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Abstract
Oxide scale formation on metallic interconnects contributes to the overall degradation of solid oxide fuel cell (SOFC)
stacks. On the anode side, thermally grown oxide scale might contain additional nickel, nickel oxide, or nickel
chromium spinel phases – depending on the applied operation conditions. Ni originates from Ni-meshes, often applied
as current collector, from Ni-containing anodes or from Ni-containing coatings. Ni particles released during thermo
redox cycles from adjacent Ni-containing components might be interspersed into the oxide scale. This study aims at
investigating the influence of Ni on the electrical conductivity of oxide scales. For this purpose pellets of Cr2 O3 were
mixed with different amounts of Ni and then investigated in-situ under both reducing and oxidizing gas atmospheres
at 850 °C. The formed crystals were analyzed using X-ray diffraction, whereas the resulting microstructures were
quantified using scanning electron microscopy. During oxidation Ni is converted into NiO, and the latter interacts with
Cr2 O3 to form a NiCr2 O4 spinel phase. Subsequent exposure to reducing conditions leads to an almost instantaneous
decomposition of NiCr2 O4 spinel, resulting in finely dispersed elementary Ni. This rearrangement of Ni by spinel
decomposition leads to a significant improvement of the electrical conductivity of the Cr2 O3 pellets compared to their
initial state.
Keywords: solid oxide fuel cell (SOFC), NiCr2 O4 (nickel chromate, spinel), metallic interconnects (MIC), oxide
scale formation, Ni-mesh, metallic coating

1. Introduction
For stationary solid oxide fuel cell (SOFC) applications an average power degradation below 1 % per
1000 h operation over an minimal life time of 40,000 h
is required [1–5]. Recent progress in SOFCs, particularly much improved anode redox stabilities [6, 7], has
shifted research activities towards the reduction of the
ohmic losses caused by oxide scales growing on metallic interconnects (MICs) [8–10].
Interconnects separate the fuel on the anode side from
the air on the cathode side. They ensure proper gas distribution on the electrodes and collect and redistribute
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the electrical current from and to the cells, respectively
[11–13]. Details about the various requirements imposed on interconnects of SOFC stacks and available
materials are described elsewhere [11, 14, 15].
Significant losses are caused by Cr2 O3 scale formation on Cr containing interconnects. This degradation
occurs under both oxidizing and reducing (water containing) conditions [14]. Due to the low conductivity in
the range of 0.001–0.2 S cm−1 [17, 18], the oxide layers often provide a major contribution to the overall resistance of SOFC stacks. However, the extrinsic electrical conductivity of thermally grown semi-conductive
Cr2 O3 is influenced by various parameters including
temperature, impurities and variations of the gas composition with the oxygen and water partial pressures
as most relevant contributions. (Note: At temperature
below 1000 °C the electrical conductivity of Cr2 O3 is
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the bright spots within the Cr2 O3 matrix are identified
as metallic Ni. Obviously, the Cr2 O3 scale formed on
the CFY MIC interacts with the Ni-mesh and the Ni
containing anode. Note that the observed NiO represented as light gray color, was formed during shut down
under partly oxidizing conditions. Dashed black lines
mark the internal oxidation zone, which together with
the Cr2 N formation are typical features of CFY degradation on the anode side [14]. To illustrate the magnitude of the local Ni content in a thermal grown Cr2 O3
layer the phase content for three specific regions was additionally quantified within the red dashed rectangles in
Fig. 1. The corresponding phase distributions are shown
in Fig. 2. As shown the local Ni content can be rather
high, i. e. more than 11 vol.%
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It is obvious from Fig. 1 that the ohmic losses associated with oxide scales will depend in a complex way
on the microstructure and the distribution of the various phases. In particular, it will depend on the presence
of Ni, which has an electrical conductivity several orders of magnitude higher compared with that of Cr2 O3
[17, 18, 32]. Therefore the motivation of this study
is to improve the understanding of the Ni/Cr2 O3 interaction typically occurring on the anode side of MICs
with high chromium contents such as for CFY. Electrical conductivity measurements of MIC materials in
reduced and/or oxidized gas atmospheres are indispensable to detect their overall degradation behavior. However, the obtained findings are difficult to interpret since
they represent a superposition of a number of mechanisms such as oxide scale formation, segregation of reactive elements [33, 34], integration of impurities into
the Cr2 O3 lattice structure [19, 22, 35] and spinel formation by alloys. To single out the effect of Ni interaction
with Cr2 O3 we used instead pellets, which contained
only Cr2 O3 , unavoidable pores and different amounts
of Ni. The later one was systematically varied to take
into account the observed wide range of local Ni contents in the anode side oxide scale as observed in Fig. 1.
The electrical conductivities of these Ni containing pellets were studied in situ at different gas atmospheres including redox cycles for an overall period of more than
2000 h, i. e. under long-term conditions. In addition, the
thermal activation energy was determined by temperature variations at different points in time. To allow more
thorough interpretations, the obtained electrical conductivity denoted as σeff and the thermal activation energy
EA for all experimental data were complemented by microstructure, X-ray diffraction (XRD) and atomic force
microscopy (AFM) data as well as information from literature.
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Figure 1: Cross section of a CFY MIC operated in a Hexis SOFC
stack under real conditions at 900 ○ C for 40,000 h including 15 redox
cycles running on CPOx reformed natural gas [14, 16].



Figure 2: Phase distribution within thermal grown oxide scale after
40,000 h stack operation for the specific regions marked by red dashed
rectangles in Fig. 1.

dominated by impurities, which is denoted as extrinsic property [18–22]). In our previous publication [15],
we presented results for the ohmic losses originating
from the cathode side of metallic interconnects. In this
work, the focus will be on anodic side MIC degradation.
As will be shown, the latter exhibiting greater variation
in the microstructures, including possible formation of
spinel phases. Additionally the extrinsic electrical conductivities may vary with changing gas composition. If
Ni is present on the anode side of a SOFC stack repeat unit the formed Cr2 O3 might interact with nickel or
nickel oxide. The involved nickel might originate from
different sources: the anode [23], the current-collector
mesh [14, 24–26], or Ni-containing interconnect coatings [25, 27–30]. For a chromium based (CFY, [31])
interconnect operated for 40,000 h in a Hexis stack at
about 900 °C, Fig. 1 shows a typical scanning electron
microscopy (SEM) cross section. The image was taken
at the top of the interconnect with a Ni-mesh and the
remaining anode aside. The red rectangle in the inset
illustrates schematically the SEM image location. Note
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Table 1: Ni content in Cr2 O3 pellets and corresponding labels as used
in this work. The test batch column denotes the two different conductivity measurement campaigns (cf. section 2.2).
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Figure 3: Schematic illustration of the varying atmospheres during
testing. The upper part represents the five different stages during
isothermal long-term testing at 850 °C. In particular, stages B and D
denote the points in time of shifting from reducing to oxidizing atmospheres and vice versa. The middle part illustrates the short-term testing with applied temperature variations between 750 °C and 950 °C
to extract the thermal activation energy EA . The lower part illustrate
the corresponding temperature profiles for both long- and short-term
testing.

2. Experimental details
2.1. Pellet preparation
To prepare the pellets, Cr2 O3 powder was mixed with
different amounts of nickel powder. The resulting compositions and the corresponding labels are summarized
in Table 1. Note that the provided values for Ni content correspond to the volume fraction of solids e. g. a
pellet with 10 vol.% Ni is denoted as Cr2 O3 -10. For the
preparation of the Cr2 O3 -0.5 pellets Nickel(II) nitrate
hexahydrate (N2 NiO6 6H2 O) was mixed with the Cr2 O3
powder. The samples with a Ni content of 5 vol.% and
higher were admixed with ball milled metallic Ni particles with an averaged particle size r50 of 5.5 µm. To
ease the pellet handling after pressing few drops Terpineol were added. The powder was uniaxially pressed
with 200 kN at room temperature in a steel die with
40 mm diameter to form 2 mm thick tablets. The tablets
were sintered in two batches at the highest available
temperatures (for the available equipment) to minimize
the porosity. The first batch with the Cr2 O3 -0 pellets
was sintered in air for 2 h at 1585 °C. To avoid NiO formation the second batch with the Ni containing pellets
was sintered for 2 h in reducing hydrogen atmosphere at
1400 °C, i. e. just below the Ni melting point. The tested
Cr2 O3 pellets of size 10–12 mm x 35 mm after sintering were cut out of the sintered tablets. Note that one
Cr2 O3 -5 pellet was broken during preparation hence resulting in two smaller samples of sizes 5–7.5 × ≈ 25 mm.

Table 2a: Summery of long-term test conditions with different atmospheres and specific gas compositions as illustrated in the upper part
of Fig. 3.
stage atmosphere T / °C
A
B
C
D
E

reducing
transition
oxidizing
transition
reducing

850
850
850
850
850

gas
label

gas composition

flow rate
Nml min−1

f-gas

5% H2 ; 95% N2

200

air

21% O2 ; 79% N2

200

f-gas

5% H2 ; 95% N2

200

overflow the samples with the desired atmosphere. The
furnace was equipped with a Pt/YSZ/Pt-sensor to record
the Nernst potential next to the samples. To monitor the
temperature a thermocouple type K was also placed near
to the samples. Since the used set-up did not provide
measuring channels for all samples σeff characterization
was done in two batches (cf. Table 1).
The testing procedure included long-term measurements at a fixed temperature of 850 °C and additional short-term temperature variations in the range of
750–950 °C to extract the corresponding thermal activation energies at selected points of time. The upper part
in Fig. 3 schematically illustrates the different stages in
varying atmospheres during long-term testing and the
middle part shows the short-term temperature variation
to determine EA at different times. Fig. 3 shows in
addition the corresponding temperature profile during
the test procedure. More specific details about the applied gas compositions and temperatures during longand short-term testing are given in Tables 2a and 2b, re-

2.2. Electrical conductivity measurement
σeff was measured using a four-point probe set-up
in a Gero SR 70-500 tube furnace under various atmospheres overall for more than 2000 h. To adjust the flow
rates the set-up was equipped with flow controllers to
3

Table 2b: Summery of short-term test conditions with different atmospheres and temperature variation ranges as illustrated in the middle part of
Fig. 3.

T var no.
1
2

atmosphere

reducing

T / °C

gas label

humidity

gas composition

flow rate / Nml min−1

f-gas

dry
wet

5% H2 ; 95% N2
4.8% H2 ; 91.7% N2 ; 3.5% H2 O

200

H2

dry
wet

100% H2
96.1% H2 ; 3.9% H2 O

50

750–950

3
4
5
6

oxidizing

750–950

air

dry
wet

21% O2 ; 79% N2
20.3% O2 ; 76.2 N2 ; 3.5% H2 O

200

7
8

reducing

750–950

f-gas

dry
wet

5% H2 ; 95% N2
4.8% H2 ; 91.7% N2 ; 3.5% H2 O

200

spectively.

dry (T var 5) and humidified air (T var 6). Activation
energies were again determined at the end of the test
(stage E), i. e. after re-reduction using f-gas (T var 7),
again without and with humidification (T var 8). All
details about the applied gas compositions and corresponding flow rates during temperature variation are
given in Table 2a.

2.2.1. Long-term measurement
The long-term testing is done under isothermal conditions at 850 ○ C without additional humidification. σeff
measurements were started in reduced forming gas
(f-gas) atmosphere as denoted in the upper part in Fig. 3
by stage A. Note that details about all gas compositions and flow rates are given in Table 2a. Since the
short time ranges during switching the gas compositions
are also relevant for the interpretation of the results the
shift from reducing to oxidizing conditions is denoted
with stage B. The period where the samples were exposed to air for about 900 h is labeled as stage C and the
transition from oxidizing back to reducing conditions as
stage D. Finally, in stage E, the samples were again exposed to f-gas for about 900 h.

2.3. Atomic force microscopy
AFM measurements were performed with a Bruker
Multimode 8 (Karlsruhe) in PeakForce quantitative
nano mechanical mode (QNM™). The nanomechanical properties were obtained by evaluation of a force
distance curve performed at every contact point. Simultaneously to the topography, the electrical current
was recorded using a PeakForce TUNA™ application module in tapping mode at an applied voltage
of 1 V between tip and sample holder (tip at ground)
and averaged by a lock-in amplifier. Further details
on the measurement can be found in [36]. Furthermore, conductive PtIr-coated AFM probes (PPP-NCHPt
(42 N m−1 ; 330 kHz), Nanosensors™) were used. The
investigated Cr2 O3 -20 pellet was glued onto a metallic
AFM sample holder discs with conductive adhesive tape
(Leit-C-Adhesive Tape, Plano).

2.2.2. Short-term measurements, determination of activation energy EA
The thermal EA was determined by temperature variation (T var) at different time steps as shown in the
lower part of Fig. 3. For this purpose, the temperature was increased in steps of 25 °C from 750 to 950 °C.
The dwelling time for the short-term thermal activation
tests was set to 45 min. To our experience, this time
was sufficient to reach steady-state conditions. The thermal EA was investigated in different gas atmospheres
including humidification. Humidification is realized by
rerouting the gas through a Perma Pure MH-110-12F-2
humidifier downstream to the furnace. With this equipment a humidification of 3–4 vol.% H2 O(g) is reached.
During stage A, i. e. in reducing atmosphere, thermal
EA was determined in f-gas (T var 1), in humidified
f-gas (T var 2), in hydrogen (T var 3) as well as in humidified hydrogen (T var 4). In oxidizing atmosphere
(stage C) the temperature variations was performed in

2.4. Post test analysis
After the pellets have been cut out of the tablets the
remaining materials were exposed to oxidizing and reducing conditions just as the pellets. At each sample
removing point a small piece of these left overs was cut
with a diamond disk for post test microstructure analysis.
In order to avoid artifacts from mechanical polishing [37], high quality cross-sections were produced by
broad ion beam (BIB) polishing. For this purpose the
4



samples were fixed with resin on a 130 µm thick silica glass and polished with a Hitachi IM4000 broad
ion beam (BIB) milling system. The parameters used
for polishing are 1.5 kV accelerating voltage, 6 kV discharge, 30 swing angle and 2.5 h milling time. Scanning
electron microscopy (SEM) images were taken with a
Zeiss Gemini 1530 FEG with backscattered electron
(BSE) detector.
X-ray diffraction (XRD) patterns were obtained on
the cut surface of the Cr2 O3 -pellets with a Bruker D8
Advance. For this analyses Bragg-Brentano geometry
with Ni-filtered Cu Kα radiation, constant illuminated
sample-area, and a LynxEye position sensitive detector were used. The phases were identified by comparison with the ICDD database. For the figures presented
in this publication, the contributions of the Kα2 radiation and the background were removed using the EVA
(Bruker).
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Figure 4: Electrical conductivity evolution of Cr2 O3 -0.5, Cr2 O3 -5 and
Cr2 O3 -10 pellets measured at 850 °C in reducing f-gas and air. Data
points for other temperatures (used for thermal activation energy EA
determination) were removed.
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3. Results
The results section is structured as follows: First,
the results from the long-term σeff measurements of the
Cr2 O3 pellets (with varying Ni contents) at 850 °C in
various gas atmospheres are presented. Then, special
focus is put on the changes of σeff during atmosphere
switches, i. e. during stages B and D according to Fig. 3.
The next section shows the results of the microstructure analysis for the Cr2 O3 pellets with 10 and 20 vol.%
Ni followed by the XRD patterns and the AFM data.
Finally, the effect of temperature variation in various
gas atmospheres and the corresponding thermal EA are
presented in Table 3. A comprehensive compilation of
σeff values obtained at temperatures between 800 °C and
900 °C summarized in the supplementary in Table S1.

20% Ni

20% Ni

0% Ni

0% Ni

Figure 5: Electrical conductivity evolution of Cr2 O3 -0 and Cr2 O3 -20
pellets measured at 850 °C in reducing f-gas and air. Data points for
other temperatures (used for thermal activation energy EA determination) were removed.

3.1. Long-term electrical conductivity of Cr2 O3 -pellets

σeff than during stage B. This is different, however, for
the pure Cr2 O3 samples, where σeff is constant in air.
Switching back to reducing conditions, i. e. stage D, results in a “fast” decrease followed by an unexpected
“fast” increase in σeff for the Cr2 O3 pellets with Ni contents of 0.5 vol.% and higher. Both “fast” periods of
decrease and increase last approximately 1–3 h. Again,
the behavior of pure Cr2 O3 without nickel is different
in the sense that there is no increase of conductivity in
the transition period at stage D. During the subsequent
stage E in reducing atmosphere, all samples show a slow
decrease in σeff . It is also important to note that the
different responses of the sample properties (i. e. σeff )
on the changing atmospheres (i. e. switching from reduced to oxidized and back) occur on different tempo-

Fig. 4 shows σeff data of the first batch of Cr2 O3 pellets admixed with 0.5 vol.%, 5 vol.% and 10 vol.% Ni.
Fig. 5 shows the corresponding results of the second
batch for pure Cr2 O3 pellets and those with 20 vol.% Ni.
Note that σeff data for the initial reduction stage A have
been omitted in both Figs. 4 and 5 because of the large
scattering of the data during the temperature variations
(T var 1–4) performed under this stage.
It can be observed that σeff of all samples shows a
steep increase during stage B, i. e. when switching from
reducing to oxidizing conditions. This increase takes
place over a period of only a few hours. While exposed
to air, i. e. during stage C, all Ni containing Cr2 O3 pellets exhibit a further, but much slower increase in their
5

Table 3: Thermal activation energy EA data of sintered Cr2 O3 pellets with different amounts of Ni determined under reduced and oxidized
atmospheres. EA were determined within a temperature range from 750 to 950 °C as shown in Figs. 15a and 16. Details about the used gas
compositions are given in Tables 2a and 2b. Note, the corresponding electrical conductivity values reported in Table S1 were not corrected to
eliminate the effect of nonzero porosities.

stage Aa

stage Ca

stage Da

T var 1
f-gas dry

T var 2
f-gas wet

T var 3
H2 dry

T var 4
H2 wet

T var 5
air dry

T var 6
air wet

T var 7
f-gas dry

T var 8
f-gas wet

sample no.

Ni vol.%

EA / eV

EA / eV

EA / eV

EA / eV

EA / eV

EA / eV

EA / eV

EA / eV

1
2

0
0

1.038
1.008

0.744
0.709

0.937
0.904

1.051
1.016

0.264
0.253

0.265
0.253

0.882
0.854

0.888
0.866

3
4

0.5
0.5

1.099
1.112

1.056
1.065

1.110
1.135

1.037
1.072

0.252
0.243

0.247
0.235

0.945
0.953

0.818
0.809

5
6a
6b

5
5
5

0.874
0.980

0.640
0.755

0.957
1.058

0.695
0.867

0.188
0.188
0.202

0.187
0.190
0.204

0.799
0.990
0.861

0.755
0.761
0.654

7
8

10
10

0.893
0.951

0.797
0.838

0.971
1.005

0.794
0.818

0.214
0.219

0.211
0.217

0.933
0.958

0.723
0.755

9
10

20
20

1.024
1.057

0.717
0.748

1.012
1.066

1.093
1.155

0.190
0.204

0.187
0.203

-0.080
-0.064

-0.052
-0.058

a

details about the different stages are given in Fig. 3 and section 2.2.1, respectively.
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Figure 7: Electrical conductivity data of the second batch with
Cr2 O3 -0 and Cr2 O3 -20 during change from reducing forming gas
(95 % N2 , 5 % H2 ) atmosphere to air at 850 °C. The red curve shows
the corresponding oxygen partial pressure based on the measured
Nernst potential.

Figure 6: Electrical conductivity data of the first batch with
Cr2 O3 -0.5, Cr2 O3 -5 and Cr2 O3 -10 during change from reducing
forming gas (95 % N2 , 5 % H2 ) atmosphere to air at 850 °C. The red
curve shows the corresponding oxygen partial pressure based on the
measured Nernst potential. Note, the tentative pO2 increase after atmosphere change is related to some technical issues with the applied
mass flow controller.

of σeff after changing the atmosphere from air to f-gas
(stage D). Subsequently to this temporary increase σeff
is continuously decreasing. In summary, the total decrease of σeff upon re-reduction in stage E is less
pronounced compared to the increase upon oxidation
(stages B, C) and the fast increase upon reduction
(stage D). This leads to an overall increase of σeff by up
to one order of magnitude. The sample without Ni does
not show this improvement and its conductivity turns
back to the initial level after re-reduction.

ral lengths scales: some take place within few hours,
others expand over hundreds of hours. This behavior
is explained in section 4. These measurements clearly
demonstrate that the addition of Ni has a strong effect on
σeff when compared with the results of the pure Cr2 O3
pellets.
Stage E shows the re-reduction in f-gas. The
Cr2 O3 -10 and Cr2 O3 -20 pellets show a sharp increase
6
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Figure 9: Change from air to reducing forming gas (95 % N2 , 5 % H2 )
atmosphere and corresponding electrical conductivity σeff behavior of
Cr2 O3 pellets admixed with Ni particles measured within the second
batch. The red curve shows the corresponding oxygen partial pressure
based on the measured Nernst potential.

Figure 8: Change from air to reducing forming gas (95 % N2 , 5 % H2 )
atmosphere and corresponding electrical conductivity σeff behavior
of Cr2 O3 pellets admixed with Ni particles measured within the first
batch. The red curve shows the corresponding oxygen partial pressure based on the measured Nernst potential. Note, the pO2 plateau
at 10−4 bar is related to technical issues with the applied mass flow
controller during atmosphere switch form air to f-gas.

companied by a decrease in the oxygen partial pressure.
After reaching a pO2 < 10−17 bar, σeff increases significantly for Cr2 O3 pellets containing ≥ 5 vol.% Ni. After
reaching a maximum at pO2 ≈ 10−18 bar σeff decreases
again. Note also that the Cr2 O3 -0.5 pellets show a stagnation in σeff at a pO2 of around 10−17 bar, which is also
visible in the pO2 curve. A similar trend in the pO2 behavior can be observed in Fig. 9.

3.2. Electrical conductivity behavior during atmosphere change
As pointed out above, changing the gas atmosphere
from reducing to oxidizing conditions and back again
has a profound impact on σeff of the Cr2 O3 pellets.
These changes in σeff become more pronounced with
increasing Ni contents. To further highlight the conductivity behavior during the transitions from one gas atmosphere to another, Figs. 6–9 provide further details.
Figs. 6 and 7 provide details of the changes in σeff when
going from reducing f-gas to air. Similarly, changing
from air back to f-gas is shown in detail in Figs. 8 and
9. In addition to the provided σeff , all diagrams show
the corresponding oxygen partial pressures as obtained
from measuring the Nernst potential. Figs. 6 and 7 provide a clear trend: σeff shows an abrupt rise within few
minutes after switching from f-gas to air. This is followed by a much slower, continuous increase. This behavior is more pronounced at higher Ni content. Note
also that one of the samples with 20 vol.% Ni deviates
from the behavior described above. There, right after
switching the gas composition, the steep increase is followed by a short decrease (over about half an hour), followed again by a slow increase in σeff . Moreover the
oxygen partial pressure follows the behavior observed
for σeff . However, after stage B, it reaches a constant
value much more quickly.
Figs. 8 and 9 highlight the changes in σeff when
switching back from air to f-gas. During the transition (stage D) the evolution of the pO2 is discontinuous. Obviously the reduction of the samples influences
or buffers somehow the pO2 in the furnace. This is ac-

3.3. Microstructure analysis of Cr2 O3 pellets
SEM images of a Cr2 O3 -10 pellet polished with BIB
are shown in Fig. 10. The horizontal direction gives
the microstructure evolution at three different instants of
time, i. e. at 300 h (stage A, f-gas), at 1200 h (stage C,
air), and at 2150 h (stage E, f-gas). In the vertical direction, the magnification level increases from the top
to the bottom line. Figs. 10a, 10d and 10g show the initial microstructure in f-gas atmosphere for three different magnification levels. The admixed Ni particles are
evenly distributed within the Cr2 O3 -matrix. Sharp transitions between the two solid phases can be observed.
The Ni particle sizes are still similar to the original particle sizes (r50 = 5.5 µm) as admixed to the Cr2 O3 powder.
After being exposed to air for 550 h the microstructure significantly differs from the original one. At
the lowest magnification the Ni particles appear to be
blurred, compare Figs. 10b with 10a. At higher magnifications shown in Figs. 10e and 10h the Ni particles were as expected oxidized and they fill up additional pore space due to the associated volume increase.
Furthermore, the formation of a NiCr2 O4 spinel took
place, as confirmed by XRD patterns presented in section 3.4. Note that the different oxide phases (NiO,
7
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Figure 10: Microstructures of Cr2 O3 pellets with 10 vol.% Ni prepared by BIB after different test steps in reduced and oxidized atmosphere at 850 °C
are shown in the columns. The time specification denotes the approximated furnace removal corresponding to Fig. 4. Increasing magnifications
of Cr2 O3 pellets section are shown from top to bottom. In reduced state in g) and i) two clearly separated solid phases i. e. Cr2 O3 and Ni can be
observed. In oxidized state the contrast between different phases including Cr2 O3 , NiO and NiCr2 O4 -spinel is very low. The black phase represents
the pore

Cr2 O3 , NiCr2 O4 ) have similar backscatter coefficients
and hence the contrast in SEM is poor for the oxidized
samples.

The porosity of the samples was determined after sintering based on the weights and volumes of the pellets.
The Cr2 O3 -5, Cr2 O3 -10 and Cr2 O3 -20 samples showed
a porosity of around 36 %. The Cr2 O3 -0.5 samples exhibited a porosity of 44 %. The porosity of the Cr2 O3 -0
pellets was 27 %, as obtained from post test SEM images analysis. Note, that the rather large porosity of the
analyzed pellets has a significant effect on the obtained
σeff . Consequently, the obtained σeff will be generally
lower than those for oxide scales thermally grown on
metallic interconnects under typical SOFC stack operation conditions. Note also that the obtained σeff data and
corresponding thermal EA were not corrected to eliminate the effect of the pores. The reason is that the Cr2 O3
pellets admixed with Ni contain two different electron
conducting phases that cannot be simply corrected for
pore effects, e. g. by Archie’s law or by other recently
published methods [38–40].

Re-reducing, i. e. exposing the samples again to the
low pO2 f-gas, leads to further microstructure transformations as shown in Figs. 10c, 10f and 10i. Under these
conditions NiO and NiCr2 O4 spinel are completely dissolved. Interestingly, the resulting Ni shown in Figs. 10f
and 10i is finely dispersed into smaller particles with diameters of less than 1 µm. In addition the small black
dots of similar sizes, which can be observed in these
domains represent micro pores.
Fig. 11 provides examples of the microstructures of
the Cr2 O3 -20 pellets at the beginning and at the end
of stage E, i. e. after being again reduced in f-gas for
12 h and 900 h, respectively. Comparing Fig. 11a with
Fig. 11b a general smoothing of the contours of the Ni
particles can be observed.
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Figure 12: XRD patterns of Cr2 O3 pellets with 10 vol.% Ni after heat
exposure in different atmospheres at 850 °C. a) after exposure to reduced forming gas (95 % N2 , 5 % H2 ) removed after 320 h, b) after
exposure to air for 550 h and c) after re-reduction in forming gas for
another 900 h.

2 m

Figure 11: a) Microstructure of Cr2 O3 pellet with 20 vol.% Ni immediately (12 h) after atmosphere change from air to re-reduction in
f-gas at 850 °C and b) after re-reduction in f-gas for about 900 h.

a

   

3.4. XRD data
XRD of sintered Cr2 O3 pellets with 10 and 20 vol.%
Ni were studied at different stages of the long-term experiments. Fig. 12 shows the results for the Cr2 O3 -10
pellets at the end of stage A in f-gas, during stage C in
air and at the end of stage E in f-gas. Note that Cr2 O3
diffraction peaks were present in all analyzed samples.
Furthermore, from the pattern in Fig. 12a Cr2 O3 and Ni
can be identified after being exposed to f-gas for 320 h.
As shown in Fig. 12b being exposed to in air for 550 h
NiO and NiCr2 O4 spinel can be identified. Finally, after re-reduction in f-gas for 900 h the previously formed
NiO and NiCr2 O4 spinel cannot be retrieved anymore in
the XRD pattern shown in Fig. 12c.
Fig. 13 shows the XRD patterns for the Cr2 O3 -20
pellets after oxidation in air at the end of stage C and
after re-reduction in forming gas for ca. 12 h i. e. at
the end of stage D, respectively. The XRD pattern
in Fig. 13a shows that the NiCr2 O4 spinel and NiO
phases are present after being exposed to air. These
two phases cannot be detected anymore in Fig. 13b after short re-reduction using f-gas. However, metallic Ni
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Figure 13: XRD patterns of Cr2 O3 pellets with 20 vol.% Ni after heat
exposure in different atmospheres at 850 °C. a) after exposure to air for
850 h and b) after re-reduction in forming gas for 12 h. Note that the
non-marked peaks in b) originate from the sample holder (CaCO3 ).

could be verified in this XRD pattern.
3.5. AFM data
In Fig. 14 AFM images of a Cr2 O3 -20 pellet as sintered in reducing atmosphere are shown with a) surface topography, b) feedback signal, c) electrical current transition (bright spots) and d) the electrical current profile along the marked red line in c) are shown.
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Figure 14: AFM images of a Cr2 O3 -20 pellet after sintering with a) topography information, b) feedback signal, c) binarized electrical current flux
(bright spots) and d) section of the effective electrical current along the red line in image c).

The height image in Fig. 14a shows the topography
of the sample. In the feedback regulation signal in
Fig. 14b sharp height changes are recorded to enhance
the surface structures. The current is measured during contact of the tip with the sample and averaged using a lock-in-amplifier. Numerous grains with an area
from approximately 0.065 µm2 up to approximately
11.561 µm2 are visible. The large grain in the center
is locally electrically conductive at room temperature
as shown in Fig. 14c. This indicates that the admixed
Ni forms some percolating paths across the pellets. In
the current profile in Figure Fig. 14d single conductive
spots with a maximum current of approximately 80 pA
were measured. Note, the scale in Fig. 14c is purposely

limited to 2 pA to visualize electrical conductive spots
i. e. to display it as a binarized electrical conductivity
map. Thus the most part of the sample is not electrically conductive at room temperature. 3D-topography
overlaid with adhesion force and electrical current data,
respectively from a different sample location are shown
in the supplementary Fig. S1.
3.6. Temperature dependence of electrical conductivities
Temperature variations between 750–950 °C were applied to determine the thermal EA based on σeff of the
various Ni-containing Cr2 O3 pellets at different stages
10

of the long-term experiments. The scatter of the experimentally determined σeff for the pellets with the
same Ni amount is in general small i. e. 0–30 %. It
is suggested that the observed deviations are related
to some variances in the pellet dimension and measured distance between the voltage taps. Stage A included measurements T var 1–4 to determine the thermal EA in f-gas and pure hydrogen, both either dry
or additionally humidified with 3–4 vol.% water. σeff
determined in stage A at 850 °C are in the range of
0.0012–0.0715 S cm−2 . σeff data from measurement
T var 1 in dry f-gas are shown as an Arrhenius plot
in Fig. 15a. All samples follow in good approximation a straight line in Arrhenius form with similar slopes
resulting in thermal EA between 0.873–1.112 eV. Samples with a higher amount of Ni generally have an increased σeff except for the Cr2 O3 -0 pellets, which are in
the range of the Cr2 O3 -20 pellets. This behavior is attributed to different sintering conditions as will be discussed in section 4.1.1.
The data in Table S1 show that humidification of both
f-gas and hydrogen leads to an increase of σeff compared to the results in dry reducing atmospheres. Note
that the influence of humidity is less pronounced in H2
than in f-gas where compared to dry f-gas the thermal
EA is reduced by humidification (cf. Table 3). However,
in pure hydrogen no clear trend could be observed for
the thermal EA resulting from dry and humidified atmospheres. At the end of stage C the thermal EA was
determined in T var 5 for dry and at T var 6 for humidified air. The corresponding data in Table S1 shows that
σeff is not really affected by humidification of air. Furthermore, the thermal EA for dry (0.187–0.265 eV) and
humidified air (0.188–0.264 eV) are similar. The temperature dependence of σeff at the end of stage E in dry
f-gas atmosphere are shown in Fig. 16 (T var 7). In addition, the results of the corresponding data in wet f-gas
are given in Table 3 and Table S1, respectively. Finally,
Arrhenius plots for all performed temperature variations
are given in the supplementary in Figs. S2–S5. It can
be seen that σeff is increased in humidified atmosphere
compared with dry. Except for the Cr2 O3 -20 pellets,
which show a decreased σeff in humidified atmosphere
after stage E resulting in thermal EA value of -0.079 eV
and -0.064 eV, respectively. Also, the thermal EA in humidified f-gas is smaller compared to that in dry f-gas.
The two Cr2 O3 -20 pellets show again a diametrically
opposed behavior. A general comparison of the thermal
EA energies show that those in oxidizing atmosphere
(T var 5 and 6) are 4–5 times higher compared to those
in reducing atmosphere (T var 1–4,7 and 8). Humidification and variation in the gas composition, i. e. f-gas

versus pure H2 do not influence the thermal activation
significantly.
a

20% Ni
0% Ni

0.5% Ni

b

Figure 15: a) Arrhenius plot of the electrical conductivities σeff of the
investigated Ni containing Cr2 O3 pellets in reducing f-gas atmosphere
without humidification. The temperature variation was done within
the first 100 h after startup. The corresponding EA values are given
in Table 3. b) Corresponding σeff plotted as a function of Ni content
obtained at 850 °C.

4. Discussion
This section is structured according to stages A–E
of the performed long-term conductivity measurements,
see Fig. 3. The measured σeff are discussed in detail,
taking into account the applied gas atmospheres and the
additional SEM, XRD and AFM data. Based on these
experimental results, several microscopic mechanisms
are proposed to explain the observed complex and partly
counterintuitive time-dependencies of the obtained σeff
data. Furthermore, the presented subsections are further subdivided into i) changes in the microsturcture of
the Ni containing Cr2 O3 pellets that affect the overall
electrical conductivity and ii) effects related to the extrinsic electrical conductivities of the Cr2 O3 phase. The
11

temperature dependencies of the obtained σeff data and
associated thermal EA are discussed at the end of this
section.

Table 4: Summary of intrinsic electrical conductivities of the various
phases.

20% Ni

10% Ni

material

σ / S cm−1

Cr2 O3 at 850 °C [15, 17, 18, 35, 43, 44]
Ni at 0 °C [32]
NiCr2 O4 at 850 °C [45]
NiO at 850 °C [46, 47] and at 1000 °C [48]

< 0.1
> 100,000
0.63
0.1

especially for pellets with low Ni contents, the electrical properties of the Cr2 O3 matrix still limits the overall
electrical behavior within the compacts.
Ni percolation can be expected starting roughly from
about 20 vol.%. This might explain the rather large difference by a factor of 3 between σeff of the two considered Cr2 O3 -20 pellets. This deviation might be related
to some partly percolated Ni paths within the two samples since the deviation for the Cr2 O3 pellets with less
Ni is determined in the range of 0–30 %. AFM data in
Fig. 14 provides additional evidence for this type of behavior. It shows such percolating Ni paths in through
direction obtained at room temperature by electrical potential measurements.
An additional microstructure effect is associated to
the differences in the sinter conditions for the Cr2 O3 -0
pellets, as mentioned in section 2.1. The Cr2 O3 -0 pellets were sintered at higher temperature of 1585 °C compared to the Cr2 O3 pellets with Ni ≥ 0.5 vol.% that were
sintered at 1400 °C. As a result of the higher sinter temperature the Cr2 O3 -0 pellets exhibits a lower porosity,
which improves σeff compared with that over the higher
porosity Ni containing pellets.

0%; 5% Ni

0.5% Ni

Figure 16: Arrhenius plot of the electrical conductivities σeff of the
investigated Ni containing Cr2 O3 pellets at the end of stage E in dry
f-gas atmosphere. The corresponding EA values are given in Table 3.

4.1. Electrical conductivities at stage A in reducing atmosphere
σeff behavior during stage A is shown in Figs. 4 and 5.
After sintering and equilibration at constant reducing atmospheres the σeff of all samples is also constant, but it
depends greatly on the Ni-content of the samples. Explanations of the underlying mechanisms are provided
in the following subsections.

4.1.2. Electrical conductivity of Cr2 O3 phase
In samples where the Ni-content is below the percolation threshold all transport pathways lead partially or
fully through the matrix of Cr2 O3 . The conductivity of
Cr2 O3 is thus the limiting phase for charge transport
in these samples. From literature it is known that the
conductivity of Cr2 O3 varies greatly between 0.001 and
0.2 S cm−1 [17, 18]. Its conductivity is greatly dependent on the defect density. In the following we briefly
discuss the most important mechanisms of defect formation in Cr2 O3 and the relationship with pO2 .
It is widely accepted that Cr2 O3 is a p-type semiconductor. It has been suggested that the relevant defects
for p-type conductivity are related to Cr vacancies, formulated by the Kröger-Vink notation, according to

4.1.1. Microstructure effects
σeff of the Cr2 O3 pellets with admixed Ni particles is
significantly influenced by the amount of Ni as shown
in Fig. 15 and Table S1. In general the electrical conductivity increases with the Ni content.
Representative microstructures of a Cr2 O3 -10 pellet after sintering and exposure to f-gas are shown in
Figs. 10a, 10d and 10g. Note that the metallic Ni
particles are in contact with the Cr2 O3 and with additional pores, see Fig. 10d and 10g. Since at the considered temperatures the electrical conductivity of Ni
[32] is several orders of magnitudes higher than that of
Cr2 O3 [15, 17, 18, 35, 43, 44] it is obvious that electrical current paths within the Ni particles are preferred
over those within the Cr2 O3 phase. This behavior is
schematically illustrated in Fig. 17a. The arrows indicate preferred electrical current paths across the Ni particles. Since the Ni particles generally do not percolate

3/2 O

2

= 3 OO + 2 V′′′
Cr + 6 h [19, 20, 49–51]. (1)

Note that Eq. (1) introduces a pO2 dependency of the
vacancies and of the associated electrical conductivity,
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Figure 17: Microstructure changes during the evolution of the Ni containing Cr2 O3 pellets under reducing, oxidizing and re-reducing conditions.
a) initial microstructure at stage A with metallic Ni. b) NiO formed during change from f-gas to air at stage B. c) NiCr2 O4 spinel formation
mechanism [41, 42] during oxidation in air at stage C. d) Cr2 O3 matrix with formed spinel and remaining NiO at the end of stage D. e) NiCr2 O4
spinel decomposition mechanism during change from air again to f-gas at stage D. f) finely dispersed Ni after spinel decomposition at the beginning
of stage E. g) and h) show the rearrangement and smoothing of small Ni particles during stage E by Ostwald ripening.
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that σeff most probably is affected by a superposition
of both microstructure (see section 4.1.1) and defect effects. Since the influence of varying sinter conditions
and its effect on the porosity and hence electrical conductivity is not specifically addressed in this work the
absolute deviations of σeff between the Cr2 O3 -0 and the
Ni containing pellets are not discussed. Instead the observed behavior for the Cr2 O3 -0 pellets is used as a reference to explain the response in the electrical conductivity during atmosphere changes.

which will be considered again in the discussion of the
later stages. It has also been reported in the literature
that the defect structure of a Cr2 O3 phase can change at
low oxygen partial pressures [52, 53]. Consequently,
the electrical conductivity behavior can change from
p-type to a n-type. Such a process was observed for
Cr2 O3 by Matsui and Naito [52] for pressures between
10−8 and 10−13 bar in a H2 /CO2 atmosphere. Since the
oxygen pressure is even lower in the applied f-gas atmosphere (pO2 ≈ 10−20 bar) the defect mechanism might be
related to an oxygen release accompanied by the formation of oxygen vacancies
′

OO = VO + 2 e + 1/2 O2 [44, 50, 54].

4.2. Electrical conductivities at stage B during change
from reducing to oxidizing atmosphere

(2)

4.2.1. Microstructure effects
Another aspect that influences σeff of the Cr2 O3 pellets is related to the oxidation of metallic Ni into NiO
at a given temperature in air. Ni reacts with gaseous
oxygen to form NiO on the surface of the original Ni
particles. A high defect concentration in the NiO crystal lattice promotes a fast and complete oxidation of Ni
at 850 °C [57]. This transformation of Ni to NiO leads
to an alteration of the microstructure, which is schematically illustrated in Fig.17b. The oxide tends to fill the
pores in the vicinity of the original Ni particles, since
the formation of NiO comes along with a significant volume increase of 69.9 % [58].
The electrical conductivity of NiO is significantly
smaller compared to that of metallic Ni [32, 46, 48] (cf.
Table 4). Therefore, it can be ruled out that the observed
fast increase in σeff during stage B is related to the formation of NiO. As pointed out above, NiO has a much
lower electrical conductivity than Ni which results in
a decrease of the overall conductivity of the pellet, if
the effective conductivity is dominated by charge transport in the Ni phase. Such a decrease in σeff can be
clearly identified in Fig. 7 for one of the Cr2 O3 -20 pellets. This pellet already showed in f-gas a more than
three times higher σeff compared to the other one with
the same Ni amount. The decreasing conductivity during stage B/beginning of stage C for one sample with
20 vol.% Ni can thus be attributed to a loss of percolation in the Ni phase upon transformation of Ni into NiO.
This transformation results in well pronounced transitions of σeff within 0.5 h after switching to air. However, this identified Ni oxidation time differs from those
given in literature [59, 60] for the following reasons:
the admixed Ni with r50 = 5.5 µm contains also some
smaller Ni particles, which results in faster complete oxidation. The observed behavior for the Cr2 O3 -20 pellets
can be related to a superposition of Ni oxidation and the
initial NiCr2 O4 spinel formation, which provides new

These very low pO2 can also be observed under typical SOFC stack operation conditions on the anode side
(pO2 < 10−14 bar [55]). Park and Natesan [44] investigated the electrical conductivity of thermally grown
Cr2 O3 for temperatures below 1000 °C and for pO2 near
the decomposition pressure of Cr2 O3 (pO2 < 10−24 bar)
in a gas-tight cell. They only found a gradual decrease
of electrical conductivity with decreasing oxygen partial
pressure.
At the investigated temperatures below 950 °C the
electronic defect concentration is assumed to be small,
which indicates that the electrical conductivity of Cr2 O3
is essentially influenced by impurities [17, 19, 21, 35,
43, 49, 50, 54, 56]. Impurities are side effects, which
cannot be prevented neither in compacts produced in the
laboratory nor in thermally grown oxide scales. A proposed defect mechanism for impurities is given by
2 AO + 1/2 O2 = 2 A′Cr + 3 OO + 2 h [21, 50] (3)
where A represents an impurity atom. However, for
oxide layers formed on metallic interconnects during
SOFC stack operation, such impurities are highly beneficial since they decrease the ohmic resistances. Overall,
it must be emphasized that the defect structure of Cr2 O3
is difficult to determine experimentally [51] and is only
considered on a theoretical basis in this discussion.
The relatively high σeff of the Cr2 O3 -0 pellets (see
Fig. 15) is on the one hand related to the microstructure as discussed in section 4.1.1 and on the other hand
to the incorporation of different types of defects, which
result in different defect densities in the Cr2 O3 matrix.
This defect incorporation can be associated to the sinter condition due the fact that the Cr2 O3 -0 pellets were
sintered in air at 1585 °C whereas the Cr2 O3 pellets
with Ni ≥ 0.5 vol.% were sintered in reducing hydrogen
atmosphere at 1400 °C. Dependencies of the electrical
properties of Cr2 O3 compacts on the sintering conditions also have been reported by Young et al. [53]. Note
14


preferred electrical current pathways along the spinel
phase, see Fig. 17d.
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4.2.2. Electrical conductivity of Cr2 O3 matrix
σeff behavior during switching from f-gas to air is
shown in Figs. 6 and 7. This change of gas atmosphere
results in a fast and significant increase of σeff during
stage B followed by a slower, exponential increase in
stage C (discussed in section 4.3). The degree of conductivity change in phase 3 clearly correlates with the
Ni content, whereas in phase 2 this correlation is not
clear. The sharp increase of σeff in stage B can be assigned to the increase of the extrinsic electrical conductivity of the Cr2 O3 matrix at higher oxygen partial pressure [44, 52]. This effect should be largely independent from the Ni-content. Suppose the defect structure
is described according to Eq. (1) thermodynamic equilibrium then yields to the relation
3/16

σ ∝ pO2

Ni
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Figure 18: Relative increase of electrical conductivity σeff during oxidation in air at 850 °C for all tested samples. For better comparison
of the relative changes in σeff the starting point was defined several
hours after the switch to oxidizing atmosphere.

4.3.1. Microstructure effects
The improvement of σeff for the Ni containing pellets can be related to the formation of NiCr2 O4 spinel
as shown in Fig. 17d. The electrical conductivity of
NiCr2 O4 is higher compared to those of Cr2 O3 and NiO
[45, 47] (cf. Table 4) As a consequence a higher Ni content leads to more pronounced formation of NiCr2 O4
spinel and therefore also to a stronger increase of σeff .
Electrical conductivity in the spinel phase is generally
explained by electron hopping and by the associated
changes in the valence state of Cr. The formation of
NiCr2 O4 spinel at the expense of metalic Ni could be
verified by XRD as shown in Figs. 12b and 13a. In the
same XRD patterns some remnants of NiO could also
be identified. Based on this observation it becomes evident that the spinel formation is not completed within
the investigated period of about 900 h. However, based
on the available data it can be estimated that the asymptotic behavior for σeff would be achieved within additional 500 h of exposure to air.
Fig. 17c illustrates the mechanism of spinel formation, which is initiated at the interface beween Cr2 O3
and NiO phase according to

(4)

i. e. the electrical conductivity σ is proportional to the
oxygen pressure by the power of 3/16 [17, 19, 20, 44, 61].
If impurities are involved thermodynamic equilibrium
for Eq. (3) would yield to
1/8

σ ∝ pO2 [21].

(5)

For n-type defects in low pO2 atmospheres as described
in Eq. (2) the following pressure dependence is obtained
−1/6

σ ∝ pO2

[51].

Ni

(6)

In this case the electrical conductivity decreases due to
the negative exponent. In this study, the pO2 dependency was not established on a quantitative level, since
conductivity measurements were not performed under
systematic pO2 variations, but only at two levels (either
air or f-gas).
4.3. Electrical conductivities at stage C in oxidizing atmosphere
A continuous increase of σeff can be observed for
the Ni containing pellets in the oxidizing air environment from Figs. 4 and 5. This is even more pronounced
in Fig. 18 where the relative increase of σeff is plotted
as a function of time. This demonstrates that the relative increase of σeff is increasing with the Ni amount.
The strong deviations between the two Cr2 O3 -20 samples can be explained by the fact that at 20 vol.% Ni the
percolation limit is reached.

Cr2O3 + NiO = NiCr2O4.

(7)

After the initial formation of a first spinel phase between
Cr2 O3 and NiO the subsequent spinel formation takes
place at the two new interfaces (i. e. Cr2 O3 /NiCr2 O4 and
NiCr2 O4 /NiO). As a consequence, further spinel formation depends on ionic counter diffusion within the
spinel. A schematic illustration of the spinel formation mechanism within the Cr2 O3 matrix is given in
15

a significant increase in σeff over a short period of about
5 h. After reaching a maximum electrical conductivity
at the end of stage D it follows again a slow decrease
during stage E. The required time span of about 5 h to
reach the maximum is identical in both batches. Note
that the temporary maximum in σeff correlates with
the amount of Ni, i. e. a higher amount of Ni leads to
a more pronounced increase of σeff by up to two orders of magnitudes. This increase of σeff is attributed
to the formation of metallic Ni due to the decomposition of NiCr2 O4 under reducing atmospheres for pO2
< 10−14 bar at 850 °C [27, 67]. The NiCr2 O4 spinel decomposition in the applied f-gas atmosphere is given by

Fig. 17c [41, 62]. Cr2 O3 is transported via the gas phase
(e. g. by CrO3 and/or CrO2 (OH)2 [63]) to the reaction
zone at the NiCr2 O4 spinel interface [41, 42, 64]. Gas
phase transport is more likely since the contact between
Cr2 O3 and NiCr2 O4 is imperfect, i. e. at best there exist some isolated contact areas [64]. The reaction at the
Cr2 O3 /NiCr2 O4 interface can be written as
3 Ni2+ + 4 Cr2O3(g) = 3 NiCr2O4 + 2 Cr3+.

(8)

A similar reaction occurs at the opposing NiCr2 O4 /NiO
interface where the spinel is formed by
2 Cr3+ + 4 NiO = NiCr2O4 + 3 Ni2+.

(9)

Based on the ionic counter diffusion that follows from
the reaction mechanism given by Eqs. (8) and (9) it is
expected that the spinel formation at the Cr2 O3 /NiCr2 O4
interface is about three times higher compared to that at
the NiCr2 O4 /NiO interface [42]. Note also that the replacement of Ni by NiO can lead to local pore formation, as shown in Fig. 10h.
The increase of σeff during stage C in Figs. 4 and 5
shows an exponential behavior for the Ni containing
pellets. This phenomenological observation is related
to the diffusion controlled NiCr2 O4 spinel formation
where the increase in the length of ionic pathways correlates with the degree of spinel formation and associated grain size as illustrated in Fig. 17c. As a consequence of this increased transport length it is proposed that spinel formation exhibit a parabolic behavior [41, 64–66], which is in good agreement with
the slightly sub-parabolic behavior of σeff observed in
Figs. 4 and 5.

V′′Ni

NiCr2O4 + H2 =
+ VO + 2 CrCr + 3 OO + Ni + H2O.

(10)

An illustration of the possible NiCr2 O4 spinel decomposition mechanisms is shown in Fig 17e. Note that
NiO formation as an interim stage is unlikely since the
equilibrium partial pressure for NiO at 850 °C is in the
order of 10−13 bar, which is above the NiCr2 O4 spinel
decomposition pressure [67]. However, based on the
available experimental data the spinel decomposition
mechanism is plausible but can not be proven to be correct. It is also possible that Ni is transported by evaporation and condensation of volatile nickel-(II) hydroxide
(Ni(OH)2 ), adsorption, surface diffusion or a combination of these mechanisms [68, 69]. Independent from
those mechanisms, the complete reduction of Ni could
be proven by XRD analysis, as shown in Fig. 13b. The
XRD pattern in Fig. 13b originates from the Cr2 O3 -20
sample removed after 12 h, re-reduction in f-gas atmosphere, i. e. after reaching the maximal σeff (cf. Fig. 9).
In summary, we propose that the observed increase
of σeff during stage D is related to the release of Ni
during NiCr2 O4 spinel decomposition. Thereby the released Ni builds a, at least partly, percolating metallic
network that promotes the transport of electrons within
the Cr2 O3 pellets as illustrated in Figs. 17f and Fig. 17g.
Further evidence for Ni percolation was found for the
Cr2 O3 -20 pellets during cool down. Thereby, a further increase in σeff could be observed with decreasing
temperature and vice versa during re-heating. Such a
behavior is typical for metallic conductors. Note also
that, temperature variations in air (i, e. T var 5 and 6 at
stage C) did not show an increase in σeff with decreasing
temperature (cf. Table S1).

4.3.2. Electrical conductivity of Cr2 O3 matrix
The experimental results for the evolution of σeff of
Ni containing Cr2 O3 pellets are presented in Figs. 4 and
5. In addition, Fig. 18 shows the relative increase of σeff
upon exposure to air for all investigated samples. The
figure illustrates that the increase is more pronounced
for samples with higher Ni contents. For Ni free pellets the increase of conductivity during stage C is rather
small but steady. This conductivity gain might be related to the fact that the equilibrium state of vacancies
in Cr2 O3 according to Eq. (1) was not yet reached until
this stage.
4.4. Electrical conductivities at stage D during change
from oxidizing to reducing atmosphere
4.4.1. Microstructure effects
During stage D, the initial decrease in σeff of the
Cr2 O3 pellets with Ni content ≥ 5 vol.% is followed by

4.4.2. Electrical conductivity of Cr2 O3 matrix
The results for the evolution of σeff during the transition from air to f-gas are shown in Figs. 8 and 9 for the
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compared with Fig. 11a. The mechanism of Ostwald
ripening is schematically illustrated in Figs. 17g to 17h.
The corresponding relative decrease of σeff is shown
in Fig. 19. Interestingly there is a clear correlation between the Ni content and the relative decrease of σeff .
As expected, Cr2 O3 -0 and Cr2 O3 -0.5 pellets show similar behaviors with the lowest relative decrease followed
by the Cr2 O3 -5 and Cr2 O3 -10 pellets. The Cr2 O3 -20
pellets shows a relative decrease similar to the Cr2 O3 -5
pellets. Obviously the percolating network of this
Cr2 O3 -20 pellets is still intact and only sparsely effected
by the Ostwald ripening, respectively.

first and second batch, respectively. Note that all Cr2 O3
pellets show an instant decrease of their σeff . This can
be well explained by the extrinsic pO2 dependency of
the electrical conductivity of the Cr2 O3 matrix as discussed in section 4.1.2. This means that lowering the
pO2 also leads to lower electrical conductivity.
4.5. Electrical conductivities at stage E during
re-reduction in forming gas atmosphere



E

0.5% Ni

4.5.2. Electrical conductivity of Cr2 O3 matrix
During re-reduction in f-gas atmosphere a continuous decrease in σeff can be observed in Figs. 4, 5 and
19 for all samples. The continuous decrease of σeff for
the Cr2 O3 pellets without Ni can be explained by a successive approximation to the equilibrium state. This is
confirmed by the Cr2 O3 -0 pellets, which at the end of
stage E return to σeff values that are close to the initial
values.

0% Ni

5% Ni
20% N
i

10% Ni

4.6. Effect of humidity on electrical conductivity
Figure 19: Relative decrease of electrical conductivities σeff of Ni
containing Cr2 O3 pellets during re-reduction in f-gas at 850 °C.

σeff is further affected by the humidification of the
atmosphere. The results in Table S1 show that σeff is
increased when 3–4 vol.% of water are added to f-gas
and H2 compared to the respective dry conditions. This
behavior can be observed for all Cr2 O3 pellets except
for those without Ni in H2 where humidification does
not affect σeff . The mechanisms behind this behavior is
not completely clear [71]. We believe that this behavior is simply related to variations of pO2 and its influence on the conductivity of Cr2 O3 . From the measured
Nernst potential it can be concluded that for dry forming gas atmosphere the oxygen partial pressure is about
three orders of magnitudes lower compared to humidified atmosphere. In hydrogen the pO2 is increased by
nearly 2 orders of magnitudes when 3–4 vol.% of water
are added. Based on these differences, it is likely that
the Cr2 O3 pellets feature a p-type behavior under tested
conditions, where increasing oxygen pressure increases
σeff . This increase of σeff can be associated to the defect structure or more precisely to the concentration of
electron holes, see Eq. (1).
Note however that σeff of the Cr2 O3 -20 pellets after
stage E shows a deviating behavior since the electron
transport is dominated by the partly percolating Ni network. Consequently σeff is decreased with increasing
temperature and vice versa. Interestingly, for samples
with 20 vol.% Ni, σeff in humidified f-gas is lower than

4.5.1. Microstructure effects
Superimposed on the re-equilibration of the Cr2 O3 ,
there is a more pronounced effect on conductivity,
which largely correlates with the Ni content. It can be
assumed that for the Ni containing pellets the decrease
in σeff is influenced by changes in the microstructure of
the metallic Ni phase. The post test analyses in Figs. 10f
and 10i illustrate that Ni is more finely dispersed after oxidation and re-reduction compared to the initial
particle distribution shown in Figs. 10d and 10g. Furthermore the Cr2 O3 -20 pellets removed after the spinel
decomposition in stage E confirm that the metallic Ni
forms a partly percolating matrix that dominates the observed σeff of the pellet. Hence the continuous decrease
of σeff during stage E is probably related to the disconnection of the Ni network. The reason is that the well
dispersed Ni after spinel decomposition as shown in
Fig. 11a tends to minimize its surface free energy known
as the Ostwald ripening [57, 70]. Thereby enlarged Ni
agglomerates are formed by a condensation-evaporation
mechanism [70], which decreases the connectivity of
the Ni network. This process goes along with a smoothing of the edges of the Ni particles as seen in Fig. 11b
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in dry f-gas. However, with increasing temperature this
difference becomes smaller. This behavior can be attributed to an increased volatility of Ni(OH)2 in humidified atmospheres, which leads to agglomeration and
de-percolation of Ni and associated loss of σeff . The fact
that this difference of σeff becomes smaller with increasing temperature can be attributed to the semi-conductive
behavior of the Cr2 O3 matrix, which increases with temperature and hence becomes more dominant. To prove
this hypothesis however further dedicated experimental
work is required.

a metallic behavior of conductivity upon temperature
variations.
When changing to oxidizing conditions (air, stage B)
there is first a fast response of the Cr2 O3 material, which
can be attributed to a thermodynamic re-equilibration
including adaptations in the vacancy concentrations.
This re-equilibration with the pO2 leads to a fast and
significant increase of the conductivity. In a second step,
there is also a more sluggish response (stage C), which
is related to spinel formation (NiCr2 O4 ) at the expense
of Ni and Cr2 O3 . The sluggish spinel formation leads to
a exponential evolution of the electric conductivity. The
conductivity that is finally reached upon complete transformation of Ni into NiCr2 O4 spinel correlates with the
total Ni content of the sample.
When changing back to reducing conditions
(stages D and E), there are three main processes
observed. First, a fast thermodynamic re-equilibration
(with pO2 dependent vacancy concentrations) leads to
a drop in conductivity (at the beginning of stage D).
Second, the decay of spinel and the associated formation of Ni is somewhat slower than the thermodynamic
equilibration. It leads again to a temporary increase
of the conductivity. The maximum conductivity that
is temporarily reached correlates with the Ni content
(end of stage D). Third, on a longer term, the newly
formed Ni particles are reorganized during an extended
period of up to 1000 h (stage E). The coarsening and the
associated loss of percolation lead to a slow decrease
in conductivity. Nevertheless, even at long reduction
times (in stage E) the conductivity remains above the
initial values (in stage A). This can be explained by
the fact the Ni is now more finely dispersed due to a
microstructure reorganization that is associated with
the formation and decay of NiCr2 O4 spinel.
The present investigation is considered as a basis
for better interpretations of ohmic resistances occurring in SOFC stacks with metallic interconnects and
with Ni containing anodes. In particular, the results
indicate that at least 10 vol.% of Ni is required within
the Cr-scales, in order to change the electrical properties from semi-conductive Cr2 O3 into a metallic behavior of a (partially) percolating Ni network. Based
on these findings further studies should focus on methods to increase the amount of metallic particles in thermally grown oxide scales to decrease ohmic losses at
the metallic interconnect interfaces.

4.7. Thermal activation energy EA
For dry f-gas, the thermal EA was determined from
the Arrhenius plot as shown in Fig. 15a. For all other
conditions they are summarized in Table 3. Inspection of the thermal EA reveals that it is reduced with
increasing pO2 . In particular the thermal EA is reduced in humidified atmospheres, since the water content increases the oxygen partial pressure. Note also that
the obtained values for the thermal EA of Cr2 O3 in air
(0.187–0.264 eV) are in good agreement with data available from the literature [54, 72].
The thermal EA of the Cr2 O3 -20 pellets at the end
of stage E is dominated by the percolating Ni network. As a consequence the determined thermal EA become negative with values of -0.064 eV and -0.078 eV,
which is characteristic for metallic conductors. The extracted EA values in dry f-gas atmosphere are smaller
compared to those determined under humidified conditions. This might also be attributed to the progressive
dis-percolation of the Ni network as described in the
previous section.
5. Conclusions
This study focuses on the interaction between Cr2 O3
and Ni and on the associated variation of the electrical conductivity. These issues are related to long-term
degradation phenomena, which occur on the anode side
in SOFC stacks. Thereby Cr2 O3 scales with enclosed
Ni are typically formed on the metallic interconnects.
Such a mixed oxide scale is shown by a representative
SEM cross section image obtained after 40,000 h stack
operation in Fig. 1.
Under reducing anode conditions (f-gas, stage A)
the conductivity is mainly dominated by the properties of Cr2 O3 (i. e. defect concentration and impurities).
However, in samples with a Ni content of 20 vol.%,
some local percolation pathways are formed within the
Ni phase, which leads to elevated conductivities and
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