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Fig. 1

Schematics of electrochemical deposition of (a) hole-conducting cathode and (b) mixed-conducting cathodel®l; Schematics of

chemical deposition of (c) hole-conducting cathode and (d) mixed-conducting cathodel8l; (e) Relationship between the ratio
of the intensity of Cr at the cathode/electrolyte interface to the calculated CrOs vapor pressure and the decrease in oxygen
activity at the interface from the gas phase; (f) Schematics of oxygen activity theoryl*?
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Fig. 3 Experimental setup for the validation of Cr getter: (a) config-1: getter material is coated on Ni Mesh and placed 5 mm away

from LSM cathodel®!;

(b) config-2: getter material is coated on LSM cathodel®Y; (c) Half-cell performances measured at 0.5

V bias when cells were tested with getter config-1, getter config-2, and no getter layer (the cells were tested at 850 °C with
Cr203 powder as the Cr sourcel®); (d) Schematic of the electrochemical test setup for the half-cell in the presence of Cr
source and Cr getter(5%; -t curves of the three half-cells tested at (e) 650 ‘C and (f) 550 “C (the insets are the corresponding

polarization Rp—t curves)[6d
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Fig. 4 (a) Mechanism of resistance to Cr poisoning of BaCOs impregnated LSCF cathode!®”; (b) Schematics of symmetrical cells
with BCO-LSCF cathode for Cr-poisoning test[®l; (c) I-V-P curves of the cells with a bare LSCF or BCO-LSCF cathode at
700 °C in direct contact with Crofer 22APUIS8l: (d) Durability tests of single cells with bare LSCF cathode in clean air, bare
LSCF, and BCO-LSCF in 3% H-0 humidified air and a direct Cr contact!®®!
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Fig. 5 (a) A schematics of a LSCF cathode coated with a hybrid catalyst coating with Cr tolerance and ORR activity[?; (b) Raman
spectra of bare LSCF and catalysts coated LSCF annealed under the condition of 750 ‘C for 75 h with air containing 3%

H20!%; (c) Electrochemical impedance spectroscopy (at the beginning of the test) of bare LSCF and hybrid catalyst-coated

LSCF in symmetrical cells measured at 750 ‘C under open circuit voltage conditions in clean air (3% Ar+97% air+Cr free)

and air with Cr (3% H20+97% air+ direct Cr contact)®; (d) R, stabilities of LSCF and hybrid catalyst-coated LSCF
cathodes under conditions of Cr contamination(®

*1 ECrigREHT, HARMKTMEIHN LSCF BARAY O-SOFCs RBIREXTLL
Table 1 Comparison of the O-SOFCs degradation rates of the cells with catalyst-decorated LSCF cathodes under Cr

contamination conditions

Degradation rates/h*

Catalysts coating Cathode T7I'C Load Operating conditions Ref.
Bare Coated

PrNigsMngsO3 + PrOy LSCF 750 0.7V 3% H,O+Cr+air 0.40% 0.043 4% [69]
BaCoO;. LSCF 700 0.8V 3% H,O+Cr+air 0.31% 0.056 0% [68]
Ba;Cog.7Feg 2Nbg 103 5+BaCO3 LSCF 650 250 mA-cm 3% H,O+Cr+air 0.13% 0.050 0% [71]
Gdo.1Pro1Ceo.g02.5 LSCF 700 500 mA-cm 3% H,O+Cr+air 0.29% 0.006 0% [62]
Ba;Ce8Gdo 2035+ BaCO;3 LSCF 750 200 mA-cm Cr+air 0.18% 0.030 0% [70]
(Lao2Pro2Ndo 2Smo 2Gdo.2)0.2Ce0.602-5 LSCF 750 500 mA-cm Cr+air 0.20% 0.110 0% [64]
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Fig. 6 (a) Polarization impedance and activation energy of symmetrical cells exposed to Cr contamination in dry/wet air at 600 to

800 ‘CL; (b) Impedance stabilities of symmetrical cells with PSNGLBC, PBC, and LSCF electrodes in dry/wet air with Cr
contamination at 700 ‘C[®: (c) Corresponding DRT analysis of the electrochemical impedance spectroscopy curves of
PSNGLBC and PBC electrodes measured at different times[®¥; (d) Schematic of mechanisms and pathways of Cr poisoning
and CO2 poisoning on the cathode®; (e) Energy barriers of the formation of produced phase impurities in BSCF and
BNSCNZFPI; (f) Absorption energies of produced phase impurities from the latticel®!
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Extended Abstract

Solid oxide fuel cells (SOFCs) are an extremely attractive energy conversion technology due to their high efficiency, low
emissions, and flexible fuels, which have wide application prospects in distributed power generation and hydrogen production. The
operating temperatures of conventional SOFCs are typically above 1000 °C. The high operating temperatures impose stricter
requirements on the materials of various components in the SOFCs system, especially in terms of mechanical strength, reactivity,
thermal expansion behavior, and cell sealing. Also, the high operating temperatures lead to long start-up times and weak economic
competitiveness of the SOFCs, seriously hindering the commercialization of SOFC technology. Reducing the operating temperatures
to intermediate temperatures (i.e., 600-800 °C) can significantly mitigate the chemical reactions between cell components, extend the
service life, and expand the range of cheaper material options, thus enhancing its economic competitiveness. However, the kinetics of
oxygen reduction reaction (ORR) related to the cathodes of SOFCs become notably sluggish with the fall in temperature, resulting in
a rapid increase in polarization impedance and a significant decrease in cell performance. It is thus crucial to develop cathode
materials with superior electrocatalytic activity and durability for ORR at intermediate temperatures.

Although significant progress has been made in developing cathode materials with high performance and excellent durability at
intermediate temperatures, the electrochemical evaluation of developed cathode materials has been performed under relatively mild
conditions in most studies. However, cathodes of SOFC stacks are inevitably exposed to harsh working conditions under realistic
operating conditions. For instance, the gas supplied to the cathodes may contain steam, COz, sulfide, etc.. In addition, the system
components of the stacks will volatilize gaseous contaminants (e.g., CrOs and CrO2(OH), etc.) at operating temperatures. These
gaseous contaminants can deposit on the surface of cathodes or react directly with cathodes, resulting in poisoning and/or corrosion of
the cathode materials. In particular, Cr poisoning on the cathode is one of the problems widely concerned.

Compared with conventional ceramic interconnects, metallic interconnects widely used at intermediate temperatures can reduce
the cost, and exhibit higher electrical and thermal conductivity, as well as better machinability. However, a certain amount of Cr is
usually added to metallic interconnects to improve their oxidation and corrosion resistance. At high temperatures and oxidizing
atmosphere, the Cr20s layer formed on the surface of metallic interconnects will evaporate gaseous chromium vapor. These gaseous
Cr species are prone to react with alkaline earth metal oxides (such as BaO and SrO) that are segregated on the cathode surface,
forming solid deposits on the cathode surface and/or at the interface between the cathode and electrolyte. These inert deposits occupy
the active sites for oxygen reactions on the cathode, leading to a significant decrease in electrocatalytic activity, and affect the gas
diffusion in the porous cathode, resulting in rapid degradation of the cell. It is thus essential for maintaining the robustness of the
SOFCs system and extending its service life to alleviate the Cr poisoning of the cathodes.

Summary and prospects Conducting in-depth research and taking measures to mitigate Cr poisoning on the cathode materials is
crucial for further advancing the commercialization of SOFCs technology. In this review, recent development in enhancing the Cr
tolerance of cathodes is represented. The theoretical mechanisms of Cr deposition on cathodes are introduced, and the reported
strategies to alleviate Cr poisoning on cathodes are summarized. Despite the significant progress made in the existing research, there
are still some challenges to be addressed, i.e., a) it seems that a single theory cannot perfectly explain the Cr deposition on different
cathode materials. For different materials under different test conditions, these mechanisms may occur simultaneously or compete
with each other. In addition, in proton-conducting SOFCs (H-SOFCs), these processes may be more complicated due to the
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introduction of protons. Although some researchers deal with the problem of Cr poisoning in H-SOFCs, there are no detailed literature
reports on the mechanism of Cr poisoning in H-SOFCs system; b) Redesigning or improving the currently commercialized
interconnect materials faces high costs. Applying a protective coating on the interconnects is a feasible approach. However, the added
cost of additional manufacturing processes also needs to be considered; c) The surface modification of cathodes can effectively
strengthen its Cr resistance. However, isolated nanoparticles are unable to achieve complete coverage of the inherently fragile
electrodes. The areas of the cathode surface that are not covered may be still poisoned by contaminants such as CO2, Cr vapor, and
steam. Moreover, if the impregnated surface catalysts are used as a preferred reactant of the gaseous Cr species, they may be
continuously consumed for long periods of operation. Although the poisoning effect of the deposits is mild, excessive accumulation of
the deposits will occupy the active sites for the oxygen reduction reaction and hinder the diffusion of gases in the cathode; d) The
design of contaminants-tolerant high-entropy materials needs to balance electrocatalytic activity and stability. In addition, the
interaction mechanisms of different metal cations in the high-entropy cathodes are still unclear and require further in-depth research;
and e) Recent progress has been made in the application of SOFCs in electrolysis mode. As is known, the electrode material on the air
side undergoes cathodic polarization in fuel cell mode, while in electrolysis mode, anodic polarization occurs on the electrode on the
air side. Therefore, the mechanisms and degree of Cr poisoning will be different. Unfortunately, there is still a lack of relevant
research on Cr deposition in electrolysis mode. In summary, the phenomenon of Cr poisoning in materials is a long-standing
challenge for SOFCs and other high-temperature electrochemical devices. A future research should focus on the investigation on Cr
poisoning mechanisms under various operating modes and optimization of the composition and structure of cathode materials. These
efforts aim to enhance the stability and reliability of SOFCs in practical industrial applications, ultimately advancing the
commercialization process of SOFCs technology.
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