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ABSTRACT

Investigations of the impact of Cr,05 overlayers on the oxygen self diffusion in two SOFC materials were
conducted to gain insight into the Cr poisoning mechanism at the cathode side of solid oxide fuel cells
(SOFCs) with stainless steel interconnects. High density Yo 152108502 (YSZ) and Lag gSro.4C0g2Feq O3 (LSCF)
sintered pellets were covered with 3 to 30 nm Cr overlayers that were subsequently oxidized, forming Cr,0s.
Standard 80 tracer diffusion experiments at 800 °C were performed and ToF-SIMS profiling revealed that
the oxygen ion diffusion coefficients were unaffected by the thin Cr,03 overlayers, which is predictable since
they are a bulk property, but the extracted effective surface exchange coefficients varied with Cr,03
overlayer thickness. Solid-state reaction measurements and electronic structure considerations concerning
the surface exchange, led to the conclusion that the observed oxygen uptake hindrance for Cr,05 capped
LSCF and the slight increase of the surface exchange coefficient for Cr,05 capped YSZ can be attributed to the
electronic properties of Cr,03. A critical thickness for Cr,03 was determined to be 12 nm where the transition

from decreasing cathode-performance to a Cr,0s-property-governed regime occurs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decade, solid oxide fuel cells (SOFCs) have been
extensively studied to increase performance and durability while
reducing operating temperature [1,2]. The main motivations for
lowering the operating temperature are to enable the use of
inexpensive metallic rather than ceramic interconnects [3], and to
mitigate the various degradation effects [4]. Examples from previous
works include anode poisoning from fuel contaminants [5], interface
degradation between the electrolyte and cathode layers [6,7], and
self-poisoning of the cathode by sealing and interconnect materials
[8,9]. Although degradation mechanisms for cell performance have
been proposed for the anode (e.g. sulfur [5]) and for electrolyte/
cathode interfaces [6,7], a clear picture of the cathode degradation
mechanisms due to poisoning from interconnect and sealing materials
is still absent.

Deposition of contaminants and reactions between SOFC materials
forming non ion-conductive oxides (like SryZr; — 4O, or Cr,03) have
been thought to be responsible for cathode degradation since the first
cell stack tests with stainless steel interconnects [10]. These inter-
connects are destined to remain ubiquitous because of the reduced
material and machining costs. The presence of 18-22 wt.% of Cr is
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necessary to match the coefficient of thermal expansion (CTE) with
other cell components and for corrosion resistance via the formation
of a protective Cr,03 layer. Unfortunately, volatile Cr also poisons the
cell.

A known poisoning mechanism at the cathode side involves the
Cr,03 protective layer [11] where, facilitated mainly by moisture
contained in the air, gaseous Cr(OH),0, forms and diffuses through-
out the gas at the cathode side. Extensive studies, using commercially
available cells with stainless steel interconnects, found Cr,05 clusters
that originated from the reduction of Cr(OH),0, directly on the
cathode material or at the triple phase boundaries (TPB) [8-10]. These
deposits were identified to be responsible for a relatively fast
degradation of 1% (voltage degradation) per 1000 h for state-of-the-
art SOFC stacks using metallic interconnects [4]. The exact process of
the deposition is still controversial, as pointed out by Jiang and Zhen
[9]. Mitigation strategies are being explored, mainly by application of
protective interconnect coatings [12]. Still, the controversy remains as
to whether the Cr,03 deposition is electrochemical in nature [11,13]
or if it is a nucleation-governed reaction [9,14]. Recent publications
showed evidence of a nucleation-dominated process facilitated by
nucleation agents rather than competing electrochemical reactions of
0, and Cr(OH),0; at the tri-phase boundaries (TPB) [9]. Nonetheless,
a quantitative and qualitative picture of the effects of a Cr,05 layer on
oxygen diffusion in the cell is still absent.

In this work, the effect of a Cr,05 layer on the oxygen incorporation
into the electrolyte material Yo 15Zrog502 (YSZ), and on the cathode
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material Lag St 4Cog,Feqs03 (LSCF), was investigated to determine
its influence on oxygen transport. Since both materials are oxides, 180
tracer diffusion experiments were performed and the diffusion
profiles were extracted by ToF-SIMS. In a second set of experiments,
the solid-state reaction of both materials with Cr,0O3 at operating
temperature (800 °C) and at sintering temperature (1400 °C) was
investigated using X-ray Diffraction (XRD). The results of these
experiments helped determine whether the rate limitation of the
oxygen exchange is due to the concentration of electronic species
available on the surface (Lane and Kilner [15]) or caused by secondary
phase formation (commonly found in YSZ/LSCF [16]).

2. Experimental
2.1. Sample preparation

All samples were prepared using commercially available powders,
Lag Sr0.4C002Feq 503 (5.4 m?/g) from Fuel Cell Materials (FCM) and
Yo.15Zr0.850, (TZ-8YS) from TOSOH. The powders were uniaxially
pressed into pellets and sintered at 1400 °C for 2 h. Sample densities
were measured by the Archimedes method using ethanol as
submerging liquid and found to be ~98% theoretical density for YSZ,
and ~95.4% theoretical density for LSCF with the remaining 4.6%
consisting approximately of 1.6% open pores and 3% closed pores (an
additional weight measurement of the wet sample with the
assumption of only a very thin film of ethanol on the surface but all
open pores filled with ethanol yielded the approximate values for
open and closed porosities). XRD measurements showed no second-
ary phases. Subsequently, the samples were polished on both sides
with SiC sandpaper (up to 1200 grit). All samples were annealed for
8 h at 800 °C in air, to achieve sample and surface equilibria after
polishing. This annealing step ensures that appropriate boundary
conditions are achieved for fitting Crank's solution to the diffusion
equation [17] and extracting reliable oxygen diffusion and surface
exchange coefficients.

2.2. Cr film deposition

The chromium deposition was performed by means of thermal
evaporation on only one side of a subset of samples in a high vacuum
chamber using a tungsten basket as evaporation crucible filled with
99.996% pure Cr flakes (Alpha Aesar). The base pressure in the
chamber was 1x 10~ ¢ Torr and reached ~5x 10~ ® Torr during the Cr
depositions. A Cr film growth rate of approximately 1 nm/min was
kept for all samples. To obtain uniform thicknesses, the Cr was grown
simultaneously on LSCF and YSZ polished substrates as well as on a
0.5x 0.5 mm piece of Si (100) with the native surface oxide intact.
Sample sets with different Cr film thicknesses of 2.4, 5.4, 10.5, 12.6,
154 and 18.9nm (as determined by Rutherford backscattering
spectroscopy (RBS) on the Si specimen) were prepared.

To oxidize the Cr film prior to the '0 experiment, every sample
was annealed in air for 3 h at 800 °C. The RBS measurements showed
that the films were completely oxidized and expanded to 3.6, 8.2, 16.3,
21.4, 29.8 and 38.1 nm which is in good agreement with the
theoretically expected expansion value of 178%. The chemical state
of the chromium oxide was determined using X-ray absorption
spectroscopy (XAS in total electron yield mode) at beam line U4B of
the National Synchrotron Light Source of Brookhaven National
Laboratories. In Fig. 1, the upper spectra represent two different
thicknesses of the as-deposited Cr films on Si after exposure to air.
These two spectra represent the native oxide of the metallic Cr films
due to exposure to air since the escape depth of the electrons is very
small (~nm), nevertheless most of the film is metallic. The lower
spectra are from a Cr film on Si after the oxidizing anneal and a 99%
pure Cr,03 reference powder (Alpha Aesar), demonstrating that the
oxidized film is present as Cr,03. The completeness of the Cr,03 film
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Fig. 1. XAS spectra of the chromium L,,3-edges of two as-deposited Cr films after
exposure to air (upper spectra, offset for clarity) and a film oxidized for 3 h at 800 °C
(solid line of lower spectra). Also shown is a Cr,03 powder reference (dashed line of
lower spectra).

on the LSCF and YSZ samples (polished) was ensured by EDX mapping
of Cr and Fe in a 50 x 50 pm area in a field-emission scanning electron
microscope image for the thinnest Cr,0Os film (3.6 nm) on a LSCF
substrate. It showed a uniform Cr coverage demonstrating that the
thin films are complete. The high resolution FE-SEM picture of an
annealed sample showed a compact and crystalline film with grain
sizes around and slightly larger than the film thickness (20-100 nm
for the 29.8 nm Cr,05 film).

2.3. 180 tracer diffusion

A standard tracer diffusion setup was built, as in [18], in order to
carry out the 80 tracer diffusion experiments. A tube furnace with a
quartz tube sealed at one end containing the samples was heated up
to 800 °C in air at ambient pressure. After annealing the samples for
3 h the quartz tube was evacuated down to ~5x 107> Torr and a 1:1
isotopic mixture of 0 and '°0 (from Icon Isotopes) was backfilled
into the system to reestablish the initial standard O, partial pressure.
The atmosphere was monitored using a quadrupole mass spectrom-
eter (QMS) to detect possible '®0 depletion due to the isotopic
exchange with the sample. Neither '80 depletion nor a change of
pressure in the quartz tube was observed. The exchange gas isotopic
ratio was constant at 50% 80 for all samples and all three species 60,
180160 and 80, were equally abundant (within the detection limit of
our QMS). After 30 min the oven was retracted from the quartz tube
and the samples were quenched to ~ 100 °C in approximately 2 min to
minimize additional oxygen exchange.

2.4. Depth profiling by SIMS

The cross-sectional SIMS measurements were performed at Pacific
Northwest National Laboratory (PNNL) using an IONTOF V ToF-SIMS
spectrometer. A standard SIMS sample preparation was used [18] to
measure the '®0 depth profile. All samples were cut in half using a
diamond saw and the exposed cross-sections polished with SiC
sandpaper (up to 1200 grit). To remove surface contaminations from
the polishing, the cross-section was pre-sputtered with 1.0 keV Cs™
ions until a steady state ToF-SIMS spectrum was achieved. Next,
25 keV Bi" ions were focused into a ~4 pm diameter spot and rastered
over a 15x 15 um? area during data acquisition. Measurements were
taken at 25 um steps along the sample's cross-section. A low primary
ion (Bi™) current was used to avoid signal saturation ('°0~<0.1
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counts per shot) with the noise level of the '®0 signal <0.01% of its
peak intensity.

2.5. Solid-state reaction with Cr,03

Additional experiments were conducted to ascertain that no
substantial solid-state interaction between Cr,0s; and YSZ or LSCF
occurred. One-to-one volume ratio mixtures of Cr,03 powder (Alpha
Aesar, 99.9% pure) and powders of both materials of interest were
prepared to determine the XRD patterns of any possible secondary
phase formation. Each mixture was ground until a uniform color was
achieved. For each mixture, 4 different pellets were uniaxially
pressed. One pellet was sintered for 7 h at 800 °C, another for 14 h
at 800 °C, and a third for 2 h at 1400 °C. Each pellet was then polished
using diamond sandpaper (3 M-45 um grains) and investigated by
XRD.

3. Results

A typical '80 depth profile obtained by cross-section SIMS
(symbols) and the corresponding fit (solid lines) can be seen in
Fig. 2. The normalized concentration C’(x) after a 30 min exposure at
800 °Cis plotted as a function of the depth, x, with the surface at x=0.
Both, the bare side and Cr,05 film side of one sample are displayed
(here the Cr,05 film is too thin to be represented on this scale). Since
only one side of each pellet is coated with Cr,03, the remaining bare
side is used as the uncoated baseline reference. Comparing the
diffusion coefficient, Dy, and the surface exchange coefficient, k, values
of the bare side of each film thickness provides an easy check for
repeatability and to ensure the differences in the effective surface
exchange values are only due to the Cr,03 layer. An important check
on the appropriateness of the fitting procedure as well as the
simplification for thin films (see Discussion) is that the extracted
values for the diffusion coefficient, Dy, should be the same for both
sides of the pellet, bare and Cr,05 covered, because Dy represents a
bulk property of YSZ and LSCF. In general, YSZ has a higher diffusion
coefficient, Dy, but much smaller surface exchange coefficient, k, than
LSCF. For both materials, constant Dy values and similar k values (of
the bare sides) were extracted which are very close to those reported
in the literature (Dr=3.0x10"8cm?s™ ! and k=8.0x10"%cms™!
for LSCF [19] and D;=6.5x10"8cm?s™ ' and k=4.0x10" 8 cm s~
for YSZ [18]).
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Fig. 2. 180 concentration depth profile and the corresponding fit for both sides of a LSCF
pellet, one side uncovered (open circles) and one side covered by a 4.4 nm thick Cr,03
overlayer (filled triangles).

4. Discussion
4.1. Diffusion parameters

For isotopic exchange anneals, the diffusion of the tracer through a
solid gas interface into a semi-infinite medium is described by Crank's
solution of the diffusion equation [20],

C(x,t)—C, p kx kPt
C'(x) = ————2 =erfc —exp |+ + —
® Cgas_cbg 2\/Dyt P Dy Dy

X t
fo| ——— + k' /=
Xer c(z *DT't + DT> (1)

where C'(x) is the normalized tracer concentration, C(x,t) is the
measured tracer concentration at depth x after annealing time t, Cgy is
the tracer concentration in the gas and Gy, is the tracer's background
concentration. This equation applies directly to the bare side of our
samples since there is only the gas-LSCF or gas-YSZ interface. For the
bare sides the surface exchange coefficient, k (in cm-s~!) and the
diffusion coefficient, Dy (in cm?-s™ ') represent intrinsic properties of
the LSCF and YSZ which can be directly derived from Eq. (1) by fitting
the measured '80 tracer diffusion profile using a non-linear least
square fit. The boundary conditions associated with this solution can
be found elsewhere [17] and must be carefully maintained (e.g.
constant 80 concentration in the gas). When a Cr,0; film is present
on the surface of the substrate, the model is more complicated since
we have two interfaces. First the gas-solid interface at the surface of
the sample (gas-Cr,03), second the interface between the film and the
substrate (Cr,03-LSCF or Cr,05-YSZ).

For the Cr,03 covered sides the oxygen molecule must first diffuse
through the Cr,03 before entering the substrate. If we use Eq. (1) for
fitting the profile — the extracted parameter k represents an effective
surface exchange coefficient which depends on the following
parameters: Kkcr,0, the surface exchange coefficient for Cr,0s,
Do_cr,0, the diffusion coefficient of oxygen in Cr,03 and ker,o,/substrate
the transfer of oxygen through the Cr,03/substrate interface. With the
additional complication of surface roughness and Cr,Os thickness
variations, possible diffusion of Cr into or secondary phase formation
with the substrate, attempting to derive a complete equation for the
surface exchange coefficient utilizing these parameters might be
generally useful but not feasible for our study since some of these
parameters are very sample specific and difficult to measure.
Furthermore, the goal of this study is to get a first impression of the
impact of Cr,03 on the oxygen uptake. Instead, since the thickness of the
Cr,05 overlayer is very small compared to the total diffusion length (e.g.
30 nm film thickness compared to ~300 um total diffusion length in
YSZ) an effective surface exchange coefficient is used keg. Using this
approach, one might consider 3 possible regimes where 3 different rate
determining steps govern the behavior of k.g as we increase the Cr,03
overlayer thickness. First a regime where keg is mainly determined by
the change in electronic structure at the surface due to the increase in
Cr,05 overlayer thickness, second (once a stable electronic structure of
the surface is established) a regime where kg is now mainly controlled
by the flux of oxygen through the Cr,03/substrate interface and for very
thick films a third regime where keg is controlled by the diffusion of
oxygen through the Cr,05 (this regime would violate our assumption
that the film thickness is small compared to the diffusion length and
therefore is inaccessible with our experiment).

In Fig. 3 the extracted Dr values are plotted versus Cr,03 layer
thickness for each side of the samples for LSCF and YSZ. The bare sides
of the Cr coated samples are represented by the multiple data points
at x=0. The values for the Cr 03 covered sides are plotted with
increasing Cr,0s-film thickness. As expected, the diffusion coefficient,
Dy, is identical for both the clean and Cr,0s3; covered side, as
highlighted by the average Dy value (solid line for LSCF, dashed line
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Fig. 3. Dr values for LSCF (filled circles) and YSZ (open circles) as function of Cr,03
overlayer thickness.

for YSZ). This is strong evidence that our kg assumption holds. The
effective surface exchange coefficients for Cr,03 covered LSCF and YSZ
are plotted in Fig. 4, also as a function of increasing Cr,0s-film thickness.
(Again the direct surface exchange coefficients for clean LSCF and YSZ
are plotted as zero Cr,05 coverage.) The most striking feature for Cr,03
coated LSCF is the rapid decrease of the effective surface exchange
coefficient, ke, by over one order of magnitude. Exponential fits with
respect to thickness (since the true mechanisms are unknown, as first
approximation a single process with a governing energy barrier is used)
indicate that keg for Cr,O3 coated LSCF (solid line) approaches an
asymptotic value that is lower than the asymptotic value of the YSZ fit
(dashed line). This also highlights the most striking feature of the YSZ
data — an increasing keg for increasing Cr,Os-film thickness, which
eventually exceeds the LSCF values.

4.2. Cause of inhibited oxygen uptake

To understand the cause of inhibited oxygen uptake, it is first of all
necessary to distinguish between rate limitation due to the concen-
tration of electronic species available at the surface, as suggested by
Lane and Kilner [15] for the GDC system and by various other authors
for the mixed conducting perovskites like doped SrTiOs and LSF/LSC
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Fig. 4. k and ke values for LSCF (filled triangles) and YSZ (open triangles) as function of
Cr,05 overlayer thickness.
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Fig. 5. XRD spectra of the LSCF-Cr,03 1:1 mixture before (lower spectrum), after 7 h
annealing at 800° in air (middle spectrum), and after 2 h annealing at 1400 °C in air
(upper spectrum).

[21-23], and secondary phase formation at the interface of film and
substrate as commonly found in the YSZ/LSCF system [16]. To check
for the formation of secondary phases, a mixture of Cr,03/LSCF and
Cr,03/YSZ was prepared (see Experimental) and sintered at 800 °C for
7 h in air, an annealing time twice the actual annealing time of the
tracer diffusion studies to account for the modest detection limit of
XRD. To check for possible long-term secondary phase formation,
samples were also sintered at 1400 °C for 2 h. In Fig. 5 the XRD spectra
are shown for the 1:1 mixture of LSCF and Cr,03 as prepared (lower
spectrum), the mixture after 7 h at 800 °C (middle), and after 2 h at
1400 °C (upper spectrum). The LSCF peaks (circles) and Cr,03 peaks
(squares) identified in the “as mixed” spectrum are also observed in
the “7 h at 800 °C” annealed spectrum. No additional peaks were
observed for annealing at 800 °C, indicating that no secondary phase
formed after 7 h. However, for the “2 h at 1400 °C” anneal spectrum
the chromia related peaks are completely absent and new peaks can
be observed (triangles), indicating that a secondary phase formation
occurred. In contrast, the XRD spectrum for a mixture of YSZ and
Cr,03 (not shown) showed no additional peaks even after sintering
for 2 h at 1400 °C. Thus, secondary phase formation can be eliminated
as a contributing factor to the extracted '20 diffusion.

4.3. Rate limitations

Differentiating between rate limitations due to oxygen adsorption
at the surface or to the electronic properties of the Cr,03 overlayer is
rather difficult as shown for mixed conductors by Adler et al. [23]. It is
also discussed by Lane and Kilner [15] for wide band gap materials like
GDC, using the same band gap arguments as Adler et al. In our case
LSCF at 800 °C is a mixed conductor with an electronic conductivity of
about 0=100S cm™! [24]. Cr,05, is considered a semiconductor at
high temperatures (Eg =3.3 eV at 1300 °C[25]) with a conductivity of
0=0.002 S cm™ ' at 800 °C [26]. Considering these differences in the
electronic properties (almost semimetal vs. band gap) and the small
crystal size (on the order of film thickness) and thus the large amount
of grain boundaries which are mostly perpendicular to the surface, the
decrease in the surface exchange coefficient for LSCF covered with
Cr,05 is most likely due to the reduction in available electronic species
rather than limitations in the adsorption, which is usually related to the
number of active sites on the surface [23]. This is especially interesting
since Cr,0s is still an electronic conductor, allowing electrons from the
LSCF to aid in the reduction of oxygen at the surface even after the
electronic structure of the film has completely formed. As Cr,0;
overlayer thickness increases further these contributions become
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smaller and smaller leading to a slower decrease in keg for LSCF than
increase for YSZ as observed in Fig. 4.

In contrast, since YSZ is a poor electronic conductor with a very
high band gap (E;=4.23 eV for 9.5% Y at room temperature [27] and
0=~0.001Scm~"' for polycrystalline YSZ at 800 °C [28]), this
assumption predicts that for our nanocrystalline Cr,03 on YSZ there
would be an increase in the surface exchange coefficient with
increasing Cr,03 overlayer thickness. This increase would continue
until the electronic structure of the Cr,05 is established completely. In
Fig. 4, the ke value increases with increasing Cr,03 thickness and
reaches a constant value of approximately 2 times its clean surface
value for thicknesses above 12 nm.

Interestingly, the asymptotic value for k.g for Cr,03 on YSZ is even
higher than that for Cr,03 on LSCF. This is confirmed in the measured 180
concentration near the surface for the two. Fig. 6 plotted the normalized
concentration of '®0 vs. Cr,05-film thickness for the cross-section
measurement nearest to the surface (at x=238 um). It clearly shows that
the concentration of 180 in YSZ with Cr,05 overlayer thicknesses above
12 nmiis larger than for LSCF with the same Cr,03-film thickness. This is
strong evidence that at these thicknesses the diffusion through the
Cr,05/substrate interface (Kcr,o,/substrate) 1S the governing mechanism. A
possible explanation for the lower keg values for LSCF might be the
existence of a very thin layer of a secondary phase right at the interface
of the Cr,05 grains and the LSCF substrate. This very thin layer is not
detectable with the experimental methods employed in our study and
thus cannot be excluded. Furthermore no secondary phases are likely to
form at an YSZ/Cr,0s interface leaving the kg values for YSZ unaffected.
Other possible explanations could include the difference in activation
energy for vacancy hopping, since LSCF has a much higher activation
energy compared to YSZ (resulting in the difference in their D values in
Fig. 3). However, since the surface electronic structure of the Cr,053 film
is well established at these overlayer thicknesses, the total oxygen
uptake by, and subsequent diffusion into, the substrate would be
controlled by the Cr,05/substrate interface in any case.

These results provide a possible explanation of the different
degradation behaviors of LSCF vs. LSM cathodes observed by others
[29-31]. Jiang and Zhen [9] concluded that for LSCF/GDC cells, Cr,03
preferentially deposits on the cathode. Based on this work, this
preferential deposition would rapidly decrease the cathode's electro-
catalytic activity. However, in LSM/YSZ cells, Jiang found that Cr,03
preferentially deposits on the electrolyte, which based on our results
leads to a slight increase of the oxygen uptake directly into the YSZ
and only a gradual degradation is observed for low current densities
[29]. For further understanding of the degradation processes taking

place in an operating fuel cell the conditions at the air side would have
to be mimicked better as gaseous chromium is deposited and, as
pointed out earlier, might have additional effects on the oxygen
uptake related to the deposition mechanism (e.g. electrochemical
reaction competing with the oxygen reduction vs. nucleation [9]).

5. Conclusions

The model systems Cr,03/LSCF and Cr,03/YSZ which are, accord-
ing to Jiang and Zhen [9], the most reasonable choices regarding the
causes for degradation in SOFCs with metallic interconnects were
investigated. The Cr,03 layer thickness dependence of the effective
surface exchange coefficient keg was measured and a critical thickness
of ~12 nm was established, above which the oxygen incorporation is
governed by the electronic properties of Cr,Os and the diffusion
through the Cr,0Os/substrate interface. The formation of secondary
phases was found to occur at temperatures and annealing times far
higher than those used in our diffusion studies but cannot be
completely ruled out as a contributing factor when comparing
different substrates. We conclude that the changes in the effective
surface exchange coefficient keg for Cr,05 films thinner than 12 nm
are due to changes in the surface electronic structure, similar to those
introduced by Lane and Kilner [15] for materials with relatively high
band gap. These changes improve the oxygen uptake for Cr,03
covered YSZ but decrease it for LSCF (in accordance with literature
[21]), especially when the Cr,05 film is nanocrystalline and thus has
many active sites on the surface. We also conclude from our study that
for films thicker than 12 nm the interface between Cr,0s and the
substrate plays an important role in the oxygen uptake; but the rate
determining mechanism at the interface remains unknown.
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