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Abstract

Solid oxide (SOFC/SOEC) and protonic ceramic (PCFC/PCEC) electrochemical cells are key
enabling technologies for the future energy transition. These high- and intermediate-temperature
devices offer exceptional efficiency and fuel flexibility, positioning them as critical components in
decarbonizing sectors where low-temperature systems fall short. Chromium (Cr) poisoning remains
one of the most critical degradation mechanisms limiting the performance, durability, and commercial
viability of these solid oxide and protonic ceramic electrochemical cells (SOCs and PCCs). Cr
volatilization from ferritic stainless steel interconnects and subsequent deposition of volatile Cr
species such as CrO; and CrO>(OH): at the oxygen electrode lead to the formation of electrically
msulating phases, which compromise triple-phase boundary (TPB) activity, increase polarization
resistance, and accelerate performance degradation. While Cr-related degradation has been
extensively studied in SOCs, its impact on PCCs, which are promising candidates for efficient
hydrogen production remains comparatively underexplored. This review critically analyzes Cr
poisoning mechanisms across these electrochemical systems, highlighting the mechanistic
differences arising from their distinct configurations, ion conduction modes, and operating
environments. Advances in material innovations, including Cr-resistant alloys, protective coatings,
and improved electrode formulations, are discussed with a focus on their cross-system applicability
and effectiveness. The need for predictive modeling, long-term durability studies, and system-level
validation under realistic conditions is emphasized as essential for advancing Cr mitigation strategies.
By consolidating current understanding and identifying key research gaps, this review outlines
strategic directions for the development of Cr-resilient materials, optimized getter integration, and
tailored protection schemes for the unique challenges posed by PCECs. Ultimately, it underscores the
urgency of developing robust, scalable solutions to enable the reliable deployment of next-generation

high-temperature electrolysis technologies in sustainable energy systems.
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1. Introduction

Solid oxide cells (SOCs), which encompass both solid oxide fuel cells (SOFCs) and solid oxide
electrolysis cells (SOECs), have emerged as transformative technologies in the landscape of
sustainable energy [1,2]. Their ability to function efficiently in both fuel cell and electrolysis modes
positions them as versatile candidates for next-generation energy systems. SOCs boast high
operational efficiency, robust energy conversion capabilities, and adaptability to diverse applications
ranging from power generation to hydrogen production [3,4]. As illustrated in Figure. 1(a), excess
electricity from intermittent renewable sources like wind and solar can be stored by converting water
into hydrogen using SOECs. This stored hydrogen can later be utilized in SOFCs to generate electricity
when demand rises, making SOCs an integral component of a renewable energy cycle with near-zero
emissions [5,6].

SOECs and proton ceramic electrolysis cells (PCECs) represent promising high-temperature
electrolysis technologies for converting H>O and CO: into value-added fuels and chemicals. While
SOEC technology is comparatively more mature and primarily applied for syngas (CO, COz, and Hz)
production, PCECs unlock access to the industrially appealing intermediate temperature window
(350—600°C). This temperature range is conducive to coupling with catalytic synthesis, enabling the
direct electrochemical generation of CHy, higher hydrocarbons (C2, C3), and alcohols beyond just
syngas. These emerging technologies hold significant potential for advancing power-to-X (P2X)
applications and enabling chemical process electrification and intensification [7-9]. By leveraging
proton conduction instead of oxygen ion conduction, PCECs also operate at lower temperatures while
maintaining excellent hydrogen production rates, broadening the applicability of clectrolysis

technologies [10-13].



In addition to high efficiency and fuel flexibility, SOCs offer scalability, suitable for applications
ranging from portable electronics to large-scale power plants. Theoretical studies suggest that by
utilizing waste heat from SOFCs to support SOEC operation, the round-trip energy efficiency of this
system could approach 98%, further reinforcing their viability for integrated energy systems [14,15].
Despite these advantages, one major challenge threatening the long-term durability of both SOCs and
proton ceramic cells (PCCs) is chromium (Cr) poisoning, which stems from the volatilization of Cr
species from metallic interconnects and severely degrades electrode performance [16—18]. Since SOC
and PCC stacks are constructed using ferritic stainless steel (FSS) interconnects containing 17%-22%
Cr due to their favorable cost and conductivity [19,20], exposure to high operating temperatures (600
800 °C) facilitates the formation and transport of gaseous Cr species, which react with oxygen
electrodes and hinder electrochemical activity [21,22].

Cr poisoning undermines the durability and performance of oxygen electrodes by depositing
volatile Cr species (e.g., CrOz, CrO2(OH):) onto active surfaces, where they block electrochemical
reaction sites and impair catalytic activity [23-26]. This degradation mechanism, driven by Cr
volatilization and deposition, alters oxygen exchange kinetics, degrades the electrode microstructure,
and leads to severe performance losses [27-29]. The extent of this degradation depends on several
factors, including electrode composition, current density, gas humidity, and partial pressures of oxygen
and water [30,31]. At the core of this issue lies the complex interaction between Cr species and the
electrode-electrolyte interface [32,33]. Once deposited, Cr compounds degrade electrode performance
by disrupting ionic/electronic conduction pathways and altering surface morphology [34,35]. While
mechanisms under SOFC conditions are relatively well-understood, Cr poisoning in SOEC and
especially reversible operation remains less explored. High oxygen partial pressures and humidified
atmospheres in SOECs exacerbate Cr volatilization, posing continued risks to cell stability [36,37].
Moreover, the distinct material properties of PCCs, particularly their reliance on proton-conducting

ceramics add further complexity to understanding and mitigating Cr-induced degradation.



To address Cr poisoning, researchers have developed a variety of mitigation strategies [38-41].
These include protective coatings such as MnCo- spinels and perovskite-based films to limit Cr
evaporation and migration [42], Cr-tolerant electrode materials like LaaNiOg:s and SrTi;—«<FexOs, and
system-level approaches such as improved gas flow design and thermal management to reduce Cr
transport to the electrode [43.,44]. However, most of these strategies have been designed and validated
for SOCs, and their transferability to PCCs remains uncertain due to the differing operating
environments and degradation pathways [45-47].

The relatively early stage of PCC development means that much of the understanding of Cr
poisoning in these systems is extrapolated from SOC studies, underscoring the need for dedicated
research [48,49]. Durability testing over long operational periods is essential to evaluate the true
efficacy of mitigation methods. Some protective coatings may delay Cr deposition, but their long-term
performance and compatibility with PCC materials remain critical unknowns.

This review provides a comprehensive analysis of Cr poisoning in SOCs and PCCs, examining
the degradation mechanisms, performance impacts, and current mitigation strategies. By comparing
Cr behavior across these technologies, this work offers a unified perspective on how cell architecture,
gas environments, and operational modes influence degradation. Particular focus is given to metallic
interconnects and their role in Cr transport phenomena. We also assess protective coatings, Cr-tolerant
electrodes, and system design optimizations, identifying gaps in knowledge and highlighting
opportunities for transferring SOC-based strategies to PCC systems. Ultimately, this review aims to
guide future research and innovation toward improving the stability and scalability of next-generation

electrochemical energy conversion systems (Figure 1(b)).
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Figure. 1: Illustration of the role of SOC technology in a renewable energy-based sustainable system
(a); Comparative overview of Cr poisoning in electrolysis devices. It highlights the need for tailored

approaches to address Cr poisoning in PCCs, emphasizing gaps in resecarch and opportunities for

advancing electrolysis technologies (b).

2. Electrochemical Devices

2.1. Cell and Stack Design



SOCs and PCCs are typically constructed in planar or tubular configurations, with individual cells
assembled into stacks to enhance power output. Each unit in the stack comprises a fuel electrode,
electrolyte, air electrode, metallic interconnects, and gas flow channels (Figure. 2) [50,51].

A repeated stack unit generally follows a consistent arrangement: a metallic interconnect, air
electrode, electrolyte, fuel electrode, and a second interconnect. This structure remains unchanged
across fuel cell or electrolysis modes. with ionic and electronic currents flowing through different
layers based on the operation. The design supports uniform current distribution, thermal
management, and a compact footprint for system integration [53-55].

Planar stacks are especially favored for their high packing density and manufacturing
scalability. In contrast, tubular cells offer better sealing and mechanical resilience but often exhibit

lower power density [56].
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Figure. 2: Schematic representation of a solid oxide cell stack configuration, showing the repeating
cell units and the integration of metallic interconnects with the electrode layers [52]. This work is
licensed under the terms of the Creative Commons Attribution 4.0 License © 2023 by the authors

(CC BY, (https://creativecommons.org/licenses/by/4.0/))




2.2, Metallic Interconnects: Composition and Function

Metallic interconnects are crucial in SOC and PCC stacks, serving as current collectors and gas
separators between adjacent cells. Positioned at the interface of oxidizing and reducing atmospheres,
they must retain electrical conductivity, mechanical strength, gas impermeability, and chemical
stability over prolonged operation [57-39].

A critical requirement is their thermal expansion compatibility with neighboring components,
generally between 10-13 x 10 ° K !, to prevent thermal mismatch and mechanical failure during start-
up or cycling [60]. FSS, such as Crofer 22 APU and AISI 441, are widely adopted due to their cost-
effectiveness, suitable thermal expansion coefficient (TEC), and fabrication ease. These alloys contain
17-22% Cr and offer a balance between mechanical robustness and electrochemical performance.
However, under high-temperature conditions, Cr volatilization becomes problematic, as volatile Cr
species can migrate to the air electrode and cause electrode poisoning [61].

To counter this, protective coatings and surface treatments are employed to suppress Cr
evaporation and enhance oxidation resistance. These approaches help maintain the chemical integrity
of interconnects and ensure long-term cell performance by limiting the deposition of Cr-containing
compounds on the air electrode. The durability and compatibility of these coatings are especially
important in PCCs, where operating environments differ from traditional SOC systems.

3. Chromium evaporation mechanisms
Cr poisoning remains a significant challenge in the long-term operation of SOCs, particularly due
to the instability of Cr203 layers on chromia-forming alloys used in interconnects and other high-
temperature components. This instability leads to the volatilization of Cr species, which subsequently
migrate through the gas phase and deposit on electrode surfaces, causing severe performance
degradation [29,62,63].
The volatilization of Cr203 occurs via a series of thermally activated reactions that are strongly

mfluenced by the local oxygen and water vapor partial pressures. Under dry conditions, oxidation of
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Cr203 primarily yields CrO; and CrO; as the dominant gaseous species through the following

reactions [64,65]:
Cr205(S) +3505(9) = 2C10,(g) (1)

Cr,05(5) + 02(g) — 2€r05(g) (2)

However, under humid conditions typical of SOC operation, the presence of water vapor
significantly alters the volatility pathway. Cr reacts with H>0 and O: to form chromium oxyhydroxide
species, such as CrO>(OH)> and Cr(OH)s, through the following reactions.

Cr203(5) + H,0(g) + 02(g) — 2Cr0,(0H)2(g) (3)

Cr,05(S) + 2H,0(g) + 0;(g) — 2Cr(0H):(g) (4)

Among the volatile Cr species generated during SOC operation, CrO2(OH): has been
experimentally confirmed as the dominant and most persistent species, particularly in humid and
oxidizing environments [66]. Opila et al. [66] demonstrated via equilibrium pressure measurements
using the transpiration technique that CrO>(OH): forms readily at temperatures between 300-900°C,
with significant volatility even at moderate humidity levels (P(H20) = 0.001 atm) and oxygen-rich
environments. Under such conditions, CrO; contributes less than 1% to the total volatile Cr species
and only becomes significant in dry atmospheres.

These findings are corroborated by Young and Pint [67], who modeled Cr evaporation fluxes for
air with 10% H,O and confirmed that CrO2(OH); dominates the gas phase up to ~800°C, with vapor
pressure increasing with both temperature and gas flow rate. The mass loss observed from chromia-
forming alloys could be quantitatively attributed to the evaporation of CrO>(OH),.

Once in the gas phase, volatile Cr species especially CrO2(OH): are transported toward the air
electrode, where they undergo heterogeneous decomposition and nucleation, resulting in the
formation of insulating oxide deposits [66, 67]. The overall decomposition reaction of CrO2(OH)z on

the electrode surface can be expressed as:

20r0,(0H);(9) 5 Cr205(5) + 2H,0(g) +30,(g) (3)

1]



According to the nucleation—growth theory, Cr deposition proceeds through three interconnected
stages. 1) Nucleation stage: Gaseous Cr species first adsorb onto reactive sites such as grain
boundaries, pores, or segregated SrO on the electrode surface, leading to the formation of initial Cr—
Sr—O nuclei. ii) Growth stage: These nuclei progressively enlarge through continued reaction with
volatile Cr species, forming larger oxide clusters such as Cr203 and SrCrO4 that extend across the
electrode surface. iii) Saturation stage: As these deposits coalesce, they form a continuous and dense
layer that restricts further diffusion of Cr species and significantly increases interfacial polarization

resistance. The primary reactions involved in these stages can be represented as follows [95]:

Sr0 + Cr0; = Cr — Sr — 0, (nuclei) (5)
Cr—Sr— 0y, +Cr0; = Cr;0;3 + Cr0, (6)
Er' =81 — 8y + 60 4570 5 S¥Criy (7)

The formation of SrCrQy at the electrode surface is particularly detrimental, as it blocks oxygen
reduction sites and increases polarization resistance. In contrast, Co- or Fe-based perovskite
electrodes exhibit weaker chemical affinity toward Cr species, leading mainly to Cr20; nucleation
rather than chromate formation [68,95].

To mitigate Cr-related degradation, thermodynamic analyses suggest operating at intermediate
temperatures (~600 °C) and limiting water vapor content. These conditions can significantly suppress
the formation of CrO2(OH): without greatly sacrificing electrochemical performance. Notably, the
partial pressure of CrO2(0OH): decreases gradually with temperature, whereas CrOz declines more
steeply, highlighting the higher thermal persistence and volatility of CrO2(OH); under SOC-relevant
conditions [66,68].

4. Cr poisoning effect in SOC: FC and EC
4.1. Main Effect in air Electrode
Among the various components in SOCs, the air electrode (also known as the oxygen electrode)

is especially vulnerable to Cr poisoning, particularly under high-temperature operation. At elevated
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temperatures (typically above 700 °C), these interconnects form volatile Cr oxides, mainly CrOs and
CrO2(OH)z, which migrate through the cathode gas stream and reach the surface of the air electrode.
Upon contact, these gaseous Cr species are electrochemically reduced and incorporated into the
electrode structure, initiating surface reactions that degrade the cell's electrochemical performance
[69-70].

The interaction between Cr species and the oxygen electrode results in several forms of
degradation, including electrode delamination, increased polarization resistance, and loss of
electrocatalytic activity. Cr-based interconnect oxidation also contributes to reduced electrical
conductivity between the interconnect and electrode. While protective ceramic coatings are
sometimes applied to reduce Cr volatilization and chromia evaporation, the delamination of the
electrode caused by Cr interactions is more detrimental than mere loss of electronic contact, as it
obstructs ionic transport within the electrolyte and leads to severe long-term degradation [71,72].

The most critical degradation pathway is the blockage of active oxygen reduction reaction (ORR)
sites at the TPB. Cr has a strong chemical affinity for Sr-rich regions typically present in perovskite-
type electrodes such as La;xStxMnOs5 (LSM) and La| xStxCojyFeyOs.5 (LSCF) [71]. This leads to
the formation of electrically insulating compounds like SrCrO4 or Cr203, which hinder charge transfer
and gas diffusion, thereby increasing polarization resistance and reducing ORR kinetics. Moreover,
Cr deposition often enhances Sr surface segregation, which not only modifies the electrode surface
chemistry but also accelerates further Cr incorporation and degradation, a phenomenon that is
particularly pronounced in perovskite-based electrodes [71,73].

Several external and intrinsic factors modulate the severity of Cr poisoning. High humidity in the
cathode gas stream favors the formation of more volatile Cr hydroxide species, thus promoting Cr
transport. Higher operating temperatures also facilitate both volatilization and reaction kinetics.
Under SOFC mode (cathodic polarization), the local environment at the air electrode becomes more

reducing, enhancing the eclectrochemical reduction of gaseous Cr species and increasing their
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likelihood of deposition [44]. Moreover, the proximity of interconnects to the electrode and the
absence of protective barrier layers or coatings can significantly intensify Cr-related degradation.

The actual extent of degradation varies significantly depending on the electrode composition, as
will be elaborated in Sections 4.3 (LSM-based electrodes) and 4.4 (LSCF-based electrodes). To
further contextualize this variability, Table 1-3 summarizes key studies reporting Cr poisoning effects
in commonly used air electrode materials under various SOC operation modes. These studies present
a comparative view of how factors such as electrode composition, operating temperature, applied
voltage/current density, and Cr source affect performance degradation typically manifested as
increased polarization resistance (Rp), overpotentials (1), or total area-specific resistance (ASR). The
data shows that while both LSM and LSCF-based cathodes experience performance losses, the degree
of degradation is highly dependent on whether protective measures (e.g., Cr barrier layers or
imterconnect coatings) are implemented. Notably, LSCF-based electrodes exhibit more pronounced
increases in Ry, attributed to their higher Sr content and greater susceptibility to Cr-induced Sr surface
segregation. These findings serve as a precursor to the material-specific degradation mechanisms
discussed in the following sections.

4.2. Any Effect in Fuel Electrode?

While Cr poisoning has been predominantly associated with the air electrode, emerging studies
suggest that the fuel electrode (anode) may also experience minor but non-negligible Cr effects,
particularly under aggressive or long-term operating conditions. The main pathways for Cr ingress to
the fuel electrode include solid-state ditfusion through the electrolyte, migration along interconnect
pathways, or vapor-phase transport in configurations with thin electrolytes or high humidity. Though
significantly less severe than in the air electrode, these effects raise concerns for the long-term
integrity of anode-supported cells, especially in reversible SOCs.

Recent studies have provided experimental support for these mechanisms. For instance, Wei et
al. [74] reported that under strong polarization conditions and elevated temperatures, trace Cr species

can migrate through the electrolyte, especially when the electrolyte is ultra-thin (e.g., ~5 pm). Using
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advanced characterization techniques such as STEM-EDS and SIMS, they identified low levels of Cr
accumulation on Ni-based fuel electrodes after long-term testing. While the total Cr content was
minimal and did not lead to substantial performance decline, the findings shows that Cr can cross the
electrolyte barrier under high electrochemical driving forces, raising implications for electrolyte
design and thickness in SOCs.

Similarly, Schrodl et al. [75] demonstrated that under extended operation (>1000 h) and at high
current densities (0.5 A cm™?), trace Cr contamination could be detected on or near the anode side.
This effect was particularly pronounced in electrode-supported cell configurations with reduced
clectrolyte thickness and in environments with high steam content. However, consistent with prior
observations, the authors found no evidence of spinel or chromate formation at the fuel electrode and
reported no significant impact on cell performance, reinforcing the notion that the fuel electrode is
relatively resistant to Cr-induced degradation.

Thus, while the fuel electrode is not a primary target of Cr poisoning, certain modern SOC designs
especially those featuring ultra-thin electrolytes, r-SOC, or compact stack geometries may increase
susceptibility to trace Cr ingress. Although current data suggest limited electrochemical consequence,
these findings emphasize the need for continued durability testing under realistic cycling conditions,
such as SOFC-SOEC transitions, to fully understand the long-term implications of low-level Cr
migration to the anode.

4.3. LSM based electrodes
La; xSrxMnQOsz (LSM) is a widely used Mn-based perovskite for high-temperature SOC air
electrodes due to its excellent electronic conductivity, which stems from Sr** substitution at the A-site
[76,77]. However, its low oxygen ion conductivity limits the ORR to the immediate electrode-
electrolyte interface. To overcome this drawback, composite clectrodes such as LSM/YSZ and
LSM/GDC are commonly employed, which help extend the electrochemically active zone beyond the

interface and thereby improve ORR performance [78,62].
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A critical challenge associated with LSM cathodes is Cr poisoning, which arises from the
migration of volatile Cr species from metallic interconnects. Studies have shown that the behavior of
Cr poisoning varies significantly under different electrochemical conditions. Under open-circuit
voltage (OCV) conditions, Cr species infiltrate the cathode and deposit as (Mn, Cr):04 spinel, but the
amount of deposition remains relatively low during short-term exposure [79]. However, under constant
current density conditions, Cr accumulates not only as (Mn, Cr)3O4 but also as Cr203 at the LSM/YSZ
interface (Figure. 3(a)). The deposition rate and associated polarization resistance losses are
significantly higher under polarization than under OCV [17,80]. Furthermore, as the applied current
density increases, Cr accumulation at the three-phase boundary (TPB) intensifies, progressively
diffusing into the cathode bulk. This phenomenon exacerbates polarization resistance and performance
degradation, likely due to the accelerated decomposition of LSM at high temperatures under
polarization conditions [81]. Interestingly, Konysheva et al. [82] noted that the extent of Cr poisoning
does not exhibit a direct linear correlation with the amount of Cr deposited at the TPB and within the
cathode bulk.

Temperature also plays a critical role in Cr poisoning, influencing both Cr volatility and LSM
stability [83,84]. Higher temperatures accelerate Cr species volatilization and LSM decomposition,
thereby increasing Cr infiltration into the cathode structure. Zhen et al. [85] observed that at elevated
temperatures, Mn?" diffusion from LSM to the YSZ surface is enhanced, promoting Cr accumulation
at the interface. Similarly, Taniguchi et al. [86] investigated Cr deposition under a current load of 300
mA/cm? at different operating temperatures (850, 900, 1000, and 1100°C) and found that at lower
temperatures (850°C and 900°C), Cr accumulation was confined to the LSM/YSZ interface. However,
at 1000°C and 1100°C, Cr not only accumulated at the interface but also diffused deeper into the
cathode bulk.

Interestingly, Krumpelt et al. [87] reported that while LSM decomposition and Cr deposition rates
are higher at 800°C than at 700°C, the air electrode's electrochemical degradation under FC operation

occurs more slowly at the higher temperature. One possible explanation is that at lower temperatures,
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the effective TPB area decreases, leading to a proportionally greater loss of active sites, despite lower
overall Cr deposition. Most studies assume Cr poisoning occurs primarily via gaseous-phase transport.
However, when Cr-containing interconnects or coatings are in direct contact with the air electrode,
solid-state surface diffusion of Cr species can also contribute to degradation. Experimental studies
indicate that Cr deposition rates are significantly higher under direct contact conditions compared to
gaseous-phase transport alone, although the final Cr compound phases remain unchanged.

Chen et al. [88] discussed the challenges of Cr poisoning in SOFCs, emphasizing the volatility of
Cr species and their impact on cathode performance. At high temperatures, Cr>O; volatilizes into
CrO2(OH)z in humid air and CrOs in dry air, with CrO2(OH)z being more persistent under operating
conditions, as shown in Figure. 3(b). These species deposit on cathodes like LSM, forming resistive
spinel phases (Mn, Cr):04 that hinder ORR and increase polarization resistance. The SEM images
show significant Cr deposition on the Y SZ electrolyte surface in contact with the LSM electrode after
prolonged current passage at 900°C. Cr accumulation is notably higher in humidified air, as shown by
the dense coverage of Cr-rich spinel phases, which obscure grain boundaries and increase interfacial
resistance (Figure. 3(c, d)). The deposition pattern suggests that Cr poisoning is not directly correlated
with the active TPBs but instead occurs across the entire surface, including areas between LSM contact
rings. This highlights the severe impact of humidity on Cr poisoning. Mitigation strategies include
protective coatings such as GDC or alumina, barrier layers to limit Cr migration, and optimizing
interconnect alloy compositions. Despite these efforts, Cr poisoning remains a critical challenge,
necessitating further research into advanced coatings and alternative cathode materials.

However, Horita et al. [89] further investigated the Cr deposition mechanism, emphasizing the
role of cathode microstructure and reaction sites. In the setup shown in Figure 3(e), a porous LSM
cathode on GDC is exposed to gaseous Cr from pre-oxidized Cr203, avoiding direct solid contact.
Humidified air at 1073 K is used, with Pt counter and reference electrodes. This configuration shows
that Cr preferentially deposits on the cathode surface rather than at the TPB, allowing precise

assessment of deposition kinetics and distribution.
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The time-dependent Cr deposition patterns, depicted in Figure. 3(f), demonstrate that under
polarization, Cr preferentially accumulates at the LSM/GDC interface, forming a concentrated layer
within a micrometer-wide region. This localized deposition intensifies over time, contributing to
electrode degradation. Meanwhile, Figure. 3(g) presents SIMS depth profiles that establish a direct
correlation between Cr concentration and its accumulation in the porous LSM cathode. confirming
that prolonged exposure leads to an increased presence of Cr-rich phases. These results highlight the
severity of Cr poisoning in SOFCs, particularly in humid environments,

Table 1 showed a detailed summary of Cr poisoning test parameters at different temperatures
(750-900°C) for various clectrode materials. It includes key data points like resistance values (Rg and
Rp), overpotential (1), current density, deposition area, and test conditions (temperature, time, applied
potential). The data provides valuable insights into the performance degradation of these materials
under Cr exposure, showing how factors such as temperature and material composition influence their
resistance to Cr poisoning over time.
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Figure 3: Schematic illustration of Cr poisoning in LSM-based cathodes. Under open-circuit
conditions, Cr deposits as (Mn, Cr):O4 with minimal accumulation (a); Partial pressure variations of
CrO2(OH)2 in humid air (3 wt% H20) and CrO; in dry air over a chromia layer at different
temperatures, highlighting the prolonged stability of CrO2(OH); under operational conditions, which
intensifies Cr-induced degradation in SOFCs (b); SEM image of the YSZ electrolyte surface beneath
the LSM electrode under the interconnect rib after 1200 minutes of current flow at 900°C in humid
air, revealing substantial Cr accumulation and (Mn, Cr);O4 spinel formation, which masks grain
boundaries and increases polarization resistance (c¢). SEM micrograph of the YSZ electrolyte in contact
with the LSM electrode under a 200 mA.cm™ current in humid air, depicting Cr deposition and its
impact on the surface structure (d) Reprinted from ref. [88], copyright 2010, with permission from
Elsevier. Schematic representation of the experimental setup for Cr-poisoning tests conducted at 1073
K (e). SEM/Wave Length Dispersive X-ray Spectroscopy (WDS) maps of Cr distribution at the
LSM/GDC interface under different polarization conditions, showing localized deposition near the
interface under applied voltage (f). SIMS depth profiles of Cr in porous LSM cathodes, demonstrating
the increasing Cr concentration with prolonged exposure, which correlates with SOFC performance
degradation (g) Reprinted from ref. [89], copyright 2012, with permission from Elsevier.

Tabe 1: Summary of Cr poisoning test parameters for various electrode materials at temperatures

ranging from 750°C to 900°C under SOFC conditions.

Temp Ra R, E n Current density | Deposition | Cr poisoning test | Ref
(°C) (Q) (£2) (mV) | (mV) (mA/cm?) & area parameters
Time
1.10 34.8 1.20 0.75 400; 20 h 4.1 um LSM (1180 °C for | [90]
2 h); SUS430
2.00 33.0 1.20 0.12 800; 20 h 5.9 pm LSM (1180 °C for | [90]
2 h); SUS430
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800

800; 10 h

500 pm

LSM (1150 °C for
2 h); SS; Applied

potential: -0.5 V,

[91]

900

200, 50-129 h

60-89 um

LSM (1000 °C
for 2 h); High Cr

ESS

[92]

900

—

-

——

200;50h

89 um

LSM (1150 °C for
2 h); Chromia-

forming alloy

[93]

800

2.80

38

0.80

0.50

200;20h

2-3 um

LSM (1150 °C for
2 h); Fe-Cr-Mn

alloy (FeCM)

[94]

75

1.38

12.81

1.21

600

400; 20 h

0.2 pm

LSM (1180 °C for

2 h); SUS430

[21]

Chen et al. [95] studied the Cr-induced degradation and poisoning of LSM oxygen electrodes in
SOECs and found that Cr deposition significantly affects the electrode's performance. Under anodic
polarization conditions, SrO segregation from the bulk LSM electrode to the surface is promoted, as
shown in Figure 4(a). This surface segregation facilitates the interaction between SrO and gaseous Cr
species, resulting in the formation of SrCrO4, as observed in Figure 4(c, d). Figure 4(b) illustrates the
subsequent migration of SrO from the LSM surface to the YSZ clectrolyte surface, where further Cr
deposition and SrCrQ4 formation occur. This process, driven by the high polarization current and the
presence of the Fe—Cr interconnect, accelerates Cr deposition, particularly at the electrode/electrolyte
interface. The formation of SrCrOj4 in both the bulk of the electrode and at the electrode/electrolyte

interface under SOEC conditions differs from the preferential Cr deposition observed under SOFC

20




conditions, where (Cr, Mn);O4 spinels dominate. This distinct Cr deposition behavior can be explained
by the enhanced Sr segregation under anodic polarization, which drives the formation of SrCrOs,
poisoning the electrocatalytic activity of the LSM electrodes.

Schrodl et al. [96] studied the long-term stability of La;NiOs+ (LNO) in relation to its oxygen
exchange kinetics and response to contaminants such as Cr and Si in dry and humidified atmospheres.
Their findings highlighted that LNO exhibited excellent stability in dry conditions, with no significant
degradation over the first 600 h of testing (Figure 4(e)). However, upon exposure to Cr and Si sources
after 600 h under dry conditions, a slight reduction in oxygen exchange activity was observed.
Following the introduction of humidified conditions (30% r.h. and higher), a significant decline in
oxygen exchange activity occurred, which was attributed to the formation of secondary phases on the
surface. SEM analysis shown the presence of fine crystallites and secondary phases on the degraded
surface, particularly after exposure to humidified conditions, identified as Cr and Si-containing
compounds. These observations further confirm the detrimental impact of Cr and Si contaminants on
surface stability and reactivity, as shown in Figure 4(f, g).

Similarly, Salari et al. [97] further investigated the effect of Cr contamination on LSM electrodes,
particularly when enhanced by LNO infiltration. The study showed that Cr significantly disrupted the
ORR process, as evidenced by an increase in the Rp of the LNO.P.LSM cathode from 1.05 to 1.70 Q
cm? within the first 30 mins (Figure 4(h)), followed by a decrease to 0.55 € ¢cm? after 600 mins. This
suggests that while LNO initially loses electrochemical activity, it can reactivate through surface
reconstruction, possibly due to Cr-induced phase changes. The increase in Rp and ncathodic under
cathodic polarization indicates that Cr interactions with LNO partially suppressed surface exchange
reactions and enhanced oxygen vacancy formation. Despite these changes, the presence of Cr
ultimately hindered the cathodic performance, demonstrating the complex interaction between Cr and

LNO in the electrode structure (Figure 4(i)).
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Figure. 4: Schematics illustrating the formation of LSM nanoparticles at the electrode-electrolyte
interface and the accelerated segregation of SrO from the bulk to the surface under anodic polarization
(a); Cr deposition and SrCrO4 formation on the LSM surface (b); Surface morphology of the LSM
mner surface in contact with the YSZ electrolyte (¢); SEM micrograph showing the LSM inner
surface with visible Cr-based deposits (d) This work is licensed under the terms of the Creative
Commons  Atiribution 4.0 License © 2015 by the authors (CC  BY,

(https://creativecommons.org/licenses/by/4.0/)) [95]; Oxygen exchange activity of LNO under dry

conditions over 600 h (e); SEM images of LNO after exposure to humidified O2-Ar 1000 h at 30%
RH (f); and 1000 h at 60% RH. (g) Reprinted from ref. [96], copyright 2018, with permission from
Elsevier. Rp for LNO.LSM and LSM and with and without Cr species at 800°C (h); The schematic

illustrates the Cr-induced degradation mechanism in the LNO.PLSM electrode, showing the

22



formation of LaCrOs at the electrode/electrolyte interface and its impact on the cathodic performance

(i) Reprinted from ref. [97], copyright 2024, with permission from Elsevier.

Table 2: Summary of Cr poisoning test parameters for various electrode materials at temperatures

ranging from 750°C to 900°C under SOEC condition.

Temp

0

Ra

(€2)

Rp

(£2)

N
(mV)

Current density
(mA/em?) &

Time

Deposition

area

Testing

conditions

Ref

800

8.20

8.20

500;20 h

LSM (1150°C for
3 h); Without Fe—

Cr Interconnect

[95]

800

11.00

9.50

500;20 h

LSM (1150°C for
3 h); With Fe-Cr

Interconnect

[95]

900

1.3

0.023

200; 20 h

LSM (1050 °C
for 4 h); Without
Fe—Cr

Interconnect

[74]

900

1.3

0.413

127

200; 20 h

LSM (1050 °C
for 4 h); With Fe-

Cr Interconnect

[74]

800

0.37

7.55

to

6.47

+200; 0-600 min

0.5 em?

LSM (non-
poisoned)
1100 °C for 2 h;

430 58S

[97]
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800 - 0.37 3.44 +200; 0-600 min 0.5 cm? P.LSM (poisoned | [97]
to with Cr) 1100 °C
3.60 for 2 h; 430 S§S
800 --- 0.24 0.53 +200; 0-600 min 0.5 cm? P.LSM.LNO [97]
to (poisoned with
1.67 Cr) 1100 °C for
2 h; 430 SS
900 --- 0.15 12 200; 2 h No Cr LSCF (1000 °C (98]
deposition for 2 h); Without
Fe-Cr
Interconnect
900 --- 0.21 21 200; 20 h Under rib of LSCF (1000°C [98]

interconnect (Cr

deposition)

for 2 h); Without
Fe-Cr

Interconnect

4.4. LSCF based electrodes

LSCF is one of the most widely used cathode and oxygen electrode materials for SOFCs and

SOECs due to its high mixed ionic—electronic conductivity and excellent oxygen surface exchange

kinetics at intermediate to high temperatures. These properties make LSCF an attractive candidate for

efficient oxygen reduction and evolution reactions. However, the long-term performance of LSCF

electrodes is strongly affected by degradation phenomena, particularly under high-temperature anodic

polarization in SOEC operation [71, 99].

A key degradation mechanism is Cr poisoning, which originates from chromia-forming ferritic

steel interconnects. At high temperatures, volatile Cr species (e.g., CrOs, CrO2(OH)z) are released
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from the interconnect and migrate toward the cathode. On LSCF electrodes, Cr deposition occurs
preferentially at the outer surface near the interconnect rather than at the electrode—electrolyte interface
[23, 24].

The segregated SrO on the LSCF surface acts as a nucleation site, reacting with incoming Cr
species to form electrically resistive SrCrO4. This reaction leads to the accumulation of plate-like and
octahedral deposits, increasing both polarization and ohmic resistances. Additionally, surface Sr
enrichment causes Sr deficiency in the bulk and at the electrode—electrolyte interface, further
deteriorating electrochemical activity. As a result, rapid increases in overpotential and polarization
resistance are observed under SOEC operation, demonstrating the severe impact of Cr poisoning on
the activity and durability of LSCF oxygen electrodes [25-27, 99].

To address these challenges, various mitigation strategies have been developed to improve the Cr
tolerance of LSCF electrodes. Huang et al [100] investigated the impact of BaCO3 nanoparticle
infiltration on the electrocatalytic performance and Cr tolerance of LSCF cathodes used in SOFCs.
The infiltration of BaCOs significantly improves the performance of LSCF cathodes, enhancing their
peak power density to 1.30 W-em™ at 800°C, compared to the untreated LSCF cathodes. The
polarization resistance of the BaCOj3 infiltrated LSCF cathode (0.28 ©-cm?) is lower than that of the
untreated LSCF cathode (0.37 Q'cm?) (Figure. 5(a, b)). Additionally, BaCOj infiltration prevents Cr
deposition and Sr segregation in the presence of gaseous CrOs, while a BaCrOy surface layer forms,
effectively mitigating Cr-induced degradation. This blocking effect of the BaCrOy layer, combined
with the low reactivity between BaCOj3 nanoparticles and CrOs gas, plays a key role in the outstanding
operating stability of the BaCO3-modified LSCF cathodes under accelerated Cr poisoning conditions
(Figure. 5(c)).

In a follow-up study, Huang et al. [101] explored the impact of a heterogencous catalyst coating
(CC-LSCF) on the electrocatalytic performance and Cr tolerance of LSCF cathodes for SOFCs. The
catalyst coating, made from BaCeosGdo 203 5 (BCGO) and BaCO3, enhanced the peak power density

to 1.73 W-em at 750°C, significantly outperforming untreated LSCF cathodes, which showed only
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0.83 W-cm? (Figure. 5(d)). This improvement was accompanied by a notable reduction in
polarization resistance ((Figure. 5(e))), indicating better electrochemical activity. Moreover, the
catalyst coating greatly enhanced the Cr tolerance of the cathode, preventing degradation caused by
Cr exposure, The formation of a BaCrO4 layer on the surface blocked harmful interactions between
Cr and Sr, thus stabilizing the cathode and maintaining performance (Figure. 5(f)).

Pei et al. [102] investigated the impact of BaCoOsx (BCO) nanoparticle coating on the
electrocatalytic performance and Cr tolerance of LSCF cathodes. The BCO coating significantly
enhanced the peak power density of LSCF cathodes to 0.514 W-cm ~ at 700°C, outperforming the
untreated LSCF cathodes, which exhibited a lower peak power density of 0.448 W-cm * (Figure.
5(g)). Furthermore, the BCO-coated LSCF cathodes demonstrated improved electrochemical stability,
with a substantially lower polarization resistance of 0.05 Q-cm? after 100 h of testing at 750°C,
compared to the untreated LSCF's higher resistance (Figure. S(h)). This enhanced performance is
attributed to the BCO coating's ability to block Cr poisoning and improve the oxygen reduction
reaction. The formation of a protective BaCrO4 surface layer effectively mitigates the detrimental
effects of Cr exposure, leading to the excellent durability and stability of the BCO-coated LSCF
cathodes under Cr-poisoning conditions, ensuring their reliability for long-term operation in SOFCs
(Figure. 5(i)).

Niu et al. [103] further investigated the impact of a multiphase catalyst (MP) coating, combining
Ba; +Coo.7Fep2Nbp 1035 (BCFN) and BaCOs3 on the performance and stability of LSCF cathodes.
Their study showed significant improvements, with the MP catalyst-coated cathode achieving a peak
power density of 1.40 W-cm™2 at 750°C, which is 2.1 times higher than the bare LSCF cathode (0.67
W-em %) (Figure. 5(j)). The mechanism behind this improvement is that while BaCO3 remains inert
to Cr species, forming a stable protective BaCrO4 layer, BCFN also helps prevent Sr—O segregation
and SrCrO4 formation, which are detrimental to ORR. Thus, the MP catalyst coating effectively
mitigates Cr-induced degradation, improving the long-term durability of the cathodes under harsh

operational conditions (Figure. 5(k)).
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Figure. 5: Comparison of the peak power density and polarization resistance of BaCOs infiltrated

LSCF cathodes Vs. untreated LSCF cathodes (a, b); Illustration of the blocking effect of the BaCrO4

surface layer, formed by BaCO; infiltration, preventing Cr deposition and Sr segregation, which

enhances Cr tolerance and operating stability under accelerated Cr poisoning conditions (¢) Reprinted

from ref. [100], copyright 2023, with permission from Elsevier; Peak power density comparison

between CC-LSCF and untreated LSCF cathodes at 750°C (d); Rp measurements demonstrating a

reduction in resistance for the CC-LSCF cathode, highlighting enhanced electrochemical activity (e);

Formation of a BaCrO4 layer on the surface of CC-LSCEF, effectively preventing Cr-induced

degradation and stabilizing the cathode by blocking harmful interactions between Cr and Sr (f)
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Reprinted with permission from ref. [101], copyright 2024, John Wiley & Sons, Inc. Comparison of
peak power density between BCO-coated and untreated LSCF cathodes at 700°C (g); Rp of BCO-
coated and untreated LSCF cathodes after 100 h of testing at 750°C (h); The ORR activity and
durability of the BCO-LSCF cathode were evaluated under direct contact with Cr in 3% H>O
humidified air (i) Reprinted from ref. [102], copyright 2020, with permission from Elsevier.
Performance of MP catalyst-coated LSCF cathodes (j); Schematic illustration of the performance
enhancement mechanism for BCFN-BCO-LSCF (k), Reprinted with permission from ref. [103],
copyright 2021, John Wiley & Sons, Inc.

Wang ct al. [104] applied electroless Ag plating to LSCF cathodes. The silver-modified LSCF
(LSCF-Ag) cathodes exhibited significantly improved resistance to Cr poisoning, with only a slight
increase in polarization resistance (0.24 Q-cm? to 0.26 Q-cm?) after 40 h of Cr exposure, compared to
a more substantial rise in LSCF cathodes (0.26 Q-cm? to 0.62 Q-cm?) at 700°C (Figure. 6(a, b)). This
enhancement is attributed to the formation of AgCrO2, which prevents the generation of SrCrO4 and
preserves the cathode's electrical conductivity, offering protection under Cr-poisoning conditions
(Figure. 6(c)).

Chen et al. [105] used in-situ surface-enhanced Raman spectroscopy (SERS) to investigate Cr
poisoning in LSCF cathodes, focusing on the role of Cr species like SrCrO4. In Figure. 6(d). they
compared two LSCF thin-film electrodes, one in direct contact with a Cr-containing alloy and the other
without demonstrating a more significant deposition of SrCrO4 when in direct contact with the alloy.
This deposition was predominantly observed at the LSCF-GDC boundary, as shown in Figure. 6(e),
and was attributed to surface segregation of SrO. The mechanism of Cr poisoning was explained
through the sublimation of volatile Cr species from the alloy, which react with segregated SrO on the
cathode surface to form SrCrOa. This process effectively blocks active sites, thereby impairing the
ORR at the TPB.

LSCF cathodes with the hybrid catalyst coating exhibited significantly improved performance

under contamination conditions compared to bare LSCF electrodes. Specifically, cells with the hybrid
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coating displayed a higher initial power density of 0.71 W/em?, in contrast to 0.46 W/cm? for the bare
LSCF electrodes, when exposed to conditions involving 3% H20 and direct Cr alloy contact (Figure.
6(f)). This enhancement in performance is attributed to the hybrid coating's ability to improve Cr
tolerance and mitigate the detrimental effects of SrCrO4 deposition, as indicated by the Raman analysis

and its influence on ORR activity.
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Figure. 6: R, of LSCF and LSCF-Ag cathodes before and after exposure to Cr for 40 h at 700°C (a,
b); Schematic representation of the mechanism of Cr tolerance in LSCF and LSCF-Ag cathodes (c)
Reprinted from ref. [104], copyright 2022, with permission from Elsevier; Comparison of two LSCF
thin-film electrodes, one in contact with a Cr-containing alloy and the other without, showing
increased SrCrOy deposition in direct contact with the alloy. (d); Deposition of SrCrOy at the LSCF-
GDC boundary due to surface segregation of SrO (e); IV Vs IP curves for bare and hybrid LSCF
cathode (f) Reprinted from ref. [105], copyright 2018, with permission from Elsevier.

The study by Wei et al. [74] investigates the degradation of LSCF oxygen electrodes in SOECs
due to Cr deposition from the Fe-Cr interconnect. Under high-temperature anodic polarization

conditions (200 mA cm™ at 900°C), Cr species from the interconnect react with SrO that segregates
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on the LSCF surface, leading to the formation of SrCrO4 and Cr20s3 deposits. This Cr poisoning
significantly impairs the electrocatalytic performance of the LSCF electrodes, as evidenced by an
increase in electrode polarization resistance and overpotential. Figure. 7(a) shows the stable
electrochemical performance of LSCF oxygen electrodes without a Fe—Cr interconnect, with minimal
increases in polarization resistance and overpotential after 20 h of anodic current passage. In contrast,
Figure. 7(b) demonstrates significant degradation when the Fe—Cr interconnect is present, showing a
rapid increase in overpotential and polarization resistance, indicating severe poisoning by Cr species.
Figure. 7(c) shows distinct plate-like and octahedral Cr crystals formed on the electrode surface,
particularly near the rib of the interconnect.

Jiang et al. [99] studied the electrochemical performance of LSCF electrodes under cathodic
polarization at 200 mA cm? and 900°C, comparing conditions with and without the presence of a Fe—
Cr interconnect. In the absence of the interconnect, the electrodes maintained high electrochemical
activity with minimal increases in polarization resistance and overpotential. However, in the presence
of the Fe—Cr interconnect, significant Cr deposition occurred, particularly under the rib of the
interconnect, leading to a substantial increase in polarization resistance and overpotential, indicating
the detrimental impact of Cr species on electrode performance.

In contrast to the Cr poisoning observed in LSCF electrodes due to Cr deposition from Fe-Cr
interconnects, as reported by Wei et al. [74]. The study by Chen et al. [106] offers a different
perspective on the role of Cr in perovskite electrodes (such as; Lag75Sr0.25Cr9Feo.103 (LSCrF)) under
steam electrolysis conditions. The findings show that the role of Cr on the LSCrF electrode surface
can be beneficial rather than harmful. Under high-temperature oxygen-rich environments, Cr
undergoes partial oxidation and segregates to the surface, as shown in Figure. 7(d, e). This surface
segregation of Cr, along with Sr, leads to the formation of a stable SrCrO4 compound, which improves
the electrode's electrocatalytic performance. The Cr/Sr ratio, illustrated in Figure. 7(e), clearly
indicates a shift in surface composition, with a higher Cr concentration at the surface compared to the

bulk material. Interestingly, the formation of Cr® species does not lead to poisoning but instead
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promotes the electrochemical performance. Figure. 7(f) further illustrates this shift in surface
composition, showing that, in oxygen-rich environments, Cr is not just a passive component but
actively contributes to the electrode's function by forming beneficial surface phases like SrCrQOa.
Therefore, while Cr deposition from Fe—Cr interconnects has a negative impact in other studies, in the
case of LSCrF perovskite electrodes, Cr segregation and its oxidation to Cr® can act as a promoter for

enhanced performance in steam electrolysis.
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Figure. 7: Polarization curves of LSCF electrodes at 200 mA cm™ for 20 h at 900°C: without a Fe-Cr
interconnect (a); and with a Fe—Cr interconnect (b); SEM image of LSCF oxygen electrode surface
after anodic polarization at 200 mA em™ and 900°C for 20 h (c); Reprinted from ref. [74], copyright
2015, with permission from the Royal Society of Chemistry; Evolution of the surface cationic
composition of LSCrF electrodes under different atmospheric conditions (Oz and H;0) at varying
temperatures (d); The Cr/Sr ratio at the surface of LSCrF electrodes under different annealing

conditions (e); Schematic representation of the surface composition of LSCrF electrodes after
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annealing in O>, showing the segregation of Cr and its oxidation to form SrCrOy (f) Reprinted from
ref. [106], copyright 2020, with permission from Elsevier.
Table. 3: Summary of Cr poisoning test parameters for various electrode materials at temperatures

ranging from 750°C to 900°C.

Temp Rao Rp E 1 Current density Deposition | Cr poisoning test Ref
(°C) () () | (mV)| (mV)| (mA/em?) & Time area parameters
800 - == - - 750; 168 h 73 LSCF (1200 °C for [33]

2 h); Crofer22 APU

800 1.40 0.14 - -—- 200; 40 h --- LSCF (700 °C for2 | [114]

h); Fe-Cr alloy

900 1.37 0.25 70 - 400; 20 h 1.0 LSCF (1050 °C for | [115]
4 h); RA446
chromia-forming

alloy

750 0.28 0.37 = - 200; 100 h 121 £62n LSCF-BaCOs [104]
m (1000 °C for 42 h);

Fe-Cr alloy

750 0.14 | 0.63 --- - OCV: 100 h --- LSCF (1080 °C for | [105]

2 h); Cr alloy

800 1.40 0.10 - - 200; 100 h --- LSCF (1000 °C for | [114]

2 h); Fe—Cr alloy

900 0.84 0.06 -—-- 7 200; 20 h - LSCF (1050 °C for [74]
4 h); RA446 Fe—Cr

alloy
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900

0.69

0.18

200; 20 h

~20 um

LSCF (1050 °C for

2 h); RA446

[116]

900

0.74

1.49

200; 20 h

~20 um

LSCF (1050 °C for

2 h); RA446

[116]

800

1.02

0.15

200; 40 h

LSCF-BaO
(1000 °C for 2 h);

Fe—Cr alloy

[114]

900

1.01

0.04

26

400; 20 h

~] pm

LSCF (1050 °C for
4 h); RA446
chromia-forming

alloy

[114]

750

0.35

0.16

200; 100 h

LSCE-CC (1000 °C
for 2 h); Fe-Cr

alloy

[101]

750

0.39

0.05

OCV; 100 h

LSCF-BCO
(1000 °C for 2 h);

Crofer 22APU

[102]

650

0.04

250; 200 h

LSCF-BCFN-BCO
(1080 °C for 2 h);

Crofer 22 APU

[103]

900

0.10

0.08

16-

160

200; 20 h

(LapsBao.s)(Cop2Fe
0.8)O03 (LBCF)
(950 °C for 5 h);

Fe-Cr alloy

[117]
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700

— | 0.64

200; 21 days

(Lag2Sr0.2Pro2Yo2B
ap.2)Coo2FensO3-5 (
LSPYB): (1300 °C

for 4 h); 314 SS

[118]

700

--- 0.71

200; 21 days

(Lao2S10.2Pro2Yo2B
a0.2)Cop2Fens0a-5 (
LSPYB); (1300 °C

for 4 h); 314 SS

[118]

700

— | 0.24

OCV;40 h

LSCF-Ag (1080 °C

for 2 h); 314 SS

[104]

750

- 0.51

OCV; 200 h

(3]

-3 um

LSCF-GDC (1050
°C for 3 h); Crofer

22 APU

[119]

4.5. Beyond
As the limitations of traditional air electrode materials such as LSM and LSCF become more
apparent under Cr-containing environments, attention has increasingly shifted toward emerging oxide
systems, including double perovskites (A2BB'O¢) and Ruddlesden—Popper (RP) structured materials.
These advanced oxides are designed to address the trade-offs between electrochemical performance

and chemical stability, especially under high-temperature operation and in the presence of volatile Cr

species [107].

Double perovskites, such as PrBaCo:0s+; (PBCO) and PrBapsSrosCoisFeosOs«s (PBSCF),
feature ordered A- and B-site arrangements that enhance oxygen ion transport, surface exchange
kinetics, and overall ORR activity. However, Wei et al. [108] demonstrated that even structurally

advanced double perovskites, such as PBCO, are not entirely immune to Cr poisoning. To investigate
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this, they employed a half-cell configuration (Figure. 8(a)) to expose the PBCO surface to volatile Cr
species under controlled electrochemical conditions. Post-treatment analysis shows that heat treatment
in high-purity oxygen atmospheres led to the formation of surface precipitates, as shown in Figure.
8(b-d). These precipitates became more pronounced and grew significantly in size as the annealing
temperature increased from 800 °C to 1000 °C, with average particle sizes growing from ~0.21 pm to
~1.47 pm.

The mechanism of Cr deposition was schematically illustrated in Figure. 8(e), which shows that
prolonged high-temperature exposure promotes Ba cation segregation to the surface. This segregation
leads to the localized formation of Co304 and BaO phases. Cr vapors selectively react with the BaO-
rich regions rather than with Co30a resulting in the nucleation of BaCrOs, a highly resistive compound
that deactivates ORR sites. Importantly, this process is chemically driven and initiated by surface
restructuring rather than purely electrochemical degradation. The surface migration of Ba and the low-
temperature threshold for segregation (~400°C) suggest that PBCO can become susceptible to Cr
poisoning even within the intermediate temperature range (500-800°C), making it vulnerable in
practical SOC applications.

This Cr-induced surface degradation was shown to severely impair the oxygen surface exchange
and diffusion properties of the electrode, contributing to a marked increase in polarization resistance.
These findings highlight the need for future strategies to suppress surface segregation and enhance the
structural stability of double perovskite electrodes, particularly when exposed to Fe-Cr-based
interconnects in SOCs. Tailoring the surface composition and introducing protective coatings or
dopants may offer viable routes to improve the Cr tolerance of these promising but chemically
sensitive materials.

Similarly Li et al. [109] investigated Cr poisoning behavior in structurally refined double
perovskite PBSCF electrodes under realistic SOC operating conditions. In their study, a custom-

designed test system (Figure. 8(f)) was used to perform Cr exposure tests under a cathodic current of
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400 mA em? at 750°C for 1200 minutes. The results shows a sharp increase in Rp), rising from
0.76 Q-cm? to 2.58 Q-cm” within just 20 hours, signifying severe electrochemical degradation.

Their findings also shed light on the Cr deposition mechanism unique to PBSCF. Unlike LSM,
where Cr tends to accumulate at the cathode—electrolyte interface due to Mn?-induced nucleation,
PBSCF resembles LSCF and BSCF systems in that Cr species deposit primarily on the cathode
surface. This surface deposition is initiated by the segregation of Ba cations, which migrate to the
surface at elevated temperatures and react with incoming Cr vapors to form intermediate nuclei. As
schematically shown in Figure 8(g), the reaction proceeds through a sequence of steps: (1) formation
of Ba—Cr-O nuclei via BaO and CrOs interaction, (2) growth of Cr203 from further CrOs exposure,
and (3) final formation of BaCrO. through reaction with BaO and additional CrOs. Over time, these
BaCrO4 particles grow and accumulate on the PBSCF surface, obstructing oxygen reduction and
transport pathways and leading to electrode decomposition and performance loss.

To mitigate this effect, Li et al. [109] introduced a La>NiO4 5 (LN) protective coating via an
optimized infiltration method. As shown in Figure 8(h), the LN layer acts as a dense, continuous
barrier that prevents direct interaction between Cr vapors and the PBSCF surface. In contrast to earlier
GDC nanoparticle strategies, which left partial surface exposure, the LN film provided uniform
protection. The LN-coated PBSCF retfained its structural integrity and electrochemical stability in Cr-
rich environments, demonstrating significantly improved resistance to Cr-induced degradation.

In parallel, RP-structured materials such as LasNi3O1p, and LaSr3Fe3;Op have attracted attention
for their inherent Cr resistance. Their layered structures, low Sr content, and high oxygen mobility
contribute to reduced surface reactivity with Cr vapors and limited A-site cation segregation.
Moreover, their anisotropic conduction and structural flexibility under thermal cycling make them

promising alternatives for long-term SOC operation.
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Figure. 8: Dual-atmosphere half-cell setup simulating Cr exposure from a metallic source to the
PBCO electrode (a); SEM images of PBCO surfaces annealed in Oz at 800°C (b), 900°C (c), and
1000 °C (d); Mechanism of Cr deposition on PBCO (e) Reprinted from ref. [108], copyright 2018,
with permission from the American Chemical Society. Schematic of the test configuration used for Cr
poisoning experiments, (f); Proposed mechanisms of Cr deposition: (g); On bare PBSCF (h); On LN-
coated PBSCF, Reprinted from ref. [109], copyright 2018, with permission from Elsevier.
5. Mitigation Strategies in SOCs

Cr poisoning remains a persistent challenge in the advancement of SOCs, significantly impacting
the stability and performance of the cathode [110]. At high operational temperatures, Cr-containing
FSS used in interconnects and balance-of-plant components release volatile Cr species. such as CrOs
and CrO2(OH)z, into the air stream [111,112]. These species migrate to the air electrode, where they

react with the cathode material, forming resistive secondary phases and causing morphological
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degradation. This interaction leads to increased polarization resistance and reduced electrochemical
activity, compromising the overall efficiency and lifetime of the device.
To mitigate Cr-related degradation, several strategies have been explored. These include applying
protective coatings to metallic interconnects, utilizing Cr-gettering layers that trap volatile species,
designing Cr-tolerant electrode materials, and developing electrochemical regeneration protocols to
recover lost performance. Each of these approaches contributes uniquely to enhancing SOC durability
and reliability, as elaborated in the following subsections.
5.1. Protective coatings for interconnects

A widely adopted strategy to suppress Cr volatilization is the use of protective coatings on
metallic interconnects. These interconnects, typically made from Cr-containing FSS, are essential in
SOC stacks due to their excellent mechanical strength and thermal compatibility [20, 113].
However, at temperatures above 700 °C, FSS alloys oxidize and release volatile Cr species, which can
migrate toward the oxygen electrode and degrade its electrochemical performance. Protective coatings
function as diffusion barriers, blocking the outward migration of Cr and the inward penetration of
oxygen, thereby minimizing the growth of chromia scales and preventing Cr-induced electrode
poisoning [120-122].

Perovskite oxides with the general formula ABOj3;, such as LajxSrxCoOs (LSC),
Laj xSrxCoy yFe, O3 (LSCF), and Bap 5Sro.sConsFeo 2055 (BSCF) have demonstrated promising results
as coatings due to their high electronic conductivity and compatibility with SOC cathodes [123,124].
In particular, BSCF coatings react preferentially with Cr vapors to form less resistive compounds like
BaCrQ4 instead of SrCrOu4, preserving electrode performance while maintaining ASR below
0.01 Q-cm? at 700-800 °C conditions favorable for long-term SOC operation [15,126].

Spinel oxides (AB:204) have also garnered significant interest due to their thermal stability,
electrical conductivity, and oxidation resistance [127, 128]. The efficacy of these coatings is strongly
influenced by their microstructure and deposition method. Recent studies emphasize the importance

of multilayer configurations and optimized fabrication techniques to enhance barrier properties. For
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example, Mao et al. [129] developed a bilayer composite (Mn, Co);O4 spinel coating deposited by
magnetron sputtering to enhance oxidation resistance and minimize element diffusion in SOC
interconnects. As illustrated in Figure. 9, the conventional single-layer Mn-Co coating (Figure. 9(a))
forms a dense but somewhat porous 2.4 um film that thickens with void formation after annealing at
800 °C (Figure. 9(b)). In contrast, the bilayer composite coating (Figure. 9(c)) distinctly shows an
inner (Mn, Co)304 layer (~0.8 pm) and an outer Mn-Co layer (~1.6 pm), which merge into a uniform,
void-free spinel layer ~4.4 um thick after annealing (Figure. 9(d)), indicating superior structural
integrity. Figure. 9(e, f) further compares oxidation behaviors: the bilayer coating (Figure. 9(e))
effectively restricts inward oxygen and outward Cr diffusion, resulting in thinner thermally grown
oxide and reaction layers which slow degradation and maintain low ASR. Conversely, the conventional
coating (Figure. 9(f)) suffers from more severe diffusion, thicker oxide layers, and void formation,
causing accelerated oxidation and higher ASR.

In a subsequent study, Mao et al. [130] employed reactive magnetron sputtering to fine-tune spinel
phase formation by optimizing the Ar/O; gas flow ratio. This yielded a stable cubic MnCo0204 phase
after annealing at 800 °C, which significantly reduced oxidation rates over 1000 h at 650-750 °C and
lowered ASR by up to 34%. The improved performance was attributed not only to suppressed oxygen
ingress and Cr evaporation but also to the prevention of undesired elemental interdiffusion at the
coating—substrate interface, thereby ensuring high compositional and structural stability under long-
term SOFC conditions.

Molin et al. [131] investigated Mn-Co spinel coatings for SOFC interconnects were prepared
using electrophoretic deposition (EPD), thermal co-evaporation, and RF magnetron sputtering,
producing coatings with distinct thicknesses and microstructures that directly influence their protective
behavior. Figure. 9(g-j) illustrates the cross-sectional microstructures of these coatings: the thick (~15
um) EPD coating (Figure. 9(g)) features a dense inner layer adjacent to a chromium oxide reaction
layer (~1.5 pum thick), while the thinner sputtered and co-evaporated coatings (1-1.5 um) display more

porosity and microcracks, especially when deposited at room temperature (Figure. 9(h-j)). These
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structural differences impact Cr diffusion and oxide scale growth during prolonged exposure at 800°C,
where thicker coatings better suppress chromium migration and maintain stability. This aligns with
schematic mechanisms depicted in Figure. 9(k-n), where bilayer or thicker coatings effectively reduce
inward oxygen and outward Cr diffusion, limiting thick thermally grown oxide and reaction layer
formation. In contrast, thinner single-layer coatings allow greater mutual diffusion, leading to thicker

oxides and accelerated degradation (Figure. 9(I-n)).
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Figure. 9: Cross-sectional SEM images of coatings on FSS interconnects: (a) As-deposited single-
layer Mn-Co coating; (b) Mn-Co coating after annealing at 800 °C for 2 h; (c) As-deposited bilayer
composite coating layer; (d) Bilayer composite coating after annealing at 800 °C. Schematic of
oxidation and diffusion after annealing in (e) the bilayer composite coatings, and (f) the conventional
coating, Reprinted from ref. [129], copyright 2025, with permission from Elsevier. Cross-sectional
SEM images of Mn-Co coatings prepared by different methods: (g) thick electrophoretic deposition
coating with dense inner layer and porous outer part; (h) thermal co-evaporation coating; (i) sputtered
coating at room temperature showing microcracks; (j) sputtered coating on heated substrate with

denser microstructure. Schematic illustrations of oxidation and diffusion behaviors: (k, m) bilayer or
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thick coatings suppressing oxygen and chromium diffusion, resulting in thin oxide and reaction layers;
(1, n) conventional thin coatings with enhanced mutual diffusion and thicker oxide scale formation,
Reprinted from ref. [131], copyright 2017, with permission from Elsevier.

Nouri et al. [132] demonstrated that a thermally grown Cu, 3Mn; 704 spinel coating on AISI 430
stainless steel significantly mitigates Cr migration and reduces ASR by ~70% after 500 h at 750 °C.
The oxidation process begins with rapid Mn oxidation to MnO and Mn30O4, followed by conversion to
Mnz0; and CuO, which then react to form a dense CuMn204 spinel layer. This spinel acts as an
effective diffusion barrier, limiting Cr outward migration and oxygen ingress. As shown in Figures.
10(a, b), the coating surface becomes progressively denser without cracking after 24 h and 100 h of
oxidation, respectively, indicating stable growth. Figures. 10(c), schematically illustrates the phase
evolution and spinel formation mechanism, which underpins the coating’s protective function and
long-term stability.

To further understand performance, Zhu et al. [133] evaluated four spinel coatings,
CuNip2Mn; 501, MnFep34C0).660s, CuMn204, and MnCo0204 applied on SUS430 stainless steel
interconnects for SOFCs. Their study show that Cu-Mn based spinels exhibit superior electrical
conductivity compared to Mn—Co based counterparts, with CuNip2Mn; 504 showing the highest
conductivity due to the elimination of manganese oxide phases that impede charge transport. This high
conductivity, combined with good sinterability and phase stability, makes CuNip2Mn; sO4 particularly
promising for reducing ASR (Figure. 10(d)).

In contrast, Mn—Co based spinels, especially MnFeq34Co1.6604, demonstrated excellent Cr
gettering ability and thermal stability, efficiently limiting the growth of the thermally grown oxide
layer by incorporating Cr into the spinel structure, thus suppressing Cr volatilization and interfacial
degradation. Meanwhile, Cr solubility in the spinel matrix, shown in Figure. 10(e), indicates that
CuMnz04 and CuNig2Mn; 304 can incorporate up to 2.4 mol of Cr per mol of spinel before secondary
phases appear, while MnFeo 34Co1 6604 accommodates up to 3.4 mol of Cr, demonstrating its superior

Cr-gettering ability despite having lower electrical conductivity.
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Joshi et al. [134] reported that Ni substitution in CuMn2Oy spinels stabilizes the spinel phase at
lower temperatures, prevents coating delamination, and promotes uniform, adherent coatings on
UNS430 interconnects. Their conductivity isotherms (Figure. 10(f)) show that substituting Cu with
Ni up to 40% slightly decreases conductivity from ~110 to ~95 S/cm at 800°C, while Figure. 10(g)
shows N1 addition improves conductivity by stabilizing the spinel phase and preventing decomposition
into non-conductive mixed oxides. Together, these studies emphasize the importance of balancing
electrical conductivity, phase stability, and Cr-gettering in optimizing spinel coatings for SOFC
interconnect protection.

These findings underscore that optimizing spinel coatings involves balancing Cr-gettering
capability, phase stability, and electrical conductivity. Spinel coatings require careful control of
stoichiometry and densification to minimize porosity and crack formation. Conversely, perovskite
coatings while highly conductive may facilitate oxygen ion transport, which could accelerate Cr
migration under certain conditions due to their mixed ionic—electronic conduction

Ultimately, the choice between spinel and perovskite coatings should be informed by application-
specific needs, including operating temperature, thermal expansion compatibility, and desired
clectrical performance. Advanced coating architectures, such as multilayer or compositionally graded
coatings, and scalable deposition techniques are key directions for future development to ensure long-

term durability and commercial viability of SOC interconnects.
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Figure. 10: Surface morphology of Cu;3:Mn; 704 coated AIST 430 steel after oxidation at 750 °C for

(a) 24 h and (b) 100 h. Schematic of oxidation and spinel formation in the Cu-Mn coating (c)

Reprinted from ref. [132], copyright 2018, with permission from Elsevier. Electrical conductivities

measured from 600—800 °C (d); along with the XRD patterns of of CuNig2Mn 804, MnFen 34C01.6604,

CuMn;04, and MnCo204 spinel structures sintered at 800 °C (e) Reprinted from ref. [133], copyright

2022, with permission from Elsevier. Electrical conductivity isotherms of CuxNi; xMn204 spinels over

the temperature

range 600-925°C (f); along with the comparison of conductivity for

Cug,77Ni0.45Mn; 7804 vs. Cuy,1sMnj 5204 spinels (g) Reprinted from ref. [134], copyright 2017, with

permission from Elsevier.
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5.2. Chromium Getters

Another promising solution is the development of Cr getters materials designed to capture and
chemically stabilize volatile Cr species before they can reach the cathode. These getters work by
reacting with Cr vapors to form stable solid compounds, such as SrCrO4, which prevent the species
from interacting with the cathode [135,136]. The effectiveness of a getter depends on several factors,
including its material composition, porosity, and structural design. For instance, getters based on
strontium-nickel oxides (SrxNiyOz; SNO), have demonstrated high efficiency in capturing Cr species
under typical SOFC operating conditions. The formation of reaction products, however, reduces the
porosity of the getter over time, which limits its capacity and underscores the importance of optimizing
getter design for prolonged use.

Heo et al. [137] investigated Cr poisoning in LSM cathodes under intermediate temperatures
(550-650°C) using humid air (3% H>O) containing Cr vapors. They observed significant increases in
polarization resistance and the formation of CrOs; and (Mn.Cr);04 at the LSM/YSZ interface.
However, the use of a Sr-based getter material, specifically SNO, effectively captured Cr vapors,
preventing deposition at the electrode interface and maintaining stable electrochemical performance
over 100 h.

Uddin et al., [138] proposed a monolithic getter structure with a porous SNO coating to capture
Cr vapors in SOFC environments. In their experimental setup (Figure. 11(a)), a getter pellet was
exposed to Cr vapor from a chromia source under humidified air. Over time, a dense SrCrOg4 layer
formed on the getter surface (Figure. 11(b)), acting as a diffusion barrier and enhancing Cr-trapping
efficiency. The reaction pathway (Figure. 11(c)) showed Cr vapor reacting with the getter surface to
form SrCrO4 and NiO, with the porous structure accommodating reaction products and maintaining
performance.

To address Cr vapor migration from interconnects to the cathode, Uddin et al. [139] proposed
two getter configurations: spaced-apart (config-1) and direct-contact (config-2) (Figure. 11(d, e)). The

config-1 maintained stable performance after 100 h of Cr exposure. Config-2’s effectiveness varied
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with composition; a 75 wt% LSCF-25 wt% SNO getter matched config-1"s performance, whereas a
50 wt% LSCF-50 wt% SNO getter performed poorly. Cells without a getter suffered the most severe
degradation, reinforcing the importance of effective Cr mitigation.

Aphale et al. [140] demonstrated the thermal stability of SNO-based getters, showing they
remain stable up to 900°C. Above 950°C, decomposition into SrO and N10 occurs, leading to reactions
with ambient air that cause volume expansion and structural degradation. Chou et al. [141] validated
SNO getters in an SOFC stack environment, reducing degradation rates from 56% kh! (without getter)
to 12.1% kh' (with getter) over 1000 h at 800°C. Post-mortem analyses confirmed that getters
effectively prevented Cr migration to the cathode/electrolyte interface. Liang et al. [142] explored
SNO-coated cordierite honeycomb structures under SOFC-like conditions. Tested at 850°C in
humidified air (3% H»O) for 500 h, these getters captured over 98% of Cr vapor (Figure. 11(f)). By
intercepting Cr species, such as CrO2(OH)», which degrade cathodes by forming resistive compounds
like Cr203 and SrCrOg (Figure. 11(g)), the honeycomb getter effectively preserved cathode integrity,

ensuring long-term SOFC durability.

45



Surface
towards

Al,0, tubg cr vapors

Air « Cri, (OH),

SrCrO4
NID

SrNIOx

Support Substrate

(e)

(d) Genter layer is F,ulcrhwl ]
| s ool B
l measurement l mesuremen Lo
- -'~UTL{_“T“ e ;it:-ﬂ -
it i ™ Cathode A

%* cro om0, Catbode Ai

(f) Furnace (g)

DO O0O0O0O "_). + Elbow

(= Humidifier - = Y=
oHOFON/EON D o
. | \ \-:,l P, - = — | [LaMnOy(s)
Mass Flow Counltroller ¥ / o S, +Erlr0, (5
! ¥, i e,

Two phase boundary
&

0
! -] \
Crsource |/ % ! ,{\LSM (cathode)
/ = £ iy ot 4 \
Crgetter * g M e H 2,
— P o
- B, = \ e
- h Tra0y(5) e il YSZ (electrolyte)
h Cr, Mn),0,(s Three phase boundary
Water collector Washing bottle

To anode

Figure. 11: Experimental setup for Cr diffusion tests, illustrating the placement of the SrxNiyO, getter
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(SrxNiyO,) after prolonged exposure to Cr vapor (b); Schematic illustration of the Cr capture

mechanism in the getter (¢) Reprinted from ref. [138], copyright 2017, with permission from the

Electrochemical Society (ECS). Schematic illustration of Cr vapor interaction with the getter layer

and fuel cell components (d); Two getter configurations: config-1, where the getter is placed 5 mm

away from the cathode (spaced-apart), and config-2, where the getter is in direct contact with the

cathode (e) Reprinted from ref. [139], copyright 2017, with permission from the Electrochemical
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Society (ECS).; Schematic of the experimental setup for Cr capture testing using SroNi7O2 coated
cordierite under humidified air at 850°C (f); lllustration of Cr poisoning at the TPB (g) Reprinted from
ref. [142], copyright 2017, with permission from the Electrochemical Society (ECS).

Hong et al. [143] presented an innovative approach to enhancing the stability and performance of
Sr-Ni oxide-based Cr getters, particularly SNO, mm humid environments where degradation 1s a
common issue. Their study demonstrated that a protective SrCOs layer, formed through CO> treatment,
mitigates both moisture-induced degradation and Cr vapor capture challenges. As shown in Figure.
12(a), Srions in the SNO structure experience significant compressive stress due to short Sr—O bond
lengths (2.39-2.89 A), promoting Sr segregation in humid conditions. Figure. 12(b) illustrates how
the SrCO; layer prevents hydration-induced volume expansion and cracking, maintaining the
structural integrity of SNO in such environments. Furthermore, Figure. 12(c) highlights the SrCO3
layer’s Cr-gettering efficiency, as exposure to Cr vapor at 650°C for 500 h led to the formation of a
stable SrCrOy4 layer, confirmed via raman spectroscopy.

Expanding on this work, Hong et al. [144] developed a novel getter material, strontium
manganese oXide (SrMnQs), to capture both Cr and S contaminants. This material addresses the
limitations of existing getters in high-temperature, humid conditions through its robust stability and
dual functionality. Figure. 12(d) shows the SMO getter’s 3D honeycomb structure, coated with ~5
um thick SMO particles, designed for uniform airflow and efficient contaminant absorption. The
architecture enhances gettering performance and supports prolonged SOFC operation by maintaining
structural stability. Electrochemical tests (Figure. 12(e)) shows that SOFC cells equipped with the
SMO getter sustained stable current density for 230 h, even when exposed to CrO2(OH), (1 ppb) and
SOz (4 ppm), in contrast to rapid performance degradation in cells without the getter. This stability is
attributed to the reactive Sr and Mn ions in the SMO structure.

Figure. 12(f) details the mechanisms of Cr and S absorption, showing the formation of SrCrO4
nanowhiskers and SrSO4 nanorods on the SMO surface. These reactions are driven by Sr ion diffusion

and Mn;0Oy dimers acting as catalytic sites. The resulting core-shell structure, with Mn-rich oxides at
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the core and voids accommodating further reactions, ensures continuous contaminant absorption and

prolonged getter effectiveness.
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Figure. 12: Compressive stress in SNO (a); Protective role of the SrCOz layer, preventing hydration-
induced volume expansion and cracking in SNO, ensuring structural integrity in humid environments
(b); Cr-gettering capability of SrCOs-coated SNO along with Raman spectroscopy (¢) This work is
licensed under the terms of the Creative Commons Attribution 4.0 License © 2019 by the authors (CC

BY, (https://creativecommons.org/licenses/by/4.0/)) [143]; Schematic of the SMO honeycomb getter

(d); Electrochemical performance comparison showing current density trends for SOFC cells exposed
to Cr and S contaminants with and without the SMO getter (e); Mechanism of Cr and S absorption by
SMO (f), Reprinted from ref. [144], copyright 2019, with permission from the American Chemical
Society.
5.3. Chromium-tolerant electrodes

While protective coatings and getters can reduce Cr volatilization, these approaches may not fully
eliminate Cr-related degradation especially over prolonged operational periods. Therefore, another
critical mitigation strategy is the development of Cr-tolerant electrodes that can maintain

electrochemical performance even in Cr-contaminated environments [146].



Among conventional materials, LSCF and LSM have shown some degree of Cr tolerance. LSM,
in particular, has long been favored for its chemical and thermal stability, though its limited catalytic
activity at intermediate temperatures often necessitates additional modifications. LSCF offers higher
catalytic performance but remains susceptible to Cr-induced deactivation, especially through SrCrOy
formation at the electrode surface [147].

To address these limitations, Bang et al. [148] proposed an innovative heterostructured electrode
architecture to mitigate Cr degradation. In Sr-doped perovskites, a common degradation pathway
involves Sr segregation to the electrode surface, where it reacts with volatile Cr species to form Cr-
Sr-O nuclei. These nuclei subsequently evolve into resistive phases such as SrCrOs, which block
TPBs, hinder oxygen exchange, and significantly reduce electrochemical performance. They also
introduced a design strategy in which a Sr-free outer layer is applied over the Sr-containing perovskite.
This heterostructure spatially separates the Sr-rich functional core from the Cr-sensitive surface,
allowing the outer layer to serve as a protective barrier. Depending on its composition, the coating
either chemically reacts with Cr species to form less detrimental compounds or physically impedes Cr
penetration. This dual role effectively preserves the catalytic activity of the inner electrode by
preventing Cr-induced degradation at the surface, thereby maintaining long-term stability under Cr-
containing conditions.

In recent years, several studies have explored surface modifications and new material
compositions to enhance Cr-tolerance in SOFC cathodes. Chen et al. [149] showed improved Cr
resistance by coating LSCF electrodes with PrNiosMnosOs and PrOx catalysts, which maintained
performance during prolonged operation. Huang et al. [150] demonstrated that impregnating LSCF
with BaCOj3 forms a BaCrOy layer that effectively mitigates Cr poisoning. Additionally, Co-based
materials such as BaCoOs.s have been reported to offer good Cr tolerance, although they face
challenges related to high thermal expansion and cost. These studies indicate the potential of both
surface treatments and new compositions to improve electrode durability in Cr-contaminated

environments [151-153].

49



Following this line of innovation, Han et al. [146] introduced a Co-free A-site high-entropy oxide,
Lap2Pro2Ndo2Smy 2Gdo2BaFe:0s-5 (LPNSGBF), to address the cost and thermal expansion issues of
Co-based cathodes. The high configurational entropy from multiple rare-earth cations effectively
suppressed Sr/Ba segregation and Cr-induced degradation. LPNSGBF achieved an impressive peak
power density of 1020.69 mW-cm * at 800 °C and a low degradation rate of 0.17% h ' over 100 h,
significantly outperforming the reference PBF cathode.

5.4. Electrochemical recovery mechanism of Cr-poisoned cathodes

A novel electrochemical cleaning strategy was developed by Zhu et al. [145] to mitigate Cr
poisoning in SOFCs, a prevalent degradation phenomenon resulting from the deposition of volatile Cr
species on the cathode. By operating the cell in reverse as a SOEC, the direction of oxygen ion
transport is reversed, and the air electrode functions as the anode, creating a locally oxidizing
environment that promotes redox reactions at the electrode surface. This electrochemical shift enables
the conversion of Cr-containing surface deposits into volatile species, which are subsequently removed
by the air stream, thus cleansing the electrode surface.

The experimental configuration is illustrated in Figure. 13(a), featuring the cell mounted between
alumina tubes, equipped with Ag and Ni mesh current collectors, precise gas flow control, and a Cr
source positioned near the cathode to induce poisoning. Figure. 13(b) shows the surface of a Cr-
poisoned cell, featuring dense accumulations of both large faceted (Cr, Mn) spinel particles and finer
Cr03 clusters on the electrolyte. After cleaning, Figure. 13(c) shows a significantly reduced presence
of Cr203, while the more stable spinel structures largely persist, indicating selective removal of the
more reactive and resistive Cr phases. This partial but meaningful recovery reflects the method’s
ability to restore some cathodic activity by targeting harmful deposits.

The underlying mechanism of this recovery process aligns closely with findings from Liu et al.
[154] where electrochemical operation in SOEC mode was shown to induce transformations in Cr-
containing surface phases through eclectrochemical driving forces rather than changes in gas

atmosphere alone. The anodic polarization at the air electrode establishes an oxidizing environment,
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but local potential gradients and oxygen ion flux promote redox reactions at the electrode surface,
facilitating the conversion of SrCrOs into LaCrOs. This transformation involves the reduction of Cr®*
to Cr’" within the solid phase, driven by interfacial electrochemical reactions. The effectiveness of this
electrochemical cleaning was further validated on LSM-based cathodes through repeated poisoning—
cleaning cycles, demonstrating that performance losses from Cr20;3 deposition could be consistently
reversed without damaging the cell microstructure [155-157].

The detailed phase transformation process is schematically presented in Figure. 13(d) of Liu et al.
[154] which outlines two stages: initial formation of SrCrOj4 from the reaction between CrOs(g) and
SrO on the electrode surface, followed by its electrochemically driven conversion into LaCrOs; during
SOEC operation. This transformation is driven by interfacial electrochemical processes occurring
under anodic polarization, rather than by the gas atmosphere alone, and is further supported by Figure.
13(e), which displays the SEM cross-section of the button cell used for electrochemical recovery
experiments, and Figure. 13(f), which shows a notable restoration of peak power density from 0.505
to 0.630 W/cm? after recovery, representing a 39% improvement. These findings collectively indicate
that SOEC-mode operation not only cleans the surface but also initiates in-situ redox-driven
restructuring of the electrode, offering a self-healing mechanism that can partially reverse Cr-related
performance losses and extend the operational life of the cell.
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Figure. 13: Schematic of the experimental setup used for electrochemical cleaning (a); SEM image
of the Cr-poisoned cell (b); SEM image of the cell after electrochemical cleaning (¢) Reprinted from
ref. [145], copyright 2020, with permission from Elsevier. Schematic diagram illustrating the two-
stage transformation of Cr deposits on the LSCF cathode (d); Cross-sectional SEM image of the button
cell used in electrochemical recovery tests (e); I-V curve of the cell before and after electrochemical
recovery (f), Reprinted from ref. [154], copyright 2024, with permission from the American Chemical
Society.
6. Cr poisoning in PCCs: limited

Cr poisoning remains a well-known degradation mechanism in SOCs, but in PCCs including
PCFCs and PCECs, the phenomenon remains less thoroughly explored yet potentially more severe.
The intrinsic presence of water vapor at both electrodes in PCCs exacerbates Cr volatilization,
migration, and deposition. This creates a more aggressive environment for Cr interactions, which can
disrupt both oxygen evolution (OER) and ORR and compromise proton conduction pathways,
ultimately resulting in performance degradation [36]. In PCFCs, Cr-induced surface phases such as
SrCrOy4 or BaCrO4 block oxygen adsorption sites and impede proton transfer, leading to reduced ORR
kinetics and increased interfacial resistance [172].

6.1. Main effect in air Electrode

In PCCs, the air electrode remains the most vulnerable component to Cr poisoning, particularly
under humid and high-temperature conditions. The oxidation of commonly used Cr-containing
interconnects (e.g., SUS 430, Crofer 22 APU) in the presence of water vapor leads to the release of
volatile Cr species such as CrO>(OH).. These vapors condense on the cathode surface, forming either
Cr0s or resistive phases like SrCrO4. These deposits deactivate the TPBs, severely limiting oxygen
exchange kinetics [158].

Unlike oxygen-ion-conducting SOCs, PCC cathodes experience intensified Cr-related
degradation due to the higher humidity in their environment [159,160]. This humidity accelerates Cr

volatilization and the formation of resistive secondary phases on cathode surfaces. For example, Sr-

52



doped perovskites like LSCF, when exposed to humid and CO:-rich atmospheres around 600 °C, tend
to form insulating compounds such as SrCOs, which significantly hinder oxygen activation and surface
diffusion processes [161]. Duan et al. [162] further studied the Cr ftolerant materials
BaCog4Feo4Zrp.1Y0,1035 (BCFZY), and observed that switching from pure air to 5% CO: under 1.0
A-cm ? resulted in a voltage drop from 0.65 V to 0.58 V at 500°C, though the cell recovered upon
returning to pure air.

Similarly, Lim et al. [56] investigated the degradation of a PrBag.sStosCo1.5FensOs+s (PBSCF) air
electrode under combined Cr- and CO;-rich conditions. They observed rapid failure within 20 h, driven
by the formation of BaCrO4 and BaCOs at the air electrode—electrolyte interface, along with complete
phase decomposition of the electrolyte. While the PBSCF cathode remained relatively stable, the
degradation occurred primarily at the interfacial region. Notably, the application of a dense PBSCF
protective layer between the air electrode and the electrolyte significantly improved stability,
effectively shielding the electrolyte from corrosive species.

These findings collectively highlight the need for air electrode materials in PCCs that are not only
resistant to Cr poisoning but also chemically stable in humid and CO;-laden environments.

6.2. Any effect in Fuel electrode?

While Cr poisoning is predominantly associated with the air electrode due to direct exposure to
oxidizing environments, its potential impact on the fuel electrode in PCCs particularly in PCECs
cannot be entirely dismissed. In electrolysis mode, both electrodes are exposed to water vapor, which
facilitates the formation of volatile chromium species such as CrO2(OH),. These species may migrate
through the electrolyte and potentially reach the anode side, raising concerns about long-term
degradation under steam-rich conditions.

To date, however, there is no direct or systematic evidence confirming Cr-related degradation at
the fuel electrode. Most available studies focus on cathode or electrolyte interfaces. For instance, Guo
et al. [163] reported that Cr vapor can react with barium-containing electrolytes such as

BaZry1Ceo.7Y0.1Ybo.1035 (BZCYYb), forming BaCrOy4 deposits that degrade proton conductivity and
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disrupt grain structure. Although this interaction occurred at the electrolyte surface, it highlights the
possibility of Cr transport across the cell and its interaction with critical internal components. Still,
this does not directly confirm Cr accumulation or degradation at the fuel electrode itself.

Although current evidence does not substantiate a direct Cr-related degradation mechanism on
the anode side, the possibility remains open especially under electrolysis conditions where steam
exposure and Cr volatility are elevated. Therefore, while the primary focus of Cr poisoning research
in PCCs rightfully remains on the air electrode, it is worthwhile to acknowledge this potential fuel-
side effect. No dedicated studies have yet been conducted to investigate this aspect systematically, but
future research could provide valuable insights into the long-term stability of fuel electrodes under Cr-
rich and humid environments.

6.3. Effect on electrolyte?

Among the key components PCCs, the electrolyte plays a vital role in determining both ionic
transport and overall durability [164,165]. While significant progress has been made in developing
high-conductivity protonic ceramics such as BaZroiCeo7Y020:-5 (BZCY) [166] and
BaZrp1Ceo7Y02Ybo203-5 (BZCYYD) [163], their stability in the presence of Cr vapors remains a
critical challenge that is still not thoroughly understood. Compared to SOCs, where Cr poisoning has
been widely documented, studies focusing on Cr-related degradation in PCC electrolytes are scarce.
Zhao et al. [166] addressed this gap by examining the effects of Cr203 vapor on BZCY electrolyte. In
their study, BZCY samples were heat-treated at 600-800 °C in Cr-rich atmospheres, simulating long-
term exposure to interconnect-sourced Cr species. Even at 600 °C, Cr began depositing onto the
electrolyte surface, forming both physical layers of Cr03 and chemical compounds like BaCrQO4. The
latter became dominant at higher temperatures (Figure. 14(a-d)). These deposits severely deteriorated
the grain structure and disrupted the continuity of the proton conduction network. Proton conductivity
measurements showed a sharp decline as Cr content increased, with surface layers effectively acting

as insulating barriers that raised the electrolyte's ohmic resistance (Figure. 14(e)). These results
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confirm that Cr poisoning in PCCs involves more than superficial contamination it also compromises
the electrolyte’s intrinsic transport and structural integrity.

To further explore these mechanisms under more realistic cell conditions, Guo et al. [163].
conducted a systematic investigation using BZCYYb1711 electrolytes in contact with a Fe—Cr alloy
(SUS430) under humidified air, simulating realistic PCC conditions. They found that Cr deposition
became progressively worse with increasing temperature. At 400 °C, the surface remained largely
intact, but above 500 °C, Cr-containing particles began to form densely, particularly in areas where
the alloy directly contacted the electrolyte. By 700 °C, the grain boundaries were almost completely
masked by a thick Cr-rich layer, especially under the ribs, where solid-state diffusion dominates over
gas-phase transport (Figure. 14(f, g)). This process was driven by barium segregation from the
electrolyte surface, which reacted with infiltrating Cr vapors to form BaCrO4 and CeO; secondary
phases causing significant chemical imbalance and microstructural degradation.

Consequently, proton conductivity declined markedly (Figure. 14(h)), with reductions of nearly
30% at 700 °C and over 50% at 200 °C compared to pristine samples. Additionally, the activation
energy for charge transport increased, indicating impaired proton mobility. The emergence of BaCrO4
and CeOz phases (Figure. 14(i)) disrupted grain connectivity and introduced local non-stoichiometry,
contributing to bulk phase decomposition rather than mere surface contamination. These findings
highlight the susceptibility of Ba-rich proton-conducting perovskites like BZCYYb to Cr-induced
structural and functional degradation. To maintain long-term performance, strategies such as
protective interconnect coatings and designs that minimize Cr exposure are essential.

While this study provides crucial insight into degradation behavior in BZCYYb-based
electrolytes, many gaps remain. To date, there has been no comprehensive evaluation of Cr tolerance
across various BZCY based eclectrolytes. Future efforts should prioritize the development of
electrolytes with lower Ba volatility, Cr-inert dopants, or integrated protective barrier layers.
Advancing these approaches will be key to enhancing the chemical stability and operational longevity

of PCCs in Cr-rich environments.
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Figure 14: Surface SEM images of BZCY electrolytes before and after exposure to Cr vapor at 600-
800°C for 50 h (a-d); Temperature-dependent proton conductivity of BZCY measured in air before
and after Cr deposition (e) Reprinted from ref. [166], copyright 2014, with permission from Elsevier.
Surface morphology of BZCYYb1711 electrolytes after 20 h of exposure to Fe—Cr alloy (SUS430)
under humidified air at 400-700 °C, observed beneath the ribs (f); and channels (g); Proton
conductivity of BZCYYb1711 before and after Cr exposure under various temperatures (200700 °C)
for 50 h (h); Schematic representation of the Cr poisoning mechanism in BZCYYb1711(i),

Reproduced from ref. [163], copyright 2025, with permission from the Royal Society of Chemistry.
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7. Mitigation Strategies in PCCs

Given the distinct operating environment of PCCs characterized by the presence of water vapor and
proton-conducting electrodes developing effective mitigation strategies is crucial for ensuring long-
term stability and commercial viability. This section reviews current mitigation efforts specific to
PCCs, explores lessons learned from SOC research. and suggests advanced approaches to further
enhance durability.

7.1. What has been done?

In the context of PCCs, recent studies have focused on understanding and mitigating oxidation
and Cr poisoning phenomena that critically affect electrode longevity and performance. Wang et al.
[167] carried out a comprehensive investigation on the oxidation behavior of common FSS, 430 SS,
441 S8, and Crofer 22 APU under PCEC and PCFC conditions. Their work demonstrated that
oxidation rates and scale formation vary significantly depending on the steel type and operating
environment. Notably, 430 SS exhibited the highest susceptibility to oxidation, primarily due to the
formation of porous Fe;0s layers that compromise protective barrier integrity. Conversely, oxidation
was comparatively lower under PCEC conditions, although the long-term implications remain
uncertain and require further investigation.

A key outcome of this study was the identification of effective protective coatings that
substantially reduced Cr and Fe diffusion while limiting oxide scale growth. Coatings such as Ce-MC,
Y20s (sol-gel), Ce/Co, and Cu-Mn, were applied to the stainless steels, with Cu-Mn and Ce-MC
coatings showing superior performance on 441 SS and Crofer 22 APU substrates. These coatings
contributed to the formation of stable Cr/Mn spinel phases that act as dense, effective barriers against
oxygen and moisture ingress (Figure 15(a-d)). However, their effectiveness on 430 SS was limited by
scale cracking, indicating that substrate microstructure and coating compatibility must be carefully
optimized.

Beyond surface coatings, material doping strategies have emerged as promising routes to

enhance CO; tolerance and structural stability of cathode materials in PCCs. For instance, Wei et al.
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[168] demonstrated that La-doped Bag osLan.osFeosZro1Y 01035 (BLFZY) remained stable for 100 h in
a 3% H20/3% CO; atmosphere at 600°C, with no secondary phase formation. Similarly, co-doping
with Zr and Y in SrCogsFeo4Zro1Y0101 s effectively suppressed SrCOs formation during extended
exposure to CO; and water vapor, demonstrating the viability of doping to improve electrode durability
[169].

Alternative cathode materials free of alkaline-earth elements, such as PrNiosCo05035 (PNC),
have shown enhanced resistance to COz-induced degradation. Despite their promising phase stability,
their electrochemical performance can be sensitive to electrolyte choice, as evidenced by increased
polarization resistance in combination with certain electrolytes like BZCYYb4411 due to CO;
adsorption effects [170]. Alkali-free spinel materials, like FeosMnosCoosNiosCrosOa4, also
demonstrate phase stability under harsh CO; environments, further broadening the material options
for PCC electrodes [171].

These advancements underscore the multifaceted approach currently employed in PCC research,
combining surface engineering, material doping, and novel compositions to address the unique
challenges posed by the operating environment. However, the presence of proton-conducting
clectrolytes and continuous water vapor creates complex chemical interactions that differentiate PCCs

from conventional SOCs, necessitating tailored strategies.
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Figure 15: Cross-sectional SEM images (a, b); and EDS spectra (¢, d); of Cu-Mn-coated Crofer 22
APU and Ce-MC-coated 441 S8, illustrating the formation of protective oxide layers, Reprinted from
ref. [167], copyright 2019, with permission from Elsevier.

7.2. What we can be applied from SOC?

The extensive research on SOCs offers valuable insights and strategies that can be adapted and
applied to PCCs to mitigate Cr poisoning and improve long-term stability. In SOCs, Cr volatilization
and its subsequent deposition on cathode surfaces have been identified as major degradation
mechanisms, prompting a wide range of preventive approaches that can be adapted for PCCs.

One of the key mitigation strategies developed in SOCs involves the use of Cr-resistant coatings
on interconnects and electrodes, such as Mn-Co spinel or perovskite-type oxide layers. These coatings
stabilize the Cr203 scale, minimizing Cr evaporation and subsequent contamination of the cathode.
The success of such coatings in SOCs suggests similar approaches could be effective in PCCs,
provided the coatings are compatible with the proton-conducting environment and can withstand the
presence of water vapor.

Another strategy from SOC research is environmental control specifically, reducing humidity
levels in the inlet air streams to limit the formation of volatile chromium oxyhydroxides. Although
PCCs inherently operate in humid atmospheres, careful optimization of humidity and gas composition
might reduce Cr volatility and prolong electrode life.

Additionally, SOC designs have incorporated interlayers or barrier layers between the
interconnect and electrode to physically trap Cr species and prevent their migration to the active
electrode sites. This physical separation can significantly reduce Cr poisoning and has proven effective
in SOC stacks. Transferring this concept to PCCs would require evaluation of suitable interlayer
materials compatible with proton conduction and intermediate -temperature stability.

Furthermore, doping and microstructural engineering strategies developed for SOC cathodes ofter
valuable guidance. For example, tailored perovskites with enhanced oxygen vacancy concentrations

and improved resistance to CO: and moisture-induced degradation have proven effective in SOCs.
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Such materials, when appropriately modified, may perform well in PCCs by providing both structural
integrity and stable electrochemical performance in protonic environments.

These understandings from SOC development present a strong starting point for Cr mitigation in
PCCs. However, direct implementation is not straightforward due to fundamental differences in
operating conditions. PCCs operate in persistently humid environments and utilize proton-conducting
materials such as barium zirconate, which interact differently with volatile Cr species. The long-term
chemical stability and interface behavior between Cr species and these protonic materials are not yet
fully understood.

Therefore, while the foundational principles of SOC-based strategies, such as protective coatings,
environmental control, barrier layer design, and materials engineering are highly relevant, they require
careful adaptation and validation within the specific electrochemical and environmental framework of
PCCs. Targeted research in this direction is essential to develop robust and commercially viable
mitigation approaches tailored to the demands of high-temperature electrolysis systems. The major Cr
mitigation strategies developed for SOCs, their implementation, their demonstrated effectiveness, and
challenges with applying each to PCC systems are shown in Table 4.

Table 4: Summary of mitigation strategies for Cr poisoning in SOCs and their transferability,

effectiveness, and future research directions for PCC systems.
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Mitigation
Strategy

Description in SOCs

Effectiveness and Challenges in

SOCs

Status, Applicability and
Perspective in PCCs

Required Follow-up research
for PCC implementation /

optimization

Protective

Coatings

Coatings (e.g. MnCoOy,
MnCuOx) applied on metallic
interconnects and electrodes to

prevent Cr poisoning and

interdiffusion.

High effectiveness for Cr and Fe
suppression; enhances long-term
stability. Possible mismatch in
CTE; coating degradation under

redox cycling.

Not yet widely tested in PCCs
but conceptually applicable;
lower operating temperature

favors stability and

effectiveness.

Test adhesion and long-term Cr
transport under humid low-T
conditions; evaluate chemical

compatibility with protonic

electrolytes.

Getters / Traps

Use of Mn-, Cu-, or Co-based
getters to absorb volatile Cr

species from interconnects.

Proven in SOCs; reduces Cr
contamination but limited by finite
capacity and replacement

frequency.

Transferable to PCCs with
expected higher efficiency

due to lower Cr volatility.

Study getter regeneration and
long-term trapping capacity under

protonic and humid environments.

Electrode

Doping

Tailored electrode design
through compositional doping
and microstructural optimization
(particle size, porosity, and
connectivity) to enhance oxygen
vacancy concentration,
maximize TPB area, improve
gas diffusion, and suppress Sr

segregation.

Highly effective in SOCs for
enhancing oxygen
reduction/evolution kinetics,
improving long-term stability, and
reducing SrO segregation.
However, dopant volatility, trade-
offs between conductivity and
stability, and microstructural
coarsening under redox and thermal

cycling remain challenges.

Directly applicable to PCCs;
lower operation temperature
mitigates sintering but
introduces new degradation
from Ba or Ni migration in
humid atmospheres. Doping
can stabilize perovskite
phases and improve tolerance
to steam-induced surface

reactions.

Develop processing techniques
yielding stable doped Ni-BCZY
or perovskite networks under
humid H2/H>O atmospheres.
Identify dopants that maintain
electronic conductivity and
suppress Ba/Ni migration;
quantify how porosity and dopant
concentration affect conductivity

and durability.
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Electrolyte
Doping

Doping minimizes interdiffusion
and chemical reactions that
could otherwise promote Cr

accumulation at the TPB.

Established approach in SOCs;
improves redox stability and
suppresses interdiffusion. Defect
association, grain-boundary
blocking, and phase instability can

limit long-term performance

Already standard in PCCs;
enhances proton conductivity

and stability versus CO2/H»0.

Optimize dopant solubility limits

and grain-boundary chemistry
under steam electrolysis

conditions.

Barrier layer

Thin dense layers (e.g., GDC,
LSF) inserted between electrode
and electrolyte to block Cr and
Sr interdiffusion and enhance

adhesion.

Highly effective in reducing Cr
diffusion and reaction at the oxygen
clectrode/electrolyte interface.
Interlayer delamination, added
ohmic resistance, and microcrack
formation under cycling can

compromise durability.

Conceptually transferable;
beneficial to prevent Ba or Ni
migration in PCCs but must

avoid proton-blocking effects.

Develop scalable thin-film

fabrication routes compatible with

protonic ceramics; evaluate
thermal expansion and proton

blocking effects.

Interface

Engineering

Microstructural or
compositional optimization
(e.g., infiltration, graded
composition) to reduce
interfacial resistance and

chemical instability.

Proven to improve electrochemical
performance and durability in
SOCs. Requires careful control of

interfacial composition.

Directly applicable to PCCs;
similar degradation

mechanisms observed.

Adapt infiltration and gradient
techniques for PCC electrodes;
model long-term interfacial

evolution under humidity.

Electrochemical

Recovery

Application of controlled
voltage/current pulses to

regenerate electrode surfaces,

Allows partial recovery of
electrochemical performance
without full cell replacement.

Requires precise control to avoid

Conceptually applicable to
PCCs; proton conduction may

support local redox recovery.

Determine safe operating
potential/current limits for PCC

materials: study transient redox
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remove contaminants (e.g., Cr,

S), or reoxidize reduced phases

further degradation; effectiveness

depends on degradation origin.

mechanisms under humid

conditions.

Environmental

Control

Gas purification and control of
humidity or contaminants;
protects oxygen electrode and

electrolyte.

Effective in SOCs to reduce S, Si,
and Cr poisoning; limited use for
humidity control at oxygen side.
Adds system complexity and
operational cost; not effective for

intrinsic degradation mechanisms.

Cannot fully applied in PCC
due to the co-existence of
steam and air, however, it can
be used for degradation
mechanism beyond Cr

poisoning

Develop gas management and
inlet humidity optimization
strategies; assess effect on Ba-

based phase stability.
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7.3. Beyond e.g. electrolyte coating to aveid Cr diffusion

Going beyond established approaches, emerging strategies focus on innovative barrier layers and
electrolyte modifications to prevent Cr diffusion and improve PCC durability. One promising direction
is the application of protective coatings directly on the electrolyte or electrode-electrolyte interface to
block Cr migration pathways. Such coatings, possibly based on dense oxide layers or spinel-type
materials, can serve as physical and chemical barriers, limiting Cr transport from interconnects and
steels to the reactive electrode surfaces.

Electrolyte coatings designed to be chemically compatible with proton conductors, such as barium
zirconate-based electrolytes, could be engineered to resist Cr adsorption and incorporation. This
approach not only prevents Cr poisoning but may also reduce the formation of secondary insulating
phases that degrade electrode performance.

Moreover, composite or graded interlayers combining materials with high Cr affinity and stable
proton conductivity could be developed to capture Cr species before they reach the electrode active
sites, effectively serving as Cr traps. Such design enhancements would require careful control of
microstructure and interfaces to maintain ionic conductivity while providing robust chemical
protection.

In addition to physical coatings, novel materials with intrinsic Cr resistance and CO3 tolerance,
including alkali-free spinels and tailored perovskites, offer alternative pathways. Their integration into
cell architectures either as electrode components or protective layers could provide synergistic
benefits.

Finally, advanced environmental and operational strategies, such as optimizing gas compositions
to minimize volatile Cr species formation and employing dynamic control of operating parameters,
may complement material innovations. Combining multiple mitigation strategies, material design,
coatings, interlayers, and environmental control will likely be necessary to overcome the complex

degradation mechanisms in PCCs.
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8. Perspectives

While substantial progress has been made in mitigating Cr-induced degradation in oxygen-ion-
conducting SOCs, the transition to proton-conducting environments introduces new challenges.
PCECs, operating under high water vapor partial pressures on both electrodes. are particularly
vulnerable to Cr-related degradation due to enhanced volatilization of Cr species such as CrO2(OH)a.
Moreover, proton-conducting materials are not only susceptible to surface poisoning but also bulk
degradation through the formation of insulating compounds like BaCrOs. These interactions can
obstruct proton conduction pathways, destabilize the electrode microstructure, and accelerate
performance decay.

A key challenge in advancing PCC technology lies in adapting mitigation strategies originally
developed for SOCs to accommodate the unique chemical and electrochemical environment of
protonic systems. Material doping and microstructural engineering proven effective in stabilizing SOC
cathodes must be re-engineered for compatibility with humidified, alkaline earth-rich compositions.
Similarly, while getter materials have demonstrated efficacy in intercepting volatile Cr species in
SOFC and SOEC modes, heir application in PCCs demands chemical formulations and architectures
with high thermal and chemical stability under dual-sided humidification.

Future efforts should focus on designing Cr-resistant proton-conducting materials, optimizing
getter compositions, and developing robust coatings that maintain structural integrity under steam-
rich, high-temperature conditions. Advanced modeling and in situ diagnostics can provide mechanistic
insight into Cr transport and capture, guiding the rational design of protective strategies. Moreover,
emerging electrochemical cleaning techniques such as reversal to SOEC mode for partial regeneration
require deeper investigation to validate their applicability in proton-conducting systems without
compromising long-term structural stability.

The synergistic degradation from Cr, H20, and CO; remains a significant hurdle. As PCECs are
increasingly considered for grid-scale hydrogen production and other energy conversion applications,

ensuring durability under practical operating environments is essential. Translating knowledge from
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SOC development and adapting it to meet the chemical and operational challenges of PCECs will be
crucial for enabling the transition from laboratory-scale prototypes to commercially viable systems.
9. Summary and Conclusions

This review summarized the current understanding of Cr poisoning in solid oxide electrochemical
devices, focusing primarily on SOCs and their evolving counterpart, PCCs. The extensive work on
SOCs has identified key mechanisms by which Cr volatilizes from interconnect materials and deposits
on oxygen electrodes, causing degradation through the formation of insulating secondary phases.
Numerous mitigation strategies in SOCs have been developed, including protective coatings on
interconnects, environmental controls, and the use of Cr getters approaches that have proven effective
in limiting Cr-induced degradation and extending device lifetimes.

Building upon this established SOC foundation, this review critically examined how these
strategies might be adapted and implemented in PCC systems, which operate under more complex and
chemically aggressive environments. These conditions present unique challenges that require tailored
mitigation solutions. We highlighted recent advances in Cr-resistant materials, optimized getter
compositions, and compatible interlayers specifically designed to function under high steam partial
pressures, which are characteristic of PCC operation.

Importantly, this review bridges the knowledge gap between SOC and PCC research by providing
insights into how well-established SOC mitigation strategies can inform next-generation PCC
development. The understanding of Cr transport, interaction pathways, and mitigation mechanisms
gained in SOC studies provides a valuable platform for accelerating progress in the PCC field. By
adapting SOC-derived materials and strategies to the unique PCC electrochemical and thermal
conditions, the field is poised to overcome the degradation pathways currently limiting PCC
deployment.

Figure 16(a, b) presents a comparative overview of the critical short-term and long-term
challenges associated with various Cr mitigation strategies in solid oxide cells. It also highlights the

potential for translating these approaches to PCCs. Strategies including Cr-resistant coatings, humidity
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control, and barrier interlayers for Cr capture are assessed for their effectiveness and limitations. This
visual summary underscores the importance of transferring and modifying existing knowledge to
accommodate the operational demands of emerging proton-conducting devices.

Furthermore, we emphasized the need for ongoing and integrated research targeting materials
with intrinsic Cr resistance, as well as the development of stack-level strategies that address
mechanical, thermal, and chemical stability simultaneously. The review advocates for a systems-level,
multidisciplinary approach that merges material innovation with stack and operational engineering.
This review consolidates the critical advancements made in understanding and mitigating Cr poisoning
in SOCs and provides a roadmap for translating those insights into the PCC domain. By leveraging
proven strategies from SOC research and refining them for PCC application, we offer a framework to
guide the next generation of proton ceramic electrochemical devices toward improved durability,
efficiency, and commercial viability. This work thus serves as both a synthesis of existing knowledge

and a forward-looking perspective to inspire innovation in solid-state energy technologies.
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various Cr mitigation strategies in solid oxide cells (a); Strategies to mitigate Cr poisoning in PCCs
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