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Abstract

Ceramic SOFC anodes with nano scaled electrocatalyst particles are of current interest for
low temperature application of SOCs and to increase robustness in terms of redox stability
and coking tolerance. Strontium titanates are a materials class that is compatible with the
state-of the art electrolyte yttria stabilized zirconia and possesses sufficient electronic
conductivity under reducing conditions that make them attractive for SOC fuel electrodes.
However, their electrocatalytic activity is rather poor and nano scaled electrocatalyst
particles are infiltrated into the porous strontium titanate to achieve technically relevant
performance. Various electroactive materials have been explored by infiltration into
Strontium titanates. Ni, Co and Fe with and without ceria-gadolinia (CGO) have been
infiltrated as metal particles into two different Strontium titanates, A-site deficient La-Sr-C-
titanate (LSCT) modified with different elements (Cr, Mn, Zn) on the B-site and Niobium
modified Strontium-titanate (STN). Zn substitution showed a positive effect on the pure
LST electrodes and electrode area specific resistances down to 0.2 Q-cm? have been
achieved for LST-Zn electrodes infiltrated with Ni-CGO. The influence of backbone vs.
electrocatalyst on the electrode performance will be presented in this contribution.
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Introduction

Ceramic SOFC anodes with nano scaled electrocatalyst particles are of current interest for
low temperature application of SOCs, and as regards increase in robustness in terms of
redox stability and coking tolerance.

Strontium titanates are a materials class that is compatible with the state-of the art
electrolyte yttria stabilized zirconia and that possesses sufficient electronic conductivity
under reducing conditions, which make them attractive for SOC fuel electrodes (1-5).
However, their electrocatalytic activity is rather poor and nano scaled electrocatalyst
particles are usually infiltrated into the porous strontium titanate to achieve technically
relevant performance. Mostly Ni with or without ceria is infiltrated as electroctalysts, and
promising results have been obtained for A and B-site modified strontium titanates
including Nb-doped strontium titanate (STN), and La-Ca modified strontium titanate
(LSCT) (4-6). However, even if redox stability could be achieved, problems with coking
and sulphur poisoning are still a problem and associated with the use of Ni as
electrocatalyst (7). Studies comparing different electrocatalysts on STN have been
performed as regards their activity and tolerance to coking and exposure to high humidity
contents (7-9).The results show clearly that the nature of the electrocatalyst, as well as the
presence of CGO positively affects the electrode performance.

To better understand the role of the backbone material as electrocatalyst support on the
fuel electrode performance, the variation of the strontium titanate backbone in relation to
various electrocatalytically active infiltrates is on focus in the present study.

1. Scientific Approach

The approach is to investigate the electrochemical performance of different
backbones and electrocatalysts as regards their electrochemical performance at OCV
conditions. Ni, Co and Fe with and without ceria-gadolinia (CGO) have been infiltrated as
metal particles into two different strontium titanates, niobium modified strontium-titanate
(STN) and Ca modified A-site deficient La-Sr-titanate (LSCT) modified with different
elements (Cr, Mn, Zn) on the B-site (LSCTC, LSCTM, LSCTZ, respectively). These
elements have compatible ionic radii to Ti-ions, but due to different valence states can
affect differently the defect chemistry and electronic properties of the host material.

2. Experiments

The synthesis of Lao.2Sro.25Cao.45TiO3 (LSCTA) as well as B- site doping on the LSCTA
with Zn, Mn and Cr (1%, 5%) was done by the Pechini method using nitrate salts as
precursors (10). Stoichiometric amounts of the metals nitrates (Aldrich) were dissolved in
an aqueous solution. The solution of ethylene glycol and citric acid (both Sigma-Aldrich)
was added with a final molar ratio of metal ions to citric acid to ethylene glycol as 1:4:16.
The solution was then heated on hot plate at 80-100 °C, to form the gel and subsequently
heated at 300 °C for combustion. The resulting powder was dried and calcined in air for 5
hours at 1200 °C. The phase formation was identified by XRD (Bruker) using Cu-Ka
radiation in the range of 20° — 80°.

The doped analogues of LSCTA are denoted LSCTZ1 (Lao.2Sro.25Cao.45 Tio.99Zno0.0103) and
LSCTZ5 (Lao.2Sro.25Ca0.45Ti0.95Zn0.0503), LSCTM1 (Lao.2Sro.25Cao.45Tio.99Mno.0103) and
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LSCTM5 (Lao.2Sro.25Cao.45Ti0.95sMno.0503), LSCTC1 (Lao.2Sro.25Cao.45Ti0.99Cro0.0103) and
LSCTCS5 (Lao.2Sro.25Ca0.45Ti0.95Cr0.0503).

B-site Nb substituted strontium titanate, Sro.94Tio.9Nbo.1O3, (STN94), was prepared from
SrCOs, TiO2 and Nb20s (all materials >99.9 purity, Sigma-Aldrich, Germany) by solid-state
reaction method.

For fabrication of the symmetrical cells, STN94 ink was spray deposited onto a pre-
sintered 240 10 pm thick Sc203, Y203 co-stabilized ZrO2 (Sc-YSZ) electrolyte. After
deposition, the electrodes were sintered at 1200 °C for 8h in air, resulting in electrode
thicknesses between 20 and 40 um. A detailed description of the fabrication procedure of
the symmetrical cells can be found in (11). After sintering, the cells were laser cut into
smaller pieces of 0.6 cm x 0.6 cm.

The infiltration solutions were prepared by dissolving the respective metal nitrates in water
along with a surfactant. Metal concentration in the solution was kept to 1M. Prior to
infiltration, the symmetrical cells were weighted, and the infiltration was then performed by
dropping the nitrate solution onto both porous electrode layers with subsequent heating to
350°C for 30 minutes. This infiltration procedure was repeated three times in total, with the
last heat-treatment step at 350°C prolonged to two hours. The thus obtained catalyst
loadings are around 0.6 -1 w% (8).

The microstructure of the cells was investigated from a fractured cross-section, without
any pretreatment of the samples, using scanning electron microscopy (SEM) (ZEISS
Merlin, Carl Zeiss, Germany).

Prior to the electrochemical characterization, the infiltrated cells were hand-painted with a
Pt-paste current collection layer. Following this, the cells were mounted in an experimental
setup allowing for simultaneous testing of four symmetrical cells per test. A detailed
description of the setup can be found elsewhere (12). Cells were investigated by
electrochemical impedance spectroscopy at OCV in hydrogen containing 3-4% or 50%
water. A Gamry Reference 600 potentiostat was used and impedance spectra were
recorded between 0.01Hz-1MHz with 10 points/decade applying a 50 mV amplitude.
Analysis of the impedance data was performed using the Python-based software RAVDAV
developed at DTU Energy (13). The series resistances (Rs,) observed in the impedance
data were not corrected for ohmic contributions arising from the Pt leads in the
experimental setup, as the lead resistance based on previous experiments is estimated to
be less than 5% of the measured ohmic resistance (Rs).

3. Results

Figure 1 shows the X-ray diffractograms for LSCT with and without modification by Cr, Mn
and Zn. The main phase is the expected perovskite, however small impurity amounts
LaOz, TiO2 have been observed, varying slightly with composition. The shift to higher 26
angles for all additions (e.g. visible in the peak at 30° 28) suggests a slight reduction of the
lattice parameter. The reduction, however, is higher for 1% than for 5% of Cr, almost
similar for 1% or 5% Mn, while for Zn additions the lattice gets more reduced with
increasing the Zn content from 1% to 5%.
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Figure 1 X-ray diffractogramms for LSCT, LSCTM, LSCTC and LSCTZ.

The porous electrode structure is shown in Figure 2 for LSCT with 1% and 5% Zn and
shows a well adhering electrode/ electrolyte interface. The electrode microstructures are

similar with pore and particle

sizes of around 1 micron, which are slightly higher than the

pore and particle sizes in STN94 electrodes (8).

Similar adhering electrode structures are obtained for Mn modified LSCT, while crack
formation into the electrolyte was observed for Cr modified LSCT. This indicates
differences in the sintering behavior of the various modified LSCT, which needs to be

further investigated.

z 112500021 2018-06-08 1554 H SD5,1 x1,5k 50um z 512500025

Isctz 1

Isctz 5

Figure 2 Electrolyte / electrode fracture cross section for LSCTZ1 (left ) and LSCT5

(right) electrodes
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The dispersion of the infiltrated electrocatalyst into the LSCTZ5 porous electrode
backbone can be estimated from Figure 3. The electrocatalysts are evenly distributed and
particle sizes are below 100 nm for Ni particles, while slightly larger particles are indicated
for Co and Fe. These infiltrate structure are comparable to similar elements infiltrated into
STN94 electrodes (8).

Figure 3 Cross-sectional micrographs of infiltrated symmetrical cells of LSCTZS5 after
testing: (a) Ni-CGO infiltrated LSCTZ5, (b) Co-infiltrated LSCTZ5, (c) Fe-
infiltrated LSCTZ5. (extracted from (14))

The impedance spectra for the non-infiltrated modified LSCTZ, LSCTC and LSCTM
electrodes obtained at open circuit voltage and in hydrogen humidified with 4% water, are
presented in Figure 4 for two sintering temperatures 1200 °C and 1250 °C. The higher
sintering temperature leads to generally lower faradaic electrode resistances. However,
the non symmetrical shape, different for the various modifications, point to different
backbone activities. The faradaic electrode resistances for LSCTZ5 are with 25 to 30 Qcm?
slightly lower than those presented for STN94. However, a further activation by
electrocatalyst addition is clearly needed to reach technically relevant performance.

The temperature dependence of the faradaic electrode resistance is provided in Table 4.
Differences between the impedance spectra in Figure 4 and in the activation energies for
the modified LSCT electrodes, indicate that the pure ceramic electrode performance is
sensitive to composition, fabrication, and testing conditions.
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Figure 4 non-infiltrated LSCT electrodes in hydrogen humidified with 4% H20 for Zn, Mn
and Cr modified LSCT sintered at 1200 °C and 1250 °C.
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Table 4 Activation energy of the faradaic electrode resistance for the modified LSCT
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electrodes at OCV.

Samples Ea
(4% H20/ H2)
(kdmol™) (eV)
LSCTZ1(1200) 33.42+1.196 0.346+1.196
LSCTZ1(1250) 14.21+0.504 0.147+0.504
LSCTZ5(1200) 124.37+0.527 1.29+0.527
LSCTZ5(1250) 98.4310.489 1.02+0.489
LSCTM1(1200) 131.69+0.48 1.361£0.48
LSCTM1(1250) 33.58+0.35 0.3410.35
LSCTC1(1200) 113.9+1.09 1.18+£1.09
LSCTC1(1250) 97.52+0.54 1.011£0.54

The faradaic electrode resistances for Ni-CGO, Fe and Co infiltrated LSCTZ5 electrodes is
provided in Figure 5 for two different water contents. Increasing the water content lowers
the faradaic electrode resistance in case of Co, while it is significantly increased for Fe. As
expected, co-infiltrated Ni-CGO shows the lowest faradaic electrode resistance with and
decreases similar to Co with increasing water content. This behavior is similar to results on
Ni, Co and Fe infiltrated STN94 electrodes (Figure 6). The low faradaic electrode
resistance of Ni-CGO infiltrated LSCTZ5 of 0.2 Qcm? at 650°C makes this electrode
interesting for low temperature solid oxide fuel cells (14).

Ni-CGO 2.31
Co
Fe

22.57

il

3.48

0.29
0.091 0.076

; 50% H,0/H,
3% H,0MH,

Figure 5 Faradaic electrode resistance for symmetrical LSCT electrodes infiltrated with
Co, Fe and Ni-CGO at 750°C in hydrogen humidified with 3-4% water (left) and
50% water (right).

Figure 5 shows the influence of several metallic element infiltration into a STN94
electrode. While infiltration of Mo and W might be interesting in terms of sulphur tolerance,
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a poor performance is observed at high water contents. Cu has been discussed as an
anode material for direct hydrocarbon conversion, however the electrochemical
performance is still inferior to Ni and Co infiltrated cells.

100000
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" 10 Iron
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Figure 6 Initial faradaic resistances of metal infiltrated STN94 electrodes at 750°C in
humidified hydrogen at OCV

The temperature dependence of the electrode reaction is given in Table 2 for the various
infiltrated strontium titanate electrodes. A common trend is that increasing the water
content and thus the oxygen partial pressure increases the apparent activation energies of
the hydrogen water reaction. For metal only infiltrated electrodes, lower activation energies
are observed in all cases for STN94 compared to LSCTZ5, indicating that both, the
electrocatalyst and the backbone material are participating in the electrode reaction. Thus,
tailoring both, infiltrate and backbone composition, can be utilized to optimize further the
electrochemical performance for SOFC anodes.

Table 2  Activation energies of LSCTZ5 and STN94 backbone and infiltrated anodes.

Samples Activation energy(eV)*
(3-4% H20/ H2) (50% H20/ H2)

LSCTZ5 1.02 -
STN94 1.06 1.27
LSCTZ5/Ni-CGO 0.87 1.15
STN94/Ni-CGO 0.68 1.01
LSCTZ5/Co 1.20 1.59
STN94/Co 0.96 1.48
LSCTZ5/Fe 0.85 1.54
STN94/Fe 1.52 1.89

*apparent activation energy, as likely not related to a single process
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