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This study demonstrates the significant impact of Cr-poisoning on the performance of the LaNipgFeg 403
(LNF) SOFC cathode under current load. Volatile Cr-species, originating from a porous metallic foam, enter
the working electrode and modify both the LNF cathode layer and the Gdo4Ce 6013 (GDC) barrier layer,
causing increasing overpotential and cell impedance. The increase of the ohmic resistance is caused by a
decrease of the in-plane electronic conductivity of the LNF layer (due to Cr incorporation and Ni removal
from the LNF perovskite lattice) combined with a deterioration of the ionic conductivity of the GDC barrier
layer due to reactivity with Cr resulting in formation of a GACrOs;-phase. The increase of the polarisation
Cr-poisoning resistance is caused by a decrease of the electrochemical activity of the LNF surface towards oxygen
Cr vapor transport reduction reaction at the triple phase boundary (TPB) due to Cr-incorporation in the outer shell of the
LNF LNF grains. Chemical reaction and electrochemically driven reaction of volatile Cr-species with LNF and
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GDC contributes to the extrinsic degradation of the LNF cathodes under current load.
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1. Introduction

The perovskite LaNiggFeg 403 (LNF) has been considered as a
candidate cathode and interconnect coating material for various
intermediate temperature SOFC (IT-SOFC) systems where relatively
cheap interconnect materials such as chromia-forming ferritic
stainless steels are used. High electronic conductivity and a ther-
mal expansion coefficient matching that of zirconia [1], together
with claimed high Cr-resistance [2-4] are the properties of LNF
that enable its use as current collecting layer, interconnect protec-
tive coating and/or electrochemically active cathode layer. In the
context of Cr-tolerance, LNF has a claimed advantage of not being
composed of the so-called Cr-nucleating-agents [5], like Mn%* or
SrO, which are inducing Cr-deposition (as reported for LSM or LSCF
cathodes [5-7]).

However, previous studies regarding the actual Cr tolerance of
LNF have demonstrated the occurrence of solid state reactivity of
LNF with chromia at 800°C [8,9]. It has also been found that volatile
Cr species directly react with a porous LNF layer at IT-SOFC operat-
ing temperatures [10,11]: this reaction results in a replacement of
Ni by Cr in the LNF perovskite lattice. One of the observed conse-
quences of this replacement of Ni by Cr is a decrease of the in-plane
electronic conductivity of the LNF porous layer [11].

In the present study the impact of volatile Cr species on the
electrochemical properties of a LaNiggFeg 403 cathode has been
investigated under current load, aiming for an evaluation of the
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reliability of a LNF cathode operating in a Cr-containing environ-
ment, such as in an IT-SOFC stack. To accelerate the Cr-poisoning
impact, a Cr-containing porous interconnect foam has been used,
which is distinctively different from a dense interconnect alloy
employed in a real stack situation.

In order to unambiguously observe the degradation of the
Cr-exposed LNF cathode under electrochemical operation, a spe-
cial set-up was required. Reliable three-electrode measurements,
facilitating a square planar geometry with coplanar reference
electrodes, allowed insight into the cathode degradation under
stationary conditions (400mAcm~2 at 800°C). Changes in the
overpotential and the evolution of the electrochemical impedance
spectra of the working LNF electrode were monitored over a time
period of 1000 h. The accuracy of the three-electrode measure-
ments has been assured by virtually perfect electrodes alignment,
obtained with precise laser-ablation trimming of the edges of the
electrodes.

Based on the analysis of the electrochemical impedance and
electronic conductivity measurements, together with detailed
post-mortem analyses on the Cr-exposed sample, a mechanism
is proposed for the Cr-poisoning of LaNiggFep 403 cathodes under
current load.

2. Experimental
2.1. Sample preparation
LNF cathode layers were prepared using a commercial

LaNiggFep 403 powder (Praxair, 99.9% purity). A 3mol% yttria
stabilized zirconia (YSZ) electrolyte, providing the mechanical
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Fig. 1. Endurance testing of the LNF cathode as the working electrode (WE) was
performed in a ‘three-electrode set-up’ (A) for a Cr-free case and with a Cr-source
added (B). A square planar geometry with coplanar reference electrodes (RE) was
used (C).

support, was prepared by tape casting and sintering at 1500°C
for 1h. The electrolyte squares, with dimensions 80 mm x 80 mm
and 150 pm thickness, were subsequently covered on both sides
with 2 wm thick Gdg4Cep01g (GDC) barrier layers by means of
screen printing, followed by sintering at 1300°C for 1h. The LNF
powder, after precalcination at 800°C for 1h in air, was milled
and dispersed into an alcohol-binder solution using a Dispermat
(VMA-Getzmann GmbH) milling system. The LNF paste was screen
printed on top of the GDC barrier layer on both sides of the
electrolyte in a pattern shown in Fig. 1.

A perfectly aligned working electrode (WE) and counter elec-
trode (CE), vital for a coplanar reference electrode geometry
[12-16], was successfully obtained by laser aided trimming of
the electrode edges. A special chuck (sample holder/clamp) was
designed to precisely reverse the electrolyte providing a high spa-
tial accuracy of the laser trimming on both sides of the sample.
Dried, but not sintered, LNF layers were trimmed with the third har-
monic of Nd:YAG laser (355 nm) (Rofin-Baasel). A groove of 60 um
width and circa 40 pm depth was obtained by laser ablation. The
surplus of LNF material outside the groove was removed from the
electrolyte surface by scraping it off with a zirconia blade.

Finally, the aligned symmetrical cell was sintered at 1150°C
for 1h. The resulting LNF perovskite layers, with a thickness of
approximately 35 wm, formed 3.8 cm? WE and CE electrodes, and
0.6 cm? reference electrodes (RE) as shown schematically in Fig. 1. A
total misalignment between both corresponding edges of the WE
and CE was measured using an Apex Vision Measuring Machine
(Mitutoyo QuickVisionPRO). The misalignment was smaller than
10 wm, which is below 7% of the electrolyte thickness. Hence, such

a misalignment is lower than the allowed maximum of 10% of the
electrolyte thickness for accurate electrochemical characterization
[17].

2.2. Electrochemical measurements

In order to investigate the electrochemical behavior of the Cr-
free and the Cr-exposed LNF working electrodes, samples were
heated to the operating temperature of 800°C. The heating was
performed at a rate of 30°Ch~! under a flow of dry synthetic air,
composed of 20% O, (purity 99.6%, <7 ppmv H,0, where ppmv
denotes parts per million in volume) and 80% N, (purity 99.999%,
<4ppmv H,0), at a total flow rate of 500 mlmin~! for both the
WE and the CE sides. After reaching the operating temperature the
WE was cathodically polarized under a constant current load of
400 mA cm~2. Applying such a current load is in line with the stan-
dard testing procedure at ECN for a durability test at 800°C. The
current was applied using a Pt mesh. A Pt mesh was chosen instead
of an Au mesh, which would have been the preferred choice for
electrochemical inertness, because of reported reactivity of Au with
metallic interconnects. Metallic interconnects were used as the Cr-
source during the electrochemical characterization, as described
hereafter. The load was interrupted approximately every 200 h for
I-V measurements and impedance analysis at open circuit voltage
(0CV), though the discussion of these results is beyond the scope of
this paper. Voltage signal between the WE and both reference elec-
trodes RE on both sides of the working electrode was continuously
recorded and electrochemical impedance spectroscopy (EIS) was
performed under load after periods of circa 200 h uninterrupted
operation. EIS measurements were performed with a Solartron
1255 frequency response analyzer in conjunction with a Solartron
1287A electrochemical interface. The applied frequencies ranged
from 100 kHz to 0.1 Hz with a signal amplitude of 10 mV.

The voltage signals between the WE and both reference elec-
trodes (RE) were compared and averaged for each measurement
point. For the Cr-free reference cell a nearly perfect match between
both signals (WE-RE1 and WE-RE2) was observed over the entire
operating time, demonstrating the effect of the aimed precision
alignment of the WE and CE electrodes. For the Cr-poisoned cell
initially an identically perfect match was observed, but an increas-
ing imbalance between both WE-RE signals was observed over
time. This is probably due to increasingly inhomogeneous poi-
soning over the working electrode as described in Section 4.1. In
order to compensate for the imbalance, both WE-RE signals were
averaged to obtain the overall electrochemical performance of the
Cr-poisoned cell in terms of overpotential and cell impedance. The
averaged voltage signal (WE-RE), representing electrode potential
E, was corrected for the ohmic drop between WE and RE in order
to present the true cathode overpotential value 7. The correction
was applied according to the relation: n=E —i-Roymic, Where i rep-
resents a current density and Rypmic is the electrolyte contribution
obtained from the EIS data under current load (as explained below).

Impedance data was fitted using the Eqcwin software [18-21]
with an equivalent circuit of R(RQ)(RQ)(RQ), where Q is a constant
phase element and R represents various contributing resistances.
Fitting of the EIS data provided values of the contributing resis-
tances to the total resistance, i.e. ohmic (Rypmjc) and polarization
resistance (Rpo1)-

The Cr-free sample was electrochemically operated in an all-
ceramic housing. For the Cr-exposed sample an ITM-14 ferritic
FeCr-based alloy in the form of a porous foam (Plansee AG, Reutte,
Austria [22,23]) was used as the Cr source. The laser-cut foam was
pre-oxidized for 100 h at 800 °C prior to the experiment to insure
the presence of a Cr-containing oxide scale on the metal surface.
The ITM-14 Cr-source was placed in the gas channels in front of
the WE but without any direct contact neither with electrolyte nor
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with WE. This allowed the air-flow to pick up volatile Cr species and
transport them to the electrochemically operating WE, simulat-
ing the Cr evaporation from the stainless steel manifolds, metallic
interconnects (MIC) and system components (BoP) of the IT-SOFC
stack.

After completing the current load experiments the electrical
in-plane conductivity was measured for both the Cr-free and the
Cr-exposed working electrodes. For this a standard van der Pauw
method was used at the operating temperature of 800°C in air.

2.3. Post-mortem analyses

The elemental composition of the Cr-exposed LNF cathode layer
was obtained at four different distances from the Cr-source. There-
fore, four pieces were laser-cut along the direction of the gas flow.
Subsequently, the CE electrode side was removed for each piece
by polishing until YSZ electrolyte was reached and the remaining
WE electrode was acid-dissolved and the elemental composition
was measured by means of inductively coupled plasma-optical
emission spectroscopy (ICP-OES), using a Varian Vista AX PRO
CCD.

The embedded and polished cross-section of the Cr-exposed WE
was analyzed by field emission scanning electron microscopy, using
a Philips XL40-W SEM equipped with an Oxford Microspec 600
WDX (wavelength dispersive X-ray) detector.

For the cross-sectional transmission electron microscopy (TEM)
study of the LNF/GDC/YSZ assembly of the Cr-exposed WE, a spec-
imen was acquired using focused ion beam (FIB) lift-out sample
preparation using a Nova 200 Nanolab SDB (small dual beam).
TEM analyses were performed using an FEI Tecnai F30ST equipped
with an EDAX energy dispersive X-ray (EDX) detector. All TEM
experiments were performed at an acceleration voltage of 300 kV,
using several modes of operation: Z-contrast imaging generated
by high angle annular dark field (HAADF), general bright field TEM
imaging (BF-TEM), energy dispersive X-ray analysis (EDX) in scan-
ning TEM mode (STEM), and high resolution transmission electron
microscopy (HRTEM) together with fast Fourier transform (FFT)
analysis of the HRTEM images.

3. Degradation during operation conditions - results and
discussion

3.1. Overpotential evolution in time

Fig. 2 shows the evolution of the WE cathode overpotential n
measured versus the RE, and corrected for the ohmic drop between
WE and RE, in Cr-free and in Cr-containing atmospheres at 800 °C
under a load of 400 mA cm~2. The reference Cr-free LNF cathode
showed a stable overpotential over a testing period of 500 h. The
LNF cathode exposed to volatile Cr species exhibited a relatively
stable overpotential up to 200 h. After that a considerable increase
in the overpotential losses was observed over a time period of
approximately 200-1000 h.

During the initial 100 h the changes in the overpotential could
be attributed to the so-called ‘burn-in’ process, characteristic for
LNF cathodes [24].

For the reference LNF cathode tested in the all-ceramic housing
no apparent degradation was observed over the full 500 h of oper-
ation. The Cr-containing atmosphere clearly caused a continuous
and progressing degradation of the electrochemical performance
of the LNF cathode tested over the period of 1000 h.

While the period of the current interruption had virtually no
effect on the overpotential for the Cr-free cathode, a significant
effect can be seen for the Cr-exposed cathode, especially after
400 h of operation (Fig. 2). After current switch off the WE relaxed
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Fig. 2. Evolution of the cathode overpotential n with time for the LNF WE in Cr-free
and in Cr-containing atmospheres. Arrows indicate the EIS measurements under
load. A hash sign (#) depicts an accidental current interruption with no EIS mea-
surements performed beforehand.

to a state with an initially significantly lower overpotential upon
switching on the current. Similar transient recovery of the WE per-
formance after a current interruption has been also observed for
LSM cathode in the presence of Cr-based interconnect [25,26].

3.2. Evolution of the EIS

As indicated by the arrows in Fig. 2 the EIS was performed
at the end of each uninterrupted operation period (about every
200 h)inorder to follow the change in the electrochemical response
of the LNF cathode under current load. Fig. 3 presents the elec-
trochemical impedance evolution with time of the WE, averaged
over both RE, measured under a load of 400 mAcm~2. The ref-
erence Cr-free LNF cathode showed a stable and nearly constant
impedance (Fig. 3A). The LNF cathode exposed to volatile Cr species
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Fig. 3. Evolution of the WE impedance (EIS) with time, measured under a load of
400 mA cm~2 in Cr-free (A) and in Cr-containing atmospheres (B).
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Fig. 4. Evolution of Ry and Ropmic and Ry in time at 400 mA cm~2 for Cr-free and
Cr-exposed sample. Markers shape corresponds to markers in Fig. 3.

exhibited relatively comparable EIS spectra up to 200 h, then a sig-
nificant increase in size and shift to higher resistance values was
observed for the impedance during the time period after 200 h
(Fig. 3B).

3.2.1. Evolution of the contributing resistances obtained with EIS

Fig. 4 presents the evolution with time of the total (R, ), 0hmic
(Rohmic) and polarization (Rpo) resistances of the tested LNF cath-
odes. The reference Cr-free cathode showed relatively stable values
of both Rohmic and Ry resulting in a constant Ry, during the test-
ing period of 500 h. The LNF cathode exposed to volatile Cr species
exhibited a continuous increase in Rpo throughout the experiment.
Ronmic Was relatively stable up to 200 h, followed by a rather steep
increase over the time period of circa 200-600 h, reaching a mild
incline between 600 and 1000 h.

The LNF cathode tested in a Cr-free atmosphere showed sta-
ble values of both Ronmic and Ry, confirming the intrinsic stability
of the LNF cathode under electrochemical operation. However, the
LNF cathode tested in combination with a Cr-source showed clear
deterioration of both Rypmic and Ry, indicating extrinsic degrada-
tion due to Cr presence.

3.3. In-plane electronic conductivity of Cr-free and Cr-exposed
sample

For both Cr-free and Cr-exposed samples, the in-plane elec-
tronic conductivity o was measured at the operating temperature
of 800°C in order to determine the impact of volatile Cr-species
on the electronic conductivity of the WE. The Cr-free LNF cathode
layer showed an in-plane electronic conductivity of 204 S cm~'. The
Cr-exposed LNF cathode layer exhibited a lower electronic conduc-
tivity of 127Scm~1.

The in-plane electronic conductivity of the Cr-exposed LNF layer
was lower than the electronic conductivity of the Cr-free layer
which is in line with a previous study [10,11]. An increase in the
in-plane resistance of the electrode can cause an apparent increase
in Ropmic. However, a drop in the conductivity of 77Scm~! (37%)
does not explain the relatively large increase in Rypm;c. Other causes
for the increase in Rypmic were examined with the post-mortem
analyses.
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Fig. 5. The amount of Cr deposited in the Cr-exposed WE as a function of the dis-
tance from the Cr source. The concentration is given as La+ Ni+Fe + Cr=100 at.%. The
brackets indicate schematically the regions of the ICP sampling.

4. Post-mortem analyses - results and discussion

4.1. Overall Cr concentration in the Cr-exposed cathode as a
function of the distance from the Cr source

Fig. 5 presents the overall Cr concentration as detected with the
ICP-OES method for the Cr-exposed WE operated 1000 h at 800°C
under 400 mA cm~2 load. A preferential higher Cr accumulation
was observed at the air inlet close to the Cr source. The Cr con-
centration decreased nearly linearly as a function of the distance
from the Cr source.

Cr-EDX-mapping over the entire WE surface area (not shown)
indicates a significant inhomogeneous Cr distribution along the gas
flow direction ranging from ~3.5at.% to ~1.5at.%. This observed
inhomogeneity would cause an imbalance between the respective
WE-RE signals, as clearly has been observed for the Cr-poisoned
electrode. For a better description of the overall performance of
the electrode the WE-RE1 and WE-RE2 signals (impedance and
overpotential) have been averaged.

4.2. Crdistribution in the Cr-exposed cathode throughout the
layer thickness examined with SEM-WDX

The Cr distribution over the depth of the Cr-exposed WE was
obtained with wavelength dispersive X-ray spectroscopy (WDX).
Fig. 6A shows a backscattered electron (BSE) SEM image of the
embedded and polished WE cross-section which was cut at 2 mm
from the Cr source. An overlay of the Cr elemental mapping on the
BSE image (Fig. 6B) demonstrates that Cr was not evenly spread
throughout the cross-section of the WE. A considerable amount of
Cr was accumulated in the region close to the LNF surface, whereas
in the middle of the LNF cathode the concentration of Cr was lower.
Close to the interface of LNF/GDC the amount of detected Cr was
substantial. Cr accumulation within the 2 wm thick GDC layer was
exceptionally high. The line profile of the relative Cr concentration
throughout the LNF/GDC/YSZ assembly is presented in Fig. 6C.

The Ni SEM-WDX elemental map (not shown) indicates that Ni
was detected everywhere in the LNF layer, as expected on basis of
the LNF-composition. However, there were also a number of clearly
visible spots with high Ni concentration indicating presence of Ni-
rich metal oxide (also shown in Fig. 8).

Cr presence in the LNF layer together with Ni-rich precipitates
confirms the Crincorporation into the LNF perovskite as reported in
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Fig. 6. Backscattered electron (BSE) SEM image of the embedded and polished WE cross-section taken 2 mm from the Cr source (A). In red (B) an overlay of the Cr elemental
mapping on the BSE image. (C) A vertical line scan of the Cr counts. A yellow cuboid in (B) indicates schematically a location of the TEM specimen acquired using FIB. (For
interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)

[11] which explains the observed in-plane electronic conductivity
decrease. Furthermore, Cr presence at the LNF/GDC interface could
be the cause for the increase in Rpo as well as in Rypmic. However,
there might also be a severe effect of Cr-incorporation in the GDC-
layer on Ry, and Ropmic. The Cr-incorporation in the GDC-layer is
caused by a reaction of Cr-species with the GDC layer, as further
explained in Section 4.3.2.

4.3. Crdistribution in the Cr-exposed cathode at the interface of
LNF/GDC/YSZ examined with STEM-EDX

The origin of the TEM specimen is schematically shown by the
yellow cuboid in Fig. 6B. The specimen was cut out by means of
FIB lift-out sample preparation and is presented in Fig. 7A. The
STEM/HAADF image of Fig. 7B shows the investigated areas of the

LNF/GDC/YSZ assembly after the final thinning step down to elec-
tron transparency. In Fig. 7B area 0 indicates the region of the
STEM-EDX elemental mapping. Within the indicated rectangular
areas 1, 3 and 4 in Fig. 7B the STEM-EDX elemental analyses were
conducted. In areas 2 and 5 the STEM-EDX line scan was performed.

Fig. 8 presents the STEM-EDX mapping of the LNF/GDC/YSZ
interface recorded over area 0 as indicated in Fig. 7B. The La, Ni
and Fe maps show the region of the LNF grains. The Ni map shows
additionally a Ni-rich precipitate (most likely NiO) located between
the LNF grains. The Cr map revealed that Cr was incorporated
into the periphery of the LNF particles. Cr-enrichment is clearly
indicated by high Cr counts and coincides with Ni-poor concen-
trations at the edges of the LNF grains. Furthermore, the Cr map
demonstrates overall high Cr concentration within the GDC layer
with locally even higher Cr intensities. Regions of a very high Cr

Fig. 7. FIB prepared TEM-specimen before the final thinning step (A) and STEM/HAADF image (B) indicating the investigated areas of interest across the LNF/GDC/YSZ
assembly. Area 0 indicates the region of STEM-EDX mapping. Within areas 1, 3 and 4 STEM-EDX elemental analyses were conducted. In areas 2 and 5 STEM-EDX line scans

was performed.
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Fig. 8. STEM-EDX mapping of the LNF/GDC/YSZ interface presented on HAADF image. Raw count maps of La, Ni, Fe, Cr, O, Ce and Gd are shown over the 1.27 um x 3.48 um
region (area O indicated in Fig. 7).
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Fig. 9. HAADF image of the investigated LNF grain (A). The red arrow indicates position and direction of the STEM-EDX line scan which was performed at 60 equidistant
points along the 180 nm long line. (B) The compositional profile (in atomic%) across the LNF grain. Close to the edge of the grain also the signal of carbon (originating from
the epoxy) was taken into at.% calculations. (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)

concentration within the GDC layer overlap with Ce-poor and Gd-
rich areas.

In Fig. 8 only raw count maps are presented, as the number
of counts per pixel was too low to allow accurate quantification.
Hence, further analysis by STEM-EDX was performed as indicated
in Fig. 7B.

4.3.1. Crdistribution within the LNF layer

The STEM-EDX area scans within the LNF layer, indicated as area
1in Fig. 7B, provided the following average elemental composition:
50.5 at.% of La, 29.2 at.% of Ni, 17.3 at.% of Fe and 3.0 at.% of Cr. This
result confirms Cr accumulation of 3 at.% in the LNF layer close to
the interface with GDC layer.

Fig. 9 presents the location of the STEM-EDX line scan across
the LNF grain (performed in the area 2 in Fig. 7B). The composi-
tional profile (in at.%) across the LNF grain indicated significant Cr
enrichment in the outer shell of the LNF grain accompanied with a
very low concentration of Ni together with lowered concentration
of Fe. The Cr affected depth of the LNF grain was estimated to be
up to ~30-40 nm. Such Cr penetration depth is in agreement with
a TEM-EDX study, as described in an earlier paper by the authors
[11]. In the middle of the grain the nominal LNF perovskite compo-
sition was preserved: La 50 at.%, Ni 30 at.%, Fe 20 at.%, as expected
for LaNi0.6F60_403.

Cr incorporation and Ni removal from the LNF perovskite justi-
fies the decrease of the in-plane electronic conductivity as Cr-rich
perovskite has lower electronic conductivity than Ni-rich [27]. The
change in surface composition of the LNF-particles, especially close
to the interface with the GDC-layer might be responsible for the
increase in R, as the cathode surface is known to play a significant
role in the electrochemical process of oxygen reduction reaction
(ORR) [28-30].

4.3.2. Cr distribution within the GDC layer

The STEM-EDX area scans within the GDC layer, indicated as area
4 in Fig. 7B, provided the following average composition: 47.1 at.%
of Ce, 31.5 at.% of Gd and 21.4 at.% of Cr. The atomic ratio of Ce and
Gd was 3:2 as in the nominal CeqgGdg 401 g. This finding revealed
remarkably high Cr accumulation of more than 20at.% in the GDC
layer. An important fact is that such Cr-enrichment of GDC layer
was not at all observed in the previous Cr-poisoning experiment
[11], which was operated under conditions without current load,
i.e. are comparable to OCV.

The STEM-EDX line scan was carried out as indicated in Fig. 10A
and B by line 5b. The compositional profile (in at.%) across the inves-
tigated grains (Fig. 10C) shows Cr-Gd-rich grain across 300 nm
distance and shift to a Ce-Gd-rich grain at the end of the scan.

Fig. 10A shows the location of the STEM-EDX area scans (area
5a in the middle of line 5b) performed on a distinctively different
grain compared to a majority of GDC grains. The average composi-
tion obtained in the area 5a was: 4.9 at.% of Ce, 43.5 at.% of Gd and
51.6 at.% of Cr. Such composition suggested the presence of GACrO3
perovskite.

Inorder to investigate the crystal structure of a Cr-Gd-rich grain,
in comparison with GDC grain, a HRTEM study was conducted in
two regions as indicated in Fig. 10B.

The HRTEM image recorded on the edge of Cr-Gd-rich grain in
the area 5a” is shown in Fig. 10D. The fast Fourier transform (FFT) of
the crystallineregion (insetin Fig. 10D) revealed an electron diffrac-
tion pattern that could be indexed as belonging to an orthorhombic
perovskite cell with the parameters: ao=5.3A, bo=5.5A, co=7.6 A,
very close to the cell parameters of GdCrO3 perovskite (ICDD 71-
1275). The atomic composition obtained with STEM-EDX in area 5a
may, therefore, be presented as (GdggCeg1)CrOs.

The HRTEM image recorded on the edge of Ce and Gd rich grain
in the area 5¢” is shown in Fig. 10E. The FFT of the crystalline region
(inset in Fig. 10E) showed an electron diffraction pattern that could
be indexed as belonging to a cubic fluorite cell with an a, parameter
of 5.4 A, similarly to the cell parameters of Gdg 30Ceg 7001 g5 fluorite
(ICDD 75-0163). The atomic composition obtained with STEM-EDX
in the end region of the line scan (Fig. 10C) may be thus presented
as CEO.7Gd0A3OX.

STEM-EDX and HRTEM study of the Cr-exposed GDC layer
revealed the presence of perovskite type Gd-Cr-rich grains located
next to Ce-enriched fluorite GDC grains. Such impact of Cr on the
GDC-layer phase composition has serious implications for the ionic
conductivity of GDC layer and can therefore justify the observed
increase in Rypmic of the WE.

4.3.3. Pt deposits

The STEM-EDX area scans at the interface of LNF/GDC layer, indi-
cated as area 3 in Fig. 7B, revealed the presence of a nearly pure Pt
deposit. This finding suggests possible Pt evaporation from the Pt
mesh after prolonged operation. In the reference sample (Cr-free
500 h at 800 °C under 400 mA cm~2) the presence of Pt deposits was
also detected (not shown here).
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Fig. 10. HAADF (A) and BF-TEM image (B) of the Cr-GDC grains. A red arrow indicates the position and direction of the STEM-EDX line scan of 420 nm with EDX taken
every 17.5 nm. (C) Resulting at.% compositional profile. (D) and (E) HRTEM images of the positions in (B) with a corresponding FFT (as the insets). (For interpretation of the
references to color in the figure caption, the reader is referred to the web version of the article.)

5. Mechanism of Cr-poisoning - discussion

The LNF cathode tested in a Cr-free atmosphere showed no
apparent degradation with stable values of both Ropmic and Ry,
confirming the intrinsic electrochemical stability of the LNF cath-
ode under operating conditions.

However, the LNF cathode tested in combination with the
Cr-source showed clear deterioration of both Rgpmic and Ry,
indicating extrinsic degradation due to volatile Cr-species, which
entered the working electrode (WE) and affected both the LNF cath-
ode layer and the GDC barrier layer.

The top of the LNF cathode is assumed to be electrochemically
inactive, serving just as a current collector. The presence of Cr in
the top layer indicates that a chemical reaction of volatile Cr-species
took place in this part of the LNF perovskite layer, which is in accor-
dance with the Cr exposure study at open circuit voltage (OCV)
[11]. The observed loss of the in-plane electronic conductivity of
the LNF layer, which was due to Cr-incorporation, contributed only
partly to the increase in Rypmic. The middle part of the LNF layer has

been less affected by Cr, showing a relatively ‘low-Cr-accumulation
zone’. This is not in accordance with the findings under OCV condi-
tions [11], where the Cr-distribution was uniform over the whole
LNF-layer thickness. The lower Cr-content in the middle part of the
LNF layer is most likely a consequence of the electrochemical driv-
ing force for Cr accumulation towards the LNF/GDC interface. This
is clearly demonstrated by high Cr concentration detected within a
few microns from the LNF/GDC interface. In this region the electro-
chemically driven reaction is assumed to be even more significant
than the chemical reaction. The more reducing conditions at the
LNF/GDC interface [30,31] is very likely to reduce the gaseous CrV!-
species [32,33] to Cr'll which was directly exchanged with Ni in the
LNF lattice. Such a change in the surface composition of the LNF-
particles, into La-Cr-rich perovskite, might be responsible for the
deterioration of the electrochemical activity for the oxygen reduc-
tion reaction (ORR) and thus contributing to the increase of Rpq. Cr
incorporation into the LNF grains, up to tens of nm, was accompa-
nied by a segregation of NiO-precipitates throughout the LNF layer
thickness in accordance with a previous study at OCV [11].
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A massive Cr deposition of more than 20at.% was observed
within the 2 wm thick GDC layer. Cr reacted with Gd to form a
GdCrOs3 perovskite. The GdCrO3 layer might impede transport of
oxygen ions from triple phase boundaries (TPB) to YSZ electrolyte,
as this perovskite has significantly lower ionic conductivity com-
pared to fluorite GDC[34,35]. In the periphery of the GDC grains, the
detected composition of Cey;Gdg 305 might exhibit locally higher
ionic conductivity compared to nominal CeggGdg 4018 [34]. Such
a local improvement of ionic conductivity would be negligible
considering the fact that GDC grains were covered and surrounded
by the poorly conducting GdCrOs particles. Cr deposition within
the GDC layer, taking place under current loading, is clearly in con-
trast with the absence of Cr deposition observed within the GDC
layer during OCV test [11]. Under the electrochemical operation
the local oxygen partial pressure within GDC layer is estimated to
bein therange of 10-8-10-10 atm. Lower partial pressure of oxygen
combined with electrochemically enhanced reaction might explain
the observed massive Cr deposition within GDC layer. Concluding,
it seems that the blocking effect for the ionic transport caused by
Cr-rich particles within GDC layer contributed to the increase of
Rohmic-

To the best knowledge of the authors, the present study reports,
for the first time in the literature, that Cr-poisoning affected
not only the cathode material (LNF) but also the barrier layer
(GDC).

The electrochemical reaction mechanism for the reduction of
oxygen by the LNF cathode is probably restricted mainly to the
TPB region (similarly to LSM), as suggested by the (minor) depo-
sition of Pt at the interfaces and a very low bulk ionic conductivity
of LNF [1,36,37]. Therefore, the oxygen reduction reaction (ORR)
is localized and restricted to the TPB, unlike for the LSCF cath-
ode (which is a MIEC cathode, hence its comparatively high bulk
ionic conductivity broadens the ORR region [38,39]). An ORR region
severely limited to the TPB will most likely cause a steep gradient
in pO, near or at the LNF/GDC interface (local drop in pO,) which
could enhance Cr deposition and subsequent reaction with GDC.
This is clearly in contrast with measurements at OCV [11], where
no reaction of Cr-species with GDC was observed. The observed
massive Cr-deposition in the doped ceria layer, compared with
the LNF cathode layer, suggests indeed that the electrode reaction
model is restricted to the TPB and that volatile Cr-species can easily
reach the TPB area, similar to what has been observed for the LSM
cathodes [6].

The different chemical nature of LNF, as compared to LSM or
LSCF, in terms of the absence of the Cr-nucleating-agents [5] (like
Mn?2* and/or SrO [5-7]) is resulting in a different Cr-poisoning
behavior. The main characteristic feature of LNF as cathode mate-
rial is that it does not contain Sr, hence no formation of SrCrO4
occurs, which has been reported frequently for the Cr-poisoning of
LSCF cathodes [5,7]. It seems therefore that the lower LNF-reactivity
with Cr-species allows the Cr-containing vapors to reach to the TPB
areas and react further with the GDC barrier layer. Cr reactivity with
the GDC layer has so far not been reported for GDC/LSCF cathodes.

The present study should be regarded as an accelerated Cr-
poisoning test (owing to a porous Fe-Cr interconnect foam
with a high Cr-release rate) allowing for the insight into the
Cr-poisoning mechanism after relatively short testing period. How-
ever, a comparative study, in practical and reproducible IT-SOFC
stack conditions, with other SOFC cathodes is needed to provide a
realistic Cr-tolerance evaluation.

A composite LNF:GDC interlayer (with low Gd content) might
be an interesting research direction for increasing and spreading
the TBP region thus avoiding a localized high overpotential zone
(with locally very low pO,) hence possibly significantly reduc-
ing Cr-poisoning impact on the Sr- and Mn-free LNF cathode
material.

6. Conclusions

The absence of degradation for the LaNig gFeg 403 (LNF) cathode,
when tested in Cr-free atmospheres, confirmed the intrinsic elec-
trochemical stability of LNF. However, extrinsic degradation, due
to volatile Cr-species, caused LNF cathode performance loss.

Based on the presented observations the following mechanism
has been derived for Cr-poisoning of LaNiy gFeg 403 cathodes under
current load:

(1) Overpotential and impedance increase was due to reaction of
volatile Cr-species with both LNF grains and the GDC barrier
layer.

(2) Ronhmic increase was caused by a decrease of the in-plane elec-
tronic conductivity of the LNF layer, due to Crincorporation and
Ni removal from LNF, and a deterioration of the ionic conduc-
tivity of the GDC layer, due to formation of a GACrO5 phase.

(3) Rpol increase was caused by a decrease of electrochemical activ-
ity of the LNF surface towards oxygen reduction reaction at the
TPB, due to Cr presence in the outer shell of the LNF grains.

(4) Chemical reaction and electrochemically driven reaction of
volatile Cr-species with LNF and GDC contributed to degrada-
tion of LNF cathodes under current load.
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