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Abstract

The migration of volatile Cr species from the metallic interconnects to the cathode material
affects the long-term performance, stability, and durability of solid oxide fuel cells
(SOFCs). This study aimed to elucidate the formation of oxide scale layer on a
commercially available SUS430 stainless steel in a simulated cathodic environment of
SOFCs. In addition, the effects of Cr vaporisation on the electrical properties of pelletised
Lao.sSro.4C002Fe08035 (LSCF) cathode were determined. A dual-layer oxide scale
consisting of Cr20z (inner layer) and (Mn,Cr)304 (outer layer) formed on the steel
substrates subjected to 200 h of oxidation showed insignificant effects on electrical
properties. The trace of SrCrO4 and Cr203 species detected on the pelletised LSCF cathode
confirmed Cr vaporisation from the steel substrates. An increment of approximately 38.8%
in activation energy of the LSCF cathode was related to the formation of SrCrO4 and Crz04
species that reduced the concentration of oxygen vacancies and catalytic activities in the
LSCF. Therefore, SUS430 stainless steel can only be used as SOFC interconnect material
after the Cr vaporisation phenomena are effectively suppressed.
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Introduction

Solid oxide fuel cells (SOFCs) are clean, quiet and highly efficient electrochemical
devices that directly convert chemical energy into electricity without mechanical
combustion. SOFCs have three main components, namely, anode, electrolyte, and cathode.
An electrolyte sandwiched between anode and cathode is generally known as a single cell.
The single cells are connected by interconnects to accumulate voltage output for various
applications. However, the applications of SOFCs are constrained by their high operating
temperature, that is, near 1000°C [1]. Researchers have attempted to reduce the operating
temperature to the range of 600 °C to 800 °C by developing novel materials with high ionic
conductivity and producing thin electrolyte layers [2,3]. In consequence of the reduced
operating temperatures, metal alloys with good electrical conductivity, mechanical strength and
manufacturability can be considered to replace the conventional ceramic interconnects. The
selection criteria of potential interconnect materials are of the most stringent amongst all
components [4-6]. Given that interconnects operate in cathodic and anodic environments, the
potential metallic candidate must be chemically stable in both oxidizing and reducing
conditions. Excellent oxidation resistance at elevated temperatures and compatible thermal
expansion coefficient (TEC) with adjacent components are deemed important for the
interconnects to withstand high operating temperatures. In addition, the metallic candidate
must be electrically conductive to accumulate voltage output.

Al- and Cr-containing alloys fulfil most of the stringent criteria; however, Al-
containing alloys, which form insulative Al2Os-scales at elevated temperature are
disqualified [7]. Amongst Cr-containing alloys, Fe-Cr-based alloys, which are commonly
known as stainless steel, have received considerable attention because of their TEC
compatibility with adjacent electrodes. Cr-containing alloys form dual-layer oxide scales,
consisting of Cr.Os (inner layer) and (Mn,Cr)sO4 (outer layer) upon oxidation [8].
Thermodynamic instability in the cathodic environment forms volatile Cr species through
the following reactions [5]:

2 Cr203(s)+ 3 O2(g) <4 CrO3 (g) 1)
2 Cro0s(s) + 3 Oz () + 4 H20 (g © 4 CrOs(OH)2 (g (2)
Cr203 5y + O2 (g) + H20 (g) <> 2 CrO20H () (3)

Deposition of volatile Cr species at the triple-phase boundaries forms inactive
SrCrO4 and Cr20z layer and reduces active areas in the cathode, thereby decreases the ionic
conductivity and catalytic activity in the cathode [9]. Considering that the formation of
oxide scale and Cr vaporisation phenomena are influenced by the chemical compositions
of stainless steel, research has been conducted on tailoring a suitable alloying composition
for SOFC applications [10]. Despite developing novel alloying composition that involve
high manufacturing cost, this study aimed to elucidate the potential of a commercially
available SUS430 stainless steel as SOFC interconnects. Aside from the growth rate of
oxide scales and their effects on the electrical properties of SUS430 stainless steel, the Cr
vaporisation from the SUS430 stainless steel to the cathode and their effects to the
performance of the cathode that is essential for achieving long-term stability of the SOFC is
reported.
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Materials and methods

Commercially available SUS430 stainless steel was used in this work, and its
chemical compositions are shown in Table 1. All steel substrates (15 mm x 15 mm x 1 mm)
were polished with sandpapers and cleaned using acetone prior to oxidation. The steel
substrates were oxidised at 800 °C for 200 h using a vertical tube furnace (VSTF35-1100,
LT Furnace). The formation of oxide scale was quantified by weighing the samples before
and after the oxidation process. Focused ion beam field emission scanning electron
microscopy (FIB-FESEM; Helios NanoLab G3 UC, FEI Company) coupled with energy
dispersive spectroscopy (EDX) was employed for surface morphology and elemental
analysis, respectively. The electrical properties of the oxidised SUS430 stainless steel were
measured at 800 °C up to 200 h using a four-probe conductivity measuring system built on
the basis of van der Pauw's technique [11]. Commercial LaoeSro4C0o2Fe08035 (LSCF)
perovskite powder (KCeraCell Co., Ltd, South Korea) with the specific surface area range
between 5 m?/g and 10 m?/g was used to pelletise a 20 mm-diameter LSCF cathode. The
LSCF perovskite powders were pressed and sintered at 1350 °C for 2 h at a heating rate of
5 °C/min [12]. The pelletise LSCF cathode was attached to a steel substrate (Figure 1) and
oxidised at 800 °C for 200 h. Cr vaporisation from the steel substrate to the surface of the
LSCF cathode was detected and analysed using FESEM and X-ray diffractometer (XRD; D8-
Advance; Bruker). The effects of volatile Cr species on the electrical properties of the pelletised
LSCF cathode were determined using a four-probe conductivity measuring system.

Table 1: Chemical compositions of the SUS430 stainless steel used in this work.

Fe Cr C O Si Ni Mn P
78.5 14.6 4.8 1.0 0.5 0.4 0.2 0.1
LSCF cathode
\ SUS430
< |~ |4 Air flow
" l |

Alumina holder

Tube furnace

Figure 1: Set-up for the detection of Cr vaporisation in the simulated cathodic
environment.

Results and discussion

Formation of an approximate 4 um thick oxide layer was observed on the surface of
the SUS430 steel substrate subjected to oxidation (Figure 2). Considering the brittle nature
of the oxide scale, the cross-sectional view of the oxidised SUS430 stainless steel was
examined through FIB-FESEM, without the need for sample preparation, such as grinding
and polishing. Figure 3 shown an oxide scale layer of approximately 3 um thick with
microcracks and micropores observed at the substrate/oxide interface. The microcracks and
micropores could further propagate and lead to delamination of the oxide scales under
prolonged oxidation [13]. EDX line scan in Figure 3 confirmed a dual-layer oxide scale,
consisting of Cr203 (zone B—C) and (Mn,Cr)304 spinel (zone C-D) on the steel substrates
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subjected to 200 h of oxidation. Fe is the main element in the steel substrate (zone A-B). The
content of Fe was slowly diminished as the EDX line scan continue moving towards the oxide
scale (zone B—C and zone C-D), indicating Fe does not contribute towards the formation and
growth of oxide scales. The rapid formation of (Mn,Cr)304 spinel oxide scale was mainly
because the absorption rate of Mn2* ions was faster than that of Cr®* ions. In the simulated
cathode environment, Mn-content in the steel substrate was reduced into Mn?*, which had
a higher diffusion rate than Cr3* ions. Thus, the Mn?* ions acted as a nucleation agent that
accelerates the crystallisation and growth of Cr.O03 and (Mn,Cr)304 spinel oxide scales [14,15].
The formation of (Mn,Cr)304 spinel is preferred for SOFC applications because of its low
electrical resistance and Cr vaporisation rate compared with those of Cr,03[16].

Figure 2: FESEM micrographs of SUS430 stainless steel (a) before and (b) after 200 h
of oxidation.
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Figure 3: FIB-FESEM micrograph and EDX line scan of SUS430 stainless steel after
200 h of oxidation.

Changes on the surface morphology of the LSCF cathode exposed to SUS430 in a
simulated cathode environment for 200 h were compared in Figure 4a and 4b. The growth
of particulate and plate-like crystallites on the surface of the LSCF cathode after exposure
were analysed and identified to be Cr203 and SrCrQg, respectively (Figure 4c). Structural
instability occurred when LSCF cathodes underwent prolonged high-temperature in a
simulated cathode environment. The changes in the lattice structure of the LSCF cathode
caused Sr-segregation, particularly SrO, which reacted with volatile Cr species from the steel
substrates [17]. The formation of Cr.Oz and SrCrO4 can be represented as follows [18]:

CrOs (g) + SrO (5) 7 Cr-Sr-0 ) 4)
Cr-Sr-O (5) + CrOz (g) > Cr203 (s (%)
Cr-Sr-O (s) + CrO3 () + SrO (s) > SrCrOs (s) (6)
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Figure 5 shows the XRD pattern of LSCF cathode surface before and after exposure to
the steel substrate in a simulated cathode environment. Comparing both diffraction patterns,
additional peaks were observed in the LSCF cathode exposed to the steel substrate. The
additional peaks matched well with Cr.O3 (ICDD card no. 01-074-1975) and SrCrO4 (ICDD
card no. 00-059-0308), confirms the formation of Cr.0s and SrCrO4 on the surface of LSCF
cathode.

Figure 4. FESEM micrographs of the LSCF cathode surface (a) before and (b) after
exposure to the steel substrate in a simulated cathode environment. (c) Crystalline
Cr30Osand SrCrOas on the LSCF cathode.
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Figure 5: XRD pattern of the LSCF cathode surface (a) before and (b) after exposure
to the steel substrate in a simulated cathode environment.

The oxidised steel substrate showed a stable electrical conductivity and area-specific
resistance (ASR) at 800 °C up to 200 h, as depicted in Figure 6a. The electrical conductivity
(higher than 100 S.cm 1) and ASR (approximately 1.0 x 10 3 Q.cm?) met the targeted values
required for applications in SOFC. Therefore, SUS430 stainless steel has potential to be
used as a SOFC interconnect. However, the low electrical conductivity of 1.76 and 13
S-em™t at 800 °C was measured on a 9 um thick oxide scale, consisting of Cr,O3 (inner
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layer) and (Mn,Cr)304 spinel (outer layer) [19]. Prolonged oxidation may increase the
thickness of the oxide scales, resulting in high ASR and low electrical conductivity. As such,
further analysis on the growth rate of oxide scales is still in progress and will be reported
elsewhere.

The conductivity of cathode materials determines the effectiveness of electron flow
through them. LSCF cathode exhibits excellent mixed ionic—electronic conducting (MIEC)
behaviour that enables rapid oxygen reduction at the cathode/electrolyte interface, and the
triple-phase boundaries [20]. The electrical conductivity of LSCF cathode before and after
exposure to the steel substrate in a simulated cathode environment was plotted as a function
of temperature (Figure 6b). The total electrical conductivity of the as-sintered LSCF
cathode was initially increased and decreased after a maximum value of 622 S-cm™ at 600
°C. The increasing trend is in good agreement with the semiconductor and MIEC-type
cathode materials that are influenced by the hopping mechanism of thermally activated
small polarons [21,22]. Meanwhile, the decreasing trend is attributed to the increase in the
concentration of oxygen vacancies in the LSCF cathode as the temperature increased. The
decrease in the concentration of charge carriers and oxygen-content reduces the electronic
contribution to the electrical conductivity at high operating temperatures [23]. After being
exposed to the steel substrate, the electrical conductivity of the LSCF cathode was considerably
decreased with a maximum value of 530 S-cm™ at 700 °C. This phenomenon could be
attributed to the deposition of the Cr.Os and SrCrO4 observed on the LSCF cathode surface,
which has a significant effect on the oxygen-catalytic activity. Reactions between CrOz and
SrO considerably increased the concentration of oxygen vacancies in the LSCF cathode and
accelerated the depletion of oxygen and the concentration of charge carriers, resulting in
decreased electrical conductivity [24]. The LSCF cathode before and after exposure to the
steel substrate in a simulated cathode environment exhibited near-linear fits in the Arrhenius
plot (Figure 6b) and was consistent with the semiconducting behaviour discussed earlier. The
activation energy of the electron conductions was calculated from the slope of the linear fits.
The increase in the activation energy of the electron conduction from 0.7762 eV to 1.0758 eV,
could be attributed to the deposition of CroOzand SrCrO4 that suppressed the catalytic activity.
Thus, the deposition of catalytically inactive Cr.Oz and SrCrOs that may result in cell
degradation and affect the long-term stability of SOFC is unfavourable.
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Figure 6: (a) Electrical conductivity and area-specific resistance of the oxidised
SUS430 stainless steel. (b) Arrhenius plot and temperature-dependent electrical
conductivity (insert) of the LSCF cathode before and after exposure to the steel
substrate in a simulated cathode environment.

Conclusion
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SUS430 stainless steel, which demonstrates good oxidation resistance and excellent
electrical conductivity, is suitable to be used as SOFC interconnects. However, the rapid
growth of oxide scales leads to Cr vaporisation from the interconnects onto LSCF cathode
and forms inactive catalytic layer that contains Cr203, SrCrO4 and CrCoOs. Consequently,
reduction at the cathode is retarded and the cell performance deteriorates. To ensure long-
term stability and durability of the SOFC for realistic applications, protective coatings that
could suppress outward diffusion of the volatile Cr species, at the same time, maintain good
oxidation resistance and electrical performance, deem essential.
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