes (summit frequency around
500 kHz). However, the degradation was quite severe. After only
24 h at 650 ◦C, it had degraded about a factor of 10 (not shown
here).

4. Discussion and conclusions

The main processing issue with the Ni impregnated anodes is
the time-consuming impregnation–decomposition steps. At least
10 cycles are necessary, even when as in this work, the process is
optimized by using the solution with the maximum Ni concentra-
tion (hot infiltration with molten Ni nitrate, instead of an aqueous
nitrate solution that can be infiltrated at room temperature), and
minimum heat treatment for decomposing the nitrate.

Furthermore, after 10 cycles, the Ni content still appeared to be
close to the percolation threshold. This resulted in large differences
in the conductivity level for even minor differences in the Ni con-
tent, and will likely complicate up-scaling and reproducibility of
the method.

The Ni impregnated structures showed degradation that
depended on the Ni content, whereas the two different backbone
structures seemed to have minor effect on the degradation. For both
structures, the initial degradation (as observed within the first 24 h
of test) was generally worse the lower the Ni content, but the long-
term degradation less severe. This observation may be explained
by the degree of contacts between Ni particles. At low Ni loadings
the sintering is more critical for the percolation, but as the sintering
proceeds and most contacts are lost, the sintering will slow down,
as the Ni sintering primarily takes place by Ni surface diffusion at
elevated temperatures [23]. The lowest degradation was observed
for intermediate-low Ni loaded samples, where the best trade-off
appeared to exist between a sufficient percolation degree (i.e. the
initial sintering was less critical), and long-term contact degree.

Based on the conductivity measurements, Al2O3, TiO2, CeO2 and
CGO10 all showed potential as Ni sintering inhibitors, and a higher
impact was indicated for higher inhibitor loadings. The effect of
the inhibitors was indicated to be due to their microstructural
position on top of the Ni film thereby impeding Ni sintering by
surface diffusion, i.e. a mechanism similar to the one set forth in
[21]. Unfortunately, TiO2 and Al2O3, and particularly MgO, was
indicated to react with Ni and/or other elements, forming higher
resistive phases and decreasing the overall conductivity. Though
no clear evidence of the presence of resistive phases was found,
and the amounts must be below the XRD detection limit, even
small amounts can be detrimental for the conductivity, especially
for structures like these, where the electronic conduction path is
a thin film, and the structure is close to the percolation threshold.
In conclusion, the most appropriate inhibitors among the tested
candidates are CGO10 and CeO2, with CGO10 having additional
potential advantages with respect to the catalytic reaction and sul-
phur tolerance as mentioned in the introduction.

The degradation in conductivity was not visibly reflected as
coarsening in the microstructure. As seen with SEM, the Ni par-
ticle size was around 52 nm both before and after test, even for
a structure without sintering inhibitor (cf. Fig. 5), indicating that
coalescence is not the main sintering mechanism. In combination
with the polycrystallinity of the Ni, this makes it difficult to get
any microstructural evidence of the sintering occurring. XRD and
TEM imaging will only estimate the change in Ni crystallite size,

thus to achieve a full estimate of the microstructural changes, high-
resolution SEM in combination with longer experimental times
than done in this work, will be required.

Contrary to the microstructural observations, the degradation
in conductivity was clearly reflected in the electrochemical perfor-
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ance. Though the Ni-infiltrated anodes performed initially better
t 650 ◦C than conventionally produced Ni–YSZ anodes, the stability
as very poor even at a time scale below 24 h. The EIS measure-
ents do not consider the Ni sintering process isolated, but the

igher sensitivity of the technique towards the Ni sintering makes
t an important technique for future evaluation of Ni impregnated
nodes. In conclusion, the Ni sintering inhibitor approach must be
urther improved before it can be applied with advantage in Ni–YSZ
nodes.
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