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Chromium Poisoning of La;.,SryMnQOj3.; Cathodes and
Electrochemical Validation of Chromium Getters in Intermediate
Temperature-Solid Oxide Fuel Cells
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The effect of chromium poisoning on electrochemical performance degradation has been studied at intermediate temperatures
(550-650°C) using La; x SrxMnO3.5 (LSM) cathode and an electrochemical cell configuration air/LSM//Y SZ//Pt/air. A rapid increase
in polarization resistance is observed in the presence of gaseous chromium species containing humid air (3% H,0O) at both 550°C
and 650°C. Cross-sectional elemental mapping and high-resolution transmission electron microscopy of the LSM/YSZ interface
show the presence of crystalline Cr,O3 and (Mn,Cr)3O4 phases indicating reduction of gaseous hexavalent-chromium species and
deposition of solid reaction products. Subsequent experiments, performed under the above exposure conditions but in the presence
of a chromium getter, showed stable polarization resistance. The electrochemical performance of half-cells in Cr-containing humid
air atmosphere and in the presence of the chromium getter also remained stable during 100-h tests at 550 and 650°C, respectively.
The post-test structural and chemical analysis of the electrode, electrode-electrolyte interface and getter by scanning- transmission
electron microscopy, energy dispersive X-ray and Raman spectroscopy showed that the cathode bulk and cathode- electrolyte interface
remained free of chromium deposits whereas chromium species deposited near the air inlet region of the porous getter as crystalline
SrCrOy.
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Typical long term operation of solid oxide fuel cells (SOFC) at
high temperatures (800-1000C) allows high energy conversion ef-
ficiency and integration with gas turbines for large-scale stationary
applications.' but imposes significant constraints on cell, stack and
balance of plant materials due to solid-solid and solid-gas interactions.
In recent years, significant progress has been made toward the devel-
opment of SOFCs capable of operating efficiently at intermediate tem-
perature (550-750°C) for small and distributed scale applications.*°
Lowering the operating temperature allows the use of conventional
low cost metallic and ceramic materials as well as provides an oppor-
tunity for the selection of stack and balance of plant (BoP) component
materials for further cost reduction (materials and processing cost),
use of conventional and emerging large-scale fabrication techniques.

To date, chromia-forming stainless steels are the leading IC
and BoP materials of choice for planar SOFCs due to desired
electrical/thermal conductivity, mechanical properties, and oxida-
tion/corrosion resistance.”* Chromia scale formed on the above alloy
surfaces, however, reacts with oxygen and water vapor(H,O) present in
air and generates volatile chromium-containing species such as CrOs;,
CrO(OH),, and CrO,(OH), under the SOFC®'° operating conditions.
Interaction of the above volatile chromium species with the cathode
leads to irreversible performance degradation due to increase in the
cathodic polarization and charge-transfer resistances, compound for-
mation and coverage of triple-phase boundaries.'""'> While Sr doped
predominantly electronically conducting lanthanum manganite [LSM
(La,Sr)MnO3)] remains prone to chromium poisoning due to the for-
mation of Cr,O; and (Mn,Cr);0, at electrochemically active triple
phase boundaries, mixed conducting Sr and Fe doped lanthanum
cobaltite [LSCF (La,Sr)(Co,Fe)Os] indicate surface coverage and for-
mation of SrCrO, on the free surface rather than the electrochemically
active triple-phase boundaries primarily due to the interactions with
segregated SrO and gaseous Cr species.'> !

The partial pressure of gaseous chromium species has been calcu-
lated and found to largely depend on the humidity level (steam content
or pressure) in air. Chen et al.'® reported the effect of Cr deposition
and poisoning of the LSM cathode in humidified air to be significant
as compared to that in dry air due to the higher concentration of the
CrO,(OH), gaseous species. Gindorf et al.!” studied Cr vaporization
from Cr,0; powder and reported significant increase in evaporation
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rate with increasing temperature and humidity conditions. Although
Cr evaporation is considered to be suppressed at intermediate tem-
peratures, gaseous chromium species are still amenable for deposi-
tion on the free cathode surface and interface between cathode and
electrolyte.'®!® The influence of chromium species on the cathodic
degradation at intermediate temperatures, hence, need further investi-
gation.

To mitigate Cr assisted electrochemical poisoning of the cath-
ode, the use of Cr getters has been considered. Strontium nickel
oxide (SNO) has been used as the getter material and its thermal
and hydrolytic stability has been studied.?*?! Although excellent ca-
pability of the getter for capturing Cr species at high temperature
(850°C) has been demonstrated experimentally using electrochemi-
cal techniques,? getter’s Cr capturing performance at intermediate
temperatures (500-700°C) remains unknown.

In this research article, we have studied Cr poisoning of the
LSM electrode and the role of Cr getter at intermediate temperatures
(550-650°C). Electrochemical tests were conducted in the presence
and the absence of the getter composed of strontium nickel oxide at
550°C and 650°C. Bulk LSM, LSM/Y SZ interface and the getter have
been characterized using scanning- transmission electron microscopy,
energy dispersive X-ray and Raman spectroscopy to elucidate Cr poi-
soning mechanism and the efficacy of the getter for the capture of Cr
at intermediate temperatures.

Experimental

Cell fabrication.—Lanthanum Strontium Manganite ink
((LaggoSro.20)095sMnOs_,, FuelCell Materials) was mixed with
vehicle ink (FuelCell Materials) to form the electrode ink and then
screen printed onto the surface of YSZ button substrate (8 mole %
yttria, 0.25-0.30 mm thick, FuelCell Materials) as reported in our
earlier report.® The fabricated half-cells were subsequently sintered
at 1200°C in ambient air for 2 hours with a ramp rate of 3°C min~!.
Platinum electrodes were used as anode to eliminate the possibility of
the anode delamination from the electrolyte surface.?* Platinum paste
(ESL Electroscience) was subsequently painted to attach platinum
gauzes and wires (Alfa Aesar) together on the cathode and anode
electrodes and cured in air at 850°C for 1 hour at a ramp rate of
3°C min~'. Platinum wires were also attached on the YSZ substrate
as a reference current collector.
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Figure 1. (a) Electrochemical performance (I-t curve) and impedance spectra of the half-cell in the presence of Cr vapors at (b) 650°C and (c) 550°C. SEM images
of the cross-sections of the LSM/YSZ interface after the test in 3% H,O/air in the presence of Cr vapor at (d) 650°C and (e) 550°C, and (f) EDS spectrum at the

LSM/YSZ interface in Figure 1d (marked by a red box).

Electrochemical testing.—Electrochemical tests using half-cell
configuration (Air/LSM//YSZ//Pt/Air) were performed to evaluate the
gaseous chromium vapor assisted poisoning and the effectiveness of
the getter at 550°C and 650°C. assembled half-cells were tested in hu-
midified (3%H,0) air in the presence of a Cr source for 100 hours. To
evaluate the effect of SNO getter for capturing the chromium species,
similar test configuration was used for placing the SNO getter be-
tween the chromium source and the cathode as shown in Figure 6
(right panel). Baseline experiments on the half-cell in chromium-free
humidified air were performed without the getter as a reference for
comparison (baseline). Time-dependent electrochemical impedance
spectra (EIS, Bio-Logic) were obtained to analyze the changes in the
half-cell electrode polarization at an applied bias of 0.5 V in the fre-
quency range of 0.5 Hz to 200 kHz with a 10 mV sinus amplitude at
an interval of 1 h.

Getter fabrication.—Strontium nitrate (Sr(NO;3);) (Sigma-
Aldrich) and nickel nitrate (Ni(NOs),.6H,0) (Sigma-Aldrich)
(49:51 mol.%) were dissolved in DI water at 80°C. Ammonium hy-
droxide was slowly added to the aqueous solution until pH became
8.5. The solution was dried for 24 h in a drying oven and the dry pow-
der was rinsed out with DI water to remove any ammonium nitrate
present in the product. The resultant powder was mixed with DI wa-
ter to prepare an aqueous slurry. Al,O3; microfibers-based substrates
(Zircar) with cylindrical shape were selected for the coating of the
getter material. The substrate was submerged in the slurry followed
by drying for 24 h and heat-treatment in air at 650°C for 4 hours to
obtain SyN,O, getter.

Characterization.—The morphological and elemental analyses
were conducted using an FEI Quanta 250 FEG scanning electron
microscopy (SEM) with a field emission source equipped with an
Everhart-Thornley SE (secondary electron) detector and an energy-
dispersive X-ray spectroscopy (EDS). The sample for transmission
electron microscopy (TEM) analysis was prepared by a focused ion
beam (FIB) instrument (FEI Strata 400s Dual Beam FIB), combined
with a scanning electron beam and an ion beam. The dual-beam gives
high-resolution imaging of the sample with the ion-beam milling.
TEM studies were performed using JEOL JEM-2010 FasTEM. Raman

spectra were recorded with Renishaw System 2000 using a 514 nm
excitation line.

Results and Discussion

Chromium poisoning at intermediate temperatures.—The effect
of chromium poisoning on Air/LSM//YSZ//Pt/Air half-cells has been
examined using a number of repeat electrochemical tests performed
at 550°C and 650°C, respectively. As shown in Figure 1a, with a con-
stant bias of 0.5 V, the cell current decayed rapidly in the presence
of Cr vapor at both 650°C and 550°C. The Nyquist impedance semi-
circles diameter (Figures 1b and 1c) increased over time, indicating
an increase in the polarization resistance. In particular, the polariza-
tion resistance significantly increased after the first 10-hour exposure
(attributed to the deposition of Cr species on the electroactive sites in
the cathode).

The cathode/electrolyte interface morphology of the tested cell was
examined by SEM. Formation of secondary phases is observed at the
LSM/YSZ interface for cells tested in the presence of Cr vapor at
both 650°C (Figure 1d) and 550°C (Figure le). Elemental analysis
(Figure 1f) of the selected area in Figure 1d indicates the presence of
chromium (~ 6 at. %).

A thin specimen of post tested cell was prepared by focused ion
beam (FIB). Analysis by electron diffraction spectroscopy (Figure 2)
shows the presence of Cr deposits at the LSM electrode and YSZ
electrolyte interface.

Analysis of chromium-rich layer (the region of yellow rectangle
box in Figure 2) was performed by TEM to identify the chromium
compounds (Figure 3). Figures 3a, and 3b, show high-resolution TEM
images with clear crystalline lattice fringes. The fringes are indexed
according to the generated fast Fourier transform (FFT) patterns (Fig-
ures 3a; and 3bs). Figure 3a shows that the fringe spacing of 0.23 nm
corresponds to the {006} planes, while the fringe spacing of 0.36 nm
corresponds to the {112} planes of rhombohedral Cr,05, with space
group, R3c, (no. 167), a = 4.960 A and ¢ = 13.598 A. The angle
between (006) and (112) in both the HRTEM and FFT images is cal-
culated to be 57°, which is identical to the theoretical value of the angle
between the {006} and {012} facets as observed in the atomic model
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Figure 2. STEM micrograph and EDS mapping on the cross-section of the LSM electrode/YSZ electrolyte interface after the test in the presence of Cr vapor at

650°C in 3%H;O-air for 100 h.

of thombohedral Cr,O; (Figure 3a,). The TEM results (Figure 3b)
suggest that the crystalline pattern matches with spinel (Mn,Cr);Oy,
which is the space group of 14,/amd (no. 141) with the lattice parame-
ter of @ = 5.9060 A and ¢ = 8.7650 A. The 121° angle between (022)
and (211) is matched with the theoretical value as shown in the atomic
model of spinel (Mn,Cr);O4 as shown in Figure 3b,.

Our observations validate the formation of solid Cr,O; and
(Mn,Cr);04 at the LSM/Y SZ interfaces when the electrochemical test-

(a,)

di12=0.36 nm 33 '
doos = 28 nm_ ’

57°

ing was conducted in the presence of Cr vapor in 3% H,O/air, even
at lower operating temperatures. Figure 4a shows the partial pressures
of Cr vapors calculated from thermochemical database (HSC Chem-
istry 6.12, Outotec Oyj, Finland) and compared to those calculated
by Chen'® and Hilpert.”> Although the HSC database show relatively
lower partial pressures of gaseous chromium species when compared
to other reported data, the trend remains similar. The most abundant
Cr vapor species in humid air is CrO,(OH), and CrO; in dry air. We
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Figure 3. TEM images of the chromium species deposited at the cathode interface taken along (a;) [110] and (b;) [011]. High-resolution TEM images of the
crystallites (az and by) of the rectangle region in a; and by and the corresponding Fourier transform pattern (a3 and bs) are matched well with the atomic model of
rhombohedral Cr,03 (a4) and spinel (Mn,Cr)304 (by) illustrated, respectively.
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Figure 4. (a) Partial pressures of gaseous chromium species in the humidified
air (3%H,0) and dry air as a function of temperature and compared to those
calculated by Chen'® and Hilpert.>> (b) Gibbs free energies for the formation
of SrCrOy as a function of temperature.

note that the partial pressure of gaseous CrOj is significantly reduced
at lower temperatures as indicated by larger slope while the gaseous
CrO,(OH), partial pressure remains relatively high at lower temper-
atures as indicated by smaller slope suggesting that the available Cr
vapor remains a concern for the electrode poisoning in lower temper-
ature SOFC systems.

Formation of Cr,O; and (Mn,Cr);0y is attributed to interactions
between the cathode and gaseous CrO,(OH), rather than CrO; at
lower temperatures and that the chromium oxides are deposited at
the LSM/YSZ interface rather than the LSM surface due to (a) reduc-
tion of Cr%* to Cr** (b) absence of surface SrO deposit on LSM and
(c) electronic conductivity of LSM. It is further suggested that LSM
is locally reduced remaining oxygen-deficient under cathodic polar-
ization. The formation of oxygen vacancies is compensated by partial
reduction of Mn** to Mn?*+.2® Since Mn?* ions generated are mobile,
it migrates onto the YSZ electrolyte surface and eventually reduces
the gaseous chromium to Cr,O3 and (Mn,Cr);O; at the triple-phase
boundaries through the reactions.?”-?

CrO,(OH),(g) + Mn*" + e~ — Cr — Mn—Opyeieus + HoO(g) [1]
CrOZ(OH)Z (g) + Cr - Mn_onucleus
— (Cr, Mn);04(s) + H,O(g) 2]

1 3
CrO;(OH),(g) +3¢” — Cr0s(s) + H0(2) + 502* 3]

Mitigation of electrochemical degradation.—The effectiveness of
the developed getter to capture the gaseous Cr species has been experi-
mentally validated using electrochemical test setup shown in Figure 5.
SrO has been considered as an active getter constituent for the capture
of Cr vapor species such as CrO,(OH),, CrO(OH),, and CrO; to form
thermodynamically stable solid SrCrO,. The calculated free energy
change (AG) for the above interactions involving SrO and gaseous
chromium species for the formation of solid SrCrO, remains negative
and thus favorable as shown in Figure 4b.

SrO(s) 4+ CrO,(OH),(g) — SrCrO4(s) + H,O(g) [4]
SrO(s) + CrO(OH),(g) + 1/2 0,(g) — SrCrO4(s) + H,O(g) [5]
SrO(s) + CrO;3(g) — SrCrOq(s) [6]

Solid solutions of SrO with transition metal oxides such as NiO has
been further considered for potential getter formulation due to its ob-
served structural and chemical instabilities of SrO due to the formation
of hydroxides and carbonates that can also result in volume expansion
and delamination of the getter layer from supporting substrates. We
have developed SryNi, O, (SNO) powder as an alternate material (with
lower SrO activity and resistance to hydration and carbonation), which
is thermally stable up to 950°C.2%?! The getter was installed in the air
inlet stream ahead of the electrochemical cell to capture the incoming
chromium vapor as shown in Figure 6 (top right).

Figure 5a shows the electrochemical half-cell performance in the
presence of Cr vapor at 650°C. Compared to the degradation of the
cell performance in the presence of Cr vapor within a few hours, both
cells with Cr vapor/getter and without Cr vapor/getter (baseline) show
stable performance for over 100 hours during electrochemical tests.
The EIS measurements also show no significant change ion electrode
polarizations over time when the getter was placed between the cath-
ode and the Cr source. The above trend also remains similar to that
observed during the baseline test indicating that the cathode remained
stable due to the capturing of the Cr vapor by getter and keeping
the cell electrode polarization stable. The cell performance trend ap-
peared identical for the electrochemical test conducted at 550°C, thus
confirming the beneficial effect of the Cr getter at intermediate tem-
peratures.

Figure 6 shows the chromium distribution along the air flow direc-
tion in the getter channel as measured by SEM-EDS after the com-
pletion of electrochemical test at 650°C. The region of getter inlet
(Figure 6b, red rectangle) shows the chromium deposition on the inlet
getter surface. The chromium concentration is significantly reduced
from 12.6 at% (at the inlet) to 0-1.5 at% in the middle and outlet
of the getter indicating that the chromium vapor is largely captured
at the inlet (approximately in 2.5 mm). Figure 6 shows Raman spec-
tra of the inlet side of the getter exposed to Cr vapor at 550°C and
650°C during the electrochemical test. The Raman bands at 860, 889,
375, and 402 cm ™! correspond to SrCrO, phase.?’ The most dominant
chromium vapor species, CrO,(OH),, formed in humidified air as well
as other prevalent gaseous species (CrO(OH), and CrOs) readily re-
acted with SrO present in SNO to form stable SrCrO,. Consequently,
chromium species do not deposit on the LSM/YSZ interface and the
electrical performance remains stable even under chromium vapor
(Figure 7).

Conclusions

Chromium poisoning of LSM cathode has been studied at inter-
mediate SOFC operating temperatures. In the presence of Cr vapors,
the electrochemical performance of the cathode rapidly degraded due
to an increase in the electrode polarization resistance. Posttest cross-
sectional analysis identified the presence of Cr species as Cr,O3 and
(Mn,Cr);0,4 phases at the LSM/YSZ interface. The Cr getters com-
posed of SryNiyO, were subsequently utilized to capture gaseous
chromium vapors. In the presence of the getter, the electrode perfor-
mance remained stable with no change in the polarization resistance
during the 100 hours electrochemical test. While the getter captured
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boxes of each Nyquist spectra.

14 -
- A gas flow > Crsource  Getter LSM/YSZ
dry air ———>
10 -
N 3%H,0mir —> [l -
S g 2 g '§
‘a E
< /
=~ 6 A
&) /
4 2.5” Tube
1.5” Tube
5 1/2” Tube
0 T T T »* = o
P DA 10 15 20 95 _#30%
i Distance from inlet (mm)
b 200 400 600 800 1000
. 1 . I . 1 .
650°C SrCrO,
- SrCrO,
=
&
g
g | 350°C SrCrO,
EDS Quantitative Results &=
o El;'f;“‘ oy A B GnandtitveRetls Element Wti Aty =
‘ L 3895 29 51 AIK 543 1161 AlK  7.17 15.45 NiKa
St . . NiKa SrL 1448 954 SIL 22.98 15.26 i
CrK  9.86 12.59 i CrK 1.01 112 Crk  0.51 0.57 A
NiK 51.19 57.90 | | NiK  79.09 77.74 NiKa f NiK  69.35 68.72
{
I it SrCrOy
CrKa ] i Sril
Sril, | Srid 7
M:KZ\ \ | ekm | Nikb y M[‘T'l CrKb Nikb ‘ \{ Crkb NiKD
A T Wl u’i-..,,. /M/ AN s O L AW ] ""”*’m«-ﬁcm&r.‘-{l W—— L T T T T T T ’
10 20 30 40 |50 60 f0 80 kev 10 20 30 40 50 60 7.0 80 keV 10 20 30 40 50 60 70 80 keV 200 400 600 800 1000

Wavenumber (cm™)

Figure 6. Chromium distributions across the getter inlet, middle, and outlet measured by SEM-EDS (left). Schematic of the electrochemical test setup for the
half-cell in the presence of Cr source and chromium getter (right above). Raman spectra of the getter inlet region (right below).

Downloaded on 2019-09-17 to IP 192.174.37.50 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (13) F990-F995 (2019) F995

(a)
0,(g)/CrO,(OH),(g)

3%H,0-air/Cr (g)

Cry05(s)

(b)

Product layer
SrCrO,

Sr,\Ni, O,
Substrate

Figure 7. Illustration of chromium deposition on (a) the LSM/LSZ interface
and (b) the effect of the SNO getter mitigating the electrochemical degradation.

gaseous chromium species at the air inlet, the electrode remained free
of chromium.
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